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Linear Polyesters * 
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Introduction 

In  the approximate order of increasing tem- 
perature, four transitions may take place in sat- 
urated linear polyesters: glass transition, “cold” 
crystallization, premelt crystallization, and melting. 
Glass transition, which involves the onset of motion 
of short segments of chains in the amorphous re- 
gion of the polymer, has been studied by dilatom- 
‘etry, nuclear magnetic resonance,2 dynamic me- 
chanical measurements,* and ~alorimetry.~ In cold 
crystallization, segments of neighboring chains 
in the amorphous portion crystallize above the 
glass-transition temperature but far below the 
melting temperature; this phenomenon has been 
observed in density measurements,’ infrared spec- 
trophotometry,5 and ~alorimetry.~ Premelt crys- 
tallization occurs a t  temperatures near but below 
the melting point. Melting is a first-order crystal- 
lineamorphous transition; the transition tempera- 
ture and the accompanying heat effect define the 
chemical composition and crystallinity of the poly- 
ester. 

Because most transitions occurring in polyesters, 
like those in other semicrystqlline polymer~,~J 
are accompanied by a heat effect, they should be 
amenable to study by differentia] thermal analysis. 
Recent have indicated this possibility, 
but comprehensive studies have not been reported. 

Polyethylene terephthalate- the commonest and 
most important commercial polyester-and several 
modifications of i t  have now been systematicallv 
nvestigated by differential thermal analysis. The 
influence of chemical structure on physical prop- 
erties was studied by using structurally modified 
polyesters containing different acid and glycol 
monomers. Thermally and mechanirally treated 

* Presented in part at the 139th National Meeting of the 
American Chemical Society, St. Louis, Missouri, March 
23, 1961. 

polyesters were studied to determine the effects 
of such treatments on the transition. 

Experimental 

Polyethylene terephthalate and other polyesters 
were prepared by transesterification between the 
respective methyl esters and glycols. Quenched 
samples were obtained by extruding the polymer 
melt into cold water. The polyethylene tereph- 
thalate sample had an intrinsic viscosity of 0.53 
in a 2 :3 trich1oroethane:phenol mixture at  25OC., 
corresponding to a number-average molecular 
weight of 12,000.11 Other polyesters studied had 
similar molecular weights. One copolymer, poly- 
ethylene/diethylene terephthalate, contained ether 
linkages resulting from dehydration between the 
ethylene gIycol molecules. Four copolymers con- 
tained eithei a second acid or a second alcohol as 
comonomer (Table I). 

TABLE I 

Acid 1 Acid 2 Alcohol 1 Alcohol 2 

Terephthalic - Ethylene 1,3-Cyclo- 
glycol hexylene 

Terephthalic - Ethylene 1,4Cyclo- 
glycol hexylene 

dimethanol 

dimethanol 
Terephthalic Isophthalic Ethylene - 

Terephthalic Isophthalic Ethylene - 
(90 mole-’%) (10 mole-%) glycol 

(60 mole-%) (40 mole-%) glycol 

Commercial polyethylene terephthalate, in mono- 
filament form represented by Dacron and in film 
form represented by Mylar, was studied to deter- 
mine the effects of thermal and mechanical treat- 
ments they received during fabrication. The 
Mylar film was 0.005 in. thick and had been bi- 
axially stretched. In the newly commercialized 
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polyester (Eastman Kodel) besides being a melt- 
spun fiber, the ethylene glycol has been replaced by 
1,4-~yclohexylene dimethanol. 

The thermograms for the quenched materials 
were measured on 0.2 g. powdered samples placed 
in glass cells heated in a metal block.' The Mylar 
film was cut into strips 1 in. wide and wrapped 
around the thermocouple. All thermograms were 
obtained at  a heating rate of 2"C./min. Annealed 
samples were obtained by heating the quenched 
material directly in the cell 1O-2O0C. above the 
melting point and then cooling at 0.5°C./min. 
The thermograms for the annealed materials were 
then obtained simply by reheating through a 
second cycle. 

Effects of Composition 

Transitions that quenched and annealed poly- 
ethylene terephthalate undergo are shown in Yg '1 ure 
1. The differences in the thermograms reflect 
different changes in crystallinity of the quenched 
and annealed materials as temperature is raised. 

In the thermogram for the quenched material, 
the deflection near 70°C. represents glass transition. 
Cold crystallization starts at  100°C., the minimum 
crystallization temperature. Crystallization rate 
reaches a maximum a t  the peak temperature of 
125OC. Premelt crystallization gives a peak a t  
220°C. The thermogram shows that melting 
begins at slightly above 250OC. The temperature 
of the melting peak is usually taken as the melting 
point of the polymer; the indicated 265OC. is 
identical with the literature value.12 Transition 
temperatures and the development of crystallinity 
in polyethylene terephthalate with temperature 

have recently been studied by x-ray diffra~tion;'~ 
the results agree well with those estimated from the 
present thermogram. 

Because the area under a thermogram peak is 
directly proportional to the amount of heat ac- 
companying the transition, the heats of transition 
can be estimated by straightforward calibration 
with a reference material.6 Such heats of transi- 
tion are for cold crystallization, 7.9 cal./g.; for 
pre-melt crystallization, 6.4 cal./g. ; for fusion, 
14.0 cal./g. Because the sum of the heats of the 
two crystallizations almost equals the heat of fusion, 
the original material can be judged as totally 
amorphous. 

In the thermogram for the annealed material, 
the glass transition near 70°C. is barely perceptible, 
and both crystallization peaks are missing. The 
flattening of the glass-transition deflection is ex- 
pected, because the crystalline portion would im- 
pose strain on the amorphous segments. The 
annealed polymer displays a sharper melting peak 
and shows a larger heat of fusion, 16.7 cal./g., 
corresponding to a greater amount of crystallinity 
developed during annealing. A measured density 
of 1.41 g./cc. corresponds to 60% crystallinity.6 
The calculated true heat of fusion is therefore 
16.7/0.60 or 27.8 cal./g. 

Incorporation of a longer glycol unit into the 
chain of polyethylene/diethylene terephthalate 
markedly changes the thermogram. Thermograms 
for the quenched and annealed polyethylene/- 
diethylene terephthalate are shown in Figure 2. 
The deflection corresponding to glass transition is 
much greater than that for the totally amorphous 
homopolymer and occurs at  a slightly lower tem- 
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Fig. 1. Thermograms of polyethylcne terephthalxtr. 
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Fig. 2. Thermograms of polyethilene/diethylene tereph- 
thalate. 
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Fig. 3. Thermograme of copolyesters of polyethylene tereph- 
thalate. 

perature. Cold crystallization also starts a few 
degrees lower; premelt crystallization starts 2OOC.  
lower. Melting begins 4OOC. lower, at  21loC., and 
the melting point is nearly 3OOC. lower. Again, 
the corresponding annealed material yielded only 
a melting peak. 

The change in both glass transition and melting 
behavior can be attributed to the presence of the 

larger glycol molecule. The extra length and t.he 
ether linkages of diethylene glycol would, respec- 
tively, decrease the effective number of tereph- 
thalate units in the polymer molecule and make the 
chain more flexible. Consequently, reduced inter- 
molecular forces lead to lower transition tempera- 
tures. 

Thermograms for the quenched copolymers con- 
taining 10 mole-yo of 1,3- and 1,4-~yclohexylene 
dimethanol and 10 and 40 mole-yo isophthalic acid 
are shown in Figure 3. The thermograms for the 
first three copolymers show similar deflections near 
60OC. corresponding to glass transition. The 
peaks for cold and premelt crystallizations are also 
similar, except for the copolymer containing 10 
mole-yo isophthalic acid, in which the melting peak 
almost overlaps the broad peak of premelt crystal- 
lization; both the broadness and the high tempera- 
ture of this peak may be attributed to steric 
hindrance imposed by the asymmetric isophthalic 
units. With the copolymer containing 40 mole-yo 
isophthalic acid, no crystallization or melting transi- 
tion occurs above the glass-transition temperature; 
the large deflection due to glass transition reflects 
reduced chain stiffness resulting from replacing 
almost half of the para phenylene units by meta 
structures. 

From the peak areas in the thermograms of the 
first three copolymers, the initial quenched ma- 
terial can again be judged to be totally amorphous. 
However, crystallinity was developed in these 
copolymers upon heating. The copolymer con- 
taining 40 mole-yo isophthalic acid did not crystal- 
lize, even on very slow annealing. Isophthalate 
homopolymers soften at very low temperatures and 
do not crystallize.14 It is reasonable to expect that 
a high isophthalate content in a polyterephthalate 
could make crystallization equally difficult, be- 
cause greater irregularity is present in the co- 
polymer chain. 

Effects of Mechanical and Thermal History 
The thermograms of commercial polyethylene 

terephthalate monofilament (Dacron) and film 
(Mylar) are shown in Figure 4. The monofilament 
has developed a high degree of crystallinity and 
some orientation as a result of melt spinning and 
drawing. Although a small deflection occurs in 
the 6!3-10O0C. region, the glass transition can not 
be measured with certainty. The crystallization 
peaks are absent, and a melting peak occurs at  
260OC. The thermogram of Mylar film is similar 
to that of Dacron. The lower base line before 
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Fix. 4. Thermograms of commercial polyethylene terephthalat,e monofila~nent (Dacron) and film (Mylar). 
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Fig. 5. Thermograms of polycyclohexylenedimethylene terephthalate (Kodel) fiber. 

the melting peak may be attributed to the poorer 
contact likely with film wrapped around the ther- 
mocouple. Plane orientation resulting from biaxial 
stretching did not produce any noticeable change 
on the melting transition, perhaps the change is so 
small or so close to the melting peak that it was 
masked. However, in oriented nylon 66 fibers, 
an extra peak has been observed a few degrees 
below the melting point;15 this was attributed to 
disorientation. 

Thermograms of commercial poly-l,4-cyclo- 
hexylenedimethylene terephthalate (Kodel) fiber 
are shown in Figure 5 .  Kodel fiber has a thermo- 
gram with a melting peak a t  299"C., which agrees 
with the recently reported melting point of 2 W  
295OC.I6 When the Kodel melt was severely 
quenched a t  -80°C. and reexamined, the thermo- 

gram displayed two broad humps. The first region 
is small and spans from 90 to 110°C. This de- 
flection may be due to glass transition or to cold 
crystallization. The much larger exothermic hump 
a t  14O-21O0C. suggests that cold crystallization 
occurs with difficulty in this polyester---possibly 
because of chain stiffness, which has been deduced 
in a recent study of solution properties of these 
polyesters.17 The quenched material melts almost 
10°C. lower than the crystalline fibers. 

Conclusion 
The effect of composition of polyesters can be 

detected from changes in the thermograms, be- 
cause a composition change alters either the spatial 
relationship or the intermolecular forces. The 
thermal and/or mechanical history of a polyester 
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can be easily detected by differential thermal analy- 
sis, as crystallinity of a polymer is largely controlled 
by these treatments. The course of crystalliza- 
tion of a totally amorphous polyester can be 
followed continuously by differential thermal analy- 
sis. 

The author wishes to thank Dr. A. R. McKinney for pre- 
paring most of the samples used in this study. 

References 

1. Kolb, H. J., and E. F. Izard, J. Appl .  Phys., 20, 

2. Wilson, C. W., and G. E. Pake, J .  C h m .  Phys., 27, 

3. Thompson, A. B., and D. W. Woods, Trans. Faraday 

4. Smith, C. W., and M. Dole, J. Polymer Sci., 20, 

5. Cobbs, W. H., Jr., and R. L. Burton, J .  Polymer Sci., 

6. Ke, B., J .  Polymer Sci., 42, 15 (1960). 
7. Ke, B.,infErgcnne Analysis, V d .  4, John Mitchell, 

Jr., et  al., Eds., Interscience, New York, 1960. 
8. Coste, J., Ind. plastique mod. (Paris), 9, No. 4, 37 

(1957). 
9. Scott, N. D., Polymer, 1, 114 (1960). 

471, 546 (1949). 

115 (1957). 

SOC., 52, 1383 (1956). 

37 (1956). 

10,275 (1953). 

10. Schwenker, R. F., Jr., and L. R. Beck, Jr., Textile 

11. Conk, A., Makromol. Chem., 26,226 (1958). 
12. Edgar, 0. B., and E. Ellery, J .  Chem. Soc., 1952, 

13. Kilian, H. G., H. Halboth, and E. Jenckel, Kolloid-Z., 

14. Hill, R., and E. E. Walker, J. Polymer Sci., 3 ,  619 

15. Ke, B., J. Polymer Sci., 50,87 (1961). 
16. Martin, E. V., Modern Textile Mag., 40,43 (1959). 
17. Moore, L. D., paper presented at the 137th National 

Research J . ,  30, 624 (1960). 

2633. 

172,166 (1960). 

(1948). 

Meeting of the American Chemical Society, Cleveland, 
Ohio, April 1960. 

Synopsis 
Glass transition, cold crystallization, premelt crystalliza- 

tion, and melting in polyethylene terephthalate and copoly- 
esters have been studied by differential thermal analysis. 
The transitions are affected by changing the chemical com- 
position of the polyesters through replacing one monomer 
partially or completely with a different monomer. Quench- 
ing, annealing, and/or drawing, which render different 
degrees of crystallinity to a polyester, can also be detected 
directly from the thermograms. 

R6sumQ 
On a ktudik par analyse thermique diffkrentielle la transi- 

tion vitreuse, la cristallisation froid et  la cristallisation 
aprbs pr&fusion, e t  la fusion dans le cas du tkr6phtalate 
de poly6thylbne et  des copolyesters. Les transitions sont 
affectkes par un changement dans la composition chimiques 
des polyesters lorsqu’on remplace partiellement ou complbte- 
ment un monomere par un monombre diffkrent. A partir 
des thermogrammes, on peut aussi dktecter directement 
les refroidissements brutaux, les recuites, et/ou les Ctire- 
ments qui confbrent tous B un polyester des degrks de 
cristallinitk diff6rents. 

Zusammenfassung 
Glasumwandlung, Kristallisation in der Kiilte und unter- 

halb des Schmelzpunkts sowie Schmelzen wurde an Poly- 
iithylenterephthalat und Copolyestern durch Differential- 
thermoanalyse untersucht. Die Umwandlungen werden 
durch Xnderung der chemischen Zusammensetzung der 
Polyester durch partiellen oder vollkommenen Ersatz 
eines Monomeren durch ein anderes Monomeres beeinflusst. 
Abschrecken, Tempern und Reckung, wodurch einem Poly- 
ester verschiedene Kristallinitatsgrade verliehen werden, 
kann ebenfalls direkt aus den Thermogrammen erkannt 
werden. 
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