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a b s t r a c t

The co-continuous morphology of polymer blends has received much attention not only because of its
potential promotion of mechanical or electrical properties of polymer blends, but also due to its
importance in phase separation by spinodal decomposition. Compared to the recent advances in the
characterization of co-continuous structure, the rheology of co-continuous blends has not been under-
stood clearly. In this work, a rheological model is suggested to correlate the linear viscoelasticity and the
structural information of co-continuous blends. The dynamic modulus of co-continuous blends is
composed of the contribution from components and the interface. The interfacial contribution, which is
most important in the rheology of blends, is calculated from a simplified co-continuous structure. This
model has been compared satisfactorily with available experimental results, which proves a reasonable
connection between the co-continuous structure and linear viscoelasticity of blends.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Blending polymers with different molecular structures or
different mechanical properties has become a useful route in
developing new, high-performance polymeric materials nowadays.
Improved mechanical properties, processability, barrier behavior
and electrical properties can be achieved through such technology.
Choosing suitable polymers is of course the primary task in prep-
aration of polymer blends, however, more attention has been paid
to control the morphology of blends, which has been found to have
a great impact on the properties of polymer blends. Actually, most
polymers used in blends are immiscible or partially miscible due to
their high molecular weight and unfavorable interactions, which
result in the multiphase morphology. For binary polymer blends,
when the content of one component is much lower than the other
component, the minor component usually forms droplet in the
matrix of major component, which is usually known as the sea-
island morphology. The formation of droplet morphology [1], its
dependence on themixing condition and rheological properties [2],
and the relationship between the droplet morphology and rheology
[2e6] have been investigated thoroughly in recent years. When the
content of minor component increases, it is possible that two
components both forms a continuous network, which is known as
the co-continuous morphology. It is well known that one of the
purposes of blending is taking advantages of the component
properties, and it has been found that co-continuous morphology
: þ86 21 54741297.
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sometime can supply a better combination of the component
properties than the droplet morphology [7]. Besides mechanical
properties, co-continuous morphology offers an opportunity to
greatly decrease the conductive percolation concentration in
carbon black filled composites [8]. Moreover, co-continuous
morphology is often observed during phase separation of partially
miscible polymer blends via spinodal decomposition [9]. Therefore,
understanding the dynamics of morphology evolution and the
relationship between the morphology and properties is not only
a requirement to control the morphology in the development of
new materials, but also the necessity to know the mechanism of
polymer mixing and phase separation.

The investigations on co-continuous blends have been focused on
the morphology determination [10e14], formation [15,16] and
stability [17e21], mechanical properties [22e24] and rheological
properties [25e31]. However, for a long time, the difficulty in the
study of the co-continuous blend is the description of the
morphology. The most frequently used method is the statistics on
the interface due to its apparent irregularity. Theoretically, the area
of interface per unit volume is used in modeling the evolution of
interfacial shape [32,33], while interface per unit area of image
(photos usually taken by scanning/transmission electron micros-
copy, SEM/TEM) is often used in experiments [11] since only two-
dimensional cross section of blends can be observed in most
experiments. Such description is based on the coarse grained
statistics of the interface, and is useful in determination of the
cocontinuity interval by image analysis [11] and modeling the
dynamics of morphology evolution [32,33]. Although this descrip-
tion can be instructive inmorphology, the detailed shape of interface
can not be re-constructed due to lack of the local information of
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interface, such as the local curvatures. Until recently, some
improvements have been made in describing the interface in three-
dimensional spaces. Technologies used to determine the
morphology include the semiautomatic serial sectioning and
reconstructing [34], Transmission electron microtomography
(TEMT) [35], X-ray microtomography [13], X-ray phase tomography
[36], three-dimensional nuclearmagnetic resonance (NMR) imaging
[37] and laser scanning confocal microscopy (LSCM) [14,38e40]. It is
then possible to obtain the area average of the mean and Gauss
curvatures of local interfaces, although incorporation such structural
information in constitutive model is still a challenging work. On the
other hand, the quantitative relation between the co-continuous
morphology and the rheological properties is still missing. The
rheological properties, especially the linear viscoelasticity, of co-
continuous blend have been found to be very instructive in the
determination of the phase morphology. For example, the storage
modulus and complex viscosity at low frequencies will generally
increase with the volume fraction of minor component, reach
a maximum at certain concentration, and then decrease with the
volume fraction which denotes a transition from droplet
morphology to co-continuous morphology [29,30]. However, it is
still difficult to predict the linear viscoelasticity of co-continuous
blends. Themodels based on the area tensor [33] or interfacial tensor
[32] are not satisfying due to lack of intrinsic length scale. Even the
revisions [41,42] of these models are technically not suitable since
the length scale introduced is based on droplet morphology. More-
over, lack of quantitative description on the linear viscoelasticity of
co-continuous morphology also hinders our understanding on the
mechanism of spinodal decomposition in phase separation.
Rheology has been frequently used to determine the binodal and
spinodal temperature in phase separation [9,43e45]. However, the
transition point is empirically assigned to the phase separation
temperature due to the lack of the interplay between the concen-
tration fluctuation and the interface. Usually, Palierne model [46] is
used to account for the interfacial contribution to rheology, but it is
only applicable to droplet morphology generated during nucleation
and growth in off-critical compositions and apparently not suitable
for co-continuous morphology created during spinodal decomposi-
tion in near-critical blends.

In this paper, the linear viscoelasticity of polymer blends with
co-continuous morphology will be modeled. The purpose is to
establish a quantitative connection between the structural infor-
mation of co-continuous morphology and the corresponding linear
viscoelasticity.

2. Theoretical model

The dynamic modulus under small amplitude oscillatory shear
flow will be considered here. It is assumed the co-continuous
morphology will not change under sinusoidal shear strain with
sufficient small strain asmplitude. Although some experiments
have shown the possibility of coarsening [13] during annealing, the
change of morphology will be ignored in the present work. This has
been verified by almost collapsed dynamic modulus in repeated
frequency sweep on the same sample. The complex modulus of co-
continuous blends can be assumed to be a sum of components
contribution and interface contribution, i.e.,

G*
blend ¼ G*

components þ G*
interface (1)

This is similar to the model of blends with droplet morphology
[47], where the additivity comes from the separate contributions
from the polymer components and the interface to the total free
energy of the blends.
In modeling the rheological properties, the definition of co-
continuous morphology in polymer blends is of critical importance.
Generally, two main views have been reported in literature [16].
The classical one defines an ideal co-continuousmorphologywhere
at least two continuous structures exist in the same volume. The
other one is based on the percolation threshold theory, and defines
a co-continuous morphology as one in which at least a part of each
phase forms a continuous structure that permeates the whole
volume, which allows the existence of discrete domains that are not
part of the network structure. When the concentration of one
component increases, the morphology will gradually change from
the droplet structure into a co-continuous structure of the second
definition, i.e., a mixture of discrete droplet structure and
a continuous network structure. An ideal co-continuous structure
can be obtained when the concentration of minor component is
sufficient high. These two definitions can be differentiated by the
portion of a fully co-continuous structure, i.e., the continuity index
[48]. The ideal continuous structure corresponds to the continuity
index of 1, while the second definition of co-continuous structure
generally covers a wider range of concentrations. Although the
classical definition is a special case of the second definition, only
the ideal co-continuous structure will be modeled here.

2.1. Components contribution

The most frequently used model for linear viscoelasticity of
polymer blends is the Palierne model [46], from which the contri-
bution of components can also be obtained under zero interfacial
tension condition,

G*
components ¼ G*

2
1þ 3f1H
1� 2f1H

(2)

where H ¼ ðG*
1 � G*

2Þ=ð2G*
1 þ 3G*

2Þ. G*
1 and G*

2 are the complex
modulus of fluid I and II, respectively. f1 is the volume fraction of
fluid I. Palierne model has been used to predict the dynamic
modulus of blends with droplet morphology. It is clear that
exchanging two fluids in Eq. (3) will certainly cause a different
complex modulus of blends. This suggests that Palierne model
might be unsuitable for co-continuous blends.

The other model for the contribution from components in oscil-
latory shear has been suggested by Veenstra et al. [23]more recently.
The original model was put forward to predict the mechanical
properties of polymer blends with co-continuous morphology. A
parallel model with series-linked parts and a series model with
parallel-linked parts were derived for co-continuous blends. The
parallelmodelwas then extended to predict the complexmodulus of
co-continuous blends [28], where the Young’s modulus in the orig-
inal model was replaced by the dynamic complex modulus of
components. It is assumed that the co-continuous morphology can
be schematically shown in Fig. 1 a. The only important parameter is
the volume fraction, and the length of the cell is normalized to 1.
Therefore, no characteristic length is considered here. The complex
modulus from the components of co-continuous blends can be
expressed as [23,28]

G*
components ¼

a02b0G*2
1 þ

�
a03 þ 2a0b0 þ b03

�
G*
1G

*
2 þ a0b02G*2

2

b0G*
1 þ a0G*

2

(3)

where f1 ¼ 3a02 � 2a03 is the volume fraction of fluid I and
b0 ¼ 1� a0. It is noticed that Eq. (3) is symmetric for fluid I and II,
which suggests that exchanging fluid I and fluid II will not change
the complex modulus of blends. It should be stressed that the
original Veenstra et al. model is sufficient for mechanical properties
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Fig. 1. Schematics of an ideal co-continuous morphology for (a) the components contribution, (b) the interfacial contribution and (c) deformation of interfaces.
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since the interfacial would be unimportant in the prediction of
mechanical properties. However, as will be shown below, it gener-
ally under-predicts the dynamic modulus of co-continuous blends
due to the presence and deformation of interface under oscillatory
shear flow.
2.2. Interfacial contribution

Extra contribution from interface can be determined from the
deformation of interface. However, unlike the regular morphology
with well defined structures, such as droplet morphology,
modeling on the deformation of co-continuous structure is rather
difficult. The structure suggested by Veenstra et al. [23] can serve as
a good simplification of the real complex structure, although the
components will never form a rectangular shape in the melt of
polymer blends. The cross section of one continuous phase should
be circular-like due to the effect of interfacial tension. Therefore, the
morphology suggested by Veenstra et al. is modified and shown in
Fig. 1 b, where the co-continuous morphological element is sepa-
rated into three cylinders with same geometrical parameters but
different orientation. This structure can be viewed as a repeated
element of co-continuous structures. The whole co-continuous
structure can be re-constructed by periodically duplicating the
element shown in Fig.1 b. This is a simple geometrical model which
assumes the size of cylinders is the same. Actually, more complex
morphology might exist in co-continuous blend, i.e., the cylinders
could be distorted/oriented and the cylinders could be different in
size in different directions. Although it is quite simple in geometry,
it will be shown in the discussions that this model can fit the
experimental results quite well for blends with a wide range of
viscosity differences. It is straightforward to define the reduced
length a0 ¼ a=lc, b0 ¼ b=lc, where lc is the characteristic length of
the co-continuous morphology, a and b are the radius and length of
the cylinder, respectively. It is also straightforward to calculate the
specific area as SVhS=V ¼ 3pab=2l3c ¼ 3pa0b0=2lc.

Considering the orientation of cylinders, different behaviors of
deformation can be observed under an oscillatory shear, and
contribute differently to the dynamic rheological properties. Three
typical forms of deformation can be expected and shown in Fig. 1 c
(type A, B and C). The stress response under a specific flow field can
be assumed to be the sum of the responses of these cylinders. The
shear direction is along axis of the cylinder and the gradient
direction along the cross section of the cylinder for type A, where
both the interfacial area and the orientation of interface changes
very slightly, and it is expected to contribute little to the stress of
blend. The shear direction is along the cross section of the cylinder
while the gradient direction along the axis of the cylinder for type B.
The shape of the cross section of the cylinder remains circular. The
stress response comesmainly from the tilt of the cylinder.Moreover,
it is expected that the interfacial tension has little effect on the
deformation in type B due to the constant cross sectional shape. It is
reasonable to model the deformation of type B by an affine defor-
mation model. The shear direction and the gradient direction are
both perpendicular to the axis of the cylinder in type C. The shape of
cross section becomes an ellipse with the length of cylinder
unchanged. The stress response by type C deformation is mainly
attributed to its deformed shape of cross section. It is also expected
that the interfacial tension will play an important role, which is
similar to the deformation of a spherical droplet in flow field.

2.2.1. Affine deformation for type A and B
It is assumed that the deformation and the interfacial stress can

be described in a similar manner of infinite cylinder. Therefore, the
morphology can be readily described by the area tensor,
Aij ¼ 1

V

R
G ninjdS, which is anisotropic when the cylinder changes

its orientation. The area tensors for cylinders with typical orienta-
tions are

Aij ¼ S0V

0
B@

0 0 0
0 1

2 0

0 0 1
2

1
CA ðtype AÞ;

Aij ¼ S0V

0
B@

1
2 0 0
0 0 0
0 0 1

2

1
CA ðtype BÞ ð4Þ

where S0V denotes the specific area of a cylinder, which is 1=3 of
the specific area SV of the co-continuous element shown in Fig. 1
b. The evolution of area tensor under flow field can be readily
expressed as [33]

_Aij þ LkiAkj þ AikLkj � LklAklij ¼ 0 (5)

where Lij ¼ vvi=vxj defines the velocity gradient on the interface,
and Aijkl ¼ 1

V

R
G ninjnknldS is the fourth order area tensor. A closure

approximation is necessary to solve the equation. A quadratic
approximation is taken here, i.e., Aijkl ¼ AijAkl=S0V , which has also
been used in DoieOhta model [32]. The most difficult one is the
determination of the velocity gradient on the interface, which
usually depends on the rheological properties of two components.
However, only the simplest case is considered here, i.e., the inter-
face will evolve passively or the so-called affine deformation is
assumed here. So the velocity gradient is taken as the applied flow
field. Considering the oscillatory shear flowwith angular frequency
u and strain amplitude g0,
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Lij ¼
vvi
vxj

¼
0
@0 _g 0

0 0 0
0 0 0

1
A;g ¼ g0sinðutÞ; _g ¼ g0ucosðutÞ (6)

the area tensor can be expanded to the first order of strain ampli-
tude. The in-phase and out-phase of strain can be obtained from Eq.
(5) and solved simultaneously to get the components of area tensor
under oscillatory shear. The shear stress can be obtained from its 12
component. It is found that the stress contribution by type A
deformation is zero, which agrees with our expectation. The
interfacial stress due to type B deformation can be expressed as
ss12;B ¼ 1

2aS
0
Vg ¼ 1

6aSVg, where a is the interfacial tension. It is clear
that the stress ss12;B is in-phase of the applied strain. This suggests
the interfacial contribution to the stress of type B deformation is
purely elastic, which is consistent with the assumption of affine
deformation. Therefore, the elastic modulus due to type B defor-
mation can be expressed as G0

s;B ¼ 1
6aSV .

2.2.2. Non-affine deformation for type C
In type C deformation, only the cross section of the cylinder

changes from a circle to an ellipse. A two-dimensional model can be
used to describe such shape evolution. The ellipse is described by
a shape tensor, which requires that all points xi on the boundary of
ellipse satisfies Gijxixj ¼ 1. The shape tensor becomes a second
rank unit tensor when the cross section becomes a circle. The
evolution of shape tensor can be expressed as [49]

DGij

Dt
þ LkiGkj þ GikLkj ¼ 0 (7)

where D=Dt denotes materials derivatives. The velocity gradient
tensor Lij can be expressed in different ways [50]. The simplest one
is that for Maffettone-Minale model [50,51], which is suggested
for three-dimensional ellipsoidal shape. For two-dimensional
deformation of a circular shape, the velocity gradient can be
modified as

Lij ¼ uA
ij þ f2e

A
ij þ

f1
2s

�
2Gij

Gkk
� dij

�
(8)

where s ¼ hma=a, a being the radius of the initial circular shape, eij
and uij are the deformation rate tensor, eij¼(Lij þ Lji)/2, and the
vorticity tensor, uij¼(Lij � Lji)/2, of the applied flow field, respec-
tively. eij with superscript A refers to the applied deformation rate,
and eij without superscript is associated with the deformation of
the droplet. f1 and f2 are given by:

f1 ¼ 40ðpþ 1Þ
ð2pþ 3Þð19pþ 16Þ; f2 ¼ 5

2pþ 3
(9)

p is the viscosity ratio between fluid I and II (Fig. 1 b).
The shape evolution under small amplitude oscillatory shear can

be solved by series expansion of the dynamic equation, which has
been done for three-dimensional drop [47]. Similar approach was
taken here to get the shape of ellipse in oscillatory shear to the first
order of strain amplitude, where the shape tensor can be written as

Gij ¼ dij þMij; dij ¼
�
1 0
0 1

�
; Mij ¼

�
0 M12

M12 0

�
;

M12 ¼ kssinðutÞ þ kccosðutÞ ð10Þ
where

ks ¼ � f2u2s2

f 21 þ u2s2
g0; kc ¼ � f1f2us

f 21 þ u2s2
g0 (11)
Therefore, the shape parameters of the ellipse can be deter-
mined from the eigenvalues of the shape tensor, i.e., the length of
ellipse equal to the reciprocal of the square root of the eigenvalues,
and the orientation angle of ellipse can be determined from the
corresponding eigenvectors. The shear stress can be calculated by
integration over the interface of the cylinder

ss12;C ¼�a

V

Z
G

n1n2dS¼
3pab
l3c

agf2us
f1cosðutÞþussinðutÞ

f 21 þu2s2
(12)

which gives the dynamic modulus as

G0
s;C ¼ 3pab

16l3c
a

f2u2s2

f 21 þ u2s2
¼ 1

8
aSV

f2u2s2

f 21 þ u2s2
(13)

G00
s;C ¼ 3pab

16l3c
a

f1f2us
f 21 þ u2s2

¼ 1
8
aSV

f1f2us
f 21 þ u2s2

(14)

It is noticed that the dynamic modulus from type C deformation
is a single mode Maxwell type model, which is similar to that of
three-dimensional ellipsoidal drop with the difference in the
coefficient and the dependence on volume fraction. Therefore, the
dynamic modulus can be written as a sum of components contri-
bution and the interface contribution, i.e.,

G0 ¼ G0
components þ G0

s ¼ G0
components þ G0

s;A þ G0
s;B þ G0

s;C

¼ G0
components þ

kC
6
aSV

 
kB
kC

þ 3
4

f2u2s2

f 21 þ u2s2

!
(15)

The above equations are obtained when the axis of cylinder is
along the coordinate axis. Actually, the orientation of cylinder in
a real co-continuous morphology could be random. Therefore,
coefficients ki are added before the interfacial contribution to
account for the random orientation and possible distortion of co-
continuous element, where the subscript B and C denotes the
transformation of type B and type C structure. It can be readily
proved by the orientation of coordinate that ki is an order of unit.
For isotropic blends, kB and kC should be of the same order and kB/kC
is about one. However, if the co-continuous blends are subjected to
shear or compression like flow (such as in compression molding in
preparing sample for rheological measurements), the portion of
type B structure that is still normal to the shear direction will
decrease and kB/kC would become smaller than 1.

In the present model, the dynamic modulus of co-continuous
blends can be well correlated with the morphology. Therefore, it
might be useful to monitor the structural evolution of co-contin-
uous blends via small oscillatory shear. This is important since the
co-continuous morphology is not a rather stable structure, and will
coarsen during annealing. On the other hand, the development of
co-continuous morphology is often observed in the phase separa-
tion via spinodal decomposition mechanism. The time dependent
of dynamic modulus under a specific frequency is often used to
monitor the morphological evolution. It seems that the scaling
relationship between the dynamic modulus and the characteristic
length in morphology G0fSnV is important here. It is clear from Eq.
(15) that when the frequency is sufficient low, usually the interfa-
cial contribution to the storage modulus will overtake the contri-
bution of components, and the storage modulus is proportional to
the specific area, i.e., G0fSVfl�1

c . However, as the frequency
increases, the contribution from components increases. It is then
not difficult to understand the finding of other scaling relations
with n smaller than 1, for example, n is found to be 0.3 at 0.1 rad/s
by Barron et al. [53]. Therefore, it is believed that instead of using
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the scaling relationship G0fSnV under a single frequency, a complete
frequency dependency of dynamic modulus is necessary to obtain
the reasonable structural information.

3. Comparisons with experiments

It is shown inEq. (15) that thedynamicmodulus of co-continuous
blends can be quantitatively correlated with the characteristic
length scale lc. This is similar to the case of droplet structure, where
the storage modulus at low frequency is determined by the ratio
between the interfacial tension and the droplet radius. Such rela-
tionship has been used to quantitatively determine the rheology
from morphological information and vice versa [47]. It is expected
that such quantitative interconversion between rheology and
morphology for co-continuous blend is also possible based on the
above model. To show such connections, comparisons with the
experimental data for different polymer blends will be shown.

3.1. Polystyrene/poly(ethylene-co-1-octene) blends

Model bends of polystyrene (PS, MC3700, Chevron Phillips
Chemical Company, China, density 1.05 g/cm3) and poly(ethylene-
co-1-octene) (POE, 815A, DuPont & Dow Company, USA, density
0.868 g/cm3) were prepared by melt mixing in an XSS-300 torque
rheometer under 50 rpmat 180 �C for 10min. A series of blendswith
compositions from 10/90 to 90/10 have been prepared. Rheological
measurements for all blends were performed on a rotational
rheometer (Bohlin Gemini 200HR, Malvern, UK) at 180 �C. Strain
amplitude oscillatory sweep was first taken to determine the linear
regime, and a frequency sweep with suitable strain amplitude in
linear regime was performed with the frequency range
0.01e100 rad/s. The cocontinuity interval was determined by the
maximum storage modulus at 0.01 rad/s as a function of composi-
tion [27,28],which is 40e60wt% of POE. This range of co-continuous
structure is justified by photos taken by scanning electron micros-
copy (SEM, type S-2150, Hitachi High-Technologies Corp. Japan).
The interfacial tension between PS and POE was measured by
droplet retraction method, and is about 2 mN/m at 180 �C [52].
Possible change of morphology during rheological measurement is
excluded by the almost same frequency dependence of modulus
taken before and after annealing the blends at 180 �C for 20 min.

The storage moduli of three blends are shown in Fig. 2. An
enhanced elasticity at low frequency is obviously shown. It is clear
that the slope of G0 at low frequency in logelog plot is significantly
smaller than 2, which is the typical terminal slope of linear poly-
mers. Moreover, it is also different from the shoulder-like behavior
at low frequency of immiscible blends with droplet morphology.
Actually, the shoulder in G0 of blend with droplet morphology
represents an additional relaxation due to the deformation of
droplet, and terminal slope of 2 will appear at lower frequency.
However, the storage modulus does not show the terminal slope of
2 in the present experiments and also in many other experiments.
One possibility is that the terminal behavior will appear at very low
frequency which is not accessible in almost all experiments. The
other possibility is there will be no terminal slope of 2 even at the
vanishing frequency. This experimental observation is consistent
with the present model, which suggests that the dynamic modulus
is contributed from the deformation of element cylinders with
different orientations. No matter what the orientation of element
cylinders are, there is always a possibility to have a portion of
structure that only contributes to the elastic modulus of the blend,
such as the type B in ideal morphology as shown in Fig. 1 c.

To verify the present model quantitatively, the storage modulus
of the blends are fitted with the characteristic length lc as a fitting
parameter (Fig. 2). The ratio of kB/kC is taken to be one. Keeping in
mind that kB and kC represent an average effect of orientation and
distortion of co-continuous element. The predictions of the model
by Veenstra et al. [23] are also shown in Fig. 2 as dash lines, which
are very close to the experiments at high frequencies since only the
contribution of components is important there. It should be stressed
here that the square columns/rods morphology assumed in the
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Veenstra model is substantially different from that in experiments
which often takes irregular shape with circular cross section.
However, the agreement of the Veenstra model at high frequencies
with the experiments suggests that the details ofmorphologymight
be not so important when the interfacial tension is neglected.
Moreover, it is also evident that Veenstra et al.model under-predicts
the storage modulus at low frequency since no interfacial contri-
bution is considered. The present model takes the Veenstra et al.
model as the contribution of components with the modification of
interfacial contribution. Therefore, prediction at high frequency is
the same as that of Veenstra et al. model. At low frequency, the
presentmodel catches the trend of storagemodel satisfactorilywith
suitable choice of characteristic length lc. The SEM pictures of the
morphology of blends are also shown as insets in the plots. Evalu-
ation of lc from SEM is not straightforward since the SEM pictures
show irregular shape of morphology in most cases. Moreover,
determination of the true characteristic length requires a three-
dimensional structure due to the possible orientation and distortion
of cylinders. If only two-dimensional pictures are available, lc is
estimated to be a half of the sum of the mean cylinder diameter and
the mean distance between cylinders. It is interesting to find that
the characteristic lengths used in the model prediction are quite
close to that shown in the SEM pictures. This manifests that the
quantitative connection between the co-continuous morphology
and the rheology can be well established by the present model.

3.2. Other blends in literature

Barron andMacosko [53] reported recently a morphological and
rheological study of co-continuous blends of polystyrene (PS) and
acrylonitrile-styrene copolymer with 20% mol acrylonitrile (SAN).
The zero shear viscosities of PS and SAN20 are 1500 Pa s and
2300 Pa s, respectively. The morphology was determined by laser
scanning confocal microscopy, from which the geometrical
parameters like interfacial area per unit volume and area average
absolute curvature and Gaussian curvature can be obtained. The
predictions of present model and Veenstra et al. model are shown
in Fig. 3, with an inset of a 3D reconstruction of co-continuous
structure of PS/SAN blend observed by LSCM [53]. As it has been
shown above, Veenstra et al. model only works well at high
frequency, where the interfacial contribution is irrelevant. The
predictions of present model (solid line and dash-dot line in Fig. 3)
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Fig. 3. Storage modulus of PS/SAN co-continuous blends as a function of frequency.
Inset is the corresponding three-dimensional morphology after annealing 5 min at
200 �C [53]. The volume of the image is 150 � 158 � 46.5 mm3.
agree the general trend of experiments. If the blend is assumed to
be isotropic, i.e., kB/kC ¼ 1, the best fit (dash-dot line) gives char-
acteristic length about 30 mm, but the frequency dependence at low
frequency is not well modeled. This discrepancy is ascribed to the
non-ideal co-continuous morphology due to rotation and distor-
tion of the ideal co-continuous structure. In the blends, it is possible
that the element cylinders (A, B and C in Fig. 1 c) do not have the
same volume fraction and are not orthogonal. Moreover, in a non-
ideal co-continuous morphology, it is possible to have discrete
droplet structure, which makes the blends relax faster due to its
relatively short relaxation time. Although the characteristic length
used in the model (lc ¼ 30 mm) seems consistent apparently with
direct the morphology observation (from the front view with the
height of 46.5 mm), it is much larger than that estimated from the
area per unit volume. It is shown that the specific area is about
0.14 mm�1 [53], which corresponds to the characteristic length
8.4 mm. Therefore, the best fit with experimental data gives kB/
kC ¼ 0.12, which implies only a small portion of type B structure
effectively exist in the blends and a strong distortion/orientation of
the co-continuous morphology in shear-velocity gradient plane.
Validation of this conclusion needs further experiments on the
morphology during rheological measurement, which is unavailable
in literature now.
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Galloway and Macosko investigated the detection of coconti-
nuity in poly(ethylene oxide)/polystyrene (PEO/PS) blends [54]. The
co-continuous morphology of POE/PS blends were determined by
several methods including the rheological methods. As an example,
the storage modulus of typical co-continuous morphology (50/50
blend) is shown in Fig. 4. G0 of blends at high frequency is between
that of two components. The present model also give quite satis-
factory prediction on G0 with the interfacial tension 3.9 mN/m [55].
Especially, if the anisotropy of co-continuous structure is consid-
ered (kB/kC ¼ 0.2), the best fit gives a characteristic length 6 mm,
which is well consistent with the direct morphology observation
(see inset of Fig. 4).

Bell investigated the blends of polystyrene and poly(methyl
methacrylate) (PS/PMMA) [56]. Study on the continuity reveals that
blends with PS content between 35wt% and 55wt% show co-
continuous morphology. The storage modulus of 35/65 PS/PMMA
blend is shown in Fig. 5. The interfacial tension between PS and
PMMA is 0.6 mN/m at 220 �C [57]. It is shown that present model
with characteristic length 1.5 mm gives a reasonable prediction on
the storage modulus. The deviations here could be attributed to the
non-ideal co-continuousmorphology. Actually, blendwith 35wt% PS
is the boundary of cocontinuity interval. The continuity indexof PS is
only 0.25, which suggests that a lot of the PS is dispersed as droplets
and only a portion of the PS domains forms a percolation network.

Wu et al. [58] investigated the morphology and rheology of the
blends of polylactide and poly(e-caprolactone). The storage
modulus of 50/50 blend is shown in Fig. 6, which exhibits a co-
continuous structure as seen from the SEM pictures (inset of Fig. 6).
The storage modulus is also fitted by the present model with the
interfacial tension 1.5 mN/m, which is determined by fitting with
the dynamic modulus for 80/20 and 20/80 blends with Palierne
model. The model of Veenstra et al. (dash line in Fig. 6) shows only
the contribution of components, and is consistent with the exper-
iments only at high frequency. The prediction of present model
with lc ¼ 16 mm and kB/kC ¼ 0.4 fits quite well with experiments.

4. Conclusions

A new model is suggested in the work to describe the linear
viscoelasticity of polymer blends with co-continuous morphology.
It has been shown that the interfacial contribution to the dynamic
modulus is quite important at low oscillatory frequency, and
the characteristic length in this model is well correlated with
morphological information determined using electron microscopy.
It is found that two types of element structures play an important
role in the terminal behavior. Moreover, it is found that the present
model works well for blends with a wide range of viscosity differ-
ences. The viscosity ratios for all the blends tested here range from
1 (PS/PMMA) to about 16 (PLA/PCL), which proves the wide
applicability of the present model in polymer blends.
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