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Abstract The multiple melting behavior of poly(ethylene
terephthalate) (PET) is generally attributed to the fusion of
original crystals recrystallized during the heating at conven-
tional scanning rate. In the present study, the triple and double
melting behavior that is observed after isothermal crystalliza-
tion at 7. lower and higher than 215 °C, respectively, is put in
relation with the presence and absence of rigid amorphous
fraction around the original primary crystal lamellae. The
complex melting behavior is explained by assuming that two
different morphologies of primary crystals develop during
crystallization at temperatures lower than 215 °C, in a propor-
tion that is a function of the crystallization temperature: chain
cluster aggregations with a high percentage of rigid amor-
phous fraction on the boundaries and small crystals with a
high percentage of adjacent reentry folding and reduced con-
straints at the amorphous/crystal interphase. These distinct
morphologies differently transform upon heating at low scan-
ning rate, originating two endotherms. On the contrary, after
crystallization at 7.>215 °C, all the primary crystalline struc-
ture, which probably are characterized by the same morphol-
ogy made of tightly chain folded lamellae and absence of rigid
amorphous fraction, undergo the same reorganization route,
originating a single endotherm.
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Introduction

The common description of semicrystalline polymers as con-
stituted by two separate phases, amorphous and crystalline,
has been recently replaced by a more complete one that takes
into account also the intermediate nanophase present at the
interface between the crystalline and the surrounding amor-
phous regions [1]. The decoupling between crystalline and
amorphous phases is in general incomplete, due to the length
of the polymer molecules, which is much higher than the
dimensions of the crystalline phase, at least in one direction.
The interphase between crystalline and amorphous regions is
non-crystalline and includes amorphous chain portions whose
mobility is hindered by the near crystalline structures [2]. This
interphase is generally named “rigid amorphous fraction”
(RAF), its mobility being lower than that of the unconstrained
amorphous phase, which is usually addressed as “mobile
amorphous fraction” (MAF).

A detailed knowledge of the nanoscale phase behavior of
semicrystalline polymer materials is decisive for the assess-
ment of mechanical, thermal, gas permeability, and other
macroscopic properties [3—8]. By acting as stress transfer
point, the RAF produces an increase in the elastic modulus,
with a behavior similar to that of the crystal phase [3, 4, 7].
The rigid amorphous fraction affects also the barrier proper-
ties, due to its higher free volume with respect to the mobile
amorphous region, which results in a different diffusion rate of
small molecules [5—8].

The relationship between crystal growth and rigid amor-
phous fraction development and between melting and rigid
amorphous fraction mobilization has been detailed in the
literature only for a limited number of semicrystalline
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polymers [9-18]. These studies, conducted independently of
one another, in different crystallization and melting conditions
and with different methods of data processing, if combined
and compared with each other, prove that the different thermal
histories affect the combined evolution and disappearance of
crystalline and rigid amorphous phases. During crystallization
of poly(ethylene terephthalate) (PET), poly[(R)-3-
hydroxybutyrate] (PHB), and bisphenol-A polycarbonate
(PC) at temperatures slightly above the respective T’s, vitri-
fication of the rigid amorphous fraction parallels crystal
growth [9, 10, 14], whereas in isotactic polystyrene (iPS)
crystallized at 140 °C and 170 °C, i.e. well above the bulk
T,, the rigid amorphous fraction increases markedly after
spherulite impingement, which corresponds to the beginning
of crystallization in restricted regions [11, 12]. Upon slow
cooling from the melt, both in iPS and PET, RAF vitrification
takes place during the final stages of the non-isothermal
crystallization process, with the full establishment of the rigid
amorphous structure completed during the subsequent cooling
to room temperature [13, 15]. Conversely, a much slower
cooling rate from the melt, attained with quasi-isothermal step
cooling, results in vitrification of the RAF in PET and
poly(trimethylene terephthalate) mainly after conclusion of
the crystallization [16, 17].

The influence of the crystallization temperature on the RAF
development was systematically investigated for poly(L-lactic
acid) (PLLA) and poly[(R)-3-hydroxybutyrate] (PHB)
[19-21]. Both in PLLA and PHB, rigid amorphous fraction
was found to develop in parallel to the crystal phase at low
crystallization temperatures, whereas at higher 7.’s, RAF vit-
rification is observed only during the final stages of crystalli-
zation, in correspondence with the growth of secondary crys-
tals. Investigation of the crystallization and melting behavior
suggested the existence of a limit temperature for the forma-
tion and the disappearance of the rigid amorphous fraction
in PLLA and PHB, which resulted approximately 130 and
70 °C, respectively [19-21]. At 7.’s higher than 130 °C,
RAF was found not to develop at all during isothermal crys-
tallization of PLLA. These limit temperatures were related to
the mobility of the chains: at high crystallization temperatures,
the polymer chains have high mobility, which facilitates the
organization of the polymeric segments into ordered crystal
structures, with reduced stress transmitted to the amorphous
segments, and, in turn no or minor fraction of amorphous
chain segments subjected to geometrical constraints. Con-
versely, the low chain mobility at low crystallization temper-
atures implies a more difficult organization of the entangled
chain segments into ordered crystal structures, so that a larger
rigid amorphous fraction develops. Full mobilization of the
RAF upon heating was found to occur both for PLLA and
PHB at the same temperature at which the RAF starts to
develop upon crystallization. As regards PHB, the limit of
70 °C corresponds exactly to the temperature of complete
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RAF devitrification reported by other authors, who located it
in correspondence of the lowest melting peak [9, 10].

Recently, it was demonstrated that the limit temperature for
the presence of the rigid amorphous fraction in poly(ethylene
terephthalate) (PET) is around 210 °C [22]. Since its discov-
ery, PET has been considered as a model polymer for the study
of the properties of semirigid semicrystalline polymers, due to
its low crystallization rate that allows to easily tune the crys-
talline fraction. The crystallization and melting behavior of
PET has been the subject of many studies [23-37]. In partic-
ular, the effects of crystallization temperature, heating rate,
crystallization time, and molar mass have been investigated,
with the aim of explaining the origin of the multiple melting
endotherms typical of PET [33-37].

A multiple melting behavior is commonly observed in
semicrystalline polymers. Different reasons have been ad-
duced to explain this behavior, such as the presence of more
than one crystalline form [38], molar mass segregation during
crystallization or annealing [39-41], fusion of crystals and
confined nanocrystals [42, 43], orientation effects [44], and,
more frequently, the occurrence of a melting/recrystallization/
remelting process. The multiple melting behavior of PET is
usually associated to the latter mechanism, which has been
attributed to the fusion of original lamellae, followed by
recrystallization and final fusion of the more perfect recrystal-
lized crystals [24, 28, 33-37].

Although the mechanism has been identified, the connec-
tion between a specific thermal history and the appearance of a
well resolved double or triple endotherm has not yet been
sufficiently investigated. In the present study, for the first time,
the effect of the rigid amorphous fraction on the melting
behavior of PET is analyzed in detail and the triple and double
melting endotherm explained as a consequence of the pres-
ence and absence of RAF in the original crystals, respectively.

Experimental methods

Poly(ethylene terephthalate) (PET) of molar mass M,,=
21,400 g mol ', was kindly received through the Bank of
Crystallizable Polymers of European funded COST Action
P12. After drying under vacuum at 100 °C for 16 h, the sample
chips were compression-molded with a Carver Laboratory
Press at a temperature of 280 °C for 3 min, without any
applied pressure, to allow complete melting. After this period,
a pressure of about 100 bar was applied for 2 min. Succes-
sively, the sample was quickly cooled to room temperature by
means of cold water circulating in the plates of the press. The
thickness of the resulting film was about 200 pum.
Differential scanning calorimetry (DSC) and temperature-
modulated calorimetry (TMDSC) measurements were per-
formed with a PerkinElmer differential scanning calorimeter
DSC 8500 equipped with an IntraCooler III as refrigerating
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system. The instrument was calibrated in temperature with
high purity standards (indium, naphthalene, cyclohexane) ac-
cording to the procedure for standard DSC [45]. Energy
calibration was performed with indium. In order to gain pre-
cise heat capacity data from the heat flow rate measurements,
each scan was accompanied by an empty pan run and calibra-
tion with sapphire [45]. Dry nitrogen was used as purge gas at
arate of 30 mL min'. A fresh sample was employed for each
analysis to minimize thermal degradation. In order to mini-
mize temperature gradients, the PET sample mass was kept as
small as possible, approximately 4 mg. All the results pre-
sented and discussed are the average of repeated runs.
Before the analyses, each compression-molded PET sample
was heated from room temperature to 280 °C at a rate of
50 °C min ' and maintained at this temperature for 3 min,
in order to destroy completely the previous crystal order.
Isothermal crystallizations of PET were performed at var-
ious temperatures (180 °C<7.<230 °C) for a fixed time
(60 min), as well as for the time sufficient to obtain the
leveling of the heat flow rate signal after the exothermal peak.
Isothermal crystallizations at 190, 200, 210, and 220 °C were
also extended up to 10 h. All the samples had been previously
melted for 3 min at 280 °C and quenched by ballistic cooling
down to T.. At the end of crystallization, in order to prevent
further crystallization upon cooling, the samples were
reheated at 5 or 10 °C min ' directly from 7. up to 280 °C.
TMDSC measurements were performed after isothermal
crystallizations of 60 min at 200, 210, 220, and 230 °C.
TMDSC analyses were designed using a sawtooth modulation
temperature program. The temperature amplitude was 1.0 °C,
the modulation period 60 s and the underlying heating
rate 2 °C min . The semi-period rates were +6.0 and
—2.0 °C min "', respectively. According to the mathematical
treatment of TMDSC data, the modulated temperature and the
heat flow rate curves can be approximated to Fourier series
and separated into underlying and periodic components
[46-49]. The underlying components are equivalent to the
conventional linear temperature program and the correspond-
ing conventional DSC curve. The periodic components result
from the difference between the respective modulated and
underlying curves. The reversing specific heat capacity (¢, rev)
is obtained from the ratio between the amplitudes of the first
harmonic of heat flow rate (4) and temperature (A7):

- AHF(T)K(W, T)

 Ar(T)  mw m

Cp rev (wa T)

where w is the frequency of temperature modulation (w=27t/p)
and m the mass of the sample. The frequency dependent
calibration factor, K(w,T), determined by calibration with sap-
phire, was 1.05 for p=60 s and 1.0 for p=120 s. The correct-
ness of the calibration factor was proven by the good

agreement between the PET measured specific heat capacity
and the thermodynamic liquid specific heat capacity data [50].

Annealing studies were performed on PET samples non-
isothermally crystallized at —10 °C min~" from 280 °C down
to 50 °C, after fusion for 3 min at 280 °C. The samples were
reheated at 10 °C min~' from 50 °C up to various annealing
temperatures (190 °C<7,<230 °C) and maintained at 7, for
60 min, then again reheated at 10 °C min™ " directly from 7, up
to 280 °C by conventional DSC.

Results and discussion
Isothermal crystallizations and melting

Isothermal crystallizations of PET were performed at different
temperatures, specifically between 180 and 230 °C, i.e., above
and below the limit temperature for the presence of RAF in
PET, which is around 210 °C [22], and the successive melting
behavior was monitored in dependence of 7,. Isothermal crys-
tallizations were performed at each 7., (i) for 60 min and (if) for
the time strictly needed to obtain the leveling of the heat flow
rate signal after the exothermal peak. After isothermal crys-
tallization, PET was heated at 10 °C min ' up to complete
fusion. PET samples isothermally crystallized for 60 min were
also melted at 5 °C min™".

With changing the crystallization temperature, some varia-
tions in the successive melting behavior can be observed, as
exampled in Figs. 1 and 2. Figure 1 presents the apparent
specific heat capacity (c,app) 0of PET recorded at 5 and
10 °C min"' immediately after the isothermal crystalliza-
tions at the various 7.’s for 60 min, whereas Fig. 2 collects the
Cp,app Curves at 10 °C min~" after the isothermal crystalliza-
tions at the various 7.’s for 60 min and for the time needed to
obtain the leveling of the heat flow rate signal after the
exothermal peak. A multiple melting behavior can be ob-
served in all the ¢, ., curves, in agreement with literature
data [24, 30, 33, 36]. Samples crystallized at 7.<215 °C
exhibit three endotherms of different relative intensity, where-
as samples crystallized at 7.>215 °C display only two peaks,
independently of both crystallization time and scanning rate.
The endotherms are labeled I, II, and III in order of increasing
temperatures, as shown in Figs 1 and 2.

Endotherm I moves to higher temperature with increasing
1. and crystallization time. Its intensity is small for 7.<215 °C
and progressively increases at 7.>215 °C, becoming compa-
rable with the second peak after crystallization at 220 °C.
Endotherm I, observed in PET and in other polymers approx-
imately 10-20 °C above T, is generally associated with the
fusion of defective secondary lamellae, which grow in the
presence of more perfect crystals during secondary crystalli-
zation and melt earlier because of their lower stability [33, 36,
51]. It has also been attributed to the onset of the overall
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Fig. 1 Apparent specific heat capacity (c,app) of PET upon heating
at 5 °C min~' (dotted lines) and 10 °C min ' (solid lines) after isother-
mal crystallization at 7.=180, 185, 190, 195, 200, 205, 210, 215, 220,
225, and 230 °C for 60 min. The ordinate values refer only to the bottom
curve (1.=180 °C). All the other curves are shifted vertically for the sake

melting process, being this melting partially masked by the
concomitant recrystallization [37]. Its intensity and location
strongly depends on the crystallization time (7.), especially at
high 7. The second melting peak (II) increases in size and
moves to higher temperatures with increasing 7... Its intensity
is a function also of the crystallization time. Endotherm II
becomes progressively more pronounced with increasing 7. up
to about 7.=210 °C; after crystallization at higher tempera-
tures, its intensity results progressively less dependent on ¢.
This endothermic event has been associated to the fusion of
crystals grown at 7. by primary crystallization [30, 36]. Con-
versely, endotherm III has been attributed to the melting of
lamellae fully recrystallized upon heating [30, 36]. Its location

of clearness. The thin black solid lines serve as guides for the eyes, to
evidence the location of the endothermic events labeled I, II, and III. The
thick solid line is the thermodynamic liquid specific heat capacity of PET
[50]

is approximately independent of 7., but dependent on the
heating rate, as it shifts to higher temperatures with reducing
the heating rate, in agreement with literature data [36]. The
ratio of the area of endotherm III to the area of endotherm II
increases (7) with reducing the heating rate, as more time is
available for recrystallization/reorganization, (ii) with reduc-
ing 7., because of the less perfect original crystals, and (iii)
with reducing #., which attests that a reorganization/perfecting
process occurs during the isothermal crystallization. After
crystallization at 220 °C endotherm III is fully disappeared.
The effect of 7. on PET melting behavior was further
investigated at 190, 200, 210, and 220 °C by prolonging the
crystallization time up to 10 h. Figure 3 shows that endotherm
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Fig. 2 Apparent specific heat capacity (c,,app) of PET upon heating at
10 °C min ™' after isothermal crystallization at 7.=180, 185, 190, 195,
200, 205,210, 215, 220, 225, and 230 °C for 60 min (solid lines) and for
6,6,7,8,9,10, 15,20, 25, 30, and 45 min, respectively (dotted lines). The
ordinate values refer only to the bottom curve (T,=180 °C). All the other
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curves are shifted vertically for the sake of clearness. The thin black solid
lines serve as guides for the eyes, to evidence the location of the endo-
thermic events labeled 1, 11, and III. The thick solid line is the thermody-
namic liquid specific heat capacity of PET [50]
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I moves to higher temperatures after 10 h of isothermal crys-
tallization: after crystallization at 190 °C, it appears as a
shoulder on the low temperature side of endotherm II, whereas
after crystallization at higher 7’s, it progressively merges with
endotherm II, as evidenced by the asymmetry of peak II after
crystallization at 200 °C. Endotherm II increases markedly
after 10 h of isothermal crystallization and shifts to slightly
higher temperatures after crystallization at 220 °C. Also,
endotherm III is affected by the preceding thermal treatment:
its intensity reduces progressively with increasing both 7. and
t.. After 10 h of isothermal crystallization at 210 °C, endo-
therm III practically disappears. Prolonged crystallization at
220 °C results in a single narrow melting endotherm.

Experimental evidences from fast calorimetry proved that
isothermal crystallization leads to a monomodal distribution
of lamellar thickness [37]. Moreover, PET does not display
crystal polymorphism upon crystallization from isotropic melt
[24]. Why after crystallization at 7. lower than 215 °C, besides
peak I, two different and well-resolved peaks (II and III) are
detected during the melting/recrystallization/remelting pro-
cess of PET at conventional heating rate, whereas after crys-
tallization at higher 7., only one peak (II) is observed, it has
not yet been explained in detail and satisfactorily as regards
the morphology and the reorganization mechanism.

Isothermal crystallizations and TMDSC heating

In an attempt to gain further insight into the melting-
recrystallization-remelting process occurring during PET
heating, TMDSC analyses were performed on samples iso-
thermally crystallized for 60 min at 200, 210, 220, and 230 °C.
With the temperature modulated technique, multiple signals
are generated in a single experiment, so that each of the

Temperature in °C

components of the conventional heat flow rate curve can be
identified and separated.

Figure 4 displays the apparent specific heat capacity (c,, app)
and the reversing specific heat capacity (¢, rey), measured with
p=060 s, after isothermal crystallization at temperatures below
and above the critical T; of 215 °C. The shape of the ¢, ;., and
Cp,app CUTVES 1s similar, but the intensity of the respective peaks
is different. In particular, the intensity of the ¢, ., peak III,
after crystallization at 200 and 210 °C, and the intensity of the
entire ¢,y curve, after crystallization at 220 and 230 °C,
result markedly reduced with respect to the corresponding
Cp.app Values. This indicates that fusion of the crystals, grown
during isothermal crystallization at high 7. or perfected during
the modulated heating run with p=60s, is partially irreversible
and that the simultaneous recrystallization of these crystals
occurs to a minor extent. This derives from the fact that the
amplitude of modulated heat flow originates from the sum of
the absolute values of the endothermic and exothermic event
intensity occurring within each modulation period, whereas
the latent heat released or absorbed sum algebraically when
the apparent specific heat capacity is determined [18, 49].
Conversely, with reducing perfection of the primary crystals,
the recrystallization degree increases, as attested by the inten-
sity of the ¢, ., peak Il after crystallization at 200 °C, which is
higher than the corresponding c,, 5, €ndotherm II. This find-
ing is in agreement with literature data [52—54]. It has been
reported for different polymers that less perfect crystals un-
dergo reversing melting to a higher extent with respect to more
perfect crystals, as recrystallization of poor crystals is subject-
ed to minor restrictions.

It is worthwhile to analyze also the periodic heat flow rate
curves (HF),), which are reported in Fig. 5. The TMDSC data
are presented to show that the double melting behavior
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Fig. 4 Apparent specific heat _ o _ ° I
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displayed by the ¢, ., curves can be observed also in the
concomitant recrystallization. The periodic heat flow rate
comprises only the thermal events that take place within the
time scale of the temperature modulation and are reversed by
it. In this way, opposite events, as for example melting and
recrystallization, can be highlighted individually, as they take
place separately in the heating and cooling semiperiods,
respectively.

The HF), curves show that fusion and recrystallization
occur distinctly already from 15 °C above T, as attested by
the progressively increasing endothermal and exothermal sig-
nals, which involve at first the reorganization of the less
perfect secondary crystals. After crystallization at 200 and
210 °C, two well-resolved melting peaks can be observed

Temperature in °C

during the heating semiperiods in correspondence of endo-
therms II and 111, as well as two recrystallization peaks during
the corresponding cooling semiperiods. Conversely, after
crystallization at 220 and 230 °C, less resolved double melting
and recrystallization processes, originating from the merging
of peak I with peak II, are displayed by the periodic heat flow.
Neglecting the reorganization of the more defective secondary
crystals, connected to peak I, the fact that fusion and recrys-
tallization proceed through two different and separated paths
after crystallization at 7.<215 °C, suggests that two different
primary crystalline organizations develop during isothermal
crystallization at 7.<215 °C, in a percentage that is a function
of the crystallization temperature. These two different mor-
phologies differently transform upon heating at low scanning

Fig. 5 Periodic heat flow rate _ ° o
curves (HF,) of PET upon heating T;=200°C I I T,=220°C ) 1
at +2 °C min " after isothermal 0.41 I 0.4+ I
crystallization for 60 min at 200,
210, 220 and 230 (47 =1.0 °C, "
p=60s). The solid circles outline 0.0 MM W 0.0 ( H
the envelopes of the maximum —_
and minimum values of the "-U') it ‘
periodic heat flow rate in the = o4 ' ' ' 0.4 ' ' o '
heating and cooling semiperiods ‘E 200 220 240 260 200 220 240 260
o T =210°C 9 T =230 °C
T ool ° Tm e L
I LN [ ]
'I Ivlmlmlﬂ '.H' ’ I
0.0 0.0- l
‘ $00bo¢ it o) ﬁ
s o 2
-0.4 T T T -0.4 T T T
200 220 240 260 200 220 240 260
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rate, originating endotherms II and III. On the contrary, after
crystallization at 7.>215 °C, a single reorganization route is
followed by all the primary crystalline structures, which prob-
ably are characterized by the same morphology.

It is well known that morphological features of crystal-
lizable polymers are controlled by kinetic factors and that
changes in the molecular rearrangements and morphological
superstructure are expected as a function of the crystalliza-
tion conditions. Crystallization of semiflexible chain poly-
mers, such as PET cannot always involve tight adjacent
reentry folding, because of local chain rigidity. According
to literature data, morphology of PET crystals varies with
temperature of formation. At very low crystallization tem-
peratures (7.=100 °C), crystals without lamellar structure
were observed, probably consisting of chain cluster aggre-
gation [24]. At a higher crystallization temperature (7.=
150 °C), highly branched lamellae with small lateral di-
mensions were detected, whereas at 7.=220 °C, the typical
lamellar structure was observed [24].

Small-angle X-ray scattering and wide-angle X-ray diffrac-
tion studies on PET samples heated and annealed above the
crystallization temperatures showed a change in structural
parameters around 215 °C [26, 28]. A discontinuity in the
reorganization mechanism was conjectured, though with dif-
ferent scenarios. Jonas et al. suggested that, upon heating, the
average thickness of the crystalline lamellae increases mark-
edly and dramatically above 215 °C [28], whereas Fontaine
et al. hypothesized that crystal reorganization during anneal-
ing occurs via crystal thickening below 215 °C and via crystal
perfection at the amorphous/crystal boundaries above 215 °C
[26].

As illustrated in Figs. 1-2, PET crystallization at 7.<215 °C
leads to triple melting endotherms, whereas crystals grown at
1.>215 °C display a double melting behavior upon heating at
conventional DSC rates. The transition temperature from the
triple to the double melting behavior of the analyzed PET
sample, 215 °C, is very close to the limit temperature for the
presence of the rigid amorphous fraction in PET, which is
around 210 °C [22]. This leads to hypothesize a possible
influence of the RAF on the multiple melting behavior of PET.

The discontinuity in the melting behavior after crystalliza-
tion at temperatures lower and higher than 215 °C can be
rationalized by considering that PET crystallization at temper-
atures lower than 215 °C is accompanied by partial vitrifica-
tion of the amorphous chain portions in proximity of the
crystal domains, in a percentage that increases with decreasing
1. [19, 21]. Temperature is closely related to the mobility of
polymer chains: at high 7, the polymer chains have high
mobility, which facilitates organization of the polymeric seg-
ments into ordered crystal structures, with high percentage of
tight adjacent reentry folding and no stress transmitted to the
amorphous segments, which corresponds to the absence of
rigid amorphous fraction. With decreasing 7., the percentage

of defective crystalline structures, constituted by small crys-
talline domains and chain cluster aggregations, increases pro-
gressively, accompanied by an increasing fraction of amor-
phous chain segments subjected to geometrical constraints
(see Fig. 6).

During the heating that follows isothermal crystallization at
T. <215 °C, the RAF devitrification that occurs simultaneous-
ly with the melting of chain cluster aggregates, can favor the
rearrangements needed to form more ordered structure, and as
a consequence, to promote recrystallization and/or additional
crystallization, particularly at the amorphous/crystal bound-
aries. This results in an increased crystal thickness and in a
higher thermal stability of crystals with larger dimensions,
which undergo fusion at higher temperatures, originating en-
dotherm III. Also, the more perfect crystalline regions, whose
fraction increases with T, constituted by crystals grown with a
high percentage of adjacent reentry folding and reduced con-
straints on their boundaries, can melt/recrystallize and reorga-
nize during the heating scan. In this case, the positive action
exerted by the RAF concerted mobilization is absent, which
results in a slightly lower melting temperature (endotherm II),
as fusion and recrystallization of chain folded lamellae is a
multistep process that requires the detachment of all the crys-
talline stems, their diffusion towards other amorphous seg-
ments, and their successive ordering into a new thicker crys-
talline structure. The process is expected to be faster the
smaller the lateral dimensions of the lamellae. As a conse-
quence of the high mobility of the PET polymer segments,
crystallizations conducted at 7.>215 °C possibly take place
without development of RAF, as evidenced by the full disap-
pearance of endotherm III. The reorganization process during
heating could involve mostly crystals perfection through the
annihilation of defects inside the lamellae or at the interfaces
of the crystalline regions. A tentative pictorial representation
of the possible effects of heating on the morphology of the
crystal/amorphous interface is given in Fig. 6.

A confirmation that different reorganization mechanisms
operate during heating is given in the literature for isotactic
polystyrene (iPS), which, as PET, exhibits triple or double
melting behavior [55]. Small-angle X-ray scattering measure-
ments revealed no evident change in the crystal thickness up
to final melting after crystallization at temperatures higher
than 220 °C, whereas gradual increase in crystal thickness
was detected after crystallization at lower temperatures. The
limit crystallization temperature of 220 °C corresponds exact-
ly to the transition between triple and double melting behavior
in iPS [52]. These results lead to hypothesize that similar
reorganization mechanisms are active in PET and iPS, being
both PET and iPS characterized by semirigid chains, with
bulky moieties in the backbone and as side groups,
respectively.

A proof of the connection between crystalline morphology
and melting behavior has been reported for poly(ethylene
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Fig. 6 Tentative schematic model for the reorganization process upon
heating in PET

naphthalene-2,6-dicarboxylate) (PEN), a semirigid polyester
similar to PET, containing naphthalene instead of benzene
rings in the main chain [56]. PEN exhibits a multiple melting
behavior which depends, as for PET, on the crystallization
temperature. Small-angle X-ray scattering measurements
proved that the dual melting endotherm corresponds to a
morphology which is best described by a dual lamellar stack
model, with lamellae of different thickness in separate stacks,
whereas the single melting peak was found to correspond to a
more homogenous distribution of lamellar thickness [56].
These experimental results obtained for PEN are in agreement
with the different crystalline morphologies that are here pro-
posed for PET as a function of the crystallization temperature.

Crystallization time plays an important role on the devel-
opment of the crystalline phase. An increase in 7. raises the
crystalline fraction and allows the development of more per-
fect crystalline areas through the removal of crystal imperfec-
tions and a better delimitation at the amorphous/crystal inter-
faces. The higher the time allowed for the arrangement of the
polymer segments into ordered structure, the smaller the layer
of immobilized amorphous segments around the crystals, as
attested by the increased intensity of endotherm II, and by the
lower intensity of endotherm III (see Fig. 2). Also, endotherm
I, associated with the fusion of more defective secondary
crystallites, becomes more pronounced and moves to higher
temperatures with increasing z.. The change is much more
pronounced at higher crystallization temperatures, as the pro-
gressive reduction of RAF favors crystallization of the amor-
phous segments into ordered structures also in geometrically
more restricted areas. After crystallization for 10 h at 7.>210 °C,
endotherm I has completely merged with endotherm II into a
single narrow peak, attesting that after long crystallization
times, primary and secondary crystals are almost equivalent,
as the rigid amorphous fraction is completely absent.

@ Springer

Non-isothermal crystallization, annealing, and melting

With the aim to further highlight how the thermal history
influences the melting behavior, PET was non-isothermally
crystallized at —10 °C min™'. The crystallization peak is cen-
tered around 200 °C, as illustrated in the inset of Fig. 7, which
means that RAF should develop during part of the non-
isothermal crystallization. The samples were then heated at
10 °C min' up to annealing temperatures in the range
190 °C<T,<230 °C and maintained at 7, for 60 min. The
successive melting behavior is illustrated in Fig. 7.

All the ¢, 4p,, curves exhibit three endotherms. Endotherm I
moves to higher temperatures and markedly increases in in-
tensity after annealing at 7,<215 °C. Endotherm II remains
substantially unchanged after annealing at 7,<210 °C, but it is
no more detectable after annealing at 7,>210 °C, likely be-
cause it is masked or included within endotherm I. Endotherm
III slightly reduces with increasing 7, but it does not disap-
pear, which means that the reorganization during annealing
partially involves also the original crystalline chain cluster
aggregations. As stated above, peak II derives from
recrystallization/reorganization of the preexisting primary
crystalline regions constituted by folded lamellae, whereas
peak 111 is the result of recrystallization of preexisting primary
crystalline domains made of chain cluster aggregations with a
high percentage of rigid amorphous fraction on the
boundaries.

The progressive rise of endotherm I attests the increase in
the secondary crystal growth during annealing. This increase
is more marked after annealing at 7,>215 °C, suggesting that
a change in the crystallization mechanism or kinetics takes

Cp,app in (4 g1K)
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Fig. 7 Apparent specific heat capacity (c,,app) of PET upon heating at
10 °C min " after non-isothermal crystallization at —10 °C min ' and
annealing for 60 min at 7,=190, 195, 200, 205, 210, 215, 220, 225, and
230 °C. The ordinate values refer only to the bottom curve (T,=190 °C).
All the other curves are shifted vertically for the sake of clearness. In the
inset, the apparent specific heat capacity (c,,app) of PET upon cooling
from the melt at —10 °C min~" is reported. The dotted lines are the
thermodynamic specific heat capacities of PET [50]
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place around this temperature. This finding is in excellent
agreement with the results discussed above: secondary crys-
tallization is permitted to large extent at temperatures higher
than 215 °C, because of the absence of rigid amorphous
fraction and therefore of constraints for the rearrangement of
the polymeric amorphous segments into more ordered crys-
talline structures. It is worth to note that a discontinuity in the
reversing heat capacity of PET was recently observed after
annealing at 210 °C [22] that is at temperature very close to the
limit temperature of 215 °C identified in the present study. The
results were rationalized by hypothesizing that below 210 °C,
the vitrified RAF hinders crystal reorganization and perfection
during annealing, whereas above 210 °C, the strain of the
amorphous chains coupled with the crystals is released, so that
a larger crystal fraction undergo reorganization and reversing
melting, which determines the varied reversing heat capacity.

Conclusions

In order to verify the possible existence of a limit temperature
for the presence of the rigid amorphous fraction in PET, the
effects of isothermal crystallizations and annealing treatments
on the melting behavior were studied and analyzed by con-
ventional and temperature-modulated differential scanning
calorimetry.

The multiple melting behavior of PET is generally attrib-
uted to the fusion of original crystals recrystallized during
heating at low and conventional DSC scanning rates. In the
present study, the double and triple melting behavior that is
observed after isothermal crystallization at 7. higher and lower
than 215 °C, respectively, have been put in relation with the
absence and presence of vitrified rigid amorphous portions
coupled to original crystals. The discontinuity in thermal
behavior observed after crystallization at temperatures lower
and higher than 215 °C has been rationalized by assuming that
PET crystallization at temperatures lower than 215 °C is
accompanied by partial vitrification of the amorphous chain
portions in proximity of the crystal lamellac. RAF vitrification
depends on chain mobility, which in turn is closely connected
to the isothermal crystallization temperature: a lower chain
mobility complicates the organization of the entangled chain
segments into ordered crystal structures, so that a larger rigid
amorphous fraction develops. Conversely, at high T, the
polymer chains have high mobility, which facilitates the orga-
nization of the polymeric segments into ordered crystal struc-
tures, with reduced stress transmitted to the amorphous seg-
ments and, in turn, a lower fraction of chain segments sub-
jected to geometrical constraints.

The complex melting behavior detected after isothermal
crystallization has been explained by assuming that two dif-
ferent primary morphologies develop during crystallization at
180 °C<T.<215 °C, in a percentage that is a function of the

crystallization temperature. The less perfect primary morphol-
ogy is constituted by small crystalline domains made of chain
cluster aggregations, with a high fraction of coupled rigid
amorphous segments. Conversely, the more perfect primary
crystalline regions, whose percentage increases with 7., orig-
inate from crystals with a high fraction of adjacent reentry
folding and reduced constraints at the amorphous/crystal in-
terface. These two distinct morphologies differently transform
upon heating at low scanning rate, originating endotherms II
and III. On the contrary, after crystallization at 7.>215 °C, a
single reorganization route is followed by all the primary
crystalline structures, which probably are characterized by
the same morphology made of tightly chain folded lamellae.
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