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RESUME

On a examine la chiraie de la production des polymeres dans le but
d'identifier les applications appropriees des accelerateurs d*electrons a
haute energie dans l'industrie des matieres plastiques. Le rayonnement a
haute energie produit des radicaux, electrons et ions libres dans les mate-
riaux soumis a 1'irradiation. Ces especes declenchent des reactions de po-
lymerisation et reticulation d'une maniere analogue a celle des agents chi-
miques. On compare les mecanismes chimiques de la polymerisation, copolyne-
risation et reticulation produites par irradiation avec ceux declenches par
des agents chimiques et thermiques. La polymerisation par irradiation peut
etre un procede tres rapide mais les reactions de polymerisation sont tres
exothermiques et il peut en resulter une augmentation de temperature allant
jusqu'a 400°C si on n'assure pas un refroidissement de limitation de I1aug-
mentation de la temperature au cours de I1irradiation. Les simulations chi-
mico-cinetiques de la polymerisation cationique, par irradiation, du styrene
montre qu'il est possible d'eliminer l'effet de I1inhibition par l'eau sur
la vitesse de polymerisation aux forts debits de dose que cfonnent les acce-
lerateurs de haute puissance.
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ABSTRACT

The chemistry of polymer production has been reviewed for the pur-
pose of identifying suitable uses for high-energy electron accelerators in
the plastics industry. High-energy radiation produces free radicals, elec-
trons and ions in irradiated materials. These species initiate polymeriza-
tion and cross-linking reactions in a manner analogous to that of chemical
agents. The chemical mechanisms of radiation-induced polymerization, co-
polymerizatipn and cross-linking are compared with those of chemical and
thermal initiation. Radiation polymerization can be a very fast process,
but the polymerization reactions are quite exothermic, and temperature
increases of up to 400°C may result if insufficient cooling is provided.
Several approaches to reducing the temperature increase during radiation
curing are presented. Chemical kinetic simulations of the radiation-induced
cationic polymerization of styrene have shown that the effect of water inhi-
bition on the rate of polymerization may be eliminated at the high dose
rates available from high power accelerators.
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1. INTRODUCTION

This report on the underlying chemistry of polymers was prepared
as part of a review of the plastics industry performed to assess the poten-
tial uses of high-energy accelerators for plastics processing. The report
contains descriptions of the chemical mechanisms, thermodynamics and kine-
tics of conventional and radiation-induced polymerization, cross-linking and
grafting reactions. Much of the information on conventional curing tech-
niques was drawn from the books by Allcock and Larope (1981), and Billmeyer
(1984). The chemistry of radiation polymerization and cross-linking has
been reviewed by several authors (Chapiro 1962, Charlesby 1960, Williams
1968, Wilson 1974).

2. CHEMICAL MECHANISMS

2.1 POLYMERIZATION

Polymerization reactions may proceed by step reaction or chain
reaction mechanisms (Allcock and Lampe 1981, Billmeyer 1984). Condensation
polymerization occurs by a step reaction mechanism, and addition polymeriza-
tion generally occurs by a chain reaction mechanism. In chain polymeriza-
tion reactions the chain growth occurs by sequential addition of monomer
molecules to the end of appropriately initiated chains, but in step reac-
tions any two molecules in the system may react with each other (dimer +
monomer, dimer + dimer, dimer + trimer, etc.). In chain reactions the
monomer concentration decreases smoothly during the reaction, and at any
time there are essentially only monomer and high polymer molecules present.
The monomers disappear at an early stage of step polymerization reactions,
and the polymer molecular weight rises steadily during the reaction. In
chain polymerization reactions the molecular weight of the polymer does not
change appreciably during the reaction, but the number of polymer molecules
increases steadily. Chain polymerization reactions may occur by free radi-
cal, cationic, anionic or co-ordination mechanisms. Since high-energy radi-
ation produces free radicals, cations and anions in irradiated materials, it
is a suitable agent for initiating polymerization reactions. Though radia-
tion produces free radicals, cations and anions simultaneously, one type of
polymerization reaction usually predominates under any particular set of
conditions (Williams 1968).

2.1.1 Free-Radical Polymerization

In free-radical polymerization, the growing chain end has an un-
paired electron (Allcock and Lampe 1981). A typical free-radical polymeri-
zation reaction is the addition of a free radical to the carbon-carbon
double bond of an olefin:

R» + CH.-CH- > R-CH.-CH* .
* * a

Free-radical polymerization is used in the plastics industry for the produc-
tion of low density polyethylene (LDPE), polymethyl raethacrylate (PMMA),
polystyrene, polyacrylonitrile (PAN) and polyvinyl chloride (PVC).
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Many olefins undergo spontaneous polymerization reactions. There-
fore, inhibitors are added to monomer formulations to prevent uncontrolled
reaction prior to use. Typical inhibitors are hydroquinone and its mono-
ethyl ether. Atmospheric oxygen is also an inhibitor for many free-radical
polymerization reactions because the initiating radical reacts with oxygen
to produce a peroxy radical that is not capable of reacting with the monomer
at ordinary temperatures in the vast majority of cases. Because of the
negligible solubility of oxygen at elevated temperature and the higher reac-
tivity of peroxy radicals at high temperature, inhibition by oxygen is more
of a problem for radiation curing than for conventional curing, since radia-
tion curing is normally done at room temperature and conventional curing is
done at elevated temperature. However, at the high dose rates available
from electron linear accelerators, the oxygen initially present in the resin
is rapidly depleted, and the polymerization reaction proceeds uninhibited
since oxygen diffuses into the system relatively slowly. The rate of free-
radical polymerization reactions is proportional to the square root of the
rate of initiation, but the average length of the polymer chains is lower at
high initiation rates. Therefore, a compromise must be reached between
short polymerization times and high polymer molecular weights.

Free-radical polymerization reactions may be performed in bulk
monomer, in a solution or in an emulsion in a solvent. Solution and emul-
sion polymerization is used to reduce the temperature increase caused by the
heat released in the reaction. The rapid temperature increase may lead to
violent or explosive reactions, and may cause bubbles or char to form in the
polymeric product. Since water does not generally react with free radicals,
it is a good solvent for many free-radical polymerization reactions. The
use of water as a solvent may, however, introduce added complications in
radiation curing because of the hydrogen atoms and hydroxyl radicals pro-
duced in water radiolysis.

Addition polymerization reactions are characterized by chain ini-
tiation, propagation, transfer and termination reactions. A typical free-
radical polymerization mechanism would be as follows:
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where I* is an initating free radical, M is the monomer, R» is the propa-
gating free radical with a degree of polymerization n, YZ is a chain trans-
fer agent and Pn is the final inactive polymer.

Free-radical polymerization reactions may be initiated by a vari-
ety of agents, including organic peroxides or hydroperoxides, redox agents,
azo compounds, organometallic compounds, heat, and visible, ultraviolet or
high-energy radiation. Typically, these compounds produce free radicals
when heated. The various agents produce free radicals by the following
types of reactions:

Organic Peroxides
ROOR + heat > 2R0«,

Azo Compounds
R-N=N-R + heat > 2R» + Na,

Redox Initiation
S20;

J + HSO- > SOJ- + SO; + HSO;

SOj + Ha0 > HSO; + •OH,

Organometallic Compounds
RAg > R« + Ag, and

Radiation - UV, y, e-beam
RX + radiation > R» + X».

The free radicals produced from the initiator may undergo several reactions
besides polymer chain initiation, including radical recombination inside
and outside of the solvent cage, reaction with polymer radicals, reaction
with initiator molecules, atom abstraction, and reaction with solvent.

Head-to-tail addition reactions are more probable than head-to-
head or tail-to-tail reactions in the chain propagation reaction:

R-CH,CHX» + CH3=CHX > RCH2CHXCH2CHX» .

The preference for head-to-tail reactions is due to the greater stability of
the secondary radical, steric effects and a lower activation energy for the
reaction. The chain transfer reaction may take place with a solvent,
initiator, monomer or polymer molecule. The polymer chain termination reac-
tion may be either a disproportionation or a combination reaction. Radical
combination is more probable at low temperatures, since combination reac-
tions have low activation energies, and disproportionation is more probable
at higher temperature because of its higher activation energy. Table 1
shows the fraction of chain termination reactions that proceed by combina-
tion and disproportionation reactions for the free polymerization of a few
common monomers at 60°C (Allcock and Lampe 1981).
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TABLE 1

CHAIN TERMINATION REACTIONS OCCURRING BY

DISPROPORTIONATION AND COMBINATION REACTIONS

Monomer Disproportionation Combination

Acrylonitrile (60°C) 0 100
Styrene (60°C) 23 77
Methyl methacrylate (60°C) 79 21
Vinyl acetate (90°C) 100 0

2.1.2 Cationic Polymerization

In cationic polymerization the growing chain end has a positive
charge, but in other respects the reaction mechanism is similar to the
mechanism of free-radical polymerization reactions (Allcock and Lampe 1981).
In chemically catalyzed cationic polymerization, chain propagation occurs by
monomer insertion into the cation-anion "bond" at the growing chain end.
This is an ion pair type of mechanism. In contrast, it appears that
radiation-initiated cationic polymerization occurs by a free ion mechanism
(Williams 1968). The free ion mechanism is more susceptible to termination
by reaction with impurities. Monomers that undergo polymerization by a
cationic mechanism include isobutylene, 1,3-butadiene, vinyl ethers, para-
substituted styrenes, a-methyl styrenes and aldehydes. These monomers are
characterized by electron-donating substituents that help to stabilize the
positively charged growing chain end.

Typical chemical initiators for cationic polymerization reactions
are the strong protonic acids, such as hydrochloric, sulphuric and per-
chloric, and the Lewis acids, such as boron trifluoride, titanium tetra-
chloride and aluminum trichloride. Co-catalysts like water and methanol are
used to promote the catalytic activity of the Lewis acids; for example,

The Lewis acids are thought to be ineffective as initiators for cationic
polymerization in the complete absence of water, but excess amounts of water
inactivate the catalyst. Chain transfer reactions in cationic polymeriza-
tion usually proceed by proton transfer to the monomer. This reaction
becomes more important as the reaction temperature is increased above 25*C.
Chain termination in cationic polymerization reactions may occur by proton
transfer from the growing chain end to the counter-ion, or by insertion of
water, or other suitable reagent, into the cation-anion "bond".

R+X- > R + HX
R-X- + Ha0 > ROH + HX.
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Consequently, it is necessary to dry monomers and solvents carefully prior
to initiating cationic polymerization. This is especially important for
radiation-induced cationic polymerization, as free cations react more easily
with water molecules than do ion pairs.

2.1.3 Anionic Polymerization

rhe mechanisms of anionic polymerization reactions are similar to
those of cationic polymerization, except that the growing chain end has a
negative charge (Allcock and Lampe 1981). Styrene, methyl methacrylate and
acrylonitrile may be polymerized by anionic mechanisms. These monomers have
electron-withdrawing substituents to stabilize the negatively charged grow-
ing chain end. Polymers produced by anionic polymerization mechanisms are
characterized by a very narrow molecular weight distribution. The average
molecular weight is determined by the ratio of monomer to initiator concen-
tration. Anionic polymerization may be initiated by alkali metal suspen-
sions, alkyllithium compounds, Grignard reagents (RMgX), aluminum alkyls,
organic radical anions, and high-energy radiation. Many of these initiators
are decomposed by reaction with water, and, as with cationic polymerization
reactions, monomers and solvents must be dried carefully prior to use.
Chain transfer reactions are not usually important for chemically catalyzed
anionic polymerizations. The polymer chains produced by chemically cata-
lyzed anionic mechanisms remain active until a terminator, such as carbon
dioxide, water or alcohol, is added. Radiation-induced anionic polymeriza-
tion reactions are terminated by reaction of the growing chain end with
water, impurities or the counter-ion.

2.1.A Co-ordination Polymerization

Co-ordination polymerization reactions are addition polymeriza-
tions catalyzed by Ziegler-Natta catalysts (Allcock and Lampe 1981). The
Ziegler-Natta catalysts are often formed by the reaction of an alkyl alu-
minum compound with a transition metal complex; for example,

Cp Cl CaH5

\ / \ /
Ti Al
/ \ / \

Cp Cl C2HB

where Cp is a cyclopentadiene ring and CaHs is an ethyl group. The titanium
and aluminum centres are joined by bridging chlorines. These catalysts act
by forming co-ordination bonds between the n-orbitals of an olefin and the
d-orbitals of a transition metal. The polymerization reaction proceeds by
sequential addition of monomer units to the growing chain. Ethylene, propy-
lene, 1,3-butadiene, isoprene, vinyl chloride, styrene and acrylics may be
polymerized by a co-ordination mechanism. It is especially significant that
the Ziegler-Natta catalysts can polymerize dienes to polymers with regularly
spaced carbon-carbon double bonds. The products of co-ordination polymeri-
zation reactions are linear, stereoregular polymer chains. These polymers
crystallize readily because of their regular chain structure, and thus have
high strength characteristics.
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No reports of radiation-induced co-ordination polymerization have
been encountered. It may be possible to use radiation to activate a
Ziegler-Natta catalyst by changing the valence state of the transition
metal. Allcock and Lampe (1981) state that one of the important steps in
co-ordination catalyst activation is the reduction of the transition metal
to a low valence state. This could be effected by radiolytic reduction of
the metal by solvated electrons. This concept, however, would have to be
tested by appropriate experimental work.

2.1.5 Condensation Polymerization

Condensation polymerization occurs by a step reaction mechanism.
The previously discussed types of polymerization occur by chain reaction
mechanisms. Polymers made by condensation reactions include polyesters,
polycarbonates, polyamides, polyimides and urea-formaldehyde. Polysul-
phones, polyphenylene oxide and polyurethanes are also made by step reaction
mechanisms, but no small molecule is released during their production. A
typical condensation polymerization reaction is the formation of a polyester
from a diol and a dicarboxylic acid:

HO-R-OH + HOOC-R'-COOH > H-[-O-R-OOC-R'-CO-]fiOH + H,0 .

The condensation reaction occurs by nucleophilic attack on the carbon atom
in the carboxylic acid:

o-

R-CO-X + Y- < > R-C-Y > R-CO-Y + X".

The intermediate is stabilized by co-ordination of metal cations, protonic
acids and Lewis acids to the C-0" group. These compounds are often used as
catalysts for condensation polymerization reactions.

Pure reagents and equal molar amounts of functional groups are
required to obtain high molecular weight polymers. Ring compound formation
competes with linear chain growth up to the degree of polymerization
required to produce a ring containing 12 to 15 atoms. At higher degrees of
polymerization, the probability of ring formation declines. Linear conden-
sation polymers are formed from difunctional reagents. Branched and cross-
linked polymers are formed from tri- and multi-functional reagents, such as
glycerol (1,2,3-propane triol).

Condensation polymerization reactions often require high tempera-
tures and long reaction times. For example, polyethylene terephthalate is
formed in a two-stage process. In the first stage, one mole of dimethyl
terephthalate is reacted with two moles of ethylene glycol for three hours
at 197°C, in the presence of calcium acetate or antimony trioxide catalyst,
to produce di(2-hydroxy ethyl)terephthalate. The second stage consists of
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heating the di(2-hydroxy ethyl)terephthalate to 283°C for three hours, under
an inert gas purge or vacuum, to evolve the excess ethylene glycol and form
the polyethylene terephthalate polymer.

There are very few studies of radiation-induced condensation poly-
merization reported in the literature (Wilson 1974). One study (Kaetsu et
al. 1968) showed that radiation could be used to initiate formation of
urea-, melamine- and phenol-formaldehyde polymers. The inclusion of chlo-
rine compounds, such as methylene chloride, chloroform, carbon tetrachlo-
ride, aluminum trichloride, sodium chloride and polyvinyl chloride, in the
resin, significantly promoted the radiation-induced polymerization process.
Both the use of high-energy radiation to catalyze condensation polymeriza-
tion reactions, and the role of chlorine compounds in promoting this reac-
tion, require further investigation to determine the complete mechanisms.

2.2 COPOLYMERIZATION

Copolyicers are polymer molecules made from two or more different
types of monomers (Allcock and Lampe 1981). Several classes of copolymers
have been synthesized, including random, regular, block and graft copoly-
mers. Random copolymers have no definite repeating sequence of monomer
units in the polymer chain. They are often made by a free-radical mechan-
ism. Regular copolymers have a regular alternating sequence of monomer
units, and are usually made by an ionic mechanism. Block copolymers have
blocks of one type of monomer unit connected to blocks of another monomer
type. Block copolymers are also commonly synthesized by an ionic mechanism.
Graft copolymers have polymer side-chains of one type of monomer unit
grafted onto a chain made of a different monomer. Graft copolymers may be
synthesized by linking two different types of polymers, or by polymerization
of a monomer from initiation sites on a polymer chain. Many other types of
copolymers have been produced. Industries use copolymers primarily because
the properties of a copolymer are usually intermediate between those of the
two individual polymers, and therefore a particular set of desired proper-
ties can be obtained by suitable combination of the two polymers.

Random copolymers are likely to be easily made by irradiation of
the required mixture of monomers capable of curing by a free-radical mechan-
ism. Regular and block copolymers may be more difficult to synthesize by a
radiation-based technique, since radiation processes tend to be less selec-
tive than the reactions induced by the chemical catalysts normally used.

2.3 CROSS-LINKING

Polymers are cross-linked to increase their strength and resis-
tance to solvents (Allcock and Lampe 1981, Billmeyer 1984). Cross-linking
produces a three-dimensional network of polymer chains in the plastic mate-
rial. Chemical cross-linking is accomplished by dissolving multifunctional
monomers, such as divinyl benzene and allyl methacrylate, in the monomer
prior to polymerization, or by introducing peroxide initiators that decom-
pose at high temperature, such as dicumyl peroxide and di-t-butyl peroxide,
into the polymer melt during final processing. The multifunctional monomers
act as chain branching points, and at higher concentration will form link-
ages between enough polymer chains to produce a network. The peroxides form
free radical sites on the polymer chains. These free radicals may then
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combine to join the two polymer chains at the sites of peroxide attack.
Peroxide residues remain in the cross-linked polymer and provide initiating
sites for later environmental degradation.

High-energy radiation may also be used to cross-link polymers
(Chapiro 1962, Dole 1972, Wilson 1974). Irradiation of a polymer induces
cross-linking and chain scission simultaneously. The overall effect of
radiation treatment on a polymer depends on the relative importance of these
two reactions. Cross-linking predominates in polymers with a relatively
simple chemical structure, such as polyethylene and the polyacrylates, and
chain scission is favoured for polymers with tetra-substituted carbon atoms
in the main chainf such as polyisobutylene and the polymethacrylates. The
mechanism of radiation-induced cross-linking of polymers is not fully under-
stood, but it is likely that a hydrogen atom or other small free radical is
broken off from one polymer chain, the radical abstracts an atom or small
radical from another chain, and the two polymeric radicals combine to form a
cross-link between the two chains. A small molecule, such as hydrogen or
methane, is released during radiation cross-linking.

Radiation may be used to form cross-linked polymers by several
different techniques in addition to direct irradiation of a polymer. Other
techniques include irradiation of resin mixtures containing multifunctional
monomers (e.g., styrene mixed with divinyl benzene), irradiation of a poly-
mer swollen with multifunctional monomers (e.g., polystyrene swollen with
divinyl benzene), and irradiation of an unsaturated polymer swollen with a
monomer (e.g., unsaturated polyester swollen with styrene). These tech-
niques essentially rely on polymerization reactions involving the multifunc-
tional monomers or unsaturated polymers. The technique most suited to a
particular application will depend on relative costs of the basic materials,
the ease of processing into the final shape, and the properties required in
the product.

2.4 GRAFTING

The formation of graft copolymers was discussed briefly in Section
2.2, but the widespread use of radiation in grafting processes justifies
some additional discussion. As noted previously, graft copolymers have
polymer side-chains of one type of monomer unit grafted onto a polymeric
backbone made of a different monomer. Radiation grafting may be effected by
prior irradiation of the polymer, simultaneous irradiation of a monomer and
a polymer, or simultaneous irradiation of two polymers (Chapiro 1962;
Wilson 1974). The prior irradiation of a polymer in an oxygen-containing
atmosphere creates peroxides on the polymer chains. The peroxides may be
used to effect graft copolymerization of a monomer up to several months
later. During simultaneous irradiation of a monomer and a polymer, grafting
is initiated by the formation of active sites on the polymer chain that
initiate polymerization of the monomer. This approach is complicated by
simultaneous homopolymerization of the monomer. The formation of graft
copolymers by simultaneous irradiation of two polymers occurs by the same
mechanism as cross-linking induced by direct irradiation of a polymer. One
use of the grafting technique is in bonding a surface layer of one type of
polymer onto a film or fibre of another polymer type to enhance water repel-
lency, dyeability, solvent resistance, light resistance or other surface
properties (Wilson 1974).
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2.5 FIBRE-MATRIX BONDING IN COMPOSITES

Good adhesion between the reinforcing fibre and the polymer matrix
is required to obtain the maximum possible strength from a composite mate-
rial (McGarry 1981). Good adhesion is obtained by ensuring that the matrix
is in intimate contact with the surface of all of the fibres. Adhesion may
be due to physical attractive forces (Van der Waals forces) or chemical bond
formation. The physical forces are weaker than chemical bonds, and thus
chemical bonding is desired for maximum strength. Silane coupling agents
are used to enhance the adhesion between polymers and glass fibres. During
processing, the silicone end of the molecule reacts with the surface of the
glass fibre and the organic end interacts with the polymer matrix. Any
residual amounts of adsorbed water must be removed from the glass fibre sur-
face to promote bonding between the silane and the glass fibre. Unsaturated
silanes form chemical cross-links with the polymer matrix. Carbon fibres
are chemically sized to promote adhesion to the resin matrix in carbon-fibre
composites. Oxygen-treated carbon fibres have acidic surface groups which
can react with the epoxide functional groups in epoxy resins. Radiation
could potentially enhance the chemical bonding between fibres and polymeric
matrices by creating free radical sites on the fibre surface that would
initiate polymerization of the resin matrix.

2.6 INTERPHASE BONDING IN POLYBLENDS

Polyblends are mixtures of structurally different polymers
(Allcock and Lampe 1981, Olabisi 1982). Polymers are blended to enhance
desired properties. For example, the impact strength of polystyrene is in-
creased by blending it with a non-cross-linked rubber. The properties of a
polyblend are often quite different from a weighted average of the proper-
ties of the components of the blend. The plastics industry is very inter-
ested in polyblends because each new blend can be patented separately and
existing plants can be used to produce the component polymers. Most commer-
cial polymers are actually available as blends. Polymer blends may be
immiscible or miscible depending on the characteristics of the polymer com-
ponents and the temperature of the blend. Polyblends may be produced by
mechanical blending or chemical blending. In mechanical blending, the poly-
mers are melted and then dispersed mechanically. The properties of the re-
sulting blend may depend strongly on the processing conditions. In some
cases the dispersed phase may assume fibre-like shapes that will reinforce
the blend. Some polymeric free radicals may be formed by the shear forces
during mixing, and radical combination reactions may produce copolyraers.
These copolymers will increase the interphase bonding in immiscible blends.
In chemical polyblend formation, the two polymer types are present during
the polymerization reaction. This process forms an interpenetrating cross-
linked polymer network of structurally different polymers.

The effects of radiation on a polymer blend will depend on whether
the component polymers tend to undergo radiation-induced cross-linking or
chain scission, and on whether the polyblend is miscible or immiscible. In
miscible blends, radiation would induce co-cross-1inking, ultimately forming
an interpenetrating cross-linked polymer network as in chemical polyblends.
In immiscible polyblends, radiation could cross-link the two phases and
increase the interphase bonding. The amount of interphase bonding induced
by radiation treatment would be enhanced with multifunctional monomers
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present in the interphase. Utracki (1987) has suggested that radiation
treatment could be used to stabilize desired polyblend morphologies intro-
duced during processing.

3. THERMODYNAMICS

Temperature has quite significant effects on many polymers
(Allcock and Lampe 1981). Some polymers, such as polymethyl methacrylate,
polytetrafluoroethylene, poly-a-methylstyrene and polymethacrylonitrile,
depolymerize at elevated temperatures to form the corresponding monomer.
These monomers cannot undergo a-hydrogen-atom abstraction reactions, and
thus, hydrogen-atom abstraction reactions do not compete with depolymeriza-
tion. Polymers of acetaldehyde, propionaldehyde, butyraldehyde and acetone
spontaneously decompose to monomers at room temperature and atmospheric
pressure. Polystyrene decomposes at elevated temperature to form styrene
and the products of chain scission, a-hydrogen-atom abstraction and chain
transfer reactions.

The free energy of the polymerization reaction is related to the
enthalpy and entropy of the reaction by the following familiar expression:

AG = AH - TAS,

where AG is the Gibbs free energy change, AH is the enthalpy change, T is
the absolute temperature and AS is the entropy change. By convention, the
Gibbs free energy change is negative for a thermodynamically favoured pro-
cess. For polymerization reactions, AS is always less than zero because of
the reduction in translational degrees of freedom in forming one molecule
from many. The enthalpy of the polymerization reaction must be negative for
polymerization to be possible. In general, the magnitude of the enthalpy
change depends on the structure of the monomer.

Thermodynamic parameters for some selected polymerization reac-
tions are presented in Table 2 (Allcock and Lampe 1981). As can be seen from
the data in the table, -AH decreases as the steric hindrance in the polymer-
ization process increases in the series of monomers ethylene, styrene and
a-methyl styrene. The ceiling temperature, Tc, quoted in Table 2 is calcu-
lated from the ratio of the polymerization reaction enthalpy change to its
entropy change (Allcock and Lampe 1981). This method of calculating T c is
only an approximation, as both AH and AS may be temperature dependent. A
better definition of Tc is the temperature at which the free energy of the
polymerization reaction is zero. At temperatures greater than Tc> depoly-
merization is favoured over polymerization.

Degnan (1982) has mathematically simulated the temperature gradi-
ents produced during electron-beam curing of polymeric coatings, and ob-
tained good agreement between the predictions of the model and the experi-
mental data. The temperature increase depends on the degree of cure (extent
of reaction), the radiation intensity (dose rate), the rate of heat conduc-
tion in the coating and the rate of heat exchange with the surroundings.
For nonreactive polymer systems the temperature increase is 5 to 10*C for a
10 kGy dose; but temperature increases of up to 300°C have been noted in
reactive systems, such as during cross-linking of unsaturated polyesters.
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TABLE 2

STANDARD ENTHALPIES, ENTROPIES

TEMPERATURES FOR POLYMERIZATION

Monomer

(ALLCOCK AND

. FREE ENERGIES AND

OF VARIOUS MONOMERS

LAMPE 1981)

K-t!Li-» kj^i

CEILING

AT 25°C

Tc

ethylene

styrene

a-methyl styrene

methyl methacrylate

tetrafluoroethylene

88.7

69.9

35.1

55.2

155

100
104.6

103.8

117
112.1

58.6

38.5

4.2
20.5

121

610
395
66
198
1100

Large temperature increases induced by irradiation lead to increased inter-
nal stresses, crazing and cracking. Degnan (1982) also observed an increase
in the heat of polymerization of a multifunctional monomer-oligomer mixture
with increasing multifunctional monomer content. In his study nitrogen gas
was used both as an inert atmosphere and to cool the coating; the film sur-
face temperature was dependent on the nitrogen gas flow rate. The effects
of heat released during radiation polymerization would be more pronounced in
objects with smaller surface area to volume ratios, since the rate of heat
transfer to the surroundings is dependent on the surface area of the object.

Zagorski (1985) has considered thermal effects in radiation pro-
cessing with high dose-rate electron accelerators. Electron accelerator
radiation gives essentially adiabatic temperature increases, since the irra-
diated material does not transfer any heat to its surroundings during the
irradiation period. Zagorski notes that the heat capacities of most materi-
als are significantly lower than the heat capacity of water, and therefore
the radiation-induced adiabatic temperature increase is larger for other
materials than it is for water.

Table 3 shows some representative values of heat capacities and
temperature increases induced by irradiation to 10 and 30 kGy for selected
materials at room temperature and at liquid nitrogen temperature (Zagorski
1985). The heat capacities of most materials are significantly lower at
-195°C than they are at room temperature. Metals have especially low heat
capacities, and their temperature increases observed on irradiation are cor-
respondingly high compared to other materials. Most polymers have heat
capacities of about 1.7 ± 0.4 J»g-1»K"X at room temperature, but the heat
capacity may be significantly changed by additives. For example, inorganic
oxide fillers generally reduce the heat capacity of the formulation. Local
temperature increases may be larger than the predicted values because the
radiation energy is deposited in small regions (spurs and tracks). Zagorski
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TABLE 3

SPECIFIC

RADIATION

TEMPERATURE

HEATS AND

DOSES OF

AND -195°

Material

ADIABATIC TEMPERATURE

10 AND 30 kGy

Ct NEGLECTING

T

INCREASES INDUCED BY

FOR SELECTED MATERIALS AT ROOM

CHEMICAL

I- - K - )

EFFECTS (ZAGORSKI 1985)

AT(10 kGy) AT(30 kGy)

Water, liquid
Hater, solid
Hater, solid
Carbon, graphite
Iron, a
Iron, a
Polyacrylonitrile
Polyacrylonitrile
Polyamide, nylon 6
Polyamide, nylon 6
Polyethylene, amorphous
Polyethylene, amorphous
Polyethylene, crystalline
Polyethylene, crystalline

21
-21
-195
25
25

-195
25

-195
25

-195
25

-195

25
-195

4.18
1.95
0.69
0.72
0.45
0.144
1.29
0.45
1.49
0.48
2.19
0.56
1.55
0.54

2.39
5.06
13.5
13.5
15.5
46
7.63
19.8
6.57
18.8
4.53
16.4
6.42
17.0

7.17
14.9
36.6
38.5
43
107
22.4
52.6
19.4
50.1
13.5
43.5
18.9
40.8

discusses various experimental measurements of radiation-induced temperature
increases, and observes that thermocouples give false readings for about
5 ms after a short electron-beam radiation pulse.

Zagorski (1985) describes two cases of irradiation of inhomogene-
ous materials. The first case is a study of cross-linking of a natural rub-
ber latex in aqueous medium. The temperature increases are 48 and 24°C in
the rubber and aqueous phases, respectively. About one minute is required
to establish thermal equilibrium in the two-phase system after irradiation,
and the dose has to be fractionated into two parts, especially when volatile
modifying agents are used in the organic phase. The second case Zagorski
(1985) describes is that of a simulated medical disposable product, consist-
ing mainly of polypropylene, initially at 25°C, irradiated to 30 kGy using
high-energy electron radiation. The polypropylene part of the medical dis-
posable reaches a final temperature of 37°C. The glass, aluminum and steel
parts irradiated to 30 kGy would reach temperatures of 50, 57 and 68*C,
respectively. Zagorski (1985) claims that the glass, aluminum and steel
parts, exposed to the same radiation field in which polypropylene receives a
dose of 30 kGy, would reach final temperatures of 113, 110 and 513*C. The
higher final temperatures are attributed to the different energy absorption
properties of these materials. However, the energy absorption characteris-
tics of those materials on a per unit mass basis are not very different from
those of polypropylene. Zagorski appears to have used the energy absorption
per unit volume rather than per unit mass. The final temperatures of the
glass, aluminum and steel parts in this radiation field would probably be
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within ±5°C of the values quoted above for a 30-kGy dose. Zagorski (1985)
has apparently overestimated the difficulties associated with irradiation of
composite materials.

The temperature increases caused by radiation polymerization of
monomers can be quite significant. The temperature increase in methyl
methacrylate (MMA) polymerization has been calculated using a radiation dose
of 50 kGy, a heat capacity of 1.7 J#g'l#K~l (assumed to be independent of
temperature), and a polymerization reaction enthalpy of -55.2 kJ'mol"1. The
temperature increase due to the radiation dose alone is 30°C, the heat of
polymerization contribution is 330°C and the total temperature increase is
360°C. This temperature increase would be difficult to accommodate in an
industrial process, especially since the ceiling temperature for MMA poly-
merization is 198°C and the boiling point of MMA is 100°C. A similar calcu-
lation performed for styrene polymerization gave a total temperature in-
crease of 448°C. The ceiling temperature for styrene polymerization is
395°C and its boiling point is 146°C. Special measures would have to be
used to enhance heat dissipation in the radiation polymerization of three-
dimensional objects with high-energy electron accelerators.

Some techniques which could be used to decrease the temperature
increase during radiation curing are discussed below.

(1) The polymerization process could be performed in an inert solvent.
In this case the heat released by the polymerization reaction
would be distributed between the solvent and the polymeric
product.

(2) The monomer could be suspended in a solvent with appropriate sur-
factants, and the polymerization reaction performed in the emul-
sion. Again, the heat of reaction would be transferred to the
solvent.

(3) The material could be irradiated while immersed in water to en-
hance the rate of heat transfer from the object.

(4) Cold gases could be flowed over the object to enhance the rate of
heat transfer.

(5) The enthalpy of a phase transition could be used to minimize the
temperature increase. For example, the evaporation of acetone
from a polymerizing styrene film could be used to maintain the
film temperature near the acetone boiling point, provided that
acetone does not adversely affect the polymerization reaction.
The enthalpies of phase transitions are usually larger than the
heat capacity of a material. The heat of evaporation of acetone
is 551 J'g"1; its heat capacity is 2.18 J'g-^K"1.

(6) The radiation dose could be delivered in several stages, with time
allowed for cooling between irradiations. The cooling times re-
quired may be up to several hours if thick objects that cannot
stand large temperature increases are irradiated.



- 14 -

(7) Utracki (private communication) has suggested that the use of
radiation in conjunction with a tubular reactor geometry could
reduce the temperature increases during polymerization of thermo-
plastics. A tubular reactor is in the shape of a coil and is
normally used when a long reaction time is required. Additional
reactants may be added at various points along the length of the
tube. If one side of the coil was in a radiation field, polymeri-
zation reaction initiators would be produced once in each turn of
the coil. In the rest of the coil, the polymerization reactions
would proceed and heat would be transferred to the medium sur-
rounding the coil.

(8) Inert, high-conductivity materials could be incorporated into the
resin to be irradiated, and thus increase the rate of heat trans-
fer from the interior of an object to its surface. Materials with
low atomic numbers and low densities should be used in this tech-
nique to avoid absorbing excessive amounts of radiation. Carbon
fibres, boron fibres and aluminum flakes may be suitable. Thermo-
plastics could be separated from the heat-conducting materials by
melting. The fibres present in reinforced plastics may increase
the rate of heat conduction in the composite structure.

(9) Oligomers could be used in the resin formulation, rather than mon-
omers, to reduce the amount of heat released in the polymerization
reactions. The oligomers could be produced in a prior radiation
process or made by conventional chemical processes. Oligomers
have fewer reactive groups per unit weight of the resin than do
monomers, and the quantity of heat released depends on the number
of reacted functional groups. Multifunctional monomers will in-
crease the heat of reaction per mole of monomer, but the heat of
reaction on a weight basis will be very similar to that of a mono-
functional monomer.

The methods listed above, which increase the rate of heat transfer
from the surface of an irradiated object, may not reduce the temperature in-
crease in thick objects significantly, as the rate of heat transfer in thick
objects is largely determined by the rate of heat flow from the interior to
the surface. Developing suitable approaches for reducing the temperature
increase in different radiation curing applications will require further
research.

KINETICS

The time development of chemical reactions after the absorption of
high-energy radiation has been considered in a number of reviews (Freeman
1987, Kaplan and Miterev 1986, Hunt 1976, Mozumder 1969, Schwarz 1969, Singh
1972, Singh and Singh 1982). In the time span prior to 10" ** s energy depo-
sition by electrons of energy greater than or equal to 3 eV occurs. This is
termed the physical stage (Singh and Singh 1982). For incident electrons
with an energy of 10 MeV, the probabilities of different size energy quanta
being deposited are 76% for the energy range 6 to 100 eV (spur), 8% froa 100
to 500 eV (blob) and 16% from 500 to 5000 eV (short track) (Mozuader 1969).
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Excited molecules, free electrons and positive ions are created in these
localized features during the physical stage. A spur initially has a dia-
meter of about 5 nm (Schwarz 1969) and it expands over time by diffusion.

The next stage is the overlap region between the physical and
chemical stages, and it occurs from 10"l* to 10"ia s (Singh and Singh 1982).
The interactions in the physico-chemical stage are energy deposition by
lower energy electons; breakage of C-H, 0-H, N-H and S-H bonds in excited
molecules; ion-molecule reactions; dry (i.e., not solvated) electron reac-
tions; formation of hydroxyl radicals, hydrogen atoms, hydrated electrons
and hydronium ions in spurs in aqueous media; and energy transfer reactions
from molecular excited states. The spur lifetime is the time required for
the species produced in the initial radiation interaction to be homogeneous-
ly distributed in the medium, and is typically about 10*7 s in media with
low viscosity, but may be as long as 10*3 s in media with high viscosity
(Mozumder 1969).

The chemical stage predominates at times greater than 10"1J s
(Singh and Singh 1982). The main reactions in this stage are the thermali-
zation and solvation of very low energy secondary electrons, reactions of
the primary ions and radicals with each other and with solutes (including
dissolved oxygen), C-C and C-N bond breakage, and formation of stable and
metastable products. The spurs expand to a diameter of about 103 nm by
10"7 s after the initial energy deposition in low viscosity liquids. At
this point the spatial distribution of reactive species may be considered to
be uniform for all practical purposes, and homogeneous reaction kinetics may
be applied. Nonhomogeneous kinetics applies to reactions in spurs (Freeman
1987, Schwarz 1969).

The effect of high dose rates on the time evolution of radiation
chemical events has been considered by Magee (1951, 1955) and by Burns and
Barker (1965). High dose rates and high linear-energy-transfer radiation
favour radical-radical and ion recombination reactions over abstraction and
addition reactions. Magee (1951) identified two cases that depend on the
ratio of the number of background ions remaining in the volume of an average
track from the passage of previous tracks, to the number of ions freshly
introduced by the current track. If the number of background ions is much
greater than the number of new ions, ion recombination is slow compared to
diffusion; this case is called the high-background case. If the number of
background ions is much less than the number of new ions in a track (low-
background case), diffusion is slower than recombination and most ions re-
combine before the track expands significantly. Continuous irradiation of
condensed media almost always corresponds to a low-background case, but
gaseous media may fall into either high- or low-background cases depending
on the specific characteristics of the gas being irradiated. High dose-rate
pulsed irradiations may result in a high-background case even for condensed
media.

Burns and Barker (1965) have shown that intermittent irradiation
gives rise to two limiting cases. In one case the radiation dose rate and
the scavenger reaction rate are both high, and a steady-state situation is
therefore reached during the pulse lifetime, t . In this case the effect of
the pulsed irradiation is equivalent to continuous irradiation at the sane
dose rate for a fraction of the time equal to t /(t_+tn), where tn is the
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time between pulses. The other case applies when the lifetime of the spe-
cies produced is much greater than the pulse duration. In this case, the
pulsed irradiation is equivalent to a continuous irradiation with a dose
rate of It /(t_+tn), where I is the dose rate during the pulse. Radio fre-
quency pulses from a linac on the 70 ps time-scale with 700 ps between
pulses correspond to the latter case because most chemical reactions require
longer times. However, the microsecond time-scale pulsed radiation from
these accelerators may fall into either of these cases or an intermediate
case, depending on the details of the chemistry of the system under study,
and the sub-structure of the microsecond pulses.

At the instantaneous dose rates available from a focussed linac
beam (up to 7.5 x 1010 Gy'S"1), there is likely to be significant interac-
tion between the ions and radicals produced in a spur and the background of
ions and radicals remaining from previous spurs. This corresponds to the
high-background case of Hagee (1951). In the styrene polymerization simula-
tion described below, a free ion yield of 0.1 molecule*(100 eV)'1 was used,
though the initial yield of ion pairs in a spur is about 4 molecule*
(100 eV)' 1. With linac irradiation at an instantaneous dose rate of
7.5 x 1010 Gys" 1, the yield of free ions is probably less than
0.1 molecule*(100 eV)"1 due to the increased importance of the ion recombin-
ation reaction in the spurs. Nonhomogeneous kinetic simulation techniques
(Burns and Barker 1965, Freeman 1987, Hagee 1951 and 1955, Schwarz 1969)
would have to be used to determine the yield of free ions as a function of
dose rate. The styrene polymerization reaction initiated with high dose-
rate radiation corresponds to an intermediate case in the framework of Burns
and Barker (1965), since the scavenger (polymerization) reaction rate is
low.

Williams et al. (1967) have analysed the chemical kinetics of the
radiation-induced cationic polymerization of styrene as a function of radia-
tion dose rate in the range 10"7 to 1019 eV»dnrs»s"1. We have used the
MACKSIM chemical kinetics simulation code (Boyd et al. 1980) to extend the
dose rate range to 5 x 10Ji eV*dm~3*s~l (1 x 10s Gy^s"1). The reaction set

used for this simulation is as follows:

k = 5.0 x 10« dras*mol-i*s-i (1)

k - 2.0 x 10*» dm3*raol-l*s-» (2)

k = 1.0 x lOio dms*mol-i*s-i (3)

if k = 2.0 x ion dm^mol-i's-1 (4)

k = 1.0 x 10* dm»»mol-1»s-1 (5)

Reaction (1) is the cationic polymerization reaction of the intermediate M£
with styrene monomer. Reaction (2) is the ion recombination termination
step. Reactions (3) and (4) are the reactions of the propagating intermedi-
ate with a scavenger, X, and its subsequent neutralization reaction with the
counterion. Reaction (5) is the chain transfer to monomer reaction. The
rate constants for Reactions (1 to 3) were taken from Williams et al.
(1967), the rate constant for Reaction (4) was assumed to be equal to that

M n H

M X * Hn
M n H

H M

H Y "

i- X

H Y -

y M

— > Mn+1
— > MY

> M X*
n

> M + Xn
— > M + M
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of Reaction (2), and the rate of Reaction (5) was calculated from the data
of Ueno et al. (1967). The yield of the free positive ions was assumed to
be 0.1 molecule*(100 eV)"1 (Williams et al., 1967), and homogeneous kinetic
equations have been used for the calculations. The rate constants used are
appropriate for a temperature of 15°C; any temperature rise due to the exo-
thermic polymerization reactions has been neglected. Figure 1 shows the
rate of polymerization (i.e., monomer disappearance) as a function of dose
rate for continuous irradiation at scavenger concentrations of zero and
10"7 mol'dnr3. The polymerization rates in the dose rate range 1017 to
1019 eV»dm"3»s-1 agree closely with those calculated by Williams et al.
(1967) under the steady-state assumption. At the higher dose rates
corresponding to those available from industrial electron accelerators, the
polymerization rate is not affected by the presence of a small amount of
cation scavenger. This observation raises the possibility that high
dose-rate irradiation may be used to overcome the effects of trace levels of
inhibitors on the rate of polymerization. Additional research is required
to elucidate this effect.

Figure 2 shows the number average degree of polymerization as a
function of dose rate for the same scavenger concentrations. The molecular
weight of the polymer is largely determined by the ratio of the rate of the
chain transfer reaction (Reaction 5) to that of the polymerization reaction
(Reaction 1), and is essentially independent of dose rate up to
10al eV'dnr^s-1. The polymer molecular weight falls only by about 14% at
the highest dose rate considered (5 x 1023 eV»dm~3»s~1, i.e.,
1 x 105 Gy»s"x). This slight reduction in the polymer molecular weight may
be acceptable for many product end uses. The solid points on the two
figures show the results of using pulsed radiation with t_ = 250 us, I =
5.65 x 10*3 eV'dm-S's-1, and a pulse repetition rate of 200 Hz. The rates
of polymerization with pulsed irradiation are about a factor of two lower
than those obtained with continuous irradiation at the same average dose
rate, and the polymer chains produced are about 3.5% shorter. At these dose
rates the effects of pulsed irradiation are likely to be negligible in most
applications.

A comparable simulation of the radiation-induced free-radical
polymerization of vinyl acetate was also performed. The following reaction
set was used:

M n H

n

n

h M ~

h M m "

h M —

"> Mn+1
-> Mn +

-> M +

Mm

M«

k = 1.0

k = 3.2

k = 1.0

k = 2.5

X

X

X

X

103

10'

10»

io-

dmS'mol-^s-1

dm3#mol"1#s-1

dms>mol"1#s-1

i dm3»mol-i»s-i

(6)
(7)

C8)

(9)

Reaction (6) is the free radical polymerization reaction of the intermediate
Mi with vinyl acetate monomer. Reaction (7) is the disproportionation reac-
tion which is the dominant termination reaction for vinyl acetate polymeri-
zation (Allcock and Lampe 1981). Reaction (8) is the reaction of the propa-
gating intermediate with molecular oxygen (scavenger). Reaction (9) is the
chain transfer to monomer reaction. The rate constants for Reactions (6),
(7) and (9) are appropriate for vinyl acetate polymerization at 60*C
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(Allcock and Lampe 1981). The rate constant for Reaction (8) is typical of
reactions of free radicals with molecular oxygen. The rates of these free-
radical reactions are several orders of magnitude lower than the correspond-
ing reactions in the cationic polymerization of styrene. The initial yield
of free radicals from monomer irradiation was assumed to be
12 molecule*(100 eV)-i (Williams 1968).

Figure 3 shows the calculated dependence of the rate of polymeri-
zation on the radiation dose rate for molecular oxygen scavenger concentra-
tions of zero and 1.5 x 10"3 mol#dm"s. As was observed previously for the
cationic polymerization of styrene, the effect of scavenger on the rate of
free-radical polymerization of vinyl acetate is greatly reduced at high dose
rates (> 10ai eV»dm-3«s-1). Figure 4 shows a plot of the calculated number
average degree of polymerization of the polyvinyl acetate as a function of
the dose rate for oxygen concentrations of 0 and 1.5 x 10"» mol»dm~3. As
noted previously, the polymer chain lengths in free-radical polymerization
reactions are substantially reduced at high rates of initiation.

The results of this simulation would suggest that electron accel-
erator radiation would be unsuitable for initiation of vinyl acetate poly-
merization. However, the reaction set used for this simulation neglects
several important effects which could change this conclusion, including
chain branching and cross-linking reactions. The effect of radiation dose
rate on the polymer chain lengths from free-radical polymerization reactions
should be investigated experimentally. These simulations were performed
using highly simplified sets of chemical equations. More detailed analyses
that include the effects of temperature, chain branching and cross-linking
on the polymerization process should be performed. The above simulations
were performed using homogeneous kinetic equations. At the instantaeous
dose rates available from focussed linac beams (up to 1011 Gy's"1), there is
likely to be significant interaction between the ions and radicals produced
in a spur and the background of ions and radicals remaining from previous
spurs. Nonhomogeneous kinetic simulation techniques would have to be used
to account for these effects (Burns and Barker 1965, Freeman 1987, Magee
1951 and 1955, Schwarz 1969).

5. CONCLUSIONS

(1) High-energy radiation may be used to initiate free radical,
cationic and anionic polymerization reactions.

(2) Molecular oxygen acts as an inhibitor for free-radical polymeriza-
tion reactions; water inhibits ionic polymerizations.

(3) It may be possible to use radiation to initiate co-ordination
polymerization, by reducing the valence state of transition metals
in the co-ordination catalyst. Experimental investigation is
required.

(4) The use of high-energy radiation to catalyze condensation polymer-
ization reactions, and the role of chlorine compounds in pronot-
ing this reaction require further investigation to determine the
complete mechanisms.
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(5) Random and graft copolymers are likely candidates for production
using radiation; regular and block copolymers may not be good
possibilities.

(6) Cross-linked polymers can be made by direct irradiation of the
polymer, irradiation of resins containing multifunctional mono-
mers, irradiation of a polymer swollen with multifunctional mono-
mers, and irradiation of unsaturated polymers swollen with
monomers.

(7) The effect of radiation on fibre-matrix bonding in composites is
not well known, but bonding could possibly be enhanced by radia-
tion. Further research is required.

(8) Investigation of the use of radiation in polyblend production is
required to determine if useful effects can be achieved.

(9) Suitable techniques should be developed for reducing the tempera-
ture increase during industrial-scale polymerization and cross-
linking of thick objects with electron accelerator radiation.

(10) High radiation dose rates may be used to overcome the effects of
inhibitors on the rate of polymerization.

(11) Preliminary numerical simulations suggest that dose rates less
than 1 x 10s Gy's"1 have little effect on the polymer chain length
in the cationic polymerization of styrene, but the chain length in
the free-radical polymerization of vinyl acetate is substantially
reduced at much lower dose rates.

(12) The effect of dose rate on polymer chain length requires further
investigation for selected free-radical, cationic and anionic
polymerization reactions.

(13) A detailed methodology is required for numerical simulation of
high-energy radiation-induced polymerization reactions, including
the effects of chain branching, cross-linking, temperature, and
nonhomogeneous kinetics.
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