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ABSTRACT:

We constructed a macroscopic model illustrating behavior of a single entanglement knot of macromolecules in
ameltand examined its behavior at different deformation rates. A model consists of flexible elastic strips, which
are tied in a granny knot (modeling not a real geometrical form of entanglements but their behavior at rela-
tively easy sliding). This scheme models the situation when elastic energy exceeds the energy of the Brownian
motion. The behavior of a knot chosen for modeling is different at low and high deformation rates. In the pre-
vious case knots disentangle as predicted by the “tube” model, elastic strips slip out a knot and this is an illus-
tration of flow. In the latter case, knots tighten up, further extension of strips leads to the increase in stresses
up to breakup of a strip. This effect imitates the transition from the flow to the rubbery-like behavior of poly-
mer melts, when flow becomes impossible due to the formation of quasi-permanent entanglements. The gen-
eral dimensionless correlation for the process under discussion has been proposed.

ZUSAMMENFASSUNG:

Wir erstellten ein makroskopisches Modell, das das Verhalten eines einzelnen Verschlaufungsknotens von Ma-
kromolekiilen in der Schmelze beschreibt und untersuchten sein Verhalten bei unterschiedlichen Deformati-
onsraten. Das Modell besteht aus flexiblen elastischen Streifen, die in einem sogenannten Altweiberknoten ver-
bunden sind (nicht um eine reale geometrische Gestalt von Verschlaufungen, sondern um ihr Verhalten bei
relativ geringem Gleiten zu modellieren). Dieses Schema modelliert die Situation, in der die elastische Energie
groBer als die Energie der Brownschen Bewegung ist. Das Verhalten eines Knotens unterscheidet sich bei nied-
rigen und bei hohen Deformationsraten. Im ersten Fall entschlauft sich der Knoten entsprechend dem Réhren-
modell. Die elastischen Streifen gleiten aus dem Knoten, was ein Beispiel fiir FlieRen darstellt. In dem zweiten
Fall ziehen sich die Knoten fest. Eine weitere Dehnung der Streifen flihrt zu einer Verhéhung der Spannung bis
zum Aufbrechen der Streifen. Dieser Effekt stellt den Ubergang vom FlieRen zum gummiihnlichen Verhalten
von Polymerschmelzen dar, bei dem kein FlieRen aufgrund der Bildung quasi-permanenter Verschlaufungen
eintritt. Eine allgemeine dimensionslose Korrelation fiir diesen Prozess wird vorgestellt.

RESUME:

Nous avons construit un modéle macroscopique illustrant le comportement d’un unique nceud d’enchevétre-
ment de macromolécules dans un fondu, et avons examiné son comportement a diverses vitesses de déforma-
tion. Le modéle consiste en des bandes élastiques flexibles qui sont nouées dans un nceud de vache (modélisant
non une forme géométrique réelle pour les enchevétrements, mais leur comportement pour un glissement rela-
tivement aisé). Ce schéma modélise la situation ol I'énergie élastique excéde I'énergie du mouvement Brow-
nien. Le comportement du nceud choisi pour le modéle est différent pour des vitesses de déformation petites
ou grandes. Dans le premier cas, les nceuds se désenchevétrent ainsi que le prédit le modéle du tube, les bandes
élastiques glissent en dehors du nceud et ceci est une illustration de I'écoulement. Dans le second cas, les nceuds
sont liés, et une extension supplémentaire des bandes conduit a une augmentation des contraintes jusqu’a la
rupture de la bande. Cet effet imite la transition depuis I'écoulement jusqu’au comportement de plateau élas-
tique des polyméres fondus, lorsque I'écoulement devient impossible a cause de la formation d’enchevétre-
ments quasi permanents. La corrélation générale adimensionnelle pour le processus discuté ici a été proposée.
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This is an

TheG,,,. =J,.,, " valueforpolyisoprenesis1.6-105
Pa, i.e. much higher than for polybutadiens and
T, = 1.71105 Pa [12], i.e. this value is lower than 7,
for polybutadienes. Direct measurements of the
ratio (r./G,) for a set of samples with different
molecular weights gave the value (7./G,) ~ 0.45
[4] and consequently G, =3.8-105 Pa. The value of
the plateau modulus G, for polyisoprene givenin
[10] equals to 4.7:105 Pa, but only for one sample.
However, the difference is not critical. Then
Equation 10 gives M* ~ 0.24. The difference be-
tween polyisoprenes and polybutadiens is evi-
dent and is primarily related to the great differ-
ence in the elastic compliance of the two melts
in the terminal zone.

However we suppose that the above dis-
cussed calculations should be treated mainly as
some rough estimation, because the M, values
were determined in the linear region. Mean-
while, macro-modeling demonstrated that the
deep rearrangements in the network structure
occur in the transition from the linear to strong
non-linear behavior [1]. Then due to the thicken-
ing of knots, a chain must go much longer path
to slip out all entanglements, that can be treat-
ed as the increase in the apparent M,. Indeed,
treating a bundle (which appeared as the result
of high deformations) to be a molecular unit, we
would relate the Brownian movement to much
larger volume than a single chain length
between neighboring entanglements. At the
moment, it is rather difficult to estimate the vol-
ume of this bundle but, surely, it includes at least
several entanglement knots. So, one can expect
that the liable disentanglement would require
much more acts of the Brownian motion and con-
sequently much higher M* values should be
expected.

Therelationship between elasticenergy and
energy of Brownian motion (the M-criterion) can
be different depending on the nature of a poly-
mer. However, it is reasonable to think that at
least in some cases the Brownian motion can be
neglected and to suppose that elasticity is the
dominating factor in the strong nonlinear region
corresponding to the liquid-to-solid dynamic
transition. This result means that the model of
reptationsshould be treated with certain caution
and chain disentanglements are unlikely possi-
ble at high deformation rates. The general result
of this study is the experimental proof that
macromolecular chains in a polymer melt do not
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obligatory slip out from entanglements leading
to disentangling (the mechanism of flow) but at
high deformation rates, macromolecules can
tighten up creating a quasi-permanent (in the
experimental time scale) network. As a result, a
melt becomes equivalent to a rubber with tem-
porary bonds by its deformation behavior mode.
It excludes a possibility to flow and as a final
result,a sample breaks in the elastic-like manner
at high enough deformation rates.

4 SUMMARY

A macro-model of knots formed by elastic strips
allows us to observe the main peculiarities of
deformations of entangled polymer chains: dis-
entanglement and sliding (as a model of flow) at
low speeds and tightening and breakup at high
speeds (as a model of flow-to-rubbery transi-
tion). Knots are a mechanical analogue (but not
geometrical scaling) of macromolecule interac-
tions. Thedimensionless analysis of deformation
of elastic strips and their behavior in knots gives
us the quantitative picture of this process and the
threshold value corresponding to the flow-to-
rubbery transition. The proposed macro-modelis
the illustration of the real behavior of polymer
melts at different deformation rates.
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