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Anisotropic ordering in sheared binary fluids with viscous asymmetry:
Experiment and computer simulation
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Optical measurements of the structure and morphology of phase-separating polymer blend under simple
shear flow have been performed and the results are compared with computer simulations of sheared phase-
separating binary mixtures with viscous asymmetry in the fluid components. Information about the structure is
obtained from the two-point composition correlation function. Both experiment and simulation suggest subtle
differences in the shear response depending on whether the more viscous phase is dispersed or continuous.
Measurements of the string width along the neutral direction suggest power-law decay in the shear rate with an
exponent of 1/3 when the more viscous phase is dispersed. The simulations suggest that the mean string width,
measured along the velocity-gradient direction in the two-dimensional model calculation, exhibits power-law
decay in the shear rate with an exponent of 1/3 independent of which phase is dispersed.
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I. INTRODUCTION of flow [1-5], and at sufficiently high shear rates the mixture
becomes homogeneous. In most past studies, the two com-
The effect of shear flow on a phase-separating binary fluighonents are assumed to have equal viscosities. For mixtures
in the vicinity of a critical point of unmixing is of great Wwhose pure components exhibit viscous asymmetry, the as-
practical importance in the processing of immiscible fluids,sumption that the viscosities are comparable may have some
where flows that resemble simple shear are often used t@lidity as a leading-order approximation close to the critical
emulsify or mix immiscible components. In such applica-Peint in the regime of strong shear, where the mixture is
tions, it may often be the case that the constituents of &PProaching a homogenized state. In a number of cases of
multiphase complex fluid exhibit profound differences in Practical interest, however, this may not be the case, and a

their rheological properties, such as viscosity and elasticit)J.“gr_mr detgr?e Of_ ag:lcurfacy IS des||re_d. t\/hlscotui_lz_atsyn}melt_ry IS
A particularly important example of this is encountered ‘”aﬂc'g?ﬁgﬁgnfsazﬁd:{ Sﬁ;gg]amp €, In the stability of cylin-
the processing of polymer blends, where asymmetry in théj j

viscoelasticity of the components is common. Past experi In this paper, optical measurements of the structure and
. . o "~ 'morphology of phase-separating polymer blend under simple
mental[1-3] and computational4,5] studies have investi- P gyotp P g poly b

. hear flow have been performed and the results are compared
gated the effect of simple shear flow on the morphology oty computer simulations of sheared phase-separating bi-
phase-separating binary fluids and polymer blends. The scepry mixtures with viscous asymmetry in the fluid compo-
nario in which there is asymmetry in the viscosity of tWO pents. |nformation about the structure is obtained from the
essentially Newtonian fluid components, however, has reyyo-point composition correlation function. Both experiment
ceived limited attentior6,7]. and simulation suggest subtle differences in the shear re-

When subjected to shear flow, a phase-separating bina’ponse depending on whether the more viscous phase is dis-
fluid will exhibit distinct steady-state, anisotropic domain persed or continuous. Measurements of the string width
patterns as the shear rate increases with respect to the chafeng the neutral direction suggest power-law decay in the
acteristic relaxation rate of the quiescent spinodal instabilityshear rate with an exponent of 1/3 when the more viscous
In the limit of very weak shear, the flow stabilizes the insta-phase is dispersed, but suggest an enhanced width when the
bility, leading to a domain pattern with limited anisotropy, less viscous phase is dispersed. The simulations, which are
often taking the form of an emulsionlike distribution of mod- carried out in two dimensions, suggest that the mean string
erately deformed, nearly spherical droplets. As the shear raigidth, measured along the velocity-gradient direction, exhib-
(%) increases, the stabilized domains deform and rupturets power-law decay in the shear rate with an exponent of 1/3
The mixing effect of the shear field leads to a reduced interindependent of which phase is dispersed.
facial tension very close to criticality, where the steady-state
domain pattern becomes highly elongated along the direction Il EXPERIMENT
The details of the binary polymer mixture, the instrument,

*Present address: Department of Petroleum and Chemical Engihe phase diagram, and the rheology are described in detail
neering, New Mexico Institute of Mining and Technology, Socorro, elsewherd6], and here we just give a brief description. The

New Mexico 87801. blends are mixtures of polyisopreriel) and polybutadiene
"Present address: Department of Chemical Engineering, UnivelPB), where the shear viscosity of the Pl and PB are
sity of Pittsburgh, Pittsburgh, Pennsylvania 15260. 6.67x10° and 2.3510° P, respectively. The Pl volume
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FIG. 1. Optical micrographs at different shear rates for a Pl FIG. 2. Optical micrographs at different shear rates for a Pl
volume fraction of¢p=0.40(40-60 blend, where the width of each  volume fraction of¢=0.60(60-40 blend, where the width of each
micrograph is 20Qum. The droplets are Pl rich in a PB-rich matrix, micrograph is 20Qum. The droplets are PB rich in a Pl-rich matrix,
at(a) 0.001,(b) 0.01,(c) 0.1, and(d) 10 s™*. The flow direction is  at (a) 0.001,(b) 0.01,(c) 0.1, and(d) 10 s™*. The flow direction is
to the right and the gradient direction is into the page. The ratio ofo the right and the gradient direction is into the page. The ratio of
the droplet to matrix viscosity is around 2.67. the droplet to matrix viscosity is around 0.37.

fraction is denotedp, and we consider the response of two ume fraction ¢=0.60 (60-40 blendl are shown in Fig. 2,
mixtures, ¢=0.40 and 0.60. The mixtures exhibit lower- where again the width of each micrograph is 20®. The
critical-solution-temperature behavior and phase separaigroplets are PB rich in a Pl-rich matrix, and the ratio of the
upon heating, with a critical composition and temperature otiroplet to matrix viscosity is around 0.37. The overall evo-
$.=0.43 andT.=(61.5-0.5) °C. For$<0.55, the quies- |ution of the anisotropy is qualitatively quite similar to that
cent viscosity ratio is\=2.67, while for¢>0.55,A=0.37  exhjbited at=0.40, however, the steady-state morphology
[6]. Neither component exhibits any shear thinning in theg; higher shear ratd&igs. 2c) and 2d)] is coarser, which
viscosity as a function of shear rate. The optical measuresan he most easily seen by comparing Fige) and Zc).
ments were carried out as a function of shear rate at 130 °Ghe origin of this difference probably lies in the viscous
which corresponds to quench depthsidi=70 and 65 Kfor  ,qymmetry of the two components. For isolated droplets,

¢=0.40 and 0.60, respectively. In a reduced temperaturg|; mentlike structures :
generally do not occur in shear flow
scheme AT/Ty) these quench depths are 0.21 and 0.19, reor N>1, while for \<1 they do[9]. Thus, the domains in

spectively. In all of the measuremenEs, the samples wer ig. 2 are readily extended to high aspect ratios at shear rates
heated from room temperature to 130 °C and annealed for here those shown in Fid. 1 tend to rupture. The appearance
h before shearing. The shear rate was then stepped up incre: S 9 pture. pp .
mentally. of a stringlike pattern at high shear rates when the viscosity
ratio is greater than or comparable to unity has been previ-

Optical micrographs at different shear rates for a Pl vol- ) . , ) )
ume fraction = 0.40(40-60 blend are shown in Fig. 1. The ously attributed to a shear-induced decrease in the interfacial

droplets are Pl rich in a PB-rich matrix, and the quiescent&nsion due to the homogenizing effect of the shear flblv
ratio of the droplet to matrix viscosity is around 2.67. The Shear-induced coalescence, however, clearly plays an
width of each micrograph is 206m, the flow direction is to ~ €dually important role, particularly in mixtures with signifi-
the right, and the gradient direction is into the page. At thiscantly different melt viscosities for which<1.
composition, which is close to critical, the morphology has By thresholding the optical micrograph into a black and
coarsened into well-defined Pl-rich droplets in a PB-rich mawhite binary image, we obtain an approximate representation
trix before the shear is applied. At=0.001 s !, the coars- of the two-phase domain structur&0]. From this, we com-
ening of the domains is stabilized by the shear flow, and the@ute the two-point composition correlation functiog(r),
steady-state morphology is emulsionlike, with a polydispersavhich can then be projected onto the flgw and vorticity
distribution of essentially spherical dropldiSig. 1(a)]. At (2) directions. A measure of the domain dimensions along the
¥=0.01s?!, the flow starts to deform the droplets so thatflow and vorticity directions can then be obtained from these
the projection into the flow-vorticity plane becomes extendedprojections as a function of shear rate. Along both axes, the
along the flow directiofiFig. 1(b)]. At ¥=0.1s %, the drop-  data were fit to the expressiggx;) ~exp(—2x /R) to obtain
lets have started to burst and the anisotropy has becontke length scale®, and R, [11]. Figure 3 shows the pro-
more pronounced. A stringlike pattern with a high aspecfected correlation functions as a function of shear rate for
ratio has emerged at=10 s * [Fig. 1(d)]. ¢=0.40 along(a) the vorticity direction andb) the flow
Optical micrographs at different shear rates for a Pl vol-direction. The insets show the two length scales as a function
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FIG. 3. Two-point correlation functions computed for the data in X (um)

Fig. 1 along(a) the vorticity direction, andb) along the flow di-

rection. The insets show the characteristic length scale for each FIG. 4. Two-point correlation functions computed for the data in

direction as a function of shear rate, whdtg and R, have been Fig. 2 along(a) the vorticity direction, andb) along the flow di-

determined as described in the text. Power-law decay with an exection. The insets show the characteristic length scales along these

ponent of 1/3 is shown as a dashed lingan directions as a function of shear rate. Power-law decay with an
exponent of 1/3 is shown as a dashed lindan

of shear rate. Figure 4 shows an analogous plot dor

=0.60. For¢=0.40, the string width in the vorticity direc- At M8 WA~ B

tion, R,, exhibits an asymptotic power-law decay in the np)=—%—+— ¢ 1)

shear rate with an exponent of 1/3, while fér=0.60 the

width appears to level off as the shear rate increases. Simjp Eq. (1), » becomesy, as ¢ approaches-1, which corre-
larly, the coherence length along the flow directiéf}, is  sponds teA-rich case. On the other hang,becomesyg in
slightly larger for¢=0.60 over a comparable range of shearthe pureB phase(when ¢ approaches-1). The dynamics of
rates. The difference in Iength scale along the VortiCity direC'phase Separation in a binary ||qu|d mixture can be described
tion might indicate a tendency for the droplets to be moreheoretically within the modet formalism of Hohenberg
easily flattened into ribbonlike shapes when the droplets argng Halperin[13], which consists of a modified Cahn-
less viscous than the continuous phage=(0.60). The dif-  Hilliard equation[14] along with a Navier-Stokes type equa-

ference along the flow direction might reflect droplets thattion and an incompressibility condition on the fluid velocity
are more viscous than the matrix € 0.40) being more re- :

sistant to the deformation imposed by the shear.

d¢ ——— d
lll. SIMULATION gt U VeEVTSg L @
We consider anA-B binary viscous liquid mixture 3 SE
quench_ed rapidly into the two-phase _region in thg presence p u+u-Vu) :V-[n(cb)ﬁ— dV——VP, (3
of a uniform shear flow. The system is characterized by an ot o

order paramete(r,t), which is the difference of local con-
centrations of thé\ component and thB component. Thé V.u=0. (4)
andB components of the mixture have viscosijy and 7z,

respectively. For simplicity, the effective viscosity of the Here, the rate-of-strain tensdr has the following compo-
mixture, 7, is considered to take the linear fofrh2] nents:
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FIG. 5. Typical snapshots of the simulated concentration profile
of the system at various times after the quench for a 4G\é®
mixture, respectively, with a rescaled shear rgte0.032. Time
after the quench increases from the left corner down. The snapshots

are shown at rescaled times 0.4, 1, 2, 3. 5. 7, 9, 11, 13, 15, 17, 16,napshots are shown at the same rescaled times as in Fig. 5.

FIG. 6. Typical snapshots of the simulated concentration profile
of the system at various times after the quench for a 6D
mixture, respectively, with a rescaled shear rate 0.032. The

30, 60, and 120, respectively. where y is the shear rate and(r) is the fluctuating part of
the flow field.
— du  du The dynamical equations described above are numerically
Ti=—+— (5) integrated in two-dimensional systems of sizes288 and

J . S
axXj X 256X 256 with mesh sizeax=Ay=1 and a time stept

_ ) _ o _ =0.01. The order parameter equation is integrated via a
The noise term{(r,t) is Gaussian distributed with correla- straightforward Euler method, while the velocity equations

tions are integrated using a fast Fourier transform methtfl.
Time is measured in units af,, the bare characteristic dif-
(L(r,1))=0, (6)  fusion time for the order parameter in E&), and distance is
measured in units of, the thermal correlation length. The
(DL 1)) =—eV28(r—r")s(t—t'), %) shear rates quoted for the simulation results have units of

1/7,. This time scale is “bare” in the sense that it comes

) . i from Eq. (2) without any coupling to Eq(3) and thus does
where the strength is proportional to the final temperature .o+ include viscous asymmetry. In the numerical study, we

of the quench. The free energy functional representing thgiaye used a technique involving a staggered mesh method
binary liquid mixture, F[¢], is of the conventional [16] o satisfy the incompressibility condition. In this
Ginzburg-Landau form. In the presence of an externally apethod, one stores the pressirand the order parameter
plied steady shear flow in thi direction, the velocity field 5t the center of the cell while the velocities are stored at the
can be formally written as midpoint of the sides. The incompressibility condition can
then be enforced in a natural way. In the sheared state, the
u(r)=yyg+v(r), (8)  boundary condition becomes
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FIG. 8. The steady-state string width in the gradient direction,
Ry, as a function of rescaled time after a quenchyte0.032 ob-
. tained from simulations of the 40-60 and 60-40 mixtures.

- every integer interval, we proceed with the moving of data,
since at this instant the skewed lattice overlaps perfectly with
the rectified one. This would thus be a convenient time to
move data and avoid any interpolation onto the new grid.
After remeshing, the grid progresses to its initial orthogonal
position and eventually continues to the skewed position, at
which point remeshing becomes necessary again.
20 To compare with experimental measurements, we con-
sider »,=3 and »g=1 and study domain growth in both

_ _ 60-40 and 40-60 mixtures. The thermal noise strengih

FIG. 7. (2) The correlation functiorg(r) computed from the  hosen to take a value of 1.2, which corresponds to a quench
simulations projected along the gradidw} direction in the steady to a final temperature of about @.8in two dimensiong18].
?ﬁte at als?earfratet.m (()'())32 for tthz 4?_60 t?]ndﬂtﬁ;)'od.mixgbbs' We compute equal-time correlation functiofig(x) and

e correlation functioy(r) projected along the flo irection S . .
in the steady state at ;gshegr rJate of 0.03% for the 40-60 and 60-&)(3/)] and dqmam .SIZe.ERX(Y) and Ry( ¥)] along the flow .
—— a_md the gradient d|rect|ons_, r_e_spectwe_zl_y. All of these quanti-

ties are averaged over 20 initial conditions. In Figs. 5 and 6

we display typical snapshots of the concentration profile of
the system at various times after the quench for a 60-40 and
where y=(,u, ,u,). The computational lattice deforms in a 40-60A-B mixture, respectively, with a rescaled shear rate

accordance with the externally applied steady shear flow?f ¥=0.032. The time steps between snapshots in Figs. 5
The following transformation and 6 are indicated in the figure captions. For early times

(i.e., for yt<1), the phase-separated domains are isotropic,

g(x)

WXy, 1) =h(X+N,L+ ytN L,y +NyL,t), 9

X'=x—vty, y'=y, t'=t, (20

2.90

is employed to permit the use of periodic boundary condi- [ ]
tions in new coordinate directions. Accordingly, the follow-
ing set of differential transformations are used: 20 7
2.60 — 7
\Y A 11 o

~ iy ") an  Eosp ]
240 — —
0 Jd . 0 230 |- -
E_) E_ ‘yyw (12) o b b
i

The imposed shear tends to skew the computational grids 210
with time. This would lead to numerical instability in the
simulations as the equations become stiff. To avoid this, it is
necessary to remesh the grid at regular interyad. The FIG. 9. The steady-state string width in the gradient direction,
remeshing procedure utilizes the periodic boundary condir,, as a function ofy obtained from simulations of the 40-60 and
tion in the shear direction to move the data from the skewe@0-40 mixtures. The lines are power-law fits with an exponent of

grid to the rectified grid. In ouL XL simulation grid, at  1/3.

Iny
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as the shear effects have yet to perturb their shape. Subsiiled comparison of shear response is complicated by the
quently, the domains become elongated under the influend#ite size of the simulation box. _
of the shear flow. The rupture and recombination of domains In light of these difficulties, the best comparison between
become most prominent at intermediate timgéX1) and ~ simulation and experiment perhaps can be made by consid-
this leads to a maximum in the excess shear viscosity arour@fing the transient response of the simulations upon start up
this time. Finally, at very late timesy>1) lamellaelike ~ Of shear and the transient relaxation of the measured struc-
domains form with a normal along the shear gradiejyt ( Uré upon cessation of shear. The viscous asymmetry is evi-
direction dent in Fig. 8 as the difference in “equilibration” rate. Once
Althou.gh the snapshots for both 40-60 and 60-40 mix_the shear stress has been turned on, it takes longer for the
tures are similar, there are slight differences depending off ; 0-40 case to attain a steady state. Physically, this just
reflects the fact that the droplets are more viscous and thus

mt;et&e()r ;[2,? Tg:gt{]gsh?;re 2?5\”?;35{ V'_S6C((; $ﬁé3i-t?e0r7 less responsive to shear stress. The ratio of relaxation times
piet p 9 : o ). ™19 ... _suggested by the simulations for start up of shear dgor
shows the steady-state equal-time two-point composition_ 574 ande = 0.60 (Fig. 8) is 7o 4/ 7o &~2. Small deforma-
cr(])rrelat(qun fug_ctlor},g(r)=((<§>(rh,t)?b|(0,t)d>_, prpje%te(]';i onto tion theories for isolated droplefs Sliggest that this should be
t_e gre; '_?_Et Ilrect!or(a) aln t i hOWh.'rfCt'or( 1 r?r Y the viscosity ratio, 319]. Although no simulations were car-
=0.032. The late time values of the thickness of the anisogeq oyt for cessation of shear, optical measurements show
tropic domains Ry) are s!|ghtly larger for the cas'e'where that 9 min after the shear flow has been stopped, ¢the
droplets have a larger viscosity, althouglx) exhibits a _ g 5o sample still exhibits anisotropy along the direction of
long-range decay in bot_h mixtures. The time scale to reach flow, while at the same time thé=0.40 sample is isotropic.
steady—s_tate yalue f‘Ry.'s larger when the droplets h_ave a Physically, this suggests that the more-viscous domains are
larger viscosity, reflecting the ability of the more VISCOUS pje to relax more quicklywithin the less-viscous mattix
domains to resist deformation imposed by the less ViSCOU§, 1 the less-viscous domaifwithin the more-viscous ma-
matrix (see Fig. 8 In Fig. 9 we show log-log graphs ‘15,{3\/ trix), since the latter is limited by the stress relaxation in the

versusy at the steady state. For both mixturé§,~y ™", mapix Our measurements suggest that the ratio of relaxation
althoughR, at a given shear rate is systematically larger formes following cessation of shear for the data described here
the case where droplets have a larger viscosity. are 7 4/ 79 5~0.65. Further work is needed to understand the
physical origin of these ratios, but they qualitatively point
IV. SUMMARY AND CONCLUSIONS toward the most profound effects of viscous asymmetry. An

dmportant distinction between experiment and simulation is

We have carried out both experiments and simulations t hat th _ h hear-induced h o
study ordering in sheared binary liquid mixtures with viscoustnal the experiments show a shear-induced homogenization

asymmetry. Both experiments and simulations suggest thattéfhf':l1 sir;]gle. miscibleb phasr;zj E.lt ahsuffi_cierlltly high shhearhrate,
stringlike structure is formed under steady shear when eithe/Nlle this is not observed in the simulations. The shear-
duced shift in the critical temperature has been the focus of

the droplet phase or the matrix phase has a larger viscosity. ¢ i
Our simulations, however, are restricted to two dimensions® number of past experimental studjds20,21. The simu-
tions cannot achieve shear rates of sufficient magnitude to

which makes a direct comparison between experiment an X : A :
simulation difficult. The two-dimensional simulations mea- €Nter this regime, however,_ which is obs_erved experimentally
sure the response in the flow-gradient plane, while the ex@t @round 100 s' for the mixtures described here.

periments measure the response in the flow-vorticity plane.

For ¢=0.40, a comparison dr, andR, might be suitable, ACKNOWLEDGMENTS
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