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What is Radiation Chemistry?

Radiation Chemistry is the study of the chemical effects of ionising radiation on matter.
The ionising radiation flux in a radiation field may be expressed in terms of radiation
intensity (i.e the roentgen). The roentgen is an exposure dose rather than absorbed dose.
For radiation chemist, it is more important to know the absorbed dose i.e. the amount of
energy deposited in the materials which is expressed in terms of Rad or Gray or in electron
volts per gram. The radiation units and radiation power are shown in Table 1 and 2
respectively.

Type of Ionising Radiation

Gamma rays and electron beam are two commonly used ionising radiation in industrial
process. Gamma rays, 1.17 and 1.33 MeV are emitted continuously from radioactive
source such as Cobalt-60. The radioactive source is produced by bombarding Cobalt-59
with neutrons in a nuclear reactor or can be produced from burning fuel as fission
products. Whereas, electrons are generated from an accelerator to produce a stream of
electrons called electron beam. The energy of electrons depend on the type of machines
and can vary from 200 keV to 10 MeV.

Gamma Rays versus Electron Beam

Gamma rays are electromagnetic radiation of very short wavelength about 0.01 A (0.001
nm) for a lMeV photon. It has a very high penetration power. Whereas, electrons are
negatively charge particles which have limited penetration power. The comparison
between gamma-rays from Cobalt-60 and electron beams are given in Table 3. However,
in principle, both radiations have similar effects on matter which will induce ionisation and
excitation of the molecules.

Interaction of Radiation with Matter

The great majority of chemical changes result from electron-electron interactions,
regardless of the nature of the incident radiation, gamma rays or electron beam. This is
because every primary interaction between the bombarding radiation and the absorbing
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materials results in the ejection of energetic secondary electrons, which are themselves
capable of ionising many molecules until the ejected electrons have become "thermalised".
The ionisation may be written:

AB -A/WWW-> AB+ + e"

where the symbol -/WWW—» designates a radiation chemical event. Because of the rate
of deposition of energy by an electron increases as its velocity decreases, it follows that
the majority of the free electrons are produced with energies close to thermal. As a result,
most of the displaced electrons do not escape the coulombic field of the parent positive
ion and geminate recombination occurs. Highly excited molecules will arise as a result of
charge neutralisation (recombination of pos+. and neg- ions).

AB+ + e" ->AB*

This excited species carries excitation energy amounting to the lowest ionisation potential
of the molecules; for organic molecules this value may be greater than 10 ev, an energy
much higher than any bond energy in the molecule; this means that homolytic bond
scission with the production of free radicals is very likely.

In the event that the energy trasferred to an orbital electron by the bombarding particle
may not suffice to produce an ionisation; in such a case an excited molecule is produced.
The energy of excitation may fairly rapidly become localised in some particular bond of a
molecule ( and this is often, but not always, found to be one of the weaker bonds)
resulting in homolytic bond scission with the production of free radicals.

AB* ->A» + B»

Thus, the observed chemical changes occuring in materials expose to ionising radiation
may result from reaction involving positive ions, electrons, free radicals and excited
species. The production of primary radiolytic products happens in between 10'17 to 10"11

seconds before those species diffuse or taking part in the chemical reaction with solute to
produce secondary radiolytic products.

What is Polymers?

Polymers are composed of many atoms or small atomic groups each linked to its
neighbours in long chain. The basic parameters which controls the physical behaviour of
polymers are the length of the molecule, measured by molecular weight of the polymer
and its crystallinity. Most of the polymers are comprise of amorphous and crystalline
regions. Figure 1 is a representation of the molecules in an amorphous polymer,
amorphous means a random arrangement of molecules - the polymer chains go randomly
in all direction.

On the other hand, crystallinity is a state in which the molecules in a material are ordered
in some periodic geometrical relation to one another. The more accurate term for
polymers is "semi-crystalline" rather than "crystalline polymer" as no polymer is



completely crystalline. "Crystalline" polymers contain regions of high order where the
polymer molecules are aligned parallel to one another (Figure 2). These are separated by
larger or smaller regions where the molecule chains lie in a random or disordered fashion
with respect to one another. The polymer molecules, by crystallising, can move closer
together for long distance and the resulting increased attraction between the chain
molecule enables them to respond to stress in a cooperative manner and hence, show
markedly improvement on stiffness properties -ultimate strength properties over
amorphous polymers.

The amorphous polymer molecules adopt random configuration. When the amorphous
polymer is stretched, the individual molecule start to straighten out; however after a while,
their tendency to return to a coiled configuration exceeds the forces of attraction between
molecules and the individual chains start to slip past one another. If the stress is removed,
the sample will not return to its initial length once chain slippage has occured and if once
plastic flow is initiated, the sample will draw down to rupture at a relatively low and
almost constant stress.

However, crosslinking introduces tie links between the molecular chains in the amorphous
regions thus preventing a smaller or greater proportion of the chains from slipping
indefinitely past one another so that the molecules become more and more stretched as the
stress increases. The more chains that are tied together, the greater the proportion of
molecules that are stretched hence the greater the stress required. Under this
circumstances, rupture can only occur by an actual breaking of the molecular chains.
Figure 3 shows the behaviour of crystalline, uncrosslinked and crosslinked amorphous
polystyrene.

Techniques of Crosslinking

I. Crosslinking by irradiation

Crosslinking of polymer such as polyethylene can be described as follows;

-CH2-CH2-CH2-CH2- /WWW\-» -CH2-CH2-CH-CH2- + H«

H* + -CH2-CH2- CH2-CH2- -> -CH2-CH2-«CH-CH2-

-CH2-CH2--CH-CH2- -CH2-CH2-CH-CH2-

+ -> I
-CH2-CH2-*CH-CH2- -CH2-CH2-CH-CH2-

Secondary reaction such as carbon-carbon unsaturation formation also occur with the
evolution of hydrogen (G-valuc about 4).

-CH2-CH2-CH2- AA/WW\-> -CH=CH-CH2- + H2

In addition, the free radicals can react with oxygen from the air to form peroxides of
various types. Usually this reaction occurs when oxygen from the air has ample time to

;



diffuse into the materials during irradiation. This can happen if the materials are irradiated
using gamma rays, due to the dose rate and hence the concentration of radicals are much
lower than using electron beam.

-CH2-*CH-CH2- + O2 -> -CH2-CH-CH2-

I
o-o

It should also be noted that usually there is a competition between crosslinking and chain
scission reaction. If chain scission reaction predominates the material degrades. This is
usually true for polymer chain containing tetrasubstituted carbon atoms in the repeating
unit.

CH3 CH3
I I

R-CH-CH2-R' -> R-C=CH + R'H

2. Crosslinking by using Peroxide

Peroxide crosslinking are extensively used in industry such as in the production of wire
and cable insulations and in the curing of rubbers. Generally organic peroxides such as bis-
2,4-dicholorobenzoyl peroxide, di-tert butyl peroxide and di-cumyl peroxide are used.
Choice of peroxide depends on process stability, temperature of decomposition, end
products, etc.

Crosslinking of Polymers

Peroxide or sulphur can mix together with the semi-crystalline polymers in the liquid state
at a certain temperature whereby it will flow easily. j \ t this temperature the polymers
cannot be crystalline. Hence, there is no crystallinity in the polymers at all during cure, so
the crosslinks are introduced into the polymers in a completely random fashion. However,
when the polymers are cooled down below the melting point, it again will try to crystallise,
but the crosslinks which are distributed quite randomly throughout the polymer impede
recrystallisation. This will end up with a crosslinked polymer which has a much lower
crystallinity thus a lower stiffness than the uncrosslinked polymer.

In radiation crosslinking, polymers can be crosslinked at any temperature, but usually one
well below its melting point, so the crystallinity is not disturbed. In general, when radiation
is used for crosslinking of semi-crystalline polymers, the crosslinks are not formed in the
crystalline regions but only in the amorphous areas (Figure 4). In some semi-crystalline
polymer, this has resulted an increase of resistance to permeation. Other physical
properties of semi-crystalline polymers which are affected by radiation crosslinking are a
systematic stabilising effect as a function of dose in both equilibrium rate of creep and
reduction of the permanent set (Figure 5 & 6), reduce tendency to stress cracking,
increase in tensile strength and reduction in elongation.
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However, not all polymers can be crosslinked. Some are significantly degraded upon
exposure to radiation. Table 4 shows some crosslinking and degrading polymers.

Polyethylene

Polyethylene undergoes mainly crosslinking (G-value ~ 0.9), trans-vinylene formation (G-
value 1.9 for a high density resin and 1.7 for a low-density resin), and hydrogen evolution
(G-value about 4) on exposure to ionising radiation. It was reported that the chain scission
probability is very likely less than 3% of the crosslinking probability in a low density
polyethylene.

Ethylene Copolymer

In general the copolymer of ethylene with polar monomers appear to crosslink more
readily than polyethylene homopolymer. This process is accompanied by scission of ester
bonds to produce acetic acid (for EVA). Such changes render the copolymer to oxidative
or thermal degradation and make the use of acid acceptors mandatory.

Polypropylene

There has been a considerable divergence of opinion on the radiolytic behavior of
polypropylene. For example, it was reported that a) G (chain scission) decreases and G
(crosslinking) increases with increasing dose; b) G (chain scission ) only decreases, in both
cases the initial chain-scission rate exceeding the crosslinking rate; c) both G values are
independent of dose and the crosslinking rate predominates; etc. However, the
inconsistency of the reports may be caused by differences in crystallinity and, to a larger
extent, crystallite size and amount of post-irradiation radical reaction-oxidative
degradation.

Polyamides

It has been reported that the crosslinking and chain scission rates in poly(hexamethylene
adipamide) are dependent on the dose. In General, the crosslinking G value increases with
increasing methylene content and with increasing water content. Both G (crosslink) and
G(chain scission) are significantly lower for polyamides derived from 1,6-hexane diamine
than those derived from longer chain diamines.

Polyvinyl chloride

Poyvinyl chloride, when irradiated with ample access of air, is found to darken slightly and
degrade during irradiation; however, crosslinking predominates if air is excluded from the
sample and the polymer rapidly darkens. The radiation response of this polymer when
plasticised is markedly dependent on the chemical nature of the plasticiser. However, any
significant exposure of this polymer to ionising radiation not only significantly degrades
this polymer but also becomes very sensitive to degradation on subsequent thermal
exposure.
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Natural rubber

This polymer crosslinks (G value 0.9) on irradiation. The chain scission rate is 5% or less
of the crosslinking rate.
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Table 1. RADIATION UNITS

Energy of ionising radiation : eV, keV, MeV

Radioactivity ( SI ) : Becquerel (Bq)
1 Bq = 1 dis/sec

(old unit) : Curie (Ci)
1 Ci = 3.7 x 101° dis/sec
1 Ci - 3.7 x 1010 Bq
1 Ba = 2.7 x 10-n Ci

Absorbed dose: (energy/mass, eV/gram

(old unit) : rad
1 rad = 100 erg/g

(SI unit) : Gray (Gy)
1 Gy = 1 Joule/kg

1 Gy = 100 rad; 1 rad = 0.01 Gy

Absorbed dose rate: ( absorbed dose/time)
(SI unit) : Gy/sec
(old unit) : rad/sec

G-value = number of atoms or molecules of a
species X produced per 100 eV energy absorbed



Table 2. POWER OF RADIATION

1) 7-rays from Co-60

7-rays energy from Co-60 : 1.17 and 1.33 MeV

1 Ci = 3.7 x 1010 disintegration/sec
3.7 x 101° x (1.17 + 1.33) MeV = 3.7 x 2.5 x- lO^ eV/sec
3.33 x 1021 eV/hr = 0.0148 Watt

1 W-hr = 2.25 x 1022eV)

100 kCi= 1.48 kW. lMCi = 14.8 kW

2) Electron Beams

200 kV, 20 mA (Curetron)
200 x 103 V x 20 x 10-3 A = 4,000 W = 4 kW

[ca. 270 kCi of Co-60)

3.0 MV, 30 mA (medium energy)
3.0 x 106 V x 30 x 10-3 A = 90,000 W = 90 kW

(ca. 6 MCi of Co-60)



Table 3. Comparison of 7-rays from Co-60 and Electron Beams

Characteristics
energy
power
dose rate
penetration
energy utilisation
efficiency
production rate
maintenance

others

7-rays
1.17 + 1.33 MeV
1.48 kW/100 kCi
low ( Mrad/hr)
high (43 cm in water)
low (-40%)

low '
replenishment of
Co-60 source
source decay 1%/month

electron beams
variable 0.2-10 MeV
variable 4-400 kW/unit
high (Mrad/sec)
low (-0,35 cm/MeV)
high (-90%)

high
replacement of
electronic parts
shut-off power source



Figure 1. Schematic Representation of an Amorphous Polymer
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Figure 2. Schematic Representation of Semi-crystalline Polymer



IOO HO

TCUPERATURC ,'C

2 O 0 2 5 0

Figure 3. Modulus versus Temperature for one Crystalline,
two Amorphous uncrosslinked and one Amorphous Cross-linked
Polystyrene



Figure 4. Radiation Crosslinking Constricts and Constrains the
Amorphous Regions making Permeation more diffiult
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Figure 5. Creep Properties of Low Density Polyethylene at 25°C,
Applied Stress, 750 psi
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Figure 6. Creep Properties of Low Density polyethylene at 25°C,
Applied Stress, 1000 psi

Pi/



Table 4. Crosslinking and Degradation of Irradiated Polymer

Crosslinkinp Polymer

Polymethylene (polyethylene
Polystyrene
Polyacrylates
Polyacrylamide
Poly (vinyl chloride)
Polyamides
Aliphatic Polyester
Higher Aliphatic/
Aromatic Polyester
Polyvinylpyrrolidone
Unsaturated rubber
Polysiloxanes
Poly (vinyl alcohol)
Polyacrolein
Partially Fluorinated Polyalkenes
Ethylene propylene rubbers
Ethylene propylene diene rubbers
Polytetramethylene ether

Degrading Polymer

Polyisobutylene
Poly (oc-methylstyrene^
Polymethacrylates
Polymethacrylamide
Poly (vinylidene chloride)
Cellulose and derivatives
Polytetrafluoroethylene
Polytrifluorochloroethylene

Polyethylene ether
Polypropylene ether
Polyethylene Terephthalate


