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Abstract

We observed, via transmission electron microscopy, the evolution of a dispersed morphology from a modulated co-continuous morphol-
ogy in immiscible blends of two amorphous polymers, poly(methyl methacrylate) (PMMA) and polystyrene (PS). Upon rapid precipitation
of a homogeneous solution, which can be regarded as being equivalent to spinodal decomposition via temperature quenching, we observed a
modulated co-continuous morphology for all three blend compositions, 70/30, 50/50, and 30/70 PMMA/PS blends. This observation is
interpreted with the Cahn’s linearized theory, which has been found to be accurate in describing phase separation in the early stage of
spinodal decomposition. When a rapidly precipitated PMMA/PS blend specimen having asymmetric (70/30, 60/40, 55/45 or 30/70) blend
composition was annealed under isothermal conditions at 1708C for varying periods, the modulated co-continuous morphology evolved into
a dispersed morphology, in which the major component formed the continuous phase and the minor component formed the discrete phase,
and into a ‘dual mode’ of dispersed morphology in the symmetric (50/50) PMMA/PS blend. This observation is interpreted in terms of the
percolation-to-cluster transition mechanism proposed by Hashimoto and co-workers. The morphology evolution, during isothermal anneal-
ing, of a rapidly precipitated blend may be regarded as being equivalent to late stages of spinodal decomposition, which is controlled by
diffusion and coalescence. The rate of morphology development in PMMA/PS blend during isothermal annealing was found to depend on the
zero-shear viscosity ratio of the constituent components. This observation is interpreted in terms of Siggia’s theory for late stages of spinodal
decomposition.q 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the 1970s Han et al. [1–3], Nelson et al. [4], and van
Oene [5] conducted pioneering experimental investigations
on morphology–rheology-processing relationships in two-
phase polymer blends, and they are summarized in two
monographs by Han [6,7]. Although many more experimen-
tal studies were reported on the subject since the publication
of these two monographs, the fundamental experimental
observations reported therein remain the same. Namely,
when melt blending two immiscible homopolymers or
random copolymers in a mixing equipment, one encounters
two types of blend morphology: (i) dispersed morphology
and (ii) co-continuous morphology. It has generally been
observed [1–7] that a dispersed morphology is formed
when the blend composition is highly asymmetric and a
co-continuous morphology is formed when the blend com-
position is symmetric or close to symmetric, and that when a

dispersed blend morphology is formed the minor component
having higher melt viscosity forms the discrete phase (i.e.
droplets) and the major component having lower melt vis-
cosity forms the continuous phase (i.e. matrix).

During the past several years some effort [8–17] has been
spent on investigating morphology evolution during melt
blending in either a batch mixing equipment (e.g. Brabender
mixer) or a continuous mixing equipment (e.g. a twin-screw
extruder). Investigators reported the observation of a co-
continuous morphology and/or a dispersed morphology,
depending upon melt blending conditions and blend com-
positions. An inversion of the state of dispersion was also
reported as the blend ratio varied. At present, however, it is
not clear from the literature whether a co-continuous
morphology is stable or it is unstable and eventually trans-
forms into a stable, dispersed morphology.

Very recently, using two amorphous polymers, poly-
(methyl methacrylate) (PMMA) and polystyrene (PS), we
carried out an experimental investigation to find out whether
or not a co-continuous morphology is stable. For the study
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we prepared PMMA/PS binary blends using rapid precipita-
tion of a homogeneous solution of PMMA and PS into a
non-solvent. We observed a modulated co-continuous
morphology, regardless of blend ratio, similar to one
usually observed from ‘spinodal decomposition’ via tem-
perature quenching. When a rapidly precipitated PMMA/
PS blend specimen having asymmetric (70/30, 60/40, 55/
45 or 30/70) blend composition was annealed under isother-
mal conditions at 1708C for varying periods, the modulated
co-continuous morphology evolved into a dispersed
morphology, in which the major component formed the
continuous phase and the minor component formed the
discrete phase, and into a ‘dual mode’ of dispersed
morphology in the symmetric (50/50) PMMA/PS blend. In
this paper we first present our experimental results and then
interpret them using currently held theories of spinodal
decomposition.

2. Experimental

2.1. Materials

We used the following materials: (1) two monodisperse
PSs synthesized via anionic polymerization in our labora-
tory, (2) a commercial grade of PS (STYRON 615PR, Dow
Chemical Company), (3) a laboratory grade of PMMA, and
(4) a commercial grade of PMMA (Plexiglas V825, Rohm
and Haas Company). Sample codes and the molecular char-
acteristics of the polymers investigated are summarized in
Table 1, in which the molecular weight was determined
relative to polystyrene standards by gel permeation chroma-
tography. In preparing blends, we used the following three
pairs: (1) PMMA-1/PS-1 pair, (2) PMMA-2/PS-2 pair, and
(3) PMMA-2/PS-3 pair. These pairs were selected, such that
a large variation in zero-shear viscosity ratio of the consti-
tuent components could be obtained. Table 2 and Table 3
give sample codes of the three blend systems selected and
the zero-shear viscosity ratios of the constituent components
at 1708C at which the rapidly precipitated blend specimens
were subsequently annealed. For each polymer pair, five
blend ratios (by volume) were chosen: 70/30, 60/40, 55/
45, 50/50, and 30/70 PMMA/PS.

2.2. Rheological measurement

A Rheometrics mechanical spectrometer (RMS Model
800) with a cone-and-plate (25 mm diameter plate,
0.1 radian cone angle) fixture was used to measure steady-
state shear viscosity (h) at low shear rates (ġ) ranging from
0.001 to ca. 10 s¹1 and at temperatures ranging from 160 to
2408C. All experiments were conducted under a nitrogen
atmosphere in order to preclude oxidative degradation of
the specimen. The temperature control was satisfactory to
within 618C. An Instron capillary rheometer (Mode 3211,
Instron Company) with a capillary diameter of 0.15 cm and
a length-to-diameter ratio of 28.5 was used to measure the
viscosities of the same homopolymers at high shear rates
ranging from ca. 10 to 1000 s¹1. In calculating shear
viscosity, end-corrections were neglected.

2.3. Rapid precipitation

In preparing binary blends of PMMA and PS by rapid
precipitation, the two polymers were dissolved in toluene
at room temperature to form a homogeneous solution
(2 wt% polymer), which was stirred for at least 24 h.
Then, the solution was slowly poured into the rapid preci-
pitation setup, which was comprised of a six-blade turbine
centrally placed in a perforated draft tube [18,19]. The rapid
precipitation setup was maintained at room temperature and
the tall form beaker containing both the draft tube and the
rotating shaft was charged with methanol. Immediate pre-
cipitation of the polymers was observed upon the polymer
solution’s contact with the circulating methanol pool. The
suspension of the precipitated polymers in a liquid mixture
of toluene and methanol was filtered at room temperature.
After filtration, the precipitated polymers were washed sev-
eral times to remove toluene by methanol. The washed pre-
cipitates were dried at room temperature in a fume hood for
one day and then in a vacuum oven at 408C for one week to

Table 1
Molecular characteristics of the polymers employed in this study

Sample code Mw Mw/Mn

PMMA-1a 7.9 3 104 1.56
PMMA-2b 4.1 3 104 2.20
PS-1c 2.1 3 105 2.00
PS-2b 1.1 3 105 1.09
PS-3b 3.2 3 105 1.17

a Plexiglas V815 (Rohm and Haas).
b Laboratory grade.
c STYRON 615PR (Dow Chemical).

Table 2
Zero-shear viscosity (ho) at 1708C of PMMA and PS employed in this study

Sample code ho at 1708C (Pa s)

PMMA-1 1.713 107

PMMA-2 1.303 105

PS-1 6.013 104

PS-2 1.153 104

PS-3 4.383 105

Table 3
Zero-shear viscosity ratio (ho,PMMA/ho,PS) at 1708C of PMMA and PS
employed in this study

Sample code ho,PMMA/ho,PSat 1708C

PMMA-1/PS-1 285
PMMA-2/PS-2 11.3
PMMA-2/PS-3 0.3
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remove the residual solvent. All blend samples were then
stored in the freezer.

2.4. Isothermal annealing of rapidly precipitated specimens

Isothermal annealing experiment of rapidly precipitated
blends was performed, due to its precise and accurate tem-
perature control, using the Rheometrics mechanical spectro-
meter described above for rheological measurements. The
as-precipitates were annealed at 1708C for various periods.
Upon removal from the RMS fixture, all annealed precipi-
tates were quenched in liquid nitrogen in order to freeze
phase morphology stored in the freezer.

2.5. Transmission electron microscopy (TEM)

As-precipitates, after being annealed, were first
embedded in an epoxy (EPON 828) and cured at room tem-
perature using 10 wt% triethylenetetramine. Complete curing
took about 24 h. The embedded samples were then ultra-
microtomed at room temperature using a Reichert Ultracut
S (Leica) microtome equipped with glass knives. Carbon
black coating was applied to a PMMA/PS blend sample
after ultramicrotoming. A transmission electron microscope
(JEM 1200EX II, JEOL) operated at 100 kV was used to
take micrographs of the PMMA/PS blend specimens.

3. Results

3.1. Morphology of PMMA/PS blends upon rapid
precipitation from homogeneous solution

Fig. 1 gives TEM images of rapidly precipitated PMMA-
1/PS-1 blends, Fig. 2 gives TEM images of rapidly precipi-
tated PMMA-2/PS-2 blends, and Fig. 3 gives TEM images
of rapidly precipitated PMMA-2/PS-3 blends, in which the
white areas represent the PMMA phase and the dark areas
represent the PS phase. In Figs 1–3 we observe a modulated
co-continuous morphology in all three blend systems
investigated. This can easily be understood when we recog-
nize the fact that thermodynamically speaking, the phase
separation mechanism involved with rapid precipitation
(via composition quenching) is very similar to that involved
with spinodal decomposition (via temperature quenching)
[20–22].

In 1985 Inoue et al. [23] reported that they could not
obtain a periodically-modulated morphology when PMMA
and PS were cast from toluene, whereas they succeeded in
obtaining a modulated co-continuous morphology for
several other immiscible polymer pairs. They noted that a
very fast evaporation of solvent was necessary to observe a
modulated co-continuous morphology in an immiscible
polymer blend from solvent casting. Such an observation
seems to suggest that the type of solvent used for casting
a pair of immiscible polymers plays an important role in

obtaining a modulated co-continuous morphology. On the
other hand, rapid precipitation does not require a removal of
solvent. To the best of our knowledge, the present study is
the first successful attempt made to obtain a modulated co-
continuous morphology of PMMA/PS blend.

Fig. 1. TEM images of as-precipitated 70/30 PMMA-1/PS-1, 50/50
PMMA-1/PS-1, and 30/70 PMMA-1/PS-1 blends, showing a co-continuous
morphology irrespective of blend composition.
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In accordance with Cahn’s theory of spinodal decompo-
sition [20,21], the modulated co-continuous morphology
observed in this study for PMMA/PS blends (see Figs 1–
3) may be regarded as being formed by the superposition of
the sine waves of thermal composition fluctuations. Fig. 4

gives a schematic representation, illustrating a three-
dimensional, periodically modulated co-continuous struc-
ture, having the domain spacingL, for PMMA/PS blends
obtained in this study by rapid precipitation. From the
measurements of the distance between the centers of two
adjacent modulated structures, we calculatedL for

Fig. 2. TEM images of as-precipitated 70/30 PMMA-2/PS-2, 50/50
PMMA-2/PS-2, and 30/70 PMMA-2/PS-2 blends, showing a co-continuous
morphology irrespective of blend composition.

Fig. 3. TEM images of as-precipitated 70/30 PMMA-2/PS-3, 50/50
PMMA-2/PS-3, and 30/70 PMMA-2/PS-3 blends, showing a co-continuous
morphology irrespective of blend composition.
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PMMA-1/PS-1 blends using the TEM images given in Fig. 1
and for PMMA-2/PS-2 blends using the TEM images given
in Fig. 2, and the results are summarized in Fig. 5. Owing to
the unclear phase boundaries in Fig. 3, the values ofL for
the PMMA-2/PS-3 blends were not determined. The follow-
ing observations are worth noting in Fig. 5. The value ofL

for an equal blend composition (50/50 PMMA/PA blend) is
larger than that for the unequal blend compositions (30/70
and 70/30 PMMA/PS blends), and the PMMA-1/PS-1
blends (the symbolW) have larger values ofL than
the PMMA-2/PS-2 blends (the symbolK). Below we will
interpret the results using the Cahn’s linearized theory
[20,21].

3.2. Time evolution of the rapidly precipitated PMMA/PS
blend morphology during isothermal annealing

Fig. 6 gives TEM images describing how, during isother-
mal annealing at 1708C, the morphology of a rapidly pre-
cipitated 70/30 PMMA-1/PS-1 blend specimen evolved
with time from 5 min to 2 h. Fig. 7 gives TEM images
describing the time evolution of a rapidly precipitated 70/
30 PMMA-2/PS-2 blend, and Fig. 8 gives TEM images
describing the time evolution of a rapidly precipitated 70/
30 PMMA-2/PS-3 blend, when each blend was subjected to
an isothermal annealing at 1708C for a period ranging from
5 min to 2 h. From Figs 6–8 we observe that (i) annealing at
1708C for 15 min was not long enough for us to observe a
discernible change in blend morphology, (ii) prolonging the
annealing time from 15 to 30 min enabled us to observe
clearly that a modulated co-continuous morphology (see
Figs 1a, 2a and 3a) evolved into a dispersed morphology,
and (iii) prolonging the annealing time further to 2 h helped
achieve a well-developed dispersed morphology in all three
70/30 PMMA-1/PS-1, 70/30 PMMA-2/PS-2, and 70/30
PMMA-2/PS-3 blends. Notice in Figs 6–8 that the minor
component PS (the dark areas) formed the discrete phase
and the major component PMMA (the white areas) formed
the continuous phase.

Fig. 9 gives TEM images describing how, during isother-
mal annealing at 1708C, the morphology of a rapidly pre-
cipitated 30/70 PMMA-1/PS-1 blend specimen evolved
with time from 30 min to 6 h. Fig. 10 gives TEM images
describing the time evolution of a rapidly precipitated 30/70
PMMA-2/PS-2 blend, and Fig. 11 gives TEM images
describing the time evolution of a rapidly precipitated 30/
70 PMMA-2/PS-3 blend, when each blend was subjected to
an isothermal annealing at 1708C for a period ranging from
30 min to 6 h. In Figs 9a, 10a and 11a we observe clearly
that the modulated co-continuous morphology of 30/70
PMMA-1/PS-1 blend (Fig. 1c), 30/70 PMMA-2/PS-2
blend (Fig. 2c), and 30/70 PMMA-2/PS-3 blend (Fig. 3c),
which was formed upon rapid precipitation of a homoge-
neous solution, did not evolve into a well-developed dis-
persed morphology after annealing for 30 min at 1708C, in
contrast to the situations with 70/30 PMMA-1/PS-1 blend
(Fig. 6c), 70/30 PMMA-2/PS-2 blend (Fig. 7c), and 70/30
PMMA-2/PS-3 blend (Fig. 8c). This observation indicates
that the rate of morphology development is much slower in
30/70 PMMA/PS blends than in 70/30 PMMA/PS blends.
Later in this paper we will offer an explanation on this
experimental observation. As annealing continued to 6 h,
in Figs 9c, 10c and 11c we observe that the minor com-
ponent PMMA (the white areas) formed the discrete phase
and the major component PS (the dark areas) formed the
continuous phase.

Fig. 12 gives TEM images describing how, during iso-
thermal annealing at 1708C, the morphology of a rapidly
precipitated 50/50 PMMA-1/PS-1 blend specimen evolved
with time from 30 min to 12 h. Fig. 13 gives TEM images

Fig. 4. A three-dimensional schematic representation of the periodically
modulated co-continuous structure, formed via spinodal decomposition,
and wavelengthL of PMMA/PS blends.

Fig. 5. Plots ofL versus blend composition for PMMA/PS blends formed
via spinodal decomposition: (W) PMMA-1/PS-1 blends: (K) PMMA-2/PS-2
blends.
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describing the time evolution of a rapidly precipitated
50/50 PMMA-2/PS-2 blend, and Fig. 14 gives TEM
images describing the time evolution of a rapidly pre-
cipitated 50/50 PMMA-2/PS-3 blend, when each blend
was subjected to an isothermal annealing at 1708C for a
period ranging from 30 min to 12 h. It is not clear in Figs
12–14 how the morphology evolved during the annealing
period of 30 min. As annealing continued to 2 h, as shown
in Figs 12b, 13b and 14b, the morphology of 50/50
PMMA/PS blends developed, showing more or less a
‘dual mode’ of dispersed morphology, namely, a region
exists where PS formed the discrete phase dispersed in
the PMMA matrix and another region also exists
where PMMA formed the discrete phase dispersed in
the PS matrix. When annealing continued to 12 h at
1708C, in Figs 12d, 13d and 14d we observe a well-
developed ‘dual mode’ of dispersed morphology which
started from a modulated co-continuous morphology (see
Figs 1b, 2b and 3b). Such a seemingly complicated blend
morphology apparently is unique to equal blend
composition.

3.3. Effect of shear flow on the morphology of rapidly
precipitated PMMA/PS blend

Fig. 15 gives TEM images of the morphology (the upper
panel) of 50/50 PMMA-1/PS-1 blend and, also, the mor-
phology (the lower panel) of 50/50 PMMA-2/PS-3 blend,
each of which was obtained by extruding a rapidly precipi-
tated specimen in a capillary die at 2208C at a shear rate of
260 s¹1. In Fig. 15 we observe that the extrudate of 50/50
PMMA-1/PS-1 blend has PMMA droplets (the white areas)
dispersed in the PS matrix (the dark areas) and the extrudate
of 50/50 PMMA-2/PS-3 blend has PS droplets (the dark
areas) dispersed in the PMMA matrix (the white areas).
Fig. 16 describes the shear dependence of viscosity at
2208C for PMMA-1, PS-1, PMMA-2, and PS-3, showing
that over the entire range of shear rates investigated,
PMMA-1 (the symbolK) has viscosities higher than PS-1
(the symbolW), and PS-3 (the symbolX) has viscosities
higher than PMMA-2 (the symbolO). We can then con-
clude from Figs 15 and 16 that for an equal volume fraction
of the constituent components, the more viscous component

Fig. 6. TEM images of a rapidly precipitated 70/30 PMMA-1/PS-1 blend after being annealed at 1708C for: (a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.
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forms the discrete phase dispersed in the less viscous com-
ponent, i.e. the viscosity ratio determines the state of dis-
persion (which of the two components, PS or PMMA, forms
the discrete phase dispersed in the other component).

4. Discussion

Let us interpret the experimental results presented above
using currently held theories. The time evolution of the
phase-separated structures of polymer mixtures obtained
by spinodal decomposition may be divided into three stages:
(i) the early stage, (ii) the late stage, and (iii) the final stage.
In the past, the early stage of spinodal decomposition was
interpreted using the theory of Cahn [20,21], who first
derived the following expression for the compositionfA

in an inhomogeneous mixture consisting of componentsA
andB,

]fA

]t
¼ M

]2f (fA)
]f2

A

=2fA ¹ 2k=4fA

� �
(1)

where f(fA) is the free energy density of homogeneous
material of compositionfA, k is the gradient energy
coefficient arising from the effects of localized composition
gradient, andM is the mobility defined by the ratio of
diffusion flux (JB or JA) to the gradient of chemical poten-
tial, mA ¹ mB,

JB ¼ ¹ JA ¼ M=(mA ¹mB) (2)

Note that Eq. (1) is very similar to the conventional diffu-
sion equation with diffusion coefficientD if we defineDc ¼

Ml]2f /]fA
2 l in Eq. (1). Note thatDc Þ D andDc is called the

cooperative (or apparent) diffusion coefficient. The solution
of Eq. (1) may be written as [20,21]

fA ~ eR(b)t (3)

where

R(b) ¼ ¹ Dcb
2 ¹ 2Mkb4 (4)

in which b is the wavenumber defined byb ¼ 2p/L with L

being the wavelength or domain spacing.

Fig. 7. TEM images of a rapidly precipitated 70/30 PMMA-2/PS-2 blend after being annealed at 1708C for: (a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.
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According to the Cahn’s linearized theory [20,21], the
growth rate of concentration fluctuations in terms of the
volume fraction of the total polymer,fp(t), in a ternary
system consisting of a pair of immiscible polymers and a
solvent is given by [23]

lfp(t) ¹ fp(0)l ~ eRmt (5)

wherefp(0) is the volume fraction of the total polymer in
the initially homogeneous solution andRm is the maximum
rate constant of concentration fluctuation growth atbm,
which is the value ofb at {]R(b)=]b} lb ¼ bm

¼ 0, with
bm ¼ 2p/Lm whereLm is the maximum wavelength.Rm(t)
andLm(t), respectively, are related to the polymer concen-
trationsfp by [23]

Lm(t) ~ (fp ¹ fs
p)¹ 1=2 (6)

Rm(t) ~ M
xAB

NA
fp(fp ¹ fs

p)2 (7)

where fp
s is the polymer concentration at the point of

spinodal decomposition and it is given by

fs
p ¼

NA

2xAB

1
NAvA

þ
1

NBvB

� �
(8)

in which xAB is the Flory–Huggins interaction parameter,
NA andNB are degrees of polymerization for polymersA and
B, respectively,vA ¼ fA/(fA þ fB) is the volume fraction of
polymer A, vB ¼ fB/(fA þ fB) is the volume fraction of
polymerB, andfp ¼ fA þ fB ¼ 1 ¹ fS with fS being the
volume fraction of solvent in the ternary mixture.

The following observation can be made from Eqs. (6) and
(8). For given molecular weights of the component poly-
mers (i.e. for fixed values ofNA andNB), from Eq. (8) we
have a minimum value offp

s atvA ¼ vB ¼ 0.5, thus from Eq.
(6) we have the longest periodic distance of modulated
structure. This observation now explains the experimental
results given in Fig. 5, the largest value ofL for the 50/50
PMMA-1/PS-1 and 50/50 PMMA-2/PS-2 blends. For a
given blend composition (i.e. for given values ofvA and
vB), it follows from Eq. (8) thatfp

s will decrease with

Fig. 8. TEM images of a rapidly precipitated 70/30 PMMA-2/PS-3 blend after being annealed at 1708C for: (a) 5 min; (b) 15 min; (c) 30 min; (d) 2 h.
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increasing molecular weight (NA or NB) of polymersA and
B, indicating that, in accordance with Eq. (6), the higher the
molecular weights of the component polymers, the larger
the value ofLm will be. This observation now explains the
experimental results in Fig. 5: the PMMA-1/PS-1
blends with higher molecular weights (the symbolW)
have larger values ofL than the PMMA-2/PS-2 blends

(the symbolK) (see Table 1 for the molecular weights of
the components).

In the past, a number of research groups [22–25] inves-
tigated, via light scattering, the kinetics of phase separation
of binary polymer blends and reported that the Cahn’s
linearized theory describes well the initial stage of spinodal
decomposition. Hashimoto and coworkers [26–32]

Fig. 9. TEM images of a rapidly precipitated 30/70 PMMA-1/PS-1 blend
after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h.

Fig. 10. TEM images of a rapidly precipitated 30/70 PMMA-2/PS-2 blend
after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h.
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conducted, via time-resolved light scattering, an extensive
investigation of late stages of spinodal decomposition of
polymer blends, which were obtained by either rapid
quenching or solvent casting. Hashimoto and coworkers
[27,31] proposed the percolation-to-cluster transition
(PCT) mechanism to interpret their experimental
results. According to the PCT mechanism, the modulated

co-continuous morphology may be regarded as being in a
state of ‘percolation’. As phase separation progresses (e.g.
by isothermal annealing in the present study) in an
asymmetric blend composition, a phase rich in the minor
component cannot maintain percolation and hence a conti-
nuity of the modulated co-continuous structure in three-
dimensional space is broken, resulting in fragments (later
becoming droplets) of the minor component, and they are
dispersed in the matrix of the major component. Hence, the
evolution from a modulated co-continuous morphology into
a dispersed morphology in binary polymer blends, observed
in the present study (see Figs 6–11), appears to fit in the
PCT mechanism of Hashimoto et al. [27,31] However,
during isothermal annealing of the symmetric blend com-
position, we observed a ‘dual mode’ of dispersed morphol-
ogy as shown in Figs 12–14. Below we will offer an
explanation on the formation of such blend morphology
for the symmetric blend composition.

According to the PCT mechanism, the state of dispersion
(which of the two components, PS or PMMA, forms the dis-
crete or continuous phase in the present study) in the cluster
regime depends on the volume fraction of the constituent com-
ponents; namely, in a blend having off-critical blend composi-
tion the minor component will form the discrete phase and the
major component will form the continuous phase. This obser-
vation now explains (i) why the modulated co-continuous
morphology, initially formed via rapid precipitation from
a 70/30 PMMA/PS mixture (see Figs 1a, 2a and 3a),
evolved, under isothermal annealing at 1708C for a suffi-
ciently long time (say 2 h), into a dispersed morphology in
which the minor component PS formed droplets dispersed in
the PMMA matrix (see Figs 6d, 7d and 8d), and (ii) why the
modulated co-continuous morphology, initially formed via
rapid precipitation from a 30/70 PMMA/PS mixture (see
Figs 1c, 2c and 3c), evolved, under isothermal annealing
at 1708C for a sufficiently long time (say 6 h), into a dis-
persed morphology in which the minor component PMMA
formed droplets dispersed in the PS matrix (see Figs 9c, 10c
and 11c).

It should be mentioned that the time evolution of the
rapidly precipitated blend morphology during isothermal
annealing, presented in Figs 6–14, can be regarded as
being equivalent to late stages of spinodal decomposition.
While periodic concentration fluctuations develop in the
early stage of spinodal decomposition and are diffusion-
controlled, breakdown of a periodically modulated co-
continuous structure in later stages of spinodal decomposi-
tion is driven by the surface tension at rates controlled by the
viscosity of the phases. The phase volumes in late stages of
spinodal decomposition are determined by a co-existence
curve of the mixture, phase separation temperature and
composition. According to the PCT mechanism, there
exist percolation limits beyond which a modulated co-
continuous morphology starts to evolve into a dispersed
morphology. Hence, percolation limits are equivalent to
the existence of a critical domain sizedc, above which the

Fig. 11. TEM images of a rapidly precipitated 30/70 PMMA-2/PS-3 blend
after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h.
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mixture breaks up into irregularly shaped morphology,
which then coarsens. According to Takeno and Hashimoto
[32], breakup of a modulated co-continuous morphology
may be driven by the capillary pressure involved in the
structure: a thick part of the structure having a large cross
section has a capillary pressure lower than a thin part having
smaller cross section, generating a pressure gradient which
then may cause flow from the thin part towards the thick
part.

A theoretical investigation of late stages of spinodal
decomposition was first carried out by Siggia [33], who
showed that the hydrodynamic effects are very important
and that the domain size (d) grows following two mechan-
isms: (i)d ~ (kBT/ho)

1/3t1/3 in the early stage, which is gov-
erned by hydrodynamic effects and diffusion, where kBT
represents thermal energy with kB being the Boltzmann
constant andho is the zero-shear viscosity, and (ii)d ~ (g/
ho)t in the long-term coarsening which is driven by the
interfacial tensiong at a rate controlled by the viscosityho.

Using Siggia’s analysis [33], we can now explain the
experimental results presented in Figs 6–14, namely, the
time evolution of a modulated co-continuous morphology
into a dispersed morphology during isothermal annealing at

1708C. Although, during isothermal annealing, there was no
bulk flow in the rapidly precipitated blend specimen,
according to Siggia’s analysis [33], the zero-shear viscosity
must have played an important role in controlling the
growth rate of domaind(t). Note that the diffusion coeffi-
cient (Dc) (or mobility M) is related to the zero-shear
viscosity (ho), which in turn depends on the molecular
weight (Mw) of the constituent components. Thus we have

d(t) ~ Dc ~ M ~
g

h0
~

g

M3:4
w

(9)

in which the polymers under consideration are assumed to
be entangled. At 1708C we have the following relationships:
ho,PMMA-1 . ho,PS-1andho,PMMA-2 . ho,PS-2(see Tables 2 and
3). We can now explain why the rate of evolution of the
dispersed morphology in 70/30 PMMA-1/PS-1 and 70/30
PMMA-2/PS-2 blends (see Figs 6c and 7c), in which the
minor component PS forms the discrete phase dispersed in
the major component PMMA, is faster than that in 30/70
PMMA-1/PS-1 and 30/70 PMMA-2/PS-2 blends (see
Figs 9c and 10c), in which the minor component PMMA
forms the discrete phase dispersed in the major component
PS.

Fig. 12. TEM images of a rapidly precipitated 50/50 PMMA-1/PS-1 blend after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.
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Having explained above that the zero-shear viscosity
played an important role in determining the state of disper-
sion during isothermal annealing of a rapidly precipitated
PMMA/PS blend, we would like to revisit the state of
dispersion in asymmetric PMMA/PS blend compositions.
Specifically, in Figs 6–8 we observe that the major com-
ponent PMMA forms the continuous phase and the minor
component PS forms the discrete phase, and in Figs 9–11
we observe that the major component PS forms the contin-
uous phase and the minor component PMMA forms the
discrete phase, regardless of the viscosity ratio of the con-
stituent components (see Tables 2 and 3). The above obser-
vation led us to conclude that the blend composition played
a predominant role over the viscosity ratio in determining
the state of dispersion during isothermal annealing of a
rapidly precipitated PMMA/PS blend. From the point of
view of the minimum energy dissipation principle, which
is applicable to bulk flow of a two-phase liquid, we expect
that the less viscous component will form the continuous
phase and the more viscous component will form the dis-
crete phase. Having realized the fact that isothermal anneal-
ing employed in the present study did not involve bulk flow,

we can easily surmise that the minimum energy dissipation
principle would not be applicable to the present study.
Nevertheless, in order to ensure that the experimental obser-
vations made above are unambiguous, we prepared via rapid
precipitation two additional blends, 60/40 and 55/45
PMMA-1/ PS-1 blends, lying between 70/30 and 50/50
PMMA-1/PS-1 blends, which were then annealed at
1708C for various periods.

In Fig. 17 the upper panel gives TEM images describing
the morphology evolution of a rapidly precipitated 60/40
PMMA-1/PS-1 blend specimen, and the lower panel gives
TEM images describing the morphology evolution of a
rapidly precipitated 55/45 PMMA-1/PS-1 blend specimen,
during isothermal annealing at 1708C for a period ranging
from 30 min to 6 h. It is clear from Fig. 17 that the major
component PMMA-1 forms the continuous phase and the
minor component PS-1 forms the discrete phase although at
1708C PMMA-1 is much more viscous than PS-1 (see
Tables 2 and 3). The above observation reassured us that
when there is no bulk flow as in the present study, the blend
composition plays a predominant role over the viscosity
ratio of the constituent components in determining the

Fig. 13. TEM images of a rapidly precipitated 50/50 PMMA-2/PS-2 blend after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.
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state of dispersion, consistent with the PCT mechanism of
Hashimoto et al. [27,31].

Now, we would like to offer an explanation on the differ-
ences observed in the morphology evolution of the sym-
metric PMMA/PS blend composition with bulk flow (see
Fig. 15) and without bulk flow (see Figs 12–14). Specifi-
cally, the readers are reminded that in Fig. 15 we have
shown a well-developed dispersed morphology when a
rapidly precipitated 50/50 PMMA-1/PS-1 blend, which
initially formed a co-continuous morphology, was extruded
in a capillary die at 2208C. In Figs 12–14 we have shown a
‘dual mode’ of dispersed morphology when the blend was
annealed under isothermal conditions at 1708C for 12 h. The
difference between the two situations lies in that in the for-
mer, morphology evolution took place during bulk flow,
whereas in the latter, morphology evolution took place
under quiescent conditions. In the presence of bulk flow,
the minimum energy dissipation principle plays the role in
determining the state of dispersion, thus giving rise to a
well-dispersed morphology in which the less viscous com-
ponent forms the continuous phase and the more viscous
component forms the discrete phase. As pointed out
above, in the absence of bulk flow, the minimum energy

dissipation principle is not applicable and thus the blend
composition is expected to determine the state of dispersion.
However, when a symmetric blend (i.e. 50/50 PMMA/PS
blend) is subjected to isothermal annealing under quiescent
conditions, the blend composition is not expected to deter-
mine the state of dispersion. Under such a situation, the PCT
mechanism prevails. Since the co-continuous morphology
formed initially upon rapid precipitation of a homogeneous
solution does not have perfectly aligned lamellae (see
Figs 1–3), local movement of each phase during isothermal
annealing under quiescent conditions, in accordance with
the PCT mechanism, appears to have determined the state
of dispersion, giving rise to a ‘dual mode’ of dispersion.

5. Concluding remarks

In this study we were successful in observing a periodi-
cally modulated co-continuous morphology, irrespective of
blend ratio, when a homogeneous solution of PMMA and PS
was rapidly precipitated in a non-solvent. We have demon-
strated that phase separation by rapid precipitation via com-
position quenching is equivalent to that by spinodal

Fig. 14. TEM images of a rapidly precipitated 50/50 PMMA-2/PS-3 blend after being annealed at 1708C for: (a) 30 min; (b) 2 h; (c) 6 h; (d) 12 h.
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Fig. 15. The upper panel shows TEM images of a rapidly precipitated 50/50 PMMA-1/PS-1 blend after being extruded in a capillary at 2208C at a shear rate of
260 s¹1. The lower panel shows TEM images of a rapidly precipitated 50/50 PMMA-2/PS-3 blend after being extruded in a capillary at 2208C at a shear rate of
260 s¹1.

Fig. 16. Logarithmic plots of shear viscosity versus shear rate at 2208C for: (K) PMMA-1, (W) PS-1, (O) PMMA-2, and PS-3 (X).
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decomposition via temperature quenching. We found that
the domain spacing of the modulated structure of rapidly
precipitated PMMA/PS blends was the largest at an equal
volume fraction and it increased with molecular weights of
the constituent components. The experimental results are
interpreted using the Cahn’s linearized theory, which has
been proven to be reasonably accurate in describing phase
separation in the early stage of spinodal decomposition.

When a rapidly precipitated PMMA/PS blend was
annealed under isothermal conditions at 1708C, we observed
an evolution of a co-continuous morphology into a dis-
persed morphology, the rate of which being dependent
upon the blend ratio and the molecular weights of the con-
stituent components. We have pointed out that isothermal
annealing of a rapidly precipitated PMMA/PS blend may be
regarded as being equivalent to late stages of spinodal
decomposition. We interpreted our experimental results of
morphology evolution during isothermal annealing using
Siggia’s theory [33], showing that the hydrodynamic effects
are very important in late stages of spinodal decomposition.
We have pointed out that although, during isothermal

annealing, there was no bulk flow in a rapidly precipitated
blend specimen, breakup of a modulated co-continuous
morphology would occur driven by the surface tension,
which in turn generates a pressure gradient in the struc-
ture causing flow from a thin part to a thick part. Since
the mobility of a polymer under isothermal annealing is
inversely proportional to zero-shear viscosity, we have con-
cluded that the zero-shear viscosities of the constituent
polymers played an important role in controlling the growth
rate, during isothermal annealing, of the discrete phase in
the PMMA/PS blends investigated in the present study.
Using the arguments presented above, we were able to
explain our experimental results of morphology evolution,
during isothermal annealing, of rapidly precipitated
PMMA/PS blends.

Before closing, we would like to mention that, earlier,
some research groups reported on the effect of annealing
on the morphology of melt blended specimens [34–36] and,
also, coalescence of the discrete phase in two-phase poly-
mer blends [37–39]. There is no question that coalescence
of the discrete phase might have taken place during the

Fig. 17. The upper panel shows TEM images of a rapidly precipitated 60/40 PMMA-1/PS-1 blend after being annealed at 1708C for: (a) 30 min; (b) 6 h. The
lower panel shows TEM images of a rapidly precipitated 55/45 PMMA-1/PS-1 blend after being annealed at 1708C for: (a) 30 min; (b) 6 h.
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annealing of rapidly precipitated specimens investigated in
this study. Coalescence is a physical phenomenon that is
associated with the kinetic process under static conditions,
which inevitably would take place before reaching an equi-
librium blend morphology. Coalescence of the discrete
phase may also take place during the processing of a two-
phase blend [36,37]. It should be mentioned that breakup of
the discrete phase may also take place in pressure-driven
flow of dispersed two-phase fluids [40]. To the best of our
knowledge, a 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, and requires greater attention in the future.
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