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ABSTRACT: Conditions for the formation of high performance fibers from flexible and
semi-flexible polymers are reviewed in terms of the chemical structure, chain confor-
mation, super structure, and modeling. Small cross-sectional area and extended con-
formation are important factors for designing the high-performance polymers. Tensile
modulus decreases significantly by only a small contraction of main chain from the
planar zigzag conformation. Model calculation for the estimation of the ultimate tensile
strength includes the evaluations of bond strength and the kinetic theory for rupture of
primary and secondary bonds. Presence of defects such as chain ends are also consid-
ered. Macroscopic defects can be evaluated based on Griffith’s theory. Drawability,
which is important for the production of high performance fibers, can be improved
through the control of entanglement. Experimental and industrial procedures for the
production of high performance fibers such as gel spinning of polyethylene, pressurized
drawing of polyoxymethylene, controlled shrinkage and drawing of polytetrafluoroeth-
ylene, and solid state co-extrusion of high molecular weight poly(ethylene terephtha-
late) are also reviewed. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 559–571, 2002
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INTRODUCTION

Although the first commercial synthetic fiber,
polyamide 66, was advertised as the fiber stron-
ger than steel (if the strength is compared using
the unit of gram-force per denier), it seems that
systematic research on the development of high-
performance fibers from flexible polymers only
started in the 1970s. Since then, intensive studies
for the development of new techniques and refine-
ment of each process have been accomplished by
many researchers all over the world. Along with
the experimental approaches for the improve-
ment of mechanical properties, there were theo-
retical developments on the ultimate mechanical

properties of fibers. Development of computer
simulation techniques played a significant role for
these analyses.

BASIC CONCEPT FOR THE PRODUCTION
OF HIGH-PERFORMANCE FIBERS FROM
FLEXIBLE POLYMERS

Ultimate Tensile Modulus and Strength

One of the most important characteristics of poly-
meric materials is their anisotropic property. The
anisotropy arises from the difference in the bind-
ing energies between atoms, in that the covalent
bond in the molecular chain is about 5003 stron-
ger than the van der Waals interaction. There-
fore, the ultimate mechanical properties of fibers
can be obtained only when the covalent bond is
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fully utilized. In other words, to obtain the ulti-
mate mechanical properties, all the molecules in
the fiber must be perfectly oriented in the direc-
tion of the fiber axis.

The chemical structure of polymers also has
significant influence on the ultimate mechanical
properties. There are three important factors for
the designing of high-performance polymers from
the viewpoint of chemical structure: 1. small
cross-sectional area per chain, 2. extended chain
conformation, and 3. strong chemical bond in
main chain. The importance of these factors can
be easily explained by comparing the chemical
structures of polyethylene (PE) and polypro-
pylene (PP). The chemical structure of PP can be
constructed by simply replacing one hydrogen

atom in PE by the methyl group. Because of the
enlargement of the side-group, the PP chain
should have a larger cross-sectional area than PE.
Along with this, conformation of molecules
changes from planar zigzag of PE to 3/1 helix of
PP. Eventually, PE has much superior ultimate
mechanical properties than PP. Cross-sectional

Table I Dependence of Theoretical Strength and Modulus on Cross-
Sectional Area of Single Molecular Chain for Various Polymers

Polymer

Cross-sectional Area
per Single Chain

(nm2)

Theoretical
Strength

(gf/d)

Theoretical
Modulus

(gf/d)

PE 0.193 372 2775
PP 0.348 218 423
PA6 0.192 316 1406
PVA 0.228 236 2251
PET 0.217 232 1500
PAN 0.304 196 833

Figure 1 Relationship between fiber strength sb and
cross-sectional area of single chain S.1

Figure 2 Two-, three-, and four-body intermolecular
potentials for polymethylene.
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area, theoretical strength, and modulus of various
flexible polymers are summarized in Table I.1 De-
pendence of fiber strength on the cross-sectional
area is also plotted in Figure 1.2

Tensile Modulus

The theoretical estimations of the conformation
and mechanical properties of polymeric molecules

are based on their intramolecular and intermolec-
ular potential energies. For example, effects of
the changes of bond length, bond angle, and rota-
tion angle on the potential energy for polymeth-
ylene are shown in Figure 2.3 From these changes
in potential energy, elastic constants (force per
displacement) can be obtained (Fig. 3). It can be
easily recognized from this result that the chain
length can be extended easily if the bond rotation
occurs under tensile load. Conformations of poly-
amide 6 (PA6) molecules in a- and g-form crystals
were investigated by Tashiro and Tadakoro4 by
utilizing the mechanics of crystal lattice theory. It
was revealed that in a-form crystals at room tem-
perature, there is about 1% contraction of the PA6
molecule with respect to the fully extended planar
zigzag conformation. This small contraction leads
to about 75% reduction of the theoretical tensile
modulus. At low temperatures, because of the
extension of the PA6 molecule, the tensile modu-
lus was calculated to reach about 300 GPa (Fig. 4).

There are several methods for the measure-
ment of the elastic constants of polymer crystals.
One of these is the wide-angle X-ray diffraction
method, in which changes of crystal lattice pa-
rameters with increasing tensile load are mea-
sured from the peak shift of corresponding crys-
talline reflections. For example, the result of mea-
surement for the poly(butylene naphthalate)
reported by Nishino et al.5 is shown in Figure 5. It
can be seen from the figure that (1#05) reflection of
A-form crystal shifts toward lower diffraction an-
gles with increasing tensile stress, and when the

Figure 3 Elastic constant for various modes of bond
displacement.

Figure 4 Tensile modulus versus chain contraction
from planar zigzag conformation for polyamide 6 single
molecule.4

Figure 5 Variation of meridional wide-angle X-ray
diffraction profiles of poly(butylene naphthalate) fibers
under tensile stress.5
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tensile stress exceeds 60 MPa, there is an appear-
ance of a new crystalline peak indicating the
change in crystal structure. They also pointed out
that there is a universal relationship between the
measured tensile modulus and the amount of
chain contraction from the planar zigzag confor-
mation (Fig. 6). This result, along with the result
shown in Figure 4, suggests that the perfect ex-
tension of the main-chain is crucial for the pro-
duction of high-performance fibers.

Tensile Strength

Theoretical estimation of tensile strength is more
complicated than the tensile modulus. Whereas
tensile modulus reflects the average of the struc-
ture, tensile strength relates more to the weakest
portion in the structure. Strength of a single
chemical bond can be calculated from the knowl-
edge of potential energy and the activation vol-
ume. More recently, theory of quantum chemistry
was applied for the estimation of the strength of
molecular chain. Figure 7 shows the changes in
the heat of formation and stress of polymethylene
chain with increasing strain calculated using the
semi-empirical molecular orbital theory.6 The
fracture of the main chain occurred at the strain
of 46%. Stress-versus-strain curve was obtained
by the differentiation of the heat of formation-
versus-strain curve. Bond strength estimated
from the maximum stress is about 45 GPa.

Effects of Defects and Unevenness

A computer simulation model based on the kinetic
theory of fracture was developed by Termonia et
al.7 In the theory, rate of a breakage of a bond is
assumed to increase with the applied stress. Pri-
mary and secondary bonds, which correspond to
the covalent bond and to the van der Waals force
respectively, are considered. The chain ends are
also introduced to the model considering the mo-
lecular weight of the polymer. Figure 8 summa-
rizes the model and the result of the calculation.
The obtained stress–strain curves for various mo-
lecular weights are shown in Figure 9. The
strength, defined as the maximum stress in the
stress–strain curve, increased with increasing

Figure 6 Relation between tensile elastic modulus
and the chain contraction from planar zigzag conforma-
tion for aromatic polyesters.5

Figure 7 Tensile deformation and fracture of poly-
methylene single molecule calculated using semi-em-
pirical molecular orbital method (PM3).6
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molecular weight, and the ultimate strength of ca.
10 GPa was obtained for the molecular weight of
3 million.

Based on the fracture mechanics, Griffth’s the-
ory was applied for the estimation of ultimate
strength. The estimated value varied from 10 to
70 GPa, depending on adopted parameters.8 The
Griffth theory was also applied for the estimation
of the fiber diameter dependence of tensile
strength of high-performance PE fibers.9 In this
analysis, fiber diameter is regarded to have the
same effect as the size of the crack. The strength
of PE fibers was found to be inversely propor-
tional to the square root of its diameter (Fig. 10),

Figure 8 Model and result of calculation of kinetic
theory of fracture proposed by Termonia et al.7

Figure 9 Calculated stress–strain curves for PE of
various molecular weights.7

Figure 10 Dependence of tensile strength sb on fiber
diameter D for highly drawn ultrahigh molecular
weight PE.9

Figure 11 Relationship between strength and square
root of modulus for PE fibers prepared through various
drawing processes.10
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and by extrapolating the straight line to zero, the
ultimate strength of 26 GPa was obtained. The
fiber strength is determined by the lateral bond
strength. This conclusion is based on the analyzed
activation energy in fracture process. The ob-
tained value 60–75 kJ/mol is significantly lower
than the bond energy of COC, which is about 300
kJ/mol; and also lower than the value of 113 kJ/
mol, which corresponds to the dissociation energy
of PE under tensile stress.

Griffith’s theory also can be applied for the
estimation of the amount of defects (Fig. 11). By
plotting the relation between strength and square
root of modulus, the gel spinning provides fibers
with a smaller number of defects in comparison
with solid state extrusion, melt spinning, and
zone drawing processes.10

Future Work: Molecular Design

Through fundamental knowledge on the ultimate
modulus and strength of polymers, one can design
new polymers that are supposed to have signifi-
cantly high mechanical properties. An extreme
example of the designing of a new polymer is
shown in Figure 12, in which all the hydrogen

atoms in PE are replaced by boron atoms; and
then intermolecular crosslinks are made by the
chemical bond between boron atoms. This three-
dimensionally constructed molecule was analyzed
to have tensile modulus of 600 GPa in all direc-
tions.11

Control of Super Structure

If flexible polymers are used for the production of
high-performance fibers, the fiber should be crys-
tallized to maintain the extended chain conforma-
tion. The ultimate properties are expected to be
realized if the crystallinity of the fiber is 100%. In
practice, we only can have partially crystallized
fibers. If the two-phase model of crystal and amor-
phous phases is considered, it is important that
the parallel model gives much higher mechanical

Figure 12 Computer-designed high-strength mole-
cule based on PE.11

Figure 13 Dependence of tensile modulus E9 on crys-
tallinity Xc for PE fibers prepared by zone-drawing
process.12
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properties than the series model, even though the
volume fraction of the crystalline phase is the
same. In the parallel model, the continuity of
extended molecules in the direction of fiber axis is
the most important characteristic. In this sense,
the construction of continuous crystalline phase,
an increase in the amount of so-called taut-tie
molecules, and the construction of a shish-kebab
structure seems to be an effective method to ob-
tain high-performance fibers.

Figure 13 shows the change of tensile modulus
of drawn PE fibers prepared by the zone drawing
process.12 The tensile modulus started to increase
abruptly at the crystallinity of 0.77. It was ex-
plained that the abrupt modulus increase corre-
sponds to the formation of the continuous crystal-
line phase.

Figure 14 shows the schematic diagram of the
couette apparatus for continuous growth of PE
microfibers from dilute p-xylene solutions.13 A
transmission electron micrograph of obtained fi-
bers revealed that the fibers have a shish-kebeb

structure. Because of the presence of shish, in
which extended PE molecules are continuously
aligned in the direction of the fiber axis, the fiber
shows significantly high mechanical properties.

Drawability and Efficiency of Drawing

The drawing process is indispensable for the con-
struction of a highly oriented and extended mo-
lecular structure. Basically, there are two types of
drawing processes. In cases of highly crystalline
polymers like PE or PP, the crystalline structure
can be drawn to form a highly oriented crystalline
structure. However, in cases of relatively rigid
molecules with its glass transition temperature
higher than room temperature like polyethylene
terephthalate (PET), starting materials for the
drawing process usually have an amorphous
structure. In both cases, drawability and effi-
ciency of drawing are the key factors for the for-
mation of high-performance fibers.

Okui and Sakai14 pointed out that the mono-
mer unit length is one of the most important
factors for the development of three-dimension-
ally and highly ordered structure. They explained
that the longer the unit length d, the unit length
translation parallel to the chain axis needs the

Figure 14 Couette-flow apparatus for continuous
growth of PE fibers from dilute p-xylene solution.13

Figure 15 Relationship between the ratio of the axial
crystalline modulus Ec to the ultimate Young’s modu-
lus of produced fibers and the logarithm of the unit
length d.14
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longer distances to generate a crystalline packing
finding a set of nearest lattice points. The plot of
Ec/E versus ln d, where Ec and E are the theo-
retical modulus and the experimentally obtained
highest modulus, shows that the polymers can be
categorized into three groups (Fig. 15). The high-
est slope in the plot is for the group of flexible
polymers with hydrogen bonds. In this case, the
hydrogen bond also prevents the free movement
of molecules to find an appropriate position; and it
is quite difficult to develop fibers that have a
modulus close to the theoretical value. The sec-
ond-highest slope is for the group of flexible poly-
mers. However, there is no effect of monomer unit
length on the tensile modulus in the case of rigid
polymers.

The effect of the hydrogen bond on the mechan-
ical properties of PA6 crystals is shown in Figure
16.15 Linear compressibility is lower and Young’s
modulus is higher in the direction of hydrogen

bond in both a- and g-form crystals. For PA6, it
was reported that the crystal modification
changes from a-form to g-form by the treatment
in iodine-potassium iodide aqueous solution.16

The plastic deformation behavior of crystals is
reported to change significantly with the change
in crystalline structure.17

Control of Entanglement

The drawability and the efficiency of drawing are
influenced by entanglement. Many techniques for
the improvement of drawability have been devel-
oped, based on the concept of the control of the
entanglement structure. It was reported by
Pawlikowski et al.18 that the compacted reactor
powder of ultrahigh molecular weight PE can be
drawn up to the draw ratio of about 60 and ex-
hibit relatively high mechanical properties. Cer-
tain nascent polymers have unusual thermal and
morphological properties that are irretrievably
lost once the polymer has been melted. The
amount of entanglement in the reactor powder is
much smaller than the polymer that experienced
the molten state. The use of reactor powder has a
potential for direct processing without prior sol-
vent or thermal treatments.

It is well known that polymer molecules are
aligned perpendicular to the surface of a single
crystal prepared from a dilute solution. There-
fore, in a single-crystal mat prepared by stacking

Figure 16 Effect of intermolecular van der Waals
interactions and hydrogen bonds on the mechanical
anisotropy of a- and g-form polyamide 6 crystals. The
solid lines and broken lines represent the calculated
results with and without the consideration of hydrogen
bond.15

Figure 17 Maximum draw ratio versus concentra-
tion of solution at various temperatures for PE.22
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the single crystals, all of the molecules are
aligned perpendicular to the mat surface. This
mat can be drawn up to a draw ratio of about 100
and high-performance material can be pre-
pared.19,20 A similar concept was applied in the
development of the two-stage drawing tech-
nique.21 In this process, the polymer film is drawn
to the transverse direction at first. In the drawn
film, a lamella structure is formed, in that mole-
cules are aligned in the drawing direction. High
draw ratio can be achieved if the film is redrawn
in the direction perpendicular to the direction of
the molecular orientation.

Another important technique is the control of
entanglement density by using a dilute solution.
In the melt, it is not easy to control the entangle-
ment density. However, entanglement density in
solution varies in proportion to the concentration
of polymer f. Since the maximum draw ratio is
proportional to the square root of the number of
segments, which is inversely proportional to the
entanglement density, a plot of maximum draw

ratio versus (1/f)1/2 is expected to have a linear
relation. Figure 17 shows the experimental re-
sult.22 It also should be noted that there is a
critical concentration at which entanglement of
molecules begins to occur. This concentration
(about 0.5 wt % in case of PE) is considered to be
the optimum condition for the ultra drawing. If
there is no entanglement in the solution, it is
impossible to transfer tensile stress from one mol-
ecule to another. However, if there are too many
entanglements, these remain in the drawn fibers
and act as a defect, because the entanglements
have a relatively long relaxation time.

TECHNOLOGIES FOR THE PRODUCTION
OF HIGH-PERFORMANCE FIBERS

Gel Spinning of PE

One of the most successful technologies for the
commercial production of high-performance fibers
is the gel spinning and drawing of ultrahigh mo-
lecular weight PE. A schematic diagram of the gel
spinning process is shown in Figure 18. In the
spinning process, a carefully prepared solution is
extruded from the orifice using a metering pump.
By applying a cooling gas, crystallization of the
extruded filaments occurs. Drawing is done along
with the removal of the solvent. Obtained fibers
do not have a circular cross-section, as shown in
the inserted photographs.

Difficulties in the industrial production of
high-performance fibers are summarized in Table
II.23 As shown in Figure 19, there is a hierarchy
in the fiber structure, and for the production of
high-performance fibers, all the micro-, submicro,
and macro-sized defects must be eliminated. In

Table II Comparison of the Key Factors for Production of High-Performance Fibers in Laboratory
Scale and Industrial Scale

Strategy Against Defects
and Inhomogeneity Laboratory Scale Industrial Scale

Molecular weight Chain-end 50–100 3 104 100–1000 3 104

Concentration Entanglement C* (ca. 0.5 wt %) C .. C*
Drawing Chain-folding Ultimate draw ratio

in ideal (slow)
drawing

Ultimate draw ratio
High speed
No fiber break

Number of Filaments Difference between fibers Single filament Multifilament
(several thousands)

Attained strength 3–7 GPa 3–4 GPa

Figure 18 Schematic illustration of gel spinning pro-
cess of ultrahigh molecular weight PE.23
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fundamental research, methods for the removal of
the micro-scale defects are mainly developed. For
the industrialization of the process, macro-scale
defects also should be avoided. Cost and quality
are the crucial factors for the success of industri-
alization. Fiber processing conditions in labora-
tory scale and industrial scale productions are
also compared in Table II. In the laboratory scale,
the critical solution concentration can be adopted
and drawing can be done at an idealized slow
speed, whereas in the industrial scale, concentra-
tion should be increased and drawing speed
should be increased to improve the productivity.
Because several thousands of multifilaments are
produced simultaneously in the industrial pro-
cess, maintaining the evenness of the fibers both
along the fiber direction and between fibers be-
comes very important.

Figure 20 shows the experimentally obtained
unevenness of the high-strength PE fibers. There
is an almost linear distribution of fiber strength

between 30 and 55 gf/d. This figure indicates that
efforts for the elimination of unevenness surely
lead to the improvement of overall fiber strength.
In comparing the modulus and strength of vari-
ous high-performance fibers, since PE has low
density, the properties of the PE fibers become
more prominent if the thickness of the fibers is
expressed using linear density instead of cross-
sectional area. From this point of view, it was
reported that the PE fibers prepared by gel spin-

Figure 19 Hierarchy in fiber structure.23

Figure 20 Strength distribution of high-strength PE
fibers in a fiber bundle.

Figure 21 Pressurized drawing process for POM.

Figure 22 Effect of pressure on changes in draw ratio
and tensile modulus of POM fibers in the vessel. Cir-
cles, with pressure; triangles, without pressure.24

568 KIKUTANI



ning process have superior mechanical properties
than p-aramid fibers.

Pressurized Drawing Process of Polyoxymethylene
(POM)

Pressurized drawing process24–26 is being applied
for the commercial production of high-perfor-
mance POM fibers. The produced fibers are
mainly used as geo-textiles. A schematic diagram
of the pressurized drawing process is shown in
Figure 21. The POM fiber is drawn in a vessel
pressurized by heated liquid. The entrance and
exit of the vessel are sealed to prevent the leakage
of liquid. Experimental results for the production
of high-performance POM fibers is reported, in
that a hollow fiber with outer and inner diameters
of 6.0 and 1.8 mm, respectively, is used as a start-
ing material, and two stages of pressurized draw-
ing are adopted. The liquid temperatures of the
first and second drawing are 155 and 174°C, re-
spectively.

Figure 22 shows the changes in draw ratio and
tensile modulus of POM fibers in the vessel. The
application of high pressure is reported to have
the effects of reducing drawing stress and pre-
venting the formation of micro-voids. Reduction of
drawing stress reduces the possibility of fiber
breakage in the drawing process, and the reduc-
tion of micro-voids improves the fiber properties.
POM fibers with the tensile modulus of 50 GPa
and tensile strength of 2 GPa can be produced in
this process.

In the case of POM, drawing with the dielectric
heating also is an effective way to improve the
mechanical properties of the fibers.27 It is ex-
plained that by the dielectric heating the amor-
phous part is selectively heated and eventually
the efficiency of drawing can be improved.

Controlled Drawing of PTFE

Processability of [poly(tetrafluoroethylene)] (PTFE)
is very low because of its high viscosity and high
melting temperature. Therefore, PTFE fibers are
usually produced with the help of binding mate-
rials. It was reported recently that high-perfor-
mance PTFE fibers with tensile modulus of 57.6
GPa and tensile strength of 2.31 GPa can be pro-
duced by a controlled drawing process in which a
maximum draw ratio of 100 is attained.28,29 In
this process, a starting filament of 400-mm diam-
eter is produced by the paste extrusion of lubri-

cated PTFE powder. In the second stage, anneal-
ing of the starting filament is performed with a
confined shrinkage, which is called sag. The an-
nealing temperature is higher than the melting
temperature of PTFE, 350°C. Observation under
the polarizing microscope revealed that, at this
temperature, the fiber maintains its optical an-
isotropy. During the annealing, the fiber shrinks.
If the sag is less than 10%, fiber breakage occurs
because of high shrinkage stress. At the sag of
25%, the fiber after the annealing shows a slightly
tensioned state. If the sag is higher than 30%, the
process can be regarded as the free-length anneal-
ing. It is reported that the cooling rate after the
annealing process also is an important parameter
for the drawability of fibers. Drawing was done at
388°C, which is also higher than the melting tem-
perature of PTFE, and at the draw speed of 50
mm/s. It is considered that, during the annealing
and cooling processes with the confined shrink-
age, the entanglement structure changes and
drawability can be improved under an optimum
condition.

More recently, it was reported that by the ap-
plication of a confined shrinkage process to knit-
ted or woven partially oriented polyester fibers,

Figure 23 Attained strength of fibers prepared from
various polymers.
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highly elastic polyester fabrics with good thermal
stability are obtained.30 In this process, PET fiber
obtained at a take-up velocity of 3100 m/min was
annealed at 180°C by confining the shrinkage.
From the two results described above, the con-
fined shrinkage process can be considered as a
new processing technique for the production of
some new types of fibers.

Solid State Co-Extrusion of High Molecular
Weight PET

Production of high-performance fiber was accom-
plished through the gel spinning of flexible poly-
mers and the spinning of rigid polymers utilizing
a liquid crystalline state. However, the maximum
mechanical properties obtained for PET, which
have intermediate characteristics in terms of the
rigidity of chain, still is quite low (Fig. 23). If we
think of the domination of PET in the market, the
improvement of the mechanical properties of PET
is quite important.

The most effective approach for the production
of PET fibers with improved mechanical proper-
ties so far is the utilization of high molecular
weight polymers. High molecular weight PET can
be obtained by solid-state polymerization. Be-
cause of extremely high viscosity, fiber formation
of high molecular weight PET is usually accom-
plished by solution spinning or spinning with a
plasticizer.31

Ito et al.32,33 reported that the two-step draw-
ing of solution-spun PET fibers with intrinsic vis-
cosity of 3.6 dL/g leads to the formation of fibers
with tensile modulus and strength of 39 and 2.3
GPa. Ziabicki34 conducted a literature survey to
summarize the effect of molecular weight on the
mechanical properties of PET (Fig. 24). The im-
provement of mechanical properties of PET fibers
by a controlled spinline process, in which liquid
isothermal bath is set in the spinline, is reported
by Cuculo et al.35 and Lin et al.36

CONCLUSION

Basically there are two different approaches for
the production of high-performance fibers. One is
the development of a fiber formation process in-
tending to obtain the ultimate mechanical prop-
erties without considering productivity. The
other approach is the development of a process
to improve fiber properties with a reasonable
additional cost. In the latter case, if PET fibers
with their tenacity, 100% higher than the con-
ventional high-strength fibers, can be developed
without any significant additional cost, the im-
pact of the technology to the market is immea-
surable. For this kind of technology, the control
of entanglement in a molten state or in the
undrawn yarn seems to be one of the most im-
portant factors.

The concept of entanglement has played a very
important role in the development of high-perfor-
mance fibers. However, the characterization of
entanglement usually is done indirectly by utiliz-
ing some rheological or mechanical analysis.
Therefore, the development of a method for the
direct detection or accurate evaluation of entan-
glement is also an important future subject in this
field.

The author is indebted to Mr. Yasuo Ohta of Toyobo Co.
Ltd. for providing valuable suggestions on this subject.

Figure 24 Molecular weight dependence of modulus
and tenacity of PET fibers. ZDA, zone drawing and
annealing.
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