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Synopsis 

A new technique detecting molecular motions in drawn polymers was applied to highly cold-drawn 
polycarbonate of bisphenol A. It is shown that the sample exhibits thermal shrinkage in three steps 
with the temperature increase up to above the glass transition temperature. The molecular relaxation 
at the highest temperature is due to the glass transition. The other two molecular motions a t  the 
lower temperature are those of main chain in the glassy state and they correspond to the molecular 
motions as revealed in dielectric measurement by Sacher.' By using the general theory of the thermal 
analysis by Ozawa,2 the apparent activation energies of these molecular motions were obtained for 
the highest temperature 110 kcal/mole, and for the lowest temperature, 33.5 kcal/mole. The impact 
strength and the cold workability of this polymer are also discussed in relation to these molecular 
motions. 

INTRODUCTION 

Polycarbonate of bisphenol A shows an excellent impact strength over a wide 
range of temperature and a high ductility. It is therefore one of the most useful 
engineering plastics. Some investigators have reported that a fairly large mo- 
lecular relaxation is found below room temperature for this polymer, but there 
still remains some confusion about the mechanism of this molecular rela~ation.~-~ 
Heijboer8 suggested that if a polymer showed dynamic mechanical dispersion 
below room temperature originating from the movements within the main chain, 
the polymer should have good impact strength at room temperature. Along this 
suggestion, Locati and Tobolskyg pointed out that the above molecular relaxation 
is a result of the superposition of two molecular processes, which plays an im- 
portant role in the high impact strength of this polymer. Robeson and Faucher,lo 
Sacher,lJ1J2 and Stefan and Williams,13 however, attributed the good impact 
property of this polymer to the small molecular motions observed above room 
temperature. 

The authors reported in previous papers14J5 a new method for detecting mo- 
lecular motions of main chains by measuring thermal shrinkage of cold-drawn 
polypyromellitimide under various rates of temperature increase. The apparent 
activation energies of these molecular processes were calculated by analyzing 
the experimental data. 

In this report, this method was applied to highly cold-drawn polycarbonate 
of bisphenol A, and the relation of molecular motions with the impact strength 
and cold workability of this polymer is discussed to confirm the inferences of 
Sacher and others. 
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EXPERIMENTAL 

The sample of polycarbonate of bisphenol A was Panlite, supplied by Teijin 
Kasei Co. Ltd. Viscosity measurements in tetrahydrofuran gave a weight-av- 
erage molecular weight of 4.6 X lo4. Samples were cold drawn with a tensile 
machine at room temperature and under a strain rate of 0.02 min-l. The sample 
begins to show necking above 7% strain, and the strain reaches 90% when the 
necking part extends to the whole sample under these conditions. But almost 
all strain seems to be recovered by thermal treatment up to above the glass 
transition temperature to this polymer, i.e., 153°C. 

Thermal expansion of an annealed sample and thermal shrinkage of cold- 
drawn samples were measured with a thermomechanical analyzer manufactured 
by the Rigaku Denki Co. Ltd. The details of the instrument were described 
e1~ewhere.l~ By using a derivative circuit, the rate of shrinkage was recorded 
simultaneously as a function of temperature (Fig. 1). 

The sample was 70 p thick, 5 mm wide, and 10 mm long. The applied load was 
kept constant to 5 g. The tensile stress during shrinkage was about lo6 dynes/ 
cm2, and the strain caused by this stress was negligible in the glassy state. 

RESULTS AND DISCUSSION 

Figure 2 shows the thermal expansion of a sample annealed up to 140°C. The 
applied stress is about 1 X lo6 dynes/cm2, and the strain caused by this stress 
can be neglected in the glassy state; but above the Tg, the sample shows a re- 
markable stretching even by this small stress. There are two inflection points 
in thermal expansion curve below the Tg. To show these clearly, a straight 
tangent line is also drawn in the figure. The two inflection points, one near 75°C 
and the other slightly above 12OoC, correspond to the temperature regions where 
some kind of molecular motion takes place, as MillarlG and Boyerl7 suggested. 
This result means that excess free volume is introduced by these molecular 
motions. 

Temperature ("C) 
Fig. 1. Thermal shrinkage and temperature derivative curves of 80% cold-drawn polycarbonate, 

5.2"C/min in air. 
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Temperature ("C) 
Fig. 2. Linear thermal expansion of an annealed, undrawn polycarbonate film, 2.5"C/min in 

air. 

Figure 1 shows the thermal shrinkage curve and its temperature derivative 
curve of an 80% cold-drawn sample under uniform rate of heating. As seen from 
the figure, the sample shrinks gradually from about 50°C following an abrupt 
shrinkage at  the glass transition region, and finally almost all strain seems to be 
recovered within experimental error. The temperature derivative of the 
shrinkage, d (nL)/dT, gives more detailed informations about the thermal 
shrinkage of highly cold-drawn polycarbonate. There are two peaks and one 
shoulder shown in the temperature derivative curve. The peak at  the highest 
temperature originates from a molecular motion at the glass transition. The 
second peak appears as a shoulder of the glass transition peak in the temperature 
derivative curve. 

Ozawa2 has shown that the peak temperatures T,  of the temperature deriv- 
ative curves of the general thermal analysis could be linearly plotted with the 
logarithms of the uniform heating rate log u ,  and the apparent activation energy 
of the process could be evaluated approximately from the slope of the straight 
line as follows: 

R d logu 
0.4567 d (l/T,,,) 

m=-- 
where AE and R are the apparent activation energies of the process and the gas 
constant, respectively. 

Figure 3 shows the rate dependence of the temperature derivative curve for 
molecular motion at  the lowest temperature range. Figure 4 shows the plot of 
the reciprocal peak temperature versus the logarithmic heating rate. As shown 
in the figure, the data give a straight line, and according to eq. (1) the apparent 
activation energy of this molecular motion was calculated from the slope of this 
line as 33.5 kcal/mole. 

This molecular motion was first found by Krum and Muller3 and Illers and 
Breuerl* dielectrically for cold-drawn polycarbonate. They reported that this 
molecular motion disappeared by thermal annealing. For undrawn, nonannealed 
samples, Hara and Okamoto4 first observed this motion dielectrically, and 
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Temperature ("C) 
Fig. 3. Heating rate dependence of temperature derivative curves of 80% cold-drawn polycarbonate, 

low-temperature part. 

lOOO/T, (1IK) 

Fig. 4. Arrhenius plot of inverse maximum temperature vs logarithmic heating rate for 80% 
cold-drawn polycarbonate. 

MilleP also found this by several kinds of thermal analysis. For samples an- 
nealed up to Tg, Tomikawa and Fujimoto7 observed this dielectrically. Sach- 
erlJ1 and Stefan and Williarn~'~ ascribed this molecular motion to a large-scale 
restricted rotation of the P-cumyl group moving as a unit, with cooperative mo- 
tions of the adjacent phenylene and carbonyl groups, or to a restricted reorien- 
tation of phenylene and carbonate groups. But Ito et al.l9 estimated that this 
might be closely associated with a molecular motion in the region having a good 
regularity. With our experimental results it is safe to say that this molecular 
motion is that of main chain because a motion of side groups does not cause 
thermal shrinkage. But this molecular motion is rather restricted because it 
recovers only about 10% of the strain frozen at cold drawing. 

The apparent activation energy of this molecular motion, 33.5 kcal/mole, 
compares with the activation enthalpy, 20-37 kcal/mole reported by Sacher,20 
because the activation enthalpy is nearly equal to the apparent activation energy 
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in the Arrhenius equation measured in the solid state under low pressure. Ito 
et al.19 estimated the apparent activation energy to be about 20 kcal/mole, and 
Kochi et a1.21 reported that the activation energy of this molecular process was 
around 14 kcal/mole. 

Molecular motion just below the glass transition was reported by Kochi et a1.21 
for cold-drawn polycarbonate, and they found that this disappeared by thermal 
treatment. Lunn and Yannas22.23 found this by measuring the change in infrared 
dichroism and ascribed this to limited backbone motion, less extensive than the 
glass transition molecular motion. The activation enthalpy obtained for this 
molecular motion was scattered from 49 to 460 kcal/mole with annealing con- 
dition.20 Our experimental results could not give an apparent activation energy 
because the temperature derivative curves did not give a peak in this temperature 
region, but it is obvious by the same reason as before that this molecular motion 
is also that of main chains. 

We found that in annealed polypyromellitimide samples, three kinds of in- 
herent molecular motion are restrained by strong intra- or intermolecular in- 
teractions, but in cold-drawn samples, they appear again with the aid of frozen 
strain energies.’5 Polypyromellitimide is well known by its excellent thermal 
stability, but it also shows characteristic mechanical properties by not losing its 
toughness over a wide range of temperature, and it can be stretched to a high 
degree without showing necking at low temperature. Molecular motions are 
responsible for these characteristic mechanical properties of polypyromellitimide. 
According to the above considerations and our experimental results of cold-drawn 
polycarbonate, the conditions are quite the same for polypyromellitimide and 
this polycarbonate. 

The two molecular motions below Tg of polycarbonate, named p and y by 
Sacher,’ are the large-scale and inherent molecular motions of this polymer in 
these temperature regions, but they seem to be restrained by intra- or intermo- 
lecular interactions and become small in an annealed sample. Therefore there 
was some confusion about the existence of these molecular motions. As Sacher 
reported,l they can be observed only by highly sensitive measurements for an- 
nealed samples. In the case of cold-drawn samples, they can be easily detected 
by the aid of frozen strain energy. 

When an impact force is applied to this polymer, these molecular motions are 
activated easily by the impact energy, and the energy is dissipated into heat 
because of the large degree of motional freedom of these molecular motions. 
Therefore these motions are responsible for the good impact property of this 
polymer above room temperature. This explanation confirms those reported 
by Robeson and Faucher,’o Sacher,lJ1J2 and Stefan and Williams.13 It was also 
reported by Vincent24 that some kind of impact strength of polycarbonate in- 
creased significantly with temperature in these temperature regions. 

Polycarbonate is one of the engineering plastics expected to be worked in the 
cold. The cold workability of this polymer has been ascribed to the 6 relaxation 
detected around -100°C. According to the above discussion, however, it is 
natural to consider that these “restrained” or “stress-induced” molecular motions 
above room temperature are also responsible for the cold workability of this 
polymer, because the impact deformation and cold working are essentially the 
problems of large deformation under high stress. Robertson25 reported that 
yield stress of this polymer decreased rather rapidly with temperature increase 
from 30” to 120°C and abruptly above 120°C. 
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Figure 5(a) and 5(b) show the heating rate dependence of thermal shrinkage 
and temperature derivative curves around Tg for 80% cold-drawn polycarbonate. 
Figure 6 shows the relation of the reciprocal peak temperature versus the loga- 
rithmic heating rate. Neglecting the small deviation at higher heating rate, the 
data also give a straight line, and an apparent activation energy of the glass 
transition of 110 kcal/mole can be obtained coincident with the values 115 f 5 
kcal/mole by Krum and Muller3 and 103-110 kcal/mole by Matz et al.26927 
However, a very large value, 333 kcal/mole,28 and a very small value, 22.5 kcal/ 
mole,29 were also reported. 

It is not clear yet whether the deviation from a straight line at the higher 
heating rate in Figure 6 may be attributed to the time lag of the sample tem- 
perature to that recorded at  a higher rate or whether there is an essential cause 
that makes this theory inapplicable to the shrinkage in the glass transition region. 
Barton30 has reported that the glass transition of poly(5-ethylresorcinol iso- 
phthalate) could be treated as a rate process of first-order reaction kinetics, and 
he obtained an apparent activation energy of the glass transition. McMillan31 
has also treated the glass transition of glycerol as a rate process of nth order and 
obtained an apparent activation energy from an Arrhenius plot. On the other 
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Fig. 5. (a) Heating rate dependence and (b) temperature derivative curves of thermal shrinkage 
of 80% cold-drawn polycarbonate, high-temperature part. 
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hand, Ishinabe et a1.32,33 have reported that thermal shrinkage of hot-drawn 
poly(methy1 methacrylate) and poly(ethy1ene terephthalate) obeyed the WLF 
equation above their glass transition temperatures. R u s ~ h 3 ~  has also reported 
that the dimensional recovery of cold-rolled polycarbonate fits well the WLF 
equation above its glass transition temperature. 

If the cause of the deviation from a straight line at  the higher heating rate in 
Figure 6 is the time lag of the sample temperature, the same deviation should 
be observed in Figure 4. If not, another theory would be necessary to analyze 
the thermal shrinkage of cold-drawn polymers around their glass transition 
temperatures. 

Part of this work was supported by a grant-in-aid for scientific research of the Japanese Govern- 
ment given to T. Kato in 1975, and this is much appreciated. The sample of the Panlite film was 
kindly supplied by the Teijin Kasei Co. Ltd. 
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