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Abstract

The effects of y-irradiation on the crosslinking of high density polyethylene (HDPE) was

investigated for the purpose of obtaining a suitable formulation for heat shrinkable materials. In

this study the HDPE specimens were prepared by blending with cross linking agents and pressed

into a 0.2 mm sheet at 180°C. y-irradiation was conducted at 40 to 100 kGy in nitrogen. The

heat shrinkable property and thermal mechanical property of the HDPE sheets have been

investigated. It was found that the degree of crosslinking of the irradiated HDPE samples were
increased with irradiation dose. Compared with the HDPE containing triallylisocyanurate, the
HDPE containing trimethylol propane triacrylate shows a slight increase in crosslinking density.

The heat transformation and dimension change of HDPE decreased with increasing radiation

dose. The heat shrinkage of the samples increased with increasing annealing temperatures. The

thermal resistance of HDPE increased upon the crosslinking of HDPE.
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1. Introduction

High density polyethylene (HDPE) is one of the
most important thermoplastics, but its use is
limited in certain applications by its low melting
point, solubility in hydrocarbons and a tendency to
be cracked when stressed. One large disadvantage
in the use of thermoplastics such as HDPE comes
from its tendency to thermoplastic flow or
deformation at elevated temperature. Heat
shrinkable uses can lead to excessive melting of
HDPE during the manufacturing process of a heat
shrinkable tube and a reduction in electrical and
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mechanical properties owing to the degradation of
the HDPE molecules by heat. In order to solve
these problems, the thermal properties of the
present HDPE must be improved. Many
investigators have tried to alter the properties of
HDPE by changing the morphology. If a suitably
crosslinked product is heat-extended and cooled in
the extended state, it preserves its form at room
temperature for a long time, however it
“remembers” its original form and reassumes it
upon heating. The tubes produced by that way
(heat shrinkable tubes) can be used as electric
insulators, casting materials used in orthopedics
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and for protection against corrosion, mechanical
stress and moisture. Cross linking can be induced
by the y-irradiation. This investigation of the y-
irradiation effects on HDPE is necessary to
improve its commercial application. It is well
known that y-irradiation introduces free radicals
into polyethylene. These free radicals can in turn
lead to the crosslinking of the polymer.

Radiation cross linking has many advantages
over other conventional methods. This technique
has a broad range application in industry which
led to the manufacture of many of high quality
products such as crosslinked wire and cable
insulation, crosslinked foam, heat shrinkable tubes
and films, etc[1]. The technique involves
crosslinking of a polymer by radiation. Such
irradiated polymers exhibit elasticity above their
crystalline melting point and the application of
heat shrinks the material to its original dimensions.
This phenomenon is referred to as the ‘memory
effect or ‘elastic memory’ [2]. The improvement
of radiation crosslinked polymer properties
includes resistance to cold flow or creep, enhanced
high temperature stability, resistance to attack by
chemicals and solvents, high mechanical strength
and superior electrical properties. These
advantages, together with the heat shrinking
property, make these products ideally suited for
applications where a tight insulating cover is
required over either a uniform or an irregularly
shaped object. The treatment of polymers by an
electron beam has been reviewed by various
authors[3-5]. It is observed that, in general,
rubbers can be crosslinked using an electron
beam, whereas some plastics(like polypropylene
and polyvinylchloride) have a tendency to degrade.
The effect of electron beam radiation on the
electrical and mechanical properties of
polyethylene in the presence of various types of
sensitizers has been reported[6-9]. The memory

effect of electron beam-irradiated heat shrinkable

low density polyethylene tubes has been
discussed[10-13]. The literature survey reveals that
scientific studies on the heat shrinkability of high
density polyethylene crosslinked by y-irradiation
have not been reported. In the present work, HDPE
was mixed with cross linking agents to obtain an
efficient cross linking yield in spite of the low dose
rate for a heat shrinkable tube. In this paper,
attention is focused on the effects of y-irradiation on
the changes of shrinkage and thermo-mechanical
properties of HDPE, irradiated at a dose of up to
100 KGy.

2. Experimental
2.1. Materials

The material used in this study was HDPE
supplied by the Honam petroleum chemical
corporation, S. Korea in pellet form. The
molecular weight of HDPE was 400,000 (density :
0.96g/cm®, melt index 0.4 g/10min). Trimethylol
propane trimethacrylate (TMPTMA) and triallyl
isocyanurate {TAIC) used as a crosslinking agent
were obtained from Polyscience, Inc., USA.

2.2. Preparation of Samples

Radiation-crosslinking of HDPE was investigated

for the purpose of obtaining a suitable formulation

Table 1. Blending Condition of HDPE and
Crosslinking Agent

Sample HDPE TMPTMA(phr) TAIC(phr)
1 100 0 0
2 100 5 0
3 100 10 0
4 100 15 0
5 100 0 5
6 100 0 10
7 100 0 15
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for a heat shrinkable tube. As shown in Table 1
HDPE was compounded with various cross linking
agents to evaluate their effects on radiation
sensitivity, the heat shrinkable property and other
thermal properties. Mixing of the HDPE and cross
linking agent was accomplished by using a
Brabender at 180°C. The prepared mixture
samples were compression moulded between
aluminium foils for 2 min at 180°C and a pressure
of 10 MPa in an electrically heated press.
Specimens were irradiated with 7-rays at room
temperature in a nitrogen atmosphere. ®Co was
used as the y-irradiation source. Irradiation was
conducted at doses of 40 kGy to 100 kGy.

2.3. Relative Crystallinity

The relative crystallinity of the specimen was
measured using differential scanning calorimetry
(DSC, DSC-7 Series Thermal Analysis System,
Perkin Elmer). Heating runs were conducted from
50°C to 200°C at a rate of 10°C /min in nitrogen.
Sample crystallinity was determined by comparing
the heat of fusion for a fully crystalline
polyethylene (288 J/g ).

2.4. Percent Crosslinking Measurement

The percentage of cross linking was determined
by the extraction method. Samples were extracted
with boiling xylene for 24 hr, then washed with
ethanol and were dried under vacuum at 80°C to a

constant weight.
2.5. Heat Shrinkability Experiment

As shown in Figure 1, crosslinked 10x80x 0.2
mm thick films were stretched in propyleneglycol at
130°C. The samples were removed and cooled at
10°C under tension. The shrinkage experiment was
carried out by annealing at 80°C, 110°C, 120°C and
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Fig. 1. Apparatus for Stretching and Annealing
of HDPE

Fig. 2. Apparatus for Measurement of Heat
Transformation of HDPE in an Oven

130°C after the film was stretched. From the
length of the two marks before and after shrinkage,
the heat shrinkage (%) was calculated as follows :
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Fig. 3. The Effect of Irradiation dose on the
Percent Crystalinity of HDPE

Heat shrinkage (%) = (L-Lo)/LLx 100 (1)

Where, L= length between the two bench marks
before shrinkage as extended, and L, = the length
between marks after shrinkage.

2.6. Heat Transformation Experiment

The heat transformation test of irradiated HDPE
films was conducted in an oven preheated at 140°C
(Figure 2.) Heat transformation was evaluated
from the percent of the deformed length by
pending a 15 g load for 5 min in an oven.

2.7. Thermal Mechanical Analysis

The thermal mechanical analysis was
conducted on a TMA-943 system (Du-Pont
model, USA). Temperature scans were from 30
C to 150°C. A specimen of HDPE was studied
using an expansion probe. The probe was
lowered onto the samples and the initial height
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Fig. 4. The Effect of Irradiation dose on the

Crosslinking for HDPE Using TMPTMA
and TAIC as Crosslinking Agents

was recorded. The expansion was measured as

5°C /min in nitrogen.
3. Results and Discussion

The crystallinity can be easily measured by the
use of differential scanning calorimetry. The peak
temperature corresponds to the melting of the
material and the area under the curve in the heat
of fusion of the material. The heat of fusion (Hy) of
a 100 percent crystalline polyethylene has been
reported to be 288 joules per gram. Therefore,
the crystallinity percentage can be calculated by
the equation of (H of sample/288) x 100. It is
known that the crystalline regions of any polymer
form lamellae, which may organize further to form
larger structures called spherulites. The lamellae of
HDPE are composed of folded polyethylene
chains. Following irradiation, the melting behavior
was studied by differential scanning calorimetry.
Figure 3 shows the percent crystallinity of the
HDPE sheets irradiated to various doses in a
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Fig. 5. The Effect of Irradiation dose on the Heat
Transformation for HDPE Using TMPTMA
as a Crosslinking Agents

Heat Transformation (%)

nitrogen atmosphere. From the calorimetry, the
crystallinty of the non-irradiated samples was 70%.
It can be seen that the percent crystallinity of
HDPE increases up to an irradiation dose of 100
kGy. This result was similar to the relation
between crystallinity and irradiation of HDPE as
described by Roe[14].

Figure 4 shows the effect of irradiation dose on
the cross linking for HDPE containing TMPTMA
and TAIC as crosslinking agents. Polyethylene,
when exposed to high energy irradiation, is a
crosslinking type polymer, and the formation of
the intermolecular links is very common. These
crosslinks are formed mainly in the amorphous
region in the polymer, possibly the crystal fold
surface and also in the crystallites. As shown in
Figure 4, the degree of crosslinking, as measured
by the gel fraction, remaining after boiling in a
solvent like xylene, which can be achieved by a
given radiation dose in the polymer, depends on
the irradiation condition. Percent crosslinking of
HDPE increased with radiation dose. Compared
with the HDPE containing TAIC, HDPE
containing TMPTMA shows a small increase in
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Fig. 6. The Effect of Irradiation dose on the Heat
Transformation for HDPE Using TAIC as
a Crosslinking Agents

crosslinking. As the content of the crosslinking
agent increased percent crosslinking increased
with irradiation dose up to 100 kGy. The value of
crosslinking depended on the content of the
crosslinking agent and irradiation dose. An
increase in crossliniking is due to the possibility of
polymer chain rearrangement. Figs 5-6 show the
results of heat transformation for HDPE
containing TMPTMA and TAIC as crosslinking
agents. It was found that heat transformation
decreased with increasing radiation dose
regardless of the crosslinking agent. The
decreasing of heat transformation is due to the
extent of HDPE crosslinking with radiation dose.
Figs 7-8 show the TMA thermogram of HDPE
with temperature. In polymeric materials the
thermal transitions are accompanied by changes in
the isobaric expansivity of the material. These
changes are measured using thermo-mechanical
analysis. TMA measures the change in length of a
material over a temperature range. As shown in
Figure 7, the value of the dimension change of the
specimen is observed when increasing the
temperature. The thermal expansion coefficient of
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Fig. 11. Percent Shrinkage of Irradiated(70kGy)
HDPE Film at Various Annealing
Temperatures

parallel to the direction of deformation, i.e. the
chains become oriented. This orientation is a
function of the elongation as well as the level of
irradiation dose. As soon as the polymer is heated
up to 130°C the chains recoil and shrink. On
heating, the chains that have a higher orientation
would shrink to a greater extent, as expected.
Heat shrinkage of HDPE was quite varied with
annealing temperature. Percent shrinkage was
increased remarkably as annealing temperature
increased. It was found that all samples examined
exhibit a “memory effect” after drawing at 130°C.
Heat shrinkage of HDPE did not vary much with
radiation dose and the types of crosslinking
agents, but it increased remarkably with increasing
annealing temperature.

4. Conclusions

Maximum heat shrinkage of HDPE was
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Fig. 12. Percent Shrinkage of Irradiated(100kGy)
HDPE Film at Various Annealing
Temperatures

observed at 130°C when the samples were
irradiated at 100kGy. It was found that the
percent crosslinking of the irradiated HDPE
samples were increased with irradiation dose. The
heat transformation and dimension change of
HDPE were decreased with increasing radiation
dose. The heat shrinkage of the samples
increased with increasing annealing temperature.
The thermal resistiance of HDPE increased upon
crosslinking of HDPE. From these experimental
results, we expect that these data are useful for
the application of heat shrinkable material such as
a casting material used in orthopedics, heat
shrinkable sleeves and cable joints.
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