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To model the effects of shear flow on polymer blends,
we recently!?2 proposed a model which included finite
stress relaxation times for each of the components in a
modified equation of motion for concentration fluctua-
tions. We showed that the conditions for the growth of
small concentration fluctuations are altered from that
of the quiescent blend. While the results reported in refs
1 and 2 explain many of the unusual phenomena, such
as shifts in the phase boundary, we were unable to
account for closed-loop miscibility gaps, which have been
reported.®* Such gaps were inferred from the growth
of concentration fluctuations, in the vorticity (z) direc-
tion, below the quiescent spinodal temperature, in a
blend of solution-chlorinated polyethylene (SCPE) and
poly(ethylene-co-vinyl acetate) (EVA), subjected to shear
flow.

In our model the blend is treated as two chemically
dissimilar, monodisperse components, A and B, with
respective volume fractions, ¢, and ¢g, such that ¢a +
¢s = 1. In ref 1 we showed that the linearized equation
of motion for a concentration fluctuation d¢a(q,t), of
component A, under the influence of shear in the g,
direction, can be written as
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where D¢y is the effective diffusion coefficient. Near the
phase boundary of a polymer blend the relaxation time
of concentration fluctuations becomes very large and is
much greater than the stress relaxation time. At the
phase boundary the divergent concentration fluctuation
relaxation time results in the condition D¢ = 0 for g —
0. If Dess < O, first-order fluctuations become unstable
and grow, rather than relax. As will be shown, Des
depends on the quiescent thermodynamics of the blend
and the normal force arising from the network stress.
In ref 1 we modeled the latter using the double-reptation
concept.>~7 Physically, double reptation accounts, in a
simple way, for the fact that polymers do not reptate in
fixed tubes, as assumed in the original tube model.®
Hence, in polymer blends stress relaxation depends not
only on the dynamics of each individual polymer but
also on the dynamics of the surrounding polymers. At
low enough shear rates an adequate description of the
relation between stress and shear rate in polymer
blends is provided by the Maxwell model® combined with
the double-reptation model. If we assume that stress
relaxation can be described as a single-exponential
process,? in the steady state the normal force component
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of the steady-state network stress in the vorticity
direction, o, is given by

O‘:

2. TaTg |2
—3 2| pAZGATAZ + BPA(L — ¢A)(GAGB)1/2(m) +

¢BZGBTle (2

where 7 is the shear rate, 7; is related to the relaxation
time of each component in a fixed network of obstacles
with a composition identical to that of the blend,*® and
G;j is the plateau modulus per monomer volume of
component i, given by® Gi/kgT = 1/Nie.

As discussed in refs 11, 12, and 1, there is no
perturbation of the shear rate in the vorticity direction;
i.e., y(z) is constant. Hence, combining eqs 1 and 2 we
have!

Deff(qz) = ZM[XC - X + quz + AXc(qz)] (3)

where « is the interfacial tension, y is the Flory—
Huggins interaction parameter, and y. is its value on
the quiescent spinodal. In eq 3,

Aya,) =

20 2 2 _ T\
S SR {oa+ 40— 2006™ 1)

(1- ¢A)G'r'} (a)

where G' = Gg/Ga and ' = 1g/ta. The effect of shear is
proportional to the term?3
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where N;j is the degree of polymerization of an entire
chain, Nj is the degree of polymerization of an entangle-
ment segment, and &' is the monomeric friction coef-
ficient, of component i. As discussed in some detail in
refs 1 and 2, Ayc(g;) can be positive or negative,
depending on the values of G’ and 7'.

In ref 1 we assumed the various rheological param-
eters to be equal at all temperatures. Although many
of the characteristics of the blend vary with tempera-
ture, we believe that the most significant factor is the
temperature dependence of the monomeric friction
coefficient, &'. In pure melts, §o changes rapidly with
temperature, and a suitable description of the behavior
is provided by the phenomenological Williams—Landel—
Ferry (WLF) formula'*

()

—c)(T — Ty)

log &o(T) = log &o(To) + S 7T,

(6)

where Ty is a reference temperature, which is often
chosen to be the glass-transition temperature,’® and cg
and cg, are empirical constants.

The situation in blends of different polymers is
much less well-understood, despite the attention that
has recently been devoted to the subject.16-19 It is

© 1999 American Chemical Society

Published on Web 06/03/1999



4448 Notes

generally observed that blends in the miscible state are
thermorheologically complex; i.e., it is not possible to
determine a single set of WLF parameters that will lead
to time—temperature superposition at all frequencies.
Colby?® has suggested that a reasonable description of
the monomeric friction coefficient for each component
in the blend can be obtained by using ¢ and ¢) as
measured for the pure components and Ty as measured
for the blend. Consequently, the local dynamics of the
two components are coupled through the use of a single
Tgy. However, each component friction factor has its own
distinct temperature dependence, which is in agreement
with observations.6:20.21 More sophisticated theoretical
schemes have been suggested,??23 which propose that
local concentration fluctuations result in a range of local
dynamic environments. Such an idea is successful in
describing the broad range of glass-transition temper-
atures that are observed in polymer blends. However,
these models remain phenomenological, in that it is still
assumed that each component retains its own WLF
parameters upon blending.?® In this note, we use the
original idea proposed by Colby® since it captures the
underlying physical behavior in a manner ideal for our
analysis.

The important consequence of applying eq 6, using
pure component values for ¢! and ¢, and the blend T,
is that the ratio of the monomeric friction coefficients
is temperature-dependent. This in turn leads to tem-
perature dependence of both a (see eq 5) and 7'. In the
tube model the relaxation time of each component is
given by® 7; = £o'N;3bi%/72kg TNei. Hence, if we assume
the statistical segment lengths of each component to be
equal, we can see that the response of the blend to shear
flow is characterized by three independent parameters
for each component, the degree of polymerization of an
entanglement segment, Ni, the degree of polymerization
of a chain, N;, and the monomeric friction coefficient,
Zo'. Equivalently, we may use Nj, Nje, and the terminal
relaxation time t;, fixed at some arbitrary temperature,
as our independent parameters. The temperature de-
pendence of 7 is then governed by the WLF equation,
with the appropriate parameters.

We illustrate the possible consequences of such be-
havior for a model system, based on the SCPE/EVA
blend studied in ref 4. This blend phase separates upon
heating; that is, it exhibits a lower critical solution
temperature. We have estimated the following relation-
ship between y and temperature, y = 0.011 — (3.8/T),
using experimentally determined spinodal temperatures
for two different 50/50 SCPE/EVA blends.?* The quies-
cent spinodal curve is found from the Flory—Huggins
free energy.2> We also include a concentration depen-
dence of the glass-transition temperature, by use of the
Fox—Flory relation4

1_ %, b -
Ty Tea T

where Ty is the glass-transition temperature of the
blend and Tg; is the glass-transition temperature of pure
component i.

The outcome of eq 3 for the phase behavior is
illustrated in Figure 1, with the relevant model param-
eters given in Table 1. For the stated WLF parameters
7' increases with temperature. For each curve, 7 is
constant for all temperatures and compositions, and the
relaxation times of each component are fixed (arbi-
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Figure 1. Effect of shear on first-order fluctuations, as
determined from eq 3, for a blend with parameters given in
Table 1. The three unlabeled curves are y = 4.75 (for the
innermost miscibility gap and the shifted spinodal closest to
the y = 0 curve), y = 5.0, and y = 5.25. The behavior for shear
rates of yza > 0.75 was not calculated since at such reduced
shear rates the weakly Newtonian theory we have used is not
applicable.

Table 1. Parameters Used for the Model Calculation?

component mgp N Ne #(T=355K) c1 C2 Ty

A 54 1960 75 0.1 16.0 60.0 248.0
B 103 3300 15 0.05 12.0 60.0 306.0

2 mg are the monomer molecular weights for (A) EVA and (B)
SCPE. N¢ for component A is an average of the behavior of
polyethylene and polyvinyl acetate, while N, for component B was
chosen to be representative of the behavior of polyethylene.2” The
WLF parameters are based on values expected for polyvinyl
acetate (component B) and polyethylene (component A).1> The
glass-transition temperatures for each component were measured
in ref 4.

trarily) at T = 355 K. From eq 3, it can be seen that the
effect of shear is proportional to (yza)?, and since 7a
decreases rapidly with temperature, the effect of shear
is less noticeable at higher temperatures. This is il-
lustrated by the smaller shifts in the phase boundary
which occur at higher temperatures. The results clearly
illustrate that, for a small range of shear rates, it is
possible to induce miscibility gaps, if the relative
relaxation time, 7', and the relative plateau modulus,
G', satisfy certain criteria. A necessary, but not suf-
ficient, condition being that if G' > 1, then 7' < 1. In
Figure 2 we illustrate the typical behavior of the
effective diffusion coefficient, D¢, as a function of
temperature for ¢o = 0.3 and y = 5.5. A significant
difference between our results and the experimental
observations is the temperature range over which
closed-loop miscibility gaps occur. Experimentally,* the
range is only 10° below the quiescent spinodal; our
model suggests a typical range of 20—30°. This differ-
ence may be due to a lack of accurate rheological data.

Finally, we note that while we have accounted for a
concentration dependence of the glass-transition tem-
perature, we have not included the additional contribu-
tions to the gradient of the stress which arise from
gradients in the monomeric friction factor. Once we have
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Figure 2. An example of the effective diffusion coefficient,
Detr, as defined in eq 3, for the parameters given in Table 1,
with ¢a = 0.3. For comparison the zero shear limit is included.
If Der < 0, then small concentration fluctuations grow. The
contours of Figure 1 are determined from the condition Des =
0.

determined the temperature dependence of the relax-
ation times using the appropriate blend T4, we assume
the relaxation times to be fixed and not a function of
concentration. Hence, our theory is strictly only ap-
plicable to blends in which each component has a similar
glass-transition temperature. Despite attempts to un-
derstand and explain the consequences that such be-
havior will have on blend rheology, a clear picture has
yet to emerge.2223 Another possible factor that we have
neglected is the effect of shear flow on the glass-
transition temperature. Since the phase boundaries are
well above the glass-tranisition temperature, we may
expect that this does not play too important a role.

In summary, our results indicate that closed-loop
miscibility gaps are probably an exception, requiring a
delicate balance of the governing parameters. In most
blends, shear will simply shift the spinodal. The delicacy
of the criteria necessary to explain closed-loop miscibil-
ity gaps may go some way to explaining why only a few
experimental systems have been found to display them.2
In relaxing the constraint of the ratio of the relaxation
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time being temperature-independent, we believe that
the theory represents an important step in developing
a physical picture that accounts for the important
underlying mechanisms driving the response of polymer
blends to shear flow.
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