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ABSTRACT: The shear-induced structure of a semidimute solution of ultrahigh molecular weight
polyethylene (UHMWPE) with a paraffin wax as a solvent was investigated with shear small-angle light
scattering (shear SALS) and shear microscopy. At a temperature of 124 °C, which is much higher than
the nominal melting temperature (~118 °C) and is approximately equivalent to or slightly lower than
the equilibrium dissolution (crystal melting) temperature of the UHMWPE solution at quiescent state,
the characteristic “butterfly” pattern was observed in shear SALS when the solution was subjected to
shear flow at a shear rate larger than critical shear rate y.puit. Lack of optical anisotropy in the sheared
solution and disappearance of the butterfly pattern after cessation of the shear suggest that the pattern
is attributed to shear-enhanced concentration fluctuations or phase separation. When y further increased
above a critical value 7. swreak, @ strong, sharp streaklike scattering pattern appeared perpendicular to the
flow in addition to the butterfly pattern. The streaklike scattering patterns were observed under crossed
polarizers so that the pattern arises from optically anisotropic fibrils oriented along the flow axis. The
shear rate dependence of the scattering patterns revealed that the shear-enhanced concentration
fluctuations developed at lower shear rates triggered formation of optically anisotropic fibrils aligning

along the flow direction upon a further increase of shear rate above 7 streak-

I. Introduction

In this work we focus on effects of shear flow on two
kinds of phase transitions in crystallizable semidilute
polymer solutions. The two kinds of the phase transi-
tions to be concerned here are liquid—liquid phase
transition (separation) and liquid—solid phase transition
(crystallization). The effects of shear flow on the former
transition are considered to be natural extension of
previous studies of the effects of shear flow on the phase
separation in noncrystallizable semidilute solutions as
will be detailed below. As for the flow-induced crystal-
lization, extensional flow is known to be more effective
than shear flow. Nevertheless, we are concerned here
with the effects of shear flow on the two phase transi-
tions, especially on how the crystallization is affected
by the phase separation.

When semidilute polymer solutions are subjected to
shear flow with shear rate greater than a critical value,
the solutions become turbid because of the shear-
induced liquid—liquid phase separation or the enhance-
ment of concentration fluctuations.'™ This phenom-
enon, which we shall designate “shear-induced phase
separation” for simplicity in this paper without giving
a clear-cut distinction between shear-induced phase
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separation and shear-induced concentration fluctua-
tions, has been well studied in semidilute solutions of
noncrystallizable polymers, for example atactic poly-
styrene solutions. The shear-induced phase separation
is explained theoretically on the basis of relaxation of
elastic free energy of polymer chains under shear flow
(so-called elastic effects). This idea was proposed for the
first time by Helfand and Fredrickson* and later ex-
tended by Doi, Onuki, and Milner in the context of the
two-fluid model.>~7 When the shear rate y is larger than
maximum relaxation rate 7,71, the excess elastic free
energy built up in the solution by the deformation of
the entangled polymer chains cannot be relaxed by
disentanglements but can be released only by squeezing
solvent from the more entangled regions. By this
squeezing, deformation of network chains in swollen
deformed network can be relaxed. This solvent squeez-
ing process mediated by the elastic effects results in
enhancement of concentration fluctuations and phase
separation under shear flow against osmotic pressure.

The theory suggests that the dynamical asymmetry
between polymer chain and solvent is crucial for the
shear-induced phenomenon. Polymer chain has mobility
much smaller than solvent so that the latter relaxes
much faster than the former. As a consequence, stress
developed in the system under shear flow will be born
only by polymer chains, the relaxation process of which
will then cause the shear-induced phase separation. In
this context, solutions of crystallizable polymers will
show the same behavior as the solutions of noncrystal-
lizable polymers when the solutions are subjected to
shear flow at much higher temperatures than equilib-
rium melting temperature of the solution in quiescent
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state. Actually, we reported that the shear-induced
phase separation was observed also in a semidilute
solution of crystallizable polymer of ultrahigh molecular
weight polyethylene (UHMWPE) with a paraffin as a
solvent. Our previous investigation® was carried out at
a high enough temperature of 150 °C where we did not
observe any trends for crystallization at all in a range
of shear rate from 0 to 115 s~!. The results obtained
were basically the same as those for the atactic poly-
styrene solutions in dioctyl phthalate (PS/DOP). In this
crystallizable system, however, one must consider a new
aspect of shear-induced crystallization in addition to the
shear induced phase separation. Therefore, the inves-
tigation at a lower temperature than 150 °C but higher
than the nominal dissolution temperature (melting
temperature of crystals) in the quiescent solution must
be meaningful to gain an insight into the relation
between the shear-induced crystallization and the shear-
induced phase separation because interplay of these two
phenomena has been hardly studied and reported up
to now.

A large number of studies have been reported on
crystallization of polymer solutions under flow. Many
researchers were particularly attracted by the “shish-
kebab” structure found® at 1960s from its characteristic
morphology. The observation under transmission elec-
tron microscopy (TEM) elucidated that the fibrous
crystal has an unusual structure consisting of a back-
bone crystal (shish) made up of extended polymer chains
from which are overgrown lamellar crystals (kebab)
containing folded polymer chains.!® Many researchers
pointed out that the molecular orientation induced by
flow is crucial for formation of the fibrous crystals. For
example, Pennings and co-workers reported that the
fibrous crystallization is observed when the rate of
stirring in Couette instrument exceeds a critical value,
corresponding to the onset of Taylor vortices.!! They
concluded that the extensional flow between counter-
rotating vortices, which gives rise to the high chain
extensions, is required for the fibrous crystallization.

The essential role of molecular orientation in shear-
induced crystallization is also shown in recent studies!3~16
on bulk polymer melts having bimodal molecular weight
distribution. The results indicate a crucial role of long-
chain molecules in early stage of shish-kebab formation.
Hsiao et al. showed for bulk of binary polymer blends
of high and low molecular weight polyethylenes that the
high molecular weight component dominates the crys-
tallization of precursory structures under shear flow
near their nominal melting temperature, prior to the
event of a full-scale crystallization.1%16 They argued that
the shish-kebab formation follows the concept of “coil—
stretch” transition first proposed by Keller et al.l” and
later predicted by Muthukumar et al.!® The long-chain
molecules having molecular weight higher than critical
molecular weight M* for the coil—stretch transition
were stretched under the given shear flow. The stretched
molecules aggregated with lateral translation and formed
the fibrillar extended chain structure that may be
mesomorphic or partly crystalline, instead of the fibril-
lar-like extended-chain crystal. The concept of “coil—
stretch” transition deduced from the results in polymer
melts may be applicable in the shear-induced crystal-
lization of entangled polymer solutions. Because the
binary blends of high and low molecular weight poly-
mers can be thought to be a solution of which solute
and solvent are high and low molecular weight compo-
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nents, respectively, and have dynamical asymmetry.
Moreover, before the coil—stretching transition occurs,
the shear-induced phase separation might occur be-
tween the high and low molecular weight polymers,
mediated by the elastic effects.

As mentioned above, many researchers have pointed
out that the molecular orientation induced by flow is
crucial for crystallization into the fibrous crystals in
polyethylene solutions under flow. We agree with this
concept. However, we should also note that another
intriguing phenomenon, shear-induced liquid—liquid
phase separation, is brought to crystallizable polymer
solution mediated by the elastic effects. In this case one
must not overlook the effects of the shear-induced phase
separation (liquid—liquid phase separation) on the
shear-induced crystallization; as far as crystallization
is concerned, extensional flow is certainly more effective
than shear flow. Nevertheless, in this work we focus our
interests on effects of shear flow rather than extensional
flow on relationship of the two kinds of the phase
transitions.

The results in the shear-induced structure of non-
crystallizable polymer solutions would give good insight
into the relation between the two phenomena discussed
above. Kume et al. found a fibrous structure in semi-
dilute solution of atactic polystyrene under shear flow
at shear rates classified into regime IV (the highest
shear rate regime).1972! The scattering and rheological
behaviors of the solution in regime IV are summarized
as follows; both scattered intensity parallel to flow and
that perpendicular to flow were further enhanced with
increasing y from lower shear rate regime. Here the
bright streak-type scattering appeared perpendicular to
the flow, and the butterfly pattern appeared parallel to
flow. The origin of this bright streak was explained by
the growth of “stringlike structure” which is an as-
sembly of polymer-rich domains aligned in the flow
direction. In other words, the center of mass of the
domainlike objects aligned along flow direction formed
the stringlike texture. The domains forming the string
give rise to the butterfly pattern. The shear stress and
the first normal stress difference were abnormally
increased with increasing y into regime IV. Moreover,
birefringence increased from nearly zero to a large
negative value: The negative birefringence indicates
orientation of chain segments along flow direction.20

In the case of the noncrystallizable semidilute poly-
mer solutions, optically anisotropic stringlike structure
is stable only under the shear flow in regime IV. It is
transformed into another dissipative structure when the
shear rate is decreased into the lower shear rate regimes
and completely relaxed into a homogeneous solution
when shear flow is ceased.

In this work we aim to explore whether or not the
optically anisotropic stringlike structure develops for
crystallizable semidilute polymer solutions. If yes, we
shall further address our questions how the stringlike
structure developed is transformed into the fibrous
crystalline structure. For the studies along this line the
light scattering is powerful technique. In fact, a large
number of experimental results of shear SALS have
been accumulated for shear-induced phase separation
in noncrystallizable polystyrene solutions. Therefore,
further studies of the shear-enhanced concentration
fluctuations and phase separation for crystallizable
semidilute polymer solutions in conjunction with the
shear-induced crystallization must be very useful for
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getting insight into the relationship between the two
phase transitions induced by shear flow.

II. Experimental Methods

I1.1. Sample. Commercial grade ultrahigh molecular weight
polyethylene (UHMWPE: Hizex240M, Mitsui Chemicals, To-
kyo, Japan) was used for this experiment as a solute. The
polymer has a weight-average molecular weight of M, = 2.0
x 108 and heterogeneity index M/M,, = 12, where M,, denotes
the number-average molecular weight. Paraffin wax (Lu-
vax1266: Nippon Seiro Co., Ltd., Tokyo, Japan) was used as
solvent. The molecular weight of the paraffin wax is ~500
(producer’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), with 1 wt % of the total solution amount, using a
screw-type extruder at 210 °C. Small particles contaminating
the solutions were filtered off by a mesh filter (400 lines/in.).
This process is very important to obtain good scattering data.?
If we omit this process, intense scattering arising from the
particles will disturb the genuine light scattering from the
semidilute solution. A 5 wt % solution having C/C* of the
solution ~11 was prepared (C* is overlap concentration).’

II.2. Equilibrium Dissolution Temperature in the
Quiescent State and Physical Meaning of the Working
Temperature of 124 °C. In this study, we aim to elucidate
the relation between the shear-induced phase separation and
the crystallization at 124 °C. Therefore, this temperature of
the system should be higher than the nominal melting tem-
perature of the quiescent solution (~118 °C) but lower than
an equilibrium dissolution temperature (crystal melting tem-
perature) of the quiescent solution to observe both phenomena.
Evaluation of an equilibrium dissolution temperature in
quiescent state is important for definition of state of the
solution. It depends on molecular weight, concentration ¢y, the
thermodynamic interaction parameter y between polymer
segment and solvent, and heat of fusion per mole of repeating
unit AH,. The equilibrium melting point for the solution 79
may be predicted by Flory’s theory? in the context of mean-
field approximation. In the case of high molecular weight limit,
Tg is given by

L1 &[(1 — ) — 21— ¢, (1)

where Tﬁl is equilibrium melting point for bulk polymer. In
the case when 7?; = 145 °C, AH, = 950 cal/mol, and y = 0, Tg
is expected to be 112.6 °C.

The equilibrium dissolution temperature 79 of crystals in
the solution was estimated by the Hoffmann—Weeks plot.2*
For this purpose nominal dissolution temperature T3 was
measured by a differential scanning calorimeter (DSC: Perkin-
Elmer DSC-7, Wellesley, MA). Indium was used as a standard
for temperature calibration. The sample of 10 mg by weight
was filled in an aluminum pan, and the temperature was
elevated to and held for 30 min at 150 °C in order to relax the
memory built up in the sample preparation process. Then the
temperature was dropped to various crystallization tempera-
tures T\’s at a cooling rate much faster than 300 °C/min, and
isothermal crystallization was held for 1 h at 7'’s. After the
crystallization, the temperature was elevated again at a rate
of 10 °C/min in order to record an endothermic peak corre-
sponding to dissolution temperature of crystallites formed at
T.s. The two nominal temperatures Ty; (i = 1, 2) as defined
in the inset of Figure 1 were measured and plotted as a
function of the crystallization temperatures 7’s (Figure 1). The
equilibrium dissolution temperature T, was obtained as the
temperatures where the fitted line of T; (i = 1, 2) as a function
of T, intersects a line of Tq = T,. :rﬁi of this system was
estimated to be 79, = 123.0 °C and T, = 124.8 °C so that the
experimental temperature used in this investigation (124 °C)
is slightly lower than ng but higher than the nominal
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Figure 1. Hoffmann—Weeks plot of UHMWPE/paraffin solu-
tion in the quiescent state. Polymer concentration is 5 wt %.
The nominal dissolution temperatures Ty; of crystallites in the
solution, which were obtained at the given crystallization
temperatures T, were plotted as a function of the crystalliza-
tion temperatures 7. The value of Ty; (i = 1, 2) was determined
as shown in the schematic diagram of DSC curve in the inset.

incident

beam

Figure 2. Schematic diagram of shear cell and coordinate
system for optical setup. A cone—plate type shear cell having
cone angle of 1° made out of quartz was used. A velocity
gradient exists in the plane Oxy, where the Ox-axis is parallel
to flow and the Oy-axis is perpendicular to the plate surface
of the shear cell and parallel to the velocity gradient direction.
The Oz-axis is parallel to the neutral axis or the vorticity
direction. The incident beam was sent along the Oy-axis.

melting temperature T4 (~118 °C). The deviation of the
measured T, (124.8 °C) value from the predicted one (112.6
°C) may be due to the non-mean-field effects.

I1.3. Shear Small-Angle Light Scattering (Shear SALS).
The shear SALS experiments were carried out using labora-
tory-made apparatuses?>26 at Kyoto University. The optical
setup of the apparatus was identical to those described in the
previous reports.® The coordinate system used in this work is
consistent with the conventional one as depicted in Figure 2;
a velocity gradient exists in the plane Oxy, where the Ox-axis
is parallel to flow axis and the Oy-axis is parallel to the velocity
gradient direction. The Oz-axis is parallel to the neutral axis
or the vorticity direction. The incident beam was sent along
the Oy-axis.

A cone—plate type shear cell having cone angle of 1° made
out of quartz (no. 2 in Figure 3) was used. The optically
transparent shear cell was filled with the sample and was
subsequently heated to 150 °C. The temperature of the
solutions was kept at 150 °C for more than 1 h to allow
relaxation of the deformation and orientation of the UHMWPE
induced during the charging of the sample in the shear cell.
The solution was then cooled to an experimental temperature
of 124 °C. Temperature was controlled to be uniform over the
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Figure 3. Schematic figure of optical setup: (a) small-angle
light scattering system using CCD camera (no. 5) and (b)
orientation of polarization plane of analyzer (no. 3). The
polarization direction of incident light and analyzer are defined
by arrows with “P” and “A”, respectively, in parts b and c. (¢)
A small-angle light scattering system for quantitative mea-
surements of the scattered intensity distributions using a
photodiode array system (no. 10). (d) Birefringence and (e)
shear microscopy; (1) incident He—Ne laser, (2) shear cell and
temperature enclosure, (3) analyzer, (4) translucent screen,
(5) CCD camera, (6) photodiodes for intensity measurement
of incident light and transmitted light, (7) half mirror, (8)
mirror, (9) mirror, (10) a photodiode array for measurement
of scattered light intensity distribution from sample, (11)
polarization rotator, (12) pinhole, (13) Berek compensater, (14)
analyzer, (15) a photodiode for measurements of transmitted
light intensity, (16) optical light guide for a white halogen
lamp, and (17) microscope.

whole shear cell so that its spatial variation was suppressed
within £0.1°C at a given set temperature.2® This temperature
is approximately equivalent to the equilibrium dissolution
temperature T9, = 124.8 °C of this solution in quiescent
state, as shown in Figure 1. We choose this temperature as a
temperature that is adequately higher than observed nominal
melting temperature of crystals in the quiescent solution (~118
°C as shown in Figure 1) where crystallization never occur in
the experimental time scale of our works, but it is also a
sufficiently low temperature where crystallization will occur
under shear flow.

Steady shear flow with shear rate y from 0.029 to 2.9 s71
was imposed on the solution. We imposed a given shear rate
on the solution with two manners as follows: In the case of
qualitative observation of light scattering pattern and shear
microscopy a given shear rate was imposed on the quiescent
solution without exposing any previous shear histories (single
step-up shear). For quantitative measurement of scattered
intensity and birefringence, a given shear rate was stepwisely
imposed on the solution as follows: the scattered intensity and
birefringence were measured after the values reached a
constant value at each given shear rate, and after the
measurement the shear rate was increased to a next given
shear rate (a multistep shear). It should be noted that the light
scattering data shown in this paper were those obtained after
the scattered intensity reached steady state. The transient
changes in scattering patterns after onset of the flow will be
shown elsewhere.?” The scattered intensity distribution on Oxz
plane was qualitatively recorded by using a CCD video camera
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as depicted in previous paper.® Here we report the scattering
observed with a linearly polarized incident beam with polar-
ization direction parallel to Oz axis (as denoted by P in Figure
3b), unless otherwise stated, and with or without analyzer
placed between the shear cell and the detector (no. 3 in Figure
3b). We used a special analyzer which was composed of a pair
of polarizer plates having different polarization plane. The
relation between coordinate system and the polarization
directions of the analyzer is shown in Figure 3b.

The integrated scattered intensity %y) as a function of shear
rate was measured with a photodiode array system (no. 10 in
Figure 3c). %(y) and 94(y) are the integrated scattered
intensity parallel to the x- and z-axis, respectively, defined by

_ ay o

= [dg, [*,dq.1q,q7) ®)
_ b1 ]

(/(/D(’y):"/;2 dqz j‘_adqxl(Qx’quy) (3)

where I(q.,q.;7) is the scattered intensity in the Oxz plane at
a given shear rate y where ¢. and ¢, are the x and z
components of the scattering vector ¢, whose magnitude q is
defined

q = (4n/2) sin(6/2) (4)

with 6 and 1 being scattering angle and wavelength of light
in the sample. In eqs 2 and 3 a1 = b1, as = by, and d were set
at 2.6 x 103 nm™1, 3.0 x 10*nm™!, and 1.10 x 1074 nm™},
respectively. %otal(y), the scattered intensity integrated over
the whole area of the obtained CCD image, was also measured
as a function of time after shear cessation; The area covered
were |g.] < 1.96 x 107 nm™! and |g.| < 1.87 x 1073 nm™!
excluding the beam stop area specified by ¢ < 0.9 x 1074 nm
-1

I1.4. Birefringence. The optical setup for birefringence
measurement was schematically depicted in Figure 3d. The
He—Ne laser light was sent along Oy-axis and transmitted
light intensity under cross-polarizers (no. 11 and 14) was
measured by a photodiode (no. 15). The polarization direction
of the polarizer was set at 90° with respect to that of the
analyzer and at 45° with respect to flow direction. A retarda-
tion Iy was initially induced by the Berek compensator (no.
13), and the retardation developed by shear flow T's was
calculated by following equation

I/I, = K sin®{7(T, + T)/2} (5)

where I and I are transmitted light intensity measured by
the photodiode with and without sample, respectively. K is a
constant depending on an apparatus for the measurement.
Birefringence was calculated by

An, ,=(n,—n)=TJd (6)

xX—z2

where n,, n., and d are refractive index of the sheared solution
parallel to Ox-axis, that to Oz-axis, and sample thickness,
respectively.

I1.5. Shear Microscopy. We applied the shear microscopy
as shown in Figure 3e on the UHMWPE solutions. A white
halogen lamp (no. 16) was used as light source. The optical
axis of the microscope was aligned parallel to the Oy-axis, and
therefore the structure development in the Oxz plane was
observed, as in the case of the shear SALS experiments. The
fast shutter CCD video camera (as fast as 1/10000 s, Sony SSC-
M370, no. 5) was connected to the optical microscope. The
micrographs were saved digitally by an image processing
system. Thus, fast Fourier transform (FFT) was carried out
from the images.?® The FFT images were compared with the
corresponding light scattering patterns to confirm whether
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Figure 4. Scattering patterns under steady shear flow as a
function of shear rate 7. A given shear rate was imposed on
the quiescent solution by the single step-up shear. (a) 7 = 0.029
s71, the pattern was taken at ¢ = 305 min after onset of the
shear flow, (b) 7y = 0.29 s, # = 90 min, (c) y = 0.46 s71, ¢t = 30
min, (d) y = 1.15 s, ¢t = 10 min, and (e) y = 2.9 s L, ¢ =4
min.

microscope images truly represent the structural entity de-
veloped in the sheared solution.

II1. Experimental Results

II1.1. Steady-State Shear SALS as a Function of
Shear Rate. Small-angle light scattering experiments
under shear flow were performed at 124 °C. This
temperature is approximately equivalent to the equi-
librium dissolution temperature T9, = 124.8 °C of this
solution in quiescent state as shown in Figure 1. Shear
flow at a given shear rate was imposed on the solution
at time ¢ = 0 s, and a constant shear rate was kept
before shear cessation. The scattering pattern projected
on a screen placed in the Oxz plane was recorded by
the CCD camera system. The incident beam has a
polarization direction parallel to Oz-axis and analyzer
was not used between sample and the detector. Hence,
the light scattering pattern shown in this section arises
from both fluctuations of refractive index and optical
anisotropy since the scattered intensity is a sum of Vg
and Hpyg scattering under this condition where the
vertical direction was set along Ox-axis.?*

Figure 4a is a scattering pattern obtained in situ at
a shear rate of 0.029 s~!. This pattern was taken at 305
min after the onset of the shear flow where the scattered
intensity of the pattern reached a constant value. At
this shear rate, the scattering pattern is uniform in the
azimuthal direction and the intensity is very weak. The
intensity at this shear rate is equivalent to that of
quiescent state, even though this pattern was taken
under the shear flow. We will reconfirm this point in
later with a result of quantitative measurement of the
scattered intensity. Parts b and c of Figure 4 were taken
at shear rates of 0.29 and 0.46 s1, respectively. These
patterns also were taken after the system reached
steady state. As shown in the figures, the pattern
designated as “butterfly pattern”, which is characteristic
for the shear-induced phase separation, was devel-
oped: The scattered intensity parallel to the shear flow
was high but weak in the perpendicular direction.
Figure 4d was taken at shear rate of 1.15 s~ at 10 min
after the onset of the shear. A bright streak pattern
oriented perpendicular to the flow was developed in
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Figure 5. Reduced integrated scattered intensity %(y)/ %(y=0)
and _9%4(y)/7(y=0) under the shear flow as a function of shear
rate. A given shear rate was stepwisely imposed with the
multistep shear mode. The scattered intensities_% and % were
integrated at the given g range parallel and perpendicular to
the shear flow, respectively. The reduced integrated intensity
was obtained by normalizing the integrated intensity at a
given 7 with the integrated intensity at quiescent state 4,c-
(7=0). Arrows with “a” to “e” indicate shear rates where the
scattering patterns in Figure 4 were taken.

addition to the butterfly pattern: The scattered inten-
sity of the butterfly pattern became stronger than that
taken at 7 = 0.46 s (pattern c). Evolution of transient
structure after onset of shear flow will be discussed
elsewhere.?” At a shear rate of 2.9 s™! the butterfly
pattern and the streak pattern became stronger, and
three bright streaks were developed (Figure 4e) where
these streaks were moving around their steady orienta-
tions.

Figure 5 shows the reduced integrated scattered
intensity () %(y=0), () 7y=0) under the shear
flow as a function of shear rate. The reduced integrated
intensity was obtained by normalizing the integrated
intensity at a given y with the integrated intensity at
quiescent state _%,0(7=0). The arrows with a to e in the
figure indicate the shear rate where the patterns in
Figure 4 were taken. The scattered intensity as a
function of y can be classified into three regimes, as
shown in Figure 5. In regime I, the scattered intensities
Y and 9o are essentially identical to those in the
quiescent state. As shown in Figure 4a, the scattered
intensity was very weak and uniform in azimuthal
direction. Therefore, the concentration fluctuations of
the solution in this regime were identical to that of
quiescent state. In regime II, a shear-enhanced scat-
tering occurs along the flow direction as shown by an
increase of 9 with y and characteristic “butterfly”
pattern (see Figure 4b,c). The intensity 5 normal to
the flow still kept the same value through this regime.
The critical shear rate y¢putt. is defined as y for the onset
of increase in_%. In regime III, the intensity %7 normal
to the flow dramatically increased, corresponding to
development of the streak pattern.

We should notice that there is a mismatch of scat-
tering behavior between Figures 4 and 5. In Figure 4d,
the scattering pattern taken at y = 1.15 s~! shows a
streak pattern, whereas the g still keeps the same
constant value as that for quiescent solution in Figure
5. This difference may come from the differences of
experimental conditions. In the case of Figure 4, a given
shear rate was imposed on the quiescent solution (the
single step-up shear). In the case of Figure 5, however,
the shear was stepwisely imposed on the solution (the
multistep shear). These differences in experimental
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e
flow

Figure 6. Small-angle light scattering patterns under shear
flow (the single step-up shear). Upper and bottom halves of
each pattern represent Vg and Hy pattern, respectively. The
shear rates at which these patterns were taken were equiva-
lent to those shown in Figures 4 and 5. (a) y = 0.029 s71, ¢t =
30 min after onset of the shear flow, (b) y = 0.29 s71, ¢ = 30
min, (¢) y = 0.46 s71, # = 30 min, and (e) y = 2.9 s71, ¢ = 200
S.

conditions may give a slight variation in the critical
shear rate ystreak, which is defined as the boundary of
regimes IT and III. yc streak is defined as shown in Figure
5

The upper half of each pattern in Figure 6 shows light
scattering patterns under cross-polarization as a func-
tion of shear rate y with the single step-up shear.
Polarization direction of the incident light is vertical in
the figures as shown by an arrow defined as “P”.
Polarization direction of the analyzer is horizontal for
an upper half of and vertical for a lower half of each
figure. Therefore, the upper half corresponds to “Vy”
scattering which depends on spatial fluctuations of
orientation and optical anisotropy of scattering elements
in the system.?? The lower half corresponds to “Hy”
scattering which represents fluctuations of concentra-
tion or refractive index as well as orientation and
anisotropy.?? At y = 0.029 s, both Vi and Hy patterns
give very weak scattering, as shown in Figure 6a. The
optical anisotropy and concentration fluctuations of the
solution at this y are very weak as in the case of
homogeneous one-phase state in the quiescent state.

At y = 0.29 and 0.46 s~! (Figure 6, b and c, respec-
tively), the butterfly patterns are observed in Hy condi-
tion. In the case of Vg condition, however, the scattered
intensity is still very weak as in the case of quiescent
state. The appearance of the butterfly pattern indicates
that the shear-induced phase separation occurred at
these shear rates, and weak intensity in the Vg condi-
tion indicates that phase separation involves only the
concentration fluctuations but not the orientation and
anisotropy fluctuations. At shear rate y of 2.9 s~ (Figure
6e), the strong streak pattern was additionally devel-
oped with the butterfly pattern. The streak pattern is
observed under Vg condition, whereas the butterfly
pattern is very weak under the condition. This clearly
indicates that the structure giving the streak pattern
has optical anisotropy. Moreover, the measurement of
birefringence under the flow gave the same conclusion
concerning the optical anisotropy of the solution.

Figure 7 shows the birefringence measured under the
given shear flow imposed by the multistep shear. At y
of 1.15 s7! corresponding to regime II, birefringence is
close to zero. The solution is still optically isotropic as
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Figure 7. Birefringence under shear flow at shear rates
classified to regimes II and III. A given shear rate was
stepwisely imposed by the multistep shear. Arrows “d” and
“e” indicate shear rates where the scattering patterns in Figure
4d,e were obtained. The solid line shows a visual guide.
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Figure 8. Time change in the total integrated scattered
intensity as a function of elapsed time t..ss. after cessation of
the shear at shear rate of 0.29 s~!. The constant shear flow
was imposed on the solution by a single step-up shear during
a period of 126 min where the scattered intensity reached
steady state, and the shear was ceased at 126 min after the
onset of shear. The inserted pictures in the figure are the
scattering patterns which were taken before the cessation and
at tess = 30 s, respectively. The total integrated scattered
intensity Zota (7 = 0 571, teess) taken at feess. after the shear
cessation is normalized with that before the cessation %ota (7
=0.29 s71, t = 126 min) where ¢ and .. are the elapsed time
after onset of the given shear flow and that after the cessation,
respectively.

in the case of quiescent solution. At y of 1.84 s71,
birefringence drastically increased as shown in Figure
7 in the shear regime where the streak pattern was
developed. Positive birefringence indicates the align-
ment of chain segments of polyethylene molecules to the
flow direction and/or the generation of fibrous crystals
of polyethylenes oriented along the flow direction.

II1.2. Time Change in Scattered Intensity after
Cessation of Shear Flow

II1.2.a. Cessation of Shear Flow at Shear Rate
Smaller Than Critical Shear Rate for the Streak
Pattern. The single step-up shear flow from 0 to 0.29
s~ was imposed on the solution for a period of 126 min
where the scattered intensity reached steady state. The
time change in scattered intensity after the shear
cessation was measured by the CCD camera. Figure 8
shows the time change in the scattering pattern and
the reduced total integrated scattered intensity as a
function of time #.ss. after the cessation of the shear.
Here the total integrated intensity over the whole
detector area, %otal (y =0 §71, teess.), Wwas normalized by
that before cessation, %ota1 (7 = 0.29 s71, ¢ = 126 min).
It should be noted that time fe.ss = 0 was set im-
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Figure 9. Time change in the total integrated scattered
intensity as a function of elapsed time #.s. after cessation of
the shear at shear rate of 2.9 s71. The shear flow imposed by
the single step-up shear was ceased at 240 s after the onset of
shear. The inserted pictures in the figure are contour plots of
the scattering patterns which were taken (a) before the
cessation, (b) at #.ss. = 60 s, and (c) 3600 s, respectively.

mediately after the shear cessation in this case rather
than after onset of the step-up shear. The scattering
pattern before the shear cessation is shown to be the
butterfly pattern. The scattered intensity quickly de-
cayed after the shear cessation. After 30 s from the
cessation, the butterfly pattern almost disappeared. The
scattered intensity completely decayed to that of qui-
escent state after about 300 s. The concentration
fluctuations developed in the solution under the shear
flow completely disappeared after the cessation.

II1.2.b. Cessation of Shear Flow at Shear Rates
Greater Than the Critical Shear Rate for the
Streak Pattern. Figure 9 shows the relaxation of the
scattering pattern after cessation of shear at shear rate
of 2.9 s7! in regime III. In this experiment the shear
was imposed on the solution for a period of 240 s. Figure
9a shows the scattering pattern at 240 s immediately
before shear cessation. The pattern shows butterfly
pattern and streak pattern superposed one another. At
60 s after the cessation (point b), the butterfly pattern
completely disappeared. On the contrary, the streak
pattern remained at this time. With a further elapse of
time, the scattered intensity of the streak pattern
increased (pattern c). The plot of total integrated
scattered intensity_%ta which was normalized with that
before cessation (240 s after the onset of the shear) as
a function of the elapsed time t.gs. after the shear
cessation presents the above trend more quantitatively.
The decay of the intensity from the cessation is caused
by the relaxation of butterfly pattern and slight increase
from 60 to 3000 s after the cessation is caused by the
increase of the scattered intensity from the streak
pattern. This nonvanishing but rather increasing in-
tensity of the streak pattern after the cessation is quite
unique for the PE solution and have never be observed
for the noncrystallizable PS/DOP solutions. Note that
the streak pattern for PS/DOP completely disappeared
after the cessation.

II1.3. Shear Microscopy. Figure 10 shows a micro-
graph taken with shear microscopy at shear rate of 2.9
s~ under the same condition as that used for the light
scattering experiment, corresponding to pattern e in
Figures 4 and 6: Incident light (without polarization)
was sent along the Oy-axis. Flow direction is along the
horizontal direction of this figure. The micrograph was
taken at 240 s after the onset of the shear flow as in
the case of the scattering pattern shown in Figure 4e
where both the butterfly and streak pattern were
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willl @

Figure 10. Shear-microscopy at shear rate of 2.9 s™! taken
at 240 s after onset of the shear (part a) and after shear
cessation (part ¢). Flow direction is horizontal. (a) Micrograph
taken under shear flow, (b) 2D fast Fourier transform spec-
trum of (a), (c) micrograph taken at 180 s after cessation of
the shear flow. The shear was ceased at around 242 s after
onset of the shear, and (d) 2D fast Fourier transform spectrum
of (¢). Scale bars inserted in original micrographs (a) and (c)
are ?O um, and those in 2D-FFT spectra (b) and (d) are 0.1
um™1,

observed. In the micrograph, there are two morphologi-
cal features to be noted. One is “fibrils” elongating
parallel to the flow direction, and the other is “cluster
of domains” having contrast fluctuations between dark
and bright aligned more or less periodically parallel to
the fibril (indicated by triangles inserted in Figure 10a):
Close observations appear to imply that the structural
elements giving rise to the domain like contrast varia-
tion appear to be elongated perpendicular to the flow.
This “fibrils” and “domains” must correspond to the
structures giving rise to the streak pattern and butterfly
pattern shown in SALS, respectively, because the two-
dimensional fast Fourier transform (2D-FFT) of the
micrograph tends to show both the streak type pattern
(indicated by the arrow marked with “S”) and the
butterfly type pattern (indicated by the arrow marked
with “B”) in Figure 10b.

Observation of the structure after cessation of the
shear will give more clear suggestion on the structural
entity because the polymer rich domains induced by the
shear will disappear after cessation of the flow as shown
in Figure 9. Figure 10c is a micrograph obtained after
cessation of the shear. The shear was ceased at around
242 s from shear start and the micrograph was taken
at 3 min after the cessation. Figure 10d is a Fourier
spectrum of the micrograph. In Figure 10c, the fibrous
structures remained after cessation of shear, whereas
the domains appeared in Figure 10a disappeared and
Fourier spectrum gave only streak pattern.

The stringlike structure within which polymer-rich
domains aligned along the strings was found for PS/
DOP systems?! as described in the introduction of this
paper. We found that the stringlike structures were also
observed in the UHMWPE/paraffin solution as indicated
by triangles inserted in Figure 10a. We believe that the
stringlike structures play important role on the shear-
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induced crystallization, which will be discussed else-
where.?’

IV. Discussion

IV.1. Origin of the Streak Pattern Developed
under Shear Flow. Let us summarize the results of
the scattering behavior at steady-state shear flow as a
function of shear rate at 124 °C, which is approximately
equal to or lower than the equilibrium dissolution
temperature 79, = 124.8 °C of the solution in quiescent
state. At regime I where the shear rate is lower than
critical shear rate for formation of butterfly pattern
Vebutt., the scattered intensity under the shear flow kept
the same value as that of quiescent state. In regime II
where the shear rate is higher than yputt., but smaller
than the critical shear rate of the streak pattern ystreak,
the butterfly pattern was developed. The domains rich
in polymer with a shape elongated perpendicular to flow
giving rise to black—white contrast fluctuations in the
optical micrograph as reported in Figure 7 of ref 8.
The solution is optically isotropic, and the concentration
fluctuations were relaxed after cessation of the flow. In
regime III where the shear rate is higher than y. streak,
the optically anisotropic streaklike pattern was devel-
oped perpendicular to the shear flow in addition to the
butterfly pattern, albeit the streak pattern was not
observed at all shear rates at temperature of 150 °C well
above the dissolution temperature as reported in the
previous paper.8

Development of the streak pattern was also observed
under the cross-polarized condition as shown in Figure
6e. These facts elucidate that the structure giving rise
to the streak pattern is optically anisotropic strings or
fibrils oriented parallel to flow. Moreover, this fact was
confirmed also by striations running parallel to flow in
the optical image shown in Figure 10a; the 2D-FFT
spectrum calculated from the optical micrograph showed
the streak-type pattern (Figure 10b), and this clearly
indicates that the fibrous structure is the origin of the
streak pattern.

As will be discussed in the next section, the oriented
and optically anisotropic fibrous structure was devel-
oped also in noncrystallizable semidilute solutions of
atactic polystyrene.20-21 Therefore, we cannot immedi-
ately conclude whether or not the optically anisotropic
fibrous structure involves crystallization only from those
results shown above. Nevertheless, we could still discuss
the structural entity of the fibrous structure from the
scattering behavior after the shear cessation.

As shown in Figure 9, the streak pattern remained
even after the shear cessation. The relaxation behavior
of the streak pattern after shear cessation presents a
striking contrast to that of the butterfly pattern; i.e.,
the former does not decay, but the latter does decay.
Thus, it is elucidated that the structure, which gave
streak pattern, is essentially different from that of
butterfly pattern which is concentration fluctuations
enhanced by shear flow. Moreover, the intensity of the
streak pattern increased even after the cessation. This
phenomenon can be explained quite naturally as the one
which arises from the stress-induced crystallization into
the fibrous structure. This scenario is supported also
by the fact that the stringlike structure and the corre-
sponding streaklike scattering developed for the semi-
dilute solutions of noncrystallizable atactic PS were
completely decayed after the shear cessation, as a
consequence of the system being unable to crystallize.
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At 124 °C, the crystallization will never occur within
experimental time scale without shear flow. However,
when the solution is subjected to shear flow, the
crystallization may be induced due to the following two
reasons, at least: (i) The decrease of entropy of dissolu-
tion as a consequence of increased average orientation
of polymer segments under shear flow should raise
melting temperature and enhance crystallization. (ii) An
increase of local concentration of polymer due to the
shear-enhanced concentration fluctuations will further
enhance crystallization in the regions having increased
polymer concentration. After the shear cessation, the
driving force for fibril formation will vanish or decrease.
However, a secondary crystallization may further pro-
ceed as consequence of overgrowth of crystallites on the
fibrous structure at 124 °C < T9, = 124.8 °C. The
increase of the scattered intensity in the streak pattern
after shear cessation may thus reveal that the streak
pattern arises from crystalline structure. The hypothesis
will be directly confirmed by in-situ wide-angle X-ray
scattering experiment which deserves future studies.

The streaklike scattering pattern in the polyethylene
solution split into three streaks at higher shear rates
which were moving around steady orientation angles
as shown in Figures 4e and 6e and contour patterns in
Figure 9. This may be due to a strong normal force
developed in the sheared system?? tending to exert
compression force to the system along the neutral
direction.

IV.2. Difference in Scattering Behavior under
Shear Flow in between Atactic Polystyrene Solu-
tions and Polyethylene Solutions. Here we shall
compare the semidilute atactic polystyrene solutions
and the polyethylene solutions in terms of scattering
behavior under shear flow. The semidilute polyethylene
solution at 150 °C, well above the equilibrium dissolu-
tion temperature of 124.8 °C so that the polyethylenes
are noncrystallizable in the shear rate range covered
in this work, showed a behavior similar to that of the
polystyrene solutions in terms of the development of the
butterfly pattern as shown in the previous paper.8 The
polyethylene solutions under shear at 124 °C also show
behaviors similar to those of the polystyrene solutions
in the following points: (i) The butterfly pattern has
never developed at shear rate lower than the critical
shear rate ycputt, and the scattered intensity was
essentially equivalent to that of quiescent state (regime
I in Figure 5). (ii) The butterfly pattern was observed
under the shear flow at shear rate higher than the
critical shear rate ycputt. (regime II in Figure 5). The
scattered intensity 4% became stronger with increasing
shear rate.

In the case of the polystyrene solutions, % became
100 times higher than that of quiescent state at the end
of regime II (see Figure 1la), whereas that of the
polyethylene solution is 5 times at most (see Figure 11b).
This difference must come partially from the lower
refractive index increment (dn/dc)rp for polyethylene/
paraffin solution (the order of 1072 mL/g?!) than that
for PS/DOP (the order of 10~1 mL/g32). Consequently,
the optical contrast of the polymer-rich domain and
solvent-rich matrix of polyethylene solution is much
lower than that of PS/DOP, giving rise to the lower
shear-enhanced scattered intensity for polyethylene/
paraffin solution.

In the case of the PS solution in regime IIL,Y the
scattered intensity parallel to flow tends to reach a
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Figure 11. Schematic representation of integrated scattered
intensity % and 9% as a function of shear rate for (a) the
polystyrene solution and (b) the polyethylene solution at 124
°C, respectively. The shear rate dependence of the scattered
intensity and the state of solution under shear flow can be
classified into three regimes in the case of polyethylene
solution in contrast to polystyrene solution which can be
classified into four regimes. It appears as if regimes III and
IV in the case of the polystyrene solutions degenerate into
regime III in the case of the polyethylene solution.

constant value, while that in perpendicular direction
starts to gradually increase and eventually reaches a
constant value with increasing y. The streak scattering
patterns do not yet appear in this stage but do appear
upon a further increase of j into regime IV, as
schematically shown in Figure 11a. However, in the case
of the PE solution, the scattered intensity perpendicular
to flow very rapidly increases soon after crossing the
boundary between regimes II and III with increasing
7. Soon after the increase of 7, the streaklike scattering
pattern appears in perpendicular direction (see Figures
5 and 11b). Thus, it appears as if regime III and regime
IV in the case of the PS solutions'® degenerate into
regime III in the case of the PE solution at 124 °C.

In regime III in the PE solution, the optically aniso-
tropic streaklike pattern was developed perpendicular
to the shear flow in addition to the butterfly pattern.
The bright optically anisotropic streak perpendicular to
shear flow was also observed in the PS solution in
regime IV. Origin of the anisotropic streak in the
polystyrene solutions is found to be assemblies of
polymer-rich domains whose center are aligned into
“string” parallel to the shear flow. In this shear regime,
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the birefringence turned into a large negative value
(negative birefringence means orientation of PS chain
segments parallel to shear flow) and form dichroism
turned from a small negative value to a large positive
value, indicating that the existence of the stringlike
assemblies of polymer-rich domains along the flow
direction.20

There exists a big difference between the two cases:
in the case of PS solution, the optically anisotropic
streak pattern and the string disappear after the
cessation of shear flow, while the corresponding pattern
and structure in the PE solution at 124 °C do not
disappear but rather tend to grow. This difference may
be attributed to a factor whether the shear-induced
ordering in terms of the polymer concentration and
orientation (the formation of the strings) further trigger
crystallization or not: It does in the case of the PE
solution but not in the case of the PS solution. We shall
discuss further details about the relation between the
string structures in the PE solution in companion
papers.27

V. Summary

The shear-induced structure of ultrahigh molecular
weight polyethylene (UHMWPE) was investigated with
shear small-angle light scattering and shear microscopy.
At 124 °C, which is approximately equivalent to or
slightly lower than the equilibrium dissolution temper-
ature at quiescent state, the characteristic “butterfly”
scattering pattern and the “streak” pattern appeared
when the solution was subjected to shear flow at shear
rates larger than critical shear rate of y.putt. and yc streak,
respectively. The optical isotropic nature of the butterfly
pattern and its disappearance after cessation of the
shear suggest that the pattern gave rise to shear-
induced liquid—liquid phase separation. We elucidated
that at y > Jcstreak Optically anisotropic string-like
structures were grown along the flow direction.
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