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Abstract: Polyethylene of bimodal molecular weight distribution was irradiated with an electron beam. The thermal
and mechanical properties were examined by DSC, small and wide angle X-ray scattering and static tensile test
according to the crystal morphology of the irradiated samples. The crystal morphology change upon irradiation, as
revealed by wide angle X-ray scattering, correlated well with the changes in melting enthalpy, whereas the lamellar
thickness and the amorphous gap thickness remained virtually unchanged at irradiation doses up to 500 kGy.
Crosslinks in the crystal domains became evident at an energy level of 250 kGy, resulting in reduced crystallinity
and crystal size of the (110) and (200) planes. The samiples became stiff and brittle with increased irradiation dose,
which seem to be more relevant to the amount of crosslinks than the crystal morphology changes.
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Introduction

The plastic industry has shown rapid growth in the last

half century and they begome the most extensively utilized

materials in replacement of metals and ceramics. Among

variety of polymeric materials, polyolefins including poly-
ethylene and polypropylene are the most popular commodity
polymers and its application is continuously expanding.
Efforts to improve their properties also have been continu-
ously attempted. In particular, the polyethylene of bimodal
molecular weight distribution (BMWD) is a new material
which shows a superior mechanical and processing property
over the conventional unimodal molecular weight distribu-
tion polyethylene (UMWDPE).

When the BMWDPE undergoes crystallization to form
alternating crystal-amorphous layer structure, it is expected
that the high molecular weight species allow abundant tie
chains between the crystalline lamellar units and thus pro-

vides the stability against the long term fatigue. On the other

hand, the low molecular weight specie mainly forms the
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crystal lamellae, providing the stiffness of the material.!
Such unique property of BMWDPE is very useful to meet
the requirements of plastic pipe.

One other technique improving the polymer mechanical
properties is by introducing the crosslinks in the polymer
sample. Among several methods to induce crosslinks in the
polymers, the high energy electron beam or gamma irradia-
tion is the most popular ones.*'* They require relatively short
time for the reaction to occur and the process is simple com-
pared to the method of chemical treatment.

In this work, the BMWDPE was irradiated with the electron
beam and subsequent changes in microstructures and physical
properties were examined.

Experimental

Materials. The samples used in this study were high den-
sity polyethylene of bimodal molecular weight distribution,
YUZEX™. The polymer was obtained from SK Corpora-
tion. The sheets of 1 mm thickness for the tests were made
by the compression molding of the polymer samples. To
avoid the orientation often induced by the pressure during
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the compression molding, the samples were relaxed at the
molding temperature (190°C) after releasing the molding
pressure.

Electron Beam Irradiation. An electron beam accelerator
(model ELV -4) was used for the 1rr§1dlat10n of our samples.
The maximum irradiation energy was 1 MeV with a stability
of £ 2%. The operating power was 50 kW with a maximum
current of 40 mA. The irradiation doses were selected as
100, 250, 500, and 1,000 kGy. The heat generated during
the irradiation was removed by the aluminum cooling plate.

Characterization. Thermal properties of the samples
were examined by a differential scanning calorimeter (DSC)
(TA 2910) under the nitrogen gas atmosphere. The heating
and cooling was done at 10 °C/min for the samples of 4 £ 1
mg. From the results of DSC, various structural parameters
including the melting temperature (7,,), crystalline tempera-
ture (T7), heat of fusion (4H), and degree of crystallinity
were obtained.

The tensile properties were tested using a tensile tester
(Shimadzu AG-500G) at 3 mm/min and room temperature.
The specimen size was 5% 1x 54 mm based on ASTM
D638.

Both small and wide angle X-ray scattermg were per—
formed for the detailed structural analysis from sevéral
nanometers to tens of nanometer scale. The small angle X-
ray scattering experiment was carried out utilizing the syn-
chrotron radiation at Pohang Accelerator Laboratory."*'®
The wave length of X-ray beam was 1.608 A and beam size
at the sample position was 0.4 X 0.4 mm. Sample-to-detec-
tor distance was 1,100 mm and a 2-dimensional position
sensitive area detector was used for the data collection. For
the wide angle X-ray scattering, a Rigaku powder diffracto-
meter attached to a rotating anode generator (RU 300) oper-
ated at 40 kV and 70 mA was utilized. The wavelength was
1.54 A (Cu Ka) and the data collection was made at 26=
12-27 degrees with a resolution of 0.01 degree.

X-Ray Data Analysis. The X-ray intensities scattered
from the irradiated samples contain structural information
of different length scale, depending the scattering angles
where the data are collected. The analysis of wide angle X-
ray scattered intensities are rather straight forward. It pro-
vides the crystal size estimation or the crystal perfection and
the crystallinity. On the other hand, the analysis of scattered
intensities from the small angles requires mathematical
manipulation to gain some useful structural information.
The raw intensity curve from the semicrystalline polymer
provides the long period which represents the average dis-
tance of the crystal lamellar domains or the amorphous
layer gap between the crystal lamellar stacks. In order to
separate these two individual quantities from the raw SAXS
intensity profiles, a correlation function analysis'™"’ need to
be carried out. In an isotropic case, the correlation function,
y(r), is given as
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Figure 1. A typical small angle X-ray scattered paﬁem of lamel-

lar structure (a) and the correlation function derived from the
scattered intensities (b).

J'I(s) X c0S2 7rsds
y(r)= (1)
j[(s)ds

where s is the scattering angle defined as 2sin& A and r is
the correlation length. Figure 1 depicts an example of corre-
lation function which reveals the lamellar long spacing,
lamellar thickness, and amorphous layer thickness.

Results and Discussion

Thermal Properties. DSC thermograms of irradiated
samples are plotted in Figure 2. Melting point (7,,) and
melting enthalpy (4H) derived from the DSC thermograms
are also plotted in Figure 3. In general, melting enthalpy
(4H) is associated with the amount of crystalline part, while
T,, is with the thickness or the perfection of the crystal
On the other hand, factors affecting the crystal
thickness are the branch content, chemical impurities, and
crystallization temperature. AS shown in the Figure 3, the
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Figure 2. DSC thermograms of electron beam irradiated sam-
ples. The curves are arbitrarily shifted.
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Figure 3. Melting temperature and heat of fusion of irradiated
samples at different irradiation dosage.

melting point shows gradual increase with the irradiation
dose and reaches the highest value at the highest dose of
1,000 kGy. The enthalpy, on the other hand, reaches a maxi-
mum near the 250 kGy and decreases on further increase of
the irradiation dose. The increase of melting point upon irra-
diation can be attributed to either the change of crystal mor-
phology or the crosslinks formed within the chains. The
former can be related with the crystal size, especially the
lamellar thickness and the crystal perfection. The latter, on
the other hand, can be attributed to the reduced entropy gain
in the melting of crosslinked chains in comparison to the
melting of ordinary linear chains. It is also noted that the
increase of melting point seems to be more marked above
the irradiation dose of 250 kGy, where the melting enthalpy
begins to decrease. ‘

As discussed previously, in BMWD polymer the short -

low molecular weight chains are more likely to form single
lamellar units in the crystallization process. On the other
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hand, the high molecular weight chains will have a higher
chance of forming several crystal lamellar units and the gap
filling amorphous layers between them. In this case, the
chains at the amorphous layers are acting as tie chains con-
necting the lamellar units, providing superior mechanical
properties. When the electron beam is irradiated, the chain
scission shall take place first in the low density amorphous
region rather than in the crystalline part. The chain scission
then raises the local chain mobility which allows the recrys-
tallization or increase of the crystal perfection, thus increase
of the melting points.”">' Here, the long chain species are
more likely to be involved in this changing process. The ini-
tial increase of melting enthalpy with the irradiation dose
shown in the Figure 3 confirms the crystallization induced
by the chain scission. As already mentioned, the melting
enthalpy begins to decrease as the irradiation dose reaches
above 250 kGy, indicating the reduction of the crystallinity.
The energy level at this stage is apparently sufficient
enough for the electron beams to penetrate into the crystal
domains and to induce strictural changes within the crystal
domains. The similar results showing that 250 kGy is the
level where the crystal domains are effected were reported
with the HDPE samples.”” The increase of melting point
even at this dosage level can be attributed to the crosslink
formation within the crystal domains, yielding the reduction
in entropy gain during the crystal melting.

Structural changes at the molecular level induced by the
high energy irradiation can also be estimated by examining
the recrystallization process of the irradiated samples. The
irradiated samples were heated above the melting tempera-
ture and recrystallized by the subsequent cooling process.
The thermal properties of the recrystallized samples were
then examined by the DSC and the results are depicted in
Figure 4. The results of recrystallized sample exhibit some-
what different thermal behaviors from those of original irra-
diated samples. Marked reduction in melting temperatures
and melting enthalpy with the irradiation doses can be noted,
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Figure 4. Melting temperature and heat of fusion of irradiated
samples after recrystallization.
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especially at the high level dose. The results strongly suggest
the high level of crosslink formation, which is apparently
not favorable for the crystal formation. Crystallization tem-

peratures of the irradiated samples obtained during the '

recrystallization process upon cooling are also plotted in
Figure 5. The decrease of crystallization temperature with the
irradiation dose confirms the retardation of crystal growth
of the crosslinked chains.

X-Ray Structures. From the small angle X-ray scattered
intensities, the lamellar long spacing, individual lamellar and
amorphous layer thickness were derived using the correla-
tion function analysis.''* The results are plotted in Figure 6.
As depicted in the plot, the lamellar long spacing increases
with the irradiation dose. The lamellar thickness and amor-
phous gap derived from the correlation analysis show that
the increase of long spacing is mainly from the increase of
the lamellar thickness. The amorphous gap between the
crystal lamellae remains nearly constant over the whole
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Figure 5. Crystallization temperatures of irradiated samples vs.
irradiation dosage.
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Figure 6. Changes of lamellar long period, crystal thickness and
amorphous layer thickness vs. irradiation dosage.
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range of the irradiation dose. One very interesting observa-
tion is that the lamellar thickness increase is only minimal at
the low doses, but large increase of thickness is noted
between the dose level of 500 and 1,000 kGy. Recalling our
results of thermal properties discussed before, the high level
of crosslinks and reduction in melting enthalpies were
observed at this dosage level. The results are completely
different from the results of UHMWPE reported earlier,”
where the continuous decrease of the lamellar long spacing
with the irradiation was noted. In this case, the decrease of
lamellar long spacing was mainly from the reduction of the
amorphous layer thickness. The lamellar thickness rather
increased at the low irradiation doses followed by a reduc-
tion in the thickness on further increase of irradiation. We
are not certain of the origin of these discrepancies noted
between the BMWDPE and UHMWPE. Nevertheless, one
may speculate that the differences are associated with the
molecular weight distribution of the polymers.

The correlation function analysis of the SAXS intensity
data allows one to estimate the vertical dimension of the
crystal lamella and its variations. On the other hand, the
crystal thickness of (110) or (200) planes obtained by the
Scherrer’s equation provides the lateral dimension of the
lamellar stacks. In Figure 7, crystal thicknesses of (110) and
(200) planes derived from the Scherrer’s equation are
depicted. The crystal thicknesses of (110) and (200) plane
increase up to 250 kGy, then show slight decrement with the
increase of electron beam irradiation. Both curves are very
similar to that of heat of fusion shown in Figure 3. It is very
interesting to note that the crystal dimension in the trans-
verse direction rather than the lamellar thickness correlates
well with the melting enthalpies. The results are suggesting
that the change found in the melting enthalpy, i.e. crystallin-
ity, upon irradiation is associated with the crystal growth in
the transverse direction of the lamellar stacks. The crystal-
linity indices obtained utilizing the reflection peak and the
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Figure 7. Change of crystal thickness of (110) and (200) planes
vs. irradiation dosage.
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Figure 8. Crystallinities of irradiated saiiples as determined by
wide angle X-ray scattering and DSC.

melting enthalpy®>** ate also depicted in Figure 8. They show

similar trend. Initial chaifi scission by the irradiation induces
the crystal growth, resuiting in the crystal thickening in the
transverse direction of lamelizé. This result is consistent with
the initial enhancement of mélting point and melting enthalp-
ies at the low doses. Howeveét, at the irradiation doses above
the 250 kGy, the crosslinks take place between the chains
within the crystal domains, yielding reduction in both crystal
size and crystallinity as well as melting enthalpy.

Mechanical Properties. Stress-strain curves of the irradi-
ated samples are depicted in Figure 9. Modulus and yield
stress, as well as fracture stress and strain obtained from the
s-s curves are compared in Figures 10 and 11. In general,
the BMWDPE shows the better mechanical properties
which is dssociated with the enhanced crystallinity in the
presence of low molecular weight species and with the tie
chains of the high molecular weight ones linking bétween
the lamellar units.>***** In a similar manner, chain scission
and crosslinking induced by the irradiation also play a role
to increase the mechanical propeities even thotigh the frac-
ture strain decreases.” The crosslinks between the chains
effectively prevents the slippage of the chains.’®*” All samples
show enhancement of moduli and yield stress, as shown in
Figure 10, except the one of 1,000 kGy. Modulus and yield
stress of polymeric materials are known to be dependent on
the crystal content, crosslink density and the temperature. In
our case, the crosslinks may play the main role to increase
these properties. On the other hand, in samples irradiated at
1,000 kGy, the severe deterioration of polymer structure in
addition to chain scission and crosslinking must have taken
place, thus resulting in the reduced modulus and yield
stress. However, these values are still higher than those of
virgin samples. Similar effects are also noted in the fracture
stress as depicted in Figure 11. The fracture strain shows
monotonic decrease with the increase of irradidtion dose,
implying major role of crosslinks in the deformiiiig process
over the crystal morphology.

644

34
&
€ 4
§ 2
5
kS
"]
] ——0KGy
& 141 - - =100 kGy
----- 250 kGy
—--~- 500 kGy
—--=+ 1000 kGy
't : : : —
0 200 400 600 800 1000

Strain (%)

Figure 9. Stress-strain diagrams of irradiated samples.
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Conclusions

Polyethylene of BMWD was irradiated with the electron
beam in an attempt to improve its mechanical properties.
The applied dosage level of electron beam varied from 100
to 1000 kGy. When the high energy electron beam is bom-
barded in the polymer chains, both chain scission and cross
links take place simultaneously. The early increase of crys-
tallinity was observed from the results of X-ray scattering
and DSC, which can be attributed to the temporal increase
of chain mobility by the chain scission, mainly in the amor-
phous region. The additional crystallization reduced at
250kGy and the crystallinity and crystal size increase
diminished when the dose level reached above 250 kGy.
The results implied that the energy level of 250 kGy is suffi-
cient enough to induce chain scission and crosslink in the
crystal domains. The crystalline lamellar thickness and the
amorphous gap between them remained nearly constant
until the dosage level reaches 500 kGy. However, the lateral
dimension of the lamellar stacks, i.e. (200) or (110) crystal
plane thickness, increased up to 250 kGy and decreased on
further increase of the dosage. Improved mechanical prop-
erties of modulus, yield stress and polymer chains were also
observed except the one of 1,000 kGy where severe struc-
tural deterioration must have occurred in addition to the
chain scission and cross linking. The degree of crosslinks
appeared to be more effective on the deformation process
than the crystal morphology.
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