
PEB-21 

THE ROLE OF 
BAD.AT.ON.N POLYMER CHEM.STRV 

by 

T.A. DU PLESSIS 

A T 0 M I C ENERGY BOARD 
/ I peiituiaba October 1977 

ft! 
30 

f 

is» 

j||||||l!B!Sllb««* 
j h J K f e ' * • 



PEP-2M 

ATOMIC ENERGY BOARD 

THE ROLE OF RADIATION IN POLYMER CHEMISTRY 

by 

T.A. DU PLESSIS* 

'RADIATION TECHNOLOGY 
CHEMISTRY DIVISION 
Private Bag X256 

PELINDABA Pretoria 
October 1977 0001 

ISBN 0 86960 666 2 



PER21-2 

SYNOPSIS 

The very important role which polymer chemistry plays in radiation technology is discussed. The present 
status of radiation processing and the radiation sources that are used by industry are described. The processes 
by which ionising radiation interacts with vinyl monomers and polymers are treated briefly, and the kinetics 
and mechanisms of the industrially important radiation processes in the polymer field is discussed. Finally, 
some of the most important industrial radi jtion processes related to the field of polymers are pointed out. 

O P S O M M 1 N G 

Die besonder belangrike rol wat polimeerchemie in stralingstegnologie speel, word bespreek. Die huidige 
status van stralingsprosessering en die stralingsbronne wat deur die nywerheid benut word, word beskryf. Die 
prosesse van wisselwerking tussen ioniserende straling en vinielmonomere en polimere word kortliks 
behandel, terwyl die kinetika en reaksiemeganismes van die nywerheidsbelangrike stralingsprosesse op die 
gebied van polimere bespreek word- Ten slotte word die belangrikste nywerheidstoepassings van straiing op 
polimeergebied uitgewys. 

i 
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1. INTRODUCTION 

The phenomenal upsurge in the utilisation of synthetic polymeric materials over the past few decades is 
well known. The most dramatic increase in the use of these rtianmade materials took place after World War 
II. At the same time the development of nuclear power on a large scale resulted in the greater availability of 
large isotopk: irradiation facilities and, more recently, the development of reliable electron accelerators 
provided man with radiation sources compatible with the processing rates required by industry. 

It was simply logical, therefore, that the combination of polymeric materials with ionising radiation would 
sooner or later attract attention. This marriage of ionising radiation with polymers (both synthetic and 
natural) had a dramatic influence on the relative importance of the two different fields and it cannot be 
denied that without the contribution of polymer chemistry, radiation technology as we know it today would 
not have existed. On the other hand, radiation technology opened new avenues for the application of 
polymers, and fundamental radiation chemistry contributed largely to a better understanding of the 
fundamental processes taking place in polymer chemistry. 

The relative importance of radiation processing in polymer technology can be judged from the fact that, 
of a!l the patents registered in the USA in the field of radiation technology, during the period 1950 to 1970, 
more than 70 % were related to the field of polymer chemistry1. Similarly, of the almost 200 patents 
registered in the USA from 1972 to 1974 in the field of radiation processing, 84 % are related to the various 
branches of polyme' chemistry2. At the First International Meeting on Radiation Processing which was held 
during 1976 in Puerto Rico, the very important role of polymers in this field was also strongly underlined3. 

The question immediately arises as to why radiation processing made the biggest inroads in the field of 
polymer chemistry, especially if one takes into account that the radiation chemical changes taking place in 
polymers are not very pronounced4. This can, however, be readily explained if we bear in mind that small 
chemical changes in a polymer can lead to dramatic changes in the physical properties of such a polymer - a 
single crcsslinking of two adjacent macromolecules can result in a doubling of the molecular mass. Similarly, 
the formation of a single free radical in a monomer can initiate the chain propagation in a polymerisation 
process. 

From the very first steps taken by the new technology of radiation processing, its association with 
polymer chemistry has always been intimate anc the aim of this paper is to briefly discuss some of the 
fundamental aspects of this interaction and its industrial > amifications. 

2. PRESENT STATUS OF RADIATION PROCESSING 

Although it may be said that radiation processing was oversold in the early days of atomic energy, 
testimony to the potential value of radiation processing in the field of polymer chemistry is given by the 
growing number of companies now involved in using radiation as part of their production pror lures. 

Because industry is loathe to disclose its involvement in radiation processing, it is extrer,,oiy difficult to 
obtain an accurate picture of the present status of radiation processing. In Table I the present status of 
industrial ladiation processing is given for a number of countries. From this Table it immediately follows that 
most of the activity at present closely involves the field of poly met». It is furthermore apparent from this 
Tabk that the radiation sterilisation of disposable medical products plays a prominent role in current 
industrial radiation processing for the countries named in the Table — a situation which ;s also applicable to 
South Africa. Bearing in mind that radiation sterilisation is closely associated with disposable thermoplastic 
medical devices, the important association of radiation processing with the polymer field is emphasised, 
although this application, at first glance, appears to be of a biological nature-

The gross annual turnover for radiation processing in the USA is estimated to be 650 million dollars for 
1977/1978 5 - a remarkable achievement for an industry that is still relatively young. 

3. INDUSTRIAL RADIATION FACILITIES 

The sources of high-energy ionising radiation used on an industrial scale are either isotopic sources or 
electron accelerators. In general, the penetrating gamma radiation of an isotopic source is used to irradiate 
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the bulk of material, whereas acceleratora are used when one is interested in irradiation to a limited depth or 
merely to surface. 

TABLE I. 
The Present (1977) Status of Industrial Radiation Processing 

NUMBER OF PRIVATE INDUSTRIES IN 

NATURE OF 
APPLICATION 

USA» JAPANS FRANCE? AUSTRALIA 
NEW ZEALAND TAIWAN" 

Radiation modification of 
polymers (crosslinking, 

degrading, etc.) 
20 12 4 2 1 

Radiation polymerisation (curing 
of coatings and adhesives, 

wood-polymer composites, etc.) 
6 7 1 0 1 

Radiation graft copolymerisation 
(textiles) 

1 2 0 1 0 

Radiation sterilisation 16 3 3 3 1 

Food preservation and 
disinfestation for human 

consumption 
0 1 0 0 0 

Others 5 0 0 0 
0 

3.1 Isotopic Irradiation Sources 

The main isotopic source is cobalt dO; several plants, each containing about i million curies of this 
isotope, are now in use. The radioactive elements are often arranged in the form of a plaque, and the material 
to be irradiated is passed over it. Alternatively the material is in a vessel surrounding a radioactive rod, or in 
the middle of an annulus; liquid material can be pumped through the vessel. The source is generally kept 
under wv.er in a deep pool, or is enclosed in massive shielding usually of concrete or lead, and with access via 
a labyrinth or a heavy door. Personnel can traverse this biological shield only when the source is not in the 
exposed position, and the utilisation of interlock systems rules out the possibility of operators being 
accidentaly exposed to radiation. A schematic drawing of the cobalt-60 irradiator at Pelindaba is shown in 
Figl. 

3.2 Electron Accelerators 

Accelerators produce hign-energy electron beams which can spread out to cover 0,5 m 2 but which 
penetrate no more than a few millimetre: below the surface. The remarkable upsurge in tht utilisation of 
radiation for chemical processing can be ascribed mainly to the development of very reliable accelerators in 
the past decade. This in turn led to a marker! drop in processing costs of nearly a Hundredfold as compared to 
the earlier accelerators - a factor which had a pronw. ed influence on the introduction of this technique in 
ir dustry. The utilisation of energy from an accelerator is also much higher than that which can be achieved 
from isotooic sources, ibis fact, accompanied by the ease of handling of such machines and the high 
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processing rates that can be achieved, has made electron accelerators by far the most common sources of 
radiation in polymer processing. An accelerator of this type is depicted in Fig. 2. 

AIR COMPRESSOR 
WATER FILTRATION PLANT 

SOURCE HOIST 
COBALT 60 SOURCE RACK 

IRRADIATION ROOM INTERLOCKED ACCESS 
DOOR 

POWERED MONORAIL 

CONTROL CONSOLE 

PRODUCT BOXES 

SOURCE PASS MECHANISM 

SOURCE STORAGE POOL \ Y 

DISCHARGE CONVEYOR 
SUPPLY CONVEYOR 

Fig. 1 
Schematic diagram of the 350 kCi cobalt-60 irradiator at Pelindaba, as supplied by Atomic Energy of Canada 
Limited 

The characteristics of the abovementioned irradiation sources are briefly summaiised in Table I I . 

TABLE II 
Characteristics of Isotopic Irradiation Sources and 
High-Energy Electron Accelerators for Industrial 

Radiation Processing 

Radiation 
Source 

Cobalt-60 

High-Energy Electrons 

Characteristics 

1. Highly penetrating (43,2 cm at 1 MeV) 
2. Highly reliable 
3. Continuous irradiation - never stops; cannot be turned off 
4. Gradually loses strength 
5. Requires annual or semiannual replenishment 
6. High cost per delivered radiation dose 
7. Delivers low dose rates 

1. Maximum penetration of 25,4 mm (1 in.) of unit density material at 1 MeV 
2. Requires periodic maintenance 
3. Can be turned on or off at the demand of ine operator 
4. Of constant strength 
5. No replenishment required 
6. Low cost per delivered radiation dose 
7. Delivers high dose rates 
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GAS-HANDLING 
SYSTEM 

GAS-STORAGE 
VESSEL 

CONTROL CONSOLE 

ACCELERATOR 

SCAN HORN 

OSCILLATOR 

RADIATION 
VAULT 

Fig. 2 
Schematic diagram of a 3 MeV Dynamitron I Radiation Dynamics, Inc.) accelerator used for the radiation 
processing of polymeric materials 

4. TRANSIENT SPECIES IN RADIATION PROCESSING 

Some knowledge of the processes by which radiation interacts with matter is essential to an understanding 
of radiation-chemical phenomena, since the chemical effects are a direct consequence of the absorption of 
energy from the radiation. From a theoretical point of view the interaction of radiation with matter can 
become very complicated and, for the purpose of this discussion, the topic will be treated in a very simplified 
way. As most of the radiation processes in polymeric systems are initiated either with 6 0 C o gamma rays or 
electron accelerators we will restrict ourselves to what happens when gamma rays and electrons are 
absorbed^ °. 

The loss of energy which takes place when a gamma ray moves through matter occurs according to the 
Compton process. In this process a photon interacts with an electron of a monomer molecule, ejecting this 
primary recoil electron, which has a high energy, into the surrounding medium, whilst the photon is 
deflected with reduced energy, as indicated in Figure 3. The energy and momentum of the incident photon is 
shared between the scattered photon and the recoil electron. 

The energy lost when the moving primary electron is slowed down by collisions with the surrounding 
molecules gives rise to a trail of excited and ionised molecules in the path of the primary electron. Excited 
states are produced when bound electrons in the molecules of the absorbin material gain energy and are 
raised to higher energy levels, whilst ions are formed when the energy gained is sufficient to cause secondary 
electrons to be expelled. If the secondary electrons gain enough energy they can further react in a way 
similar to that of the primary electron in producing excited molecules and ions. 

The ions formed by the primary electron can recombine with a thermalised electron, resulting in the 
formation of either a neutral or an excited molecule. The ions can undergo very fast ion-molecule reactions 
by reacting with the surrounding neutral monomer or polymer molecules. The excited molecules may 
dissipate their electronic excitation jnergy th.ough the rupture of a covalent bond, yielding two free radical 
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fragments for every excited molecule. 

Scattered photon, 
energy E 7 

E,=E 0-E 7 

Recoil electron, 
energy E e 

Fig. 3 
The Compton process 

Ultimate!», then, the absorption of gamma rays by the monomer or polymer leads to the formation of 
free radicals and ions, both of which can initiate polymerisation processes or polymer modifications. 

In a similar way the absorption of energetic electrons from an electron accelerator will lead to the 
formation of free radicals and ions in the absorbing medium. Excluding effects arising from dose-rate 
phenomena, the resultant chemical changes brought about by gamma rays and energetic electrons in the 
irradiated medium will be the same; accordingly, no further distinction will be made between these two 
forms of radiative energy for the purpose of this paper. 

5. RADIATION POLYMERISATION 

5.1 Kinetics of Radiation Polymerisation 

The radiation-initiated polymerisation of vinyl monomers is a direct application of radiation chemistry to 
the synthesis of high polymers. It is now well established that the initiation step in vinyl polymerisation 
requires the admittance of some external energy. In radiation polymerisation this energy is supplied by the 
ionising radiation. However, once the reaction chains are initiated, they proceed to grow according to 
conventional kinetic rules, and the radiation-chemical act is limited merely to the primary events that lead to 
the production of ionic species and free radicals1 1. One of the advantages of radiation-induced 
polymerisation lies m the simplification of the chain-initiating process. By using radiation as an "external" 
source for the production of initiating species, much greater control can be exercised on the chain-initiating 
step. Furthermore, it is possible to synthesise polymers which do not entrain any chemical initiators and will 
thus be of a very high purity. 

Free radicals and ions are the active species responsible for the initiation of radiation-polymerisation 
reactions. A considerable amount of work has been devoted to radiation-induced free-radical chain reactions, 
and for a very long time it was believed that free radicals were the sole precursors of radiation-induced 
polymerisation processes. During the past eight years, however, many papers have been published which give 
sufficient evidence for one to conclude that, under proper conditions, ionic species may also be formed 
which are capable not only of contributing to, but of almost entirely dominating the overall polymerisation 
process. This new development resulted in a better understanding of radiation-induced polymerisation in 
general and the ambiguity of some of the earlier rules of thumb in this field was r e v e a l e d 1 2 " 1 5 . 

For the free-radical process a simplified kinetic scheme is given in Figure 4. The absorption of the 
radiation energy results in the production of free radicals. In the propagation step, a free radical adds itself to 
a double bond of a monomer molecule, thereby regenerating another free radical. This process goes on until 

Incident photon, 
energy E„ 
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the activity of the growing polymer chain is destroyed. The process is known as termination. In 
homogeneous liquid-phase polymerisation, chain termination occurs almost exclusively by mutual interaction 
of two radicals, leading either to recombination and the formation of a single polymer molecule, or to 
disproporttonation by the transfer of a hydrogen atom from one radical to the other, the latter process giving 
rise to one saturated and one unsaturated molecule. Assuming steady-state conditions, the overall rate of 
polymerisation ( R p ) can be expressed as indicated in Figure 4. This is the classical kinetic equation of 
polymerisation, which shows that the reaction rate is proportional to the square root of the rate of initiation. 

Initiation: 

Propagation: 

RMn+M *- RM„+i 
Termination: 

by recombination: RM n +RM m 

by disproportionation: Rlvin+RMm 

-»Mi+m 

Rp = kpkt' 0' 5Ri°' 5[M] 

Fig. 4 
Kinetic scheme for free radical polymerisation 

The radiation-induced cationic polymerisation process, as an example of an ionic polymerisation process, 
is shown in Figure 5 according to the Williams model 1 6 . Application of the steady-state assumption and the 
restriction of overall electrical neutality lead to the expression for the rate of polymerisation as indicated in 
Figure b. It is interesting to consider briefly the asymptotic behaviour predicted by the equation for the rate 
of the ionic polymerisation orocess. Under those conditions where the impurity level is quite high but still 
allows for predominating ionic propagation, k t x [X ]> (R jk t ) ° .S , we find that R p <* R;. At the other end of the 
range of behaviour, where the impurity level is insignificant, { R , k t ) ° > 5 > k t x l X ] , we find that R p ex Rj0,5 -
similar to what we find for the free-radical process. In the case of ionic polymerisations we can therefore 
state that 

RpOcR^ 0 , 5 < n O , 0 

depending on the importance of impurity termination relative to ion-ion recombination. The role of 
impurities in the ionic polymerisation is taken into account because of the sensitivity of the propagating 
ion-molecule reaction to trace amounts of impurities 1 7. 

Comparing the two reaction mechanisms presented in Figures 4 and 5, we find that, in the case of 
ultra-pure monomers undergoing an ionic polymerisation process, the reaction kinetics are similar to that of 
the free-radical process with regard to the radiation-intensity relationship. However, the rates of 
polymerisation in the case of ionic polymerisations, are generally a few orders of magnitude higher than that 
of the free-radical process. This higher rate of polymerisation in the case of ionic polymerisations leads, in its 
turn, to the formation of polymers with very high molecular masses as compared with those produced by the 
free-radical process1 6. 

Many monomers^- 1 7 will not undergo a free-radical polymerisation process at all, and when they are 
irradiated without stringent purification no polymerisation will take place. As these monomers are subjected 
to an increasing degree of purification, ionic polymerisation becomes more pronounced, accompanied by an 
increase in the rate of polymerisation. 
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. + -
Initiation: M-^*^-* Mj +Y RJ=IGJ/100 

Ivlj -rM * wl—M 
Propagation: + + 

M m +M 5 _ ^ M m + 1 

Termination: 
by impurities: M m +X ——^Mm+X1 

+ — k by neutralization: M m +Y — = * »P 

Rjkp [Ml 
P (kt Ri)°'5+lctx[X] 

Fig. 5 
Kinetic scheme for cationic polymerisation 

The radiation polymerisation of liquid styrene clearly illustrates many of the principles discussed above. 
As a result of the commercial importance of its polymer, styrene was one of the first vinyl monomers 
subjected to radiation-induced polymerisation 1 8 ' 1 9. The irradiation dose required to homopolymerise 
styrene is exceptionally high (-500 kGy), resulting in the rad':?tion polymerisation process being 
uneconomical. Scavenger studies revealed that this polymerisation process proceeds through a free-radical 
mechanism. The generation of free radicals in liquid styrene through the absorption of radiation is an 
ext emely inefficient process which results in the low rate of polymerisation observed. For example, the 
irradiation of liquid styrene generates only 10% of the number of polymer chain-initiating radicals as 
compared to methyl metliacrylate20. 

Recent investigations16 indicate that the relative values for the absolute rates of polymerisation for wet 
and dry styrene can differ by as much as four orders of magnitude, the dry monomer being the more rapid. 
Scavenger studies revealed that under dry conditions an ionic polymerisation process begins to contribute to 
the polymerisation, leading to an overall increase in the rate of polymerisation. When both mechanisms 
prevail, the result is the formation of a polymer which shows two distinct peaks in its molecular mass 
Distribution - the puak at lower molecular masses results from the free-radical contribution, and the peak at 
higher molecular masses results from the ionic contribution. When the monomer is dried, the relative 
importance of the second peak increases whilst the contribution due to the free-radical mechanism 
decreases21. 

To conclude this section, we may point out that raJiation initiation provides a unique method for the 
syntheses of completely alternating copolymers - polymers in which the monomer units alternate with 
complete regularity along the polymer chain. Copolymers of this type can be synthesised by means of 
radiation in those cases where the separate monomers do not readily homopolymerise. A good example of 
such an alternating system is the copolymerisation of chlorotrifluoroethylene with ethyl vinyl e ther 2 2 - 2 3 . In 
agreement with theoretical considerations, we find that changing the monomer-feed composition over a very 
wide range results in the formation of a copolymer of which the composition remains constant at an 
equimolar ratio for the two monomers in the copolymer. As would be expected, we find that the rate of 
copolymerisation reaches a maximum value when the monomer-feed composition is also at an equimolar 
ratio. Through this specific copolymerisation process a tough elastomer is formed which has some of the 
chemical inertness associated with the fluoropolymers, and the toughness and adhesive properties associated 
with the poly(virvi ethers). In a similar way very interesting copolymers of a completely alternating structure 
cai. be obtained through radiation i n i t i a t i o n 2 4 - 2 8 . 
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5.2 Industrial Applications of Radiation Polymerisation 

There are obviously a very great number of polymerisation processes initiated through radiation that 
could be discussed here, but we restrict ourselves to some of the more important and more interesting 
systems. 

5.2.1 Radiation Homopotymerisation. There are several examples of the commercial production of 
polymers by means of radiation. In most of these cases alternative chemical processes are available and are 
preferred because of economic or proprietary considerations. 

At the Takasaki Radiation Chemistry Research Establishment in Japan, a slurry process in aqueous 
tertiary butyl alcohol has been developed for the radiation production of 'Takathene', a powdered 
polyethylene of high purity, tailored multipeak molecular mass distribution, and excellent electrical and 
mechanical properties, combined with good chemical stability. This polyethylene powder has a specific area 
of about 100 m 2 /g, which is about ten times that of polyethylene obtained through chemical initiation. At 
the same research institute a pilot plant exists for the radiation-induced solid-state polymerisation of trioxane 
at low temperatures to form high-quality polyoxymethylene which is readily injection-moulded2 9. 

Another promising radiation polymerisation process is the radiation production of 
poly(tetrafluoroethylene) (PTFE). The process whereby PTFE is manufactured chemically is exceptionally 
complex and involves a great danger of explosion, the required temperature range being between 50 and 
200 °C at pressures exceeding 10 000 kPa. In the case of ths radiation-induced polymerisation process3 0, the 
radicals initiating the pc'ymerisation process can be gei.?rjted at temperatures as low as - 4 0 °C, allowing the 
polymerisation to take place outside the radiation field at a temperature of -30<>C or higher. The 
polymerisation has to take place outside the irradiation field because of the sensitivity of the polymer to 
radiation degradation. The polymerisation is thus actually a pre-irradiation polymerisation process. This 
possible use of radiative energy is at present being intensively investigated at Pelindaba. 

Although a number of pilot plants for the radiation polymerisation of vinyl monomers do exist 
worldwide, few of these plants can at present be considered of true commercial importance. 

5.2.2 Radiation-Cured Coatings?1-33. The coating industry is constantly looking for >a?id curing 
n.ethods, one of which is the use of high-energy ionising radiation. The curing of most currently used, 
high-quality organic coatings for automotive applications is a heat-initiated polymerisation reaction requiring 
times ranging from several minutes to several hours. The result of the curing step is the formation of a 
three-dimensional polymer structure whose properties are detei mined by the chemical and physical 
configuration of the crosslinked material. Ionising radiation provides a unique method for crosslinking an 
unsaturated polyester, using a vinyl monomer as the crosslinking agent; the latter also acts as the 'solvent' for 
the system. 

Accelerators are playing an ever-increasing role in the radiation-curing cf coatings on substrates which are 
heat sensitive, e.g. timber and plastics, and where conventional stoving procedures cannot be applied. 

In a nutshell, the advantages of radiation-curing of coatings can be summarised as follows: 

. curing can be achieved at ambient temperatures, and in a matter of seconds; 

. in many cases, 100% solid systems for curing can be prepared, resulting in a decrease in solvent costs and 
polution problems; 

. accelerators take up very little room as compared with large stoving ovens, and can be switched on and off 
at will; 

. lastly, a far bener energy utilisation can be achieved through radiation than with thermal curing - in the 
case of some acrylic systems this saving can be as high as fortyfold. 

3.2.3 Wood-Polymer Composites34-39. The forming of wood-plastic composites (WPC) with the aid of 
radiation represents one of the most spectacular applications of nuclear energy. Wood plastics are formed by 
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impregnating the wood with the monomer of a specific polymer. With the aid of gamma radiation, the 
monomer is polymerized so that a tough plastic is formed within the micfostructure of the wood. In this 
manner a material is obtained which has the appearance of wood, but which is filled with a three-dimensional 
poiymer network. The presence of the polymer in the wood gives it most of the superior properties of the 
polymer without sacrificing the advantageous and aesthetic properties of the wood. In this way the 
properties of the softer and cheaper types of wood can be improved to such an extent that they can compete 
favourably with the hardwoods. Bearing in mind the ever-increasing worldwide shortage of hardwoods, the 
economic advantages of this treatment can be readily appreciated. The material can be produced in a wide 
range of colours by adding appropriate dyes to the monomer before impregnation. The most important 
properties of WPC are the following: 

. it is up to twelve times harder than ordinary wood and \n abrasion resistance is therefore particularly 
high; 

. it absorbs water at a slower rate than ordinary wood; 

. its mechanical strength is higher than that of untreated wood; 

. it can be polished to a very high gloss, so no varnish is required; 

. the material can be worked with ordinary wood-working machines; 

. the surface is particularly resistant to burning cigarettes and spilled liquids; and 

. it has a very high termite and fungus resistance. 

Notwithstanding the excellent properties of WPC, the unfavourable economics prevented a greater utilisation 
of this material. In South Africa research in this field has been carried out since 1968 in collaboration with 
the South African Lumber Millers' Association (SALMA) and the Department of Forestry, and the stage has 
been reached where a pilot plant is currently being erected at Pelindaba for the manufacture of WPC in order 
to evaluate the potential market. 

The production of WPC by means of ionising radiation is today a very viable industry in the USA. More 
than 2 000 tons of WPC were produced in the USA during 1976 by at least three companies, and it is used 
for a variety of applications38. The current major application of WPC is flooring and, over the last five years, 
more than 750 000 m 2 of WPC flooring has been laid in the USA. Recently a demonstration floor of WPC 
was laid in the Pretoria North Magistrates Office through a joint effort of the Atomic Energy Board, SALMA 
and the Public Works Department 4 0. 

6. RADIATION CROSSLINKING OF POLYMERS 

One of the most striking observations made in the study of the radiation effects in linear polymers is the 
fact that polymers either crosslink or degrade under ionising radiation. These two processes very often take 
place simultaneously in a particular polymer and the overall effect will be determined by the process which 
predominates under the specific circumstances4. 

The overall effect of crosslinking is that the molecular mass of the polymer steadily increases with 
radiation dose, leading to branched chains, until ultimately a three-dimensional polymer network is formed 
when, on average, each polymer chain is linked to another chain. In contrast, radiation degradstion is a 
process in which the polymer suffers random chain scissions. Thus, the molecular mass steadily decreases 
with radiation dose and in some cases the final product is a low-molecular-mass liquid. 

It must be emphasised that polymers are very seldom used in their pure polymeric form and usually 
contain plasticisers, antioxidants, stabilisers, etc., to facilitate the processing of these materials. As no 
additive can be considered to be "inert" with regard to radiation, it will be appreciated that these additives 
can greatly influence the stability of a polymer towards ionising radiation 4 1 . Certain additives can have a 
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protective influence on the polymer, whilst others can accelerate the radiation degradation. It is often 
observed that oxygen can lead to an accelerated degradation even months after the polymer is irradiated 
because of the long-lived polymeric radicals that can form during irradiation. In radiation crosslinking 
processes the polymers are purposely compounded for radiation crosslinking in order to exclude additives 
that can counteract the radiation crosslinking and to include certain crosslinking agents which will accelerate 
the radiation crosslinking and thereby reduce the irradiation dose required to achieve a specific degree of 
crosslinking4 1. 

As the radiation crosslinking of polyethylene formed the corner stone of the first industrial radiation 
processes, and even today constitutes the bulk of radiation processing as discussed earlier, we restrict 
ourselves to the crosslinking of this polymer in discussing the kinetics of radiation crosslinking. 

6.1 Kinetics of Radiation Crosslinking 4 2' 4 3 

The exposure of polyethylene to ionising radiation leads to the chemical linking o f adjacent 
macro no ecules at their points of intersection. This crosslinking can be both /nfer molecular or 
//jfra-molecular; these two processes are indistinguishable on the grounds of the changes that take place in the 
irradiated polymer. In agreement with crosslinking in general, the radiation crosslinking of polyethylene can 
lead to the following three important changes in the polymer: 

(i) An improvement in the thermal stability of the polymer resulting from the restrictions imposed on the 

macromolecular movement. 

(ii) The introduction of a "memory effect" which is utilised in heat-shrinkable applications of the polymer. 

(iii) An improvement in the mechanical stability of the polymer because of the restriction of the 

macromolecular movement leading to improved cold-flow characteristics. 

At present there are still certain aspects of the radiation crosslinking of polyethylene that are not fully 
understood, but for the purpose of this discussion we restrict ourselves to a simplified reaction scheme of the 
chemical reactions that take place when polyethylene is exposed to ionising radiation as summarised in 
Figure 6. 

~CH2- CH? Ï * HMofH') + - C H - C H Í (1) 

H* + H 

~C - CH~ > H 2 +~CH = CH~ (2) 

H' +~CH 2 -CH2 » H 2 +~CH - CH? (3) 

~CH - CH2~ - C H - C H ^ 
~CH - CH? " - C H - C H f (4) 

H' +-CH2-CH2 * H 2 +~CH-CH2~ (3a) 

Fig. 6 

The radiation crosslinking of polyethylene 

The three most important phenomena which are observed when polyetnylene is irradiated are the 
following: 

The evolution of hydrogen gas. During the irradiation of polyethylene a mixture of gases is formed 
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consisting of 98 % hydrogen and smaller amounts of methane, ethane, propane and butane, together with 
other hydrocarbon gases4 4. Harlen 4 5 establisned that the saturated hydrocarbons can be attributed to the 
radiation degradation of the side-chains in the polymer, because scission of the main polymer chain does not 
take place readily. The radiation-chemical yield of hydrogen can be taken as G(H2> = 4,3 ± 0 , 3 4 6 . 

A change m unsaturation. D o l e 4 7 * 4 8 reported that the vinylidene-type double bonds, which are originaily 
present in the polymer, very rapidly disappear under irradiation, while frans-vinylene-type bonds accumulate. 
Most investigators accept that the formation of frans-vinylene unsaturation is the result of a "molecular" 
detachment process of a hydrogen molecule from the hydrocarbon chain, because it was observed that 
free-radical scavengers have very little influence on the formation of fram vinylene unsaturation when the 
polymer is irradiated 4 9. The formation of this unsaturation can be readily explained if it is accepted that the 
hydrogen atom which is formed in the primary process is a "hot" hydrogen atom50,5i 35 indicated in 
reaction (6-1). This "hot" hydrogen atom then reacts with the closest methylene group in the same molecule. 
as shown In reaction (6-2). The radiation-chemical yield of fsans-vinylene unsaturation can be taken as 
G( -CH=CH- ) = 1 ,8±0,5 4 <\ 

Crosslinking of the polymer. From a practical point of view this change is the most important. The 
hydrogen atom formed in reaction (6-1) can react with a neighbouring molecule through hydrogen 
abstraction to form hydrogen and a polymer radical, as shown in reaction (6-3). The two polymeric free 
radicals formed n reactions (6-1) and (6-3) subsequently undergo a combination reaction to link the two 
neigbouring molecules, as shown in reaction (6-4). To favour the comb'nation of the two radicals, the 
processes in reactions (6-3) and (6-4) are supposed to occur in a very short interval and within a very snail 
volume element of the reaction medium. In such an event the two polymeric radicals would be prodi .d 
very close to each other, in a favourable position for the combination reaction to take place immediately. 
However, a reaction such as (6-3) also requires an activation energy of at least 8 kcal/mole - a value which is 
much higher than the observed value of about 1 kcal/mole. It is therefore proposed that reaction (6-3) takes 
place through a process of "hot" hydrogen atoms formed in the primary process (reaction (6-1)) as shown in 
reaction (6-3a). At room temperature the radiation-chemical yield for crosslinking is G(c.l.) = 2 ,0± 0,452. 

From this simplified reaction scheme it follows that hydrogen is formed in both reactions (6-2) and (6-3), 
which respectively result in the formation of fraos-vinylene unsaturation and crosslinking. Within 
experimental limitations material balance is obtained: 

G(H 2 ) = G ( - C H = C H - ) + G(c.l.) 

In the presence of certain crosslinking agents the radiation crosslinking of polyethylene can be remarkably 
acce le ra ted 5 3 - 5 6 . In most industrial radiation-crossiinking processes, such crosslinking agents are 
compounded in the polyethylene to reduce the irradiation dose required. However, it falls beyond the scope 
of this discussion to treat the kinetics of such accelerated crosslinking in the presence of certain additives. 

6.2 Industrial Applications of Radiation Crosslinking 

6.2.1 Crosslinking of Cable Insulation. In terms of sales volume, the radiation crosslinking of 
polyethylene-coated wire and cable is the largest industrial application of chemical radiation processes in the 
USA, USSR, UK, Germany and Japan. During 1974 the monthly treatment of cable insulation in Japan 
reached a length of almost 35 000 km, clearly indicating the importance of this process. The use of 
electric-power cabling with crosslinked insulation has many advantages in terms of greater heat and solvent 
resistance. The product is used in central telephone exchanges where a decrease of almost 70 % in packed 
area is obtained. Crosslinking of the insulation of such cables by a chemical process is difficult to control, as 
the temperature is raised to initiate the reaction the insulation softens, and great care must be taken to avoid 
sagging of the central core towards the outside of the cable. Radiation crosslinking, on the other hand, is 
carried out at lower temperatures, and process deficiencies are readily detected and rectified- There is less 
start-up and close-down scrap and less rejected material. Various crosslinking agents were specifically 
developed for this process to reduce the irradiation dose required and it is reported that the Western Electric 
Company (USA) achieved a saving of $4 million in the first seven months of its operation using this 
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t e c h n i q u e 5 7 - 5 9 . 

6.2.2 Improvement of Orthopaedic Prostheses. High-density polyethylene ÏHDPE) is widely used by 
orthopaedic surgeons for the manufacture of artificial limbs (prostheses). Experience indicates that in certain 
applications, e.g. knee joints, the high pressure results in a cold-flow of the HDPE, thus impairing the proper 
functioning of such joints. At Pelindaba a program was completed to crosslink such prostheses by means of 
radiation and various crosslinking agents, to eliminate tSc cold-flow of such HDPE prostheses under 
prolonged use. More than 200 knee joints have already Seen implanted and results appear to be very 
promising 5 4 ' 6 0 . 

6.2.3 Heat-Shrinkable Film and Tubing. Although shrinkable film, tubing and tape can be made 
mechanically from polyethylene film, only that made by radiation can be made to shrink down to 10 - 50 % 
in two dimensions. This is achieved by irradiating the unstretched polyethylene film to induce crosslinking; 
the film is subsequently heated to a temperature close to its softening point and allowed to cool down in the 
stretched form. On subsequent heating, the crosslinks in the film result in the film returning to the 
configuration which it had during irradiation — the so-called induced-memory effect- If such film or tubing is 
th'js wrapped tightly around a package or a conductor and subsequently heated, the polymer shrinks and 
forms a very tight-fitting sheath around the article. This material is widely csed for packaging, cable jackets, 
splice closures, teimination insulation, electrical harnesses and "thermofit" solder sleeves. Large-diameter 
tubing has been used to connect ducts and pipelines 6 1. 

6.2.4 Closed-Cell Polyethylene Foam. Radiation crossl'nki.ig is also involved in the manufacture of 
closed-cell polyethylene foam, rubbers and elastomers. The sheet, in which is incorporated a foaming agent, 
is crosslinked in order to give the necessary heat stability. Heating then liberates the gas, increasing the 
volume 10 to 40 times. The irradiated product is far superior to the non-crosslinked polyethylene foam. The 
latter has an uneven, relatively open pore structure and an irregular surface. It is limited to use at 
temperatures below 75 °C. The irradiated oroduct, even when expanded thirty tiT!°s in volume, has a 
smooth surface, uniformly closed pores, and good resilience and recovery. The product is sold for use in 
padded interior automobile parts, as a lining for crash helmets, camping equipment, floor mats and fishing 
f loats". 

6.2.5 Prevulcanised Rubber Latex. Natural rubber latex can be vulcanised by subjection to radiation, and 
can subsequently be used in existing equipment and molds by evaporation of the serum at 70 ° C . Such a 
crosslinking of the latex results in a product which is much tougher than the non-irradiated latex and can be 
used where a very thin film with high strength is required; consequently this material is eminently suitable 
for making surgical gloves. This application has been investigated in France 6 3 . 

7. RADIATION DEGRADATION OF POLYMERS 

The radiolysis of polymers which degrade under irradiation has been investigated much less extensively 
than the radiolysis of crosslinking polymers. This undoubtedly results from the fact that the latter process 
has a much greater practical importance than degradation. In most of the polymers that degrade under 
irradiation, e.g. polyisobutylene, polyfrr.ethyl methacrylate) and polytetrafluoroethylene, main chain scission 
takes place through a intramolecular disproportionate reaction, resulting in a decrease in thr molecular 
mass of the polymer with an increase in radiation dose 6 4 . For the purpose of this discussion, tlie kinetics of 
radiation degradation of polymers will no; be dealt with. 

7.1 Industrial Applications of Radiation Degradation 

7.1.1 Molecular-Mass Tailoring of Polyethylene Oxide. The Union Carbide Corporation (USA) decided to 
undertake the marketing of polyethylene oxide in a wide range of applications, which in turn required a wide 
spectrum of molecular masses. Rather than attempt to adjust processing conditions to provide the 
molecular-mass requirements of each application, UCC decided to produce a high-molecular-mass product 
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under constant plant conditions and to subject the product to an inexpensive radiation degradation to meet 
individual customer needs. A gamma-induced chain reaction in the presence of oxygen was to serve as the 
degradation s tep 6 5 . 

7.1.2 Utilisation of Waste Polytetrafluoroethylene. Radiation degradation is being used in both the USA 
and Japan to degrade waste polytetrafluoroethylene (PTFE) to form a ry finely divided powder which is 
utilised in the manufacture of spray lubricants. In this way a pollution problem can be solved and the waste 
material utilised 6 5. 

7.1.3 Wood-Chip Irradiation. The bacterial spoilage of wood chips used in making paper pulp can be 
inhibited by radiation, and at the same time the wood is degraded, facilitating its conversion to pulp. The 
economy of this process is currently being assessed in the U S A 6 5 . 

8. RADIATION GRAFT COPOLYMER IS AT ION 

A graft copolymer is a polymer of which the molecules are composed of two or more chemically different 
polymeric parts. A graft copolymer can thus be considered as resulting from the chemical combination of 
two or more chemically different macromolecules. Schematically the structure of a graft copolymer A p B q 

can be represented in the following manner: 

-A-A-A-A-A-A-A-A-A-A-A-
6-B-B B B-B-B B-B B-B B 

The tact that graft copolymers contain long sequences of two different monomer units confers some 
unique properties on this type of macromolecule. Thus, a graft copolymer ApB q may combine some of the 
characteristics o. both polymers A p and B q , while random copolymers usually exhrl.it properties which are 
intermediate between those of the two basic homopolymers Ap and B q . The importance of graft copolymers 
in the field of polymers is clearly underlined and this group of compounds may, at least in principle, give rise 
to selected polymer combinations with highly specific properties which may be adjusted to an optimum for 
each particular application 6 6. 

Various radiation-chemical methods have been developed for the synthesis of graft copolymers. It was 
found that the radiation-chemical methods for the preparation of graft copolymers are often easier to handle 
than most conventional chemical techniques. Moreover, radiation-grafting techniques are very general, owing 
to the unselective absorption ?f radiation in matter, and can, in principle, be used to synthesise any desired 
combination of polymers. 

8.1 Kinetics of Radiation Grafting 

For grafting to cake place, a chemically reactive site should be formed on the backbone polymer to which 
the grafting is to carried out. This "activation" of a polymer can be readily carried out by ionising radiation. 
A point of interest is the fact that ionising radiation can transfer energy to a polymer via interaction with the 
electrons of the atoms in the polymer molecule leading to ionisation or excitation, a process which is 
essentially independent of temperature and of the molecular structure of the material. As such, ionising 
radiation will activate any molecule, and this technique is thus more universal than, for instance, UV or 
visible light which require the presence in the molecule of a chromophore absorbing in the particular range of 
the radiation used. All the radiation-chemical grafting techniques that were investigated involve free-radical 
processes, although it may be assumed that ionic grafting may take place in certain cases, particularly at low 
temperatures. 

Four different methods of radiation grafting have received wide interest in the past and we will have a 
brief look at these processes: 

(i) Direct radiation grafting of a vinyl monomer onto a polymer67 

The irradiation of a polymer A p in the presence of a monomer B can result in the formation of a graft (or 

http://exhrl.it
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a block) copolymer as written schematically in Figure 7: 

Here A> and 

Fig. 7 
Kinetic scheme for direct radiation grafting of vinyl monomers 

A^-v^-v-v^-v-v-v-^>A are polymeric free radicals derived from and R is a 
low-molecular-mass radical or hydrogen atom. Reaction (7-1) is expected to occur if A p is a polymer of the 
degrading type, in which case the resulting product is in fact a block copolymer. On the other hand, if Ap 
crosslinks under irradiation, reaction (7-2) is more likely to occur and this process leads to the formation of 
an equal number of graft copolymer and homopolymer molecules. In addition, the monomer B can also be 
converted to a homopolymer. In order to minimise the formation of homopolymer, the radiolytic formation 
of free radicals in the polymer should be far greater than that of the free-radical formation in the monomer, 
and the concentration of the polymer should exceed that of the monomer. 

(ii) Grafting on radiation-peroxidised polymers. 
A second method of grafting is derived from the observation that the irradiation of polymer A p in the 

presence of oxygen leads to the formation of a peroxidised polymer. The latter can be used in a subsequent 
reaction for initiating the polymerisation of a monomer and this then leads to the formation of graft 
copolymers. Reactions similar to that discussed under (i) can then take place. 

(iii) Grafting initiated by trapped radicals 
It has been observed that trapped radicals can be formed through the irradiation of a polymer. These 

radicals, most of which are presumably polymeric species, can be used to initiate graft copolymerisations. 
This is the so-called "post-irradiation" grafting technique because the polymer is first irradiated and the 
monomer subsequently brought in contact with the irradiated poh mer to graft onto the trapped free-radical 
sites. This method can lead to very high yields of grafting with little formation of homopolymer, and is 
usually carried out at low temperatures to enhance the formation of trapped radicals and minimise 
chain-transfer reactions which can lead to homopolymer formation. 

(iv) 77?« inter-crosslinking of two different polymers 
A very simple method of radiation grafting is based on the crosslinking of intimate mixtures of two 

homopolymers. To favour this process the polymer molecules must be in very close contact. 

8.2 Industrial Applications of Radiation Grafting 

8.2.1 Textile Modifications' 3~ 7°. Radiation graft copolymerisation can be employed to impart 
permanent-press properties to a fabric - this implies that the fabric may be subjected to many wash cycles 
and retain its smooth, crease-free appearance without any ironing. Certain fibres - cotton, rayon, silk and 
wool - all tend to crease when worn. It is generally necessary to crosslink the polymer chains in these fibres 
in order to ensure crease-free performance. Obviously, a molecule which contains both -CR=CH2 and 
>NCH20H groups could be used to crosslink cotton by a process combining radiation and thermal-catalytic 
steps. One such compound that is commercially available is N-methylolacrylamide (NMA), 
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C H 2 = C H - C O N H - C H 2 O H . 
A process of delayed heat-cure with mutual irradiation can be used to crosslink the cellulose chains in 

cotton. The fabric is first treated with NMA and, through a process of graft copolymerisation, the NMA is 
grafted to the cotton when the natural polymer is irradiated in the presence of the NMA monomer. The 
garment is subsequently manufactured from this radiation-grafted fabric, pressed and subjected to a process 
of heat curing which results in the crosslinking of the grafted cellulose chains through a condensation 
reaction of the NMA methylol groups with the OH groups of the cellulose substrate- A similar process has 
now been used for a number of years by the Milliken company in the USA for the rendering of 
permanent-press properties to cotton. 

9. CONCLUSIONS 

It follows from this discussion that radiation contributes not only to a better understanding of our present 
knowledge of fundamental polymer chemistry, but has been found both economically and technically to be 
the best technique for a wide range of industrial applications. Three factors which may have a profound 
influence on the future of this technology are cost, environmental problems, and energy utilisation. The 
dramatic decrease in the operating costs of accelerators over the past decade has undoubtedly opened up new 
application areas for radiation polymer processing, and, with the expected further decrease, one of the earlier 
objections against radiation processing is falling away. Radiation processing has already shown itself to be a 
technology which is coupled with exceptionally little environmental pollution, and in future this aspect will 
play an ever greater role in the choice of processes. We live, furthermore, in a world which daily becomes 
more energy-conscious, and the utilisation of radiation to enable processes to take place represents an 
extremely efficient way in which to utilise energy. 

It can therefore be expected that radiation processing, especially in the field of polymeric materials, will 
play an ever-increasing and important role in industry. 
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