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Abstract

Dual-phase continuity and phase inversion of polystyrene (PS)/poly(methyl methacrylate) (PMMA) blends processed in a twin-screw

extruder was investigated using a selective extraction technique and scanning electron microscopy. Emphasis was placed on investigating the

effects of viscosity ratio, blend composition, processing variables (mixing time and annealing) and diblock copolymer addition on the

formation of bi-continuous phase structure (BPS) in PS/PMMA blends. The experimental results were compared with the volume fraction of

phase inversion calculated with various semi-empirical models. The results showed that the formation of a BPS strongly depends on the blend

composition and the viscosity ratio of the constituent components. Furthermore, BPS was found in a wide volume fraction interval.

Increasing the mixing time and the addition of diblock copolymer, both led to a narrowing range of volume fraction in which BPS exists.

Quiescent annealing coarsened the structure but indicated no qualitative changes. Some model predictions for phase inversion could predict

qualitative aspects of the observed windows of co-continuity but none of the models could account quantitatively for the observed data.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Blending of two or more thermoplastics may generate

new materials with a combination of properties not found in

the pure polymers. Blending is often a faster and more cost-

effective way of achieving the required properties than

synthesizing new polymers. The property of a polymer

critically depends on its morphology. Therefore, under-

standing blend morphology development during processing

and the influence of blend morphology on material proper-

ties can greatly aid the tailoring of polymer blends.

Polymer blends may or may not be miscible, depending

on the specific interactions between polymer chains.

However, most polymers are immiscible and produce

multiphase blends. These blends combine characteristics

of both constituent polymers in a manner that is intimately

related to the blend morphology, (i.e. the shape and the size

of the dispersed phase particles). The morphology of the

blend on a micro-scale develops during melt processing in a

very complex way. Phenomena like deformation, break-up

and/or coalescence of the dispersed phase particles can

occur when a multiphase system is submitted to a field of

flow. Under the appropriate conditions morphological

structures such as spheres, ellipsoids, fibres and plates or

ribbons can be produced.

The morphology of immiscible polymer blends shows a

remarkable diversity but fundamentally a distinction

between (a) blends with discrete phase structure (DPS)

and (b) blends with co-continuous or bi-continuous phase

structure (BPS) can be made. In two-phase blends with BPS

both components form phases that partly or fully form a

continuous phase which mutually interpenetrate each other

and permeate through the whole sample volume [1]. The

transition from DPS to BPS is fundamental in the sense that

BPS in principle represents an infinite structure for an

infinitely large sample. The influence of viscosity ratio,

phase viscoelasticity, normal stresses, interfacial tension,

blend composition, flow type and relevant relationships in

such structures have been extensively studied during the last

decade [1–5]. Structure development in classical processing

equipment such as internal mixers or extruders has received
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particular attention [6–16]. However, due to the lack of

control of the flow conditions and the inability to make a

direct observation of the blending process, only qualitative

relations between structure and processing conditions have

so far been proposed. Moreover, several aspects of the

dispersion process and the coalescence phenomena remain

to be elucidated.

Many papers have considered the so-called phase

inversion phenomenon and its prediction. The term

originates from observations of behaviour of Newtonian

liquid mixtures like oil in water. For such low viscosity

mixtures one observes discrete drops of oil in water when

the system is sheared with low volume fractions of oil. By

increasing the oil volume fraction a system inversion occurs

at a critical volume fraction when the system changes to

water drops in a continuous oil phase. At the critical phase

inversion volume fraction and eventually in a narrow

volume fraction interval a BPS may be observed. Some

authors [15,17–22] have previously suggested that phase

inversion occurs at a particular melt composition. Other

authors [16,23–28] have explained that phase inversion is

primarily a coalescence phenomenon.

The point of phase inversion, at which co-continuity is

observed, can be related to the rheology of the pure

materials through semi-empirical models [29–31]. The

early semi-empirical model that the phase inversion was

determined by a relationship between the torque ratio and

the composition (volume fraction) was formulated by

Avgeropoulos et al. [32] expressed as:

T1

T2

¼
w1I

w2I

ð1Þ

where Ti is the torque of pure component i at the blending

conditions and wiI is the volume fraction of component i;

here w1I ¼ 1 2 w2I :

For blends prepared at low shear rates, Paul and Barlow

[30] proposed a similar theoretical prediction of the phase

inversion and viscosity ratio. Other researchers [29,31] later

expressed this semi-empirical equation as

hð _gÞ1

hð _gÞ2
¼

w1I

w2I

; l; or w2I ¼ 1=ð1 þ lÞ ð2Þ

where hi is the viscosity of component i at the shear rate of

blending and wiI is the volume fraction of component i: The

validity of this equation was corroborated and developed

further by several authors [29,31,33,34] for blends with a

viscosity ratio close to unity. For example, Jordhamo et al.

[29], based on the volume fraction and viscosity, developed

the following rheological viscosity – volume fraction

expressions:

h1

h2

f2I

f1I

$ 1 phase 2 continuous

# 1 phase 1 continuous

ø 1 dual phase continuity

8>><
>>:

ð3Þ

where phase 2 is continuous when the left hand side is

greater than unity, phase 1 is continuous when the quantity

is less than unity, and dual-phase continuity arises when the

quantity is approximately unity.

Based on the filament instability concept, Metelkin and

Blekht [35] derived another model to predict critical volume

fraction for phase inversion as

w2I ¼
1

1 þ lFðlÞ
ð4Þ

where FðlÞ ¼ 1 þ 2:25 log lþ 1:81ðlog lÞ2:

Utracki [36] suggested a model that can be used to

predict the point of phase inversion for blends with a

viscosity ratio away from unity

l ¼
h1

h2

¼
ðwm 2 w2IÞ

ðwm 2 w1IÞ

� �½h�wm

ð5Þ

where ½h� is the intrinsic viscosity of the dispersed phase

and wm is the maximum packing volume fraction. This

model predicts that phase inversion concentration is bound

by the limits of the maximum packing volume fraction,

related to the onset of the co-continuity of phases. For most

polymer blends (spherical domains), the maximum packing

volume fraction in Eq. (5) can be taken as wm ¼ 1 2 wcr;

where wcr is the critical volume fraction for percolation [37].

The theoretical value of wcr is equal to 0.156 (thus,

wm ¼ 0:844) and the optimum value of the intrinsic

viscosity ½h� is 1.9 [36]. The present models of viscosity

ratio (Eqs. (2), (4) and (5)) for phase inversion in

mechanical blends are limited to low shear rates (viscosity

ratios).

Control of blend parameters can be a very complex

task. As the commercial importance of polymer blends

increases, a more rigorous understanding of morphology

control during processing will be required. A practical

way of stabilizing blend morphologies is by modifying

the interface between the two components. This can be

achieved by addition of block copolymers comprising

blocks partially compatible with the individual polymers

[38]. Another method of modifying the interface is by

reactive extrusion in which grafts are formed between

the reactive sites of the blend components [39]. In the

presence of interfacial modifiers, it is possible to obtain

blends with both co-continuous structures and improved

mechanical properties.

Many investigators [8,10,15,29,33,39–47] have reported

on BPS in immiscible polymers. Interpenetrating polymer

blends or polymer blends with BPS are known to possess

relatively stable morphologies [48,49]. Identifying the

mechanism that controls how co-continuity develops is

a key step in mastering the processing-morphology

relationship.

In this study, we used a Haake twin-screw extruder to

investigate the phase structure of polystyrene (PS) and

poly(methyl methacrylate) (PMMA) blends. The phase

structure of the polymer blends was identified using

scanning electron microscopy (SEM). For the study we
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prepared PS/PMMA binary blends with and without diblock

copolymer (PS-b-PMMA) using a selective extraction

technique [1,8,10] to observe the phase structure and to

determine the degree of co-continuity of the given blends. A

selective extraction technique provides a ‘gentle’ treatment

of the sample and, by this means, one of the blend

components may be removed from the system while the

other retains the phase structure that it exhibited within the

blend. This phase may then be examined directly with SEM.

Entire morphologies of the phase structure can be examined,

not just a two-dimensional slice or a fracture surface. This

allows for observation of complex morphology structures

because the large depth of field of SEM enables observation

of the whole sample surface area.

The primary objectives of the present study were (1) to

determine the viscosity ratio of the constituent components

and the composition under which a co-continuous phase

structure may be formed, (2) to compare the effect of mixing

time and PS-b-PMMA diblock copolymer on the phase

structure and composition range of dual-phase continuity,

(3) to investigate whether or not a co-continuity phase

structure, if formed, is stable from different mixing stages,

and (4) to determine phase inversion in PS/PMMA blends

experimentally and to compare the results with theoretical

predictions.

2. Experimental

2.1. Materials

The characteristics and commercial sources of the

polystyrene (PS), poly(methyl methacrylate) (PMMA) and

PS-b-PMMA diblock copolymer used in this study are

shown in Table 1. Using blends of these polymers we

investigated morphology evolution during melt blending in

a Haake twin-screw extruder.

2.2. Mixing equipment, torque measurements and

experimental procedures

Blends were prepared using a 5/14 mm diameter conical

twin-screw extruder (Haake MiniLab Rheomex CTW5).

This extruder can be used in two ways, extrusion (flush) or

cycle blends (as shown schematically in Fig. 1). The screw

length was 109.5 mm and the diameter of the one-hole

circular flush die was 2 mm. The screw configuration

employed had one 30 mm length kneading block. The

temperatures of the extruder were set at 200 8C in each zone

(flush die, cycle flow channel, and barrel zones) and a screw

speed of 30 rpm was used for all blends. A torque trace was

recorded for each blending run. The equilibrium torque

Table 1

Characteristics and sources of the raw materials

Sample code �Mw
a (kg/mol) �Mn

a (kg/mol) �Mz
a (kg/mol) �Mw= �Mn Densityb (kg/m3) Grade and source

PS1 329.1 133.1 534.6 2.47 1030 N7000, Shell

PS2 207.6 90.8 358.8 2.29 1030 Polystyol 144C, BASF

PMMA 79.3 43.7 121.1 1.80 1188 Plexiglass 7N, Rohm and Haas

PS-b-PMMA 170.9 162.4 178.2 1.05 – P719-SMMA, Polymer Source, Inc.

The PS-b-PMMA diblock copolymer was symmetrical, 50:50 wt%.
a Measured at DTU laboratory by SEC instrument and the standard deviation on the molar mass was ^3%.
b Derived from Ref. [51] at 20 8C.

Fig. 1. Schematic diagram describing a conical twin-screw extruder, in which a pair of immiscible polymers are extruded under a preset temperature profile

along the extruder axis.
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values, obtained after the set mixing time, and the densities

of the polymers at 200 8C of the polymers are given in Table

2. The torque values (10 min mixing) were used to calculate

the volume fractions of the blends for phase inversion.

Before a typical experiment the PS and the PMMA

polymers in pellets were dried at 60–65 8C under vacuum

for a week to remove moisture. In all experiments a total of

6 g mixtures of PS and PMMA, with or without a PS-b-

PMMA diblock copolymer, was weighed according to the

density of each polymer at 200 8C. The blend was manually

premixed by rolling the given blend ratio in a bag for about

10 min before being fed into the hopper of the extruder. A

nitrogen blanket was used to minimize polymer degra-

dation. Mixing time was counted from the time when the

materials were loaded into the extruder. Typically, 30–40 s

were required to load the material. In preparing the samples

we varied blend composition and the duration of melt

blending.

2.3. Size exclusion chromatography

Molar masses for PS, PMMA and PS/PMMA blends with

and without the diblock copolymer were measured by size

exclusion chromatography (SEC) at 25 8C in tetrahydro-

furan (THF) before and after hot stage run. As expected no

significant changes (less than 3%) in molar mass were

observed as a result of polymer blending.

2.4. Rheological measurements

A Rosand Precision Capillary Extrusion Rheometer

(Rosand Model RH-7, Rosand Precision Limited) with a

capillary rheometer of 1 mm, a length-to-diameter ratio of

16 and an entrance angle of 1808 was used to measure the

viscosities of the polymers at high shear rates (1–

10,000 s21). The Bagley end correction and Rabinowitsch

correction were applied in calculating the wall shear stress.

The viscosity values of each polymer are given in Table 2.

2.5. Annealing

Annealing tests were carried out at 200 8C. The samples

were placed in a mould using a hydraulic laboratory

moulding press (USA CARVER, model 3851CE). The

samples were then cooled down rapidly by cooling water on

the sample kept within the circle holes of the mould to

freeze the morphology. All the samples were annealed for

28 min at the set temperature.

2.6. Scanning electron microscopy

The fractured surface of the extrudates was prepared by

cryogenic fracturing in liquid nitrogen. In order to aid in

identification the fracture surface, some samples before

coating were selectively extracted with solvents to remove

certain components. All sample surfaces were sputter coated

with a 25 nm layer of gold before examination. The

morphology of the cross-section of extrudates was exam-

ined by SEM in JEOL Model JSM-840 and JSM-5900

microscopes at 14, 15 or 20 kV accelerating voltages.

2.7. Selective extraction technique

The samples of PS/PMMA blends with and without

diblock copolymer were extruded at set processing

conditions. The samples were fractured at liquid nitrogen

temperature and then heated with selective solvents at 40 8C

for 10 days. Cyclohexane and formic acid were used as

selective solvents for PS and PMMA, respectively. After

extracting the samples were dried at 60 8C under vacuum for

two weeks. The extraction and drying cycle were repeated

several times until a constant weight of remaining polymer

was obtained. The purpose of the selective extraction was to

determine the degree of continuity and to aid in identifying

SEM morphology for both PS and PMMA.

The degree of continuity of a phase can be defined as the

fraction of the polymer, which can be selectively extracted

by a solvent expressed as [1]

Degree of continuity ðwi;conÞ

¼
extracted mass of component i

mass of component i before extraction
ð6Þ

where wi;con is the degree of continuity of phase i: The plot

of wi;con as a function of the volume fraction of component i

in the blend, wi; provides a continuity map of the blend.

From the continuity maps the critical volume fraction for

onset of forming continuous structures of phase i; wcr;i; can

Table 2

Torque, viscosity and density values of the raw materials

Sample code Torquea (Nm) Viscosityb (Pa s) at _g ¼ 117 s21 Densityc (kg/m3) at 200 8C

PS1 (N7000), Shell 32 700 972

PS2 (144C), BASF 17 350 972

PMMA (7 N), Rohm and Haas 42 2404 1097

a Measured at DTU laboratory using Haake MiniLab Rheomex CTW5 twin-screw extruder for 10 min mixing.
b Measured at DTU laboratory using Rosand precision capillary extrusion rheometer.
c Derived from Ref. [51].
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Fig. 2. Viscosity as a function of shear rate at 200 8C for PS and PMMA from capillary rheometry.

Fig. 3. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in 10 min mixed PS1/PMMA blends: (a) and (b)

wPMMA ¼ 0:30; (c) and (d) wPMMA ¼ 0:40; (e) and (f) wPMMA ¼ 0:60; (g) and (h) wPMMA ¼ 0:75:

C.Z. Chuai et al. / Polymer 44 (2003) 481–493 485



be estimated. wcr;i is the value of wi at which wi;con becomes

non-zero.

3. Results and discussion

3.1. Influence of composition and viscosity ratio

In order to investigate the influence of the viscosity

ratio, l; the samples were prepared at two different values

of l: The viscosity of the components, PMMA, PS1

(N7000) and PS2 (144C), were measured at 200 8C for

ġ ¼ 1 2 10,000 s21 by using a capillary rheometer (Fig. 2).

The viscosity of PMMA is much higher than that of PS1 and

PS2 over the entire range of shear rates tested and the

viscosity of PS1 is higher than that of PS2, especially at low

_g: At low shear rate, the viscosity of PS2 seems to have a

Newtonian plateau-like behaviour.

Blends of PMMA with PS1 and PS2, respectively, were

prepared by mixing for 10 min. The phase structures are

characterized through SEM images after selective extrac-

tions and the interval of BPS determined from plots of

wPS;con and wPMMA;con as a function of the wPMMA: For the

PS1/PMMA blends SEM images are presented in Figs. 3 and

4 and the so-called continuity mapping in Fig. 5. For the

PS2/PMMA blends SEM images are presented in Fig. 6 and

the continuity map in Fig. 7. In the 10 min mixed PS1/

PMMA system a BPS is observed in all four blends in the

range 0:30 # wPMMA # 0:75 irrespective of whether the

PS1 or PMMA phase has been extracted indicating phase co-

continuity in this volume fraction interval. Furthermore, the

micrographs of PMMA and PS1 at the same wPMMA match

quite well. The PMMA phase of the wPMMA ¼ 0:20 sample

and the PS phase of the wPMMA ¼ 0:85 sample were spongy

and collapsed during extraction, but remained one coherent

structure (Fig. 4). However, the PMMA phase of the

wPMMA ¼ 0:10 sample (extracted PS phase) and the PS

phase of the wPMMA ¼ 0:90 samples (extracted PMMA

phase) collapsed to a powder during extraction and no SEM

images were obtained. The maximum error in the estimation

of wcr;i (the critical volume fraction for the onset of forming

continuous structures of phase i ) is estimated to be less than

^5% from the spongy samples. Thus, we estimate that

wcr;PMMA ¼ 0:20 ^ 0:05 and wcr;PS ¼ 0:15 ^ 0:05 in PS1/

PMMA blends system. It is interesting to observe (Fig. 3(a)

and (h)) that the minority phase in the co-continuous blends

are stretched out into fibrillar-like structures. Determination

of the critical volume fraction from Fig. 5 by extrapolation

of degree of continuity versus wPMMA curves yields

wcr;PMMA ¼ 0:21 and wcr;PS ¼ 0:16:

The critical volume fraction ðwcrÞ can be estimated either

as the volume fraction where the minor phase polymer

collapses and disintegrates after extraction of the major

phase resin or by extrapolation of the continuity index curve

to zero. In general, the results of these two methods should

coincide. A difference may point to erroneous results, e.g.

by structure breakdown caused by the swelling pressure of

the absorbed solvent, or by stress cracking of the separating

walls between domains [1]. In this study, the critical volume

fractions ðwcrÞ determined by these two methods are in

excellent agreement.

In the 10 min mixed PS2/PMMA system a co-continuous

structure is observed in all four blends (Fig. 6) in the range

0:40 # wPMMA # 0:80 irrespective of whether the PS2 or

PMMA phase has been extracted indicating phase co-

continuity in this composition interval. Furthermore, the

micrographs of PMMA and PS2 at the same wPMMA match

quite well. It is interesting to note that the wPMMA ¼ 0:40

shows a coalescent morphology of PMMA droplets (Fig.

6(a)). The PMMA phase of the wPMMA ¼ 0:30 sample and

Fig. 4. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS1/PMMA blends for 10 min mixing: (a)

wPMMA ¼ 0:20; (b) wPMMA ¼ 0:85:

Fig. 5. Degree of continuity as a function of volume fraction of PMMA for

PS1/PMMA blends at 200 8C, 10 min mixing.
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the PS wPMMA ¼ 0:85 sample were spongy and collapsed

during extraction, but remained as one coherent structure

(not shown). The PMMA phase of the wPMMA ¼ 0:20

sample and the PS phase of the wPMMA ¼ 0:90 sample

disintegrated to powders during extraction. We estimate that

wcr;PMMA ¼ 0:30 ^ 0:05 and wcr;PS ¼ 0:15 ^ 0:05 in PS2/

PMMA blends system. Determination of the critical volume

fraction from Fig. 7 by extrapolation of the degree of

continuity as a function of wPMMA curves yields wcr;PMMA ¼

0:30 and wcr;PS ¼ 0:17; respectively, in good agreement with

the assessments from the micrographs.

A comparison of the wcr;i values in the PS1/PMMA (Figs.

3–5) and PS2/PMMA (Figs. 6 and 7) systems indicates that

the polymer with lower viscosity (the polystyrenes) has a

lower value of wcr;i: An asymmetric—with respect to

wPMMA ¼ 0:50—BPS interval for the existence of co-

continuous structures exist in both the systems.

3.2. Influences of mixing time

The PS2/PMMA system was used to investigate the effect

of the duration of the mixing. Results for 10 min mixing are

found in Figs. 6 and 7. For 30 min mixing of the PS2/PMMA

Fig. 6. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS2/PMMA blends for 10 min mixing: (a) and (b)

wPMMA ¼ 0:40; (c) and (d) wPMMA ¼ 0:60; (e) and (f) wPMMA ¼ 0:70; (g) and (h) wPMMA ¼ 0:80:

Fig. 7. Degree of continuity as a function of volume fraction of PMMA for

PS2/PMMA blends at 200 8C, 10 min mixing.
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blends SEM images are presented in Fig. 8 and the degree of

continuity in Fig. 9. In the SEM images of Fig. 8 a BPS is

observed in all three blends in the range 0:50 # wPMMA #

0:70 irrespective of whether the PS2 or PMMA phase has

been extracted indicating phase co-continuity in this

composition interval.

The minor phase of the wPMMA ¼ 0:40 and the wPMMA ¼

0:80 samples collapsed and showed spongy type mor-

phology after extraction of the major phase (not shown).

These results indicate that wcr;PMMA ¼ 0:40 ^ 0:05 and

wcr;PS ¼ 0:20 ^ 0:05 in PS2/PMMA blends system. Pro-

longed blending times narrow the composition range in

which co-continuity is observed. Determination of the

critical volume fraction from Fig. 9 by extrapolation of the

degree of continuity versus wPMMA curves yields wcr;PMMA ¼

0:38 and wcr;PS ¼ 0:20:

3.3. Influences of added diblock copolymer

In order to investigate how the morphology evolution is

affected by an interfacial modifier, we added PS-b-PMMA

diblock copolymer (wPS-b-PMMA ¼ 0.03) to the PS2/PMMA

blend system. 30 min blending time was used both for blend

with and without interfacial modifier. The results without

interface modifier are found in Figs. 8 and 9. For the PS2/

PMMA/PS-b-PMMA blends SEM images are presented in

Fig. 10 and the degree of continuity in Fig. 11. In the SEM

images a BPS is observed in all three blends in the range

0.485 # wPMMA # 0.679, wPS-b-PMMA ¼ 0.03 irrespective

of whether the PS2 or PMMA phase has been extracted

indicating phase co-continuity in this composition interval.

The morphologies do not appear influenced by the presence

or absence of interface modifier (compare Figs. 8 and 10)

and the BPS volume fraction interval are slightly less or

nearly the same with and without the addition of interface

modifier within experimental error associated with the

evaluation based on SEM-micrographs. Determination of

the critical volume fraction from Fig. 11 by extrapolation

of the degree of continuity versus wPMMA curves yields

wcr,PMMA ¼ 0.44 and wcr,PS ¼ 0.25 indicating that the

Fig. 8. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS2/PMMA blends for 30 min mixing: (a) and (b)

wPMMA ¼ 0:50; (c) and (d) wPMMA ¼ 0:60; (e) and (f) wPMMA ¼ 0:70:

Fig. 9. Degree of continuity as a function of volume fraction of PMMA for

PS2/PMMA blends at 200 8C, 30 min mixing.
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addition of interface modifier causes a slight narrowing of

the existence of co-continuity.

The results on the influence of composition and viscosity

ratio, mixing time, and addition of interface modifier can

partially be rationalized from the point of view of the

principle of minimum energy dissipation in channel flow of

immiscible polymers. The less viscous component will form

the continuous phase and wet the channel wall where the

shear stress is greatest. Thus, it is reasonable that the more

viscous PMMA is prone to form the discrete phase whereas

the less viscous PS is prone to form the continuous phase. In

all the PS/PMMA systems investigated here wcr,PS ,

wcr,PMMA. For example, the onset values of forming co-

continuous structure after 10 min mixing in PS1/PMMA

blends are wcr,PS ¼ 0.16 and wcr,PMMA ¼ 0.21. The corre-

sponding result for PS2/PMMA blends are wcr,PS ¼ 0.17 and

wcr,PMMA ¼ 0.30. These experimental results are in good

agreement with the principle of minimum energy

dissipation.

Normally, block copolymers act as surfactants to reduce

blend interfacial tension and prevent coalescence leading to

size reduction. However, the phenomenon is very dependent

on polymer molecular weight [50]. The optimal molecular

chain of block copolymer may need to be short enough to

diffuse quickly to the interface but also have to be long

enough to entangle sufficiently with homopolymers to

prevent coalescence during blending. The block copolymer

we used in this study obviously does not have the optimal

molecular weight. The addition of the diblock copolymer

did not significantly change the phase morphology. Much of

the block copolymer might be wasted in micelles or form a

separate phase rather than lie at the interface.

3.4. Morphological stability

One of the main objectives of this work was to study

changes in morphology and in rheological properties of

PS/PMMA blends under quiescent conditions and under

shear. Therefore, it was of primary importance both to

Fig. 10. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS2/PMMA/PS-b-PMMA blends at 30 min mixing:

(a) and (b) wPMMA ¼ 0:485; wPS-b-PMMA ¼ 0.03; (c) and (d) wPMMA ¼ 0:585; wPS-b-PMMA ¼ 0.03; (e) and (f) wPMMA ¼ 0:679; wPS-b-PMMA ¼ 0.03.

Fig. 11. Degree of continuity as a function of volume fraction of PMMA for

PS2/PMMA/PS-b-PMMA blends at 200 8C, 30 min mixing.
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identify the initial morphology and verify the stability of the

initial morphology as a function of time. The PS2/PMMA

system was selected for this investigation. The mixing time

was varied from 2 to 60 min. In order to better understand

the behaviour under quiescent conditions, 30 min blending

is compared to 2 min blending followed by annealing under

quiescent conditions at the blending temperature for 28 min.

The results for 10 and 30 min blending are given in Figs.

6–9. The SEM images for 2 and 60 min mixed PS2/PMMA

blends are presented in Figs. 12 and 13, respectively. The

degrees of continuity for the short and the long mixing times

are given in Fig. 14. In the SEM images a BPS is observed

for 2 min blending time in three blends in the range

0.40 # wPMMA # 0.70 irrespective of whether the PS2 or

Fig. 12. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS2/PMMA blends for 2 min mixing: (a) and (b)

wPMMA ¼ 0:40; (c) and (d) wPMMA ¼ 0:50; (e) and (f) wPMMA ¼ 0:70:

Fig. 13. SEM images of the PMMA phase after PS extraction and the PS phase after PMMA extraction in PS2/PMMA blends for 60 min mixing: (a) and (b)

wPMMA ¼ 0:50; (c) and (d) wPMMA ¼ 0:70:

C.Z. Chuai et al. / Polymer 44 (2003) 481–493490



PMMA phase has been extracted indicating phase co-

continuity in this composition interval. For 60 min blending

a BPS is observed for two blends in the range

0.50 # wPMMA # 0.70 for both the PMMA and the PS

phases. As opposed to the co-continuous wPMMA ¼ 0.40

result after 2 min blending, the corresponding

wPMMA ¼ 0.40 after 60 min blending exhibited a PMMA

powder (discrete drops) after extraction of the PS phase.

This indicates that for wPMMA ¼ 0.40 the PMMA phase is

continuous after 2 min mixing whereas a discrete phase is

formed after 60 min mixing. The morphology of the

wPMMA ¼ 0.50 is more or less unchanged as observed

after 2 min mixing and 60 min mixing. These results

indicate that after 60 min mixing wcr,PMMA ¼ 0.40 ^ 0.05

and wcr,PS ¼ 0.20 ^ 0.05 in PS2/PMMA blends system

whereas the corresponding values after 2 min blending are

wcr,PMMA , 0.30 and wcr,PS , 0.20. Determination of the

critical volume fraction from Fig. 14 by extrapolation of the

degree of continuity as a function of wPMMA curves yields

wcr,PMMA ¼ 0.26 and wcr,PS ¼ 0.16 after 2 min blending and

wcr,PMMA ¼ 0.43 and wcr,PS ¼ 0.24 after 60 min blending.

The conclusion that was drawn based on the 10 and

30 min blending experiments is strengthened by including

the 2 and 60 min blending data. Prolonged blending time

narrows the composition range in which co-continuity is

observed. The experimental results presented above lead

us to conclude that the BPS structure formed at short

mixing time in the conical twin-screw extruder ð _g < 117

s21Þ at 200 8C may be an intermediate transitional

structure.

SEM images of the PMMA phase before and after 28 min

annealing of the 2 min mixed samples of PS2/PMMA blends

(wPMMA ¼ 0.70, wPMMA ¼ 0.80, and wPMMA ¼ 0.90) are

presented in Fig. 15. The annealing of the wPMMA ¼ 0.90

samples does not qualitatively change the well-developed

dispersed morphology with a discrete PS2 phase and a

continuous PMMA phase; however, the annealing coarsened

the microstructure. The wPMMA ¼ 0.70 and wPMMA ¼ 0.80

Fig. 14. Degree of continuity as a function of volume fraction of PMMA for

PS2/PMMA blends at 200 8C: (O) PS2, 60 min mixing; (B) PMMA, 60 min

mixing; (K) PS2, 2 min mixing; (W) PMMA, 2 min mixing.

Fig. 15. SEM images of the PMMA phase after PS extraction in PS2/PMMA blends before and after annealing at 200 8C: (a) and (b) wPMMA ¼ 0:90; (c) and

(d) wPMMA ¼ 0:80; (e) and (f) wPMMA ¼ 0:70:
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samples (Fig. 15(c)–(f)) form a BPS or partial BPS (very

close to co-continuity), respectively, regardless of annealing

or no annealing. This means that the onset of continuity for

PS2 stays in the range 0.15 , wcr,PS , 0.25 independent of

annealing up to 30 min. However, the annealing experiment

obviously coarsened the morphologies (Fig. 15(b), (d) and

(f)).

Based on this investigation, we conclude that the co-

continuous morphology type in PS2/PMMA blends is stable

at a constant temperature of 200 8C for at least 30 min in the

absence of shear and that the observed changes in the blend

microstructure are mainly induced by shear.

Fig. 16 shows the torque data during blending for the

PS2/PMMA blends without interface modifier (wPMMA ¼

0.80, wPMMA ¼ 0.50, and wPMMA ¼ 0.20) and the blends

with interface modifier (wPS-b-MMA ¼ 0.03; and wPMMA ¼

0.776, wPMMA ¼ 0.485, or wPMMA ¼ 0.194). Excluding a

very short period at the beginning, each blend exhibits a

time-independent torque and the addition of the diblock

copolymer does not influence the recorded value.

3.5. Phase inversion

In this paper we have shown that BPS occurs in a rather

wide volume fraction interval at mixing times of 2, 10, 30

and 60 min. No abrupt change of phase inversion has been

found in PS/PMMA blends. This suggests that PS/PMMA

co-continuity is qualitatively different from a phase

inversion that occurs at a particular volume fraction where

BPS exists. We also find that the volume fraction range in

which a co-continuous structure formed becomes narrower

as the mixing time is increased. Thus, we speculate that a

phase inversion may occur during melt blending, and

finally, shrink to one point at a sufficiently long mixing time.

However, excessive melt blending may cause material

decomposition.

In order to compare with theoretical predictions of phase

inversion, we tentatively define the midpoint of the co-

continuous region (wcr,PMMA þ (1 2 wcr,PS))/2 as the point

of phase inversion. We estimate the error to be ^0.05.

Table 3 shows the torque (10 min mixing) ratios and the

viscosity ratios at a shear rate of 117 s21 for the PSi/PMMA

blends and the corresponding theoretical points of phase

inversion calculated with Eqs. (1) and (2), respectively. The

values for the point of phase inversion as calculated with the

viscosity ratio (Eq. (2)) differ substantially from those based

on the torque ratio (Eq. (1)). Therefore, the viscosity ratio

cannot be directly correlated with the torque ratio, since the

shear history inside the capillary extrusion rheometer and

inside the Haake twin-screw extruder is different.

Table 3 also shows the values of the points of phase

inversion predicted by Eqs. (4) and (5) in PSi/PMMA. None

of Eqs. (1), (2), (4), and (5) can predict the behaviour of both

PS/PMMA blends systems studied here if the viscosity ratio

is calculated at constant shear rate. Eq. (1) does a fair job for

PS1/PMMA whereas Eq. (4) works for PS2/PMMA. Eq. (5)

overestimates the phase inversion point by approximately

0.1 volumes for both blends.

However, Eq. (5) is only valid at constant stress. The

viscosity ratio evaluated at constant stress for the pure

component varies dramatically with stress. Since a stress

profile in the twin-screw extruder is unknown, this test could

not be performed in a meaningful manner. It can be seen

from Fig. 2 that the viscosity ratio changes very little in the

shear rate interval ð40 , _g , 2000Þ; thus all blends should

in principle be evaluated at constant stress. It is fair to

conclude that the theoretical understanding of dual-phase

continuity or phase inversion during the processing of

immiscible binary blends is far from complete.

4. Conclusion

In this study, BPS has been evaluated by selective

extraction of both phases. The critical volume fraction

Fig. 16. Torque as a function of mixing time for PS2/PMMA blends

ðwPMMA ¼ 0:80; wPMMA ¼ 0:50 and wPMMA ¼ 0:20Þ with and without

diblock copolymer: (B) wPMMA ¼ 0:80; wPS-b-PMMA ¼ 0.00; (A) wPMMA ¼

0:776; wPS-b-PMMA ¼ 0.03; (K) wPMMA ¼ 0:50; wPS-b-PMMA ¼ 0.00; ( £ )

wPMMA ¼ 0:485; wPS-b-PMMA ¼ 0.03; (H) wPMMA ¼ 0:20; wPS-b-

PMMA ¼ 0.00; (X) wPMMA ¼ 0:194; wPS-b-PMMA ¼ 0.03.

Table 3

Torque and viscosity ratios, theoretical and experimental phase inversion points ðwPMMAÞ for PS/PMMA blends at 200 8C for 10 min mixing

Sample code TPS=TPMMA at 30 rpm, 200 8C Eq. (1) hPS=hPMMA; _g ¼ 117 s21 Eq. (2) Eq. (4) Eq. (5) Expt. phase inversion pointa

PS1/PMMA 0.76 0.57 0.29 0.78 0.74 0.63 0.48–0.58

PS2/PMMA 0.40 0.71 0.15 0.87 0.61 0.68 0.54–0.64

Torque is measured at DTU laboratory using Haake MiniLab Rheomex CTW5 twin-screw extruder for 10 min mixing.
a Taken from the midpoint of the co-continuous region of ^0.05 volume fraction and the degree of continuity (see text).
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evaluated by observation of forming stability of samples

after extraction of the major phase (direct observation)

corresponds well with the estimate obtained from extrapol-

ation of continuity index estimated by extraction of the

minor phase.

The results show that the most significant factors

determining the onset of co-continuous structure during

melt blending in PS/PMMA blends are blend composition

and viscosity ratio. It is found that dual-phase continuity

occurs in a wide composition range at short mixing times.

Increasing mixing time and addition of diblock copolymer

lead to narrowing of the composition range in which dual-

phase continuity exists. It is also found that a co-continuous

structure may not be stable and may be transformed into a

dispersed structure after sufficient mixing times. The

qualitative features of the observed morphologies are

unaffected by quiescent annealing up to 30 min, but

coarsening was observed.

Phase inversion predictions of semi-empirical models

have been compared with experimental results obtained

from PS/PMMA blends. None of these models are

successful in predicting the observed behaviour.
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