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RADIATION PROCESSING AND PROSPECTS IN POLYMERS AND ORGANICS

Natacha BETZ
Centre d'Etudes de Saclay, CEA/DSM/DRECAM/SRSIM

F 91191 Gif-sur-Yvette Cedex
Fax: 33 1 69 08 96 00, E-mail: betz@drecam.cea.fr

1. Introduction

Any electromagnetic waves interact with the matter. With increasing energy, such

radiations are able to induce rotational (microwaves) and vibrational (IR) movements of the

molecules, to produce electronic transitions of the valence or 71 electrons (UV) or finally create

ionisations of the atom and excitations of the core electrons (X-rays, y-rays). The use of

particles (electrons, ions) may also induce similar effects. The term ionizing radiation is linked

to waves and particles sufficiently energetic to produce the ionization of atoms (emission of an

electron) but unable to react with the nucleus. Contrary to the UV-VIS radiation which builds

up the field of photochemistry and produces selectively excited electronic states, the ionizing

radiation is not selective and may interact with any molecule on its path.

Effects of ionizing radiation in polymers have been extensively studied in the last 50

years. Reorganization of the macromolecules after excitation/ionization results in crosslinking,

branching, molecular emission, creation of stable radicals and unsaturations, degradation of the

macromolecules (bond scission), and amorphization (destruction of the crystalline zones in the

case of a semi-crystalline polymer). If those defects are distributed rather homogeneously in

the polymer when irradiation is performed with electrons or y-rays, this is no more the case

when ions are used. Defects are localized on the path of the ion where new chemical species

such as aliènes and triple bonds are generated due to the very high energy transfer (about 1000

times higher than with electrons). Depending on their energy, ions interacts both with the

nucleus and the electrons. Low energy ions (keV), though they were shown recently to induce

damage via electronic processes, loses their energy by elastic collisions with the nuclei of the

polymers. With the rise of high energy ion accelerators (MeV-GeV) producing ions which

loses their energy in a very short time (1015 s), quite exclusively by electronic interactions

(excitations and ionisations), research is again active especially.

The modifications introduced by ionizing radiation in the polymer change its physical

and chemical properties. These field known as radiation chemistry gave rise to industrial

applications in the sixties. An acceleration was observed in the seventies mainly due to the

development of electron beam and y irradiators and now the radiation processing with
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electrons and y-rays has entered into the mature region of its life cycle. An second acceleration

is expected due to the development of high energy ion beam accelerators. Industrial

applications do not presently exist but it is a matter of interest all over the world, especially in

Europe and Japan.

2. Ionizing radiation sources

Two main types of ionizing radiation sources exists: (a) radioisotopes, related to the

use of a nuclear reactor and (b) devices such as X-ray tubes, electron and ion accelerators.

Among the possibilities offered in the first group (neutrons, a, P, 137Cs, fission products of

spent fuel rods...), the isotope the most frequently used is the 60Co which is obtained by the

activation of the non-radioactive S9Co by neutrons produced by a nuclear reactor:

27Co+o«->27^>c>- The 60Co being unstable, it will decay in stable 60Ni by emitting one electron

(P ray) and two photons of 1.17 MeV and 1.33 MeV. The life-time of y-ray sources is typically

of 20 years after which they are returned to the suppliers for recycling. Most of the sources are

produced in Canada. From the second category, electron accelerators are the most used.

Electron accelerators are classified as low, medium and high energy accelerators depending on

the energy-range of the electrons: less than 750 keV, 1-4 MeV and 4-10 MeV, respectively.

The power of the accelerators decreases with increasing energy, thus the higher dose-rates are

obtained with low energy accelerators. Electrons and y-rays are the ionizing radiation sources

the most employed in industrial installations. Electrons have a lower penetration depth than y-

rays, less than 10 cm for the most energetic beams (10 MeV) in a material of density 1, but

higher dose rates can be obtained thus procuring lower irradiation time and double-sided

irradiation is possible. The higher penetrative power of the y-rays which goes up to 30 cm

allows irradiation of products on palettes.

3. Fields of application

One of the main advantages of the radiation technology is that it usually requires less

energy than chemical processes and decreases production time thus reducing costs. In addition,

it almost produces no harmful wastes, it does not pollute air and generally requires less water

consumption. The radiation processing is a relatively simple procedure that can be performed

at room temperature through the packaging. A unique parameter, the absorbed dose which is

determined by the exposure time, governs the process. The USA and Japanese companies

occupy the leading position among manufacturers. Several processes exist concerning all fields



of radiation chemistry and covering a wide range of applications. As seen in the introduction,

depending on the polymer, ionizing radiation is able to create (polymerization, crosslinking,

grafting) or to break bonds (degradation). Any modification in the polymer structure,

composition, molecular weight changes its physical and chemical properties.

3.1. Polymer degradation

The degradation of polymers results from the scission of bonds on the main chain which

decreases its molecular weight. This is most of the times considered as a problem but in some

cases, it can lead to useful applications especially in the field of waste treatment. When

exposed to electrons, polytetrafluoroethylene (PTFE) degrades. At absorbed doses higher than

100 kGy, if irradiation is performed in air, PTFE degrades in a highly dispersed powder but

still retains its well known properties of high thermal stability, corrosion resistance and low

friction coefficient and in addition becomes compatible with hydrocarbon oils. Thus it can be

used as a stiffener in grease destined to be used at high temperature in a corrosive atmosphere.

When irradiated with ions, especially ions of high velocity (energy), the polymer is

modified only on a very small volume, the volume of the latent nuclear tracks. If the range of

the ions is superior to the polymer film thickness, small cylinders of reduced density (10 %

smaller than the virgin material1), in which the irradiation damage is localized, are created in

the bulk. These tracks can be chemically etched to produce pores of well defined pore size.

Such membranes are best known as nuclear filters. The pore diameter depends mainly on the

type of ion and varies from a few nm to tens of urn. To increase the rate of etching, the latent

tracks may be sensitized by UV radiation. This process was first developed in the USA2 using

fission fragments of heavy particles which led to a large pore size distribution. Using an ion

accelerator like the Russians (JTNR)3 or the Germans (GSI)4 do, permits a narrower

distribution (2-5 % dispersion) and a higher pore density (1010 and higher per cm2 of surface).

Such filters are used for purification of liquids from solid particles, impurities, bacteria...(>0.2

urn).

1 D. Albrecht, P. Armbruster, R. Spohr, M. Roth, K. Schaupert, H Stuhrmann, Applied Physics, A 37 (1985) 37
2 Nuclepore Corporation, 7035 Commerce Circle, Pleasanton, California 94566, USA
3 Joint Institute for Nuclear Research, 141980 Dubna, Russia
4 Gesellschaft fiir Schwerionenforschung, Planckstrasse 1, D 6100 Darmstadt 11, Germany



3.2. Production of composite materials

Porous materials such as wood and concrete can be filled with monomers (styrene,

methyl methacrylate-MMA, vinyl acetate...) or their mixture with oligomers (unsaturated

polyesters...). The impregnation can be carried out through the entire bulk, partially or only on

the surface. Subsequent irradiation of the impregnated material leads to polymer composites of

enhanced mechanical properties. The production of wood-plastic composites (WPC) is one of

the most interesting applications. Depending on the thickness of the impregnation, y-rays or

electrons are chosen. Using vinyl monomers, parquets with a high abrasion and water

resistance are obtained from any type of woods with several processes among which the

radiation-induced polymerization of MMA in wood pores is the main one. Low doses of 10-20

kGy are used that prevents the cellulose degradation. Such composites are also used for the

preparation of sports goods (clubs, rackets, lower surface of skis....) and in the textile industry

(e.g. shuttles for looms). Impregnation with monomer followed by irradiation is an adequate

mean to preserve valuable work of art. Not only wooden objets can be treated but also stones,

ceramics or bones. The most famous preservation was successfully performed on the mummy

of Ramses II, in 1976-78, in France5.

3.3. Graft copolymerization

Radicals created in polymers as a consequence of the reorganization of the primary

defects (ionisations, excitations) are able to initiate the polymerization of an additional

monomer which may be in a liquid or gas-state. Grafting can be carried out in one step

(simultaneous irradiation of polymer and monomer) or in two steps (irradiation and grafting).

Several monomers can be used. Radiation grafting, though comparable in costs to chemical

grafting, is often easier to perform and permits the grafting of incompatible materials. Surface

and bulk copolymerization can be achieved.

Radiation grafting is used to modify textile material in order to improve some

properties (increase water absorption, eliminate static electricity...). In the liquid-state process,

the polymer is impregnated with the monomer, drawn under an electron beam and finally dried.

If some homopolymer is formed during the process, it can be removed by washing. Anti-

microbial textiles used in medicine or in pharmaceutical industries have been developed. Gas-

state grafting is applied in Japan to the preparation of fibres destined to extract uranium from

sea-water. Acrylonitrile is grafted onto tetraethylene-ethylene copolymer fibers previously

1 Nucleart, CEA/DTA/DAMRI/SAR, Centre d'Etudes Nucléaires de Grenoble, France



irradiated with electrons. The grafted fiber is then chemically modified to gain complexing

properties. Up to 0.04 mg of uranium per gram of absorbent from sea-water can be extracted

in 2 days. Radiation grafting is a very powerful technique as it can confer any desirable

properties to any type of polymer, e.g. high compatibility with blood and anti-thrombic

properties were conferred to silicone and PE tubes. Radiation grafting can also be performed

on other materials such as mineral (kaolin) or leather.

Application in the field of membranes are numerous and concern ion-exchange,

filtration dialysis, water purification and demineralization, separators for batteries, catalysis...

An excellent review was published a few years ago by V. Ya. Kabanov et al.6.

Immobilization of biomolecules7 (enzymes, antibodies and antigens, drugs, anti-

thrombogenic agents, DNA...) is possible and find applications in biosensors, artificial organs,

drug delivery systems, diagnostics. This remains a very active field of development.

3.4. Curing

Polymers can by crosslinked in the liquid state by using functional monomers to create

the binding. This is known as curing which can be obtained by heating the mixture or using UV

radiation. Radiation-induced curing was the first field to benefit from radiation processes and

as a consequence represents the largest part of materials produced by ionizing radiation. It

continues to generate quantity of materials due to the improvement of monomers. Applications

are numerous and are connected with coatings (abrasion resistant, fiber optic, paper..),

adhesives, inks, release surfaces, elastomeric layers... They find uses in packaging, printing

stamps, wood, tapes, diskettes, electronics, films, surface finish...

Coatings are applied in the form of thin films on the desired support (wood, metal,

ceramics, textile, polymers, paper....) and then irradiated. In the technology of paints and

varnishes (polymer+solvent), the curing takes place in presence of initiators with heating at 60-

70 °C during several hours. Organic solvents evaporate and thus coating installations are

dangerous with respect to fire or explosion hazard. In addition, as this process is long, and

necessitates drying, further treatment (grinding, polishing) is needed to obtain a nice finish. All

5 V. Ya. Kabanov, R.E. Aliev, Val. N. Kudryavstev, Rad. Phys. Chem., 37 (1991) 175, Int. J. Radiât. Appl.

Instrum., part C
7 A. S. Hoffman (1988), Radiation Technology' for Immobilization of Bioactive Materials, I. A. E. A.,

Publication TECDOC-486, IAEA Vienna.

M. Szycher (1983), Biocompatible Polymers, Metals and Plastics, Chap. 23, TECHNOMIC Publishing Co.

Inc., Lancaster, Pennsylvania, USA.



this complications are avoided by using electron beam processing. No solvent is used, thus no

drying installations and the curing happens in a few seconds or less. This process saves energy

and place and is secure because of the elimination of volatile solvent emission. Such coatings

exhibits higher hardness, abrasion resistance, thermal strength and chemical resistance. UV

curing is comparable and represents in fact 99% of the radiation curing units in the world but

unfortunately is not suitable when varnish contains pigments or when strongly absorbing

materials are used. Moreover, the use of photoinitiators is avoided in the electron beam curing

and electrons can reach coatings between two opaque layers. Describing all of the applications

would be impossible in this paper so the reader should consult the bibliography listed at the end

of the paper fur further information.

3.5. Crosslinking

Crosslinking originates from the formation of radicals in the polymer chain by

abstraction of a hydrogen atom which is caused by a C-H bond scission as a result of the

interaction of the ionizing radiation with the electrons in the atoms. The creation of a new bond

is possible if the radicals are formed close enough to each other to allow their recombination.

Applications resulting from crosslinking the production of thermally stable and mechanically

strong polymers, the vulcanization of rubber mixes, the curing of coatings and paints.

The crosslinking of a wide range of thermoplastiques such as P VC, PP, PE or PA can

be achieved by electron irradiation (absorbed dose-range: 100-1000 kGy). If necessary,

crosslinking agents may be employed to lower the dose required to obtain a sufficient degree

of crosslinking. These polymers are linear and they melt when heated due to the sliding of the

macromolecular chains. When submitted to an electron irradiation a three-dimensional network

is formed and the polymers become more resistant. The degree of crosslinking is controlled

only by the absorbed dose and adjustment to the required performances of a given product is

easy. If compared to the several chemical techniques that exists (peroxide or silane

crosslinking), in addition to the technical and economical advantages8 radiation crosslinking

offers further possibilities in special applications needing e.g. heat-sensitive additives such as

flame-retards. Other properties are modified and the traction resistance of the PE is enhanced

from 25 to 100%.

The production of heat-shrinkable and heat-expanding polymer materials (whose

dimensions, respectively, decrease and increase upon heating) is probably the most important

1L. Wiesner, beta-gamma, 2 (1988) 14



technology issued from crosslinking. It is based on the memory effect discovered by Charlesby

on irradiated polyethylene (PE). When a semicrystalline polymer is heated above the melting

temperature (Tm, temperature at which the crystalline phase disappears), the polymer becomes

viscous and can then easily be deformed. This is precisely why the processing of thermoplastics

is carried out at high temperature. If irradiation is performed at moderate absorbed doses (not

exceeding 100 kGy), the polymer crystallinity is not destroyed. Thus, if a radiation-crosslinked

polymer of shape A is heated above Tm, it can be given another shape B which is retained, due

to the recrystallization of the crystalline regions, if loading is maintained during the cooling.

When repeated heating above Tm is applied, the polymer in shape B will spontaneously

recover the original shape A and keep it after cooling. Many thermoplastics and even some

elastomers can be used. The change in size is evaluated from the ratio of the dimensions of the

samples before and after shrinkage (or expansion). In the case of heat-shrinkable tubes

produced by Raychem (USA), a diameter ratio of 6:1 can be obtained using polyolefins while

the shrinkage in the longitudinal direction does not exceed 5%. Similar tubes, manufactured by

Nitto Company (Japan) and based on PFTE have a shrinkage of 4:1 but exhibit a high abrasion

resistance. Heat-shrinkable tubes are widely used for insulation (connections, branching...) and

sealing (radio-cells, protection of sensors...). Films and tapes are also produced in Germany,

France, Russia... for the packaging industry. Heat-expanding materials are based on the same

process and are often used in the toy industry leading to products expanding in hot water

(bath).

3.6. Other fields of applications

In addition to the possibilities described above, other applications exists that will not be

developed here:

• vulcanization of rubbers is industrially used in the processing of tires. Vulcanization by

radiation technology can be achieved without sulphur and dithiocarbonates thus avoiding

contamination of the environment and facilitating easy degradation,

• electron and X-ray resists used in lithography processes for the production of integrated

circuits used in microelectronics,

• sterilization of food in order to preserve the aliments ( and single-use products for medical

purposes (products based on PE, PP.... that can not afford a thermal sterilization),

• purification of water (removal of contaminants, colloidal matter, microorganisms...) and

atmosphere (removal of SOx and NOx products), sewage treatment.



4. Prospects

An interesting work concerning applications of y-induced polymerization is carried out

in Japan9 in order to produce artificial red blood cells. A phospholipid containing two

unsaturated aryl chains is polymerized at low temperature. When contacted with water, the

polymer reorganizes in the form of a vesicle due to hydrophobic interactions. Hemoglobin can

be introduced in these vesicles. Preliminary in vivo experiments on rats were successful: about

60 % of the blood of the rat was replaced with no significant influence on the functions of liver

and kidney.

As seen previously, nuclear filters result from the removal of the latent tracks induced

in polymers by energetic heavy ion irradiation. The application of such filters with pores of well

designed shape is promising because it can virtually be used in any field where filtration and

purification is needed: medicine, biology, food industry... The pore geometry can be varied and

single ion track membranes can also be produced. These latter were used to measure the

deformability of red blood cells10. Another possibility in the field of membranes is to use the

nuclear filters as a mechanical support for very thin conventional membranes deposed on the

top surface, to fill the etched tracks with another compound (filling) or to attach molecules or

polymers on the inner walls of the tube (grafting). Among these possibilities, the last one has

received the most interest and an active research is presently in progress at the JINR11 in

Russia. The y-induced graft polymerization of styrene in PET membranes12 is studied in order

to modify the permeation properties. In Europe, the JAERI13 in a close collaboration with the

GSI have prepared stimulus-responsive track pores. An amino acid exhibiting shrinkage at high

temperature when swelled with water was UV-grafted in a porous polycarbonate membrane14.

9 H. Hosoi, H. Omichi, K. Akama, K. Awai, S. Tokuyama, T. Satoh, proceedings of the first international

symposium on Ionizing Radiation and Polymers (IRap94), Guadeloupe, France, 14-19 November 1994, to be

published in October 1995 in a special issue of Nuclear Instruments and Methods B.
10 H. G. Roggenkamp, H. Kiesewetter, R. Spohr, U. Dauer, L. C. Busch, Biomediztnische Technik, 26 (1981)

167
11 Joint Institute for Nuclear Research, 141980 Dubna, Russia

12 N. I. Zhitariuk, V.I. Kuznetsov, N. I. Shtanko, Environment Protection Engineering, 15 (1989) 111

N. I. Zhitariuk, P. A. Zagorets, V.I. Kuznetsov, Journal of Applied Polymer Science, 40 (1990) 1971

N. I. Zhitariuk, N. I. Shtanko, Polymer, 32 (1991) 2406
13 Japan Atomic Energy Research Institute, Takasaki Radiation Chemistry Research Establishment, Watanuki-

Machi 1233, Gunma 370-12, Japan
14 M. Tamada, M. Yoshida, M. Asano, H. Omichi, R. Kakakai, R. Spohr, J. Vetter, Polymer, 33 (1992) 3169

8



Varying the temperature between 0 and 40°C produced the opening of the pores from 0 (track

pore totally filled) up to 1.2um. The variation of the pore size is reversible. This technique can

also be applied to the grafting of a single ion track15 (y-grafting of poly(N-isopropylacrylamide)

in PET), In this case, electrical conductivity was used to follow the opening and closing of the

grafted pore. Such systems should be of interest in the field of drug release.

The grafting technique may also be used in the latent tracks. In the early seventies, it

was applied to the detection of charged particles16. Grafting in latent tracks produced by swift

heavy ions originating from accelerators allows the obtaining of smaller grafted domains than

in the case of the grafting of porous membranes. Moreover, it may be used in advantage if the

polymer cannot be etched. Though this field of research is quite recent (the first work was

published in 1989) it was shown that the Curie transition could be increased in a PVDF

copolymer17.

5. Conclusion

Ionizing radiation used for industrial applications in the field of polymers and organics

are mainly accelerated electrons. Installations using y-rays exists but are of higher costs. Well

established technologies, with large scale production are linked to crosslinking, curing and

sterilization. Electronic devices and resists are products with high added value but low volume

production. Though considered as promising, other applications (degradation, polymerization,

grafting) have only a small commercial production. Ion beams are not presently used and

applications are still on the laboratory scale. Though a lot of work is left to be done, these

radiations appear to be a very promising tool especially in the field of membranes. A lot of

original applications are expected from the use of accelerated ion beams that will increase

greatly in the next years.

M. Yoshida, M Tamada, M. Asano, H. Omichi, H. Kubota, R. Katakai, R. Spohr, J. Vetter, Radiation Effects

and Defects in Solids, 126 (1993) 409
15 N. Reber, H. Omichi, R. Spohr, M. Tamada, A. Wolf, M. Yoshida, proceedings of the first international

symposium on Ionizing Radiation and Polymers (IRap94), Guadeloupe, France, 14-19 November 1994, to be

published in October 1995 in a special issue of Nuclear Instruments and Methods B.
16 M. M. Monnin, G. E. Blanford, Science, 181 (1973) 743
17 E. Petersohn, N. Betz, A. Le Moel, proceedings of Swift Heavy Ion in Matter (SHIM 95), Caen, France, 15-

19 mai 1995, to be published in december 1995 in a special issue of Nuclear Instruments and Methods B.
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