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Steady-Shear Rheology of Block Copolymer Melts: Zero-Shear Viscosity
and Shear Disordering in Body-Centered-Cubic Systems
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ABSTRACT: The steady-shear rheology of polystyrene—polyisoprene (S/I) block copolymer melts having
a body-centered-cubic (bcc) morphology has been characterized as a function of applied shear stress. At
temperatures below the order—disorder transition (ODT) and at low stresses (r < 100 Pa), both diblocks
and triblocks manifest finite but extremely large (7o = 10’—108 Pa-s) zero-shear viscosities. Small-angle
X-ray scattering (SAXS) measurements indicate that at these low stresses the bcc lattice remains intact.
This Newtonian region ends abruptly when a critical shear stress is reached (7. ~ 200 Pa), the steady
shear viscosity decreasing by almost 4 orders of magnitude with only a factor of 3 further increase in
stress. The viscosity then enters a weakly shear-thinning regime very similar to the behavior of the same
block copolymer above its ODT temperature. As shown by SAXS, there is no lattice order in this high-
stress regime, indicating that “shear-disordering” has occurred. If the disordered polymer is held fixed or
subjected to a low stress (z < 100 Pa), it gradually regains its original equilibrium state, following the

same kinetics as after a thermal quench from above to below the ODT temperature.

I. Introduction

Block copolymer melts in a microphase-separated
state exhibit complex flow behavior. Numerous experi-
mental studies and theoretical models have attempted
to elucidate the intimate coupling between rheology and
morphology. However, as described in several recent
literature reviews,® this interrelationship is sensitive
to a wide range of variables, and a fundamental and
comprehensive understanding has yet to be realized.
This is certainly true for highly asymmetric block
copolymers—the materials of interest in this study—
whose equilibrium microphase-separated structure con-
sists of spheres of the minority component packed onto
a body-centered-cubic lattice.

The fundamental question we address here is the
behavior of sphere-forming block copolymers at low
deformation rates. In the quiescently ordered state, and
at the lowest achievable frequencies, the linear response
of all block copolymers exhibits neither liquidlike ter-
minal flow nor solidlike elasticity. The behavior falls
somewhere between these limits depending upon the
morphology and degree of long-range order. Topological
defects such as dislocations, disclinations, and grain
boundaries have been suggested to influence the low-
frequency behavior,1736-8 put the nature of this con-
nection remains obscure. Steady-shear studies of block
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Table 1. Physical Characteristics of Block Copolymers

Studied
total mol wt Toot (°C)
polymer Wt % 7(kg/molz measured by
code styrene Mn Muw rheometry  SAXS

S/l 7/46 13.0 51.5 52.9 110+ 2 111+ 2
S/l 9/57 135 64.3 65.9 156 + 2 161 £ 2
S/1 60/7 89.0 64.9 67.7 165 + 2 165 + 2
S/1 10/69 131 76.7 79.0 197 £ 2 202 £ 2
S/1/S 9/120/9 13.0 133.3 137.8 164 +2 167 +2

copolymers have principally focused on the lamellar and
cylindrical morphologies, sheared at relatively high
rates;1=3°713 published studies of bcc mesophase melts
under large-amplitude reciprocating shear”# also em-
ployed high rates. The present article examines the
behavior of the bcc mesophase under steady shear,
revealing a Newtonian region at the lowest stresses,
followed by a “shear melting” of the bcc lattice as stress
is increased.

1. Experimental Section

A. Materials. A series of bce-forming S/1 diblock and S/1/S
triblock copolymers were anionically polymerized by DEXCO
Polymers (Plaguemine, LA). Characterization data for several
of these polymers have been reported previously.~1¢ Composi-
tions were determined by *H NMR in CDClg; all the | blocks
are high (93%) in 1,4 addition. True molecular weights (Table
1) and polydispersities (<1.03 for all polymers) were deter-
mined via gel permeation chromatography (GPC) in toluene,
using narrow-distribution S and | standards.!” Materials are
identified as S/I m/n, where m and n are the approximate M,,
values of the S and | blocks in kg/mol. SAXS shows that all
these polymers form the bcc mesophase at equilibrium and at
low temperatures;*® the order—disorder transition tempera-
tures Topr (Table 1) were determined by SAXS and confirmed
by rheometry.?415 All materials contained a commercial sta-
bilizer package; GPC showed that even after testing at 150
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°C for 3—5 days, little to no degradation had occurred (<10%).
All rheological testing was done at temperatures above the
glass transition temperature of the S phase, which is signifi-
cantly depressed in these block copolymers relative to poly-
styrene homopolymer.1819

B. Rheological Measurements. Controlled-stress meas-
urements were performed on a DSR-200 (Rheometric Scien-
tific, Piscataway, NJ), in a cone-and-plate geometry (2.3° gap
angle, 40 mm diameter, or 5.7° gap and 25 mm diameter) with
a temperature resolution of £0.5 °C. In steady mode, the shear
viscosity was measured for 10 < 7 < 10% Pa. In dynamic
oscillatory mode, the storage (G'(w)) and loss (G"(w)) moduli
were measured over 1072 < @ < 10? rad/s. Dynamic stress
sweeps at w ~ 1072 rad/s, conducted on each polymer at each
test temperature, verified that the stress amplitude employed
(producing a strain amplitude ~ 0.5%) remained within the
linear regime. Controlled-rate and stress relaxation measure-
ments were performed with an RMS-800 (Rheometric Scien-
tific), with a temperature resolution of +1 °C. A parallel plate
geometry (25 mm diameter) was used for dynamic oscillatory
measurements and a cone-and-plate geometry (5.7° gap and
25 mm diameter) for steady-shear measurements.

Specimens were compression-molded under vacuum into
disks and loaded into the rheometer. To ensure that the
equilibrium mesophase morphology was attained, samples
were heated in the rheometer to at least 5 °C above Topr for
15 min and then quenched to the desired testing temperature,
and the dynamic moduli were monitored at w ~ 1072 rad/s until
both moduli attained their limiting values.®'> When changing
test temperature, careful attention was paid to maintaining a
constant gap spacing to ensure that the sample’s shape was
not distorted significantly. All experiments were conducted
under a continuous nitrogen purge.

C. Small-Angle X-ray Scattering. Ex-situ SAXS measure-
ments were conducted following testing in the DSR. Only the
triblock S/1/S 9/120/9 could be removed intact from the
rheometer, as the diblocks have little mechanical strength.
Specimens of S/I/S 9/120/9 were quenched in the DSR from
the testing temperature to room temperature at 10 °C/min.
SAXS measurements were made at room temperature, using
a compact Kratky camera and a one-dimensional position-
sensitive detector (Braun OED-50M).2° Data were corrected
for empty beam scattering, detector sensitivity, and positional
linearity, desmeared for slit length, and placed on an absolute
intensity scale.? Intensities are presented vs scattering vector
g = (4n/A) sin 0, where 1 is the radiation wavelength (Cu Ka)
and 26 is the scattering angle.

I11. Results and Discussion

A. Linear Viscoelastic Behavior. Block copolymers
having a bcc lattice morphology are known to mani-
fest a low-frequency (long time) plateau modulus chc
whose magnitude is directly related to the size of the
lattice unit cell.1=36 Such behavior is commonly encoun-
tered in other “soft” systems containing a three-
dimensional lattice, such as colloidal and micellar cubic
crystals.1221.22 At very low frequency, however, the
plateau modulus begins to fall below G_.. Figure 1
shows a dynamic frequency sweep on S/l 9/57, where
the complex modulus G*(w) = G'(w)*+G"(w)? falls
away from G_.. at o < 1072 rad/s. Similarly, in stress
relaxation experiments, the relaxation modulus G(t)
falls below chc at long times (Figure 1).

A recent study® has suggested that defects permit
long-time relaxations in cubic-phase block copolymers,
leading to a crossover from solidlike to liquidlike
terminal behavior at sufficiently low frequency. How-
ever, true terminal behavior in bcc melts has not yet
been demonstrated; it appears to lie below the range of
frequencies measurable with standard instrumenta-
tion.13:6:23 The DSR does not function below 104 rad/s,
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Figure 1. Complex storage modulus G*(w) (A) and relaxation
modulus G(t) (—) for diblock S/I 9/57 in its fully ordered state
at 140 °C. G(t) has been plotted against 1/time to facilitate
comparison with G*(w).

and already at 1073 rad/s the reproducibility is poor. In
addition, strain amplitudes large enough to accurately
record can exceed the linear viscoelastic limit, which
becomes lower at lower frequency.® Transient measure-
ments, such as stress relaxation, are plagued by comple-
mentary problems: if the initial stress is kept small
enough that it lies within the linear regime, then at the
long times where terminal behavior is approached (>10*
s) the torque falls below the detection limits of the RMS-
800’s transducer. Thus, at best, oscillatory and relax-
ation measurements can only suggest the existence of
terminal-type behavior in ordered block copolymer
melts, so they were not employed in the present study.
As an aside, however, we have found that bcc-forming
concentrated solutions of a block copolymer in a selective
solvent can exhibit accessible liquidlike terminal linear
viscoelastic behavior.?*

B. Steady-Shear Rheology. We chose to employ
steady-shear measurements in part because signifi-
cantly lower deformation rates are obtainable than in
dynamic oscillatory measurements (10~7 s~* vs 10 rad/
s). More importantly, however, steady-shear testing
with a controlled-stress instrument is the most sensitive
method to probe the low-deformation-rate behavior of
a material, because it allows for the precise measure-
ment of a yield stress, if present—a measurement
impossible with a controlled-strain instrument.11.25-27

Creep tests were made starting from low 7 (=10 Pa)
and increasing to the DSR’s limit (1000 or 4000 Pa,
depending on cone diameter). At each 7 the shear strain
y(t) was measured until a steady shear rate y was
attained, yielding the steady-state viscosity 7. Repre-
sentative creep and recovery curves for S/I 10/69 are
shown in Figure 2. Measurements at the lowest 7 often
did not exhibit the completely smooth creep curves
typical for simple viscous flow even after prolonged
periods of shearing. These 7 fluctuations do not appear
to be an instrument artifact, as creep tests performed
on a polystyrene homopolymer of equivalent » and at
equally low y were smooth. As r was increased, smoother
y(t) curves were obtained.28

Figure 3 shows # vs t for S/I 10/69 at five tempera-
tures. This uncommon manner of presenting the flow
curve was chosen because it more clearly illustrates the
dramatic changes which occur in the rheology. Proceed-
ing from low to high z, three distinct regimes can be
seen. At low z,  exhibits a Newtonian viscosity plateau
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Figure 2. Creep behavior of S/I 10/69 at 155 °C. Applied shear
stress 7 shown as dashed lines; strain y(t) shown by symbols
forming thick lines. Note steady creep at 7 of both 40 and 80
Pa.
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Figure 3. Flow curves #(7) of ordered diblock S/l 10/69 at
various temperatures below its Topr. 70 represents the low-
stress regime, nq represents the high-stress regime, and the
critical shear stress 7. designates the transition regime.

on the order of 10’—108 Pa-s. In the ensuing discussion,
this region is referred to as the low-stress regime,
characterized by a zero-shear viscosity 7o. As t is
increased, there is a dramatic drop in » over a narrow
range of t at approximately 200 Pa; in this range, a
factor of 3 increase in 7 causes a decrease in 5 by roughly
4 orders of magnitude. This portion of the flow curve is
termed the transition regime and is characterized by a
critical stress (z¢). As 7 is increased further, a weakly
shear-thinning region is entered, termed the high-stress
regime. In this regime, # is in the range of 103—10*
Pa-s, and the behavior is similar to that of a simple
homopolymer.

The steady-shear behavior of a bce-forming triblock
copolymer melt was also investigated. Figure 4 com-
pares the flow curves of a matched diblock—triblock pair
(S/1 9/57 and S/1/S 9/120/9), where the triblock chain is
nearly equivalent to two diblock chains coupled together
at their | ends (i.e., My triblock & 2Mw dibiock). Qualitatively,
both systems show the same behavior as was found for
S/1 10/69, indicating that the same flow mechanisms are
present for both diblock and triblock copolymer melts
in the ordered state. This may appear surprising, since
it indicates that chains which bridge S domains in the
triblock system (and are responsible for the good elas-
tomeric properties at room temperature) do not produce
any qualitative differences in the steady-shear melt
rheology. This similarity in rheology between diblock
and triblock architectures indicates that diffusion of
individual chains through the lattice occurs more rap-
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Figure 4. Flow curves 5(7) at 140 °C for ordered diblocks S/I
9/57 (O) and S/1 60/7 (<) and triblock S/1/S 9/120/9 (a).

idly than the time scales probed here, such that end
blocks do not remain associated with a particular
microdomain long enough to impact the low-shear-rate
response. Consistent with this conclusion, diblocks and
triblocks of similar sphere-forming block length have
recently been shown to diffuse through a spherical
microdomain structure at similar rates.32

To further investigate how architecture affects the
flow behavior of bcc-forming block copolymer melts, a
diblock copolymer (S/1 60/7) which forms | spheres in
an S matrix—the compositional “inverse” of the materi-
als discussed thus far, but with a similar molecular
weight to S/I 9/57—was examined. Figure 4 shows that
the S-rich and I-rich diblocks exhibit similar flow curves,
with the primary difference being a higher viscosity for
the S-rich diblock. Even this difference is reasonable,
given the closer proximity to the polystyrene glass
transition temperature.

Having established the existence of these three re-
gimes of flow behavior in a range of bcc-forming melts,
we sought a microscopic structural explanation through
SAXS measurements on the triblock S/1/S 9/120/9. The
sluggish ordering kinetics®® of this polymer permit it to
be quenched in the rheometer and removed for ex-situ
SAXS without significant structural change. Figure 5
displays the SAXS patterns for S/I/S 9/120/9 measured
after shear histories corresponding to each of the three
flow regimes at 120 °C. Profiles have been shifted along
the intensity axis for clarity. Profile a was taken after
shearing the system in the low-stress regime, profile b
after shearing in the transition regime, and profile ¢
after shearing in the high-stress regime. Profiles a and
b show a narrow primary peak at g* and higher-order
peaks at q/q* ratios of 1:4/2:4/3, indicating that the
material still possesses bcc lattice order during flow.
After shearing in the high-stress region, however, the
main peak is broadened and shifted to slightly higher
g, and the higher-order peaks disappear. For compari-
son, profile d was obtained for a specimen which was
thermally disordered by heating above Topt and quench-
ing to room temperature. Profiles ¢ and d can be
guantitatively modeled as the scattering from an as-
sembly of spheres possessing liquidlike order!>33 and
are typical of the SAXS patterns obtained for highly
asymmetric block copolymers disordered by heating to
slightly above their ODT temperatures.

Figure 5 shows that shearing at 7 > 7. destroys the
bce lattice, producing a structure analogous to that
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Figure 5. Room temperature SAXS patterns for triblock S/I1/S
9/120/9 taken after various shear and thermal histories. Inset
shows the flow curve at 120 °C and the corresponding locations
of the three shear stresses employed. Profile a was taken after
shearing at 20 Pa for 12 h (120 °C). Profile b was taken after
shearing at 100 Pa for 1 h (120 °C). Profile ¢ was taken after
shearing at 1000 Pa for 30 min (120 °C). Profile d was taken
after holding the system at 120 °C for 200 min following a
guench from 180 °C (> Topr). For clarity, each profile after (a)
has been successively shifted downward by a factor of 10 in
intensity.

obtained by thermal disordering. Such a “shear melting”
has been observed previously in steady shear for certain
colloidal systems,25:34=36 put not for diblock copolymer
melts. In fact, shearing of lamellar or cylindrical diblock
melts produces a modest stabilization of the ordered
structure.®’~41 By contrast, lamellar triblocks subjected
to reciprocating shear do show a destabilization of the
ordered phase, once the rate of entanglement relaxation
becomes comparable to the characteristic deformation
rate.*2 The qualititative difference between lamellar
diblocks vs triblocks (stabilization vs destabilization)
underscores the difference between the disordering
process for lamellar structures and the one we observe
for sphere-forming block copolymers, where diblocks and
triblocks behave similarly (see Figure 4). The most
pertinent prior report is that of Koppi et al.,° who
observed a disordering in aligned bcc-phase diblock
copolymers when subjected to large-amplitude recipro-
cating shear at an intermediate shear rate. However,
because cessation of shear led to the redevelopment of
the original ordered structure, the authors concluded
that their observations arose from slippage of planes of
spheres past each other in the shear direction, rather
than a complete disordering. Since reciprocating shear
is limited in its amplitude, it is possible that the
material does not achieve steady state prior to the
reversal of flow; indeed, at higher shear rates, Koppi et
al. observed no disordering because the specimen simply
deformed elastically up to the full strain amplitude. The
time dependence of the shear disordering we observe
(on unoriented specimens) is discussed briefly below and
more fully in a companion paper.*3
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With this structural basis for the observed rheological
transitions in mind, we return to each of the three flow
regimes to examine the rheological behavior in greater
detail and to demonstrate that this shear-disordering
phenomenon is equivalent to the well-studied thermal
disordering of these block copolymers.

(a) Low-Stress Regime. The presence of an g
plateau in ordered bcc-forming block copolymer melts
demonstrates that these materials, despite the presence
of a lattice structure, do not exhibit simple yield stress
behavior (i.e., no flow for sufficiently small 7). The
Newtonian behavior seen in Figures 3 and 4 is also
consistent with an extrapolation of Figure 1, which
suggests that terminal behavior would be achieved if
measurements could be made at much lower frequen-
cies.

Since SAXS indicates that the lattice structure is
retained during flow, one expects a portion of the
macroscopic deformation to be associated with deforma-
tion of the lattice. This portion of the deformation should
be essentially elastic (instantaneous recovery),?” with
a modulus equal to GJ.. Recovery measurements were
performed following creep tests at low 7, as shown in
Figure 2 for S/1 10/69. After shearing the diblock at t =
40 Pa for 24 h (corresponding to a strain of 0.255 and
an average viscosity 1.5 x 107 Pa-s), the stress was
released and the polymer allowed to recover. The
recoverable elastic strain y, was found to be 0.018, in
reasonable agreement with the initial elastic strain vy,
= 1/Gy,. = 0.015. This agreement confirms that the ex-
situ SAXS measurements reflect the actual structure
during shear: that is, the bcc lattice is not destroyed,
provided 7 < ..

The large magnitude of 7, in the low-stress regime,
coupled with the presence of an ordered lattice, suggests
a defect-mediated flow mechanism such as grain bound-
ary sliding, vacancy motion, or dislocation movement,
which are also known to occur in other ordered materi-
als such as colloidal suspensions, micellar crystals,
metals, and ceramics.34:3544-46 \\e defer further exami-
nation of this subject to a future paper.2

(b) Transition Regime. The values of  which we
report in this regime are the steady-state values; they
are maintained during shearing at the given 7 for
extended periods and are reproducible between runs.
However, achieving a steady state in the transition
regime following a step increase in stress required
shearing for unusually long periods (up to 8 h), during
which time the apparent viscosity steadily decreased.
We assign the value of the critical stress 7. as that where
n declines most steeply; 7. occurs near the end of the
transition regime. As shown in Figure 3, 7. depends
weakly on temperature. Because 7. is related to the
strength of the bcc lattice, it is reasonable that its

magnitude should be related to chc, a property which
also shows a weak dependence on temperature.® In the
companion paper,*® we discuss the relationship between
GY.. and 7, drawing analogies with other crystalline
materials such as metals, ceramics, and colloids.

To determine how this flow transition progresses as
a function of shear rate rather than shear stress,
controlled-rate measurements were made on the RMS-
800. For S/1 10/69 at 155 °C, the lowest shear rate which
gave a detectable torque signal was 5 x 1072 s™1. Shear
rates were incrementally increased from this level up
to ~1 s71, generating the flow curve shown in Figure 6,
overlaid on the flow curve obtained from the corre-
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Figure 6. Comparison of flow curves #(y) for S/l 10/69 at 155

°C measured using the controlled-stress DSR (O) and the
controlled-strain-rate RMS-800 (a).
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Figure 7. Flow curves 7(7) for diblock S/l 7/46 measured at
90 °C after various shear and thermal histories. For path A,
1 was measured from low to high 7 (O); for path B,  was
measured from high to low 7 (®) to probe the shear-disordered
state. For path C, 5 was measured from low to high 7 (O) for
a specimen quenched into the thermally disordered metastable
state via a quench from 110 °C (> Topr).

sponding test done on the controlled-stress DSR. The
flow curve obtained on the DSR contains a gap in the
measured shear rates, 4 x 1074 s™1 <7 <4 x 1072571,
which corresponds to the steep viscosity drop at z.. In
contrast, the flow curve generated via the RMS-800 is
continuous across the entire range of shear rates, but
the response is erratic in the region right around 7, due
to the usual transient stress overshoot when the shear
rate is increased. Similar behavior has been reported
for colloidal suspensions where a transition from poly-
crystalline flow to a layer-sliding mechanism occurs at
a dynamic yield stress.#"—51

(c) High-Stress Regime. At stresses above ., the
block copolymers all enter a weakly shear-thinning
region which persists up to the testing limits of the DSR
(Figures 3 and 4). The slow ordering rate of these
materials'® suggests that if one were to reduce the stress
back below 7., the viscosity should show pronounced
hysteresis, a property common in colloidal systems.34
Figure 7 shows this effect for S/l 7/46 at 90 °C, where
in path A, T was continuously increased from zero, while
in path B, t was continuously decreased from 3000 Pa
(r > 1). At high 7, the two paths coincide, indicating
that shear history does not affect this portion of the flow
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Figure 8. Temporal evolution of dynamic storage modulus
G’ at 0.01 rad/s for the diblock S/1 7/46 at 90 °C after various
shear and thermal histories: (a) after a quench from the
thermally disordered state at 115 °C, (O) after shearing at 500
Pa for 20 min, (<) after shearing at 250 Pa for 30 min, (V)
after shearing at 250 Pa for 2 h, and (O) after large-amplitude
oscillatory shear at yo = 100% and w = 2 rad/s for 45 min. G';
represents the disordered metastable state, and G'; represents
the equilibrium, unaligned bcc-ordered state at 90 °C. For
clarity, only a few symbols are indicated on each ordering
curve; the actual density of points is one per 20 min.

curve. At T < 1, however, 5o is roughly 3 orders of
magnitude lower when starting from a shear-disordered
state (r > 1) than when starting from a quiescently
ordered state (r = 0). Along path B, the flow curve is
quite similar to that of a simple shear-thinning poly-
meric system with no viscosity transition region.

To explore the similarities between the shear-disor-
dered and thermally disordered states, S/l 7/46 was
thermally disordered by heating to 110 °C and then
guenched to 90 °C, the same temperature at which the
flow curves in Figure 7 were measured. Viscosity
measurements were then made from low to high stress
while the polymer was still in its thermally disordered
metastable state; the slow ordering Kkinetics of this
polymer at 90 °C (ordering half-time!®> ~ 300 min)
permit such measurements, as the stress sweeps shown
in Figure 7 for both disordered specimens required only
100—120 min to conduct over the range t < 7.. The flow
curve of this thermally disordered metastable specimen
(path C in Figure 7) is indistinguishable from the flow
curve of the shear-disordered material (path B). Con-
sistent with the SAXS results of Figure 5, the flow
curves of Figure 7 indicate that the shear-disordered
and thermally disordered states are indistinguishable.

(d) Ordering Kinetics. If a bcc-forming block co-
polymer is quenched from T > Topt to T < Topr, the
equilibrium ordered structure does not develop im-
mediately, due to the sluggish diffusion of polymer
chains.’® The ordering kinetics can be tracked through
time-resolved measurements of G' at a fixed (low)
frequency. Figure 8 shows a typical isochronal dynamic
time sweep, for S/I 7/46 at 90 °C following a quench from
110 °C. At short times, G' exhibits a low-magnitude
plateau (G';1) characteristic of the metastable disordered
state. At long times, a higher-magnitude G’ plateau is
reached (G';), which signifies that the bcc lattice has
fully formed. We define the ordering half-time (t12) as
the time when G' reaches the average of its short- and



Macromolecules, Vol. 35, No. 7, 2002

long-time plateaus, G'1, = (G'1 + G',)/2. If the shear-
disordered and thermally disordered states are equiva-
lent, then one would expect the reordering rates from
these two states to be identical. Figure 8 also shows data
for S/1 7/46 at 90 °C, sheared steadily for 20 min at t =
500 Pa (>7;) and then monitored by time-resolved
dynamic oscillatory measurements in the linear regime.
This curve closely tracks that following the thermal
guench from the disordered state, and the two show
identical half-times to within experimental error (328
min after shear-disordering vs 348 min after thermally
disordering).

Shearing the system into the transition regime gener-
ates a partially disordered state, similar to the continu-
ous disordering progression occurring in some colloidal
systems.36:51 The SAXS data in Figure 5 reflect this, as
the higher-order peaks in profile b are weaker than in
profile b; indeed, profile b can be adequately described
by a linear combination of the scattering from ordered
(profile a) and shear-disordered (profile ¢) specimens.
This partial disordering is also evident rheologically. In
Figure 8, two additional curves show the ordering
behavior of S/I 7/46 after being sheared at 250 Pa for
30 min and for 2 h. Though this stress slightly exceeds
7, approximately 7 h is required for 5 to achieve its
steady-state value at this applied stress, and thus
shearing for 30 min or 2 h does not fully disorder the
material. This is reflected rheologically in the short-time
value of G', which greatly exceeds G'; and rises very
quickly with time. However, the limiting values of G’
attained at long times are significantly less than the
long time G'; plateau (chc) measured after reordering
from a fully disordered state. This suggests that the
partially disordered systems reorder with an aligned

microstructure, rather than the random arrangement

of grains whose ensemble yields Gp,..

We hypothesize that the regions of the specimen
which remain ordered during shearing in the transition
regime act as nuclei during the reordering process,
producing the accelerated ordering rates seen in Figure
8 relative to the case where the material started from
the fully disordered state. Furthermore, these nuclei
could easily be aligned during the shear, yielding an
aligned microstructure after reordering. To quantify the
effect of flow alignment on rheological response for S/l
7146, an additional specimen was first aligned using
large-amplitude oscillatory shear”:8 (LAOS; yo = 100%,
2 rad/s) and then its response monitored with small-
amplitude oscillatory shear. As shown in Figure 8,
LAOS can produce an equilibrium modulus which is
approximately 50% less than chc. Interestingly, the
structure immediately following LAOS also appears to
be partially disordered, as G' rises with a time course
similar to the specimens which were partially disordered
by steady shear.

All the data in Figure 8 were generated by monitoring
the system with small-amplitude oscillatory shear,
essentially a zero-stress condition. However, one might
suspect that shear-disordered systems would be able to
reorder even if kept under steady shear, provided the
stress is reduced to 7 < 7.. The inset of Figure 9 shows
the temporal evolution of the viscosity for S/l 7/46 at
90 °C under continuous steady shear. The material was
first shear-disordered by applying 500 Pa (>17.) for 20
min, after which it was sheared at 40 Pa (r < 7). At
short times, » is low (=71), signifying that the system
is in its shear-disordered state; indeed, this value of 7,
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Figure 9. Ordering half-times ty, for diblock S/l 7/46 at 90
°C as a function of shear stress 7 applied during the ordering
process (O). As shown in the inset, measurements were taken
after shearing at 500 Pa (>7;) for 20 min to induce shear
disordering. The stress was then reduced below 7., and the
temporal evolution of # was monitored, where 71 represents
the shear-disordered metastable state and #, represents the
steady-state # after reordering. Values of ty, obtained from
dynamic oscillatory measurements (Figure 8) after shear
disordering (2a) and after thermal disordering (v) and from
SAXS measurements taken after thermal disordering® (O) are
shown for comparison at r = 0.

equals the zero-shear viscosity found on path B in
Figure 7. At longer times, 7 rises until it reaches a
second plateau value (=7,), indicating that the bcc order
in the system has returned. This type of test was
repeated at several other 7 < 7, and similar sigmoidal
reordering curves were observed, though with slightly
different rates which are conveniently quantified with
a viscosity half-time analogous to the modulus half-time
extracted from the data of Figure 8. Figure 9 shows the
t1/2 values determined under steady shear at various
following shear disordering; the dependence of t;, on
is essentially linear for the values of 7 employed and
extrapolates to ti; = 321 min at r = 0. This value may
be compared directly with other zero-stress measure-
ments of the reordering time (also plotted in Figure 9):
tiz = 328 min for a sample shear disordered and
monitored by small-amplitude oscillatory shear, t;, =
348 min for a sample thermally disordered and moni-
tored by small-amplitude oscillatory shear, and ti, =
270 min previously reported!® for a sample thermally
disordered and monitored by SAXS. The excellent
agreement between all these values emphasizes the
equivalence of the shear-disordered and thermally
disordered metastable states. While the limit of this
linear dependence of ty; on  has not been determined,
we presume that, at stresses approaching z., ty, will
diverge.

1V. Conclusions

The steady-shear rheology of bcc-forming block co-
polymer melts is directly dependent on the state of
mesophase order present in the system, and its progres-
sion with increasing deformation rate divides into three
distinct regions. At low stresses, the bcc lattice remains
intact, and flow occurs by a creeping relaxation mech-
anism with an essentially Newtonian viscosity. This
relaxation mechanism is responsible for the previously

reported decay in the modulus below Gy, at low fre-
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guencies, the absence of a true yield stress as demon-
strated here, and the very large magnitude of the
viscosity measured in this regime (10’—108 Pa-s). As the
stress is increased, the bcc lattice is disrupted, causing
the viscosity to decrease. This shear-disordering process
occurs over a very narrow span of stress and is char-
acterized by a critical stress beyond which the system
no longer possesses any mesophase order. At still higher
stresses, the system behaves as a simple shear-thinning
polymeric material. This shear-disordered state is meta-
stable, equivalent both rheologically and structurally to
the thermally disordered metastable state. If the shear-
disordered system is held below the critical stress, it
orders back to the bcc structure with kinetics analogous
to those exhibited after thermal disordering. Further-
more, over a substantial range of stress, the ordering
time appears to be linear in the applied stress.
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