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Crystallization under high temperature or pressure gradients is observed in extrusion-
orientation processes such as fiber formation during spin-orientation.

Thermodynamic considerations indicate that crystallization temperatures and rates of
crystallization in such processes are tremendously increased. For materials crystallizing fast
and to a high degree (for example polypropylene), the increased crystallization rates at high
spin stresses lead to well oriented lamellar structures which form epitaxially on the originally
produced fibrillar nuclei and fibrillar crystallites. For slow crystallizer (such as polyethylene
terephthalate) high spin-stress extrusion leads to an oriented, crystalline fibrillar system.

The lamellar structures show highly elastic properties to high extension (50-100%;) and
over an extensive temperature range (— 180 to 140°C for polypropylene) especially after
perfecting the lamellar morphology by annealing.

The elastic mechanism of these ‘*hard” elastic materials is elucidated on the basis of X-ray
diffraction, electron microscopy, and other studies. A major part of the reversible extension
seems to be energy elastic due to the deformation of lamellae and reversible void formation
of the interlamellar regions.

This special lamellar morphology is intermediate between the unoriented spherulitic
morphology obtained at low extrusion stresses and a largely fibrillar morphology obtainable
by subsequent drawing or by extrusion of exceptionally stiff polymers. While the hard elastic
materials at present have not found technical applications, a microporous derivative has been
commercialized.

The study of crystallization under extreme temperature and pressure gradients
basically is concerned with the investigation of crystallization during high
speed extrusion processes such as modern fiber spinning and film extrusion
operations.1.2

Fiber production methods involve melt, dry or wet (solution) spinning,3
depending on the melt stability or solubility of the fiber-forming polymer and

tPresented at a Symposium on “Flow-Induced Crystallization™ at the Midland Macro-
molecular Institute, August 22-26, 1977, R. L. Miller, Chairman.
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FIGURE | Fiber formation and orientation processes.

also the desired tensile characteristics of the products. Figure | shows a
schematic of these processes.

Normal melt spinning processes involve two steps: (I) the accurately
metered extrusion of a polymer melt through a spinnerette of from 1 to 1,000
holes to yield an unoriented crystalline or amorphous filament bundle; and (2)
the drawing at room or elevated temperatures, in steam or over pins, etc., with
draw ratios from 2-10 to yield fibers with the known properties of commercial
yarns, staple, tire cord, etc. Any melt spinnable polymer (e.g. polyethylene,
polypropylene, nylons, polyester) was and still is being produced in this
manner.

Wet spinning processes, because of the tenderness of the filaments at the
spinning jet in their initial state of formation, are quite slow. Precipitation and
orientation steps are usually combined and for economic reasons tremendous
fiber bundles are extruded at each spinning jet.

Dry-spinning with solvent evaporation during the fiber formation process
allows considerably higher extrusion speeds. It also allows production of
oriented, finished yarn in one process (as, for example, cellulose acetate or
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triacetate) or of an unoriented material to be drawn subsequently similar to
yarns produced by melt extrusion (for example polyacrylonitrile).

The economic advantages of high speed extrusion combined with simul-
taneous orientation of fibers or films are obvious, the finished product is
available in larger quantity, faster, with fewer operations and simpler
machinery. Up to the present time the scientific investigation of such processes
in the published literature has been limited largely to melt extrusion studies.
There are few references to extreme pressure gradients in extrusion processes,
the major ones being an explosive extrusion of polyethylene from a methylene-
chloride solution? at 200°C or of PET from methylenechloride to give a
foamed material.? The extruded polyethylene could be drawn subsequently to
a product of very high modulus (429 g/den) and tensile strength ( ~20 g/den).
Cellulose acetate or triacetate spinning also fits into extrusion under high
pressure gradients; extrusion temperature is considerably above the boiling
points of polymer solvents.

Thus, the following discussion will have to concern itself primarily with melt
extrusion studies and high temperature gradients. Early work of high speed
melt extrusion was directed towards Nylon 8 and polyester. The products
yielded desirable strengths and moduli for textile applications, provided high
speeds were used and heated tubes were added to the spin line. However, the
authors always indicated that the observed elongations at break were con-
siderably higher than desired and certainly higher than those found in the
two-step melt spin and ‘‘cold draw” process (Figure 2). The fiber structure
model of that time was believed to be the fringed micelle. Therefore, it was
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FIGURE 2 Stress-strain curves of spin-oriented Nylon 6 as a function of take-up velocity
(in m/min). After Griehl and Versdaumer.8
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difficuit to explain the differences in tensile characteristics. Degree of orienta-
tion as observed by wide angle X-ray diffraction appeared equivalent for both
the spin oriented and the spun and subsequently drawn products.

The differences in superstructure, i.e. the relative concentrations of folded
lamellar and fibrillar highly extended chains were unknown at the time. In
retrospect, it seems clear that stress-spin orientation produced a super-
structure with a higher concentration of oriented folded chains, lamellar units.
The high elongations at break would correlate with their partial hard elastic
character with fewer load bearing and also less oriented interlamellar
connections.

In recent years commercial interest in high speed extrusion processes,
development of improved understanding of polymer morphology, and con-
siderable expansion in variety and sophistication of physical tools to observe
the physical, morphological, and mechanical characteristics as functions of
operating variables, has led to a tremendous increase of research in this field,!
with a more quantitative understanding of the primary variables responsible
for a specific morphology and properties in fibers.

An extensive theory of extrusion processes has been derived,3-7 the results
of thermodynamic considerations®® have been verified by experimental
studies.

Experimental approaches to the study of high speed processes can be divided
into two groups: (1) the normal evaluation of chemical, physical, and mech-
anical properties of the process products by thermal, thermomechanical,
optical, electron, X-ray, and optical diffraction and mechanical methods,
correlating these data with the major process variables: polymer molecular
weight, spin stress,! extrusion temperature, cooling rate; and (2) the much
more difficult task of obtaining process data of Jocal filament temperature,
filament dimensions, yarn speed, location of the onset of crystallization, and
crystallization rate along the spin line.2.10.11 Sophisticated instrumentation has
been and is being developed to measure yarn diameter, filament speed and
temperature, orientation factors, crystallization, and type of morphology.
However, some methods, for example X-ray diffraction,? still require relatively
long exposures and large filament diameters and thus place limits on this
approach. A Japanese group? was probably first in designing an experimental
unit, using a specially strong rotating anode X-ray source (to 300 MA) directly
built into the spin line to study the extrusion process in situ for polyethylene,
polypropylene, and poly(butene-1) by small angle (SAXR) and wide angle
X-ray (WAXR) diffraction photographic methods, obtaining also orientation
data, filament diameter, surface temperatures, and onset of crystallization of a
monofilament along the process line. A more recent design by the University
of Tennessee!! group is shown in Figure 3.

The research of these two groups has shed considerable light on the effect
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FIGURE 3 Schematic of experimental spinning equipment. From Dees and Spruiell,!!
(With permission of John Wiley and Sons, New York.)

which temperature and spin stress have on properties and morphology of the
resulting fibers. However, the difficulties of observing the in situ changes along
the spin line have limited their approach to relatively heavy denier mono-
filament work. Only very recently, publications of high speed spinning of
multifilament yarns are appearing in the open literature (see below: data on
polyethylene terephthalate). However, here the analysis covers only the study
of the properties of the finished fibers (Approach No. 1). Some data are usually
given as to polymer viscosity, extrusion temperature, spin orifice dimensions,
take-up speed, through-put and filament diameter or denier. No in situ data
(Approach No. 2) are reported.

The extent of this work and its broad interest is best demonstrated by the
number and range of contributions at the ACS symposia in April and August
1975.1.7 Ziabicki’s book covers in detail both theory and practice of fiber
formation processes including some theory and data on spin orientation
studies and gives complete literature references of developments in this field.

The thermodynamics of the stress-spinning processes have been sum-
marized admirably by Peterlin.® The elongation and orientation of randomly
coiled macromolecules in the strained melt reduce their entropy. Since this
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deformation does not affect the heat content, decrease in entropy increases the
equilibrium crystallization or fusion temperature.®

At a given temperature 7, the super cooling AT = T,, — T is larger for
strained oriented polymer chains, than for those relaxed. This reduces the
required size of the primary nucleus (proportional to (1/47T)3) and of the
secondary nucleus (proportional to (1/4T)2). The rate of crystal growth
increases exponentially with (47)2. Thus, in stress spinning, nucleation and
crystallization start earlier and are several hundred times faster than for the
unstrained melt.?

The in situ studies by the Japanese and University of Tennessee groups2.11
have experimentally determined the changes in crystallization rates and
crystallization temperatures as a function of spin stress. Figure 4 shows
schematically continuous cooling transformation (CCT) curves as proposed
by Spruiell and Whitel® on the basis of spin line data. These curves are used to
compare the kinetics of crystallization of melt stress-spinning to those of
quiescent melts. Increased stress (¢ = K) places the CCT curve well to the
left of the quiescent curve (stress = ¢ = 0) on the time scale. The onset of
crystallization for stressed and quiescent melts falls on different curves and for
the former also depends on the cooling rate; however, the stressed melt
crystallization point is always higher than the corresponding value for the
quiescent melt. The Tennessee group!! also proposed a model of changes in
morphology as function of spin stress (Figure 5).

Tm ——————— — —
Crystallization Begins
in Quiescent Melts
(e=0)

[

2

g High Cooling

§ Rate

=
Crystailization
Begins in Stretched
Meits (o =K)

Tq

Log Time

FIGURE 4 Schematic of continuous cooling transformation curves as a function of spin
stress. (o = spin stress, such as O, K.) From Spruiell and White.!® (With permission of
Society of Plastics Engineers, Inc.)
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Crystaliization During Melt Spinning of Linear Polyethylene
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FIGURE 5 Morphological models of structures as a function of spin stress. (Take-up
velocity increases from left-to-right.) From Dees and Spruiell.1! (With permission of John
Wiley and Sons, New York.)

The crystallization rates of polymers, even in the quiescent state, are vastly

different as is the super-cooling required for polymer crystallization to start.
Figure 6 presents some of the data compiled by Wunderlich.12 For example
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FIGURE 6 Logarithm of crystal growth rates as a function of supercooling: (1), Nylon 6;

(2), Nylon 6,6; (6), poly(ethylene terephthalate); (8), polypropylene; (9), polyethylene. After
Waunderlich.12
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poly-(ethyleneterephthalate) (PET) and polypropylene have very different
crystallization rates as well as differences in the temperature differential (47)
between the melting point and onset of crystaliization.

In the following, polypropylene (PP) and poly(ethyleneterephthalate) (PET)
will be used to demonstrate the effects of spinning variables on the details of
high stress melt extrusion processes.

A major melt spinning study of polypropylene by Sheehan and Colel3
evaluated the effect of spin orientation and morphology on the maximum
tensile strength obtainable by subsequent drawing. They observed that both
crystalline or smectic forms of polypropylene could be obtained in the spinning
process as function of quench rate and temperature. Air cooling gives the
normal monoclinic structure; water quench (room temperature or below)
produces an oriented, smectic structure. Tenacity after drawing was found to
increase with molecular weight, higher draw ratio, the smectic material being
more readily drawable.

Figure 7 shows the effect of decreasing extrusion temperature and increasing
spin stress on the morphology of the resulting ““as spun” product.14 Orientation
and crystallinity increase with decrease in extrusion temperature, the mor-
phology changing from a spherulitic to a well oriented, lamellar structure
equivalent to the model shown earlierl! (Figure 5). Crystalline orientation
factors seem to be independent of extrusion temperature and a function only
of the spin line stress.!.10,15

FIGURE 7 Polypropylene samples with different degrees of order and orientation. **As
spun” function of extrusion temperature and increasing spin-stress with decreasing extrusion
temperature. Top row, WAXR; bottom row, SAXR. a and d, 320°C; band ¢, 280°C; candf,
230°C. From Noether and Whitney.}4 (With permission of Dr. Dietrich Steinkopff Verlag,
Darmstadt.)
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A unique diffraction pattern, characteristic of the crystalline, oriented, stress
spun polypropylene has aroused considerable discussion. A so-called ‘““bi-
modal” or doubly oriented system is observed—one part showing c-axis
orientation, with a and b axes cylindrically arranged around the c axis (diffrac-
tion spots on the equator), the other with the a’ axis in the fiber direction and
b and c axes cylindrically arranged around the unique a’ axis (for details see
Ref. 15). A number of explanations have been given.l® It has been pro-
posed that the original orientation is due to c-axis oriented nuclei forming
c-axis oriented fibrils, followed by epitaxial over-growth of c-axis oriented
lamellae. The a'-axis oriented crystallites follow later. It seems that their
dimensions are smaller and they melt at a lower temperature. Clark!® has
proposed a model showing the a’-axis oriented crystallites in interlamellar
regions (Figure 8). Thermomechanical measurements of Goritz and Miiller16a
on hard elastic fibers, which have the same morphology as these spin stress
oriented fibers, indicate that on extension a thermal effect takes place which
they correlate with a small amount of melting in the interlamellar regions. This
could very well be due to the a’-axis oriented crystallites which Clark!6 locates
in these regions. The concentration of these special crystallites as function of
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FIGURE 8 Proposed morphology of polypropylene with bimodal orientation, showing
primary and secondary crystallization stages. From Clark and Spruiell.1¢ (With permission
of Society of Plastics Engineers, Inc.)
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FIGURE 9 Fraction of a’- and c-axis oriented crystallites as a function of take-up stress.
From Spruiell and White.15 (With permission of John Wiley and Sons, New York.)

spin stress has been evaluated!® and is shown in Figure 9. The effect of quench
rate!3 on the resulting ““as spun” morphology has been confirmed; a highly
oriented smectic structure showing only c-axis orientation is obtained by
water quench, while a monoclinic crystalline fiber with both ¢ and a’-axis

FIGURE 10 WAXR (top) and SAXR (bottom) diffraction patterns of spin oriented
smectic (left) and crystalline (right) polypropylene.
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orientation forms with air cooling. In addition, SAXR indicates a fibrillar
structure for the smectic and a typical lamellar structure for the crystalline
material (Figure 10). This proves the earlier proposed mechanism: stress
induced fibrillar nuclei, followed by fibril formation, and eventually lamellar
epitaxial over-growth and formation of both the ¢ and a’-axis oriented systems.
The water quench stops this process prior to the onset of epitaxial over-growth.

PET spin orientation work was first published by Liska.l? (Extrusion
conditions: Temp.: 292°C, diameter of spinnerette hole: 0.4 mm. Spinning to
constant denier and number of filaments: (112/20). Take-up speeds: 1,450
4,000 m/min, polymer viscosity nspec = 0.74 and 0.88.) Again the effect of
molecular weight and spinning speed determine the ‘““‘as spun” structure.
Figures 11 and 12 show the effect of increasing spinning speed (at constant
final denier) for two samples of different molecular weight. The high molecular
weight material (Figure 12) at high speed is well-oriented and crystalline, the
small angle pattern indicating the presence of fibrillar voids. The more detailed
study of the low molecular weight material (Figure 11) shows an amorphous
material gradually developing some crystallinity and good orientation. Anneal-
ing of this series reveals a peculiar change from a to ¢ axis orientation with
increasing spinning speed. This may be due to the same transition from spheru-
litic to lamellar morphology as originally proposed by Keller et /.18 and shown
above in the case of PE!! and PP.10:.14 The SAXR patterns are not conclusive
with respect to the “‘as spun’ structure, since the major part of the observed

1450 1800 2000 %00 3000 3600 mime

FIGURE 11 WAXR and SAXR patterns of PET yarns of increasing spinning speed (¥V4);
[7] = 0.74. Row 1, WAXR of yarns “‘as spun”; Rows 2 and 3, WAXR of these samples after
annealing, free to shrink or at constant length (C.L.), respectively; Row 4, SAXR of annealed
samples (C.L.). From Liska.}? (With permission of Dr. Dietrich Steinkopff Verlag,
Darmstadt.)
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vy = 3500 4000 m/min

FIGURE 12 WAXR (top) and SAXR (bottom) of as spun PET at high spin speeds (V4);
[7] = 0.88. Fibers ‘‘as spun’. From Liska.!? (With permission of Dr. Dietrich SteinkopfT
Verlag, Darmstadt.)

crystalline structure probably forms in the annealing step. However, also here,
the SAXR (at the highest speed ; 3,500 m/min) indicates a fibrillar rather than a
lamellar morphology in spite of relaxation during annealing. Since the PET
crystallization rate is very slow, epitaxial over-growth to form lamellae as in
polypropylene cannot take place prior to immobilization of the fiber structure.
At the Fiber Society meeting in Asheville, Huisman and Heuvel'® presented
an excellent study of PET high speed spinning, evaluating the resulting struc-
tures via thermal and thermomechanical analysis, birefringence, and X-ray
diffraction. (Extrusion conditions: Temp.: 290°C, capillary diameter: 0.25 mm.
Spinning to constant denier and number of filaments (150/30). Take-up speeds:
2,000-6,000 m/min. Melt flow rate per single spinnerette orifice variable from
1.11 g/min at 2,000 m/min to 3.34 g/min at 6,000 m/min take-up speed. yspec =
0.63 (1 g PET/100 g metacresol at 25°C).) Figure 13 shows the effect of increased
take-up speed and stress on crystallinity and orientation. Crystallinity
increases, and the orientation of the crystallites is excellent as soon as they
form. Differential thermal analysis curves of these fibers as a function of spin
stress show a decreasing crystallization exotherm as spinning speed increases.
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FIGURE 13 WAXR patterns of PET as a function of take-up velocity (top-to-bottom:
4,000, 5,000, 6,000 m/min).

In addition, the temperature of crystallization decreases in the same direction,
indicating that the increased orientation in the amorphous regions or the
presence of oriented crystallites allows crystallization at a lower temperature.

Thus, in principle, both polypropylene and PET show the same stress
crystallization mechanism. Fibrillar nuclei form extended chain fibrillar
crystal structures which, if the rate of crystallization under operating con-
ditions is faster than the quench rate, may lead to epitaxial over-growth and
formation of the typical lamellar morphology.14.20
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The above data of crystallization under spin stress and with high temperature
gradients seem to indicate that the formation of the highly developed, well
oriented lamellar morphology is an intermediate stage between the spherulitic
superstructure under low stress extrusion conditions and the fully oriented
fibrillar morphology possibly obtainable under really extreme conditions of
spin stress and temperature gradients along the spin line. The initial discovery?20
of this morphology and of the hard elastic materials (see below) is a con-
sequence only of the fact that for some specific polymers in melt extrusion pro-
cesses under high stress, the tremendous increase in their crystallization rates
makes crystallization and fiber morphology generation rates equal to or faster
than the melt spin operations. This allows enough time for extensive epitaxial
lamellar over-growth for polymers which already in the quiescent state
crystallize fast and to a large extent. Thus, for example, polymers such as:
polyethylene,!5 polypropylene,!4:2! poly(4-methylpentene),14 poly(3-methyl-
butene),14:21-22 polyoxymethylene,2!.23:14 poly(pivalolactone),¢ and poly-
(isobutylene oxide),25 on extrusion under adequate spin stress, have been
shown to develop the lamellar superstructure. However, polymers with slower
crystallization rates, in principle, should also acquire the mechanical and

FIGURE 14 WAXR (top) and SAXR (bottom) patterns of “as spun” Celcon® (left) and
polypropylene (right). From Noether and Whitney.14 (With permission of Dr. Dietrich
Steinkopff Verlag, Darmstadt.)
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thermal characteristics of these materials provided they are converted to the
oriented, lamellar morphology.28

The major feature of good, hard elastic materials is a highly crystalline, well
oriented, lamellar superstructure with lamellae of uniform thickness, large
lateral extent, and relatively few load-bearing interlamellar links, obtained by
annealing a spin-stress oriented film or fiber at 20-40°C below the polymer
melting point.}4 The name “‘hard” elastic was coined, since fibers of this kind
showed extremely high elastic recoveries from 50-100 9 extension, similar to
rubber; however their initial modulus is considerably higher, i.e. between
10-40 g/den.

The “as spun” hard elastic materials show good orientation and a typical,
fan-like SAXR pattern (Figure 14). With increasing annealing temperature

FIGURE 15 WAXR and SAXR of polypropylene as a function of annealing temperature.
(a), WAXR (150°C/1 hr). SAXR data: (b) 70°C/1 hr; (¢) 90°C/1 hr; (d) 120°C/1 hr; (e)
140°C/1 hr; (f) 155°C/1 hr; (g) 160°C/1 hr; (h) 150°C/1 hr, SAXS exposure } hr; (i) 150°C/1 hr,
SAXS exposure 16 hr. After Noether and Whitney.!4
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FIGURE 16 Tensile curves of polypropylene fibers at room temperature (elongation rate
100%/min). From Park and Noether.2? (With permission of Dr, Dietrich Steinkopff Verlag,
Darmstadt.)

this fan gradually turns into sharp spots, the uniformity of the long spacing
being perfect enough to allow the appearance of the second order spacing
(Figure 15i). The tensile curve at room temperature shows up to 97-98Y%,
immediate recovery from 50-100 9, extension (Figure 16) and even at very low
temperatures (— 150 to — 180°C), the elastic recovery is about 509, with the
fiber having an elongation at break of 809, compared to 3-5%; for normal
fibrillar or rubbery materials (Figure 17). While the modulus of the fibers
gradually decreases with increasing temperature2? (Figure 18), the elastic
recovery remains high even close to the annealing temperature (for example,
145°C) (Figure 19).

X-ray diffraction, electron microscopy, light scattering, and density measure-
ments show that the elastic characteristics are based on the development of
voids between the lamellae; the void size in the extrusion direction being
proportional to the degree of extension.!* WAXR shows only slight changes
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FIGURE 17 Tensile curves of Celcon®, polypropylene, polyester (Fortrel®), and spandex
(Lycra®) fibers at —190°C (elongation rate 100%/min). From Park and Noether.2? (With
permission of Dr. Dietrich Steinkopff Verlag, Darmstadt.)
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(elongation rate 100%;/min). From Park and Noether.2? (With permission of Dr. Dietrich
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FIGURE 19 Temperature dependence of elastic recovery of elastic polypropylene fibers:
(1) “as spun’; (2) annealed at 120°C; (3) annealed at 150°C (extension rate 100%;/min to
100%, extension). From Park and Noether.2? (With permission of Dr. Dietrich Steinkopff
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FIGURE 20 WAXR patterns of polypropylene on extension to 73 % and relaxation (from
left-to-right: 0% extension, 73 % extension, back to 09 extension). SAXR patterns (from
left-to-right): 0%, 50%, 100%, and back to 0% extension. From Noether and Whitney.1*
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(With permission of Dr. Dietrich Steinkopff Verlag, Darmstadt.)
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in orientation, SAXR shows a tremendous increase in scattering intensity
(Figure 20) though on relaxation to zero stress, the original SAXR and WAXR
pattern prior to extension are recovered. The same is apparent from electron
microscopic data (Figure 21). In ‘““as spun’ materials the recovery is not

FIGURE 21 Electronmicrograph of polypropylene annealed at 144°C. (a) 0% extension,
{b) 80%, extension. Direction of stretch: vertical. After Noether and Whitney.!4

a b c d

FIGURE 22 SAXR pattern of “as spun™ polypropylene as a function of extension: (a)
0% (b) 30%; (c) 100%; (d) back to zero stress after extension. Fiber direction: vertical.
From Noether and Brody.2® (With permission of Textile Research Institute, Princeton.)
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complete. Some irreversible deformation has occurred which is visible in
residual void scattering in the relaxed structure (Figure 22).14.28 The recovery
process shows immediate extensional recovery from stretch; however,
regeneration of the original stress-strain curve extends to a few hours2?.2% or
days depending on the temperature at which the relaxed yarn recovers
(Figure 23).

The original model proposed for the extension recovery mechanism was that
of a set of lamellar leaf springs, interconnected in the interlamellar surfaces by
unknown links (fibrils, loops, crystal connectors, Figure 24). A slightly more
sophisticated model introduced the reduction of the surface energy on relaxa-
tion as the driving force, tending to close the voids.14:30 The original leaf spring
model did not allow for entropy effects; however, Goritz and Miiller30 showed
by simultaneous thermal and mechanical measurements that the hard elastic

(2]

»H

Stress ( psi) x 1073

o i ] ] I
0 10 20 30 40 50
Extension (%)

FIGURE 23 Stress-strain recovery behavior of elastic polypropylene film as a function of
time interval between first and second extension cycle. 1, first extension curve; I, first
recovery cycle. Second extension curve: 111, after 0.1 min; IV, after one day; V, after 240 days.
From Park and Noether.2? (With permission of Dr. Dietrich Steinkopff Verlag, Darmstadt.)
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materials had an intermediate position between steel and rubber, the former
being completely energy elastic, the latter entropy elastic, while these fibers
had both energy and entropy elastic components (Figures 25 and 26).

Considerably more work is required to elucidate the real extension mech-
anism; the type and concentration of tie points and the reasons for the differ-
ences in the rates of recovery of extension and modulus.2? For the same
morphology, polyethylene, polypropylene, etc., show vastly different elastic
recoveries, a feature probably related to details of interchain cohesive strength
and crystal packing of each polymer.

Unextended
+ ~ s —
Extended t

[
~ /\imeua

tie point

Possible Tie Point Structures

JLAVATIAT
crossover "switchboard" micro-
chains chains fibril

FIGURE 24 Simple lamellar model “‘Leaf Spring”. From Noether and Whitney.!4 (With
permission of Dr. Dietrich Steinkopff Verlag, Darmstadt.)
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FIGURE 25 Stress-strain curves for steel, rubber, and hard elastic fibers. From Géritz and
Miiller.30 (With permission of Dr. Dietrich Steinkopff Verlag, Darmstadt.)
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FIGURE 26 Curves of heat flow for extension and relaxation of steel, rubber, and hard
elastic fibers. From Goritz and Miiller.3¢ (With permission of Dr. Dietrich Steinkopfl
Verlag, Darmstadt.)
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2 3
DISPLACEMENT (IN)

FIGURE 27 Adhesive tape test (top) and tensile behavior (bottom). After Wool.3! (With
permission of John Wiley and Sons, New York.)

Wool3! has recently shown that a mechanical model consisting of two layers
of paper tape and two springs, on extension normal to the surfaces, shows
exactly the same elastic behavior as the hard elastic fibers (Figure 27).

There are at present no industrial applications making use of the tensile
characteristics of the *‘as spun” or annealed hard elastic materials. However,
the extensive formation of fully accessible microvoids on extension has led to
the development of the microporous material ““Celgard ®”’ with a fully stabilized
void structure (Figure 28). This material finds use in medical applications and
as membranes.
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FIGURE 28 Electronmicrograph of Celgard® microporous material. The thickness of the
lamellae in the unextended parts of the material is about 180-200 A. (Photo courtesy of
Dr. 1. Hay.)

SUMMARY

The study of crystallization in processes involving high temperature and
pressure gradients up to the present has been concerned primarily with melt-
spinning and therefore with processes involving temperature gradients.
Experimental data and theories for a few of these systems such as nylons,
polyesters, polyethylene, and polypropylene have been published. Primarily
the structural, morphological, thermal, and mechanical characteristics of the
products have been analyzed as function of extrusion conditions (temperature,
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spin-stress, quench rate). Direct observations of the spin-line, due to experi-
mental difficulties, so far have been limited to observations of monofilaments
of rather heavy denier.

The stress-spin orientation studies have led to materials with a special
morphology and mechanical characteristics: hard elastic fibers and films.
These have a highly crystalline, very uniform, oriented lamellar morphology.
Their elastic characteristics (90-98 % recovery from 50-100 9, extension) as
elucidated by X-ray diffraction, electron microscopy, light scattering, pore
size analysis, etc., indicate a reversible extension-deformation process involving
void formation. The simplest leaf-spring type model proposes the rupture of
the interlamellar regions which open into voids and close again on relaxation
of stress. The mechanism seems largely energy controlled.

The well-oriented, lamellar structure, obtained by stress spin-orientation
and perfected by subsequent annealing, appears to be of an intermediate
morphology between the spherulitic structure obtained at slow spinning rates
and low stresses and a preferentially fibrillar structure achievable at extreme
temperature gradients and spin stresses for polymers with fast crystallization
rates. Slow crystallizers, such as PET, yield crystalline, fibrillar morphologies
during stress spinning at high take-up speeds. Here the fiber formation process
prior to solidification does not provide adequate time for epitaxial over-growth
and, therefore, extensive formation of lamellar morphologies does not occur.
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