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Well annealed specimens of polycarbonate film were first subjected rapidly to a static elongation of 2.6%
at 13 temperatures from —110 to 110°C. During stress relaxation at each temperature, the static strain
was modulated with a sinusoidal tensile strain of small amplitude (<0.1%), usually from 0.4 to 25Hz, to
determine the (differential) storage modulus E’. Such measurements were repeated intermittently at values of
the elapsed (ageing) time ¢, during periods of several hours or more. During such periods, E’ increased
continuously, a reflection of physical ageing, a hardening process. Initially, the storage modulus E; was
significantly higher than after the static elongation was applied; the latter produces de-ageing, a softening
process. From the data, the ageing rate d log E’/d log t, was evaluated and found to be independent of
frequency and t,. The ageing rate showed a minimum at about 30°C, a pronounced maximum at —40°C
and then became almost zero at — 110°C. Also discussed is the temperature dependence of d log E'/d log f,
where f is the frequency, and the effect at two temperatures of different values of the static elongation on
both the ageing rate and the frequency dependence of E’. From all data, the ageing-rate parameter y was
also evaluated and discussed.
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INTRODUCTION

An amorphous polymer in the glassy state is seldom in
thermodynamic equilibrium, and so its physical properties
depend on the thermal and mechanical histories. Speci-
mens cooled rapidly from the rubbery to the glassy state
have been used in studies, under isothermal conditions,
of the time dependence of the specific volume® and the
storage and loss moduli in shear?. Following these early
studies, Struik®* studied extensively the dependence of
the creep compliance and other physical properties on
the time after a specimen had been quenched from above
to below T, and termed the observed phenomenon
‘physical ageing’. This type of ageing results from a
progressive decrease in the mobility of short molecular
segments.

After the extensive investigations by Struik®, other
studies of the ageing of specimens cooled from the
rubbery to the glassy state have included those made by
measuring intermittently stress relaxation in torsion and
the associated normal force® and the creep compliance
in shear®”’.

In the characterization and application of a glassy
polymer, it is invariably subjected to mechanical defor-
mations. Thus, it is of value to know the initial effect of
an applied deformation on the segmental mobility, hence
the physical properties, and also how the mobility
changes with the elapsed (ageing) time ¢.. In a study of
a polycarbonate film®, specimens were subjected to static
extensions greater than 1%. During the subsequent stress
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relaxation of each specimen, the static extension was
modulated intermittently with a sinusoidal tensile strain,
whose amplitude was 0.1% or less, at 10Hz to obtain
the storage and loss moduli E’ and E” as functions of ¢..
Application of the static deformation caused E’ to become
less than that for the undeformed specimen, but thereafter
to increase slowly and continuously with time. This
behaviour shows that the segmental mobility increased
at first, a reflection of a de-ageing or softening process;
then the mobility increased slowly, a reflection of physical
ageing, which is a hardening process. As these experi-
ments were made in extension (simple tension), the
observed phenomena might be attributed to changes in
the volume, or free volume, if no other information were
available to negate this view.

In a later study®, cylindrical specimens of poly-
carbonate were subjected to a series of static strains in
both simple compression (uniaxial stress) and extension.
Then each static strain was modulated with a sinusoidal
strain of small amplitude at 1 Hz. In each experiment, E’
was found to decrease at first and then to increase slowly
with time. As simple compression gives a decrease in
volume, the results cannot be explained in terms of free
volume as usually defined. Actually, the amount of
de-ageing, or softening, was greater in extension than in
simple compression. It was concluded® that de-ageing
results primarily from the shear component of the applied
static strain and that the volume changes either increase
or decrease the amount of de-ageing, depending on
whether the applied static deformation increases or
decreases the volume. This conclusion is the same as the
criterion for the yielding of glassy polymers!®!.
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The primary purpose of the present study was to
determine the ageing rate of specimens subjected to a
static extension of 2.6% over a wide range of tempera-
tures. Other ancillary properties investigated included
the frequency dependence of E’ at different values of ¢,
during the ageing of the statically deformed specimen at
each temperature.

EXPERIMENTAL

The polycarbonate film (Lexan, from General Electric
Co.) was annealed for 1h at 160°C, then cooled slowly
to 120°C and annealed for one month at this temperature.
The film was 0.13 mm thick.

Measurements were made with a Dynastat (Imass Inc.,
Hingham, MA). This apparatus is discussed elsewhere
along with illustrative data'?~'*, Specimens 7 mm wide
were mounted in the Dynastat between compression grips
25mm apart. After a selected temperature was reached,
which was controlled to 0.1°C or less, the specimen was
subjected to a tensile strain of 0.2 or 0.3%, and the storage
modulus Ej of this slightly deformed specimen was
measured at frequencies from 0.4 to 25 Hz.

Next, the specimen was stretched 0.77 mm and main-
tained at this deformation throughout the experiment.
After an elapsed time somewhat greater than 100s, the
specimen was modulated intermittently with a sinusoidal
tensile strain whose amplitude was 0.1% or less, as
illustrated schematically in Figure 1, to determine the
storage modulus (differential) E'. Initially, E’ was deter-
mined at frequencies from 4 to 25 Hz, but not at lower
frequencies because some ageing would have occurred
during the time required to make such measurements.
When ¢, became 600s and greater, E’ was determined at
frequencies from 0.4 to 25 Hz. Such measurements were
made at 13 temperatures from —110 to 110°C.

As mentioned above, the length of an undeformed
specimen between the grips was 25mm. When such a
specimen 1s stretched AL (mm), the strain is not AL/25
because it is not uniform near the grips. Two determi-
nations of the end correction, by a method similar to that
described elsewhere! 3, showed it to be 4.3 +0.07 mm, and
so the effective gauge length is about 29 mm, assumed
for expediency to be independent of temperature. In this
study, AL was always 0.77 mm, and so the tensile strain
was about 0.026, or 2.6%.

As in previous studies®®1¢, values of E' were not
equated to those measured directly but were obtained
from the relation:

E'=E,(1+&)>*!

Strain

Time —»

Figure 1 Schematic representation of the method to determine the
differential storage modulus E’ on a specimen maintained at a constant
strain

where E, is that determined directly, based on the original
dimensions of a specimen, ¢ is the static (constant) strain
and v is Poisson’s ratio equated to 0.43'7. Because all
static strains used in this study are small compared to
unity, the above equation is approximated closely by:

E'=E,[1+ Qv+ )]

All values of E’ reported in this paper are based on the
dimensions of each specimen when statically deformed.

RESULTS AND DISCUSSION

Evaluation of ageing rates

Figure 2 shows on doubly logarithmic coordinates the
frequency dependence of E; and also E’ at elapsed times
from 180 to 8090s, the data being at —30°C and E’
measured on the specimen at an extension of 2.6%.
Results from similar experiments at 50°C are shown in
Figure 3.

To obtain the quantitative measure of the ageing rate
that we find most useful, values of log E’ at SHz were
read from the lines in Figures 2 and 3 and plotted against
log t., as shown in Figures 4 and 5. These plots give
straight lines whose slopes are the ageing rates at — 30
and 50°C, respectively. Because the lines at the different
values of ¢, in Figures 2 and 3 are parallel, the slopes of
the lines in Figures 4 and 5 are independent of the
frequency, at least from 0.4 to 25 Hz. At all temperatures
from —110to 110°C, the ageing rate d log E'/d log ¢, was
found to be independent of the values of frequency and
t, covered in our experiments.

The curve defined by the full circles in Figure 6
represents the dependence of the ageing rate on tempera-
ture. As shown, the ageing rate passes through a
minimum at about 30°C, through a pronounced maximum
at about —40°C and becomes almost zero at —110°C.
The open circles show the temperature dependence of the
frequency dependence of E’ expressed as d log E'/d log f.
This quantity is small and nearly constant from 110°C
down to about 20°C. Then it increases rapidly and
presumably passes through a maximum at about —110°C,
though the maximum was not found because tempera-
tures below —110°C could not be reached with the
thermostat on the Dynastat, which is cooled with liquid
nitrogen.

For annealed polycarbonate, there is no dispersion
(transition) between T, (~145°C) and that observed at
I Hz at about —100°C. This fact accounts for the low
frequency dependence of E’ at temperatures above 20°C,
as shown in Figure 6, and for the presumed maximum
in the frequency dependence of E’ at about — 110°C. We
can propose no explanation for the pronounced maximum
in the ageing rate at —40°C, though it occurs near the
temperature at which the frequency dependence of E’
exhibits an inflection point. As already mentioned, the
ageing rate is independent of frequency.

Another measure of the ageing rate is u, introduced
by Struik®, which can be evaluated by shifting the lowest
three lines in Figure 2, for example, to the left until they
superimpose with the line at ¢, =8090s. The shift
distances, log a, are plotted against log ¢, in Figure 7.
(The reference state at which a=1 is the ageing time
8090s.) The slope of the line, 1.13, equals p. In Struik’s
studies®, it was commonly necessary to make small
vertical shifts to effect superposition of creep-compliance
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Figure 2 Doubly logarithmic plots showing the frequency dependence
of E' at four values of the elapsed (ageing) time ., after a 2.6%
elongation was applied to the specimen at —30°C. The uppermost line
shows E, determined before the specimen was deformed
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Figure 3 Plots similar to those in Figure 2, except that the data were
determined at 50°C
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Figure 4 Crossplot of data at 5Hz from Figure 2; the slope of the
line is the ageing rate at —30°C

1906 POLYMER, 1990, Vol 31, October

e
3.256 |- / ~
N
g 3.252 |- [ -
o °
S 3248 -
£
o ® “Siope = 6.95 x10™3
S 3.244} ~
3240 @ .
] 1 ] ) | 1
2 3 4 5
jog to ins

Figure 5 A plot similar to that shown in Figure 4, except that the
data, obtained from Figure 3, are at 50°C
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Figure 6 Temperature dependence of the ageing rate d log E'/d log ¢,
and also the frequency dependence of E’ expressed as d log E'/d log f

data obtained at different values of t.. In treating the
present data, it is not possible to determine whether
vertical shifts are needed. From our data, u can also be
evaluated from the equation:

_(2log E'falogt,),
H= @log Eolog f),

Figure 8 shows pu plotted against the temperature.
Below 30°C, the curve is rather similar to that obtained
for the ageing of polycarbonate in the undeformed state
(see figure 15 in ref. 3), but at temperatures above 30°C
it is dissimilar in that u increases continuously with the
temperature.

For the ageing of undeformed specimens quenched
from the rubbery to the glassy state, an analysis has
shown that u should not exceed unity>. This prediction
is supported by certain experimental data*, though it has
not always been possible to evaluate u because, in such
instances, the set of time- or frequency-dependent data®-®
obtained on quenched specimens at small deformations
during physical ageing could not be superimposed

(1)
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Figure 7 Dependence of the shift factor log a on the logarithm of the
elapsed time t.; the slope equals the ageing-rate parameter x. Loga
was obtained from shifting the lowest three lines in Figure 2 left-wards
to superimpose with data at t,=8090 s
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Figure 8 Temperature dependence of u, obtained from the slopes of
plots like those in Figure 7 or from equation (1)

entirely. The increase of u with temperature above 30°C
(Figure 8) reflects the progressive increase in the ageing
rate, which at and above T, becomes too rapid to observe
by ordinary experimental techniques. Also, the ageing of
deformed specimens is different and undoubtedly more
complex than that for isotropic specimens.

Figure 9 shows the temperature dependence of E’/E,
evaluated at 10Hz and 200s after the static strain of
2.6% was applied. The ratio E'/E, at any temperature
increases with a reduction of the frequency and the ageing
time at which this ratio is evaluated, as can be deduced
from Figures 2 and 3.

Behaviour at different static tensile strains

Experiments similar to those discussed in the preceding
section were made at different static strains but only at
50 and 90°C. The ageing rates d log E’/d log t, are shown

in Figure 10. In light of Figure 6, the observed tempera-
ture dependence is as expected, and also the strain
dependence is similar to that reported previously®:°.
Figure 11 shows how the frequency dependence of E',
expressed as in Figure 6, depends on the strain. It is
temperature-independent at 50 and 90°C, in agreement
with Figure 6. Figure 12 shows values of u derived from
the data in Figures 10 and 11 by use of equation (1).

SUMMARY REMARKS

The present study is the most extensive to date of the
de-ageing (increase in the mobility of short molecular
segments) that occurs when a static elongation is applied
rapidly to a glassy specimen and, in particular, of the
subsequent physical ageing (progressive decrease in the
segmental mobility) of the deformed specimen. Such
investigations are of importance because the data com-
monly provide a qualitative explanation of some of
the complex mechanical properties exhibited by glassy
polymers when subjected to finite deformations, as
illustrated elsewhere'®.
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Figure 9 Temperature dependence of E'/E; obtained from data at
10 Hz and 200 s after the strain of 2.6% was applied to the specimens
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Figure 10 Dependence of the ageing rate on the static strain at 50
and 90°C
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Figure 12 Dependence of 4 on the static strain at 50 and 90°C; u was
evaluated from the data in Figures 10 and 11 by use of equation (1)

In this study, well annealed specimens of a poly-
carbonate film (Lexan) were subjected rapidly to a
constant elongation of 2.6% at 13 temperatures from
—110 to 110°C. Then, on each specimen, E' was
determined at a small amplitude at frequencies from 0.4
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to 25 Hz, usually. Such modulations were repeated inter-
mittently during an elapsed (ageing) time ¢, from a few
hours up to 9h, the maximum value being dependent,
in part, on the ageing rate and thus on the temperature.
From the data, the ageing rate dlog E'/dlogt, was
evaluated and found to be independent of the elapsed
time and the frequency over the ranges covered. With a
reduction in temperature from 110°C, the ageing rate
decreased first, then passed through a minimum at about
30°C, next reached a pronounced maximum at —40°C
and finally decreased to almost zero at —110°C. This
behaviour is one example that shows clearly that
physical ageing of deformed specimens can occur at many
temperatures below T,.

The frequency dependence of E’ determined on the
statically deformed specimens, expressed as dlog E’/
dlog f where f is the frequency, was almost constant
from 110°C down to about 20°C, and then it increased
to a relatively high value at —110°C. At still lower
temperatures, it must decrease to a very small value,
though we were unable to make measurements at
temperatures below — 110°C. This unusual phenomenon
occurs because well annealed specimens of polycarbonate
show no dispersion (transition) below T, until at about
—100°C at 1Hz.
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