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ABSTRACT: Poly(ethylene terephthalate) (PET) sheets
of different crystallinity were obtained by annealing the
amorphous PET (aPET) sheets at 110°C for various times.
The peaks of enthalpy recovery and double cold-crystalli-
zation in the annealed aPET samples with different crys-
tallinity were investigated by a temperature-modulated
differential scanning calorimeter (TMDSC) and a dynamic
mechanical analyzer (DMA). The enthalpy recovery peak
around the glass transition temperature was pronounced
in TMDSC nonreversing heat flow curves and was found
to shift to higher temperatures with higher degrees of
crystallinity. The magnitudes of the enthalpy recovery
peaks were found to increase with annealing times for
samples annealed <30 min but to decrease with anneal-
ing times for samples annealed >40 min. The nonrevers-
ing curves also found that the samples annealed short
times (<40 min) having low crystallinity exhibited double
cold-crystallization peaks (or a major peak with a

shoulder) in the region of 108-130°C. For samples
annealed long times (>50 min), the cold-crystallization
peaks were reduced to one small peak or disappeared
because of high crystallinity in these samples. The double
cold-crystallization exotherms in samples of low crystal-
linity could be attributed to the superposition of the
melting of crystals, formed by the annealing pretreat-
ments, and the cold-crystallizations occurring during
TMDSC heating. The ongoing crystallization after the
cold crystallization was clearly seen in the TMDSC non-
reversing heat flow curves. DMA data agreed with
TMDSC data on the origin of the double cold-crystalliza-
tion peaks. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 1334-1341, 2010
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a commercial
important polymer material and widely used in
fibers, films, bottles, and plastics.1 An amorphous
PET can be easily obtained by quenching from the
melt because of its slow crystallization. A semicrys-
talline PET can be obtained by a cold-crystallization
(or annealing) at above the glass transition tempera-
ture from the amorphous glass or by a melt-crystalli-
zation (nonisothermal or isothermal) from the melt.
As the properties of PET depend very much on the
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crystallinity and morphology, the crystallization and
melting behavior of PET have always drawn atten-
tion to investigate.”?' In these many studies, the
crystallinity and morphology of PET are clearly seen
to be influenced by various factors such as orienta-
tion, thermal history, and crystallization conditions
which include temperature, time, heating and cool-
ing rates, isothermal and nonisothermal processes,
pretreatment conditions, and so forth.

PET is a semirigid crystalline polymer having
slow crystallization behavior; this usually results in
a nonequilibrium state containing metastable crystals
or imperfect crystals following cooling from the
melt. Annealing of this polymer below the glass
transition temperature, without affecting crystallin-
ity,”** would relax the polymer chains toward an
equilibrium state and result in a decrease in
enthalpy.”® Annealing of this polymer above
the glass transition temperature would induce



ENTHALPY RECOVERY PEAKS AND COLD-CRYSTALLIZATION PEAKS IN PET 1335

crystallization. A subsequent heating of both
annealed samples might result in enthalpy recovery
in the glass transition region and cold crystallization
at above the glass transition. The enthalpy recovery
is visible as an endothermic peak usually at the
higher temperature side of the T, signal (a stepwise
change in the heat flow), whereas the cold crystalli-
zation is visible as an exothermic peak during a con-
ventional DSC heating scan.

Previous studies”” found that three endotherms
appeared during a subsequent DSC heating of an
isothermally melt-crystallized PET, including the
low endotherm attributed to early melting of sec-
ondary crystals, the middle endotherm attributed to
melting of primary crystals, and the high endotherm
attributed to final melting of the recrystallized spe-
cies. The middle endotherm was always present but
not always distinguishable from the standard DSC
analysis. Temperature-modulated differential scan-
ning calorimetry (TMDSC) was used to easily detect
the presence of the middle endotherm in the isother-
mally melt-crystallized PEN and PEEK**®* and
revealed that the middle endothermic peak corre-
sponded to the melting of crystals originally present
in the sample and the high endotherm was from the
melting of the recrystallized species. The low endo-
therm in the isothermally melt-crystallized PEN and
PEEK usually at a temperature a few degrees above
the isothermal annealing temperature was proved to
be from the melting of secondary crystals. Multiple
melting peaks in an isothermally melt-crystallized
PET were also reported by Avila-Orta et al.'® but
were attributed to slightly different origins. They'
attributed the low endotherm to the melting of very
thin secondary crystals, the middle endotherm to the
melting of secondary crystals and partial melting of
less stable primary crystals, and the high endotherm
to the melting of the remaining stable primary crys-
tals and the recrystallized crystals. Tan et al”
reported double melting peaks in the cold-crystal-
lized PET during DSC heating. The melt obtained by
heating the cold-crystallized PET to temperatures in
between the low- and high-endothermic peaks was
metastable and was able to recrystallize in the subse-
quent heating. Rastogi et al."> compared microstruc-
ture or morphology of the cold-crystallized PET and
that of the melt-crystallized PET at the same temper-
ature. For the same crystallization temperature and
time, the melt-crystallization of PET was easier to
give bigger size of crystals and higher degree of
crystallinity than the cold-crystallization of PET.
This study'® clearly finds that the crystallization
mechanism is different for either crystallization pro-
cess. Androsch and Wunderlich'* studied the rigid
amorphous fraction (RAF) in an 117°C-cold-crystal-
lized PET and subsequently annealed PET at higher
temperatures as a function of crystallinity and crys-

tal perfection. They found that the crystallinity and
RAF both increase during the cold-crystallization.
The subsequent annealing at higher temperatures
caused an increase in crystallinity but a decrease in
RAF due to crystal perfection.

According to these previous studies, most focused
on the crystallization and melting behaviors of the
melt-crystallized PET from the melt. Few studies
focused on those of the cold-crystallized (or
annealed) PET from the amorphous glass. Since con-
ditions of the annealing pretreatments affect the ini-
tial crystallinity and, consequently, the final proper-
ties after subsequent crystallizations, the effects of
these pretreatment conditions on the subsequent
cold-crystallization and melting behavior during
heating have to be known before a precise morphol-
ogy or property can be obtained. In an attempt to
know this, PET samples of various crystallinity are
created by annealing the amorphous PET at a tem-
perature in between T, and T,, for various times.
Intrinsic relations between these thermal pretreat-
ments and properties (such as thermal and mechani-
cal properties) may thus be investigated.

TMDSC, a relatively new calorimetric tech-
nique,”>® has been extensively used for studying
the melting and crystallization behavior in polymer
systems,” and it is widely accepted that it can sup-
ply additional information compared with conven-
tional DSC. In TMDSC, a sample is linearly heated
with a superimposed low frequency temperature os-
cillation resulting in a modulation in the heating
profile. TMDSC analysis provides total heat flow,
such as that from conventional DSC, and the heat
capacity-related reversing heat flow. The nonrevers-
ing heat flow is obtained by subtracting the revers-
ing heat flow from the total heat flow. The nonre-
versing process, at the time and temperature at
which the measurement is made, is either irreversi-
ble or in some way kinetically hindered. The nonre-
versing heat flow signal contains contributions from
processes that are reversible at frequencies lower
than that chosen for the modulation. The reversing
process during heating a polymer includes the glass
transition and parts of the endothermic crystal melt-
ing, whereas the nonreversing process contains all
exothermic events such as crystallizations, the endo-
thermic enthalpy recovery, and parts of the endo-
thermic crystal melting. Much of the complexity of
TMDSC analysis originates from the contribution of
the crystal melting to both reversing and nonrevers-
ing processes.’® The reversing melting process
includes the melting of the polymer chains or chain
segments near or on high-melting crystals, and with
negligible cooling, these molecules can nucleate and
recrystallize on these existing unmelted crystals,*”®
whereas the nonreversing melting process mostly
originates from the complete melting of crystals.
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In this work, enthalpy recovery peaks in the T,
region and double cold-crystallization peaks above
T, are observed in the annealed amorphous PET
sheets at 110°C for various times and are investi-
gated as a function of annealing time and crystallin-
ity by a TMDSC and a dynamic mechanical analyzer
(DMA). As the TMDSC analysis is able to separate
the reversing and nonreversing events, it is thus a
better technique than conventional DSC to see the
enthalpy recovery peak and the ongoing crystalliza-
tion behavior above the cold crystallization peaks
and thereby to investigate into the effects of anneal-
ing time on the enthalpy recovery peak and the ori-
gin of the double cold-crystallization peaks in the
annealed PET. DMA can provide data of dynamic
mechanical properties such as storage modulus, loss
modulus, and tan delta as a function of temperature
for a sample. As cold crystallizations during the
heating of the annealed PET would cause changes of
these dynamic mechanical properties, DMA will also
be used to accompany with TMDSC for this study.

EXPERIMENTAL

The amorphous poly(ethylene terephthalate) (aPET)
sheets of 0.5 mm in thickness were obtained from
Nan Ya Plastics Corp. (Taipei, Taiwan). The intrinsic
viscosity of the aPET was 0.704 dL/g. The aPET
sheets were annealed in an oven at 110°C for various
times. The annealing time was from 10 to 1000 min.
For the denotation of a sample, the aPET-110-40
denoted the aPET after annealing at 110°C for 40
min, whereas aPET-110-1000 denoted the aPET after
annealing at 110°C for 1000 min, etc. The density of
aPET and the annealed aPET samples was deter-
mined by a weighing device according to the princi-
ple of Archimedes. The weight fractional crystallin-
ity (X4, %) of a sample was determined by density
data using eq. (1) as follows,

x, — P (P—Pa) 1)

P (Pc — Pa)

where p is the measured density at 25°C of an
annealed aPET sample, p, is the density of the amor-
phous PET (aPET) and is taken as 1.333 g/ cm?® from
literature,® and p, is the density of the fully crystal-
line PET and is taken as 1.455 g/ cm?® as described in
the literature.**™** The calculated X, data of samples
studied are tabulated in Table I. For comparison, the
weight fractional crystallinity (X, %) of a sample
was also determined by calorimetry data using eq.
(2) as follows,

AH, + AHe
T x 100% (2)

m

X% =
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The calorimetry data of a sample were obtained
from the first heating scan at 10°C/min on a stand-
ard DSC (DSC Q100, TA Instruments, New Castle,
DE) from 30 to 300°C to obtain the heat of the exo-
thermic cold-crystallization (AH.) and the heat of
the endothermic melting (AH,,). AHY, is the heat of
melting of perfectly crystalline PET which is 135
J/g A4

The temperature-modulated differential scanning
calorimetry (TMDSC) experiments were conducted
on a DSC (DSC Q100, TA Instruments) applying the
“heat only” mode by heating the sample at 2°C/min
superposed with a temperature oscillation modula-
tion with an amplitude of 0.32°C at a frequency of
1/min. The temperature modulation amplitude was
small enough so that there was no significant local
cooling. During TMDSC heating scans from 0 to
300°C, the glass transition (with enthalpy recovery
endotherms), the exothermic cold -crystallization
peaks, and the endothermic melting peaks were
observed, and the corresponding glass transition
temperature (T,), enthalpy recovery peak tempera-
ture (T¢), first and second cold-crystallization tem-
peratures (T.,and T.p, respectively), the ongoing
crystallization peak temperature (T,), and first and
second melting temperatures (T,,;,and T, respec-
tively) were obtained, for aPET and the annealed
aPET samples. The dynamic mechanical properties
of the samples were measured on a dynamic me-
chanical analyzer DMA (DMA 2980, TA Instru-
ments) through a tensile mode. DMA analyses were
conducted at a heating rate of 3°C/min from 30 to
200°C and at an oscillation frequency of 1 Hz with
an oscillation amplitude of 15 um.

RESULTS AND DISCUSSION

Table I lists the degrees of crystallinity of aPET and
the annealed samples, calculated using the density
data and calorimetry data. As can be seen in Table I,
the density and the density-based weight-fractional
crystallinity (X;) of a sample increase with increas-
ing annealing times. The samples with annealing
times <30 min give rise to the density-based crystal-
linities of near zero but give the calorimetry-based
crystallinities (X.) of over 10%. This discrepancy can
be attributed to the thermally induced crystallization
during the DSC heating scan. This induced crystalli-
zation enhances the AH,, and thus the crystallinity
as calculated by eq. (2). This finding reveals that the
calorimetry method using a DSC is unable to pro-
vide correct measurements of low crystallinities in a
semicrystalline polymer. The calorimetry-based X, of
aPET is unexpectedly higher than that of the sample
annealed <30 min. This can be attributed to the
presence of initial crystals in the annealed samples
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TABLE 1
The Measured Density, Weight Fractional Crystallinity (X,” and X,°, Calculated from Density and Calorimetry Data,
Respectively), Heats of Cold-Crystallization (AH,), and Heats of Fusion (AH,,), of Amorphous PET (aPET) and
Annealed aPET (aPET-110-t) at 110°C for Various Times (t)

PET samples  Annealing temp. (°C)  Annealing time (min) Density (g/ em® X (%)  AHe (J/ g) AH,, (/g) X2 (%)
aPET - - 1.333 0 -24.7 47.8 171
aPET-110-10 110 10 1.333 0 -28.5 45.6 12.6
aPET-110-20 110 20 1.335 1.8 -27.3 46.0 13.8
aPET-110-30 110 30 1.336 2.7 -27.0 449 13.2
aPET-110-40 110 40 1.360 23.7 -9.5 49.3 29.5
aPET-110-50 110 50 1.364 27.1 -5.1 47.2 31.2
aPET-110-100 110 100 1.368 30.5 +14 47.5 36.2
aPET-110-200 110 200 1.371 33.1 +1.9 48.1 36.6
aPET-110-500 110 500 1.372 33.9 +2.1 47.0 36.4
aPET-110-1000 110 1000 1.372 33.9 +2.3 46.6 36.2

The calorimetry data were obtained by a conventional DSC analysis from the first heating scan at a rate of 10°C/min.
* Weight fractional crystallinity was calculated from density data using eq. (1).
" Weight fractional crystallinity was calculated from calorimetry data using eq. (2).

which serve as a nucleating agent and facilitate the
cold-crystallization giving more exothermic heats
(i.e., AHc.). For samples annealed >40 min, the calo-
rimetry-based X, are always higher than the density-
based X; as can be also seen in Table I. For these
samples annealed for long times, the thermally
induced crystallization still occurs during the DSC
heating scan and again enhances the AH,,, leading to
an overestimated crystallinity. The calorimetry
method (normally conducted at moderate or low
heating rates) is thus not an appropriate method to
analyze the crystallinity of a semicrystalline poly-
mer, unless the crystallization can not be thermally
induced during the DSC heating scan before melt-
ing. To inhibit the thermally induced crystallization,
a very rapid heating scan may be applied.'*

Figures 1-3 show TMDSC curves for aPET, aPET-
110-40, and aPET-110-1000, respectively. Each figure
contains curves of total, reversing, and nonreversing
heat flows. All three samples show a glass transition
temperature in the region of 70-85°C and a major
melting peak at near 250°C in the total heat flow
curves. The aPET and aPET-110-40 exhibit exother-
mic peak(s) in the region of 110-130°C, attributed to
cold-crystallizations, whereas aPET-110-1000 exhibits
a small endothermic peak at near 120°C. This small
endotherm shifts to higher temperatures if the
annealing temperatures are higher, as can be seen in
Figure 4 for aPET-140-50 (this sample was obtained
by annealing at 140°C for 50 min), for example,
which exhibits a small endotherm at near 144°C.
This finding suggests that the small endotherm,
appeared at some degrees higher than the annealing
temperature, arises from the melting of crystals
which evolve from the annealing, with higher
annealing temperatures giving bigger sizes of crys-
tals and thus higher melting temperatures as dis-
cussed in the following. According to the secondary

nucleation theory, the initial crystal thickness (I%) is
inversely proportional to the degree of supercooling
(AT = T%, — T,) as follows:**°

. ZGTS1
"= AT - T,) )
where © is the fold surface free energy, TO is the
equilibrium melting temperature, AH is the heat of
fusion per unit volume, and T, is the crystallization
(annealing) temperature. The sizes of crystals
evolved from higher annealing temperatures are
thus bigger than those from lower temperatures
because the higher annealing temperatures give the
smaller degrees of supercooling (AT). In addition,
according to the Thomson-Gibbs equation,*” crystal
thickness (/;), and melting temperature (T,,) are cor-
related as in eq. (4):

. 20
T=T(1-1oam) @

where Ty, is the equilibrium melting temperature, p,
is the mass density of the crystal, AH is the heat of
fusion per unit weight, and o is the fold surface free
energy. From eq. (4), the bigger sizes (I.) of crystals
thus give rise to the higher T,,. Equations (3) and (4)
both reveal that the small endotherm appeared at
some degrees higher than the annealing temperature
arises from the melting of crystals formed during
the annealing.

Following the cold-crystallization peak(s) in the
region of 108-130°C, there exists ongoing exothermic
crystallizations (as can be seen by the raised curves
relative to the baselines) before the major melting
peak at near 250°C as can be seen in the total heat
flow curves in Figures 1-3. In the nonreversing heat

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 TMDSC curves of total, reversing, and nonre-
versing heat flows for aPET (amorphous PET without
annealing).

flow curves, this ongoing exothermic crystallization
can be more clearly observed and increases with
increasing temperature until the major melting endo-
therm before which the curve evolves into an exo-
thermic peak. This nonreversing exothermic peak is
found to accompany with the reversing endothermic
peak. Figure 5 shows nonreversing heat flow curves
for aPET and all 110°C-annealed aPET samples. An
enthalpy recovery peak (or a peak with a shoulder)
around the glass transition temperatures (T,) in the
region of 70-80°C, the first and second cold-crystalli-
zation temperatures (T.,and T.o, respectively) in
the region of 108-130°C, the ongoing exothermic
crystallization with a peak temperature at near
227°C, and the first (minor) and second (major) melt-
ing temperatures (T,,; at near 120°C and T, at near
250°C, respectively) for aPET and the annealed aPET
samples are observed in the nonreversing heat flow
curves in Figure 5 and tabulated in Table II. The en-
thalpy recovery peak is associated with the enthalpy
that is recovered during heating the relaxed polymer
chains after the annealing treatments. Figure 5 finds
that the magnitudes of the enthalpy recovery peaks
increase with annealing times for samples annealed

=
Non-reversing 2 >
E | &
= -0.025 =
g Reversing
o
E 0.125
§ 0.125
'_A.
r=0.225
[ =0.225
o 50 100 150 200 250 300
Exo

Tempearature ("C)
Figure 2 TMDSC curves of total, reversing, and nonre-
versing heat flows for aPET-110-40 (aPET after annealing
at 110°C for 40 min).
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Figure 3 TMDSC curves of total, reversing, and nonre-
versing heat flows for aPET-110-1000 (aPET after anneal-
ing at 110°C for 1000 min).

<30 min but decrease with annealing times for sam-
ples annealed >40 min. This suggests that for short
annealing times (<30 min), the sample has low crys-
tallinity (see X, in Table I) and the relaxation of
polymer chains toward an equilibrium state to have
enthalpy loss is greater for longer annealing times,
resulting in greater enthalpy recovery during heat-
ing. For annealing times >40 min, the low amor-
phous fraction because of high crystallinity (Table I)
in the sample results in small enthalpy recovery
peak. As can be seen in Table II, the enthalpy recov-
ery peak temperature (T,,) shifts to higher tempera-
tures for the samples with longer annealing times
from 68.5°C for aPET to 75.6°C for aPET-110-1000.
This can be attributed to higher degrees of crystallin-
ity in samples of longer annealing times as can be
seen in Table L

As can be seen in Figure 5, the original aPET sam-
ple exhibits a clear cold-crystallization exotherm at
120°C during heating. The cold-crystallization exo-
therm shifts to lower temperatures for the annealed
samples with longer annealing times within 30 min.

Non-reversing
Reversing
] S
o Total —
[
®
-
Exo up
50 100 150 200 250 300

Temperature ("C)

Figure 4 TMDSC curves of total, reversing, and nonre-
versing heat flows of aPET-140-50 (aPET after annealing at
140°C for 50 min).
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Figure 5 TMDSC curves of nonreversing heat flows for
aPET and the annealed aPET at 110°C for various times.

This finding suggests that the crystals formed during
annealing serve as a nucleating agent facilitating the
cold-crystallization and resulting in a lowered cold-
crystallization temperature. Beginning with the 10
min of annealing, a shoulder appears at the higher
temperature side of the major cold-crystallization
exotherm. This shoulder overlaps with the ongoing
crystallization at higher temperatures. For longer
annealing times, this shoulder becomes bigger
accompanying with a decreasing magnitude of the
major cold-crystallization peak until its complete dis-
appearance for the samples annealed >100 min
beyond which a small endotherm appears at near
120°C. This small endotherm appears to be increas-
ing in magnitude with increasing annealing time.
The origin of this small endotherm was attributed to
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the melting of crystals formed during annealing as
discussed previously. By examining the position of
the double cold-crystallization peaks (or a major
peak with a shoulder) and that of the small melting
peak in these nonreversing heat flow curves in Fig-
ure 5, it can be suggested that the double cold-crys-
tallization exotherms arise from a superposition of
the exothermic cold-crystallization peak and the
endothermic melting peak. The original aPET under-
goes no annealing treatment and has no initial crys-
tals present to melt simultaneously with the cold-
crystallization during heating. The observation of a
single cold-crystallization exotherm for the original
aPET thus agrees with the finding.

More evidence can be provided by DMA analysis
for the origin of the double cold-crystallization exo-
therms. Figure 6 shows the storage modulus of aPET
and the annealed samples as a function of tempera-
ture. In Figure 6, the storage modulus can be seen to
decrease slowly as the temperature increases up to
the onset of the glass relaxation, and then drops
abruptly during the glass relaxation, as expected. As
can be seen in Figure 6, the glass relaxation of sam-
ple shifts to higher temperatures for samples with
longer annealing times. This is because the longer
annealing times result in higher degrees of crystal-
linity (Table I) and this crystallinity contributes to
the increases of the glass relaxation. Before the onset
of the glass relaxation, the storage modulus of sam-
ple ranges from about 2000 to 2500 MPa and
increases with increasing annealing time. This indi-
cates that the crystallinity of sample contributes to
the increase of the storage modulus in this low-tem-
perature region as well. For samples with annealing
times >100 min, the storage modulus curves reach a
plateau region after the glass relaxations. Samples
with annealing times <50 min are somewhat differ-
ent in storage modulus curves after the glass relaxa-
tions due to occurrence of cold-crystallizations

TABLE II
Temperatures of the Enthalpy Recovery Peak (T,), the First and Second Cold-Crystallization Temperatures (T.; and
T.c2, Respectively), the Ongoing Crystallization Peak Temperatures (T,.), the First and Second Melting Temperatures
(T,,1 and T,,5, Respectively) for aPET and the Annealed aPET Samples

PET samples Tg (°O) Ter °C) Tea1 (°C) T (°C) Tecz (°C) Toc (°C) Tz (°C)
aPET 745 68.5 120.0 - - 2285 252.0
aPET-110-10 745 69.0 1174 - 129.2 227.5 250.1
aPET-110-20 745 69.5 115.7 - 1285 227.0 249.9
aPET-110-30 74.8 70.5 110.7 - 127.7 227.0 249.9
aPET-110-40 78.0 745 108.5 - 127.7 227.0 249.9
aPET-110-50 79.1 75.0 - - 128.6 227.0 249.8
aPET-110-100 81.0 75.0 - 118.1 - 227.0 249.8
aPET-110-200 815 75.0 - 119.3 - 227.0 249.8
aPET-110-500 81.5 75.1 - 118.8 - 227.0 249.8
aPET-110-1000 81.5 75.6 - 121.1 - 227.0 2498

These thermal properties were obtained from TMDSC nonreversing heat flow curves. The glass transition temperatures

(T,) were obtained from TMDSC reversing heat flow curves.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 DMA curves of storage modulus as a function
of temperature for aPET and the annealed aPET at 110°C
for various times. DMA analyses were conducted at a
heating rate of 3°C/min from 30 to 200°C and at an oscil-
lation frequency of 1 Hz with an oscillation amplitude of
15 pm.

during the DMA heating. The storage modulus of
these samples annealed <50 min decreases rapidly
during the glass relaxation to a very low value and
increases with temperature in the region of 110-
140°C as can been seen in Figure 6. To examine this
temperature region carefully, Figure 6 is zoomed in
the region of 100-150°C for aPET-110-10. The
zoomed region is shown in Figure 7 where the stor-
age modulus can be seen to increase with tempera-
ture by a two-stage process. The storage modulus
begins to rise at near 120°C with a slower increasing
rate and changes to a higher increasing rate at near
130°C. The slower increasing rate in the initial stage
can be associated with the superposition of the melt-
ing of crystals (formed during the 10-min annealing)
and the cold-crystallization during the DMA heat-
ing. In other words, the melting of crystals offsets

150 50
Storage Modulus

- g
= 100
W E
=2 @
= B
@ z
g 50 8
S Loss Modulus 5
0

0 0

100 110 120 130 140 150
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Figure 7 DMA curves of storage and loss modulus as a
function of temperature for aPET-110-10.
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Figure 8 DMA curves of tan d as a function of tempera-
ture for aPET and the annealed aPET at 110°C for various
times.

the effect of the cold-crystallization which can give
rise to an increase of storage modulus during the
DMA heating. The cold-crystallization alone contrib-
utes to the increase of storage modulus on the DMA
heating in the later stage and results in a higher
increasing rate in the storage modulus with tempera-
ture. The melting of crystals can be also evidenced
by the increase of loss modulus in the region of 120-
130°C as can be also seen in Figure 7. The finding
from these DMA data agree with the observation in
Figure 5 as discussed previously.

The double cold-crystallization behavior can also
be observed from DMA tan & curves as a function
of temperature. Figure 8 shows tan & curves of
aPET and the annealed aPET samples as a function
of temperature. Every sample exhibits a major
relaxation (or damping) peak attributed to the
glass transition. For the samples with longer
annealing times, the major damping peak shifts to
higher temperatures and becomes smaller in mag-
nitude. This can be attributed to higher degrees of
crystallinity. For samples with short annealing
times (<50 min), two or one small and broad addi-
tional damping peaks appear at temperatures
higher than the glass transition peak as can be
seen in Figure 8. Compared with TMDSC nonre-
versing curves in Figure 5, the small and broad
damping peaks in Figure 8 are qualitatively con-
sistent with the cold-crystallization peaks in Figure
5. Although double cold-crystallization exotherms
are not seen for aPET in Figure 5 because of rela-
tively low sensitivity from the TMDSC analysis
compared with the DMA analysis, the appeared
two small additional damping peaks for aPET in
Figure 8 can serve as evidence that the melting of
crystals occurs during the cold-crystallization.
These crystals are formed in aPET during the cold-
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crystallization by DMA heating. Overall, the tan 6
data support the finding from TMDSC data that
the melting of crystals, formed by the annealing
process, superposes with the cold-crystallization
occurring during heating on the annealed samples.
This superposition gives double cold-crystallization
peaks for samples with low degrees of crystallinity.
The samples with high degrees of crystallinity ex-
hibit no cold-crystallization peak(s) but exhibit a
melting peak nearby.

CONCLUSIONS

The enthalpy recovery peak in the glass transition
region, the double cold-crystallization peaks, and the
ongoing crystallization after the cold crystallization
in the 110°C-annealed amorphous PET samples with
different crystallinity were clearly observed in the
TMDSC nonreversing heat flow curves. The en-
thalpy recovery peak was found to shift to higher
temperatures for samples with higher degrees of
crystallinity. The magnitudes of the enthalpy recov-
ery peaks were found to increase with annealing
times for samples annealed <30 min but to decrease
with annealing times for samples annealed >40 min.
The TMDSC nonreversing curves also found that the
annealed aPET samples with low crystallinity exhib-
ited double cold-crystallization peaks (or a major
peak with a shoulder) in the region of 108-130°C,
whereas the annealed samples with high crystallinity
exhibited one small or no cold-crystallization peak.
The double cold-crystallization exotherms in samples
of low crystallinity could be attributed to the super-
position of the melting of crystals, formed by the
annealing process, and the cold-crystallizations dur-
ing TMDSC heating. DMA data agreed with the
TMDSC data.
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