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Abstract. In this paper, the dynamics and morphology of viscoelastic phase separation in polymer blends
is investigated based on the two-fluid model in two dimensions. At critical composition, we have carefully
checked the role of shear modulus, without taking account of bulk modulus. The results show that the higher
shear modulus component tends to form a dispersed phase in the intermediate stage of phase separation,
if the difference between the shear moduli of the components is large enough. This is opposite to the role
of bulk modulus, that the higher bulk modulus component forms a networklike pattern without taking
account of the shear modulus even if it is the minority phase. The morphological formation is determined
by the competition of opposite effects of shear modulus and bulk modulus. For polymer blends at critical
composition, the bulk modulus difference leads to a networklike pattern formed by the higher modulus
component in the intermediate stage of phase separation. But if the difference between the shear moduli
of the components is large enough, a co-continuous structure is observed, resulting from the competition
between shear and bulk moduli. For off-critical composition, difference in bulk modulus also leads to
a networklike pattern of the component with higher bulk modulus in the intermediate stage of phase
separation, but phase inversion is observed rapidly. A small difference between the shear moduli of the
components can support the networklike pattern to continue for longer time. But the networklike pattern
does not occur for large difference between shear moduli.

PACS. 64.75.+g Solubility, segregation, and mixing; phase separation – 83.80.Tc Polymer blends

1 Introduction

The dynamics of phase separation phenomena has been
extensively studied in the past years by experimental,
analytical, and numerical approaches [1–7]. In the early
stage, the dynamics of phase separation is controlled by
concentration fluctuation. In the late stage, the dynam-
ics of phase separation is controlled by diffusion and sur-
face tension. It is well established that in the late stage of
phase separation domain growth satisfies the dynamical
scaling law of the form R(t) ∼ tα, where R(t) is the aver-
age domain size at time t. The growth exponent α is an
important quantity which crucially depends on the space
dimension, hydrodynamic effect and composition [2–5].

Theoretically, phase separation in solids and fluids can
be described by the solid model (model B) and the fluid
model (model H [2]), respectively. For the former, the ma-
terial diffusion completely determines the local concen-
tration, while for the latter the local concentration can
be changed by both diffusion and flow. But for polymers,
viscoelasticity is one of the most significant intrinsic prop-

a e-mail: luokaifu@yahoo.com
b e-mail: gronski@makro.uni-freiburg.de

erties, i.e., their response to deformation is intermediate
between that of solids and fluids. For short times, the re-
sponse is elastic and the stress is proportional to the ap-
plied strain, while in the long-time limit, a fluid-like re-
sponse with stress proportional to the strain rate is ob-
served. It is generally believed that viscoelastic effects
coming from chain entanglements are important only in
the very early stage, where the phase separation time is
shorter than the characteristic disentanglement time of a
chain [8–12]. Therefore, the theory based on model H is
believed to be valid on time scales longer than the charac-
teristic disentanglement time of a chain. This is true when
components of the mixtures have the same dynamics.

However, in real systems, it may often be the case
that the components of binary mixtures exhibit internal
dynamic asymmetry [13]. Dynamic asymmetry may be
caused by the size difference in the component molecules
of a mixture, such as a polymer solution. The effect of
size difference is intrinsic and ideal viscoelastic phase sep-
aration may be observed. In addition, dynamic asym-
metry can also be caused by the existence of another
transition, which induces slow dynamics, such as glass
transition. The dynamic asymmetry leads to profound
differences in the rheological properties of the components,
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such as viscosity, elasticity and viscoelasticity. Recently,
Tanaka has experimentally studied phase separation in
deeply quenched polymer solutions [14,15], and polymer
blends [16] quenched to a temperature near the glass tran-
sition temperature of the minority phase, respectively. The
experimental results show that after an initial incubation
regime, domains of less viscoelastic phase nucleate and
grow up to the formation of the minority phase network,
which eventually breaks down leading to phase inversion.
In addition, scale invariance and self-similarity have been
found to break down for viscoelastic binary fluid mixtures.
Obviously, the conventional phase separation model can-
not explain these experimental results.

Theoretically, there are several approaches to in-
troduce dynamic asymmetry into the phase separation
model. Jäckle et al. [17–19] first introduced dynamical
asymmetry into the solid model to study the effects of
glass transition on phase separation by incorporating
a strongly concentration-dependent mobility. A similar
approach was followed by Ahluwalia [20]. Clarke et al. [21]
and Cao et al. [22] have investigated the viscoelastic
effect on the kinetics and morphology of polymer blends
through introducing a relaxing elastic term into the
free-energy functional. However, including the dynamical
asymmetry in the diffusion coefficient or incorporating
the viscoelastic effects in the mixing free-energy function
is inappropriate and not straightforward, since the
relaxation nature of stress should be incorporated in a
constitutive equation for mechanical stresses and the fluid
nature is essential for viscoelastic phase separation. The
coupling between the stress and concentration fluctuation
was first noticed by de Gennes and Brochard in consider-
ing the dynamics of concentration fluctuation in polymer
solutions [23,24]. Later, Helfand and Fredrickson [25] ap-
plied a dynamic coupling mechanism to polymer solutions
under shear flow. Then, Onuki [26], Onuki and Doi [27],
and Milner [28] developed a two-fluid model, which
considers two different velocities for the two components.
The first simulation based on the two-fluid model for
polymer solutions was performed by Taniguchi and
Onuki [29]. However, the two-fluid model incorporating
dynamical asymmetry due to asymmetric distribution of
bulk stresses [13,30–34] has successfully explained many
features of the viscoelastic phase separation experiments,
such as the formation of transient network and eventual
phase inversion. Tanaka and Araki’s simulation results for
the viscoelastic phase separation in off-critical polymer
solutions [30,31], show that bulk stress should be respon-
sible for the suppression of the homogeneous growth of
concentration fluctuations, the volume shrinking of the
polymer-rich phase and the phase inversion in the final
stage, while the shear stress is responsible for the network
pattern with threadlike structure. Recently, the two-fluid
model has also been applied to viscoelastic microphase
separation in diblock copolymers [35].

However, to the best of our knowledge, the dynamics
and morphology of viscoelastic phase separation in poly-
mer blends is still not clear. Compared with polymer so-
lutions, viscoelastic phase separation in polymer blends

is more complicated because for polymer solutions, the
stress only acts on the polymer, not on the solvent, while
for polymer blends the stress acts on the two components.
In addition, in previous studies for polymer solutions [30,
31], the effect of the shear modulus on viscoelastic phase
separation is investigated far from the critical composi-
tion, and the results show that the shear modulus almost
does not change the morphology of phase separation. We
argue that the effect of shear modulus on the morpholog-
ical evolution may become obvious at the critical compo-
sition. In this paper, we use the two-fluid model to study
the phase separation for polymer blends in two dimensions
that is characterized by a strong asymmetry between the
viscoelastic moduli of the two components. We focus our
attention on the role of shear and bulk stress in the mor-
phology formation.

2 Two-fluid model and simulation algorithm

First, we describe the basic equations of viscoelastic phase
separation for polymer blends. They are based on the two-
fluid model derived from Onuki [26], Onuki and Doi [27],
and further developed by Tanaka [30–33]. Let φA(r, t) and
φB(r, t) be the volume fractions of components A and B
at a point r and time t, and define vA(r, t) and vB(r, t) to
be their velocities, respectively. For clarity, in the follow-
ing we use φ and (1− φ) instead of φA(r, t) and φB(r, t),
respectively. Assuming, for simplicity, that the two com-
ponents have the same density, the basic equations are
given by

∂φ

∂t
= −∇· (φvA) = −∇· (φv)−∇· [φ (1− φ) (vA − vB)],

(1)

vA − vB = −
(1− φ)

ζ

[

φ∇
δF

δφ
−∇ · σA +

φ

1− φ
∇ · σB

]

,

(2)

ρ
∂v

∂t
∼= −φ∇

δF

δφ
+∇p+∇ · σA +∇ · σB , (3)

where ζ is the friction coefficient, σA and σB are the
viscoelastic stresses acting on components A and B, re-
spectively, and F is the mixing free-energy functional of
the system. Here, the volume average velocity is given by
v(r, t) = φA(r, t)vA(r, t) + φB(r, t)vB(r, t). P is the pres-
sure, which is determined to satisfy the incompressible
condition ∇·v = 0. Here, we should note that for polymer
solutions, the viscoelastic stress only acts on the polymer
and not directly on the solvent. So, if we set ∇·σB = 0 in
equation (2) and ∇ · σB = ηs∇

2
v in equation (3), where

ηs is the solvent viscosity, the two-fluid model for polymer
solutions is recovered.

The mixing free-energy functional is given by F =
∫

dr
{

f (φ (r)) +D|∇φ (r)|
2
/2
}

, where D is the inter-

facial tension coefficient, and f(φA) is the free-energy
per unit volume of a mixture. Here, we use the Flory-
Huggins free energy [36]: f (φ)/kBT = (1/NA)φ lnφ +
(1/NB) (1− φ) ln (1− φ)+χφ (1− φ), where NA and NB
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are the degree of polymerization of the polymers A and
B, χ is the Flory-Huggins interaction parameter, kB is
Boltzmann’s constant, T is the temperature.

The stress tensor is defined as [30–32,34,35]

σβij =

∫

dt′
[

Gβ (t− t′)

(

∂vjβ
∂xi

+
∂viβ
∂xj

−
2

d
(∇ · vβ) δij

)

+Kβ (t− t′) (∇ · vβ) δij

]

, (4)

where β = A or B, d is the spatial dimensionality, and G
and K are the shear and bulk relaxation moduli, respec-
tively. In our simulation, we assume the Maxwell-type re-
laxation for both shear and bulk relaxation moduli with
a single relaxation time, for simplicity:

Gβ (t) =Mβs exp (−t/τβs), Kβ (t) =Mβb exp (−t/τβb) .
(5)

Here, Mβs, Mβb, τβs, and τβb are functions of
φβ(r) [30–34], i.e.,

Mβs = M0
βsφ

2
β , τβs = τ0

βsφ
2
β ,

Mβb = M0
βbθ

(

φβ − φ0
β

)

, τβb = τ0
βbφ

2
β , (6)

where φ0
β is the average composition of polymers A and B,

θ
(

φβ − φ0
β

)

is the step function that equals 1.0 when φβ

is larger than φ0
β while it equals zero when φβ is smaller

than φ0
β .

In the simulation, we solve the following equations in-
stead of equation (4) [30–35]:

∂σβs

∂t
+ vβ · ∇σβs = σβs · ∇vβ + (∇vβ)

T
· σβs −

σβs

τβs (φ)

+Mβs (φ)
(

∇vβ + (∇vβ)
T
)

, (7)

∂σβb

∂t
+ vβ · ∇σβb = −

σβb

τβb (φβ)
+Mβb (φβ)∇ · vβ . (8)

Since the shear stress is a traceless tensor, we calcu-
late the final form of the shear stress as σf

βs = σβs −
1
dTr (σβs) I, where I is a unit tensor. Hereafter, we denote

this final stress σf
βs as σβs. The bulk stress is isotropic in

equation (8), it is expressed by a scalar variable. There-
fore, we have σβb = σβbI. So the total stress supported
by the component β is expressed as σβ = σβs + σβb.

The above equations are solved numerically by the Eu-
ler method in two dimensions using periodic boundary
conditions. The lattice size is 128×128. The grid size and
time step are chosen as ∆x = ∆y = 1, ∆t = 0.02 to en-
sure the stability. The velocity field v is solved in Fourier
space (k space) under incompressible conditions as fol-

lows: ρ∂v(k,t)
∂t =

(

I− kk

k2

)

·
[

−φ∇ δF
δφ +∇ · σA +∇ · σB

]

k
,

where [· · ·]k means the Fourier transform. For simplicity,
we set NA = NB = 1, kBT = 1.3, ζ = 0.1, χ = 2.7,
D = 1.0. A Gaussian random noise with an intensity of
0.001 was superimposed on a specified initial uniform com-
position φ̄A.

Fig. 1. Time evolution of phase-separating domains of poly-
mer blends without viscoelasticity for mixtures (a) φ̄A = 0.5
and (b) φ̄A = 0.35. A-rich regions and B-rich regions are rep-
resented by black and white, respectively.

3 Simulation results and discussion

If we assume dynamic symmetry and v = 0, the two-
fluid model reduces to the solid model (model B): ∂φ

∂t =

∇ · φ(1−φ)2

ζ ∇ δF
δφ . For comparison, we first show the pat-

tern evolution of phase-separating polymer blends with-
out viscoelastic effect for both the critical composition
φ̄A = 0.5 and the off-critical composition φ̄A = 0.35,
as shown in Figures 1a and b, respectively. Homogenous
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Fig. 2. Time evolution of phase-separating domains of polymer blends with shear modulus and without bulk modulus for
critical mixtures φ̄A = 0.5. The parameters are set as M 0

Bs = 0.5, τ0

Bs = 50 and (a) M0

As = 0.5, τ0

As = 50, (b) M0

As = 1.5,
τ0

As = 50, (c) M0

As = 2.5, τ0

As = 50, (d) M0

As = 2.5, τ0

As = 250. A-rich regions and B-rich regions are represented by black and
white, respectively.

binary mixtures segregate into two phases with different
compositions when quenched into thermodynamically un-
stable regions of their phase diagram. For critical mix-
tures, these phases form interconnected domains (Fig. 1a),
which produce a co-continuous structure with sharp, well-
developed interfaces in the late stage of phase separation.
For off-critical mixtures, these phases form a so-called
droplet phase, which in turn undergoes subsequent coars-
ening via coalescence, as shown in Figure 1b. The domains
grow with time, and the length scale of the phase sepa-
ration changes from a microscopic molecular scale in the

very early times to a macroscopic scale in the final stages
of this process. In the early stage the dynamics of phase
separation is governed by concentration fluctuation. How-
ever, in the late stage, the dynamics of phase separation
is controlled by diffusion and surface tension and domain
growth satisfies the dynamical scaling law of the form
R(t) ∼ t1/4. For the solid model (model B) with constant
mobility, the coarsening is controlled by bulk diffusion. It
is well established that, in the late stages, the growth ex-
ponent is 1/3, which satisfies the Lifshitz-Slyozov scaling
law [5]. But for a variable mobility, such as in our case,
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Fig. 3. Time evolution in the average magnitudes of thermodynamic and shear mechanical forces for the cases depicted in
Figure 2 (a), (b), (c) and (d).

the mobility depends on local composition, φ (1− φ)
2
/ξ,

the interface-diffusion–controlled coarsening leads to 1/4
exponent [37].

In the following let us take account of the cases
with viscoelastic effect. To understand the dynamics of
viscoelastic phase separation more clearly, the tempo-
ral changes in the average magnitude per lattice of the
five forces are investigated, namely, thermodynamic force
φ (1− φ)∇ (δF/δφ), the shear mechanical forces acting
on polymer A, − (1− φ)∇ · σAs, and on polymer B
as well, φ∇ · σBs, and the bulk mechanical forces act-
ing on A, − (1− φ)∇ · σAb, and on polymer B as well,
φ∇ · σBb. We define Fφ = |φ (1− φ)∇ (δF/δφ)|, FAs =
|− (1− φ)∇ · σAs|, FAb = |− (1− φ)∇ · σAb|, FBs =
|φ∇ · σBs| and FBb = |φ∇ · σBb|.

3.1 Case of φ̄A = 0.5

First, let us focus our attention on the role of the shear re-
laxation modulus. In Tanaka and Araki’s simulations [31],
for the case without bulk modulus but with shear mod-
ulus, the morphological evolution is almost the same as

usual phase separation. We think that it is reasonable be-
cause the composition of the polymer is 0.35, which is far
from the critical composition, and the shear modulus is
not large enough to affect the morphology. But for the
case of critical composition, the effect of shear modulus
on morphological evolution may be obvious.

Figures 2a, b and c show the morphological evolution
without bulk modulus but with different shear modulus
M0

As. The shear relaxation time for the component A is
set as τ0

As = 50. The parameters for the component B
are set as M0

Bs = 0.5, and τ0
Bs = 50. For M0

As = 0.5, i.e.,
where there is no difference between the moduli of the two
components, compared with Figure 1a, the morphological
difference is not obvious, as shown in Figure 2a. But for
higher M0

As, i.e., M0
As = 1.5 and 2.5, the phase separation

is retarded and in the early stage of phase separation,
i.e., t = 80 for M0

As = 1.5 and t = 150 for M0
As = 2.5,

the higher shear modulus A-rich phase forms obviously
dispersed droplets and cylinders in the matrix of the lower
shear modulus B-rich phase, as shown in Figures 2b and c.
ForM0

As = 2.5, the dispersed morphology can continue for
extremely long time, i.e., t = 2000. If we fixM 0

As = 2.5 and
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Fig. 4. Time evolution of the average domain size for the cases
depicted in Figure 2 (a), (b), (c) and (d).

further increase the relaxation of time of component A,
i.e., τ0

As = 250, the phase separation is further delayed and
the dispersed morphology is clearer, as shown in Figure 2d.

The time evolution of thermodynamic and shear me-
chanical forces are shown in Figure 3. It can be seen
that for all cases the three forces have only one maxi-
mum, revealing the coupling between diffusion field and
stress field. The different peak positions indicate the dif-
ferent extents to which the shear relaxation modulus sup-
presses the initial rapid increase in concentration fluctu-
ation. With increase of the difference between the shear
moduli and/or relaxation times, the peak positions are at
longer time, indicating that phase separation is retarded.
For the case without difference between shear moduli,
shear mechanical forces acting on the two components are
equal (Fig. 3a). In addition, the difference between shear
mechanical forces increases with the increase of the differ-
ence between shear moduli and/or relaxation times. Three
important features for the large difference between shear
moduli of the components are, as shown in Figures 3c and
d, 1) in the early stage of phase separation, the shear me-
chanical force mainly acts on the higher shear modulus
A-rich phase, and the difference between thermodynamic
force and shear mechanical force acting on the higher shear
modulus A-rich phase is very small; 2) the peak position
of the shear mechanical forces is retarded compared with
that of the thermodynamic force; 3) in the late stage, the
shear stress acting on the higher shear modulus A-rich
phase is much larger than that acting on the B-rich phase.
These factors lead to the formation of the dispersed phase
of the higher shear modulus A-rich phase.

Figure 4 shows the time evolution of the domain size
for all the four cases in Figure 2. It can be seen that the
domain growth is slowed down with increase of the differ-
ence between shear moduli and/or relaxation times, which
indicates that dynamical universality is broken down by
the different viscoelasticity of the two components.

Figure 5 shows the morphological evolution with bulk
modulus. The parameters are set as M 0

Ab = 2.5, M0
Bb =

0.5, τ0
As = 50; τ0

Bs = 50, τ0
Ab = 10 and τ0

Bb = 10. For the

case without shear stress, the domains of the lower bulk
modulusB-rich phase nucleate, grow up and seldom merge
together, leading to the formation of the higher bulk mod-
ulus A-rich phase network, e.g., t = 100, as shown in Fig-
ure 5a. Later the higher bulk modulus A-rich phase net-
work partly breaks down rapidly, resulting from the rapid
merging of the lower bulk modulus B-rich droplets. At the
same time, the growth of the domain is very fast. However,
the system does not relax to co-continuous structure. In
the late stage of phase separation, the more viscoelastic
phase still forms a matrix and the less viscoelastic phase
forms droplets. Compared with Figures 2c and d, it is very
clear that the shear relaxation modulus and the bulk re-
laxation modulus play a completely different role in the
morphological formation: for the more viscoelastic compo-
nent, the former leads to the formation of dispersed phase;
on the contrary, the latter induces the formation of a ma-
trix. For the cases with shear modulus (Figs. 5a, b and
c), the phase separation is delayed and it is also related
to the difference between the shear moduli of the compo-
nents. For the case without difference between the shear
moduli of the two components M 0

As = 0.5, M0
Bs = 0.5, the

lower bulk modulus B-rich phase is also dispersed as iso-
lated droplet in the matrix of the higher bulk modulus A-
rich phase in the early stage of phase separation (Fig. 5b).
But in the late stage of phase separation, the B-rich phase
keeps the dispersed phase, and almost no merging between
domains occurs. The domain growth is slower than that
for the case without shear modulus. When M 0

As = 1.0,
M0

Bs = 0.5, i.e., where there is a small difference between
the shear moduli of two components, the morphology is
almost the same as the case with the same shear moduli,
as shown in Figure 5c. However, if we further increase the
difference between the shear moduli, such as M 0

As = 2.5,
M0

Bs = 0.5, the morphology is completely different, see
Figure 5d. The lower bulk modulus B-rich phase does not
form an isolated droplet in the early stage of phase sep-
aration. It seems that the isolated droplets are easy to
be deformed and merge with each other due to the large
difference between shear stresses of two components, re-
sulting in only co-continuous structure. It can also be seen
that the interface is not smooth, indicating the effect of
shear stress. Different pattern selection mechanisms be-
tween shear modulus and bulk modulus lead to cancel
the opposite effects, and this is in favour of co-continuous
structure.

To clearly understand the morphological development
with the bulk modulus, we investigate the time evolution
of forces, as shown in Figures 6a, b, c and d. The regimes
prior to the force maxima correspond to the early stage
of phase separation, which indicates that the system is in
a “frozen” state, the concentration fluctuation accelerates
during the intermediate period, and gradually approaches
a maximum with the attenuation of the driving force. The
higher bulk modulus A-rich phase bears larger bulk stress.
Correspondingly, the shear mechanical force acting on the
higher shear modulus A-rich phase is also larger and phase
separation is delayed with the increase of the difference be-
tween the shear moduli. From Figure 6b, it can be seen
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Fig. 5. Time evolution of phase-separating domains of polymer blends with shear modulus and for critical mixtures φ̄A = 0.5.
The parameters are set as M0

Ab = 2.5, M0

Bb = 0.5, τ0

As = 50; τ0

Bs = 50, τ0

Ab = 10; τ0

Bb = 10 and (a) without shear modulus,
(b) M0

As = 0.5, M0

Bs = 0.5, (c) M0

As = 1.0, M0

Bs = 0.5, (d) M0

As = 2.5, M0

Bs = 0.5. A-rich regions and B-rich regions are
represented by black and white, respectively.

that even without difference between shear moduli, the
shear mechanical forces acting on different components
are different for different bulk moduli. The component
with higher bulk modulus bears a larger shear mechan-
ical force. Comparing Figures 6b and c with Figure 6d,
where different morphologies are observed, some features
of the forces acting on the more viscoelastic A-rich phase
in Figure 6d are: 1) the shear mechanical force is larger
than the bulk mechanical force at the early stage of phase

separation; 2) in the regimes after the force maxima the
bulk mechanical force relaxes rapidly, but the shear me-
chanical force relaxes slowly, so a larger difference between
these two forces is observed, resulting in the formation of
the co-continuous structure.

Figure 7a shows the temporal change in the volume
fraction of the more viscoelastic A-rich phase for the
four cases shown in Figure 5. It can be seen that in the
very early stage of phase separation, the homogeneous
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Fig. 6. Time evolution in the average magnitudes of thermodynamic, bulk and shear mechanical force for the cases depicted
in Figure 5 (a), (b), (c) and (d).

Fig. 7. (a) Time evolution in the area fraction of the A-rich phase for the cases depicted in Figure 5; (b) relaxation of the bulk
modulus of the A-rich phase for the cases depicted in Figure 5.
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Fig. 8. Time evolution of phase-separating domains of polymer blends with bulk modulus and for off-critical mixtures φ̄A = 0.35.
The parameters are set as M0

Ab = 2.5, M0

Bb = 0.5, τ0

As = 50; τ0

Bs = 50,τ0

Ab = 10; τ0

Bb = 10 and (a) without shear modulus, (b)
M0

As = 0.5, M0

Bs = 0.5, (c) M0

As = 1.5, M0

Bs = 0.5, (d) M0

As = 5.0, M0

Bs = 0.5. A-rich regions and B-rich regions are represented
by black and white, respectively.

phase discharges the less viscoelastic phase due to the
thermodynamic force and becomes the more viscoelastic
phase resulting in an increase of the area of the more
viscoelastic A-rich phase. Later, the less viscoelastic
phase becomes larger and larger, resulting in a decrease
of the area of the more viscoelastic A-rich phase. In the
end, the area of the more viscoelastic A-rich phase reaches
equilibrium value. Here, we should point out that without
difference between bulk moduli, there is no change in the

volume fraction. One important feature in Figure 7a is
that with the increase of difference between shear moduli,
the maxima of area fraction of more viscoelastic A-rich
phase decrease, which indicates that the shear stress
suppresses the formation of isolated droplets of the less
viscoelastic B-rich component.

Figure 7b shows the temporal relaxation patterns of
the bulk modulus of the A-rich phase for the four cases
shown in Figure 5. There exist three regimes, including



186 The European Physical Journal E

two linear regimes and one transition regime. The first
linear regime corresponds to the very early stage of phase
separation, during which the concentration fluctuation is
strongly suppressed and the less viscoelastic B-rich phase
is about to emerge from the homogenous state. The second
linear regime corresponds to the late stage of phase sep-
aration where the concentration fluctuations of the two
phases reach their equilibrium value. The inverse relax-
ation time for the first linear region is much shorter than
that for the second one and it has nothing to do with bulk
and shear moduli. The inverse relaxation time for the first
linear region is only related to quench depth and the bulk
relaxation time τ 0

Ab. The transition regime between two
linear regimes corresponds to the intermediate stage of
phase separation, during which the suppression of the con-
centration is gradually relieved and concentration fluctua-
tions rapidly increase. Larger values of difference between
shear moduli will result in longer retardation times.

3.2 Case of φ̄A = 0.35

If we only take account of shear stress, neglect the ef-
fect of the bulk stress and use the same parameters as in
Figure 2, there is almost no morphological difference com-
pared with Figure 1b. This is in agreement with Tanaka
and Araki’s simulation results [31] for polymer solutions.
For simplicity, we do not show the morphological evolution
here. Because the composition is far from critical, we can
conjecture that morphological changes may need a very
large difference between shear moduli.

Figure 8 shows the morphological evolution with the
bulk modulus. The parameters are set as M 0

Ab = 2.5,
M0

Bb = 0.5, τ0
As = 50; τ0

Bs = 50, τ0
Ab = 10 and τ0

Bb = 10,
which are the same as in Figure 5. For the case with-
out shear modulus (Fig. 8a), the domains of the lower
bulk modulus B-rich phase nucleate, grow up and seldom
merge together, leading to the formation of the higher bulk
modulus A-rich phase network, e.g., t = 150, although the
component A is the minority phase. With the increase of
time, the network breaks up quickly and phase inversion is
observed. If we change the shear moduli into M 0

As = 0.5,
M0

Bs = 0.5 (Fig. 8b) and M0
As = 1.5, M0

Bs = 0.5 (Fig. 8c),
the pattern evolution is almost the same except that a
networklike pattern can keep longer time and a network-
like pattern composed of highly elongated thin structures
is observed. We should point out that in Figure 8b, there
is no difference between the shear moduli of the two com-
ponents. This indicates that bulk stress is the precondi-
tion for the formation of a minority networklike phase and
shear stress should be responsible for a networklike pat-
tern composed of highly elongated thin structures. These
results are consistent with Tanaka and Araki’s simulation
results [31] for polymer solutions. But if we further en-
hance M0

As, i.e., M0
As = 5.0, M0

Bs = 0.5, the higher bulk
modulus A-rich phase network is not observed (Fig. 8d),
because once the lower bulk modulus B droplets form,
they are deformed under large shear stress. This is com-
pletely different from Tanaka and Araki’s simulation re-

sults [31], where the shear modulus of the polymer is too
small.

4 Conclusion

In this paper, we have investigated the dynamics and mor-
phology of viscoelastic phase separation in polymer blends
by the two-fluid model. At critical composition, we have
re-checked the effect of shear moduli in the viscoelastic
phase separation. The results show that in the intermedi-
ate stage of phase separation, the higher shear modulus
phase forms obviously dispersed droplets and cylinders in
the matrix of the lower shear modulus phase if the differ-
ence between the shear moduli of the two components is
large enough. This result is opposite to the effect of bulk
moduli where the higher bulk modulus A-rich phase forms
a networklike pattern even if it is the minority phase. The
morphological formation is determined by the competi-
tion of opposite effects between shear modulus and bulk
modulus.

For polymer blends in critical composition, pure bulk
modulus difference leads the higher bulk modulus A-rich
phase to form a networklike pattern in the intermediate
stage of phase separation, and it never relaxes to a co-
continuous structure in the late stage of phase separation.
If enough large difference between the shear moduli of the
two components is introduced, instead of a networklike
pattern, a co-continuous structure is observed, resulting
from the competition.

For polymer blends in off-critical composition, the pure
bulk modulus difference also leads the higher bulk mod-
ulus A-rich phase to form a networklike pattern in the
intermediate stage of the phase separation, but phase in-
version is observed rapidly. Small difference between the
shear moduli of the two components can support a net-
worklike pattern to keep for longer time. But due to the
sufficiently large difference between shear moduli a net-
worklike pattern cannot be observed.

The work received financial support by the SFB 428 of the
“Deutsche Forschungsgemeinschaft”.
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