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1. Intr oduction

We use computer simulations of model polymer networks to study
the effects of microscopic structure, connectivity, and topology on
microscopic and macroscopic observables. Our aim is (1) to study
how macroscopic elastic properties are related to microscopic
network properties, (2) to use simulation results for testing and
improving theories for rubber elasticity, and (3) to validate analysis
methods of experimental results on polymer networks.

Networks are formed by crosslinking a melt of precursor chains.
The process is irreversible and random, and the resulting networks
are characterised by a quenched topological and connective
disorder. We investigate two different types of model systems:
randomly end-linked networks with a monodisperse strand length
distribution and randomly crosslinked networks with a exponential
stand length distribution.

Question: How does these very different microscopic network
structures affect localization, microscopic deformations, macro-
scopic stress-strain relations, and scattering?

2. Simulations

Randomly crosslinked model polymer networks with average
strand length Ns = 20; 100 or end-linked networks with
Ns = 20; 35; 100; 200are deformed uniaxially.

Fluctuations of three paths through the network showing tube lo-
calisation.

4. Theor y

The double tube theory of Mergell and Everaers treats chain lo-
calization due to chemical crosslinks (X) and entanglements (E)
with two correlated and additive con�ning potentials. The theory
predicts that the tube diameter is anisotropic and has a strain de-
pendence

d� 4
T (� � ) = d� 4

X + � 2
� d� 4

E : (1)

where � = x; y; z. The microscopic network deformation is de-
scribed by the mean-square segment extensions r 2

� (n; � � ) on
strands or extended paths through the network. The strain depen-
dence of microscopic deformations is characterized by the ratio

f (n) =
r 2
� (n; � � ) � r 2

� (n)
� 2

� r 2
� (n) � r 2

� (n)
where

f (n) = 0 undeformed
f (n) = 1 af�ne

: (2)

The double tube theory predicts microscopic deformations

f (y) = f X (y) +
d4

X
d4

E � 2
� + d4

X
[f E (y) � f X (y)] (3)

where y = r 2
� (n)=[2d2

T (� � )], f X (y) = 1 + (exp(� y) � 1)=y and
f E (y) = 1+ 0:5exp(� y) + 1:5(exp(� y) � 1)=y. The stress-strain rela-
tion can be obtained from the microscopic deformations by
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5. Localisation

Crosslinker �uctuations are localised to strain-dependent volume.

Paths extending through the network structure are generated, and
binned after the number of crosslinkers (n) they traverse.
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Localisation of beads. A crossover a weak strain dependence
for highly crosslinked paths to a dX '

p
� � strain dependence

for paths localised by entanglements only (n = 0). Localisa-
tion of crosslinkers show no discernible difference between end-
linked (red) and randomly crosslinked networks (blue). On aver-
age, beads in randomly crosslinked networks are slightly less lo-
calised than in the endlinked networks, due to the longitudinal �uc-
tuations of very long strands in the randomly crosslinked networks.

6. Micr oscopic deformations

Mean-square distance x2
ji � j j(� � ) between beads i and j measure

how microscopic conformations respond to macroscopic strain.
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The sampled mean-square distances shows a cross over from
strain-independent behaviour at short (chemical) distances, to
af�ne strain dependence at large distances. The location of this
cross over de�nes the tube diameter.

The strain-dependence of the tube diameter is obtained by �tting
Eq. (1,3) to the sampled microscopic deformations (solid line).
Good �ts are obtained for all networks and strains. The slight shift
between end-linked and randomly crosslinked data indicates that
the latter has a slightly larger tube diameter. Both the cross linker
dX and the entanglement dE tube components are �tted, however,
�tting only dX or dE provides a poor description of the data, indi-
cating that both crosslinker and entanglement localisation need to
be taken into account.

7. Tube diameter s
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The scaling plot of the af�nity ratio (shown for endlinked net-
works) relates the microscopic deformations and the localisation
of crosslinkers by yX = r 2

� (n)=[2d2(� � )]. The strand length depen-
dence crosslinker tube is roughly d2

X � Ns while the entanglement
tube d2

E is roughly independent of strand length.

8. Stress-strain
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Parameter-free comparison between predictions for the stress-
strain relation (lines) and sampled stresses (� and � ) shows good
agreement. A slightly better agreement is observed for the ”Gaus-
sian” (+ ) stresses obtained by expressing (eq. 4) using the sam-
pled mean-square distances.

9. Scattering
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Comparison between scattering for end-linked (red symbols) and
randomly crosslinked (blue symbols) systems for Ns = 20(� = 1; 2)
and Ns = 100; 200(� = 1; 4). The small difference in the scattering
from the strained systems are due to the slightly different tube di-
ameters. Scattering predicted from the double tube theory (solid
line) based on the �ts of microscopic deformations. While the the-
ory reproduces the unstrained systems and the Guinier regime,
it fails to correctly reproduce the full q dependence. This can be
traced to a failure of the underlying assumption of Gaussian strand
statistics at short distances due to packing.

10. Conc lusions

� Signi�cant differences in localization of paths are observed as
function of the number of crosslinks they traverse. Observables
averaged over the entire network, e.g. the microscopic deforma-
tions, show no signi�cant differences between end-linked and
randomly crosslinked networks.

� The double tube theory accurately describes the strain depen-
dence of microscopic deformations, and provides a good predic-
tion of the stress-strain relation for both network structures.

� The double theory predicts the scattering in the Guinier regime
and for the unstrained networks, but it fails to reproduce the cor-
rect q dependence for the strained systems.
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