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Morphology of high-pressure crystallized poly(ethylene 2,6-naphthalate)
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Abstract

The high-pressure crystallized poly(ethylene 2,6-naphthalate) (PEN) samples were investigated using wide-angle X-ray diffraction
(WAXD), differential scanning calorimetry (DSC) and scanning electron microscopy (SEM). DSC results showed that the melting tempera-
ture of high-pressure crystallized PEN samples was up to 603 K, which is much higher than the equilibrium melting point of PEN suggested
by Buchner et al. and near to the value estimated by Cheng et al. The striations in the morphology of PEN extended-chain crystals with
thickness of about 1.5 wm were observed with SEM. Some characteristic spherulitic forms obtained at high pressure are also presented.

© 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Poly(ethylene 2,6-naphthalate); High-pressure crystallization; Extended-chain crystals

1. Introduction

Poly(ethylene 2,6-naphthalate) (PEN) is a crystallizable
polymer of increasing commercial interest that can be used
in higher temperature applications than poly(ethylene
terephthalate) (PET). The naphthalene ring provides greater
rigidity to the polymer backbone than the benzene ring in
PET, decreasing the crystallization rate.

Many studies on the crystallization behaviors of PEN
have been reported. Buchner et al. [1] reported that PEN
can crystallize into two different crystal modifications. The
o crystal form can be obtained by annealing amorphous
PEN in the solid state, and the other crystal form (3) can
be obtained, but the o form inevitably coexists when PEN is
crystallized conventionally from the melt. During the past
decade, PEN has been the subject of many morphological
studies using X-ray diffraction (XRD) [2,3], differential
scanning calorimetry (DSC) [4], infrared [5] and solid-
state NMR spectroscopy [6], but not much work was carried
out using scanning electron microscopy (SEM). On the
other hand, many researchers have investigated the effects
of external fields, such as solvent [7], shear [8], drawing [9]
and flow [10] on the crystallization behaviors of PEN; no
investigation was performed at high pressure.

In previous papers, we reported that PET extended-chain
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crystals can be obtained through high-pressure crystalliza-
tion and presented some novel sperulitic forms in high-
pressure crystallized PET [11-13]. In this work, SEM and
DSC were employed to investigate the morphology of high-
pressure crystallized PEN samples. Samples with melting
temperature up to 603 K were obtained and extended-chain
crystals of PEN were observed. The rigidity brought out by
naphthalene ring on the crystallization was also discussed.

2. Experimental

The PEN with an intrinsic viscosity of 0.65 dl/g used in
this study was supplied in pellet form by ICI Co. Prior to the
high-pressure treatment, the original PEN material was
allowed to stand for 36 h at 368 K in vacuum to eliminate
moisture. High-pressure experiments were carried out with
a piston-cylinder high-pressure apparatus [14]. The follow-
ing procedure for crystallization was used. After loading the
sample, low pressure (20 MPa) was applied and temperature
was raised to a predetermined level. After equilibrium was
established, pressure was raised to the predetermined level.
The samples were kept under these conditions for a pre-
determined time, and then quenched down to ambient
condition. This procedure ensured that the polymer
temperature would not exceed the crystallization tempera-
ture so as to minimize the degradation of PEN at elevated
temperature and also to ensure that the polymer would be in
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Table 1
The high-pressure crystallization conditions and results

Sample Crystallization conditions Melting temperature (K) Melting enthalpy (J/g) Crystallinity (%)
PEN1 300 MPa, 603 K, 6 h 552.31 64.59 62.5
PEN2 300 MPa, 623 K, 6 h 552.32 64.39 62.3
PEN3 300 MPa, 603 K, 24 h 554.03, 598.64 61.44, 21.69 80.1
PEN4 300 MPa, 603 K, 42 h 554.12, 600.71 58.76, 22.41 78.8
PENS 300 MPa, 603 K, 48 h 554.27, 601.11 54.36, 21.56 73.4
PEN6 400 MPa, 603 K, 24 h 548.72, 602.94 60.67, 19.16 712
PEN7 400 MPa, 603 K, 30 h 552.24, 603.57 65.94, 23.31 86.3
PEN8 400 MPa, 603 K, 36 h 554.94, 603.55 66.38, 23.77 87.2

a molten state before crystallization takes place. The crystal-
lization conditions are listed in Table 1.

Calorimetric  measurements were performed at
atmospheric pressure by using a Perkin—Elmer DSC-2
instrument. The calorimeter was calibrated with standard
substance, which melts in the range of PEN. The heating
rate was 10 K/min. The crystallinity was calculated with the
following equation:

X. = AH, /AH?, )

where AH, is the equilibrium melting enthalpy, which was
103.4 J/g suggested by Cheng et al. [4].

SEM was carried out on an AMRAY 1845FM apparatus,
which was operated at 20 kV. Fracture of specimens was
conducted at liquid N, temperature. Wide-angle X-ray
diffraction (WAXD) was obtained at room temperature
with a D/max-1-a instrument.

3. Results and discussion
3.1. WAXD result

Fig. 1 gives out a representative WAXD profile of these
high-pressure crystallized PEN samples. All main diffrac-
tion lines corresponded to the (3 crystal form, which can be
crystallized from melt at normal pressure [1]. However, the
intensity of (242) is too strong, compared with the report in
Ref. [1]. Recently, Van den Heuvel and Klop [3] reported
the different crystal constants for 3 modification in fiber.
The peak (242) should be (200), and the intensity is in
agreement with their report, but we cannot assign the peak
(111) in Fig. 1. This shows that { is sensitive to the experi-
mental conditions. The small peak at the lower angle side
foot of (111) peak implied that the form possibly existed in
these samples. Detailed investigation on the effect of high
pressure on the crystal structures of PEN is being performed
in our group.

3.2. DSC measurements

Fig. 2 shows the DSC curves of these high-pressure
crystallized PEN samples. The melting temperature (7},),
melting enthalpy (H,,,) and crystallinity (X.) were also listed

in Table 1. PENI and 2 had a melting temperature of about
552.3 K, which is lower than the highest melting tempera-
ture (565 K) of PEN sample crystallized at atmospheric
pressure [1]. This melting peak should correspond to
folded-chain crystals of PEN. Although PEN2 was treated
at temperatures higher than that of PEN1, the melting point
and melting enthalpy had little difference. This seems to
imply that the high-pressure crystallization behavior of
PEN was possibly not affected significantly by temperature.

PEN3-5 were crystallized at same pressure and tempera-
ture but for 24, 42 and 48 h, respectively. They all had two
melting temperatures. The low melting peak (about 554 K)
in the DSC curve was near the melting temperature in PEN1
and 2, which also corresponded to folded-chain crystals of
PEN. The other high melting temperature (about 600 K) was
35 K higher than the highest melting point of PEN sample
crystallized at normal pressure, and even higher than the
equilibrium melting temperature (573 K) of PEN suggested
by Buchner et al. [1]. Cheng et al. [4] estimated that the
equilibrium melting point of PEN was about 610 K. The
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Fig. 1. WAXD profile of high-pressure crystallized PEN1.
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Fig. 2. DSC curves of PEN samples crystallized at (a) PEN1, 300 MPa,
603 K for 6 h; (b) PEN2, 300 MPa, 623 K for 6 h; (c) PEN3, 300 MPa,
603 K for 24 h; (d) PEN4, 300 MPa, 603 K for 24 h; (e) PENS5, 300 MPa,
603 K for 48 h; (f) PEN6, 400 MPa, 603 K for 24 h; (g) PEN7, 400 MPa,
603 K for 30 h; (h) PENS, 400 MPa, 603 K for 36 h.

high melting temperatures of PEN3-5 were near to this
value. Because WAXD already revealed that no new crystal
form was crystallized at high pressure, the high melting
temperatures should be assigned to extended-chain crystals
of PEN. Along with the increase in crystallization time, the
high melting temperature increased, and the low melting
point changed slightly. The increase in the melting
temperature may be due to the thickening growth of
lamellar crystals. The decrease in melting enthalpy
may be induced by degradation, which commonly occurs
in polyester.

PEN6-8 were obtained at 400 MPa, 603 K for 24, 30 and
36 h, respectively. Two melting temperatures emerged in

the DSC measurement curves of every sample. The low
(about 550 K) and high (603 K) melting temperatures may
correspond to folded-chain and extended-chain crystals,
respectively. This indicated that extended-chain crystals
were possibly obtained in these PEN samples. The melting
point and enthalpy increased with the increase in crystal-
lization time under these conditions, which was different
from that of PEN3-5. This was due to higher pressure and
shorter crystallization time of PEN6—8. Higher pressure can
inhibit high-temperature degradation in order to increase the
melting enthalpy.

The above DSC results revealed that longer crystalliza-
tion time is necessary to obtain PEN samples with high
melting point. But longer crystallization time would
increase the effect of degradation on PEN molecular
chain. Balance crystallization conditions should be used to
grow high melting point PEN samples, which is also the
crucial problem to crystallize extended-chain crystals of
rigid chain polymers.

3.3. SEM observations

All samples were detected with SEM. The fracture
surfaces were not treated with any etching technique, but
spherulitic forms of PEN were exposed clearly. The second-
ary electron images (SEI) of spherulites and an edge in
PEN1 were shown in Figs. 3a and b, respectively. We
could observe not only the characteristic round area but
also some branches within the spherulite, especially on its
edge. Such features are usually detected through etching
techniques. This was possibly due to the high-temperature
degradation, which eroded off the amorphous region in a
similar mechanism with other etching techniques, and
made the morphology of spherulites emerged. Amorphous
region among spherulites was observed on the fracture
surface of PEN1. This revealed that the growth of spheru-
lites in some directions was not hindered by impingement.

Fig. 3. Morphology of the spherulitic forms in PEN1 crystallized at 300 MPa, 603 K for 6 h.
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Fig. 4. Morphology of the spherulitic forms in PEN4 crystallized at 300 MPa, 603 K for 42 h.

The morphology of the fracture surface of PEN2 is similar
to that of PEN1.

Fig. 4 displays two SEI of the fracture surface of PEN4.
The branches within the spherulites were exposed clearer
than those in PEN1. As PEN4 was crystallized for longer
time, the spherulites grew mature and the effect of degrada-
tion on the amorphous region was more significant than that
on PENI. This made detailed structures within the
spherulites expose more clearly.

A novel spherulitic form, which looked like a sunflower,
was obtained in PEN7. Fig. 5a gives out a representative SEI
of such spherulitic form. The sunflower-like spherulites
were perhaps evolving through sheaf-like embryos before
attaining a spherical envelope. The fracture surface may be
the plane perpendicular to the sheaf and across the nucleus
of the spherulite. Some interfaces of several spherulites

were shown in Fig. 5b. The spherulites impinged with one
another and became polyhedral.

Sperulites were also observed in other samples. A
common feature of these high-pressure crystallized PEN
spherulites is that the growth along the radial direction
was very straight as if it would not distort from the radial
direction. This may reveal that the formation mechanism of
these spherulites was different from that for PEN crystal-
lized at much lower temperature and normal pressure [15].
Lee et al. [16] reported that the formation of polymer spher-
ulites was connected with the denser structure in the induc-
tion period of polymer crystallization. We proposed that the
growth could not be so straight along the radial direction as
our high-pressure crystallized PEN spherulites if it adopted
this mechanism.

The above DSC result indicated that extended-chain

Fig. 5. Morphology of the spherulitic forms in PEN7 crystallized at 400 MPa, 603 K for 30 h.
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Fig. 6. Morphology of extended-chain crystals in PENS crystallized at
300 MPa, 603 K for 48 h.

crystals of PEN were possibly obtained in PEN4-8. Direct
morphology should be given with SEM or TEM. Fig. 6
shows the SEI of the fracture surface of PENS. The lamellar
crystals in PENS were coarser than the extended-chain
crystals of PET [11,12], but were similar to the extended-
chain crystals of nylon6 [17]. This confirmed that the
extended-chain crystals of PEN were obtained in PENS.
The coarse morphology of extended-chain crystals in
PENS5 was due to the longer time degradation, which was
also found in high-pressure crystallized PET samples [11].

The SEI of the fracture surfaces of PEN6 and 7 are shown
in Figs. 7a and b, respectively. The parallel striations, which
are the most common feature of polymer extended-chain
crystals [18], could be clearly observed in Fig. 7. The thick-
ness of extended-chain crystals in PEN6 and 7 is about
1.5 pm, which is much longer than the length of molecular

Fig. 8. Morphology of extended-chain crystals in PENS8 crystallized at
400 MPa, 603 K for 36 h.

chain. Extended-chain lamellar crystals with different
features were also detected in PENS8. Fig. 8 displays the
SEI of this kind of extended-chain crystals, which is similar
to that of nylonll1 [19].

Combining the DSC and SEM results, it is clear that
extended-chain crystals of PEN can be obtained through
high-pressure crystallization. However, longer crystalliza-
tion time is necessary to grow PEN extended-chain crystals.
The effect of high pressure on the extended-chain crystal-
lization of PEN is more obvious than that of temperature.
This is a little different from the results of high-pressure
crystallized PET. It is not necessary to grow for longer
time (more than 24 h) to crystallize extended-chain crystals
of PET. This indicates that the rigidity of PEN molecular
chain, increased by naphthalene ring, inhibits its diffusion
rate and reduces the growth rate of crystals, especially the

Fig. 7. Morphology of extended-chain crystals in (a) PEN6 and (b) 7 crystallized at 400 MPa, 603 K for 24 and 30 h, respectively.
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thickening rate of lamellar crystals. So, compared with PET,
extended-chain crystallization of PEN needs longer time. As
degradation commonly occurs at high temperature in
polyesters, more balance crystallization conditions would
be introduced in for extended-chain crystallization of PEN
at high pressure.

4. Conclusion

Based on the WAXD, DSC and SEM results, it is
concluded that extended-chain crystals of PEN can be
obtained through high-pressure crystallization. Extended-
chain crystals of PEN with a thickness of about 1.5 pm
were formed. The melting temperature of high-pressure
crystallized PEN samples was up to 603 K, which is much
higher than the equilibrium melting point of PEN suggested
by Buchner et al. and near to the value estimated by Cheng
et al. Some characteristic spherulitic forms obtained at high
pressure were also presented.
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