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Shear-induced structure in polymer blends with viscoelastic asymmetry
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Light scattering and optical microscopy have been used to measure the morphology as a function of
shear rate and composition in polymer blends with viscoelastic asymmetry in the melt components.
The blends studied are immiscible mixtures of low-vinyl polybutadi¢R8) and high-vinyl
polyisoprengPl), where the vinyl content strongly influences the rheological properties of the melt.

At the temperatures where the optical measurements described here were performed, the PI starts to
exhibit an elastic response above a critical shearyatevhile the PB responds like a viscous fluid

up to the highest shear rates of interest. The disparate rheology of the two fluids leads to a rich
variety of domain patterns and orientations as the volume fraction of the more elastic component is
varied. © 2002 American Institute of Physic§DOI: 10.1063/1.1503769

I. INTRODUCTION these mixtures, the shear flow homogenizes the fluid back to
a thermodynamically homogeneo(misciblg state at suffi-

Due to the relatively small entropy of mixing of most ciently high shear ratesy. In this paper, we describe light-
macromolecular pairs, many polymer mixtures of practicalscattering and optical-microscopy measurements of the do-
interest are immiscible, and mixing devices are often used tenain morphology as a function of shear rate and composition
emulsify orblendthe two componentsDuring processing, in immiscible polymer blends with viscoelastic asymmetry in
such blends often form emulsionlike distributions of onethe melt components. The blends studied are mixtures of
melt phase dispersed in another, and the properties and chdow-vinyl polybutadiene(PB) and high-vinyl polyisoprene
acteristics of the ensuing two-phase polymeric material aréPl), where the vinyl content strongly influences the rheo-
influenced, sometimes quite strongly, by the shape and sidegical properties of the melt. At 130 °C, where the optical
of the droplets, as well as the relative rheological propertiesneasurements described here were performed, the Pl exhib-
of the droplet(disperseflphase and the matrigcontinuous its an elastic response above a critical shear yatewhile
phase. Although the flow fields encountered in practical mixthe PB responds essentially as a viscous fluid up to the high-
ing devices are complex, the local velocity field at a givenest shear rates of interest. The disparate viscous and elastic
point within the mixing device often contains a componentproperties of the two melt components leads to a rich variety
of simple shear flowWwith the flow direction defined along of domain shapes and anisotropies as the shear rate and com-
the x axis, a constant velocity gradient along thexis, and  position are varied.
the neutral(vorticity) direction along thez axis|. This rela-
tively simple flow field is unique in that it contains equal ||. MATERIALS AND METHODS
amounts of pure elongation and pure rotation.

As fluids, polymer melts often exhibit dramatic non-
Newtonian behavior, and studies of polymer blends under The polymers used in this study were synthesized at the
simple shear flow also provide valuable and fundamental inGoodyear Tire and Rubber Compafy.The number-
sight into the physics of multiphase viscoelastic fluids.averaged relative molecular madd (), the mass-averaged
Small-angle light scattering has proven to be a valuable todlelative molecular massM,,), and the polydispersity were
for measuring the shear response of immiscible polymegdetermined by gel permeation chromatography, and the mi-
blends?~” and real-space microscopy is emerging as a powerostructure was probed usingC nuclear magnetic reso-
erful tool for directly visualizing droplets and domains in nance. The polymer chains are statistical copolymers com-
polymer blends under she&it® A limited number of recent posed of 1-4, 1-2 isomers and 1-4, 3-4 isomers,
studies have combined both light scattering and optical mifespectively. The PB has a mole fraction of 1-2 isomers
croscopyin situ to probe the shear response of polymerequal to 0.1, while the PI has a mole fraction of 3—4 isomers

blends under realistic processing conditid?s=> In some of ~ equal to 0.9. In generaM ,=51 000 andM,, /M ,=1.04 for
the PB, whileM,=72000 andM,,/M,=1.02 for the PI.

2 o o These two polymers are immiscible over the range of tem-
Electronic mail: erik.hobbie@nist.gov ibl he i ménThe blend

YAlso at the Department of Petroleum and Chemical Engineering,peratures apcessu _e to the _'nStru ni.he blends were_
New Mexico Institute of Mining and Technology, Socorro, New prepared via solution blending from methylene chloride
Mexico 87801. (mass fraction of polymer in solutien0.02) containing the

9Also at the Department of Chemistry, Kyunghee University, Yongin, ;
Kyungkido, 449-701 Korea. appropriate amount of each component and a small amount

9Also at the Departments of Chemistry and Chemical Engineering, Univer(Mass fr_aCFion of 0-0005 in Solutiblmf_Goodyear Wingstay
sity of California, Irvine, California 92697. #29 antioxidant. The mixture was stirred at room tempera-

A. Materials
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ture for 1 day and filtered through a 0.48n Gelman Acro-
disc CR PTFE filter. The solvent was then evaporated unde
an atmosphere of flowing nitrogen gas, and the sample wa
dried in a vacuum oven at room temperature for several days
All shear experiments were performed at 110-140°C. The
samples were heated from room temperature and anneale
for 30 min before shearing to obtain a reproducible initial
two-phase morphology for each sample.

¥
T

B. Instrumentation I T &
s |

Thein situ scattering/microscopy instrument, capable of 10‘
collecting two-dimensional light scattering data and real- g1
time microscopy images in the flow/vorticitx-2) plane, was _% 10°
designed and constructed for conducting optical measure = 16>~ . e

stress (10° dyn cm'z)
N

ments of complex fluids under simple shear fidwrhe & L . T &B L g,
sample compartment is composed of two electrically heatec @ o}* .~ - SyEe
quartz plates, and the temperature of each plate is controlle iy L 0
to within 0.5 K by a 100 Q platinum-resistance- 0.1 1 10 100
temperature-detectdRTD) element in conjunction with a 1  (rad/s)

mA current source. The gap between the plates typically var-

. _ : ; _ FIG. 1. Spherical PI droplets dispersed in a continuous PB phase)(
ied from 200—-50Qum. A beam of vertically polarized mono 130°G for ¢—0.10, where the width of the micrograph is 2p@n. The

chromatic light from a 15 mW He—Ne laséwavelength\ lower left figure showss'(w) (dash and G"(w) (solid) for the PI(gray)
=632.8 nm) was directed through the sample. The image adnd PB(black at 130 °C. The lower right figure shoves, (solid) and N
the scattered light in the angular range 4°—2With respect (dash of the Pl(gray) and PB(black) as a function of shear rate at 130 °C.
to the incident beain corresponding to wave vectn) val-

ues ranging from 0.6 to 4.6m™ ] was focused onto a ther-

moelectrically cooled two-dimensional charge—coupled-”" RESULTS AND DISCUSSION

device(CCD) detector using a pair of spherical condensersA. Melt rheology

and the array of data from the 28&56 pixel CCD camera

was thgn trzlalnsferdred. tr? ag_?rrsonalggrgputer. ge mﬁ_}?scogﬁspersions consisting of spherical droplets of one phase dis-
Image Is collected with a different camefaage ' persed in the other, as shown in the upper panel of Fig. 1.

model 73, recorded onto a super-VHS tape, and digitizedryg pj yjyme fraction is denotefl. From an extrapolation
using a frame grabber from Data TranslatidT 3851. ;564 on small-angle-neutron-scattering measurements, we
Conventional bright field microscopy relies on a significantegtimate that the mixtures exhibit upper-critical-solution-
refractive index difference between the two phases to res°|Vf°emperature(UCS1‘) behavior with a spinodal temperature
the image. In the case of phase-separated PB/PI blends, they is much greater than the upper limit of any meaningful
refractive index difference between ltEE\e WO COMPONENtS Igpoth instrumentally and materiajlyange of temperature$.
small (Npg=1.512 and np=1517);" and the phase- pecause of the(hypothetical UCST coexistence curve,
separated blends are not optically turbid. Phase-contrast Mijight thermodynamic mixing might occur in the presence of
croscopy was thus used in addition to bright-field micros-shear in either one of the dilute limits, where the transition
copy to image the morphology. An advantage of this smalkemperature might be low enough to fall in the vicinity of the
optical contrast, however, is that multiple scattering effectgelevant temperatures. In this study, however, we assume that
are suppressed when light scattering is used to probe thghy true mixing that occurs under shear is negligible. Spe-
structure. A strobe flash synchronized with the video framQ;ifica"y, we focus on 0.02 $=<0.40, and$=0.80 atT
acquisition provides clean sharp images at high shear rates.A130°C. In the first blends, the Pl forms the dipersed
Rheometrics Scientific SR-5000 rheometer in both cone-andphase, while in the latter, the PB forms ttguiescent and
plate and parallel-plate geometry was used for dynamic meayeak sheardispersed phasé.

surements of the linear viscoelasticity and steady-shear mea- The effect of the shear field is to distort and break up the
surements of the viscosity, shear stress, and first normajroplets, and the specific shear response depends strongly on
stress differenc& which were carried out with 25 mmdiam-  the rheology of both the dispersed and continuous phases. In
eter fixtures and a (0:40.01) mm gap thickness. The tem- Fig. 1, the lower-left panel shows the loss modulGg) and
perature was controlled to withir0.5 K, and the measure- the storage modulugy’) as a function of angular frequency
ments were carried out under a nitrogen atmosphere taw), and the lower-right panel shows the shear stresg)(
prevent any thermal degradation of the polymers, which arand the normal stress differenéd) as a function of shear
known to be heat sensitive. rate (y) for each of the two melts at 130°C. The shear-

The quiescent blends typically coarsen into emulsionlike
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viscosity ratio (yp,/ 7pg) is 10 in they—O0 limit, although
the PI exhibits shear thinningas evidenced by a deviation

also present in the elasticity. In the P8’ exceedsS’ over

the entire range o, while in the PI,G' exceedsG"” at w,
~100 rad/s, implying that elastic forces emerge in the PI
over a range of shear rates where viscous forces reman
dominant in the PB. From a Maxwell model of linear
viscoelasticity:® we can obtain a measure of the dynamic
asymmetry via a relaxation time=Ilim,_,G'/(0G"),
which at 130 °C is of order 0.0015 and 0.02 s for the PB and <4
PI, respectively. The elasticity of the Pl can also been seen ir
the steady-shear measurements erexceedwxy at a
critical shear ratéy,~15s 1. As discussed in detail below,
evidence of an elastic response in the blends starts to emerc
at shear rates in the vicinity of 105 and in this paper we
focus on the collective behavior of concentrated blends in the
regime 0.5<y/y.<7, where internally generated elastic FIG. 2. A typical micrograph $=0.20, y=75s"), with the flow )
forces are an important factor in the respo?\EﬂuivaIentIy direction to the right and the vorticityz) direction from bottom to top. The
but perhaps more fundamentall, we measure the blend rgE2-=7® ImAgmpocr e vieds = brary imeadumner g of re
sponse in the regime OIDe<2, whereDe=r7Yy is the  thresholding preserves only the brightest regidiasver left, outlined in
Deborah number of the Pl melt at 130 °@ssumingr black, scale bar 25 um), where the orientation of the outlined shapes is

~0.02 S). used to extré_,lct the local director figlldwer right) that gives the orientation
of the domains.

S\\;_
(¥ s a‘:—

?I

(D

B. Computational background ) ) . . .
difference in the results. The correlation functions displayed

The morphology can be quantified with both real-spacenere have been renormalized to decay to zero at large sepa-
image analysis and small-angle light scattering. By threshrations.
0|d|ng the d|g|t|zed miCI‘OgraphS intO binary blaCk a.nd Wh|te The image processing procedure is depicted in Fig 2
we obtain approximate slices of the binary PI-PB doma'r\/vhere the image correspondsde=0.20 at a shear rate of 75
morphology in the flow—vorticity plan&. From these modi- ! The micrograpHKupper lefi is thresholded and inverted
fied images, the two-point composition correlation functlon,imo a binary image(upper righj that reveals distorted PI
domains (black) in a continuous PB phaséwhite). This
cu={ A bijdirki ), (1)  modified image is a two-dimensional slice of the three-
. dimensional morpholody and gives a map of the local com-
is computed from the fieleb;; , whereg;; (=1 or 0) is the Pl position field¢(r). The steady-state structure consists of lo-
composition of pixelij. The indicesi and k denote pixel cally connected domains oriented at various angles with
number along the axis,j and| denote pixel number along respect to the flow field, reminiscent of the behavior reported
the z axis, andA=Z;; ¢;; is the effective area of the image. by Moseset al,?* who used real-space image analysis to
For example, an image witth;; =1 for all i andj givescy quantify tilted “ripple waves” in sheared polymer solutions.
=1 for allkandl. Fork=1=0, Eqg.(1) givesc(0)=1.Inthe To quantify the domain orientation in the blend for 0.02
limit of large k and|, the pixel values become uncorrelated, < ¢<0.40, we measure the local tilt angle with respect to
and Eg.(1) reduces to the area fraction of the image. Inthe vorticity direction by further thresholding the image so
computing this correlation function, results obtained from athat only the brightestlargesj domains of the original mi-
number of images taken at different depths within the samplerograph survivégray regions, lower-left panel, Fig).20f
are averaged together at a given shear rate and compositiadhese, only those with an area greater tharui® (outlined
and this ensemble average, represented by the brackets in Eq.black) are used to obtain a measure of the director field
(1), is assumed to give an accurate representation of the prar) (lower right panel, Fig. 2 where the cutoff ensures that
jection of the full three-dimensional two-point correlation only long-wavelength fluctuations are used in the analysis.

function, To measured(r), a threshold level was chosen that gave an
average of =200 bright regions above the cutoff per image
C(r):<v—1i dr’ ¢(r')(r'+r)), (2)  (200x150um) at »=0.20. As a function ofg, the level

was then varied with respect to this reference such that
in the flow—vorticity plane. Projections of this two- = @3 The computer algorithm defines the orientation of a
dimensional version o€(r) onto the appropriate axes can region as the axis that yields the smallest moment of inertia,
then be used to extract a measure of the mean domain sizad the director field is mapped out by placing a unit vector
and shape. Computations ofr) were performed with both with this orientation at the centroid of the region.
periodic and box boundary conditions with no ascertainable If the distribution of domains is random, then a linear
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slice of ¢(r) along an arbitrary axis resembles a collection
of dilute, randomly spaced square waves of random width.
The autocorrelation along that direction is then an exponen-
tial decay, with a decay constant equal to half the character
istic pulse width?? Under shear flow, domain—domain inter-
actions are important in all but the dilute limit, and thus the
locations of the PI-PB interfaces are in fact not random.
Indeed, for certain compositions and shear ratés), exhib-

its well-defined minima, or correlation holes, reminiscent of
weak (anisotropi¢ liquidlike order. This is not exclusively
the case, however, and to obtain a consistent measure of tr
effective domain size, we fit the data in the—0 limit to

the approximate expression

c(r)y~exp —2ra(A)}, €©)]

where R(A) =1/a(f) provides a measure of the spatial co-
herence along the directidm=r/r as a function of compo-
sition and shear rate. A particularly simple form ®ff) is
one with ellipsoidal anisotropy;

c(r)

3
a(f)?=, A% /R?. (4)
=1 6l
The structure factor measured in reciprocal space with small:
angle light scattering$(q), is the Fourier transform af(r).
With the above expression far(f), the Fourier transform of 4
Eq. (3) can be easily computed to obtain the static structure T
factor »n
_ 2
qux 2 quy 2 quz 22
S(a)=RRyR, 1+( > Tl S .
(5) gl

Equation(5) is the anisotropic analog of the expression origi-
nally derived by Debye for the scattering from random, iso-
tropic, sharp interfaces,and fitting the light-scattering data
to Eq.(5) in t_he I_argeq limit provides an additional measur? FIG. 3. Morphology of a blend witl=0.20 at the intermediate shear rate
of the domain size and shape. The length scales determinegs s . The width of the micrograpkupper lefi is 75 um, with the flow
from these fits, however, are typically a factor of 2 smallerdirection along the horizontal axis and the vorticity direction along the ver-
than those determined directly frouf). aliough the an- s 242 TSIotine o Prirand e s s e o pses
isotropy and shear-rate dependence are the same. Such q('l 5m the binary images, the two-point correlation function inxreplane,
agreement is to be expected, however, as(Bois only an  ¢(r), is computedinset, middie. The origin of the anisotropy is discussed
asymptotic approximation and thus does not represent thie the text. The middle graph shows projection () onto the flow(x) and
full form of c(r). As discussed in greater detail below, avorticity (2) directio_ns. The Iower_ fig‘ure shows the small-angle light scat-
common feature of the measured light-scattering pattern 1o patterrS(q) (insef and projections 0f(q) onto thex andz axes.
the presence of winglike lobé&butterfly” patterns) that are
intimately linked to correlation holes io(r). These correla-
tion minima are in turn intimately related to interactions, the extension of isolated droplets along the vorticity
reflecting a weak periodicity in the location of the interfaces.direction® As shown in Fig. 3, this effect is already evident
Such effects are ignored by E@). In this paper we present in the optical data collected fap=0.20 aty=8s* (/%,
data obtained in both real and reciprocal space, but=0.53). Although no minima are evident a{r), the real-
the quoted domain dimensions are determined from the reaspace data exhibit slight anisotropy with mean elongation
space images via fitting the projections to(x;) along the vorticity direction. To eliminate any residual an-
~exp(—2x/R) in thex;—0 limit. isotropy inc(r) associated with slight off-axis illumination
in the micrographs, correlation functions have been made
symmetric with respect to the vorticity direction. As shown
in the lower panel of Fig. 3, the light scattering pattern at
As discussed above, measurements of the melt rheology=8 s ! exhibits a weak crease along the vorticity axis. At
suggest that internal elastic forces start to emerge in the viy=75s ! (y/%.~5, real-space images shown in Fig), 2
cinity of a critical shear ratey.. When the PI is the dis- two distinct lobes are clearly evident in the light scattering
persed phase, such internally generated normal forces lead pattern(Fig. 4). The cartoon at the bottom of Fig. 4 depicts a

q, g, (um”)

C. 0.02< =<0.40
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FIG. f‘i Light-scattering pattern fo_r_the dgta ‘in Fig. 225*_0'_20'.7 FIG. 5. The upper left panel shows the two-point correlation functén),
=75s ), where the flow ) and vorticity @) directions are as indicated. ;5 ted for the data in Fig. 2. The upper right panel shows the Fourier
The bottom panel shows a crude cartoon of the domain morphology, wherg \storm of c(r), which closely resembles the light-scattering pattern,
the tilt angle® (defined below serves as a useful parameter for character- S(q), in Fig. 4. The main panel shows projectionscgf) andS(q) (insed

izing the response. The symmetry of this broadly filted morphology with along the flow and vorticity directions. Weak minima along the flow direc-

respect to the vorticity and flow directions can be inferred from the symme-. = . ) - L
try of the light-scattering patterns. tion in c(r) gives rise to the winglike structure &q) in Fig. 4.

tilted morphology of the distorted Pl domains with respect toentationgi or i’. The superposition of these two asymmetric
the flow geometry, where the physical significance of thesubdistributions then provides a measure of the full symmet-
angle ©® =cos Y(A-2) follows from an analysis of the real- ric p(6) (black curve that is in good agreement withy( )
space imagese.g., Fig. 2 and is discussed in more detail measured with symmetric illuminatidfi.The advantage of
below. The symmetry of the morphology with respect to thethis technique, however, is that the subdistributions allow a
vorticity axis, however, can be inferred from the symmetrymore precise measurement @f since they exhibit a well-
of the light-scattering pattern. The upper-left panel of Fig. 5defined peak in the vicinity of the cutoff. F&@ > 7/4, two
shows the two-point correlation functioo(r), for the data peaks are sufficiently far apart to be resolved in a single
depicted in Fig. 2, while the upper right panel shows itssymmetric measurement @f( ), as shown in the inset to
Fourier transform, which reproduces the distinct lobelikeFig. 6(a) for ¢=0.30 at 75 §*. Figure &a) shows the azi-
features of the measured light-scattering pattern in Fig. 4muthally averaged tilt—tilt correlation function,
Projections of(r) along the flow and vorticity directions are .
shown in the main panel of Fig. 5, while the inset shows 94(r) =(exp2i[6(r) — 6(0)]}) ®)
similar projections ofS(q). The well-defined minima along (where the factor of 2 reflects invariance under 6= )
the flow direction atx~3 um, apparent as light correlation for the data represented in Figs. 2, 4, and¢s=0.20 and
holes inc(r), are what give rise to the winglike lobes in ¥=75s1). The solid curve isgg(r)~exp(—r2/§§) with &,
S(q) and indicate anisotropic ordering in the presence of the=100um. Similar correlation lengths were obtained over
shear field. the entire range ot and y of interest. Also shown in Fig.
From the fieldd(r), we compute the tilt-angle distribu- 6(a) is the radial distribution functiorg(r), computed from
tion function,p(6). The inset to Fig. @& shows howp(6) the centroids of the regions used to méfy) at the same
varies with ¢ in the regime of interesty/y.>1). When composition and shear rate. Within a scale factor, the two
p(6) is broadly peaked about the vorticity direction, we de-correlation functions are similar, implying that the tilt coher-
fine ® as the cutoff in the distribution with respect to the ence is long range and the spatial decay aygereflects the
maximum até=0. Whenp(#6) is bimodal, exhibiting sym- finite image size. Although the tilt distributions are broad, the
metric peaks on either side 6&=0, we define® as the peak presence of a peak ensures thafr) approaches a constant
position. This tilt anglg®) serves as a useful parameter for asr — oo,
characterizing the response. Because the blends are nearly That the flow orients the domains is not surprising, but
isorefractive, slight off-axis illumination greatly enhancesthe evolution of®(¢) is intriguing and warrants further con-
the contrast in the images and increases the strength of theéderation. Figure ®) shows® as a function of¢ and re-
signal?* For ® < /4, histograms can be obtained from two duced shear rate){.), and the inset show®(¢) at ¥/,
different oblique measuremenfgray solid and dashed =3.33. The data suggest tHat— 7/2 as¢ increases. This is
curves in Fig. 6a)] that each emphasize one of the two ori- also evident in the light-scattering patterns. With increasing
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FIG. 6. (a) The correlation functiong,(r) (circles andg(r) (diamond$

for $=0.20 andy=75s 1. The inset showp() for ¢=0.02, 0.20, and

0.30 in the strong-shear regimé/£100, 75, and 75 S, respectively, 0, 9, (p,m'1)

where the black curves are a superposition of the two asymmetric subdistri-

butions(solid and dashed gray curyess described in the text. The datafor g1, 7. A plot similar to Fig. 6 for¢=0.40. Increasing the Pl volume

each composition have been offset by a constant value of 5 for ckimi®  fraction leads to significant changes in morphology associated with a tighter

vs ¥/ y, for different ¢, where the dashed horizontal line indicates the flow packing of domains. At an intermediate shear 1&s™1) the behavior can

direction. The inset show®(¢) at y/y.=3.33. be compared with that exhibited in Fig. 6. Apparent asymmetry associated
with the elasticity of the dispersed phase is still preser(in, although the
orientation is now more closely aligned with the flow directi@inset,
middle). In the middle figurec(r) has been projected along thkeand z
directions. Correspondingly, the light-scattering pattern reflects domains

. N o . with a large component of elongation along the flow direction, but a subtle
¢, the two wings retract along and expand along until crease along the direction is present.

they eventually merge. This trend can be seen by comparing

the structure exhibited in Fig. 3¢=0.20y=8s 1) with

that exhibited in Fig. 7 $=0.40y=8 s 1). This asymptotic D. ¢=0.80
behavior is somewhat similar to the measured orientation of
rigid rods under she&P, suggesting one possible physical
explanation. By increasing the volume fraction of the elastic®
phase, one increases the packing fraction of domains a
hence the magnitude of domain—domain interactions. In th:tam
dilute limit, the droplets(which respond elastically to high

rates of strain yet are inherently soétlongate and rupture 0.80, the intermediate-shear morphology is stringlike, as

along the yortlmty .aX|s. A_S‘/’ mcreages, weakly repulsive shown in Fig. 9. The stringlike pattern is characterized by an
nearest-neighbors interactions mediated by the shear along.nded correlation along the flow direction and weak os-
the direction of flow lead to the weak liquidlike order in Fig. cillatory order along the vorticity directiofmiddle panel,

5. If the packing associated with this order provides a degregig. 9). This asymmetry is inverted ig space(bottom panel,

of enhanced structural integrity, then the domains might rérig. 9), with reduced scattering along the flow direction and
spond like rigid rods, aligning in the vicinity of the direction enhanced scattering along the vorticity direction. At higher
of flow. For ¢=0.40, the distribution of domain orientations shear rates, however, the nature of the domain pattern
suddenly becomes isotropic at a shear rate of 100 @  changes, as shown in Fig. 10 fgr=100 s 1. The stringlike
evidenced by the isotropy of bott(r) and S(q) in Fig. 8.  morphology disappears and is replaced by that depicted in
Within the physical picture of semirigid domains, this might the upper panels of Fig. 10. The two-point correlation func-
reflect the onset of a higher-order “tumbling” instability. tion associated with this structure exhibits unusual behavior,

At a PI volume fraction of approximately 0.55, the qui-
scent phase structure inverts; f9r0.55, the continuous
ase is PB, while fop>0.55, the continuous phase is!.
hen the droplet phase is much less viscous than the con-
uous phase, isolated droplets form stable filamentlike
structures under simple shé&lrAt a Pl volume fraction of
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FIG. 8. At a higher shear ratd00 s'?), the domains atp=0.40 are still
significantly deformed, but the distribution of orientations appears to be 1 2 3 4 5
somewhat random, as indicated by the nearly isotropic shapérdfand qa,, qz (p,m'1)

S(q). In terms of the physical picture of semirigid domains, this onset of
isotropy might reflect a crossover from an oriented geometry to a tumblin . . . -
Py mig 9 y gFIG. 9. For¢»=0.80 aty=10 s, the dispersed phase is PB, the matrix is

eometry. ; - A . }
9 y Pl1, and the morphology is stringlike. The stringlike pattern is characterized
by extended correlation along the flow direction and oscillatory order along

. . . . . the vorticity direction(middle). This asymmetry is inverted ig space(bot-

in that the anisotropy is extended along the flow direction foko), with reduced scattering along the flow direction and enhanced scatter-
small displacements, while for larger displacements the beng along the vorticity direction.

havior is reminiscent of that seen in Fig. 5. This is also
evident in the light-scattering pattern, which is a superposi-

tion of the light-scattering patterns in Figs. 4 and 9. Onedt short distances, which provides a direct and consistent

explanation for this is a shear-induced phase inversion jjreasure of the morphology. The trends are supported by the

which the continuous phase inverts from the more viscou‘l,'ght'Scatterlng data. In Fig. 14) (¢ =0.20) the trend is one

majority Pl to the less viscous minority PB. Although such aOf gra}glua]ll p(rjeal:zp with m;reasmg sdhear rate. Eor mca;n-
transition would make sense as a way of efficiently redistrip P'ESSI'€ ILIAS, IN€ Mean dimension decreases by rougnly a

—1/3 i i i i
uting the shear stress from the viscous to the less viscoJ[ Ztgggﬁ] Fi evltzglstll:neg: dd(;)r;naé}'nnsst[:;ﬁtg;’e'r:Jpliﬁ?g dﬂ':\zt)
phase, this possibility warrants further experimental and the- ' 9. 99 P .
oretical study. to three times over the range of shear rates in question.

Within this regime, the mean component of elongation along
the vorticity direction is consistently larger than that along
the flow direction, although in reality the domains are
The results of this work are summarized in Fig. 11, broadly tilted with respect to the geometry of the flow field.
which shows the domain size and anisotropy as a function of In Fig. 11(b), an analogous plot is shown f@=0.40.
shear rate and composition. As stated in Sec. IlI B, thes&Vith the exception of the highest shear rate, the mean anisot-
values are obtained directly from the real-space correlationopy is reversed at this volume fraction, with the mean com-
functions within the approximation of an exponential decayponent of elongation along the flow direction being larger

IV. CONCLUSIONS
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FIG. 10. At ¥y=100s !, the morphology of the)=0.80 sample has
changed in a manner that suggests the presence of PI droplets dispersed ifIg&. 11. Domain dimensiongorrelation lengthsas a function of shear rate
PB matrix, as can be seen by comparitci@) with that obtained fore for three different Pl volume fractions at 130 °C, where the dimensions are
=0.20 in the limit of strong sheafFig. 5. The middle panel shows a obtained from projections af(r) onto the axes of flow and vorticity. For
projection ofc(r) along thex andz directions. The light-scattering pattern ¢=0.20 (a), vorticity elongation persists, with slightly decreasing aspect
(bottom is a superposition of a butterfly pattern and a vertical streak. ratio, as the domains become smaller with an increasing shear rate: For
=0.40(b), the domains are more oriented along the flow direction. As the
shear rate increases, the mean dimension atosecreases while the mean
dimension along increases, until the morphology becomes essentially iso-
than that along the vorticity direction. The detailed nature oftropic at 100 5* For ¢=0.80(c), the domains are stringlike alongat low

the morphology is the same as fqblt 0.20, however, with an y With_a transition at around 20°§ after which the size is relatively
. . . insensitive to shear.

overall tilt with respect to the geometry of the flow field. The
change in anisotropy frorta) to (b) reflects the fact that the
tilt angle O® increases with increasing volume fraction. As
suggested above, one possible physical explanation for this ia Fig. 10. The anisotropy is inverted for slightly larger dis-
that as the volume fraction increases, interactions increase placements, however, where weak minima reminiscent of
magnitude, which provides a degree of enhanced structuréhose depicted in Fig. 5 are evident. As noted above, we
integrity to the domains, implying that they start to respondsuggest that this is strong evidence for a shear-induced phase
more like semirigid rods and orient with the flow field. At inversion, although such a scenario is difficult to verify ex-
this point, such an argument is purely heuristic. The onset operimentally, in part because the polymers at an ambient
an isotropic response at a shear rate of around 80-108 s temperature are not glassy and conventional temperature-
clearly evident in Fig. 1(b), and such behavior might be quench microscopy measurements cannot be performed.
indicative of the onset of a “tumbling” regime. Rheological measurements of the shear response ofthe

For ¢=0.80[Fig. 11(c)], the response up to a shear rate =0.80 blend are difficult to interpret. The shear viscosity of
of around 20 sl is just as would be expected for a viscous the blend(not shown starts to decrease &t~10 s %, which
continuous phase supporting a dispersion of a much less visvould be consistent with the onset of a regime of inversion
cous fluid, in that the morphology is stringlike along theto a matrix of lower viscosity. However, the shear viscosity
direction of flow. Above this shear rate, however, the behavof the pure Pl melt enters a regime of shear thinning over the
ior is less well understood. That the anisotropy contains @aame range of shear rate, and the two effects are difficult to
component of elongation along the flow direction is evidentdecouple. In a dynamic measurement of the linear viscoelas-
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Erratum: “Shear-induced structure in polymer blends with viscoelastic
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We recently discovered an error in Ed) of the above  With this correction, the Fourier transform of E®) is then

paper. The correct equation is indeed Eq.(5), as stated in the text. The analysis and con-
3 clusions of the paper are unaffected. We apologize for this
a(f)?=D, (A% /R)2. (4)  error and regret any confusion that it may have caused.
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