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Abstract

Thermally induced dimensional changes, thermal shrinkage and elongation, in oriented noncrystalline PET fibers were investigated. The

fibers exhibited two very distinct thermal responses depending on the fiber orientation. The local structure of the oriented noncrystalline PET

chains as studied by the X-ray diffraction and FTIR spectroscopy revealed the mesophase structure with the well extended chain

conformation in some fibers of high orientation. It was suggested that the oriented noncrystalline structure of PET consists of partially

oriented noncrystalline phase and chain-extended noncrystalline phase. Our results demonstrated that the evolution of mesophase structure,

i.e. chain-extended noncrystalline phase in the spin line not only led the drastic increase of packing density but also had a strong effect on

thermal deformations upon post heat treatment. The amount of thermal shrinkage or the elongation reduced drastically in the fibers

containing the mesophase. The high population of trans conformer and the strong inter-chain interactions of the extended chains provided the

dimensional stability of the fibers during the thermal treatment.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly (ethylene terephthalate) (PET) is a commodity

polymer found in numerous commercial applications in the

form of fibers and films of different orientation and

crystallinity. These applications are mainly originated

from excellent processing properties of PET such as high

glass transition temperature and slow crystallization rate,

which enables one to control final morphologies. One of the

primary processing modes of PET is the high-speed melt-

spinning process. By controlling the spinning and quench-

ing conditions, the polymer can take various degree of chain

orientation and local packing density while maintaining the

noncrystalline structures [1,2]. Depending on the morpho-

logical state the fibers exhibit various thermal properties

upon post heat-treatment and further the physical and

mechanical properties of final products. The post heat-

treatment of as-spun PET fiber typically involves thermal
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deformations such as thermal shrinkage [2–11] or spon-

taneous elongation [11–16] at elevated temperatures near

the transition temperature, whether the experiment is carried

out under unconstraint or constraint sample condition,

respectively. Such thermally induced deformations leading

to dimensional changes upon post heat-treatment are

irreversible and mainly dependent upon their initial chain

orientations and crystallinities of the as-spun fibers [2]. It is

well known that the thermal shrinkage of the as-spun fiber

during post heat-treatment is ascribed to the recovery

(disorientation) of oriented chains [6,8,9] and the spon-

taneous elongation is to the crystallization [12–14]. It can be

then easily anticipated that those thermal deformations are

highly dependent on the micro structures of the as-spun

fibers such as crystallinity, orientation, and chain

conformation.

During spinning process of PET, the polymer chains can

be solidified into a noncrystalline structure by controlling

the spinning speed, i.e. the degree of orientation. In general,

the PET fibers at or below w4800 m/min are still

noncrystalline. The fibers spun above this take up velocity,
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on the other hand, begin to show crystalline order as

revealed by the X-ray diffraction. One of the unique

structural features to observe in the PET orientation is the

mesophase structure found in some fibers of certain

orientation. This mesophase is transient and disappears

with the appearance of crystalline order either by the post

thermal treatment or by the strain induced crystallization on

further orientation. The existence of this metastable

mesophase was initially studied decades ago by several

workers [17–27]. Authors [28] were also able to observe this

mesophase structure by uniaxially stretching the partially

oriented noncrystalline PET fibers below the glass transition

temperature. The mesophase was only found in those fibers

stretched beyond the strain hardening region in S–S curve

and the amount of mesophase increased with the orientation

until it began to show the crystalline order. In a recent work

by Kawakami et al. [29], the mesophase was also formed

before the strain hardening when the amorphous PET is

stretched above the glass transition temperature.

In this work, we focused our efforts to elucidate the effect

of the microstructures of oriented chains, especially the

existence of mesophase, on the thermal deformations. The

local microstructures of the oriented PET fibers were

carefully examined by the high resolution wide angle X-

ray diffraction utilizing the synchrotron radiation and the

FTIR spectroscopy, while the overall packing state was

measured by the density measurement.
2. Experimental
2.1. Materials

High-speed melt-spun noncrystalline poly (ethylene

terephthalate) (PET) fibers (named S1wS6) were obtained

from Hyosung Corporation. These six fibers were spun at

different spinning speed (see Table 1 for the details), thus

with different fiber orientation. The spinning temperature

was 295 8C and the fiber was air quenched below the

spinneret by blowing the quenching air (20 8C) at the speed

of 0.4–0.5 m/s. The intrinsic viscosity of PET fiber was

0.64 dl/g which corresponds to 27,000 g/mol (Mn). The
Table 1

Sample characteristics and data from WAXD experiment

Sample name Spinning speed (m/min) Wide angle X-ra

FON

S1 2500 (REG) 7.7

S2 5000 (HS) 12.1

S3 3200 (REG) 15.9

S4 4000 (REG) 23.1

S5 4300 (REG) 26.5

S6 4500 (REG) 28.4

(HS): additive modified as-spun fiber (high-speed as-spun fiber); (REG): regular a

for the amorphous halo.
fibers in a bundle of w1180 deniers were tested for all

experiments.
2.2. Sample characterization

All characterizations on the fibers described below were

performed before the heat treatment Wide angle X-ray

diffraction (WAXD) experiments were performed utilizing

a synchrotron X-ray source (2.5 GeV, 150 mA) at the 4C1

X-ray beamline in Pohang Accelerator Laboratory (PAL).

The wavelength was 1.6083 Å and the collimated beam size

was 0.3 mm!0.3 mm. Two-dimensional WAXD patterns

were collected using a position-sensitive area detector.

Data collection time of each pattern was 23 s. The

distance between sample and detector was calibrated with

a benzoic acid (WAXD) standard. FTIR spectroscopy

(Perkin Elmer, 1000PC) was used to scrutinize the

conformational characteristics of each specimen. Unpolar-

ized IR beam was used and the scan interval was 1 cmK1.

The fiber density was measured using a density gradient

column filled with the n-heptane/CCl4 mixture. Prior to the

placement of samples into the density gradient column,

samples were evaporated for 24 h at the room temperature.
2.3. Measurements of thermal deformation

To test the thermal shrinkage, the fiber bundles were

transferred to a preheated oven (150 8C) and were kept for

30 min while maintaining the oven temperature constant.

The fiber bundles were then removed from the oven and

fiber length was measured after being cooled to the room

temperature. The shrinkage reached a saturation value

immediately after the heat treatment at 150 8C. For the

thermal elongation, on the other hand, the fiber bundles

were kept in the preheated oven (150 8C) for 2 h under the

constrained condition to prevent the thermal shrinkage. The

fiber length was measured after being removed from the

oven. The spontaneous elongation of the fibers was a

relatively slow process compared to the shrinkage process

and the fiber length reached a equilibrium value in about 2 h

at 150 8C.
y diffraction

FWHM d-spacing (Å)

10.0 4.58

9.5 4.53

9.2 4.49

8.8 4.47

8.6 4.43

8.5 4.36

s-spun fiber; FON: amorphous orientation parameter; FWHM and d-spacing



Fig. 1. (a) Two-dimensional wide angle X-ray difraction patterns of various
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3. Results and discussion
3.1. Fine structure of oriented noncrystalline PET

The thermal responses of oriented noncrystalline fibsers

upon post heat-treatment are highly dependent on the fine

structural characteristics of fibers. We, therefore, begin with

the structural characteristics of the fibers, before we discuss

the thermal deformations of PET fibers such as thermal

shrinkage and elongation.

The microstructural characteristics of as-spun PET fibers

and resulting thermal responses during post heat-treatment

are determined by the spinning conditions such as spinning

temperature, take-up velocity and cooling condition. In a

high-speed melt spinning process of PET fibers, strain-

induced crystallization takes place when the take-up

velocity reaches about 4800 m/min [1] and the crystallinity

and crystal orientation increase with the take-up velocity.

Below this critical take-up velocity, the oriented chains in

the fiber are still noncrystalline. To investigate the

relationship between the structure of as-spun fibers and

their thermal responses such as shrinkage and spontaneous

elongation upon heat-treatment, we focus our attention to

the oriented amorphous fibers without any crystalline order.

Two-dimensional wide angle X-ray diffraction patterns of

PET fibers spun at different take-up velocities below

4800 m/min are plotted in Fig. 1(a). All patterns exhibit

broad amorphous halo with orientation feature. Equatorial

and meridional slices obtained from the two-dimensional

WAXD patterns are also plotted in Fig. 1(b) and (c),

respectively. As can be seen in the X-ray intensities all

samples (S1–S6) show broad amorphous halo without any

crystalline reflections in the equator, demonstrating the

amorphous state of the oriented chains. Orientation

parameter of the amorphous chains was then calculated

from Eq. (1) [30].

FON ¼

Ð 90
0 AONðfÞdfÐ 90

0 ðAIAðfÞ þ AONðfÞÞdf
!10 (1)

where, FON is the total oriented noncrystalline fraction or

the amorphous orientation parameter. AIA(f) and AON(f)

are representing the relative diffraction areas of isotropic

and oriented noncrystalline phase at any given azimuthal

angle f, respectively. Basic structural information associ-

ated with the oriented noncrystalline PET fibers such as

amorphous orientation, full width at half maximum

(FWHM) and d-spacing of amorphous halo are compared

in Table 1. The amorphous orientation parameter (FON) of

fiber increases with the take-up velocity. Decrease of

FWHM and the shift of amorphous halo to a low d-spacing

suggest the increase of local order with the fiber orientation.
high-speed melt-spun fibers; (b) equatorial and (c) meridional slices

obtained from the pattern. Arrows in (c) indicate the reflection of the

transient mesophase structure denoted as (001)trs.



Fig. 2. Plot of (a) density and (b) integrated X-ray diffraction intensities

from mesophase structure of each fiber as a function of orientation

parameter (FON).
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In the meridional patterns (Fig. 1(c)), we do note a weak but

discernible crystalline reflection, (001)trs, whose spacing is

w10.4 Å. The peak is only observed in those fibers of S4,

S5 and S6. But the peak is absent either when the chain

orientation is not sufficient (S1, S2, S3) or when the

orientation is high enough to result in strain-induced

crystallization. The meridional peak is also found to be

transient and disappears with the appearance of crystalline

order upon elevating temperature. Observation of the

transient meridional reflection in oriented PET films or

fibers has been reported previously by a number of workers

including authors [28]. In our recent report, we suggested

that the two point meridional reflection arises from a layer-

structure formed by ordering of chemical repeat units of

PET across the oriented chains. Even though the chains

within each layer are sufficiently extended, they are still

noncrystalline and tilted against the fiber axis, resembling

the smectic C-like mesophase.

In the current study, we also observe that the existence of

this mesophase structure results in strong effects on some

physical properties. In Fig. 2(a) and (b), density and

integrated intensity of the meridional peak, i.e. amount of

mesophase structure are plotted as a function of orientation

parameter (FON) of each fiber. The results exhibit rapid

increase in fiber density on and after sample S4. The drastic

change in density can be attributed to the existence of

mesophase structure of sample S4, S5 and S6. It is highly

expected that well extended polymer chains in the

mesophase promote much greater interactions between

parallel chains. Song et al [28] has reported that the

mesophase structure was found in those fibers stretched

beyond the strain hardening region, demonstrating the

nearly extended chains in the mesophase layer. Extended

chain conformation (trans conformation in oxyethylene

group) in mesophase can also be confirmed by the results of

FTIR spectroscopy [5,31]. Fig. 3(a) and (b) describe the

absorbance of two trans conformational state as a function

amorphous orientation parameter (FON) of the fibers

utilizing FT-IR spectroscopy. The characteristic absorption

lines by trans conformer are at 845 and 972 cmK1 and by

gauche conformer is at 898 cmK1. The absorbance of trans

conformer to that of gauche conformer derived from Eq. (2)

can possibly give the quantity of trans conformer [5,31],

AbsorbanceðtransÞZ
Atrans

Agauche

(2)

where Atrans is the infra-red absorbance of the two trans

absorption bands at 845 or 972 cmK1 and Agauche is for the

gauche isomer at 898 cmK1. These characteristic absorption

bands correspond to the ‘wagging’ of the oxy-ethylene

group and to their trans and gauche conformations,

respectively. The absorbance of trans conformer to that of

gauche conformer as a function of FON plotted in Fig. 3(a)

and (b) reveals nearly identical curve shape to those of

density (Fig. 2(a)) and X-ray diffraction intensities of the
mesophase structure (Fig. 2(b)). The drastic increase of

trans conformer at the fiber S4, in which the mesophase

begins to be observed, confirms the sudden increase of the

well extended chains and thus much higher packing density.
3.2. Thermal deformations: shrinkage and elongation

The thermal responses of oriented noncrystalline fibers

upon post heat-treatment are strongly influenced by

structural characteristics of the chains such as internal

chain conformation, orientation, and packing density.

Thermal shrinkages of the fibers are plotted as a function

of amorphous orientation parameter in Fig. 4. The thermal

shrinkages are derived using Eq. (3) [11].

Shrinkage ð%ÞZ
L0 KL

L0
!100 (3)

where L0 and L denote the initial and final length of fibers

which were measured before and after elevating tempera-

ture to 150 8C, respectively. The fiber length was measured

at the room temperature. The results illustrate two



Fig. 3. Ratio of absorbances of trans conformer (845 and 972 cmK1) to that of gauche conformer (898 cmK1).
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remarkably different responses on thermal shrinkage

depending on the fiber orientation. Samples of relatively

low FON (S1, S2, S3) show slight increase with the increase

of FON. In contrast, fibers of higher FON (S4, S5, S6) show

rapid decrease of the thermal shrinkage with the increase of

FON. Furthermore, the thermal shrinkages of the fibers (S4,

S5, S6) are far less than those of fibers (S1, S2, S3). It is

quite unusual to note that the thermal shrinkage decreases

with the chain orientation in fibers of relatively higher chain

orientation. The thermal shrinkage originates from the

randomization of the oriented chains and entropic recovery

is the main driving force. The entropic gain, then, should be

higher in those fibers of higher chain orientation. We recall

that the three fibers (S4, S5, S6) show the meridional peak in

X-ray diffraction patterns, indicating that the mesophase is

formed and the amount of mesophase increases with

the chain orientation. It is conceived that the chains in the

mesophase are highly extended sufficient to yield the
Fig. 4. Thermal shrinkage of fibers vs. FON.
periodic order along the fiber axis even though there is no

crystalline order. In randomizing process of the extended

chains in the mesophase, these chains shall require some-

what high thermal energy to overcome the inter-chain

interaction, which may surpass the entropic gain from the

random recoiling process. On the other hand, in the fibers of

low FON (S1, S2, S3) without containing the mesophase, the

entropic gain would be greater than the thermal energy

required for the chain recovery, allowing the higher thermal

shrinkage.

Another dimensional change in the fiber length observed

during the thermal treatment of the oriented noncrystalline

PET is the spontaneous thermal elongation. When the fibers

are heat-treated under the constraint condition (length held

constant) to prevent the initial thermal shrinkage, irrevers-

ible spontaneous elongation is accompanied with the micro

structural changes. Because this thermal elongation orig-

inates from the conformation change from gauche to trans

via crystallization, it strongly depends upon the initial

microstructure of the chains in the as-spun fibers. Spon-

taneous elongations measured at 150 8C under the constraint

condition for the six fibers are compared in Fig. 5.

Spontaneous elongation was measured by the following

equation [11],

Elongation ð%ÞZ
LKL0
L0

!100 (4)

where L0 and L denote the initial and the final fiber length,

respectively. The results also exhibit two distinct behaviors

in thermal elongation depending on the fiber orientation. For

the fibers (S1, S2, S3) of low FON, the amount of elongation

is large and decreases rapidly with the increase of fiber

orientation. On the contrary, in the fibers (S4, S5, S6) of

high orientation, very little dimensional change is noted. As

discussed previously, the thermal elongation is due to the



Fig. 5. Thermal elongation of fibers vs. FON.
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gauche to trans conformation change associated with the

crystallization. The amount of thermal elongation is closely

related to the initial fraction of trans conformer, therefore,

the overall orientation state in the sample. In the fibers of

relatively low chain orientation (S1, S2, S3), the population

of gauche conformer is relatively high and shall decrease

rapidly with the fiber orientation. In those fibers (S4, S5, S6)

of high orientation, on the other hand, the prevailing

extended chains of trans conformer, as evidenced by the

existence of mesophase, result in a very little gain in fiber

length after the crystallization.
Fig. 6. Schematic illustrations of partially oriented and extended
In general the microstructure of oriented amorphous fiber

can be ideally separated into isotropic amorphous and

oriented noncrystalline phase [30]. In an oriented non-

crystalline phase, however, we note outstanding differences

in microstructures and many physical properties including

the thermal deformations depending on the overall fiber

orientation. Our results suggest that there is a critical stage

in the chain orientation where the chains promote an

extended conformation and begin to exhibit mesophase-like

characteristics. Now we propose that the oriented non-

crystalline phase consists of two phases, i.e. partially

oriented noncrystalline phase and chain-extended noncrys-

talline phase. Fig. 6 represents the schematic illustration of

the suggested oriented noncrystalline phases (partially

oriented and chain-extended) and their thermal responses

to the heat treatment. The structures of oriented chains in

fibers of low FON (S1, S2, S3) can be described by the

partially oriented noncrystalline phase and those of high

FON (S4, S5, S6) are mainly by the chain-extended

noncrystalline phase. In the chain-extended noncrystalline

phase, the bundles of extended chains and corresponding

packing state of mesophase are emphasized. As discussed

previously, the dimensional stability against the thermal

treatment observed in the fibers (S4, S5, S6) are also

depicted in the figure. The increased packing density in the

extended chain bundles requires high thermal energy in

recoiling process which apparently dominates the entropy

gain through the randomizing process.
chains and their thermal responses to the heat-treatment.
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4. Conclusions

It was suggested that the oriented noncrystalline PET

chains consist of partially oriented noncrystalline phase and

chain-extended noncrystalline phase. The advent of the

extended noncrystalline phase requires certain degree of

chain orientation, but which is not high enough to yield

strain induced crystallization. The drastic change of packing

density with the increase of FON in oriented noncrystalline

PET fiber was observed and the results were closely related

to the promotion of chain-extended phase and the

mesophase structure in the fibers. Thermal deformations

such as thermal shrinkage or elongation were also

drastically reduced in the fibers containing the mesophase,

i.e. the chain-extended noncrystalline phase. In randomizing

process of the extended chains in the mesophase, the chains

shall require high thermal energy to overcome the inter-

chain interaction, which is greater than the entropic gain

from the random coiling process, thus resulting in the drastic

reduction in the thermal shrinkage. The reduction of the

thermal elongation, originating from the gauche-to-trans

conformation change, can also be attributed to the high

population of trans conformer in the chain-extended

noncrystalline phase.
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