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In the past, among high polymer solids, only 
elastomers have been established as materials 
that exhibit high "elasticity" (i. e., the ability 
to retract rapidly from a large extension). On 
the molecular scale, the deformation of 
elastomers is controlled by a network of cross- 
linked flexible polymer chains, where the 
crosslinking results from either primary chem- 
ical bonds or secondary bonding between the 
chains. Thermodynamically, the elasticity has 
its basis in an entropy effect involving the 
return of polymer chains to their most prob- 
ably configuration (unoriented state). 

In the class of crystalline or semi-crystalline 
polymers, some with a low degree of crys- 
tallinity (e.g., less than perhaps 15%) can 
manifest rubber-like elasticity, the crystallites 
acting as the crosslinks. However, unoriented 
polymers with an intermediate or high degree 
of crystallinity usually undergo "necking" 
at large extensions. Then rearrangement and/or 
disruption of both crystallites and disordered 
regions occur. The resulting macroscopic 
deformation of the material is largely irre- 
versible due to permanent changes in the 
structure. 

This paper described a new class of elastic 
polymeric solids of high crystallinity which are 
capable of undergoing large elastic deforma- 
tions. These materials were prepared in the 
form of extruded films and fibers under 
specific conditions of crystallization from the 
melt. They are termed "hard" elastic fibers 
and films. 

Polymers that can be used for formation of 
such elastic materials have been found to 
include such crystalline polymers as Celcon ®, 
polypropylene, poly-3-methylbutene-1 and po- 
lyethylene sulfide. The essential Morphological 

feature of the elastic materials as revealed by 
X-ray diffraction and electron microscopy (13) 
is the presence of stacked crystalline lamellae. 
Their lamellar surfaces are aligned normal to 
the fiber or film extrusion direction. The 
mechanism of elasticity is based on a splaying- 
apart of these lamellae, involving their revers- 
ible bending and torsional deformation during 
macroscopic deformation of the material. 
Thus, in contrast to rubber elasticity, where the 
kinetic units are flexible chain segments, the 
kinetic units for the elasticity of a "hard" 
elastic material are the lamellar crystals. Due 
to the orientation of the lamellae normal to 
the fiber and film extrusion direction, the 
elasticity is exhibited almost exclusively in 
that direction. 

Inasmuch as the elasticity of an elastic 
"hard" material is based on the particular 
morphology of the crystalline polymer, it is 
expected that such material could be formed 
with any polymer, regardless of chemical 
structure, provided it can be crystallized in this 
characteristic morphology, Here a study of 
mechanical and other macroscopic properties 
has been made with fibers and films of elastic 
Cdcon and elastic polypropylene. 

Materials and experimental procedures 

Materials 
Elastic "hard" and non-elastic, cold-drawable 

fibers and films of various polymers were prepared 
by variation of appropriate spinning and extrusion 
conditions including extrusion temperature, quench 
rate and the amount of draw-down. The polymers 
used for production of "hard" elastic materials were 
such highly crystalline polymers as Ce]con ® (1) (acetal 
copolymer), polypropylene, and poly-3-methylbutene- 
1. A commercial grade acetal copolymer (Cdcon M-90) 
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and an extrusion grade Profax (Hercules) were used 
respectively for Celcon® and polypropylene fibers and 
films. Elastic poly-3-methylbutene-1 fibers were 
prepared from polymer produced in this laboratory 
(9). The polyethylene sulfide used was made by Thiokol 
Chemical Corporation. 

In order to improve their elasticity, the "as- 
produced" CeIcon® and polypropylene fibers and 
films were annealed at temperatures between 80 ° 
and 160 °C for 45 to 60 rain. Annealing at temperatures 
above 140 °C was carried out in nitrogen. 

DuPon~ S2oandex monofil (Lycra Type 125; 140 dpf) 
was used for comparison of its sonic modulus behavior 
with that of elastic Celcon ® and polypropylene. 

For  comparison of low temperature tensile prop- 
erties, Celanese Fortre/® polyester fibers (3.5 dpf; 
4.6 g/d tenacity; 42% elongation) were used. 

For  a comparative evaluation of creep properties, 
a melt spun high tenacity polypropylene fiber (Profax; 
3.25 dpf; 5.7 g/d tenacity) was used. 

Tensile testing 

Tensile testing was conducted with an Instron 
tester. Elastic recovery, as defined below, was deter- 
mined with fiber and film specimens along their 
extrusion direction by first subjecting them to a cycle 
of loading and unloading at a constant rate, and then 
to another loading cycle after a 2-min. pause. A 
hypothetical stress-strain curve that can be obtained 
in the test is illustrated in Fig. 1. Elastic recovery is 
defined here as the ratio of the sample length recovery 
BA to the applied extension OB. The abbreviation E R  
is used for the elastic recovery and its numeral sub- 
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Fig. 1. Hypothetical tensile curve used for tensile and 
work  recovery measurements. 

1) Celcon ® and For/rel®, Trademarks Celanese 
Corporation. 

script designates the amount of extension used in the 
measurement. A standard strain rate of 100%/min was 
used in this work unless specified otherwise. Work 
recovery is similarly defined as the ratio of the areas 
CBD/OCB and CBD/ACB for later cycles. 

Tensile measurements at elevated temperatures 
were carried out in a circulating air oven, where the 
temperature was controlled within :El °C. Measure- 
ments at liquid nitrogen temperatures were made in a 
test chamber, adapted for use with the Instron ma- 
chine, the floor of which was flooded with liquid 
nitrogen. The test sample was located approximately 
2 inches above the liquid surface, and the temperature 
was kept at --190 °C with a fluctuation of approxi- 
mately 5 °C. 

Stress relaxation and creep measurements 

Measurements of stress relaxation were made at 
room temperature at 100% extension with the Instron 
tensile tester, where a strain rate of 100%/rain was 
used. Single fibers of both elastic and non-elastic 
polypropylene fibers were investigated. The relaxation 
measurements were made over a period of up to 93 
hours. 

Creep measurements were also made at room 
temperature with both elastic and non-elastic poly- 
propylene fibers using nominal initial stresses of 0.15, 
0.38, 0.76 and 0.91 g/d, where these stresses were 
chosen to cover, respectively, stress levels below and 
above the apparent yield stress of the elastic fiber 
(0.65 g/d). Single fibers were vertically loaded with a 
dead weight, and their length increase was determined 
visually. 

Elastic measurements as function of temperature 

Using an Instron tensile tester, retractive force at a 
constant extension of 50% was measured for an elastic 
Celcon fiber (gRs0 of 89%). The stress level recorded 
at each temperature was that value which remained 
constant over  a period of 10 mi_n. fol lowing the rapid 
initial stress relaxation. Temperature was controlled 
to :~1 °C. 

Determination of sonic modulus 
Sonic velocity measurements were made on single 

fibers with the Dynamic Modulus Tester PPM-5 
(t-I. M. Morgan Co.). The tester consists of a pulse 
propagation meter incorporating circuits for pulse 
transmitting and receiving, and a timer. The specimen 
mounts and two transducers are assembled on the 
scanner unit, where one of the transducers can be 
cycled between two points along the fiber, providing 
the relationship between tim pulse transit time and the 
path length. 

Sonic velocity in the unextended state was determin- 
ed under a nominal stress of 0.1 g/d. Continuous meas- 
urement of sonic velocity with elongation was made 
by extending the fiber sample clamped at the posts on 
which the transducers were mounted in the scanner 
unit. The increase in sample length was synchronized 
with the separation of the two transducers. The 
extension rate used was 80%/rain. 
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Birefringence 
Optical birefringence of an elastic polypropylene 

fiber (ER,00 of 97% after annealing at 145 °C) was 
measured with a Berek compensator as a function of 
extensior* in various media (air, water, a silicone fluid 
and a series of organic liquids ranging in refractive 
index from 1.00 to 1.72). The sample was extended 
manually and incrementally while the fiber diameter 
(t) and the retardation (r) were measured after each 
extension in order to calculate an "apparent" bire- 
fringence (r/t) and, also, a birefringence corrected for 
volume changes: (r/to) (1 q- AL/L)  I/~, where A L / L  
is the fractional length change in extension and to 
is the diameter of the unextended fiber. 

Results  and discuss ion 

Effects of crystallization and annealing conditions 
Typical tensile extension and retraction 

curves obtained with the Instron tester for 
elastic "hard" fibers and films of polypro- 
pylene and Celcou ® are shown in Figs. 2, 3 and 
4. Elastic and other tensile properties of 
various other crystalline polymers are present- 
ed in Table 1. A characteristic feature of the 
tensile behavior of the elastic materials is that 
they undergo a large extension without 
occurrence of "necking" and plastic flow. A 
relatively high immediate elastic recovery as 
measured by the intercept of the retraction 
curve with the elongation scale indicates the 

dominance of instantaneous elasticity in the 
elastic deformation of an elastic "hard" 
material, although a small additional recovery 
in length is observed after a 2-rain. delay time. 

However, due to the particular morphology 
of elastic "hard" materials, in which the 
crystalline lamellar surfaces are mainly oriented 
normal to the extrusion direction, the elastic 
polypropylene film suffers from a high degree 
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Fig. 2. Tensile curves of polypropylene fibers. Temp. 
23 °C, elongation rate: 100%/rain. 

Table 1. Tensile properties of fiber and films at 23 °C (Elong. rate: 100%/min.) 

Material dpf ER50 ER100 Tensile 
(%) (%) Modulus 

(g/d) 

Elong. Tenacity 
(%) (g/d) 

Work b) 
Recovery 
(%) 

Celcon Fibers 
Elastic (As-spun) 5.2 
Elastic (Annealed) a) 5.2 
Cold-drawable Non-elastic 102 

Polypropylene Fibers 
Elastic (As-spun) 13.2 
Elastic (Annealed) 13.2 
Non-elastic 41 
High Tenacity 
Elastic Polypropylene Film 
(,Annealed at 140°C for 45 min) thick 
Elastic Poly-3-methylbutene-1 

Fiber 6.9 
Elastic Polyethylene Sulfide 

Fiber 1.7 
Fortrel Polyester Fiber 1.5 

88 74 19 250 1,1 16 
97 90 26 244 1.2 22 
47 32 11 601 1.2 7 

80 19 
96 22 
35 7 

3.25 58.9 
1 mil. 3.1 ×105 

(psi) 

86°) 

81 

750 1.1 17 
382 2.4 22 
615 2.7 7 
29.6 5.7 

327 10,934 
(psi) 

37 46 5.6 28.5 

18 140 1.1 23 
50 42 4.6 

a) Annealed at 150 °C for 60 rain. in nitrogen, b) Work Recovery from 100% extension, e) ERa0 
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Fig. 3. Tensile curves of Celcon fibers. Temp. : 23 °C, 
elongation rate: 100%/min. 
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Fig. 4. Tensile curve of elastic polypropylene film. 
Temp, : 23 °C, elongation rate : 100%/rain. 

of anisotropy in tensile behavior. The elastic 
film (ER100 of 93%) has a breaking elongation 
of only 14% in the direction transverse to the 
extrusion direction, whereas the elongation 
parallel to the extrusion direction is 327%. 
On the other hand, a cold-drawable, non- 
elastic film of the same polymer (ER 100 of 40%) 
has a much better balance of properties in these 
directions (790% and 860% elongation, resp.). 

Although subsequent annealing in general 
increases the elastic recovery of the elastic 
materials, the conditions of the initial crystalli- 
zation process are critically important with 
respect to the route by which a high degree of 
elastic recovery is achieved. As shown in Table 
2 and Fig. 5, inappropriate extrusion and 

spinning conditions may lead to fibers and 
films which exhibit not only a relatively low 
level of elastic recovery, but also require 
comparatively more stringent annealing con- 
ditions to reach the same degree of elastic 
recovery. Good "as-produced" fibers and 
films of both polypropylene and Celcon ® 
require only a mild degree of annealing (e. g., 
at 120 °C for 60 rain.) to effect the maximum 
walue of elastic recovery (ERs0 ranging from 
90 to 97%) that can be attained with given 
"as-produced" fibers or films. 

As shown in Table 2, a good "as-extruded" 
elastic polypropylene film has a relatively high 
degree of orientation of the lamellar crystals 
as revealed by both X-ray diffraction and 

Table 2. Physical properties of polypropylene fibers of varying elastic recovery 

Sample ERso Density a) X-ray 
(%) (g/cc) small-angle 

Spacing (~_) 

Bire- 
ffingence b) 

Orientation 
by X-ray e) 

A As-extruded 24.5 0.8864 110 
Annealed 42.0 0.9086 200 

B As-extruded 34.5 0.9004 130 
Annealed 84.7 0.9074 180 

C As-extruded 40.6 0.8996 140 
Annealed 93.2 0.9086 180 

All samples annealed at 140 °C for 45 rain. in air 

0.0026 
0.0055 
0.0072 
0.0103 
0.0185 
0.0176 

None 

Fair 

Highly 
Oriented 

a) Determined with a density-gradient tube containing isopropanol-water mixture 
b) Measured in silicone oil (Dow Corning-550) 
e) By wide-angle X-ray diffraction 



828 ColloM and Polymer Science, VoL 253 • No. 10 

IOC 

Annealing time: 60 rain A,r  

80 - a ' " J  z ~ /  O / Q S O  

0 / 0 

o 70 2 /  / 
o ( o 

3 O , 

50 ~ - 

4 0 - o ~  

50 I I I L I I 
20 4 0  60 80 100 120 140 160 

Annealing temperature (°C} 

Fig. 5. Dependence of elastic recovery on annealing 
temperature o~ polypropylene fibers spun under 
various conditions. Nominal spin temperature (1) 
230 °C; (2) 260 °C; (3) 280 °C. Annealing time: 60 rain. 

birefringence measurements. The overall effect 
of annealing, as observed by X-ray small-angle 
scattering indicates increased superstructural 
perfection and order (13). 

Tensile properties at low temperature 

The tensile curves at --190°C for the 
various fibers studied are shown in Fig. 6. 
T h d r  tensile properties at room temperature 
and at --190 °C are compared in Table 3. As 
can be noted in this Fig., the tensile curves of 
both elastic Cdcon ® and polypropylene fibers 
essentially retain their shapes on going from 
room temperature to --190 °C, including the 
absence of necking behavior. On the other 
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Fig. 6. Tensile curves of Celcon, polypropylene, poly- 
ester, spandex fibers at -190°C.  Elongation rate: 
100%/rain. 

hand, the corresponding nonelastic fibers 
become brittle at the low temperature, reflect- 
ing the glassy state of the polymer. The 
observed superiority of the elastic fibers over 
the spandex and polyester fibers at the low 
temperature is indeed remarkable. 

The elastic recovery of the elastic Celcon ® 
fiber is still high at --190 °C (84% at 50% 
extension) while that for the elastic poly- 
propy lene  fiber is 68%.  

T h u s  the  tensile proper t ies ,  pr imar i ly  e longa-  
t ion  and  elastic r ecove ry  of  " h a r d "  elastic 
fibers and  films of  po lyp ropy lene  and  Celcon ® 
u n d e r g o  a relatively small change  over  the 

Table 3. Tensile properties of elastic and non-elastic Celcon and polypropylene fibers, a~/d polyester and spandex 
fibers at room and liquid nitrogen temperatures (Elongation rate: 100%/rain.) 

Tensile Modulus Elastic Recovery Break Elong., Tenacity, 
g/d at 50% Extension, % % g/d 

23°C --190°C 23°C --190°C 23°C --190°C 23°C --190°C 

Polypropylene 
Elastic 22 77 98 68 382 96 2.4 2.0 
Nonelastic 7 61 35 -- 615 4 2.7 1.9 
O/con 
Elastic 27 48 97 84 244 94 1.2 2.0 
Nonelastic 11 49 47 - 601 5 1.2 1.0 
Fortrel 50 95 -- -- 42 10 4.6 6.5 
Lycra 0.08 14 99 -- 959 7 0.5 0.24 
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temperature range to - 1 9 0 ° C  compared 
with "non-elastic" polypropylene, Celcon ®, 
spandex, and polyester fibers. The tensile 
properties of the "hard" elastic materials are 
quite free from the embrittling effect normally 
observed in amorphous and semi-crystalline 
polymers below the glass transition tempera- 
ture. This behavior indicates that the tensile 
deformation mechanism (the reversible bend- 
ing deformation of lamellar crystals (13)) of 
these elastic materials is different from the one 
normally assumed for "non-elastic" and 
rubber-elastic materials. 

tF/astic 2roperties as func/ion of annealing 
temperature 

The variations in elastic recovery of an 
elastic polypropylene fiber (from 100% exten- 
sion) at room temperature with annealing 
temperature was shown in Fig. 5. The elastic 
recovery increases rapidly with annealing 
temperature between 80 ° and 120 °C levelling 
off at a value of approximately 95 %. Annealing 
at 120 °C for 60 min. introduces a sufficient 
degree o{ structural perfection for the maxi- 
mum attainable value of elastic recovery 
(Curve 1). 

Although comparable at room temperature, 
the values for elastic recovery of samples an- 
nealed at 120 °C or at higher temperatures are 
expected to be different at elevated tempera- 
tures. In Fig. 7a, the elastic recovery at 
elevated temperatures is shown for three 
samples, unannealed, annealed at 120 °C and 
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Fig. 7a. Temperature dependence of elastic recovery 
o£ elastic polypropylene fibers (1) "as spun", (2) an- 
nealed at 120 °C, (3) annealed at 150 °C. Testing condi- 
tions: Temp. : 23 °C, extension 100%, elongation rate: 
100%/min. 

at 150 °C, respectively, for one hour ,  The 
elastic recovery of the unannealed sample 
starts to decrease immediately with an increase 
in temperature of measurement reaching a 
constant value of about 30% at 70 °C. With the 
120 °C annealed sample, due to its relatively 
more perfect structure, the elastic recovery 
decreases only slightly over the temperature 
region up to 100 °C, and droPs rapidly in the 
neighborhood of the annealing temperature. 
The elastic recovery of the sample annealed at 

Fig. 7 b. Temperature dependence of ten- 
sile properties of elastic polypropylene 
fibers. Z~ unannealed; O annealed at 
120°C; [] annealed at 150°C. Elongation 
rate: 100%/rain. 
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150 °C is essentially constant at a high value of 
95% at temperatures up to 140 °C. 

Thus, a highly elastic polypropylene prepar- 
ed by annealing at 150 °C maintains a high 
degree of elasticity over the entire temperature 
region between 140 o and --190 °C. 

The temperature dependence of the tensile 
characteristics, break dongation, tenacity, ini- 
tial modulus and yield stress, for the same three 
fibers are shown in Fig. 7 b. Modulus, tenacity 
and yield stress behave as normally expected; 
the maximum in elongation at 90 °C is an effect 
of measurement conditions, at and above this 
temperature some crystallization occurs while 
the sample reaches temperature equilibrium 
for the tensile test and therefore the break 
elongation approaches the values of annealed 
fibers. The "yield" stress seems to be inde- 
pendent of annealing conditions; as will be 
shown below, it correlates with the onset of 
void formation and the transition to a different 
super-molecular deformation mechanism. 

Thermodastic measurements 

In order to determine the nature of elasticity 
of elastic "hard" materials, elastic measure- 
ments were carried out with a Celcon® fiber 
over the temperature region between --120 °C 
and 22 °C. The variation of the retractive force 
at a constant elongation of 50% was deter- 
mined, and the results are presented in Fig. 8. 

0.8 

0.6 

g 

0.2 

I I I I I I 

Naa%.aa~a 

~ a  

0 1 I I I I I 
-14o - 1 oo  - 60 - 2o 0 20 

Temperature (°C) 

Fig. 8. Tempera ture  dependence of retractive force of 
elastic Celcon fiber at 50°/o extension 

The thermodynamics of elastic deformation 
dictates that the retractive force be the sum of 
the entropy and the internal energy effects. 
Rubber elasticity is characterized by the domi- 
nance of the entropy effects, which appear as 
a positive temperature coefficient of the re- 
tractive force. The present study shows a 
negative slope in the retraetive force-tempera- 
ture curve, and therefore the elasticity of the 
elastic fiber is primarily not rubber-like, but 
rather controlled by the energy effect. The 
change in the slope of the curve at about --70 
°C is believed to be due to the y-transition of 
the polymer, where a large change in elastic 
modulus occurs (1). The change in the slope 
of the curve is in the direction predicted by the 
change in modulus. 

Effegts of elongation, elongation rate and cyclic 
loading 

The variations of elastic recovery of an 
elastic Celcon® fiber with amount of extension 
at different rates of extension are shown in Fig. 
9. At a given rate of extension, an increase in 
elongation decreases the elastic recovery due 
to damage done to the superstructure by 
extension. Over the observed range of strain 
rate, elastic recovery generally increases with 
an increase in extension rate. 
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Fig. 9. Effect of repeated loading and loading rate on  
elastic recovery of Celcon fibers. Temp.  : 23 °C; elonga- 
t ion  rate:  . . . . .  lO0%/min.  -- -- 25%/min .  • ,  [ ]  50% 
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The effect of repeated loading cycles on 
elastic recoveries of an "as-spun" elastic 
polypropylene fiber (dR100 of 80%) and its 
annealed counterpart (dR100 of 96%) is 
shown in Fig. 10. After an initial decrease, 
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Fig. 10. Effect of repeated loading cycles on elastic 
properties of elastic polypropylene fibers. ]Elongation 
rate: 100%/rain. 50 and 100% extension for "as spun" 
and annealed fibers 

recoveries of the annealed fiber tend to level 
off at large numbers of loading cycles, whereas 
elastic recovery of the unannealed sample 
seems to continue to decrease over the observ- 
ed range of loading cycles. This indicates that 
the structure of the annealed elastic material is 
more stable under repeated loading and un- 
loading, and its fatigue resistance is less strain- 
sensitive. 

The time dependence of the recovery of the 
initial stress level and thus of the original 
stress-strain curve o~ an elastic "hard" material 
was studied with an elastic polypropylene. 
Five strips of highly elastic poly-propylene 
film (ERs0 of 93%) were cycled between 0% 
and 50% extension, allowed to recover in or 
out of the machine for varying amounts of 
time, ranging from ,-,0.I minute to 240 days, 
and retested. Representative curves are shown 
in Fig. 11. 

The unloading curve (II) is representative 
of all samples regardless of history. The load- 
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Fig. 11. Stress-strain recovery behavior of elastic 
polypropylene film as function of time interval be- 
tween first and second extension cycle. I. First exten- 
sion curve; II. Recovery curve from 50% extension. 
Second extension curve: III. After 0.1 min. ; IV. After 
1 day; V. After,240 days 

ing curves subsequent to the first (III and IV) 
show a dimensional recovery which appears 
to be essentially complete within one day. 

Work recovery 

While the elastic recovery (ERs0 and dR100) 
is of the order of 95% on the first cycle and 
gradually reaches a constant level of about 
85-95% depending on extension (50-100%), 
the work recovery in the initial cycle is 
relatively low at 30-40% (Fig. 1 and 11). This 
is due to large amounts of energy required to 
overcome the van der Wools forces in the 
intercrystalline regions during the first 5-10% 
extension. 

On immediate and repeated cycling (Fig. 12), 
the "yield" point is considerably lowered and 
the work recovery increases to about 60% 
within a few cycles (Fig. 13a). Eventually, 
both elastic and work recoveries reach practi- 
cally constant values, the paths of extension 
and retraction becoming constant. The major 
change in stress-strain curves occurs in the 
initial stage of extension (up to 25%) between 
the first and second cycle. The stress level at 
the extension limit (50%, 100%), however, is 
not greatly affected. Equally, the change in the 
shape and position of the retraction curve is 
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Fig. 12. Annealed elastic polypropylene stress-strain 
behavior on cycling to 50% extension (10 cycles). 
Extension rate: 100%/rain. 
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Fig. 13a, Work recovery of elastic polypropylene for 
cycling to 50% and 100% extension. "as spun" fibers: 
O 50% extension; • 100% extension; annealed fibers : 

50% extension, • 100% extension 

relatively minor. _ks seen from Fig. 13b, 
initial moduli of "as is" and annealed fibers 
show a complimentary behavior, also reaching 
a constant level after a few cycles. 

Considering the highly elastic behavior of 
the "hard" elastic fibers in the whole range of 
extensions of Fig. 11 and 12 and the vast 
difference in the time of recovery on both sides 
of the "yield" point, it becomes apparent that 
we are dealing here with two types of elastic 
mechanisms; (a) a relatively slow process 
restoring the original stress level of the "yield" 
point after relaxation to a low or zero load 
level (relaxation time of hours), and (b) a very 
fast practically instantaneous recovery mech- 
anism beyond this point. 

It seems appropriate here to shortly review 
the general interpretation of the shape of 
stress-strain curves and the nature of the 
deformation mechanisms. In the initial steep 
and linear increase of stress with strain (the 
fqookfan region), extensions are fully recover- 
able (15). Usually, when the curve deflects 
from linearity or shows a pronounced decrease 
in slope, mechanisms of delayed elastic recov- 
ery and irreversible deformations are invoked. 
This is the case with many natural and syn- 
thetic fibers, where the completely reversible 
elongation does not extend beyond 5-10%. 
Certainly, elastic recoveries of the order 
observed with the "hard" elastic materials 
have not been noted for other fibers beyond 
the yield point. Thus, to define the area of 



Park and 2Voether, Cryslalline "Hard" ag/asfic Maierials 833 

strong change in slope of the "hard" elastic 
materials as "yield" point is not appropriate 
since it would imply that the highly elastic 
behavior in range (b) besides being unexpected, 
is unexplainable. 

However, considering the molecular or 
morphological model of the structure as 
established by wide and small angle X-ray 
diffraction and electron microscopy for the 
unextended as well as the extended fibers and 
films (13), the elastic mechanisms of ranges (a) 
and (b) become clear. 

In range (a), the steep slope of the stress- 
strain curve is due to the resistance to de- 
formation of van der Waa]s forces between 
adjacent polymer chains in the intercrystalline 
regions. The same kind of behavior (modulus, 
etc.) is usually observed for spherulitic 
materials in a cold drawing process prior to the 
yield point. Beyond the yield point, unravelling 
of folded polymer chains and their complete 
reorientation takes place (16). 

SAXR diffraction studies of the "hard" 
elastic materials have shown (13) that during 
the initial extension (5-25%), interlamellar 
regions are extended and ruptured and lateral 
voids begin to form between the lamellar 
surfaces. Beyond this range, the small angle 
spacing increases proportional to the extension. 

.Here the elastic behavior is based on the 
bending deformation of the lamellae. In the 
annealed materials which have an extremely 
uniform superstructure nearly all the lamellae 
after interlamellar opening contribute to the 
deformation. In the unannealed sample, a 
broad distribution of lamellar dimensions 
(lateral size and thickness) exist due to the 
temperature range of their formation; thus, 
also a wide range of order in the interlamellar 
regions can be expected. On extension, only a 
few weak, interlamellar regions are opened, 
then deform elastically as expected; however, 
now, because of the few regions involved, the 
limit of reversible extensihility on a macro- 
scopic scale is reached very soon and permanent 
deformation takes place at lower extensions. 

During the relaxation cycle, the lamellar 
deformation (range b) is immediately recover- 
able to the point of complete lamellar contact. 
Beyond this point, the complicated re- 
arrangement of the lamellar interface to its 
original order obviously is a much slower and 
probably an always incomplete process. 

The above mechanisms readily interpret the 
small angle x-ray diffraction and electron 
microscopic observations and the different 
elastic characteristics of ranges (a) and (b). 

Stress relaxation of doo]yjor@y]ene fibers 

Stress-relaxation curves of elastic and non- 
elastic polypropylene fibers at 100% extension 
are shown in Fig. 14, The changes in elastic 
recoveries of these fibers introduced by stress 
relaxation are given in Table 5. 
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Fig. 14. Stress relaxation curves of polypropylene 
fibers. Temp.: 23 °C, extension 100%. • "as spun" 
elastic, initial stress 0.85 g/den; [] annealed elastic, 
initial stress 1.15 g/den; C) non-elastic, initial stress 
0.27 g/den 

Table 5. Effect of stress relaxation at 100% extension 
at 23 °C on elastic recovery of polypropylene fibers 

Relax. ERloo, %, 
Fiber dpf ERloo,  Time after str. 

% (hr.) relax 

Elastic 13 80 92 50 
Annealed 13 95 93 85 
elastic 
Non-elastic 41 35 24 5 

The initial rate of stress decay decreases 
with increasing (original) elastic recovery of 
the fiber. By means of suitable translations 
along the time scale and the stress axis, the 
curves of these samples can be made to 
superpose, exclusive of the initial portion of 
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the curves. This indicates that the stress 
relaxation of these fibers is largely controlled 
by one visco-elastic mechanism which involves 
changes in intercrystalline regions of the 
materials. The number of such changes 
decreases with increasing perfection of the 
particular crystalline structure responsible for 
the elastic recovery property. In the annealed 
sample, both the uniformity of the morphology 
essential for elasticity, and the high crystallinity 
cooperate to decrease stress decay. The 
decrease in stress with time was measured up 
to 93 hours (3.3 × 105 sec.). 

The final stress levels observed for these 
fibers represent approximately 30% of the 
initial stress. In spite of the magnitude of this 
stress decay, the resulting @crease in elastic 
recovery is remarkably small for the annealed 
sample. This emphasizes the stability of the 
structure during stress relaxation and also the 
importance of the reversible deformation of 
the lamellar crystallites. 

Creep behavior of polypropylene fibers 

Creep curves for an elastic annealed polypro- 
pylene fiber (ER100 of 95%) and a col& 
drawable non-elastic fiber (ER100 o~ 35o/0) are 
shown as log-log plots in Fig. 15. 
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Fig. 15. Creep curves of polypropylene fibers at 23 °C. 
Elastic fiber: (1) A creep stress 0.15 g/den;  (2) O creep 
~tress 0.38 g/den also master curve for elastic fiber; (3) 
[ ]  creep stress 0.76 g/den;  (4) V creep stress: 0.91 
g/den;  (5) O non-elastic fiber at creep stress 0.76 g/den;  
(6) - -  high tenacity fiber at creep stress 0.5 g/den 

As shown in Fig. 15, the curves (1) through 
(4) for the elastic fiber possess the same 
general shape, and have been successfully 
superposed through suitable translations of the 
curves along both the strain and time axes. The 
extended version of curve (2) in Fig. 15 
represents the so-called master curve obtained 
by such a procedure, with respect to a nominal 
stress of 0.38 g/d. 

A detailed analysis of the master curve 
(curve (2) of Fig. 15) revealed that the creep 
up to 600 min. is proportional to the cubic 
root of time (i. e., Andrade Creep) indicating a 
mechanism of retarded elastic deformation. 
This deformation is recoverable. Possible 
molecular mechanisms are a deformation due 
to the effects of chain entanglement in the 
intercrystalline regions and also viscous flow, 
together with an 'dast ic  deformation such as 
the reversible translation or deformation of the 
crystals and also possible rubber-like dast idty 
of the intercrystalline regions. In the region 
between 600 and 10,000 min. viscous flow 
becomes increasingly important with increas- 
ing time, and, towards the end of the range, the 
flow effect dominates. At longer times creep 
proceeds at a rate faster than can be accounted 
for by the flow effect. A reasonable explanation 
is that the material starts to deform inhomo- 
geneously at this stage. 

From the projection of the various visco- 
elastic regions identified in the master curve, 
one can predict the types of deformation the 
sample undergoes at different stresses and 
times. For example, the curve (3) of Fig. 15 
corresponding to creep at 0.76 g/d, involves 
only the retarded elastic deformation up to 
170 rain (strain of 110%), and viscous flow 
becomes important just prior to the sudden 
break of the sample. An important conclusion 
deduced here is that after the initial extension 
involving separation of the lamellar crystals, 
the creep process does not introduce any new 
lamellar separation and is governed by the 
mechanism of homogeneous viscoelastic de- 
formation until the fiber breaks. 

Also in Fig. 15, creep behavior of a non- 
elastic polypropylene fiber is compared with 
that of the elastic fiber under a comparable 
stress. Due to the necking of the fiber during 
the initial stage, the non-elastic sample exhibits 
a relatively large creep strain while the creep 
rate is somewhat lower than that of the elastic 
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fiber. The creep rate of the former is more 
comparable to that of a high tenadty fiber 
(melt spun and drawn, 3.25 dpf, tenadty 5.7 
g/d). Long-term creep properties of the high 
tenacity fiber seem to be superior to those of 
the elastic fiber. 

The effect of rate of extension on the elastic 
recovery is shown in Fig. 16. An increase in 

100 

75 

A 

5O 
8 

2 5  

/ 

I I I 
- I  o 1 2 3 

log t (rnin.) 

Fig. 16. Dependence of length recovery on rate of 
extension. (1) creep to 110% extension, 7 x 104 rain.; 
(2) Creep to 38% extension, 1 × 104 rain.; (3)Creep to 
108% extension, 6 rain.; (4) Stretch to 100% extension, 
1 rain. 

rate of deformation resuks in a higher in- 
stantaneous recovery of the sample length. The 
variation in instantaneous recovery with strain 
and strain-history provides an estimate of the 

contribution of reversible bending of the 
lamellar crystals to the observed elongation of 
the sample. _As expected, at high rates of 
deformation, the lamellar deformations occurs 
preferentially. 

Sonic modulus 

The sonic velocity-extension curves for 
elastic "hard" fibers and a cold-drawable fiber 
of polypropylene and "Lycra'" spandex fiber 
are shown in Fig. 17. All the polypropylene 
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Fig. 17. Variation of sonic velocity with elongation 
for polypropylene and Lycra fibers 

fibers show a minimum in the curve in the 
range of about 15 to 30% ~extension. The 
elastic fibers characteristically undergo a large 

Table 4. Tensile properties and density of Celcon, polypropylene and spandex fibers (Elongation rate: 100%) 

Sample DPF 

Elastic 
Recovery 
from 100% Volume d) Tensile Sonic b) 
Extension Density Mod. Mod. 
% g/cc g/d psi 

Polypropylene Elastic Fiber 
(Annealed at 150 °C for 60 rain.) 
Non-elastic fiber 
Elastic Celcon fiber 
(Annealed at 160 °C for 60 min.) 
Lyera Type 125 

13 96 0.922 22 8.1 x 105 

42 35 0.902 7 3.6 x 105 
5.2 97 1.422 27 5.5 x 105 

120 99 - 0.08 - 

a) Determined by pycnometry. 
b) At zero extension. 
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initial decrease compared with the non- 
elastic fiber. This is partly due to a relatively 
high value of sonic velocity of the elastic 
fibers in the unextended state, and this trend 
agrees with that observed for the tensile 
moduli, as indicated in Table 4. 

The initial decrease in sonic velocity for the 
non-elastic, unoriented polypropylene fiber 
is believed to be due to disorientation and 
disruption of the crystals and polymer chains 
accompanying the strain-softening process 
preceding necking, as previously reported 
for such crystalline polymers as polyethylene 
(2), polypropylene (10, 11), nylon (3), and 
protein fibers (4), The steady increase of sonic 
velocity observed at higher extensions co- 
incides with the birefringenc%behavior of the 
fiber as shown in Fig. 20, where an increasing 
degree of chain orientation along the fiber 
direction introduces a steady increase o£ bire- 
fringence with extension in this range of 
extension. 

In the case of completely amorphous 
polymers, the statistical theory o~ rubber 
elasticity predicts an initial decrease in tensile 
modulus with extension for materials with an 
ideal network structure, due to the effect of 
internal pressure during the de£ormation (5). 
However, elastomers with non-ideal network 
structure such as some butyl rubbers (6) and 
Lycra  (shown in Fig. 17) do not exhibit a 
reduction in modulus with initial extension. 

Interpretation of the observed changes in 
sonic velocity with extension for an elastic 
"hard" material should include consideration 
of the physical changes in the internal struc- 
ture of the material with extension. The 
principal changes are the reduction in bulk 
density of the material and the tilting o£ the 
crystalline lamellae during extension (13). 
The normalized sonic modulus calculated by 
using the bulk density of the materials (as 
determined from the diameter change with 
extension) is shown as a function of extension 
for highly elastic fibers of polypropylene and 
Celcon ® in Fig. 18 and 19, respectively. 

The large initial decrease observed in the 
normalized sonic modulus can be largely 
attributed to the mechanical transition from 
the closed to the open internal structure of the 
material, which involves disruption of the 
interlamellar bonding forces, including the 
van der Waals forces between lamellar surfaces, 
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tie molecules, and entangled chains. After the 
rapid initial decrease, the modulus remains 
essentially constant above about 25% elonga- 
tion. This feature of the variation in sonic 
modulus with extension marks a character- 
istic difference between the elastic and non- 
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elastic fibers. The non-elastic polypropylene 
fiber shows a steady increase in the modulus 
after the initial stage of extension due to in- 
creasing molecular orientation. A similar trend 
in sonic modulus-extension behavior as in the 
elastic materials was observed for certain melt 
spun polypropylene fibers by Samue/s (12). 

The type of sonic modulus-extension rela- 
tionship observed for the elastic materials is 
similar to that of a linear spring, where the 
mass p& unit length of the spring decreases 
linearly with extension, and its extension in- 
creases proportionally with the applied force. 
When the spring is closed, the sonic modulus 
is relatively high because the spring con- 
stitutes essentially a solid medium. When the 
spring is initially stretched uniformly in such a 
way as to introduce a sequential separation of 
the repeat units of the spring, the sonic 
modulus of the ,spring would decrease with 
extension and reach a steady value When the 
spring undergoes a uniform extension. The 
constant value would correspond to the force 
constant of the spring in uniform extension. 
The sonic velodty of the spring is equal to the 
square root of the ratio of the force constant 
to the mass per unit length (7). 

As shown in Figs. 18 and 19 for elastic 
fibers of polypropylene and Ce/con ®, respec- 
tively, there exists a considerable degree of 
similarity between the elongation dependence 
of the sonic modulus and that of the slope of 
the tensile curve. In the extension cycle, at 
about 25% extension, the slope of the tensile 
curve seems to remain fairly constant with 
elongation np to 100%. The similarity 
between these two parameters also prevails 
in the retractive cycle, as shown in Fig. 18 
for polypropylene fiber, considering the differ- 
ence between the two types of measurements, 
such as the difference in the time scale. The 
observed differences in both sonic modulus 
and the slope of the tensile curve between the 
extension and retrac{ion cycles indicate the 
dependence of the mechanical state of an 
elastic "hard" material on strain-history, as 
well as the viscoelastic relaxation times of the 
material. 

Birefringence 
The birefringence behavior of a highly 

elastic polypropylene fiber during extension 
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Fig. 20. Polypropylene fibers, birefringence versus 
extension 

in air is significantly different from that during 
stretching in silicone fluid (Fig. 20). In air, 
the birefringence, initially positive, decreases 
rapidly with extension becoming negative 
at approximately 15% extension. It goes 
through a maximum negative value (at 
about 80-100% extension) and finally be- 
comes positive just before breaking of the 
sample. However, when the fiber is extended 
in silicone oil, the birefringence is always 
positive. At any extension at which the bire- 
fringence was negative, the birefringence 
could be changed to a positive or a nega- 
tive value by addition or removal of an 
immersion liquid. These observations are 
indicative of the influence of form bire- 
fringence. If one were to assume that there 
were no change in both fiber diameter and 
orientation of the morphologicai elements of 
mass during extension of the fiber, then the 
retardation would be a function primarily 
of the mass density. Based on these assump- 
tions, one can calculate the theoretical curve 
of birefringence versus extension shown in 
Fig. 20. This curve is strikingly similar to that 
of the apparent birefringence (r/t) versus 
extension in silicone fluid. The similarity 
supports the view that the morphological 
elements, namely, the lamellar crystals remain 
transversely disposed without major dis- 
orientation. 
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The effect of the introduction of organic 
liquids of different refractive index on the 
birefringence of the elastic fiber at various 
degrees of extension is shown in Fig. 21. The 

beyond the yield strain, reflecting an increasing 
degree of chain orientation along the fiber 
axis, a behavior which is well-known and 
easily checked by X-rays. 
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Fig. 21. Form birefringence; Birefringence of variously 
stretched elastic polypropylene fibers with refractive 
index of immersion medium 

lack of change of birefringence of the un- 
stretched fiber with change in the refractive 
index of the immersion medium indicates the 
absence of accessible voids. The convex up- 
ward shapes of the curves corresponding 
to different amounts of extension indicate an 
optical system of negative form birefringence 
(8) which may be due to the morphological 
arrangement of asymmetrically shaped voids 
with their long axes laterally disposed in the 
fiber. This interpretation agrees with the 
conclusion derived from small angle X-ray 
measurements (13). The shapes and relative 
dispositions of the curves for different ex- 
tensions suggest differences in void content 
with extension, a factor involved in the bire- 
fringence/extension data presented in Fig, 20 
and a fact also established by porosimetry (14). 

In Fig. 20, the birefringence/extension in 
air behavior of a cold-drawable non-elastic 
polypropylene fiber is compared with that 
of the elastic fiber. Their characteristic differ- 
ence is that the birefringence of the cold- 
drawable fiber increases steadily with extension 

Conclusions 

Since the characteristic mechanical and 
physical properties o£ "hard" elastic polypro- 
pylene and Celcon ® are based on a spedfie 
morphology, it appears logical that similar 
elastic materials can be prepared from other 
polymers provided this basic morphology is 
duplicated. The primary requirements are 
good crystalline order and a uniform lamellar 
morphology, the lamellae being of large 
lateral dimensions, their surfaces being rela- 
tively flat and oriented normal to the direction 
of extension. 

To summarize: The essential characteristics 
of "hard" elastic materials are as follows: 
(1) High elastic recovery from 50-100% exten- 

sion (90-97% Iength recovery). 
(2) High elastic recovery over a wide tempera- 

ture range (e.g., polypropylene from 
--190°C to the annealing temperature) 
with considerably lower embrittling effects 
below the glass transition temperature. 

(3) Repeated cycling considerably improves 
the work-recovery leading to a stable ex- 
tension-retraction curve. 

(4) The physical structure of the elastic mate- 
rial is comparatively stable under stress 
relaxation, is highly fatigue-resistant. 

(5) Annealing "as produced" fibers or films in 
general improves their elastic character- 
istics. 

The identification of this type of material by 
its characteristic superstructure (X-ray diffrac- 
tion and electromicroscopy) is supported and 
complemented by the specific behavior in other 
physical measurements (tensile properties, 
sonic modulus, birefringence, surface and 
void measurements) during single and multiple 
dongation and retraction cycles to high ex- 
tensions. 
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Summary 

"Hard" elastic materials are oriented, highly 
crystalline polymeric products (fibers or films) which 
show remarkable, long range elastic behavior on single 
and multiple extension over a very wide range of 
temperatures. They show a high elastic recovery from 
50-100°/o extension (for example: polypropylene 68 
to 97% length recovery from --190°C to 140°C) 
with a low embrittling effect below the glass transition 
temperature. Repeated cycling of annealed materials 
leads to a stable extension-retraction curve with high 
elastic and work recoveries. Their physical structure 
is comparatively stable to stress-relaxation and is 
highly fatigue resistant. The model and its elastic ex- 
tension mechanism as proposed on the basis o~ X-ray 
diffraction and electron microscopic evidence (13) is 
supported by characteristic sonic modulus and bire- 
iringence data. 

"Zusammenfassung 

,,Hart"-elastische Materialien sind orientierte, hoch- 
kristalline Produkte (Fasem und Filme), die anise> 
ordentliches, elastisches Verhalten bet sehr hoher ein- 
maliger oder wiederholter Dehnung in einem sehr 
grol3en Temperaturintervall aufweisen. Sie haben 
diese hohe Elastizit~it ftir 50-100% Dehnung (z.B. 
Polypropylen hat 68-97°/0 Lgngenelastizitiit yon 
--190 bis 140 °C) mit auffallend geringer SprSdigkeit 
unterhalb der Glastemperatur. Wiederholte Dehnung 
yon getemperten Materialien fiihrt zu einer stabilen 
Dehnungs-Entspannungskurve mit hohem Lfingen- 
und Arbeitserholnngsvermtgen, guter Entspannungs- 
stabilit~tt mad hohem Ermiidungswiderstand. Charak- 
teristische Schallmodulus- und Doppelbrechungs- 
messungen stimmen mit dem Modell der molekularen 
Uberstruktur und dem elastischen Dehnungsmecha- 
nismus, der auf Rtntgen- und elektronenmikrosko- 
pischen Daten (13) basiert ist, iiberein. 
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