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ABSTRACT: The elastic behavior of a propylene–ethylene
copolymer was investigated. An initial ‘‘conditioning’’ tensile
extension up to 800% strain resulted in an elastomer with low
initial modulus, strong strain hardening, and complete recov-
ery over many cycles. Structural changes that occurred in the
low crystallinity propylene–ethylene copolymer during condi-
tioning, and that subsequently imparted elastomeric proper-
ties to the conditioned material, were investigated. Thermal
analysis, wide and small angle X-ray diffraction, and atomic
force microscopy measurements were performed at various
strains during the conditioning process. Conditioning trans-
formed crystalline lamellae into shish-kebab fibers by melting
and recrystallization. The fibers, accounting for only 5% of the
bulk, were interconnected by a matrix of entangled, amor-

phous chains that constituted the remaining 95%. It was pro-
posed that the shish-kebab fibers acted as a scaffold to anchor
the amorphous rubbery network. Entanglements of the amor-
phous chain segments acted as network junctions and pro-
vided the elastic response. The stress–strain response of mate-
rials conditioned to 400% strain or more was described by the
classical rubber theory with strain hardening. The extracted
value of Mc, the molecular weight between network junctions,
was intermediate between the entanglement molecular
weights of polypropylene and polyethylene. � 2007Wiley Peri-
odicals, Inc. J Appl Polym Sci 104: 489–499, 2007
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INTRODUCTION

Thermoplastic elastomers are a class of materials that
process like thermoplastics but exhibit the physical
properties of vulcanized rubbers. Unlike vulcanized
rubbers, where elasticity is derived from an amor-
phous network interconnected by chemical crosslinks,
thermoplastic elastomers possess physical crosslinks.
Commercially significant thermoplastic elastomers
such as segmented polyurethanes and various sty-
rene-based elastomers possess a blocky chain struc-
ture consisting of higher and lower glass-transition
(Tg) segments. Phase separation of the higher Tg

blocks creates the physical junctions that give these
thermoplastic elastomers their rubbery behavior.1

Several reports describe olefinic copolymers that ex-
hibit characteristics of thermoplastic elastomers. Low
crystallinity, low density (0.86–0.88 g cm�3) random
ethylene–octene copolymers (EO) are elastomeric.2

Unlike blocky thermoplastic elastomers, where phase
separation creates the physical crosslinks, crystalliz-
able ethylene sequences in EO elastomers form fringed

micellar crystals that act as network junctions.3 It is
proposed that crystallizable chain segments at the
edges of fringed micellar crystals undergo reversible
detachment and reattachment upon stretching.4

Accordingly, the stress–strain response of EO elasto-
mers is satisfactorily described by a modification of
the classical rubber theory that considers the fringed
micellar crystals as mobile junctions or ‘‘slip links.’’

Recently, some experimental propylene-based elas-
tomers have been synthesized by The Dow Chemical
Company. These elastomers are low crystallinity pro-
pylene–ethylene (P/E) copolymers with � 10–15 wt %
ethylene that exhibit elastomeric properties with uni-
form deformation and high recovery from large
strains. In contrast to the fringed micellar crystals of
elastomeric EO, elastomeric P/E forms lamellar crys-
tals. It follows that a structural model for deformation
based on fringed micellar crystals is not appropriate
for elastomeric P/E. A proposed model considers
transformation of the lamellar crystals into shish-
kebab fibers.5–7 The small concentration of shish-
kebab fibers acts as a scaffold for an elastomeric
matrix of entangled, amorphous chains. The major
features of the model are supported by recently pub-
lished observations on a similar P/E copolymer.8 The
goal of the present work is to further examine the pro-
cess whereby stretching transforms lamellar crystals
into shish-kebab fibers and to probe the origin of the
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elastomeric behavior. Comparisons are made with
elastomeric EO.

EXPERIMENTAL

The P/E copolymer elastomer used in this study was
supplied by The Dow Chemical Company. The copol-
ymer (P/E) contained 19.4 mol % ethylene and had a
weight average molecular weight of 2.6 � 105 g mol�1.
The density was 0.8618 g cm�3 and crystallinity was 5
wt % from the DSC heat of melting using a heat of
fusion of 165 J g�1 for the polypropylene crystal.9

Films 0.5 mm thick were compression molded from
the pellets. The pellets were sandwiched between
Mylar1 sheets and heated at 1908C for 10 min under
minimal pressure, for 10 min at 10 MPa, and cooled to
ambient temperature at � 158C min�1 in the press.
Because aging associated with slow crystallization
was especially noticeable in copolymers with higher
ethylene content, experiments were performed on
compression molded film after it was aged 7–12 days
at ambient temperature.

Microtensile specimens were cut from the plaques
according to ASTM D-1708. The specimens were cycli-
cally loaded and unloaded in uniaxial tension at ambi-
ent temperature in an Instron 1123 at a crosshead
speed of 22.3 mmmin�1 (100% min�1 based on the ini-
tial microtensile geometry). The initial cycle is labeled
the ‘‘conditioning cycle.’’ The specimen was subse-
quently unloaded and reloaded to the same crosshead
displacement with the same crosshead speed. This is
referred to as the ‘‘first cycle.’’ Unless indicated other-
wise, 24 h elapsed between the conditioning cycle and
the first cycle.

After conditioning to different strains, specimens
weighing 5–10 mg were cut for thermal analysis. Ther-
mograms were obtained from �50 to 1908C with a
heating rate of 108C min�1. Thermal analysis was per-
formed on a PerkinElmer Model 7 DSC.

Wide angle X-ray scattering (WAXS) patterns of
specimens held at various conditioning strains were
obtained using a Statton camera. The WAXS patterns
were recorded on an image plate with an exposure
time of 4 h and read with a Fujifilm FDL5000 image
plate reader.

Small-angle X-ray scattering (SAXS) experiments
were performed on stretched specimens at DND-CAT,
Advanced Photon Source (APS), Argonne National
Laboratory. The wavelength used was 0.82,656 Å. A
MAR-CCD (MARUSA) two-dimensional detector was
used for data collection with a sample-to-detector dis-
tance of 4144 mm and an exposure time of 200 s. The
collected SAXS images were calibrated with the scatter-
ing pattern of silver behenate standard.

Atomic force microscopy (AFM) was performed on
specimens held in the stretched state at various condi-
tioning strains. Specimens for AFM were stretched at

308C to conform to the slightly elevated temperature
in the AFM. Specimens were imaged in a Digital
Instruments Nanoscope IIIa using a special specimen
holder to maintain the stretched state. Before imaging,
the specimens were acid etched for 3 min using a 2 : 1
(vol:vol) solution of sulfuric acid:orthophosphoric
acid with 0.7 wt % potassium permanganate.10

RESULTS ANDDISCUSSION

Conditioning process

The effect of repeated cyclic loading on the elasto-
meric behavior of P/E is shown in Figure 1. In this
example, the specimen was cycled 10 times to 800%
strain based on the initial gauge length with no time
lapse between cycles. The initial loading and unload-
ing cycle is designated as the ‘‘conditioning cycle,’’
and the subsequent cycle is the ‘‘first cycle.’’ There
was considerable change in the stress response
between the conditioning cycle and the first cycle.
However, there was virtually no change among all
subsequent cycles. The specimen exhibited some
amount of permanent set after the conditioning cycle;
however, it recovered completely on the first cycle
and all subsequent cycles. Apparently, a permanent
structural change occurred during the conditioning
cycle that created a material with better elastomeric
properties. Moreover, only one cycle was required to
bring about the structural change. The conditioning
process was standardized to a single loading and

Figure 1 The conditioning loading and unloading cycle of
P/E and the nine subsequent cycles for a conditioning strain
of 800%.
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unloading cycle at a rate of 100% min�1 at 218C. The
conditioned specimen was allowed to relax at ambient
conditions for 24 h before further testing.

Conditioning curves for various strains are shown
Figure 2(a). The conditioning stress–strain curve
exhibited a distinct knee at low strain, followed by a
plateau of gradually increasing stress that extended to
about 400% strain, which marked the beginning of a
strain-hardening region at higher strain. The perma-
nent set, defined as [(‘ – ‘0)/‘0] � 100, where ‘0 is the
initial gauge length and ‘ is the gauge length after the
conditioning cycle, increased from 2 and 10% for con-
ditioning strains of 100 and 200%, to 35, 80, and 115%
for conditioning strains of 400, 600, and 800%, respec-
tively. The conditioned specimens were subsequently
loaded to the same crosshead displacement to obtain
the first cycle. The first cycle stress–strain curves are
plotted in Figure 2(b,c) to reflect the new gauge length
and cross-sectional area after the conditioning cycle.
The first cycle of specimens conditioned to 100 and
200% strain closely resembled the conditioning cycle,
in particular a relatively sharp knee at low strain was
followed by a plateau of gradually increasing stress
[Fig. 2(b)]. Apparently, the conditioning strain was too
low to impart much permanent structural change.
Conditioning to 400% strain, close to the end of the
plateau region, resulted in a less pronounced knee on
the first cycle. Conditioning to 600 and 800% strain
took the specimens into the strain-hardening region.
Conditioning above 400% produced an increasingly
large stress response on the first cycle [Fig. 2(c)]. The
stress response of the specimen conditioned to 800%
strain was five times higher than that of the specimen
conditioned to 400%. The conditioned specimens
showed essentially complete recovery. The cyclic
loading behavior of specimens conditioned to higher
strains resembled the behavior of a chemically cross-
linked rubber with low initial modulus, uniform de-
formation to high strains, and complete recovery.

Formation of elastic structure during conditioning

The structural origin of the enhanced elasticity of con-
ditioned P/E was probed. The effect of conditioning
strain on melting behavior is shown in Figure 3. The
unconditioned polymer exhibited a small amount of
crystallinity with a melting peak at 428C. Because P/E
crystallized very slowly, the melting endotherm was
the result of aging at ambient temperature. Condition-
ing to 50% strain did not affect the melting behavior.
After conditioning to 100% strain, a small melting
endotherm appeared at 338C. The lower melting endo-
therm gradually increased as the material was condi-
tioned at progressively higher strains until it became
the larger melting peak at 400% conditioning strain;
and was the only melting endotherm in thermograms
of materials conditioned to 600 and 800% strain. The

Figure 2 Effect of conditioning strain for P/E: (a) Condi-
tioning cycles for different strains; (b) first cycle for con-
ditioning strains of 100, 200, and 400%; and (c) first cycle for
conditioning strains of 400, 600, and 800%.
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thermograms suggested that the copolymer under-
went gradual melting and recrystallization during
conditioning. However, as indicated by the total melt-
ing enthalpy of 8–9 J g�1, the amount of crystallinity
remained essentially constant at about 5%.

Because of the low crystallinity of P/E, only two rings
appeared in the WAXS pattern of the unconditioned
material [Fig. 4(a)]. The inner ring corresponded to the
110 reflection of the polypropylene a-phase crystal. The
more intense outer ring included the overlapping 040
reflection of the a-phase and the 008 reflection of the g-
phase.11 The WAXS patterns of specimens held at vari-
ous conditioning strains are also shown in Figure 4.
Upon conditioning to 100% strain, the WAXS pattern
remained essentially unchanged, although broad me-
ridional concentration of the 110 intensity suggested
some orientation of the lamellar axis into the stretch
direction [Fig. 4(b)]. At 200% strain, the 110 and 040
rings transformed into equatorial spots, which sug-
gested orientation of the chains into the stretch direction
(c-axis orientation) [Fig. 4(c)]. Additional broad, weak
110 meridional arcs indicated some a0-axis orientation.
The a0-axis orientation probably arose from epitaxial
crystallization.12,13

The dual crystal orientation has been observed in
polypropylene oriented near the melting point and in
melt spun polypropylene fibers.12,14,15 A faint ring over-
laying the 040 spots indicated some amount of remain-
ing g-phase. Additional reflections of the polypropylene
a-phase that were not strong enough to detect in the
unstrained material appeared at 200% strain. They were
the 130 equatorial spots and the 111,131 diagonal spots
from crystals with c-axis orientation.

Increasing the conditioning strain from 200 to 400%
resulted in sharpening of the a-phase reflections and
disappearance of the g-phase ring [Fig. 4(d)]. At 800%
strain, the a-phase spots became sharper [Fig. 4(d)]. The
110 meridonial arcs resolved into spots with intensity
maxima at azimuthal angles of 6208. The WAXS pat-
tern at 800% strain resembled a well-oriented polypro-
pylene fiber pattern with predominantly c-axis orienta-
tion and some a0-axis orientation.16

Corresponding SAXS measurements were made on
the unconditioned material and on specimens condi-
tioned to 200 and 800% strain. Absence of a SAXS ring
from the unconditioned sample indicated that the
lamellae were not well-organized into larger morpho-
logical structures [Fig. 5(a)]. At 200% conditioning
strain, the SAXS pattern showed diffuse meridional
arcs with a spacing of 14 nm [Fig. 5(b)], which trans-
formed into intense lobes at 800% strain [Fig. 5(c)].
The meridional reflections stemmed from stacked
lamellae preferentially oriented perpendicular to the
stretching direction. The stacked lamellae had a long
period of 20 nm. Depending on draw temperature and
draw ratio, reported long spacings for polypropylene
ranged from 13 to 26 nm.17,18 The equatorial streaks
suggested fibers oriented parallel to the stretch direc-
tion.17,19 The structure of conditioned P/E inferred
from WAXS and SAXS consisted of stacked lamellae
arranged in fibers that were oriented parallel to the
stretch direction. The stacked lamellae had predomi-
nantly c-axis orientation with some a0-axis orientation
due to epitaxial crystallization.

Atomic force microscopy was used to directly image
the structures inferred from WAXS and SAXS (Fig. 6).

Figure 3 Effect of conditioning strain on the melting behavior of P/E.

492 POON ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



The images were captured in the stretched state after
acid etching removed the amorphous material. In the
unconditioned specimen, the crystalline morphology
consisted mostly of individual randomly dispersed
lamellae 12–15 nm thick [Fig. 6(a)]. Occasionally, a few

lamellae were organized into embryonic axialites. Upon
conditioning to 100% strain, the lamellae aligned some-
what into the stretching direction and started to break up
into short lamellar segments [Fig. 6(b)]. At 200% condi-
tioning strain, some of the broken lamellae appeared to

Figure 4 Effect of conditioning strain on the WAXD pattern of P/E: (a) Unstrained; (b) at 100% conditioning strain; (c) at
200% conditioning strain; (d) at 400% conditioning strain; (e) at 800% conditioning strain; and (f) schematic of the WAXD pat-
tern at 800% strain. The stretching direction is vertical.
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reorganize into stacks (arrow) with the lamellar axis per-
pendicular to the direction of strain [Fig. 6(c)]. At 400%
strain, numerous stacks of very short lamellae imparted
an overall fibrous texture that resembled shish-kebabs
fibers [Fig. 6(d)]. At 800% conditioning strain, the crystal-
line morphology was predominantly composed of long
shish-kebab fibers [Fig. 6(e)]. In AFM images, the short
lamellae were about 20 nm thick with a spacing of 20–30
nm between lamellae.

The WAXS pattern of P/E that was conditioned to
800% strain and unloaded retained the fiber pattern;
however, broadening of the spots into arcs indicated

some loss of fiber orientation [Fig. 7(a,b)]. Broaden-
ing of the lobes in the SAXS pattern also indicated
loss in orientation of the stacked lamellae [Fig.
7(c,d)]. The long spacing decreased from 20 to 15 nm.
The corresponding AFM image showed that the
shish-kebab fibers remained after the load was
removed; however, they underwent some loss of ori-
entation [Fig. 8(a,b)].

A description of the structural changes that occur
during conditioning of P/E is based on the combined
results of AFM, WAXS, SAXS, and DSC. At lower con-
ditioning strains (0–200% strain), randomly arranged
lamellae orient to some extent into the stretching
direction and breakup into small lamellar segments.
The first indication of organized lamellar stacks in
AFM images occurs at 200% strain. A corresponding
level of orientation is seen in WAXS and SAXS pat-
terns. The stacks become more numerous as the strain
increases to 400%. The appearance of a second melting
endotherm in DSC thermograms indicates that the
transformation from dispersed lamellar to lamellar
stacks is accompanied by melting and recrystalliza-
tion. As the conditioning strain increases above 400%,
the material experiences higher stresses as it is taken
into the strain hardening region of the stress–strain
curve. The stacks of short lamellae are transformed
into shish-kebab fibers that give a highly oriented fiber
pattern in the WAXS. Highly oriented, extended
chains constitute the shish, short lamellar overgrowths
form the kebabs.20 The processes by which condition-
ing transforms randomly dispersed lamellar crystals
of P/E into shish-kebab fibers are in accordance with
the structural changes generally associated with yield-
ing and drawing of lamellar crystals. However,
because P/E has only 5% crystallinity, the shish-kebab
fibers make up only a small fraction of the total struc-
ture. The fibers are embedded in a matrix of entangled
amorphous chains that interconnect to the kebabs.

The proposed structural model for elastomeric be-
havior of conditioned P/E is shown schematically in
Figure 9. The fibers, accounting for only 5% of the bulk,
are interconnected by a matrix of entangled, amorphous
chains that constitute the remaining 95%. The shish-
kebab fibers act as a permanent scaffold that anchors
the amorphous rubbery network. Entanglements of the
amorphous chains act as network junctions and provide
the elastic response. Constraints imposed by the shish-
kebab fibers impart a strong stress response at higher
strains. During recovery, retraction of the rubbery net-
work causes the fibers to randomize to some extent.
During reversible restretching, extension of the amor-
phous chains realigns the fibers in the stretch direction.
Chain disentanglement during stretching is inhibited
by anchoring of the amorphous chains in the lamellae
of the shish-kebab fibers. As a consequence, the elastic
behavior of conditioned P/E is retained over many
stretching cycles.

Figure 5 Effect of conditioning strain on the SAXD pattern
of P/E: (a) Unstrained; (b) at 200% conditioning strain; and
(c) at 800% conditioning strain.

494 POON ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Elastomeric behavior of conditioned structure

The loading stress–strain behavior was tested against
the classical rubber theory modified for chain inexten-
sibility. The expression for the equilibrium tensile
response is21,22

s ¼ NckT l� 1

l2

� �
1� a2

ð1� a2jÞ2 �
a2

1� a2j

 !
(1)

where s is the stress, l is the draw ratio, k is the Boltz-
mann constant, T is the temperature, Nc is density of

Figure 6 AFM phase images of P/E at various conditioning strains: (a) Unstrained; (b) at 100% conditioning strain; (c) at
200% conditioning strain; (d) at 400% conditioning strain; and (e) at 800% conditioning strain. The stretching direction is verti-
cal. The wavy, horizontal features are an artifact.
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crosslinked chains assuming a functionality of four, a
is the chain inextensibility, and f is defined as

j ¼ l2 þ 2

l
(2)

Equation (1) did not describe the conditioning curve
very well or the first cycle curve if the conditioning
strain was less than 400%. However, if the condition-
ing strain was 400% or more, the fit was very good
(Fig. 10). The values of Nc and a that gave the best fit

Figure 8 AFM phase images of P/E: (a) at the conditioning strain of 800%; and (b) after unloading.

Figure 7 Effect of unloading on the WAXD and SAXD patterns of P/E: (a) WAXD at the conditioning strain of 800%; (b)
WAXD after unloading; (c) SAXD at the conditioning strain of 800%; and (d) SAXD after unloading.
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are given in Table I. Between 400 and 800% condition-
ing strain, Nc increased only slightly, which reflected
relatively small differences in the initial part of the
stress–strain curve. However, doubling of a between

400 and 800% conditioning strain reflected the very
large increase in strain hardening.

The molecular weight of the chain segment between
crosslinksMc was obtained from Nc according to

Mc ¼ rNA

Nc
(3)

where r is the density and NA is Avogadro’s number.
The extracted Mc values in Table I were almost inde-
pendent of the conditioning strain; moreover, the
magnitude of Mc was intermediate between the entan-
glement molecular weights of 5000 g mol�1 for poly-
propylene and 1000 g mol�1 for polyethylene.23 This
supported the proposed structural model in which
entanglements of the amorphous chains acted as net-
work junctions and provided the elastic response. The
shish-kebab fibers were seen as constraining extension
of the amorphous chains, and thereby providing the
strong strain hardening behavior of conditioned P/E.

Creation of a low crystallinity, elastomeric material
by conditioning may not be unique to P/E copolymers.
To test the generality of the phenomenon, an EO copoly-
mer with approximately the same low level of crystal-

Figure 9 The proposed structural model for elastomeric behavior of conditioned P/E.

Figure 10 Fit of eq. (1) with the first cycle loading curve of
P/E for various conditioning strains.
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linity as P/E was conditioned in the same way. In con-
trast to the lamellar crystals that persist in P/E copoly-
mers even at low levels of crystallinity, EO copoly-
mers of low crystallinity possess fringed micellar crys-
tals.2

The initial conditioning cycles of P/E and EO to
800% strain are compared in Figure 11(a). Both had
approximately the same initial modulus because of

similar crystallinities. However, at higher strains, P/E
exhibited much stronger strain-hardening. Multiple
conditioning cycles were required before EO exhibited
constant loading and unloading cycles, and complete
recovery. After conditioning, EO showed a much
weaker stress response than P/E [Fig. 11(b)].

The lower stress response of conditioned EO may
result from the granular, fringed micellar crystal struc-

TABLE I
Crosslink Model Parameters

Conditioning
strain (%) a

NckT
(MPa) Nc (10

�25 m�3)
Mc

(g mol�1)

400 0.085 1.38 34 1,500
600 0.154 1.70 42 1,200
800 0.172 1.89 47 1,100

Figure 11 Comparison of P/E and EO: (a) Conditioning
cycle to 800% strain; and (b) first cycle.

Figure 12 AFM phase images of EO: (a) unstrained; and
(b) at 800% strain. The stretching direction is vertical. The
wavy, horizontal features are an artifact.
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ture that imparts elastomeric behavior to EO [Fig. 12(a)].
Because octene comonomer is excluded from the poly-
ethylene crystal, methylene sequences that are not long
enough to chain fold crystallize as fringed micellar crys-
tals. Under stress, micellar crystals are imagined to
‘‘melt’’ and ‘‘recrystallize’’ by detachment and reattach-
ment of crystallizable chain segments,4 processes
whereby the fringed micellar crystal structure is pre-
served. Even when stretched to 800% strain, EO retains
the granular morphology of fringed micellar crystals
[Fig. 12(b)]. It is significant that the WAXD pattern of
stretched EO shows no evidence of a crystalline fiber pat-
tern. Rather, the diffuse halo that is characteristic of the
small micellar crystals persists in conditioned EO.

CONCLUSIONS

This work extended the possibilities for polyolefin-based
thermoplastic elastomers, previously demonstrated with
EO copolymers, to P/E copolymers. An initial ‘‘condi-
tioning’’ extension to 800% strain resulted in a P/E elas-
tomer with low initial modulus, strong strain hardening
at high strain, and complete recovery over many cycles.
Characterization of the structural changes at various
strains during the conditioning process revealed the
transformation of crystalline lamellae into shish-kebab
fibers by melting and recrystallization.

The shish-kebab fibers, accounting for only 5% of the
bulk, were interconnected by a matrix of entangled,
amorphous chains that constituted the remaining 95%. It
was proposed that the fibers acted as a scaffold to anchor
the amorphous rubbery network. Entanglements of the
amorphous chain segments functioned as network junc-
tions and provided the elastic response. The stress–strain
response of materials conditioned to 400% strain or more
was described by the classical rubber theory with strain
hardening. The extracted value of Mc, the molecular
weight between network junctions, was intermediate
between the entanglement molecular weights of polypro-
pylene and polyethylene in accordance with the struc-
tural model of deformation. The strong stress response at
high strains, as reflected in the inextensibility parameter
a, was attributed to constraints imposed by shish-kebab
fibers on the amorphous network.

The shish-kebab morphology was not obtained in a
similarly conditioned EO elastomer. This was attrib-
uted to differences in crystalline morphology. In con-
trast to lamellar crystals that persisted in low crystal-
linity P/E, EO with low crystallinity possessed
fringed micellar crystals. Apparently, fringed micellar
crystals functioned as mobile network junctions that

accommodated high strains by detachment and reat-
tachment of crystallizable chain segments. The fringed
micellar crystals of EO did not transform into shish-
kebab fibers. As a consequence, the elastomeric EO
did not exhibit the strong stress response at high
strains that was characteristic of elastomeric P/E.
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