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ABSTRACT: Creep and stress-relaxation of linear low-
density polyethylene (LLDPE) crosslinked with B-irradia-
tion was studied as a function of irradiation dose. It was
shown that both storage modulus and o-relaxation are
influenced by irradiation. An influence of relatively low
gel content on stress relaxation was detected. However,
the creep results showed an increase of the creep strain
when the polymer is irradiated with a dose below 4 Mega-
rad (MR) in comparison with a nonirradiated film. This

increase corresponded to the disorientation in the amor-
phous phase, which takes place as a result of the film heat-
ing during irradiation. This disorientation was demon-
strated by differential scanning calorimetry (DSC) and
X-ray analysis. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
103: 3718-3723, 2007
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INTRODUCTION

Biaxially oriented polyethylene films are a widely
used product in the packaging industry. These films
are extensively used for flexible packaging of a wide
spectrum of products. They provide a very good
combination of physical and mechanical properties,
which meet the demands and technical requirements
of the packaging industry.'

There are several processes for the production of
oriented films. One of them is biaxial orientation by
the double-bubble process, or tubular orientation
process. During this process the primary extruded
tube is quenched, reheated to a temperature below
the melting point, and then simultaneously oriented
in both machine direction (MD) and transverse
direction (TD). The stretching (orientation), which
takes place below the melting point, is the most im-
portant difference between this process and the well-
known blown process.

In order to improve the mechanical problems of
the film at elevated temperatures, the crosslinking
method is usually applied. One of the best-known
crosslinking processes is the irradiation of the film
by B-irradiation. Crosslinking provides the possibil-
ity to increase the temperatures during film shrink-
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age and to achieve better shrinkage of the film over
the item being packed.

During winding of the films at various stages of
the technological process, stress is applied to the
film in order to wind it smoothly. When the film is
wound into reels, the film comprising the inner
layers of the reel cannot release its elastic deforma-
tion because the outer layers compress it. It was
found that when the film is kept under stress with
no possibility to release its deformation, wrinkling
takes place in the film, making it impossible for sub-
sequent usage. This phenomenon is caused by visco-
elastic behavior of the polymer, which can be charac-
terized by stress relaxation and creep. Therefore, the
study of the morphology and viscoelastic properties
of oriented films is necessary from both a scientific
and a technological viewpoint.

Stress-relaxation has been studied in a number of
oriented structures. For example, mechanical relaxa-
tion in uniaxial-oriented linear low-density polyeth-
ylene (LLDPE) was studied by Chong et al.*> Chow
and Van Laeken® and Hawthorne® explained stress
relaxation in oriented PET films. They studied rela-
tively thick films (76 and 33 um, respectively), which
were oriented at a temperature above glass-transition
temperature.

Baumgartel and Winter used dynamical mechani-
cal thermal analysis (DMTA) in order to determine
discrete and continuous relaxation time spectra.” A
DMTA study of polyethylene nanophthalate (PEN)
film was carried out by Gillmor and Greerer.®
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In our previous studies we investigated the visco-
elastic behavior of biaxially oriented polyolefin films
from the viewpoint of the relaxation time spec-
trum.”® The relaxation time spectrum of crosslinked
polyethylene films has been studied as well.”

The influence of irradiation (mainly y) on the
creep behavior of polyethylene has also been stud-
ied.19-12 The creep behavior of ultra-high-molecular-
weight polyethylene (UHMWPE), nonirradiated and
irradiated with y-irradiation, has been studied exten-
sively.”>™® These results manifest a decrease in the
creep strain with growth of the irradiation dose.

The creep behavior of polyethylene films has been
studied by several researchers. Ward and coauthors
studied the influence of B-irradiation on the creep
behavior of uniaxially oriented polyethylene film.16-18
The influence of morphology on creep behavior of
melt-extruded polyethylene films was investigated by
Zhou and Wilkes.!? However, the creep behavior of
biaxially oriented linear low-density polyethylene
(LLDPE) films has not yet been studied in depth. There
are no data concerning creep behavior of crosslinked
LLDPE films biaxially stretched below melting point.

The main goal of the present research is to investi-
gate the influence of irradiation on both creep and
stress-relaxation of crosslinked LLDPE films biaxially
oriented at temperatures below melting point.

EXPERIMENTAL

In the present study a linear low-density polyethylene
(LLDPE) film crosslinked by electron beam bombard-
ment was investigated. The thickness of the film was
15 um and the film density 0.922 gr/cm®. The film was
produced from LLDPE of Melt Index 1 (190°C/2.16
kg) and octene comonomer type. The film was
stretched using double-bubble technology. The orien-
tation ratio was 1:5.2 in both MD and TD. The orienta-
tion temperature was 109°C. The film was irradiated
post-production using an electron beam of varying
doses. The accelerating voltage of 150 keV was
applied. The film passed on a chill roll in order to pre-
vent heating. The temperature of the film was meas-
ured with infrared thermometer Model 610LC ex. CE.
Dynamic-mechanical tests were conducted using a
dynamic mechanical and thermal analyzer (DMTA,
Model MKII, Polymer Laboratories Ltd, Loughbor-
ough, U.K.). The samples were tested at a frequency
of 1, 3, and 10 Hz, and within a temperature range
from —50°C to 130°C, at a heating rate of 0.5°C/min,
under a constant tensile load of 0.2 N. The length
and the width of the specimens were 20 and 5 mm,
respectively. Samples were tested in the tension
mode longitudinally (along the extrusion direction).
Creep tests were carried out using a creep tester
developed in our laboratory (Ben-Gurion Univer-
sity). A sample of length 120-130 mm and width

25 mm was placed in special grips into a copper
tube of a thermostat-controlled silicon oil furnace. The
test temperature was stabilized using a digital control-
ler and an oil stirrer, and was maintained within
+0.2°C. Measurements were carried out at a constant
load of 6 N at temperatures of 23, 60, and 90°C. The
creep strain was calculated in real time from the dis-
placement of the bottom grip using a special precision-
positioning system and the MATLAB program
(toolbox data acquisition). The signal proportional to
the displacement of the sample and to the angle dis-
placement of the precision multiturn potentiometer
was monitored by the sound blaster (card) of com-
puter. Calibration of the measuring system was carried
out by the Model 2000 comparator (Satec Inc.) with ac-
curacy of 0.5 pm on the length of 25 mm.

Gel content in the crosslinked films was deter-
mined by extraction in xylene at 138°C during a
12 hour period. A Mettler DSC822 apparatus (Differ-
ential Scanning Calorimeter) was used with a heat-
ing rate of 10°C/min. The X-ray diffraction patterns
of the coextruded film were recorded with a Philips
X-ray diffractometer (type PW-1130) using Co K,
radiation and an Fe filter at an angular range 20 =
11-40°, a scanning rate 2°/min, and an operating
voltage of 40 kV with 30 mA current.

RESULTS AND DISCUSSION

The DMTA study of crosslinked films showed an
increase in the storage modulus (E’) at low temperatures
below (—30°C) when the irradiation dose achieved 6
MR (Fig. 1). The increasing modulus as a result of irradi-
ation can also be observed at higher temperatures.
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Figure 1 Storage modulus (E') as a function of irradiation
dose.

Journal of Applied Polymer Science DOI 10.1002/app



3720
0.25
non-crosslinked
- = - - irradiated 2MR
0] |7 irradiated AMR
' — — irradiated 6MR.
=—irradiated 8MR
w 0154
El
=
0.14
0.05
0 t+—r—T"rrrrT T T T T T T T T T T

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100

Temperature [°C]

Figure 2 Tan J as a function of irradiation dose.

Above 50°C, values of E’ detected in all films are almost
identical. Here one can also see that irradiation at 2 MR
significantly affects only the storage modulus.

One can see that tand (Fig. 2) shows a shift of the
peak to higher temperatures when the irradiation
dose increases. It is important to note that we associ-
ate o-relaxation with the relaxation of amorphous
molecules that are close to the crystalline part of the
polymer. Taking into account the fact that no differ-
ence in T, of the crystalline phase was detected with
the increase of irradiation dose and only a slight
change in melting enthalpy was observed by DSC
(Fig. 3), we can assume that the irradiation does not
affect the crystalline phase. Also, our previous results
on stress-relaxation of crosslinked films® did not show
an effect of crosslinking on the crystalline phase. So
the increase of o-transition temperature also proves
that the mobility of the molecules decreases with the
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Figure 3 Melting enthalpy of crosslinked oriented poly-
ethylene as a function of irradiation dose.
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increase of the irradiation dose. An additional confir-
mation of the decreasing mobility is the fact that p-
transition was almost undetectable in irradiated films.
Since the plot of the logarithm of frequencies ver-
sus 1/T shows good linearity in the limited fre-
quency range used in this study, the apparent activa-
tion energy E, of the o-relaxation process can be
described by the Arrhenius equation as follows:***!

f=foexp [;ﬂ (1)

where fy is a preexponential factor designating the
relaxation time at T — 0 and R is the gas constant.

The influence of irradiation dose on the gel con-
tent and the apparent activation energy of the relaxa-
tion process is presented in Figure 4. In fact, the
transition that was measured (Fig. 2) is actually the
superposition of o and P relaxations, and B is sup-
pressed by crosslinking. Therefore, the change in
apparent activation energy with crosslinking may
reflect the shifting balance of o versus P relaxation
contributions to the merged transition.

It was observed that the gel content in the poly-
mer is very low after irradiation with 2 MR and
increases dramatically after irradiation with higher
doses. The most significant decrease in apparent acti-
vation energy was observed with the first 5% gel
content. This result correlates with the effect of low
irradiation dose on storage modulus, and is an addi-
tional strengthening of the assumption that the ini-
tial crosslinking (even at 5%) of gel content affects
the material more that the following dramatic
increase of gel content as a result of the increased
irradiation dose.

The creep experiments were carried out at room
temperature (23°C £ 1°C) and at temperatures of
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Figure 4 Activation energy of a-transition and gel content
as a function of irradiation dose.
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Figure 5 Creep of films crosslinked with varying irradiation doses at (a) 23°C; (b) 60°C; (c) 90°C.

60°C and 90°C. One can see the results of the creep
tests in Figure 5. At each temperature, the irradiation
increases the strain of the films in comparison with
the creep behavior of noncrosslinked film. This
result is contrary to the results obtained in previous
investigations,'>'>'”"'® where the creep behavior of
polyethylene crosslinked with y- and pB-irradiation
was studied. However, in our case, when the dose is
above 4 MR, a decrease in the creep-strain values
can be observed. This is in agreement with previ-
ously published results.

We have attempted to explain the strain increase
when oriented film is irradiated with relatively small
doses, from the viewpoint of morphological changes
taking place in the film during irradiation. Indeed,
in order to prevent the film from melting during the
irradiation process, it is passed through a chill roll.
Nevertheless, a slight increase in film temperature

was observed. Using an infrared thermometer, we
detected the film temperature of about 50°C immedi-
ately after irradiation while the ambient temperature
(the temperature of the film before irradiation) was
27°C. We assume that the temperature of 50°C is rel-
atively low in order to affect the crystalline phase,
but from the other side this temperature causes the
partial relaxation and disorientation in the oriented
amorphous phase. Therefore, the film after irradia-
tion with even a 4 MR dose lost some of its orienta-
tion, and amorphous molecules partially recoiled. How-
ever, the quantity of gel in the film is not high enough
(only 5%). Therefore, ultimately the “loosened” orienta-
tion enables a higher ability of the material to undergo
creep.

Indeed, DSC measurements of the crosslinked film
demonstrated a slight decrease of the melting en-
thalpy (Fig. 3). On the other hand, the melting tem-
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perature of the LLDPE film remained the same as
it was following orientation (118°C). As mentioned
above, the orientation causes an increasing of the
melting enthalpy due to the high orientation of the
amorphous phase.7 Here, following irradiation, some
of this apparent crystallinity disappears. We must
mention that no influence of heating on the crystalline
phase during irradiation has been observed. These
DSC results strengthen the assumption made above
concerning the disorientation of the amorphous phase
after passage through the irradiation zone.

Another idea about disorientation of the amor-
phous phase can arise from the interpretation of an
X-ray diffractogram (Fig. 6). One can see that the
crystalline phase both in the noncrosslinked sample
and in an irradiated sample is almost unaffected,
while the oriented amorphous halo has been
decreased after crosslinking.

So one can conclude that at low irradiation doses
the amorphous chains relaxation or disorientation
predominates over the crosslinking effect, which
leads to an increase in creep strain. The important
point here is that the heating during irradiation with
an electron beam is one of the differences compared
to y-irradiation. This can be the reason for the con-
tradiction in our results with those received previ-
ously. Another reason for the contradictory results
can be the high orientation of amorphous phase that
was done below melting point and the ability of the
amorphous molecules to undergo relaxation at tem-
peratures close to 50°C.

In order to estimate the apparent activation energy
of creep, the creep rate at 1900 sec was considered.
Since the plot of the logarithm of the creep rate ver-
sus 1/T shows good linearity (the correlation coeffi-
cients vary in the range of 0.97-0.99) in the limited
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Figure 6 X-ray diffractogram of noncrosslinked and
crosslinked oriented LLDPE films.
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Figure 7 Apparent activation energy of creep as a func-
tion of irradiation dose.

temperature range used in this study, we can calcu-
late the apparent activation energy of creep E. by
the Arrhenius equation as follows:

€= gpexp {— lfﬂ (2)

here ¢ is the minimum creep rate and g is the preex-
ponential factor.

The E. values amount to 15 kJ/mole for nonirradi-
ated film and 23, 30, 25, and 13 kJ/mole for films
crosslinked by irradiation doses of 2, 4, 6, and 8 MR,
respectively, (Fig. 7). One can see the increase in the
apparent activation energy with irradiation dose fol-
lowed by a decrease when the dose exceeds 4 MR.
This result correlates with the phenomenon of creep
strain increasing observed when the dose increases
are followed by decreasing strain when the dose
exceeds 4 MR.

CONCLUSIONS

Irradiation affects stress-relaxation in LLDPE. The
shift of the modulus to higher values has been
observed even when the gel content in the polymer
is very low. This effect of low gel content is in agree-
ment with the results found in previous investiga-
tions. The low mobility of the crosslinked molecules
causes the shift of o-relaxation to higher tempera-
tures. A decrease in the apparent activation energyo-
frelaxation as a result of crosslinking has been
observed.

The higher creep strain of film irradiated with rel-
atively low doses was observed because of the par-
tial disorientation of the molecules in the oriented
amorphous phase. Heating of the film during irradi-
ation caused this disorientation. DSC and X-ray anal-



VISCOELASTIC PROPERTIES OF CROSSLINKED LLDPE FILMS

yses demonstrated the disorientation in the amor-
phous phase. The irradiation of film with doses
above 4MR caused a decrease of the creep strain.

The authors are grateful to L. Dorfman, Y. Frolov, A. Jar-
ashneli, and Dr. V. Kasiyan (Ben-Gurion University of the
Negev) for kind assistance with the creep and X-ray
experiments.
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