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Abstract

Measurements by Luap et al. (2005) of elongational viscosity and birefringence of two nearly monodisperse
polystyrene melts with molar masses My, of 206,000 g'mol™ (PS206k) and 465,000 grmol ' (PS465k)
respectively are reconsidered. At higher elongational stresses, the samples showed clearly deviations from
the stress optical rule (SOR). The elongational viscosity data of both melts can be modeled quantitatively
by the MSF model of Wagner et al. (2005), which is based on the assumption of a strain-dependent tube
diameter and the interchain pressure term of Marrucci and Tanniruberto (2004). The only nonlinear param-
eter of the model, the tube diameter relaxation time, scales with My”. In order to get agreement with the
birefringence data, finite chain extensibility effects are taken into account by use of the Padé approximation
of the inverse Langevin function, and the interchain pressure term is modified accordingly. Due to a self-
regulating limitation of chain stretch by the FENE interchain pressure term, the transient elongational vis-
cosity shows a small dependence on finite extensibility only, while the predicted steady-state elongational
viscosity is not affected by non-Gaussian effects in agreement with experimental evidence. However, devi-
ations from the SOR are described quantitatively by the MSF model by taking into account finite chain
extensibility, and within the experimental window investigated, deviations from the SOR are predicted to
be strain rate, temperature, and molar mass independent for the two nearly monodisperse polystyrene melts

in good agreement with experimental data.

1. Stress optical rule

The well established stress optical rule (SOR) can be
expressed asAn = Cg, whereAn is the anisotropic part of
the refractive index tensor, g represent the extra stress ten-
sor and C is the so called stress optical coefficient (SOC),
the latter being largely independent of molar mass, molar
mass distribution, polymer concentration, shear rate and
temperature (Lodge, 1955; Philippoff, 1956), but depen-
dent on the monomer chemistry (Janeschitz-Kriegl, 1983).
Essentially, the SOR states that the mechanical and optical
tensors are coaxial and proportional to each other.

The validity of the SOR for homogeneous, isotropic
polymer melts under a wide range of deformation con-
ditions was confirmed by Wales (1976) and Janeschitz-
Kriegl (1983). Furthermore, the SOR is crucial because it
bridges the macroscopic stress with the microscopic pro-
cesses, i.e. the rotations and deformations of the atomic
bonds (Wales, 1976), and its validity for polymer melts is
an indication of the validity of Gaussian chain statistics.
Recently, the importance of this rule was even shown in
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the injection-compression molding of optical media like
compact discs or digital video discs (Fan et al., 2004).

Violations of the SOR under certain conditions were
reported either for polymer melts (Matsumoto and Bogue,
1977; Muller and Froelich, 1985; Kotaka er al., 1997),
solutions (Cathey and Fuller, 1990; Talbott and Goddard,
1979; Pellens er al., 2005) or networks (Subramanian and
Galiatsatos, 1993). Different origins of the failure of the
SOR were discussed, e.g. the influence of the molecular
weight distribution (van Meerveld, 2004), the chain con-
formation (Sridhar ef al., 2000), or the role of ‘the number
of entanglements in the fluid (Rothstein and McKinley,
2002). Certain types of systems do not follow the SOR at
all like rod-like polymers (Mead and Larson, 1990). Addi-
tionally, experimental conditions can lead to the failure of
the SOR, like performing experiments near the glass tran-
sition temperature (Wales, 1976; Inoue et al., 1991; Muller
and Pesce, 1994; Kréger ef al., 1997), where energetic con-
tributions to the stress may become important.

Failure of the SOR is expected under “fast flow” con-
ditions, e.g. in an elongational experiment at a rate higher
than the inverse of the Rouse time of the chain, which
would impose such a high stretching regime on the poly-
mer chains (Venerus et al., 1999) that they would no longer
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obey Gaussian chain statistics (Mead and Leal, 1995). In
this case, which is the subject of the present work, the SOR
fails, because while birefringence saturates, the stress con-

tinues to grow unboundedly.

2. Nonlinear rheology of polymer melts

The original Doi-Edwards (DE) model relates the macro-
scopic stress to chain orientation only, assuming the ten-
sion in the chain segments to be at their equilibrium value
after a fast retraction process, which takes place within a
Rouse time 7 (Doi and Edwards, 1978; Doi and Edwards,
1979), thereby ignoring the possibility of chain stretching.
As a consequence, the nonlinear behavior in general exten-
sional flows is not well predicted by the DE model
(Wagner, 1990; Wagner et al., 2005). Another shortcoming
of ignoring chain stretch is the prediction of a steady-state
elongational viscosity 7, scaling with the strain rate £ as
n,<&  (Doi and Edwards, 1979). To avoid the DE model
limitations, theories accounting for chain stretch have
been proposed (e.g. Marrucci and Grizzuti, 1988; Pearson
et al., 1991; Mead and Leal, 1995; Mead et al., 1998; Hua
and Schieber, 1998; Ottinger, 1999; Fang et al., 2000)
with the general idea that chain stretching starts to be
significant at Deborah numbers De = £z;>1. However, as
Fig. 1 demonstrates, this assumption is not in agreement
with experimental evidence for monodisperse polystyrene
melts (Wagner et al., 2005). Even when introducing finite
chain extensibility effects (FENE) into these models, the
scaling of the steady-state elongational viscosity 77, with
the strain rate ¢ is predicted incorrectly, as demonstrated
in Fig. 2.

On the other hand, extensional measurements of nearly
monodisperse polystyrene melts have shown a power-law
dependence of the steady-state elongational viscosity,
which deviates significantly from the DE prediction, and
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Fig. 1. Comparison of measured steady-state elongational vis-
cosity data of PS390 K (symbols) to predictions by MSF
model with chain stretch balanced by linear spring force
(dotted lines, from left to right: 7,=329s/32.9s/3.29s) and
by interchain pressure (full line, 7,=1462s).
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Fig. 2. Comparison of measured steady-state elongational vis-
cosity data of PS390K (symbols) to predictions by MSF
model with chain stretch balanced by linear spring force
(dotted lines) and FENE spring force (full lines). From
left to right: 7 =329s/32.9s/3.29s.

scales approximately as 7,<& ' (Bach er al., 2003). To
explain this behavior, Marrucci and Ianniruberto (2004)
modified the DE model by allowing for tube contraction
due to the applied deformation, which is balanced by an
internal chain pressure against the tube wall. By use of
scaling arguments, they derived indeed qualitatively the
observed scaling of the steady-state elongational viscosity.
Based on the Molecular Stress Function (MSF) model
(Wagner et al., 2001) and assuming a balance between
affine chain deformation and the interchain pressure term
of Marrucci and Ianniruberto, not only the steady-state, but
also the transient elongational viscosities of 4 nearly mon-
odisperse polystyrene melts could be modeled quantita-
tively (Wagner et al., 2005) by use of a single non-linear
material parameter, the tube diameter relaxation time z,. It
is worth mentioning that for the highest molar mass poly-
styrene PS390K, a scaling of the steady-state elongational
viscosity close to 7,,c&** was predicted, which is not
only in qualitative but in quantitative agreement with
experimental evidence (see Fig. 1).

At higher elongation rates, considerable relative stretch
of macromolecular chains is predicted (Fig. 3), which
raises the question of the validity of Gaussian chain sta-
tistics.

Luap and coworkers (2005) performed simultaneous
stress and birefringence measurements during elongation
of two similar polystyrene melts with narrow molar mass
distribution. They confirmed the experimental results of
Bach et al. (2003) of an increasing strain hardening effect
and a continuous decrease of the steady-state elongational
viscosity with increasing strain rate. Furthermore, they
found that the SOR was no longer valid at higher strain

rates due to the amount of chain stretching achieved, which
indicates that the chains are deformed outside the validity

of Gaussian chain statistics.
In this contribution, we reconsider the Molecular Stress
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Fig. 3. Square of relative stretch of macromolecular chains of
PS390 K as predicted by MSF model with 7,=1462s for
different elongation rates.

Function model based on the interchain pressure concept
of Marrucci and lanniruberto (2004) by taking into account
non-Gaussian chain extensibility in the interchain pressure
term. The aim is to model simultaneously and quantita-
tively not only the transient and steady-state elongational
viscosities of the two polystyrene melts studied by Luap et
al. (2005}, but also the experimentally observed deviations
from the SOR.

3. Experimental data

The experimental data discussed are those of Luap ef al.
(2005). Elongational experiments at constant strain rate
were performed to determine at the same time tensile stress
and flow-induced birefringence. Two polystyrenes with
mass-average molar masses of 206,000 g'mol™ (PS206k)
and 465,000 g'mol™ (PS465k), and polydispersities of 1.04
and 1.08 respectively were investigated. The experiments
were performed at 140°C and 150°C for the PS206k, and at
150°C and 160°C for the PS465k. Standard time-temper-
ature shifting according to the WLF equation with ¢,=6.8
and ¢,=98 K for 7,=150°C was used. We derived discrete
relaxation spectra with partial moduli g; and relaxation times
A; by use of the IRIS program (Winter and Mours, 2003)
from the linear-viscoelastic master curves of G' and G" at a
reference temperature of 150°C. Molecular characterization
and relaxation spectra are summarized in Table 1.

4. Molecular stress function (MSF) model with
finite extensibility

The MSF model (Wagner and Schaeffer, 1992; Wagner
et al., 2001; 2003) is a single tube segment model, which
allows predicting quantitatively the rheology of polymer
melts in extension and shear. In this theory, the tube diam-
eter « is assumed to be independent of the orientation of
tube segments, and to decreases from its equilibrium value
apto a value a with increasing deformation.
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Table 1. Molecular characterization and relaxation spectra of PS
samples at 150°C

PS206k PS465k
Mw=206,000 g/mol Mw=465,000 g/mol
PD=1.04 PD=1.08
JO=129x10" [Pa™'] J2=1.84x10" [Pa™']
7=2.35x10° [Pa-s] m=2.66x10" [Pas]
7,=14s ,=Tls
=2.4s 72=9.65
g [Pa] 4 [s] g [Pa] 4 [s]
3.186x 10° 293x107 1.421x10° | 4.685x107*
4.582x10° 1.336x10™ 1.343x10° 1.436%107
8.121x10° | 3.491x10° | 3.856x10* 2.78x 107"
4,786 x 10" 345x10™ 4,644 %107 436x10°¢

5.498x 10* 245 4.305x10* 3.062

6.716x10* 1.638x 10’ 5.782x 10 2.743 %10

2274x10* 4.826% 10" 7.782x 10* 2.287x 107
5.592x10° 1.262x10°

The extra stress tensor o(r) of the MSF model is given
by a history integral of the form

o(t)= }m(z—t')f/zgng(z, )dt (D

The strain measure S represents the contribution to the
extra stress tensor originating from the affine rotation of
the tube segments assuming “Independent Alignment (IA)”

(Doi and Edwards, 1978), and is given by

u'u'

§1’;‘E(t,t')55<—§> =58(t,1) 2)
2 o

with §=S(s,#) being the relative second order orientation
tensor. '’ is the dyad of a deformed unit vector ' = u'(1,1),

E'Z_F__Tl'g (3)

F'=F(r) is the relative deformation gradient tensor,
and «' is the length of «'. The orientation average is indi-
cated by <...>,

(Y=g fL. JsinGdGdgy @)

i.e. an average over an isotropic distribution of unit vectors
u.
To account for finite chain extensibility effects, stretch 4
and relative tension f (in the following called “molecular

stress”) of a chain have to be distinguished. A= A(z, ') rep-
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resents the inverse of the relative tube diameter a/a,, and at
the same time the relative length of a deformed tube seg-
ment,

n_ o _It1)

ﬂ(t,t)—m—T (5)
¢ indicates the time when the tube segment was created
with equilibrium tube diameter a, and equilibrium length
l().

In the Gaussian limit, the molecular stress function f is
equal to the tube stretch A. However, this is valid only as
long as 1<0.5 A,, (Bird et al., 1987), where A,=./n rep-
resents the maximum stretch (i.e. a fully extended chain),
and n the number of Kuhn steps in a tube segment. Outside
the Gaussian regime, tension in the chain can be described
by the inverse Langevin function, or, due to its mathe-
matical complexity, approximations of it, like the so- called
Warner (Larson, 1988) or Padé approximations (Cohen,
1991). Since the latter version seems to be more accurate,
nonlinear elasticity caused by finite extensibility (FENE) is
implemented in the MSF theory in the following way:

f=d DA (6)

¢ is a nonlinear spring coefficient, representing a relative
Padé inverse Langevin function with (Ye and Sridhar,
2005)

()= —2m o 0

While $7 is determined directly by the deformation his-
tory according to Eq. (3), 4 is found as solution of an evo-
lution equation taking into account affine tube segment
deformation balanced by the interchain pressure. From the

DE theory, Marrucci and lanniruberto (2004) derived an

2

interchain pressure term of the form pocfl-gKVO, where V
e

represent the tube segment volume, and V) its value at

equilibrium. To account for finite extensibility, this is now

modified to
2 aéﬁ) _ 2 a_@ (8)
Eq. (8) represents a FENE interchain pressure term. The

scalar evolution equation for the tube diameter of Marrucci
and Ianiruberto (2004) is then changed to

3
a—a=—é‘a+ﬂ)(cz ﬂ371) ©
where 7, has been called the tube diameter relaxation time,
representing the relaxation of the topological constraints

caused by the many surrounding chains (Wagner et al.,

202

20095). Considering that from Eq. (5), ‘Z—‘Z can be expressed

PR and replacing the first term on the right

hand side of Eq. (9) by the general tensorial description
using the velocity gradient tensor x, the evolution equa-
tion for the stretch of a tube segment can be expressed as
94 _ ,1[(5 LSy =LA 1)} - /1[(5 - s)-Laar 1)}
at . % - = T
(10)

In Eq. (10), the first term on the right hand sides" describes
an affine deformation, and the second term represents the
FENE interchain pressure contribution. Eq. (10) reduces to
the result of Wagner er al. (2005) in the Gaussian limit, i.e
when ¢=1 and f=A. Egs. (1) and (10) represent the MSF
model with finite chain extensibility, and were solved
numerically.

5. Refractive index tensor

For small chain extensions, the refractive index tensor is
proportional to the second-moment tensor of the orienta-
tion distribution of the end-to-end vector (Fuller, 1995).
According to the MSF model, the stretch is isotropic.
Therefore the anisotropic part of the refractive index tensor
can be obtained immediately as

An(f) = C [ m(t—t)A*SH (1,0)dt (11)
For polystyrene, a value of the SOC of C=—4.6x10"° Pa™'
is used in the following, in accordance with Luap et al.
(2005), and supported by others (Wales, 1976; Oda et al.,
1978). The SOC of polystyrene is negative due to the fact
that the polarizability of the polystyrene chain is smaller in
the backbone direction than in a direction perpendicular to
the backbone (Janeschitz-Kriegl, 1983).

6. Results and discussion

Figs. 4 and 5 present comparison of the experimental
data of Luap et al. (2005) to predictions of the MSF theory,
Egs. (1) and (10), in the Gaussian limit, i.e. by assuming
c=1in Eq. (7). Both the transient elongational viscosity as
well as the plateau of the elongational viscosity are well
predicted for both polystyrene melts at all temperatures
measured, thus supporting the results of Wagner et al.
(2005). Slight deviations between predictions and exper-
iments can be observed, but the differences are well within
experimental error.

The optimum values of the tube diameter relaxation
times 7, were found to be 14s for PS206k and 71s for
PS465k at the reference temperature of 150°C. The same
WLF temperature shift factors as for the relaxation times
were used. As is the case for the two highest molar mass
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Fig. 4. Comparison of measured transient elongational viscosity
data of PS206k at 140°C (symbols) to predictions by MSF
model with Gaussian chain statistics (lines). Lower dotted
line corresponds to the linear-viscoelastic start-up vis-
cosity.
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Fig. 5. Comparison of measured transient elongational viscosity
data of PS465k at 150°C (symbols) to predictions by MSF
model with Gaussian chain statistics (lines). Lower dotted
line corresponds to the linear-viscoelastic start-up vis-
cosity.

samples analyzed by Wagner ef al. (2005), 7, for PS206k
and PS465k verify a quadratic dependence on the molar
mass, i.e. z,0cM.

Wagner ef al. (2005) found tube diameter relaxation
times 7, for their PS200K and PS390K as 7,=384s and
14625 respectively, at 130°C. From these values, using the
WLF parameters as given by Bach ef al. (2003) and taking
into account the corrections due to the differences in molar
mass by scaling with M values of 9s and 47s are obtained
for PS206k and PS465k respectively, at the reference tem-
perature of 150°C. While this is not in quantitative agree-
ment with the optimal values found here, it is at least of the
same order of magnitude. The origin of the differences
could be inaccuracies in the time-temperature shifting
parameters or differences in the polydispersity of the sam-
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Fig. 6. Comparison of steady-state elongational stress versus
Rouse-time based Deborah number De= g1; to MSF pre-
dictions for PS206k at 150°C.
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Fig. 7. Comparison of steady-state elongational stress versus
Rouse-time based Deborah number De=g7; to MSF pre-
dictions for PS465k (full line) at 150°C.

ples, which might affect the amount of strain hardening
observed.

In Figs. 6 and 7, the steady-state stress versus a Rouse-
time based Deborah number De= ¢z; is presented, thereby
using values of the Rouse times as reported by Luap ef al.
(2005) (z=2.4s for PS206k, and 7;=9.6s for PS465k).
The agreement between predictions and experimental
results is remarkable. Considering the small Deborah num-
ber limit (i.e. the Newtonian region), the difference in the
zero-shear viscosities due to the different molar masses of
the samples is observed. In the limit of high Deborah num-
bers, the two predictions tend to merge into a single curve,
which indicates the transition to the glassy region and
therefore to a molar mass independent response.

In the experimentally investigated central region, i.e. for
0.2<De<20, different scalings for the two samples are
observed: In the case of PS465k, the prediction results in
a scaling relation between the steady-state stress oy and
De of the form ogocDe™™ in agreement with the exper-
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imentally observed relation ogocDe”**' (Luap et al,

2005). This coincides with the results of Wagner er al.
(2005) for a polystyrene melt with similar molar mass
(PS390K), neocDe™* corresponding to oggoc De”®. For the
PS206k sample however, a scaling relation of og5~De”®
is found, indicating that the scaling relation depends on the
molar mass of the melt considered. For smaller molar
masses, due to the narrower plateau region of the relax-
ation modulus, a steeper transition from the Newtonian to
the glassy region is expected. It should be emphasized that
the difference in the scaling relation as predicted by the
MSF model is in full agreement with the experimental
data, i.e. a molar mass independent scaling relation does
not exist.

While so far the discussion has been restricted to Gaus-
sian chain statistics, the effect of finite chain extensibility
(FENE) as described by the relative Padé function ¢(A) of
Eq. (7) is now considered. The maximum stretch A,, can be
calculated from (van Meerveld, 2004)

M,’M,

4, =0.82
C,

(12)
The factor 0.82 takes into account the arrangement of
monomer units in the ‘zig-zag’ conformation of the chain.
M, is the molar mass per entanglement, M, the molar mass
of the monomer and C, the characteristic ratio. For poly-
styrene with AM,=18,100 gimol™ (Fetters et al., 1999),
M,=52 g-mol” and C,=9.46 (Graessley, 2004), a value
of 4,=4.93 is obtained, which is used the following.
Predictions obtained by using c¢(4) according to Eq. (7)
with 4,,=4.93 are shown in Figs. 8 and 9. It is seen that in
the transient state, any observable differences between
Gaussian (Figs. 4 and 5) and FENE assumptions are very
small and well within the experimental accuracy for the

PS206k, 140 °C
—— FENE

015!

Viscosity [Pa.s]

1 ] 1
10" 5 10° 5 10! 5 102
Time (s]

10° L !

Fig. 8. Comparison of measured transient elongational viscosity
data of PS206k at 140°C (symbols) to predictions by MSF
model with FENE (lines) using a maximum stretch of
An=4.93. Lower dotted line corresponds to the linear-vis-
coelastic start-up viscosity.

204
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Fig. 9. Comparison of measured transient elongational viscosity
data of PS465k at 150°C (symbols) to predictions by MSF
model with FENE (lines) using a maximum stretch of
A,=4.93. Lower dotted line corresponds to the linear-vis-
coelastic start-up viscosity.
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Fig. 10, Comparison of measured birefringence data versus elon-
gational stress for PS465k at 150°C (open symbols) and
PS206k at 140°C (full symbols) to MSF predictions in
the Gaussian limit (dotted straight line) and with finite
extensibility (4,=4.93, full lines for PS465k and dash-
dotted lines for PS206k).

deformation rate regime investigated. Furthermore, the
steady-state elongational viscosity is invariant with respect
to the approach used (Gaussian or FENE) within line
width.

Fig. 10 presents comparison of predictions to the mea-
sured transient values of the birefringence as a function of
the transient elongational stress for both PS206k at 140°C
and PS465k at 150°C. Experimental data as well as pre-
dictions superimpose for the strain rates studied, and devi-
ate from the linear SOR (indicated by the straight dotted
line in Fig. 10) noticeably above a stress of ¢=2-10° Pa.
Predictions and experiments agree well within experimen-
tal accuracy. The strain-rate independence of the (non-lin-
car) SOR was already observed by others (Muller and

Korea-Australia Rheology Journal
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Fig. 11. Comparison of square of relative tension (identical to
stretch), 72, in the Gaussian case to square of stretch, A
and product of tension and stretch, f4, in the case of
FENE using a maximum stretch of 4,,=4.93 as a func-
tion of relative Hencky strain & for PS206k at 140°C and
different strain rates.

Froelich, 1985; Muller and Pesce, 1994), and indicates that
the violation of the SOR is caused by the level of chain
stretch achieved, independent of strain rate. It is also obvi-
ous that the non-linear stress-optical relation is invariant
with respect to temperature as well as molar mass for the
monodisperse PS melts studied.

It should be noted that while the effect of finite chain
extensibility on the elongational viscosity in the deforma-
tion rate range investigated is minimal, birefringence is sig-
nificantly affected by non-Gaussian chain stretch, which
leads to a non-linear stress-optical relation. As seen from
Eq. (10), the amount of chain stretch achieved during
deformation is limited essentially by the mechanical ten-
sion created. In Fig. 11, for strain rates of 0.1, 0.3, and
1.0 s, stretch and tension are shown as a function of rel-
ative Hencky strain. In the FENE case, while for small
stretches, A* (determining birefringence) and the product f4
(determining mechanical stress) nearly coincide, an
increasing difference is seen at higher stretches. In the
Gaussian case, i.e. assuming c=1 in Eq. (7), tension and
stretch are equal, and f~ (Gaussian case) agrees quantita-
tively with the FENE value of 4 in the steady-state region,
but shows small differences in the transient regime. This
explains the rather small differences seen in the transient
clongational viscosities between Gaussian and FENE pre-
dictions.

7. Conclusions

Elongational viscosity and birefringence data of two
nearly monodisperse polystyrene melts (Luap et al., 2005)
were analyzed in the framework of the Molecular Stress
Function (MSF) model of Wagner et al. (2005), which is
based on the assumption of a strain-dependent tube diam-
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cter and the interchain pressure term of Marrucci and lan-
niruberto (2004). The only non-lincar model parameter is
the tube diameter relaxation time z,. To model the devi-
ations observed in the SOR, the interchain pressure term
was modified to account for FENE effects using the Padé
approximation of the inverse Langevin function together
with a maximum stretch of 4,,=4.93. Quantitative agree-
ment between experimental data and predictions were
obtained. It was found that the tube diameter relaxation
time 7, scales with the square of the molar mass in agree-
ment with earlier findings (Wagner et al., 2005). In the
strain thinning region, the steady-state elongational stress
Oy scales with the Rouse-time based Deborah number De
as oy~De” . For PS465k, an exponent «=0.59 was found
from the model confirming a similar result for a similar
monodisperse polystyrene sample (Wagner et al., 2005).
For PS206k however, a higher value of ¢=0.65 was found
from the model, showing that this scaling law is molar
mass dependent with ¢ increasing with decreasing molar
mass. The value of the exponent depends on the broadness
of the rubber-elastic plateau of the relaxation modulus.

The implementation of non-Gaussian chain extension has
only a small effect on the predicted transient elongational
viscosities in the experimental window investigated, and
has no effect on the steady-state viscosities. This is due to
a self-regulating limitation of chain stretch by the FENE
interchain pressure term, which represents a new concept
of FENE never discussed before, and which produces
effectively the same value of the product of tension and
stretch of the chain in the FENE case as in the Gaussian
case, and therefore effectively the same value of the stress.
However, finite extensibility effects are clearly seen in the
birefringence data. Predictions of the MSF model with
implementation of the FENE interchain pressure term and
with a maximum extensibility factor of A,=4.93 as
obtained from molecular considerations, are in excellent
agreement with experimental data. In agreement with
experimental evidence, the non-linear stress-optical rela-
tion is found to be invariant with respect to strain rate and
temperature as well as molar mass for the two nearly mon-
odisperse polystyrene melts in the experimental range
investigated.
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