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Investigations of hard elastic
polypropylene with respect
to the coil-strand-transition model

Abstract Hard elastic polypropylene
was investigated by x-ray scattering
using synchrotron radiation and by
performing stress strain measure-
ments in different liquids. It was found
that the long period increases with

~ elongation up to A~ 1.3-1.4. Beyond

this extension a change in the
deformation behavior takes place. In
the range from A~ 1.1 to A~ 1.3-14
the deformation measurements in the
different liquids are in good
agreement with the coil-strand-

transition model. The proposed linear
relationship between the deformation
work and the elongation could be
confirmed. The same holds for the
surface energy. Moreover, the
calculated ratio between the surface
energy and the deformation work
agrees with the measurements.
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Introduction

In the 1960s hard elastic materials were developed by
Celanese [1]. These materials showed interesting proper-
ties like high elastic recovery combined with high tension
in a temperature regime ranging from far below the glass
transition to well above. This gave rise to a lot of investiga-
tions. Noether et al. [2-5] proved the elastic behavior of
melt spun polymers and made first x-ray defraction experi-
ments to explain the morphology. Garber and Clark
[6,7], Quynn and Brody [8] as well as Sprague [9]
presented first models. An overview on the properties of
different materials was given in the articles of Sprague [9]
and Cannon et al. [10]. A superstructure of lamellae each
perpendicular to the drawing direction should act as leaf
springs or coil springs. Bending of lamellae should deliver
the retractive forces. TEM investigations made by
Noether, Whitney, Hay, Petermann, Cayrol, Gleiter,
Miles, Adams et al. [2, 5, 11-14] showed that many fibrils
and voids are formed between the lamellae in the amor-

phous regions. According to Petermann, Cayrol, Gleiter,
Miles and Adams the retractive force should be due to the
elastic properties of these fibrils. Similar to that, Goritz
and Miiller [15, 16] suggested that entropic changes re-
sulting from the formation of fibrils are the reasons for the
elastic recovery. Wool [17] noted that energetic effects
(adhesive fraction and beam deflection) must dominate the
deformation. Hosemann and co-workers [18, 197 stressed
microparacrystalline effects to explain the retractive force.
Investigating hard elastic polyethylene, Hashimoto et al.
[20] interpreted the residual strain in the bulk in terms of
irreversible deformation of submicroscopic structures, i.e.,
lamellae. They discussed as possible mechanism of irre-
versible lamellar deformation chain slippage within lamel-
lae, lamellar destruction, and destruction of lamellar tie
links. According to Ishikawa et al. [21] the elastic defor-
mation is based on an increase of intermolecular distances
against van der Waals forces and on changes of bond and
rotation angles in the molecules.

Baer and co-workers [22,23] found that profusely
crazed, glassy, high-impact polystyrene also exhibits hard

69 M



S. Kreitmeier et al.

1009

Investigations of polypropylene with respect to coil-strand-transition model

Fig. 1 Abstraction of the coil-
strand-transition model: a coil
(cube) is transformed into an

1]
Veube

isotropic rest coil (cube) and

a highly oriented strand (fibril).
V& is the volume of the initial
cube, 1%, the length of the
initial cube, Vg, the volume of
a subunit, /%, the length of the
rest cube, yang the length of the N

Afibril
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fibril, Agpr; the cross-section
area of the fibril, N the number
of subunits in the initial cube
and n the number of subunits in
the fibril

elastic properties. They concluded that hard elastic behav-
ior cannot be based on lamellar deformations. Irrespective
of the crystallinity a superstructure of oriented domains of
fibrils parallel to the applied stress alternating with solid
moieties is formed. Hard elastic behavior results from this
bulk-fibril composite structure and the retractive force is
mainly due to the properties of the fibrils. Using this, Chou
et al. [247 computed the total restoring force on a fiber
with an elastic and a surface tension component. Ren
[25,26] investigated the surface tension of fibrils, dis-
cussed the influence of internal friction and pointed out
that hard elastic behavior of typical semi-crystalline poly-
mers is a craze phenomenon. Experiments on thin films of
high density polyethylene, which showed a behavior sim-
ilar to that of hard elastic fibers, were done by Adams et al.
[14]. Adams found that deformation initially occurs en-
tirely in the intercrystalline regions, resulting in craze-like
structures in the amorphous polymer layer between the
lamellae. At higher strains the lamellae will be deformed
(shear processes and block slip mechanisms) and partially
destroyed.

As stated above, there seems to be a clear connection
between hard elastic behavior and craze formation. Thus,
we want to include in the introductory discussion of fibril
formation in hard elastic materials at least the most
prominent model for craze formation and propagation.
Kramer and Berger, Plummer and Donald [27-30] ex-
plain fibril growth through a strain-softened non-Newto-
nian flow of the surrounding material into the fibril. The
major contribution is due to scission and/or disentangle-
ment of polymer chains during the movement into the
fibril.

In this paper, we will investigate hard elastic poly-
propylene by x-ray scattering using a synchrotron radi-
ation source and by performing stress strain measurements
in different liquids. We compare our deformation measure-
ments with predictions of the coil-strand-transition model.
The coil-strand-transition model [31] is a new way to
describe the deformation behavior of fibrillated materials,

< 0 >
Icube

léube

e.g., crazes [32]. In addition to the surface tension, it con-
tains other energetic components as well as an entropic
part.

First, we will explain in more detail the coil-strand-
transition model.

Coil-strand-transition model

The description of the formation of fibrils with free volume
is one of the objectives of the coil-strand-transition
model. In the following part we will describe the model in
brief. For more details see [31, 32]. Whereas many defor-
mation models up to now start with affine transforma-
tions, the coil-strand-transition model is completely
inhomogeneous. A polymer coil is not transformed into an
ellipse during stretching, but forms an unoriented rest
coil and a highly oriented strand (fibril). Figure 1 displays
the model. The initial cube is filled with randomly distrib-
uted subunits. A subunit can be imaged as a Kuhn’s
segment with an associated volume. These subunits move
into the strand. In the strand they are aligned in one-
direction.

It is possible to call the coil-strand-transition a
phase transition. An unoriented state changes to an
highly oriented state. As order parameter one could use
Herman’s orientation factor, which is zero before and
finite afterwards. But it is not clear and not the purpose
of the model to explain why the transformation occurs.
This means that the transition might also be a non-equilib-
rium process, and then it is difficult to talk about a phase
transition.

The introduced parameters in the model can all be
physically interpreted. The model is not an ab initio
model, but a static description of what happens with
a given set of parameters.

The consequence of this above-described deformation
behavior is that energy and entropy changes during
stretching are linear with the elongation ratio A as long as



1010

Colloid & Polymer Science, Vol. 273, No. 11 (1995)

© Steinkopff Verlag 1995

the fibrils are growing.! The fundamental reason is that "

whenever a unit is transferred from the rest coil (rest cube)
into the strand the same amount of energy or entropy is
transferred. A detailed calculation results in

ECS =N-AE Mi‘ + Escusrface . (1)
)Lfibri] —1 .

A similar formula holds for the entropy. We will not
discuss the entropic part in this paper, because it can be
shown that the contribution is minor [32,33]. N is the
number of subunits which fill the initial cube. AE denotes
the energy change per subunit moving into the strand. AE
contains contributions of elastic energy, trans-gauche
transitions and chain scissions. Aaer is the elongation ratio
of the deformation unit consisting of a rest cube (coil) and
a strand (fibril).

length of strand ;.4 + length of rest cube [ .
length of initial cube [,

)Ldef -

2

Afipel 18 the natural draw ratio of the strand which is not
changed during drawing. The interesting term for this
paper is the energy stored in the created surface. It is given
through

.ngrface = 2’)) Afibril((/lfibril - 1)(1 - 5ldef 1)

32 M)
* 2Af1b“1 A’fibril - 1 ’ (3)
v 1s the surface tension and Asyy; 1S the cross-section of one
strand (fibril). This is the energy due to one deformation
unit. The Kronecker-delta takes care of the fact that no
surface exists in the unstretched state. This sharp
transition from no surface to a finite surface area is in
accordance to observations in craze formation [34]. To get
the total surface energy for a sample the whole created
surface 4 must be calculated. The whole created surface
A divided by the total amorphous volume Vol — ) is
equivalent to the surface of one coil-strand deformation
unit divided by its volume V Zype. Vo is the volume of the
sample, « the degree of crystallinity. Thus, we get

A _ 2 Ao
VO(I - Oﬂ) - Vc(zlbe

(Afibril - 1)(1 - 5/‘Ldef1)

;”def_1>. (4)

+ 228
Agibrn — 1

Since only the interlamellar regions are deformed
Saef = Ader — 1 must be identified with the actual inter-

lamellar extension &* = 4=% minus ¢f = 22=L, the starting

point of the coil-strand {transition (1,2 1.03-1.06, cf.
Fig. 11). Thus, A4, can be calculated from A by

A— Ao
1—o

Adet = +1. %)

Using Eq. (5) and the following equation derived from the
model

Afibril _ 1
0 - 3/2 @
chbe Dfibril /lfibril

we arrive at

S (LTSRS
surface Dfibril lfsi/bz}i]
A— g )
+2—), °
)vfibril - 1 ( )

Esurface being the energy due to the created surface in the
whole sample.

Experimental

The samples used for the experiments were hard elastic
polypropylene (HEPP) produced by Hoechst Celanese
Corp., 1.e., a precursor for Celgrad 2400 made of poly-
propylene MFR 1.15. The samples were films with an
average thickness of 29 um. DSC measurements resulted
in a melting temperature of 174 °C, which is in accordance
with the literature value for isotactic polypropylene [35].
The glass transition temperature of hard elastic (isotactic)
polypropylene is between — 10°C and 15°C [36]. With
x-ray scattering we will try to detect the A-range where the
coil-strand-transition model can be applied. The predic-
tion of the above outlined model will then be checked
through varying the surface energy in HEPP with the help
of two solvents. For the method see also [33]. All measure-
ments were done at room temperature (20 °C).

X-ray scattering

Synchrotron radiation at DESY Hamburg was used to
measure x-ray diffraction on-line to the deformation of the
samples. This was done at the polymer beam line of
HASYLAB. For this purpose the samples were stretched
with an elongation ratio of 5% per minute, while the x-ray
beam was focused on the center of the sample. Two

! Thus the refractive force, deduced from the free energy through differentiation, remains constant during the coil-strand formation.
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Table 1 Relationship between
scattering angles and
displacement

Scattering angle [ °]
Displacement [A]

00501 01502 02503 03504 04505 06 07
884 442 295 221 177 147 126 111 98 &8 74 63

deformation cycles with a waiting time of 1 min between
the cycles were done. The maximal elongation in the ex-
periments was 40% and 80%. From the films specimens
were cut with 10 cm length and 1 cm width. In Figs. 3-6
every scan line is the result of about 12s of integration
with a linear detector. All curves were smoothed using
cubic splines. Table 1 lists the corresponding angle spacing
value determined with CORNEA as reference sample. The
data were correlated for primary beam intensity and
thickness.

Stress-strain measurements

For the measurements in the different liquids specimens
were cut with 50 mm length and 5 mm width. The speci-
mens were deformed cyclically in air, methanol, and deca-
lin to various draw ratios. The elongation ratio was 5%
per minute. Neither swelling nor plasticizing effects were
found for these liquids.

From these measurements the following quantities
were evaluated: the work needed to deform the sample
(area ABCA of Fig.2), the immediately restored work
(area DBCD of Fig. 2), the elastic recovery (the relation
between DC and AC). The energy for the created surfaces
were calculated by subtracting the curves in liquids from
the corresponding curve in air.

Fig. 2 Sketch of a typical stress-strain curve of hard elastic material.
The area ABCA is the work needed to deform the sample. The
immediately resorted work is the area DBCD. The elastic recovery is
defined by the ratio between DC and AC
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Table 2 Surface tension of different substances. The data are
obtained from refs. {387 and [40]

Substance y [mJ/m?] ¢ [mI/m?] 9" [mJ/m?]
Polypropylene [38]  30.2 302 0.0
Methanol [40] 23.0 22.0 1.0
Declain [40] 299 299 0.0

Table 3 Contact parameters of polypropylene with the liquids

Liguid Yo [mJ/m?] 7y — 7 [mJ/m?]
Methanol 1.7 28.5
Decalin 0.0007 ~30.2

According to Fowkes, Owens and Wendt [37-39] the
surface tension vy is divided into a contribution of disper-
sion forces y¢ and a contribution of hydrogen bonding
forces y™:

y=7yt 49", (7)

The surface tension data for the polymer and liquids are
listed in Table 2. The interfacial tension y4 of solid poly-
mers (7 = ye + v2) in contact with liquids (yp = y¢ + y!) is
given by [37-39]

YL =Ys + 70 VN = 2000, (®)

leading to Table 3, y — y,, being the compensated value.

Results and Discussion

In this section the results will be presented and discussed:
in the first part our x-ray diffraction measurements, and in
the second part our stress-strain measurements.

x-ray diffraction

For comparison with the x-ray scattering data a typical
stress-strain curve of hard elastic polypropylene is shown
in Fig. 2. After a short “Hookean” regime the specimen
yields. The tension remains nearly constant up to about
30% to 40% eclongation and then slightly increases once
more.
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Previous work

In x-ray scattering [4, 41, 42] long periods in the meridian
of about 140 A were found. During stretching the long
period increases to about 250 to 300 A. At an elongation of
about 30% to 40% a morphological change seems to take
place [43]. In equatorial direction, Noether [4] found
reflexes which he denoted to fibrils. Hosemann [41]
showed that these fibrils have diameters of 50 A, and the
fibril spacing is about 120 A. Wilke [44] tested the
stability of the lamellae of annealed hard elastic poly-
propylene during elongation. He found that the dimen-
sions of the lamellae change only very modestly, even at
A =2.3. From this it can be concluded that lamellae are
not destroyed up to draw ratios of about 4 = 2. This is in
agreement with Adams [14] who found that crystalline
lamellae of annealed films do not deform until the strain in
the amorphous region reaches about 300%. In contrast,
lamellae of as extruded films break up at strain values of
about 50%.

Obtained results

Figure 3 shows the meridian and Fig. 4 the equatorial
scattering for the first and second cycle. Both the loading
and unloading process are displayed. In Figs. 5 and 6 the
first cycle for the deformation up to 80% is shown in
a three-dimensional plot. All plots show a dramatic in-
crease in scattered intensity during stretching. This is ex-
plainable through a large increase in electron contrast due
to creation of voids in the sample.

The equatorial scattering shows a large decaying
part which is essentially cut off by the beam stop, and
a rather broad, but visible peak, sitting on the side of
it. This is best seen in Fig. 6. This peak can be inter-
preted as fibril and void scattering starting at about the
yield point (ex5-7%). The intensity becomes
stronger and stronger with increasing A, suggesting that
more and more voids are formed. The data are compati-
ble with a rather broad distribution of fibril spacings
around 170 A, a similar magnitude as discussed in the
preceding section. The distribution is becoming smaller
in the second cycle (Fig.4), thus we suppose that the
fibrils are formed more uniformly. The material seems
to remember the former voids. Some smaller fibrils may
coalesce.

The meridian displays a long period of the lamellae’s
spacing of about 140 A with low intensity. This changes
drastically in elongation as the electron contrast increases
rapidly. Scattering from behind the beam stop becomes
visible. The peak of the long period moves towards the
beam stop, thus partially merging with the steep scattering

cut off by the beam stop. The value of the long period
reaches about 300 A. Above 30% to 40% elongation this
value of the long period and the intensity remains nearly
constant. A relatively sharp change in the deformation
behavior seems to take place which is nevertheless revers-
ible to a large extent (cf. Fig. 3).

Due to the beam stop a discussion of the scatter-
ing close to the cutoff is not possible. Most likely, it is
the result of large scale but isotropic density fluctua-
tions.

These results are in good agreement with the pre-
vious work. The on-line data show that all changes occur
rather quickly and are in large part reversible. The waiting
time between first and second cycle was about 1 min.
Nevertheless, the deformation is almost relaxed, even after
stretching beyond 30-40%.

Morphological description

The following deformation model tries to cover all of the
above-mentioned properties. While elongating the sample
the lamellae separate from each other. After a short elastic
regime a fibrillation of the amorphous interlamellar
material takes place. The material yields and the voids as
well as the fibril length increase. At about 30% to 40%
elongation parts of the amorphous material reaches its
natural draw limit. Some individual lamellae cannot move
on anymore. Now, whole parts of the material begin to
shear or shift against one another, perhaps bending other
parts. Thus, the nearly constant lamellar spacing can be
explained as well as the nearly unchanged dimensions of
the lamellae. When unloading the sample, both the bended
parts and the extended fibrils retract the lamellae, thus
explaining the recovery, even for strains higher than typi-
cal for lamellae separation. A recrystallization of the
lamellae could not be observed but may exist to a minor
extent. The whole deformation behavior is sketched in
Fig. 7.

Irreversible processes, which are present at all defor-
mation stages, increase at strains higher than 30% to 40%.
A combination of effects like pulling of fibrils out of lamel-
lae [12, 22], plastic deformation processes [43], crystalli-
zation of fibrils [ 14, 16], lamellae deformation [ 14, 207 and
destruction of small, not perfect lamellae [19, 42] are dis-
cussed. But they seem not to dominate in the regime up to
80%, because they should destroy the ability to retract the
sample to a much higher extent.

Looking at this deformation behavior a regime be-
tween A~ 1.1 and Ax~1.3 — 1.4 can be found where fibril
growth is the dominant part. In this regime the coil-strand-
transition model should be applicable.
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Fig. 3 Stacked plots of meridional x-ray scattering of HEPP: a) first cycle: stretching b} first cycle: unloading ¢} second cycle: stretching
d) second cycle: unloading
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Fig. 4 Stacked plots of equatorial x-ray scattering of HEPP: a) first cycle: stretching b) first cycle: unloading ¢) second cycle: stretching
d) second cycle: unloading
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Fig. 5 Three-dimensional plot
of meridional x-ray scattering
of HEPP, stretched up to
A=18

Fig. 6 Three-dimensional plot
of equatorial x-ray scattering of
HEPP, stretched up to 4 = 1.8
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Stress-strain measurements

Part of the deformation curves of the first and second cycle
in the different liquids are shown in Figs. 8,9, 10. The
results of work/energy evaluations from the measurements
are displayed in Figs. 11 to 14. ‘

These figures will be described and discussed in the
next paragraphs.

Pl
<

Fig. 7 Sketch of the deformation considerations for HEPP: a) unde-~
formed state: Jamellae with amorphous material in between b) re-
gime A=x1.1 up to A~x14: the lamellae are separating, fibrils are
formed ¢} regime 1> 1.4 the deformation of the interlamellar
material 1§ nearly stopped, larger parts are shifted or bended
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Fig. 8 Stress-strain curves for or

HEPP, first (solid lines) and
second (dotted lines) cycle,
strained in air

125 15 1.75

‘w
o
=
©
1
Fig. 9 Stress-strain curves for 70
HEPP, first (solid lines) and
second (dotted lines) cycle,
strained in methanol 60 -
w
@
=
o

Before yielding

Prevorsek et al. [45] mentioned great hysteresis losses
even at low strain ratios in cyclic stress strain measure-
ments. We can confirm their results well below the yield
transition. The “Hookean” regime seems to end after only
3—4% of stretching (cf. inserts of Figs. 11, 12, 13), whereas
the yield point in air is at about 7%. It would be of interest
whether the hysteresis is dependent on the deformation

speed, but we performed all measurements with an elonga-
tion ratio of 5% per minute.

The fibril formation seems to start after the Hookean
part, but before the yield point. This should be reflected in
the curves within liquids. The yield point in methanol
shows a clear shift to a lower value. The already penetrat-
ing methanol decreases the energy needed for yielding,
thus leading to an earlier yield point at a diminished stress.
In contrast to that the decalin curves behave almost
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Fig. 10 Stress-strain curves for 07 T T T
HEPP, first (solid lines) and
second (dotted lines) cycle,
strained in decalin 60 [~ .
]
- ]
o
=
b -
A
Fig. 11 The deformation work 50 ] . —
per volume versus A, 1.cycle 4
deduced from area ABCA of g T rﬁ
Fig. 2: first cycle 25F Lt 4 +
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[*]
H A
S
5 al 1
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L A
(%) 4
’ |
+ in air
O in methanol {
4 in decalin
i
1.75

identical to the curves in air up to the yield point. The yield
tension is nearly the same as in air. This is surprising, since
the possibility of compensating the surface energy is even
better than that of methanol (cf. Table 3). We relate this to
the significantly larger molecular structure of the decalin
in its all chair conformation {mean diameter about four
times- as large as of methanol [46] ). Thus decalin is not
able to penetrate into HEPP before the material under-
goes the yield process. The first created holes are too small.

After yielding the curves in decalin decrease more sharply
and much more than the methanol curves. The final value
of the stress in the range of A= 1.1 up to A~ 1.3 is thus
nearly the same in both liquids. This is now in accordance
to the values of Table 3 where both liquids reduce the
surface tension almost totally. When unioading the sam-
ples the stored work is relieved to some extent. Once more
decalin shows a peculiar result. The elastic recovery
(Fig. 15) as well as the restored work (Fig. 13) is much
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Fig. 12 The deformation work 25 T T ——— o " -
per volume versus A, I 2.cycle ]
deduced from area 4ABCA of SET ]
Fig. 2: second cycle 25¢ *
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Fig. 13 The restored work per 10— T ——— — -
volume versus A_, , produced 1.cycle
during unloading, deduced ' ™ T
from area DBCD of Fig. 2: first
cycle
+
o
€
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2 u]
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[=} -
E
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g
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A
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A in decalin
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lower than for methanol and air. Tt seems as if the large  The coil-strand-transition regime

decalin molecule is not able to leave the material in the

time available. It is trapped in the collapsing voids whereas  The stress-strain-curves of methanol and decalin show
methanol is able to use the smaller holes to get out of the that after the drop of the stress at the yield point the stress
material. This can also be seen in the second cycle of the remains quite constant up to A=1.3 — 1.4. This regime
deformation curves Fig. 10.” should be the regime of fibril growth as shown in the x-ray

! Thus the refractive force, deduced from the free energy through differentiation, remains constant during the coil-strand formation.
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Fig. 14 The energy due to the 20 ' ' T
formation of internal surfaces r
versus A, deduced through 2f ‘ ' R o
substraction of the curves of sk 3
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scattering. The stress level is controlled by fibril growth
according to the coil-strand-transition model and some
dynamic contributions, i.e., internal friction [25]. Beyond
Az 1.3 — 1.4 additional new processes start as mentioned
above. Thus the range A~ 1.1 up to A1~ 1.4 should be the
range where the coil-strand-transition model should be
applicable. The straight lines in the plots 11,12 and 13
clearly show the proposed linear relationship between
work and elongation. The linear relationship of the work

is in agreement with deformation-calorimetric measure-
ments on hard elastic polypropylene [16].

The linear relationship is valid also for the second cycle
although the stress-strain-curves are not linear in this
regime. The sample remembers the predeformed state and
forms once more a coil and a strand (fibril). The length of
the fibril is so directly related to the achieved length of the
sample in the cyclic experiment and thus the work is linear
to that length. The stress in the second cycle is lower than
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in the first cycle (up to the maximal elongation where the
stresses are equal). This is due to the fact that the amorph-
ous regions are pre-oriented [16]. The entanglement den-
sity is lower, less chain scissions occur and internal friction
is reduced. The yield peak in methanol indicates that
during recovery methanol is leaving the sample, and sub-
sequent stretching results in a new formation of fibrils
and voids.

The compensated surface energy (Fig. 14) shows this
linear relation, too. The energy is the same for both liquids,
in accordance with the data of Table 3.

Surface energy

In the last section we want to check whether the coil-
strand-transition-model is able to predict the amount of
the surface energy in the correct range.

For A =1.3 the deformation work per unit volume
W aet is 14.2 MJ/m? (cf. Fig. 11). The volume of the sample
is Vo =7.25-10"° m>. Thus the deformation work W =
Waer- Vi 106 mJ. With typical values for Dsierit = 4 nm
[247, Asiben = 4 [28], a surface tension of y = 30.2 mJ/m?,
a crystallinity o of about 0.5+0.1, we get for
Esurtace (Eq. (6)) in the coil-strand-transition model for
A =13 a value of (41 + 4) mJ. Thus the ratio between
Esurface and W is (39 + 4) %. If we take the values from
Fig. 14 and Fig. 11 the ratiois (37 + 4) %, which is in good
agreement with the theoretical prediction. The ratio of

about one-third is also in good agreement to measure-
ments on crazes, a closely related topic [27, 32].

Conclusion

In the range of A~ 1.1 up to A~ 1.3 — 1.4 fibril growth is
the dominating deformation mechanism of hard elastic
polypropylene. In this regime the long period increases
with the elongation from 140 to 300 A. The fibril spacing
shows a broad distribution around 170 A. At higher
strains (4 > 1.4) a change in the deformation behavior
takes place and other deformation processes are involved,
too. They are a combination of effects like pulling of fibrils
out of lamellae [12,22], plastic deformation processes
[43], crystallization of fibrils [14, 16], lamellae deforma-
tion [ 14, 20], destruction of small and not perfect lamellae
[19, 42]. We added to these processes a shifting and shear-
ing of whole parts of material against one another which
increase the restorative possibility of the samples.

The coil-strand-transition model is able to describe the
linear relationship between the deformation work as well
as the surface energy and the elongation in the range of
Ax1.l up to Ax1.3 — 1.4. Furthermore, the calculated
ratio between the surface energy and the deformation
work is in good agreement with the measurements.
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