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a b s t r a c t

In the previous papers, we elucidated enhancement of concentration fluctuations, phase separation, and
crystallization induced by steady state or step-up shear flow, as observed by shear small-angle light
scattering, optical microscopy, and birefringence, for a semidilute solution of ultrahigh molecular weight
polyethylene in paraffin as an athermal solvent. However the studies were done only at a given
temperature of 124 �C, which is higher than the nominal melting temperature of the quiescent solution
Tnm (115–119 �C). It is crucial to extend the studies over a wider temperature range in order to generalize
shear-induced phase behavior of the solution. Thus in this work we constructed a kind of phase diagram
in the parameter space of temperature (T) and shear rate ( _g). The temperature range covered was higher
than Tnm, so that the phase diagram is strictly concerned with shear-induced phase behavior (i.e., without
shear the solution is homogeneous and in a single-phase state). The diagram identified Regimes I–III in
the T– _g space as will be detailed in the text. In constructing the phase diagram we found the following
new points also. (i) The critical shear rate _gcx which defines the boundary between Regimes I and II was
independent of T. (ii) Regime III identified previously through the _g dependence of the integrated
scattered intensity only at a particular temperature T¼ 124 �C was further separated into two regimes of
IIIa and IIIb below and above a critical temperature (147 �C), respectively, through the observation of the _g

dependence as a function of T: In Regime IIIa, the sheared solution developed the optically anisotropic
fibrous structures, indicative of the shear-induced crystallization triggered by the shear-induced
concentration fluctuations in Regime II; In Regime IIIb, the solution is so stable that it did not show
a trend of the shear-induced crystallization even at the highest shear rates accessible in this experiment,
but it only showed the shear-induced phase separation. (iii) The critical shear rates _gc,streak and _gcz, which
define respectively the boundary between Regimes II and IIIa and that between Regimes II and IIIb, are
sensitive to temperature.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the previous paper [1] we elucidated that the shear-induced
crystallization occurs after the shear-induced phase separation for
a semidilute solution of ultrahigh molecular weight polyethylene
(UHMWPE) by the simultaneous measurements of shear small-
angle light scattering (shear-SALS), birefringence, and transmission
optical microscopic images with increasing shear rate _g. The
studies, however, were conducted only at a particular temperature
of 124 �C above its nominal melting temperature Tnm (115–119 �C,
University, Japan.
oto).

All rights reserved.
depending on isothermal crystallization temperatures) and close to
equilibrium melting temperature for the quiescent solution.
Although the studies elucidated fundamental results on self-
assembly of dissipative structures (ordered structures developed in
open nonequilibrium systems [2]), the results obtained only at the
given temperature T are very far from a satisfaction and completion.

In order to generalize the study, it is indispensable to extend the
temperature range covered by the experiments and to construct
a kind of phase diagram for the shear-induced phase behavior of
the solutions in the parameter space of T and _g. Consequently in
this paper we aimed to study the shear-induced structures for the
same solutions as those studied earlier [1] as a function of T in order
to construct the phase diagram in the T– _g space. There have been
no reports so far on systematic studies of such phase diagram,
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despite of its importance. The lowest temperature limit (124 �C)
was deliberately fixed on the basis of the following fact. The crys-
tallization above this temperature limit does not practically occur
in the quiescent solution. If the crystallization occurs, it occurs only
due to the influence of shear flow; Without the shear, the solution
is perfectly homogeneous and in a single-phase state.

When semidilute polymer solutions in a single-phase state are
subjected to shear flow with flow rates larger than a critical value, the
solutions become turbid because of the liquid–liquid phase separa-
tion or the enhancement of concentration fluctuations induced by
the flow [3–5] via elastic deformation of polymer chains [6–8]. The
shear-induced phase separation or the enhancement of concentra-
tion fluctuations has been well studied in-situ by shear-SALS for
semidilute solutions of noncrystallizable polymers, for example
atactic polystyrene/dioctylphthalate solutions (PS/DOP) [2,9–14].

This intriguing phenomenon has been studied also for semi-
dilute solutions of crystallizable polymers, e.g., UHMWPE solutions
[1,15–17]. In this system one must generally consider the shear-
induced crystallization in addition to the shear-induced phase
separation or the enhancement of concentration fluctuations
driven by the elastic effect. As a matter of fact it is well known that
formation of fibrous crystals having a characteristic morphology of
the so called ‘‘shish–kebab’’ is a general phenomenon found in
dilute, semidilute solutions, and melt of polyethylene under various
flow fields such as shear, extensional, and mixed flow [18–23].

A great number of works have been conducted to elucidate the
mechanism of the shish–kebab formation. However, the mecha-
nism is not perfectly clarified up to the present date. Keller [24]
firstly pointed out that the coil-stretch transition, which was
theoretically predicted by de Gennes [25], plays an important role
on the flow-induced crystallization. He demonstrated an abrupt
change in birefringence, indicative of an appearance of the fully
extended chains above a critical strain rate in dilute solution under
extensional flow. Many researchers have been stimulated by his
work, and many experimental [26–31] and simulation [32] works
have been carried out in order to obtain the certain evidence of the
transition acting as a driving force of the flow-induced crystalli-
zation. Many researchers have adopted polymer melts, especially
chosen binary melt blends of high and low molecular weight
polymers, as samples to elucidate the hypothesis and obtained
experimental results suggesting that the coil-stretch transition
occurring in the section of chains between the entanglements
primarily affects the flow-induced crystallization [26–29,31].

However, we should emphasize again that not only the coil-
stretch transition but also the shear-induced phase separation plays
an important role on the flow-induced crystallization for polymer
solutions and for the binary melt blends having a sufficiently large
molecular weight difference. We actually found [1] that: upon
increasing _g at 124 �C, the shear-induced phase separation occurs
first; it then triggers the shear-induced crystallization, giving rise to
a depolarized streak-type shear-SALS pattern extended perpen-
dicular to the flow direction. This pattern implies formation of the
optically anisotropic fibrous structures along the flow direction.

At this particular temperature (124 �C), we elucidated that the
shear-induced structures on the UHMWPE solution at the steady
state can be classified into the following three shear regimes [1]:
Regime I where the solution is kept to be homogeneous even under
the flow, Regime II where the shear enhances the plane-wave type
concentration fluctuations with their wave vectors preferentially
oriented parallel to the flow direction, and Regime III where a series
of the following transient events occur to eventually create the
optically anisotropic string-like or fibrous structure upon
increasing _g from Regimes II to III. The events consist of the
transformation of the plane-wave type concentration fluctuations
into demixed domains rich in polymer dispersed in the medium of
polymer-poor solution, alignment of demixed domains into string-
like structures oriented parallel to the flow direction, and then
crystallization of the string-like structure in order of increasing
shear rate [1,16,33].

In this paper we aim to (i) identify Regimes I–III as a function of
temperature to construct the T– _g phase diagram and to (ii) inves-
tigate T dependence of the critical shear rates between Regimes I
and II and that between Regimes II and III. The elucidation will be
useful to clarify further relations between the shear-induced phase
separation and the shear-induced crystallization at various
temperatures other than 124 �C. Moreover, we aim to compare
characteristic features of the PE solutions to those of well studied
semidilute solutions of the noncrystallizable polystyrene (PS)
solutions [2,14,33].

2. Sample and experimental method

2.1. Sample

A commercial grade UHMWPE (Hizex 240 M, Mitsui Chemicals,
Tokyo, Japan) was used for this experiment as a solute. The polymer
has a weight-average molecular weight of Mw¼ 2.0�106 and
heterogeneity index Mw/Mn¼ 12, where Mn denotes the number-
average molecular weight. Paraffin wax (Luvax 1266: Nippon Seiro
Co., Ltd., Tokyo, Japan) was used as a solvent. We used the polymer
having a broad molecular weight distribution in this work, simply
because it is readily available and commercially important. The
molecular weight of the paraffin wax is approximately 500 (pro-
ducer’s specification; measured by gas chromatography) and its
melting point is 69 �C. The UHMWPE was dissolved in the paraffin
wax with an antioxidant agent (2,6-di-tert-butyl-p-cresol), by an
amount of 1 wt% of the total solution, using a screw type extruder at
210 �C. Small particles contaminating the solutions were filtered off
by a mesh filter (400 line/inch). This filtration process was high-
lighted to be very important for obtaining reliable scattering data on
the shear-induced structures and scattering in our previous works
[15]. A 5 wt% solution having c/c* of approximately 11 was prepared
(c* is overlap concentration). The equilibrium melting temperature
Td

0 of crystals in the solution was estimated to be 124�1 �C by
Hoffman–Weeks plot [34] as detailed elsewhere [1]. Nominal
melting temperature of the solution is 115–119 �C which depends
on isothermal crystallization temperatures of the solution [1].

2.2. Shear small-angle light scattering (shear-SALS)

The shear-SALS experiments were carried out using a laboratory-
made apparatus in Kyoto University to record the scattering patterns
with a CCD camera and a Macintosh computer system and to measure
the scattered intensity with one-dimensional photodiode array
system [35,36]. The optical setup of the apparatus was identical to
those described in the previous reports [1,15,16]. We used a cone-
plate type shear cell made out of quartz having the cone angle of 1�.
The conventional coordinate system was used as depicted in Fig. 1.
The flow, velocity gradient, and neutral (or vorticity) directions are
taken along the Ox-, Oy- and Oz-axis, respectively. All the scattering
patterns were observed on the Oxz plane.

3. Experimental results and discussion

3.1. Steady-state scattering patterns as a function of shear
rate and temperature

Shear-SALS experiments were performed at various shear rates
from 0.029 to 740 s�1 and at temperatures from 124 to 150 �C. The
shear flow at a given shear rate was imposed on the solution at rest
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Fig. 1. Schematic illustration of a cone-and-plate shear cell (SC) and the Cartesian
coordinate system Oxyz. Ox-, Oy- and Oz-axis are the flow direction, the velocity
gradient direction, and the vorticity direction, respectively. The incident beam was sent
along the Oy-axis.
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and the constant shear rate was kept until when the intensity of the
scattering pattern reached steady state. The scattering pattern
projected on a screen placed normal to the Oy-axis was recorded by
a CCD camera (Fig. 2). The incident beam has a polarization direc-
tion parallel to the Oz-axis, and an analyzer was not used between
the sample and the detector throughout this work. Fig. 2 shows the
scattering patterns thus taken at various shear rates and
temperatures.

Fig. 2 elucidates the shear-induced phase behavior of the
UHMWPE solutions as observed by the shear-SALS patterns over
the wide T and _g range. It unveils the areas for Regimes I, II and III
where Regime III is newly found to be composed further of IIIa and IIIb
in the T– _g parameter space. Although the characteristics of the SALS
patterns and the shear-induced structures in these regimes except for
IIIb are already described elsewhere [1], they are briefly described
below. In Regime I, the scattering pattern is the same as that from the
quiescent solution, so that the solution is homogeneous even under
the shear flow. In Regime II, the sheared solution exhibits the
Fig. 2. A phase diagram for shear-induced structure in the shear rate ( _g)–temperature (T) pa
(part a) and some representative scattering patterns in part (a) (part b). The flow direction
common for all the patterns in this figure. The scattering patterns classified the solution int
line, (II) the solution giving rise to butterfly pattern (encompassed by the dash–dot line), and
the Oz-axis, and (IIIb) the solution giving rise to the butterfly pattern plus the shear-enhan
demixed domains. Regime IIIa is encompassed by the dashed line, while Regime IIIb is encom
that in part (a).
butterfly type scattering pattern extended along the Ox direction,
indicative of shear-enhanced concentration fluctuations. It turns out
that Regime III defined in the previous work [1] through the obser-
vation of the _g dependence of the integrated scattered intensity only
at T¼ 124 �C should be further classified into IIIa and IIIb below and
above 147 �C, respectively by the present investigation as a function
of T. Regime IIIa, which was defined as Regime III in the previous work
[1], the characteristic streak pattern extended along the neutral
direction (the Oz direction) was developed in addition to the butterfly
pattern extended along the flow direction (Ox direction). The streak
pattern, which is also observed under crossed polarizers, indicates an
evolution of optically anisotropic string-like or fibrous structure as
described earlier in section I. The critical shear rate _gc,streak for the
onset of development of the streak pattern in Regime IIIa seems to
increase with increasing T, which will be more quantitatively dis-
cussed later in the Section 3.2. However at T� 148 �C, the streak
pattern extended along the Oz direction was never observed with
increasing _g even at the highest _g covered in this experiment. Instead
we observed only the butterfly pattern plus the enhanced intensity
along the Oz direction at _g� _gcz, seemingly due to the demixed
domains. The critical shear rate _gcz will be defined later more clearly
in Section 3.2 in conjunction with Fig. 5. The scattering patterns in
Regime IIIb correspond to those observed in Regime III for the PS/DOP
solutions [14].

Fig. 3 demonstrates scattering patterns taken at 146 �C and
148 �C as a function of _g in order to compare _g-dependence of the
pattern in these two temperature regions (IIIa and IIIb). At 146 �C in
Regime IIIa, a very weak but obvious streak pattern is observed at
_g¼ 29 s�1 (Fig. 3a). With increasing _g, the streak pattern became
stronger and clearer as shown in Fig. 3b–d. On the other hand at
148 �C in Regime IIIb, the streak pattern could not be observed even
at shear rates much higher than that applied to the solution at
146 �C (Fig. 3g and h). The scattered intensity perpendicular to the
rameter space which shows typical shear-induced scattering patterns in the Oxz plane
is horizontal. The scale bar attached to the pattern (#6) is q¼ 5.2�10�4 nm�1 and is
o the following four regimes. (I) The homogeneous solution encompassed by the solid
(IIIa) the solution giving rise to butterfly pattern plus the streak pattern extended along
ced scattering along the neutral direction (the Oz-axis), hence having shear-induced

passed by the solid line. The number attached to the patterns in part (b) corresponds to



Fig. 3. Comparison of the patterns at 146 �C and 148 �C. The numbers indicated in left-bottom of each pattern correspond with those indicated in each pattern in Fig. 2. The flow
direction is horizontal and the scale bar in the pattern (a) is q¼ 5.2�10�4 nm�1 which is common to all the patterns. The upper series represent the patterns obtained at 146 �C: (a)
_g¼ 29 s�1, (b) 46 s�1, (c) 74 s�1, (d) 115 s�1. The lower series represents the patterns obtained at 148 �C: (e) 29 s�1, (f) 115 s�1, (g) 460 s�1, (h) 740 s�1.

UHMWPE/paraffin 5wt%
1.5x10-4
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flow direction, however, became stronger and the dark streak of the
butterfly pattern [9,12] became ambiguous with increasing shear
rate. At _g¼ 740 s�1 (Fig. 3h) which is close to an upper limit of the
shear rate accessible in this experiment, the feature of butterfly
pattern is recognized only at higher scattering angles and the
pattern in lower scattering angles became elliptical with its major
axis perpendicular to the flow direction, indicative of the trend for
the formation of the string-like structure. Therefore we shall clas-
sify the high T (T� 148 �C) and high _g ( _g� 29 s�1) region as Regime
IIIb. This regime newly found in this work will be later discussed in
detail in conjunction with Fig. 5.
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Fig. 4. Reduced integrated scattered intensity parallel and perpendicular to shear flow
( _g;T)/ ( _g¼ 0;T) and ( _g;T)/ ( _g¼ 0;T), respectively, as a function of shear rate _g at

124 �C (a) and 133 �C (b). Part (a) indicates _g dependence of birefringence Dnx–z also in
the right ordinate.
3.2. Scattered intensity as a function of shear rate at various
temperatures

Fig. 4 shows the integrated scattered intensities parallel and
perpendicular to the flow direction, and , respectively, as
a function of _g at 124 �C and 133 �C where _g was stepwisely
increased. The birefringence data Dnx–z (filled triangles) obtained at
124 �C, shown on the right ordinate axis, will be explained later in
Section 5. and were obtained by integrating the scattered
intensity over a given q-range (from q¼ 3.0�10�4 nm�1 to
2.6�10�3 nm�1), where q is defined as q¼ (4p/l)sin(q/2) with q

and l being scattering angle and wavelength of the incident beam,
both in the medium, respectively. The reduced integrated intensity
was obtained by normalizing the integrated intensity at a given _g

with that at quiescent state ( _g¼ 0) or ( _g¼ 0). At these
temperatures, the solution passes through Regimes I, II and IIIa with
increasing _g.

In Regime I, both and kept almost the same value as that of
quiescent solution, indicating that the concentration fluctuations of
the solution are unaltered with _g. In the range of _g� _gcx defined as
Regime II, a shear-enhanced scattering obviously occurs along the
flow direction as shown by the increase of and by the appearance of
characteristic ‘‘butterfly’’ pattern. However, the intensity is still
kept approximately the same value as that of quiescent solution. This
clearly indicates that the shear enhances selectively the Fourier mode
of concentration fluctuations (as represented by plane waves) with
their wave vectors preferentially oriented parallel to the flow direc-
tion. The value of _gcx was about the same at 124 �C and 133 �C within
an experimental error. At _g� _gc,streak, the intensity dramatically
increased, reflecting development of the streak pattern in Regime IIIa.
The subscript ‘‘a’’ was added to distinguish this regime from that of
Regime IIIb occurring even at higher temperatures as will be clarified
below. The critical shear rate _gc,streak at 133 �C was remarkably higher



x x x

II

I

tw 5 niffarap/EPWMHU

Td
0  9.321 = ± 9.0 °C

1

2

3

6

8

9

01

11

81
91

02

12
22
32

42

52

62

72

82

92
03
13

W

III a

III b

71

61
5141

21

31

4

5

7

sh
ea

r 
ra

te
   

  (
s-1

)

120 125 130 135 140 145 150 155
10-3

10-2

10-1

100

101

102

T (°C)

cx

cz

c,streak

Fig. 6. Phase diagram obtained from the scattering behaviors as a function of
temperature and shear rate. Numbers put beside the marks correspond with those
attached to each scattering pattern in Fig. 2. Four marks, i.e., circles, triangles, squares,
and diamonds denote the state of the solution classified by the scattering behavior. The
unfilled and the filled marks represent the data taken by the CCD camera and the
photodiode array system, respectively. The detailed description about the classification
of the regimes is presented in the text.

H. Murase et al. / Polymer 50 (2009) 4727–4736 4731
than that of 124 �C, which is consistent with the tendency observed in
Fig. 2.

Fig. 5 shows and as a function of _g at 150 �C. The data of the
integrated scattered intensity measured by the CCD camera (filled
symbols) were also added to those measured by the photodiode
array system (unfilled symbols). Behavior of the scattering pattern
in Regimes I and II was essentially the same as those observed at
the lower temperatures shown in Fig. 4. The _gcx at this temperature
was 0.065 s�1 which is almost the same value as that obtained at
the lower temperatures. We shall discuss later the temperature
dependence of _gcx in Section 5. At _g� _gcz, the began to gradually
increase with increasing shear rate toward the intensity level of at
the highest _g, on the contrary to the steep increase of at
_g> _gc,streak at the lower temperatures (Fig. 4). The regime where
starts to increase was defined as Regime IIIb in order to distinguish
the scattering behavior in this regime from that in Regime IIIa . This
regime IIIb corresponds to Regime III in the noncrystallizable PS/
DOP solutions [12,14] (see Fig. 9a to be described later in Section 5).
The enhanced in Regime IIIb is expected to be a consequence of
presence of the demixed domains [37]. Moreover the increase of
close to at _g¼ 740 s�1 (the highest _g) shows the trend toward
formation of the string-like structure as pointed out in Section 3.1.

Fig. 6 presents the phase diagram summarizing the shear-
induced scattering behavior shown in Figs. 2–5 in the T– _g param-
eter space. Numbers attached to the symbols correspond with the
numbers attached to each scattering pattern in Fig. 2. Four symbols,
i.e., circles, triangles, squares, and diamonds, denote the state of the
sheared solution as assessed from the scattering behavior. The filled
and the unfilled marks represent the scattering data obtained with
the photodiode array system and the CCD camera system, respec-
tively. The circles denote the homogeneous solution in Regime I.
The triangles denote Regime II which exhibits the plane-wave type
shear-enhanced concentration fluctuations as characterized in Figs.
4 and 5. The half-filled and half-unfilled triangles denote the shear-
enhanced concentration fluctuations as identified by both CCD
camera and the photodiode array, respectively. The critical shear
rate _gcx (T) as a function of T is depicted by the thin solid line in
Fig. 6: _gcx appears to be almost independent of T within the range of
temperature covered in this experiment.

In Regime IIIa at _g> _gc,streak and T� 146 �C, the streak pattern
was developed. The squares denote observed data points in Regime
IIIa. The thick solid line and the broken line in Fig. 6 represent the
_gc,streak (T). A small discrepancy between these two lines comes
from the difference in the experimental condition as mentioned in
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Fig. 5. Reduced integrated scattered intensity parallel and perpendicular to shear flow
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References [38]: a multi-step (thick solid line) and single-step
(broken line) increase of shear rate to the given shear rate.

The highest temperature limit, where the streak-like pattern was
formed under shear flow, was found to be 146 �C. At temperatures
equal to or higher than 148 �C, we could not observe the obvious
streak pattern even at shear rates close to 1000 s�1. The data marked
by diamonds in Fig. 6 denote the region where only the butterfly
pattern was observed in the 2D-SALS (see Fig. 3e–h). The dotted line
characterizing the boundary between Regimes II and IIIb represents
_gcz (T) defined in Fig. 5. _gcz (T¼ 146 �C), _gcz (T¼ 148 �C), and _gcz

(T¼ 150 �C) denoted by the symbol of cross in Fig. 6 were estimated
as the shear rates at the onset of increase of with increasing _g by
using the method as already indicated in conjunction with Fig. 5. A
main part of Regime IIIb exists in the parameter space defined by
_g> _gcz and T> 146 �C. A further detail of this regime (including the
dash–dot line) will be described later in Section 5.
4. Scattering behavior after cessation of shear flow in various
regimes in T– _g space

As we have already shown in the previous papers [1,16], though
these papers were concerned with the results only one particular
temperature at 124 �C, the change in scattering behavior after
cessation of shear flow turned out to give a fruitful insight into the
structure developed under the shear flow. All the scattering
patterns developed in Regimes II and IIIb, regardless of the applied
temperatures and shear rates, relax to the same pattern as that for
the quiescent solution after the cessation of shear flow. The decay of
the butterfly pattern after the cessation indicates that the structure
giving rise to the butterfly pattern should be attributed to the
concentration fluctuations or phase separation developed under
shear flow. On the contrary, the scattering patterns developed in
Regime IIIa remained unrelaxed, for some periods of time or for
ever, even after the cessation of the shear flow.

Fig. 7 presents typical scattering patterns observed at 600 s after
the cessation of shear flow in Regime IIIa where the number
attached to each pattern corresponds to that shown in Fig. 2 or 6



Fig. 7. Scattering patterns observed after cessation of shear flow for the solution sheared originally at a given set of temperature and shear rate in Regime IIIa. The numbers
indicated in left-bottom of each pattern correspond with those indicated in each pattern in Fig. 2 or 6. The scattering patterns for the solutions sheared in Regimes I, II, and IIIb

(defined in Fig. 6) recovered the same pattern as that for the quiescent solution, so that the patterns were not included in the figure.

Fig. 8. Time changes in scattered intensity and scattering pattern as a function of time
tcess. elapsed after cessation of the steady shear flow. The scattered intensity total

(tcess.) integrated over the whole area of the CCD was measured as a function of time
tcess.. total (tcess.) was normalized with the integrated scattered intensity total ( _g¼ 0)
for the quiescent solution before onset of the shear flow: (a) at 124 �C and at
_g¼ 2.9 s�1; (b) at 137 �C and at _g¼ 11.5 s�1; (c) at 146 �C and at _g¼ 115 s�1.
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and hence specifies the set of parameters ( _g, T) describing the
steady-state shear flow achieved before the shear cessation. This
figure should be compared with Fig. 2 for the steady-state scat-
tering patterns before the cessation. After the cessation of shear
flow in Regime IIIa, the streak-like scattering pattern remained at
600 s, although the butterfly type scattering pattern superposed on
the streak completely disappeared at 600 s.

Therefore we can find out that the previous conclusion on
Regime III obtained only at 124 �C is applicable to all the temper-
atures in Regime IIIa. This suggests that the structure giving rise to
the streak pattern in the shear-SALS patterns at all the tempera-
tures in Regime IIIa may result from shear-induced crystallization
into fibrous structures and that the structure cannot be relaxed or
can be relaxed slowly into homogeneous solution after the cessa-
tion, depending on temperatures at which shear is imposed on the
solution. The results further imply that the conclusion obtained at
124 �C, concerning the shear-induced phase separation being fol-
lowed by the shear-induced crystallization, can be applicable to all
the temperatures in Regime IIIa.

It is important to note here that: the streak-like scattering
pattern observed in-situ under the shear flow is fluctuating, giving
rise to multiple streaks or a single streak; the orientation of the
streak pattern changes around the neutral axis by about 20� at
a maximum. The result implies that the string-like structures
developed under the shear flow exist under such a dynamic equi-
librium that the structures grow but overgrown structures are
disrupted. The structures developed may have a solid-like integrity
(or some crystallinity) and hence be subjected to lateral forces
originating from normal forces developed in the sheared solution.
The lateral forces may account for the orientation fluctuations of
the string-like structures with respect to the flow direction and
hence for the orientation fluctuations of the streak-like pattern
with respect to the neutral direction. The fluctuations of the streak-
like pattern were never observed in the noncrystallizable polymer
solution, PS/DOP, probably because the string formed in the system
is not solid-like.

Fig. 8 demonstrates time changes in the scattered intensity after
cessation of the steady-state shear flow for the sheared solution in
Regime IIIa. The total (tcess.), the scattered intensity integrated over
the whole area of the CCD image, was measured as a function of
time tcess. after the shear cessation. The area covered were
jqxj � 1.96�10�3 nm�1 and jqzj � 1.87�10�3 nm�1, excluding the
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beam stop area specified by q� 0.9�10�4 nm�1. The scattered
intensity total (tcess.) was normalized with the integrated scattered
intensity total ( _g¼ 0) of the quiescent solution. At 124 �C the
intensity total (tcess.) first decreased with tcess., due to the relaxation
of the butterfly pattern, but subsequently turned into an increase,
probably due to an increase of scattered intensity from the streak-
like pattern as a consequence of growth of the fibrous structure due
to crystallization at 124 �C. This result infers that the true equilib-
rium melting temperature of crystal in the solution is expected to
be slightly higher than 124 �C estimated from the Hoffman–Weeks
plot. Hence the crystals developed under the shear flow may serve
as seeds for further crystallization after the shear cessation. At 137
and 146 �C higher than Td

0, the streak pattern was remained for
a period after the cessation. However, the integrated intensity
eventually decreased toward that for the quiescent solution, due to
disappearance of the streak pattern as a consequence of melting of
the fibrous structure developed under the shear after the shear
cessation. The relaxation time for the streak-like pattern, sstreak,
developed in the noncrystallizable PS/DOP solution (PS548/DOP
6.0 wt% at 25 �C) is smaller than the crystallizable PE/paraffin
solution at 137 �C by about an order of magnitude. The larger sstreak

or the slower relaxation rate in the PE/paraffin solution than in the
PS/DOP solution may be due to a contribution of melting of the
crystals in the optically anisotropic string-like structure to sstreak.

Before closing this section, we would like to note that a direct
confirmation of the crystallization associated with the optically
anisotropic string-like structures with a wide angle X-ray diffrac-
tion method (WAXD) is crucial. However only WAXD on the
sheared solution is not sufficient. The WAXD should be conducted
simultaneously with the SALS under the condition where the SALS
exhibits streak-like pattern. This is an extremely difficult experi-
ment but well deserves future works.
5. Comparison between sheared polystyrene solution and
polyethylene solution

Comparisons of the shear-rate dependence of the steady-state
scattering patterns for the PE solutions and the PS solutions, which
represent crystallizable and noncrystallizable solutions respec-
tively, elucidated the following differences:

(1) Temperature dependence of _gcx in the PE solution was smaller
than that of the PS solution [39]. It is independent of temper-
ature in the case of the PE solution.

(2) In the case of the PS solution we found both Regime III
( _gcz< _g< _ga) and Regime IV ( _g> _ga) as reported earlier [40]
and will be also shown in Fig. 9 later, but in the case of the PE
solution we found Regimes III and IV degenerate into Regime
III, comprising IIIa and IIIb.

(3) More specifically, Regime IIIa in the PE solution occurred at
_g> _gc,streak and T< 147 �C and Regime IIIb occurred at _g> _gcz

and T� 147 �C and in the wedge-like region labeled by W in
Fig. 6.

These differences in the scattering behavior between the PE
solution and the PS solution must be caused by the differences of
these systems in terms of both the rheological properties and the
thermodynamic interactions between polymers and solvents.
Moreover, the crystallizable nature of PE must be responsible for
the differences, especially for the differences in (2) and (3).

The difference (1) may be interpreted as follows. We can predict
the critical shear rate _gcx [39] according to the linearized theory of
the shear-induced concentration fluctuations based on a two-fluid
model [6–8]. The theoretical value of _gcx, _gcx,theory, is given by [8]
_gcx;theory y Kos=5h0 (1)
where Kos is the osmotic modulus, and h0 is the zero shear viscosity.
Equation (1) indicates that _gcx depends on the temperature through
the temperature dependence of Kos and h0. For a semidilute poly-
mer solution, Kos has the following form:

Kos [ ðkBT=n0Þf2½f D ð1 L 2cÞD 1=ðNnfÞ� (2)

where kB is the Boltzmann constant, n0 is the volume of monomeric
unit, f is the volume fraction of polymer, c is the thermodynamic
interaction parameter between polymer segments and solvents, Nn

is the number-average polymerization index. h0 is given by

h0 w expða=TÞ (3)

Thus temperature dependence _gcx,theory arises from kBT and c in Eq.
(2) and T in Eq. (3). In the temperature range covered in the PE and
PS solutions under shear, absolute T hardly changes (factor of 1.07
even in the case of PE solution) so that the temperature depen-
dence should primary arise from that of c in Eq. (2). In the case of
UHMWPE/paraffin system, c must be almost zero, because the
monomeric unit of UHMWPE and paraffin is chemically equivalent,
forming an athermal solution. Thus Kos for the PE solution is almost
independent of temperature compared with Kos for the PS solution,
which account for the small temperature dependence of _gcx for the
UHMWPE solution.

Now let us discuss the differences (2) and (3) as described above.
We present a summary of the results obtained previously for the PS
solutions in Fig. 9 in order to help readers to easily follow the
discussion on the differences. Although the figure is based on our
earlier publication [40], it contains a new finding also which was
not previously pointed out. As elucidated previously, the sheared PS
solution is classified into the four regimes, I to IV, across the critical
shear rates _gcx, _gcz, and _ga as shown in Fig. 9. The critical shear rates
_gcx and _ga are found to be closely related to the rheological relax-
ation rates sm

�1 and se
�1 [41] where sm and se are the longest rheo-

logical relaxation time and the chain retraction time (se¼ 2sR, sR

being the longest Rouse relaxation time), respectively. In Regime III
for the PS solutions ( _gcz< _g< _ga), ( _g) started to increase from the
value ( _g¼ 0) for the quiescent solution (Fig. 9a). The increase of
( _g) was considered to be a signature of shear-induced demixing
[37], and hence of formation of the demixed domains rich in
polymer chains in the matrix of the solvent-rich medium in Regime
III. In the early stage in Regime IV for the PS solutions ( _g� _ga), both

and further increased. The scattering pattern showed a strong
streak-like scattering normal to the flow direction, superposed by
the relatively weak butterfly pattern parallel to the flow direction,
indicating formation of the string-like assemblies of demixed
polymer-rich domains aligned parallel to the flow direction [40,42]
as shown by the optical image in Fig. 9b-1 and by a schematic
model in Fig. 9b-2. The string-like assemblies were found to exhibit
a dramatic increase in their optical anisotropy (negative value of
birefringence Dnx–z) with increasing shear rate in the later stage in
Regime IV defined as ‘‘stage 2’’ (Fig. 9a): The strings having only
weak optical anisotropy in ‘‘stage 1’’ of Regime IV (as schematically
shown by the model in Fig. 9b-2) were transformed into those
having a strong optical anisotropy in ‘‘stage 2’’ of Regime IV (as
schematically shown by the model in Fig. 9b-3) over a narrow shear
rate range with increasing shear rate. This transformation implies
that a bundle of highly stretched PS chains, which interconnect the
domains in the strings, may be formed (Fig. 9b-3). The trans-
formation occurs in parallel to the shear thickening as shown by the
upturn in h with _g (in stage 2 in Fig. 9a). Although the strings are



Fig. 9. Birefringence Dnx–z, reduced integrated intensity ( _g;T)/ ( _g¼ 0;T) and ( _g;T)/ ( _g¼ 0;T), parallel and perpendicular to shear flow, respectively, and shear viscosity h (part
a) and schematic illustration of the shear-induced string-like structure in Regime IV (part b) for 6.0 wt% PS384/DOP solution at 21 �C (Mw of PS is 3.84�106 and the solution has the
cloud point of 10 �C). Regime IV indicates a sharp transition from the weakly anisotropic phase of stage 1 (part b-2) to the strongly anisotropic phase of stage 2 (part b-3), probably
due to formation of a bundle of stretched chains interconnecting the demixed domains.
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the dissipative structures stable under the shear flow, regardless of
their strength of optical anisotropy and of whether they are crys-
talline (as in the case of the PE solution) or not (as in the case of the
PS solution), they disappear after cessation of shear, if there are no
solidification mechanisms such as crystallization or vitrification
and the systems returned into a homogeneous solution for the
noncrystallizable PS solutions and for the PE solutions at T> Td

0

(equilibrium melting temperature of crystals in the solution).
In the case of the PE solutions, we found that the above classifi-

cations should be changed as follows, depending on temperature. (i)
At T< 147 �C, Regimes III and IV in the PS solutions degenerated into
Regime IIIa in the case of the PE solutions where optically anisotropic
string-like or fibrous structures (corresponding to the strings having
strong optical anisotropy as shown in Fig. 9b-3) are directly formed
immediately after the transformation of the shear-enhanced
concentration fluctuations to the demixed domains as a steady-state
structure, as demonstrated by the sharp increase of birefringence
Dnx–z in Fig. 4a, above the critical shear rate _gc,streak; In this case
Regime IIIa corresponds to Regime IV in the PS solution (Fig. 9a). (ii)
At T� 147 �C (close to equilibrium melting temperature for bulk PE),
the PE solutions exhibit only Regime IIIb even in the highest shear
range accessible in this work where the scattering behaviors are
essentially equivalent to those in Regime III in the PS solutions
(Fig. 9a): In this case the PE solution never reaches Regime IIIa and
forms only the demixed domains.

The above fact (i) may be interpreted on the basis of the
following transient time-evolution process leading to the steady-
state structure: In the case of the PE solutions when demixed
structures due to the shear-induced phase separation are formed
after step-up shear into Regime IIIa, they are expected to align
rapidly into string-like domain structures having the weak optical
anisotropy and then to be transformed into the optically anisotropic
fibrous structures (corresponding to the strings having the strong
optical anisotropy). In this series of transient events, the demixed
domains, which exist in Regime III in the PS solutions, are consid-
ered to exist only as a transient state in the case of the PE solutions



H. Murase et al. / Polymer 50 (2009) 4727–4736 4735
and not to develop into a steady-state structure. In fact this was
evidenced by our transient shear rheo-optical experiments [16].
Thus this fact (i) may be considered to be a unique point for the
shear-induced structures in the crystallizable solutions. The strings
in the PE solution having the strong optical anisotropy did not
decay but rather grew after the cessation of shear at 124 �C (see
Fig. 8a) presumably because Td

0 of PE crystals in the solution is
higher than 124 �C, and hence the strings developed under the
sheared solution were solidified by crystallization. However they
decayed very slowly after the cessation of shear at 137 �C (Fig. 8b),
which is believed to be due to melting of crystals formed by the
shear-induced crystallization.

The fact (ii) described above may be interpreted as a universal
feature for shear-induced demixed domain structures for non-
crystallizable polymers, because even for the PE solutions under
shear, they are noncrystallizable at T> 146 �C. At such high
temperatures the PE solutions should be so stable that the solution
would never be brought to Regime IV in the PS solution or IIIa in the
PE solution even at the highest accessible shear rates.

We would like to add a brief comment on the effects of the
wide molecular weight distribution on the structure formation
and the phase diagram. The structure formation occurs due to the
elastic effects mediated by the dynamic asymmetry of the
constituents comprising the solutions [43,44]. In the semidilute
solutions discussed here, the effects of the dynamic asymmetry
between polymers and solvent are expected to be larger and
hence more significant than the effects of the dynamic asymmetry
between different molecular weight polymers. We therefore
anticipate that the main characteristics of the phase diagram and
the structure formation will not be significantly affected by the
polydispersity effects. In the case of polymer melts, however the
polydispersity effects will give important effects on the structure
formation.

6. Conclusions

The shear small-angle light scattering (shear-SALS) was inves-
tigated in order to explore the shear-induced structures developed
in the semidilute solution of an ultrahigh molecular weight poly-
ethylene (UHMWPE) over a wide range of T (>Tnm, the nominal
melting temperature of crystals in the quiescent solution) and _g.
The scattering behavior elucidated a phase diagram for the shear-
induced structure in the T– _g parameter space as shown in Fig. 6
where Regimes I–III are identified (III being composed of IIIa and
IIIb). The each regime is summarized as follows:

Regime I ( _g< _gcx): The solution under the shear flow is kept to
be a homogeneous single-phase solution as a quiescent solution.

Regime II ( _gcx� _g< _gc,streak or _gcz): The butterfly pattern and
the shear-induced concentration fluctuations are developed under
the flow. The critical shear rate _gcx is found to be essentially
independent of temperature. In this regime, the scattered intensity
along the flow direction is enhanced but the intensity along the
neutral direction remains the same as the quiescent solution, so
that the enhanced concentration fluctuations are essentially
characterized by the plane-wave type concentration fluctuations
with their wave vectors preferentially oriented along the flow
direction.

Regime III: This regime was found to be split into Regime IIIa and
Regime IIIb, depending on temperatures T: Regime IIIa at T� 146 �C
and Regime IIIb at T> 146 �C. In Regime IIIa, the streak pattern was
developed perpendicular to flow in addition to the butterfly
pattern. The pattern reflects formation of the optically anisotropic
string-like or fibrous crystalline structures having the optical
anisotropy. In Regime IIIb, however, the streak pattern indicative of
the fibrous crystalline structures was not observed even at the
highest shear rate covered (x103 s�1). However, the scattered
intensity perpendicular to the flow became stronger with _g and the
dark streak of the butterfly pattern became ambiguous with
increasing _g. This particular behavior is quite similar to that found
in Regime III found for the noncrystallizable PS solutions and hence
indicative of shear-induced demixed structures with no significant
optical anisotropy or molecular orientation. The solution at
T> 146 �C is more stable than that at T� 146 �C so that the PE
solution even under the higher shear rates behave similarly to the
noncrystallizable sheared solution.

It should be noted in Fig. 6 that the boundary between IIIa and
IIIb at _g> 30 s�1 is very steep in the T– _g parameter space and
approximated by a vertical line around 147 �C. This temperature is
apparently close to the equilibrium melting temperature
146� 0.5 �C for the bulk high molecular weight linear PE [45].
However we do not know how we can interpret this coincidence
at this moment. Our data show that all the streak patterns
developed at 133 �C� T(�C)� 146 �C disappear after cessation of
the shear. This evidence leads us to interpret Td

0 for crystals to be
developed in the solution is lower than 133 �C. The solid straight
line for _gc,streak appears to be smoothly interconnected with the
dotted line interconnecting the cross (X) symbols for _gcz at
T� 146 �C. We think it is interesting, as a future work, to inves-
tigate the wedge-like region marked by W and its surrounding
region in the phase diagram shown in Fig. 6. The region W exists in
between the dotted line and the dash–dot line where the shear-
SALS data are lacking.

In Fig. 6 we tentatively assigned the region W as a part of Regime
IIIb. This is because the shear-induced crystallizability should
decrease with increasing T. As a consequence, a direct trans-
formation from the plane-wave type concentration fluctuations to
the crystalline fibrous structures may become less probable with
increasing _g at T> 135 �C, on the contrary to the case at T< 135 �C
where the direct transformation is possible due to a high shear-
induced crystallizability. At T> 135 �C, the transformation may
occur only through Regime IIIb where formation of the demixed
domains and then their alignment into string-like structures
parallel to the flow direction occur.

Although the phase diagram shown in Fig. 6 was determined by
changing shear rates at given temperatures. The diagram can be
used also to predict effects of shear flows on formation of dissipa-
tive structures in the case when temperature is lowered from a high
temperature, e.g., 150 �C, at given shear rates in the range of
10�3 s�1< _g<103 s�1. For example, we can expect the following
paths for the change in the dissipative structures: (a) at _g> 20 s�1,
the structure will change from that in IIIb to that in IIIa; (b) at
6 s�1< _g<20 s�1, from II to IIIb and eventually to IIIa (assuming
that the wedge regime W belongs to Regime IIIb); (c) at 0.7–
1 s�1< _g<6 s�1, from II to IIIa, here the lower bound of _g being
estimated as an intercept between the straight line for _gc,streak and
the nominal melting temperature Tnm of 120 �C; (d) at
0.06 s�1< _g<0.7–1 s�1, from II to crystallization below Tnm; (e) at
_g< 0.06 s�1, from I to crystallization below Tnm. The fibrous crys-
talline structures formed during the cooling process in the case of
(a) to (c) will be different and the differences will elucidate an
important effect on the kinetic pathway on the final morphology
obtained at low temperatures below Tnm. Comparisons of the cases
(d) and (e) also will give an intriguing effect on how the shear-
enhanced concentration fluctuations influence the final
morphology below Tnm.
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