
Role of Amorphous Region on the Deformation Behavior
of Crystalline Polymers

Mari FUKUOKA,1 Tetsuya AYA,2 Hiromu SAITO,1;y Shoji ICHIHARA,1 and Hironari SANO3

1Department of Organic and Polymer Materials Chemistry, Tokyo University of Agriculture and Technology,

Koganei 184-8588, Japan
2Mitsubishi Chemical Group, Science and Technology Research Center, Inc., Yokkaichi 510-8530, Japan
3Mitsubishi Chemical Group, Science and Technology Research Center, Inc., Yokohama 227-0033, Japan

(Received January 13, 2006; Accepted January 25, 2006; Published May 17, 2006)

ABSTRACT: As a means of better understanding the role of amorphous chains on the deformation behavior of

crystalline polymers, we prepared high density polyethylene (HDPE) having various chain densities by extracting

the petroleum resin dissolved in the interlamellar amorphous region of HDPE/petroleum resin blends. The small angle

X-ray scattering intensity increased by increasing the amount of petroleum resin extracted, suggesting that the density

of the amorphous chain in the interlamellar amorphous region decreases with an increase in the extracted petroleum

resin. The yield stress and Young’s modulus decreased while the drawing property was improved by decreasing the

amorphous chain density in the interlamellar amorphous region. TEM observation of the stretched specimen revealed

that the decrease in overall stress is ascribed to the enhancement of the lamellar separation associated with a large void

formation and lamellar deflection due to the low number density of tie chains, which act as transmitters of the external

force in the interlamellar amorphous region. [doi:10.1295/polymj.PJ2005213]
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The tensile properties of crystalline polymers are
elucidated by a lamellar structure of alternating crys-
talline and amorphous regions.1 Crystalline polymers
are considered composite materials consisting of a
crystalline phase with high strength and an amorphous
phase with low strength. It is often reported that the
modulus and yield stress simply increase as the crys-
tallinity increases.2–4 However, the mechanical prop-
erties of crystalline polymers are not simple and can
be different even if the crystallinity is the same.5

The differences in the mechanical properties are as-
cribed to differences in the amorphous structure by
various chain conformations, e.g., an adjacent crystal-
line phase is linked by tie chains that are entangled
with loop chains, cilia chains, or floating chains in
the amorphous phase. By taking into account tie
chains, the Takayanagi model has explained the mod-
ulus of the crystalline polymers and of revised ones in
which the crystalline phase and amorphous phase are
joined in series and/or parallel according to the mor-
phological features of the crystalline polymers.6–9 The
stress-strain relationship of crystalline polymers is
predicted by a primitive molecular theory based on
the change in the conformational free energy of tie
chains, and the calculated results suggest that the
overall stress increases with an increase in the frac-
tion of tie chains.10–13 To date, the role of amorphous
chains on the mechanical properties of crystalline

polymers has not been confirmed experimentally.
In this paper, to better understand the role of amor-

phous chains on the deformation behavior of crystal-
line polymers from an experimental viewpoint, we
prepared high density polyethylene (HDPE) having
various amorphous chain densities by extracting the
petroleum resin, which dissolves in the interlamellar
amorphous region of HDPE/petroleum resin blends.
After the extraction, the mechanical properties of the
blends were investigated by tensile testing. The results
are discussed in terms of the amorphous chain density
estimated by small angle X-ray scattering (SAXS) and
the deformed lamellar structure observed by transmis-
sion electron microscopy (TEM).

EXPERIMENTAL

The HDPE used was a commercial polymer sup-
plied by Japan Polyethylene Corporation (Novatec
HY540, Mn ¼ 2:1� 104, Tm ¼ 135 �C). Hydrogenat-
ed C5 type petroleum resin (petroleum resin) was
supplied by Idemitsu Kosan Co., Ltd. (Aimarb P140,
Mn ¼ 930, Tg ¼ 90 �C).
HDPE and petroleum resin were melt-mixed at

190 �C and a screw rotation speed of 40 rpm by using
a Labo Plastomill twin-screw extruder having a screw
diameter of 20mm (Toyo Seiki Seisaku-sho, Ltd.).
The blend specimen thus prepared was extruded at

yTo whom correspondence should be addressed (E-mail: hsaitou@cc.tuat.ac.jp).

542

Polymer Journal, Vol. 38, No. 6, pp. 542–547 (2006)

http://dx.doi.org/10.1295/polymj.PJ2005213


190 �C by using a single-screw extruder equipped with
a T-die (Osada Co., Ltd.). The extruded specimen was
drawn in the extruded direction into a film specimen
with a thickness of 50 mm by using a take-up unit at
a rate of 9m/min.
In order to extract the petroleum resin from the

blend film, the film specimen was stirred with hexane
at room temperature for 3 d and then was dried under
vacuum (10�4 mmHg) for 1 d at room temperature to
remove residual solvent. The extraction of the petro-
leum resin was confirmed by the weight ratio of the
extracted specimen and that of a non-extracted speci-
men.
The film specimen was placed on a cover glass and

observed under a BX-50 optical microscope (Olympus
Co., Ltd.).
The SAXS measurements were performed by a

NANO-Viewer (Rigaku Co., Ltd.). The radiation of
a Cu anode was reflected from a graphite monochro-
mator to obtain monochromatic CuK� radiation with
wavelength � ¼ 0:154 nm. The scattered intensity was
detected by an R-Axis DS3 imaging plate (Rigaku
Co., Ltd.). Measurement was performed at 20 �C. The
scattering profiles were corrected for background.
In order to measure the stress-strain curve, the film

specimen was cut into a 50-mm long rectangle in the
extruded direction (ED) and a width of 10mm in the
transverse direction. The stress-strain curve of the film
specimen was measured by using a tensile testing
machine (VES05D, Toyoseiki Co., Ltd.) at crosshead
speed of 50mm/min at 20 �C. The stretching direction
was parallel to the ED.
The melting behavior of the specimen was charac-

terized with a Pyris 1 differential scanning calorimeter
(DSC) manufactured by Perkin Elmer. The specimen
was heated in the DSC from 50 to 190 �C at a scan-
ning rate of 10 �C/min under a nitrogen atmosphere
and a DSC thermogram was recorded.
For TEM analysis, ultrathin sections were cut from

the film specimen with a microtome and stained with
ruthenium tetraoxide (RuO4). The morphology was
observed under a TEM (JEM1230, JEOL Co., Ltd.).

RESULTS AND DISCUSSION

When HDPE/petroleum resin blends (non-extract-
ed blends) of low petroleum resin content (concentra-
tion of petroleum resin lower than 30wt%) were
annealed above the melting point of the HDPE, no
structure was seen under an optical microscope. The
result suggests that HDPE and petroleum resin are
miscible at low petroleum resin content. The miscibil-
ity of HDPE and petroleum resin was confirmed by
melting point depression and a change of the spheru-
lite structure with the blend composition, as exhibited

in our previous paper.14 In contrast, a two-phase struc-
ture was observed when the blends of high petroleum
resin content (concentration of petroleum resin higher
than 30wt%) were annealed above the melting point
of the HDPE. Hence, in this paper, the blends demon-
strated were limited in low petroleum resin content
below 30wt% in which HDPE and petroleum resin
are miscible.
Figure 1 shows the TEM micrographs for neat

HDPE and 80/20 HDPE/petroleum resin after extrac-
tion of the petroleum resin (extracted 80/20 blend).
The crystalline lamellae appear as bright stripes be-
cause the staining agent (RuO4) cannot penetrate into
the crystalline regions. In neat HDPE, the crystalline
lamellae are straight and long (Figure 1a). A similar
lamellar structure is seen in the extracted blends
(Figure 1b). The longitudinal direction of the lamellae
is perpendicular to the extruded direction (ED), sug-
gesting that the preferential chain direction is perpen-
dicular to the longitudinal direction of the lamellae
and is parallel to the ED. The significant result here
is that no void was observed in the extracted blends
although the petroleum resin was extracted from the
amorphous region of the blends. This suggests that

(a) neat HDPE

(b) extracted 80/20 HDPE / petroleum resin

200 nm

200 nm
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Figure 1. TEM micrographs of neat HDPE and extracted 80/

20 HDPE/petroleum resin blend.
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the petroleum resin is miscible with HDPE and is dis-
solved in the interlamellar amorphous region. If the
petroleum resin that is dissolved in the interlamellar
amorphous region is extracted, the amorphous chain
structure in the interlamellar amorphous region should
be changed. The existence of the petroleum resin
in the interlamellar amorphous region of the blends
and the change in the amorphous chain structure by
extracting the petroleum resin can be confirmed by
the SAXS results, as explained below.
Figure 2 shows the SAXS profiles of non-extracted

and extracted blends. Here the scattering intensity was
normalized by the thickness of the film specimen. The
peak position shifts only slightly with the blend com-
position, suggesting that the most probable next-
neighbor distance of the lamellae changes only slight-
ly with the blend composition. In contrast, the scatter-
ing intensity changes with the blend composition. The
intensity decreases with an increase in the petroleum
resin in the non-extracted blends (Figure 2a), while
it increases in the extracted blends (Figure 2b).
In order to discuss the scattering intensity, it is con-

venient to employ the integrated scattering intensity,

i.e., the invariant Q defined by15

Q ¼
Z 1

0

IðqÞq2dq ð1Þ

where I is the X-ray scattering intensity at the scatter-
ing vector q, q ¼ ð4�=�Þ sinð�=2Þ, � and � being the
wavelength of the X-ray and the scattering angle,
respectively. Q becomes larger as the scattered inten-
sity I increases. Thus, the results in Figure 2 suggest
that Q decreases with an increase in the petroleum
resin in the non-extracted blends, while it increases
in the extracted blends.
Assuming that the amorphous region outside the la-

mellar stacks does not contribute to Q at a small angle,
Q for an ideal two-phase system is given by16–18

Q ¼ ��cð1� �cÞð�c � �aÞ2 ð2Þ

where � is the volume fraction of lamellar stacks
within the spherulites, �c is the degree of crystallinity
within the lamellar stack, and (�c � �a) is the differ-
ence in the electron density between the crystal and
amorphous regions. The structural parameters for
equation (2) are shown in Table I. The lamellar thick-
ness d and next-neighbor distance of the lamellae L

estimated by TEM observation changed little with
blend composition, so that a ratio of these values �c ¼
d=L changes little with blend composition. The overall
crystallinity �o obtained by DSC also changes little
with blend composition, so that the � obtained by a
ratio of �c and �o (� ¼ �c=�o) changes little with
blend composition. Thus, the decrease of the scatter-
ing intensity and the invariant with an increase in
the petroleum resin in the non-extracted blends shown
in Figure 2a is ascribed to the decrease of (�c � �a) by
an increase in �a due to the existence of the dissolved
petroleum resin in the interlamellar amorphous region.
In contrast, the increase of the scattering intensity
with the petroleum resin in the extracted blends,
shown in Figure 2b, is ascribed to the increase of
(�c � �a) by a decrease in �a with the petroleum resin
due to the decrease of the chain density in the inter-
lamellar amorphous region by extracting the petrole-
um resin. This suggests that the number density of
the molecular chain in the interlamellar amorphous
region decreases by extracting the petroleum resin,
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Figure 2. SAXS profiles of HDPE/petroleum resin blends.

Table I. Structural parameters of HDPE/petroleum

resin blends

100/0 90/10 80/20

Q (arbit.) 5.6 6.0 6.6

�o (%) 64.2 61.6 61.7

�c (%) 57.7 53.8 53.5

� 0.90 0.87 0.87

ð�c � �aÞ2 2.6 2.7 3.0
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as schematically shown in Figure 3. The decrease of
the amorphous chain density is larger with an increase
in the extracted petroleum resin. The decrease of the
amorphous chain density may correspond to the de-
crease of the number density of tie chains and entan-
glements in the interlamellar amorphous region.
Figure 4 shows the stress–strain curves of neat

HDPE and extracted blends. Here, the stretching di-
rection is parallel to the extruded direction (ED) and
is perpendicular to the longitudinal direction of the
lamellae. Initially, the stress rises in a linear manner
with increased strain; then the stress reaches a maxi-
mum at the yield point. After the subsequent fall
and plateau in the stress by strain softening, the stress
again increases by strain hardening up to the breaking
point. The shape of the stress–strain curves of the ex-
tracted blends are similar to that of neat HDPE, but
the overall stress such as yield stress and stress at
break decreases with an increase in the fraction of
the extracted petroleum resin. When the stretching di-
rection is perpendicular to the longitudinal direction
of the lamellae, the neighboring lamellae are separat-
ed in association with the fragmentation of the stacked

lamellae by chain slip in the amorphous region.19 The
lamellar separation causes tie chains to contribute a
positive stress and to resist further lamellar separa-
tion.20 Thus, the decrease of overall stress by extract-
ing the petroleum resin is ascribed to the decrease of
the number density of tie chains in the interlamellar
amorphous region.
The modulus of the film specimen was obtained

by the initial slopes of the stress–strain curves in
Figure 4. The modulus of neat HDPE and the extract-
ed blends are shown in Figure 5 as a function of crys-
tallinity. Here, the crystallinity is overall crystallinity
estimated by DSC. In general, no difference of the
modulus is expected when the crystallinity and the
lamellar shape are the same in the same material.
However, the modulus decreases with an increase in
the fraction of the extracted petroleum resin although
the crystallinity is almost the same. The change of the
modulus is also ascribed to the decrease of the chain
density in the interlamellar amorphous region by the
extraction of the petroleum resin; i.e., the force trans-
mitted in the interlamellar amorphous region decreas-
es due to the decrease of the number density of tie
chains and entanglements.6–9

Figure 6 shows TEM micrographs for neat HDPE
and extracted 80/20 blend stretched at a draw ratio
of � ¼ 2 in which the strain softening proceeds after
yielding and before the start of strain hardening.
Distorted voids having a size of 10–30 nm are seen
as bright ellipsoids in the interlamellar amorphous re-
gion of the neat HDPE (Figure 6a). The lamellae are
tilted and splayed apart in the area around the voids.
When the lamellae are stretched perpendicular to the
longitudinal direction, lamellar separation occurs by
external force. Because of the lamellar separation,
the interlamellar amorphous region is opened and then
the voids are developed. The lamellae are tilted and
splayed apart due to the development of the voids
and the stress concentration by the existence of the

Extraction of
petroleum resin

Figure 3. Schematic illustrations of HDPE/petroleum resin

blends before and after extraction of the petroleum resin.
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voids. The voids in the extracted blends are larger and
heterogeneously distributed compared with those in
the neat HDPE (Figure 6b). The lamellae in the area
around the voids are deflected. Since the void is devel-
oped by the opening and splaying of the interlamellar
amorphous region, the large void in the extracted
blends is induced by the enhancement of the lamellar
separation due to the decrease of the number density
of tie chains and entanglements, which act as trans-
mitters of the external force. The heterogeneously dis-
tributed voids may be ascribed to the heterogeneous
distribution of the chain density in the interlamellar
amorphous region. Owing to the heterogeneous distri-
bution of the chain density and large void formation, a
large stress concentration is induced. Because of the
large stress concentration, the lamellae are deflected.
Thus, the interlamellar amorphous region is opened
and the lamellae are separated during the stretching
in the strain softening process associated with void
formation and lamellar deflection caused by the low
number density of the amorphous chains, as schemati-
cally shown in Figure 7. This may cause the decrease
of the overall stress shown in Figure 4.

CONCLUSION

By extracting the petroleum resin from the miscible
blends of HDPE and petroleum resin, HDPE film hav-
ing a variety of chain densities in the interlamellar
amorphous region was obtained. As the number den-
sity of tie chains and entanglements decreases with
a decrease in the chain density, the overall stress de-
creases. This may be ascribed to the enhancement of
the lamellar separation associated with large void
formation and lamellar deflection caused by the low
number density of tie chains, which act as transmitters
of the external force.
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