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SUMMARY 

The thermal crystallization from the glassy state of different samples of 
Poly(ethyleneterephthalate) (PET) was investigated with different techniques, such as 
infrared and x-ray analysis and polarized optical microscopy. 
The different samples of PET were obtained by ageing the glassy PET films at room 
temperature and at 60~ the behaviour of these films was compared with that of  the fresh 
sample, put at the crystallization temperature as soon as prepared. 
The temperature of crystallization was 120~ 
All the techniques, investigated to follow the crystallization phenomenon, show that the 
fresh sample crystallizes with longer times than the others. 
This result was correlated with the initial structural organization of the glassy amorphous 
films. 
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INTRODUCTION 

The thermal crystallization from the glassy state is important for theoretical, as well as for 
technological reasons (1-6). It can be an easier way for obtaining and studying polymeric 
materials that crystallize slowly and with difficulty from the melt; on the other hand the 
crystallization behaviour can help clarify many structural aspects of the starting amorphous 
films. In fact the kinetics of crystallization and the final structure of the material can be 
influenced by the initial organization of the amorphous polymer. 
Poly(ethyleneterephthalate) (PET) is one of the most commercially important polyesters. 
Several authors have investigated its crystallization from the glassy state (7-13) but many 
aspects have not yet been fully clarified. PET, below its glass transition temperature, like 
other polymers, undergoes a phenomenon of physical ageing involving changes of its 
physical properties, and influencing its performance and lifetime (14-19). 
Previous studies from our laboratory have shown the influence that cooling conditions and 
ageing temperatures and times have on the transport properties of  dichloromethane 
vapours in several glassy polymers (20-24). We found that in glassy films of  PET the 
physical ageing at different temperatures influenced either the diffusional behaviour, which 
is strictly correlated with the chain mobility, or the solvent-induced crystallization. 
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Moreover,  in the amorphous samples, the ageing at 60~ reduced the sorption o f  vapour 
at low activity; we interpreted this phenomenon as due to the presence o f  ordered domains 
impermeable to the penetrant. At higher activities they became permeable and, in fact, a 
transition in the sorption curve was observed (25). 

In the present paper we analyse the thermal crystallization induced in amorphous glassy 
films o f  PET obtained in different ageing conditions, in order to investigate the effects of  
the initial structural organization on the kinetics o f  the process. 

E X P E R I M E N T A L  

Pellets o f  PET of  intrinsic viscosity 0.84 dL/g were kindly supplied by Montefibre S.p.A. 
(Italy). Glassy amorphous films were obtained by moulding the pellets, in a hot press, at 
290~ into a film shape 0.05 mm thick, and rapidly quenching to 0~ in ice water. 
The crystallization phenomenon was followed at 120~ on the film as soon as obtained 
(sample Q0), after I month at room temperature (sample Q25), and after 1 month at 60~ 
(sample Q60). 
Infrared spectra were detected at room temperature by using a IFS66 FTIR 
spectrophotometer,  collecting for each sample 32 scans. The resolution was 2 cm -1. 
Wide angle x-ray diffractograms (WAXD) were obtained by using a PW 1710 Philips 
powder  diffractometer (Cu kct - Ni filtered radiation). The scan rate was 8~ -1 . 
The three films were kept for successive periods o f  annealing times at 120~ atter each 
interval o f  time, the infrared spectrum and the x-ray diffraction pattern were obtained in 
order to follow the crystallization phenomenon. 
Samples Q0, Q25 and Q60, all of  thickness 50 p,m, were put into a Jenapol polarizing 
microscope, equipped with a photomonitor that makes it possible to quantitatively 
determine the brightness o f  the viewing field. The temperature was adjusted at 120~ and 
the transmitted intensity was detected as a function o f  time. It was then reported as 
I r = ( I t - Io ) / ( I f - Io ) ,  where I t , I o and If  are the intensities trasmitted at time t ,  at the 
beginning and at the end o f  the experiment respectively. 

R E S U L T S  A N D  DISCUSSION 

Infrared analysis 
The crystallization kinetics were studied annealing the quenched amorphous films for 
different times at a temperature of  120~ The crystalline phase is characterized by chains 
in zig-zag planar conformation. 
The infrared analysis is based on the presence in the spectra o f  many bands whose intensity 
increases on increasing the regular conformation o f  the chains. We followed, for the three 
samples, the increase o f  the conformational band at 973 cm -1 as function o f  annealing 
time. 
This band, very sensitive to the development o f  order  in the polymer, is associated with 
the trans conformation of  the O-C-C-O group along the PET chain. Using the band at 
1578 cm -1, insensitive to the development o f  crystallinity, as an internal reference band, it 
was possible to define the crystallinity o f  PET from FTIR spectra (12). Since the 973 cm -l  
band is related to the ordered conformation o f  the chains, we prefer to report the ratio R = 
A973/AI578, as an index of  the order developed during the annealing. 
In Fig. 1 we report  the R index as a function o f  annealing time at 120~ for the three 
samples. 
We  observe that there is a significant difference in the increase o f  R with the time, for the 
three samples: sample Q0 shows the slower increase o f  the R parameter, reaching a 
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plateau value after 20 min, whereas 10 min and 5 min are needed for sample Q60 and Q25 
respectively. It is worth noting the particular behaviour of the curves in this first stage. In 
fact, a very rapid initial increase, from I{--0.3 to 1{--0.53, completed in 1 minute, is 
observable for all the samples. At~erwards the primary stage starts preceded by a plateau 
of  c, onatant value of  the R parameter, that, in the case of sample QO shows the duration of  
5 minutes. A possible explanation could he the formation of a local non crystalline 
molecular order, into the amorphous material obtained in the first minute. This hypothesis 
is in agreement with studies led through the "microhardness" technique in which liquid- 
liquid transitions dependent on time and temperature of ageing, are shown during the first 
gages of  the thermal crystallization of PET (13). 
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Fig. ! 
The infrared parameter R (A973/AI578) as a function 
of  the annealing time at 120~ 
for the samples QO ( �9 ), Q25 (&)  and Q60 (11). 
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X-ray analysis 
The crystallization kinetics of samples Qo, Q25 and Q60 were also analyzed through the 
x-ray technique. 
From diffi'action patterns (WAXD) of the PET films annealed at 120~ for different times, 
we can obtain the crystallinity as the ratio of the crystalline peaks area (subtracting the 
amorphous contribution) over the total diffraction area, according to a widely diffused 
method (26). In Fig.2 we report the increase of the crystalline order, Xc, as a function of 
annealing time. Up to 20 minutes it is possible to observe more clearly the different 
behaviour of the three samples. 
In fact, whereas for sample Q25, the process of crystallization starts at 90 seconds, we 
must wait until 3 min and 5 min, for obtaining an observable crystallinity in samples Q60 
and Q0 respectively. 
Also this technique gives the information that the fresh sample Q0 crystallizes much more 
slowly than the aged samples 
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Fig. 2 
The x-ray crystallinity Xc as a function 
of the annealing time at 120~ 
for the samples Q0 (O), Q25 ( a )  and Q60 ( l l )  
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Optical wJalysis 
The crystallization process can be followed in the optical microscope, putting the samples 
of PET at 120~ and detecting the transmitted intensity of the polarized light through 
them. 
At the beginning of  the experiment, the amorphous samples are dark; when the 
crystallization starts the transmission of light is due to the formation of  bircfringent 
ordered zones, and therefore it can be correlated with the crystallization phenomenon. 
In Fig3 we report the reduced transmitted intensity, lr, as a function of  time. Also with 
this technique we observe different kinetics of crystallization for the three samples: the 
fastest for the sample Q25, intermediate for the sample Q60, and the slowest in the case of 
sample QO. 
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Fig. 3 
The reduced transmitted intensity lr as a function 
of  the annealing timeat 120~ 
for the samples QO ( e ) ,  Q25 (A)  and Q60 ( I ) .  
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It is possible to compare the influence of the structural organization of the three starting 
samples on the kinetics of crystallization, from Figs. 1, 2 and 3. We observe that, with all 
the techniques, sample Q25, aged at room temperature for 1 month, shows the fastest 
crystallization; instead, sample Qo, put at crystallization temperature as soon as prepared, 
crystallizes more slowly. Intermediate behaviour, but nearer to sample Q25 is shown by 
sample Q60, annealed at 60~ for 1 month. 
On the basis of  the transport properties, in the amorphous samples of PET annealed at 
60~ we hypothesized the presence of "ordered domains", of  dimension such as to be 
impermeable to the penetrant vapour at low activity. Moreover the process of solvent 
induced crystallization was delayed in the fresh sample, therefore we concluded that the 
presence of  these domains in the aged samples favoured the crystallization process (25). 
The present results, regarding the effects of ageing in different conditions on the thermal 
crystallization rate, lead us to the conclusion that also in the thermal crystallization these 
domains, constitute possible nuclei of crystallization that favour the process. 
The absence of  these "more organized zones" delayes in the fresh sample the 
crystallization, as all the techniques clearly show. 

CONCLUSIONS 

We have investigated the crystallization process from the glassy state of three samples of 
Poly(ethyleneterephthalate), aged at different temperatures for different times. 
According to previous results (25), the three samples analyzed have a different structural 
organization. The different structural organization is reflected in different crystallization 
kinetics at 120~ the sample crystallized as soon as prepared shows the slowest kinetics, 
whereas the fastest is shown by the sample aged at 25~ This result leads to the 
conclusion that the possible presence of "ordered domains" in the aged sample favours the 
crystallization at 120~ because these domains constitute nuclei of  crystallization. 

REFERENCES 

1. Geil P H (1973) Polymer single crystals. John Wiley & Sons Inc., New York 
2. Mandelkern L (1964) Crystallization of Polymers. McGraw-Hill, New York 
3. Hsu C C, Geil P H, Miyaji H, Asai K (1986) J Polym Sci Part B: Polym 

Phys 24:2379 
4. Fielding-Russel G S, Pillai P S (1970) Makromol Chem 135:263 
5. Grubb D T, Yoon D Y (1986) Polym Commun 27:84 
6. Van Antwerpen F, Van Krevelen D W (1972) J Polym Sci Part A-2 10:2409 
7. Keller A, Lester G Ik Morgan L B, Hartley F D, Lord E W (1954) Phil. Trans. 
R. Soc. A247:1 
8. Zachmann H G, Stuart H A (1960) Makromol Chem 41 : 131 
9. Groeninckx G, Berghmans H, Overbergh N (1970) J Polym Sci Phys Ed. 12: 

303 
10. Fischer E W, Fakirov S (1976) J Materials Sci 11:1041 
11. Gunter G, Zachmann H (1983) Polymer 24:1008 
12. Aharoni S M, Sharma R K, Szobota J S, Vernick D A (1983) J Appl Polym 

Sci 28:2177 
13. Balta' Calleja F J, Santa Cruz C, Asano T (1993) J Polym Sci Part B: Polym 

Phys 31 : 557 
14. Struik L C E (1978) Physical ageing in amorphous polymers and other materials. 

Elsevier, Amsterdam 



585 

15, Haward R N (1973) The physics of glassy polymers. Appl. Sci. Publ. Ltd., 
London 

16. Chai C K, McCrum N G (1980) Polymer 21:706 
17. Siegmann A, Kenig S (1986) J Mater Sci 5:1213 
18. Kapur S, Rogers C E (1972) J Polym Sci Phys. Ed., 10:2107 
19. Baum J S, Schultz J M (1981) J Appl Polym Sci 26:1579 
20. Vittoria V, Ruvolo A (1992) J Appl Polym Sci 44:2127 
21. Vittoria V, Ruvolo A (1993) J Appl Polym Sci 49:247 
22. Vittoria V, Ruvolo A (1993) J Appl Polym Sci. 49:257 
23. Vittoria V, Russo IL Ruvolo A (1993) J Macromol Sci Phys B32:327 
24. Michele A, Vittoria V (1993) Polymer 34:1898 
25. Bove L, D'Aniello C, Gorrasi G, Guadagno L, Vittoria V (1996) J Appl Polym 

Sci 62:1035 
26. Alexander L E (1969) X-ray diffraction methods in polymer science. J Wiley & 

Sons 


