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ABSTRACT: An elementary process preceding glass transition was found in the measure
ment of the thermal shrinkage of cold-drawn polycarbonate (PC) film by a thermo-mechanical 
analyzer. An activation energy spectrum associated with the shrinkage of 7% cold-drawn PC 
was derived using Primak's method for processes distributed in activation energy. The 
spectrum showed two maxima centered at about 15 and 18 kcallmol, respectively. This was 
consistent with the result of dielectric measurements. In the latter, two additional relaxations 
due to the drawing effect were observed. These molecular relaxations indicate the existence 
of limited chain-backbone motions in the glassy state of cold-drawn PC. It was also shown 
that molecular packing is closely related to these relaxations. 
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The cold-drawing of polymers is not only impor
tant in processing technology, but also very intere
sting from the standpoint of molecular motions in 
the deformed polymer systems. 

There have been a number of investigations on 
the molecular mechanism of cold-drawing and/or 
thermal shrinkage for polymer films. However, 
most processes of thermal shrinkage are discussed 
in the glass transition region.1- 4 We showed in 
our previous papers5 ' 6 the elementary processes for 
thermal shrinkage of the cold-drawn polypyro
mellitimide films in which some local chain
backbone motions occurred. The analysis was 
made for each molecular motion going on the as
sumption of a unique process with a single activa
tion energy. It was found, however, that the acti
vation energy obtained was not exactly constant. 
On the other hand, we have shown the validity of 
Primak's method in analyzing the derivative 
heating curve of cold-drawn polycarbonate which 
was obtained by a graphical differentiation.7 This 
method8 ' 9 based on processes distributed in activa
tion energy is considered to give more realistic 
kinetics of processes in an amorphous solid. 

* Present address: Hodogaya Chemical Co. Ltd., 
6-2-60, Oji, Kita-ku, Tokyo 114, Japan. 

Park and Uhlmann2 applied this method to the 
analysis of isothermal annealing of highly cold
drawn polymers. Recently, Ikeda and Matsuda3 

proposed including a correlation between activated 
processes in the fundamental equation of the 
Primak theory. 

In this paper, we show an elementary process 
of thermal shrinkage of PC found by thermo
mechanical measurements. The kinetic data ob
tained at a constant rate of heating is analyzed by 
Primak's method, as in a previous paper.7 

EXPERIMENTAL 

Poly(bisphenol A carbonate) (PC) used in this 
research was supplied by Teijin Co. Ltd. Some 
samples were annealed in a vacuum furnace for 
72 hr at l10°C. For drawing experiments, a 
sample sheet, 100-.u thick, was cut to a specimen 
strip of 8 x 60 mm. The specimen film was 
drawn by a Toyo-Boldwin tensile testing machine 
with a head sheep of 1/3600 sec-1 at room tempera
ture. All the drawn films were relaxed at the final 
extension length for 30 min in the machine. The 
final extension of 7 % was chosen to study the 
elementary process of thermal shrinkage in detail. 
Below this extension, PC film did not exhibit 
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necking. 
The thermal shrinkage of cold-drawn films was 

measured with a Rigaku Denki Thermomechanical 
Analyzer. The schematic diagram of this appara
tus is described elesewhere.6 Derivative heating 
curves with respect to temperature were recorded 
by a derivative circuit. The applied load was kept 
constant at 2 g. 

Dielectric measurements were made with a An do 
Denki TR-1B Transducer Bridge between 30Hz 
and 30 kHz at the heating rate of 1 °C/min. 

Density was determined with a NaBr-H20 
density gradient column to a precision of ±0.0003 
gjcm3• Samples reached a constant position in the 
cloumn within 2 hr. 

RESULTS 

The derivative heating curves of thermal 
shrinkage with the heating rate of 10°C/min is 
shown in Figure 1 for 7 and 60-% cold-drawn PC. 
The relative derivative shrinkage is plotted against 
temperature T. As seen in Figure 1, two peaks 
were observed for the annealed 7% cold-drawn 
PC film; a higher peak at about 35oc and a lower 
one at about 95°C. The not-annealed 7-% drawn 
sample showed a high peak at about 90°C. For 
the annealed 60% cold-drawn PC film, two 
shoulders appeared below l20°C, and plots of the 
derivative curve were divergent in the glass transi
tion region of PC above l20°C. 

The dependence of the dielectric loss tangent, 
tan o, on temperature is shown in Figure 2 for 3 
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Figure 1. Derivative heating curves of thermal 
shrinkage with heating rate of 10°C/min: --, 
annealed 7-% cold-drawn; ------, annealed 60-% cold
drawn. 
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Figure 2. Dielectric loss tangent (tan o) at 3kHz: 
.A, not-annealed and undrawn; 6, not-annealed 7-% 
drawn; e, annealed 7-% drawn; 0, annealed undrawn. 
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Figure 3. Density change on drawing: e, annealed; 
0, not-annealed. 

kHz. Though not shown in the figure, the a

peak corresponding to the glass transition of PC 
was observed at about 170°C in all samples. As is 
evident, the broad peak located in the interval 
from 60° to 130° for the sample as-received disap
peared in the case of the annealed sample. In 
the annealed 7-% drawn sample, two secondary 
dielectric dispersion peaks were observed at around 
120oc and 65°C and in the present study, are re-
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ferred to as f' and f'' losses, respectively. These 
losses were not so clearly observed as peaks at 
other frequency ranges. However, only one broad 
dispersion peak similar to that of the as-received 
sample was seen for the 7-% drawn sample not 
annealed. 

Figure 3 shows the density change on drawing 
for the as-received and annealed PC films. The 
density of the as-received film is seen to increase 
upon annealing. Further, the density of the an
nealed sample decreased once before necking and 
did not return to its initial value, even when drawn 
by 50%. On the other hand, the density of the 
as-received film did not show any remarkable 
change by 50% drawing. 

DISCUSSION 

We have applied Primak's method to the thermo
mechanical data of Figure 1. The correlation 
effect is neglected in the present analysis, because 
molecular motions are not so extensive in an ele
mentary process as in the glass transition region. 

The principal equations for heating process are 
written as8 

dl 1 
p(e)=- d(RT). (f/b)+ 1 

e=(RTf)/b 

f= -a+ln (BeRT) (1) 

Here, p is the distribution function of activation 
energy, e the characteristic energy at which the 
maximum rate of thermal shrinkage occurs, l 
the sample length, R the gas constant, T the 
temperature, B the frequency factor, c the recip
rocal heating rate, a and b constants, respectively. 
Equation 1 indicate that an activation energy 
spectrum p(e) is easily obtained from a derivative 
heating curve of TMA, -dljdT. 

Figure 4 shows the activation energy spectrum 
of the 7-% cold-drawn PC calculated from the 
derivative curve in Figure 1, using eq 1. The 
value of B, 5 X 108 sec-\ was determined experi
mentally.7 As seen from Figure 4, the spectrum 
shows a sharp peak at about 15 kcal/mol and a 
broad one at about 18 kcal/mol. By comparing 
this spectrum with the dielectric behavior of the 
annealed 7-% cold-drawn PC in Figure 2, we 
conclude that the smaller activation energy is as
cribed to the !''-loss and the larger one to the f'-
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Figure 4. Activation energy spectrum for annealed 
7-% cold-drawn PC. 

loss, respectively. 
It is well known that an additional molecular 

relaxation appears for the highly-drawn PC. 
Krum and Miiller10 observed broad dispersion 
peak at around 40°-120°C in the dielectric meas
urement at 1kHz. Lunn and Yannas11 found a 
limited chain-backbone motion by measuring the 
change of dichroism during isothermal annealing. 
For undrawn materials, secondary relaxations at 
around 50-100°C have been reported.12 ' 13 

Sacher14 found a new secondary loss at about 30°C 
in addition to the one at about 130°C. He claimed 
that the latter may involve more chain segments 
than the former. 

In the present study, a broad secondary loss 
peak was observed for the not-annealed PC, but 
two peaks appeared separately for the annealed 
drawn sample. Since they appear in the dielec
tric measurement and disappear simultaneously 
on annealing below Tg, these two relaxations seem 
to be fairly coupled together. Locati and Tobo
lsky15 already found splitting of the broad r-peak 
of PC at around -60--120°C into two processes. 
Both of our peaks must surely originate from a 
main chain motion, since side group motions never 
cause thermal shrinkage. However, the activation 
energies are substantially less than the value of 
100-115 kcaljmol10 '16 reported for the glass 
transition (or a) peak. Thus, the f' and f"-peak 
may involve main chain motions like those in the 
a-peak, although not so extensive. The shrinkage 
attributed to these relaxations is estimated to be 

171 



M. KocHI, T. SASAKI, and H. KAMBE 

within about 7 %. 
Structural changes of PC caused by annealing 

at temperatures below Tg have been suggested by 
several authors.17- 19 As to the change in density 
in Figure 3, the increase in density upon annealing 
and the decrease in density upon cold drawing in
dicate the formation and the destruction of some 
ordered region, respectively. By using the small
angle X-ray scattering, the effect of annealing and 
drawing on density, similar to that mentioned 
above, has been confirmed for aromatic polyimide 
and polyamideimide, and is attributed to the pack
ing change.2° Consequently, the molecular mo
tions deriving from f3 and /3'-losses are raised in 
the amorphous region. Sacher14 also showed 
that the peak area of the two secondary losses 
observed by him increases noticeably with de
creasing crystallinity. 

From these considerations, it is concluded that 
the molecular motions involved in the f3 and f3'
losses are the coupled, dielectrically active and 
limited chain-backbone motions encompassing 
few repeating units, and that these are liberated in 
the elementary thermal shrinkage process preced
ing the glass transition process. 
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