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The four-state model proposed in a previous paper to describe thermal shrinkage in oriented polymers is
solved to describe the time dependences of shrinkage forces under constant temperature conditions. The time
dependences of shrinkage forces have been recorded for polycarbonate and polyethylene terephthalate at
temperatures below the glass transition. It is shown that experimentally recorded time dependences of
shrinkage forces can be satisfactorily fitted by dependences predicted by the model, and the comparison leads
to reasonable values of activation energy and activation volume for the shrinkage process.

(Keywords: thermal shrinkage; shrinkage forces; orientation; model; amorphous polymers)

INTRODUCTION

The thermal shrinkage of polymers is a time and tempera-
ture dependent phenomenon. The time dependence can
be observed as the influence of heating rate on the
temperature dependence of shrinkage or as a time de-
pendent shrinkage under constant temperature
conditions® 73,

When an oriented polymer sample is heat-treated
under external conditions which make shrinkage im-
possible, stresses are generated which are dependent on
time and temperature. In the previous paper* we have
shown various examples of the temperature dependences
of thermally stimulated shrinkage forces (TSSF) when the
oriented sample was heated at a constant heating rate
under constant length conditions*. The mechanism of
generation of shrinkage forces and the temperature
dependences were discussed and explained in terms of a
four-state model. The model assumes that extended
molecular subunits can undergo thermally activated
transition from their oriented to unoriented states and
that this transition is influenced by internal stresses
exerted by the extended macromolecules on the local
frozen-in configurations. This transition leads to in-
termediate states in which the initially frozen-in internal
stresses are transduced to the surrounding matrix when
the local molecular orientation is relaxed. These defrozen
stresses can be detected macroscopically. The forces of
shrinkage generated in this way can be relaxed by various
molecular rearrangements such as intermolecular slip.
The model has been shown to predict qualitatively correct
temperature dependences of shrinkage forces in oriented
amorphous polycarbonate.

In this paper we use this model, with some simplifying
assumptions, to describe the time dependences of sh-
rinkage forces under constant temperature conditions.
The calculated results are compared with experimental
data obtained for oriented amorphous polycarbonate and
poly(ethylene terephthalate) samples.

THE MODEL

The model was described in detail in the previous paper*.
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Graphical representation of a single model element is
shown in Figure 1. It consists of two springs: S, connected
in parallel with a two-site element and S, connected in
series with another two-site element.

Molecular interpretation of this model element as-
sumes that spring S, is related to the chain elasticity, and
when extended (in site 2) it represents an oriented
configuration of a molecular subunit; in site 1 it represents
arelaxed chain orientation. Spring S, represents an elastic
junction of the subunit with the matrix and its extension
can be relaxed by overcoming the potential barrier
between sites 3 and 4, for example as a result of
intermolecular slip.

At constant length the whole element can assume four
states depending on whether spring S, assumes site 1 or 2
and on whether spring S, assumes site 3 or 4. The local
situation in oriented polymer can be represented by a
state in which spring S, is in site 2 and spring S, is in site 3
(state A). By a single jump in one of the two-site elements
the model can be transformed from state A to two other
states. When the jump takes place from site 2 to 1, state B
is obtained. The jump from state 3 to 4 leads to the less
probable state D. States Band D can both be transformed
to state C in which sites 1 and 4 are occupied. A simple
analysis of the model shows that the initial state A, being
externally relaxed is internally stressed and can be
transformed to the fully relaxed state C through the
intermediate state B or D which exert external stresses
when the length of the element is kept constant,

An assembly of such model elements connected with
each other is taken to be a model of an oriented polymer.
Its behaviour is defined by the probabilities of jumps
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Figure 1 Representation of the four state model
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between sites in single model elements. These pro-
babilities depend on the type of connection between the
elements, on the initial state of the model and on external
conditions. It is further assumed that the initial state of
such a model consists of elements most of which are in
state A and that the length of the model is kept constant.

The heights of potential barriers between the sites of
two-site elements are assumed to be defined by the
Helmbholtz free energy difference related to excitation of
the local frozen-in molecular configuration. However, the
probabilities of transitions between sites are influenced by
mechanical energy related to local stresses represented in
the model by springs S, and S,.

In such a case, in the model built up of elements
connected in parallel the probabilities of transition can be
given by

AF—-E
KAB=KBA=KBC=KDA=ACXP<_ ®T ) (1a)

AF
Keg=Ksp=Kep=4 exP(‘ﬁ) (1b)

(1c)

Kopm Aexp(_AF—ZE)

kT

where K|, denote probabilities of transition from state I to
state J, 4 is a constant, AF is the Helmholz free energy
barrier for the local structural rearrangement, and E is the
mechanical energy influencing the effective height of the
barrier and given by>:

E=0,VAe )

where o, is the local stress, V is the activation volume and
Acis the strain change related to the rearrangement. These
simplified parameters are valid under the assumption that
the Helmholz free energy contour is described by the non-
zero strain resistance dAF/de at the stable equilibrium
position of all sites in the model. As a result of this
assumption only two positions at the bottom of sites can
be occupied in the two-site element unless the element is
excited by a cooperative action of both stresses exerted by
springs and thermal free energy fluctuation.

In the above case of the parallel model the probabilities
are constant at constant temperature.

In the case of the series connection of elements the
probabilities change with the change of populations of
states B and D which influences the mechanical energy
component

AF—E,
Kpp=Kpc=Kap=Kcp=Aexp| — (3a)

kT
AF+E
KDA=KCB=Aexp(— T ‘) (3b)
AF—E+E
KAB=KDC=AeXp<——_ﬁ_l) (o)

where E, is the mechanical energy component influenced
by the populations n, and n, of states Band D respectively
and can be expressed by

E,=(m,—ng)o,VAe 4
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The probabilities related to both models were de-
termined under the assumption that the quantities de-
scribing transitions between sites 1 and 2, and 3 and 4 are
identical.

As can be seen from the above expressions, the
probability that the transition from state A to C proceeds
via state D is much smaller than the transition through
state B, especially in the case of the parallel model
Therefore in what follows we will consider only a
transition of the type

A—BoC
which can be described by a set of differential equations

dn,

ar = — K, gn, + Kg\n, (5a)
dn,
& aplta— (Kpa + Kpcn, + Kepn,  (5b)
dn,

dt =Kpcty, — Kcpht, (59

and the condition that
n,+n,+n=1 (6)

where n,, n, and n_ are populations of states A, B and C
respectively.

These equations are relatively easy to solve in the case
of the parallel model for which K| are constant. This leads
to

n,=C, expla,t)+ C, exp(a,t)+C, (7a)
n,=C,expla;t)+ Csexplast)+Cg (7b)
n=1—n,—n, (7c)

(the solution reported in many mathematics textbooks,
e.g. ref. 6) where constants C, and a,, a, depend on
probabilities K;;. For the series model, equations (5) can
be solved numerically.

In both cases of the parallel and series connection of
elements in the model, the external stress exerted by the
model is proportional to the population of elements in
state B. Therefore the time dependence of n, will be
regarded as describing the time dependence of shrinkage
forces predicted by the model.

Examples of time dependences of n, calculated accord-
ing to both parallel and series models for some arbitrary
parameters and conditions are shown in Figure 2 and
Figure 3. The influence of the mechanical energy com-
ponent on the dependence of n, vs. time predicted by the
parallel model is illustrated in Figure 2. Figure 3 shows the
effect of temperature as predicted by the parallel and series
models. These examples show that both models predict
qualitatively similar dependences. Generally, it is seen
that the models predict time dependences of shrinkage
forces with maxima whose position on the time scale,
depend on the contribution of the mechanical energy
component and temperature.

EXPERIMENTAL
The time dependences of shrinkage forces were recorded
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using the apparatus described in the previous paper*. The
oriented polymer sample was clamped at room tempera-
ture and quickly immersed in an oil bath thermostatically
controlled at an elevated temperature. From this moment
on the force of shrinkage was measured. The length of the
sample was constant during the whole experiment.

Two polymers were studied: polycarbonate Macrolon
2408 and commercial films of poly(ethylene tereph-
thalate). Amorphous, unoriented films of polycarbonate
0.6 mm thick were obtained by press moulding at the
temperature of 240°C. Films were oriented by cold
drawing (at room temperature) with the drawing rate of
1 cm/min. Drawn films had the natural draw ratio of
about 2 and they were 0.3mm thick. Amorphous
poly(ethylene terephthalate) films were drawn at room
temperature at a constant drawing rate of 0.5 cm/min to
the natural draw ratio 4=4. Drawn films had the
thickness of 0.15 mm.

The time dependences of the shrinkage forces were
recorded at temperature not much higher than room
temperature and below the glass transition temperatures
for both polymers.
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Figure 2 Time dependences of population n, of states B predicted by
the parallel model for various contributions of the mechanical energy
component: (1) E=37kT,, 2) E=1.1kTy;T,=273K, AF=73 kT,
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Figure 3 Time dependences of populations n, predicted by the parallel
and series models for two different temperatures (AF=73 kT,
E=11kT)
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Figure 4 Shrinkage stresses vs. time at various temperatures for
oriented polycarbonate
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Figure 5 Shrinkage stresses in polycarbonate vs. In(t —t,,) at various
temperatures

RESULTS AND DISCUSSION

Figure 4 shows the time dependences of shrinkage stresses
generated in samples of polycarbonate. An induction
time, at which the non-zero stress appears, is observed in
all cases. After the induction period the stress increases
quickly slowing down at longer times but it does not reach
any constant or maximal value in the time interval of the
experiments performed. Considering that the depen-
dences presented in Figure 4 were recorded well below the
glass transition temperature of polycarbonate, it is quite
likely that only the initial stages of the possible time
dependences predicted by the model described in the
preceding section were observed.

This becomes all the more likely when the experimental
values of shrinkage stress are plotted (Figure 5) as a
function of In(t —t,) (¢, is the induction time) and com-
pared with dependences of n, vs. Int predicted by the
models (Figure 3). It can be seen that the shape of
shrinkage force changes agrees well with the shape of the
time dependences of n, described by the models. It follows
from this qualitative comparison that the possibility of
experimental observation of any maximum of shrinkage
forces requires experiments performed over ten times
longer periods or at higher temperatures. We did not
perform any experiments at higher temperatures because
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of the considerable influence of the effects of heat transfer
from the immersion liquid to the sample, which disturbs
the shapes of shrinkage force changes when the height of
the temperature jump is too high.

An example of the time dependences of shrinkage forces
recorded at 110°C is shown in Figure 6. In this case the
reference temperature for the temperature jump was 90°C
at which the sample of oriented polycarbonate was
annealed with free ends for 5 min just before the experi-
ment. This result shows that at a temperature close to
glass transition, a time dependence of shrinkage very
similar to that predicted by the model (compare Figure 2),
can be recorded in a reasonable experimental time period.

In the case of poly(ethylene terephthalate) the situation
is additionally complicated by crystallization taking place
at temperatures close to the glass transition. The sh-
rinkage forces recorded in this polymer at various tem-
peratures below the glass transition are plotted in Figure 7
as a function of In(t — t,). As in the case of polycarbonate
in experiment performed at lower temperatures the
changes of shrinkage forces are qualitatively the same as
those predicted by the initial parts of the calculated
dependences shown in Figure 3. However, at tempera-
tures above 60°C, i.e. close to the glass transition at which
crystallization of oriented samples of poly(ethylene ter-
ephathalate) is clearly observed’, the trace of shrinkage
force is considerably disturbed by the delayed heat
transfer from the immersion liquid to the sample at the
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Figure 6 Time dependence of shrinkage stresses in polycarbonate at
110°C after a temperature jump from 90°C

Table 1 Induction time of appearance of shrinkage forces under
constant temperature conditions

Induction time (s)
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Figure7 Shrinkage stresses in poly(ethylene terephthalate) vs. In(t —t,)
at various temperatures
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Figure 8 Fit between experimental data of shrinkage forces in polycar-
bonate at 60°C and the equation related to initial behaviour of the series
model

beginning of the experiment and by the effect of crystalli-
zation at longer times.

The temperature dependent induction time was obser-
ved also for poly(ethylene terephthalate). The values of the
induction time for both polymers are given in Table 1.

The temperature dependent induction time was obser-
ved also for poly(ethylene terephthalate). The values of the
induction time for both polymers are given in Table 1.

Because of the effects described above and because of
the limited time period of the experiments performed, a
comparison of the measured and calculated dependences
over a wide temperature interval is not possible. A direct
comparison can however be performed between the
experimental results obtained and the initial stages of the
transition described by the model.

The initial stage of the reaction considered in the model
can be described by the transition A—B for which
equation (5b) reduces to

dn,

_d_t_= (1 —n,)Kap ®

Taking into account that the external stress ¢ in the model
is proportional to n,, we fitted the above equation to the
experimental data. An example is shown in Figure 8 in
which the experimental shrinkage stress values obtained
for the polycarbonate at 60°C are fitted by the equation

%%:(1400—2.9-10'4a)exp(—6'10“50) ©)

which is equivalent to equation (8) when applied to the
series model.
The good agreement between experimental data and
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the numerically fitted curve as well as the fact that both
models predict similar dependences at the initial stages of

the considered transition rationalizes application of both 7=55°C
models to the evaluation of activation energy and acti- P=3750s
vation volume for the molecular processes related to 86—

generation of shrinkage forces.
For the parallel model, equation (8) can be solved and

the solution, when expressed in the linearized form, is 84
given by
In(S ~0)= —K,zt+1nS (10) T
= 82
where S is a constant. Plotting In(S—o) vs. ¢t we can v
determine values of K, from the slope of the plot as =

illustrated in Figure 9. Having determined the values of
K, for various temperatures and plotting In(K ) vs. 1/T
we can determine the activation energy AG=AF —E of
the observed process. An example of such a plot for 7.4
polycarbonate is shown in Figure 10. Using this pro-
cedure we determined the values of AG for both polymers
studied: 72
AG=46 kcal mol ™! for PC

7=60°C
P=1I70s

|
0.2 04 06

— -1
AG =30 kcal mol for PET Siress tMPG]
For the series model the probability K,; given by
equation (3c) depends on the external stress o and it can be
expressed in the form

Figure 11  Plots of In(t + P) vs. o for polycarbonate samples

Table 2 Values of activation energy and activation volume in glassy
polycarbonate determined by various mechanical tests
Activation  Activation
energy volume
D Test Ref. (kcal mol™!) (A3)
\(I_l
c Delayed yielding 8 72 3580
Yielding at constant strain rate9 739 11770
10 75.5 3385
Shrinkage force This paper 46 ~3000
| |
1000 2000
#-#, [seconds) K4 AG oV
Figure 9 Plots of In(S—o¢) vs. ¢ for polycarbonate samples at two AB=ACEXP| — RT xp kT (11
temperatures, (1) T=55°C, §=1.63 MPa; (2) T=60°C, S=1.95 MPa

Assuming that n, <1, the solution of equation (8) with
K,y given by equation (11) leads to

vV
ln(t+P)=Z—T+lnP (12)

where P is a constant. This equation can be used for
determination of the activation volume when In(t + P) is
plotted as a function of . Examples of such plots for
polycarbonate are shown in Figure 11 and the activation
-8— volumes determined are

In (kag)

V=33x10® A®> at 55°C,
V=28x10>A3  at 60°C,
ol V=24x10> A%  at 65°C.

The values of activation energy and activation volume
1 1 obtained for polycarbonate are comparable with those
29 30 3. x1073 reported by other authors although they were determined

T IK™M for other mechanical processes in glassy polycarbonate.
Figure 10 Plot of K g vs. 1/T for polycarbonate samples The two sets of values are compared in Table 2.
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CONCLUSIONS

The agreement obtained between the observed time
dependences of shrinkage forces and the time depen-
dences predicted by initial stages of the transition de-
scribed by the four state model as well as the reasonable
values of activation energy and activation volume ob-
tained from this comparison can be regarded as further
support for the model introduced in our former paper for
the description of thermally stimulated shrinkage forces.
The observed induction time of the appearance of sh-
rinkage forces after a temperature jump is, however, not
predicted by the model and thus requires further study.
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