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Abstract

The effect ofg-irradiation on the molecular mass distribution and solubility of low-density polyethylene (LDPE) in dependence of
samples’ thickness, irradiation intensity and dose have been investigated by the methods of turbidimetry and gelation measuring. Irradiation
took place in the presence of air. It was shown that the destruction and crosslinking processes proceed simultaneously with the irradiation.
The expressiveness of these processes depends on the irradiation intensity, dose and samples’ thickness. Also, the decrease of gel point
occurrence and difference in velocities of degradation and crosslinking of macromolecules were established along with the decrease of the
samples’ thickness and irradiation intensity.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the previous paper, the effect ofg-irradiation on the
molecular characteristics of low-density polyethylene
(LDPE) was investigated by the methods of viscosimetry
and light scattering in doses prior to gelation [1]. A remark-
able growth of average molecular mass of LDPE along with
the irradiation dose growth was established. The growth was
linear for the mass-average molecular mass and at the initial
doses is mainly the result of the increase of the macromo-
lecular branching. As a result, the macromolecular hydro-
dynamic volumes have been changed, and therefore the
dependence of the viscosity-average molecular mass on
the doses was going through the minimum at the initial
doses. Also, the dependence of the velocity of change of
molecular characteristics on irradiation intensity (II) and
sample thickness was established [1]. Obviously, these
results are consequent to the fact that the main radiochemi-
cal effects caused by radiation to LDPE are macromolecular
chain destruction and crosslinking [2]. Also, it should have
effect on the LDPE macromolecular mass distribution
(MMD) and solubility. The results of these investigations
will be described in this paper.

There are many papers devoted to this problem [1–20],
including review papers [10,11]. It is shown that the effi-
ciency of crosslinking increases in vacuum [2] and in an

inert environment [12,13], while the radiative oxidation
and subsequent destruction of macromolecules is intensified
when polyethylene is irradiated in the presence of oxygen
[14,15]. Moreover, during the radiative oxidation of poly-
ethylene the double structure in the thick samples is being
formed, which contains the upper oxidated and the inner
crosslinked layers [16]. It was discovered that there exists
a direct proportionality of the thickness of oxidated layer
and the II [17]. In several old investigations, the dependence
of the characteristics of polymers on II is denied [2,18].
However, there is evidence about its influence on the
processes, which proceed in polyethylene under irradiation
[11,14,17,19].

2. Experimental

Details of the sample preparation, irradiation procedure
and intrinsic viscosity measurements are given in Ref. [1].
LDPE 1000, 500, 200 and 100mm thick films were studied.
Irradiation was carried out in the open air by a standard60Co
source. The IIs were 0.4 and 0.1 Mrad h21.

The MMD were investigated on the photoelectrical turbi-
dimeter device FET by mercury-discharge lamp. The ther-
modynamically compatible pair cis-decalin–isoamyl
alcohol was used as a system of solvent-precipitator at the
temperature 808C. The MMD investigations of all samples
were conducted in the range of doses in which they are
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completely soluble. Conclusion about a full solubility was
based on the absence of the insoluble portion.

As in many works [3–6] the exhaustive extraction was
used for the solubility investigations.O-xylene is used as a
solvent at 808C. The quantities of crosslinked polymer (gel
fraction) were obtained by the determination of the insol-
uble portion. It was defined as the polymer portion separated
from the solution phase. The swelling time of extraction was

24 h, after which the solutions were filtered through a No. 3
glass filter at the temperature of 808C. The insoluble portion
was washed with hot xylene then it was removed from the
gel fraction in a vacuum oven, also at the temperature of
808C until the constant weight.

3. Results and discussion

The turbidimetric curves of different thick films of LDPE
for the different irradiation doses are given in Fig. 1. The II
was 0.4 Mrad h21. The results of sol fraction determination
as a function of dosage for the different thick films of LDPE
are given in Fig. 2. The IIs were 0.4 and 0.1 Mrad h21.

Fig. 3 illustrates the dependence of crosslinking coeffi-
cients on the dose for the two intensities. As it is known [2]
it is defined as the number of crosslinked units per initial
mass-average molecule.

As it is seen from Fig. 1, the bimodality of turbidimetric
curves is observed starting from little doses. It testifies to the
two irradiation-concomitant processes—destruction and
crosslinking. The bimodality is expressed less evidently
for the greater doses of irradiation, since obviously the
crosslinking process is prevailing before the gel point
occurs. Due to the high molecular fraction growth in the
samples, the precipitate thresholds shift to the left with the
increase of dose. They shift to the left also with the decrease
of the samples’ thickness for the given dose. These results
correspond to the earlier obtained data regarding the growth
of average molecular mass with the decrease of samples’
thickness for the given dose [1].

Herewith we present the results for II at 0.4 Mrad h21

since the obtained phenomena were similar for II at
0.1 Mrad h21. A greater expression of these processes
should be noted in the case of smaller II, taking into consid-
eration the influence of the surface-oxidation time effects.

Let us discuss the data in Fig. 2. They testify the gelation
point dose growth with the growth of the samples’ thick-
ness. This result also corresponds to the linear growth of
mass-average molecular mass with the decrease of the
samples’ thickness for the given dose [1]. The gelation
point doses of the samples, with the same thickness, shifts
to the left in case of lower II. It is natural, since for lower
intensity considerably longer time is required to reach the
given dose, so the molecular transmissions of macromole-
cules are proceeding at a longer time.

Also, the velocities of destruction and crosslinking
processes distinctly depend on the samples’ thickness, II
and dose. It is not possible to determine quantitative values
of the destruction-to-crosslinking probabilities ratio�p0=q0�
by the method of Charlesby and Pinner [2] for this polymer
especially when it was irradiated in the open air, since the
data do not show a linear relation betweenS1

��
S
p

and 1=r ;
whereS is the sol content andr is the dose of irradiation.
However, the trend in the data would clearly indicate to the
changing p0=q0 ratio with the growth of the irradiation
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Fig. 1. The turbidimetric curves of LDPE for the samples’ thickness (mm):
(a) 1000; (b) 500; (c) 200; (d) 100. Irradiation doses (Mrad) are given on the
curves.

Fig. 2. LDPE samples sol fraction percentage as a function of irradiation
doses (Mrad) for sample thickness (mm): (W) 1000; (X) 500; (L) 200; (A)
100. Irradiation intensities: (a) 0.4 and (b) 0.1 Mrad h21.



doses. Also, the same behavior have the number crosslinked
units per molecule (d ) given in Fig. 3 which were deter-
mined by the relationS1

��
S
p � 2=d [2]. They increased to

maximum values with the growth of the radiation doses and
did give conclusive evidence of different destruction-to-
crosslinking ratios for different thick samples. Then they
evidently decreased because the destruction processes
prevailed. It seems quite appropriate, since the oxidation
processes take place in the thin film layer of the samples’
surface when it is irradiated in the presence of air oxygen
[14–17].

Generally, the degree of gelation grows with the growth
of the doses for all thick samples. However, for the given
dose the percentage of gelation decreases along with the
decrease of the samples’ thickness and II. It allows us to

suppose that the destruction processes occur primarily in the
surface area of the samples in the presence of diffused
oxygen. By the same reason, the samples’ thickness consid-
erably influence the polymers’ full degradation dose (70, 90
and 120 Mrad for the sample thicknesses of 100, 200 and
500mm, respectively). The full degradation of samples is
based on the absence of intrinsic viscosity of their solutions.
(The efflux time of solvent and solution were identical.)

Also, by the method of viscosimetry the intensification of
degradation process of macromolecules are fixed by the
increase of irradiation dose and decrease of samples’ thick-
ness, and II. In Table 1 are given the results of sol fraction
intrinsic viscosity measurements in dependence of samples’
thickness, II and dose (performed in xylene at 808C). As it is
seen from the table, with the increase of dose, there is
observed a remarkable decrease of [h ] (consequently of
�Mv) with the velocity depending on samples’ thickness

and II. These facts once more indicate that the destruction
process of macromolecules in the surface area occurs as
general.

One of the most interesting results is the presence of
isogelation point (the value of dose in which all the thick
samples have the same gel content) on the curves, represent-
ing the relation of the percentage of sol fraction versus the
doses. This point shifts to the left at the lower intensity.
Obviously, it is simply a result of surface effects, but we
are not able to explain this fact more effectively.

4. Conclusions

The turbidimetrical investigations of LDPE testify that
the destruction and crosslinking processes take place simul-
taneously when it is irradiated in the presence of air oxygen.
As a result, the correlations of molecular fractions are
changed. The expressiveness of these processes becomes
evident with the decrease of samples’ thickness.

The gelation measuring of irradiated LDPE shows the
generation of gel fraction. The velocity of crosslinking is
prevailing at the initial doses. However, the destruction-to-
crosslinking velocities ratio increases with the growth of the
irradiation doses. This ratio increases also with the decrease
of samples’ thickness and II. These facts indicate that the
destruction of macromolecules occur primarily in the
surface area of the polymer in the presence of diffused
oxygen.

The work shows quite clearly that the presence of oxygen
plays an important role in the effect of ionizing radiation on
LDPE, it seems obvious that the effect of II and samples’
thickness is equally important.

It must be noted that the problem of importance of II for
the radiochemical transformations in polymers is a vital
question for the elaboration of accelerated methods simulat-
ing natural conditions to define the radiation resistance of
polymers.
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Table 1
Values of sol fractions [h ] (dl g21) for II 0.4 and 0.1 (Mrad h21) and the
samples’ thickness 1000, 500, 200, 100 (mm)

Irradiation dose (Mrad) Samples’ thickness (mm)

1000 500 200 100

Irradiation intensity 0.4 Mrad h21

10 1.71 1.58 1.34 1.20
20 1.52 1.32 1.21 1.08
30 1.43 1.18 0.92 0.76
Irradiation intensity 0.1 Mrad h21

10 1.64 1.35 1.16 1.04
20 1.45 1.16 1.05 0.72
30 1.36 0.92 0.78 0.41

Fig. 3. Number of crosslinked units per molecule as a function of irradiation
doses (Mrad) for sample thickness (mm): (W) 1000; (X) 500; (L) 200; (A)
100. Irradiation intensities: (a) 0.4 and (b) 0.1 Mrad h21.
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