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CROSSLINKING OF COMMERCIAL POLYETHYLENES

BY 10 MeV ELECTRONS

by

Ajit Singh, Vince J. Lopata, Walter Kremers and Yu-keung Sze

ABSTRACT

Commercial polyethylenes were irradiated with 10 MeV electrons to induce crosslinking. The
gel fraction data measured as a function of total dose suggests that crosslinking proceeds on
irradiation, as expected. A number of the properties of the irradiated polyethylenes, such as
the degree of oxidation, crystallinity and thermal degradation, were studied by Fourier
transform infrared/photo acoustic spectroscopy, X-ray diffraction, and a pyrolysis technique
coupled with gas chromatography and mass spectrometry. The results of this study suggest
that commercial polyethylenes can be crosslinked to a gel fraction of ~70%, required for wire
and cable applications, by 10 MeV electrons.
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RETICULATION DES POLYÉTHYLENES COMMERCIAUX

PAR ÉLECTRONS DE 10 MeV

par

Ajit Singh, Vince J. Lopata, Walter Kremers et Yu-keung Sze

RÉSUMÉ

On a exposé des polyéthylenes commerciaux à des faisceaux d'électrons de 10 MeV pour en
provoquer la reticulation. Les données sur la fraction de gel mesurées en fonction de la dose
totale laissent supposer que la reticulation se poursuit sous irradiation, comme prévu. Un
certain nombre des propriétés des polyéthylenes irradiés, comme le degré d'oxydation, la
cristallinité et la dégradation thermique, ont été étudiées par spectroscopie infrarouge à
transformée de Fourier et par spectroscopie photo-acoustique, par diffraction des rayons X et
par une technique de pyrolise couplée à une chromatographie en phase gazeuse et à une
spectrométrie de masse. Les résultats de cette étude semblent indiquer que les polyéthylenes
commerciaux peuvent être réticulés à une fraction de gel de -70 %, nécessaire pour les
applications sur les fils et câbles, sous l'action d'électrons de 10 MeV.
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1. INTRODUCTION

The many technical advantages associated with crosslinked polyethylene have been
recognized for some time (Chapiro, 1962). These advantages include increased tensile
strength, dimensional stability at elevated temperatures, improved weathering characteristics
and increased resistance to stress cracking, heat and solvents (Bohm et. al., 1972; Motojima et
al., 1972; Dole, 1974; Allcock and Lampe, 1981; Hildreth, 1981). These improved properties
have made crosslinked polyethylene suitable for a range of new applications, including
high-performance wire and cable insulation and jacketing, crosslinked foams, tough packaging
films and heat-shrinkable films (Bohm et. al, 1972; Motojima et. al., 1972; Dole, 1974;
Allcock and Lampe, 1981; Hildreth, 1981).

Commercial crosslinking of polyethylene is done by chemical means or by exposure to
high-energy radiation. High-energy radiation, in particular, electron irradiation, offers many
advantages over the chemical modification methods (Hoffman, 1975; Oda, 1981; Sagane and
Harayama, 1981; Finkel et. al., 1984; Mascia, 1987). However, several factors can affect the
efficiency of polyethylene crosslinking induced by radiation. These factors are the presence
of oxygen (Dole, 1974; Posselt et. al, 1987), and of various additives in commercial
polyethylenes (Roediger and Du Plessis, 1986; Vokal et. al, 1987). A number of authors
have stated that antioxidants, which react with free radicals to prevent long-term oxidation
during usage, inhibit crosslinking during irradiation (Bly, 1983; Singleton and Clabburn, 1986;
Roediger and Plessis, 1986; Mascia, 1987; Posselt et. al., 1987; Vokal et. al., 1987).

In this study we used the new I-10/1 electron accelerator, designed and manufactured by
Atomic Energy of Canada Limited (AECL) (Hare, 1988; Barnard and Stanley, 1989), to
induce crosslinking in commercial polyethylenes. This machine delivers 10 MeV electrons in
a pulsed beam (4 ps, up to 300 pulses/s), at dose rates up to 5.4 MGy/h (Hare, 1988;
Barnard and Stanley, 1989). We used several techniques to examine the properties of
irradiated polyethylene to increase our understanding of its crosslinking. In view of possible
inhibition of crosslinking by the factors discussed above, another goal of the present study
was to investigate the effect of electron treatment using the I-10/1, on the degree of
crosslinking of selected commercially available polyethylenes.

2. EXPERIMENTAL

The samples used in this study were: (i) low-density-polyethylene from PolyHigh, (LDPEP);
(ii) low-density-polyethylene (Tenite LDPE 800) from Kodak (LDPEK); (iii)
high-molecular-weight high-density-polyethylene from Hoechst Celanese (HDPE); and
(iv) linear-low-density-polyethylene (LLDPE) film (National Research Council, Ottawa).
Samples, 0.5 x 3 x 10 cm in size, were irradiated in air.
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Following irradiation the samples were annealed at 140°C for 2 h to eliminate trapped free
radicals (Dole, 1974). Some deformation of the samples, due to softening at this temperature,
was observed. The standard test method for determining gel fraction (Method A, ASTM
D2765) was followed to measure the degree of crosslinking (ASTM, 1985).

The degree of oxidation and the crystal content were estimated by Fourier transform
infrared/photoacoustic spectroscopy (FTIR/PAS) using a Bomen Spectrometer. The
crystallinity was also determined by X-ray diffraction measurements. Pyrolysis/gas
chromatography/mass spectroscopy (GC/MS) was used to study the formation of volatile
products from the radiation crosslinked samples. The required equipment included a
Hewlett-Packard GC/MS system (5890 GC with a 5970 mass selective detector) and a
Chemical Data Systems Pyroprobe 120.

3. RESULTS AND DISCUSSION

3.1 GEL FRACTION

Gel fraction data obtained as a function of dose is shown in Figure 1. All of the samples
contain various proprietary (unknown) additives. For comparison, the results of Budzol and
Dole (1971) for linear polyethylene samples containing no antioxidant, are also shown in
Figure 1. Although a lower dose was required for the pure polyethylene to achieve a 70% gel
fraction, which is a requirement for cable/wire applications (Roediger and Du Plessis, 1986;
Wiedenmann, 1977), it is clear from Figure 1 that this requirement is readily achieved in all
the three commercial polyethylene samples.

To assess the extent of scission, which generally occurs along with crosslinking, we have
analyzed our data using the theory developed by Charlesby and Pinner (1959) and
subsequently extended by Saito et al. (1967). The original Charlesby and Pinner theory can
only be applied to polymers having initially a random molecular-weight distribution and is
thus generally inapplicable to commercial polyethylenes (Saito et al., 1967). Saito and
co-workers (1967) extended the theory using the Wesslau (1956) molecular-weight
distribution function, which fits well the molecular-weight distribution of various
polyethylenes.
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FIGURE 1: Gel Fraction of Various Polyethylenes as a Function of Total Dose
Absorbed, along with the Data of Budzol and Dole (1971).

It has been pointed out to us (Silverman, 1991) that the Charlesby-Pinner model, even when
corrected for molecular weight distribution, does not simulate the radiation chemistry of PE.
Crosslinking and scission yields per repeating unit obtained from gel data are not independent
of dose and molecular weight (as the model requires) (Chandlos, 1979). Furthermore, even
in the same material, the yields are very dependent on morphology (Jenkins and Keller,
1975). The behavior of the crystalline and amorphous regions are vastly different.
Nevertheless, the statistical model is useful for summarizing gel fraction and mechanical
property changes with dose. The intercomparison of such data among different PE materials
is of more questionable merit.
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FIGURE 2: The Charlesby-Pinner Function Versus the Reciprocal of Dose Received
(D) for High-Molecular-Weight High-Density-Polyethylene (HDPE). Dg
is the Dose to the Gel Point.
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FIGURE 3: The Charlesby-Pinner Function Versus the Reciprocal of Dose Received
(D) for Low-Density-Polyethylene from Polyhigh (LDPEP). Dg is the Dose
to the Gel Point.

Our results are shown in Figure 2 for HDPE. In this figure, S is the sol fraction at a
particular dose, D, and Dg is the dose at the gel point (incipient gel formation). According to
the extended Charlesby and Pinner theory (Sàito, et. al., 1967), the relationship between S +
S'/2 and Dg/D can be described by two parameters, X and b; X is the ratio G(S)/G(X), where
G(S) and G(X) are the G values for chain scis«'.on and crosslinking, respectively, and b is the
ratio MJMn, where Mwand Mn are the initial weight- and number-average molecular weights,
respectively. The value of X is equal to twice the value of the intercept at zero Dg/D. The
value of b is related to the initial molecular-weight distribution and to the curvature of the S
+ S'A versus Dg/D plot (see Saito et. al., 1967); the larger the value of b, the broader is the
distribution and the larger is the upward curvature. By curve fitting, the pair of X and b that
best fits the data in Figure 2 was found to be 1.06 and 19, respectively. The solid line
represents S + S'/! calculated as a function of Dg/D using these values. The data for LDPEP
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and for LDPEK are shown in Figures 3 and 4, respectively. The best k and b values are 0.55
and 8.0 for LDPEP and 1.10 and 9.0 for LDPEK, respectively. The X values for the three
polyethylenes suggest that chain scission does not occur to any great extent. According to the
extended Charlesby and Pinner theory, as long as X is less than 4, gel formation is feasible
(Wesslau, 1956; Charlesby and Pinner, 1959; Saito et al., 1967; Dole, 1974;). The values of
X obtained for the polyethylenes in this study are well below this value.

0.4 0.6

Dg/D

FIGURE 4: The Charlesby-Pinner Function Versus the Reciprocal of Dose Received
(D) for Low-Density-Polyethylene from Kodak (LDPEK). Dg is the Dose
to the Gel Point.

3.2 OXIDATION

The FTIR/PAS technique was used to analyze for the presence of oxidation products. Before
mounting the samples onto the sample holder, the surface layer (~0.1 mm) was manually
removed with a sharp knife. The spectra obtained from the irradiated samples showed no
absorption bands in the 1710-1750 cm'1 region, suggesting that the expected oxidation
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products (aldehydes, ketones and carboxylic groups) were absent.

Giberson (1962) reported that for polyethylene films of different thicknesses, irradiated at a
dose rate of 48 kGy/h to a total dose of 1000 kGy, the optical density at 1720 cm'1 was
virtually constant when the film thickness exceeded 0.15 mm. These results suggest that
there was virtually no oxidation in the interior of the films at depths greater than 0.075 mm.
During irradiation, the oxygen initially present in the polyethylene sample is rapidly
consumed; further oxidation in the interior requires the diffusion of oxygen from the surface
in contact with air (Giberson, 1962; Chapiro, 1962; Dole, 1974). This diffusion process
controls the rate of oxidation in polyethylene (Giberson, 1962; Chapiro, 1962; Dole, 1974).

The dose rates used in the present study (up to 5.4 MGy/h) were much higher than those used
by Giberson (1962). On the basis of the diffusion controlled reaction model (Giberson,
1962), we expect that the oxidation would be limited to a very thin surface layer of much less
than 0.1 mm, which is in agreement with the results observed. The much lower gel fraction
values obtained on irradiation of the LLDPE film (Figure 1) are also consistent with these
expectations; in the thin film, oxygen inhibits crosslinking.

3.3 CRYSTALLINITY

The degree of crystallinity of the irradiated LDPEP, LDPEK and HDPE has been examined
by comparing the intensity of the 730 cm'1 band (crystalline) to the 720 cm"1 band used as an
internal standard in the FTIR/PAS spectra (Brugel, 1962). For LDPEP, a decrease in

FIGURE 5:
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A Comparison of the Fourier Transform Infra-Red/Photoacoustic
(FTIR/PAS) Spectra of Irradiated (200 kGy) and Unirradiated LDPEP.
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crystallinity with irradiation is noted (Figure 5). In the cases of LDPEK and HDPE, the
FTIR/PAS spectra indicate no change in crystallinity. Our X-ray diffraction studies indicate
similar results. Our results are consistent with those reported by other workers for irradiation
up to 1000 kGy (Williams et. al., 1958; Dole, 1974; Kagan et. al, 1975; Yeh et. al., 1985;
Liu et. al., 1987; Prokopev et. al., 1987), which show that the crystallinity either decreases
slightly or is practically unaffected by irradiation.

3.4 PYROLYSIS

A typical pyrogram of an irradiated sample (220 kGy) of polyethylene (Figure 6A) is
compared with that of an unirradiated sample (Figure 6B). Irradiated samples were boiled in
xylene for 12 h to remove the sol fraction. Striking differences exist between the two
pyrograms; the volatile compounds obtained on pyrolysis (737 K, 1 min) for the unirradiated
LDPEP consist of alkanes and alkenes with up to 22 carbons, whereas those obtained for the
irradiated LDPEP consist of alkanes and alkenes of up to only 12 carbons. A possible
mechanism is discussed below.

FIGURE 6: Pyrograms of Irradiated (A) and Unirradiated (B) Low-Density-
Polyethylene from Polyhigh (LDPEP).
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The types of the more volatile products formed in polyethylene pyrolysis can be explained in
terms of initial chain cleavage forming free radicals (Kiran and Gillham, 1979; Allcock and
Lampe, 1981). These free radicals then undergo B-scission, intramolecular radical transfer
(i.e., backbiting) or intermolecular radical transfer. The B-scission of the initial free radicals
produces ethylene. Other volatile products are obtained mainly as a result of the
intramolecular radical transfer. In this process, the radical centre (~CH?) bends towards the
main chain to abstract a hydrogen atom from the same molecule,

~CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2—> ~CH2-CH2-CH2-CH-CH2-CH2-CH2-CH3

The resulting radical may undergo 6-scission to give alkanes and alkenes or it may undergo
another intramolecular radical transfer step with the radical centre moving further to the left.
The relative extent of these competing reactions determines the types of the degradation
products formed. As the group to the right of the radical centre gets bulkier, the probability
of intramolecular radical transfer without undergoing 8-scission is expected to decrease (Kiran
and Gillham, 1979). It is reasonable to expect that this probability is also susceptible to
structural changes, e.g., it may be lower in crosslinked polyethylene. Our results show that
alkanes and alkenes with up to 22 carbons are formed on pyrolysis (under the conditions
used) of unirradiated polyethylene, whereas species with up to only 12 carbons are formed
from irradiated polyethylene. This suggests that intramolecular radical transfer occurs less
readily in the irradiated polyethylene in agreement with the more rigid, three-dimensional
crosslinked structure of irradiated polyethylene (Chapiro, 1962; Dole, 1974).

4. CONCLUSION

The results in this study indicate that commercial polyethylenes can be crosslinked by
electron irradiation to yield products that meet the gel fraction requirement for cable/wire
application. Concomitant chain scission, oxidation and changes in crystallinity are not
significant.
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