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ABSTRACT: Transient structure and crystallization behaviors in cold-drawn PET fibers were studied
by synchrotron wide-angle X-ray diffraction, IR spectroscopy, and thermomechanical analysis. As-spun
PET fibers were mechanically cold-drawn up to the breaking point, and those stretched ones beyond the
strain hardening point in the stress-strain curve exhibited the transient layer structure. Evidence
suggesting the tilted PET chains within the transient layer structure, and therefore the smectic C
mesophase, was discussed. The tilt angle of the chains within the layer was 6° against the fiber axis. The
tilt angle, however, decreased rapidly with the crystallization. Results of X-ray diffraction, IR absorbance,
and thermomechanical analysis suggested two-stage crystallization in oriented PET chains. Bundles of
highly oriented chains including the mesophase were responsible for the first stage crystallization (80-
100 °C), but those of less ordered or nonoriented chains were for the second stage crystallization beyond
140 °C. The structural transformation from the transient mesophase to the triclinic crystal structure
was interpreted by the chain sliding mechanism, leading to the tilted (001) planes against the fiber axis.

Introduction

Poly(ethylene terephthalate) (PET) has a high glass
transition temperature and a slow crystallization rate,
which enables one to make nearly amorphous PET and
thus easy to control final morphology.1-3 The usages of
PET in fibers and films are indeed based on the
mechanical orientation of supercooled PET and subse-
quent heat treatment.4-6 Accordingly, the orientation-
induced crystallization process of mechanically oriented
PET samples and the morphology have been extensively
studied.7-14 One of the interesting features associated
with the orientation-induced crystallization of oriented
amorphous PET is that the polymer exhibits a transient
structure prior to the final triclinic crystal structure
formation. The initial observation of the transient
structure in PET crystallization was made decades ago
by Bonart8 and later by Asano et al.10 In recent years,
more detailed studies on this issue have been conducted
by several researchers utilizing the synchrotron X-ray
source.15-19 Even though the interpretations differ
slightly from one to another, they seem to agree that
the transient structure consists of layers with paracrys-
talline or mesophasic order. In most cases, this inter-
mediate mesophase structure is formed by the mechan-
ical drawing of PET. It has been suggested that this
intermediate structure acts as a precursor for the crystal
formation in oriented PET.17-20 Murthy et al.,14 on the
other hand, suggested that even in nonoriented amor-
phous PET there are short-range orders corresponding
to the two different interchain distances, which are the
incipient crystalline orders in (010) and (100) crystal-
lographic directions. Yeh and Geil12,13 also pointed out

that melt-quenched PET is composed of ball-like struc-
ture of paracrystalline order and the strain-induced
crystallization is caused by the spacial rearrangement
of the paracrystalline domains and internal perfection
of the domains. In this work, structure evolution in cold-
drawn amorphous PET fibers upon elevating tempera-
ture was investigated in detail by combining the syn-
chrotron X-ray scattering and IR spectroscopy as well
as thermomechanical analysis. We were particularly
interested in the intermediate structure often found in
cold-drawn PET fibers or films and the crystallization
process of the oriented PET chains.

Experimental Section
Preparation of Samples. High-speed melt-spun (3200

m/min) amorphous poly(ethylene terephthalate) fibers ob-
tained from Hyosung Corp. were mechanically stretched at
different levels up to the breaking point (0-135%). The initial
length of fiber bundle was 12 cm, and the strain rate was 0.83
min-1. The fibers were subsequently relaxed for 24 h at room
temperature while maintaining the fiber length constant. The
fiber samples were prepared in a bundle type (∼1180 deniers)
for the X-ray diffraction experiments and other characteriza-
tions. For the preparation of nonoriented quenched PET
sample, a vacuum-dried (at 100 °C for 24 h) PET chip was
melted at 275 °C for 5 min and subsequently quenched in an
ice water. The dimension of the film was 5 mm in diameter
and 1 mm in thickness. The intrinsic viscosity of a PET chip
and spun fiber was 0.64 dL/g.

Measurements. Structure evolution in cold-drawn amor-
phous fibers upon elevating temperature was examined by the
time-resolved wide-angle X-ray diffraction (WAXD) utilizing
a synchrotron X-ray source (2.5 GeV, 150 mA) at the 4C1 X-ray
beamline in Pohang Accelerator Laboratory (PAL). The wave-
length was 1.6083 Å, and the collimated beam size at the
sample was 0.3 mm × 0.3 mm. Two-dimensional WAXD
patterns were collected using a position-sensitive CCD detector
with a spatial resolution of 100 µm × 100 µm. Exposure time
for each pattern was 23 s. The sample-to-detector distance was
calibrated with the benzoic acid crystal. FT-IR spectroscopy
(Perkin-Elmer, 1000PC) was also utilized to study the confor-
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mational changes of chains during crystallization. The scan
interval was 1 cm-1, and the heating rate was 3 °C/min.
Modulated differential scanning calorimetry (MDSC) was used
to examine the thermal behaviors such as glass transition
temperatures and cold-crystallization temperatures of fibers.
All experiments (WAXD, MDSC, FT-IR) were performed while
maintaining the fiber length constant during the heat treat-
ment. The contractive force emerging in the fiber upon
elevating temperature was monitored by using a stress-strain
tester (Shimatzu, AG-5000G) attached with a heating device.

Results and Discussion
Transient Mesophase Structure and Structure

Evolution. Selected two-dimensional wide-angle X-ray
diffraction (WAXD) patterns of PET fiber (spun at 3200
m/min and subsequently cold-drawn by 120%) measured
at different temperatures are shown in Figure 1. The
initial diffused diffraction pattern along the equator
exhibits well-oriented but noncrystalline structure. As
temperature increases, the patterns begin to show
highly crystalline order, indicating typical triclinic
crystalline structure development. One interesting fea-
ture, however, found in this series of diffraction patterns
is the appearance of weak but sharp diffraction patterns
at 2θ ) ∼8.8° in the meridian. To examine the appear-
ance of the meridional peak in detail, the meridional
and equatorial slices derived from the two-dimensional
patterns are plotted in parts a and b of Figure 2,
respectively. The meridional slice (Figure 2a) reveals
that the extremely weak but discernible reflection is
noted even at room temperature, implying that the
structural units responsible for the meridional reflection
already exist in mechanically oriented chains before the
thermal incitation. The transversely diffused meridional
reflection (see Figure 1) begins to intensify when the
temperature reaches ∼50 °C and maximizes at near 75
°C (arrow in Figure 2a), yielding an ordinary diffraction
spot. Increasing the temperature further, however, the
intensity becomes weak and transversely diffused again
and finally splits into a four-point pattern. The new
four-point reflection at off-axis stabilizes at 140 °C (see
arrows in Figure 2c) and maintains the pattern on
further increase of temperature, which assumed to be
an (001) reflection of triclinic structure. The initial two-

point meridional diffraction peak, on the other hand,
can be associated with the transient structure prior to
the triclinic crystal lattice formation, as proposed by a
number of workers.7-11,18,19 Because this transient me-
ridional maximum has the spacing of ∼10.4 Å, nearly
matching the monomer unit length (10.75 Å) of poly-
(ethylene terephthalate), we may regard this transient
peak as (001)trs. Here subscript “trs” denotes transient
structure. The peak location and profile along the
meridian and the layer line (Figure 2a,c) suggest that
the diffraction is from the ordering of the chemical
repeating units both in the direction of fiber axis and
in the transverse direction across the chain bundles,
where individual assembly of the repeat units across
the chain bundles resembles a layered structure with
the horizontal surface. The equatorial slice (Figure 2b)
reveals that the chains within the layer maintain

Figure 1. Selected wide-angle X-ray diffraction patterns of
PET fiber measured at the corresponding temperatures upon
heat treatment. The fiber was originally spun at 3200 m/min
and subsequently cold-drawn by 120%.

Figure 2. Meridional (a) and equatorial (b) slices and
intensity profiles at (001) layer (c) obtained from the X-ray
patterns shown in Figure 1.
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amorphous state up to 75 °C. We also point out that
the layer spacing of ∼10.4 Å is somewhat shorter than
the fully extended monomer length of 10.75 Å. The
result implies that the chains within the layer are either
tilted against the fiber axis or nonextended chain
conformation.

Load-strain curve of high-speed melt spun PET (3200
m/min) fiber is plotted in Figure 3a. The arrows in the
load-strain curve represent the stain levels where the
stretched fiber was examined by the X-ray diffraction.
Corresponding meridional intensity profiles of the fibers
stretched and subsequently heat-treated at 75 °C are
then plotted in Figure 3b. We emphasize that the (001)trs
reflection is observed only in the fibers stretched beyond
the strain hardening region. The peak intensifies with
the increase of strain, but the peak position shown in
Figure 3b remains unchanged. In polymer mechanics
the strain hardening is associated with the formation
of local-densified bundles of parallel-oriented chains.21,22

This highly strained bundles of parallel chains must be
responsible for the transient layer structure, and in
order to accommodate further strain after the strain
hardening, new chain elements are brought to their
yield point to join the bundles and thus to intensify the
(001)trs reflection. The constant layer spacing observed
in the fibers of different levels of strain also implies that
the chains in the densified bundle elements are nearly
extended. The layer spacing that is somewhat shorter
than the chemical repeat distance of PET, therefore,
suggests tilted chains within layers.

Figure 4a shows the diffraction profiles along the off-
axis (6° up or down the equator) obtained from the

diffraction patterns shown in Figure 1. Also, curves in
Figure 4b represent the azimuthal intensity profiles at
2θ ) 17.8°, which corresponds to the (010) diffraction
angle of the triclinic crystal of PET. The intensity
profiles plotted in Figure 4a reveal that the (010)
crystalline reflection becomes discernible at 75 °C, as
was observed in the equatorial intensity profiles (Figure
2b), confirming the onset temperature of crystallization.
We also note that its azimuthal profile (at 2θ ) 17.8°)
has double maxima, which can be noted even at tem-
peratures below 75 °C (see arrow in Figure 4b). Obser-
vation of double maxima in azimuthal intensity distri-
bution before reaching the crystallization temperature
is a direct evidence to support that the chains within
the transient layer structure are tilted against the fiber
axis. Tilt angles of the c-axis derived from the double
maxima of azimuthal distribution shown in Figure 4b
are plotted in Figure 5. The curve shows that the chain
tilt angle is about 6° and remains nearly constant until
the temperature reaches about 80 °C. However, a
drastic decrease of tilt angle is noted between 80 and
120 °C, where the crystallization takes place. As dis-
cussed in the previous section, a number of research
results on the transient structure and the crystallization
from the transient structure have been reported.11-19

They agree that cold-drawn PET chains possess a
transient paracrystalline or mesophase type order before
the triclinic crystal structure formation. The tilted chain
morphology in the transient structure was first dis-
cussed by Asano and Seto10 in terms of the monoclinic
structure. Very recently, Ran et al.19 also suggested the

Figure 3. (a) Load-strain curve of the as-spun fiber and (b)
meridional X-ray patterns of the cold-drawn fibers. The arrows
and the numbers shown in the figure indicate the strain level
where the X-ray diffraction was taken.

Figure 4. (a) X-ray intensity profiles along the 6° off-axis from
the equator, where (010) reflection locates. (b) Azimuthal
intensity distribution of (010) reflection at 2θ ) 17.8°. The
curves in (a) and (b) are obtained from the X-ray diffraction
patterns shown in Figure 1.
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tilted chains in the mesophase based on the short layer
spacing. Our experimental results also clearly demon-
strate that the transient structure found in the oriented
PET fiber is a smectic C type mesophase, where the
chains within the layer are slightly tilted against the
fiber axis. However, the tilt angles (Figure 5) estimated
from the azimuthal split of scattered intensities at the
(010) location are not sufficient to compensate the short
layer spacing, suggesting that the chains may possess
the conformational disorder as Auriemma et al.23 sug-
gested. This mesophase appears to be a frozen-in
metastable state, induced by the mechanical drawing.
When sufficient thermal motion is provided at the glass
transition temperature, the metastable structure trans-
forms into an equilibrium triclinic structure.

We recall that the maximized meridional peak be-
comes diffused again when the temperature is raised
above 75 °C and the two-point pattern splits into four-
point triclinic (001) reflection at 140 °C. The off-axis
(001) peak illustrates that the initial horizontal layer
surface becomes tilted against the fiber axis, and the
tilt angle of the layer surface is about 60° against the
fiber axis. The diffusion of diffraction peak implies a
substantial rearrangement of the chains during this
temperature interval. In Figure 6, suggested structures
and corresponding meridional X-ray diffraction patterns
are illustrated. The initial weak and transversely dif-
fused pattern of (001)trs and equatorial amorphous halo
below 50 °C suggests a broad distribution of layer
orientation and lack of long-range order within the
layer. The layer orientation and interlayer order gradu-
ally increase with the temperature and reach a maxi-
mum at 75 °C. In this temperature interval, the scale
of chain rearrangement is probably only minimal at the
local scale, and the chains within layer are still amor-
phous. Diffusion of diffraction spot noted above 75 °C
suggests disordering of the layers, which is evidently
associated with the orientation-induced crystallization
of the mesophase to form more stable triclinic structure.
Through this process, two-point (001)trs reflection splits
into a new four-point pattern, demonstrating the tilting
of layer surface. We recall that the chain tilt angle in
the layer rather reduces at this temperature range,
manifesting that the chains in the layer are sliding up
or down along the fiber axis to result in crystalline order
and tilted layer surface. The results suggest that the
structural transformation from the smectic C type
mesophase to the triclinic crystalline structure is achieved
by the chain sliding process, which contradicts the chain
tilting mechanism proposed by Asano et al.11 The chain
sliding probably can be attributed to the interactions

between adjacent phenylene rings and dipole-dipole
interactions between adjacent carbonyl groups and ester
groups.7-10

Two-Stage Crystallization of Oriented PET
Chains. When oriented amorphous fiber is heat-treated,
irreversible thermal deformation such as shrinkage or
spontaneous elongation takes place. Thermal shrinkage
is a well-known process that is associated with the
entropic recovery of oriented chains. However, when the
fiber length is held constant during the heat treatment,
the force emerges in the fiber to compensate the thermal
shrinkage. On the other hand, spontaneous elongation
during heat treatment originates from the crystalliza-
tion (gauche-to-trans conformational transformation).24-28

In Figure 7, results of thermomechanical analysis of the
PET fiber are plotted. The fiber originally spun at 3200
m/min was stretched further by 120%. The fiber was
then held at constant length in an Instron, and the force

Figure 5. Chain tilt angles estimated from the azimuthal
intensity distribution of (010) reflection at the indicated
temperatures.

Figure 6. Suggested chain packing states and corresponding
(001) X-ray diffraction patterns.

Figure 7. Plot of contractive forces emerging in the fiber upon
heat treatment.
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developing in the fiber was monitored during the
temperature increase. As shown in the figure, the force
imposed on fiber begins to increase drastically above 50
°C. When the temperature reaches about 70 °C, the load
drops momentarily but continues to increase at a slower
rate on further increase of temperature. The increase
continues until the temperature reaches 140 °C. Beyond
140 °C, the load begins to decrease and shows a rapid
drop as the temperature approaches the melting point.
As discussed previously, the increase of load on fiber is
related to the entropic recovery of oriented chains, while
the decrease of the load is to the spontaneous elongation
on crystallization. During heating scan of oriented
amorphous fiber, the two opposing thermal deforma-
tions, shrinkage and elongation, shall progress com-
petitively. When the recovery is dominant, the contrac-
tive force increases, but when the crystallization is
dominant, it decreases. Recalling the X-ray diffraction
results, the decrease of load noted at 70-80 °C and
another decrease beyond 140 °C are evidently associated
with the crystallization.

In an effort to investigate the crystallization process
in greater detail, IR spectroscopy was also performed,
and results are plotted in Figure 8.The characteristic
absorption bands of the trans conformer are at 845 and
972 cm-1, and that of gauche conformer is at 898
cm-1.29-32 These characteristic absorption bands cor-
respond to the “wagging” of the oxyethylene group and
to their trans and gauche conformations. The ratio (R)
of trans conformer to gauche conformer can possibly
indicate the relative amount of trans conformer in fiber
(eq 1). 30

where Atrans is the infrared absorbance at 845 or 972
cm-1 and Agauche is at 898 cm-1. As depicted in Figure
8, we note a two-step increase of trans isomer content
with the temperature increase. The ratio R begins to
increase near 70 °C, and the increment levels off at 100
°C until another increase is observed beyond 140 °C.
The result is consistent with those observed in the
thermomechanical analysis, manifesting that the crys-
tallization of oriented amorphous PET takes two crys-
tallization processes. In an oriented supercooled amor-
phous fiber, the chain possesses a wide spectrum of
chain orientation, from fully extended to poorly oriented

chains. When the supercooled PET chains undergo
crystallization upon raising temperature, the onset
temperature of cold crystallization will differ depending
on the chain orientation.33 It is highly expected that the
parallel-oriented chains in the mesophase crystallize
first. Here we suggest that the crystallization noted
between 70 and 100 °C is the first stage crystallization,
primarily taking place in the mesophase, while the
second stage crystallization noted beyond 140 °C is with
the nonoriented or poorly oriented chains. Indeed, the
cold crystallization of nonoriented amorphous PET
exhibits an endothermic peak near 140 °C, while the
oriented chains at much lower temperatures near the
glass transition.

In Figure 9, d spacing changes of main reflections
((010), (-110), (100)) derived from the peak fitting using
Gaussian line are depicted. It is interesting to observe
that the d spacing of lateral crystal planes continues to
decrease with temperature until the temperature reaches
140 °C. However, when the temperature is raised
further above 140 °C, they begin to increase with the
temperature. As we have suggested, the crystallization
of the PET fiber follows the two-stage process, and 140
°C is the onset temperature of the second stage crystal-
lization. It has been suggested that the unit cell for the
equilibrium PET crystal may not be suitable for the
fibers and films, each with their own characteristic
strains.34,35 A relationship between internal stress and
unit cell parameters of PET fiber has also been pro-
posed.36 The decrease of d spacing between the lateral
crystal planes observed during the first crystallization
stage can be ascribed to the increase of internal stress
associated with the contractive force emerging in the
fiber. Once the temperature reaches 140 °C, the force
reduces (see Figure 7), thus leading to the recovery of
the cell parameters. As compared in Figure 9, the
nonoriented PET sample shows a completely different
feature in d spacing changes from that of the oriented

Figure 8. Ratio of IR absorption band of trans conformer at
845 and 972 cm-1 to that of gauche conformer at 898 cm-1.

R )
Atrans

Agauche
(1)

Figure 9. Comparison of d spacing changes of the crystal
planes during crystallization process between highly oriented
cold-drawn fiber and nonoriented sample.
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chains, but the two samples merge into a common
equilibrium value at high temperatures.

Acknowledgment. X-ray diffraction was performed
at the 4C1 beamline in the Pohang Accelerator Labora-
tory.

References and Notes

(1) Ward, I. M. Adv. Polym. Sci. 1985, 70, 1.
(2) Keller, A.; Lester, G. R.; Morgan, L. B.; Hartley, F. D.; Lord,

E. W. Philos. Trans. R. Soc. London 1954, A1, 247, 13.
(3) Zachmann, H. G.; Stuart, H. A. Makromol. Chem. 1981, 181,

1263.
(4) Zachmann, H. G.; Stuart, H. A. Makromol. Chem. 1960, 41,

131.
(5) Zaroulis, J. S.; Boyce, M. C. Polymer 1997, 38, 1303.
(6) Llana, P. G.; Boyce, M. C. Polymer 1999, 40, 6729.
(7) Bonart, R. Kolloid-Z. 1966, 213, 1.
(8) Bonart, R. Kolloid-Z. 1966, 213, 16.
(9) Bonart, R. Kolloid-Z. 1968, 231, 438.

(10) Asano, T.; Seto, T. Polym. J. 1973, 5, 72.
(11) Asano, T.; Francisco, J.; Baltá Calleja; Flores, A.; Tanikaki,
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