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Poly(styrene)-poly(ethylene-co-butylene)-poly(styrene) (SEBS) triblock copolymers with a
PS volume fraction / = 0.30 are investigated. The analysis of the loss tangent at low fre-
quencies leads to define a mechanical relaxation associated to the blocking effect of
ordered PS cylinders on PEB chains motion. Submitting SEBS to a shear flow at 250 �C an
orientation of the cylinders is observed. The effect of the molecular weight and the cylinder
alignment on the relaxation is studied. Continuous flow experiments, in torsion and capil-
lary mode, reveal the presence of very severe surface cracks which cause the phenomenon
called ‘‘flow split”. The correlation between dynamic viscoelastic results and flow split is
investigated, concluding that this is related to an entanglement–disentenglement process,
rather to an alignment effect of PS cylinders.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The present study concerns morphological and rheo-
logical aspects of poly(styrene)-poly(ethylene-co-butyl-
ene)-poly(styrene) (SEBS) triblock copolymers. At low
temperatures, the polystyrene chains constitute glassy do-
mains, whereas the poly(ethylene-co-butylene) midblock
chains form bridges between PS end blocks, causing an or-
dered network. This ordered, or microphase-separated
state, can be typically arranged in spherical, cylindrical or
lamellar structures. Only at high temperatures, well above
the glass transition temperature of PS, a disordered state is
reached giving rise to a liquid which shows the typical vis-
coelastic response of a homogeneous polymer melt in the
terminal zone. Therefore, the ordered and disordered
states (separated by the order–disorder transition temper-
ature, ODT) are characterized by qualitative different low-
. All rights reserved.
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frequency rheological features, as has been shown in the
literature for different block copolymers [1–12]. Among
the works devoted to elucidating the relationship between
morphology and rheology of block copolymers, we remark
the outstanding paper of Kossuth et al. [13] which sche-
matically shows the respective viscoelastic responses of
cubic, hexagonal and lamellar phases. All the investiga-
tions analyse the behaviour of the elastic (G0) and viscous
(G0 0) moduli, comparing the response of homogeneous
melts (disordered state) to that of ordered or micro-phase
separated state.

The effect of flow fields on the orientation of block
copolymers structures in the melt has deserved certain
attention in the last 15 years. We dare to recommend
two papers: the feature article of Wiesner on order and
dynamics of diblock copolymers under large amplitude
oscillatory flow [14] and the review paper of Hamley [15]
on the use of strong shear fields, large extensional flows
and large-amplitude oscillatory shear to align lamellar,
hexagonal and cubic micellar morphologies of AB diblock
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and ABA triblock type copolymers. Hamley also refers to
the rheological and thermodynamical properties of aligned
samples, which depend on the extent of alignment. Meso-
phase order of morphologies, induced by flow fields, is also
considered in more recent papers [16–18]. The particular
effect of extrusion flow to align the PS cylinders of a SBS
copolymer was first studied by Keller et al. [19]. More re-
cently, extrusion flows involving different shear rates have
been used to orient the micro-phases of different multi-
block polymers and, eventually, to destroy this orientation
[20–22].

In this paper we investigate no-sheared and sheared
SEBS samples, offering an original rheological perspective
based on the behaviour of the loss tangent at low frequen-
cies, which allows us to define a mechanical relaxation
associated to the presence of ordered micro-domains. Con-
tinuous flow experiments, in torsion and capillary mode,
are also contemplated, revealing the presence of very se-
vere surface cracks leading to the phenomenon called
‘‘flow split”. The correlation between dynamic viscoelastic
results and flow split is investigated.
Fig. 1. TEM microphotographs of quenched samples compressed at
250 �C. Hexagonal arrangement of PS cylinders appears dark, whereas
PEB matrix is bright.
2. Experimental

The investigated triblock copolymer is an experimental
SEBS synthesized by Repsol-YPF, which has a weight aver-
age molecular weight Mw = 75,000 g/mol, a polydispersity
index of 1.2 and a PS volume fraction / = 0.30. The (weight)
fractions of 1–2 PB and 1–4 PB were, respectively, 0.38 and
0.33. Another SEBS copolymer of the same chemical com-
position and molecular weight Mw = 55,000 g/mol is also
considered for comparison purposes.

The viscoelastic behaviour of compression moulded
(T = 190 �C and 200 kg/cm2) samples was investigated
using a ARG2 rheometer with a parallel-plate fixture
(25 mm diameter) to conduct oscillatory frequency sweep
experiments in the linear regime. The same apparatus was
employed to study the effect of a continuous shear flow
field on SEBS, following a protocol which is limited by
the rheological response of the sample: (a) Shear rate in-
crease from 0.1 to 0.6 s�1 in 120 s. (b) Constant shear rate
0.6 s�1 during 300 s. The selected temperature (T = 250 �C)
and shear flow conditions are critical, since at higher tem-
peratures the low viscosity leads to centrifugal effects and
at lower temperatures severe flow instabilities (in particu-
lar flow split) occur. Frequency sweep experiments were
carried out immediately after shearing process was prop-
erly accomplished. Measurements were also conducted
after different resting times to analyse the recovery of
the sample after shearing. The measurements were carried
out in nitrogen atmosphere; time sweep experiments of G0

and G0 0 (not shown) were performed, leading us to discard
any symptom of degradation in the samples.

Extrusion flow experiments were performed in a Göttf-
ert 2002 rheometer using a capillary die of dimensions
R = 0.5 mm and L/D = 30/1, at temperatures and shear rates
indicated in Section 3.

Microphotographs and rheological results shown be-
low, clearly indicate that at the temperatures considered
in this work (230–250 �C) the sample is in an ordered state,
that is to say below the order–disorder temperature TODT.
Actually, according to our own thermorheological results
(not displayed here), which coincide with results taken
from literature for SEBS with the same PS content [23],
the order–disorder temperature is higher than 300 �C.
The sound thermodynamic analysis reported by Bates
[24] for block copolymers constituted by blocks of chemi-
cal dissimilarity resembling our SEBS copolymers, leads
us to assume that a PS volume fraction of / = 0.30, such
as that of our samples, gives rise to a hexagonal morphol-
ogy. Although TEM is not the best method to observe the
morphology of block copolymers, because of the eventu-
ally spurious effect of microtoming, microphotographs
(Fig. 1) of quenched samples compressed at 250 �C, hint a
hexagonal arrangement of PS cylinders. These appear dark,
caused by RuO4 staining, whereas PEB matrix is bright.
TEM microphotographs of samples quenched after shear-
ing in the rheometer were also obtained to investigate
the morphological changes.

3. Results and discussion

3.1. Dynamic viscoelastic behaviour: the observation of a
mechanical relaxation at low frequencies

Fig. 2 shows the dynamic viscoelastic behaviour of the
investigated SEBS (Mw = 75,000 g/mol) sample in the re-
gion of low frequencies. As reported for other block copoly-
mers at temperatures T < TODT, the presence of ordered
microstructures alters the terminal viscoelastic zone. In-
stead of the dependences G0 /x2 and G0 0 /x, with G0 0 > G0,
observed for homogeneous melts (including disordered
block copolymers), a predominantly elastic response
(G0 > G0 0), with G0 /x0.25 and G0 0 /x0.7 at the lowest fre-
quencies, is noticed in the ordered state (Fig. 2). This result,
obtained with a sample which reveals a hexagonal
arrangement, practically coincides with the power law fre-
quency dependence of the elastic modulus presented by
Kossuth et al. [13] for the same arrangement. In their sche-
matic of the relationship between G0 and the low frequency



Fig. 2. Dynamic viscoelastic functions for SEBS (Mw = 75,000 g/mol)
sample at T = 250 �C Storage and loss moduli and loss tangent as a
function of frequency. The line corresponds to the scaling law proposed
by Kossuth et al. [13] for systems with a hexagonal phase (see text). Fig. 3. General trend of the loss tangent as a function of frequency. (a)

Adaptation of the viscoelastic pattern of ordered block copolymers,
envisaged by Kossuth et al. [13] (see text). (b) Viscoelastic spectrum of a
homogeneous polymer melt.
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behaviour, these authors report respective G’ /x0.3 and
G0 /x0.5 dependences for systems with hexagonal and
lamellar phases and G0 independent of frequency for cubic
arrangement.

Although the presence of a low frequency tand maxi-
mum, as such noticed in Fig. 2, has been reported in the lit-
erature for diblock copolymers by Zhang and Wiesner [12]
and Wiesner [14] and triblock copolymers by Ryu et al.
[25] and Brown et al. [26], it has not been interpreted in
terms of chain dynamics. However, the physical interpreta-
tion of the dynamic viscoelastic results of block copoly-
mers in the low frequency domain may be extended
contemplating this mechanical relaxation. As for the re-
cently investigated polymer nanocomposites by Fernández
et al. [27], the transition represents the hindering effect of
a structure (ordered microdomains, in the case of block
copolymers) to the mobility of the chain associated to flow.
In the disordered state (T > TODT) ordered microdomains
disappear and chains are free to move: then tand ?1 at
low frequencies and the spectrum resembles that of homo-
polymers, with no secondary relaxation. Fig. 3 shows the
difference between the tand spectrum of a melt copolymer
which contains ordered microdomains and a homogeneous
copolymer melt (disordered state). Fig. 3a is actually an
adaptation of the viscoelastic pattern of ordered block
copolymers, envisaged by Kossuth et al. [13], whereas
Fig. 3b is the viscoelastic spectrum of an amorphous poly-
mer, as depicted, for instance, by Ferry [28]. In homoge-
neous systems, as frequency decreases the loss tangent
passes through a minimum separating motions within
entanglement strands and motions across entanglement
loci. In the case of triblock copolymer melts at T < TODT, a
double constraint to motion is suffered by midblock flexi-
ble chains: (a) Chain entanglements (provided that the
molecular weight of midblock polymer is higher than its
entanglement molecular weight (Me). (b) Chain bridging
between end blocks, which results in interconnected
microdomains.
According to this picture, the low tand values envi-
sioned at high frequencies in Fig. 2 account for the entan-
glement effect, since the molecular weight of PEB midblock
of our SEBS is far above its critical molecular weight for
entanglements (Me) which has been reported to be
2000 g/mol [29]. On the other hand, as frequency is de-
creased, the observed tand maximum marks a limit in
the mobility of flexible chains in an ordered system. What
is detected is the blocking effect of PS cylinders on PEB
flexible chains motion. The characteristic time k of the
relaxation process is defined taking the inverse of the fre-
quency xmax at which (tand)max takes place: k = 1/xmax.
At a given temperature, the chain mobility that requires
times larger than k, which corresponds to the low fre-
quency zone with respect to the maximum, is hindered.
On the contrary, the chain mobility level involving times
shorter than k, corresponding to the high frequency zone
is not obstructed. Considering the aforementioned double
constraints undergone by PEB midblock chains, we can
state that entanglement slippage motions are accom-
plished (because take place at t < k). But, however, motions
that imply distances larger than the strands between
microdomains require times t > k and are blocked, as can
be noticed by the tand decrease as frequency decreases
(Fig. 2). Therefore, the relaxation time k accounts for the
blocking effect of the hexagonal morphology of our SEBS
copolymer, consisted of cylindrical microdomains of the
PS block in the matrix of the PEB block. The physical basis
of our interpretation lies also in the model offered recently
by Somma et al. [30] to explain that at high frequencies
there is not appreciable effect of superimposed flow on vis-
coelastic results of molten polymers, whereas at low fre-
quencies this background flow has a clear impact on the
moduli. These authors recall that at any oscillation fre-
quency x only the motion modes with a characteristic
relaxation time higher than s = 1/x are excited, which



Fig. 5. TEM micrographs of a sheared SEBS (Mw = 75,000 g/mol) sample
quenched after continuous torsion flow (see Section 2). Flow direction is
normal to the picture. A misalignment is observed in the edge of the
sample (upper left part).
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implies that at low frequencies the slower modes (those
more affected by superimposed flow) are tested.

The effect of the molecular weight on the investigated
relaxation is contemplated in Fig. 4. With the frequency
range covered by our rheometer different parts of the spec-
trum are accessible, depending on the molecular weight of
the polymer. In Fig. 4 it is seen that the secondary relaxa-
tion, (tan d)max, shifts to higher frequencies as the molecu-
lar weight decreases. This is a consequence of the
displacement to high frequencies of the minimum associ-
ated to entanglements: in fact, this minimum (which is de-
picted in the general picture offered in Fig. 3) is out of the
investigated frequency range for Mw = 55,000 g/mol and
Mw = 75,000 g/mol samples. As a result of the shift of the
spectrum, the blocking effect of the microdomains is no-
ticed at shorter times (higher frequencies) as the length
of the midblock chains is reduced. Our results indicate that
the selected SEBS (Mw = 75,000 g/mol) is the most appro-
priate to investigate the rheological changes associated to
the application of a flow field, a subject which is treated
below.

3.2. Analysis of the rheological effects of alignment induced by
shear flow and subsequent recovery

The morphological effect of the continuous shear flow,
described in the Experimental Part, on SEBS (Mw = 75,000
g/mol) sample is shown in Fig. 5. Notwithstanding TEM is
not as conclusive as two dimensional (2D)-SAXS, which
has been successfully employed in oriented block coply-
mers [14,21,31–34], it can be deduced that cylindrical
microdomains are aligned by the flow, although an
orientation re-arrangement is noticed close to the edge. A
meaningful difference is found between the dynamic
viscoelastic response of the no-sheared sample and the
sample which has been submitted to shear flow (Fig. 6).
Oscillatory flow measurements were performed immedi-
ately after cessation of flow, so as the orientation shown
in Fig. 5 is maintained. The behaviour changes from an
Fig. 4. Loss tangent as a function of frequency at T = 250 �C for SEBS
samples of different molecular weights (d Mw = 55,000 g/mol, �

Mw = 75,000 g/mol).
elastic dominant response (G0 > G0 0), observed for no-
sheared sample, to G0 0 > G0 noticed for sheared sample
(Fig. 6a). The results are analogous to those observed for
shear-aligned polymer–silicate nanocomposites [35]. As
for the low frequency secondary relaxation, tand maxi-
mum, shown in Fig. 6b, a considerably shift to low frequen-
cies is remarked for the sheared sample. It follows from
this result that the characteristic relaxation time k = 1/
xmax increases significantly as PS cylinders are aligned:
This signifies that the blocking effect of the cylinders is re-
duced. We recall that complete motion of the midblock
chains is hindered by hexagonal packing; only the chain
mobility level involving times shorter than k is not ob-
structed. The increase in relaxation time k indicates that
larger PEB midblock chain strands are implicated in motion
when PS cylinders are aligned by flow. This also explains
the high dissipation level (high tand values, as G0 0 > G0) ob-
served at low frequencies in the case of the sheared
(aligned cylindrical microdomains) sample.

Rheological measurements carried out at different rest-
ing times after shear flow is ceased, reveal that cylinders
orientation relaxes, although not completely. In Fig. 7 the
evolution of the storage modulus and loss tangent with
resting time is presented. As resting time increases, both
viscoelastic functions tend to approach the behaviour re-
ported for no-sheared SEBS. This result suggests a certain
recovery from a flow oriented cylindrical phase towards a
non-oriented PS cylinders morphology, but 2D-SAXS
experiments, which are out of the scope of this paper,
would be necessary to confirm completely this hypothesis.
The recovery process is analysed in Fig. 8 which shows the
evolution with time of a characteristic parameter, the
relaxation time k = 1/xmax. The rheological data suggest
that the sample tends to the corresponding initial mor-
phology of the no-sheared state. However, the value char-
acteristic of the no-sheared SEBS at 250 �C, k = 2.7 s, is not
reached. Moreover, our data show a saturation of the
recovery, since k levels off after 60 min. This incomplete
recovery indicates that the initial equilibrium conditions



Fig. 6. Dynamic viscoelastic functions of the no-sheared and sheared
SEBS (Mw = 75,000 g/mol) sample (see Fig. 5); (a) Storage and loss moduli
as a function of frequency; (b) Loss tangent as a function of frequency. Fig. 7. Dynamic viscoelastic functions for SEBS (Mw = 75,000 g/mol)

sample at T = 250 �C taken at the indicated resting times after shear is
ceased. (a) Storage modulus; (b) Loss tangent. Notwithstanding the long
resting times analysed, the response of the no-sheared sample is not
attained.
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are not recovered after cessation of flow. It may be sug-
gested an anchoring effect of the rheometer plate, creating
a new equilibrium state which is not destabilized at 250 �C.

The problems derived from continuous flow instabili-
ties, mentioned in the Experimental Part, lead us to inves-
tigate the potential effect of cylinders alignment on the
onset of flow split.

3.3. Very severe surface cracking: flow split in parallel plate
flow and capillary flow

A striking flow distortion phenomenon is presented in
Fig. 9: during plate–plate continuous (not oscillatory) tor-
sion flow the initial disc sample splits in several arms. Nee-
dles to say the splitting process is accompanied by a torque
reduction with time. This phenomenon has been probably
already seen by other researchers when dealing with cone–
plate or plate–plate experiments, but to our knowledge
such severe fracture has not been reported in the litera-
ture. In a paper published by Hutton in Nature in 1963
[36] the flow instability which is currently termed ‘‘edge
fracture” is described and a viscoelastic explanation of its
origin is given. The phenomenon initiates as an indentation
at the periphery of the sample and grows radially inwards
in a cone–plate or parallel-plate rheometer. Hutton dem-
onstrated that liquids can fracture in shear, provided that
the total elastic energy contained in the sheared sample
exceeds a critical value. In marked contrast with the exten-
sively studied capillary flow instabilities, the analysis of
flow instabilities in cone–plate or parallel flow is much
more reduced: In our opinion Ref. [37–45] constitute out-
standing contributions. Considering the soundest explana-
tion offered in the literature, we assume that propagation
and growth of peripheral cracks radially inward would lead



Fig. 8. Evolution of the characteristic relaxation time k = 1/xMax as
resting time increases. The parallel to the axis low line marks the value of
k for no-sheared sample. A part of the process is, therefore, irreversible.
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to the split of the disc in several arms observed in Fig. 9.
The phenomenon (which can be called ‘‘torsion flow split”)
resembles another striking case of very severe instability
firstly reported by one of the authors [46]: The scission
of ethane/propylene molten copolymer extrudates into
two branches at the die exit in capillary flow. This ‘‘capil-
lary flow split” has also been reported for polybutadiene
[47] and SEBS copolymers [48,49]. Notwithstanding the
stimulating contribution of Santanach et al. to unveil the
phenomenon, the conditions for the occurrence of flow
split at the capillary exit remain unclear. In any case, both
phenomena, torsion flow split and flow split at the capil-
Fig. 9. Torsion flow split (see text) observed for SEBS (Mw = 75,000 g/mol) sampl
samples under different conditions are summarized in Table 1.
lary exit, should be considered as very severe cases of sur-
face cracking. In capillary flow, cracks are produced due to
an elongational acceleration of the melt surface after it ex-
its the die, whereas in torsion flows fracture occurs when-
ever the first normal stress difference N1 [36,37] or the
second normal stress difference N2 [38–40], exceed a crit-
ical value. The occurrence of capillary flow split in our SEBS
samples is shown in Fig. 10. Summaries of torsion flow
split results and capillary flow split results are presented,
respectively, in Tables 1 and 2.

Interestingly, Santanach et al. [48] observe capillary
flow split for SEBS copolymers forming hexagonal-packed
cylinders of PS, but not for SEBS forming spherical micro-
phases. The authors verify that only for the latter SEBS
the loss modulus G0 0 overtakes the storage modulus G0,
which is a symptom of less melt elasticity. Looking upon
this result, we contemplate an analysis of the eventual cor-
relation between oscillatory flow results and flow split. As
it is seen in Fig. 6a the oscillatory flow behaviour changes
from an elastic dominant response (G0 > G0 0), observed for
the original (no-sheared) sample, to G0 0 > G0 noticed for
the sheared sample constituted by flow aligned PS cylin-
ders. Continuous flow experiments at different tempera-
tures and shear rates were performed with both samples
in order to notice differences in torsion flow split. The re-
sults are included in Table 1. No significant difference is
noted between sheared and no-sheared samples, stem-
ming doubts on the effect of cylinder alignment on torsion
flow split results. Two aspects should be considered to try
to disclose the origin of the observed flow split: (a) Actual
misalignment of PS cylinders in the plate touching surface
of the sample (edge in Fig. 5). (b) Similar dynamic visco-
elastic behaviour for no-sheared and shear-aligned
samples at high frequencies (Fig. 6b), close to the charac-
teristic entanglements minimum.
e at the indicated temperatures and _c = 0.6 s�1. Results obtained for all the



Fig. 10. SEBS (Mw = 75,000 g/mol) (top) and SEBS (Mw = 55,000 g/mol) (bottom) extrudates obtained at 250 �C and the indicated shear rates. A severe
sharkskin leading to an incipient flow split is observed for SEBS (Mw = 75,000 g/mol) sample at c

:
¼ 3s�1. Flow split is observed for the same sample at

c
:
¼ 80 s�1. Results are summarized in Table 2.

Table 1
Continuous torsion flow results at the indicated temperatures and shear rates

T = 250 �C T = 245 �C T = 240 �C T = 230 �C

No sheared SEBS
(Mw = 75,000 g/mol)

Stable flow _c 6 1s�1, Torsion flow
Split _c P 1.5 s�1

Torsion flow split
_c P 0.6 s�1

Torsion flow split
_c P 0.6 s�1

Torsion flow split
_c P 0.6 s�1

Sheared SEBS
(Mw = 75,000 g/mol)

Stable flow _c 6 0.6 s�1 Torsion flow split
_c P 0.6 s�1

Torsión flow split
_c P 0.6 s�1

Torsion flow split
_c P 0.6 s�1

No sheared SEBS
(Mw = 55,000 g/mol)

Stable flow _c 6 5 s�1 Stable flow _c 6 0.6 s�1 Stable flow _c 6 0.6 s�1 Stable flow _c 6 0.6 s�1

High shear rate measurements were limited by centrifugal effects. Torsion flow split phenomenon is depicted in Fig. 9. SEBS (Mw = 75,000 g/mol) sample
was sheared at 250 �C as explained in the experimental part and then the temperature was reduced to the indicated values to perform torsion flow
experiments. Measurements at 250 �C were carried out after 5 min. and 30 min. resting times: no difference was found (see text and Fig. 7).

Table 2
Capillary flow results at 250 �C.

Simple _c 6 1.5 s�1 3.0 P _c 6 80 s�1 80 > _c < 700 s�1 _c P 700 s�1

SEBS (Mw = 75,000 g/mol) Smooth Incipient capillary flow split Capillary flow split Capillary flow split
SEBS (Mw = 55,000 g/mol) Smooth Smooth Sharkskin Incipient capillary flow split

Capillary flow split phenomenon is depicted in Fig. 10.
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Concerning point a, to our knowledge only one pub-
lished work relates the orientation of the microstructure
to surface roughening (sharkskin) of multiblock copoly-
mers. Phatak et al. [22] analyse die extrusion instabilities
of lamellae forming triblock and pentablock copolymers
composed of poly(cyclohexylethylene) and polyethylene.
Certainly these authors do not report any flow split phe-
nomenon, but they observe that sharkskin is much more
severe in the pentablock copolymer. A double hypothesis
is advanced: parallel alignment of triblock copolymer
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lamellae near the die surface and shear induced disorder-
ing of pentablock copolymer lamellae in the vicinity of
the slip layer. It is noteworthy that we have also observed
a cylinder misalignment in the edge of our SEBS
(Mw = 75,000 g/mol) sample (Fig. 5). However, we have
not currently enough elements to establish a connection
between the results of Phatak et al. and our own outcome.

On the other hand, referred to point b, we have investi-
gated the possible occurrence of flow instabilities in a low
molecular weight SEBS (Mw = 55,000 g/mol) sample which
displays a different dynamic response, as compared with
SEBS (Mw = 75,000 g/mol) (Fig. 4). Since for the low molec-
ular weight sample the loss factor minimum associated to
entanglements is shifted to higher frequencies, only the
blocking effect of microdomains (explained in Figs. 2–4)
is noticed in the investigated frequency range. The at-
tempts to look for flow split in this low molecular weight
sample gives the results shown in Tables 1 and 2: no tor-
sion flow split is observed and the inception of capillary
flow split is shifted to very high shear rates. Then, a con-
nection between dynamic viscoelastic response and flow
split can be envisaged. Firstly, both no-sheared and
sheared SEBS (Mw = 75,000 g/mol) samples, which reflect
motions associated to entanglements (tan d reduction at
high frequencies observed in Fig. 6b), show flow split un-
der very similar conditions (Table 1). On the contrary, flow
split practically disappears for the low molecular weight
sample (SEBS (Mw = 55,000 g/mol)) which does not depict
any hint of entanglements in Fig. 4. We remark the simili-
tude, in terms of experimental time (t = 1/x or t = 1/c

:
), be-

tween the investigated frequency and shear rate intervals.
With these results in hand, we dare to assert that the very
severe surface crack leading to flow split in our no-sheared
and sheared SEBS (Mw = 75,000 g/mol) samples is related
to an entanglement–disentanglement process, as that pro-
posed by Wang [50], rather to an alignment effect of PS
cylinders.

4. Conclusions

The mechanical relaxation, (tand)max, observed for SEBS
samples at low frequencies accounts for a hindering effect
of the hexagonal packing of PS cylinder microdomains on
PEB midblock flexible chains mobility. As the molecular
weight is reduced, it is seen that the relaxation shifts to
higher frequencies and the characteristic relaxation time
k = 1/xMax decreases. Therefore, the blocking effect of the
microdomains is noticed at shorter times or higher fre-
quencies as the length of the midblock chains decreases.

Submitting SEBS (Mw = 75,000 g/mol) to a continuous
shear flow of 0.6 s�1 at 250 �C a cylinder alignment is pro-
voked. The characteristic relaxation time k is significantly
larger for the sheared sample than for the no-sheared ori-
ginal sample. This indicates that larger strands of midblock
chains would be involved in motion when the PS cylinders
are aligned.

Measurements carried out at different resting times
after shear flow is ceased, reveal that the alignment in-
duced by flow is not stable. The evolution with time of
the relaxation time k suggests that the sheared sample
tends to its initial equilibrium (no-sheared) state. How-
ever, our data show a saturation of the recovery after
45 min.

Continuous flow experiments, in torsion and capillary
mode, reveal the presence of very severe surface cracks
leading to the phenomena called torsion flow split and
capillary flow split. Sheared and no-sheared SEBS
(Mw = 75,000 g/mol) samples show practically identical
flow split results. For both samples, in the upper part of
the frequency interval investigated (similar in terms of
time to the analysed shear rate range) the characteristic
entanglements minimum is approached. In the case of
SEBS (Mw = 55,000 g/mol) torsion and capillary flow split
disappear and no hint of entanglements is observed in dy-
namic viscoelastic results, on the contrary to sheared and
no-sheared SEBS (Mw = 75,000 g/mol) samples. This leads
us to suggest flow split is related to an entanglement–dis-
entanglement process, rather to an alignment effect of PS
cylinders.
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