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ABSTRACT: Tensile stress and birefringence in both real and model amorphous polymer melts have
been measured during constant rate uniaxial elongational flow. We focus on investigations where
deviations from the linear stress-optical behavior are pronounced. A rate-dependent contribution to
the stress which is not directly related to the intramolecular conformations (“stress offset”) is detected
for both types of macromolecular fluids. Independent of the flow history, during relaxation a linear stress-
optical behavior is revealed. Nonequilibrium molecular dynamics (NEMD) computer simulations on the
multibead anharmonic spring model are shown to provide insight into the molecular mechanisms
underlying the viscoelastic behavior: during relaxation the intermolecular interactions become dominant
in correlation with linear stress-optical behavior; the stress offset is shown to be very similar to the
stress arising in the corresponding simple fluid; the total stress can well be approximated by a sum of
three parts which are based on single-particle and single-link distribution functions only; the yield point
behavior at high elongation rates reflects the transition from affine to nonaffine motion of bonds and is
understood without reference to strong inhomogeneities resulting from local plastic strain production
[the chemical structure does not influence the qualitative behavior]; distinct microscopic stress con-
tributions under elongation and subsequent relaxation such as inter- and intramolecular, attractive and
repulsive, kinetic and potential contributions are resolved.

I. Introduction

Molecular dynamics computer simulations provide a
powerful tool to investigate the microscopic origins of
experimentally observable transport phenomena. For
monodisperse amorphous polymer melts, Kremer and
Grest1 have performed extensive equilibrium simula-
tions to investigate the different regimes of the diffusive
motion of a polymer chain. This approach has been
extended to flow phenomena such as shear flow2,3 and
elongational flow for polymer melts,4-6 polymer solu-
tions,7,8 and more recently, to living polymer systems.9
Nonequilibriummolecular dynamics (NEMD) computer
simulations provide a wealth of information about the
interrelation between the peculiar rheology of polymer
melts and the underlying microstructural changes, i.e.,
flow-induced alignment or stretching of segments, dis-
tortions of the diverse pair-correlation functions far from
their equilibrium values5,10 or the variations of entangle-
ment densities.11
Simulations have to be based on simple models.

Hence it is important to confirm their relevance by
comparison with experimental data. This approach was
successfully pursued for the case of concentrated col-
loidal suspensions12-14 and for polymer melts under
shear flow,3,15 where scattering patterns from small-
angle neutron scattering (SANS) and rheological data
could be favorably compared with data obtained from
NEMD simulations. Furthermore, the NEMD simula-
tions allow for a test of some commonly used assump-
tions of the different theoretical models.
In this paper we report results for stress and bire-

fringence in both real and model polymer melts as
measured during constant rate uniaxial elongational

flow which is followed by relaxation after reaching a
given stretching ratio. We focus on system and flow
parameters where deviations from the linear stress-
optical behavior are pronounced, i.e. at temperatures
close to the glass transition temperature (Tg ) or high
elongation rates.
The phenomenological description of the viscoelastic

behavior of amorphous polymers in the glass transition
region has been adjusted many times within the last
decades.4,16-21 Birefringence studies during stress re-
laxation, creep, or dynamic mechanical experiments
motivated others to consider two coupled contributions
to the molecular motions, one of these involving stresses
of predominantly entropy-elastic origin (σor ), the other
involving energy-elastic stresses (σd ).19,20 A modified
stress-optical rule (MSOR), ∆n(t) ) Cdσd(t) + Corσor(t)
) C(t)σ(t), was proposed, where σ ≡ σor + σd denotes
any component of the deviatoric (anisotropic) stress
tensor, ∆n is the corresponding “uniaxial” component
of the refractive index tensor, and Cor, Cd are material
constants. This MSOR was tested experimentally on a
large number of polymers.21 During stress relaxation
or creep, the birefringence/stress ratio C(t) is not
constant but typically increases with time. The index-
ing of the two contributions is motivated by the work
of Priss et al.19 and Read20 due to a molecular picture
which involves on one hand relatively long-range con-
formational rearrangements which are associated with
the (dis)orientation (index or ) of main-chain segments
(entropic-elastic contribution) and on the other hand
local energy-elastic displacements (index d ), such as
the torsion around main-chain bonds against rotational
energy barriers and the increase and decrease in inter-
chain spacing17 opposed by the forces of attraction and
repulsion. The orientational stress then dominates the
stress arising in polymers far away from the glass
transition temperature (Tg) where the usual stress-
optical rule (SOR), i.e. the MSOR with Cd ) 0, is mostly
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valid.16,18 In expressing the stress tensor as a function
of the local stress components defined in a frame fixed
to the molecules backbone and writing these compo-
nents as a sum of a constant and fluctuations, Gao and
Weiner4 derived an expression for the stress which
includes a term proportional to the orientation of the
molecule’s backbone and an additional term due to the
fluctuation of the local stress in the molecular frame.
In taking the constant they were motivated by their
molecular dynamics simulation studies of a polyethylene-
like polymer model.4,22 In ref 4 the distortional stress
was related to the stress arising from a displacement
of all mers that corresponds to the macroscopic affine
deformation at short times. Even for simple fluids the
affine stress mechanism occurs, but on a much smaller
time scale than for macromolecular liquids since the
atoms are not constrained by covalent bonds.
The aim of the present paper is to get insight into

the molecular sources of nonlinear viscoelasticity for
polymer melts and to compare with phenomenological
pictures as well as to clarify their relevance for the
interpretation of results on both model polymers and
real polymers under elongation/relaxation. While from
experiments the macroscopic stress and refractive index
tensors are determined, from the simulations on a model
system made of beads, the distinct contributions to the
stress and alignment of segments are calculated from
the bead trajectories. In turn it allows localization of
the microscopic origin of stresses arising in the model
polymer melt. The simulation technique as used here
neglects chemical details and suppresses any macro-
scopic density fluctuations which do occur in real
systems. But the strong qualitative similarities be-
tween the available experimental information and the
results of the model fluids motivate us to clarify some
points on the molecular origins of nonlinear viscoelas-
ticity.
This article is organized as follows: The experimental

conditions and results are presented in section II.
Birefringence data and stress-optical diagrams are
given for samples at different temperatures/elongation
rates. The deviations from the linear SOR are analyzed.
The molecular model for the simulated polymer melt is
described in section III. The microscopic expressions
for specific contributions to the macroscopic stress as
well as for the segment alignment (birefringence) are
given in section IV. Quantities are defined which
measure the anisotropy and inhomogeneities at differ-
ent intramolecular length scales. In section V the
simulation results are presented. They are discussed
and compared with the experimental results in section
VI.

II. Experimental Results

In continuation of previous experiments,16 we study
in detail the rate dependence of the stress-optical
behavior of amorphous polymers undergoing elonga-
tional flow at temperatures just above the glass transi-
tion temperature (Tg). Experiments reported here have
been carried out on a commercial polystyrene from Elf-
Atochem (Lacqrène 1241 H). Its glass transition tem-
perature, as determined by differential scanning calo-
rimetry at a heating rate of 10 °C/min, is 95 °C. The
investigated polystyrene has a molecular weight of Mw
) 330 000 with a polydispersity of Mw/Mn ) 2.5. Its
zero shear viscosity at 173 °C is η0 ) 1.6 × 105 Pa s.
Simultaneous measurements of stress and birefringence
have been performed by using an extensional rheom-

eter25 during deformation at constant elongation rate.
The stress-optical behavior accompanying the relax-
ation at constant values of deformation and temperature
was studied as well.
Stress-Optical Behavior at Various Elongation

Rates. The curves in Figure 1a show a typical example
of the time variation of both true tensile stress and
birefringence during elongation and relaxation for two
different rates at temperature T ) 102.7 °C. From such
sets of curves, the stress-optical diagrams, i.e., bire-
fringence versus true stress as obtained at various
elongation rates for T ) 102.7 and 97.9 °C, are plotted
in Figure 1, parts b and c, respectively. These data

Figure 1. Experimental data. (a) Tensile stress (0) and
birefringence (4) vs dimensionless time (tε̆) for two elongation
rates and subsequent relaxation at T ) 102.7 °C, ε̆ ) 0.1 s-1

(filled symbols) and ε̆ ) 0.2 s-1 (open symbols). (b) Birefrin-
gence vs tensile stress at temperature T ) 102.7 °C. Elongation
rates: 0.01 (]); 0.05 (3); 0.1 (O); 0.2 (9); 0.5 (+) and 1 s-1 (4).
For one rate (ε̆ ) 0.2 s-1) a relaxation curve after the
macroscopic flow is stopped is included. (c) Birefringence vs
tensile stress at temperature T ) 97.9 °C. Elongation rates:
5 × 10-4 (]); 5 × 10-3 (3); 0.01 (O); 0.03 (9); 0.05 (+) and 0.1
s-1 (4).
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clearly show departure from the linear SOR. The
“equilibrium curve” as defined by Pesce and Muller is
taken from ref 16.
The typical behavior can be described as follows: the

fast stress growth at the early stage of the deformation
induces only a weak increase of the orientation; when
the stress has reached a finite value, the birefringence
starts to increase with stress in a way similar to the
high temperature behavior. As soon as the flow is
stopped, the stress relaxes rapidly and the “equilibrium
curve” is recovered (Figure 1b; ε̆ ) 0.1 s-1).
Temperature and Rate Dependence of the Stress

Offset. The deviations from the classical SOR can be
described by an additional stress contribution16 which
arises when the temperature becomes close to Tg. This
contribution, which is not related to the flow-induced
orientation, is nearly constant for a given elongation
rate and appears as a “stress offset” in the stress-
optical diagram. The relaxation behavior along the
“equilibrium curve” indicates that its relaxation is fast
in comparison with the orientation relaxation.
Figures 1b,c show that the stress offset depends

strongly on the rate. It becomes important with in-
creasing elongation rate at a fixed temperature or with
decreasing temperature at fixed rate. For the lowest
rates (5 × 10-4 and 0.01 s-1 for 97.9 and 102.7 °C,
respectively), only small deviations from the “equilib-
rium curve” can be detected. For the highest rates, the
curves show the stress overshoot (we will call it “yield
point”) typically observed for glassy polymers undergo-
ing plastic deformation.
Application of Time-Temperature Superposi-

tion Principle. In Figure 2a we have reported ap-
proximate values of the stress offsets versus the reduced
elongation rate aTε̆ as obtained from Figure 1b,c, the
reference temperature being 97.9 °C. This figure has
been obtained by plotting, on double logarithmic scale,
the stress offset versus elongation rate for both tem-
peratures and then data at 102.7 °C have been shifted
horizontally by a factor of log aT)102.7f97.9°C ) -0.98
(Figure 2b). In the range of low elongation rate (aTε̆
s-1), a linear dependence of the stress offset on rate is
found. The onset of the departure from linearity cor-
responds to the reduced elongational rate for which a
stress overshoot (yield point) in the stress-strain curve
appears. At high rates the stress offset seems to reach
an asymptotical value [In this regime, the stress offset
is measured in the time (or birefringence) range for
which a nearly constant departure from the equilibrium
curve can be defined]; Data for reduced elongational
rates higher than those reported here were not available
because of a systematic failure of specimens.
It should be mentioned that the shift factor used to

superpose the curves of Figure 2b is in agreement with
the value deduced from dynamic shear moduli measure-
ments within a large temperature range. For reasons
of completeness, experimental shift factors versus tem-
perature, for a reference temperature of 173 °C, are
plotted in Figure 2c. An extrapolation of experimental
log aT values in the low temperature range (dotted line)
gives log aT)102.7f97.9°C = -1.07. The time temperature
superposition principle for uniaxial elongational flow is

Figure 2. Experimental data. Stress offset vs (a) the reduced
elongation rate ε̆aT and (b) the elongation rate for two
temperatures (T ) 102.7 °C and 97.9 °C (filled symbols)). The
reference temperature in a) is 97.9 °C. (c) “Time-temperature
superposition shift factor” log aT vs temperature as determined
by measurement of the frequency dependent dynamic shear
moduli. The reference temperature is 173 °C. (d) Tensile stress
(0) and birefringence (4) vs the reduced time aT t for T ) 97.6
°C (reference temperature), ε̆ ) 0.05 s-1 and for T ) 94.6 °C,
ε̆ ) 0.01 s-1 (full line).

σ(t,ε̆0,T0) ) σ(aTfT0
t,

ε̆0

aTfT0

,T)
with aTfT0

)
η0(T)

η0(T0)
(1)
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with η0(T) being the zero-shear viscosity at temperature
T. To test its applicability for stress optical behavior
near the glass transition temperature as suggested by
above presented results, we have compared experiments
performed at two different temperatures and rates: T0
) 97.6 °C with ε̆0 ) 0.05 s-1 and T1 ) 94.6 °C with ε̆1 )
0.01 s-1. The ratio between the two elongation rates
corresponds to the value aT1fT0, as determined from the
data of Figure 2c (log aT)94.6f97.6°C = +0.7). The
measured birefringence and stress are plotted in Figure
2d versus the reduced time aTt, the reference temper-
ature being 97.6 °C. In view of the strong temperature
and rate dependence of mechanical properties and the
low accuracy of aT data in the glass transition range, a
surprisingly good correspondence between these curves
can be observed. However, further experiments are
needed to conclude on the thermorheological simplicity
for the stress-optical behavior near Tg in view of the
failure of the thermorheological simplicity reported
earlier from dynamic rheooptical analysis of polysty-
rene.26
Remarks on Experimental Findings. Analysis of

our data with the MSOR20,26 would lead to a distortional
or glassy stress comparable to the stress offset, as the
stress-optical coefficient at the glassy state is more
than 100 times lower than at the rubbery state (for
polystyrene, Cd = 10-11 Pa-1 and Cor = -5 × 10-9 Pa-1,
respectively).26 For all experiments reported here,
birefringence values are always negative (plotted in
absolute value); the distortional contribution to bire-
fringence (which would give a positive contribution) is
thus absent or small in comparison to the orientational
contribution within the studied temperature/rate range.
Results of polystyrene very similar to these have been
also found via infrared dichroism.27 Moreover, in a
recent study of polycarbonate,28 simultaneous measure-
ments of stress and infrared dichroism for several
absorption bands have shown that both techniques lead
to the same qualitative behavior independent of the
considered functional groups (main or side chain).
Hence the phenomenon analyzed here should be

independent of the detailed chemical structure of chains
and regarded as a failure of proportionality between the
stress and the second moment of the orientation distri-
bution function of the chains backbone. Both quantities
can be independently analyzed from computer simula-
tions on model polymer melts as will be described next.

III. The Microscopic FENE Chain Model
Recent results have shown that simulations can be

used to predict rheological behavior of real polymer
melts, even if the simulation model does not contain
specific chemical details3,4,29,30 in accordance with pre-
dictions on self-similarity and universality in polymer
systems.31 To study the elongational flow behavior of
model polymer melts, we have performed NEMD com-
puter simulations at constant bead density and constant
volume (NVT ensemble) in a cubic cell with periodic
boundary conditions. Each linear chain consists of N
beads connected by an anharmonic FENE spring.1,5,32
All the beads interact with a repulsive Lennard-

Jones (LJ) potential33

where r*ij is the distance between bead i and j (1, ..., N).

Here and in the following all quantities which are
reduced to the usual LJ units are denoted by an asterisk
if ambiguities could otherwise arise. For beads which
are nearest neighbors along the chain (for N > 1), an
attractive potential (FENE potential) is added (Figure
3):

With the choice for the finite extensibility of the FENE
spring R0 ) 1.5 and k* ) 30, we follow previous
investigations.1,3,5,10 Newton’s equations of motion for
the three-dimensional model system are solved using
the velocity Verlet algorithm.34 Neighbor lists and the
layered link cell algorithm,35 Lees-Edwards boundary
conditions,36 a velocity rescaling temperature control
mechanism,29 and the homogeneous shear algorithm of
Evans37 modified for isochoric elongational flows5 were
used to produce the simulation results for bulk proper-
ties. Details of the implementation of the efficient
algorithm can be found elsewhere.1,5,35 In the computer
experiments, the transient fluid behavior is obtained by
averaging nonequilibrium trajectories in logarithmically
equidistant time steps over 30 initial equilibrium con-
figurations for every choice of parameters.
In the next section definitions are given for which

NEMD results will be presented in section V.

IV. Microscopic Expressions for Extracted
Quantities
Stress Tensor. The stress tensor σµν (by adding the

kinetic and potential contribution) is calculated from its
microscopic definition

where V is the volume of the simulation cell, Nb is the
total number of beads, vxi is the x component of the
(peculiar) velocity v of bead i within a polymer chain,
rxij is the x component of rij, and Uij is the pair potential
(here U ) ULJ + UFENE). A time-dependent uniaxial
isochoric homogeneous elongational flow in the x-
direction with elongation rate ε̆ ) ∂vx/∂x is imposed. At
fixed deformation the relaxation behavior toward the
equilibrium state is investigated. Rheological informa-
tion under uniaxial flow is contained in the “uniaxial”
component of the stress tensor or “tensile stress”: σ ≡
σxx - (σyy + σzz)/2.

Figure 3. The potentials specifying the microscopic model
which is studied by NEMD computer simulations.

Uij
FENE )

-0.5k*R0
2 ln[1 - (r*ij/R0)

2] for r*ij e R0 and

Uij
FENE ) ≡ for r*ij g R0. (3)

σµν ) -
1

V (∑
i)1

Nb

vµivνi -
1

2
∑
i)1

Nb

∑
j)1

Nb rµijrνij

|rij|
dUij

drij ) (4)

Uij
LJ ) 4[(r*ij)

-12 - (r*ij)
-6 + 1/4] for r*ij e 21/6 and

Uij
LJ ) 0 for r*ij g 21/6 (2)
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Flow Alignment of Polymer Segments. The (sec-
ond rank) segment alignment tensor, the anisotropic
second moment of the orientation distribution function
of a specific segment i on the chains backbone,5,38

is extracted directly as an ensemble average from the
dyadic constructed of the normalized segment vectors
ûi ) ui/ui (with ui ) |ui|) within the polymer chains,
each linear chain being made ofN connected beads. The
alignment tensor a ) ∑i

N-1 a(i)/(N - 1) is anisotropic
and proportional to the refractive index tensor of the
fluid18 for which the relevant information for the case
of uniaxial elongational flow in the x-direction we denote
by ∆n ≡ axx - (ayy + azz)/2. It is experimentally
accessible by measuring the orientational birefrin-
gence (section II). Correspondingly the distribution of
segment lengths, the square of radius of gyration Rg

2 ≡
∑i>j
N ∑k,l)j

i-1 〈ut‚ul〉/N2 or the end-to-end distance of poly-
mers Re are calculated from the microscopic knowledge
of all bead positions at any time step.
Contributions to the Stress Tensor. The interac-

tions within the model polymer melt can be divided into
classes with respect to their distinct molecular origins.
During the simulations, the following contributions,
with different physical nature, to the microscopic ex-
pression of the potential part σpot of the stress tensor
are extracted stemming from: attractive/repulsive in-
teractions between nearest neighbors within chains
(σnnatt, σnnrep), interactions between non-nearest neigh-
bors within chains (σnnn), intermolecular interactions
between beads of different chains (σint), and kinetic
contribution of all beads to the total stress (σkin). The
quantity σoff ≡ σpot - σnn - C-1∆n will be used to
measure the “effective” stress offset, where C is the
linear stress-optical coefficient as measured indepen-
dently from both NEMD simulations on weak shear
flows3 and relaxation at constant stretching ratio (sec-
tion V). In both cases we get the same value for C
within 5% of accuracy.
Since at the beginning of our investigation our

hypothesis was that the σnn mainly obeys a stress optic
rule (SOR), the detected deviations (see sections II and
V) especially at short times should originate from σnnn
or σint or from collective stretching/contraction of neigh-
boring bonds which would not necessarily influence the
flow birefringence. Recently the Doi-Edwards model23
has been extended to incorporate the effect of segmental
stretch24 into the equations, where all rheological
properties are assumed to be dominated by intramo-
lecular forces. The fast relaxation of the additional
stress (offset) σoff after reaching a constant stretching
ratio (see section V) tends to show that it is related to
local interactions and it is too fast to relax spatial
inhomogeneities on a larger scale which in turn were
one of the candidates made responsible for the yield
point behavior.39 Hence when constructing a molecular
picture for the full process, the problem reduces to
finding the microscopic origin of the stress offset, which
motivated us to investigate all distinct contributions to
the stress separately as well as to resolve quantities
which measure collective deformations and local anisotro-
pies.
Deformation and Orientation of Polymer Chains.

To analyze the degree of stretching and orientation of
the polymer chains on different length scales or

distances (measured along the chains backbone, now
called “contour distance”), we introduce a tensor F(d)
which characterizes a single chain on a contour distance
d ∈ 0, ..., N - 2 (a chain has N - 1 segments).

where ∆dRi is the vector pointing from bead i to bead i
+ d of the chain (see Figure 4). The quantity 〈F(d)〉 then
denotes an average over all chains for an ensemble of
systems. The “uniaxial” component of F is a measure
for the alignment on different lengths scales d along the
chains backbone. For this expression (which vanishes
for an isotropic sample, i.e. at equilibrium here) as well
as for the trace of 〈F〉, there are bounds for each choice
of d like for the birefringence value ∆n, e.g., one has
∆n ∈[-1,1].
To analyze the intramolecular localizability of neigh-

boring stretching/contraction of bonds, we analyze the
separate contributions to a discrete bond lengths auto-
correlation function G(d) with d ) 0, ..., N - 2 being
again the segment distance along the chains contour:

a(i) ≡ 〈uiui〉 - 1
3
I with i ) 1, ..., N - 1 (5)

Figure 4. Schematic drawing of quantities arising in the
definition of F(d) in eq 6 for three values for the contour
distance d.

F(d) ≡ 1

N - d - 1
∑
i)1

N-d-1

∆dRi∆
dRi

with ∆dRi ) ∑
j)i

i + d

uj (6)

G(d) ≡ 1

N - d - 1
∑
i)1

N-d-1

(ui - uj)(ui+d - uj)

with uj )
1

N - 1
∑
j)1

N-1

uj (7)
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which measures for every polymer chain the deviation
of bond lengths from their mean value. The procedure
is similar to the measurement of the orientational
correlation distance (persistence length), which would
involve the scalar products ûi‚ûi+d instead of (ui - uj)-
(uj i+d - uj) in ref 7. An increase in the quantity 〈G(d)〉 is
also a measure for the occurrence of intramolecular
inhomogeneities in deviations from the equilibrium
distribution of bond lengths. To distinguish between
neighboring bond stretching and neighboring bond
contraction, which lead to contributions with equal sign
in ref 7, it is necessary to evaluate the contributions to
G(d) dependent on the signs of both operands sepa-
rately. Therefore, we haveG ) G++ + G- - + G(, where
for example G++ is the part of G which is made up of
pairs of stretched bonds only, i.e. for ui > uj and ui+d >
uj.
In view of the traditional picture which relates the

validity of the SOR to the stress arising from nearest
neighbors (σnn), it is clear that a deviation from the SOR
would be expected from a change in the distribution of
bond lengths f(u) compared with the equilibrium state.
On the basis of the knowledge of all particle positions,
f(u) is extracted. For the nonequilibrium situations
studied here, all the quantities F(d),G(d), and f(u) are
time-dependent.

V. Computer Simulations Results and
Discussion

All simulation runs were performed at temperature
T* ) 1 and bead number density n* ) 0.84.3 Data will
be presented for monodisperse polymer melts of Nb )
8400 beads arranged in FENE chains with N ) 30
beads, respectively as well as for the corresponding
simple fluid (N ) 1). The chains are small enough to
compute all quantities on a CRAY Y-MP4E/464 within
some hours per run and large enough to obtain results
which can be compared well with our experimental
findings on high-molecular polymers, even if the cross-
over in zero rate shear viscosity from low to high
molecular weight model polymer melts was found for
chains with lengths N ≈ 100.10 The dependence of all
quantities on the chain length (degree of polymerization)
is not shown here in detail. Recent Brownian dynamics
studies on the FENE chain model for dilute polymer
solutions with different chain lengths are available.2,7
The minimum time steps needed during the simulation
runs to prevent chain breaks at different elongation
rates are collected in Table 1. Our data for N ) 2
(dimers) is also available and will be discussed verbally.
Motivated by the validity of the time-temperature

superposition relation (eq 1) instead of varying the
temperature, the elongation rate has been chosen as the
significant parameter.
Contributions to the Stress Tensor. In most

theoretical approaches to the rheology of polymers, the
intramolecular stress plays an important role in view
of the validity of SOR, which connects the measured
stress with an intramolecular quantity. In many cases
the intramolecular stress is predicted to be proportional
to the alignment tensor as is exactly the case for the
Rouse model (for infinitely dilute polymer solutions), but
not true for the FENE model. Gao and Weiner found
out from their molecular dynamics studies that the
covalent structure, which is oriented by deformation,
causes a directional screening of the noncovalent inter-
action.22 As a result, the noncovalent potential makes
an increasing contribution to the deviatoric stress.
NEMD data for the total stress and its contributions

arising at different initial elongation rates are shown
in Figure 5 (elongation) and Figure 6 (subsequent
relaxation) for both the polymer melts (a-e) and the
simple fluid (f).
For two rates some of these data has been collected

in Tables 2 and 3. The total stress in Figures 5a and
6a can be qualitatively well compared with the experi-
mental results. With increasing rate, the length of the
time interval of affine motion increases. This affine
motion causes the strong stress increase at short times
as we checked by computing the “affine stress” by
setting T ) 0 while calculating the bead trajectories
starting from an equilibrium configuration. At high
rates (ε̆ g 0.05), a yield point (a stress overshoot) is
pronounced in contrast to the behavior at the lowest
rates (ε̆ < 0.05), for which the SOR is approximatively
valid. The characteristic relaxation time (tR) of chains
with N ) 30 beads is tR ≈ 150.1,3 It is one reason for
the long time tail of σnnn (see Figure 6 or Tables 2 and
3), the long time behavior of which is out of the scope of
this paper (see, e.g. ref 6).
FlowAlignment on Different Length Scales. The

flow-induced alignment is measured via the components
of the gyration tensor and the alignment tensor as
outlined in section IV. NEMD data for these quantities
are shown in Figure 7. The quantity ∆RG is directly
connected with the shape of the static structure factor
at small wave numbers (Guinier regime), the quantity
∆n is proportional to the double refractive index.18

In section IV we have defined the tensor F(d), which
is a natural extension of measuring alignment of
polymer molecules on different length scales d. The
uniaxial component ∆n(d)≡ 〈Fxx - (Fyy + Fzz)/2〉 of 〈F(d)〉
as defined in eq 6 is shown in Figure 8b.
Notice that for d ) 0: F(0) ) ∑i)1

N-1 uiui/(N - 1) and
〈F(0)〉 is proportional to the essential part of the align-
ment tensor; the trace Tr〈F(0)〉 measures the average
of squared bond lengths. For the maximum contour
distance d ) N - 2, we have F(N-2) ) ∑i,j)1

N-1uiuj, the
average of which is equal to the end-to-end tensor, and
the trace Tr〈F(N-2)〉 is equal to Re, as given above. The
uniaxial component ∆n(d) of F, therefore, is a measure
of the alignment in flow direction arising at a contour
length d. Figure 8b shows that with increasing d the
relaxation time of intramolecular alignment increases
and that there is no pronounced behavior for specific
contour lengths which could be only expected in case of
the existence of schemes of typical arrangments at
characteristic local length scales. The difference in local
and global alignment becomes obvious in comparing the

Table 1. NEMD Parametersa

ε̆ ∆t total steps/1000 % elongation

0.001 5 × 10-3 248.6 731
0.002 5 × 10-3 203.9 768
0.005 5 × 10-3 959.4 1122
0.01 4 × 10-3 503.3 748
0.02 3 × 10-3 203.9 340
0.05 2 × 10-3 203.9 768
0.1 7 × 10-4 159.1 304
0.2 5 × 10-4 9.6 260
0.5 5 × 10-5 78.6 219
a The maximum value for integration time steps needed to

perform elongation runs without artificial chain breaks for the
studied elongation rates is given. Also the total number of time
steps and the corresponding final stretching ratio is given.
Macroscopic quantities were averaged at logarithmically equidis-
tant time steps.
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data for the uniaxial components ∆Rg of the gyration
tensor and the flow alignment of segments ∆n ≡ ∆n(1),
as shown in Figure 7. At high rates the polymer coils
deform affinely up to ε̆t ≈ 10, while at fixed elongation
the degree of segmental orientation decreases with
decreasing rate, reflecting the fast orientational relax-
ation of segments compared with that of coils.
Stress-Optic Behavior. In Figure 9a the stress-

alignment diagram is given, based on the data shown
in Figures 5a, 6a, and Figure 7 (top). The results can
be well compared with the experimental data as plotted
in Figure 1b, c. Our results show (see Table 1, Figures

5, 6, and 9) that the stress tensor σ for the model
polymer melts can be written essentially as the sum of
three parts

where σnn denotes the stress contribution from nearest
neighbors within polymer chains (bond pushing/stretch-
ing or bond orientation or both) and σsimple is propor-
tional to the stress σsimple, which is measured for a
corresponding simple fluid by cutting all bonds within
the system. A discussion of expression 8 is given in the
next subsection.

Figure 5. NEMD data for the tensile stress and its contributions arising at different initial elongation rates vs the dimensionless
time ε̆t. The model polymer melt is composed of chains of length N ) 30: (a) total stress σ, intramolecular contributions to σ from
(b) nearest neighbors σnn and (c) non-nearest neighbors σnnn, (d) intermolecular contribution σint, (e) the polymeric stress σoff ≡ σ
- σnn - C-1∆n can be well compared with (f) the total stress σsimple for the corresponding simple fluid (N ) 1).

σ ≈ σnn + C-1∆n + σ̃simple (8)
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It is a surprising result of the present investigation
that the intermolecular stress σint has always a contri-
bution proportional to the alignment of segments and
that σint is dominating the total stress in two stages of
the elongation-relaxation process. The intermolecular
stress hence originates that part of the total stress
(C-1∆n in eq 8) which yields the SOR at low rates or
high temperatures where the remaining parts in eq 8
are small (see also Figure 10). From this follows that
for the interpretation of the validity of the SOR the same
argument could be used as for describing polymer melts
by means of one-particle (single-link) theories: the
polymer chains confined in the melt are ideal, i.e. they
can be described without accounting for specific inter-
molecular local arrangements, the intermolecular pair

correlation (IPCF) function should be similar to the one
for the beads of a corresponding simple fluid, if the effect
of preferable (anisotropic) orientation of links is properly
removed from it. For oriented polymer melts, there is
a stress contribution of every single link (or segment )
two neighboring beads within a polymer chain) for
purely geometrical reasons because the excluded volume
of the links produce a directional screening of intermo-
lecular interactions which is characterized directly by
the alignment tensor. From this picture the IPCF for
the polymer melt is then similar to the IPCF for the
simple fluid corrected by a (scalar) term mainly linear
in the alignment tensor. In sharp contrast to a set of
previous approaches motivating the SOR by intramo-
lecular forces,23,38 the intermolecular contribution to the

Figure 6. NEMD data for relaxation of the samples, elongation data of which are given in Figure 5.
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stress tensor (directly related to the IPCF) should hence
be proportional to the alignment tensor if the single-
link description is sufficient and if the corresponding
viscous simple fluid (by cutting all bonds) is highly
isotropic compared with the orientational flow-induced
anisotropy of polymer segments.
Discussion of the Stress Tensor Expression. In

contrast to the expressions of Read20 or Gao and
Weiner,4 which were shortly reviewed in the Introduc-
tion, the three contributions in eq 8 have, by definition,
precise microscopically meaning, as far as the FENE
chain model is regarded as a microscopic model. To
recall a phenomenological picture as reviewed in the
introduction, the contributions σnn and C-1∆n are not
equivalent to the contributions σd and σor, respectively,
at least because σnn does not vanish at large deforma-
tions. On the basis of the assumption that the distor-
tional part is dominant at short time scales, opposite
to the orientational part made responsible for the long
time behavior, both stresses (or moduli) are extracted
easily if the limiting values Cd, Cor of the stress-optic
coefficient (see section I) are known, via σor ) σ(t)(C(t)
- Cd)/(Cor - Cd) and σd ) σ(t)(Cor - C(t))/(Cor - Cd),
respectively. We find relationship (8) in good agreement
with our simulations results (see Tables 2 and 3). The
processes originating the term σsimple do not directly
affect the birefringence and can be identified with the
source of the “stress offset”.

In the following, the approximation (8) is motivated:
For very low temperatures under elongation, i.e. for T
f 0, the stress for the isotropic and equilibrated model
fluid is exactly the sum of the stresses which would arise
for the corresponding LJ simple fluid (by cutting the
bonds only) plus the contribution which stems from the
intramolecular attractive FENE potential. The fluctua-
tion-free (“perfect”) affine motion of beads is indepen-
dent of the information about neighboring bonds; from
the homogeneous isochoric simulation of elongational
flow, the affine motion is calculated for T ) 0. The
orientational relaxation times for connecting vectors
between pairs of beads (during elongation at finite
temperatures) are different for bonded and nonbonded
pairs. The bonded pairs (neighbors within chains) have
quite comparatively large relaxation times and depend
on temperature. Since the stress σnn is the sum of the
FENE part plus the LJ part of bonded neighbors at low
temperatures, one gets directly σ - σnn ≡ σsimple with a
proportionality factor which mainly depends on the
lengths of chains, e.g. for N ) 1 it is unity, for N f ∞ it
is constant and less than unity. At temperatures far
above Tg and at small shear and elongation rates or
large times during relaxation, the SOR is valid, in
agreement with both a number of different theoretical
arguments and experiments. Equation 8 hence can be
regarded as the simplest type of a linear superposition
of the two limiting cases. From this view our motivation

Table 2. NEMD Data for Elongation-Relaxation with Rate E3 ) 0.20 and N ) 30a

tε̆ (ε̆ ) 0.2) σ σnn σnnn σint ∆n σsimple σoff

0.0002 0.01784 0.01544 0.00035 0.00254 0.00006 0.0065 0.0027
0.0004 0.03619 0.03084 0.00072 0.00509 0.00012 0.0129 0.0054
0.0009 0.08017 0.06891 0.00169 0.01154 0.00027 0.0290 0.0124
0.0016 0.14008 0.12060 0.00320 0.02083 0.00049 0.0515 0.0225
0.0025 0.21453 0.18182 0.00571 0.03304 0.00076 0.0767 0.0363
0.0045 0.34606 0.28238 0.01248 0.06151 0.00140 0.1311 0.0696
0.0073 0.42602 0.31734 0.02192 0.09398 0.00223 0.1930 0.1089
0.0122 0.39825 0.24089 0.03700 0.12439 0.00383 0.2912 0.1495
0.0200 0.23534 0.03628 0.05486 0.15013 0.00677 0.4129 0.1839
0.0300 0.32408 0.04492 0.07543 0.19977 0.01028 0.5020 0.2433
0.0500 0.42788 0.11356 0.09155 0.21897 0.01645 0.5237 0.2595
0.0782 0.50144 0.11112 0.11515 0.27846 0.02586 0.5797 0.3134
0.1271 0.62091 0.14172 0.11346 0.35598 0.04011 0.5756 0.3450
0.2034 0.65371 0.12063 0.14077 0.39187 0.05910 0.5346 0.3494
0.3029 0.77241 0.14037 0.15608 0.48597 0.08215 0.5670 0.3873
0.5029 0.96623 0.22692 0.15072 0.61504 0.11916 0.5451 0.3963
0.7857 1.35840 0.52158 0.16343 0.73502 0.17207 0.5558 0.3650

t (ε̆ ) 0) σ σnn σnnn σint ∆n σsimple σoff

0.010 1.691 0.764 0.161 0.882 0.21981 0.366 0.362
0.020 1.458 0.540 0.151 0.862 0.21967 0.356 0.333
0.035 1.220 0.287 0.162 0.847 0.21942 0.327 0.329
0.065 0.893 0.034 0.131 0.790 0.21841 0.234 0.244
0.105 0.930 0.135 0.084 0.754 0.21580 0.221 0.169
0.180 0.949 0.245 0.062 0.666 0.21015 0.138 0.077
0.300 0.862 0.167 0.070 0.646 0.20338 0.121 0.086
0.455 0.787 0.125 0.046 0.617 0.19498 0.046 0.059
0.775 0.681 0.072 0.030 0.590 0.18022 0.031 0.062
1.225 0.656 0.085 0.033 0.537 0.16699 0.008 0.052
2.000 0.531 0.029 0.009 0.492 0.15269 0.001 0.028
3.205 0.441 -0.005 -0.012 0.452 0.13639 0.017
4.775 0.388 -0.022 -0.022 0.433 0.12167 0.034
7.935 0.291 -0.040 -0.039 0.371 0.10255 0.013
12.41 0.249 -0.049 -0.050 0.348 0.08647 0.029
20.15 0.192 -0.055 -0.059 0.307 0.07204 0.024
47.95 0.120 -0.045 -0.064 0.228 0.04317 0.030
79.57 0.083 -0.034 -0.064 0.182 0.03063 0.023
102.0 0.074 -0.030 -0.059 0.163 0.02664 0.021
151.7 0.052 -0.025 -0.051 0.129 0.01989 0.016

a The measured stress σ is (by definition) the sum of the microscopic contributions σnn,σnnn,σint,σkin (section III). One row includes the
flow alignment ∆n, the last two rows show the stress of a corresponding simple fluid σsimple and the quantity σoff (with C ) 3.1)3 contributing
to the stress of the polymer fluid which is mainly responsible for the detected stress offset. There are significant similarities compared
with σsimple as discussed in the text (see also Figure 5). The polymer melt parameters are chain length N ) 30, temperature T ) 1,
density ) 0.84.
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is on the same qualitative level as the superposition of
orientational and distortional stresses as proposed
earlier. As determined by NEMD the kinetic part of
the stress tensor plays no role for polymer melts up to
the stretching ratios studied here.
Stretching on Different Length Scales. To re-

solve between stretching and orientation on different
length scales which cannot be done by investigating the
anisotropic components of the alignment tensor and
gyration tensor alone, we plot in Figure 8a the time
dependence of the (normalized) spatial distance ∆r(d)
≡ Tr〈F(d)〉/Tr〈Feq(d)〉 between points with given contour
distance d along the polymers backbone. Notice that
∆r(0) is a scalar measure for the deviation of the
distribution of (squared) bond lengths from its equilib-
rium distribution. The change of the shape of this
distribution under nonequilibrium conditions as plotted
in Figure 11 provides more information than ∆r(0). The
deviations indirectly imply deviations from a propor-
tionality between alignment of segments and the stress
σnn (arising from segments) which result in the pro-
nounced increase of stress, especially at the early and
the late stage of elongation. Under relaxation, σnn
approximately vanishes while deviations from the equi-
librium distribution are being present.
The bond length autocorrelation function 〈G(d)〉 as

defined in eq 7 is plotted in Figure 12. It measures
collective stretching of neighboring bonds which are
separated by d segments. Since 〈G(0)〉 ) ∑i)1

N-1 〈(ui -
uj)2〉/(N - 1) is the width of the distribution of bond
lengths, 〈G(1)〉 is a measure for the collective deforma-
tions of directly neighboring (d ) 1) segments, and so
on up to d ) N - 2. With decreasing correlation for
increasing distance d, the quantity 〈G(d)〉 “relaxes” to

zero. Recently, experimental results of time-resolved
optical spectroscopy40 were inconsistent with some
models of cooperative molecular motion near Tg which
invoke rigid aggregates or locally liquidlike regions
whereas localized stretching of chains has been evoked
in studies on plastic deformation of glassy polymers.41
No pronounced collective stretching is observed from the
NEMD results at small elongations. This finding is in
agreement with our results on dumbbell fluids for which
the qualitative behavior is surprisingly similar while
collective stretchings are impossible. The dumbbell
results can be described too by relation (8).
The quantity defined in eq 7 was introduced to check

if the failure of the stress-optical rule at high rates
could be explained by considering that only a few single
segments are strongly stretched (i.e. in the nonlinear
part of the FENE force law), giving rise to an important
contribution to the stress without influencing the mean
alignment.
For this scheme no evidence is found by analyzing the

NEMD results. Only at a late stage of elongation, when
segmental stretching leads to a strong increase in σnn,
are local inhomogeneities in bond stretchings/contrac-
tions found, whereby expression (8) remains valid.
Yield Point. There are various molecular pictures

in the literature that are able to explain the origin of
the stress overshoot (Figures 5 and 9). The most
common ones deal with the occurrence of molecular
processes of local strain production (inhomogeneous
deformation)
On the basis of the information contained in Figures

7, 8, 11, and 12, our investigations lead to the following
picture: At start up of elongation, all particles of the
system, especially the bonds, perform a perfect affine

Table 3. NEMD Results for Elongation-Relaxation of Polymer Melts (N ) 30) with E3 ) 0.05 (compare with Table 2)

tε̆ (ε̆ ) 0.05) σ σnn σnnn σint ∆n σsimple σoff

0.00050 0.0347 0.0249 0.0025 0.0059 0.00015 0.014 0.008
0.00100 0.0560 0.0374 0.0068 0.0090 0.00031 0.032 0.015
0.00225 0.0522 0.0149 0.0176 0.0187 0.0008 0.066 0.034
0.00400 0.0237 -0.0264 0.0145 0.0348 0.0015 0.079 0.044
0.00625 0.0801 0.0119 0.0109 0.0526 0.0023 0.088 0.056
0.01150 0.0444 -0.0197 0.0170 0.0477 0.0041 0.103 0.052
0.01850 0.1170 0.0077 0.0241 0.0778 0.0061 0.121 0.083
0.03075 0.1014 -0.0086 0.0194 0.0908 0.0095 0.106 0.080
0.05000 0.1359 -0.0070 0.0394 0.1061 0.0149 0.132 0.099
0.07500 0.1172 -0.0180 0.0296 0.1050 0.0200 0.138 0.072
0.12500 0.1656 -0.0205 0.0313 0.1573 0.0286 0.130 0.099
0.19550 0.2166 -0.0220 0.0366 0.2011 0.0383 0.128 0.118
0.31775 0.2578 -0.0254 0.0300 0.2547 0.0520 0.128 0.123
0.50850 0.3491 -0.0214 0.0261 0.3451 0.0742 0.137 0.141
0.75725 0.4692 -0.0027 0.0184 0.4571 0.1042 0.132 0.152

t (ε̆ ) 0) σ σnn σnnn σint ∆n σsimple σoff

0.010 0.8657 0.1870 0.0225 0.6716 0.1817 0.128 0.130
0.020 0.7989 0.1284 0.0201 0.6617 0.1816 0.119 0.118
0.035 0.7103 0.0627 0.0142 0.6423 0.1814 0.110 0.094
0.065 0.6803 0.0341 0.0152 0.6427 0.1807 0.125 0.097
0.105 0.6707 0.0621 0.0060 0.6064 0.1795 0.074 0.055
0.180 0.7350 0.1472 0.0063 0.5878 0.1775 0.049 0.043
0.300 0.7377 0.1181 0.0101 0.6149 0.1760 0.067 0.079
0.455 0.6288 0.0494 -0.0052 0.5853 0.1740 0.023 0.040
0.775 0.6479 0.0682 -0.0098 0.5885 0.1687 0.017 0.055
1.225 0.5877 0.0332 -0.0117 0.5630 0.1630 0.006 0.045
2.000 0.5440 0.0280 -0.0223 0.5401 0.1558 0.001 0.034
3.205 0.5043 0.0091 -0.0262 0.5235 0.1444 0.049
4.775 0.4320 -0.0134 -0.0354 0.4822 0.1334 0.033
7.935 0.3699 -0.0315 -0.0478 0.4492 0.1182 0.034
12.40 0.3009 -0.0525 -0.0609 0.4133 0.1032 0.032
20.15 0.2523 -0.0596 -0.0682 0.3802 0.0881 0.038
32.21 0.1946 -0.0635 -0.0751 0.3315 0.0711 0.035
63.75 0.1366 -0.0536 -0.0744 0.2648 0.0503 0.034
101.93 0.0910 -0.0434 -0.0717 0.2063 0.0347
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motion corresponding to the strong stress increase
(proportional to the alignment but with a small stress-
optic coefficient compared with the increase measured
on the “equilibrium curve”; Figures 1 and 9) which
depends only on the macroscopic elongation of the
sample. The length of the time interval of affine motion
is determined by the ratio of temperature/rate, density,
and constraints which hinder orientational diffusion of
segments.
Because of the constraints, the segmental relaxation

time is large compared with the relaxation time for
intermolecular correlations, and therefore, σnn is the
leading term in this regime. Moreover, the main
contribution to the affine stress stems from bonds which
are perpendicular to the stretching direction because
of the shape of the FENE + LJ potential. The period
ends with the inset of orientational diffusion of segments
(nonaffine motion) in the direction of macroscopic flow.
At this time the initially stretched/contracted bonds
remain to oscillate around their equilibrium values
while dynamically correlated with its neighbors (see the
gray shadows at intermediate times during elongation
in Figure 12), and the contribution σnn becomes unim-
portant compared to the part of that intermolecular
stress part which is fulfilling the SOR. As described
above, this contribution can be regarded as geometric
in nature. Upon increasing the stretching ratio, the
response of the system to the external forces is not due
to alignment of segments only, but deviations from the
distribution of bond lengths from its equilibrium state
lead to an increase of importance of the σnn part which
is nonlinear in the alignment ∆n. For high elongation

Figure 7. NEMD data for the same parameters as in Figures 5 and 6. (top) Flow alignment of segments ∆n and (bottom) polymer
coils ∆RG for elongation-relaxation at different rates. The quantities are defined in section IV.

Figure 8. NEMD data to analyze the degree of stretching
(distance ∆r) and orientation (∆n) of the polymer chains on
different length scales d, where d is the distance between two
beads of the same chain measured along the chains contour.
More precisely, by use of eq 6 we can write ∆r(d) ≡ Tr〈F(d)〉/
Tr〈Feq(d)〉 and ∆n(d) ≡ 〈Fxx - (Fyy - Fzz)/2〉. These quantities
are sensitive to the changes compared with the equilibrium
values; they are of use in measuring intramolecular inhomo-
geneities in stretching and alignment. The plotted range is
(from white to black) [0,6] for ∆r(d) and [0,3] for ∆n(d).
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rates or low temperatures, therefore, a yield point can
be interpreted without referring to spatial inhomoge-
neities as long as not all local perturbations from affine
motion are considered as spatial inhomogeneities.
Even in nonisochoric simulations (NPT ensemble) a

yield point in the load is obtained, e.g. for N ) 120, T )
1, ε̆ ) 0.1.42 For comparison with the results shown for
polymer chains, NVT simulations for elongation-
relaxation of dumbbells (N ) 2) at rates ε̆ ) 0.05 and
0.2 have been performed. As for the long chains, a slight
stress overshoot is detected which becomes more pro-

nounced at higher rates. Again, the expression for the
stress tensor (8) is valid while intramolecular correla-
tions or non-nearest neighbor interactions are nonexist-
ent. The orientational relaxation time is shorter than
for the polymers with N ) 30 beads, resulting in a shift
of the yield point (occurring for ε̆ ) 0.2) to short times.
As before, the stress contribution fulfilling the SOR
stems from intermolecular interactions alone.

VI. Summary and Conclusions

The multibead spring model for a polymer melt was
implemented in a nonequilibrium molecular dynamics
simulation of an isochoric uniaxial elongational flow.
The model systems qualitatively resemble the behavior
found for real polymer melts for which results are pre-
sented here. Data were presented for four decades in
the rate, beginning with a regime of valid SOR for the
lowest rates. The model systems exhibited deviations
from the SOR and a yield point at high rates. Within
the simulations, the rheological quantities and all its
microscopic contributions are simultaneously accessible
together with quantities measuring the anisotropy of
the system. Emphasis was laid on the underlying
microstructural changes, i.e., a flow-induced alignment
on local and global lengths scales or collective stretching
of bonds, and on the microscopic contributions to the
measured stress.
The main conclusions from this investigation can be

summarized as follows.
(i) Stress-Optic Rule. The proportionality between

stress and alignment tensor is verified for small elonga-
tion rates or high temperatures. However, violations
as reflected by the occurrence of a “stress offset” are
observed for higher rates and temperatures close to Tg.
(ii) Distortion of the Polymer Coil. The strength

of alignment increases with the intramolecular length
scale at any fixed time as shown by investigating the
alignment of segments, the radius of gyration, the end-
to-end distance, and all intermediate length scales by
the quantity F(d) (Figures 7 and 8). These results give
an impression of the shape of the static structure factors
(measurable by SANS and directly from the computer
simulation)3 in the reciprocal space (of wave vector
transfer).
(iii) Scaling Behavior of the Stress Offset. A

rate-dependent contribution to the stress which is not
directly related to the intramolecular conformations

Figure 9. NEMD data. (a) Stress-alignment diagram for the
same parameters as in Figure 5. (b) Double logarithmic plot
of the stress offset (as defined by σoff ≡ σC-1∆n - σnn) with
C-1 ) 3.13 and the stress of the simple fluid (σsimple) vs
elongation rate. The values for each rate ε̆ were extracted in
time intervals of approximatively time-independent offset (see
also Tables 2 and 3).

Figure 10. NEMD data. Contributions to the total deviatoric stress σ from nearest neighbors within chains (σnn) (its repulsive
and attractive part is shown, too) and from intermolecular interactions between different chains (σint). The stress obeying the
SOR is included as C-1∆n, where C ) 3.1 is determined from the high temperature behavior and independently from computer
simulation on weak shear flow.3
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(“stress offset”) is detected in both experiment and
simulation. In a wide range of elongation rates, a linear
dependence of the stress offset on rate is found.
(iv) Collective Stretching of Bonds. Stretching

is not pronounced in the vicinity of the yield point but
gets important at high deformations.
(v) Yield Point: The Concurrent Mechanisms.

Affine motion and reorientational diffusion of segments
determine the (non)occurrence of the stress overshoot.
The relevance of both mechanisms on different time
scales is strongly influenced by the system parameters,
temperature, density, rate, and model potentials.
(vi) Relaxation of Elongated PolymerMelts. The

relaxation behavior of elongated samples in both experi-
ment and simulation is found to be independent of the
initial rate. In the stress-optical diagram the curves
fall on the “equilibrium curve” which finally obeys the
SOR. Most surprisingly, intermolecular interactions
alone are shown to be responsible for the validity of the
SOR.
(vii) Spatial Inhomogeneities and Influence of

the Molecular Weight. From the NVT computer
simulations, no evidence is found for the qualitative
stress-optical behavior being dominated by spatial
inhomogeneities in both density or alignment. Even if
the molecular weight of both sets of presented data are
not comparable, they do not discuss different regimes
in view of the physical mechanisms involved in the
discussion of the rheological effects under study. Runs
performed by us on model polymer melts with N ) 300
which is well above the entanglement length confirmed
this picture.
(viii) Approximate Expression for the Stress

Tensor. In agreement with the computer simulation

results, we propose an expression for the stress tensor
for polymer melts which is related to the flow-induced
alignment (∆n) and stretching/contraction of bonds (σnn)
and to the stress arising for a corresponding simple fluid
(σsimple) at the same bead number density and temper-
ature. The latter is responsible for the nearly time-
independent viscosity offset which becomes important
at high rates or low temperatures because in these
regimes the viscosity of the simple fluid is comparable
to the viscosity of a polymer liquid (as is the case at
high shear rates too).
A relevant feature of our expression (8) is that,

starting from amesoscopic theory, e.g. a Fokker-Planck
equation for the configurational distribution function
(CDF) of multibead (flexible) polymer chains,5,23,38,43,44
one can compute directly both the birefringence ∆n and
the stress σnn. Together with the theoretical results for
the stresses arising for the corresponding simple fluid,45
the total stress can be computed, which is not the case
for the stress tensor expressions proposed earlier for
polymers near Tg,4,20 because the stresses σd and σor are
not separately well-defined. Notice that also the devia-
tions from the SOR for the same model polymer melts
under shear flow3,5 can be interpreted by the three-part
expression; the characteristic shear rate at the onset of
deviations was detected to be independent of the chain
length N.3 This is consistent with including the term

Figure 11. NEMD data. Distribution f(u) of bond lengths u
for the elongation rates ε̆ ) 0.05 and 0.2 at three different
times in both elongation and relaxation with equal values of
the degree of alignment (cf. Figure 7) is plotted together with
the corresponding Boltzmann distribution (“equilibrium”)
calculated simply by the intramolecular model potential
(Figure 3).

Figure 12. NEMD data. Contributions to the (discrete) bond
length autocorrelation function as defined in eq 7. The different
contributions G++, G- -, and -G( are functions of the contour
distance d and resolve collective stretching, contraction, and
compensations of bonds, especially those which are far from
their equilibrium values. Shown are the deviations of the
quantities from their equilibrium functions. The plotted range
is (from white to black) [-6,6].
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proportional to σsimple into the formulation (8) which
represents a term quite independent of N.
Structural anisotropies accompanying the viscoelastic

behavior will be presented in a subsequent paper; it will
allow for a test of further correspondence between both
experiment and theory.
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