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Abstract
Low-modulus polypropylene (LMPP) with controlled stereoregularity was prepared based on the original catalyst
technology [Minami et al. (Polym J 47:227–34, 2015)]. The LMPP showed elastic recovery, while plastic deformation
was dominant in isotactic polypropylene. To understand the underlying mechanism, changes in the morphology of LMPP
under cyclic uniaxial elongation were investigated using in situ small-angle X-ray scattering (SAXS) and wide-angle X-
ray diffraction (WAXD). During the first cycle, yielding appeared in the stress–strain (S–S) curve, and the residual strain
was large. The SAXS pattern is a ring pattern at strain zero and then changes to a four-point pattern and a two-point
pattern with increasing strain. This four-point pattern is derived from the undulating structure of the crystal lamellae.
During the stretching process, this undulation is large, and fragmentation of the lamellae occurs. Therefore, the residual
strain increases. During the second cycle, no yield appeared in the S–S curve, and the residual strain was small. The SAXS
pattern changed quickly from a four-point pattern to a two-point pattern. This result suggests that little fragmentation of
the lamellae occurs and that only the lamellae were rotating under elongation. Thus, plastic deformation hardly occurs,
and the residual strain decreases. Based on these results, lamella fragmentation has a significant effect on the elastic-
recovery rate.

Introduction

Polypropylene (PP) is an excellent crystalline polymer with
high ductility, good processability, and so on. It has already
become an indispensable material in everyday life. Isotactic
PP (iPP), which is presently in common use, is highly rigid
due to its high degree of crystallinity. To further expand the
use of iPP (for example, in nonwoven fabrics), it is
necessary to have flexibility while maintaining a high

ductility. The addition of a rubber component [1–5],
copolymerization [6, 7], and so on represent suitable
methods for giving iPP flexibility. However, since these
methods are costly—due to the rubber and the molding
process—it is desirable that iPP as a single component is
flexible.

Controlling the stereoregularity of iPP is a convenient
way to give the polymer more flexibility as a single
component. Atactic PP (aPP), in which the directions of
the methyl groups are completely disjointed, is an
amorphous polymer, and its shape cannot be maintained
at room temperature. Therefore, if it is possible to make
an iPP material with a stereoregularity that is lower than
that of regular iPP but higher than that of aPP, a new type
of PP can be obtained that exhibits a lower melting point
and crystallinity than that of regular iPP while main-
taining its shape at room temperature and becoming
softer. However, conventional catalysts cannot control
the stereoregularity except for low molecular weight
polymers [8].

De Rosa, Auriemma et al. synthesized new, low-
stereoregularity iPP (LSiPP) materials using metallocene
catalysts and investigated their tensile properties and
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morphology by wide-angle X-ray diffraction (WAXD)
[9–12]. The authors succeeded in controlling the stereo-
regularity. Furthermore, in the stress–strain (S–S) curve,
when the stereoregularity was lowered, yielding dis-
appeared, similar to that with rubber. In other words, by
controlling the stereoregularity, it was possible to obtain
tensile properties between those of plastic and rubber.
From the WAXD results, the authors found that the degree
of crystallinity decreased with decreasing stereoregularity.
In addition, they investigated the changes in the mor-
phology of LSiPP by in situ small-angle X-ray scattering
(SAXS) and WAXD [13, 14]. From the analysis of the
WAXD patterns, they found that the LSiPP material has a
disordered γ-form crystalline structure, which changes
into an oriented mesomorphic form when stretched at
room temperature and adopts an α-form crystalline
structure when stretched at 60 °C. Analysis of the SAXS
results showed that the LSiPP material exhibits a rod-like
fibrillary morphology, including aggregates of meso-
morphic crystals, when stretched at room temperature. On
the other hand, at 60 °C, the morphology of LSiPP
depends on the stereoregularity. If the stereoregularity is
high, the LSiPP material consists of a fibrillary network,
whereas if the stereoregularity is low, it is composed of
rod-like fibrillary entities.

Recently, Idemitsu Kosan succeeded in developing a
new low-modulus PP (LMPP) material with controlled
stereoregularity based on the original catalyst technology
[15]. The residual strain of LMPP is smaller than that of
conventional PP when uniaxial elongation is repeatedly
applied. This property demonstrates the elastic-recovery
behavior of this material. While the mechanism behind this
feature is still unclear, its elucidation is essential to further
improve the performance of LMPP.

The purpose of this study is to clarify the mechanism of
the elastic-recovery behavior of LMPP. To achieve this
goal, the relationship between the morphology and the
mechanical properties of LMPP is investigated because the
morphology of crystalline polymers affects their mechanical
properties. In particular, to investigate the elastic-recovery
behavior, it is more effective to analyze the morphology
under deformation. Therefore, in situ observations by
SAXS and WAXD were performed under cyclic uniaxial
elongation conditions; the stress was measured at the same
time. To measure SAXS and WAXD under cyclic uniaxial
elongation, a powerful X-ray source from a large synchro-
tron radiation facility is required. In recent years, changes in
the morphology of iPP under elongation [16] and the
morphology of iPP thin film on a substrate [17] have been
actively studied. In this study, SAXS and WAXD mea-
surements were performed under deformation by using a
large synchrotron radiation facility, and changes in the
morphology were observed.

Experimental procedure

Materials

The LMPP used in this study was provided by Idemitsu
Kosan Co. Ltd (weight-average molecular weight: Mw=
1.3 × 105, Mw/Mn= 2.0). Detailed information about LMPP
can be found in reference [15]. After making a sheet by
pressing the pellets at 230 °C, dumbbell specimens (JIS-
K7113-2 1/2 size) were punched out.

DSC measurements

DSC was carried out under nitrogen flow at a heating and
cooling rate of 10 K/min using Perkin-Elmer DSC-7. A tiny
sample (~10 mg) for DSC was taken from the core part of a
dumbbell specimen.

In situ SAXS/WAXD measurements

Simultaneous in situ SAXS/WAXD and stress measure-
ments were performed while applying cyclic uniaxial
elongation. The in situ SAXS and WAXD study was carried
out at BL40B2 in SPring-8, Japan. The X-ray energy was
12.4 keV. For the SAXS experiments, the sample-to-
detector distance was 1.25 m, and the scattering vector q
range was 0.09–2 nm−1, where q is the magnitude of the
scattering vector defined by q ¼ 4π

λ sin θ, with λ and 2θ
being the wavelength of the incident beam and the scat-
tering angle in the medium, respectively. For the WAXD
experiments, the sample-to-detector distance was 88.9 mm,
and the q range was 5.5–22 nm−1. All the scattering patterns
were corrected for the sample transmittance and the scat-
tering from the empty cell used in the experiments.

To impose cyclic uniaxial elongation, a hydraulic
deformation tester was used. The details of the sample-
deformation device are given elsewhere [18]. The strain rate
was 1.0/min, and the maximum strain was 1.0. The time
interval was 5.0 s, and the exposure time was 4.0 s, indi-
cating that the data were obtained every 0.083 of strain. The
detecting plane was set to the Oxz plane, where the Ox axis
was the elongation direction and the Oz axis was the
direction perpendicular to the elongation. The X-ray was
introduced along the perpendicular direction Oy to the
Oxz plane.

Results and discussion

As shown later in Figs. 4 and 6, the two-dimensional (2D)
SAXS and WAXD patterns of LMPP before deformation
are isotropic. We thus circularly averaged the 2D SAXS and
WAXD patterns to analyze the morphologies quantitatively,
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as shown in Fig. 1. There is a broad peak originating from
the periodicity of lamellae in the SAXS profile. The long
spacing of lamellae dac is estimated to be 9.7 nm from the
peak position. We observed four diffractions (110), (040),
(130), and (111) of the α crystal at 10.0, 11.9, 13.1, and
15.2 nm−1, respectively, and a broad amorphous peak at
12.4 nm−1. The peak separation in the scattering profile
indicates that the degree of crystallinity is 18.8%, as esti-
mated from the area.

Figure 2 shows the DSC curves of LMPP during the
heating process and cooling process. Two peaks appear at
48.1 °C and 75.8 °C during the 1st heating in the DSC
curve. However, 2nd heating shows a peak only at 78 °C.
The peak at 48 °C in the 1st run originates from none-
quilibrium crystals. Thus, the melting point is 75.8 °C. The
degree of crystallinity is 16.1%, as estimated from the peak
area of the DSC curve, and agrees with the WAXD result.

The S–S curve obtained for LMPP during the X-ray
measurements is shown in Fig. 3. During the first cycle, the
maximum stress is reached at 0.20 strain; then, yielding
occurs, and the strain reaches a maximum value while the
stress remains constant. Next, as the strain is reduced, the
stress decreases monotonically, reaching a value of zero at
0.42 strain. This result means that LMPP does not recover
its initial length and that a residual strain remains. During
the second cycle, the stress starts to increase from
0.28 strain because the residual strain of the first cycle
remains. The stress increases monotonically—without
yielding—to the maximum strain. When the strain is
reduced, the stress decreases monotonically and reaches a
value of zero at 0.44 strain. Thus, the behavior of the stress
differs greatly between the first and second cycles. The
behavior after the third period is almost the same as that
observed during the second period. The Young’s modulus
in the 1st cycle is 90.0 MPa, but in the 2nd cycle, it
decreases to 8.17MPa. Moreover, it becomes 8.13MPa in
the 3rd cycle, and there is almost no change from the 2nd

Fig. 1 The circular averaged
scattering intensity is plotted as
a function of q before cyclic
uniaxial elongation: a SAXS
and b WAXD

Fig. 2 DSC curves of LMPP during the heating process and cooling
process

Fig. 3 The stress–strain curve of LMPP during an X-ray measurement
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cycle. Here, the elastic-recovery rate R% is defined by:

R ¼ ð1:0� XÞ � 100; ð1Þ
where X is the strain at which the stress starts to increase in
the second cycle. As mentioned above, X is 0.28 strain.
Therefore, R is estimated to be 72%. To clarify the
mechanism of this elastic-recovery rate, the changes in
morphology between the first and second cycles, where the
stress behavior is largely different, are investigated.

Figure 4 shows the changes in the SAXS patterns of
LMPP under cyclic uniaxial elongation during the first
cycle. The number on the lower right of the figure indicates
the strain. At strain zero, a ring-shaped scattering pattern
appears. This correlation peak reflects dac. During the
elongation process, the ring-shaped scattering pattern
changes into a four-point pattern immediately after applying
the strain. With the application of strain, a four-point pattern
appears clearly, even at the 0.20 strain, which is the yielding
point of the S–S curve. When the stress becomes constant,
that is, when the strain exceeds 0.71, the scattering pattern
changes into a two-point pattern. As the strain is reduced,
the scattering pattern turns into a four-point image again and
then adopts an almost ring-like scattering pattern. The strain
in the ring-like scattering pattern is 0.39, which is the strain
at which the stress is zero.

Figure 5a shows the scattering intensity as a function of
the azimuthal angle φ at the peak position of the SAXS
patterns. As shown in Fig. 4, it is defined that φ is zero at 3
o’clock and increases counterclockwise. The azimuthal
profiles have four peaks immediately after applying the
strain. As the strain increases, there are two peaks. When
the strain is reduced, the azimuthal profiles have four peaks,
and if there is no force, the azimuthal profiles do not show
an azimuth dependency. The azimuthal angle of the peak in
the first quadrant, φpeak, was calculated from the SAXS
patterns and plotted as a function of the elongation, as
shown in Fig. 5b. As the strain increases, φpeak increases
when the scattering pattern is a four-point pattern. When the

strain exceeds 0.71, φpeak reaches a value close to zero,
indicating that two peaks appear in the direction of the
uniaxial elongation. When the strain is reduced, φpeak is
~0.40. This value is much smaller than that measured dur-
ing the elongation process.

When cyclic uniaxial elongation is applied to LMPP, the
SAXS pattern adopts a four-point pattern. It has been
reported that this four-point pattern also appears in the case
of iPP [19–24]. According to the literature, this type of
pattern derives from chevron structures. A compressive
force applied in the direction perpendicular to the uniaxial
elongation direction is responsible for this effect. This
compressive force causes undulating structures in the
crystal lamellae, and therefore, four-point patterns appear
in the SAXS experiments. This undulating structure is
called a chevron structure. In the case of LMPP, the
undulating structures appeared immediately after applying
the strain. As the strain increased, φpeak increased as well,
as shown in Fig. 5b, which indicates that undulation
became stronger upon applying a compressive force. When
the strain was increased further, fragmentation of the
lamellae occurred at a certain strain, and the lamellae were
drastically oriented in the direction of the uniaxial elon-
gation. Therefore, the SAXS patterns changed into two-
point patterns. As the strain was reduced, the scattering
pattern changed again into a four-point pattern. However,
φpeak was small compared with the value determined during
the elongation process, as mentioned above. Fragmentation
of the lamellae occurred once during the elongation pro-
cess, so it is thought that the lamellae do not experience
much force and are only rotating. When the strain is
~0.42—a value at which the stress becomes zero—the
SAXS patterns are almost isotropic. However, since
lamella fragmentation has already occurred, the original
lamella structure cannot be restored.

To estimate dac quantitatively, one-dimensional scatter-
ing profiles are calculated in the direction of the peak
obtained with the azimuthal profiles. As shown in Fig. 5c,

Fig. 4 Changes in the SAXS patterns under cyclic uniaxial elongation during the first cycle
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the scattering profiles exhibit a broad peak reflecting dac.
The value is estimated from the peak position of the scat-
tering profiles, and the result is shown in Fig. 5d. The value
of dac increases with increasing strain and decreases when
the strain is reduced, reaching values lower than those
observed before elongation. When the stress is zero (at
~40% strain), dac returns to its original value.

Figure 6 shows the changes observed in the WAXD
patterns under cyclic uniaxial elongation during the first
cycle. At strain zero, an isotropic scattering pattern appears,
and there are four peaks reflecting (110), (040), (130), and
(111). When the strain is increased, the scattering pattern
adopts an isotropic form and does not change much. At
0.71 strain, diffractions corresponding to (110), (040), and

Fig. 5 a The azimuthal profiles at
each strain under cyclic uniaxial
elongation during the first cycle.
The azimuthal angle zero is 3
o’clock from the center, and it
increases counterclockwise. The
strain changes from the bottom.
b φpeak is plotted as a function of
the elongation during the first
cycle. c Scattering profiles in the
direction of the peak obtained
with the azimuthal profiles
during the first cycle. d dac
values, estimated from the peak
positions of the scattering
profiles, plotted as a function of
the strain during the first cycle

Fig. 6 Changes in the WAXD patterns under cyclic uniaxial elongation during the first cycle
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(130) appear on the meridian; these diffractions become
sharp as the strain increases, indicating that the polymer
chains are oriented along the direction of elongation. As the
strain decreases, the anisotropy of the scattering patterns
decreases, resulting in isotropic scattering patterns.

Next, the changes in the morphology during the second
cycle were examined. Figure 7 shows the changes in the
SAXS patterns under cyclic uniaxial elongation during the
second cycle. The SAXS patterns are isotropic until stress is
applied. They change into four-point patterns upon stress at
a strain of 0.32 or more. As the strain increases, the pattern

changes from a four-point to a two-point pattern. It can be
seen that the strain changes to a two-point pattern with a
small strain compared with the first cycle. Since the crystal
lamellae have been fragmented once, they can be easily
rotated. When the strain decreases, the SAXS pattern turns
into a four-point pattern again, and when the stress is zero
(at ~0.40 strain), it becomes isotropic. Similarly, as shown
in Fig. 8a, when the strain increases, the SAXS pattern
changes from a four-point to a two-point pattern, and when
the strain is unloaded, it turns into a four-point pattern,
which is isotropic. In addition, as shown in Fig. 8b, the

Fig. 7 Changes in the SAXS patterns under cyclic uniaxial elongation during the second cycle

Fig. 8 a The azimuthal profiles
at each strain under cyclic
uniaxial elongation during the
second cycle. b φpeak is plotted
as a function of the elongation
during the first cycle.
c Scattering profiles in the
direction of the peak obtained
with the azimuthal profiles
during the second cycle. d dac
values, estimated from the peak
positions of the scattering
profiles, plotted as a function of
the strain during the
second cycle
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value of φpeak during the second cycle is smaller than that
measured during the first cycle. This result occurs because
lamella fragmentation occurs during the first cycle, so it is
thought that the lamellae only rotate during the second
cycle. Therefore, the four-point pattern immediately
becomes a two-point pattern, and the lamellae are oriented
with a small strain.

As shown in Fig. 8c, the scattering profile exhibits a
broad peak—both in the first and second cycles—which
corresponds to dac. dac increases with the strain and
decreases when the strain is reduced, reaching a value
smaller than that observed before elongation (similar to
what happens during the first cycle). When the stress
becomes zero (at ~0.40 strain), dac returns to its
original value.

Figure 9 shows the changes observed in the WAXD
patterns under cyclic uniaxial elongation during the second
cycle. When the strain is increased, the scattering pattern
adopts an isotropic form and does not change much. At
0.71 strain, diffractions corresponding to (110), (040), and
(130) appear on the meridian; these diffractions become
sharp as the strain increases, indicating that the polymer
chains are oriented along the direction of elongation. As the
strain decreases, the anisotropy of the scattering patterns
decreases, resulting in isotropic scattering patterns.

The main difference between the first and second cycles
is the fragmentation of the lamellae. Lamella fragmentation
occurs during the first cycle, so the yield appears on the S–S
curve. Since lamella fragmentation is a plastic deformation,
the original structure cannot be restored. Fragmentation is
directly related to the magnitude of the residual strain,
which is especially large during the first cycle. On the other
hand, during the second cycle, the lamellae only rotate, so
no yield appears in the S–S curve and almost no plastic
deformation, such as lamella fragmentation, occurs.
Therefore, the residual strain during the second cycle is
reduced. In addition, fragmented lamellae behave like
physical cross-linking points and are considered to exhibit a
rubber-like S–S curve during the second cycle.

In the case of general iPP, significant lamella fragmen-
tation occurs, and voids are formed under elongation. As

described above, lamella fragmentation is a plastic defor-
mation that increases the residual strain. Furthermore, when
a void is formed, the material will not readopt its original
structure, which drastically increases the residual strain.
Compared with that of general iPP, the degree of crystal-
linity of LMPP is small. Therefore, in both cases, frag-
mentation of the lamellae occurs, but the number of
lamellae is greatly different, so that the residual strain is
greatly affected. In the case of LMPP, since the number of
crystal lamellae is small, the degree of lamella fragmenta-
tion, and therefore the amount of plastic deformation,
should be small. In addition, in the case of LMPP,
whitening does not occur at 1.00 strain, as shown in Fig. 10.
This means that no voids are formed in LMPP. In other
words, in the case of LMPP, only fragmentation of the
lamellae affects the residual strain. This is the reason why
the residual strain of LMPP is reduced in comparison with
that of iPP.

Fig. 9 Changes in the WAXD patterns under cyclic uniaxial elongation during the second cycle

Fig. 10 Photograph of LMPP under 1.00 strain
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Conclusions

The changes in the morphology of LMPP under cyclic
uniaxial elongation were investigated by in situ SAXS and
WAXD. During the first cycle, yielding appeared in the S–S
curve, and the residual strain was large. Upon elongation,
the SAXS pattern changed from a ring pattern to a four-
point pattern, and upon further elongation, it turned into a
two-point pattern. When the strain decreased, the SAXS
pattern changed into a four-point pattern again, and when
the stress was zero, it adopted a ring pattern. This four-point
pattern was derived from the undulating structure of the
crystal lamellae, and the φpeak value corresponding to the
stretching process was found to be larger than that deter-
mined for the relaxation process. The value of dac increased
with increasing strain and decreased when the strain was
reduced. Furthermore, the WAXD pattern became strongly
oriented in the case of a two-point SAXS pattern. These
results indicate that no voids can be formed upon elongation
but that lamella fragmentation (i.e., plastic deformation)
occurs and the residual strain increases. During the second
cycle, no yield appeared in the S–S curve, and the residual
strain was small. The SAXS pattern quickly changed from a
four-point to a two-point pattern, and the φpeak corre-
sponding to the stretching and relaxation processes had the
same value as that observed during the relaxation process of
the first cycle. Our results indicate that little fragmentation
of the lamellae occurred and that the lamellae were only
rotated upon elongation. This observation means that plastic
deformation hardly occurred, reducing the residual strain.
Figure 11 shows a schematic diagram of the summary of
changes in the morphology of LMPP. Based on these
results, we propose that lamella fragmentation has a sig-
nificant effect on the elastic-recovery rate. Moreover, if the
degree of crystallinity of LMPP can be further reduced by
controlling the stereoregularity, the amount of lamella
fragmentation can be controlled, and the elastic-recovery
rate of LMPP should be controllable.
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