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ABSTRACT: Cloud point temperatures (Tp) were measured at different constant shear rates for three
representatives of the ternary system cyclohexanone/polystyrene/poly(n-butyl methacrylate) (CHO/PS/
PBMA) by means of a newly constructed rheo-optical apparatus that can be operated in the temperature
range from 0 to 100 °C up to maximum shear rates of 1440 s~* and maximum stresses of 384 Pa. In all
cases one observes an extension of the homogeneous region as the shear rate y is raised. With the system
CHO/PS 196w/PBMA 2050 (the figures denote the molar masses of the polymers in kilograms/mole) the
effects become maximum for high concentrations of PBMA, where the demixing temperatures increase
by more than 25 °C per 100 s~%. For a pronounced predominance of one polymer in the mixture, T, is
a linear function of y in the entire range of shear rates. At blend compositions in between, the slope of
Tep versus y is largest at the lowest shear rates and diminishes as y is increased until the dependence
becomes linear again at sufficiently large values. Possible effects of polymolecularity were studied by
exchanging the broadly distributed PS 196w against the narrowly distributed PS 207; no differences
beyond experimental error could be detected. A substitution of the high molecular weight PBMA 2050
by the lower molecular PBMA 335 leads to a pronounced reduction of the effects; in this case the extent
of shear-induced mixing passes a minimum for a blend composition of approximately 1:1. Phase diagrams
of the flowing systems of interest were also calculated theoretically on the basis of a generalized Gibbs
energy of mixing (value for stagnant solutions plus energy stored under stationary conditions in the
sheared state) by direct minimization of this quantity. The information concerning equilibrium and
rheological behavior required for that purpose was obtained as described in part 1 of this series. The
sign and magnitude of all theoretically predicted effects plus their variation with molar masses and
composition are in very good agreement with the experimentally observed features of shear-induced
changes of the phase state. Possible reasons for the lack of complete quantitative agreement are discussed.

Introduction

Observations concerning shear influences on the
phase separation behavior of polymer-containing sys-
tems have a long history. Many investigations on flow
influences on thermodynamic properties can be found
in the secondary literature;! there are reports on a
pronounced increase of the homogeneous region upon
flow (shear-induced mixing)2=5 as well as on the op-
posite, namely, phase separation upon shearing (shear-
induced demixing).5~1° With some systems the sign of
the effects changes with composition or shear rate,!* and
for others there are indications for the formation of
closed miscibility gaps.1213

Probably the above list of observations is not yet
complete and the theoretical understanding!#> of the
great variety of phenomena still constitutes a challenge.
Work in the field of the phase behavior of flowing
systems is also attractive in view of its great practical
importance. For example, a shear-induced homogeniza-
tion in the course of a suspension polymerization, or
conversely, a shear-induced demixing in the course of
a polymerization—supposed to proceed in a homoge-
neous medium—may change the properties of the prod-
uct dramatically. Similarly, a phase state of a polymer
blend in an extruder differing from that at rest will
likely cause difficulties.13

The first section of this paper deals with the meas-
urement of shear effects on the phase separation of a
ternary system made up of two highly incompatible
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Table 1. List of Substances Used and Sample
Characteristics

PBMA 2050 PBMA335 PS196w PS 207

Mu/kg mol—1 2050 335 196 207
Mn/kg mol~2 1780 325 66 204
U=Mw/My—1 0.15 0.03 1.95 0.022

a Data of supplier.

polymers and a solvent which is thermodynamically
good for both components. The second section is devoted
to corresponding theoretical calculations; they are based
on an approach which generalizes the Gibbs energy of
mixing by adding the energy the flowing system can
store in the stationary state.’® This procedure has in
the past already turned out to be surprisingly predictive
and could account—at least qualitatively—for all effects
that were detected experimentally so far. With the
present ternary system it could only be applied thanks
to a calculation method?’ that does not require chemical
potentials. In the third and final section of this paper,
the experimental finding are compared with theoretical
predictions.

Experimental Section

The samples of polystyrenes (PS) and of poly(n-butyl meth-
acrylate)s (PBMA) utilized in this work are shown in Table 1;
information concerning the provenance of the system can be
obtained from part 1 of this series.’® Cyclohexanone (CHO),
purchased from Aldrich (Steinheim, Germany) with 99.8%
purity, is a thermodynamically good solvent for both kinds of
polymers.

The following relations served for the computation of the
numbers of segments (N;) of the different components from
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Computer
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Figure 1. Scheme of the rheo-optical apparatus used for the
simultaneous measurement of the turbidity and the viscosity
of liquids; I, and | are the intensities of the primary laser beam
before and after passing through the solution twice.

their densities; the data for the polymers stem from ref 19.
Densities and viscosities of CHO were taken from ref 20.

premal(@ cm %) = 1.0720-6.80 x 10 4T/°C) (1)

pps/(g cm~3) = 1.0865—6.190 x 10 %(T/°C) +
1.360 x 1077(T/°C)? (2)

Penol(kg m~3) = 964.51—0.891(T/°C) (3)
IN(7cpo/Pa s) = —11.93 + 1720.69(K/T) (4)

Rheo-Optical Apparatus. The apparatus presented sche-
matically in Figure 1 was assembled from commercially
available optical parts using components of the shear-rate-
controlled Haake rheometer (Rheocontroller RC 20, Rotovisco
RV 20, measuring device M5). Its central part consists of a
rotor—stator system (Searle type) which allows the simulta-
neous measurement of the viscosity of the liquid contained in
the gap and of the ratio I/l,, the intensity | of the light having
passed the solution twice divided by I,, the intensity of the
primary laser beam. For this purpose, it was necessary to
replace a part of the stator by a glass tube of 0.5 cm height,
where the laser beam can pass through the sample.

In its present configuration, the apparatus can be operated
in the T interval from 10 to 100 °C. With the smaller rotor
(MV2, diameter 36.80 mm), the maximum shear stress that
can be reached amounts to 384 Pa; with the larger rotor (MV1,
40.08 mm), this value is 324 Pa. Sample temperatures were
increased linearly (0.1 K/min) and the measured turbidities
and viscosities automatically recorded and processed in a
computer. A typical example for the primary data obtained
with the rheo-optical device is shown in Figure 2. Due to our
experimental practice (varying the composition of system by
adding more solvent to concentrated solutions of PS and PBMA
in CHO), the results are presented in terms of wW*pgma, the
weight fraction of PBMA in the blend PS/IPBMA (W*pgma =
Wpema/(Wes + Weema)), and of wyq, the overall weight fraction
of the polymer (Wpor = Wps + Wpgma)-

The above graph demonstrates how cloud points were
determined from the development of turbidity as the solutions
are heated (lowest critical solution temperatures): The inter-
cept of the linear parts of I/, as a function of T, observed
within the homogeneous region and as one enters the two-
phase regime, was taken as the cloud point temperature (Tcp).
With many systems studied in the literature,'! the segregation
of a second phase can be monitored quite accurately (particu-
larly at low shear rates) by a discontinuity in the temperature
dependence of the viscosity (). In the present case, however,
this method turned out to be inapplicable for most shear rates,
as becomes obvious from the temperature dependence of the
viscosity also depicted in Figure 2. This feature is due to the
fact that the viscosities of the two coexisting phases are too
similar to "hide" the more viscous material in the disperse
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Figure 2. Temperature dependence of 1/l,, the ratio of light
intensities, and of viscosity, , measured with the apparatus
schematically depicted in Figure 1. The system, composition,
and shear rate, y, are indicated in the graph; wy is the sum
of the weight fractions of the polymers and w*pgma is the
weight fraction of PBMA in the binary polymer blend.

phase; the almost matching » values result from tie lines which
run almost parallel to the PS/PBMA edge of the Gibbs phase
triangle (cf. Figure 6 of part 1).

Results and Discussion

As with the experiments concerning the equilibrium
and the rheological behavior of the different representa-
tives of the system CHO/PS/PBMA reported in part 1,18
the emphasis of the present study on shear influences
is on CHO/PS 196w/PBMA 2050. Some orienting ex-
periments are also performed with a system where the
rather polydisperse PS 196w is exchanged against the
narrowly distributed PS 207 and with a system where
the lower molecular weight PBMA 335 replaces PBMA
2050. To minimize the number of graphs, the results
of the theoretical calculations are presented together
with the experimental findings.

Measured Shear Influences. How the cloud point
temperatures of the system CHO/PS 196w/PBMA 2050
depend on shear rate y is shown in Figure 3a—e. This
sequence of graphs demonstrates that the effects (ATp/
Ay) pass a pronounce maximum as W*pgma IS raised
from 0.09 to 0.91. For a given blend composition and
20 °C, the maximum polymer concentration in the
homogeneous solutions is for stagnant systems deter-
mined by the corresponding cloud point curve.

For very low and very high w*pgma values, a shear
rate of 400 s~! increases the cloud point temperatures
of the stagnant solutions by ca. 20—30 °C (extension of
homogeneous region/shear-induced mixing) in an ap-
proximately linear manner (cf. Figure 3a,e). In the
intermediate range of w*pgma, the effects are much more
pronounced. Here the dependencies T, versus y are
linear only at higher shear rates, and the effects are
particularly striking at low 7 values (Figure 3b—d). With
solutions of the blend containing 75 wt % of PBMA, the
change in the demixing temperature is for some polymer
concentrations so large that one leaves the temperature
range that is accessible with the present apparatus
before the end of the available shear rate scale is
reached (Figure 3d). For this blend composition the
effects are for some polymer concentrations so large that
shaking a turbid solution in an ordinary test tube causes
it to become totally transparent. A more detailed
discussion of the influences of the composition of the
ternary system on the magnitude of shear effects will
be given as experiment and theory are compared.

To study possible influences of the comparatively
large polymolecularity of PS 196w, measurements were
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Figure 3. Shear rate dependencies of the cloud point temperatures for solutions of PS 196w and PBMA 2050 in CHO and constant
composition. The weight fractions of the polymers are indicated in the graphs. Symbols and broken lines stand for measurements;

the solid lines are calculated as described in the text.

performed with the narrowly distributed PS 207 and
wW*pmea = 0.09, i.e. for a large predominance of PS in
the blend so that the effects should become most
obvious. The results lack any indication for particular
consequences of a broader molecular weight distribu-
tion; the shear influences are practically identical. The
fact that effects, which should according to thermody-
namic expectation exist, do not show up is probably due
to the large incompatibility of the polymers which
suppresses differences in chain length.

The role of the molecular mass of PBMA on the extent
of shear-induced mixing was examined for PBMA 335
instead of PBMA 2050. Some representative results are
given in Figure 4; they demonstrate that the effects are
for solutions rich in PBMA still quite obvious, despite
an approximately 6-fold reduction of chain length.
However, this time the consequences of shear are much
more prominent as one component (in particular the PS)
predominates in the blend, whereas they almost vanish
in the middle part of the composition range, in contrast
to the situation encountered with PBMA 2050, where
the situation was just the opposite.

The results shown in the above graphs for the lower
molecular weight PBMA and that given in Figure 3a—e

100
) [CHO/PS 196w /PBMA335 | w100 w,,
~ 8 - 0.75; 15.60
- 8
. 0.09; 19.55
60 ,.‘ ______ o
_.~—1j“'D-EL—_
=]
40 A A he A Ay
0.50 ; 16.50
20
0 200 400 600 800 1000
yis

Figure 4. Same plot as Figure 3 but for PBMA 335 instead
of PBMA 2050.

for the higher molecular weight PBMA contain implicit
information on extrema in the sensitivity of the demix-
ing temperature to shear as a function of blend compo-
sition. This situation can be seen explicitly in Figure
5, where the slope (AT¢/Ay) of the linear parts of the
aforementioned graphs is plotted as a function of
W*pBMA.

An example for the shift in the isothermal cloud point
curve caused by shear, as obtained from the measure-
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Figure 5. Sensitivity of the cloud point temperature to shear,
as measured by AT./Ay as a function of the composition of
the binary polymer blend. AT, is the increase in the cloud
point temperature associated with a certain increase Ay of the
shear rate as read from the linear parts of the dependencies
shown in Figures 3 and 4. The total polymer concentrations
in the ternary system are written at the data points; the
approximate locations of the critical conditions are indicated
by hatching.

CHO

PS 196w PBMA 2050

Figure 6. Experimental phase diagram of the system CHO/
PS 196w/PBMA 2050 for 60 °C. The upper line represents the
cloud point curve of the stagnant solutions (cf. Figure 2, part
1), the lower one gives the results for a shear rate of 200 s™*
as obtained from Figure 3a—e. Open symbols stand for
interpolated data and filled symbols for extrapolated data.

ments presented in Figure 3a—e, is given in Figure 6.
for 60 °C. This phase diagram discloses that shear-
induced mixing is much more pronounced for mixtures
that contain more of the higher molecular weight PBMA
and less of the lower molecular weight PS.

Calculated Shear Influences. The computation of
phase diagrams for flowing systems is based on the
generalized Gibbs energy, Gy, which was introduced?®
as the sum of G, the Gibbs energy of the stagnant
equilibrium system, and Eg, the energy the sheared
system stores in its stationary state. For the segment
molar generalized Gibbs energy of mixing this relation
reads

AG, = AG, + AE, (5)

where AEs is defined as

AES = Es - (q)lEs,l + (pZEs,Z) (6)

Equation 5 turned out to be very capable for the
description of the actual behavior of polymer-containing
systems.!! This qualification can be rationalized from
the fact that the second term is normally at least three
orders of magnitude less than the first term so that one
encounters a near equilibrium situation.

Shear Effects on the Phase Diagrams. 2 893

Table 2. Parameters Describing the Concentration
Dependence of gpspeva (Eq 10)

a b x 103 c x 103 T/°C
0.37328 5.300 8 20
0.37378 5.330 8 30
0.37428 5.240 8 40
0.37539 5.200 8 60
0.37650 5.110 8 80
0.37755 5.333 8 100

For the present calculations AG; is described by the
well known Flory—Huggins expression in which ;
stands for the volume fractions of the components

AGZ 3
I I i= i

RT

The numbers of segments (N;) of the polymers are
calculated from their molar volumes by dividing them
by the molar volume of the solvent, Vcho, which is taken
to consist of one segment. The binary interaction
parameters for solvent/polymer (gj) were determined
experimentally as reported in part 1.1 They read, in
terms of ¢*; = ¢il(¢i + ¢;), the composition referring to
the binary subsystems i/j:

0.89

=-02750+ —F—— 8

OcHo,ps (1 — 0.20¢™pg) (8)
0.44

9crHopema = 0.2536 + 9

(1 — 0.54¢*pgma)

They are in good approximation independent of tem-
perature. For the polymer/polymer interaction param-
eter the following relation was obtained!®

a+ be*ps(l — @*ps)
(1 — cop™*ps)

The values of a, b, and c for the different temperatures
of present interest are collected in Table 2.
The segment molar stored energy Es can be calcu-

lated from the measured zero shear viscosities 7o
according to?!

(10)

OpspBMA =

To, .
E,= V(:Hon—o(w)2 (11)

where 1o is the characteristic viscometric relaxation
time. The composition and temperature dependence of
no (in Pa s, T in K) can for the present system be
described by18

In 7o = A+ BW*pgua (12)

2
T — 56.1w,,,

A= (108+@)+338W
183x102) B
pol

B=0.93+ (95.0 - T

1636 x 102) )
pol

(636 - T

7o can be determined if 5(y) is known in a sufficient
range of shear rates where the non-Newtonian behavior
is observed. Since we didn't reach these high shear
rates, in particular for solutions rich in PS, 7o was
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approximated by the Rouse relaxation time??

6 I\/Ipol
o = —(1 — ol 13
R ﬂ2(770 T]CHO)CpolRT ( )

In this equation cp is the entire polymer concentra-
tion and Myo the mean molar mass of the blend

Wpol
Cpol = (14)

pol w,
2,

Mpoi = W*psMpg + W*ogmaMpgia) (15)

The viscosity of the pure solvent, ncuo, is given by eq
4.

Phase diagrams for sheared systems can be calculated
on the basis of egs 4—15 by direct minimization of the
generalized Gibbs energy. This method, which is par-
ticularly advantageous for multicomponent systems
and/or complicated concentration dependencies of in-
teraction parameters, has already been described in
detail'” for stagnant systems. It avoids the calculation
of chemical potentials and yields spinodal lines and
critical points by means of test tie lines monitoring the
effects of minute concentration fluctuations. The com-
position of coexisting phases is determined by calculat-
ing the maximum reduction of the Gibbs energy for
mixtures of fixed overall composition. The phase dia-
grams resulting with the present systems for different
shear rates y are shown in parts a and b of Figure 7 for
20 and 60 °C, respectively.

The most striking feature of the theoretical results
is the pronounced enlargement of the homogeneous
region on the PBMA side of the Gibbs phase triangle
as the shear rates become larger. The explanation for
the much less obvious effects on the PS side lies in the
largely different chain lengths of the two polymers.
Another interesting peculiarity is the counterclockwise
rotation of the (generalized) tie lines and a correspond-
ing shift in the (generalized) critical points. This
behavior is comprehensible since the solvent quality of
CHO improves with y in the case of PBMA but not so
for PS.

Since the shear rate dependence of the viscosity is
neglected, i.e. 5 is set equal to 7o, only shear-induced
mixing can be calculated. At 60 °C one observes a
similar shift of the binodal curves, however, at much
higher shear rates than at 20 °C, since the viscosities
are lower at the higher temperature.

Comparison between Experiment and Theory.
Prior to quantitative considerations, whether some
fundamental experimental features of shear influences
can be understood qualitatively in terms of the general-
ized Gibbs energy of mixing is investigated.

According to the generalized Gibbs energy of mixing
formulated in eq 5, the sign of shear effects is governed
by the curvature of Eg as a function of composition, and
the size of the changes should increase with the
magnitude and curvature of the stored energy. From
the fact that all solutions under investigation exhibit
shear-induced mixing, one can conclude that the cur-
vature is always positive. From the fact that the
viscosity of the solutions increases as polymer concen-
trations and/or polymer masses are raised, it is obvious
that Es increases equivalently.

Macromolecules, Vol. 30, No. 4, 1997

According to the present considerations the actual
shift in the cloud point temperatures reflects the

curvature of AG; as compared with the curvature and

magnitude of AEs. Assuming—in accord with the ex-
perience for ternary systems solvent/polymer A/polymer
B—that the critical range (where the curvature of G(¢)
is almost zero) expands widely around the critical
composition, the maximum and the minimum shown in
Figure 5 can be interpreted in terms of the viscosity of
the solutions near the conditions of phase separation.
For the system CHO/PS 196w/PBMA 2050 the increase
of 7o upon a movement along the cloud point curve
toward the PBMA corner of the phase triangle (cf.
Figures 2 and 8 of part 18) is so pronounced that the
maximum effects are markedly shifted out of the critical
region where the system is most sensitive to shear. On
the other hand, with the system CHO/PS 196w/PBMA
335 the viscosity and thus the stored energy are still
small in the critical range of the system due to the lower
molar mass of PBMA and can only cause tiny effects.
Larger shear influences show up, however, as one moves
along the cloud point curve to either polymer edge in
the phase triangle (cf. Figure 2 and 8 of part 118),
increasing the polymer concentration and consequently
Es.

The quantitative comparison of shear effects is per-
formed in terms of shifts in the cloud point concentra-
tions at constant temperature and in terms of changes
of T¢p for solution of constant composition. As can be
judged from the isothermal phase diagrams depicted in
Figure 7b for different shear rates and from the experi-
mental observation given in Figure 6, the agreement is
quite reasonable.

Some examples for a quantitative comparison be-
tween experiment and theory for constant composition
of the solutions are presented in Figure 3a—e in terms
of the shear rate dependence of the cloud point temper-
atures. Calculated and measured lines are given for as
similar as possible overall polymer concentration due
to the present measurement and calculation procedures,
exact matches are difficult.

In view of numerous simplifications of the theoretical
treatment, experiment and theory agree quite well.
Even the observation that T, increases linearly with
in the entire experimentally accessible range of shear
rates for some blend compositions, whereas this depend-
ence is preceded by a steep increase for others (cf. Figure
3b,c), is reproduced by the theoretical calculation; the
values of w*pgma at which the particular behavior shows
up differ, however, from the experimental data.

A vertical shift, i.e. displacement along the temper-
ature axis, of the theoretical curves is caused by
differences between the measured and calculated cloud
point curve of the stagnant system (cf. Figure 7 of part
1). The slopes of the theoretical and experimental
curves fit very well for w*pgma = 0.09 and 0.75 (Figure
3a,d). For a value of 0.91 (Figure 3e), the slope of the
theoretical curve is much larger. This is based on the
neglect of shear thinning, which would reduce the stored
energy and thus the shear influences on the phase
separation behavior. The reason for the discrepancy at
w*pgma = 0.50 (Figure 3c) may be the polydispersity of
PS. At this blend composition, the maximum of the
cloud point curve is reached and the difference between
the experimental cloud point curve and experimental
binodal line becomes particularly obvious (Figure 6 of
part 1).

In particular, the simplifications are as follow:
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a CHO

PS 196w PBMA 2050
N =1760 N = 18684

b CHO

PS 196w PBMA 2050

N =1733 N = 18455
Figure 7. Theoretical phase diagrams of the system CHO/
PS 196w/PBMA 2050 for (a) 20 and (b) 60 °C. The full lines
show the cloud point curves for the equilibrium case, the
broken ones those calculated for the indicated shear rates. The
full square indicates the equilibrium critical point; the full
circle gives the generalized critical point at 400 s™.

(1) The modeling of G, neglects the fact that the
polymers are not monodisperse. Especially for PS 196w,
the polydispersity is so high that exact calculations have
to account for this fact.

(2) The interaction parameters for the binary sub-
system solvent/polymer are assumed to be independent
of temperature. Furthermore, a possible dependence of
JcHopema ON the molar mass of PBMA is disregarded.

(3) The simplifications concerning the stored energy
are much more serious. Es is postulated to be half the
trace of the stress tensor,?® equal to the first normal
stress difference Nj. Since we have not measured Nj,
it is calculated from the shear dependence of the
viscosity with further assumptions.2* One of these is
that the relaxation time is calculated as the Rouse
relaxation time.

(4) For the mixtures with high PBMA contents, it was
assumed that the Newtonian behavior observed for the
other solutions is maintained. Although the extent of
shear thinning is not very pronounced, this postulate
is unrealistic. i.e. N; and Es no longer scale with $2 and
N; becomes less than in the Newtonian case.?®> These
considerations could explain the deviations between
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experiment and theory on the PBMA side of the phase
diagram.

Conclusions

The present investigation has demonstrated the
usefulness of the theoretical concept developed for the
description of shear effects also for the modeling of a
ternary system using the concentration dependent
interaction parameters required for a realistic descrip-
tion of reality in the absence of shear. The theoretical
predictions are in good qualitative agreement with the
experimental findings; there is, however, still some
guantitative discrepancy. Disregarding experimental
inaccuracies, the explanation could lie in neglects on the
theoretical side, in an improper modeling of the stored
energy, or in principal deficiencies of the present ap-
proach. Clarification of this item and expansion of the
work to elongational flow and to variable hydrostatic
pressures is planned for the future.
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