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ABSTRACT: Following the impressive advances in understanding the rheology of linear polymers using
the basic Doi—Edwards model of reptation and its variants, rheologists are turning their attention to
branched polymers. This is primarily motivated by a desire to understand the connection between chain
topology and rheology. We examine the behavior of star polymers in shear and extensional flows. We use
this study to illustrate the dramatic effect that the branch point has on both shear and extension. Data
on steady and oscillatory shear and step strain shear are presented and analyzed using the Milner—
McLeish model. Excellent agreement, using a consistent parameter set, is obtained between this theory
and experiments. The filament-stretching rheometer is used to obtain the extensional viscosity of these
solutions. The steady-state extensional viscosity shows strain rate softening at moderate strain rates
and strain rate hardening at high strain rates. At low Weissenberg numbers (based on the longest
relaxation time), the steady extensional stress depends on the number of chain entanglements. At the
other extreme, at high Weissenberg number (based on the Rouse time), the steady-state stress depends
only on the Weissenberg number. Qualitative similarities and some differences with linear polymers are
noticed. The differences appear to be related to the different time constants for the longest relaxation

times in these systems.

Introduction

In concentrated solutions or melts of linear polymers,
the Doi—Edwards reptation theory assumes that a
molecule is surrounded by other molecules, whose effect
can be considered as a constraining tube.! In the past
few decades, this theory has been remarkably successful
in describing the viscoelastic behavior for concentrated
solutions and melts of linear polymers. The major
mechanisms of relaxation in this model include repta-
tion and fluctuation of the chain within the constraining
tube and the release of constraints by the motion of the
surrounding molecules. For star polymers, where many
branches connect to a central point, reptation is sup-
pressed, and relaxation occurs by a combination of
fluctuation plus constraint release. Thus, the reptation
of linear chain is replaced by “arm retraction”. That is,
the free ends of the star branches retract back along
the “arm confining tube” and then seek out new direc-
tions.2 The retraction can be considered as a particle
diffusing through a potential well U(s), which depends
exponentially on the distance from the free end of arm.
Such models describe the rheological properties of star
polymer melts, and the predictions are in good agree-
ment with experiments.3~5 In principle, only two pa-
rameters are needed in these models, i.e., number of
entanglements Z and the Rouse relaxation time of a
segment te.

Much of the published research has been focused on
shear rheology of star melts. Extensional data for star
polymer solutions are not available. Recent advances
in extensional rheometry make such measurements
possible using the constant-stretch-rate technique, which
was developed by Sridhar and co-workers.%” Details of
this development can be found in Gupta et al.8 and Anna
et al.? In this work, we use this rheometer to investigate
the extensional behavior of star polymer solutions.
Three-arm star polymers at different concentrations are
examined. Measurements using steady shear, oscillatory
flow, and step strain experiments enable the fluids to
be fully characterized and evaluate the time constants.
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The extensional data are then examined using these
time constants. Finally, some comparison is presented
between star and linear polymers in extension.

Theoretical Background

Pearson and Helfand considered the relaxation for a
single star polymer in a fixed network.® They pointed
out that the arm retraction could be represented as
movement in a potential U; given by

Uye) =2 &* &)

where s is the dimensionless distance from the free end
along the tube and Z is the number of entanglements
per arm, which is the ratio of numbers of monomers in
the chain to the numbers of monomers in an entangle-
ment segment, Ne. The time scale for the retraction is

7(8) = 7o exp[U4(8)] ()

A simple approach suggests taking 7o as the Rouse time
TR with

s = 1,2° 3)

where 7. is the Rouse time of an entanglement segment.
The relaxation function can be expressed as

G(t) = ZG,‘E,folds (1-5s) exp(— %) (4a)

or after applying the Fourier transform as

iwt(s)

1+ iwt(s) (4b)

G(w) = 2GY, [;'ds (1 — s)[

Ball and McLeish recognized that the relaxation
spectrum of a star chain in the melt state is influenced
by the mobility of other chains.* Because of the broad
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spectrum of relaxation times, portions of the chain near
the branch point perceive the free ends to be mobile.
As a result, some of the entanglements are not effective,
and Ne reduced by this dynamic dilution is given by

N
N(®) = & (5)

where ® = 1 — s is the volume fraction of unrelaxed
arm segment. The process of dynamic dilution gives rise
to an activation energy.

Uy(s) = (s - %5) (6)

Compared with eq 1, the potential Uy(s) is reduced by a
factor of 3 at s = 1. The time scales then follow according
to eq 2.

Milner and McLeish have suggested several improve-
ments to the Ball—McLeish model. They have identified
two regimes of relaxation processes.®> The early relax-
ation of segments near the free end is not influenced
by the branch point. However, segments near the
branch point are activated, and an approximate expres-
sion is proposed for the crossover between these two
regimes. In addition, Milner and McLeish incorporate
the scaling arguments of Colby and Rubinstein?® for the
concentration dependence of the entanglement length.

According to the Ball—McLeish model, Ne(®) = Ng/®
will result in the following scaling:

G(P) ~ G * @)

Such a result does not agree with the experimental data
for 6 solutions. Colby and Rubinstein® assumed that
entanglements are binary events between chains which,
in 6 solutions, leads to the scaling

Ne(P) = N.®* (8)

where o = #/5. This assumption implies G(®) ~ G &7,
which appears to be in good agreement with the 6
solution data.® In what follows, we use a = #/3 for the
calculations presented in this paper.

The activation barrier for the Milner—McLeish model
is given as

1-@Q -9 1+ @+ a)s]
1+ a)2+a)

U(s) =3z )

and the relaxation function is
G(t) = (1 + 0)G? ﬂ) ds (1 —s)* exp( s )) (10a)

or after applying the Fourier transform as

iwT(s)

1+ iwt(s) (100)

G(w) = (1 + )G, ﬁst(l—s)’

Notice that egs 9 and 10 reduce to eqgs 6 and 4 when
oo = 1. For the retraction of free ends within a small
distance s, the potential function U(s) is unimportant,
and thus the ends can move freely without any influence
of the junction point. The Rouse model can be applied
for this regime, and the time scale is given by®
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Tearly(s) E Z Te S (1)
For longer times, arm retraction is an activated process.
Milner and McLeish gave an approximate expression
for the time scale by solving a first passage time
problem511

5Z3
Tlate(s) =T ﬂT X
exp[U(s)]

[S (1—sy*+ [(32)(1 + o )]Zw(lﬂl) (1 i a)fz]llz

12)

Finally, a simple expression was presented for the
crossover between the contributions of Rouse motion
and activated arm retraction, i.e.

Tlate(s) Tearly(s) exp[U(s)]
Tlate(s) + Tearly(s) EXp[U(S)]

7(s) = (13)

where 7eqriy(S) and 7iate(S) are given by egs 11 and 12,
respectively.

The only parameters appearing in this model are the
number of entanglements per arm Z, the plateau
modulus G2, and the Rouse time of a segment z..1! The
plateau modulus is related to the number of entangle-
ments through the molecular weight between entangle-
ments, and hence the number of parameters is reduced
to two. In principle, these parameters can be obtained
using methods established for linear polymers with the
same molecular weight as the arm chain. Recently, this
model has been tested using rheological data on star
polymer melts,® the star—star blend system,? and the
star—linear blend systems!3 and found to describe such
data well.

Experimental Section

The three-arm polystyrene (PS) used in this study was
purchased from Polymer Source Inc. (Canada). The molecular
weight of the polymer and the molecular weight of the arms
were determined by light scattering and size exclusion chro-
matography by the suppliers. Four concentrated solutions were
prepared by dissolving the star polymer in di-n-butyl phthalate
(DBP), which is a good solvent for polystyrene. Both PS and
DBP were dissolved in a large amount of methylene chloride
and mixed for at least 24 h to ensure that the solutions were
homogeneous. Methylene chloride was later completely evapo-
rated in a vacuum oven over a few days until no further weight
loss was registered. The physical properties and other relevant
data for the solutions are provided in Table 1.

The steady shear and dynamic data of these solutions were
measured with a Rheometrics fluid spectrometer (RFS 11). All
measurements are performed in the linear regime using the
cone—plate geometry (50 mm in diameter and a gap angle of
0.04 rad). For each solution, rheological data are obtained at

Table 1. Physical Characteristics of the Star Polystyrene
Solutions Used in the Study

My Mn wt
stark, arm, fraction,  vol 70,° 70,°
polymer g/mol kg/mol PI2  wt% fraction Pa-s Pa-s

3-arm PS 3470 1116 1.08 10 0.098 340 336
12 0.118 1135 1140
15 0.147 8850 8739
20 0.196 35000 38600

a Polydispersity index (My/Mp). P Obtained from dynamic viscos-
ity in the low-frequency region. ¢ Calculated from eq 24.
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three different temperatures. We choose 21 °C as the reference
temperature, To, and the data are shifted to this temperature.
The shift factor was obtained from the zero-frequency dynamic
viscosity,

. o'l

. (14)

- I
Molt,

We also assume that the temperature dependence of all
properties is given by the same shift factor ar. Thus, the
following parameters are defined to describe the master curves
at the reference temperature: To

oly, = agoly nlr, = nl/ar (15)

7"|'rO =aryly N1|TO = Nyt (16)

Gll)=Gl)  G'l)=GC"wl) @7

In addition, step strain experiments are also carried out with
RFS Il at 21 °C. The imposed strains varied from 1% to 100%.
At the lower strains (up to 10%), the relaxation modulus was
independent of the imposed strain and hence was used to
measure the relaxation modulus G(t).

The filament stretching technique was used to conduct the
extensional stress growth measurements. For ideal extension,
the length and mid-filament diameter of the filament are
governed by the following equations:

L = Ly exp(ét) (18)
D = D, exp(—¢t/2) (29)

where ¢ is the extensional rate; Lo, and Dg are initial length
and diameter of the filament, respectively. However, because
of the end effects, it is impossible to satisfy both these
equations simultaneously. As described by Tirtaatmadja and
Sridhar, the mid-filament diameter will decrease more rapidly
than expected.® To obtain a constant stretch rate based on the
diameter, the velocity profile needs to be changed. A “master
plot” technique was applied to impose a constant and pre-
determined strain rate.®® The actual strain rates calculated
from the slope of the diameter profile are within 10% of the
imposed strain rates. Experimentally, entangled polymer
solutions present two major challenges for filament stretching
rheometer. Sample loading to achieve a uniform cylinder
without entraining air bubbles is a difficult and time-consum-
ing process due to the long relaxation times. In addition,
filament breakage limits the maximum strain that can be
achieved, while inhomogeneous stretching sets a lower limit
on the strain rate that can be used. However, between these
limits, the technique was reliable and gave reproducible
results.

Results and Discussion

Shear and Dynamic Data. Figure 1 shows the
master curves of shear viscosity () and first normal
stress difference (N;) for a typical solution. The shear
stress increases monotonically with shear rate. At low
shear rates, the normal stresses depend quadratically
on the shear rate. To demonstrate the validity of the
Cox—Merz rule,** we show shear viscosity (filled sym-
bols) and the dynamic viscosity (open symbols) for 10
and 12 wt % solution at 21 °C in Figure 2. This
empiricism has been proved to be valid for four-arm star
polybutadiene solution® and three-arm star poly(iso-
butyl vinyl ether).1® Values of zero shear viscosity 7o
obtained from dynamic viscosity in the low-frequency
region are listed in Table 1. The dependence of 7y on
concentration (volume fraction ¢) is similar to the
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Figure 1. Master curves of shear viscosity (open symbols) and
first normal stress difference (filled symbols) for 10 wt %
solution. Diamonds, squares, and circles denote data at 30,
21, and 16 °C, respectively. The dashed lines have a slope of
—0.5 and 2.
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Figure 2. Comparison of steady-state shear viscosity (filled

symbols) and dynamic viscosity (open symbols) for 10 wt %
solution (triangles) and 12 wt % solution (circles) at 21 °C.

published data for four-arm polybutadiene solutions in
a good solvent!” and four-arm and six-arm polyisoprene
solutions.’® The master curves for storage and loss
moduli, G'(w) and G"(w), for these four solutions are
shown in Figures 3 and 4, respectively. The loss
modulus for 10 wt % solution gives a shallow peak
within the frequency range investigated. However, the
maxima become much more obvious as the concentra-
tion increases.

Evaluation of Parameters. The Milner—McLeish
model requires the following parameters: Z, GON, and
Te. In principle, Z and Gﬂ, are dependent on each other
and could be determined apriori from linear polystyrene
samples. As a result, the Milner—McLeish model is
essentially a one-parameter model. The entanglement
molecular weight in a solution is given by

M = M2 ¢ = 0.1 glem® (20)

where p is density of polymer, ¢ is concentration of
polymer, and MT™" is molecular weight between en-
tanglements, which was taken as 13 300 for polystyrene

melts.1® Consequently, the number of entanglements of
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Figure 3. Master curves of storage modulus G'(w). Concen-
trations from right to left are 10, 12, 15, and 20 wt %.
Diamonds, squares, and circles denote data at 30, 21, and 16
°C, respectively. Solid lines are the Milner—McLeish model
predictions.
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Figure 4. Master curves of loss modulus G"(w). Concentra-
tions from right to left are 10, 12, 15, and 20 wt %. Diamonds,
squares, and circles denote data at 30, 21, and 16 °C,
respectively. Solid lines are the Milner—McLeish model pre-
dictions.

the branches can be obtained by

Ma
= Msoln (21)
e

where M, is molecular weight of the arm.

The plateau modulus GY for the solutions can be
determined experimentally from the storage modulus.
However, the experimental data do not show a well-
defined plateau to make an accurate estimation. Alter-
nately, the value of M can be used to obtain the G,
based on the definition of entanglement molecular
weight Mz"'”, i.e.

G0 _ 4 pgRT
N
5 Mzoln

(22)

where ¢ is the volume fraction of the solution. The

values of G}, obtained from above equation are listed in
Table 2.

Three-Arm Polystyrene Solutions 8273

The remaining model parameter is Rouse time of an
entanglement segment 7., which is defined as?

B CNeZbZ

=— 23
37k T (e3)

Te

where b is the effective bond length defined as b =
(Mo[R2[IM)¥2 and ¢ is the monomeric friction constant.
However, there are difficulties in the calculation of the
end-to-end distance R20and ¢ for solutions. In this
paper, we choose to calculate Z using eq 21 and
determine the other two by fitting the experimental
oscillatory data to the model. The predictions of the
Milner—McLeish theory are shown as solid lines in
Figures 3 and 4. The values of Gﬂ, and 7. have been
obtained by fitting the experiments, and these are listed
in Table 2. For all solutions, the values of Gﬁ, required
to get a good fit with experiments are within 10% of
the value calculated from eq 22, confirming that the
theory affords a one-parameter description of the re-
laxation process in star polymers. We notice that
prediction of the Milner—McLeish theory is in good
agreement with the experimental data for almost the
full frequency range. A slight deviation between the
model and experiments was found at high frequencies
where higher order Rouse modes become important but
are neglected in this model. This is perhaps, the first
direct comparison of the Milner—McLeish model for
solutions of star polymers.

Finally, it is interesting to calculate the longest
relaxation time 71 from the Milner—McLeish model. This
can be obtained from eq 13 with s = 1, which corre-
sponds to the time required for the free end to retract
back to the branch point. The values of 7; are also listed
in Table 2. If the polymer chains were not constrained
by the branch point, they would be able to reptate like
a linear chain with a time constant tp = 3trZ = 37.Z5.
Values of 7p are also listed in Table 2 for comparison.
Note that 71 is 20—150 times greater than tp. This
dramatically illustrates the inefficiency of retraction as
the relaxation mechanism compared to reptation. The
effect of chain topology on the solution rheology is
related to these significant changes in relaxation times.

Linear Viscoelasticity. The zero shear viscosity can
also be obtained from relaxation modulus, i.e.

o= [, G(t) dt (24)

Thus, using the expression of G(t) from the Milner—
McLeish model, we can calculate the zero shear viscosity
for these solutions, which are also listed in Table 1.
These are in excellent agreement with experimental
values. The Milner—McLeish model does not yield an
analytical relationship between 7o and 7;. Figure 5
shows 7o/t1 calculated using the Milner—McLeish model
as a function of the number of entanglements Z. Over
a range of Z values from 10 to 25, a simple power law
relationship is obtained:

To _ 21,6208 (25)
7

We shall later use this relationship to examine exten-
sional data.

The relaxation modulus following a sudden imposition
of shear can be factored into strain-dependent and time-
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Table 2. Viscoelastic Data at 21 °C for the Star Polystyrene Solutions Used in the Study

concn, wt % z Te,2S R3S .25 nPs GP,2 Pa GY,.c Pa
10 8.4 8.0 x 1075 5.6 x 1073 0.14 2.8 1500 1461
12 10.1 8.0 x 107° 8.1 x 1073 0.25 7.8 2100 2107
15 12.6 1.2 x 104 1.9 x 1072 0.72 49.1 3500 3299
20 16.8 8.2 x 1075 2.3 x 1072 1.16 150.5 6000 5886

a Obtained by fitting the Milner—McLeish theory to experimental data; zp is the reptation time for linear polymer with same molecular
weight as the star polymer. P Longest relaxation time calculated from eq 13 with s = 1. ¢ Calculated from eq 22.
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Figure 5. Simulated data for 5o/, using the Milner—McLeish
model as a function of Z. The slope of the line is 0.83.
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Figure 6. Shear relaxation modulus as a function of time at
a representatively high strain (y = 100%, squares for 10 wt %
solution; y = 12%, triangles for 20 wt % solution) and a low
strain (y = 1%, diamond and circles for both solutions). Solid
lines are the Milner—McLeish model prediction.

dependent function, that is, G(t,y) = h(y)G(t) where the
function h(y) is the damping function.® In the small
strain region, the relaxation function becomes strain
independent. Figure 6 shows the variation of the
relaxation modulus with time for the 10 and 20 wt %
solution at two representative shear strains. It is
apparent that the curves are independent of the strain
which suggests that under these conditions the damping
function h(y) ~ 1 and G(t,y) = G(t). The Milner—
McLeish relaxation modulus is also shown as solid line
in Figure 6. The relaxation modulus obtained from the
dynamic data agrees well with the modulus evaluated
from step strain experiments.

In summary, the relaxation modulus obtained from
the Milner—McLeish model are in excellent agreement
with steady shear, oscillatory, and step strain measure-
ments and hence provide a useful basis for examining
extensional data.

1

£ =14.99s7"!
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=4
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Figure 7. Diameter as a function of time for 10 wt % solution
after applying “master plot” technique. An actual extensional
rate of 14.99 s~* (circles) was obtained when the imposed strain
rate was 15.0 s7. The solid line shows the prediction of eq 19.
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Figure 8. Trouton ratio as a function of strain for 20 wt %
solution. Circles, diamonds, squares, and triangles denote the
strain rates of 5, 8.5, 10, and 15 s, respectively.

Extensional Data. Over a range of strain rates, star
polymer solutions could be subject to constant and
uniform extensional deformation. Figure 7 shows a
typical diameter profile for the 10 wt % solution. The
actual extensional rate obtained by applying the “master
plot” technique®?® is within 10% of the imposed strain
rate. The extensional stress growth coefficients, plotted
as the Trouton ratio vs strain, are shown in Figure 8.
The Trouton ratio is defined as the ratio of extensional
viscosity to the zero shear viscosity,

e

Mo

T+

r

(26)

net and T, T are the time-dependent extensional viscos-
ity and Trouton ratio. After a certain strain, the Trouton
ratio reaches a steady state T,. It is interesting to
compare these results with those for dilute solutions
(Boger fluids) of linear polystyrene presented by Gupta
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Figure 9. Trouton ratio (open symbols) and extensional
stresses (filled symbols) as a function of Weissenberg number
(Wi = étgr) for 10 wt % (triangles), 12 wt % (diamonds), 15 wt
% (circles), and 20 wt % (squares) solutions.

et al.8 In the latter case and at low strains, the solvent
contribution dominates, and a well-defined plateau at
Tt ~ 3 appears. This is followed by an increasing
contribution from the unfolding polymer chains at
higher strains. Figure 8 does not exhibit a similar
plateau because the solvent makes a negligible contri-
bution to the shear viscosity of the solution. The polymer
contribution dominates at all strains. The experiments
are carried out over a range of strain rates, i.e., from
0.001 to 17 s~1. However, for clarity, only few sample
extension rates are presented in this graph. Attempts
to run at much higher stretching rates failed due to the
filament breakage. For most of the experiments, a
steady state was obtained at a strain of approximately
4 units.

Figure 9 shows the steady-state Trouton ratio T, (open
symbols) against Weissenberg number (defined as W;
= tgre¢) for all the solutions. The Rouse times are those
evaluated in the previous section and listed in Table 2.
In the limit of very low Weissenberg numbers, the
Trouton ratio is approximately 3. In this region, the
solution behaves as a Newtonian fluid. At very large
Weissenberg numbers, chain stretching and retraction
compete, and the increase in Trouton ratio suggests that
chain stretching is more rapid than chain end fluctua-
tions. In between these two regimes, the extensional
viscosity decreases with Wj. Such a decrease in viscosity
has also been predicted by the Doi—Edwards model for
linear polymers.

There is a significant difference between 10 wt % and
the other solutions in that no extension thinning is
observed for this solution. Graessley?® has proposed a
classification scheme based on polymer chain dimen-
sions. Under this scheme, the 10% solution is at the
boundary between semidilute and concentrated solution,
while the more concentrated solutions are in the fully
entangled region. It is therefore speculated that the 10%
solution is not sufficiently entangled for tube-based
theories to be applicable. The minimum in Trouton
ratio, for the 12, 15, and 20 wt % solutions, was observed
at approximately the same strain rate of 5 s7%. The
steady-state extensional stresses (filled symbols) are
also shown in Figure 9. At high strain rates, the stresses
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Figure 10. Trouton ratio (T,) as a function of Weissenberg
number (Wi = 7,¢) for 10 wt % (triangles), 12 wt % (diamonds),
15 wt % (circles), and 20 wt % (squares) solutions. The thick

solid line has a slope of —0.45, and the thin solid line is the
prediction of Doi—Edwards theory for linear polymers.

converge to a single curve. This indicates that the
extensional stress, in the limit of high W;, is only
dependent on W; and points to the dominant role of
chain stretching.

Some interesting comparisons can be made between
linear polymers and star polymers in order to illustrate
the impact of chain topology. For the former reptation
is the dominant mechanism and the longest relaxation
time is the reptation time, which is larger than the
Rouse time by a factor of 3Z. Hence for linear polymers,
one can define a Weissenberg number based on the
reptation time W; 4 = érg. One may anticipate, according
to the Doi—Edwards theory, that the Trouton ratio will
decrease below the value of 3 when the strain rate is
larger than the inverse reptation time. This corresponds
to a Weissenberg number W; of 1/3Z. Figure 9 shows
that a similar extension thinning region is present in
star solutions. However, the onset of this regime occurs
at a Weissenberg number 3 orders of magnitude smaller
than predicted for linear polymers. For the 20 wt %
solution (16.8 entanglements, 3Z ~ 50 and 1/3Z ~ 0.02)
the extension thinning regime starts at a W; of about
0.000 02. This is related to the enormous range of time
scales that are encountered in star polymer where
reptation is absent and chain retraction is the governing
mechanism.

When the W; increases, both the extensional stress
and the Trouton ratio increase. The original Doi—
Edwards model for linear polymers assumed that the
chain retracted instantaneously to their equilibrium
length. Marrucci and Grizutti?! showed that for flows
faster than the inverse Rouse time, W; ~ 1, such an
assumption is invalid. It appears that a similar effect
is present in star polymers, and at high W; chain
stretching contributes to an increase in the stress and
Trouton ratio. The onset of chain stretching for stars
appears at W; ~ 0.1 compared to W; ~ 1 for linear
polymers. The exact reason for this earlier onset is not
yet clear.

The longest relaxation time for star polymers can be
estimated from eq 13 as the time required for an arm
to retract back to the branch point. Figure 10 presents
the Trouton ratio data of Figure 9 plotted against the
Weissenberg number based on the longest relaxation
time (Wy"). For linear polymers, in the region between
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Figure 11. Extensional stress as a function of W;'z%83 for 10
wt % (triangles), 12 wt % (diamonds), 15 wt % (circles), and
20 wt % (squares) solutions. The solid line is the prediction of
eq 28.

Wiq ~ 1 and W; ~ 1, the Doi—Edwards theory predicts
that the extensional stress remains constant. This
implies that the Trouton ratio scales as W; 4~1. Note that
for star polymers the data in the extension-thinning
region superimpose with a slope of —0.45, and this
regime starts when the Weissenberg number Wy’ exceeds
unity (i.e., when the strain rate is larger than the
inverse of the longest relaxation time). For comparison,
the prediction of the basic Doi—Edwards theory (thin
solid line) for a linear polymer is also shown in Figure
10. The Weissenberg number for the Doi—Edwards
theory is based on the reptation time. Since 7; is much
larger than 7p, this regime for star polymers is much
broader than that for linear polymers. Lack of a theory
for star polymers makes it difficult to make comparisons
on a more quantitative basis.

At very low strain rates, linear viscoelasticity predicts
that the Trouton ratio will approach 3. Under these
conditions and using eq 25, the extensional stress, at
low strain rates, can be shown to be

Oly,—o = 64.7Z°%W; (27)
and
Olw;—o = 18.7G}, *“W; (28)

This scaling is quite different from that for linear
polymers, where the Doi—Edwards theory predicts that
the extensional stress growth is proportional to GJ.122
Figure 11 shows the extensional stress as a function of
Z083\y'. Equation 27 is also plotted in Figure 11 and
shows that the model prediction is in good agreement
with the experimental data. We may also calculate the
transient elongation viscosity growth as 3 times the
time-dependent shear viscosity, i.e.,

ne’(t) =3 [G(t) dt (29)

The relaxation modulus of the Milner—McLeish model
can be used to predict the start-up behavior in extension
of these solutions. Figure 12 shows the comparison of
this prediction with experimental data for 20 wt %
solution for 0.5 and 1 s~ strain rate. They are in good
agreement for small strain € < 0.1. This reinforces the
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Figure 12. Comparison of the Milner—McLeish model predic-
tion for elongation viscosity growth in the small strain region
(solid line) and experimental data (open symbols) for 20 wt %

solution. The circles and squares denote the strain rate of 0.5
and 1 s71, respectively.

conclusion that the Milner—McLeish model leads to a
relaxation modulus that is consistent with extensional
data. A more detailed examination will need to await
the development of a constitutive model for star poly-
mers.

Concluding Remarks

The rheological properties of entangled solutions of
star polymers have been investigated. The Milner—
McLeish model is shown to give a very good description
of the dynamic data for these solutions. The constants
estimated by this model are consistent with independent
estimates.

The extensional viscosity of these solutions was
measured using the filament stretching rheometer. The
extensional viscosity initially decreases with strain rate,
and at higher strain rates a region of extension thicken-
ing is observed. The results are qualitatively similar to
those obtained with solutions of linear polymers. How-
ever, for star polymers extensional thinning occurs over
5 decades in strain rate, which is primarily due to the
large difference between the longest relaxation time for
renewal of chain conformations and the Rouse time for
motion of the free ends. In the low strain rate region,
the Milner—McLeish model predicts that the exten-

sional stress is proportional to Gﬁ,m. At high strain
rate, the extensional stress is dominated by chain
extension and is an unique function of Wi;.
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