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3 POLYMER STRUCTURE
3.1 DISORDERED STRUCTURE
A polymeric material is build-up from many
randomly coiled polymer molecules that are
extensively entangled with each other. This
results in a kind of network that connects all
polymer molecules with each other (Figure 7.).
Because of these entanglements the
interaction between the molecules is very
strong. Each individual molecule will intersect
with many other molecules. The polymer
structure can best be visualized with, for
example, a pile of worms or a pan with
spaghetti.

3.2 ENTANGLEMENTS AND NETWORK

Figure 7: In a polymer the long molecules are all entangled
with each other (scitation.aip.org).

DENSITY
All polymer molecules are connected with
each other by means of physical
entanglements or chemical crosslinks. An
entanglement can be viewed as a connection
between two molecules caused by a kink or
knot, as shown in Figure 8.
In the glass phase the macromolecules have
limited mobility. They can slightly change their
conformation by rotating chain segments, but
they cannot move into another position.
Therefor the number of entanglements in the
glass phase is constant and equal to the
entanglement density at the glass – rubber
transition.
In the melt phase such an entanglement has a
Figure 8: Physical entanglement between two neighbouring
polymer molecules (go-entangle.blogspot.ca).
finite lifetime: the molecules can disentangle
from each other by simply moving into
another position (reptation). This happens at higher temperatures. Polymers that show this kind of
bindings are called thermoplastics.
The network density or entanglement density is defined as the number of entanglements per unit
volume (m3). Typical values for the entanglement density range from 3 x 1025 m-3 for PS to 3,9 x 1026
m-3 for PC. Some values of the network density are shown in Table 1.
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Table 1: Network density for some
polymers
Network
Polymer name
density (m-3)
PVC
1,00 x 1026
PC
3,90 x 1026
PS
3,00 x 1025
PMMA
8,00 x 1025
PE100
2,80 x 1026
PE80
2,80 x 1026
The network density c is directly related to the number of entangled Kuhn segments Ne via:
Equation 5

𝜈 =

𝜌
𝑚 𝑁

3.2.1 Influence of entanglements on mechanical properties
The number of entanglements per volume (the entanglement density or the network density e) has
a pronounced influence on the mechanical properties of the glass phase, the rubber phase and the
melt phase. Polymers with a high entanglement density are tougher than polymers with a low
entanglement density. This is for example reflected in a strongly reduced growth of cracks in
polymers with a high network density. Such polymers show an increased resistance against
environmental stress cracking.
In the glass phase the entanglement density influences the strain hardening modulus of the polymer
during the tensile test and the long-term ductile and brittle failure of the polymer. With increasing
entanglement density, the strain hardening modulus increases linearly and the long-term failure
times increase exponentially. This is illustrated in Figure 11 and Figure 12.

Figure 9: Tensile test results of PMMA with different network
densities.

9

Figure 10: Tensile test results of PS with different network
densities.
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Figure 11: Strain hardening modulus versus network density
for several PS / PPO blends and cross-linked PS.

Figure 12: Environmental stress crack resistance versus strain
hardening modulus for several HDPE types.

In the rubber and the melt phase the network density is directly related to the rubber shear modulus.
From the rubber elasticity theory, it follows that the shear modulus in the rubber phase is linearly
dependant on the network density and the temperature:
Equation 6

𝐺

= 𝜈 𝑘𝑇

That would imply that the shear modulus
would slowly increase with temperature
above the glass transition temperature Tg. For
chemically cross-linked polymers that is
indeed the case but not for simply entangled
polymers. Those polymers usually show a
decrease of the rubber shear modulus with
increasing temperature. An example is given
in Figure 13 that shows the dynamic modulus
of PS-PPO blends. The rubber modulus
decreases with temperature.
The network in these polymers is built by
Figure 13: Dynamic modulus of PS-PPO blends. The rubber
entanglements that act as temporary physical modulus decreases exponentially with temperature.
cross-links. Upon increasing the temperature,
the free volume between the molecules will increase and this will gradually remove many of the
adjacent and hooked entanglements in the polymer.

3.3

FREE VOLUME FRACTION

Because of their unordered structure the molecules do not fit perfectly together. This creates some
empty space between the molecules that is called free volume. This free volume takes up about 5 to
10 % of the total volume of a polymer structure. With increasing temperatures, the free volume
increases and with reducing temperatures the free volume reduces.
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The level of free volume is very important for the mobility of the polymer molecules. At high
temperatures, where the free volume is relatively large, the mobility of the molecules will be very
high. They can move around in the polymer structure. It is like a room in which only a few people are
present: they can wander around without seriously hindering their neighbours.
At low temperatures however the free volume is low. Now the molecules are so close together that
they hinder each other in their movements. Just consider the same room but now densely packed
with people: with enough people pressed in the room it may even be impossible for them to move
their arms or legs.
The free space or the free volume is the
difference between the volume of the 100 %
amorphous structure and the volume of the
100 % crystalline structure. In Figure 14 a
simple diagram is shown of the crystalline and
the amorphous volume around the glass
transition temperature TG. The crystalline
volume continuously increases with
temperature with a volume expansion
coefficient 0. The amorphous phase always
Figure 14: Schematic diagram of crystalline volume and
has a higher volume and its volumetric
amorphous volume. The difference is the free volume.
expansion coefficient suddenly increases from
G to R above the glass transition
temperature TG due to the segmental rotations. Below the glass transition temperature, the
expansion coefficient of the crystalline state is approximately the same as that of the amorphous
state (c  a).
For the physical processes the free volume fraction, which is the ratio of the free volume (va – vc) and
the total volume (va), is more important. It is defined as:
Equation 7

𝜓

=

(𝛼 − 𝛼 )(𝑇 − 𝑇∞ )
𝑣 −𝑣
=
≈ (𝛼 − 𝛼 )(𝑇 − 𝑇∞ )
𝑣
1 + 𝛼 (𝑇 − 𝑇∞ )

Equation 7 is only valid for T > T. The free volume fraction (free) is calculated relative to the
Kauzmann temperature T. This is the (virtual) temperature where the rubber phase would have the
same relative volume as the crystalline phase and the free volume would be zero (see Figure 14). The
free volume fraction near the glass transition temperature is usually about 0.025 to 0.0050 for most
polymers.
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