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Abstract

Polyethylene resins have been modified with
electron beam or gamma radiation to adjust some of
their physical and chemical characteristics before
their conversion into formed parts, with positive
impact on the properties of end products produced
from these resins. This paper provides results from
characterization studies which give evidence of
structural changes, including long-chain branching
and oxidation, from the modification of certain
polyethylene resins, as well as data on important
property enhancements in extruded, injection-
molded and blown film end products produced from
these resins.  The property enhancements allow the
material to be more competitive with other resins
and offer good prospects for overall cost savings.

1. Introduction

Radiation processing has been used for many years
to modify the properties of formed polymer parts.
These include wire and cable sheathing, heat
shrinkable electrical connectors and film, pipe and
tubing, gaskets and seals, and tire components.
Polymer materials that are cross-linked in these
products include PE, PVC, EPDM, and SBR. The
property enhancements achieved include increased
operating temperature, improved mechanical
properties, increased chemica and solvent
resistance, and improved environmental stress crack
resistance. In general, routine resins are used to
manufacture these parts using norma plastic
component production methods, and the components
are then further processed with electron beam or
gamma radiation at on-site or off-site facilities to
achieve the desired post-crosslinking.

Since 2002, Sterigenics International, Inc. of the
USA and Gammatron Pty. of South Africa, have
been developing a family of radiation pre-processed
resins, based on polyethylene. Products
manufactured from these resins exhibit properties
some of which are significantly improved over those
of materials manufactured from non-irradiated
resins. This therefore offers the potential to reduce

cost and weight by reducing material thickness, or to
improve product performance.

Four grades of Raprex™ resins have been
developed: for extrusion, injection molding, film
blowing and coating, respectively. The base resins
were selected from commercialy available high
density polyethylenes (HDPES), linear low density
polyethylenes (LLDPES), low density polyethylenes
(LDPEs) and mixtures of different PEs. Each of
these involves subjecting the resin to a relatively
low dose of radiation, along with other proprietary
processing steps. Table 1 gives some of the key
properties achieved for these modified materials in
comparison to the un-modified control resins. There
are clearly some significant improvements of
properties over the contrals.

Raprex™ involves radiation modification of PE
resins at much lower doses than radiation cross-
linking of formed parts. It had been hypothesized
that one or more of the following processes were
possibly responsible for the good properties
achieved: (1) long-chain branching, (2) cross-
linking, and (3) oxidation. Because of the low dose,
the modified resins have low gel content (<3%) and
low crosslinking degree. The low gel content
makes Raprex™ recyclable and processable.

In order to better understand why these improved
properties exist, a series of experiments were
conducted by Sterigenics International, Inc. in
conjunction with Université Catholique de Louvain,
of Belgium. The results of these investigations are
presented below.

2. Results and Discussions

2.1 Polymer Structure

Figure 1 shows the results of FTIR spectroscopy for
gamma and EB irradiated HDPEs and for the
unirradiated control. The two bands located around
1743 cm™ and 1716 cm™* are attributed to carbonyl
stretching vibration in ester groups and in ketones
respectively, while the third band that appears
around 1699 cm™ may be assigned to acid end-
groups. These results indicate that oxidation was



induced by both gamma and EB irradiation and new
carboxylic functional groups were introduced onto
the polyethylene. This may explain the improved
adhesion of this material to steel and other polar
materials.

2.2 Molecular Weight Distribution

Figure 2 gives molecular weight distribution data for
the irradiated and un-irradiated HDPE samples, and
shows a broadening of the molecular weight in the
irradiated samples.

Table 2 lists the results obtained from Gel
Permeation Chromatography for the number average
molecular weight (M,), weight average molecular
weight (M,,) and the polydispersity index (M,/My)
for the un-irrediated resin and EB-irradiated resins
at various dose levels, and shows that the
polydispersity increases with increased radiation
dose. This indicates increasingly widened
molecular weight distribution that can be attributed
tolong chain branching (LCB).

2.3 Linear Visco-elagticity

Figure 3 shows the frequency dependence of the
dynamic viscosity for the un-irradiated sample and
samples irradiated by gammaray and EB. This data
indicates that, at high shear which would be
encountered for example in an extruder, the
irradiated and unirradiated material have similar
viscosities. However, at low shear, for example
when the material emerges from the die, the
viscosity of theirradiated material is about one order
of magnitude higher than for the unirradiated
material, implying higher melt strength after the
radiation modification.  This implies that the
irradiated material may have improved melt strength
without any significant degradation in its
processability.

2.4 Non-linear Visco-elasticity

The rheological observations in the linear visco-
elastic regime suggest that the irradisted HDPE
polymers have long chain branching (LCB). To
confirm the occurrence of LCB, the samples were
andyzed in the non-linear visco-elastic regime
employing the Large Amplitude Oscillatory Shear
(LAOS) method. The results (Lissajou curves) are
plotted in Figure 4, which shows that in the
irradiated samples the loading part of the stress
signal is significantly more separated from the
unloading part, resulting in increased loop area. The
broadening of the loop after irradiation indicates that
long chain branching has occurred after the radiation
modification.

25 Melt Flow Index (MFI) and Melt Flow Rate
Ratio (MFRR)

Table 3 lists the MFI values at 2.16 kg load (l,) and
10 kg load (l1), both under 190 °C, of the un-
irradiated control sample and EB irradiated samples
at various doses. Both |, and 1,9 decrease with the
increase of the EB radiation dose. The melt flow
rate ratio (MFRR), defined as the ratio of 1o/ Iy,
increases significantly with the increase of the EB
radiation dose. The decrease of |, and the increase
of the MFRR present additional evidence that long
chain branching has occurred after the radiation
modification. Despite the sharp decrease of the MFI
after the radiation modification, the processibility of
the modified resins is ill basically maintained
because of the low crosslinking degree while
significant improvements of practical properties are
achieved.

3. Conclusions

Irradiated HDPE resins exhibit  significant
improvements in some key properties. The results
presented above demonstrate that electron beam and
gamma radiation of theresin at low doses and under
ambient conditions induce long chain branching,
oxidation and formation of unsaturated bonds on the
polymer chains. The occurrence of long chain
branching after the irradiation is indicated by the
increase of polydispersity index (M,/M,), the
increase of dynamic viscosity, the broadening of the
LAOS loading-unloading loop, and the increase of
the melt flow rate ratio (l1o/l;). The dynamic
viscosity of the polymer is increased as a result of
the long chain branching. FTIR analysis shows that
oxidation products were formed and changes of the
unsaturated bonds occurred after the irradiation.
The degree of branching and oxidation increases
with the increased EB radiation dose. Gamma
irradiation shows similar effects to those of EB
irradiation, with probably some subtle differences.

References

1. D. Kerluke, S. Cheng and G. Forczek, “Raprex™:
A New Family of Radiation Pre-Processed
Polymers’, SPE Polyolefins Conference, Houston,
2004.

2. G. Forczek, D. Kerluke, S. Cheng, H. Suete, and
T. A. du Plessis, “A Novel Material for Plastic Pipe
Applications’, Plastic Pipes XII Conference, Milan,
2004.

3. S. Cheng, F. Dehaye, C. Bailly, J.-J. Biebuyck, R.
Legras and L. Parks, “Studies on Radiation
Modified Polyethylene Resins Prior to Conversion”,
IRaP Conference, Houffalize, Belgium, 2004.



Table 1. Key Properties of Raprex™ Polymer Resins

Resin Grade

Raprex™ 100
(Extrusion grade)

Raprex™ 200
(Injection-molding
grade)

Raprex™ 300

(Film grade)

Raprex™ 400
(Coating grade)

Tes

Burst test (23° C)
Burst test (100° C)
Hoop Stress (23° C)
Hoop stress (100° C)

Heat deflection temp.

Tensile strength at break
Tensile strength at yield
1ZOD notched impact strength

Tensile strength at break, TD
Tensile strength at bregk, MD

Tear strength, TD
Tear strength, MD
Puncture Strength

Adhesion to sted!

Adhesion to polyethylene

Standard Control M odified
SO 7628 (7.2) ND 9.74 MPa
SO 7628 (7.2) ND 4.55 MPa
124MPa  17.4 MPa
ND 8.1 MPa
ASTM-D648 74°C 87°C
SO 527 13 MPa 21 MPa
SO 527 29 MPa 39 MPa
ISO 179 nobreak  no break
ASTM-882 27.9MPa  46.0 MPa
ASTM-882 354 MPa 50.8 MPa
ASTM-1004 7.7MPa 134 MPa
ASTM-1004 7.0 MPa 12.2 MPa
ASTM-1306 48lg 921¢g
ND 6.5 N/mm
ND 21.2 N/mm

[ND = No Data; TD = Transverse Direction; MD = Machine Direction]

Table 2: Molecular weights of the HDPE before and after EB irradiation

Average EB My (Daltons) M (Daltons) Mw/My,
Dose (kGy)
0 15452 112093 7.25
8.8 13098 122368 9.34
17.6 11073 158473 14.3
26.4 13035 241912 18.6

Table 3: MFI and MFRR valuesfor different EB average doses

Average EB I2 (9/10 min.) l10(9/10 min.) MFRR (I10/ 12)
Dose (kGy)
0 8.65 48.0 5.55
8.8 3.70 31.7 8.58
17.6 0.85 13.6 16.0
26.4 0.12 7.77 64.7
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Figure1l: FTIR spectraof un-irradiated, gamma and EB irradiated HDPE samples
(carbonyl range).
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Figure 2: GPC datafor irradiated and un-irradiated HDPE samples
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Figure 3: Dynamic viscosity versus angular frequency at 190°C
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Figure4: LAOS (Lissajou figures) at 190°C and 220 °C
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