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Synopsis 

Thermal analysis has been carried out on polyester (PET) fibers after subjecting them to  
different physical modifications, such as drawing and heat setting. The relationship between 
structure and the various thermal transitions observed in the thermograms of poly(ethy1ene 
terephthalate) has been examined. It has been shown that the endothermic transition near 
the glass transition region and the exothermic transition a t  about 140°C, observed for amor- 
phous PET fibers, may be associated with mesomorphic phase changes. The premelting en- 
dotherm is sensitive to the orientation, crystallite size distribution, and thermal prehistory. 
This transition actually represents melting of smaller crystals and recrystallization into larger 
crystals. Heat of fusion does not always necessarily represent the actual crystallinity, or order 
of the fiber prior to differential scanning calorimetry and may be influenced by several factors. 
The fusion curves give more information regarding crystallite size distribution than crystal- 
linity. 

INTRODUCTION 

The thermal behavior of polymers is known to be characteristic of their 
process history and structural organization. Thermal analysis literature 
concerning polyester (PET) fiber is considerably more extensive than that 
of other f i b e r ~ . l - ~  There is considerable ambiguity in the interpretation of 
the multiple melting behavior observed in PET and other synthetic poly- 
mers. 

Thermal analysis curves of PET generally consist of an endothermic tran- 
sition at about the glass transition, an exothermic transition at  about 140°C 
and a premelting endothermic transition along with a final melting tran- 
sition about the melting temperature. All these transitions are shown to be 
processing and environment dependent.4- l 1  A wide range of views exist 
regarding the nature and origin of these thermal transitions. The endoth- 
ermic transition near the glass transition (T,) was previously ascribed to a 
superheating associated with glass12 and now to a first-order transition13-15 
probably associated with a paracrystalline ordering.14 Hagege6 proposed 
that this endothermic transition may result from the fusion of a meso- 
morphic (nematic) phase for nonfibrous amorphous PET. Ito et a1.16 observed 
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that this endothermic transition is associated with a metastable molecular 
ordering. There are others who ascribe this transition to oriented tie-mol- 
ecules in the noncrystalline matrix of the p01ymer.l~ 

Multiple melting or occurrence of a premelting transition in polymers was 
ascribed to disorientation and melting of oriented crystals,18 melting of 
crystals differing in size and perfect i~n, '~  - "  melting of different morpho- 
logical and a partial melting and recrystallization during the 
DSC.27-50 Recently, i t  was shown that mechanical strains can remove or 
produce the multiple e n d o t h e r m ~ . " . ~ ~  Rebenfeld and co-workers53 showed 
that a hot water washing after a solvent (DMF) treatment of PET fiber can 
produce a characteristic premelting endotherm which is not found in the 
case of unwashed samples. It was also observed that for sufficiently high 
draw ratios, preheat-treated fibers do not show a premelting endotherm. 
Berndt and B ~ s a m a n n ~ ~  also showed that an additional premelting endo- 
therm occurs in the case of preheated dyed polyester fibers a t  a temperature 
characteristic of the dyeing temperature. One may conclude from these 
observations that multiple melting endotherms in the thermograms of dif- 
ferent polymers might have arisen from structures differing in thermal and 
mechanical stability. Understanding the relationship between these mul- 
tiple transitions and their structural causes will have far-reaching impli- 
cations in the context of fiber processing and end uses. 

In this study, differential scanning calorimetry (DSC) results are supple- 
mented by structural data obtained from X-ray diffraction and density meas- 
urement with a hope that the total knowledge will provide a better under- 
standing of the dependence of the melting behavior of PET on its structure- 
modifications affected by various processing conditions, such as drawing, 
heat setting, etc. 

EXPERIMENTAL 

Materials Amorphous (as-spun) polyester has been cold drawn (at room 
temperature) slowly to various extensions. These undrawn and cold-drawn 
fibers were heat set in an  inert (N,) atomosphere at 200°C for 5 minutes. 
Another set of samples was prepared from commercially (hot) drawn poly- 
ester filaments by heat setting them at various temperatures ranging from 
150 to 230°C, for 5 minutes. All the samples were quenched rapidly back 
to room temperature after heat setting. Heat setting was carried out in all 
the cases, both while holding the filament under tension so as not to allow 
any shrinkage and also while completely slack so that filaments shrunk 
freely. 

A Perkin Elmer DSC, Model-2C 
was employed to record the thermograms. Since the thermograms are known 
to be sensitive to the experimental variables, such as the sample mass and 
heating rate, optimum values of these variables were initially determined 
using different combinations of sample sizes and scanning rates. The sample 
size was finally fixed at  5 mg in all cases. 

Figure 1 shows the effect of heating rate on the thermograms of amorphous 
(as-spun) undrawn polyester filaments used in this study. A fast scanning 
rate of 40"Cimin appeared to give better sensitivity, in particular with re- 

Differential Scanning Calorimetry 
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DSC thermograms of as-spun, tow amorphous PET recorded a t  two different heating 

gard to  the glass transition and exothermic transition. The scanning rate 
was therefore fixed at  40"Cimin in all cases. A chart speed of 12 in./min and 
a range sensitivity of 10 m.cal/s were employed. Indium standard was used 
for calibration, as well as for calculation of heat of fusion from the fusion 
curves. The cut fiber samples were accurately weighed (5 mg) using a "Metler" 
balance and placed in aluminium pans which were then crimped prior to  
introduction into the sample holder of the DSC. 

RESULTS AND DISCUSSION 

Thermal Analysis of Cold-Drawn Filaments 

Effect of cold drawing a t  room temperature on the thermal behavior of 
amorphous (as-spun) polyester filaments is shown in Figure 2. The ther- 
mogram of the undrawn fiber shows, with increasing temperature a clear 
glass transition with an endothermic transition superimposed on it, an ex- 
othermic transition a t  about 140°C, and finally a broad melting endotherm 
at 257°C. With increasing drawing extension, both the endothermic peak 
at the glass transition temperature and the exothermic peak a t  140°C tend 
to diminish in amplitude (height) and the glass transition becomes ill de- 
fined. At about a drawing extension of 200% both the endothermic and 
exothermic peaks almost disappear. The same is observeds in the case of 
POY (partially oriented yarns) of PET spun at  different spinning rates. 
Above a particular spinning speed, both these endothermic and exothermic 
transitions are observed to disappear. This was also reported14 to occur when 
the undrawn amorphous fibers are previously heat set a t  about 140°C a t  
which the exotherm in the DSC thermogram appears. The structural causes 
of these two (i.e., endothermic and exothermic) transitions can be better 
understood by combining the observations concerning the effect of drawing 
on the mechanical behavior, density and X-ray diffraction patterns. The 
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Fig. 2. Thermograms of fibers cold drawn to different extensions. 

stress-strain curve of the unoriented amorphous (as-spun) PET filament is 
given in Figure 3. After an  initial steep slope (region OA) the stress-strain 
curve shows a plateau (AB), after the first yield point (at  5% elongation), 
which indicates very high elongation of the material with little or no change 
in applied stress. At about point B a sudden rise in stress occurs and after 
the second yield point C the stress increases almost linearly with increasing 
strain which is indicative of a final reinforcement and stiffening of the 
material. X-ray diffraction patterns taken for extensions falling both in the 
plateau (AB) region and in the linearly increasing stress region (CD) are 
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Fig 4 X-ray diffraction patterns (CuKcu Ni-filtered cylindrical camera, R = 3 cm) of fibers" 
cold drawn to different extension ( a )  tow, as-spun, O % ,  (b)  100%. (c) 200%, (d)  3OO%, (e) 3 5 0 4 ,  
( f )  400% 

shown in Figures 4(a) to (f) .  It can be noted from these that for 100% elon- 
gation which falls in the region AB and for 200% elongation falling just 
above the second yield point C, the diffraction patterns do not show any 
appreciable changes. This means that long-range order is absent for filament 
extensions falling just below and just above the second yield point of the 
stress-strain curve. Density also shows noticeable changes only above a 
drawing extension of 200% (Fig. 5). Hence, it cannot be concluded that the 
stress-induced crystallization can be the cause for the sudden increase in 
the mechanical stability of the filaments observed at about extensions of 
180% (Point B in stress-strain curve). Molecular orientation also cannot be 
the cause of this sudden improvement in mechanical stability of the material 
because molecular orientation is observed54 to increase monotonously from 
small extensions falling in the region AB to high extensions falling in the 
region CD without any discontinuous changes at  any given extension. It 
has also been observed by us34 that the dye uptake also shows a sudden 
decrease at about the same drawing extension a t  which the mechanical 
behavior showed sudden improvement. Considering all these observations 
together, the simultaneous disappearance of both the near glass transition 
endothermic peak and exothermic transition a t  about 104°C by drawing 
above 200% elongation can be ascribed to the formation of a thermodynam- 
ically stable structure5" when the sample is heated above its glass transition 
temperature during the DSC. The structure formed must also be mechan- 
ically stable and resist deformation while its formation should not involve 
any change in X-ray diffraction patterns and density. It is observed by 
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Stuart56 that short-range order, or small crystallites with an edge length of 
lOA, cannot be detected by X-ray diffraction methods. Hearle55 was the first 
to argue in favor of the existence of short-range order in rapidly quenched 
melts of polymers based on thermodynamics principles. Hence, it is possible 
that a mesomorphic order may exist in the rapidly quenched, as-spun PET 
filaments, the extent of which is dependent on the spinning and cooling 
conditions. It is suggested here that this mesophase or paracrystalline order 
may preferably be “nematic” because the material is still extensible, by 
heating up to  the glass transition temperature, these nematic crystals should 
melt which is a prerequisite for the free thermal motion of the molecules. 
This would result in the appearance of an endothermic transition a t  T,. 

When the heating is continued up to 140°C due to the onset of rotations 
of rigid aromatic (terephthalate segments) a more thermodynamically stable 
mesophase, but yet another paracrystalline state of order, namely, the 
“smectic” type results. Figure 6 shows a schematic diagram of these two 
types of paracrystalline order. This isomerization lowers the entropy of the 
system and results in an exothermic transition. From Figure 6 it can also 
be seen that smectic structures are less easily deformable’* and therefore 
mechanically more stable. 

By the application of orientating stress (drawing) the easily deformable 
nematic phase is gradually converted into the less deformable smectic phase 
which will be almost complete after a drawing extension of about 200%. 
Below this extension both the nematic and smectic forms coexist simulta- 
neously, while above this extension only the smectic form exists. This ex- 
plains why the endothermic transition at T, and the exothermic transition 
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Fig. 6. Schematic diagram showing different types of paracrystalline order14 (a) nematic 
and (b) smectic. 

at 140°C gradually diminish with increasing drawing extension and finally 
disappear at about 200% drawing extension. The experimental evidence57 
and theoretical reasoning58 have already been given for the existence of 
these mesophases in the so-called amorphous polymers. 

Thermal Analysis of Drawn and Heat-Set Filaments 

Double melting phenomenon is observed in the thermograms of both un- 
drawn and drawn heat-set filaments. While a premelting endotherm for 
undrawn fibers (Fig. 7) is observed at the same temperature as that of the 
pretreatment temperature, for drawn fibers (Fig. 81, its position and area 
seem to depend upon the drawing extension (orientation). In the latter case, 
this premelting endotherm progressively shifts to higher temperatures, much 
above that of the pretreatment temperature (2OO0C), with increasing draw- 
ing extension. The area under the peak also gradually diminishes as the 
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Fig. 7. Thermograms ofPET fibers undrawn tow and thermal treated at 200°C under tension 
(TQ) and slack CSQ). 

drawing extension increases and the peak finally disappears at very high 
drawing extension. A progressive increase in the crystallite orientation in 
these drawn and heat-set filaments is evident from their X-ray diffraction 
patterns shown in Figures 9(a) to (f). 

For commercial drawn polyester filaments (draw ratio 4.25 x and drawing 
temperature 80°C), this premelting endotherm appears a t  a temperature 
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Fig. 9. X-ray diffraction patterns of fibers as in Figure 4 but after tension heat setting at  
200°C. 

nearly 20°C above the setting temperture for all different setting temper- 
atures as shown in Figure 10. The area under this endotherm shows neg- 
ligible dependence on the setting temperature, while the area under the 
main melting peak (T,) increases with increasing setting temperature. The 
area under the main melting peak is also shown (Fig. 8 )  to  increase with 
increasing drawing extension. There are two different observations often 
found in literature regarding the mutual relationship of the premelting and 
main-melting endotherms. In one case,41.42.52 similar to  the present obser- 
vations, no mutual relationship in positions of peaks and areas under these 
two peaks have been observed. While in the other4.24.25.31.32.48.53.55 there is 
a definite mutual reciprocal relationship noted between the position of and 
areas under, the premelting and main-melting peaks. However, the differ- 
ence in these two cases lies in the range of temperatures and time employed 
during pretreatment of the samples. When the annealing temperatures are 
very high, close to the melting temperature, and for very long annealing 
times, a mutual reciprocal relationship between these two peak positions 
and areas does exist. When the annealing or pretreatment temperatures 
are low and the time of treatment short, as is the case in normal industrial 
practice there is no mutual relationship between these two peak positions 
and areasz9 and the position of the premelting endotherm is truely char- 
acteristic of the pretreatment temperature alone. 

Hence, from the observation that the area under and position of the peak 
are dependent on sample orientation history (drawing extension) and ther- 
mal history (heat-setting temperature) it is more appropriate to  explain the 
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occurrence of the premelting endotherm as due to  the melting of small and 
imperfect crystals with a broad crystallite size distribution followed by the 
growth of large and more perfect crystals with a narrow distribution of 
crystallite dimensions. The dependence of the premelting peak position and 
its area on sample orientation (drawing extensions) is a diret consequence 
of the entropy restrictions51 on melting crystals due to  the increased frozen- 
in stresses in the noncrystalline regions. For very high orientations all 
crystals melt within the main melting range53 and therefore no premelting 
endotherm should occur. 

Heats of Fusion 

Heats of fusion are generally considered as measures of crystallinity in 
polymers. A comparison of the dependence of heat of fusion on preorientation 
and prethermal history with the corresponding crystallinity data from X- 
ray diffraction and density data lead us to  believe that the heats of fusion 
represent closely the crystallinities within the sample only when orientation 
prehistory is the same for all of them. 

When the draw ratio is fixed, such as the case with the commercial sample 
( 4 . 2 5 ~ )  the heats of fusion varied with the setting temperature (Fig. 11) in 
a similar way to the crystallinities measured from X-ray diffraction and 
density data.54 In samples with different orientations (drawing extensions), 
although the heats of fusion (Fig. 12) vary in a similar way as the density 
values (Fig. 5), it should be noted that drawn heat-set filaments show higher 
heats of fusion than those of the untreated drawn filaments, whereas the 
reverse is true with the density values and crystallinities as measured by 
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Heat of fusion (vs.)  heat-setting temperature. 

X-ray diffraction methods.54 It was also noted that the drawn heat-set sam- 
ples have higher crystallinity than the drawn untreated samples. This des- 
crepancy is easily explained, based on the fact that  the fusion curve rep- 
resents the structural state of the material after it is subjected to a programmed 
heating during the DSC. If the initial structure is noncrystalline but ori- 
ented, such as the case with the cold drawn but untreated filaments, con- 
siderable reorganization of the structure takes place during DSC and the 
fusion curve represents only this reorganized structural state rather than 
the initial one. For previously heat-set fibers, which are crystalline to some 
extent, the high thermal stability of the structures resist reorganization for 
most of the DSC heating program and the final melting curve more or less 
represents the initial structural state prior to DSC. 

It is also noted that the heat of fusion of undrawn heat-set filaments are 
lower than those of drawn heat-set filaments which is again contrary to the 
trend shown in crystallinities as measured from X-ray diffraction and den- 
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a NOT HEAT SET 
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Fig. 12. Heat of fusion (vs.) drawing extension (%). 
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sity data.54 The crystallinities measured by X-ray diffraction and density 
data are always higher for the undrawn heat-set filaments compared to 
those of drawn heat-set filaments. An explanation for this is that the fusion 
curves are sensitive to  the crystallite orientation and size distribution which 
will largely influence the area under the fusion curve. 

Crystallite size distribution in the undrawn heat-set and drawn heat-set 
fibers has been examined using X-ray equatorial diffraction measure- 
m e n t ~ . ~ ~  It has been noted that the heat-set undrawn fibers are highly 
crystalline but have a very broad distribution of small crystals, while the 
heat-set drawn fibers are comparatively less crystalline but have a very 
narrow distribution of large crystals. This is exactly reflected in the fusion 
curves in the corresponding thermograms. A broad melting range for un- 
drawn heat-set fibers (Fig. 7 )  and a narrow melting range for drawn heat- 
set fibers (Figs. 8 and 10) can be noted from the thermograms. In the former 
case, melting occurs over a fairly wide range of temperatures and areas 
under the peak do not truly reflect the extent of crystallinity within the 
sample. 

SUMMARY 

There is considerable experimental evidence, both from the results ob- 
tained here and reported elsewhere,6, 13-  l8 that the endothermic transition 
near the glass transition temperature may be associated with the melting 
of a nematic type mesophase. 

The premelting endotherm, appearing in the thermogram of thermally 
treated polyester materials, is influenced by preorientation, crystallite size, 
and the distribution of crystallite dimensions, and acutally represents the 
melting of smaller or imperfect crystals in favor of the formation of larger 
and more perfect crystals. 

The fusion curves provide more valid information on the distribution of 
crystallite dimensions present, as well as average crystallite size, than on 
the total crystallinity content. For highly oriented crystalline polymers the 
heat of fusion may perhaps represent the true crystallinity. 

The authors wish to thank Dr. T. Radhakrishnan, Director of ATIRA for permitting this 
work to be published. One of us (M. V. S. Rao) is also indebted to the Council of Scientific and 
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