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Shear-Induced “Homogenization” of a Diluted Polymer Blend
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The miscibility of a diluted polymer blend under steady shear has been investigated in the two-
phase region using fluorescence and phase-contrast microscopy. Critical exponents describing the
shape of the coexistence curve and the shift of the critical temperdtitir€y) were compatible
with expectations based on renormalization group and mode-coupling theories, but the introduction
of a reduced variable description &fT,. suggested a tendency f@}. to saturate at high shear rates.
[S0031-9007(97)02774-9]

PACS numbers: 83.80.Es, 64.75.+g

The effects of shear on the critical temperatfirehas ments. Since this kind of scattering intensity measure-
been studied in small molecule binary mixtures as well asnent depends on the history of the shearing measurement,
polymeric blends [1-4]. Because of the relatively largethe procedure of extrapolation, and the sensitivity of the
influence of shear and the slow dynamics of polymeric syseetection system, it seems necessary to seek other mea-
tems, it has been possible to perform more comprehensivairement techniques which more directly reflect the loca-
measurements on bulk [3] and diluted [4] polymer blendgion of the phase boundary to determine the true meaning
using a combination of small angle neutron scattering andf shear-induced “homogenization.” More basically, we
dynamic light scattering techniques. A comparison [5]have the question of whether the coexistence curve actually
of experimental results obtained in the one phase regioshifts with y.
with the theory of Onuki and Kawasaki [6] indicates a re- In this paper we investigate the miscibility of a blend
markable consistency. However, many questions remaiim the two-phase regime. Fluorescence and phase-contrast
about the influence of shear on the phase stability of mixmicroscopy provide real-space images of the two-phase
tures. For example, theombinedinfluence of additives morphology under shear. Information about the local poly-
(e.g., solvent for the blend) and shear on the phase stabitrer composition is determined from the fluorescence in-
ity of mixtures and the nature of mode-coupling effects intensity, and observation of droplet deformation under shear
the unstable regime have received limited attention. Thevith phase-contrast microscopy allowed us to determine a
present paper considers these problems based on the exisltear stress relaxation time.
ing Onuki-Kawasaki framework. Polystyrene (PS) was purchased from Varian [7] with

Previous measurements [2] on diluted polymer blendsnolecular weightMy = 96000 [8] and polydispersity
in the unstable regime under conditions of steady sheavfy /M, = 1.02. We labeled the PS with the fluorescent
showed a marked decrease of scattering intensity at higthye, 4-chloro-7-nitrobenzofurazan (NBD chloride) follow-
rates of shear. This shear-induced “homogenization” efing the method described in Ref. [9]. The aminomethy-
fect was interpreted in terms of a shift of the phase boundlated polystyrene intermediate was reacted with NBD
ary with shear, as in earlier shear-scattering measuremertdhbloride and purified via a precipitation method. The
on small molecule mixtures in the one-phase region [1Jmonomer ratio of PS to NBD was calculated to be 300
The effect of droplet distortion on the shear-scatteringmeato 1. Gel permeation chromatography (GPC) revealed
surements was minimized by considering the projectiorthat the labeling process leads to a slight change in the
of the scattering data along the vorticity direction. Esti-molecular weight and polydispersity, such thet, =
mates of the integrated intensity along this direction from110000 and My /M, = 1.08. The polybutadiene (PB)
shear light scattering measurements showed a tendencyttad a molecular weigh4y, = 22000 and a comparable
strongly decrease and then to saturate at high shear ratgmlydispersity. The fluorescence microscope utilized a
The characteristic shear ragg, corresponding to this satu- bandpass excitation filtdd80 = 20 nm), a dichroic mir-
ration point, was then employed along with theoretical ar+or (reflects lighd80 = 20 nm), a long-pass emission fil-
guments to estimate the shift of the phase boundary witker (cutoff wavelength 510 nm), and a 300 watt xenon
shear. While this procedure led to estimates of the criti{ORL illuminator 6000) excitation light source. Phase-
cal temperature shifts with shear that were apparentlgontrast and fluorescence microscopy data were collected
consistent with the Onuki-Kawasaki (OK) theory [6], it using techniques described elsewhere [10]. Images were
seems unclear to us whether the diminished scattering imecorded onto videotape (super VHS) and then digitized
tensity (“homogenization”) reflected a true shift of the using a frame grabber.
phase boundary or merely the breakup of droplets under The coexistence curve for the quiescent NBD-PS/PB/
shear to a scale undetectable by light scattering measurBOP mixture (8% total polymer in solution by mass)
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FIG. 1. Phase diagram of NBD-PS/PB (1:1 mass ratio) in
DOP. The main figure shows the coexistence curve (deter-
mined by optical turbidity measurements) where the blend is
treated as a pseudobinary system. The total polymer concen-
tration is 8% by mass. The insets show the composition dif-
ferenceA ¢ between the coexisting phases and their avegage
versus reduced temperature= |T — T.|/T,.

FIG. 2. Fluorescence and phase contrast micrographs of PS
. . . . . enriched droplets in the unstable regime for a mass fraction

was measured with optical microscopy, and is shown iryf 8o, NBD-PS/PB in DOP at 2Z. The bright regions in
Fig. 1. The critical composition corresponds to roughlythe fluorescence microscope image (a) show the NBD-PS rich

30/70 PS/PB by weight, and the critical temperature waglroplets, while the dark continuous phase corresponds to the
found to equal 86.5C. The order parameter exponent PB rich phase. The droplet morphology is clearer in the phase
B (inset Fig. 1) was determined from a power-law fit of contrast image (b).

the composition differencA ¢ as a function of reduced

temperaturer = |T — T.|/T., leading to the relation, the PS-rich phase. By monitoring the fluorescence inten-

. 8 sity differences it is possible to deduce the composition
Ag(y =0,T) = 0.9077, B =035=001, (1) gifferences between the phases under steady shear. The

where the stated confidence interval [11] corresponds to droplets become increasingly distorted with shear, and this
standard deviations in the fitting procedure. The value otffect becomes more pronounced near the critical point
B determined is intermediate between the Ising value [12jvhere the interfacial tension is small. For the modestly
B = 0.326 = 0.002 and the fully Fisher-renormalized large quenches used here30 °C below the phase bound-
value [13] Br = 0.366 expected for a highly diluted ary) the distortion is small enough that the fluorescence
binary-fluid mixture. A previous measurement of theintensity difference between droplet and matrix can be ac-
correlation length exponent by dynamic light scat- curately measured. The fluorescence intensity ratio is very
tering [14] for a comparable PS/PB/DOP diluted blendsensitive to small composition changes undetectable with
(without dye labeling) gaver = 0.68, which is likewise ordinary light scattering.
intermediate between the Isinfy = 0.63) and fully The relative-polymer-composition ratie between the
Fisher-renormalized value’r =~ 0.71) [13,15]. Similar PS-rich domains and the PB-rich continuous phase is
B values have been determined for diluted small molecul@btained from the fluorescence-emission intensitjesf

mixtures [16]. the PS enriched and PS depleted phases,
The asymmetry of the coexistence curve was charac- , _ _ rich )
terized by the average of the coexisting compositions, R = ¢+/¢- = explally(PS-rich = 1;(PS poo)r]},3
¢ = (¢4 + ¢_)/2, which has a linear (“rectilinear di- (3)
ameter” [17]) dependence an whereq is a calibration constant. The composition differ-
b = b, + 0.157 b. = 0.295 ) enceA ¢ (y, T) under steady shear is readily determined to
¢ U ¢ U equal

This serves as a useful method of locating the critical com- . _ —
position and is important in the development below. Fig- A¢(y.T) = 2[R = D/(R + D] )

ure 2 shows fluorescence and phase-contrast micrographigure 3(a) showsA¢ versus r determined from

of phase-separated droplets. The bright domains (a) afeiorescence-emission-intensity measurements based on
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o . T ' The critical temperature shift exponent is notably smaller
@ T than the mode-coupling value for undiluted mixtures
0z L | [1,5]. However, Fisher renormalization should increase
— ‘ﬁ’ as mentioned above, leading to a smaller shear exponent,
2ol & ° i 1/3v = 0.47, consistent with Eq. (6).
— [ J .
- & Although the power I_aw Eq. (.6) provides a rough de-
fb 04 | ° 0.35 ] scription of AT, (y) over intermediate shear rates, the scat-
© ° ter is rather large and the data suggest a tendenci for
05 ° . to saturate for largg. Experimental errors become appre-
ciable at high shear ratéy = 500 s~!) where the drop-
0.6 | 1 | ) ;
5 s 1 Yy o lets become small and the fluorescence intensity changes

become difficult to measure, but the tendency Adt. to
saturate seems to occur at lower shear rates where we are
confident in our measurements. We then examined the
saturation effect more closely by introducing a reduced
shear variablg = y 7. where the stress relaxation timg

was determined from direct observation of droplet defor-
mation under shear, as described in a previous paper [18].
The scatter il T, becomes substantially reduced with the
introduction ofy, and the tendency foAT, to saturate

at high shear rate becomes more apparent. The reduced
AT.(vy) shift is well described by the approximant,

AT (7)/AT (7 — ) = (7**/9)/11 + (7*¥/5)],

reduced AT,

1 10 (sec” 100 7
shear rate (sec )
1 1 | 1 1 1 1 1 ( )
0 50 100 150 200 250 300 350
reduced shear rate

which is similar to an expression introduced previously
to describe the shift of the order-disorder transition in
FIG. 3. Influence of shear on compositioA¢ and the block copolymers under steady shear [19]. Equation (7)
critical temperature shifd7.. (a) The change of the droplet 5 consistent with the expected scaling of mode-coupling

composition with shearA¢(y,T) obtained from Eq. (4) is
shown versus the reduced temperatare |T — T.(3)|/T.(%). theory at low shear rates [see Eq. (6) and Ref. [4]], but

Filled circles show quiescent data while open’ circles showl€ads to a saturation df. at high shear rate®\7.(y —
shear data for several temperatures in the two-phase regime) =~ 25 °C. It is clear that the shift of’. predicted by
(22, 30, 40, and 5€C). (b),(inset) Power-law fit oAT.(y)  mode-coupling theory cannot hold indefinitely since the
;/I::rsus&/ baaZdTon F’;pe‘“'ta“ons f(;"”: mgde'(‘;‘)mp'ﬁqg theo%’ f’l‘”Q:riticaI temperature must be positive, and a tendency for
e reducedAT. plot corresponds to Eq. (7). e symbols : : L
discriminate datap for differgnt tempera?ture@,(22°c;y<>, AT, to saturate is reasona_ble. This observathn invites
30°C: A, 40°C; [J, 50°C). further theoretical and experimental work on the high shear

rate regime to understand and further verify this “saturation

Eq. (3). Ad(7,T) andAT,.(7) can be obtained by plac- €ffect.” . .
ing an estimated value o into Egs. (4) and (2), then The present measurements were restricted to relatively
iterating this procedure until the change of these value§€€P quenches because of the tendency for the fluores-

is small enough to be neglected. The valuedofrom  CENce of the NBD probe to be quenched at high tempera-

Eq. (2) was used as the initial value in this recursionUres (I’ =50°C). This restriction could be overcome

This procedure gave a relation similar to the quiescenpy Nigher solvent dilution or by adjusting the polymer

case molecular weights, and further studies along this line are
b o ) planned. Despite these limitations, it is clear that fluores-
A¢(y,T) = 0.8577, B =035%005. (5 cence microscopy can detect composition changes even at

The statistically determined error is optimistic, and we bedow rates of shear where these changes are small, and that
lieve the total error could be as large as 0.07 due to syshe method provides a powerful and conceptually well-
tematic errors. The shift of the critical temperature fromdefined method for probing the phase coexistence of flu-
its quiescent valud.(y = 0) obtained by this procedure ids under shear.
leads an apparent power law shown in Fig. 3(b), It should be appreciated that the present measurements
_ 0 N - 0.44%0.05 do not conform to the narrow conditions required by the
AT = Te(y = 0) = Te(y) = (152 = 0.36)y ’ OK theory. This theory was developed for the one-phase
(6) region “near” the critical point where the shear rates are
where the prefactor has an order of magnitude similar tassumed to be sufficiently low that the steady state is
the value reported by Takelst al.[2] for PS/PB/DOP. “near” the quiescent equilibrium state. These assumptions
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allow the use of thep” field theory as an appropriate [8] According to ISO 31-8, the term “molecular weight” has
model of the long wavelength composition fluctuations been replaced by “relative molecular mass,” symiol

in the vicinity of the critical point, and this shear range [9] S. Kim et al., Rev. Sci. Instrum67, 3940 (1996).
restriction allows the neglect of inertial effects and othed10] H. Kim et al., Macromoleculed9, 2737 (1986).
mode-coupling effects which can be expected at higﬂll] All = vglues cited within are estimated uncertainties based
shear rates where the fluid becomes strongly driven. Th 2] \(])nvmlicl’téprzleergeaasnu(jregnwtz. Lovelt Serders. Annu. Rev
OK theory also does not treat diluted mixtures wher P.hy.s Ch§m37 189 (1.98.6). gers, : :
the conventional Ising-type critical behavior can becom ' | '

o X . ql?,] M. E. Fisher, Phys. Re\l.76, 257 (1968); M. E. Fisher and
strongly modified, leading naturally to questions of how P.E. Scesney, Phys. Rev. 2825 (1970).

the composition-velocity field mode couplings become[14] H. vajimaet al., Phys. Rev. B47, 12 268 (1993).

modified in such systems. [15] K. Ohbayashi and B. Chu, J. Chem. Phy8, 5066
(1978); B. Chu and F.L. Lin, J. Chem. Phy&l, 5132
(1974).
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