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ABSTRACT
Purpose: of this paper is to present the results of research programme on improve polymer materials properties by
irradiation. This method can be helpful in improving some of mechanical properties and thermal stability of polymers.
Design/methodology/approach: Radiation processing involves the use of natural or man-made sources of
high energy radiation on an industrial scale. The principle of the radiation processing is the ability of the high
energy radiation to produce reactive cations, anions, and free radicals in materials. The industrial application of
the radiation processing of plastic and composites includes polymerization, cross-linking and grafting. Radiation
processing involves mainly the use of either electron beams from electron accelerators or gamma radiation from
Cobalt-60 sources. The big advantage of radiation processing is, that does not make the product radioactive. In
this research programme, the properties of natural (not irradiated) and irradiated polypropylene (PP), both unfilled
and filled with 25% of glass fibres, were compared. Flexural strength, tensile strength, impact strength, thermal
stability and complex modulus E* were researched. The injection moulding machine DEMAG – EGROTECH 50 –
200 was used for sample preparation. Irradiation was carried out in the company BGS Beta Gamma Service GmbH
Co, KG, Saal am Donau, Germany with the electron rays, electron energy 10 MeV, doses of 15 and 33 kGy.
Findings: The most important results are the enormous improvement of the thermal stability and some mechanical
properties of irradiated PP.
Practical implications: From the practical point of view the most important is the enormous improvement
of the thermal stability of irradiated PP. The majority of industrial applications of radiation processing are crosslinking of wire and cable insulations, tube, heat shrink cables, components of tires, composites, moulded products
for automotive and electrical industry etc.
Originality/value: It is necessary to use engineering polymers or even high performance polymers in some
application. In many cases it would be possible to use standard or engineering polymers and to improve their
properties, e.g. by irradiation.
Keywords: Polymer; Irradiation; Crosslinking; Mechanical and thermal properties
MATERIALS

1.	
Introduction
1. Introduction
The cross-linking of rubbers and thermoplastic polymers is a
well-proven process of the improvement of the thermal properties.
The chemical cross-linking or rubber vulcanization is
normally induced by the effect of heating after processing with
the presence of a curing agent.

The cross-linking process for thermosets is very similar. In
thermosets the polymer molecules are also chemically linked due to
heat after processing.
Cross-linked rubbers have a wide-meshed molecular network
that keeps them soft and their properties change only slightly on a
wide temperature scale. On the other hand, thermosets are
characterized by a very narrow-meshed network. Due to this fact
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they hardly change their high level of stiffness on a wide
temperature scale.
The irradiation cross-linking of thermoplastic materials via
electron beam or cobalt 60 (gamma rays) is proceeding separately
after the processing. The cross-linking level can be adjusted by the
irradiation dosage and often by means of a cross-linking booster [1].
The main deference between beta and gamma rays lies in their
different abilities of penetrating the irradiated material. Gamma
rays have a high penetration capacity. The penetration capacity of
electron rays depends on the energy of the accelerated electrons.
Due to electron accelerators, the required dose can be applied
within seconds, whereas several hours are required in the gamma
radiation plant.
The principle of irradiation using Gamma and Electron rays
and the ability of penetrating the irradiated material are given in
the Figure 1 and Figure 2.
The electron accelerator operates on the principle of the Braun
tube, where a hot cathode is heated in vacuum to such a degree
that electrons are released.

a

b

Fig. 1. Design of Gamma rays (a) and Electron rays (b); a) 3 –
secondary electrons, 4 – irradiated material, 5 – encapsulated Co – 60
radiation source, 6 – Gamma rays; b) 1 – penetration depth of electron,
2 – primary electron, 3 – secondary electron, 4 – irradiated material

Simultaneously, high voltage is generated in a pressure vessel
filled with insulating gas. The released electrons are accelerated in
this vessel and made to fan out by means of a magnetic field,
giving rise to a radiation field. The accelerated electrons emerge
via a window (Titanium foil which occludes the vacuum) and are
projected onto the product.
Cobalt 60 serves as the source of radiation in the gamma
radiation plant. Many of these radiation sources are arranged in a
frame in such a way that the radiation field is as uniform as
possible. The palleted products are conveyed trough the radiation
field. The radiation dose is applied gradually, that is to say, in
several stages, whereby the palleted products are conveyed
around the Co – 60 radiation sources several times. This process
also permits the application of different radiation doses from one
product type to another. It can be used for irradiation of
polyolefines, polyesters, halogen polymer and polyamids from
thermoplastics group, elastomers and thermoplastic elastomers.
Some of them need the addition of crosslinking agent. The
dimensional stability, strength, chemical resistance and wear of
polymers can be improved by irradiation [2]. Irradiation crosslinking normally creates higher strength as well as reduced creep
under load if the application temperature is above the glass
transition temperature (Tg) and below the former melting point.
Irradiation cross-linking leads to a huge improvement in
resistance to most of the chemicals and it often leads to the
improvement of the wear behaviour.
The thermoplastics which are used for production of various
types of products have very different properties. The main group
presents standard polymers which are easy obtainable with
favourable price conditions [3]. Limited level of both mechanical
and thermal properties is big disadvantage of standard polymers.
The group of standard polymers is the most considerable one and
its share in the production of all polymers is as high as 90%.
The engineering polymers are a very important group of
polymers which offers much better properties in comparison to
standard polymers. Both mechanical and thermal properties are
much better than in case of standard polymers. The production of
these types of polymers takes less than 10%.
High performance polymers have the best mechanical and
thermal properties but the share in production and use of all
polymers is less than 1%.
Still, it is necessary to say that in the decision-making process
(which kind of polymers will be used) the application area and
price are important. The differences in price are exorbitant – from
unit euros (standard polymers) to tens or hundred euros per kg in
case of some types of high performance polymers.
In connection with these data we have to ask if it is necessary
to use engineering polymers or even high performance polymers
in some application. In many cases it would be possible to use
standard or engineering polymers and to improve their properties,
e.g. by irradiation [5-14,18].

2.	
Experimental
2. Experimental

Fig. 2. Ability of penetrating of electron – ȕ and gamma – Ȗ radiation
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The properties of natural (not irradiated) and irradiated
polypropylene (PP), both unfilled and filled with 25% of glass fibres,
have been compared. The injection moulding machine DEMAG –
EGROTECH 50 – 200 has been used for sample preparation.
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Irradiation was carried out in the company BGS Beta Gamma
Service GmbH Co, KG, Saal am Donau, Germany with the electron
rays, electron energy 10 MeV, doses minimum of 15 and 33 kGy.
Processing conditions by injection moulding were according
to the producer recommendation [4].
x Processing temperature: 210°C-240°C;
x Mould temperature: 50°C;
x Injection pressure: 80 MPa;
x Injection rate: 50 mm/s.
Used polymers:
x PTS – Crealen EP – 2300L1 – M800 (unfilled PP);
x PTS – Crealen EP8G5HS* M0083 (PP filled 25% glass
fibres) [4];
x Both polymers types included crosslinking booster TAIC
(Triallylisocyanulat);
x Producer: PTS Plastics Technologie Service, Adelshofer,
Germany.
The following tests with the use of stated equipment has been
carried out:
x Tensile test, according to standard CSN EN ISO 527 – 1, 527
– 2 [15]; Equipment: Tensile test machine ZWICK 1456;
Rate: PP – 10 mm/min.; PP 25 GF – 10 mm/min.; SW – Test
Xpert Standard;
x Bend test, according to standard ISO 178 [16]; Equipment:
Tensile test machine ZWICK 1456; Rate: PP – 10 mm/min.;
PP 25 GF – 10mm/min.; SW – Test Xpert Standard;
x Impact test [17]; Equipment: Zwick 5113 Pendulum Impact
Tester; Energy 5 J; Temperature 23°C-35°C;
x DMA test [19]; Equipment: DMA DY04T – RMI; Force:
10 N; Frequency: 1 Hz; Temperature: +20 to +170°C at
2°C/min.;
x TMA test; Equipment: Perkin – Elmer Thermal Analyser
TMA 7; Heat from 50°C to 400°C at 20°C/min; Hold for 1
min at 50°C;
x REM test; Equipment: Tesla BS 300, Balzer MSA – 3, Digital
camera Canon E0S 300D.

Fig. 3. Graph of tensile curves – unfilled PP

Fig. 4. Graph of tensile curves – filled PP 25 GF

3.	
Results
3. Results
The comparison of unfilled PP and PP 25GF shows that the
cross-linking grade (measured by xylol gel test) is at about 15%
higher after irradiation. The cross-linking improves the tensile
strength and E - modulus.
The tensile diagrams from the tensile test are in Figure 3 and
Figure 4. The influence of irradiation on deformation/strain of test
specimen after test is expressed in Figure 5. Comparison of tensile
strength and E modulus of unfilled and filled polypropylene (PP)
before and after irradiation is given in Figure 6 and Figure 7.
Relative values of measured properties have been used for better
and easier comparison. It is evident from these pictures that the
irradiation significantly improves the tensile strength and E
modulus of both unfilled and filled polypropylene. Strain of not
irradiated polypropylene (PP) is higher in comparison with the
irradiated one. The tensile strength of PP after irradiation is of
about 20% higher and the E – modulus of 30-40% higher than not
irradiated one. Different doses of irradiation have no effect on the
tensile stress. Very similar tendency in mechanical behavior
before and after irradiation is noted by investigation of PP 35GF.
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b)

Fig. 5. Specimens after Tensile test: a) unfilled PP, b) filled PP;
1 – 0 kGy, 2 – 15 kGy, 3 – 33 kGy
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Fig. 6. Tensile strength and E – modulus of PP

Fig. 8. Graphs of flexural curves – PP

Fig. 7. Tensile strength and E – modulus of PP 25% GF
The irradiation has positive effect on the flexural strength as
well (Figure 8, Figure 9). The value of Flexural strength and
tensile strength after irradiation is higher by nearly 40% in case of
unfilled PP and about 15-20% in case of PP with 25% of glass
fibers (Figure 10, Figure 11). The improvement of the mentioned
mechanical properties has certain consequences: degreasing of
impact strength mainly for unfilled PP after irradiation.
The diagrams of impact test (Zwick 5113 Pendulum Impact
Tester) at the temperature of 23°C and -35°C are in Figure 12 and
Figure 13. Comparison of impact strength (acu/kJm-2) of tested
polypropylene before and after irradiation is visible in Figure 14
and Figure 15. For easier comparison of not irradiated and
irradiated polymers relative values of measured properties were
use. Test specimens after impact test are in Figure 16 and
Figure 17. The effect of irradiation on impact properties of PP at
low temperature (-35°C) is very significant. Impact strength drop
at this temperature is nearly 50% (Figure 14).
There is visible from the Figure 16 and Figure 17 that the
irradiated polypropylene especially unfilled PP, is much more
brittle than not irradiated one.
Changes of impact strength in case of PP 25 GF are very small.
In other words the effect of irradiation of PP with reinforcement of
glass fibre on impact strength is insignificant. Better results in
impact strength of PP 35 GF at -35°c (in comparison with PP at the
same temperature) are due to changes of adhesion of reinforcement
to polymer matrix after irradiation (Figure 24).
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Fig. 9. Graphs of flexural curves – PP 25 GF

Fig. 10. Flexural test – PP
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Fig. 11. Flexural test – PP 25% GF
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Fig. 14. Impact strength of PP at (-35°C)
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Fig. 15. Impact strength of PP 25%GF
Fig. 12. Impact test of PP and PP 25GF (23°C)

a)
Fig. 13. Impact test of PP and PP 25GF (-35°C)
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b)

Fig. 16. Specimens after Impact test (23°C): a) unfilled PP,
b) filled PP; 1 – 0 kGy, 2 – 15 kGy, 3 – 33 kGy
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Fig. 18. DMA test

Fig. 17. Specimens after Impact test (-35°C): a) unfilled PP,
b) filled PP; 1 – 0kGy, 2 – 15kGy, 3 – 33kGy
The changes of complex modulus of unfilled PP after
irradiation are significant and reach more then 25% at room
temperature. Effect of irradiation in case of PP 25 GF is less
significant in comparison with unfilled one – differences of E*
before and after irradiation are approximately 15%, with temperature rising the differences of E* are less significant (Figure 18).
Figure 19 shows the changes of the complex modulus E*
measured by DMA.
The most important changes of properties have been found out
by TMA. The improvement of the thermal stability of irradiated PP
even in temperature much higher than its former melt temperature
has been observed (Figure 20, Figure 21 and Figure 22).
Thermal stability of irradiated PP is doubled in practice. Use
of fillers in polymer matrix improves the thermal stability
significantly as well.
These findings are of cardinal importance for practice use.
There could be possible to replace with irradiated PP other more
expensive types of thermoplastics e.g. for application where the
polymeric parts would be exposed to a high temperature. It will be
very useful to continue in research results by long – term tests.
The doses of irradiation have only limited effect on thermal
stability of not filled PP (Figure 20).
In case of PP with reinforcement (PP 25 GF) the dose of
irradiation is very significant. The raising dose of irradiation can
influence the thermal stability negatively. Increase of thermal
stability could be caused by the higher grade of crosslinking of PP
and PP 25 GF after irradiation.
Final properties of thermoplastic/composite filled by the
fillers depend on the properties of the used components (matrix
and filler). The adhesion of polymers matrix to fillers affects the
mechanical and other properties. It was found using REM
microscopy that the adhesion of polypropylene to glass fibre
reinforcement has been significantly improved by irradiation.
The differences between not irradiated and irradiated PP filled
by glass fibres is very well notable in the Figure 23, Figure 24 and
Figure 25.
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Fig. 19. Complex modulus E* measured by DMA

Fig. 20. Results of thermal analysis of PP
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Fig. 21. Results of thermal analysis of PP 25% GF

Fig. 24. Structure of irradiated PP 25 GF – 15 kGy

Fig. 22. Results of thermal analysis of filled and unfilled of PP
Fig. 25. Structure of irradiated PP 25 GF – 33 kGy

4.
Discussion
4. Discussion

Fig. 23. Structure of not irradiated PP
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The cross-linking irradiation increased the tensile strength Rm
and modulus E by more than 22% in case of PP and by 15 to 20%
in case of PP 25 GF (Figure 5, 6). The changes of flexural
strength lay between 28% and 40% in case of PP and between
15% and 17% in PP 25 GF (Figure 7, 8). The doses of irradiation
have only small influence on tensile and flexural properties of
both PP and PP 25 GF.
The changes in dynamical – mechanical properties have been
found out. The values of Complex modulus E* are improved on
the whole temperature scale. There is no influence of applied
doses of irradiation on the E*.Very important changes in thermal
stability after irradiation have been found. The thermal stability is
much better even by temperature higher than its former melting
point. The adhesion of polymer to reinforcement is significantly
improved by irradiation.
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5.	
Conclusions
5. Conclusion
The differences of mechanical and thermal properties of
irradiated and natural PP have been found out. From the practical
point of view the most important is the enormous improvement of
the thermal stability of irradiated PP. Important details:
x Irradiation will be carried out on the final parts, for example
injection moulded parts, extruded or thermoformed products;
x The product after irradiation is not radioactive;
x The irradiation is an additional process which is not free of
charge.
Irradiation needs additional costs. It is necessary to take in
account all the benefits resulting from the irradiation process
already during the design stage of the plastic product.
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