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Shear suppression of critical fluctuations in a diluted polymer blend
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Small-angle neutron scattering has been combined with equilibrium dynamic light scattering to study shear-
induced mixing in a diluted high-molecular-weight polymer blend. The data show an enhancement of critical
fluctuations upon dilution and are found to collapse onto a universal scaling curve containing no free param-
eters. This scaling curve is motivated by the theoretical predictions of Onuki and Kawasaki for undiluted
binary mixtures. The data also appear to suggest that “Fisher renormalization” is relevant in this diluted
pseudobinary polymer mixture, consistent with a previous dynamic-light-scattering sf&dy63-
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The behavior of polymer blends under steady shear flovdioctyl phthalatd DOP). The PSD had a molecular weight of
has important applications in chemical processing and manuM,,=89 000 g/mol and a polydispersity &f,,/M,=1.03.
facturing. As measured with small-angle scattering, the shearhe PB(8% vinyl, 92%cis andtrans 1,4 had a molecular
response also offers a direct probe of the couplings in ordeweight of M,,=22000 g/mol and a polydispersity of
parameter and velocity fluctuations that lead to interestinglw/M,=1.06. Mixtures of varying composition were pre-
phenomena in these mixtures, the nature of which depend®red at a constant total polymer concentration of 8% and
on the molecular weights of the polymers involvég2]. In the 'nominal coexistence curve for this upper—critipal-
the miscible phase of high-molecular-weight blends, the imSolution-temperaturgUCST) system was measured with
position of shear leads to a distortion of thermal compositiorfeMperature-jump light scatteriri@]. Based on these mea-
fluctuations along the direction of flow, while the scatteringSUrements, the critical composition and critical temperature
perpendicular to the flowworticity) direction retains its equi- WE'® determlrled to bg.=0.315 volume fraction PSD and
librium profile [1]. These observations are consistent with c~40-920.1°C. All of the measurements described here
ideal mean-field type statics of phase separation. The detail¥c® performed on samples taken from a large batch pre-

¢ thi X . ared at the critical composition. A detailed DLS study of
of this anisotropic response also suggest that hydrodynam fhe equilibrium critical dynamics is described elsewhep
or mode-coupling effects are significant in such blends

which is consistent with equilibrium dynamic-light- and suggests an exponext0.68+0.02 for the divergence

. . of the dynamiccorrelation length é* ~(1—T./T) 2] in the
scattering(DLS) studies[1,2]. In contrast, low-molecular- vi inity):)f T gt &™ ~( o/T) 1
-

weight blends under steady shear show a true suppression o SANS measurements as a function of temperature and

the critical temperature that qrises frpm an interplay betweegy o, ratey) were carried out at the Cold Neutron Research
mode-coupling and nonclassical critical behayib3].

In this paper we use a combination of small-angle neutron
scattering (SANS and equilibrium DLS to study shear- y | . .
induced mixing in a diluted high-molecular-weight polymer % . 1
blend near its critical point. Treating the ternary system as a - .
pseudobinary mixturd4], dilution of a high-molecular- 1.0 E1af g b
weight polymer blend with a good solvent should lead to an 1of e
enhancement of critical fluctuatiof§]. This is because di-
lution serves to increase the volume of phase space readily
available to thermal composition fluctuations, which effec-
tively increases the so-called “Ginzburg number” of the
transition. In small-molecule binary systems, dilution leads S
to a “Fisher renormalization” of the critical behavior in the T
“impure” or ternary system with respect to the pure binary ool e &
mixture [6,7]. Past studies of this effect have focused on ! ! !
small changes in the critical exponentand v as the stabil- 50 60 70

)

ity limit is approached7,8]. The existence of Fisher renor- T(Q

malization in diluted polymer blends is a question that is  rig 1 The temperature dependence of the characteristic life-
currently unresolved8, 9], although one could argue that it time 7, as deduced from SANS and DLS, and the correlation length
should be expected in any binary system for whichis ¢ as deduced from SANSnsed. Both show a marked increase in
modified strongly upon dilutiofi6]. the one-phase region & is approached. The dashed lines are

The sample used for both the SANS and DLS measureguides to the eye. A quantitative fit of these two quantities is com-
ments was a blend of monodisperse deuterated polystyremgicated by the crossover to “critical” behavior in both the equilib-
(PSD and polybutadiengPB) dissolved in a solution of rium statics and dynamics.
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and reduced correlation length squared as a function of the reduced
FIG. 2. (a) Suppression of thermal composition fluctuations shear rate both parallék) and perpendiculafz) to the direction of
along the direction of flow. Similar behavior was observed perpenflow. Within the inherent scatter, the response is isotrofbg.A
dicular to the flow. The lines are fits with the Ornstein-Zernike similar plot with all parallel and perpendicular quantities averaged
(Lorentzian expression.(b) Zimm plot and (insey fractional-  together. In bota) and(b), the solid line is the predicted form of
deviation plot for the sheared data and fit showriah supporting  the “Fisher-renormalized” response and the dotted line is the pre-
the validity of Eq.(1) under steady shear. dicted form of the “pure” or Ising response.

Facility at the National Institute of Standards and Technolyg deduce the correlation length and the susceptibility

ogy. The details of the instrument and shear cell are deg ). combined with equilibrium DLS measurements of the
scribed elsewherg10]. The geometry of shearing is in the cqoperative-diffusion coefficierd,, we obtain a character-
x-y plane with the flow in thex direction and the velocity jgtic order-parameter relaxation time:

gradient in they direction. Neutrons incident along tlyeaxis
were scattered by the sample and a two-dimensional detector To= gZ/Dc_ 2
measured the scattering intensity in the plane. The data
were averaged over angular sectors both par@lldirection = The temperature dependenciesrgfand £ are shown in Fig.
and perpendiculaz direction to the flow so as to preserve 1. Both exhibit a marked increase as the phase boundary is
any anisotropy that might be present in the data. The scattegpproached, consistent with the appearance of slow and ex-
ing contrast in this dilute binary system is sufficiently weaktended coherent fluctuations in composition. Because these
so that multiple scattering is negligible and the measuredjuantities are in a regime of crossoy#&r8], quantitative fits
intensity, after background corrections, should be proporare cumbersome, and the dashed lines are intended only as
tional to the structure factdB(q,y)~(¥¥_), where the guides to the eye.
order parametef(r) represents local fluctuations around The error bars due to the relatively weak scattering of
c- neutrons in this dilute system prevent a precise determination
Equilibrium (y=0) SANS measurements of the relatively of the correlation-length critical exponentvia an extrapo-
low-q scattering intensity as a function of the scattered wavdation of the apparent. from equilibrium SANS. Our inter-
vectorq were fitted with the Ornstein-Zernike expression pretation is based on the shear response. The details of theo-
retical background are given elsewh¢te3,5], and we only
S(q)= S(0) (1) Summarize the results here. Typically SANS probes length
V=17 £9° scales in the vicinity of a cutoff wave vectay,(y) that
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separates those thermal-fluctuation modes unaffected by thieduced shift in the stability limit is proportional to the fixed
shear (>q.) from those that are suppressed by the sheapoint value of the critical¥'#) coupling constanty* [11].
(g<q.). In the immediate vicinity ofg., anisotropic de- Based on the known shift in the critical exponents upon di-
crease in scattering intensity indicates a true suppression diftion and the relationship between these exponents and the
the critical temperature by the flogghear-induced mixing  coupling constant*, one can heuristically predict how the
and is intimately linked to the presence of critical fluctua- critical amplitudes should evolve under Fisher renormaliza-
tions. In this case the scattering profiles can be reasonabljon. This gives the estimated valués=1/7 to go with v
well described by Eq(l) with a shear-dependent correlation =0.72 in Eq.(3). Figure 3 shows a comparison of the ob-
length and susceptibility&(y) and S(0,v), where the shear servedx-z response with Eq3). Within the inherent scatter,
dependence is contained in the “modified” critical tempera-the response appears isotropic, and Fi{g) 8hows the same
ture, To(y). plot with an isotropic average of the experimental quantities.
Figure Za) shows the projection of the scattering intensity In both graphs, the solid line represents the Fisher-
parallel to the flow direction af =45 °C for bothy=0 and  renormalization form of Eq(3) (A~0.143 andv=0.72 and
y=3270 s'*. The lines are fits with Eq(1). A weak decrease the dashed line represents the usual Ising form of Bj.
in the lowq intensity is clearly evident. Figurgl® shows a (A~0.0832 andv=0.63. Because all of the experimental
plot of S™(q) vs g? for the nonequilibrium data in Fig(8,  quantities appearing in E¢3) have been directly measured,
and the inset shows the fractional deviation from thethere are no free parameters in this comparison with theory.
Ornstein-Zernike fit as a function of Similar behavior was Previous light-scattering studies of tfie shift in PS-PB-
observed at all temperatures and shear rates, both parallOP under shear by Takeke al.[4] gave an exponent 143
and perpendicular to the flow direction. We found no evi-=0.50+0.02, which is consistent with our previous DLS es-
dence of shear-induced phase separation between either tihate of v [8], and which is lower than that observed in
the polymer components and the solvent. Within the scattesmall molecule binary mixtured?2].
inherent to the data, the response appears isotropic, although In conclusion, our data offer unambiguous evidence for
anisotropy should become apparent at lowerThe shear the importance of critical fluctuations and a crossover to non-
response predicted by the mode-coupling renormalizationelassical critical behavior in a diluted, pseudobinary polymer
group theory of Onuki and KawasdKil] can then be castin mixture of moderately high molecular weight. In addition,
a compact forni1,3] by introducing the reduce@dimension-  the agreement with the (®) prediction of Onuki and Ka-
les§ quantities S=S(0,7)/S(0,y=0), &=&(y)/é(y=0), wasaki (modified or unmodified is quite good over more
ando=y7.. The data should then collapse onto the univerthan two decades in reduced shear rate without any free pa-

sal scaling curve given by rameters. Although our data can be interpreted as supporting
_ an argument in favor of Fisher renormalization in such a
S~&2={1+Ag¥¥ 2 (3)  diluted polymer blend, the size of the error bars prevents a

. ) . ) truly rigorous distinction. Rather, the results obtained here
whereA~1/2 to leading order im=4—d (d=3 is the spatial ~syggest that further investigation of such effects in diluted
dimension and»=0.63 for a purelsing) mixture. In Eq.(3),  polymer mixtures is very much warranted. It would be inter-
we have made the approximatigr=2v. Previous measure- esting to measure the viscosity anomaly in diluted blends
ments on an undiluted, low-molecular-weight PSD-PB blend 13, as the exponent and amplitude ratios should be strongly

are in remarkable agreement with this predictiarg]. influenced by Fisher-renormalization effects.
Although a rigorous extension of the Onuki-Kawasaki

theory to a Fisher-renormalized system is lacking, a heuristic
modification of Eq.(3) for such a diluted mixture can be We would like to acknowledge help from Dennis W. Hair
made as follows. The leading order contribution to the shearin carrying out the DLS measurements.
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