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Introduction

The rheological properties of ‘‘complex fluids’’ is to a
great extent determined by their supramolecular structure
and therefore a combination of rheometry with other
experimental methods, that can characterize any flow-
induced structural changes, is often themost useful way to
study new materials (Larson 1999). Polymers and in
particular block-copolymers are good examples of com-
plex fluids. Viscoelastic properties of linear polymers are
thoroughly reviewed in a number of books (e.g., Ferry
1980; Vinogradov and Malkin 1980; Macosko 1994;
Larson 1999) and the main experimental findings can be
quite well explained on the basis of theoretical models (de
Gennes 1979; Doi and Edwards 1986). However, not all
aspects of polymer rheology are fully understood at

present and the viscoelastic behavior of linear polymers
remains a subject of experimental and theoretical studies
(Larson 2000; Groisman and Steinberg 2000; Archer et al.
1997; McLeish 1997; Ianniruberto and Marrucci 2001;
Likhtman and McLeish 2002; McLeish 2002).

The rheology of block-copolymers is a branch of
polymer rheology, that has been developed since the
1970s when styrene-butadiene-styrene triblock copoly-
mers attracted a lot of attention due to their interesting
mechanical properties. Later an increasing interest in
nanotechnology resulted in the intensive study of di-
block-copolymers, including their rheological properties
(Bates and Fredrickson 1990; Koppi et al. 1992; Larson
et al. 1993; Winey et al. 1993; Kannan and Kornfield
1994; Patel et al. 1995; Zhang et al. 1995; Zhang and
Wiesner 1995; Han et al. 1995; Gupta et al. 1996).
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Abstract A tooth rheometer de-
signed to investigate the influence of
large amplitude oscillatory shear on
the macroscopic orientation of
complex fluids is described. The
rheometer allows in-situ two-direc-
tional small-angle scattering mea-
surements, making it possible to
observe in particular the orientation
process of hierarchically structured
block copolymers in dynamics.
Experiments performed with a linear
poly(vinyl methyl ether) show that,
despite a considerable gap/width
ratio, the rheometer can be used for
adequate rheological measurements.
In addition we found an unexpected
dependence of the dynamic param-
eters on the rheometer gap. The
small amount of sample required

favors the use of this rheometer for
measuring the rheological charac-
teristics of new compounds.
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It is well known that, due to microphase separation,
block-copolymers tend to form a multi-domain mor-
phology, which is normally macroscopically isotropic. In
rheological measurements this multi-domain structure
can be easily changed, making the experimental data
somewhat ambiguous, if not supported by additional
structural investigations (Scott et al. 1992). On the other
hand, imposing shear is the most straightforward way to
get such microphase-separated materials macroscopi-
cally aligned. An effective technique for block-copoly-
mer alignment is the use of large-amplitude oscillatory
shear (LAOS) (Hadziioannou et al. 1979, 1982; Winter
et al. 1993; Maring and Wiesner 1997; Wiesner 1997;
Chen and Kornfield 1998; Leist et al. 1999; Langela et al.
2002). Despite considerable progress achieved in this
field, the mechanism of shear-induced alignment is still
not completely clear. Depending on the four most
important parameters, which are the frequency, strain
amplitude, temperature and duration of shear, a LAOS
imposed on lamellar diblock-copolymers can give rise to
either parallel or perpendicular orientation of lamellae
with respect to the shear plane (Wiesner 1997). However,
the alignment is usually not perfect, no matter how long
the shear procedure has been applied, and a mixed
parallel and perpendicular orientation of lamellae is of-
ten observed (see, e.g., Larson 1999). Moreover, a
transverse alignment in a combination with the parallel
one has been reported as well (Okamoto et al. 1994;
Zhang and Wiesner 1995; Pinheiro et al. 1996).

In most studies, the morphological investigations of
shear-oriented block-copolymers were performed ex-
situ. A number of in-situ rheooptical methods, including
birefringence, SANS and SAXS have also been reported
in the literature (Balsara et al. 1994; Kannan and
Kornfield 1994; Okamoto et al. 1994; Gupta et al. 1996;
Chen et al. 1997; Polis et al. 1999; Vigild et al. 2001).
Birefringence is known to be a good method to follow
the overall dynamics of fast orientation processes, while
small angle scattering techniques using either neutrons
(SANS) or X-rays (SAXS) are more suitable to study a
nano-scale orientation in detail. The devices reported in
the literature for in-situ small angle scattering investi-
gations are unique but also rather complex and not very
flexible for a series of routine measurements, especially
at elevated temperatures. Except for the set-up reported
by Polis et al. (1999), a considerable amount of sample is
usually required for such in-situ experiments. Besides,
most of the shearing devices can be used for one-direc-
tional scattering measurements only. A few in-situ two
directional SAXS and SANS investigations have been
carried out with block-copolymer solutions and gels
(Balsara et al. 1994; Hamley et al. 1998; Pople et al.
1999). Unfortunately, it is hardly possible to use the
circular Couette geometry reported in these studies in
the case of polymer melts. Still, two directional rheo-
optic measurements appear to be a powerful method to

elucidate the orientation behavior of ‘‘conventional’’
di- and triblock copolymers in bulk. Moreover, the
synthesis of new compounds with a more complex
molecular structure is an additional stimulus to propose
new approaches to nano-scale structure investigations.
During recent years, for instance, a concept to prepare
hierarchically structured block-copolymer materials has
been introduced (Ikkala and ten Brinke 2002). Com-
posed of diblock-copolymers and low molecular weight
amphiphile-like compounds, these materials are char-
acterized by self-organization at two different length
scales, giving rise to, for example, lamellar-within-
lamellar or cylinder-within-lamellar structures. Almost
all applications, such as functional membranes, aniso-
tropic proton conductivity, etc., require the hierarchi-
cally structured materials to be macroscopically aligned.
Motivated by this we developed a new tool that can be
readily used for two-directional monitoring of the shear-
induced changes in the nano-structure during rheologi-
cal measurements.

In this paper we describe the tooth rheometer con-
structed to perform in-situ radial and tangential small-
angle scattering measurements during LAOS alignment.
Recently, this rheometer was successfully used in SAXS
experiments as a shear device (Polushkin et al. 2003). It
has turned out, however, that the designed geometry can
be employed for adequate rheological measurements as
well. The results of dynamic measurements of a linear
polymer, which was measured to examine the rheometer,
are presented below.

Calibration sample and rheometer description

The material utilized in this work as a calibration sample
was a linear poly(vinyl methyl ether), PVME, with
Mw=80,000 g/mol. Viscoelastic characteristics of the
sample were preliminary determined with two customary
cone-plate rheometers at two shear strain amplitudes c
equal to 5 and 50% and at temperatures 25, 35, and
50 �C. One of the devices was a shear stress controlled
AR 1000 N rheometer (TA Instruments), exploited in
the constant deformation mode, and the other was a
shear strain (or rate) controlled Bohlin VOR rheometer
(Bohlin Reologi AB). The measurements have been
performed using an aluminum cone-and-plate fixture of
4.0� and 20 mm in diameter for the AR rheometer and a
stainless steel fixture of 2.5� and 25 mm in diameter for
the Bohlin rheometer. The frequency range used was
from 0.01 to 20 Hz, since the latter is the maximal fre-
quency of the Bohlin rheometer. Figure 1 shows the
frequency dependences of the storage G¢ and loss G00

moduli and the phase angle /, measured with c=5% at
two temperatures, 25 and 50 �C. As seen from the figure,
the frequency dependencies obtained from these two
rheometers, are rather similar but not the same. At low
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frequencies, i.e., up to ca. 1 Hz, G¢ and G00 of the Bohlin
rheometer are somewhat lower than those measured by
the AR rheometer. At 50 �C the discrepancy in the
dynamic moduli is probably just due to a difference in
the initial tuning of the rheometers, since the values of /
obtained for both rheometers are practically the same
(Fig. 1a). At 25 �C, however, a difference in / is already
well observed and the discrepancy in measurements of
G¢ and G00 becomes more evident (Fig. 1b). When the
frequency increases, the measurements reveal that the
difference in measured values of / is also increasing,
especially at 25 �C. For instance, at this temperature the
values of / at 10 Hz are 23� and 34� for the Bohlin and
AR rheometers, respectively. Interestingly, at c=50%
both rheometers show practically the same values of / in
the whole frequency region at 50 �C while there is a

difference in G¢ and G00 at high frequencies. At 35 �C a
small difference in / becomes already noticeable in the
high frequency region. At 25 �C such a comparison of
the experimental data obtained at high frequencies was
not possible, since the AR rheometer at c=50% was
exploited up to 0.2 Hz only where the shear torque limit
was reached. As for the Bohlin rheometer, the high
frequency dependencies of / as well as G¢ and G00 are
not quite smooth, most likely indicating a stick-slip
behavior of the PVME sample. At low frequencies,
however, a good agreement in the measurements was
observed.

Thus, for the same polymer the experimental data
obtained using these two cone-plate rheometers are
slightly different. We believe that the discrepancy in the
dynamic parameters is due to a difference in the rheo-
logical conditions, which were applied to the polymer.
The AR rheometer is a shear stress controlled rheometer
whereas the Bohlin was operated in a shear strain mode.
The geometry, material and probably the surface
roughness of the cone-plane pairs of the rheometers were
also different. In general, however, these data seem quite
reliable to use this linear PVME as a calibration sample
for the tooth rheometer described below.

In order to allow in-situ two-directional small angle
scattering investigations during dynamic measurements,
a new measuring cell adjustable for the Bohlin rheom-
eter mentioned above was designed. Instead of the
conventionally used cone-and-plate or plate-and-plate
fixtures, two stainless steel disks of 56 mm in diameter
have been exploited. The disks were thinned down in
such a fashion that, at a distance of 25 mm from their
center, five teeth of 3 mm in width and 2, 3, 4, 5, and
8 mm in length were left. The disks can be easily
mounted on the rheometer so that the teethed sides are
facing each other. A sample is then placed between two
opposing teeth of the same size and subjected to oscil-
latory shear, driven by the bottom plate. As usual, the
upper plate is firmly connected with a torque and normal
force transducer. At this configuration of the Bohlin
rheometer, a free tangential (along the shear vector 1)
and radial (along the vertex vector 3) access to the
sample is provided for an X-ray beam (Fig. 2). When a
homemade oven, having windows transparent for
X-rays, surrounds the measuring cell rheo-optic mea-
surements can be performed in an inert atmosphere at
temperatures up to 250 �C. A thermocouple inserted in
the upper plate allows an accuracy of temperature
measurements within 0.5 �C.

The chosen, rather large, diameter of the tooth disks
was mostly aimed to decrease the uncertainty in shear
conditions along the radial direction. When the inner
and outer rims of the rheometer teeth are of 23.5 and
26.5 mm from the disk center, respectively, such an
uncertainty is within 13%. Compared with convention-
ally used plate-plate geometry, where the shear condi-

Fig. 1a,b The dynamic characteristics G¢ (squares), G00 (circles),
and / (triangles) of PVME at c=5%, measured by two cone-and-
plate rheometers—the AR rheometer (open) and the Bohlin
rheometer (solid)—at: a 50 �C; b 25 �C
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tions are known to be inhomogeneous, this value is
relatively small. Restricted by the configuration of the
Bohlin rheometer, further increase of the disk diameter,
which would result in an even smaller experimental
error, was not possible. Another reason for the diameter
to be large is the existence of an orientation uncertainty
along the tangential direction. As shown in Fig. 3, if an
optical beam goes through a plate-plate (or cone-plate)
shear cell next to its edge, then the intersection angle
between the beam and tangent trajectories of the shear
vector, represented in the figure by circular lines, varies
from )a to +a, where a is the angle at the edge of the
shear cell. It is obvious that when the diameter of a
measuring cell increases the orientation uncertainty
determined by such an angle range becomes smaller,
provided the path length of the optical beam within the
cell is the same. For a given diameter, using a tooth
geometry instead of a conventional plate-plate one, al-
lows further reduction of the orientation uncertainty.
Besides, the large diameter of the tooth rheometer disks
was favorable to facilitate sample loading and trimming,
as well as to increase the measuring system sensitivity.

Despite an evident drawback mentioned below, the
tooth rheometer has a number of advantages if com-
pared to conventional rheological tools. First of all,
because of a small working area of the rheometer teeth,
a low force is needed to squeeze a sample at its loading.
As a consequence, the gap between the teeth can be
readily adjusted in the range of 1.5 to 0.15 mm, though
smaller gaps are also possible. Secondly, no special
alignment is required for the designed geometry in
contrast to the procedure reported elsewhere (Mhetar
and Archer 1996; Dhinojwala and Granick 1997).
Finally, the amount of sample measured by the tooth
rheometer is very small, of the order of 0.03 g or less,
which can be very crucial for the study of new com-
pounds. On the other hand, the designed measuring
system is a kind of plate-plate geometry with a consid-
erable gap/width ratio, which implies that the accuracy
of the measurements can be aversely affected by edge
effects. However, the experimental data presented below
show that the influence of edge effects is not dramatic.

In order to determine the dynamic moduli
G¢=G*cos(/) and G00=G*sin(/), where G*=r/c is the

complex modulus and / is the phase angle, the following
expressions for the shear stress amplitude r and the
shear strain amplitude c have been used:

r ¼ a � T/ 100 � S �Rð Þ ð1Þ

c ¼ b �R �D/ 100 � hð Þ, ð2Þ

where R=25 mm is the mean distance from the disk
center to the rheometer teeth, h is the gap between the
teeth, S is the working surface area of the teeth,
a=5·10)2 NÆm is the maximal load of the torque
transducer, and b=20 mrad is the maximal angular
deflection of the bottom disk. T and D are the measured
value of the torque and the set value of the deformation
amplitude, respectively, in % of the maximal values.

The experimental data reported below have been
obtained with a tooth pair of 8 mm length and 3 mm
width (i.e., S=24 mm2); however, similar dependencies
were observed for a 4·3 mm2 pair. The dynamic char-
acteristics of the PVME sample were examined in the
region of 0.04 to 20 Hz, since at lower frequencies the
measured torque values were within 0.5% of the whole
range. Similar to the cone-plate experiments discussed
above, the measurements with the tooth geometry were
carried out with c=5 and 50% at temperatures of 25, 35,
and 50 �C. A freshly loaded sample was tested at each of
these temperatures.

Experimental results and discussion

Figure 4 shows the frequency dependencies of G¢, G00,
and / measured by the tooth rheometer with a gap
h=1 mm at c=5% and temperatures 25 and 50 �C. The
corresponding data of the Bohlin cone-plate rheometer
are also presented in this figure for comparison. As seen

Fig. 2 A sketch of the tooth rheometer constructed to perform in-
situ radial (along the vertex vector 3) and tangential (along the
shear vector 1) small-angle scattering measurements during a large
amplitude oscillatory shear alignment

Fig. 3 A scheme for the passing of an optic beam through a plate-
and-plate fixture. The orientation uncertainty along the beam is
determined by the intersection angle a at the edge of the fixture
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from Fig. 4a, at 50 �C the values of G¢ and G00 obtained
with these two rheometers are in good agreement, al-
though an evident discrepancy in G00 is observed at high
frequencies. At 20 Hz, when the discrepancy is largest,
the measured values of G00 are 4.6·104 and 1.1·105 Pa
for the tooth and cone-plate rheometers, respectively.
Apart from G00, the values of / measured by the tooth
rheometer at 50 �C, are also noticeably lower than those
of the cone-plate rheometer. In contrast, at c=50%
both rheometers show quite similar frequency depen-
dencies of / . When the temperature is decreased down
to 25 �C, the difference in / revealed at c=5% in the
high frequency region becomes more prominent
(Fig. 4b). Moreover, lower values of / are also observed
for the tooth rheometer at c=50%. For example, at
6 Hz and 25 �C the tooth and cone-plate rheometer

values of / are 19 and 33� at c=5%, and 20 and 28� at
c=50%, respectively. Interestingly, the phase angle
dependencies obtained by the tooth rheometer are in
much better agreement with those presented in Fig. 1 for
the AR rheometer than with the Bohlin rheometer data.
Nevertheless, the tooth rheometer values of / measured
at c=5% at high frequencies are somewhat less than
those for the AR rheometer. For instance, at 25 �C the
tooth rheometer shows /=17� at 20 Hz whereas the
value of /=23� was obtained with the AR rheometer.
As for the dynamic moduli measured at 25 �C, in com-
parison with the Bohlin rheometer, the tooth rheometer
shows lower values of both G¢ and G00 already at low
frequencies (Fig. 4b). The difference in the dynamic
moduli, especially G00, becomes more considerable as
frequency increases. Since the gap/width ratio of the
tooth rheometer is quite high, this can in principle be
explained by an influence of edge effects, increasing with
frequency and/or decreasing temperature. However, it
turns out that the tooth rheometer shows even lower
values of G¢ and G00 when the gap between the teeth is
reduced. The opposite result might be expected if the
observed discrepancy is primarily caused by edge effects.
Figure 5 presents the data obtained with the tooth rhe-
ometer for gaps h of 1.0, 0.5, 0.3, and 0.15 mm. It is
important to note that apart from the influence on the
dynamic moduli G¢ and G00, especially at high frequen-
cies, the rheometer reveals a decrease in values of the
phase angle / when the gap is decreased. Trimming the
rheometer teeth after changing the gap slightly decreased
G¢ and G00 but it did not affect the measured values of /
at all. As seen from Fig. 5, the frequency dependencies
of G¢, G00, and / on the gap width are practically
indifferent to the shear strain amplitude c, which was
either 5 or 50%. However, the influence of temperature
on the dependencies is quite strong. At 25 �C, changes in
/ on varying the gap width are already observed at
0.04 Hz (Fig. 5c,d ) while at 50 �C the measured values
are practically the same up to 0.2 Hz (Fig. 5a,b). A
similar shift in the onset frequency as a function of
temperature is revealed for the dependencies of G¢ and
G00. Compared at one frequency, a decrease of the
dynamic moduli with decreasing gap width is more
prominent at the lower temperature. For instance, at
20 Hz the values of G00 measured at c=5% and gaps
h=1.0 and 0.15 mm are 3.3·104 and 1.0·104 Pa at
50 �C, while they are 4.2·104 and 0.9·104 Pa at 25 �C,
respectively (cf. Fig. 5a,c).

The experimental data of the linear PVME presented
in Fig. 5 are rather unexpected, since we are not aware
of any other examples of such a gap-dependent dynamic
behavior of linear polymers described in the literature. A
few studies, however, are known where an influence of
the gap width on the rheological properties of polymer
melts was observed at a steady shear flow. Burton et al.
(1983) were probably the first who reported on appre-

Fig. 4a,b The dynamic characteristics G¢ (squares), G00 (circles),
and / (triangles) of PVME at c=5%, measured by the tooth
rheometer at a gap h=1 mm (open) and the Bohlin rheometer
(solid) at temperatures of: a 50 �C; b 25 �C
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ciable dependencies of the torque on the gap between the
parallel plates of a Weissenberg Rheogoniometer,
ranging from 500 down to 25 lm, which were obtained
for a series of polystyrenes (PSs). Then, Hatzikiriakos
and Dealy (1991) observed a gap-dependent behavior of
a high density polyethylene which, on varying the gap
from 500 to 250 lm, was quite moderate. Later, Henson
and Mackay (1995), again for a series of linear PSs,
found a considerable decrease of the apparent viscosity
with decreasing the rheometer gap below 100 lm. In
both latter cases such a gap-dependent behavior was
explained by slip at the walls. Recently, Dao and Archer
(2002) investigated the stick-slip dynamics of a series of
1,4-polybutadienes (PBDs) subjected to steady shear
flow in a planar-Couette cell, the gap of which was
varied from 750 to 50 lm. Among other findings, the

authors observed a slowing down of stress relaxation in
the PBDs when the shear cell gap was reduced. Polymer
slip was also put forward as a possible explanation
for the relaxation retardation. Believing that the
gap-dependent behavior of the PVME sample observed
in this study might be of the same origin with that
described in the above-mentioned papers, we took into
account the possibility of slip in our experiments, al-
though polymer slippage is usually considered as the
phenomenon of a steady state flow (Denn 1990, 2001).
Depending on the magnitude of the slip velocity, three
regimes—the apparent or weak slip, the intermediate
stick-slip regime and the strong slip mode—have been
distinguished (Mhetar and Archer 1998b; Dao and
Archer 2002). It is known that weak slip can occur in
polymers at shear stresses of the order of 0.1 Ge, where
Ge is the elastic modulus. As seen from Fig. 5, the
dependence of the dynamic parameters on the gap width
is most pronounced in the high frequency region, which
happens to correspond to a shear induced transition of
the PVME to a ‘‘high-elastic’’ state (Vinogradov et al.

Fig. 5a–d The dynamic characteristics G¢ (squares), G00 (circles),
and / (triangles) of PVME measured by the tooth rheometer at
gaps h=1 (open), 0.5 (+), 0.3 (x) and 0.15 mm (solid): a,c at
c=5%; b,d at c=50%; a,b at a temperature of 50 �C; c,d at a
temperature of 25 �C
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1972). In this state, polymers show lower values of G00

compared to G¢, which approaches a plateau value of
Ge, indicating thus enhanced viscoelasticity. Therefore,
slippage of the PVME being in the ‘‘high-elastic’’ state
seems in principle possible, especially at c=50%.
However, we still have to conclude that slip can not be
the prime cause of the gap-dependent behavior observed
in this study. First of all, as mentioned above, the fre-
quency dependencies of G¢, G00, and / are practically
independent of c, whereas a strong non-linear behavior
should be expected at c=50% if slip already occurs at
c=5%. Secondly, at 25 �C the high frequency values of
/ are found to be extremely small. For example, at
c=5% and 20 Hz the phase angle / is 17� at h=1.0 mm
and 8� at h=0.15 mm. Such low values of / provide
additional evidence against wall slip, since they are
thought to be possible only when a good contact be-
tween the polymer and the rheometer teeth takes place.
Finally, as the gap is varied a difference in / measured at
25 �C is clearly observed already at 0.04 Hz, which is the
lowest frequency used. The gap-dependent values of /
found at this frequency are in the range of 52–63�, which
suggests a fluid-like behavior of the PVME sample
where slip is unlikely.

As a tentative explanation of the observed behavior
we propose a model of skin-core flow which allows a
non-uniform gradient of the shear deformation across a
polymer sample, even if that is quite thin. A velocity
profile of the flow, which does not necessarily have to be
symmetrical, is presented in Fig. 6. It should be noted
that such a skin-core profile, along with slip and a de-
crease of the effective gap due to a stagnant adsorption
layer formed along the walls, has already been assumed
by Burton et al. (1983) to explain their gap-dependent
data mentioned above. So actually, considering the
model of non-uniform flow, we in some extent follow
these authors.

In line with the relaxation mechanism suggested for
apparent weak slip (see, e.g., Mhetar and Archer 1998a),
it is assumed that in the vicinity of the rheometer walls,
skin layers are formed at flow where macromolecules are
more oriented along the shear direction than those in the

core layer. Such local molecular orientation implies an
increase of elasticity within the skin layers and, on the
other hand, facilitates the flow there. The latter is
thought to occur either by the flow mechanism devel-
oped by Ianniruberto and Marrucci (2001) or just as the
result of a decrease in the orientation entropy of the
molecules in the skin layers under flow. Assume that a
relatively thick sample, compared to the thickness of
skin layers, which is in turn large in comparison with the
size of polymer chains, is tested in an oscillatory flow
mode. In this case, in order to provide a certain shear
deformation the macromolecules of the skin layers
should be stretched considerably stronger than those in
the core layer, resistant to flow. As a consequence, high
values of the dynamic moduli G¢ and G00 are observed at
high frequencies simultaneously with enhanced values of
the phase angle /, mostly determined by the thick core
layer. When the sample thickness is decreased, applying
the same shear strain results in a more uniform profile of
shear deformation, since the thickness of the core layer is
also decreased. The skin layers become dominant and
the macromolecular overstretching within these layers
decreases. This should give rise to a lowering of G¢ and
G00 together with a decrease in the values of /, as re-
vealed in this study. In our opinion, the skin-core model
proposed is also consistent with the above-mentioned
data by Dao and Archer (2002) on the slowing down of
relaxation with decreasing the gap. The main moot point
of the model is the thickness of skin layers, which
compared to the size of macromolecules, was assumed to
be very large, of the order of several micrometers or
higher. More studies on polymer flow at small gaps
would be useful to verify this model.

Conclusions

In order to investigate the influence of large amplitude
oscillatory shear on the morphology of hierarchically
structured block copolymers and in particular to study
the pathways toward their macroscopic orientation, a
tooth rheometer was recently constructed. The rheom-
eter design enables us to observe the dynamics of the
shear-induced alignment in two directional SAXS
experiments performed in-situ. Namely, tangential and
radial SAXS patterns with respect to the imposed shear
can be obtained for a sample subjected to a large
amplitude oscillatory shear.

Dynamic measurements of a linear poly(vinyl methyl
ether) carried out to calibrate the tooth rheometer have
shown that at a gap width h=1 mm a good agreement
with the experimental data obtained using two cone-
plate rheometers is observed. Although the gap/width
ratio of the measuring cell used in the tooth rheometer is
considerable, the influence of edge effects on the data is
not dramatic, at least if the latter are plotted in a con-

Fig. 6 A velocity profile of the skin-core flow proposed to explain
the gap-dependent behavior of PVME. The profile is characterized
by a non-uniform gradient of the shear deformation across the
sample
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ventional log-log scale. The rheometer is straightforward
in use and requires a very small amount of sample,
which makes it favorable for the dynamic measurements
of new compounds.

With decreasing the gap width between the rheometer
teeth, a gap-dependent behavior of the linear PVME has
been observed at high frequencies at 50 �C and in the
whole frequency range used at 25 �C. From our point of

view, it is unlikely that the obtained frequency depen-
dencies are due to any artifacts of the tooth rheometer or
caused by slip at the tooth surface. It appears that the
decrease of G¢, G00, and / found on decreasing the gap
width is an inherent response of the polymer to the
varying flow conditions. A model of flow with a non-
uniform gradient of the shear deformation is proposed
to explain the experimental data obtained.
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copolymèrs triséquencés styrène/iso-
prène/styrène par cisaillement plan.
Colloid Polym Sci 257(2):136–139

Hadziioannou G, Picot C, Skoulios A,
Ionescu ML, Mathis S, Duplessix R,
Gallot Y, Lingelser JP (1982) Low-angle
neutron scattering study of the lateral
extension of chains in lamellar styrene/
isoprene block copolymers. Macromol-
ecules 15(2):263–267

Hamley IW, Pople JA, Fairclough JPA,
Terrill NJ, Ryan AJ, Booth C, Yu GE,
Diat O, Almdal K, Mortensen K, Vigild
M (1998) Effect of shear on cubic phases
in gels of a diblock copolymer. J Chem
Phys 108(16):6929–6936

Han CD, Baek DM, Kim JK, Ogawa T,
Sakamoto N, Hashimoto T (1995) Effect
of volume fraction on the order-disorder
transition in low-molecular-weight
polystyrene-block-polyisoprene copoly-
mers.1. Order-disorder transition-tem-
perature determined by rheological
measurements. Macromolecules
28(14):5043–5062

Hatzikiriakos SG, Dealy JM (1991) Wall
slip of molten high density polyethylene.
I. Sliding plate rheometer studies. J
Rheol 35(4):497–523

Henson DJ, Mackay ME (1995) Effect of
gap on the viscosity of monodisperse
polystyrene melts: slip effects. J Rheol
39(2):359–373

Ianniruberto G, Marrucci G (2001) A sim-
ple constitutive equation for entangled
polymers with chain stretch J Rheol
45(6):1305–1318

Ikkala O, ten Brinke G (2002) Functional
materials based on self-assembly of
polymeric supramolecules. Science
295:2407–2409

Kannan RM, Kornfield JA (1994) Evolu-
tion of microstructure and viscoelasticity
during flow-alignment of a lamellar di-
block copolymer. Macromolecules
27(5):1177–1186

Koppi KA, Tirrell M, Bates FS, Almdal K,
Colby RH (1992) Lamellae orientation
in dynamically sheared diblock copoly-
mer melts. J Phys II (France)
2(11):1941–1959

Langela M, Wiesner U, Spiess HW, Wil-
helm M (2002) Microphase reorienta-
tion in block copolymer melts as
detected via FT rheology and 2D SAXS.
Macromolecules 35(8):3198–3204

Larson RG (1999) The structure and rhe-
ology of complex fluids. Oxford Uni-
versity Press, Oxford New York

Larson RG (2000) Turbulence without
inertia. Nature 405:27–28

Larson RG, Winey KI, Patel SS, Watanabe
H, Bruinsma R (1993) The rheology of
layered liquids—lamellar block-copoly-
mers and smectic liquid-crystals. Rheol
Acta 32(3):245–253

Leist H, Maring D, Thurn-Albrecht T,
Wiesner U (1999) Double flip of orien-
tation for a lamellar diblock copolymer
under shear. J Chem Phys 110(17):8225–
8228

Likhtman AE, McLeish TCB (2002)
Quantitative theory for liner entangled
polymers. Macromolecules 35(16):6332–
6343

Macosko CW (1994) Rheology principles,
measurements, and applications. VCH
Publishers, New York

Maring D, Wiesner U (1997) Threshold
strain value for perpendicular orienta-
tion in dynamically sheared diblock co-
polymers. Macromolecules 30(3):660–
662

McLeish TCB (ed) (1997) Theoretical
challenges in the dynamics of complex
fluids. Kluwer, Dordrecht, The Nether-
lands

371



McLeish TCB (2002) Tube theory of
entangled polymer dynamics. Adv Phys
51(6):1379–1527

Mhetar VR, Archer LA (1996) Secondary
flow of entangled polymer fluids in plane
Couette shear. J Rheol 40(4):549–571

Mhetar V, Archer LA (1998a) Slip in
entangled polymer solution. Macromol-
ecules 31(19):6639–6649

Mhetar V, Archer LA (1998b) Slip in
entangled polymer melts. 1. General
features. Macromolecules 31(24):8607–
8616

Okamoto S, Saijo K, Hashimoto T (1994)
Real-time SAXS observations of la-
mella-forming block-copolymers under
large oscillatory shear deformation.
Macromolecules 27(20):5547–5555

Patel SS, Larson RG, Winey KI, Watanabe
H (1995) Shear orientation and rheology
of a lamellar polystyrene polyisoprene
block-copolymer. Macromolecules
28(12):4313–4318

Pinheiro BS, Hajduk DA, Gruner SM,
Winey KI (1996) Shear-stabilized bi-ax-
ial texture and lamellar contraction in
both diblock copolymer and diblock
copolymer homopolymer blends. Mac-
romolecules 29(5):1482–1489

Polis DL, Smith SD, Terrill NJ, Ryan AJ,
Morse DC, Winey KI (1999) Shear-in-
duced lamellar rotation observed in a
diblock copolymer by in situ small angle
X-ray scattering. Macromolecules
32(14):4668–4676

Polushkin E, Alberda van Ekenstein G,
Dolbnya I, Bras W, Ikkala O, ten Brinke
G (2003) In situ radial small angle syn-
chrotron X-ray scattering study of
shear-induced macroscopic orientation
of hierarchically structured comb-
shaped supramolecules. Macromolecules
36(5):1421–1423

Pople JA, Hamley IW, Fairclough JPA,
Ryan AJ, Hill G, Price C (1999) A shear
induced transition of lamellar alignment
in concentrated diblock copolymer
solution. Polymer 40(20):5709–5714

Scott DB, Waddon AJ, Lin YG, Karasz
FE, Winter HH (1992) Shear induced
orientation transitions in triblock co-
polymer styrene-butadiene-styrene with
cylindrical domain morphology. Mac-
romolecules 25(16):4175–4181

Vigild ME, Chu C, Sugiyama M, Chaffin
KA, Bates FS (2001) Influence of shear
on the alignment of a lamellae-forming
pentablock copolymer. Macromolecules
34(4):951–964

Vinogradov GV, Malkin AY (1980) Rhe-
ology of polymers. Springer, Berlin
Heidelberg New York

Vinogradov GV, Malkin AY, Yanovskii
YG, Borisenkova EK, Yarlykov BV,
Berezhnaya GV (1972) Viscoelastic
properties and flow of narrow distribu-
tion polybutadienes and polyisoprenes. J
Polym Sci Part A-2 10:1061–1084

Wiesner U (1997) Lamellar diblock co-
polymers under large amplitude oscilla-
tory shear flow: order and dynamics.
Macromol Chem Phys 198(11):3319–
3352

Winey KI, Patel SS, Larson RG, Watanabe
H (1993) Interdependence of shear
deformations and block copolymer
morphology. Macromolecules
26(10):2542–2549

Winter HH, Scott DB, Gronski W, Okam-
oto S, Hashimoto T (1993) Ordering by
flow near the disorder-order transition
of a triblock copolymer polystyrene-
isoprene-styrene. Macromolecules
26(26):7236–7244

Zhang YM, Wiesner U (1995) Symmetrical
diblock copolymers under large-ampli-
tude oscillatory shear-flow—entangle-
ment effect. J Chem Phys 103(11):4784–
4793

Zhang YM, Wiesner U, Spiess HW (1995)
Frequency-dependence of orientation in
dynamically sheared diblock copoly-
mers. Macromolecules 28(3):778–781

372


