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Resumen. Se realizó una investigación comparativa de los efectos
producidos por la irradiación con electrones acelerados en polietileno
de baja densidad virgen, reciclado y mezclas de ambos, en una
relación de 50/50. La energía del haz de electrones utulizados fué de
1.3 MeV y la razón de dosis de 42 kGy/h. Se irradiaron las muestras a
dosis de 25 a 350 kGy y se determinó el % de gel formado, así como
sus propiedades mecánicas y térmicas en cada caso. Se estudió la re-
lación de la fracción de gel formada con su elongación, Modulo de
Young y punto de fusión de los polímeros irradiados con la dosis
absorbida, encontrándose diferente efectividad para el polietileno vir-
gen, reciclado y la mezcla ambos. 
Palabras clave: blend, irradiación, entrecruzamiento.

Abstract. A comparative investigation of the electron beam irradia-
tion effect on properties of the virgin and recycled low density poly-
ethylene (VPE and RPE)  and their blend has been done. VPE, RPE
and the blend in ratio of 50/50 were irradiated with accelerated elec-
trons (E = 1.3 MeV) at dose rate of 42 kGy/h and doses from 25 to
350 kGy. Samples were analyzed for the sol/gel content as well as
their mechanical and thermal properties were tested. Dependences of
gel fraction yield, strain at break, Young’s modulus and melting point
of the irradiated polymers on absorbed dose were determined. It has
been found a different  effectiveness of the VPE, RPE and their blend
crosslinking caused by the electron beam irradiation.
Keywords: blend, irradiation, crosslinking.

Introduction

PE is one of the most used polymeric materials, utilization of
its wastes is an important economic and ecological problem
because these ones are present in a great scale and this poly-
mer is not biodegradable. PE, collected from wastes and recy-
cled (RPE), has lower molecular weight and density as well as
deteriorated mechanical properties in comparison with the vir-
gin PE (VPE) because of aging under environmental condi-
tions.

One of the ways to utilize RPE is to mix it with VPE.
Some properties of the PE blends with different molecular
weights were investigated earlier [1-3]. It has been found that
in a mixture of high density and low density polyethylene
(HDPE and LDPE) one component (HDPE) crystallizes first
from melt because its higher melting point. The other compo-
nent will initially be excluded from the crystals into the inter-
lamellae region from which it will tend to diffuse. However, if
temperature is dropping during the course of the crystalliza-
tion, the LDPE may crystallize before it escapes from the
interlamellae region. Thus, morphology depends upon the
temperature history. Co-crystallization must also be consid-
ered. For example, it is more prevalent with blends of HDPE
with linear LDPE having low degree of branching and melting
point closer to that of the HDPE. It should be noted that co-
crystallization, rheological and mechanical properties of the

PE blend with different molecular weights was profoundly
affected by the mixing techniques used. 

It is known that irradiation of polymers result in cross-
linking or degradation depending of polymers nature and con-
ditions of irradiation, and PE tends to radiation crosslinking
[4]. In this case, it is possible to expect a crosslinked “copoly-
mer” formation from the VPE and RPE with properties differ-
ent essentially from the non-irradiated blend.

The aim of this work is a comparative investigation of the
electron beam irradiation effect on properties of the VPE, RPE
and their blend. 

Experimental

The commercial LDPE: VPE pellets from PEMEX (Petroleos
Mexicanos) and RPE pellets from Reich Mexicana de Plasti-
cos were used. 

VPE, RPE and VPE/RPE “blends” in different ratios
(90/10, 70/30, 60/40 and 50/50) were extruded in a Haake
Rheocord System 90 under conditions: mixer temperature of
180°C, extruder temperature of 190°C, speed of 32 rpm and
atmospheric pressure. Extruded sheets were cut according to
ASTM D-1708.

Molecular weights and density of samples were determi-
nated by viscosimetry from polymers solutions in xylene and
by the flotation methods [5] , respectively. A crystalline struc-



ture of samples was analyzed using the Philips X1 Pert diffrac-
tometer with Cu Kα radiation at 1.5406 Å wavelength.

Samples were irradiated in sealed PE bags under vacuum
using the Van de Graaff accelerator (High Voltage Enginee-
ring Corp.) at the electrons energy of 1.3 MeV, dose rate of 42
kGy/h and doses from 25 to 350 kGy.

For gel fraction analysis, the irradiated samples were
heated in xylene at 135°C for 30 h in a soxhlet extractor.

Mechanical testings of the initial and irradiated samples
were carried out in the Instron Tensile Machine (model 1125),
according to ASTM D-1708, at room temperature and a load-
ing speed of 100 mm/min. A minimum of five samples were
tested for each experimental condition, and statistical average
value as well as standard deviations were calculated.

Differential scanning calorimetry (DSC) measurements of
the initial and irradiated samples were performed with the TA
Instruments (model 2910) at a heating rate of 10°/min under a
nitrogen flow. 

Results and discussion

Molecular weights of VPE and RPE did not differ to a consid-
erable extent: 39000 and 29000, but essential difference was
found for their densities: 0.926 and 0.917 g/cm3. Crystallinity
of VPE and RPE was equal to 46%.

Fig.1 shows a difference in dependences of gel fraction
yields on dose for VPE, RPE and their blend, the essential one
was observed up to doses of 100 kGy. This result may be explain
as follows. When PE is irradiated in absence of air, the radicals,
formed more or less randomly throughout the polymer, recom-
bine in intra- or intermolecular reactions, and only the latter one
lead to a crosslinked network formation. A probalility of this
process depends on distance between macromolecules. The VPE
density is higher that means its macromolecules location at a
shorter distance from each other in comparison with the RPE. In

this case, a contribution of the intermolecular recombination was
higher for the VPE, therefore it required lower doses of irradia-
tion for a crosslinked gel formation, and crosslinking was more
effective at the same dose of irradiation. But difference in gel
fraction yields for VPE and RPE was less at higher doses because
of practically completion of gels formation in both cases. The
dose dependence of a gel accumulation for the blend was
observed between the VPE and RPE up to 100 kGy, but a further
irradiation resulted in an increasing of gel fraction yields in the
blend in comparison with VPE and RPE; this behaviour was also
found for all other blends of different ratios (not shown in Fig.). 

Results of mechanical testings (Fig. 2) confirmed essential
difference in crosslinking effectiveness of the VPE, RPE and
their blend. An increasing in strains at break to a different
extent was observed up to the doses of gel formation but on
further irradiation the strains decreased due to essential
crosslinking effect; this behaviour was also found for all other
blends of different ratios (not shown in Fig.). These regularities
were revealed less for the Young’s modulus changes at the ini-
tial stage of irradiation, and the modulus values were practical-
ly the same both for VPE and RPE in the all doses range. 

It should be noted that more effective blend crosslinking
at doses exceeding 100 kGy was found in all three depen-
dences (gel fraction yield, strain at break and Young’s modu-
lus) on dose, that might be explained by some morphological
differences in blends campared to the VPE and RPE during
their crosslinking up to a gel value of approx. 50%.
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Fig. 1. The gel fraction yield in irradiated VPE (o), RPE (o) and their
blend of 50/50 ratio (×) as a function of dose.

Fig. 2. The dose dependence of strain at break and Young’s modulus
of VPE, RPE and their blend of of 50/50 ratio. Symbols are the same
as in Fig. 1.



Fig. 3 shows different thermal properties of non-irradiated
blends depending on the VPE/RPE ratios. Two endothermic
peaks of 114 and 119°C corresponding to different melting
points of VPE and RPE were found for the blend of 50/50 ratio.
An increase in the VPE content resulted in broad peaks forma-
tion of another shape but narrow peak of 114°C, attributed to the
VPE melting point, was observed for the blend of 90/10 ratio .

It is possible to assume a “copolymer” of VPE and RPE for-
mation under condition of their effective mutual crosslinking at
a relatively high absorbed dose. Fig. 4 shows different thermal
properties of the 50/50 blend depending the dose. It should be
noted that curves for the non-irradiated and irradiated at 25 kGy
blends were practically the same, and they had two endothermic
peaks corresponded to different melting points of the VPE and
RPE. Some changes in the curve shape were observed at the
dose of 100 kGy when an essential part of the blend was
crosslinked. But only one endothermic peak at 114°C was found
after irradiation at the dose of 350 KGy, that can be explained by
the effective VPE and RPE “copolymerization” due to high
value of croslinking under this condition. In this case the blend
practically does not consist of the individual VPE and RPE
macromolecules, and behaves as an one compound.

Conclusions

The electron beam irradiation of VPE, RPE and their blends
resulted in different dependence of the crosslinking effective-
ness on dose, analyzed by the gel fraction yields, mechanical
and thermal properties. Blends irradiated with the dose more
then 100 kGy crosslinked more effective in comparison with
the VPE and RPE, and the “copolymer” was formed in the
irradiated blend at the dose of 350 kGy.
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Fig. 3. DSC thermograms of non-irradiated blends. VPE/RPE ratios:
50/50 (1), 60/40 (2), 70/30 (3) and 90/10 (4).

Fig. 4. DSC thermograms of irradiated blends. VPE/RPE ratio -
50/50. Doses (kGy): 25 (1), 100 (2) and 350 (3).


