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ABSTRACT: The development of the morphology and
the alignment of lamellae in melt elongation of blends of
an asymmetric linear styrene-butadiene block copolymer
(LN3) and polystyrene (PS 158K) was investigated. PS
158K and LN3 formed two-phase polymer blends with PS
158K resp. LN3 inclusions, depending on the concentra-
tion of polystyrene. The block copolymer was arranged in
a lamellar phase with a lamellae thickness of � 13 nm. Our
rheological experiments revealed that the complex modu-
lus, the elongational viscosity and the recovered stretch of
the blends primarily resulted from a superposition of the
properties of the blend components. In melt elongation,
pure LN3 started to crumple at a small Hencky strain. In

the blends, the presence of the PS 158K inclusions led to
a macroscopically more uniform elongation, but with an
anisotropic Poisson ratio. The LN3 inclusions in the PS
158K matrix were deformed into a filament-like shape.
In the blends with a LN3 matrix the alignment of the
block copolymer lamellae parallel to the loading direction
increased with applied extensional strain. In the latter
case, the lamellae thickness did not decrease significantly.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 112: 1319–1329,
2009
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INTRODUCTION

The variety of applications of block copolymers is
associated with their large number of equilibrium and
nonequilibrium microstructures.1–5 By modifying the
molecular architecture, the morphology of block
copolymers in the microphase-separated state can be
controlled and their macroscopic properties can be
tailored over a wide range. For example, the combina-
tion of a stiff and a soft phase in styrene-butadiene
block copolymers has become a successful approach
to achieve attractive end-use properties.6 Blending a
block copolymer with a general purpose polystyrene
can lead to nanostructured materials with favorable
properties by maintaining reasonable costs. Conse-
quently, blends of block copolymers and a homopoly-
mer belong to a technologically highly important

class of materials, and their mechanical and rheologi-
cal properties are intensively studied.7–11

Since processing of polymers is intimately related
to the melt rheology in shear and elongation, a series
of studies investigated the flow behavior and the de-
formation of pure block copolymers and related blend
systems.12–20 Besides the knowledge of the shear and
extensional viscosity, additional elongational proper-
ties such as strain-hardening and melt stability are of
interest for technological applications. The alignment
of lamellae in shear were the subject of several stud-
ies, see, e.g., Ref. 21 for a review. Linear viscoelastic
shear oscillations of block copolymers with a lamellar
morphology were frequently performed.22,23 Kawa-
saki and Onuki24 theoretically explained the charac-
teristic power laws G0 � G00 ! x1/2 for a lamellar
morphology. Qiao et al.25 studied the contraction of
lamellae under shear for a diblock copolymer (sty-
rene-ethylene propylene) melt. Their analysis
revealed that the relative lamellar spacing was a func-
tion of the macroscopic shear stress. The influence of
the molecular architecture of several styrene-butadi-
ene triblock copolymers with similar styrene and bu-
tadiene content was investigated by Thunga et al.26

The dynamics of kink bands in a shear field was
determined using electron microscopy and small
angle X-ray scattering in Refs. 17,18. The work of Gei-
ger et al. was devoted to the rheology of triblock
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copolymers under extrusion conditions. In addition,
the order parameter was determined by measuring
the form birefringence and by performing X-ray scat-
tering experiments. Leist et al.28 investigated the ori-
entation flip of lamellar polystyrene-polyisoprene
diblock copolymers under extrusion conditions and
showed that parallel and perpendicular orientations
can be obtained. The surface characteristics of triblock
and pentablock copolymers after extrusion were also
investigated.29,30 Finally, Fourier transformation rhe-
ology was applied to detect the microphase reorienta-
tion in block copolymer melts and the flip of lamellae
in shear flows.31,32

Melt extension experiments of several block copoly-
mer melts were performed by Takahashi et al.,33

Kotaka et al.,34 and Kobori et al.35 Takahashi et al.33

studied the nonlinear properties of a poly(styrene-
block-butadiene-block-styrene) melt in shear and elon-
gation. The extensional properties of a blend of poly-
styrene-block-poly(ethylene butylene)-block-polystyrene
and polystyrene with cylindrical domains were deter-
mined for domains which were aligned parallel and
perpendicular to the loading direction.35 Lee et al.36

studied the rheological properties of a styrene-iso-
prene-styrene triblock copolymer in shear and elonga-
tion and characterized the morphology for parallel
and perpendicular orientation.

The thermodynamical, mechanical, and rheological
properties of blends of a block copolymer and a
homopolymer were the subject of several studies.
Nojima and Roe37 investigated the influence of poly-
styrene on the order-disorder temperature of styrene-
butadiene diblock copolymers and reported a good
agreement between experimental data and the theo-
retical prediction based on the random phase approxi-
mation. The influence of the extrusion properties such
as temperature and shear rate on the morphology and
micromechanical properties of blends of styrene-buta-
diene star block copolymer and commercial polysty-
rene was studied in Ref. 38. This study demonstrates
that the blend morphology strongly influences the
mechanical properties. Finally, a systematic study on
the rheological and mechanical properties of blends
of a polystyrene-polyisobutylene-polystyrene triblock
copolymer and polystyrene was performed by Antony
et al.39 to determine the optimum blend composition.

In this work, we investigated the rheology of mol-
ten blends of polystyrene (PS 158K) and a styrene-bu-
tadiene block copolymer (LN3) in homogeneous
shear and extensional flows. The overall content of
styrene in the block copolymer was 74%. This large
styrene content usually leads to a spherical morphol-
ogy. Because of its asymmetric molecular architecture,
the block copolymer was arranged in a lamellar
phase.40 Depending on the concentration of the poly-
styrene PS 158K phase, the styrene-butadiene block
copolymer formed inclusions or a continuous matrix.
We explored the microscopic deformation and align-
ment of the lamellar phase during elongation and af-
ter subsequent relaxation and recovery. Our focus
was the deformation to a large stretch ratio. In the
LN3-rich systems, the macroscopic extension was
applied to the LN3 matrix, whereas in the case of a PS
158K matrix, small LN3 inclusions with a few lamel-
lae were deformed by the surrounding PS 158K ma-
trix. The objective of our work was to gain insight into
the dynamical deformation, relaxation and recovery
behavior of the lamellar phase.

EXPERIMENTAL

Materials

The components of the blends were polystyrene PS
158K and the styrene-butadiene block copolymer
LN3. Both materials were supplied by BASF SE
(Ludwigshafen, Germany). PS 158K is a polydisperse
homopolymer with Mw/Mn ¼ 3.10, see Table I. LN3
is an asymmetric linear block copolymer which con-
sists of two outer styrene blocks of different lengths.
The middle part between these two styrene blocks is
composed of two random styrene-butadiene blocks
with different ratios of styrene and butadiene. The
molecular architecture of LN3 is schematically
shown in Figure 1. LN3 was synthesized by anionic
living polymerization using butyllithium as initiator
in cyclohexane as solvent.6 The overall content of
polystyrene in LN3 is 74%.40 Because of the asym-
metric structure, the block copolymer chains were
arranged in lamellae, see also Ref. 40 for a detailed
discussion of the morphology of symmetric and
asymmetric styrene-butadiene block copolymers.

TABLE I
Glass Transition Temperature Tg (Determined by Differential Scanning Calorimetry), Number and

Weight Average Mn and Mw of the Molecular Weight and Density q of Polystyrene PS 158K
and the Styrene-Butadiene Block Copolymer LN3 (BASF SE, Ludwigshafen, Germany)

Tg,PS

(�C)
Tg,soft

(�C)
Total content
of PS (%)

Mn

(g/mol)
Mw

(g/mol) Mw/Mn

q at 25�C
(g/cm3)

q at 170�C
(g/cm3)

PS 158K 105 – 100 96 600 299 000 3.10 1.050 0.983
LN3 102 �50 74 127 300 140 000 1.10 1.010 0.931

The data for LN3 are taken from Ref. 40 and the density for PS 158K is taken from Ref. 41.
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Three blends of PS 158K and LN3 were prepared
with different weight fractions UPS of the PS 158K
phase, i.e., UPS ¼ 20, 40, and 80%. The granules of
PS 158K and LN3 were blended using a laboratory
kneader Plasticorder PLE 651 (Brabender, Duisburg,
Germany) with kneader barrels of type W50 HT at
200�C. The revolutions per minute were 70 min�1,
and the mixing time was � 2 min. A nitrogen cover
gas was used to protect the blend from thermo-oxi-
dative degradation. The pure materials were also
kneaded under the same conditions. The extrudates
were dried in vacuum at T ¼ 50�C for at least 18 h
and compression molded at T ¼ 200�C for 15 min
into samples for shear and extensional rheology. The
thickness of the cylindrical samples for the shear
experiments was 2.0 mm, and their diameter was
22.0 mm. The samples for the melt extension ex-
periments were cuboids of dimensions 1.5 � 7.0 �
56.0 mm3. All samples were stored in vacuum until
the rheological experiments were started.

Shear and extensional rheology

Linear viscoelastic shear oscillations were performed
using the shear rheometer UDS 200 (Paar Physica,
Stuttgart, Germany) at temperatures T ¼ 150, 170, and
190�C. A plate-plate geometry was used, and the gap
was set to 1.90 and 1.95 mm, respectively. Before each
experiment, strain sweeps at two frequencies (x ¼
0.5 rads�1and x ¼ 50.0 rads�1) were carried out to
determine the range of linear viscoelastic deforma-
tions. In all experiments, the shear amplitude (c0 was
set to c0 ¼ 0.01. Finally, the data of the complex mod-
ulus at the different temperatures were shifted to the
reference temperature T0 ¼ 170�C.

The uniaxial elongational rheometer RME was used
for melt extension experiments which were followed
by a relaxation and a recovery interval, respectively.42

The test temperature was T ¼ 170�C and the applied
Hencky strain rate was _e0 ¼ 0.1 s�1. Three different
kinds of experiments were performed: (i) First, melt
elongation tests with the constant strain rate _e0 ¼
0.1 s�1 up to different values of maximum Hencky
strain emax were carried out. The values of emax were
emax ¼ 1.5 which corresponds to the stretch ratio
kmax ¼ 4.5 and emax ¼ 3.0 (equivalent to kmax ¼ 20.1).
(ii) Second, melt elongation experiments up to emax ¼
3.0 and subsequent relaxation at constant strain for

10 min were performed. (iii) Recovery experiments af-
ter melt elongation to emax ¼ 3.0 were also carried out.
For these retardation experiments, a pair of scissors is
installed in our RME.43 In our experiments, the sam-
ple was elongated to the maximum Hencky strain
emax. Immediately after the maximum strain emax had
been attained, the scissors cut the stretched sample.
Then the externally applied stress was zero and the
sample which was still supported by the nitrogen
cushion could recover freely. The transient recovery
of the materials was determined by analysis of video
sequences.

Morphology

To freeze in the morphology of elongated samples at
different values of Hencky strain equench, the cham-
ber of the RME was opened � 4 s before equench was
attained. Then a special cooling device was inserted
into the RME, and the stretched sample was
quenched at time t ¼ tquench ¼ equench/ _e0 using liq-
uid nitrogen. This procedure led to a rapid solidifi-
cation of the sample.44

The morphology of the (i) undeformed, (ii) elon-
gated, (iii) elongated and subsequently relaxed, and
(iv) elongated and subsequently recovered samples
was investigated by a transmission electron micro-
scope (120 kV EFTEM LEO 912 X, LEO, Zeiss, Oberko-
chen, Germany). For these examinations ultrathin
sections with a thickness less than 100 nm were pre-
pared at room temperature from a small block of each
specimen using a cryo-ultramicrotome (Leica, Wetzlar,
Germany). The sections were treated with osmium te-
troxide (OsO4) vapor to stain selectively the polybuta-
diene (PB)-rich phase of the polymer. As a result, the
PB-rich and the polystyrene (PS)-rich phases appear
dark and bright in the TEM images, respectively.

RESULTS

Figure 2 presents the results of the linear viscoelastic
shear oscillations which give insight into the relaxa-
tion behavior at small deformations. The storage
modulus G0 and the loss modulus G00 of polystyrene
PS 158K attain a shape which is typical for polydis-
perse linear homopolymers and which can be repro-
duced by a multimode Maxwell model: At large
frequencies (0.5 rads�1 < x < 4000 rads�1) the storage
modulus is larger than the loss modulus and for the
loss tangent tan d ¼ G00/G0 < 1 holds, whereas at low
frequencies the loss modulus exceeds the storage
modulus, i.e., tan d > 1. In the limit x ! 0, the Max-
well model leads to the power-laws G0 ! x2 and
G00 ! x which are not completely attained by the data
in the frequency range of our measurements. The
complex modulus of LN3 depicts a different fre-
quency-dependent behavior. The storage and the loss

Figure 1 Scheme of the molecular architecture of the sty-
rene-butadiene copolymer LN3 used in this study. This
block copolymer is composed of two outer PS blocks (in
gray color) which surround two random styrene-butadiene
blocks (soft phase, in hatched style).
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modulus of LN3 depict the scaling behavior G0 !
x0.75 and G00 ! x0.68 in the range of moderate frequen-
cies (0.1 rads�1 � x � 10.0 rads�1). These power-laws
moderately differ from the power-laws G0 � G00 ! x1/2

which are generally observed for a lamellar morphol-
ogy and are reproduced by the theory of Kawasaki
and Onuki.24 The storage modulus and the loss mod-
ulus of the three different PS 158K/LN3 blends attain
values which vary monotonically with concentration

of PS 158K between G0 and G00 of the single compo-
nents. At large frequencies, the dynamic moduli of PS
158K and LN3 do not differ much, and hence the
blends attain similar G0 and G00 values. At low frequen-
cies, the complex modulus of the PS 158K/LN3 blends
ranges between the corresponding values of neat PS
158K and LN3. The loss tangent tan d ¼ G00/G0 as a
function of x for the single components and the blends
also displays this mixing effect, see Figure 2(c). The
loss tangent of PS 158K depicts a minimum in the pla-
teau region and then increases with decreasing x, since
viscous flow dominates at low frequencies. LN3 attains
tan d values not far from unity with a maximum at x
� 0.3 rads�1. The intermediate behavior of the blends
is demonstrated by the less pronounced maximum of
tan dwith increasing PS 158K content.
The transient extensional viscosity l(t) is given by

lðtÞ ¼ rðtÞ= _e0 (1)

with the measured tensile stress r(t) and the applied
Hencky strain rate _e0. Figure 3(a) presents l(t) of PS
158K, LN3 and the three different blends. We plot
both the measured data and in addition the linear
viscoelastic prediction l0(t) ¼ 3g0(t) where g0(t) is
the transient shear viscosity in the linear viscoelastic
regime (vide infra). For LN3 we only plot the elon-
gational viscosity for t � 20 s. The reason is that in
our series of experiments it was impossible to stretch
the pure LN3 homogeneously at larger times than
20 s, i.e., with a uniform cross section over the
whole sample [cf. Fig. 3(b) for PS 158K]. In the very
beginning of deformation, crumbling of the LN3
occurred, see Figure 3(c). The intensity of crumbling
depended on the preparation procedure (processed
using a kneader or not). It seems that the distribu-
tion of lamellar domains cannot be deformed such
that the cross section of the sample is uniform all
over the sample. On the other hand, in our experi-
ments pure polystyrene and the three PS 158K/LN3
blends were homogeneously elongated in the molten
state. In melt elongation, the transient extensional
viscosity of PS 158K was much larger than the elon-
gational viscosity l(t) of LN3. At Hencky strain e ¼
1.5, the viscosity ratio p(e) of PS 158K to LN3
roughly was p(e ¼ 1.5) � 6.3. The elongational vis-
cosity of the three PS 158K/LN3 blends ranges
between the curves of PS 158K and LN3. The elon-
gational viscosity of the blend with 80% PS 158K did
not differ much from l(t) of neat PS 158K. With
increasing weight fraction of LN3, the extensional
viscosity of the blend deviates less from the curve of
pure LN3. This behavior for the elongational viscos-
ity is similar to the behavior of PS/PMMA blends
where such a mixing effect was also observed.43

An additional interesting effect is depicted in Fig-
ure 4. In melt elongation experiments with the

Figure 2 (a) Storage modulus G0, (b) loss modulus G00, and
(c) loss tangent tan d ¼ G00/G0 of PS 158K, LN3 and the three
PS 158K/LN3 blends as a function of frequency x at refer-
ence temperature T0 ¼ 170�C. The shift factor is denoted by
aT. The lines in (a) and (b) are the result of a nonlinear least-
squares fit of eqs. (6) and (7) to the experimental data.
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RME,42 samples with a rectangular cross section are
used. Then the aspect ratio ar of the cross section of
the sample with width ws and thickness ts as a func-
tion of Hencky strain e

arðeÞ ¼ wsðeÞ=tsðeÞ (2)

generally remains constant during melt elongation,
see ar(e) for PS 158K (PS concentration 100%) in Figure
4. However for the three PS 158K/LN3 blends the
value of ar decreased with Hencky strain e. This phe-
nomenon was not observed for PS 158K and was
more pronounced with increasing content of LN3. At
emax ¼ 3.0, the aspect ratio almost attained unity for
the blends with 20 and 40% PS 158K. Finally, we
emphasize that in spite of the dependence of the as-
pect ratio on strain, the area A(e) of the cross section
was still in agreement with the incompressibility con-
dition and decreased exponentially with Hencky
strain e, i.e., A(e) ! exp(�e). Consequently, the stress
of the elongated sample was correctly measured.

The transient recovered stretch kr (t0)

krðt0Þ ¼ Lmax=Lðt0Þ (3)

is presented in Figure 5. Here, Lmax is the length of the
sample at cutting time t ¼ tmax and L(t0) the length of
the sample at recovery time t0 ¼ t � tmax. In the initial
stage of recovery, PS 158K recovered very rapidly. At
large recovery times, kr of PS 158K still increased, but
the slope of kr versus log t0 decreased. At large t0, the
recoil of the polystyrene chains was terminated, but
the surface tension of the sample caused an additional
contribution to kr. Our investigations of the transient
recovery of the crumbling LN3 revealed that the
recoverable deformation of LN3 was less pronounced
and much smaller than that of PS 158K, see Figure 5.
In the initial stage of recovery, the kr values of the
blends monotonically increased with concentration of
the PS 158K phase. Interestingly, at roughly t0 ¼ 200 s
the kr values of the 80% PS 158K/20% LN3 blend
exceeded the corresponding kr values of PS 158K.
This ‘‘overtaking’’ can be explained by an increase of

Figure 3 (a) Measured time-dependent elongational vis-
cosity l(t) (symbols) and the linear viscoelastic elonga-
tional viscosity l0(t) (lines, same order as experimental
data) for PS 158K, LN 3 and the three PS 158K/LN3 blends.
The test temperature was T ¼ 170�C and the Hencky strain
rate _e ¼ 0.1 s�1. (b) Photograph of the PS 158K sample dur-
ing melt elongation at Hencky strain e � 1.0. (c) Photograph
of the LN3 sample during melt elongation at e � 1.0. The
arrows indicate the direction of stretching.

Figure 4 Aspect ratio ar ¼ ws/ts of the cross section of
the sample with width ws and thickness ts at different
Hencky strains emax. The value for emax ¼ 0 is the value of
the compression molded sample.

Figure 5 Transient recovered stretch kr as a function of
recovery time t0 for PS 158K and the three different PS
158K/LN3 blends. The Hencky strain rate was _e0 ¼
0.1 s�1, the maximum Hencky strain emax ¼ 3.0 and the
temperature T ¼ 170�C. Note that LN3 could not be com-
pletely homogeneously extended.
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the surface tension of the blend with increasing LN3
concentration and the lower viscosity of LN3 in com-
parison with PS 158K.

The morphology of the PS 158K/LN3 blends after
compression molding and a residence time of 15 min

in the RME is presented in Figure 6. After the mold-
ing and residence time, the morphology attained a
quasi-equilibrium state and consisted of PS 158K
and LN3 phases. The morphology of the blend with
80% PS 158K consisted of LN3 domains which were

Figure 6 Transmission electron micrographs of the three PS 158K/LN3 blends after compression molding. The weight
concentration of PS 158K is (a) and (b) 80%, (c) and (d) 40%, and (e) and (f) 20%. The micrographs depict a cross section
of the sample perpendicular to the aluminum cover plates which were used for compression molding. In all micrographs,
the polystyrene phase appears bright and the polybutadiene phase dark.
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uniformly dispersed in the PS 158K matrix, see Fig-
ures 6(a,b). The LN3 domains themselves consisted
of lamellae. Generally, these LN3 domains were not
spherical which possibly resulted from compression
molding. In addition, the LN3 domains did not
recover to a spherical shape which indicates that the
interfacial tension between the LN3 domains and the
PS 158K matrix was very low. The LN3 domains
typically comprised 6–11 lamellae, and their largest
diameter ranged from �300 to 1200 nm. Some of the
LN3 domains attained a shape with a curved bound-
ary. Figure 6(c,d) shows the morphology of the
blend with 40% polystyrene. In this case, LN3
formed the continuous phase, and the PS 158K
domains were uniformly dispersed in the LN3 ma-
trix. The LN3 lamellae were aligned parallel to the
aluminum cover plates which had been used for
compression molding. Generally, the PS 158K inclu-
sions were located in the PS lamellae and did not
attain a fully circular shape. They attempted to splay
as a PS lamella and went over into a PS lamellae in
contrast to the solution-cast blends of Ref. 45. In
doing so, the almost regularly spaced PS 158K inclu-
sions attained a shape which reminds one to poly-
gons. The typical size of the PS 158K inclusions was
300 nm. The morphology of the 20% PS 158K/80%
LN3 blend was similar to the microstructure of the
blend with 40% PS 158K, but the average size of the
PS 158K domains, being in the order of 150 nm, was
much smaller for the blend with 20% PS 158K than
for the blend with 40% PS 158K. The PS 158K
domains were also very homogeneously dispersed
in the LN3 matrix for the blend with 20% PS 158K.
For all three PS 158K/LN3 blends, the lamellae
thickness did not depend on the PS 158K concentra-
tion and was approximately equal to 13 nm.

The three PS 158K/LN3 blends were extended
with Hencky strain rate _e0 ¼ 0.1 s�1 at T ¼ 170�C up

to the maximum Hencky strain emax ¼ 3.0. The mor-
phology of the stretched blends is presented in Fig-
ure 7. The dispersed LN3 domains of the 80% PS
158K/20% LN3 blend were deformed into a needle-
like shape. The deformed domains did not attain a
smooth ellipsoidal shape which had been seen, e.g.,
for PS/PMMA blends,43 but depicted a ‘‘rough’’ sur-
face. The lamellar structure within the deformed
LN3 phase was less clearly seen. For the two LN3-
rich blends (the 40% PS 158K/60% LN3 and 20% PS
158K/80% LN3 blends) the alignment of the lamel-
lae of the continuous LN3 phase parallel to the load-
ing direction was increased, see also the melt
extension experiments of Takahashi et al.33 and
Kobori et al.35 In tensile experiments with LN3 in
the solid state under uniaxial loading, the lamellae
were also preferentially oriented parallel to the
drawing direction.40 In addition, the PS 158K inclu-
sions were extended to the stretch ratio kd around 3.
After compression molding, the lamellae were ori-

ented parallel to the aluminum cover plates. Figure 8
presents the flow-induced deformation of the mor-
phology of the 20% PS 158K/80% LN3 blend after
elongation to emax ¼ 1.5 (corresponding to the stretch
ratio kmax ¼ 4.5) and emax ¼ 3.0 (i.e., at kmax ¼ 20.1).
The strain rate was _e0 ¼ 0.1 s�1 and the temperature
T ¼ 170�C. The micrographs reveal that the degree of
alignment of the lamellae increased with applied
maximum strain emax. In Figure 9, the morphology
of the 40% PS 158/60% LN3 blend is presented for
the elongation parameters T ¼ 170�C, _e0 ¼ 0.1 s�1 and
emax ¼ 3.0 after (a) subsequent relaxation (constant
macroscopic strain) for 10 min and (b) after subse-
quent recovery (zero externally applied stress) for
60 min. The macroscopic extension of the blend led to
an alignment of the lamellae. The lamellae of the LN3
matrix were still aligned parallel to the loading direc-
tion after the relaxation interval of 10 min (t0 ¼ 600 s),

Figure 7 Transmission electron micrographs of the three PS 158K/LN3 blends after melt elongation at T ¼ 170�C to the
maximum Hencky strain emax ¼ 3.0 with Hencky strain rate _e0 ¼ 0.1 s�1. The weight concentration of PS 158K is (a) 80%,
(b) 40%, and (c) 20%. The arrow indicates the stretching direction.
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see Figure 9(a). In relaxation, the polymer chains of
the PS 158K domains could recoil to an isotropic
shape. During this process, the PS 158K chains par-
tially deformed the neighbored lamellae, and there-
fore irregular undulations of the lamellae can be seen
in Figure 9(a). The undulations of the lamellae of the
40% PS 158K/60% LN3 blend were mostly pro-
nounced if the number of the lamellae between the
inclusions was small. Figure 9(b) presents the mor-
phology of the 40% PS 158K/60% LN3 blend after
extension to emax ¼ 3.0 and subsequent recovery for
60 min. In recovery after melt extension, the polymer
chains of the PS 158K inclusions also recoiled to an
isotropic state. During their recoil, the PS 158K chains
caused a deformation of the LN3 matrix. Then the
PS 158K domains were not stretched anymore and
the alignment of the lamellae also decreased, see
Figure 9(b).

Finally, in Figure 10 we present the morphology
of the 80% PS 158K/20% LN 3 blend at relaxation
time t0 ¼ 10 min. During relaxation, the filament-like
LN3 domains of the 80% PS 158K/20% LN 3 blend
slightly retracted and seemed to be twisted. This de-
formation of the LN3 domains was possibly caused
by the relaxing PS 158K and LN3 chains. Since the
extended LN3 domains only slightly retracted, it
seems that the block copolymer chains were only
moderately stretched during melt extension.

DISCUSSION

The linear viscoelastic behavior of PS 158K can be
described by a multimode Maxwell model. In con-
trast to PS 158K, the pure LN3 depicts the power-
laws G0 ! x0.75 and G00 ! x0.68 in a certain fre-
quency range. Such a behavior is not characteristic

Figure 8 Transmission electron micrographs of the 20% PS 158K/80% LN3 blend which was elongated and subsequently
quenched at T ¼ 170�C with Hencky strain rate _e0 ¼ 0.1 s�1. The maximum Hencky strain was (a) emax ¼ 1.5 and (b) emax ¼
3.0. The arrow indicates the stretching direction.

Figure 9 Transmission electron micrographs of the 40% PS 158K/60% LN3 blend after (a) relaxation for 10 min and
(b) recovery for 60 min. The elongation parameters were _e0 ¼ 0.1 s�1, emax ¼ 3.0, and T ¼ 170�C (arrow ¼ stretching
direction).
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for a Maxwell model with a spring and a dashpot in
series. To describe the linear viscoelastic response of
PS 158K, LN3 and the blends using a single model,
we apply the fractional Maxwell model which con-
sists of two fractional elements in series, see Figure
11. The constitutive equation of each fractional ele-
ment (depicted by a triangle) is given by

rxy ¼ G0s
bi
0 d

bic=dtbi (4)

with the time-dependent shear stress rxy(t) and the
shear strain c(t) as well as the parameters s0 and bi
(i ¼ 1, 2). Such kind of models and analogous hier-
archical and fractal arrangements of springs and
dashpots were studied in Refs. 46–48. In addition, a
similar approach using the fractional Zener model
was also successfully applied in Ref. 49. The param-
eters of the fractional Maxwell model are the elastic
modulus G0, the characteristic time s0, and the frac-
tional exponents b1 and b2. Then the complex modu-
lus G* ¼ G0 þ iG00 of the fractional Maxwell model
as a function of frequency x is given by

G�ðxÞ ¼ G0ðixs0Þb
1þ ðixs0Þa (5)

with the real and the imaginary parts G0 and G00

G0ðyÞ ¼ G0y
b cosðbp=2Þ þ ya cos½ðb� aÞp=2�

1þ 2ya cosðap=2Þ þ y2a
(6)

G00ðyÞ ¼ G0y
b sinðbp=2Þ þ ya sin½ðb� aÞp=2�

1þ 2ya cosðap=2Þ þ y2a
(7)

In eqs. (5)–(7) the relations y ¼ xs0, a ¼ b1 � b2 > 0
and b ¼ b1 hold. The parameters a and b can attain
values between 0 and 1. Then the transient shear
viscosity g0(t) in the linear viscoelastic regime is
given by50

g0ðtÞ ¼ G0s0ðt=s0Þ1þa�b Ea;2þa�b½�ðt=s0Þa� (8)

where Ej;v½x� ¼
P1

n¼0 x
n=½Cðnjþ vÞ� is the general-

ized Mittag-Leffler function and C(x) the Gamma
function. Finally, the linear viscoelastic prediction
l0(t) of the transient elongational viscosity in simple
elongation follows from l0(t) ¼ 3g0(t).
The functions G0(x) and G00(x) of eqs. (6) and (7)

were fitted to the experimental data for the neat
blend components and the three PS 158K/LN3
blends. The results of the fits are shown in Table II
and Figure 2. The complex modulus G*(x) of the
fractional Maxwell model reproduces very well the
experimental data for the pure blend components
and the three PS 158K/LN3 blends. Using the fit pa-
rameters a, b, G0, and s0, the elongational viscosity
l0(t) ¼ 3g0(t) in the linear viscoelastic regime [see
Eq. (8)] was calculated and plotted in Figure 3. At
small times (t � 2 s), the measured elongational vis-
cosity l(t) of all materials nearly agrees with the lin-
ear viscoelastic prediction l0(t). The agreement is
best for PS 158K and moderate for the 20% PS
158K/80% LN 3 blend. At larger times, the exten-
sional viscosity l(t) exceeds the linear viscoelastic
prediction l0(t) for PS 158K and the three blends.
This effect is denoted by strain-hardening.
The crumbling of LN3 during our melt elongation

experiments is an unusual effect, see Figure 3(c). A
possible explanation of this crumbling phenomenon
can be given by taking into account the nearly

Figure 10 Transmission electron micrograph of the 80%
PS 158K/20% LN3 blend after elongation with strain rate
_e0 ¼ 0.1 s�1 to the maximum Hencky strain emax ¼ 3.0 at
temperature T ¼ 170�C and subsequent relaxation for
10 min (arrow ¼ stretching direction).

Figure 11 The fractional Maxwell model which consists
of two fractional elements (depicted by the triangles) in
series. The model parameters are the elastic modulus G0,
the characteristic time s0 and the fractional exponents b1
and b2. The constitutive equation of each fractional ele-
ment (i ¼ 1, 2) is given by rxy ¼ G0 sb0i d

bi c/dtbi with the
shear stress rxy(t) and the shear strain c(t) at time t.

TABLE II
Results of the Nonlinear Least-Squares Fit of Equations
(6) and (7) to the Experimental G0(x) and G00(x) Data

a b G0 (Pa) s0 (s)

PS 158K 0.6732 0.9410 32969 6.4766
80% PS 158K/20% LN3 0.6054 0.8865 30846 3.9213
40% PS 158K/60% LN3 0.4903 0.7372 83272 0.2338
20% PS 158K/80% LN3 0.5429 0.6965 216421 0.0263
LN3 0.5869 0.7000 263694 0.0135
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constant thickness of the lamellae. The thickness of
the lamellae does not vary much with applied exten-
sional strain emax. Therefore, as a first approximation,
the thickness of the lamellae can be considered as con-
stant. Because of the macroscopic deformation of the
sample, a compressive flow perpendicular to the load-
ing direction exists which would lead to the strain
rate _e0/2 perpendicular to the loading direction for an
isotropic fluid. Since the thickness of the lamellae is
almost constant and the lamellae do not seem to be
compressible, the lamellar domains rearrange by
keeping the thickness of the lamellae constant, see
Figure 12. Macroscopically, this rearrangement is
associated with a crumbling of the sample. In the PS
158K/LN3 blends, the PS 158K inclusions behave like
an isotropic viscoelastic fluid. During extension of the
blends, the lamellar domains also rearrange by keep-
ing the thickness of the lamellae constant. This effect
leads to a nonradial velocity component perpendicu-
lar to the loading direction and thus to an anisotropic
Poisson ratio. Consequently, the width and the thick-
ness of the cross section of the blends do not decay
proportional to exp(�e/2) ¼ k�1/2 for the blends. On
the contrary, the aspect ratio ar(e) decreased with
Hencky strain e, see Figure 4. Crumbling is not
observed for the blends, since the PS 158K inclusions
can balance the rearrangement of the lamellar
domains so that a macroscopic uniform cross section
is achieved.

CONCLUSIONS

We studied the rheological properties and the flow-
induced changes of the morphology of blends of a
general purpose polystyrene (PS 158K) and a styrene-
butadiene block copolymer (LN3). Our linear visco-
elastic shear oscillations and melt extension experi-
ments revealed that the rheological properties of
blends of polystyrene and a block copolymer result

from a mixing effect of the properties of the single
components. The data of the complex modulus as a
function of angular frequency in the flow regime can
be well reproduced by the fractional Maxwell model
for all materials. In our melt elongation experiments,
the block copolymer LN3 could not be extended with
a constant cross section over the whole sample for our
set of parameters. On the contrary, the specimens
started to crumple at a small Hencky strain. This
effect was caused by the nearly constant thickness of
the lamellae during elongation. Instead of being
strongly stretched, the lamellar domains rearranged
during melt elongation, and their alignment was
more pronounced. The presence of the PS 158K
domains in the PS 158K/LN3 blends led to a macro-
scopically more uniform elongation. Our morphologi-
cal investigations revealed that the domains of the
disperse phase (PS 158K inclusions in the LN3 matrix
resp. LN3 domains in the PS 158K matrix) were
extended in elongational flows. Melt elongation of the
LN3-rich blends led to an increase of the alignment of
the lamellae of the LN3 matrix parallel to the loading
direction. The thickness of the lamellae did not
change very much during elongation. In subsequent
relaxation, the alignment of the LN3 lamellae still per-
sisted, whereas the PS 158K macromolecules recoiled.
This recoil of the PS 158K chains caused a partial de-
formation of the lamellae. In recovery after melt
extension, the alignment of the lamellae parallel to the
loading direction decreased.
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