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Abstract: Structural changes occurring during crystallization of quenched 
amorphous poly(ethylene terephthalate) (PET) and subsequent cooling/heat- 
ing cycles have been studied by real-time small-angle x-ray scattering (SAXS), 
using synchrotron radiation. Initial crystallization is found to occur by inser- 
tion of new lameltae between the existing ones, while rapid continuous 
melting/recrystallization happens when the cold-crystallized PET samples are 
heated above the previous highest annealing temperature. Such metting/recrys- 
tallization results in irreversible increases in the lamellar long period, the crystal 
thickness and the density difference between the crystalline and amorphous 
regions; in contrast, at temperatures below the prior highest crystallization 
temperature, the structural changes are dominated by reversible effects such as 
thermal expansion. However, throughout the entire temperature range up to 
the melting point around 250 ~ the crystal core thickness remains quite small, 
less than ca. 50 A, and the linear crystallinity of lamellar stacks remains nearly 
constant around 0.3. Such a low crystallinity indicates the presence of thick 
order-disorder interfacial layers on the lamellar surface, whose thickness in- 
creases with temperature. 

Key words: Poly(ethylene terephthalate) - lamellar morphology - melting- 
recrystallization - annealing 

Introduction 

The morphology of semi-crystalline polymers is 
known to depend on their thermal history. In this 
respect, understanding the evolution of the struc- 
ture due to any thermal treatment performed after 
the crystallization is of practical and fundamental 
importance, in order to properly interpret data 
from thermal analyses (differential scanning 
calorimetry (DSC), dielectric and mechanical 
spectroscopies, etc.) as well as to optimize pro- 
cessing conditions. It is also a prerequisite to the 
scientific understanding of the crystallization of 
polymers in general. 

In a previous paper [1], an extensive structural 
characterization was presented on the crystalliza- 

tion and subsequent thermal evolution of cold- 
crystallized poly(ether-ether-ketone) (PEEK) and 
of its blends with poly(ether imide), by means of 
small-angle and wide-angle x-ray scattering 
measurements performed in real time using syn- 
chrotron radiation. It was shown that isothermal 
crystallization from the glass proceeds by an in- 
sertion mechanism whereby lamellae of almost 
identical thicknesses are progressively inserted be- 
tween existing lamellae. Samples crystallized or 
annealed at T c underwent a melting-recrystalli- 
zation process when heated above T~. This pro- 
cess is characterized by an irreversible increase of 
the crystal thickness, of the distance between the 
crystals, and of the perfection and average density 
of the crystals. When the polymer is cooled below 
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To, the structural parameters change reversibly. 
This results from thermal expansion and revers- 
ible variations of strains in the crystals. Some of 
these observations were in agreement with pre- 
vious real-time studies performed on cold-crystal- 
lized PEEK or other aromatic polymers [2-8-1. 
For instance, the existence of a melting-recrystal- 
lization mechanism has been shown by Gehrke et 
al. [4] for cold-crystallized poly(ethylene tere- 
phthalate) (PET), in agreement with the usual 
interpretations of the DSC scans of such samples 
[9, 10]. The insertion mechanism occurring du- 
ring the crystallization of aromatic polymers has 
also been supported by others [2, 3, 5-7]. 

The aim of the present paper is to investigate 
whether the conclusions drawn for PEEK are also 
applicable for another aromatic polymer, PET. 
This would lend some credence to the idea that 
the crystallization and subsequent structural 
evolution of aromatic polymers are governed by 
identical mechanisms. Hence, cyclic heating/ 
cooling experiments, similar to those previously 
performed on PEEK [1], have been carried out 
on PET, while recording the small-angle x-ray 
scattering (SAXS) of the sample in real time. The 
main focus of the study will thus be on the 
structural evolution that follows initial crystal- 
lization, rather than on the initial crystallization 
itself. 

Experimental 

Materials 

The PET powder was obtained from Polysci- 
ences, Inc. The molecular masses were determined 
by size-exclusion chromatography to be 9800 for 
number average M, and 19 900 for weight average 
Mw, respectively. The powder was compression- 
molded at 280 ~ for 10 min to obtain ,-~ 400 #m 
thick films. The films were directly quenched in 
water from the processing temperature to room 
temperature. The quenched films were clear and 
transparent, with no voids. 

Differential scanning calorimetry (DSC) 

The DSC thermograms were obtained with a 
Perkin-Elmer DSC7, calibrated with Indium and 
Zinc. 

Small-angle X-ray scattering (SAXS) 

SAXS measurements were performed on be- 
amline I-4 at the Stanford Synchrotron Radiation 
Laboratory (SSRL), in transmission geometry. 
The temperature of the sample was controlled by 
a Mettler hot stage operating between 50 ~ and 
300~ Heating and cooling rates were set to 
3~  -1. The acquisition time for each 
scattering curve was 1 min. The data were correc- 
ted for instrumental effects as described elsewhere 
[ i l ] .  No desmearing was performed, given the 
high collimation of the beam and its very small 
cross-section. Because of the limited angular 
range probed, a simple constant background was 
subtracted from the data. 

The following parameters have been extracted 
from the data: 

1) the long period (L), i.e., the average distance 
between crystals in the fibrils of the spherulites, 
from the maximum of the Lorentz-corrected 
SAXS interference peak. 

2) the invariant (Q), i.e., the integral over reci- 
procal space of the intensity scattered in the SAXS 
range. For an isotropic sample with a linear den- 
sity profile of thickness d accommodating the 
density difference between the crystalline and 
amorphous regions (density transition layer): 

oO 

Q = K ~ q2Isaxs(q)d q 
o 

~)s(C~c, l in(  1 - -  ( ~ e , l i n ) ) ( P c  - -  P a )  2 , (1) 

where q = 47r sin(0)/2 is the magnitude of the 
scattering vector; 20 is the scattering angle; 2 is the 
wavelength; and K is a constant. 4) s is the volume 
fraction of lamellar stacks, q5r . is the linear 
crystallinity (i.e., the relative volume fraction of 
crystalline lamellae in the lamellar stacks) and Pl 
is the electron density of phase i. Within this 
model, the sample is approximated as an assembly 
of stacks made of alternating crystalline and 
amorphous layers. Such an approximation is 
valid because, given the wavelengths used, the 
SAXS signal is dominated by the scattering of 
these stacks ( = fibrils of the real spherulites). The 
total sample crystallinity is simply q~s~br Since 
the d a t a  have not been calibrated in absolute 
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units, Q has only a qualitative meaning in this 
paper. 

3) the average lamellar thickness L~ and the 
linear crystallinity q~,~in. Lc is obtained from the 
one-dimensional correlation function (71 (r)), com- 
puted by Fourier transformation of the Lorentz- 
corrected scattering extrapolated using an 
extended Porod's law [12]. Rigorously, a prior 
knowledge of the linear crystallinity is required tO 
determine accurately the values of Lo from the 
correlation function [13]. However, a reasonable 
estimation of L~ can be obtained by computing 
the distance r corresponding to the intersection 
between the slope of the self-correlation triangle 
with the horizontal line passing through the first 
minimum of the correlation function [13]. Then, 
from the ratio of Lc and L, one obtains an estima- 
tion for ~b~,li n. 

It should be stressed that the evaluation of L~ 
and ~bc.lin are only approximate. First, it has been 
shown [14, 15] by transmission electron micro- 
scopy that the lateral sizes of PET lamellae are 
very restricted for annealing temperatures lower 
than 180 ~ This raises questions on the validity 
of the Lorentz correction or of a one-dimensional 
correlation function for analyzing the scattering 
data from samples annealed at these temper- 
atures. Moreover, no correction for the existence 
of density transition layers has been performed on 
71(r). However, this is not likely to introduce 
much error, since it has been demonstrated that 
the density transition layers are of very limited 
spatial extent in semi-crystalline PET [16-18]. 
Finally, the estimation procedure itself tends to 
slightly underestimate Lo and q~,~in. Given the 
approximations involved, the precisions on L~ 
and ~bc, l~,, are thus not expected to be bett6r than 
about 20%. Nevertheless, despite these limita- 
tions, it is possible to extract general trends from 
this simple analysis. 

Another problem connected to the evaluation 
of L~ is that there is no way to determine solely by 
SAXS whether the value obtained by the method 
outlined above corresponds really to the crystal 
thickness (L~), or to the thickness of the amor- 
phous layers (La). This is a direct consequence of 
Babinet's theorem. This uncertainty could theo- 
retically be solved, had we obtained an indepen- 
dent knowledge of the absolute crystallinity of the 
sample and of the thickness of the density transi- 

tion layers. Unfortunately, there are many pitfalls 
in the exact determination of the crystallinity of 
PET samples as is evident from an inspection of 
literature results on PET crystallinity [18-23]. 
Large discrepancies exist among authors, some- 
times due to differences in the selected method of 
determination, or to inappropriate hypotheses 
(e.g., the annealing temperature independence of 
the density of the crystalline and amorphous re- 
gions of PET). Part of the problems could also be 
due to different contents of iso- and terephthalate 
moeities in the polymer. Two careful studies com- 
bining various experimental techniques (including 
SAXS absolute intensity and density measure- 
ments) even led to opposite conclusions [18, 19]. 
In the first of these studies, the authors [18] 
considered that Lc > L,,  and, as a consequence, 
the density of the amorphous regions in the semi- 
crystalline sample (pat) was computed to be smal- 
ler by as much as 0.05 g cm -3 than in a pure 
amorphous sample (P,0). Fischer et al. [19], on 
the other hand, considered L~ < L, ,  and p~ was 
consequently computed to be slightly larger than 
Pao, which is more in accordance with intuitive 
expectations. For PEEK, we demonstrated else- 
where [24] that the density of the amorphous 
regions is indeed slightly larger in the semi- 
crystalline samples than in the pure amorphous 
polymer, and that the crystal thickness is reason- 
ably estimated by the method outlined above. The 
consistency of our conclusions was confirmed by a 
study of the morphology of PEEK/poly(ether 
imide) miscible blends, where the evolution of the 
thickness of the crystals and amorphous layers 
could be followed as a function of the PEI con- 
tent. Given the similarity between PEEK and 
PET, it is very likely that (Pac> Pa0) for PET as 
well; this implies in turn that L~ < L, ,  as is the 
case with the way we determine Lc in the present 
paper. However, complementary experiments in 
this field are clearly required to settle the issue 
definitively. 

Results and discussion 

In order to distinguish the structural variations 
due to reversible effects, such as thermal expan- 
sion, from those due to real morphological 
changes, cyclic {heating-cooling} experiments 
were conducted on initially amorphous samples. 
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The following thermal cycle was performed. An 
initial amorphous sample was heated to 150 ~ 
held 30 min, and cooled to below Tg (40 ~ the 
sample was then heated to 200 ~ held 25 min 
and then cooled to 40 ~ Finally, the sample was 
heated to 250 ~ (above the onset of the final 
melting peak). All heating and cooling ramps were 
set at 3 ~ min - 1. 

The heating thermograms of a PET sample 
subjected to this thermal cycle are presented in 
Fig. 1. The polymer crystallizes during the first 
scan at about 130~ In the next two heating 
scans, a small melting endotherm is observed just 
above the prior annealing temperature (To). In the 
last scan, a large melting endotherm is seen be- 
tween 225 ~ and 265 ~ This endotherm would 
have been observed in the other scans as well, had 
they not been stopped at the selected T~'s I-9, 10]. 
This double melting behavior of cold-crystallized 
PET is well-known: a similar behavior is exhi- 
bited by many other aromatic polymers including 
poly(phenylene sulphide) and various poly(ether 
ketones). 

The evolution of the long period (L) during this 
thermal cycle is shown in Fig. 2, L is indicated by 
circles and squares whereas the temperature 
cycling is shown by the solid line. In this and the 
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Fig. 1. DSC heating thermograms at 3 ~ m i n -  1 of an ini- 
tially amorphous PET sample successively annealed at 
higher temperatures (see text). First trace: initial amorphous 
sample; second trace: previous sample, annealed for 30 min. 
at 150 ~ third trace: previous sample, annealed for 25 min. 
at 200 ~ 

600 ' I ' I ' ~ ] , , i , u , ~ 150 

500 
�9 "- 130 

400 �9 �9 
~. �9 110 

Z oo , " og 
_ ~ r ~ V /  90 

200 j 

100 ~ ~ 70 

0 i I ~ I J t I , I , I ~ I ~ 50 
0 100 200 300 0 50 100 150 200 250 

Time (min) T (~ 

Fig. 2. Left: time evolution of the temperature (continuous 
line) and of the SAXS long period (L) of a PET sample 
subjected to heating/annealing/cooling cycles with increas- 
ing annealing temperatures. Right: the same data, plotted as 
a function of temperature. Symbols: Filled circles refer to 
heating sections, open ones to cooling sections, and crossed 
squares to annealing sections 

following graphs, filled circles always refer to 
heating ramps, open circles to cooling ramps, and 
crossed squares to isotherms. The long period first 
decreases during the initial crystallization which 
occurs during heating; then, upon successive 
cooling and heating, L decreases and increases 
regularly. The right-hand side of Fig. 2 shows the 
same data as a function of temperature. This 
representation is very informative because it al- 
lows one to readily separate reversible effects from 
actual morphological changes. Referring to the 
results previously acquired on PEEK [1], the 
data consist of an irreversible branch onto which 
less sloped reversible branches are grafted. On the 
reversible branches are points acquired when the 
sample was cooled and heated below its last 
highest annealing temperature. The variations al- 
ong these branches are solely due to thermal 
expansion and related reversible phenomena. The 
points on the irreversible branch correspond to 
the data acquired during crystallization, or during 
melting-recrystallization when heating the sample 
above its prior highest annealing temperature. 
The irreversibility of the evolution of the struc- 
tural parameters on this branch is indicative of 
real morphological changes. 

Similar representations of results are shown in 
Figs. 3-6 for the invariant Q, the average lamellar 
thickness (Lc), the average thickness of the 
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Fig. 3. Left: time evolution of the temperature (continuous 
line) and of the SAXS invariant (Q) of a PET sample sub- 
jected to heating/annealing/cooling cycles with increasing 
annealing temperatures. Right: the same data, plotted as a 
function of temperature. Symbols: Filled circles refer to 
heating sections, open ones to cooling sections, and crossed 
squares to annealing sections 
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Fig. 5. Left: time evolution of the temperature (continuous 
line) and of the average thickness of the amorphous layers 
(L~) of a PET sample subjected to heating/annealing/cooling 
cycles with increasing annealing temperatures. Right: the 
same data, plotted as a function of temperature. Symbols: 
Filled circles refer to heating sections, open ones to cooling 
sections, and crossed squares to annealing sections 
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Fig. 4. Left: time evolution of the temperature (continuous 
line) and of the average crystal thickness (L~) of a PET 
sample subjected to heating/annealing/cooling cycles with 
increasing annealing temperatures. Right: the same data, 
plotted as a function of temperature. Symbols: Filled circles 
refer to heating sections, open ones to cooling sections, and 
crossed squares to annealing sections 
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Fig. 6. Left: time evolution of the temperature (continuous 
line) and of the linear crystallinity (~b~,lin) of a PET sample 
subjected to heating/annealing/cooling cycles with increas- 
ing annealing temperatures. Right: the same data, plotted as 
a function of temperature. Symbols: Filled circles refer to 
heating sections, open ones to cooling sections, and crossed 
squares to annealing sections 

a m o r p h o u s  layers (La) and  the l inear  crystal l ini ty 
(~b~,li,), respectively.  In  each figure, reversible and  
irreversible b ranches  are present .  The  fol lowing 
observa t ions  can be made:  

Below the last highest  anneal ing  t emp e ra tu r e  
To, all s t ruc tura l  pa rame te r s  remain  on  a rever-  

sible b r an ch  whose  loca t ion  is de te rmined  by  To. 
The  m o r p h o l o g y  of  the samples is unchanged  
below To. 

As soon  as the t empera tu re  goes above  Tr 
s t ruc tura l  changes  occur  immediate ly .  Below 
215~ these changes  are charac te r ized  by an 
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increase of the long period, of the invariant, and of 
the average thickness of the crystalline lamellae 
and amorphous layers. However, the linear 
crystallinity changes only slightly, since changes 
in L~ and L effectively cancel each other. This 
near-invariance of ~b~,lin with T~ has been reported 
by others for PET [17, 18]. It is interesting to note 
that the bulk crystallinity of PET crystallized to 
completion was also found by some authors [19] 
to vary only moderately with annealing temper- 
ature (between about 0.3 and 0.4). The general 
observations are similar to those made previously 
on PEEK [1]. From 215 ~ on, the long period 
and crystal thickness start to increase drama- 
tically, and the linear crystallinity decreases signi- 
ficantly. While the invariant increases, its rate of 
increase diminishes and above 240 ~ it decreases 
as the final melting occurs. Although no WAXS 
data have been acquired on PET in this work, 
SAXS already provides hints that the densifi- 
cation of the crystals observed for PEEK at tem- 
peratures above T~ also occurs for PET. This can 
be noted from the fact that, between 215 ~ and 
235 ~ the invariant increases still faster than on 
the reversible branches despite a significant de- 
crease of the linear crystallinity. We conclude 
therefore that either the volume of lamellar stacks 
in the material (q~s), or the density difference 
between the crystalline and amorphous regions 
(Pc - Pa), increase faster than attributable to re- 
versible effects alone (cfr eq. 1, neglecting the small 
variations of d). If the lamellar stacks are volume- 
filling at the end of the initial crystallization, as 
they are for PEEk [1], then qSs cannot increase 
during the subsequent heating scans. Then part of 
the changes of the invariant above 215 ~ must be 
due to an increasing density difference. If the 
lamellar stacks are not volume-filling, an increase 
of ~b~ with temperature at relatively low temper- 
ature could be considered; however, it is every 
unlikely that q~s could increase near the final 
melting point, for a sample slowly heated from the 
glass. Therefore, the experimental results suggest 
that (Pc - P~) of PET increases above Tc faster 
than expected from reversible effects alone. Note 
also that since the linear crystallinity increases 
only very little between 150 ~ and 215 ~ while the 
invariant increases irreversibly, it is possible that 
( p ~ -  p~) also increases over this temperature 
range, unless q~s increases significantly, which is 
unexpected. It is more likely that the irreversible 

crystal densification observed by WAXS for 
PEEK heated above its last highest annealing 
temperature also occurs in PET. 

Different values have been reported for the 
crystal density of PET in the literature [25]. Small 
differences in the crystallographic interplanar dis- 
tances have been observed as a function of crystal- 
lization or annealing temperature [19, 26, 27]; 
however, in contrast with PEEK [1, 28], these 
variations are small and essentially limited to low 
crystallization temperatures. Nevertheless, as 
pointed out by Fischer et al. [19, 29], the relevant 
parameter to be used in computation of the SAXS 
invariant is the effective crystal density p*. This 
effective density is the average crystal density 
computed by including lattice vacancies intro- 
duced by the grain boundaries of the mosaic 
blocks making up the lamellae. As was demon- 
strated by these authors, p* increases with in- 
creasing crystallization temperature, following a 
parallel incr~ease of the size of the mosaic blocks. A 
very similar 'observation was made by Konrad 
and Zachmann [18]. Hence, there is little doubt 
that a crystal densification occurs upon annealing 
cold-crystallized PET samples. It has also been 
demonstrated that Pa is slightly different in semi- 
crystalline PET and in pure amorphous PET [16, 
18, 19]. Therefore, the determination of crystal- 
linity from density measurements should be con- 
sidered with caution. Some of the discrepancies 
reported in the literature when comparing mea- 
sured and computed SAXS invariants [17] could 
be due to the neglect of such effects. 

A small decrease of the long period can be 
detected during the crystallization of the initial 
amorphous sample in the present study (Fig. 2). 
However, because the initial crystallization does 
not occur isothermally, it is not feasible to draw 
definite conclusions concerning the crystallization 
mechanism from our data alone. A decrease of the 
long period during isothermal crystallization has 
been observed by Elsner et al. [2, 3] on unoriented 
and oriented PET. Similar observations were 
made on PEEK [1, 5, 7] and other polymers [6], 
and were usually taken as originating from the 
progressive insertion of lamellae between existing 
lamellae. A slight increase of lamellar thickness is 
discernible in the early stages of the crystalliza- 
tion, though the uncertainty in our estimated 
values prevents us from being positive on this 
point. 



1350 Colloid and Polymer Science, Vol. 272 �9 No. 11 (1994) 

Below To, only reversible effects occur. We have 
shown for PEEK that these effects result not only 
from variations in the amplitude of atomic vibra- 
tions, but also from a reversible variation of the 
strains induced in the crystals by their coupling to 
amorphous regions. A similar conclusion was 
drawn by Kilian et al. [27] on PET from the 
evolution of a WAXS crystallinity index with 
temperature. In the present case, our data confirm 
that thermal expansion and related reversible 
phenomena are mainly responsible for the ob- 
served variations. For the sake of completeness, it 
is appropriate to note that Gehrke et al. [4] 
detected the existence of premelting just before Tr 
on cold-crystallized PET samples. However, the 
amount of premelting was very small, despite the 
high value selected for T~ (225~ It is thus 
evident that premelting, if any, is of very little 
importance. 

Above Tr the variations observed are com- 
patible with the melting-recrystallization mech- 
anism, also proposed to explain the scattering 
results on PEEK, and considered for a long time 
now to be the origin of the double melting be- 
havior of cold-crystallized PET [-9, 10]. The entire 
structure changes rapidly towards stacks of 
thicker crystals, separated by larger distances, 
and, as explained previously, probably of in- 
creased average density. The data are most inter- 
esting above 215 ~ close to the final melting of 
PET (which begins around 225 ~ as determined 
by DSC). This is because the equivalent range of 
supercoolings was not available to us in our 
previous study on PEEK. In this region, PET is 
developing its final melting endotherm. The in- 
creasing lag between the melting of some lamellar 
stacks and their recrystallization in stacks of 
thicker lamellae implies that some of the lamellae 
do not have enough time to form in the new 
stacks. Hence, the linear crystallinity decreases, as 
the insertion mechanism which characterizes the 
crystallization is not rapid enough. The dramatic 
increase of the long period is thus a kinetic effect. 
It is indeed not observed when PET samples are 
given enough time to complete recrystallization 
[21]. Above 235 ~ some whole stacks are not 
recrystallizing within the experimental time scale, 
and one observes the decrease of the invariant 
that signals the dominance of melting over re- 
crystallization (~b~ decreases). 

Conclusions 

The results of the present work indicate that the 
mechanisms governing the cold-crystallization of 
PET and the subsequent evolution of its morpho- 
logy upon heating are identical to those found for 
PEEK subjected to similar conditions. The data 
are consistent with an initial crystallization pro- 
cess occurring through progressive insertion of 
new lamellae between existing ones, these new 
lamellae being of similar thickness as the previous 
ones. No structural changes could be observed 
below the prior highest annealing temperature To. 
However, above To, a rapid continuous melting- 
recrystallization of the lamellae occurs. This 
mechanism does not appreciably increase the 
crystallinity of the samples, but rather increases 
the thickness of the lamellae and (p* - pa). This 
increase in (p* -- Pa) could arise in part from an 
improved crystal chain packing, resulting from a 
decrease of the average strains in the lamellae, as 
was demonstrated for PEEK [1]. It could also 
arise in part from an increase of the size of the 
mosaic blocks making up the crystalline lamellae. 
More experiments are required to confirm these 
points. 

Surprisingly, throughout the entire temper- 
ature range up to the melting point around 
250~ the crystal core thickness remains quite 
small, less than ca. 50 A, and the linear crystal- 
linity of the lamellar stacks remains nearly con- 
stant around 0.3. Obviously, because of the vari- 
ous approximations made, the absolute values of 
these parameters should be considered with some 
caution. Still, the general trends are clear and 
supported by results obtained in other works [19, 
29]. Such a low crystallinity indicates the presence 
of thick order-disorder interfacial layers [30, 31] 
on the lamellar surface, whose thickness increases 
with temperature. The origin of such a behavior, 
also found for PEEK, may be related to the 
presence of stiff aromatic groups in the chain 
backbone, which makes it more difficult to dissi- 
pate the crystalline order in the interracial region 
[32]. As the packing improves with increasing 
crystallization temperature, it would require 
thicker interracial regions for the crystalline order 
to be dissipated, consistent with experimental 
results in Fig. 5. 
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