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Abstract 

The influence of uniaxiai and biaxial orientation on the transition/relaxation of poly(eth- 
ylene)terephthalate (PET) has been investigated. The transitions were studied by differen- 
tial scanning calorimetry; the corresponding relaxations were studied by thermostimulated 
current (TSC) spectroscopy. At around 5O”C, a particularly intense TCS peak was observed 
in the uniaxially oriented sample; this mode is a precursor of the glass transition Tg. The 
relaxation mode associated with the glass transition is observed at 82°C in unoriented PET, 
at 85°C in uniaxially oriented PET and at 100°C in biaxially oriented PET. An analysis of 
the fine structure has shown that it is made up of elementary processes that obey a 
compensation law: at the compensation temperature T,, all the relaxation times become 
equivalent. It is important to note that for amorphous films (unoriented and uniaxially 
oriented) T, - Tg = S’C, whereas for the semi-crystalline film (biaxially oriented) T, - Tg = 
15°C. This result shows that crystallites are strongly coupled to the amorphous phase. 

The characterization of the amorphous phase of polymeric materials 
remains an unsolved problem. In fact, classical techniques such as differen- 
tial scanning calorimetry (DSC) do not show the influence of molecular 
orientation on transition [l]. Therefore, thermostimulated current (TSC) 
spectroscopy has been applied to the study of the distribution of local order 
[2]. Poly(ethylene)terephthalate (PET) was chosen as the model material; 
the molecular orientation of the amorphous phase was obtained by varying 
the thermomechanical history. A thermostimulated current/relaxation map 
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analysis (TSC/RMA) spectrometer from Solomat was used for this investi- 
gation; differential scanning calorimetry was performed on a DSC II from 
Perkin-Elmer. 

METHODS AND MATERIALS 

In the DSC experiments, the sample was heated at a controlled rate of 
20 K min-’ and the heat flow dH/dT was recorded versus temperature T. 

In the TX experiments, the sample was first polarized by a static 
electric field E for a time and at a temperature that allows the dipolar 
species to orientate, When the polarization reached its equilibrium value, 
this configuration was frozen by decreasing the temperature. The electric 
field was then cut off and the sample connected to an electrometer. A 
controlled increase in temperature (7 K min-‘1 then induced the recovery 
of the polarization. The depolarization current was measured by the 
electrometer, yielding the “dynamic conductivity” (r. 

If Pi is the isothermal polarization varying exponentially with time, with 
a relaxation time Ti 

dPi Pi 
-=-- 
dt ri (1) 

where t is the time. 
The relaxation time 7i is given by 

In polymers, the kinetics of the polarization is defined by a distribution of 
relaxation times 

P= CPi (3) 

The technique of fractional polarization [3] allows us to isolate Pi and so to 
determine the corresponding relaxation times 7i. 

In the vitreous state, the relaxation time is given by an Arrhenius 
equation 

AH 

’ = ‘* exp kT (4) 

where T* is the pre-exponential factor, AH is the activation enthalpy and k 
is the Boltzmann constant. 

Experimental values deduced from eqn. (2) were plotted on an Arrhe- 
nius diagram, In 7(1/T) and the relaxation map analysis (RMA) gave ~a 
and AH. 



A. Bern& et al. / ~~oc~i~ Acta 204 (1992) 69 - 77 71 

Around the glass transition temperature, the various relaxation times 
obey a compensation law 

where the compensation time 7c and the compensation temperature T, are 
constants. In that case, the relaxation times are only defined by one 
parameter, the activation enthalpy, because TV is linked to AH by 

AH 
In TV = In rc - k~ 

c 

So, on a compensation diagram where in TV is plotted versus AH, the 
e~erimental points follo~ng eqn. (5) define a “~mpensation line”. 

A serie of poly(ethylenelterephthalate (PET) films were prepared by 
Rhone-Poulenc for this study. 

The biaxially oriented Terphane@’ (10 pm thick) has 39.5% crystallinity. 
It was produced in a two step-stretching process: the first in the travel 
direction, the second, of greater strain, in the transverse direction. The film 
was then heat-set at 180°C. The biaxially oriented films were compared 
with uniaxially oriented film (50 pm thick and 4% crystalline) obtained 
after the first process in the travel direction. The initial unoriented amor- 
phous PET films (150 pm thick) were also studied as reference material. 

EXPERIMENT RESULTS 

Differential scanning calorimetry 

DSC thermograms of PET films with various levels of molecular orienta- 
tion are shown on Fig. 1. 

The variation of the heat flow dH/dt versus temperature T shows, for 
unoriented PET, the classical manifestation of the glass transition Tg 
around 75”C, the exothermic crystallization peak at 128°C and, finally, the 
endothermic melting peak at 252°C. As shown by curve b, the crystailiza- 
tion temperature is shifted by 40°C towards low temperatures upon uniaxial 
orientation. In the case of the biaxially oriented sample (curve c’), both the 
heat capacity step at Tg and the c~stallization peak display a lower 
intensity than in the uniaxially oriented sample (curve b). This behavior can 
be explained by the high level of crystallinity (39.5%) of the sample. 



dH/‘dt 

Fig. 1. DSC thermograms ok a, unariented PET; b, uniaxiaIly oriented PEF, c, biaxiaIKy 
oriented PET; and cf, a magnification of a part of this thermogram. 

Complex TSC spectra 

Complex TSC spectra of PET films with various levels of molecular 
orientation are shown on Fig, 2, The polarization field was respectively 
2 X 106, 6 X IO6 and 3 x lo7 V m- “; the polarization time was always 2 min 
and the polarization temperature was practically Tg as indicated by the 
arrows on Fig. 2. The TSC peak is situated respectively at 82 f US, 85 f 0.5 
and 100 I): 0.5”C for the reoriented, uniaxially and biaxially oriented PET. 
For clarity, the peak corresponding to b~a~a~~y oriented PET has been 
multiplied by IO. 

Fig. 2. Complex TSC spectra of: i- 1, unoriented PER (-- - -2, uniaxialty oriented 
PET, and (-- - ---I, biaxially oriented PET. 
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Fig. 3. Elementary TSC spectra of unoriented PET recorded after polarization at Tp 
performed in the 40-80°C range with 5°C steps. 

Because these peaks are situated around the glass transition tempera- 
ture, they have been attributed to the dielectric manifestation of the glass 
transition. This hypothesis is consistent with the strong decrease of its 
magnitude in biaxially oriented PET inherent with its relatively high 
crystallinity. Around 5O”C, it is interesting to note the existence of a sub-T, 
relaxation mode. 

Relaxation map analysis 
Using fractional polarizations, the complex TSC spectra were resolved 

into elementary processes. The principle of the fractional polarization 
procedure is as follows. The sample is subjected to the electric field for a 
time (2 min) at a temperature CT,) that allows the polarization of dipolar 
entities with relaxation times T I Ti. Then the temperature is decreased by 

lo*- 

IO - 
‘*?* 

I I 
% 

I I_ 
3.5 3 1000/T(K) 2.5 

Fig. 4. Arrhenius diagram of dielectric relaxation times of unoriented PET. 
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Fig. 5. Compensation diagram of: *, unoriented 
biaxially oriented PET. 

PET; +, uniaxially PET, and A, 

5°C and the field is cut off. The temperature is maintained constant for 
another 2 min to allow for disorientation of the dipoles having a relaxation 
time 7 < 7i, This configuration is frozen and a classical TSC scan shows the 
response of a monokinetic process giving an elementary TSC spectrum. 

Figure 3 shows, as an example, the elementary TSC spectra isolated in 
unoriented PET. The electric field is the same as for the complex spectrum 
and the “temperature window” was 5°C. The value of Tp was varied in 
steps of 5°C in the range 40°C rl Tp I 80°C. It is interesting to note that the 
temperatures of the TSC maxima are shifted, indicating the existence of a 
distribution of relaxation times. Each elemental spectrum was analysed 
and the temperature dependence of the corresponding relaxation times 
were deduced from eqn. (2). Then, the experimental points were plotted on 
an Arrhenius diagram (Fig. 4). By extrapolation, we see that all the 7(T) 
variations converge at a given temperature: they are obeying the compensa- 
tion equation (eqn. (5)). Thus, a compensation line is defined on the 
compensation diagram (Fig. 5). We also report the experimental points 
corresponding to the uniaxially oriented PET and to the biaxially oriented 

TABLE 1 

Values of the compensation parameters 

Sample T, I”0 r, fs) 

Uno~ented PET 87+1 6.2i0.5 
Uni~iaily oriented PET 9111 17 kO.5 
Biaxially oriented PET 115*1 10 kO.5 
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Fig. 6. Normafized complex TSC ofz ( -_), unoriented PET, (--- - -1, ~i~ialIy ori- 
ented PET, and (--- - -_), biaxially oriented PET. 

PET. The values of the compensation parameters obtained for the three 
samples are listed in Table 1. 

DISCUSSION 

A comparison of the transition spectrum with the dielectric relaxation 
spectrum in various samples of PET has shown that the glass transition and 
the corresponding relaxation are very sensitive to molecular orientation. 

Around SO”C, a sub-Tg relaxation mode is observed in all PET samples. 
Figure 2 shows the variation of the magnitude of this mode as a function of 
molecular o~entation. To facilitate this comparison, the TSC spectra 
recorded after polarization at Tg have been normalized; they are repre- 
sented in Fig. 6. It is evident that the magnitude of the sub-T’ mode is 
greatest in the uniaxially oriented PET. 

In fact, we have other evidence of low-temperature molecular mobility in 
this sample: the DSC thermograms (Fig. 1) reveal that the crystallization 
phenomenon observed at 128°C in unoriented PET is shifted to 80°C in 
uniaxially oriented PET. This evolution reveals a significant increase of 
molecular mobility in the vitreous region below Tg. This result has been 
confirmed by other experimental evidence from dilatometry and enthalpic 
measurements f41. Therefore, the magnitude of the sub-T, mode can be 
used for evaluating the inhomogenei~ of a polymer. 

The TSC spectra of PET films (Fig. 2) show that the amorphous phase is 
modified upon molecular orientation. Indeed, this amorphous phase is 
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characterized by a distribution of relaxation times obeying a compensation 
law. The different processes are dependent: at the compensation tempera- 
ture there will be a kind of resonance. For unoriented PET and uniaxially 
oriented PET, T, - Tg = 5”C, while for biaxially oriented PET, T, - Tg = 
15°C. It is interesting to note that this latter value is consistent with those 
obtained for other semi-crystalline polymers such as polypropylene (T, - Tg 
= 33 I_t: 15°C [5] and polyamide CT, - Tg = 28 3: l.S’C> [6] where the crys- 
tallinity rate is about 50%. Therefore, when the crystallinity rate is small, 
the amorphous and crystalline phases are not coupled; when it reaches 
around 40%, the amorphous and crystalline phases become coupled. 

To explain this, the hypothesis of an intermediate biphasic structure of 
the amorphous phase has been proposed. In addition to the “true” amor- 
phous phase, an “ordered” amorphous phase with short-range nematic 
order [7,8] would be induced in uni~ally oriented PET. This would be the 
precursor of the c~stallites in bi~ially oriented PET. The c~tallization 
procedure would be responsible for the coupling between the amorphous 
and crystalline phases. 

As shown in Fig. 5, the magnitude of the compensation phenomenon is 
considerably reduced by crystallinity. According to the model of Hoffman 
et al. [9], the increase in activation enthalpy reflects the increase in the 
length of the mobile sequences. In uniaxially oriented PET, this length 
would be reduced by the ordered amorphous phases; in biaxially oriented 
PET, it would be highly restricted by the crystallites. 

CONCLUSIONS 

A comparative study of the transitions and dielectric relaxations of PET 
has been performed by DSC and TSC in analogous experimental condi- 
tions. In unoriented PET, a “true” amorphous phase with delocalized 
cooperative movements has been characterized. Upon uniaxial orientation, 
an “ordered” amorphous phase appears. After biaxial orientation, this is 
transformed into crystalline domains. At the same time, a restriction of the 
length of the mobile sequences in the true amorphous phase is observed. 
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