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ABSTRACT: An amorphous poly(ethylene terephthalate)
(aPET) and a semicrystalline poly(ethylene terephthalate)
obtained through the annealing of aPET at 110�C for 40 min
(aPET-110-40) were treated in carbon dioxide (CO2) at 1500
psi and 35�C for 1 h followed by treatment in a vacuum for
various times to make samples containing various amount
of CO2 residues in these two CO2-treated samples. Glass
transition and cold crystallization as a function of the
amount of CO2 residues in these two CO2-treated samples
were investigated by temperature-modulated differential
scanning calorimetry (TMDSC) and dynamic mechanical
analysis (DMA). The CO2 residues were found to not only
depress the glass-transition temperature (Tg) but also facili-
tate cold crystallization in both samples. The depressed Tg

in both CO2-treated poly(ethylene terephthalate) samples
was roughly inversely proportional to amount of CO2 resi-
dues and was independent of the crystallinity of the poly(-
ethylene terephthalate) sample. The nonreversing curves of

TMDSC data clearly indicated that both samples exhibited a
big overshoot peak around the glass transition. This over-
shoot peak occurred at lower temperatures and was smaller
in magnitude for samples containing more CO2 residues.
The TMDSC nonreversing curves also indicated that aPET
exhibited a clear cold-crystallization exotherm at 120.0�C,
but aPET-110-40 exhibited two cold-crystallization exo-
therms at 109.2 and 127.4�C. The two cold crystallizations in
the CO2-treated aPET-110-40 became one after vacuum
treatment. The DMA data exhibited multiple tan d peaks in
both CO2-treated poly-(ethylene terephthalate) samples.
These multiple tan d peaks, attributed to multiple amor-
phous phases, tended to shift to higher temperatures for
longer vacuum times. VVC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 113: 3345–3353, 2009
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a commercially
important polymer material and is widely used in
fibers, films, bottles, and plastics.1–4 As used in the
packaging industry, such as their use for carbonated
drinks, it is highly desirable for PET bottles to have
high barrier properties to prevent carbon dioxide
(CO2) in the carbonated drinks from being released.
PET can be obtained as an amorphous solid by
quenching from the melt and as a semicrystalline
material by annealing. The barrier properties of PET
are dependent on the crystallinity. The crystalliza-
tion of PET is influenced by various factors, such as
molecular weight, orientation, annealing, and crys-
tallization conditions.5 For example, the orientation

can cause stress-induced crystallization and influ-
ence the crystallinity.5–9 PET is a semirigid crystal-
line polymer with slow crystallization behavior; this
usually leads to the presence of a large amount of
metastable crystals or imperfect crystals that are
not at thermodynamic equilibrium. A subsequent
annealing or heating treatment would evolve a sta-
ble morphology from the metastable crystals accom-
panied by a heat release attributed to exothermic
crystallization or a heat absorption attributed to
endothermic relaxation or melting.
PET can be swelled and foamed, the morphology

of PET can change, and the crystallization of PET
can be induced in compressed CO2 or by dissolved
CO2.

10–21 CO2 can plasticize PET and induce crystal-
lization at temperatures below its glass-transition
temperature (Tg).

21–24 The crystallizations that could
be induced by dissolved CO2 were explained by the
swelling and plasticization by CO2, which eased the
movement of the polymer chains for crystallization.
To our knowledge, how dissolved CO2 affects the
glass transition and cold crystallization of PET of
different crystallinities has not been reported as a
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function of the amount of dissolved CO2. In this
study, a sheet of amorphous poly(ethylene tereph-
thalate) (aPET) and a sheet of semicrystalline poly-
(ethylene terephthalate) obtained through the
annealing of aPET at 110�C for 40 min (aPET-110-40)
were treated in CO2 at 1500 psi and 35�C for 1 h fol-
lowed by vacuum treatment for various times to
obtain various amounts of CO2 residues in the two
CO2-treated PET samples. The glass transition and
cold crystallization in these two CO2-treated PET
samples were investigated as a function of the
amount of CO2 residues by temperature-modulated
differential scanning calorimetry (TMDSC) and
dynamic mechanical analysis (DMA).

TMDSC is a recently developed technique25–31 that
superimposes a sinusoidal temperature oscillation
onto a linear heating ramp of standard differential
scanning calorimetry (DSC). The total heat flow can
be obtained as in conventional DSC. The total heat
flow can be separated into a heat-capacity-related
(reversing) component and a time-dependent, nonre-
versing component.25–31 The overshoot around the
glass transition and cold crystallization in the CO2-
treated PET samples during TMDSC heating was
clearly seen in the nonreversing curves and was
investigated as a function of the amount of CO2 resi-
dues in this study.

EXPERIMENTAL

Materials and sample preparation

aPET sheets 0.5 mm in thickness were obtained from
Nan Ya Plastics Corp. (Taipei, Taiwan). The intrinsic
viscosity was 0.704 dL/g. We obtained the aPET-110-
40 sheets by annealing the aPET in an oven at 110�C
for 40 min. The densities of aPET and aPET-110-40
were determined to be 1.333 and 1.360 g/cm3, respec-
tively. The volume fractional crystallinity (Xd) of
aPET-110-40 was determined to be 22.1% with eq. (1):5

Xd ¼ ðd� daÞ=ðdc � daÞ (1)

where d is the measured density of the sample, da is
the density of amorphous PET and was taken as
1.333 g/cm3,28 and dc is the density of fully crystal-
line PET and was taken as 1.455 g/cm3.5,32,33

CO2 treatments

The CO2 treatments of the samples were performed
in a high-pressure thermostat chamber supplied by
Jeoou Rong Industrial Co., Ltd. (Kaohsiung, Taiwan)
equipped with a syringe pump with a model 260D
supplied by ISCO (Lincoln, NE). Samples 2 cm long
and 0.5 cm wide cut from the sheets were put in a
high-pressure cell located inside the thermostat
chamber pressurized by the equipped syringe-type

pump at 1500 psi. The chamber was controlled at
35�C throughout the treatment time of 60 min. Pre-
liminary tests showed that, in the 60-min treatment
time, the samples were able to reach the equilibrium
solubility of CO2. After the treatment, the cell was
depressurized to ambient pressure for 50 s, and the
samples were taken out for weight measurements.
The treated samples were then put into a vacuum
oven at room temperature to release the dissolved
CO2 and were weighed as a function of vacuum
time. The vacuum times were 0, 6, 12, 24, 36, 48, and
72 h. The treated samples after complete evacuation
of the dissolved CO2 showed a negligible weight
change as compared to original samples, which indi-
cated that the samples were not eroded.

TMDSC analyses

We conducted the TMDSC analyses on a TA Instru-
ments DSC-Q100 (New Castle, DE) by 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 to obtain curves of total, reversing, and non-
reversing heat flows. The quasi-isothermal mode
was applied to obtain reversing heat-capacity data
by isothermal heating at every 3�C increment for
10 min from 0 to 300�C. At each isothermal tempera-
ture, the heating was superposed with a temperature
oscillation modulation of 0.5�C in amplitude in
every 60-s cycle.

DMA

The dynamic mechanical properties were deter-
mined by a TA Instruments dynamic mechanical
analyzer (DMA-2980) through the tensile mode. The
heating rate was 3�C/min from 30 to 200�C and the
forced vibrating frequency was 1 Hz with an oscilla-
tion amplitude of 15 lm.

RESULTS AND DISCUSSION

In this study, an amorphous PET (aPET) and an
annealed PET (aPET-110-40) were treated in CO2 at
1500 psi and 35�C for 1 h. Figure 1 shows the
TMDSC reversing heat capacity in the temperature
region 0–300�C for aPET and aPET-110-40. When we
compared the two samples, we observed that the
annealing caused PET to decrease the heat-capacity
increase and the heat capacity at Tg. As shown in
Figure 1, at Tg, the heat-capacity increases were
0.082 and 0.062 cal/g �C and the heat capacities
were 0.38 and 0.37 cal/g �C for aPET and aPET-110-
40, respectively. A decreased heat-capacity increase
with aPET-110-40 was associated with an increase in
the overall rigid fraction (fr) due to the presence of
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crystallites in the sample that remained solid beyond
the glass-transition region;34 this was calculated with
eq. (2):

fr ¼ 1� ðDCp=DC
o
pÞ (2)

where DCp is the measured heat-capacity increase at
Tg for a PET sample and DCo

p is measured heat-
capacity increase for a completely amorphous PET
(0.164 cal/g �C, as determined by the difference
between the glass and liquid heat capacities). By
applying the DCp obtained from Figure 1, we calcu-
lated the fr values, which were 50 and 62.2% for
aPET and aPET-110-40, respectively. If the two-phase
crystallinity model is valid, fr is equal to the degree
of crystallinity (i.e., the crystalline fraction). If not,
one finds that fr is higher than the crystalline frac-
tion and a rigid amorphous fraction exists between
Tg and the melting temperature. The case of fr being
lower than the crystalline fraction has not been
observed.35 In this study, the degrees of crystallinity
of aPET and aPET-110-40 were 0 and 22.1%, respec-
tively, as calculated by eq. (1). Accordingly, fr in
aPET was equal to the rigid amorphous fraction in

aPET. The higher fr in aPET-110-40 compared to that
in aPET reflected the presence of crystallites in
aPET-110-40 in addition to the rigid amorphous
fraction.
Figure 2 shows the optical microscopy image of

the CO2-treated aPET sheet. Bubbles less than 100
lm in diameter were seen in the CO2-treated aPET.
This indicated that CO2 could dissolve in aPET upon
CO2 treatment at 1500 psi and 35�C for 1 h. We
determined the amount of dissolved CO2 by weigh-
ing the sample immediately after the treatment. As
the CO2-treated samples were vacuumed, the
amount of CO2 residues in the samples decreased.
The CO2 weight residues in the CO2-treated aPET
sample as a function of vacuum time are tabulated
in Table I, whereas those in the CO2-treated aPET-
110-40 sample are tabulated in Table II. As shown in
Tables I and II, longer vacuum times caused fewer
CO2 residues in both samples, as expected. As
shown in Figure 3, the amount of CO2 residues in
both samples was inversely proportional to the loga-
rithmic vacuum time. For a vacuum time, the
amount of CO2 residues in the amorphous aPET was

Figure 2 Optical microscopy image of CO2-treated aPET.

TABLE I
CO2 Residue, Tg, and Tcc Values of aPET and

CO2-Treated aPET as a Function of the Vacuum Time

Sample code
Vacuum
time (h)

CO2 residues
(wt %)

Tg

(�C)
Tcc

(�C)

aPET,CO2,V0 0 4.31 33.2 110.5
aPET,CO2,V6 6 1.86 47.5 111.3
aPET,CO2,V12 12 1.44 53.6 112.0
aPET,CO2,V24 24 0.97 60.7 113.8
aPET,CO2,V36 36 0.74 64.1 114.2
aPET,CO2,V48 48 0.47 64.4 115.0
aPET,CO2,V72 72 0.12 67.4 115.2
aPET — 0 74.2 120.0

The CO2 treatment conditions were 1500 psi, 35�C, and
1 h. Tcc ¼ cold-crystallization temperature.

TABLE II
CO2 Residue, Tg, and Tcc Values of aPET-110-40 and

CO2-Treated aPET-110-40 as a Function of
the Vacuum Time

Sample code
Vacuum
time (h)

CO2

residues
(wt %)

Tg

(�C)
Tcc

(�C)

aPET-110-40,CO2,V0 0 3.09 43.8 73.7, 86.4
aPET-110-40,CO2,V6 6 0.94 56.3 90.1
aPET-110-40,CO2,V12 12 0.68 66.1 96.0
aPET-110-40,CO2,V24 24 0.38 67.1 98.9
aPET-110-40,CO2,V36 36 0.11 69.3 100.9
aPET-110-40,CO2,V48 48 0.04 72.4 103.2
aPET-110-40,CO2,V72 72 0 72.7 105.7
aPET-110-40 — 0 76.7 109.2, 127.4

The CO2 treatment conditions were 1500 psi, 35�C, and
1 h. Tcc ¼ cold-crystallization temperature.

Figure 1 Reversing heat capacity (Rev Cp) of aPET and
aPET-110-40 as a function of temperature.
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higher than that in the crystalline aPET-110-40 with
a crystallinity of 22.1%.

The TMDSC curves of the total, reversing, and
nonreversing heat flows are shown in Figures 4–6,
respectively, for aPET and the CO2-treated aPET
vacuumed for various times, whereas those for
aPET-110-40 and the CO2-treated aPET-110-40 are
shown in Figures 7–9, respectively. As shown in Fig-
ures 4 and 7, the total heat-flow curves, similar to
the conventional DSC heat-flow curves, of all of the
samples exhibited glass transitions and cold crystal-
lizations at various temperatures, in addition to a
melting temperature at a roughly constant tempera-
ture of near 250�C. The glass transitions and cold
crystallizations were observed at higher tempera-

tures for samples containing fewer CO2 residues, as
shown in Tables I and II and Figure 10. This indi-
cated that the CO2 residues not only plasticized both
samples, as shown in Figure 10 by the decreasing Tg

with increasing amount of CO2 residues, but also
helped to induce cold crystallization during heating,
as shown by the lower temperatures of cold crystal-
lization for samples containing more CO2 residues.
This observation of Tg depression was attributed to
an increase in free volume in the PET samples by
the dissolved CO2,

36 which eased the movement of
polymer chains and, thereby, facilitated the cold
crystallization.19 In Figure 10, the depressed Tg of
both CO2-treated PET samples is shown to be
roughly inversely proportional to the amount of CO2

Figure 3 Amount of CO2 residues in CO2-treated aPET
and CO2-treated aPET-110-40 as a function of the logarith-
mic vacuum time.

Figure 4 Total heat-flow curves of aPET and CO2-treated
aPET after various periods of vacuum.

Figure 5 Reversing heat-flow curves of aPET and CO2-
treated aPET after various periods of vacuum. The amount
of CO2 residues in each sample is shown in Figure 4 and
Table I.

Figure 6 Nonreversing heat-flow curves of aPET and
CO2-treated aPET after various periods of vacuum. The
amount of CO2 residues in each sample is shown in Figure
4 and Table I.
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residues, independent of the crystallinity of the PET
sample.

As shown by the glass transition in Figure 4,
which ranged from near 33�C to near 74�C for aPET
and the CO2-treated aPET samples, the total curves
exhibited a heat-flow overshoot (a meltinglike endo-
therm) instead of a simple step inflection, which is
shown in the reversing curves in Figure 5. In Figure
5, the glass transition of aPET and the CO2-treated
aPET can be recognized by a heat-capacity increase
in the temperature range from near 33�C to near
74�C, followed by a heat-capacity decrease at higher
temperatures due to the cold crystallization. The
heat-flow overshoot during heating through the
glass-transition region, as shown in the total curves
in Figure 4, was due to enthalpy recovery. This was

attributed to a relaxation toward equilibrium and,
thereby, a decrease in enthalpy37–39 that occurred
during the isothermal treatments in 1500-psi CO2 at
35�C for 1 h. Because the TMDSC nonreversing heat
flow (a time-dependent component) was obtained by
subtraction of the reversing heat curve (a heat-
capacity-related component) from the total heat
flow, the nonreversing curve was more effective
than the total curve for investigating the effect of the
CO2 residues on the nonequilibrium state in the
sample. This effect might not be clearly monitored
by conventional DSC heating but was pronounced in
the nonreversing curves of the TMDSC data in this
study.
In the nonreversing curves in Figures 6 and 9,

the heat-flow overshoots (melting-like endotherms)

Figure 7 Total heat-flow curves of aPET-110-40 and CO2-
treated aPET-110-40 after various periods of vacuum.

Figure 8 Reversing heat-flow curves of aPET-110-40 and
CO2-treated aPET-110-40 after various periods of vacuum.
The amount of CO2 residues in each sample is shown in
Figure 7 and Table II.

Figure 9 Nonreversing heat-flow curves of aPET-110-40
and CO2-treated aPET-110-40 after various periods of vac-
uum. The amount of CO2 residues in each sample is
shown in Figure 7 and Table II.

Figure 10 Tg values of CO2-treated aPET and CO2-treated
aPET-110-40 as a function of the amount of CO2 residues.

CO2-TREATED PET 3349

Journal of Applied Polymer Science DOI 10.1002/app



around the glass transitions of the samples are
clearly shown, and their locations shifted to lower
temperatures for samples containing more CO2

residues. If a polymer is frozen from the melt in
which the polymer chains are in a nonequilibrium
state, the scanning of heat capacity upon heating
around the glass transition will be a step inflection.
The annealing of this polymer below Tg would relax
the polymer chains toward an equilibrium state and
result in a decrease in enthalpy that is recovered
during heating.37 The enthalpy recovery is visible as
an endothermic peak during a DSC heating scan.
Apparently, the presence of CO2 in PET in this
study helped the polymer chains relax toward an
equilibrium state during the isothermal CO2 treat-
ments and caused a decrease in enthalpy. After the
CO2 treatments, the enthalpy of the PET samples
were, thereby, seen to recover during the DSC heat-
ing, which resulted in an overshoot around Tg. The
magnitudes of the overshoot peaks are shown in
Figures 6 and 9 to be bigger with longer vacuum
times. This was attributed to the fact that a longer
vacuum time resulted in a state closer to
equilibrium.

The TMDSC total curves of aPET-110-40 and the
CO2-treated aPET-110-40 shown in Figure 7 pro-
vided more information on the cold-crystallization
process, which was not observed in the conventional
DSC first-heating curve. The conventional DSC first-
heating curve of aPET-110-40 exhibited no cold-crys-
tallization exotherm (not shown in this article), but
its TMDSC total curve exhibited two obvious exo-
therms near 109 and 127�C, as shown in Figure 7. In
the nonreversing curves shown in Figure 9, the cold-
crystallization peaks were bigger than those in the
total curves. Although aPET exhibited only a cold-
crystallization exotherm at 120.0�C, as shown in the
nonreversing curve in Figure 6 and Table I, aPET-
110-40 exhibited two distinguished cold-crystalliza-
tion exotherms at 109.2 and 127.4�C, as shown in
Figure 9 and Table II. This discrepancy between the
two PET samples was attributed to the presence of
crystallites in aPET-110-40. It is plausible that the
cold crystallization in aPET-110-40 followed two
processes, including a faster process occurring at a
lower temperature and a slower one occurring at a
higher temperature. In the presence of the crystalli-
tes, the nucleation effect enhanced the cold-crystalli-
zation rate. This resulted in a decrease in the peak
temperature. The slower cold-crystallization process
was related to the crystallization of free amorphous
regions, and less perfect crystals might have been
formed. These two cold-crystallization processes
were still observed but occurred at lower tempera-
tures of 73.7 and 86.4�C for the CO2-treated aPET-
110-40 before vacuuming. This finding suggests that
the presence of CO2 enhanced both cold-crystalliza-

tion processes. These two cold-crystallization proc-
esses, however, became one after vacuuming. This
was perhaps due to the fact that the release of CO2

during vacuuming disturbed the polymer chains in
the CO2-treated aPET-110-40. The two cold-crystalli-
zation processes thus both shifted to higher tempera-
tures, with the faster process shifting more than the
slower one, and gave only one cold-crystallization
exotherm.
The two cold-crystallization processes were also

observed in the DMA data. The DMA curve of the
storage modulus as a function of temperature in the
100–150�C region for aPET-110-40 is shown in Figure
11. The storage modulus increased with temperature
in the region of about 120–135�C by a two-stage pro-
cess. The storage modulus began to rise near 120�C
with a slower increasing rate and changed to a
higher increasing rate at near 130�C. This two-stage
process corresponded to the double cold crystalliza-
tions observed in the TMDSC data shown in Figure
9 because the crystallinity increased upon cold crys-
tallization and resulted in an increase in the storage
modulus during DMA heating.
DMA analysis can also provide glass-transition

data, and in this study, we found multiple amor-
phous phases in the CO2-treated PET samples. As
shown in the curves of tan d versus temperature in
Figures 12 and 13, multiple peaks were observed in
the CO2-treated aPET and CO2-treated aPET-110-40
vacuumed for various times. These multiple tan d
peaks in the temperature region of about 48–102�C
for the CO2-treated aPET and the region of 70–100�C
for the CO2-treated aPET-110-40 were attributed to
multiple amorphous phases, which formed by the
dissolved CO2 followed by vacuuming. These multi-
ple tan d peaks in both series of samples roughly
shifted to higher temperatures for longer vacuum
times. This was attributed to decreasing free

Figure 11 DMA curve of the storage modulus as a func-
tion of temperature for aPET-110-40.
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volumes in the samples with increasing vacuum
times; this gave rise to decreasing CO2 residues in
samples.

Following the main tan d peaks, which corre-
sponded to the glass transitions at near 87 and 84�C
for aPET and aPET-110-40, respectively, as shown in
Figures 12 and 13, shoulders in the region of about
110–130�C were attributed to the cold crystallizations
in aPET. The cold crystallizations, however, were
not clearly observed in aPET-110-40 and any of the
CO2-treated samples in the tan d curves shown in
Figures 12 and 13. Despite the missing shoulders in
Figures 12 and 13, the cold crystallizations were
clearly observed for all of the samples in the curves
of deformation amplitude as a function of tempera-
ture, as shown in Figures 14 and 15. To obtain the
curves shown in Figures 14 and 15, a tensile stress
was applied to bias the forced periodic strain, and
the dynamic stress was measured to determine the
dynamic mechanical properties. The static strain
responded to the material properties, such as the
glass transition and the crystallinity due to cold
crystallization. The initial tensile deformation

Figure 12 DMA curves of tan d as a function of tempera-
ture for aPET and CO2-treated aPET after various periods
of vacuum. The amount of CO2 residues in each sample is
shown in Table I.

Figure 13 DMA curves of tan d as a function of tempera-
ture for aPET-110-40 and CO2-treated aPET-110-40 after
various periods of vacuum. The amount of CO2 residues
in each sample is shown in Table II.

Figure 14 DMA curves of the deformation amplitude as
a function of temperature for aPET and CO2-treated aPET
after various periods of vacuum. The amount of CO2 resi-
dues in each sample is shown in Table I. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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amplitude was set to be 15 lm and was recorded as
a function of temperature during the DMA heating.
The curves of the deformation amplitude versus
temperature for both the aPET and aPET-110-40
series of samples are shown in Figures 14 and 15,
respectively. As shown in Figures 14 and 15, the de-
formation amplitudes increased around the glass
transition because the materials became softer. The
deformation amplitude displayed a peak for the
untreated samples, and multiple peaks for the CO2-
treated samples around the glass transition
responded to the lengthening of the samples. On the
contrary, the modulus of the material increased as
the crystallinity increased due to cold crystallization.
The response was the contraction of the sample. As
shown in Figures 14 and 15, aPET and the CO2-
treated aPET samples clearly exhibited two contract-
ing peaks, whereas aPET-110-40 and the CO2-treated
aPET-110-40 samples exhibited mostly one contract-
ing peak. We found that the two cold-crystallization

processes, which could not be seen in the TMDSC
data but were clearly seen in the DMA data of de-
formation amplitude for aPET and the CO2-treated
aPET samples, might have been associated with
different characterization features between two
methods. The calorimetry method (i.e., TMDSC)
characterizes any process that involves heat flows,
whereas the DMA method characterizes the bulk
mechanical properties of a polymer.

CONCLUSIONS

Two PET samples (aPET and aPET-110-40) of differ-
ent crystallinity were treated in CO2 at 1500 psi and
35�C for 1 h followed by vacuum treatment for vari-
ous times to make samples containing various
amounts of CO2 residues in these two CO2-treated
samples. The CO2 residues were found to not only
depress Tg but also facilitate cold crystallization in
both samples. The depressed Tg in both CO2-treated
PET samples was found to be roughly inversely pro-
portional to amount of CO2 residues, independent of
crystallinity of the PET sample. The nonreversing
curves of the TMDSC data clearly indicated that
both samples around the glass transition exhibited a
big overshoot peak, which shifted to lower tempera-
tures and became smaller in magnitude for samples
containing more CO2 residues. The TMDSC nonre-
versing curves also indicated that aPET exhibited a
clear cold-crystallization exotherm, whereas aPET-
110-40 exhibited two cold-crystallization exotherms.
The two cold crystallizations in the CO2-treated
aPET-110-40 became one after vacuuming. The DMA
data found that both CO2-treated PET samples
exhibited multiple tan d peaks, which were attrib-
uted to multiple amorphous phases, and tended to
shift to higher temperatures for longer vacuum
times.
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