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ABSTRACT: A thorough analysis of the melting behavior of poly(ethylene terephthalate) (PET) is detailed
in this contribution. Isothermal crystallization at 190 �C followed by cooling to room temperature provides a
three-phase structure composed of a mobile amorphous, a crystalline, and a rigid amorphous fraction.
A close connection between multiple melting and devitrification of the rigid amorphous fraction in PET is
revealed by conventional and temperature-modulated calorimetry. Rearrangements of PET crystals at high
temperatures involve recrystallization/annealing/crystal perfection following partial melting, which can
occur only if the amorphous chain portions coupled to the crystal/melt phase boundary have sufficient
mobility. Such mobility can be achieved above the glass transition of the amorphous chain segments coupled
with the just-melted crystals. Combined analysis of the reversing heat capacity monitored during quasi-
isothermal modulation with the thermal properties of the resulting structure suggests that annealing at
temperatures below 210 �C does not result in considerable reorganization and perfection of the crystal phase.
The temperature of 210 �C seems to be the point at which the rigid amorphous fraction coupled with the
crystal phase attains sufficient mobility to allow development of crystals with increased perfection and thus
higher thermal stability.

Introduction

Fusion of semicrystalline polymers is a complex phase transi-
tion due to the metastability of their structure. A number of such
semicrystalline polymers exhibit double ormultiple melting upon
heating in differential scanning calorimetry (DSC).1-12 This be-
havior is closely linked to the thermal history of the material.
Its origin can be ascribed to a variety of sources like the presence
of various crystal modifications, molecular weight segregation
that had accompanied crystallization, variations in morphology,
orientation effects, or melting, recrystallization and annealing
taking place during analysis.1

Poly(ethylene terephthalate) (PET) is a typical polymer with
such complex melting behavior. On heating, it can show three
main fusion endotherms with sizes and positions related to its
thermal history.1 The temperatures of all of these peaks were
recently linked by fast scanning calorimetry (FSC) to anneal-
ing and recrystallization having occurred subsequent to the
crystallization.13 In isothermally crystallized samples, a small
endotherm (sometimes called an “annealing peak”) is often
observed during heating about 10-30 �C above the crystal-
lization temperature.14 This small thermal event not only is seen
in PET but also has been detected in a number of other polymers,
including poly(phenylene sulfide) (PPS),15 isotactic polystyrene,16

nylon-6,17 bisphenol A polycarbonate,6,18 poly(3-hydroxy-
butyrate),18 etc., but its nature is still under debate for some of
these polymers. Several authors associate it to melting of second-
ary or more defective crystals;5,8 others link it to enthalpy
recovery of the rigid amorphous fraction (RAF),14-16 which

consists of amorphous chain portions whose mobility is hindered
by the crystalline structures they are attached to and whose
thermal properties are still not studied in detail for themajority of
semicrystalline polymers.

Experimental data on vitrification and devitrification of the
rigid amorphous fraction of semicrystalline polymers are not easy
to obtain by calorimetry. Often contradictory results appear in
the literature. This disagreement arises from the intrinsic nano-
phase structure of the RAF which is made of amorphous chain
segments coupled with crystal portions across phase boundaries.
This leads to differently structured layers of molecular segments,
which, due to the small volume of the nanophases, usually result
in a broad devitrification range, not easily detectable by calori-
metry. In addition, the mobilization of the rigid amorphous
fraction often overlaps melting of the coupled crystals, so that
quantitative determination of mobility of the amorphous chain
portion in the temperature range between the glass transition of
the MAF and crystal melting is difficult by DSC, except in cases
where the two thermal events take place in sufficiently separated
temperature ranges.19-21

Some attempts to investigate a link between crystal melting
and devitrification of the RAF in poly(ethylene terephthalate)
appeared in the literature. Cebe et al. suggested that, for PET
crystallized stepwise under quasi-isothermal cooling, the RAF
devitrifies before the start of melting, at least on quasi-isothermal
heating.22 A similar hypothesis was put forward also in ref 23,
again on the basis of quasi-isothermal step analysis of PET, but
crystallized during continuous cooling at 5 �C/min. There, how-
ever, it was also pointed out that the temperature at which the
reversing heat capacities reaches the value expected for full
devitrification of the RAF “is sufficiently close to the beginning
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of melting that the actual crossover temperature may be some-
what higher due to some low temperature reversible melting.”23

The occurrence of mobilization of the rigid amorphous frac-
tion in themelting range of PETwas, instead, postulated by other
authors. According to Schick and co-workers, PET crystals must
melt before the amorphous chain segments that constitute the
RAF can becomemobile.24 No separate glass transition for RAF
was detected by DSC before melting of the crystals, and no
significant differences of relaxation strength of dielectric and
dynamic mechanical spectroscopy were observed for differently
crystallized PET samples, so that devitrification of RAF was
judged not to occur before the start of melting. Song claimed, on
the basis of temperature-modulated DSC (TMDSC), that the
reversing heat flow profiles and their first derivatives of isother-
mally crystallized PET can be interpreted as devitrification of the
rigid amorphous fraction that takes place parallel with the first
apparent endotherm that appears several degrees above the
crystallization temperature; i.e., low-temperature melting in
PET mainly results from the transition of the rigid amorphous
fraction accompanied by some enthalpy relaxation that causes
the nonreversing thermal event.14 Righetti et al., instead, demon-
strated that in PET multiple processes, involving both the
crystalline and the rigid amorphous fraction, overlap in the
temperature range in which the low-temperature endotherm is
observed.25 This small endotherm therefore results from the
latent heat associated with melting of a small crystal population
plus the enthalpy recovery that accompanies partial mobilization
of the rigid amorphous fraction. This conclusion was drawn on
the basis of a new procedure of analysis of TMDSC data which
consists of the analysis of the initial points of the steady-state
heat-flow-rate signals in the heating and cooling semiperiodswith
the temperature modulation being performed with a sawtooth
profile.25

Summarizing, on the basis of calorimetric data, some authors
claim that in PET the rigid amorphous fractionmobilizes, at least
in part, in the temperature range where fusion of the crystals
occurs; others assert that all amorphous segments are fully
mobilized before the onset of melting. It is shown in this paper
that crystal melting and relaxation of the rigid amorphous frac-
tion of PET are largely coupled, and this coupling results in the
appearance of multiple endotherms when semicrystalline PET is
analyzed by calorimetry.

Overlapping of multiple thermal events in the temperature
range where crystals melt was proven for a number of polymers.
For isothermally crystallized bisphenol A polycarbonate,6 poly-
(3-hydroxybutyrate),18 isotactic polystyrene,26 and cis-1,4-
polybutadiene,27 it was shown that the small endotherm appear-
ing a few degrees above the crystallization temperature is caused
by concurrent partial mobilization of both the crystal and the
rigid amorphous fractions. For cis-1,4-polybutadiene, which can
display up to three major fusion peaks, it was even demonstrated
that not only the first endotherm, as seen for other semicrystalline
polymers, but also the overall multiple melting behavior is
affected by the physical state of the RAF, since it is only in the
temperature range of the second major endotherm that the rigid
amorphous fraction attains sufficient mobility to allow develop-
ment of perfected crystals with higher melting point.27 A
similar mutual influence of relaxation of the rigid amorphous
segments on the overall multiple melting behavior for PET is
proposed and discussed in this contribution on the basis of
DSC and TMDSC.

Experimental Part

Material. Poly(ethylene terephthalate) (PET) of molar mass
Mw = 21 400 Da was kindly received through the Bank of
Crystallizable Polymers of European funded COST Action

P12.28 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 completemelting. After this period, a pressure
of 100 bar was applied for 2 min, and then the sample was
quickly cooled to room temperature by means of cold water
circulating in the plates of the press.

Calorimetry. The thermal properties of compression-molded
PET were measured with a Perkin-Elmer Pyris Diamond DSC,
equipped with Intracooler II as cooling system and with aMettler
DSC 822e calorimeter equipped with a liquid nitrogen cooling
accessory. Both the instruments were calibrated in temperature
with high-purity standards (indium and cyclohexane) and in
energy with heat of fusion of indium. Dry nitrogen was used as
purge gas at a rate of 48mL/min.A fresh samplewas used for each
analysis in order to minimize thermal degradation. To obtain
precise heat capacity data, each measurement was accompanied
by an empty pan run and a calibration run with sapphire under
identical conditions.29 All the measurements were repeated three
times to improve accuracy.

In order to set the structure for the analysis of melting behavior,
each PET specimen of about 4 mg was melted at 280 �C for 3 min
and then cooledwith 300 �C/min to the crystallization temperature
Tc = 190 �C, where it was allowed to crystallize for 30 min. After
isothermal crystallization, the PETwas cooled with 300 �C/min to
40 �C and then analyzed by heating until complete melting was
achieved, usingaconstant scanning rateof 5 �C/min (Perkin-Elmer
Pyris Diamond DSC). The effective cooling rate was not constant
down to 40 �C; however, it was sufficient to avoid further crystal-
lization during cooling.

Quasi-isothermal TMDSC data were gained with the Mettler
DSC 822e calorimeter, using a sawtooth oscillation with a temp-
erature amplitude of 0.2 �C and amodulation period of 60 s about
a base temperature T0, which was raised stepwise in temperature
increments of 5 �C after 16 min at each T0. Extended-time quasi-
isothermal analyses of duration of 4 h were conducted with the
Perkin-Elmer Pyris Diamond DSC at selected temperatures after
heating the isothermally crystallized polymer from Tc to T0 at
5 �C/min. Immediately after completion of the extended-time
quasi-isothermal experiments, the DSC was changed to the stan-
dard measuring mode and heated from T0 until complete melting
with the scanning rate of 5 �C/min.

From TMDSC measurements the reversing specific heat
capacity was obtained from the ratio of the amplitudes ofmodu-
lated heat flow rate and temperature, both approximated with
Fourier series.30,31 The reversing specific heat capacity values
reported in this contribution were obtained from the first
harmonics of the Fourier series. Similar to conventional DSC
analyses, each TMDSC measurement was accompanied by an
empty pan run, and a calibration run with sapphire under iden-
tical conditions.29 The good agreement between the experi-
mental data and the ATHAS Data Bank information proves
that themodulation period of 60 s is long enough to be corrected
satisfactorily by the calibration with sapphire.

Results and Discussion

Experimental total specific heat capacity (cp Tot) and quasi-
isothermal reversing specific heat capacity (cp Rev) of PET,
measured after isothermal crystallization at 190 �C followed by
cooling to 40 �C, are compared in Figure 1 with the thermo-
dynamic cp of fully solid and liquid PET, as taken from the
ATHAS Data Bank.32 Below the glass transition region and
above completion of melting, DSC and TMDSC experimental
data agree with the thermodynamic cp of solid and liquid PET,
respectively, as common for PET.33 The total cp data reveal a heat
capacity step centered around 82 �C, the glass transition temp-
erature (Tg) of the mobile amorphous fraction (MAF), and three
main melting endotherms I, II, and III are assigned and num-
bered in Figure 1 in order of increasing temperatures.
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The experimental data ofFigure 1 allow todetermine the three-
phase composition of PET. The reference sample, isothermally
crystallized at 190 �C for 30 min and cooled, shows a heat
capacity step at Tg that accounts for a mobile amorphous phase
content (wA) of 0.36. The crystal fraction as a function of
temperature was computed as a first approximation from the
conventional DSC plot gained at 5 �C/min by assuming that a
two-phase model, consisting of a crystalline and an amorphous
fraction, is valid for PET. This working hypothesis involves the
assumption either that no rigid amorphous fraction is present in
the material or that melting of PET crystals takes place after full
devitrification of the RAF. The crystal fraction (wC) was
obtained from eq 1:

cpðTÞ ¼ wCðTÞcp,CðTÞþwAðTÞcp,AðTÞ

- ½hAðTÞ- hCðTÞ� dwCðTÞ
dT

ð1Þ

where cp(T) is the measured, apparent specific heat capacity,
cp,C(T) and cp,A(T) are the thermodynamic values of specific heat
capacities of solid and liquid PET, and [hA(T)- hC(T)] is the heat
of fusion. All thermodynamic data [cp,C(T), cp,A(T), hA(T), hC(T)]
were taken from the listings in the ATHAS Data Bank.32

Equation 1 gives a crystallinity wC = 0.335. Comparison with
the amount of mobile amorphous phase quantified by the heat
capacity step at the glass transition suggests considerable rigid
amorphous fraction (wRA) under the chosen experimental con-
ditions, wRA = 0.305. This value is slightly approximated, as in
calculation of the crystal fraction devitrification of the RAF in
the melting range was not considered, as discussed above. The
three-phase composition agrees quite well with the available
literature data for PET,22,25,34-39 although the three-phase struc-
ture is affected not only by the specific polymer grade but also by
the thermal history of the material.19,37,40

An enlargement of the data of Figure 1 around the baseline
heat capacities is presented in Figure 2. It reveals that the revers-
ing cp measured by quasi-isothermal heating crosses the two-
phase baseline at 185 �C, suggesting possible complete mobiliza-
tion of the amorphous segments of PET at this temperature,
just before the onset of crystal melting, as postulated in refs 22
and 23. However, some possible reversible melting cannot be
excluded, due also to the closeness to the beginning ofmelting.23,39

In other words, the reversing heat capacity measured under
quasi-isothermal heating provides information on truly rever-
sible thermal events, like the increase of the baseline heat capa-
city due to devitrification, but it does not exclude the possible
occurrence of other thermal processes involving latent heat
exchange that may affect the modulated amplitude of the heat
flow rate. The measured apparent, reversing cp hence may
increase up to levels corresponding to a fully mobilized amor-
phous fraction, caused in part by reversing melting.

In order to determine whether the quasi-isothermal, apparent
cp arises only from thermodynamic heat capacity contributions or
contains latent heat effects, the time dependence of the reversing
heat capacity at 185 �C was determined. In order to impart the
same thermal history of the sample whose thermal analysis is
presented in Figures 1 and 2, PET was crystallized at 190 �C for
30 min, then cooled to 40 �C, and subjected to quasi-isothermal
step analysis up to the temperature where the reversing cp
intersects the two-phase baseline (185 �C). Then the quasi-
isothermal analysis at T0 = 185 �C was prolonged beyond the
16min of the previous experiment and extended to 4 h. Results of
this analysis, exhibited in Figure 3, reveal that at 185 �C the
reversing cp decays with time and reaches a value of 1.784 J/(K g)
after 4 h of quasi-isothermal modulation. This value falls below
the baseline heat capacity calculated for a two-phase model that
comprises only the crystal fraction and fully mobilized RAF. In
fact, it decreases almost to the 50% level of the baseline heat
capacity computed using a three-phase model that accounts for
the crystal and both mobile and rigid amorphous fractions. The
crystal fraction measured by conventional DSC after 4 h of
prolonged modulation at 185 �C compares well with the initial

Figure 2. Enlargement of the plot shown in Figure 1 in the area of
changing baseline cp.

Figure 1. Specific heat capacity of PET after isothermal crystallization
at 190 �C and subsequent cooling to 40 �C. The thick solid line is the
total heat capacity by standard DSC at 5 �C/min, the solid circles
represent the reversing heat capacity after 16 min of modulation at T0,
and the thin solid lines are the solid and liquid specific heat capacities, as
taken from the ATHAS Data Bank.32 The specific baselines heat
capacity of PET computed for a two- and three-phase model are shown
as dashed and dotted lines, respectively. The major endothermic peaks
are numbered in order of increasing temperatures.

Figure 3. Time dependence of the reversing specific heat capacity of
PET during quasi-isothermal TMDSC analysis at 185 �C for 4 h. The
specific baseline heat capacity of PET computed for a two- and three-
phase model are shown as dashed and dotted lines, respectively.



7692 Macromolecules, Vol. 43, No. 18, 2010 Di Lorenzo et al.

wC, which indicates that the marked decrease of the apparent cp
seen in Figure 3 cannot be ascribed to an increased crystallinity.
Moreover, prolonged annealing of PET might reduce (and not
increase) the RAF content, as crystal perfection generally de-
creases the strain transmitted to the amorphous phase, which
excludes the possibility that the decay of apparent heat capacity
shown in Figure 3 is caused by an increased amount of solid
phases (crystal and rigid amorphous fractions) occurring during
the quasi-isothermal modulation at 185 �C. This shows that
(i) thermal events involving latent heat exchanges occurring at
the crystal surface take place during modulation at 185 �C, as
revealed by the decay of reversing heat capacity with time of
analysis, a process well investigated for a number of semicrystal-
line polymers, as reviewed in ref 40; (ii) the intersection of
reversing cp measured by quasi-isothermal step modulation with
the baseline heat capacity calculated with eq 1, seen in Figures 1
and 2, is in error since the truly reversible heat capacity at 185 �C
has a value lower than measured at short modulation times; and
(iii) at 185 �C, immediately before the prior assumed onset of
melting, part of the amorphous fraction, that was rigid at
completion of the glass transition of the MAF is still vitrified.
These observations prove that the RAF becomes mobile in the
temperature range of crystal melting, which is about 80 �C wide
for PET isothermally crystallized at 190 �C for 30 min.

The existence of a partially vitrified amorphous fraction at the
onset ofmelting of PET crystals is supported by 1H and 13C solid-
state NMR analyses discussed in ref 41, which revealed that in a
different semicrystalline PET grade subjected to a different (not
disclosed) thermal history, somewhatmore than 50%of the whole
amorphous chains are rigid at 160 �C. The motion in the less
mobile amorphous regions identified by solid-state NMR is
dominated by rapid, small angular fluctuations that increase in
amplitude with temperature. These small-amplitude motions
contribute little to the heat capacity beyond the vibrational
motion which make up the basic heat capacity of the crystalline
and glassy solids.42 In the RAF at 160 �C, the amplitude of
the angular methylene reorientation is greater than that of the
aromatic group and is estimated to be in the range 20�-35�,
whereas the aromatic ring fluctuations are smaller and are less
than 20�. This contrasts with the large-amplitude conformational
motions of 120� and 180� which cause the main heat capacity
increase in the glass-transition region due to intramolecular and
intermolecular potential energy contributions.42 In the mobile
amorphous regions large-amplitude motions of both the methyl-
ene and aromatic groups have been quantified, and their rate of
motion is .100 kHz. The large-amplitude motion within the
crystals like the 180� flips of the phenyl rings and interchanges
between the trans-gauche conformational isomers in the -O-
CH2-CH2-O- chain segments probed by solid-state NMR at
160 �C41 also contribute to the increases of the measured thermo-
dynamic heat capacity and must be separated from the variation
of mobility (and heat capacity) of the amorphous segments.40 In
some crystals of macromolecules such large-amplitude motion
leads to mesophase formation or even glass transitions without
change of the crystal structure.40

The reversing melting, quantified in Figure 3 at 185 �C, can be
estimated from the data of Figures 1 and 2 in the whole range of
fusion of PET crystals. It has a maximum around 260 �C, as
indicated by the quasi-isothermal measurement conducted by
modulating around the various base temperatures. More quanti-
tative data were gained by extended-time quasi-isothermal ana-
lyses, which were performed by modulating around each base
temperature for 4 h after isothermal crystallization at 190 �C,
starting from 195 �C and continuing up to complete melting.
Results of these analyses are illustrated in Figure 4. For all
analyzed temperatures, the reversing cp plotted vs time displays a
double-exponential decay. The reversing cp after 4 h of modula-

tion at eachT0 and the reversing cp values extrapolated to infinity
are higher that the thermodynamic cp, indicated by the dotted
horizontals.

Informationon the variationof thermal stability of PETcrystals
upon prolonged exposure at the base temperatures ofmodulation
is provided in Figures 5 and 6, where the experimental apparent
heat capacity after 4 h of quasi-isothermal analysis is compared to
the cp vs temperature reference plot of Figure 1 that details the
initial structure before prolonged modulation. For clarity of
presentation, the experimental data are divided into two separate
figures, each for a different range of temperature of the quasi-
isothermal treatment.

In Figure 5, the endotherm I at TI, which appears in Figures 1
and 2 as a separate peak in the reference DSC melting curve,
broadens and moves to higher temperatures after 4 h of quasi-
isothermal modulation at higher T0 and produces a shoulder on
peak II. The increase with temperature of prolonged quasi-
isothermal modulation produces a higher stability of the struc-
ture. The location and size of the combined peaks I and II remain
little affected by the quasi-isothermalmodulation as long asT0e
205 �C. A major, abrupt increase in peak size occurs in the DSC
curve recorded after 4 h of modulation at T0 = 210 �C, when the
endotherm I at TI has fully disappeared, and a much narrower

Figure 4. Time dependence of the reversing specific heat capacity of
PET during quasi-isothermal measurements at the indicated tempera-
tures. The plots are shifted along the x-axis for clarity of presentation.
The data are from separate measurements and are collected in a single
graph in order to compare the reversing cp trends for different T0s. The
thermodynamic specific heat capacity of PET is shown as dotted line for
each T0. The crystal fraction used to calculate the thermodynamic cp
was determined by integration of the DSC endotherms gained after the
quasi-isothermal analyses.

Figure 5. Apparent specific heat capacity of PETmeasured at 5 �C/min,
after isothermal crystallization at 190 �C for 30 min, followed by quasi-
isothermal modulations for 4 h at the indicated temperatures, with
195 e T0 e 210 �C. The thick solid line is the DSC curve at 5 �C/min,
after isothermal crystallization at 190 �C for 30 min without quasi-
isothermal modulation (as also given in Figures 1 and 2).
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peak II develops at TII. No noteworthy difference is perceived in
the endotherm at TIII.

Figure 6 illustrates the thermal analysis of PET after quasi-
isothermal modulations of 4 h at T0 g 210 �C. After annealing,
only two endotherms can be detected in theDSC scans: one atTII

and one at TIII, as already noted at the high-temperature results
of Figure 5. Between 210eT0e 230 �C, a rise of temperatures of
quasi-isothermal modulation results in a sharper peak II, moved
to increasing temperatures. The size and position of the en-
dotherms at TIII are also affected by the preceding thermal treat-
ment, and a small intermediate exotherm can be noted between
TII and TIII, indicative of continuing annealing and recrystal-
lization.43 Finally, quasi-isothermal modulation at T0 g 240 �C
results in a single melting endotherm in the DSC. This new,
sharper, and larger endotherm IV initially occurs at a tempera-
ture TIII = TIV and then increases with T0. The latent heat of the
peak IV decreases with increasing T0.

Tomake sure the thermal analysis curves illustrated inFigures 5
and 6 are not affected by transesterification processes able to take
place during the longtime quasi-isothermalmodulations,44-46 the
thermal behavior of PET subjected to prolonged annealing was
compared to that of an unannealed sample by repeating the
isothermal crystallization for the samples of Figure 6 annealed at
210 and 240 �C. They were melted again at 280 �C for 3 min and
recrystallized at 190 �C for 30min. TheDSCmelting curves gained
at 5 �C/min after this second thermal historywere compared to the
cpTot of nonannealed PET recrystallized at 190 �C for 30min. No
noteworthy difference could be detected between the two sets of
PET; hence, the possible effect of ester interchange reactions on the
thermal behavior of PET was considered negligible.

The reversing cp shown in Figure 4 allows to calculate the
extent of reversible melting over a wide temperature range.
Earlier this was documented for PET only at a few selected
temperatures.23,40 The data are collected in Figure 7 as a function
of T0, the quasi-isothermal temperature of modulation. Two
straight lines with different slope intersecting at T0 = 210 �C
represent cp Rev. The DSC data presented in Figures 5 and 6,
together with the temperature variation of the reversing heat
capacity shown in Figure 7, suggest a change in the reorganiza-
tion mechanism or kinetics at 210 �C. At the onset of the first
endotherm at TI, the crystals are still coupled to the amorphous
phase with chains which are partially vitrified, as shown in
Figure 3. A further part of the RAF devitrifies in the temperature
range up to 210 �C.Aswas also demonstrated in ref 25, the endo-
therm at TI is, thus, caused by partial mobilization of the rigid
amorphous fraction and simultaneous melting of the coupled

defective crystals or a degree of order which may be part of the
RAF. Such ordered amorphous portions of molecules were
observed earlier in drawn polyethylene.47-49 The rearrangements
that occur at TI may be inhibited not only by constraints exerted
by the neighboring crystallites but also by the remaining rigidity
in the RAF.25 As prolonged annealing is conducted at higher
temperatures, i.e., up toward the end of the endotherm at TI of
Figures 1 and 2, mobilization of the RAF can allow a higher
perfection of the crystals, causing the original endotherm at TII.
The melting peak at TII more than doubles in area but does not
change in temperature, while themainmelting peak atTIII is only
little influenced by the prolonged stay at T0 < 210 �C. Larger
variation in peak shape and positions are observed by modula-
tion at T0 g 210 �C, the temperature corresponding to the end of
peak TI. As illustrated in Figure 6, the peak at TII becomes now
much sharper and moves to higher temperatures with increasing
T0, whereas the peak at TIII gets smaller with little change in
temperature. The latter can be explained by considering that the
crystals perfected during the quasi-isothermal experiments,
whose melting point (TII) is located at higher temperatures,
anneal more slowly during the DSC scan than the original
crystals. Consequently, they show an exotherm at higher tem-
perature before completing the melting of lesser material which
barely reaches the melt end of the reference material analyzed
immediately after isothermal crystallization at 190 �C (thick line
in Figure 6). An increased stability of PET crystals can be seen in
Figure 6 when treated for 4 h at high temperatures (240-260 �C).
These higher melting crystals, characterized by their melting peak
IV, had annealed andperfected beyond thematerial treated at lower
temperature, melting at TIII. They must be lamellae with improved
thickness and/or lesser concentration of nonequilibrium defects.

The above results can be rationalized by hypothesizing that at
temperatures above 210 �C the constraints in the amorphous
phase that do not allow large reorganization of the crystal phase
are removed. Literature data indicate that annealing at high
temperatures not only may induce crystal perfection and in-
creased crystallinity but also can reduce the rigid amorphous
fraction, as documented for cold-crystallized PET and isotactic
polypropylene.37,50 Increasedmobility of the strained amorphous
segments of PET allows the onset of melting of the coupled
crystals that had reached the upper limit of their thermal stability
and can now develop more stable structures which ultimately, as
melting peaks IV, approach the equilibrium melting temperature
(≈280 �C).32 The sizable variation in the trend of the reversing
heat capacity with temperature of quasi-isothermal modulation
above or below 210 �C, shown in Figure 7, supports this
hypothesis. In the analyzed temperature range, endothermic
and exothermic processes that give rise to reversible melting take

Figure 7. Specific reversing heat capacity of PET after 4 h of quasi-
isothermal modulation as a function of the temperature of quasi-
isothermal treatment, as shown also in Figure 4.

Figure 6. Apparent specific heat capacity of PET measured at 5 �C/
min, after isothermal crystallization at 190 �C for 30 min, followed by
quasi-isothermal modulations for 4 h at the indicated temperatures,
with 210 e T0 e 260 �C. The thick solid line, again, is the specific heat
capacity of PET at 5 �C/min, after isothermal crystallization at 190 �C
for 30minwithout quasi-isothermalmodulation (as given in Figures 1, 2,
and 5).
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place, as evidenced by the values of the reversing heat capacity
after 4 h of quasi-isothermal modulation, which are found higher
than the specific baseline heat capacity at the corresponding T0.
An increase of the temperature of quasi-isothermal modulation
results in a larger crystal fraction that undergoes reversible melting,
which, in turn, leads to an increase in the reversing cpwith annealing
temperature. The considerable increase in crystal melting point
caused by the prolonged exposure at eachT0g 210 �C supports the
hypothesis that chain mobility is enhanced at T0 g 210 �C to levels
that permit large extent of recrystallization and crystal perfection
which ultimately leads to the melting region IV.

Conclusions

The quantitative thermal analysis of PET presented in this
contribution reveals details about the coupling between the cry-
stal and amorphous fractions in PET. Reorganizations of the
crystal phase at high temperatures, involving recrystallization/
annealing/crystal perfection following partial melting, can occur
only if the amorphous segment chains in proximity of the crystal/
melt interface have sufficient mobility, which can be achieved
upon release of the strain of the amorphous chain segments
coupled with the just melted crystals. These results confirm the
hypothesis which has appeared in the literature that also in
semicrystalline PET the crystal phasemustmelt, at least partially,
before the RAF can become fully mobile.6,18,27,40 For polymers
with a Tg of the RAF above the melting temperature of the
crystal, mobilization of the RAF was observed to be needed for
crystal melting.40 In the case of poly(oxy-2,6-dimethyl-1,4-
phenylene), the RAF must devitrify first, about 20 �C above
Tm, before melting can occur with superheating.21

Large coupling between crystal melting and relaxation of the
rigid amorphous fraction was also proven for cis-1,4-polybuta-
diene (cis-PBD), which, similar to PET, can display up to three
major endotherms upon DSC analysis after isothermal crystal-
lization: The whole multiple melting of cis-PBD is affected by the
RAF, since it is only in the temperature range of the secondmajor
endotherm that the rigid amorphous fraction attains sufficient
mobility to allow development of perfected crystals with improved
thermal stability.27

The large degree of coupling between the crystal and the
amorphous moieties demonstrated in this contribution for PET
cannot be taken as a general rule, as in some polymers no relation
between crystal melting and relaxation of the rigid amorphous
fraction could be proven. Isotactic poly(1-butene) can be cited as
an example where mobilization of the RAF is completed at
temperatures well below the onset of melting, thus showing no
apparent relation between full mobilization of the amorphous
phase with fusion.19 However, PB-1 crystals (form II) are char-
acterized by large-amplitude intramolecular chain motion, which
makes form II polymorph a condis crystal: The high mobility of
the crystal phase affects the strain imparted to the amorphous
segments coupled to the condis crystals, which favorsmobilization
of the RAF at low temperatures.20 These examples underline that
dissimilarities exist between the coupling of the crystal and the
RAF for the various semicrystalline macromolecules. Each linear
macromolecule needs a full characterization to understand the
structure-property correlations, as the specific peculiarities of
each polymer, coupled with the thermomechanical history, deter-
mine its thermal behavior. The combination of DSC, TMDSC,
and FSC has proven to be a powerful calorimetric technique to
study not only crystals and amorphous polymers but also the
multiphase structures with intermediate, coupled nanophases.
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