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In previous papers,1–5 we reported viscoelastic
properties and flow-induced structure of symmetric
poly(styrene-block-2-vinylpyridine)s (SP) and poly-
(styrene-d8-block-2-vinylpyridine)s (DP) in a com-
mon good solvent, �-chloronaphtharene (�-CN) and
poly(styrene-block-isoprene)s (SI) and poly(styrene-
d8-block-isoprene)s (DI) in dioctyl phthalate (DOP)
near the order-disorder transition (ODT). Note that
viscoelastic properties of components of DP and SP
are almost the same.6

Characteristic behaviors of viscoelastic properties
in the quiescent ordered states are observed in shear
rate dependence of first normal stress difference N1.
That is, N1 is proportional to shear rate _�� at low _��
but N1 become proportional to _��2 at high _��.1,4 An ex-
ceptional behavior was observed for DP and SP solu-
tions just above ODT concentration, CODT. There was
no apparent change in the _�� dependence of N1; _��
dependence of N1 was slightly lower than _��2 in the
whole range of tested shear rate.4

Flow-induced structure of DP2–4 and DI5 solutions
are studied by small angle neutron scattering under
steady shear flow (flow-SANS). The data for both
samples are compared in connection with the differ-
ence of viscoelastic properties of components.5 It is
observed for DI solutions5 that parallel and perpendic-
ular alignments of lamellae, in which lamellar nor-
mals are parallel to shear gradient and vorticity direc-
tions, respectively, coexist at low _�� and the latter
become dominant at high _�� at a certain concentration
C. The perpendicular alignments become dominant
with decrease of C. For DP solutions, coexistence of
parallel and perpendicular alignments are only ob-
served at low _�� for relatively high C,2 while only per-

pendicular alignment was observed at lower C near
the ODT.2–4

From above results, it was concluded that the paral-
lel alignment becomes minor near the ODT and/or
high _�� and such tendency is pronounced for the sam-
ples whose viscosity ratio of components is close to
1.5 At the same time, it was reported that the degree
of perpendicular alignment is primarily determined
by effective interaction parameters, ð�NÞeff and re-
duced shear rates, _��= _���, irrespective of the compo-
nents’ viscosity ratio, where _��� is the critical _�� for
non-Newtonian behavior.5

Time slice measurements of SANS after the cessa-
tion of flow revealed that anisotropic scattering peak
reflecting the perpendicular alignment still remains
more than the half of initial value after 3 h rest for a
DP solution 2wt% higher than CODT

7 and a DI solu-
tion 0.3wt% higher than CODT,

8 while that for a DP
solution 0.5wt% above CODT disappear instantane-
ously after the cessation of flow.3 These differences
in stability of aligned structure for DP and DI solu-
tions may not be simply explained by the difference
in fluctuation and/or relaxation times. Consideration
of other factors such as dynamics of grains may be
needed. The difference in the viscosity ratio in the
components might have a certain role. Though the
reasons are not clarified, it is apparent that the aligned
lamellae of DP solutions are much unstable near the
ODT. Note that above studies are carried out with suc-
cessive increase of _�� and the relaxation measurements
are started from the highest _��. Under successive de-
crease of _��, another difference in the behavior of N1

between two different diblock samples is expected,
as mentioned below.
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When _�� is lowered from the _�� region where lamel-
lae are well aligned, N1 may become proportional to
_��2 even at low _�� (hysteresis behavior) for the samples
with stable aligned structure, whereas N1 may not
be proportional to _��2 at low _�� for the solutions
with unstable aligned structure (SP and DP close to
ODT). In this paper, we examine the above specula-
tions by measurements of N1 and flow-SANS with
successive increase and decrease of shear rate.

EXPERIMENTAL

Block copolymer samples used are the same ones
(SP-12, DP-20 and DI-10) as used in the previous
studies.2–5,7–9 Their molecular characteristics are tabu-
lated in Table I. The solvents and measuring temper-
atures (�-CN; 30:0� 0:5 �C for SP-12 and DP-20,
DOP; 27:0� 0:5 �C for DI-10) are also the same as
those in previous studies.
Viscoelastic properties of SP-12 and DP-20 solu-

tions are measured with a Mechanical Spectrometer
RMS800 of Rheometric Scientific while those of DI-
10 solution are measured with a MCR300 rheometer
of Anton Parr. Cone-plate geometry of 5 cm diameter
and 0.04 rad cone-angle is used in these measure-
ments. The measurements are conducted with succes-
sive increase of _��, followed by decrease of the _��.
Hereafter, we simply call the former and the latter
type of measurements as increase and decrease meas-
urements, respectively. Only _�� dependence of N1 is
discussed since the effects of structural change (align-
ment of lamellae) is clearly observed in the behavior
of N1 but not for shear stress.
Flow-induced structure of microdomains in de-

crease measurements are examined by flow-SANS
measurements using a couette type flow cell,10 attach-
ed to the SANS-U spectrometer at the Neutron
Scattering Laboratory of the ISSP, The University of
Tokyo in Tokai, Japan. The wavelength � , the diam-
eter of incident neutron beam and the sample to detec-
tor distance are 0.7 nm, 5mm�, and 4 and 8m, respec-
tively. Only the data obtained by so-called ‘‘through
view’’ measurement, in which the incident neutron
beam is in the direction normal to the surface of the
couette cell, are analyzed in this work, after the cor-

rection for the incoherent scattering of the solvent
and empty cell. Sector averaged intensities within sec-
tors of �5�arc in the vertical and horizontal directions
on the detector, IY and IX are obtained as a function of
wave vector q ¼ 4� sinð�=2Þ=� , where � is scattering
angle.

RESULTS AND DISCUSSIONS

Figure 1 shows double-logarithmic plots of N1 vs. _��
obtained by increase and decrease measurements for
SP-12, 15.0 and 12.6wt% solutions. It is apparent that
N1 is proportional to _�� at low _�� range, while it be-
comes proportional to _��2 at higher _�� range in the in-
crease measurement, in consistent with previous stud-
ies.1,4 In the decrease measurement, _��2 dependence of
N1 is maintained at lower _�� range for 15.0wt% solu-
tion, while _�� dependences of N1 in the successive in-
crease and decrease (decrease 1) measurements are
almost the same for SP-12, 12.6wt% solution as ex-
pected. For the latter solution, the data obtained by
the decrease of _�� from the highest one to the respec-
tive _�� (decrease 2) are also shown. In this case, _��2 de-
pendence of N1 is maintained in contrast to the data
obtained in the successive decrease of _��. These results
imply that the alignment of lamellae and correspond-
ing value of N1 is largely affected by the prior flow.

Table I. Molecular characteristics of samples

Sample
10�4Mw

Mw=Mn
�PS

CODT

Code (by GPC) (wt%)

SP-12 42.2 1.03 0.52 11.1 (at 30 �C)

DP-20 36.0 1.08 0.53 12.0 (at 30 �C)

DI-10 11.5 1.12 0.5 27.5 (at 27 �C)

Mw: Weight averaged molecular weight. Mn: Number aver-

aged molecular weight. �PS: Volume fraction of polystyrene.
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Figure 1. Double logarithmic plots of N1 against _�� for SP-12

(a): 18.8wt% and (b): 15.0wt% solutions. Symbols are denoted

in the figure.
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Figure 2 shows double-logarithmic plots of N1 vs.
_�� for DI-10, 27.8wt% and DP-20, 14.0wt% solu-
tions. A clear hysteresis behavior is observed for the
DI-10 solution, which is only 0.3wt% higher than
CODT. Note that flow-induced microphase separation
and alignment of lamellae, same level as this solution,
takes place for DI solutions in the disordered states5 so
that the data in the decrease measurement without
hysteresis cannot be observed for DI solutions. The
feature of Figure 2a (DP-20) is practically the same
as that of SP-12, 12.6wt% solution, though the data
are scarce at low _�� range since the magnitude of N1

become close to the lower measuring limit.
To clarify the relation between hysteresis behavior

and degree of alignment, changes of peak intensities
IY and IX in the decrease measurements for DP-20,
14.0wt% solution are obtained and plotted against q
in Figure 3. As reported previously,5 IX was about
one order lower than the values at rest and insensitive
of _��. It is clear that IY in the decrease measurement
( _��: 200 ! 50 s�1, corresponding to decrease 2 in
Figure 2b) are higher than those observed in the
increase measurement. On the other hand, the data
corresponding to successive decrease (decrease 1 in

Figure 2b) are almost the same as those observed
in the increase measurement. Because of the experi-
mental difficulties, flow-SANS measurements for
DI-10, 27.8wt% solution are limited at _�� < 1:0 s�1,
lower than those in the rheological measurements
(Figure 2a). In this case too, IY in the increase and de-
crease measurements are almost the same. Though the
tested _�� are not exactly the same as those in the rheo-
logical measurements, we can conclude that the hys-
teresis behavior of N1 is due to the well aligned struc-
ture maintained even after the decrease of _��.
Finally, we comment on the origin of _��2 depend-

ence of N1. The _�� range employed in the rheological
measurements for DI is much higher than that in
flow-SANS measurements, whereas those for DP are
comparable. The perpendicular alignment of lamellae
is dominant at the tested _�� range for DP-20. The par-
allel alignment of lamellae coexisted for DI-10 at the
tested _�� range of flow-SANS.5 The parallel align-
ment of lamellae decreases with increase of _��. There-
fore, we speculate that the perpendicular alignment
of lamellae is also dominant at the _�� range where _��2

dependence of N1 is observed for DI-10 so that the
_��2 dependence of N1 of lamellar-forming diblock co-
polymers is strongly correlated to the perpendicular
alignment of the lamellae.
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