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ABSTRACT: Amorphous phase in semicrystalline poly(ethylene terephthalate) (PET) was investigated
via its physical aging behavior. It was found that when the degree of crystallinity (f;%) was within a
definite range, there were dual amorphous regions with quite different characters in semicrystalline
PET: free amorphous region and constrained amorphous region. Both lower and upper limits of the f¥
range increased with increasing crystallization temperature (T.) for semicrystalline samples crystallized
from the glassy state. The dual amorphous regions showed as dual tan ¢ loss peaks in dynamic mechanical
thermal analysis (DMTA) curves, and when the samples had been physically aged, there were dual
endothermic physical aging peaks appearing in the glass transition region of differential scanning
calorimetry (DSC) traces. With the proceeding of physical aging, some of the free amorphous region evolved
into the constrained amorphous region due to the reduced mobility of chain segments produced by physical
aging. The whole amount of the amorphous phase, however, was kept almost constant during the whole
process of physical aging. Amorphous phase in semicrystalline samples crystallized from the melt was
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also discussed.

Introduction

Poly(ethylene terephthalate) (PET) is one of the most
commercially important polyesters with excellent ther-
mal and chemical resistance and mechanical perfor-
mance.2 It finds widespread uses in fibers, films, and
other engineering components. Because of its high
melting temperature (Tr,) and glass transition temper-
ature (Ty), and in particular its moderate crystallization
rate, a great variety of microstructures can be easily
developed. Size, shape, and perfection of crystallites,
volume fractions of different phases, and orientation of
molecular chains all can be varied by changing process
conditions of PET. Many researchers have investigated
its crystalline phase,»3° but less attention was paid to
its amorphous phase and many aspects have not yet
been fully clarified.210-13

At temperatures below but close to the T4, amorphous
polymers are in thermodynamic nonequilibrium. Their
physical properties such as specific volume, enthalpy,
and entropy are greater than the equilibrium values.
Thus, these properties decrease toward the equilibrium
values. Coupled with these changes, mechanical proper-
ties, dielectric properties, and microstructure of the
samples also vary. This process is generally called
structural relaxation or physical aging.*15 In previous
years, physical aging was experimentally studied mainly
by measuring volume relaxation of the samples via
dilatometry,16-18 put later more studies were about
enthalpy relaxation via differential scanning calorim-
etry (DSC), which was convenient, sensitive, and highly
reproducible.’®=25 One of the earlier studies by Petrie
established the equivalence between the energy ab-
sorbed during the heating run through the glass transi-
tion region and the enthalpy lost during the physical
aging.1®
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Infrared (IR) spectroscopy also can be used to study
the crystallization, orientation, and physical aging of
PET by monitoring the conformation changes.352627
Generally, 973 and 898 cm~! bands were assigned to
the trans and gauche conformations of the ethylene
glycol moiety along the PET chain, respective-
ly,31012.26,2829 \while various bands such as 795, 875,
1058, and 1578 cm~! were all used as internal refer-
ences.®1228.29 It was found that the amount of gauche
conformation increased with the proceeding of physical
aging.1%2° Similar results were also obtained in our
laboratory by assigning 1340 and 1370 cm™! bands to
the trans and gauche conformations, respectively.30-33

Physical aging in semicrystalline polymers was first
studied for polypropylene (PP) films.3* The physical
aging was found to be able to occur at temperatures
above the T4 and remarkably similar to that in wholly
amorphous polymers. To explain these phenomena,
several models were put forward.1”-35-41 One of the best
known is the model of “extended glass transition”.17:36
According to the model, crystallites in semicrystalline
samples disturb the amorphous phase and reduce the
mobility of molecular segments. The reduction will reach
its maximum in the immediate vicinity of the crystal-
lites, and only at large distances from the crystallites
will the properties of amorphous phase become equal
to those of the wholly amorphous samples. The main
consequence of this immobilization is that the glass
transition will be extended to higher temperatures.
Above Ty of the wholly amorphous samples, some parts
of the amorphous phase are rubbery, others are glassy,
and still other parts will just be passing their own glass
transition. Concerning physical aging, the model pre-
dicted the following: below the T4, amorphous phase
would be completely glassy and suffered from the same
physical aging effects as the wholly amorphous samples.
Above the Ty, some parts of the amorphous phase of the
semicrystalline polymers were still glassy. So, physical
aging would persist at temperatures above the Ty, a
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behavior not exhibited by wholly amorphous polymers.

Some literature reported that when the f;" of semi-
crystalline PET was within a certain range, there were
dual endothermic physical aging peaks appearing in the
Tg region of DSC traces.®84942 The dual peaks were
assigned to the enthalpy relaxation of dual amorphous
regions: the interspherulitic amorphous region outside
the spherulites and the interlamellar amorphous region
inside the spherulites.3840

Our previous paper has briefly reported that only
when the f¥ was in a definite range, the dual peaks
appeared, and both lower and upper limits of the f.V
range increased with increasing crystallization temper-
ature (T.).*® In this paper, the existence of dual amor-
phous regions will be further confirmed via dynamic
mechanical thermal analysis (DMTA). Wider range of
T and various physical aging temperatures (Tpa) will
also be employed to study characters of the dual
amorphous regions. The structural changes in amor-
phous phase occurring during physical aging will also
be discussed.

Experimental Section

Materials. Amorphous PET films were kindly supplied by
Beijing Plastics Co. The samples had a thickness of ca. 0.15
mm, a viscosity-average molecular weight of ca. 1.63 x 104 a
density of ca. 1.335 g cm~3, which means that samples were
wholly amorphous, and an optical birefringence of ca. 6 x 1074,
which means that there was no orientation. Measurements
by both DSC and wide-angle X-ray diffraction (WAXD) also
showed that the samples were wholly amorphous.

Heat Treatments. As-received PET films were cut into
equal rectangles with a size of ca. 20.0 x ca. 5.0 mm (for DMTA
measurements) or circles with a diameter of ca. 5.7 mm (for
DSC measurements). They were held in an oven in nitrogen
atmosphere at 300 + 0.5 °C (ca. 45 °C above their T, of ca.
255 °C) for 5 min to completely eliminate their thermal history.
Then some samples were quenched in air to room temperature
of ca. 25 °C. It has proved that there was no crystallization
induced by this process. Subsequently, these quenched samples
crystallized isothermally in an oven in nitrogen atmosphere
at various temperatures between 85 and 130 °C for different
time to obtain different f;¥. There were also some samples
which were quenched directly at 100 °C min~! in the oven to
predetermined temperatures above 200 °C and then held for
different time to obtain different f;". Then all the semicrys-
talline samples crystallized from the glassy state or the melt
were physically aged in an oven in nitrogen atmosphere at
various temperatures between 63 and 78 °C for different
periods of time. At last they were taken out and stored in a
desiccator before other measurements.

f.V Measurements. Density of semicrystalline PET (p) was
measured at 25 + 0.1 °C by using a density gradient tube filled
with carbon tetrachloride and n-heptane. The density gradient
tube was calibrated by suspending glass beads with known
densities. f;V (apparent weight percent degree of crystallinity)
of the samples was calculated by taking the density of wholly
amorphous samples (p,) to be 1.335 g cm~2 and that of perfect
PET crystalline lamellae (oc) to be 1.455 g cm—3,28:3839:4445 Then

" = (bl = pDV(p(p — p)) x 100% @)

DSC Measurements. Physically aged samples of ca. 5.0
mg were sealed in aluminum pans and their thermal proper-
ties were measured by using a TA2910 DSC. Indium and tin
were employed for the temperature calibration, the heat
capacity was evaluated with respect to sapphire as a standard,
and a nitrogen gas purge with a flux of ca. 30 mL min~* was
used to prevent oxidative degradation of samples during the
heating run. The rate of the heating run in DSC was 10 °C
min~1, unless otherwise specified.
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DMTA Measurements. DMTA measurements were per-
formed in a Rheometric Scientific DMTA 1V at a frequency of
1 Hz and a heating rate of 5 °C min—'. Samples were stretched
by an initial stress of 0.2 N. Dynamic modulus (G* = G' +
iG'") and loss tangent (tan 6 = G"/G') were obtained.

Polarizing Optical Microscopy (POM). Crystalline mor-
phology and spherulites size of the semicrystalline samples
were measured at room temperature by using an Olympus
BH-2 POM equipped with a Mettler FP-52 hot stage.

Results and Discussion

Our previous paper has reported that when the
semicrystalline poly(ethylene terephthalate) (PET)
samples with a moderate degree of crystallinity (f;V) had
been physically aged, there were dual endothermic
peaks appearing in the glass transition temperature (Tg)
region of their differential scanning calorimetry (DSC)
traces.*® As shown in Figure 1, parts a and b, when the
fov of semicrystalline samples was very low (even to be
0, for wholly amorphous samples) or fairly high (e.g. ca.
39%, obtained by isothermal crystallization at 130 °C
for 7.5 min), there was only a single endothermic
physical aging peak appearing in the T region, and the
peak shifted to higher temperatures with increasing
physical aging time (t,s). As shown in Figure lc,
however, when the f."V of semicrystalline samples was
between these two extreme cases (e.g. ca. 17%, obtained
by isothermal crystallization at 120 °C for 7.0 min),
there were dual endothermic physical aging peaks
appearing in the T4 region, and both the dual peaks
shifted to higher temperatures with increasing tpa.

By comparing Figure 1c with Figure 1, parts a and b,
respectively, it can be seen that the lower endothermic
peak had almost the same temperature range as the
single peak in wholly amorphous samples, while the
upper peak had almost the same range as that in
semicrystalline samples with the fairly high f.". Besides,
the lower peak had a shape similar to that of the single
peak in wholly amorphous samples, while the upper
peak had a shape similar to that in semicrystalline
samples with the fairly high f;". Third, both the lower
peak and the single peak in wholly amorphous samples
appeared after a ty, of only ca. 0.375 h, while both the
upper peak and the single peak in semicrystalline
samples with the fairly high ;¥ became visible after a
tpa Of ca. 1.5 h.

Physical aging in polymers occurs in the amorphous
phase and it can enhance the DSC response at the glass
transition.141534.36 Thus, characters of amorphous phase
can be obtained by studying its physical aging behav-
ior.38:40.4146 |t js well-known that there was only free
amorphous region in wholly amorphous samples and
only constrained amorphous region in semicrystalline
samples with the fairly high f..3840 Therefore, according
to the comparison of Figure 1c with Figure 1, parts a
and b as mentioned above, it seems plausible to conclude
that, in the semicrystalline samples showing the dual
physical aging peaks, there were dual amorphous
regions: free amorphous region and constrained amor-
phous region.

When the dual endothermic physical aging peaks
appeared, there was still an exothermic cold crystal-
lization peak appearing in DSC traces. In fact, because
there was no orientation in the samples, the cold
crystallization temperature (Tc) was fairly high (ca. 137
°C, measured by DSC at 10 °C min~?, for wholly
amorphous samples). T of semicrystalline samples with
a fairly high f." was still well above the temperature
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Figure 1. DSC traces of amorphous PET (a), semicrystalline samples with a f¥ of ca. 39% (obtained by isothermal crystallization
at 130 °C for 7.5 min) (b), and semicrystalline samples with a f." of ca. 17% (obtained by isothermal crystallization at 120 °C for
7.0 min) (c) physically aged at 68 °C for different t,, indicated beside each curve.
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Figure 2. DSC traces of semicrystalline PET with a f. of ca.
17% (obtained by isothermal crystallization at 120 °C for 7.0
min) physically aged at 68 °C for 24 h at different heating rates
of DSC indicated beside each curve.

range of the dual endothermic peaks. Very low T, even
as low as the Tg, can be found in highly oriented PET
fibers, where the high orientation plays an important
role in accelerating the cold crystallization.*’

As shown in Figure 2, both the dual endothermic
physical aging peaks and the exothermic cold crystal-
lization peak shifted to higher temperatures with
increasing heating rate of DSC. It can be seen that the
shape of all three peaks was preserved. Besides, mea-
surement of the density showed that there was no
further crystallization occurring in the temperature
range of the dual peaks when samples were heated in
DSC. Therefore, it can be concluded that there was no
cold crystallization involved in the dual endothermic
physical aging peaks. Similar experimental results and
theoretical explanations have been well document-
ed_35,38—42,48,49

Dynamic mechanical measurements are known to be
sensitive to the glass transition and other secondary

transitions of polymers.38:394450 Figure 3 presents DMTA
curves of the three different samples as mentioned in
Figure 1. It can be seen that for both wholly amorphous
samples and semicrystalline samples with the fairly
high f., there was only a single tan ¢ loss peak related
to the glass transition. However, for semicrystalline
samples with the intermediate ., there were dual tan
0 loss peaks related to the glass transition. This is a
direct evidence of dual amorphous regions. Similar
experimental results can be found in others’ research.38

By comparing Figure 3c with Figure 3, parts a and b,
respectively, it can be seen that the lower loss peak had
almost the same temperature range as the single peak
in wholly amorphous samples, while the upper peak had
almost the same range as that in semicrystalline
samples with the fairly high f;". Besides, the lower peak
had a shape similar to that of the single peak in wholly
amorphous samples, while the upper peak had a shape
similar to that in semicrystalline samples with the fairly
high f.V. Therefore, it also can be concluded that there
were both a free amorphous region and a constrained
amorphous region in semicrystalline samples with the
moderate f.W.

In fact, the existence of dual amorphous regions in
semicrystalline PET has also been confirmed by using
small-angle X-ray diffraction (SAXD), electron micro-
scopy (EM), and thermally stimulated current (TSC)
techniques.3541

Our previous paper has reported that the dual en-
dothermic physical aging peaks appeared only when the
fov of samples was in a definite range, and both lower
and upper limits of the f;¥ range increased with increas-
ing T, for crystallization at temperatures between 100
and 130 °C from the glassy state.*> Our experiments
showed that this law could be extended to lower crystal-
lization temperatures. As shown in Figure 4a, when f¥
of samples was below the lower limit, there was a single
endothermic peak similar to that shown in Figure 1la,
while when f:¥ was above but close to the upper limit,
there was a single endothermic peak similar to that
shown in Figure 1b. Only when f;¥ was between the
lower and upper limits, dual endothermic peaks similar
to those shown in Figure 1c could be obtained.
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Figure 3. DMTA curves of amorphous PET (a), semicrystalline samples with a . of ca. 39% (obtained by isothermal crystallization
at 130 °C for 7.5 min) (b), and semicrystalline samples with a f. of ca. 17% (obtained by isothermal crystallization at 120 °C for

7.0 min) (c).
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Figure 4. Range of f¢¥ (a) and t. (b) corresponding to different T. (dual endothermic physical aging peaks appeared when the
semicrystalline samples were between the lower and upper limits).

Figure 4b presents the range of crystallization time
(t.) to get the f." range shown in Figure 4a. It can be
seen that t; decreased with increasing T, although the
required f;" increased. For crystallization at 85 °C, t. of
ca. 10 600 and ca. 23 200 min were needed to reach the
fo¥ values of ca. 5.5% and ca. 10.2%, respectively, while
for crystallization at 130 °C, f." values of ca. 13.0% and
ca. 28.2% needed a t; of only ca. 1.7 and ca. 3.3 min,
respectively.

No results were obtained for the crystallization at
lower temperature between 85 °C and the T (ca. 78 °C,
measured by DSC at 10 °C min~1) due to the too long t.
even if the crystallization still occurred. For unoriented
wholly amorphous PET, it was reported that there was
a temperature interval above but close to the Ty, at
which there was only molecular rearrangement but no
detectable crystallization.5! For higher T, above 130 °C,
no results about the f¥ range for the appearance of dual
endothermic physical aging peaks were obtained due to
the too high crystallization rate, which made it difficult
to control the f; of semicrystalline samples.

Constraint that the crystallites exerted on the amor-
phous phase is the most important factor that deter-

mined characters of the amorphous phase.”-36 No such
constraint existed in wholly amorphous samples, and
the constraint was very weak in semicrystalline samples
with a very low V. So, only free amorphous region
existed in them. However, the constraint was very
strong in semicrystalline samples with a fairly high fo".
So, only constrained amorphous region existed in them.
Only in semicrystalline samples with the intermediate
fov, the constraint was moderate and both free amor-
phous region and constrained amorphous region coex-
isted in the samples.

Both Struik and Hay pointed out that such constraint
depended on not only f." of the semicrystalline samples
but also the morphology, especially the size of the
crystallites.17:36.50 At higher T., nucleation rate was
lower, while segmental diffusion rate was higher, so the
nuclei was fewer but their size was larger.>? Conse-
quently, crystallites were more perfect and had a larger
size. Thus, for the same f."Y, the amorphous region had
higher volume fraction and the constraint that crystal-
lites exerted on the amorphous phase was weaker.
Therefore, to get almost the same constraint, higher ¥
was needed for higher T, as shown in Figure 4a.
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Figure 5. DSC traces of semicrystalline PET with a f.* of ca.
17% (obtained by isothermal crystallization at 220 °C for 9.0
min) physically aged at 68 °C for different t, indicated beside
each curve.

In our experiments, semicrystalline samples with the
same f" of ca. 12% were obtained by isothermal crystal-
lization at 85 and 130 °C, respectively. The former was
found to be much more transparent than the latter. In
the former, spherulites could hardly be found by polar-
izing optical microscopy (POM) due to their too small
size, while in the latter, spherulites with average
diameter of ca. 2 um could be found. Similar results can
be found in others’ research.353853,54

In our experiments, the crystallization rate of wholly
amorphous PET reached its maximum at ca. 168 °C.
The crystallization at 220 °C had a similar rate to that
at 120 °C. Figure 5 shows the DSC traces of semicrys-
talline PET samples with the same .V of ca. 17% as that
of the samples in Figures 1c and 3c (obtained by
isothermal crystallization at 220 °C for 9.0 min) physi-
cally aged at the same physical aging temperature (Tpa)
of 68 °C as that in Figure 1c. It can be seen that there
was only a single endothermic physical aging peak
appearing in the Tg4 region. Both the T, and the shape
showed that the peak could be assigned to physical
aging of the free amorphous region. According to the
law shown in Figure 4a, for the T, of 220 °C, dual
endothermic peaks should appear at higher f if they
really appeared. But such dual peaks were never found
in our experiments. The reason can be found from
Figure 6. For crystallization at 120 °C, there was only
a single exothermic cold crystallization peak appearing
at ca. 135 °C after a t. of 7.0 min. However, for
crystallization at 220 °C, there were dual cold crystal-
lization peaks appearing at lower temperatures and the
dual exothermic peaks shifted to lower temperature
with increasing t.. They decreased to ca. 116.7 and ca.
131.7 °C after a t; of 9.0 min. The lower exothermic cold
crystallization peak will overlay the upper endothermic
physical aging peak if the upper peak really exists. In
other words, whether there were dual amorphous
regions in such semicrystalline samples cannot be
judged by DSC traces, and other measurements must
be employed. It was ever reported that crystallization
at low-temperature such as 100 and 105 °C from the

Semicrystalline Poly(ethylene terephthalate) 3101
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Figure 6. DSC traces of semicrystalline PET (obtained by
isothermal crystallization at 120 or 220 °C for different t.
indicated beside each curve) physically aged at 68 °C for 24 h.

glassy state also resulted in dual cold crystallization
peaks in DSC traces,? but such phenomena were never
found in our samples.

As shown in Figure 1c, both the dual peaks shifted
to higher temperatures with increasing t,,, so did
intensity of the upper peak (AHVY). Intensity of the lower
peak (AHLY), however, first increased but then (after a
critical tpa, tpa°) decreased. Figure 7 presents DSC traces
of the same samples as in Figure 1c physically aged at
various temperatures. It can be seen that the dual peaks
for the Ty, of 63 and 73 °C also followed the same
evolution laws as mentioned above. However, for the
Tpa 0f 78 °C, the lower peak disappeared after a very
short t,, and the upper peak was wider than that at
other Tpa. At Tpa of 78 °C, which has been within the Ty
region, the free amorphous region cannot remain in the
glassy state any longer, so only the constrained amor-
phous region existed. Thus, there was almost just the
upper peak visible alone. In fact, for the different T, and
Tpa, as long as dual endothermic physical aging peaks
appeared, all of them followed such evolution laws. By
comparison Figure 7 with Figure 1c, it can be seen that
tpa” decreased and the upper peak appeared earlier with
increasing Tpa, Which showed that the rate of physical
aging was higher with increasing Tpa.#?

During physical aging, there was an increase of
density of less than 0.4%, which depended on the Tpa.
For the T,a of 68 °C, the typical increase of density
was ca. 0.1%, which was a typical density change
produced by physical aging.’>'” Therefore, it seems
plausible to assume that there was no further crystal-
lization occurring during physical aging and the whole
amount of amorphous phase in the semicrystalline
samples kept constant. In fact, there was no evidence
of further crystallization occurring during physical aging
no matter samples were amorphous or semicrystal-
|ine_10,ll,29,39,44,56

It should be pointed out that in our calculation of f.,
density of wholly amorphous samples (p,) was assumed
to be constant as shown in eq 1. Thus, the obtained f.¥
was just an apparent value.?8 Because there was no
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Figure 7. DSC traces of semicrystalline PET with a f." of ca. 17% (obtained by isothermal crystallization at 120 °C for 7.0 min)
physically aged at 63 (a), 73 (b), and 78 °C (c) for different t,, values indicated beside each curve.

orientation in our samples and there was no further
crystallization during physical aging as mentioned
above, such an assumption did not affect our analysis
of the experimental results.

It is well-known that, when the amount of amorphous
region kept constant, increasing extent of the physical
aging with increasing tpa would make intensity of the
endothermic peak (AH) increase. Thus, the fact that
AHt first increased but then decreased after a tp.° can
be explained only by considering a decrease of amount
of the free amorphous region with increasing tpa. It
seems plausible to assume that amount of the free
amorphous region in the semicrystalline samples de-
creased from beginning of the physical aging. Coupled
with this decrease, the amount of the constrained
amorphous region increased due to the constant whole
amount of the amorphous phase.

AH was determined mainly by two factors: the extent
of physical aging and the amount of amorphous region.
For the constrained amorphous region, both the factors
increased during the whole process of physical aging,
so AHVY increased continuously. For the free amorphous
region, however, the former increased, while the latter
decreased, so the change of AH- was determined by both
of them. In the early stage of physical aging, increase
of the former was dominant, so AH increased. In the
late stage, however, decrease of the latter was dominant,
so AHL decreased. Therefore, AH" reached its maximum
at the t,.°.

During physical aging, both the enthalpy and the
volume of the samples decreased, so the mobility of
chain segments also decreased.*1%17 That is to say,
besides the constraint that crystallites exerted on the
amorphous phase, physical aging also produced some
constraint on it. Our experiments showed that tan o loss
peaks for all the samples shown in Figure 3 shifted to
higher temperatures with increasing tya, which means
that physical aging really produced some constraint on
the amorphous phase.?%# Increasing constraint gave
more amorphous phase characters of constrained amor-
phous region. Therefore, some of the free amorphous
region evolved into the constrained amorphous region.

Most of the models of semicrystalline polymers ac-
cepted the concept of “dual amorphous regions” (free

amorphous region and constrained amorphous re-
gion).17:35.86,:38=4157 |n some models, amorphous phase
outside the spherulites was assigned to the free amor-
phous region and that inside the spherulites to the
constrained region.?38-41 |n the model of “extended
glass transition”,17:36 however, the amorphous phase
was divided only by its distance from the crystallites.
Boyer pointed out that dual amorphous regions were
fairly common in semicrystalline polymers and multiple
amorphous regions were even more natural.*84° Only
the model of “extended glass transition” allowed change
of the amount of each amorphous region under the
condition of constant whole amount of amorphous phase.
Therefore, the model of “extended glass transition”
seems to be more suitable for our experimental results.

Conclusions

Our experiments showed that dual amorphous re-
gions (free amorphous region and constrained amor-
phous region) coexisted in semicrystalline PET when its
fo¥ was moderate. Both lower and upper limits of the
fo¥ range increased with increasing T, for the crystal-
lization from the glassy state. During the physical aging,
the whole amount of amorphous phase kept almost
constant but some of the free amorphous region gradu-
ally evolved into constrained amorphous due to the
reduced mobility of molecular segments caused by
physical aging. Higher T,a produced a higher rate of
physical aging.
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