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ABSTRACT: We have probed the coupling between flow and concentration fluctuations in polymer blends using
small-angle neutron scattering. We utilized a recirculating cell with a slot die, enabling us to measure the behavior
at the entrance, within and at the exit of a contractierpansion flow. While, as expected, anisotropy was
observed in all nonquiescent experiments, the correlation lengths associated with the concentration fluctuations
are found to be “stretched” more in the direction perpendicular to the flow at all positions along the centerline
of the flow, except at the slot die exit. To gain insight into the observations, we present calculations of the
scattering based on a multiscale approach, which bridges the gap between macroscopic Newtonian fluid dynamics
and the convection of nanoscale concentration fluctuations. However, we find that this model contains insufficient
physics to correctly describe our observations. Consequently, we argue that the deformation of the correlation
length is primarily due to the coupling between weakly non-Newtonian stresses and thermodynamics.

normal stresses are required for there to be shifts in the phase
boundary or, more precisely, shifts in the limits of stability.

The phase-separation dynamics of a polystyrene/polyvinyl
methyl ether blend under shear flow have also been examined
with light scattering® It was found that the phase-separation
Pehavior at the early stage could be described qualitatively by
Cahn-Hilliard*® linearized theory, modified to account for the
effects of flow-induced stress.

While shifts in the phase boundaries are of interest, we believe
that a more sensitive probe of the effect of flow can be provided
by studying concentration fluctuations. In the quiescent state,
these fluctuations give rise to distinct scattering patterns, the
magnitude of which increases as a phase boundary is ap-
rproached. Such patterns are measurable by small-angle neutron

cattering (SANS) if one component is deuterated. This fact
as resulted in SANS being an established technique for
etermining interaction parameters in the quiescent state. The
andom phase approximation (RP®)predicts that at equilib-
rium, the wavevectorg, dependent structure factor is given by

1. Introduction

It has long been appreciated that flow and structure are
coupled in polymer solutions and mixtures. Since polymers are
often subjected to flow during processing, it is desirable to be
able to explain and predict the effect of flow on the micro-
structure and, as a consequence, on the properties of the fina
material. The impact of a flow field on microstructure ranges
from shear-induced crystallization in polymer melts to shear-
induced mixing in polymer blends. It is the latter which is the
subject of this paper.

Studies of polymer blends in simple shear flows have found
shifts, some of which are significant, of the apparent phase-
separation temperature. One of the earliest studies on polyme
blends was reported by Mazich and Cewho observed a slight
increase in the temperature at which phase separation occurre
during heating of a polystyrene/polyvinylmethyl ether blend d
when it was subject to a shear flow. In a more wide ranging r
series of experimentsnvolving blends exhibiting lower critical
solution temperature behavior, it has been found that shear-

induced demixing and shear-induced mixing may be observed
within the same blend depending on the magnitude of the
applied flow. A brief overview of other experimental studig8

of blends subjected to shear flows can be found in a recent
review articlet!

The range of observed behaviors is a direct consequence o
the complexity of the rheological behavior of mixtures, even
when they are not phase separated. A number of different model
have been proposed to explain such behaVidior example,
the observations outlined in the previous paragraph have bee
explained, at least qualitatively, by theories that modify the
equilibrium thermodynamics with an elastic energy t&remd
by theories that use equations of motion for concentration
fluctuations as their starting poikt. The main feature both
approaches have in common is that concentration dependen
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wherey is the enthalpic interaction parameters the interfacial

1Iension angs is the value of the interaction parameter on the

quiescent spinodal. The latter two parameters depend on the
volume fractions,ga and ¢g, of the two components in the
mixture. According to the FloryHuggins theory for polymer

rplends%7 if incompressibility, i.e.¢g = 1 — ¢a, is assumed
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yvhere Na and Ng are the degrees of polymerization of each

component, and deGenAééas shown that = b%/36¢pa(1 —
®n).

Clearly, it is to be expected that concentration fluctuations
will be affected by flow. To date, we are only aware of one
study in which concentration fluctuations of polymer blends
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subjected to a shear flow have been probed by neutron
scatteringt® Two different blends, one exhibiting lower critical
solution temperature behavior and the other exhibiting upper
critical solution temperature, were studied using a concentric
cylinder shear cell. For both blends it was found that fluctuations
were suppressed by the shear flow.

The advantage of studying concentration fluctuations is that
the consequences of flow may be expected to be closely relatec
to the ple_nd rhe(_)logy. While the one-phase re_gion remains  grow direction
stable, it is possible to unambiguously determine the blend
viscosity and, therefore, interpret results within a framework
that includes a known rheological response. Once a blend X
becomes unstable, the blend rheology becomes dependent o,
the microstructures that develop, which may or may not reach Figure 1. lllustration of the flow cell geometry. The channel width is

_ ; i _contracted from 20 mm to 2.5 mm for a distance of 20 mm in the
a steady-state. Hence, scattering under flow within the one center of the cell. The thickness of the cell is 2.5 mm. Also shown are

phase region provides a unique opportunity for quantitative e fiye heam positions, referred to as 1 through 5 in the text.
comparisons with theory, as has been highlighted recently by

experiment¥20 and theoryl?2 for the enhancement of con- Table 1. Defining the Geometry of the Cell, with the Position of the
centration fluctuations in a concentrated polymer solution Center of the Beam in thex Direction with Respect to the Entrance
subjected to an oscillatory flow of the Contraction along the Center Line of the Cell

Although shear is attractive to explore due to the relative position number center of beam (mm)

lluminated volume

2.5mm Y

simplicity with which steady state and oscillatory conditions 1 —-10
can be established, industrial flows are often more complex. 2 0
As noted by Rothstein and McKinléy, the contractior i %8
expansion flow has been long regarded as a standard for the 5 30

study of complex flows that contain elements of strong shear,

uniaxial extension and biaxial expansion. The main aim of the 56 400 g mot?, respectively, the spinodal temperature, for a blend
present work is the investigation of a blend in such a flow by with 30% poly@-methylistyrene), has been measure#® ast50
small-angle neutron scattering. K. From their values of the interaction parameter, determined from

In addition, we develop a multiscale approach that enables fitting observed cloud points for a range of compositions to the
the structure factor for the polymer blend to be calculated from Flory—Huggins theory, we estimate that the spinodal temperature
a flow simulated using the lattice Boltzmann (LB) technique. ©f the blend utilized in this paper is457 K, well below 493 K,
From this we are able to gain additional insight into the role the temperature at which the experiments reported herein were
that fluid dynamics plays in determining the magnitude and Performed. _ _
orientation of the concentration fluctuations. On the basis of __ The flow field through the cell is dependent on the volumetric
the outcome of these simulations, we then speculate on theﬂOW rate, which in the current study has a maximum value of 0.3

iy . . - - cm? s71. Flow rates are controlled by an electric motor connected

additional physics required to explain our observations, and

’ . ; ; to a gear pump; full details can be found elsewt6f&.
suggest a simple way in which the experiments can be . .
interpreted. Small-Angle Neutron Scattering. SANS was performed using

the D22 diffractometer at the Institut Laue Langevin in Grenoble
2. Experimental Section _(Frgnce). The samptedetector distance us_ed wal m with an

: incident beam aperture of 4 1 mm and an incident wavelength

Materials. Deuterated poly(styrends) (M,, = 60 300 g mot?, of 10 A. For each sample, both transmission and scattering spectra
PDI = 1.04) was synthesized by anionic polymerization using were obtained. In addition, to determine detector efficiency,
standard high vacuum techniques. Benzene was used as the solvermalculation of the absolute scattering and the subtraction of
and s-butyllithium as the initiator. Poly(-methylstyrene) M, = background scattering, transmission for the empty holder, and
57 800 g mot?, PDI = 1.1) was similarly prepared using anionic transmission and scattering from the empty cell and from a water
polymerization using the same initiator and THF as the solvent. sample were all measured. From the reduced two-dimensional
The polymerization was carried out at70 °C according to the scattering spectra, vertical and horizontal sector averaged distribu-
procedure of Kim and Ha#f. tion curves were obtained.

To obtain a 70/30 w/w blend of these two polymers, and to ensure  Rheology.Frequency sweep and viscosity measurements on the
blending at a molecular level the two polymers were dissolved in plend were performed using a TA AR2000 rheometer with a plate

a common solvent (5% w/v in THF) and stirred in solution for an  plate geometry (radius of 25 mm and gap 0.9 mm) at a temperature
hour. The polymer blend was recovered by precipitation, by adding of 493 K.

the polymer solution to approximately 10 times the volume of a

common nonsolvent (methanol). The resulting precipitate was 3 Results and Discussion

collected by filtration and dried to constant mass in vacuo. This

blend exhibits UCST behavidF; i.e., it phase separates upon The viscosity of the blend was found to be 128#s can

cooling. be seen in Figure 2, from the frequency sweep rheology, it was
Flow Cell. The contractior-expansion flow was achieved by  not possible to directly determine the longest relaxation time,

the use of a recirculating extruder with a slot die contraction 8:1. 7, since at 493 K, no crossover between the loss modulus and

The exact geometry of the cell, including the positions at which giorage modulus was observed. Extrapolation to higher frequen-
measurements were taken, is shown in Figure 1. In Table 1, we cies suggests that ~ 102 s

define the position of the beam with respect to the entrance of the i
contraction, the position numbers indicated will be referred to A comparison of GPC traces of the blend before and after

throughout the remainder of the paper. For a blend with similar the experiments show the appearance of a slight tail, which can
molecular weights in which the polystyrene and palytethyl- be attributed to polymer degradation. Subsequent analysis
styrene) had molecular weightdl,, = 49 000 g mol! andM,, = suggests a-4% degradation of the polymé¥. CDV
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Figure 2. Frequency dependence of the storggeand the lossi",
modulus, for the blend at 493 K.
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Figure 3. Scattering profiles for parallel and perpendicular to the flow
at the maximum flow rate at (a) position 2 and (b) position 5. The
solid lines show the fit to eq 3.
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Figure 4. Correlation length for the different positions and flow
rates:O =0.06 cnis 1, 0=0.10cnfs !, A=0.16cnts? & =
0.22 cn¥ s7%, A = 0.30 cn¥ s7%, for (a) the direction parallel to the
flow and (b) the direction perpendicular to the flow. From the fitting
of the scattering to eq 3, errors in the correlation length are typically
~3%; however, for clarity, error bars are not shown.
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Figure 5. Correlation lengths parallel and perpendicular to the flow

scattering can be seen in Figure 3, for positions 2 and 5, which &t Position 2 as a function of flow rate.

show clear anisotropy between the scattered intensity in the flow . .
direction (parallel) and the direction perpendicular to the flow. "€f 25, and the difference in temperatures (between 450 and

Such anisotropy was observed in all nonquiescent experiments 470 K in ref 25, and 493 K in this paper) at which the interaction
Rather surprisingly we found that the sector averaged dataParameter was deduced.

were St|" We” described by a Simple Ornste.izernike form As can be seen from F|gure 4, the COI’I’e|ati0n |ength |S greater
in the direction perpendicular to the flow for positions-4.

S On the other hand, at position 5, after the exit from the slot
) = PR 3) die, the correlation length is greater in the direction parallel to
( q¢) the flow. These trends are counter to what would be qualitatively

anticipated from consideration of convection effects alone, as
will be quantitatively verified in the following section. The
Joreatest difference between the correlation lengths in the parallel
and perpendicular directions was found for position 2. That the
greatest “deformation” of the fluctuations should occur at this
position is expected, since this is the region within the cell at

where is a correlation length, which varies with flow rate,
direction with respect to the flow and the position of the beam
with respect to the slot die. For quiescent blends the extrapolate
value, S, of the scattering aff = O can be directly related to
the interaction parameter of the blend, by the relation

Virg( dPS __ PaMS)Z which the velocity gradients associated with the flow field are
_VolPy T Pb ) at their most significant, again as will be highlighted in the
200s— 1) following section. At position 5, on the other hand, the

correlation length is greater in the direction of the flow than in
the perpendicular to the flow direction, so that at the exit of the
die the concentration fluctuations are enhanced in the flow
direction. Furthermore, as illustrated in Figure 5 for position 2,
there is a stronger dependence of the correlation length on the
styrene), respectively. For the quiescent blend, we fir€9.5 flow rate in the perpendicular direction than in the parallel
x 107%at T = 493 K. We are not aware of any other direct direction. Indeed, in particular for positions 2 and 3, the
measurements of the interaction parameter for this blend. Lin correlation length in the parallel direction appears to reach a
and Roé° determined the interaction parameter by fitting the plateau value when the flow rate reaches 0.2 sth It is worth
Flory—Huggins expression, eq 2, to the measured phasenoting that at this flow rate, the maximum extension and shear
boundary for a range of compositions. Extrapolation of their rates experienced by the blend are- 30 st andy ~ 60 s1,
results leads to the prediction that- 3 x 103 atT = 493 K, respectively (see next section). Hence the dimensionless
a factor of 3 greater than our measured value. This discrepancy(Weissenberg) numbers characterizing the flety @nd yt,)

is presumably a consequence of the indirect method utilized in are both much less than unity, suggesting that nonlinear &%

whereV is the illuminated scattering volume; is a reference
volume (taken as 176 10722 cm®), andpl ° = 6.42 x 10'°
cm 2 andpp™S = 1.23 x 101° cm~2 are the neutron scattering

length densities for deuterated polystyrene and poiyethyl-
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effects (e.g., shear-thinning) are unimportant. We also note that,represents the convective effect of shear. The steady-state
for any given flow rate, the correlation length perpendicular to solution to eq 6, is
the flow is a maximum at position 3, whereas in the direction
arallel to the flow the correlation length is a minimum at
e ation 2. ¢ APz — 7 + cP) m%y SaH=2M  (7)

Because of the fact that the deformation is observed to be
more significant in the direction perpendicular to the flow at
all positions except position 5, we believe that the increase in
correlation length is due purely to the coupling between stress
and thermodynamics, rather than stress and chain dimensions
If the effects were due to chain stretching, the exact opposite
trend would be observed.

In the following sections, we attempt to develop a framework
within which we can understand these results. First, we addres
to what extent simple convection can account for our results.
While it may be anticipated from the above discussion that such
effects are not sufficient, it is nonetheless instructive to consider
this question quantitatively in view of the complexity of the
flow field. In particular, the scattering is averaged over a volume
within which there is pure extension along the centerline and ) .

laxation LB model used in the current work.

mixed shear and extension away from the centerline. i . i . .
We simulate the behavior of a Newtonian fluid with a

Background Theory. We briefly review some of the relevant ) )
developments with regards to theories for predicting the responseiScosity that matches that of the blend. Furthermore, we assume

of polymer blends to flow. We note that no work has yet been that the concentration fluctuations in the miscible polymer blend
undertaken that is directly applicable to the experiments &€ sufficiently small that the system can be described with a

described in this paper. Most theoretical treatments have focusedindl€ fluid phase. While we recognize that this does not capture

on simple shear flow, and analytical predictions for scattering &/l Of the physics associated with the flow of an entangled
are restricted to the flow gradient and vorticity directions, for Pelymeric liquid, it nonetheless serves as a useful starting point.

reasons that will be outlined in a later section. The dynamics | "€ LB technique is an efficient method for simulating the
of a polymer blend can be captured using the CaHifliard — hydrodynamics of a Newtonian fluid.Specifically, it enables
CooK5:2° model, which describes how diffusion couples with SYSt€mS with complex geometries to be modeled with relative

thermodynamics in a binary system. For an incompressible blend®@S€> This technique differs from conventional numerical
in which the local volume fraction of componeAtis ¢ga(r t), schemes, whl_ch mv_olve the direct dlscretlzgmon of the con-
the structure factor, defined b§(a,t) = [o¢a(q.t)27 where tinuum equations, in that_the LB.modeI incorporates the
Sda(@t) = [Oga(r.t) exp{—ig-r} dr, evolves according to “m|croscop|c"’ physics qf fluid behgwor. In partlcular, thq L.B
method consists of “particles” of fluid propagating and colliding

However, this is still a differential equation in the variakje
and a simple analytical interpretation is not straightforward.
Hence, even for a minimal extension to the Cahtilliard—
Cook theory for a simple shear flow, we see that a quantitative
interpretation of experimental results requires numerical input
from theory.

Flow Field in a Contraction Cell for a Newtonian Fluid.
STo gain insight into the complex flow field within a contrac-
tion—expansion cell, we use the LB technique to capture the
3-dimensional hydrodynamics of the fluid flow through the slot
die. For brevity, we refer the interested reader to the review
paper by Chen and Doole®#nfor an overview, and other
reference® 35 for a more in depth description, of the multire-

09(q,t) 5 ’ 5 on a simple lattice such that the averaged, long-wavelength
o = AAMI(s — ) +«q]Sat) +2Ma” (5) properties of the system obey the desired Nav&tokes
equations’
whereM is the kinetic coefficient, or mobility. The first term To map the fluid flow in the actual experiments to the

on the right-hand side of eq 5 represents the diffusion of simulated fluid flow, we compare the Reynolds numbers for
concentration fluctuations, with a rate that depends on both thethe two systems. From the maximum volumetric flow rate, the
underlying kinetics and the thermodynamic driving force (i.e., maximum of the spatially averaged velocity along the centerline
closer to the phase boundary, fluctuations become longer lived).of the cell isv = 0.048 m s*. Given the density of the fluid is
The second term on the right-hand side represents the effect ofo ~ 1 x 10° kg m=2 and the viscosity i3y = 128 Pas the
noise. At equilibrium, i.e.pSq,t)/at = 0, eq 5 reduces to the  Reynolds number is given bRe= pz2.5 mm# ~ 9.4 x 1074,
correct form of the structure factor given by eq 1. In the simulation we assume that the dimensionless density
The simplest extension of the CahHilliard—Cook model is unity and that the hydrodynamic stresses relax instantaneously
to include shear is to assume that the only consequence is thato equilibrium resulting in a dimensionless viscosityyof Y.
concentration fluctuations are convected with the macroscopic The lattice spacing in real units is taken to be 0.1 mm (the cross-
flow field, as suggested by Lai and Fulfradopting a model  sectional dimension of the central channel is, thereforax25
proposed by Ohta et &.With such an assumption, stress, and by 25Ax) which results in a Reynolds number Re= 150 7.
hence flow rate, gradients are neglected. This is only likely to By varying the value of velocity in the system we can match
be a physically realistic assumption if the viscoelastic properties the Reynolds numbers for the experimental and simulated
of the two components are identical. In a shear flow, character- systems and, therefore, capture the contractile fluid flow through
ized by a shear ratg, the equation of motion is then a simple  the slot die. Figure 6 shows the flow profile through the cell.

modification of eq 5 The fluid velocity is represented, both in magnitude and
orientation, by the red cones. The gray walls represent the
0%qy _ 0848 _ —APMI (7 — v) + k0P1Sa.t) + boundaries of the flow cell. The cones are positioned along
% q'MI(xs — %) + «q7]Sq.0) : _ \
ot aq, streamlines which represent the path of fluid elements through
2Mq2 (6) the simulation. For clarity, we present only flow profiles in the

central plane, corresponding o= 0, but we emphasize that
wheregy, gy, andg, are the wavevectors in the flow, the flow- our simulations are 3-dimensional. The cones are positioned
gradient and the vorticity directions respectively, agd= q,? along these streamlines at regular equitime intervals. That is,
+ g2 + g2 The second term on the left-hand side of eq 6 the distance between sequential cones along a sreagl:i)r{?



Macromolecules, Vol. 39, No. 22, 2006 Polymer Blends in a ContractierExpansion Flow 7611

, / graph in Figure 7 shows the velocity gradients for a fluid
element travelling through the center of the system. The
e magnitude of the velocity in the-direction increases abruptly
/ at the inlet of the slot die and decreases at the exit, as indicated
T by the increase and decrease dn/dx. This increase and
T decrease in fluid velocity in th&-direction is fuelled by the
/ R contraction of the fluid and, hence, velocity components in the
b — y-direction. This can be seen as the decreasévjfdy at the
inlet as fluid just outside the slot die is flowing down toward
the slot die from the top of the cell and up from the bottom of

“ the cell.

' ’ The lower graph in Figure 7 shows the velocity gradient for
a fluid element which is travelling off center. That is, the fluid
element originally starts 5 mm from the central streamline in
the y-direction, and moves in toward the central streamline as
the fluid travels through the slot die (coming to a distance of

/ 0.5 mm from the centerline), before returning to a straight
trajectory 5 mm from the center after it emerges from the slot
Figure 6. Flow profile through the cell. The fluid velocity is  die. The velocity gradient8y,/ox and duy/dy are similar to the
represented, both in magnitude and orientation, by the red cones. Thecase shown in the upper figure of Figure 7, however now the
O e et e, " ™ velocity gradientsiuyy and dsy/ix are no longer negligble
The velocity gradientdu,/ox decreases before the inlet and
increases just afterward because of the local increase in velocity

-

in the y-direction as fluid flows into the inlet of the slot die.
The final velocity gradient of consequence ds\/dy and
- represents the shearing of the fluid along this sreamline. The
K fluid velocity is a maximum in the center of the channel and is
% zero at the no-slip boundaries. There are, therefore, velocity
b= gradients in they-direction which are significantly higher in
’2 20 t the slot die where the magnitude of the velocity field is greater
g 18 [ and the channel width is narrower. This, in effect, causes a
KT dramatic increase in the magnitude @f/dy in the slot die.
-20 This also allows us to estimate the Weissenberg number, defined
:28 I ; as the product of the relaxation time (&) and the deformation
50 : 1 rate (which from Figure 6 can be seen to 60 s1). The
0 o 10 o0 10 20 30 40 Weissenberg number is, therefore).06 which is small enough
Distance / mm that non-Newtonian effects on the flow profile can be considered
Sv./ax negllglble._
av;/ax Convective Effects on the Structure Factor.We now
IV QY oo present an extension to the LB simulations, in which we employ

) _ _ a multiscale approach where the local velocity gradients are
e (o e e S e ot s ke o cansideration when evoling the strcure facor for
The inlet of the slot die is at 0 mm and the exit is at 20 mm. " the polymer bI_end concentration fluctuations. In this manner,

we can determine the microscopic structure factor for an element
represent the distance moved by the fluid element in of f_lu'_d’ as It traverses the macroscopic slot die, experiencing
2 % 102, variations in the local velocity field.

. . . iy At all points within the flow cell, the velocity takes the form
The velocity at the walls is zero (no-slip boundary conditions)

and reaches a maximum in the center of the channel. The 9 9 30

velocity of the fluid is relatively small outside of the slot die v T X+ v+ 22

and increases dramatically as the fluid channel is contracted. X dy 9z

Fluid from all sections of the outer channel come together at v=|p + %’x—k %’y+ %'z (8)
the entrance of the slot die and this results in an increase in o ay 0z

fluid velocities. As the fluid emerges from the end of the slot dv, O, O,

Vgt X+ —y+

die, it must fill the larger volume, and hence, the magnitude of ox oy EZ

the velocities is significantly reduced.

To gain insight into the effects of this macroscopic flow whereuvyo, vy, anduy are the background velocity fields, which
profile on the microscopic polymer blend concentration fluctua- are not important to the local variations in composition (note
tions it is necessary to consider the spatial gradients of the fluid that only gradients in the velocity field will result in the
velocity as this characterizes the amount of shear and stretchingstretching or rotating of polymer fluctuations). The remaining
to which the fluid is subjected. We, therefore, follow mesoscopic terms in the above expression for the velocity take into
fluid elements as they travel through the system and monitor consideration the local gradients in the velocity field.
the spatial gradients of velocity as a function of time. Figure 7 Using the generalized velocity field given by eq 8, and
shows the magnitude of these gradients as a function of theassuming that the fluctuations are small we can write the
distance the fluid has travelled in thedirection. The upper evolution of the structure factor in the following form: CDV



7612 Clarke et al. Macromolecules, Vol. 39, No. 22, 2006

05a) | J |98 | 9% 8 Iy
at Nox 9q, ' dy oq, oz aq
oy o Oyl |9 9
A dx dq,  dy dg, 0z ad, l 9x dg,  dy dq,

w, j

e }S(q,t) = —AMqxs — x + 7 1S(a.t) + 2Ma? (9)

=0.03

=0.06

The time evolution ofyq,t) has been simulated by Lai and
Fuller®for simple shear flow, who found that the structure factor
elongates perpendicular to the direction of flow (i.e., the
fluctuations in real space elongate in the direction of fluid flow).
However, the above expression includes contributions from all
spatial gradients in the velocity field. We can, therefore, capture 03
the time evolution o§(q,t) in a system where the velocity fields
not only vary with time, but are also nontrivial.

For computational reasons, it is desirable to rewrite the above »
expression in dimensionless units and also to consider variations
in the structure factor rather than the structure factor directly. _;

=006 -0.03 o 003 0.06 =0.06 -0.03 0 003 006

0.0

In converting the above expressions into dimensionless units

we follow the approach of Lai and Fuller. The dimensionless
scattering factor is given bly = £q, whereé is the quiescent
correlation length of the fluctuations. The correlation length is
given byé& = M which simply relates the length and time
scales. The dimensionless time is givendbs t/t, wheret, is

the stress relaxation time. The interfacial thickness is defined
ase = /«l(2xs—2y), andL = €%&? is the square of the ratio
between the interfacial width and the correlation length.

We have found it computationally more efficient to evolve
the variations in structure factor, from the quiescent structure
factor, rather than evolve the structure factor directly. The
variation in structure factorAS;, is defined by

1
(21— 201 + LK)

S=SotAS= AS, (10

where S is the equilibrium structure factor in the absence of
imposed velocity fields. Making these substitutions we obtain

-0.06

-0.03 o 003 0.06

-0.06 -0.03 ]

003 006

Figure 8. Structure factor in the,—aqy plane at various distances along
the center streamlingjvalues are in units of AL The distances in the
x-direction are (a) O (entrance), (b) 10, (c) 20 (exit), and (d) 21 mm.

simulate the evolution of the structure factor using eq 11. As
already stated the quiescent interaction parameter is 464

and the correlation length is 6.4 nm. Given the degrees of
polymerizationNa = 538 andNg = 490, the value of on the
quiescent spinodal is 4.X 1072, The relaxation timet, , is of

the order 1x 1072 s and the square of the ratio between
correlation length and interfacial width lis= 0.5. We take the
derivatives of the velocity field from our hydrodynamic simula-
tions and initially evolve the simulation to equilibrium (total
variation inAS, < 1 x 10719 given the velocity fields ax =

0 from the LB simulation. We then follow the streamline in
the LB simulation from this point and evolve the structure factor
subject to the local velocity gradients from the LB simulation.
That is, we evolve the structure factor for an element of fluid

as itmovesthrough the slot die, varying the velocity gradients
as a function of time.

the following evolution equation

0AS, 0w, 0S5, 00, 0, 0dv, 0S, Figure 8 shows the evolution of the structure factor (in the
— = &m a—ym oz ok, ax—0y plane) fqr a fluid_ element travell@ng thr_oug_h the center
.9 0.9 9.9 9. 9 of the system (i.e., subject to the velocity derivatives shown in
ky _inj ﬂi) _inj _Uzi’ the upper graph of Figure 7. At the inlet of the slot die (Figure
ax ok, ay ok, 9z dk, ax ok, 8a) the structure factor is highly elongated in thedirection.
0,05, v, 05, v, 0AS, v, IAS, The positive values odu/ox, and negative values afvy/dy,
v A s A v ar T ay an “stretch” the fluid in thex-direction and “compress” the fluid
% 8ky 9z 3k, ox 3k, oy 8ky in the y-direction. The result of which is that the fluctuations
% IAS, %f IAS, %f IAS, %f IAS, +k, become highly oriented in thedirection. As the fluid element
9z ok, ax ok, dy ok, 9z ok, moves through the center of the slot die the structure factor
v, NS, v, dAS,  dv, IAS, begins to relax back toward the quiescent state as the velocity
’& 5 ™3 52 3 - 4(;{5—;()k2(1+ gradients are negligible in this region. However, before the
K, y lS’ K, system can relax to an isotropic structure factor the fluid element

Lkz)AS( (112) reaches the outlet of the slot die. The positive valuegvgby,
and negative values dfv,/0x, now elongate the domains of
where the derivatives of the velocity field are nondimensiona- concentration fluctuations in thgdirection, perpendicular to
lised with respect to the relaxation time and may be consideredthe flow direction While this increases the domain size in the
to vary as a function of time during the simulation. We can, vy direction, the system retains some memory of the orientation
therefore, simulate the evolution of the structure factor for a imposed on it at the inlet of the slot die. The result of this is
given element of fluid subject to complex time-dependent that the structure factor exhibits orientation in teirection
velocity fields. for low wavevectors and elongation in thgirection for high

We now consider the structure factor of the polymer blend wavevectors. In effect, because it takes longer to reorient
along streamlines through the entire system, evolving the fluctuations of larger size, the low wavevector regions of the

structure factor subject to the local velocity gradients. We structure factor remain elongated in thgdirection, while atCDV
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Figure 9. Structure factor in thex—qy plane at various distances along
an off-center streamlingj values are in units of AL The distances in
thex-direction are (a) 0 (slot entrance), (b) 10, (c) 20 (exit), and (d) 21
mm.
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Figure 10. Structure factor in thex andgy directions along the center
(upper) and off-center (lower) streamlines at a position of 21 mm, 1
mm from the slot die exit.
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Figure 11. Structure factor in they,—qy plane averaged over 15
different streamlines (see text) values are in units of AL The
distances in the-direction are (a) 0 (inlet), (b) 10, (c) 20 (exit), and
(d) 22 mm.

scattering patterns are depicted just outside the outlet of the
slot die (at a position 1 mm from the outlet). These profiles
highlight the elongation of the structure factor dgp for low
wavevectors, while the structure factor becomes elongated in
g« for higher wavevectors. The switch in the fluctuation
orientation for the streamline travelling through the center occurs
at ~0.01 A1, or at a fluctuation size 0f~10 nm. The off-
center streamline sees a switch in fluctuation orientation at
~0.015 AL, or at a smaller fluctuation size of 6.6 nm. This is
not surprising as the shear flow that the off-center streamline
experienced would not only rotate the angle of fluctuation
orientation but would also elongate the fluctuations in the flow
direction. Therefore, the fluctuations become more elongated
in the flow direction prior to leaving the slot die and elongation
of the fluctuations perpendicular to the flow direction at the
slot die exit are suppressed. The effects of this are to elongate
only smaller fluctuations perpendicular to the flow direction at
the outlet and to a lesser degree.

Experimentally, it is not possible to follow streamlines

high wavevectors the structure factor becomes elongated in thethrough the fluid as we have done numerically and the

gx direction much faster.
A similar effect is also seen in Figure 9, which follows a
fluid element through the system away from the central

experimental results are averaged over a given area of the cell
(in the x—y plane) and through the entire thickness of the cell
in the z-direction. Therefore, to gain a better understanding of

streamline. That is, the fluid element starts 5 mm from the center the comparison between our numerical and experimental studies

in they-direction and moves to within 0.5 mm of the center as
the fluid element is contracted in the slot die. The velocity
derivatives for this sreamline are given in the lower graph of
Figure 7. In addition to the elongation of the fluctuations that
was seen in the previous case due to velocity gradig@mntsx
anddy,/dy, we now have the effects of velocity gradiemts/

we average our simulation results over several streamlines at a
given distance in the-direction. In particular, we take sream-
lines starting in the center of the channel andt&t5 and+5

mm in they-direction and at£0.6 mm in thez-direction (making

a total of 15 streamlines). Therefore, we consider streamlines
not only in the centrak—y plane but also in off-centrat—y

dy andav,/ox. These velocity gradients represent pure shear and Planes where the fluid experiences considerable velocity gra-
can result in the elongation and rotation of the fluctuations. This dients in thez-direction. The average structure factors from these
is evident in Figure 9 as the structure factor becomes elongatedstreamlines for varying positions in thedirection are depicted

at an angle.

To gain further insights into these results we show one-

dimensional profiles of the structure factor as a functiomjof

in Figure 11.

The cell is symmetric about the flow center line, and the
streamlines considered reflect this symmetry, therefore the

and gy in Figure 10. Figure 10a shows the profiles from the averaged structure factors are also symmetric. As the fluid passes
streamline through the center of the simulation, while Figure through the inlet of the slot die the averaged structure factor is
10b shows the profiles from the off-center streamline. Both elongated, to it greatest degreepjn(spatial domain orientategDV
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S(a) —— framework that coupled the dynamics of concentration fluctua-
100 [T—" S(qy) e ] tions to the flow fields and stress gradients; however, only the

simplest form of constitutive relation for the stress was treated.
Doi and Onuki! assumed that the dynamics of stress relaxation
were well described by a single relaxation time.

A significant feature of the rheological behavior of polymer
blends is that, in general, stress relaxation cannot be adequately
described using a single relaxation time. Clarke and McL#ish,

1 Clarke®® Sun et a and Criado-Sancho et #lhave attempted

to address this shortcoming. Sun et‘ghroposed a model in
which the shear modulus of the blend was allowed to be
concentration dependent, while other autft3*Sintroduced

a specific mixing rule, which also included finite relaxation times

100

10 L L . for each of the components. In all models, stress was incorpo-
0.01 0.02 0.04 0.08 rated into the modified CahrHilliard equation of motion for
q/A" concentration fluctuations derived by Doi and OntikHow-

Figure 12. Structure factor in they andq, directions at positions of ~ €Ver, extending the model to incorporate a generalized flow field
20 (upper) and 21 mm (lower) in thedirection. Profiles are averaged ~ of the form represented by eq 8 is nontrivial and has yet to be
over 15 different streamlines (see text). attempted. Hence, here we summarize the consequences of a
simple shear flow on the structure factor when stress gradients
in the flow direction). This elongation subsides slightly as the are taken into account.
fluid flows through the slot die. As the fluid emerges from the To understand the essential physical phenomena that occur
slot die, the fluctuations become elongated in yheirection when blends are sheared, Doi and Onuki utilized Rayleigh'’s
for a short period of time. This is reflected by the elongation of variational principle, which amounts to minimizing the energy
the structure factor i for large wavevectors. To quantify this  dissipation function with respect to the average velocities of

effect, and the transition from fluctuation elongation in xte the two components. The resultant equation of motion for the
they direction, we show the one-dimensional profilesSid) structure factor is

at the exit of the slot die (at 20 and 21 mm from the entrance)

in Figure 12. The upper plot shows the structure factor at 20 3g(q,t) 09(q,t)

mm, and the lower plot at 21 mm, both of which are sampled — 70 = —2M|29°(xs — y + k) —

by the beam at position 4. At a position of 20 mm, at the exit d

of the slot die, the fluctuations appear to be elongated in the a ad

. . . - . . _ _
flow direction for larger fluctuations, and essentially isotropic Tzqiqja Ojj
for smaller fluctuations. This is seen §gy) being lower than kg T4; Pa
Sqy) at low wavevectors while for higher wavevectors there is

little difference betweer§(q,) and S(qy). For the averaged The oj represent the various components of the stress tensor,
structure factor at 21 mm, just outside the slot die, the larger &/l Of which can be expected to depend on composition,cand

fluctuations remain oriented in the flow direction, but now the 1S & parameter dependent on the number of entanglements per
smaller fluctuations appear to be orienfeetpendicularto the chalr_l and t_he monomeric friction coefficiertfswithout stress
flow direction. In the averaged structure factor calculated here, 9radients, i.e., for a blend whose components have identical
it is worth noting that this effect is likely to be suppressed by €SPONses to shear, eq 12 reduces to eq 6, as would be expected.
the velocity gradients in the-direction, which tend to orient ~ AAg&in, for the simple shear flow under consideration in this
concentration fluctuations in the flow direction. section, G, Gy, and_q_z are the_ wavevectors in the flow, flow-

By comparison between our experimental and simulations 9radient, and vorticity directions, respectively.
results, it is clear that by including only convective effects, we ~ 1© 9ain some analytical insight, it is useful to focus our
do not achieve even qualitative agreement with the observed@ttention on theg, and g, directions. In these directions, the
behavior. In particular, our experimental results show the CONVective term of eq 12 vanishes, and an effective diffusion
concentration fluctuations to be elongated perpendicular to the CO€fficient, Der may be defined using,
flow direction, while our simulations, which assume simple 2a..1)
convective effects, predict the concentration fluctuations to be 2] _quyzzDeﬁ(qy’ S, + 2qu’12 (13)

Sq.t) + 2Mo? (12)

elongated in the flow direction. at

Stress Gradients.Since, in polymeric systems, the viscosity
depends sensitively on the molecular weight as well as on thewhich is no more than the CahiHilliard equation for the
chemical structure, in a mixture in which concentration fluctua- dynamics of concentration fluctuations with a modified diffusion
tions are present there will be resultant stress gradients. Thecoefficient which depends on gradients in the stress as well as
principal works in which the effects of the latter on the dynamics gradients in the chemical potential. In particular, the stress
of such fluctuations in polymer solutions have been considered components of relevant&are the normal stressasy andoyy,
are by Helfand and FredricksdhOnuki3? and Milner® Doi since shear stresses do not act alongghand g, directions.
and Onuki! extended the models to polymer blends in which From egs 12 and 13, the effective diffusion coefficients in the
both components are entangled. The key aspect to address i§ly and g, directions are given by
how to incorporate stress into the equation of motion for

concentration fluctuations. Effectively, by determining the _ _ o M o _
conditions for force balance, it was shown that the stress entersDeff(qi) = 2M(s — 2 + 4 kT 3 =2Mlxs—x +
the equation of motion at the same level as the chemical 24 A - 14
potential. Such an approach enabled the development of a kG 2@ =y, 2) (14)

Ccbv
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Figure 13. (a) Effective interaction parameter and (b) effective Eigyre 14. (a) Effective interaction parameter and (b) effective

interfacial energy parameter as a function of flow rate at position 2. interfacial energy parameter as a function of position, at the maximum
The increase in the interaction parameter with flow rates is a fow rate.

consequence of flow induced enhancement of fluctuations.

and Bindet® showed that a model that incorporates affine chain
stretching in addition to convection, but does not include stress
gradients, results in a modification of the effective interfacial
energy but not the interaction parameter.

which serves to definAys(qy) and Ays(q,). Importantly, both
depend on the variation of the normal stresses with concentra-
tion. Without such a variatiomyys(dy) = Ays(d,) = 0 and as a
consequence the structure factor indpandg, directions would

be unperturbed by the flow. Example expressions, in the limit 4 conclusions

of g— 0, in terms of relaxation times and plateau modulae, for We h found that i . . | blend bi d
a specific blend constitutive equation can be found elsewfiere. e have found that fluctuations in polymer blends subjecte
If Ays > 0, fluctuations are suppressed, whereadst < 0, to a contractiorrexpansion flow becpme enhanped with in-
fluctuations are enhanced. In the latter case, the magnitude ofc'€asing flow rate. The data can be interpreted in terms of an
Ays may be sufficient forDey to become negative so that effective interaction parameter, which reflgcts the coupl_lng
fluctuations become unstable and grow. Combining eqs 13 angPetween flow and thermodynamics. As noted in the Introduction,

14, we find that in the steady state previous experiments using a concentric cylinder shear cell
' ' observed the suppression of fluctuations for two very different
1 blends by shear. This is in stark contrast to the observation that
Sq) = > (15) we have reported. The difference mirrors the complexity of
20t = x T 1"+ Ayl observations for the effects of flow on miscibility.

) ) ] ] In view of the failure of the numerical investigation to even
This result presents a physical explanation for why an Omstein g ajitatively capture the experimental observations, we believe

Zernike type expression should be valid in the presence of aha; the existence of normal forces is key to explaining our
flow field. Although the theory is not strictly valid in the flow  gyherimental observations. Since the degrees of polymerization
direction, we now consider that eq 15 provides a reference with o the two components are similar, it is worth considering what
WhICh. to understand our observ_atlon that thg scattering is well gives rise to viscous stress imbalances. Most probably they arise
described by the general form given by eq 3 in the steady state .o the |arge difference in glass transition temperature between
such that the two components. Poly{methylstyrene) has a glass transi-
1 tion temperatur® of ~170 °C, which is~70 °C higher than
(16) that of polystyrene, so at any given temperature, if the two
20xs = Yot T KertO] components have similar molecular weights, it might be
expected that &MS will have a higher viscosity. Hence any
whereyeir andkest are related tdy and the correlation length  regions that are slightly richer inoMS will also have a greater
by direct comparison with eq 3. The resultant values for the viscosity than regions slightly richer in PS. Therefore, even small
effective interaction parameter and the effective interfacial fluctuations in concentration could give rise to considerable
energy parameter are shown in Figure 13 for position 2, and gradients in the weakly non-Newtonian stresses.
for all positions for the maximum flow rate in Figure 14. While Unlike block copolymers, surfactant systems and even
the effective interaction parameter is seen to increase signifi- demixed polymers, there have been relatively few studies on
cantly with flow rate (a factor of 4 increase at the highest flow partially miscible polymer blends in a flow, and in particular
rate relative to the quiescent value), the decrease in the effectiveon the coupling between flow and concentration fluctuations
interfacial energy is much less significant, suggesting that the in the one-phase region. This would appear, in part, to be related
latter is mostly unperturbed by the flow. These results further to the difficulty in developing equipment that is able to produce
support our assertion that chain stretching is negligible: Pistoor the high torque necessary to shear high molecular webd%\t/

) =
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polymer mixtures. Only through systematic and wide ranging (19) Saito, S.; Hashimoto, T.; Morfin, I.; Lindner, P.; Boue, F.; Pine, D. J.

i I i itati Macromolecule®003 36, 3745.
StUdleS. W".l it be possible .to quantitatively test some of (20) Saito, S.; Koizumi, S.; Matsuzaka, K.; Suehiro, S.; Hashimoto, T.
theoretical ideas currently being developed. Recently there has

Macromolecule00Q 33, 2153.

been an increase in studies on the dynamics of miscible polymer(21) Miroshnychenko, D.; Clarke, Nehys. Re. E 2002 66, 041802.
blends, with predictions of the composition dependence of blend (22) Clarke, N.; Miroshnychenko, DRhys. Re. E 2005 71, 031804.

rheology becoming increasingly quantitatitfeSuch blends offer

(23) Rothstein, J. P.; McKinley, G. H. Non-Newtonian Fluid Mecl2001,
98, 33.

a promising avenue for testing theories that couple thermody- (24 kim, J. K.; Han, C. DMacromolecule€992 25, 271.
namics with flow, since the rheological response can be (25) Lin, J. L.; Roe, R. IMacromolecules987, 20, 2168.
unambiguously determined without concerns that arise when (26) Bent, J.; Hutchings, L. R.; Richards, R. W.; Gough, T.; Spares, R;

phase boundaries are approactfedVe emphasize that a

theoretical framework that aims to predict stability limits must

Coates, P. D.; Grillo, I.; Harlen, O. G.; Read, D. J.; Graham, R. S.;
Likhtman, A. E.; Groves, D. J.; Nicholson, T. M.; McLeish, T. C. B.
Science2003 301, 1691.

be able to also predict scattering patterns. We hope that the(27) Bent, J. F.; Richards, R. W.; Gough, T. Rev. Sci. Instrum2003

experimental, computational and theoretical results presented
in this paper will stimulate further studies of polymer blends

subjected to flows.
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