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Small-angle neutron scattering has been used to investigate the shear response of a low
molecular weightA/B homopolymer blend withA-B diblock-copolymer surfactant. In the pure
homopolymer limit, long-wavelength critical fluctuations are sheared apart and the flow stabilizes the
disordered phase. Above a threshold block-copolymer composition, however, these fluctuations become
enhanced by the shear, implying that the flow has a destabilizing effect on the disordered phase.
[S0031-9007(97)04737-6]

PACS numbers: 83.80.Es, 64.75.+¢, 83.70.Hq

In addition to providing practical insight into en- labeled [14]. Small amount® o = 0.01) of antioxidant
hanced polymer miscibility, ternary homopolymer/copoly-were added to all of the samples.
mer mixtures offer a unique opportunity to study phase Quasistatic light scattering was also used to measure the
transitions and ordering in soft materials under sheartime evolution of the spinodal instability in the vicinity of
This is particularly true of low molecular weight systemsthe quiescent critical point [13]. From this, we obtain
that exhibit strong critical fluctuations but still have re- the spinodal-peak positiog,, and intensityl(g,,) as a
laxation rates slow enough to respond to moderate flowsunction of time after shallow quenches just inside the
In pure homopolymer blends, it is well established thatunstable region. At fixed'c, — T, we observe the late
long-wavelength critical fluctuations are sheared apartime power lawsg, (1) ~ ¢t~ and I(g,) ~ gq,¢ ~ 3¢
in a manner that stabilizes the miscible or disorderedvith « ranging from 1 in the pure blend t%)in the 8.6%
phase [1,2]. Fluctuations in disordered diblock-copolymercopolymer sample, implying that the diblock significantly
melts [3], however, are sheared apart in a way that ininhibits the onset of a hydrodynamic growth regime.
duces ordering [4—7]. Between these two extremes, th®he suppression of hydrodynamic effects with increasing
behavior is potentially quite rich and complex [8—12]. copolymer content suggests that the coupling between
Here, we use small-angle neutron scattering (SANS) t@omposition and velocity fields decreases in strength with
study the shear response of low-molecular-weighiB  increasing copolymer composition, which should strongly
homopolymer blends witi-B diblock-copolymer surfac- influence the shear response of the mixture.
tant. Above a threshold copolymer concentration, the data The SANS measurements were performed at the Na-
show anenhancemenof composition fluctuations under tional Institute of Standards and Technology using a Cou-
shear, which is attributed to a shear-induced increase iette shear cell that is described elsewhere [15]. The
the ordering temperature. temperature was controlled t00.2 K and measurements

The materials are monodisperse blends of deuteratadere taken in the miscible (disordered) phase near the
polystyrene (dPS) and polybutadiene (PB) with degreeequilibrium stability limit7.(0). The geometry of shear-
of polymerizationNgps = 9 and Npg = 92. The dPS- ing is in thex-y plane with the flow in ther direction
PB diblock copolymer is also low-molecular weight, and the velocity gradient in the direction. Neutrons in-
with Ngps.pg = 45 + 92 = 137. All three components cident along the axis were scattered by the sample and
are unentangled. As determined by transmission elea two-dimensional detector measured the scattering inten-
tron microscopy (TEM), the melt copolymer is disor- sity in the x-z plane. The data were first averaged over
dered at room temperature (25). Between 0% and angular sectors parallel and perpendicular to the flow to
8.6% copolymer by mass, the spinodal temperature adetect anisotropy. In all cases, the response was isotropic
a function of homopolymer content was measured withand the data were azimuthally averaged. Multiple scatter-
temperature-jump light scattering, from which we obtaining is negligible and the background-corrected intensity
the critical homopolymer composition and critical tem-is proportional to the structure factStq, y) = (¥ ¢—,),
perature as a function of copolymer composition [13].where ¢s(r) = ¢(r) — ¢. is the order parameter and
The mixtures used for SANS contained 0%4ps = y = dv,/dy is the shear rate.
0.70 and ¢pp = 0.29, with T¢, = (51 = 0.5) °C], 3% The random-phase-approximation (RPA) theory of
[daps = 0.68, ¢pg = 0.28, and ¢gps.pg = 0.03, with ternary homopolymer/copolymer mixtures is mean field
Tc, = (47 = 0.5)°C], and 8.6% {gps = 0.66, ¢dpp = and, thus, inadequate for low-molecular-weight systems
0.24, and ¢gps.ps = 0.09, with Tc. = (35 = 0.5)°C]  [16,17]. Anisotropic response i§1(q, ) over theqg range
copolymer at critical homopolymer compositions, whereprobed by SANS is typically associated with a shift in the
¢ is the volume fraction. We also studied an analogoustability limit [1]. For the all-PS-labeled mixtures,
set of mixtures in which only the diblock was deuteriumthe lowy miscible-phase scattering intensity was fit to
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the Ornstein-Zernike expression implies that the free-energy cost of an order-parameter
5(0) gradient is reduced by the diblock.
S(g) = Tgﬂqz @ Figure 3(a) shows th& dependence of the scattering

intensity in the equilibrium miscible phase of the 8.6%
to obtainy dependent susceptibiliti€g0) and correlation ~copolymer block-only-labeled mixture. There was no
lengths ¢ as a function of temperature. In the vicinity detectable structure in the 3% block-only-labeled sample.
of T.(0), the shear suppressed the Igwscattering in The peak intensity an@7/gmax both increase a3’ —
the 0% and 3% copolymer samples. Such behavior i€:(0). In contrast, the same copolymer concentration in a
consistent with shear stabilization of thermal fluctuationgheutral solvent of dioctyl phthalate (DOP) is independent
as previously documented in homopolymer blends [1,15]0f 7' [Fig. 3(b)], implying that fluctuations in copolymer
In contrast, the shear enhanced the lpweattering close composition are coupled to long-wavelength fluctuations
to 7..(0) in the 8.6% copolymer sample, as shown in Fig. 1.in homopolymer composition. In the absence of this
The shear-induced structure is evidentsif) and ¢, coupling, the scattering intensity approximates the form
which decrease withy close to7.(0) in the 0% and factor of the partially labeled chains, and we model the
3% samples, but increases wifhclose to7,(0) in the data in the Fig. 3(a) with
8.6% sample, as shown in Fig. 2. Curvature in the in- 5'(0)
verse susceptibility as a function bfT indicates a break- 1(q) = P(q) T+ (Ear
down of mean-field theory [3,18]. In the 8.6% copolymer 9
sample, this curvature decreases as the critical temperasere P(q) is the average of the data in Fig. 3(b).
ture is increased by the flow. At temperatures well abov&he structure factoS’(q) = I(q)/P(q) is then fit to a
T.(0), the data from the 8.6% sample suggest shear stabi-orentzian to gets’(0) and &/, and typical Zimm plots
lization, as1/S(0) shows a slight shear-induced increasein the vicinity of 7.(0) are shown in the inset of Fig. 3(b).
[Fig. 2(b)]. Close tdr'.(0), however, the destabilizing ef-  In this interpretation, the peak in Fig. 3 is due to the
fect of the shear is quite dramatic, suggesting that the rezorrelation-hole effect arising from the partial deuterium
duction of composition fluctuations by the flow drives thelabeling of the diblocks [20]. Dividing out the form factor
system from Ising to mean-field behavior. The interfacialvia Eq. (3) significantly reduces the curvature in Zimm

3)

contribution to the Ginzburg-Landau free energy is plots of inverse intensity vg? and gives a leading-order
X R description in terms of a Lorentzian structure facf(y)
Fr = 35k ] IVy|*av . (2) that contains all of the temperature dependence. This

As shown in the inset of Fig. 1, the interfacial coefficient
k = £2/5(0) exhibits a 20% decrease between 3% and

8.6% copolymer [19]. Th& dependence is nonsingular 160 o 8.6 ‘{cigg/%gB
I‘ ln |
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and « is insensitive to shear. Equation (2) models the
leading-order term in the free energy due to gradients in
. The decrease ir with increasing copolymer content
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FIG. 1. Shear-induced increase in the lgwscattering in-

tensity in the 8.6% copolymer all-PS-labeled sample. TheFIG. 2. Shear response of (&) vs T and (b)1/S(0) vs 1/T
temperature (40C) is 5 K aboveT,.(0). The lines are fits to for the 8.6% all-PS-labeled sample, where the error bars are
Eg. (1). The inset shows the interfacial coefficianas a func-  the size of the data markers. The temperature WH¢rK0)

tion of temperature and copolymer composition. The units areextrapolates to zero gives the stability limit, and the shear-
expressed in terms &, RT.(0), wherek, is the SANS contrast induced increase ir§(0) implies a shear-induced increase in
factor between dPS and PB aRds the molar gas constant. the critical temperature.

4694



VOLUME 79, NUMBER 23 PHYSICAL REVIEW LETTERS 8 BCEMBER 1997

2.0 T £ as a function off — T.(0) is shown in Fig. 5(a), where
&' has been scaled by a factor of 3. The increasé’in
asT — T.(0) implies enhanced correlation, and is consis-
tent with a physical picture in which the diblock resides
preferentially in regions wher& | exhibits a maximum.
The saturation ot in the vicinity of 7.(0) suggests that
the extent of these fluctuations is limited, which is consis-
tent with the physical picture depicted in Fig. 4.

As shown in Fig. 5(b), the scattering intensity of the
8.6% block-only-labeled sample is insensitive to shear.
The inset shows the shear responsefcfnd &’ in the
vicinity of T.(0), where these two quantities have been
reduced by theiry = 0 values. The temperatures are
5 and 1 K away from7.(0) in the all-PS-labeled and
block-only-labeled samples, respectively [14]. The bulk
correlation lengthé has been fit to

G
&3 = 0) {1 1+<T«'y>}’

with fitting parameters = 0.6, 7 = 0.7 s, andv = 0.6.
Equation (4) is derived from an expression for the shear-
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FIG. 3. (a) Temperature dependence of the equilibrium scat- g
tering intensity in the 8.6% copolymer block-only-labeled — ir
sample. (b) These fluctuations are absent in a neutral solvent ;
of DOP, which gives the partially-labeled-copolymer form fac- st
tor P(q). The structure factos’(q) = 1(q)/P(q) is fit to a
Lorentzian (inset).

(a) 8.6 % copolymer, 0 s™
O & dPS/PB/dPS-PB
A 3%, PS/PB/IPS-PB

treatment is self-consistent, as therange used in the st S e o w2t L L
fitting is much less thaz /&', ToT (O)H()K)
The quantity &’ measures the spatial coherence of ¢

copolymer composition fluctuations induced by critical 2.0fF T T e
fluctuations in homopolymer concentration. It is roughly o g
a factor of 5 smaller thag and characterizes structural s FRO

correlations on the size of individual diblocks, as repre- 15k
sented schematically in Fig. 4. A comparisonfand

&/80), 878 (0)

0.5

(b) 8.6 % dPS-PB in PS/PB, 98 °C
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FIG. 4. Schematic representation of block copolymer residing=1G. 5. (a) Log-log plot of¢’ and¢ vs T — T.(0). (b) The
preferentially at the diffuse interface of a homopolymer com-scattering intensity of the 8.6% copolymer block-only-labeled
position fluctuation that elucidates the difference between thesample is insensitive to shear, and the inset shows the shear
two correlation lengthg (all-PS-labeled) and”’ (block-only-  response of and ¢’ in the vicinity of 7.(0), where the solid
labeled). line is a fit to Eq. (4).
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