





el

AL
WP AC
LT

Brittle p

yield stress

Tough plastic

Elastomer







E=2G(1+x)=3B(1-2u)




k, =1.380-10"%° % Boltzmann constant




el
AL
WP AC

i

//////////////////////




Maxwell Voigt -Kelvin




a:

L
short-time changes long-time changes

instrain in strain




Recovery

-—

Nonrecoverable

t
L Y P
E, E, 173

Hf_J

)
elastic contribution ~ “——————"viscos contribution
viscoelastic term

E=&+& +&=







Stress

Strain




el

AL
WP AC
LT

HTRESS

APPLILU




P@LY
CHAR

Gerhard
Mercator  Duisburg
Universitat

G'/MPa

energy elastici

Sch,ch, CH,CL co
OcH, G' (duroplast)

CH,CH,CH,CH,  CH,CH,CH,CH, reorientation

reorientation rubber-elastic
~CH, CH,CH,— ! plateau

~CH, CH,CH, -
1 ! G' (thermoplast)
E 5 reorientation OH \ /\

. Bmicro-brownia
rotation
5 Y

-T—
CH,

rotation




complex shear modulus, A is the logarithmic decrement. For explanation see text
and fig. 18-20.

There is a direct relation of the viscoelastic properties of a polymer and
molecular motions, in particular cooperative motions. This is caused by the fact that
each deformation of a polymer chain changes its equilibrium conformation, hence
giving rise to an entropy-driven tendency to restore the initial state. There are
always four parts in the temperature-modulus curve of an amorphous polymer: the
metastable glassy solid (frozen liquid) at low temperatures followed by the glass-
rubber (or brittle-tough-) transition, the more or less pronounced rubber-elastic
plateau, and finally the terminal flow range. The first transition in fig. 8 coming down
from high temperatures is termed o transition. In semi-crystalline polymers this is
the crystallisation/melting process. In amorphous polymers — such as in fig.8 — the
glass transition temperature is the strongest transition (a-relaxation). These
transitions are also called relaxations since — coming from low temperatures — they
describe the onset of the molecular motion as indicated in fig. 8. In particular the
glass transition indicates the onset of cooperative chain-segment motions (about 5
chain segments) and is a continuous transition leading from a solid-like state to a
liquid-like state (or vice versa). The glass transition is not an equilibrium transition,
see below. As a matter of fact there is no "the" glass transition temperature since
there is an infinite number of glass states (hence glas transition temperatures)
depending on the thermal history. Annealing changes the physical properties of a
glass.

The relaxation behaviour can be monitored at a fixed temperature with a
frequency sweep or it can be monitored at a fixed frequency but with a temperature
sweep. In the first case resonance is observed when the applied frequency matches
a corresponding molecular motion at this temperature, in the second case resonance
is observed when the energy provided by the applied temperature fits in with a
molecular motion that matches with the chosen frequency. This reflects a time-
temperature relation — Boltzmann's time-temperature superposition principle (TTS),
see fig. XXX — this, however, is not generally valid, only if all relaxation processes are
affected by the temperature in the same way. Only in these cases time and
temperature are equivalent. There are numerous examples where there are
deviations from TTS, see fig. 13.

The temperature-dependence of the relaxation processes mentioned above
can be described by the Williams-Landel-Ferry equation (WLF)?> as long as the
restriction mentioned does not apply. The (semi-empirical) WLF equation can be
derived using the free volume theory, and a quantitative description is frequently
possible in the melt in a temperature range from Tg to Tg+100 K. The derivation
goes back to the early work of Doolittle®> on the viscosity of non-associated pure
liquids. The importance of a relation like the WLF equation becomes clear recalling
the fact that the experimental techniques usually only cover a rather narrow time
slot, e. g. 10%...10° s ( corresponding to a frequency range). The time-temperature
superposition principle allows an estimate of the relaxation behaviour and related
properties of polymers — such as the melt viscosity — over a wide temperature range
(e.g. 10 hrs...10? hrs) with the WLF-equation and the shift factor.
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Activation Energy tells us about the molecule

* For example, are these 2 T ;s ora Ty and a Ty?

1 5

» Because we can calculate the E,; for the peaks, we
can determine both are glass transitions.
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Fig. 15: Discrimination between a glass transition and a secondary relaxation. The
apparent activation energy of glass transitions is higher compared with secondary
relaxation processes which are correlated with smaller molecular motions (such as
side group rotations) that are usually not cooperative.
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