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ABSTRACT: The relationship between stress production and relaxation on one hand and the local
structure on the other is studied in model polymeric melts by the use of equilibrium and nonequilibrium
molecular dynamics. The analysis is performed in the intrinsic coordinate systemsa mobile frame tied
to the generic bond. The variation of the intrinsic distribution of interacting neighbors about a
representative atom, g̃, with density and temperature is investigated above and below the glass transition.
It is shown that g̃ captures close packing effects and the buildup of structure upon transition, similar to
the radial distribution function g(r). When computed from the nearest nonbonded neighbors, the intrinsic
distribution is nonuniform due to steric shielding. Neighbors at distances larger than a covalent bond
length from the representative atom, however, lead to a uniform distribution g̃. Thus, the steric shielding
effect generates a nonzero intrinsic deviatoric stress in both equilibrium and nonequilibrium systems,
while longer range interactions do not contribute to deviatoric stress production. Consequently, each
intrinsic frame carries a nonhydrostatic stress (induced by both bonded and nonbonded interactions)
which, upon rotation in the global coordinate system, contributes to the global stress in the melt. A
preferential orientation of intrinsic frames (induced, for instance, by the deformation of the fluid) generates
therefore a deviatoric global stress. In nonequilibrium simulations, the intrinsic distribution is seen to
be independent of the deformation of the fluid. Furthermore, when computed from chain inner atoms,
the intrinsic distribution is also chain length independent. This implies, in turn, that intrinsic stresses
are deformation and chain length independent. The relevance of these observations to stress relaxation
in polymeric melts is discussed.

1. Introduction

The deformation of a polymeric melt induces atomic-
level structural changes that ultimately account for
stress production. Such effects have been evidenced by
the use of atomistic simulations in a number of works,1-5

and in systems of various degrees of complexity. Re-
cently, the correlation between the deformation of the
neighborhood of a representative atom and stress has
been made quantitative for idealized melt models of the
“pearl-necklace” type.4,5 This work established the
relationship between the regimes of stress relaxation
and structural changes. It is the purpose of the present
investigation that of introducing a structural invariant
to melt deformation and of establishing its role in stress
production and relaxation.

Most treatments of viscoelasticity in polymeric sys-
tems are on the molecular level,6-8 with chains regarded
as entropic springs in tension. The macroscopic devia-
toric stress arising during melt deformation is assumed
to be due to chain stretching which reflects in a change
in the entropy and free energy of the system. In this
molecular description, deviatoric stress is produced by
bonded interactions, while interactions between non-
bonded atoms are assumed to give rise only to a
hydrostatic stress.

The inability of the molecular picture of stress pro-
duction to account for a number of effects such as the
behavior of small molecular systems and the high-
frequency response,9,10 stimulated the development of
an atomic-level description.11-15 In this new framework,
stress is computed on the atomic level by explicitly
considering both bonded and nonbonded interactions.
Moreover, it was shown that the contribution to stress
of nonbonded interactions is more significant than that
of bonded interactions. These effects have been quanti-

fied by decomposing the total stress in three compo-
nents13 and by the use of the intrinsic stress concept.16

The intrinsic stress is the stress associated with an atom
and projected in a coordinate system tied to the respec-
tive bond of the chain. The intrinsic frame is therefore
mobile and the macroscopic stress is given by the sum
of “stresslets” (intrinsic stress tensors) rotated in the
global coordinate system. Interestingly, it was observed
that the intrinsic stress tensor is insensitive to the
deformation of the melt and is therefore a system
parameter for given thermodynamic conditions. Fur-
thermore, the stress-optical coefficient representing the
ratio of birefringence to global stress, can be expressed
in terms of intrinsic stresses.5,15 These remarkable
properties point to the investigation of the structural
origins of the intrinsic stress. The results of this
investigation are discussed next.

The outline of the paper is as follows: A description
of the model and the algorithm employed are presented
in section 2; the concept of intrinsic stress is reviewed
in section 3, while in section 4 the relevance of the
intrinsic distributions to intrinsic and global deviatoric
stress production and relaxation is discussed. The
conclusions are summarized in section 5.

2. Model Description and Simulation Procedure

The principal tool in this investigation is the computer
simulation of model systems consisting of dense collec-
tions of molecules. The molecules are represented by a
“pearl necklace” type model in which particles represent
atoms linked into chains by stiff linear springs simulat-
ing covalent bonds. Short molecules of four atoms per
chain (Nb ) 3; Nb stands for the number of bonds per
chain) as well as long chains (Nb ) 200) are considered.
The covalent bond between the pair of atoms of each
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molecule is represented by the potential

and all nonbonded atoms interact with a truncated
Lennard-Jones potential

where r denotes the distance between any pair of
atoms and b is the bond length. The spring constant κ
has a value corresponding to κb2/kBT ) 267 and b ) σLJ.
In the present simulations, Rc ) 21/6σLJ so that only the
repulsive part of the potential is considered. The units
of length, energy and time of the problem are respec-
tively σLJ, εLJ, and σLJxm0/εLJ, where m0 is the atomic
mass. The units employed for stress are εLJ/σLJ

3.
Periodic boundary conditions are used in the simula-

tions as customary in molecular dynamics. The basic
cell referred to a Cartesian system is, in the equilibrium
state, a cube of dimensions L. There are N atoms per
unit cell, which leads to a reduced density

The simulation begins with the atoms being arranged
in an fcc pattern and with a random velocity field. A
high-temperature equilibration is performed to obtain
a proper melt structure. In simulations of short chain
molecules (Nb ) 3), the system was composed from N )
632 atoms, while long chain systems (Nb ) 200) con-
tained N ) 4025 atoms.

The algorithm used to integrate the equations of
motion as well as the thermostat are those due to
Berendsen et al.17 The position of a particle at time (t
+ ∆t) is obtained from its position at time t and that at
(t - ∆t) by

where the force f acting on the atom in question is
determined from the atomic positions at time t. The
scaling factor ê is given by the equation

where To is the target temperature and T(t - ∆t/2) is
calculated based on the velocities at time (t - ∆t/2)
obtained from

The parameter Ω controls the speed of response of the
algorithm to a perturbation in temperature. For our
simulations performed under high strain rate-high
energy input conditions, this parameter is taken as Ω
) 10 ∆t. For this value, it was verified that the
temperature at the onset of relaxation is the target
temperature and remains so through the remaining
relaxation. The time step of integration ∆t is kept

constant for the whole loading-relaxation history and
is equal to 0.001. It was verified that a further decrease
in ∆t did not affect the results.

Simulations are performed under both equilibrium
and nonequilibrium conditions. In nonequilibrium runs,
the deformation of the melt is induced by a volume-
preserving elongational deformation of the unit cell.
During such a deformation, with the stretch direction
x1, the cell size is modified according to

where ε̆ is the deformation strain rate. All simulations
reported here are performed with a strain rate ε̆ ) 0.1,
and the total deformation of the cell in the stretch
direction is 10%. The periodic boundary conditions
remain unchanged during deformation.

To reduce the noise in the measured quantities, the
calculation has to be repeated Nc number of times using
independent initial conditions and the results are aver-
aged over all runs. The results reported here are
obtained by averaging over Nc ) 200 simulations for the
short chain system and over Nc ) 12 simulations for
the Nb ) 200 case.

3. Intrinsic Stresses
The stress tij in the melt expressed in the global

coordinate system of the simulation cell is computed
using the virial stress formula18

where v ) L3 is the volume of the unit cell and rmn is
the length of the vector rmn between interacting atoms
m and n and has components rmni, and u′ ) du/dr. The
first sum is taken over all atoms in the system while
the second is over all Nm atoms interacting with atom
m at time t and in a given simulation. The contribution
to stress of both bonded and nonbonded interactions is
considered, with umn representing the respective poten-
tial. The kinetic contribution -NkT is assumed to affect
the hydrostatic stress only since the thermal velocities
are much higher than those due to deformation (in
nonequilibrium). The angular bracket represents aver-
aging over all Nc simulations.

The nonkinetic contribution to global stress of a
representative atom m, at time t and in a given
simulation, is therefore

with the total stress of eq 8 becoming

The intrinsic stresses are defined for each atom, in
an intrinsic coordinate system x̃r as shown in Figure 1.
Let ei be the unit base vectors of the xi system tied to
the simulation cell, and ar

m the corresponding vectors

ub(r) ) 1
2
κ(r - b)2 (1)

unb(r) ) {4εLJ((σLJ

r )12

- (σLJ

r )6) r e Rc

unb(Rc) r > Rc

(2)

F )
NσLJ

3

L3
(3)

x(t + ∆t) ) (1 + ê)x(t) - êx(t - ∆t) + ê f
m0

∆t (4)

ê ) [1 + ∆t
Ω ( To

T(t - ∆t/2)
- 1)]1/2

(5)

v(t - ∆t/2) )
x(t) - x(t - ∆t)

∆t
(6)

L1 ) L(1 + ε̆t)

L2 ) L/(1 + ε̆t)1/2 (7)

L3 ) L/(1 + ε̆t)1/2

vtij ) -NkTδij + 1
2 ∑

m ) 1

N

〈 ∑
n ) 1

Nm

rmn
-1u′mn(rmn)rmnirmnj〉 (8)

σij
m )

1

2v
∑

n ) 1

Nm

rmn
-1u′mn(rmn)rmnirmnj (9)

tij ) -FkTδij + ∑
m ) 1

N

〈σij
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of the x̃r system. The index m shows that the intrinsic
coordinate system x̃r has a different spatial orientation
for each atom (bond) m in the system. The atomic level
stress σij

m of eq 9 can be expressed in the intrinsic
system x̃r as

where ari
m ) ar

m‚ei are components of the rotation
matrix relating the global and intrinsic coordinate
systems. The intrinsic stress tensor 〈〈σ̃rs〉〉 is obtained
by averaging σ̃rs

m over all N atoms in the system and
over all Nc simulations.

The intrinsic stress is a cylindrical tensor in which
the only nonzero components are 〈〈σ̃11〉〉 and 〈〈σ̃22〉〉 )
〈〈σ̃33〉〉. Most remarkably, it was observed that, when
computed from atoms which are not at the chain ends,
its components are independent of chain length.15

Furthermore, the intrinsic stress tensor computed from
equilibrium simulations has the same value with that
computed from nonequilibrium simulations except for
a small variation during the loading period.15,16 Since
the intrinsic stress is directly related to the global stress
tij through eq 10 and 11, its invariance with respect to
deformation and chain length suggests that it can be
used to great advantage in describing stress production
and relaxation.

4. Intrinsic Distributions
The relationship between intrinsic stresses and the

atomic structure about a representative atom can be
studied in the intrinsic coordinate system x̃r (Figure 1)
by introducing an intrinsic distribution function g̃(r̃).
This function, defined in intrinsic coordinates, is similar
to the standard radial distribution function g(r) defined
in the global coordinate system xi. In spherical coordi-
nates and in the vicinity of each atom, g̃(r̃) ) g̃(r̃,θ̃,æ̃),
where θ̃ is the angle between r̃ and a1

m, the unit vector
aligned with x̃1. Because of symmetry, there is no
dependence on æ̃, and hence g̃(r̃) ) g̃(r̃,θ̃). Since only
interacting neighbors need to be considered, the range
of r̃ is limited to 0 < r̃ < Rc, where Rc is the interaction
cutoff distance, eq 2.

For the present purposes, it was found useful to
characterize g̃(r̃) at any time t by two parameters
defined as

and

These parameters are similar to rj and Nh introduced in
ref 4 in order to characterize the radial distribution
function in global coordinates.

The parameter rj̃ represents the mean radius of
interacting neighbors, while Ñ represents their number
density, both measured at angle θ̃. As with rj and Nh , rj̃
describes the “shape” of the neighborhood, while Ñ
describes the atom number density distribution. For
convenience, Ñ is normalized such that the average
intrinsic number density equals the imposed density F
of the system. The two atoms that are covalently bonded
to the representative atom are not taken into account
while computing rj̃ and Ñ. Both rj̃ and Ñ are computed
by dividing the neighborhood of the representative atom
in sectors of ∆θ̃ ) 10° span.

The two parameters rj̃ and Ñ have been computed in
equilibrium and following a constant volume deforma-
tion, and their dependence on density and temperature
as well as their evolution during stress relaxation was
determined. These results are discussed next.

Equilibrium Simulations. Figure 2 shows rj̃ and Ñ
for a system of density F ) 1, in the liquid state, at
temperatures T ) 1.2 and 2.2. The steric shielding due
to the presence of the first bonded neighbor at θ̃ ) 0° is
captured by Ñ (bond 2-3 in Figure 1 is fixed in the x̃r

system). In the screened region where Ñ ) 0, rj̃ is not
defined. The steric shielding effect induces the peak in
Ñ at angles θ̃ close to π/3 and the significant increase
in rj̃ in the vicinity of the screened region. The presence
of the other bonded atom, at θ̃ ≈ π (bond 1-2 in Figure
1), does not visibly affect g̃(r̃) since the bond can assume
any position within a wide range of angles θ̃. In fact,
the upturn of Ñ at θ̃ ) π suggests that the shielding
effect of the mobile bonded atom is weaker in that region
and the probability distribution for the position of this
bond in the intrinsic coordinate system has a maximum
at about θ̃ ) 3π/4. Similar conclusions can be drawn
from Figure 3 which shows the dependence of Ñ upon
density for systems of temperature T ) 1. In denser
systems and at low temperature, the peak at low θ̃
increases in magnitude and becomes sharper about θ̃
) π/3. This position corresponds to the direction of
maximum density in the solid state and the increase in
magnitude of the peak suggests extensive close packed
clustering of atoms in the system close to the glass
transition.

Figure 1. Intrinsic and global coordinate system. The global
coordinate system xi is fixed in the laboratory coordinates. The
intrinsic coordinate system for atom 2 is shown, with x̃1 taken
by definition along the covalent bond between atoms 2 and 3.

σ̃rs
m ) σij

mari
masj

m (11)

rj̃(θ̃) )
∫0

Rcr̃g̃(r̃,θ̃)r̃2 dr̃

∫0

Rcg̃(r̃,θ̃)r̃2 dr̃
(12)

Figure 2. Intrinsic distribution of interacting atoms sur-
rounding a representative atom of the system with density F
) 1 and, in the liquid state, at temperatures T ) 1.2 and 2.2.

Ñ(θ̃) ) 3
Rc

3∫0

Rcg̃(r̃,θ̃)r̃2 dr̃ (13)
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It is interesting to note the apparent similitude
between the variation of Ñ with θ̃, and that of the radial
distribution function g(r) with r. The steric shielding
effect captured by Ñ(θ̃) at θ̃ ) 0° is not equivalent,
however, with that evidenced by g(r) at r ) 0. While
the effect seen in the radial distribution function is due
to the representative atom to which the coordinate
system is tied, and is similar in simple fluids and in
systems of chains in equilibrium, in Ñ it is due to the
first bonded neighbor of the same chain, and therefore
the screening is absent in simple fluids. The parallel
can be extended to the behavior of the two distributions
during the glass transition. Figure 4 shows Ñ for a
system of density F ) 1 and at two temperatures, above
(T ) 2.2) and below (T ) 0.6) the glass transition (for
this system, Tg ≈ 0.85). The evolution of structure is
captured similarly by Ñ and g(r) and hence, both
measures can be used for the purpose of monitoring the
transition. The sharp peaks that form in Ñ in the glassy
state are centered about π/3, 2π/3, and π and are due
to close packing.

The distribution Ñ is computed from all nonbonded
neighbors of a representative atom m, including neigh-
bors belonging to other chains (interchain interactions)
and atoms of the same chain which are not directly
bonded to atom m (intrachain interactions), i.e., Ñ )
Ñintra + Ñinter. The shape of Ñ is similar for both inter-
and intrachain contributions. In the short chain system
(Nb ) 3), Ñintra , Ñinter at each θ̃, due to topological
constraints. The two contributions to Ñ have however
similar magnitude in the long chain system (Nb ) 200).

Let us turn now to the mechanism of stress produc-
tion and the correlation between the intrinsic stress and
intrinsic distribution. In a simple liquid in which the
neighbor number density is constant about a represen-
tative atom, there is no deviatoric stress produced both
locally and globally. It was shown4 that, in order for non-
hydrostatic stress to be produced in a simple liquid, the
neighborhood of the representative atom has to be
distorted. In systems of polymeric chains, however, such
nonuniformity in the neighbors’ distribution function is
induced, in intrinsic coordinates, by the steric shielding
effect. This, in turn, generates a nonzero deviatoric
intrinsic stress even in absence of any deformation of
the liquid. Further, in systems of polymeric chains,
bonded interactions lead to an intrinsic stress tensor
having only one nonzero component, σ̃11

b. In terms of
parameters rj̃ and Ñ, the intrinsic nonbonded stresses
are approximated by

The approximation is due to the fact that rj̃ and Ñ
represent the distribution function g̃ in a schematic
manner only. The intrinsic deviatoric stress Dσ̃ij can be
computed from eq 14 as

where P̃2(θ̃) ) 1/2(3 cos2 θ̃ - 1) is the second Legendre
polynomial. The existence of a nonzero deviatoric stress
in intrinsic coordinates, in equilibrium, is relevant for
the mechanism of global stress production in nonequi-
librium. This issue will be discussed in the following
subsection.

Further insight into the mechanism of intrinsic stress
production can be gained by analyzing the distribution
Ñ at larger distances from the representative atom. For
this purpose, Ñ was computed for the system with (F )
1, T ) 1), over radial layers with 0 < r̃ < Rc, Rc < r̃ <
2Rc and 2Rc < r̃ < 3Rc, with Rc ) 21/6σLJ. Figure 5 shows
the variation of Ñ with θ̃ for the three regions. As the
distance from the representative atom increases, the

Figure 3. Dependence of the intrinsic atom number density
distribution upon density, for systems in the liquid state.

Figure 4. Effect of the glass transition on the intrinsic atom
number density distribution. The system of density F ) 1 is
in the liquid state at T ) 2.2 and in the glassy state at T )
0.6. The glass transition temperature for this system is Tg )
0.85. The peaks in the intrinsic distribution corresponding to
the glassy state are centered about θ̃, 2π/3, and π, and indicate
close packing. The behavior of the intrinsic atom number
density distribution upon freezing is similar to that of the pair
distribution function g(r).

Figure 5. Intrinsic atom number density distribution for the
system with F ) 1 and T ) 1, computed over 3 radial layers
surrounding a representative atom (atom 2 in Figure 1). The
steric shielding effect visible at low values of θ̃ and for r̃ < Rc,
vanishes at distances r̃ from the representative atom larger
than the covalent bond length b (Rc ) 21/6b). This suggests that
the intrinsic deviatoric stress is due to close range interactions
only.

σ̃ij ≈ 3
2Rc

3∫0

π
FÑ(sin θ̃)rj̃u′(rj̃)rj̃irj̃j dθ̃ (14)

Dσ̃11 ) σ̃11 - 1
3

σ̃kk ) 1
Rc

3∫0

π
FÑ(sin θ̃)rj̃u′(rj̃)P̃2(θ̃) dθ̃

(15)
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distribution of neighbors becomes uniform in the θ̃
direction since the influence of the steric shielding effect
diminishes. This indicates that the deviatoric intrinsic
stress is produced essentially by neighbors within a
distance from the representative atom smaller than the
bond length and is due to the excluded volume effect.
Since this argument is based on geometric consider-
ations, it is expected to remain valid in systems with
larger cutoff distance Rc.

Nonequilibrium Simulations. Nonequilibrium simu-
lations have been performed on short chain and long
chain systems in order to identify the structural changes
that accompany stress relaxation. Figure 6 shows the
variation of rj̃ and Ñ during stress relaxation in a short
chain system of F ) 1 and T ) 1. Time t ) 1 corresponds
to the end of the loading period. For t > 1, the size and
shape of the simulation cell are kept constant and the
system relaxes to isotropy. The time variation of the two
parameters is shown for 3 angular sectors, each span-
ning 10° and centered at θ̃ ) π/3, 2π/3, and π. Both
measures of the intrinsic distribution function are
deformation independent. Thus, rj̃ and Ñ define a
structural invariant to deformation.

For comparison, the variation of the equivalent meas-
ures of structure, rj and Ñ,4,5 characterizing g(r) in the
global coordinate system, are shown in the inset of
Figure 6, for θh ) 0 and π/2. θh ) 0 is parallel to x1, the
stretch direction of the simulation cell. During deforma-
tion, the number density in the forward direction (θh )
0) drops sharply, with the reversed trend being observed
for θh ) π/2. rj captures an equivalent effect. Apart from
the striking difference between the sensitivity to defor-
mation of rj and Nh , and the insensitivity of the equiva-
lent intrinsic measures rj̃ and Ñ, it is interesting to
note the difference in the relaxation behavior of rj and
Nh . While rj undergoes a fast return to isotropy through
a nonexponential mode,4 Nh isotropization is much
slower.

The invariance of g̃ to deformation implies that the
intrinsic stresses are also deformation insensitive, eqs
14 and 15. Figure 7 shows the nonzero components of
the intrinsic stress tensor 〈〈σ̃ij〉〉 for the whole relaxation
history of the same system. Both bonded and nonbonded
intrinsic stresses are shown, with the nonbonded com-
ponent including the effect of both inter- and intrachain
interactions.

The mechanism of stress production is seen to be
identical in short chain and long chain systems. Figure
8 shows Ñ computed from the Nb ) 3 and Nb ) 200
systems of same density and temperature (F ) 1, T )
1) and subjected to the same deformation program. The
distribution has been computed from chain inner atoms
only. Since g̃ is independent of deformation in both
systems, the relaxation time at which these data have
been collected is not important. When computed from
chain inner atoms, the intrinsic distribution is seen to
be essentially chain length independent. The atoms
located at chain ends have, in intrinsic coordinates, a
distribution of neighbors which resembles that found
in a diatomic liquid of the same density and tempera-

Figure 6. Time variation of the intrinsic distribution during
stress relaxation for the system with F ) 1 and T ) 1. Time t
) 1 represents the end of the loading period and beginning of
a relaxation regime in which the simulation cell size and shape
remain unchanged. The two parameters rj̃ and Ñ character-
izing the intrinsic distribution function g̃ are shown for three
sectors of angular span 10° centered at θ̃ ) π/3, 2π/3, and π.
The intrinsic distribution is seen to be independent of the
deformation of the fluid during relaxation. The insets show
the variation of the equivalent parameters rj and Nh that
characterize the pair distribution function g(r) in global
coordinates. Both loading and relaxation periods are shown
in the insets (loading begins at t ) 0 and ends at t ) 1), while
the intrinsic distribution is represented during relaxation only
(t > 1). The fast relaxation of rj for 1< t < 4 corresponds to the
first global stress relaxation mode. Nh relaxes at a slower rate
due to its dependence upon bond orientation. The figure shows
that the intrinsic distribution sets a structural invariant to
deformation.

Figure 7. Intrinsic stresses computed during the relaxation
period of the system shown in Figure 6. As suggested by the
deformation independence of the intrinsic distribution, the
intrinsic stresses are also insensitive to deformation. Intrinsic
stresses due to both bonded σ11

b and nonbonded σ11
nb interac-

tions are shown, with the nonbonded stress being due to intra-
and interchain interactions. Both components are cylindrical
tensors, with the only nonzero terms being those shown. Note
that σ22

nb ) σ33
nb.

Figure 8. Intrinsic atom number density distribution for
systems of different chain lengths and F ) 1 and T ) 1. When
computed from chain inner atoms, the intrinsic distribution
is chain length independent.
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ture. This finding substantiates the observed invariance
of the intrinsic stresses with the chain length.15

In light of these findings, it is useful to identify the
framework in which the relationship between stress
relaxation and structural changes is best described. To
this end, it is necessary to put the present data in
relation with the conclusions of previous work.11,14,15

Stress relaxation has two regimes. The first regime
is a fast nonexponential mode which accounts for the
relaxation of the largest part of stress. The stress
produced during loading has both an energetic and an
entropic character. The energetic stress is due to the
loss of isotropy of the neighborhood of a representative
atom4 and to stretch effects, while the entropic compo-
nent is due to the preferential orientation of bonds
(intrinsic frames) during deformation.5 The first relax-
ation mode corresponds primarily to the relaxation of
the energetic component. Hence, the structural changes
observed during this period consist in the return to
isotropy of the neighborhood of a representative atom
and are captured by rj4 (inset of Figure 6). rj̃ however is
seen here to be weakly sensitive to such structural
changes. The insensitiveness of rj̃ to deformation is due
to the fact that the intrinsic coordinate system x̃i (or
bond orientation) equally samples all possible spatial
orientations. This invariance is expected to break down
at high degrees of bond orientation. Such extreme
alignment, however, is not likely to occur in melts at
high temperatures and during deformation of reason-
able strain rates.

During the second relaxation mode the global stress
is proportional to P2

b. Here P2
b ) 〈〈1/2(3 cos2 θb - 1)〉〉 is

a measure of average bond orientation with respect to
the global coordinate system, and θb is the angle made
by a bond with the x1 axis. In this regime, stress has
an entropic character and is proportional to birefrin-
gence through the stress-optical coefficient, τ ) τb +
τnb ) CP2

b (τ is the global stress difference τ ) t11 -
1/2(t22 + t33), with tij given by eq 10, and τb and τnb are
the bonded and nonbonded contributions, respectively).
Further, the stress-optical coefficient SOC )1/C, with
C being expressed in terms of intrinsic deviatoric
stresses as C ) 3/2F[〈〈Dσ̃11

b〉〉 + D〈〈Dσ̃11
nb〉〉].5,15 In this

regime, the relationship between stress production and
relaxation on the one hand and structural changes on
the other is readily captured in intrinsic coordinates.
The deformation insensitiveness of the intrinsic distri-
bution leads to time independent intrinsic stresses and
hence to a constant stress-optical coefficient. The global
deviatoric stress is then due to the preferential orienta-
tion of bonds induced by deformation, with each bond
carrying a nonzero, deformation insensitive intrinsic
deviatoric stress. A random orientation of bonds, in
equilibrium, induces a hydrostatic global stress only.

Hence, it appears that the relationship between
structural changes and global stress during the first fast
relaxation mode is best described in the global frame
(rj), while the intrinsic frame (rj̃ and Ñ) is better suited
for this representation at later times, during the second
relaxation mode.

5. Conclusions

The mechanisms of stress production and relaxation
in model polymeric systems of short and long molecules
have been identified, and the relationship between
stress and the distribution of interacting atoms about
a representative atom has been established. The analy-
sis of the variation of the intrinsic distribution with
temperature and density demonstrated its effectiveness
in capturing packing effects and in monitoring the glass
transition. The nonuniformity of the intrinsic distribu-
tion induces an intrinsic deviatoric stress in systems in
both equilibrium and nonequilibrium. Only close range
interactions are observed to contribute to the intrinsic
deviatoric stress production. In nonequilibrium, it was
shown that, during a constant volume elongational
deformation of the melt, the distribution of interacting
atoms expressed in intrinsic coordinates is deformation
and chain length independent. This conclusion is ex-
pected to also hold true for other types of melt deforma-
tion. These observations substantiate the proportional-
ity between macroscopic stress and birefringence ob-
served over a wide regime at elevated temperatures and
when stretching effects are not dominant. They further
show that the mechanism of stress production is inde-
pendent of chain length.
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