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In previous papers,1, 2 we reported that poly(ethylene
terephthalate) (PET) extended-chain crystals could be
formed at high pressure, based on the evidence of in-
frared spectrum (IR), differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM). How-
ever, it is difficult to observe parallel striation, which
is the most common feature of polymer extended-
chain crystals,3 with SEM. Similar phenomenon was
also found in other high-pressure crystallized polymers,
such as polyethylene (PE)4, 5 and polyamide (PA).6, 7

The morphology of PET extended-chain crystals was
only observed in some small regions on the fracture
surface of PET samples. This induced a doubt that
samples maybe contained small part of extended-chain
crystals and most folded-chain crystals. Although the
doubt was eliminated by the result of DSC and IR, di-
rect evidence from SEM is also necessary to support the
results.

To present a more concrete evidence of the formation
of PET extended-chain crystals, we chose PET material
with a higher average molecular weight (compared with
those used in previous papers) as the original materi-
als. SEM measurements showed that the parallel stri-
ated extended-chain crystals of PET distributed all over
the fracture surface. The mechanism about fracture of
extended-chain crystallized PET samples is discussed
based on the SEM results.

Table I. High-pressure crystallization conditions and results

Sample Crystallization conditions Melting temperature/K Melting enthalpy/J g−1 Crystallinity/%
PET1 300 MPa 603 K 6 h 563.37 100.3 71.7
PET2 300 MPa 623 K 6 h 563.42 121.9 87.1
PET3 250 MPa 623 K 6 h 562.87 94.5 67.5

EXPERIMENTAL

An unoriented commercial PET (Yanshan Petrol.
Chem. Co. China) was used as the original material.
The molecular weight, calculated from viscosity, was
about 26000. Before high-pressure treatment, the orig-
inal PET material was allowed to stand for 36 h at 368
K in vacuum to eliminate moisture. High-pressure ex-
periments were carried out with a piston-cylinder high-
pressure apparatus.8 The following procedure for crys-
tallization was used. After loading the sample, low
pressure (30 MPa) was applied and temperature was
raised to predetermined level. After equilibrium was
established, pressure was raised to a predetermined
level. The samples were kept under these conditions
for 6 h, and then quenched to ambient condition. This
procedure ensured that the polymer temperature would
not exceed the crystallization temperature so as to min-
imize degradation of PET at elevated temperature and
also to ensure that the polymer would be molten state
before crystallization takes place. The crystallization
conditions were listed in Table I.

Calorimetric measurements were performed at atmo-
spheric pressure by using a Perkin–Elmer DSC-2 in-
strument. The calorimeter was calibrated with standard
substance, which melt in the range of PET. The heating
rate was 10 K min−1. The crystallinity was calculated
with the following equation:
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Xc = ∆Hm/∆Hm
0 (1)

where ∆Hm
0 is the equilibrium melting enthalpy, which

was 140 J g−1 suggested by Wunderlich.9

SEM was carried out on a AMRAY 1845FM appara-
tus. Fracture of specimens was carried out at liquid N2

temperature. Before SEM observation, the fracture sur-
faces were coated with Au. Wide-angle X-Ray diffrac-
tion (WAXD) was obtained at room temperature with a
D/max-1-a instrument.

RESULTS AND DISCUSSION

WAXD measurements of these high-pressure crystal-
lized PET samples showed that all diffraction lines cor-
responded to triclinic structure, which was the same as
at atmospheric pressure.10 This indicated that not any
new crystal form was crystallized at high pressure.

The melting temperature (Tm), melting enthalpy
(∆Hm) and crystallinity (Xc) of these PET samples, ob-
tained with DSC, are listed in Table I. Although the
crystallization conditions were different, the melting
temperatures of PET1–3 had little difference. They
were about 563 K, which were 32 K higher than that
of the original material (about 531 K). This suggested
that extended-chain crystals of PET were possibly ob-
tained in PET1–3. The crystallinity of PET3 was lower
than that of PET1 and 2. In addition to the effect
of supercooling and pressure, high-temperature degra-
dation was also an important factor to decrease crys-
tallinity, which commonly occurs at high temperature
in polyesters.

Figure 1 gives out three secondary electron images
(SEI) of the fracture surface of PET2. They are in dif-
ferent amplifications. The most common morpholog-
ical feature of extended-chain crystals is the parallel
striated appearance. The striations run parallel to the
molecular chain direction.3 The morphology of poly-
mer extended-chain crystals was observed all over the
facture surface. This confirmed that extended-chain
crystals of PET were formed in PET2. The distribution
of PET extended-chain crystals was not confined in a
small region. This is the direct evidence to eliminate
the doubt about the content of extended-chain crystals
in high-pressure crystallized PET samples. SEM was
also consistent with above DSC that PET2 had only one
melting temperature. The thickness of extended-chain
crystals in PET2 was about 15 µm, which was much
longer than the average length of molecular chains. SEI
showed that the (001) plane of PET crystals was easy
to be exposed instead of (100) and (010) planes during
fracture. Figure 2 shows the crystal structure of PET for
describing conveniently.10 The c axis of most extended-
chain crystals was perpendicular to the fracture surface.

(a)

(b)

(c)

Figure 1. Secondary electron images of the fracture surface of
PET2 crystallized at 300 MPa, 623 K for 6 h.
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Figure 2. Crystal structure of PET.10

This suggested that the samples were usually fractured
at the interface of lamellar crystals perpendicular to c
axis. When the thickness of lamellar crystals is much
longer than the average length of molecular chains, just
like that in PET2, there is few tie chain among lamel-
lar crystals along c axis direction. So the interaction
between lamellar crystals at the interface perpendicu-
lar to c axis is very weak and samples are easy to be
broken through the interface. Such fracture mechanism
prevents (100) and (010) planes from exposing, and
hinders us to detect the characteristic morphology of
extended-chain crystals of PET. This is a possible rea-
son why some proceeding investigators could not ob-
serve the morphology of PET extended-chain crystals
with microscopy.11–13

SEI of the fracture surface PET3 is shown in Fig-
ure 3. The thickness of extended-chain crystals in PET3
was thicker than that in PET2, which was up to 60 µm.
However, the melting point of PET3 is lower than that
of PET2. This was possibly induced by degradation.
High pressure reduces the effect of degradation when
samples were treated at same temperature. Accord-

Figure 3. Secondary electron image of the fracture surface of
PET3 crystallized at 250 MPa, 623 K for 6 h.

ing to the simple Thomason–Gibbs equation,9 thicker
lamellar crystals should correspond to higher melting
temperature. Nevertheless, when the thickness is much
longer than the length of molecular chains and up to
micrometer, the melting temperature of polymer is not
controlled significantly by the thickness of lamellar
crystals. The most important factor to govern the melt-
ing point of polymer should be defects induced by chain
ends.14 So if degradation breaks more molecular chains
and produces more chain ends, more defects would ex-
ist on the surface and within crystals. This would make
the melting temperature of samples decrease obviously,
just like the results about PET3.

Although the fractures of PET1 were carried out
in different conditions and directions, we could only
observe the morphology of spherulites instead of
extended-chain crystals with our SEM (amplofication
less than 12 K). Figure 4 displays a SEI of the spherulite
in PET1. Combining the DSC result and SEM obser-
vation of PET2 and 3, extended-chain crystals were
perhaps also formed in PET1. The failure to expose
the striation morphology was possibly due to the small
size of extended-chain crystals in PET1. Based on the
mechanism for the formation of PET extended-chain
crystal,15 this is also reasonable, because the thickening
of PET extended-chain crystals is mainly controlled by
transesterification, which is more sensitive to temper-
ature. Interactions between crystalline and amorphous
regions, among crystals and within crystals play impor-
tant roles in the fracture of samples. This result shows
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Figure 4. Secondary electron image of the fracture surface of
PET1 crystallized at 300 MPa, 603 K for 6 h.

that it is difficult to detect the characteristic morphol-
ogy of PET extended-chain crystals once more.

DSC and SEM results confirmed that PET extended-
chain crystals were formed at high pressure. Extended-
chain crystals of PET with thickness up to 60 µm were
obtained. SEM observation showed that extended-
chain crystals distributed all over the high-pressure
PET sample instead of confined within a small region.
High-pressure crystallized PET samples were readily
fractured at the interface of lamellar crystals perpen-
dicular to c axis, which displayed the (001) plane and

prevented the (100) and (010) planes from exposing.
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