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RADIATION CURING

The interaction of electromagnetic radiation with organic substrates is of widespread interest and has broad
commercial applications. The use of electromagnetic radiation to alter the physical and chemical nature of
a material is sometimes termed radiation curing technology. In radiation curing, electromagnetic radiation
interacts with organic substrates to develop cross-linked or solvent-insoluble network structures. For example,
a preformed thermoplastic polymer that interacts directly with certain types of ionizing (high energy) radiation
from a given source of energy can develop into cross-linked or network structures having higher melting points,
improved heat resistance, and improved chemical resistance than the original thermoplastic polymer starting
materials (Fig. 1; Table 1) (1–3).

Similar types of high energy radiation can be used to cross-link (cure) organic coatings, providing that the
liquid coating composition contains reactive vinyl-unsaturated components such as allyl, acrylate, methacry-
late, styrene, and fumarate reactive groups (4–7). Radiation curing technology involves consideration of at
least four main variables: type of radiation source; organic substrate to be irradiated; kinetics and mechanisms
of radiation energy–organic substrate interactions; and final chemical, physical, and mechanical properties
associated with the formation of three-dimensional (cured) network structures.

1. Radiation and Electromagnetic Radiation Sources

Radiation curing, as applied to the cross-linking of polymers or coating materials, involves the full spectrum
of electromagnetic radiation energies to effect chemical reactions. These forms of radiation energy include
ionizing radiation, ie, α-, β-particles and γ -rays from radioactive nuclei; x-rays; high energy electrons; and
nonionizing radiation such as are associated with uv, visible, ir, microwave, and radio-frequency wavelengths
of energy (Table 2) (8–10).

One of the most common sources of α-, β-, and γ -rays is radioactive nuclei, such as those listed in Table
3. The only significant ionizing radiation having limited commercial polymer-coating curing applications is
the γ -ray produced from either 60Co or 137Cs radioactive nuclei. Detailed descriptions of these sources, eg,
energies, cost of operation, shielding requirements, comparisons between 60Co and 137Cs efficiencies, and
reactor geometries, are available (8, 11–13) (see Radioisotopes).

X-rays can be produced through deceleration of high speed electrons through the electric field of an atomic
nucleus. Various types of accelerator equipment capable of producing x-rays are listed in Table 4. High voltage
electron accelerators have a distinct advantage over γ -ray and certain types of x-ray processing equipment.
High energy electrons produced by machine acceleration, in comparison with radioisotopes, can be applied
easily to industrial processes for the following reasons: easy on–off switching capability; less shielding is
required than with gamma radiation; accelerator beams are directional and less penetrating than γ - or x-rays;
and electron radiation provides high dose rates, ie, maximum penetration per unit density of material, and is
well suited for on-line, high speed processing applications.
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Fig. 1. (a) Interaction of high energy electromagnetic radiation with a preformed thermoplastic polymer to develop (b)
cross-linked network polymer structures.

Table 1. Comparison of Physical Properties for Conventional 105◦C PVC and Irradiated PVC Wire Compoundsa

Property values

Physical property Conventional 105◦C PVC Irradiated PVC

tensile strength, MPab 20.7 20.7
elongation, % 250 200
solder iron resistance, time to fail at 349◦C, 0.68-kg load, s <1 >300
insulation resistance, �/30 m 1000 1000
cut-through resistance, time to cut through at 105◦C, 0.125-mm
chisel, s

<5 >600

heat resistance, % retention of elongation after 168 h at 136◦C 50 75

a Ref. 3.
b To convert MPa to psi, multiply by 145.

Table 2. Electromagnetic Spectruma

Types of radiation Wavelengths, nm Frequency, Hz Energy, eV

gamma ray 10−4 − 10−2 1019–1022 105–108

electron beam 10−3 − 10−1 1018–1021 104–107

x-ray 10−2 − 10 1016–1019 102–105

ultraviolet 10–400 1015–1016 5–102

visible 400–750 1015 1–5
infrared 750–105 1012–1014 10−2 − 1
microwave >106 1011–1012

<10−2

radio frequency >106 <1011 <10−2

a Refs. 8 and 9.

Commercially available high or low energy electron-processing equipment includes dynamitron, dynacote,
insulating-core transformers, linear accelerators, Van de Graaf accelerator, pelletron, laddertron, and planar
cathodes (16). Manufacturers of high voltage electron-accelerator equipment are High Voltage Engineering
Corporation (Burlington, Massachusetts); Radiation Dynamics, Inc. (Edgewood, New York); Energy Science,
Inc. (Woburn, Massachusetts); and Radiation Polymer Company (RPC) (Hayward, California). The two most
common high energy electron accelerators in use in the 1990s are the scanned beam configuration (Radiation
Dynamics) and the linear or planar cathode system (Energy Sciences and RPC).

Electromagnetic radiation, ie, from photons in the uv and visible ranges, can also produce chemical
changes, but these energies do not cause direct ionization of organic substrates. Chemical reaction depends
on the ability of the organic substrate or photoactive compounds to absorb light energy and to undergo
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Table 3. Radioactive Nucleia

Isotopes Half-life
Type of

radiation

polonium-210 138 d α,γ -rays
radium-226 1620 yr α,γ -rays
cesium-137 30 yr β,γ -rays
cobalt-60 5.27 yr β,γ -rays
strontium-90 28 yr β-rays

a Ref. 11.

Table 4. X-Ray Processing Equipmenta

Accelerator Energy, MeV

x-ray machine 0.05–0.3
resonant transformer 0.1–3.5
Van de Graaf accelerator 1–5
betatron 10–300
linear electron accelerator 3–630

a Refs. (11, 14), and 15.

photophysical processes involving electronically excited states and photochemical processes, which ultimately
result in the formation of reactive intermediates (free radical or acid catalysts) that cause the organic substrate
cross-linking reactions to occur.

Ultraviolet light sources are based on the mercury vapor arc. The mercury is enclosed in a quartz tube and
a potential is applied to electrodes at either end of the tube. The electrodes can be of iron, tungsten, or other
metals and the pressure in a mercury vapor lamp may range from less than 0.1 to >1 MPa (<1 to >10 atm ).
As the mercury pressure and lamp operating temperatures are increased, the radiation becomes more intense
and the width of the emission lines increases (17).

Visible light sources can be obtained from high pressure mercury arcs by addition of rare gases or metal
halides, which increase the number of emission lines in the 350–600-nm region of the spectrum. Fluorescent
lamps, tungsten halide lamps, and visible lasers are also used for light-induced photochemical reactions as
applied to the curing of polymers and coating technologies (18).

Infrared radiation (λ = (0.7 − 400 µm) has been used to fabricate plastics and to cure coating systems
for a wide variety of commercial applications. In these applications, either gas fuel or electricity generates
the infrared radiation (9, 19–21). Gas-fired infrared-generating systems include radiant tube burners, surface
combination burners, and direct-fired refractory burners. Electrically powered infrared-generating systems are
short-wave emitter lamps, radiant metallic rods, and ceramic, quartz, or glass tubes (see Infrared technology).

The energy density of microwaves is proportional to the square of the electrical field intensity at a given
point of reference. Microwaves can generate thermal energy through resistive losses in a conductor, magnetic
losses in magnetic materials, and dielectric losses in materials having high dielectric constants (19). Microwave
heating equipment consists of the following five main elements: a power supply, which converts 440 V, three-
phase, 60 Hz to 1–20 kV dc; a high frequency generating system (magnetron or klystron tube circuits); a high
frequency transmission system (microwave waveguides); a control system; and work application fixtures.

Radio-frequency energies (4–5 MHz (1–100 W)) initiate glow discharge, ie, plasma polymerization reac-
tions for a wide variety of organic starting materials. These types of energetic gas-phase reactions produce
thin cross-linked films that have a broad range of useful physical properties (22, 23). Typical plasma or
glow discharge monomer polymerization or polymer modification reaction equipment consists of the following
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components: a radio-frequency power source, a standing-wave ratio bridge, a matching network, inductive
coupling or capacitor electrodes, and a vacuum system (see Microwave technology; Plasma technology).

2. Mechanisms of Radiation Energy–Organic Substrate Interaction

High energy interaction with organic substrates produces excited states which undergo secondary reactions,
eg, electron capture, charge neutralization, intermolecular and intramolecular energy-transfer processes, ion
formation, and molecular dissociation to produce free-radical intermediate species. The resulting chemical
reactions are caused by the excited species and the formation of reactive intermediates (11). Ionizing radiation
can produce excited molecules and secondary reactions through the following direct interaction processes:

In the case of photochemical reactions, light energy must be absorbed by the system so that excited states
of the molecule can form and subsequently produce free-radical intermediates (24, 25) (see Photochemical
technology).

A:B −−−−−−−−−−−−−−→hυ (photons)
uv or visible light energies (A:B)∗ (exicted states)

(A : B)∗ −→ A· + B· (free − radical intermediates)

It is also possible to use special photoactive catalysts that absorb light energy and produce cation or
acid-reactive intermediates.

photoactive catalyst −−−−−−→hυ (photons) [excited states]∗

[excited states]∗ −→ acids or cations

The difference between excited states produced by ionizing radiation and those produced photochemically
is that an incident photon does not have sufficient energy to eject an electron completely from the molecule
but only displaces it into a new orbital farther from the nucleus. Ionizing radiation produces the same types
of excited states as photochemical processes, but ionizing radiation also produces higher excited states, ie,
of more intrinsic energy, which cannot be formed directly by absorption of light energies (11, 26). Energies
emitted from an infrared source are transmitted directly to the surface of an organic substrate where they are
absorbed, reflected, and/or transmitted, thereby causing vibrational and rotational molecular processes, which
are subsequentially converted into heat (19, 27, 28).

Microwave curing of organic substrates involves dielectric loss of energy, which results in heat formation.
In an oscillating electric field, organic substrates having high dipole moments, ie, high dielectric constants and
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high tan δ power factors, align, rotate, and realign, and these changes cause internal molecular friction and
conversion of the electromagnetic energy into thermal energy. Rapidly oscillating electric fields cause a greater
rate of conversion to heat than do lower frequency electromagnetic waves. Because microwave fields vary from
1–10 GHz, the rate of electromagnetic energy conversion to heat energy is significant (19).

Microwave or radio frequencies above 1 MHz that are applied to a gas under low pressure produce
high energy electrons, which can interact with organic substrates in the vapor and solid state to produce a
wide variety of reactive intermediate species: cations, anions, excited states, radicals, and ion radicals. These
intermediates can combine or react with other substrates to form cross-linked polymer surfaces and cross-linked
coatings or films (22, 23, 29).

3. Curing Polymers with γ-Rays, X-Rays, and High Energy Electrons

Radiation curing of preformed polymers using ionizing radiation processing equipment can result in two types
of chemical change that are associated with cross-linking and degradation reaction mechanisms. Cross-linking
reaction mechanisms on preformed polymer substrates usually involve removal of hydrogen atoms to form a
macroradical intermediate. These macroradical intermediates can then couple to form a single molecule. This
coupling results in an increase in the original average molecular weight of the starting polymer.

If irradiation continues, the original polymer substrate is transformed into one gigantic molecule of infinite
molecular weight having lower solvent solubility, higher melting point, and improved physical properties over
the original material (30). Enhancement of cross-linking can be facilitated through the use of multifunctional
vinyl monomers or oligomers, (CH2 CH)nR, (meth)acrylates, allyl methacrylate, divinylbenzene, etc, which
copolymerize and propagate much more rapidly than in a direct coupling reaction to form greater amounts of
gel or cross-linked material at lower dose rates and shorter reaction times (31).

polymer + (CH2==CH)nR −−−−→ionizing
radiation rapid gel formation

Radiation-induced degradation reactions are in direct opposition to cross-linking or curing processes, in
that the average molecular weight of the preformed polymer decreases because of chain scission and without
any subsequent

polymer−−−polymer
(high molecular weight)

−−−−−−−→ionizing radiation polymer
(low molecular weight)

+
polymer

(low molecular weight)

Examples of typical radiation curable polymer systems, experimental conditions, and applications are
listed in Table 5.
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Table 5. Ionizing Radiation Interactions with Polymeric Substratesa.

Radiation source Polymer Results Reference
60Co polyethylene 6% gel content at 12 kGy (31, 34)

polyethylene plus 0.5 wt % ethylene glycol
diacrylate

30% gel content at 12 kGy 34

polyethylene plus 4 wt % allyl methacrylate improved heat stability and tensile strength
over polyethylene without added
cross-linking monomer

(31, 34)

polypropylene onset of gel formation requires 500 kGy with
large amounts of degradation products

(31, 35)

polypropylene plus allyl acrylate 70% gel content at 50 kGy (31, 35)
electron beam poly(vinyl chloride) electrical applications (36, 37)

cross-linked silicone rubber cable termination cover and other electrical
applications

(15, 38)

polyester degradation and cross-linking reactions are
correlated with chemical structure of the
polyester

32

polyethylene, neoprene, and silicone
rubbers

heat-shrinkable articles for film packaging
and electrical connector applications

(39, 40)

electron beam and 60Co polyethylene 10–800 kGy, 6.4-mm thick slabs; electrical
applications

34

poly(vinylidene fluoride)s, polyimides,
ethylene–alkyl acrylate copolymers, nylons,
and natural polymers

wide range of applications (8, 15)

x-rays polysulfones photoresist technologies 41

a
1 Gy = 100 rad (10 kGy = 1 Mrad)

4. Curing of Coatings with Electron Beams, γ-Ray, X-Ray, and Planar Cathodes

In conventional gas oven and other heat energy sources associated with the thermal curing of coatings, a mix-
ture of polymers, cross-linking oligomers, catalysts, additives, pigments, and fillers are dissolved or dispersed
in organic or water-based solvents to form a coating system. The coating is applied to a substrate and the
solvents are thermally removed. The coating cross-links into a three-dimensional network by an energy-rich
chemistry, which requires a high degree of thermal energy to convert the polymers into those having useful
commercial properties. Much of the energy is absorbed by the substrate before heat reaches the polymers to
initiate the curing chemistry (Fig. 2) (4, 5, 42).

High energy electron-curable coatings generally consist of multifunctional acrylate or methacrylate un-
saturated polymers. They differ from conventional coatings in that the solvents for the polymers are high
boiling, usually nonvolatile, and 100% coreactive with themselves and with other organic components in the
film. The curing process for these coatings is a free-radical chain reaction. Ionizing radiation from the pro-
cessing equipment is absorbed directly in the coating and generates the free radicals that initiate the curing
process.
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Fig. 2. Conventional thermally cured, organic solvent base coating system.

Fig. 3. Polymerization initiation and propagation by radiation-generated free radicals. A is the initiating radical produced
by irradiating the liquid coating. (1) represents the liquid monomer–unsaturated polymer reactive coating system. R is
functional. (2) is the growing polymer chain (free radical). The cured coating is a solid polymeric network film structure.

Because electron energies of only 100 eV or less are required to break chemical bonds and to ionize or
excite components of the coating system, the shower of scattered electrons produced in the coating leads to a
intense population of free radicals throughout the coating. These initiate the polymerization reaction and this
polymerization process results in a dry, three-dimensional cross-linked coating (Fig. 3). In this process, most
of the energy is absorbed into the coating and is not lost to the substrate, as is the case in thermal curing
reactions (5). Neither cobalt-60 nor x-ray energy sources are used in radiation curable coating systems; x-rays
are used in photolithographic processes (see Lithographic resist materials (Supplement)).
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Fig. 4. Scanned electron beam accelerator system.

4.1. Electron Beam

An electron beam processing unit (Fig. 4) consists mainly of a power supply and an electron beam acceleration
tube. The power supply increases and rectifies line current and the accelerator tube generates and focuses
the beam and controls the electron scanning. The beam is produced when high voltage energizes a tungsten
filament, thereby causing electrons to be produced at high rates. These fast electrons are concentrated to form
a high energy beam and are accelerated to full velocity inside the electron gun. Electromagnets on the sides of
the accelerator tube allow deflection or scanning of the beam as with a television tube. Scanning widths and
depths vary from 61–183 cm to 10–15 cm, respectively. The scanner opening is covered with a thin metal foil,
usually titanium, that allows passage of electrons but maintains the high vacuum required for high free-path
lengths. Characteristic power, current, and dose rates of accelerators are 200–500 kV, 25–200 mA, and 10–100
kGy/s (1–10 Mrad/s), respectively.

Electron processors have several disadvantages. The most severe of these is the large area that must be
shielded, because any surface enclosing the electron accelerator scanner acts as a source of x-rays generated
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by electrons scattered to the wall, and these emissions are along the entire length of the system. Another
disadvantage is the large space requirement for housing the equipment.

Advantages of the electron beam processor are its ability to penetrate thick and highly pigmented coatings.
It is used to cross-link reactive unsaturated polymers, nonreactive thermoplastic polymers, insulation, and
wire-cable coverings (4, 9, 16) (see Insulation, electric–wire and cable coverings).

4.2. Electrocurtain

The electrocurtain processor (Energy Sciences) (Fig. 5) is a high (150 kV) voltage electron tube that provides
a continuous strip of energetic electrons from a linear filament or cathode, which is on the axis of symmetry
of the system. The cylindrical electron gun shapes and processes the electron stream, in a grid-controlled
structure. The stream is then accelerated across a vacuum gap to a metal window where it emerges directly
into air and travels onto the product. The energetic electrons from the processor are injected directly in the
coating, where they create the initiating free radicals. In the liquid-phase systems, the polymerization process
propagates until the activity of the growing chain is terminated. These energetic electrons can penetrate many
different types of pigmented coatings and are capable of producing through-cure to the substrate–polymer
coating interface. Both the electron beam and the electrocurtain cure pigmented films, but the power of the
electrocurtain is substantially less, having a maximum-curing-film thickness range of ca 0.025–0.36 mm.

In the electrocurtain processor, the shielding is clad directly to the tube housing. Housing space is rel-
atively small, because a shielded tube 25 cm in diameter replaces the 3-m high structure required for the
scanned electron beam apparatus. The electrocurtain has a more flexible geometry and can be adapted more
readily to many different types of curing applications (43).

4.3. Multiple-Planar Cathode Processors

The design criterion for this electron accelerator system is a planar array of concentrated cathode control grid
elements. The modular cathode construction allows for broad-beam (250-cm wide) processing of materials using
powers of 30 kGy (3 Mrad) at 300 m/min. The system (RPC Industries) also includes integrated shielding and
high terminal voltages (44).

4.4. Coatings Ingredients

Ingredients of liquid high energy electron radiation-curable coatings are analogues of components contained in
conventional solvent-based thermal-curing coating systems. In conventional solvent-based coatings systems,
a preformed polymer (usually 3,000–25,000 mol wt) is dissolved in an organic solvent (30–80% solids), and a
cross-linking oligomer and various flow agents, catalysts, pigments, etc, are added. The coating is applied to a
substrate by conventional methods, eg, spray, roll coating, and flow coating, and subsequently is cured in gas or
ir thermal ovens. Curing of conventional solvent-based coatings involves solvent removal and thermal initiation
of chemical reactions between the polymers and cross-linking oligomers that are involved in developing final
film properties through three-dimensional network formation of cross-linking sites (45, 46) (see Fig. 2).

4.4.1. Monomers and Cross-Linking Agents or Oligomers

The monomer in high energy electron radiation-curable coatings is the analogue of the solvent in conventional
paint. Although, like a solvent, it is a medium for all of the other ingredients and provides the necessary liquid
physical properties and rheology, the monomer differs in that it enters the copolymerization and is not lost on
cure. Most radiation-curable monomers (ca 100–500 mol wt) contain single unsaturation sites and are high
boiling acrylate esters, although in some special coatings styrene can be used as a monomer. Monomers are
usually very pure compounds that have well-defined molecular weights and boiling points.
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Fig. 5. Planar cathode electrocurtain processor.

Cross-linking agents or cross-linking oligomers in conventional thermosetting coatings formulations are
usually melamine resins, ie, they involve acid, hydroxyl transetherification cross-linking; amine–amide hard-
eners that include oxirane (epoxy) ring opening; and blocked isocyanate prepolymers. The term oligomer
represents materials that do not have well-defined molecular weights but rather consist of a distribution of low
molecular weight subunits that are associated with the chemical structure of the parent molecule. The term
cross-linking agents/oligomers represents molecules that have multiple (two or more) functional groups that
can enter into a chemical reaction. Cross-linking agents or oligomers in radiation-curing systems are similar
to single, vinyl monomers except they contain di-, tri-, or multifunctional unsaturation sites (ca 200–1000 mol
wt). These multifunctional components cause polymer propagation reactions to grow into three-dimensional
network structures of a cured film. Monofunctional (single vinyl or acrylic/methacrylic acid ester unsaturation
site) monomers include the following (47, 48):

tetrahydrofurfuryl methacrylate or acrylate
cyclohexyl methacrylate or acrylate
n-hexyl methacrylate or acrylate
2-ethoxyethyl acrylate or methacrylate
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isodecyl methacrylate or acrylate
2-methoxyethyl acrylate
2(2-ethoxyethoxy)ethyl acrylate
stearyl acrylate or methacrylate
lauryl methacrylate or acrylate
octyl acrylate
2-phenoxyethyl acrylate or methacrylate
glycidyl methacrylate
isobornyl methacrylate or acrylate
benzyl acrylate
isooctyl acrylate
polypropylene glycol monomethacrylate or monoacrylate

Cross-linking agents or oligomers with multifunctional unsaturation sites include the following:

triethylene glycol dimethacrylate or acrylate
ethylene glycol dimethacrylate
tetraethylene glycol dimethacrylate or diacrylate
polyethylene glycol dimethacrylate
1,3-butylene glycol diacrylate or dimethacrylate
1,4-butanediol diacrylate or methacrylate
diethyl glycol diacrylate or dimethacrylate
1,6-hexanediol diacrylate or dimethacrylate
neopentyl glycol diacrylate or dimethacrylate
polyethylene glycol (200) diacrylate
triethylene glycol diacrylate
tripropylene glycol diacrylate
ethoxylated bisphenol A dimethacrylate or diacrylate
di/trimethylolpropane tetraacrylate
ethoxylate trimethylolpropane triacrylate
propoxylated trimethylolpropane triacrylate
propoxylated neopentyl glycol diacrylate
glyceryl propoxy triacrylate
tris(2-hydroxy ethyl) isocyanurate trimethacrylate
pentaerythritol tetraacrylate
trimethylolpropane trimethacrylate or triacrylate
tris(2-hydroxyethyl) isocyanurate triacrylate
dipentaerythritol pentaacrylate

4.4.2. Polymers

The molecular weights of polymers used in high energy electron radiation-curable coating systems are ca
1,000–25,000 and the polymers usually contain acrylic, methacrylic, or fumaric vinyl unsaturation along or
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Table 6. Performance Characteristics of Thermally Curable Polymer Backbone Systems

System Cost
Chemical
resistance

Physical
properties

Outdoor
durability

epoxies medium excellent very good very poor
acrylics low–medium very good good very good
polyesters low fair–good very good good
polyurethanes

aliphatic high very good excellent very good
aromatic high very good excellent very poor

Table 7. Ionizing Radiation Curing of Coatings

Coating composition Conditions Reference

65 wt % unsaturated polyester, 35 wt % vinyl
monomera

cured using 300-keV electrons at 200 kGy/minb (49, 50)

acrylic copolymers containing pendent unsaturationc

and 35–45 wt % of a vinyl monomera
cured using a total dosage of 150-kGyb electron beam;
used to coat plastic substrates

51

acrylate monomers, ie, acrylate unsaturated epoxy
and acrylate unsaturated polyurethanes

electron curtain curing; used in general coating
applications

52

monomers, ie, polyfunctional vinyl intermediates metal, wood, and plastic finishing applications using
electron-beam processes

(53, 54)

vinyl monomer

60Co-curing of monomer; vacuum impregnation of
wood 55

a 2-Ethylhexyl acrylate or styrene.
b 1 Gy = 100 rad (10 kGy = 1 Mrad)
c 0.5–1.75 mol double bonds per 1000 mol wt.

attached to the polymer backbone (4, 48). Aromatic or aliphatic diisocyanates react with glycols or alcohol-
terminated polyether or polyester to form either isocyanate or hydroxyl functional polyurethane intermediates.
The isocyanate functional polyurethane intermediates react with hydroxyl functional polyurethane and with
acrylic or methacrylic acids to form reactive polyurethanes.

The chemical class of the polymer backbone varies with coating requirements, and the different chemi-
cal classes give the same overall properties as a related thermal cure coating system (Table 6). Examples of
high energy electron or ionizing radiation-curable coating systems, experimental conditions, and their appli-
cation are listed in Table 7 (46–48). Reactive coating formulation ingredients are (1) single-functional vinyl
monomers such as 2-ethylhexyl acrylate, styrene, N-vinylpyrrolidinone, vinyltoluene, and lauryl methacrylate;
(2) multifunctional vinyl monomers such as 1,6-hexanediol diacrylate, tetraethylene glycol diacrylate, trimethy-
lolpropane triacrylate, and pentaerythritol triacrylate; and (3) unsaturated polymers such as maleic–fumaric
acid unsaturated polyesters, acrylic copolymers containing pendent vinyl unsaturation, epoxy acrylates, and
polyurethane acrylates.

Reactive (unsaturated) epoxy resins (qv) are reaction products of multiple glycidyl ethers of phenolic base
polymer substrates with methacrylic, acrylic, or fumaric acids. Reactive (unsaturated) polyester resins are reac-
tion products of glycols and diacids (aromatic, aliphatic, unsaturated) esterified with acrylic or methacrylic acids
(see Polyesters, unsaturated). Reactive polyether resins are typically poly(ethylene glycol (600) dimethacrylate)
or poly(ethylene glycol (400) diacrylate) (see Polyethers).



RADIATION CURING 13

Fig. 6. Coupling of polymer chains via (a) photoinduced hydrogen abstraction free-radical reactions and (b) nitrene
insertion/addition reactions.

5. Curing with Ultraviolet, Visible, and Infrared Processing Equipment

5.1. Polymers

Upon direct absorption of uv or visible wavelengths of light, polymer substrates undergo chain scission and
cross-linking. Cross-linking or curing of preformed polymeric materials, ie, thermoplastics, can be markedly
enhanced through the use of special photosensitive molecules that are mixed into the polymer matrix or that
chemically attach to the backbone of the polymer chains. These special photosensitive molecules absorb uv or
visible light energies much more efficiently than the polymer; they rapidly form excited states that undergo
photochemical reactions which in turn form reactive free-radical intermediates that effect polymer dimerization
or cross-linking. When compounded into the preformed polymer matrix, these special photosensitive molecules,
eg, benzophenone, can undergo light-induced radical abstraction or insertion reactions that result in coupling
of the polymer chains and in network formation (48, 56, 57) (Fig. 6).

Similar types of cross-linking reactions are observed for polymers to which photosensitive molecules are
chemically attached to the backbone of the polymer structure (Fig. 7). Radiation curing of polymers using uv
and visible light energies is used widely in photoimaging and photoresist technology (Table 8) (58, 59).

Infrared processing is involved with thermoforming or heat-bonding of thermoplastic polymeric materials
together. These polymer heat-forming or melting processes do not usually cure the polymer but only cause
physical changes and maintain the original thermoplastic characteristics of the polymer (19).
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Fig. 7. Photodimerization of light-sensitive functional groups attached to polymer backbone structures: (a) polymer
containing photosensitive cinnamic ester linkage, and (b) cross-linked polymer.

Table 8. Photocurable Polymer Systems For Photoresist Applications

Polymers Comments Reference

poly(vinyl cinnamate)s uv- and visible light-induced photodimerization reactions; used in negative
photoresist technologies

60

poly(vinyl cinna-mylideneacetate)s visible light-induced photodimerization reactions; 50% more efficient than
poly(vinyl cinnamate)s

61

polychalcones photodimerization or addition reactions; used in negative photorest
technologies

62

polycoumarins photodimerization or addition reactions; used in negative photoresist
technologies

63

polystilbenes photodimerization or addition reactions; used in negative photoresist
technologies

64

cyclized rubber cross-linked with bis-azide–nitrene insertion and addition reactions 65
allylic esters cross-linked with bis-azide–nitrene insertion reactions 66
thiolene polymers unsaturated polymers (allyl or vinyl functionality) cross-linked with

multifunctional mercaptans and photosensitizer molecules
67

phenolic polymers and acid
functional acrylic resins

quinone diazide, solubility inhibitors, and photosensitizers for light-induced
hydrophobic or hydrophilic reactions associated with positive photoresist
technology (68, 69)

In order to cure, ie, form three-dimensional network structures through chemical changes on polymer
systems with ir radiation, it is necessary to design a reactive functionality within the polymer structure so that
coupling reactions can take place between the polymer chains as shown in the following reaction:
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Table 9. Thermally Curable Polymer Systems

Polymers Comments Reference

aromatic epoxy polymers plus acid functional polymers or oligomers poor outdoor weatherability; good chemical
resistance

70

aromatic epoxy polymers plus polyfunctional amines excellent corrosion resistance 71
hydroxyl-containing polymers and melamine oligomers good outdoor weatherability 72
hydroxyl-containing polymers plus blocked isocyanates good outdoor weatherability 71
carboxyl-containing polymers plus oxazolines good outdoor weatherability 71

Certain polymeric structures can also be blended with other coreactive polymers or multifunctional
reactive oligomers that affect curing reactions when exposed to ir radiation. These coreactive polymers and
cross-linking oligomers undergo condensation or addition reactions, which cause the formation of network
structures (Table 9) (4, 5, 47).

5.2. Coatings

There are five characteristics of uv and visible light energy irradiation or photocuring of coatings: (1) the
stable light source must be capable of producing uv and visible wavelengths of light, ie, near and far
uv (200–400 nm) to visible (400–700 nm), with sufficient power or intensity to be commercially feasible;
(2) the photoinitiator (PI) must be capable of absorbing uv and visible-light radiation at appropriate
wavelengths of energy as emitted from the light source; (3) in a free-radical mechanism process, active
free-radical intermediates must be produced through the action of light absorption by the photochemically
active photoinitiator; these free radicals initiate polymerization of unsaturated monomers, oligomers, and
polymers, and photoinitiators are not required in high energy electron-curing processes; (4) unsaturated,
high boiling acrylate or methacrylate monomers, oligomers, cross-linking agents, and low molecular weight
polymers comprise the fluid, low viscosity, light-curable coating system and are similar to the coating
materials used in the high energy electron-curing process; and (5) after free-radical initiation of the reactive
liquid coating system, the monomers propagate into a fully cured, cross-linked solid coatings or films (5, 73, 74).

photoinitiator −−→hν [free − radical intermediates]

[free − radical intermediates] + unsaturated acrylate monomers, −→ cured films

polymers, etc

In a cationic photoinitiated reactive system, the photoactive catalyst releases a cation or acid interme-
diate, which then interacts with low molecular weight epoxy resins or vinyl ether-substituted monomers,
oligomers, cross-linkers, and polymers, thus making up the liquid coating composition. After release of the
acid or cationic catalyst, the reactive liquid epoxy or vinyl ether coating propagates into a cured film structure
in an analogous manner as the free-radical-initiated/cured coating system.

photoactive catalysts −→ [
acid or cation intermediates

]

[acid or cation intermediates] + epoxy resins or unsaturated vinly −→ cured films

ether monomers, polymers, etc

These photoinitiators or photocatalysts are usually added to the reactive coating formulations in concen-
tration ranges from less than 1 to 20 wt % based on the total formulation.
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Fig. 8. Schematic of a silent discharge lamp.

5.3. Light Source

The light source normally used in commercial photocuring reactions is the medium pressure mercury arc lamp
having a quartz or Vicor envelope. These lamps may contain electrodes for electrical-to-light energy conversion
or may be electrodeless, in which case a radio-frequency wave causes mercury atom excitation and subsequent
light emission. The normal power input levels are 40–160 W/cm arc length, resulting in sharp peak outputs
having ca 10-nm bandwidths. The main peaks are at 313, 365, 404, 436, 546, and 578 nm, with relative outputs
of between 2–80 W/cm over the length of the arc. Many other types of uv and visible light sources can be used
for photopolymerization reactions, eg, low pressure mercury arcs, flash lamps, fluorescent or germicidal lamps,
and lasers (qv).

A different type of light source based on silent electrical gas discharge phenomena has been developed by
Asea Brown Boveri Corporation (75). Ultraviolet light radiation is generated in these types of lamps through
the formation of excited molecular complexes (excimers or exciplexes) that do not have stable ground states.
These excimers can be created in electrical discharges in a rare-gas (helium, neon, argon, krypton, xenon)
environment. Because these exciplexes are unstable, they disintegrate within a nanosecond time frame and
undergo a spontaneous emission of light energy. A silent discharge configuration allows the maintenance of
a high pressure nonequilibrium discharge in which the plasma can be optimized to sustain a stable excimer
formation process. A silent discharge configuration has at least one insulator or dielectric barrier, a transparent
gas containment compartment, and a space between the electrodes (Fig. 8).

Discharges initiate in the gap region between the electrodes and then spread into surface discharges at
the surface of the dielectric layer. The bright surface discharges are on the order of a few mm in diameter
and the power ranges from these lamps can be from a few watts to several kilowatts over a variety of narrow
wavelengths of light energy. Complete reviews of light sources used in photopolymerization reactions are
available (17, 18, 76).

Light-wavelength output energies from various sources are small compared to electron-beam or electrocur-
tain processors (2–5 to thousands of eV). The energy associated with 365-nm wavelengths of light is equivalent
to 3.4 eV or 343 kJ/mol (82 kcal/mol) and is sufficient to cause selective carbon bond rearrangements and
cleavage of aromatic carbonyl–alkyl carbon bonds (aromatic C(O)–alkyl) (77).

Light energy alone is not sufficient to cause direct, efficient monomer initiation reactions. Commercial
light-induced curing reactions require the use of a special photosensitive compound in the coatings formulation.
These photosensitive compounds or photoinitiators are an integral part of the formulation and the cost of a
light-sensitive radiation-curable coating system. The type and amount of photoinitiator also influences the
relative rate of cure and the final properties of the cured film or coating.
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5.4. Photoinitiators

Many theories of photoinitiated polymerization reactions using different light-sensitive catalysts have been
reviewed (77–80). There are two general classes of photoinitiators: those that undergo direct photofragmenta-
tion upon exposure to uv or visible light irradiation and produce active free-radical intermediates, and those
that undergo electron transfer followed by proton transfer to form a free-radical species. The absorption bands
of the photoinitiators should overlap the emission spectra of the various commercial light sources (80).

The alkyl ethers of benzoin undergo direct photofragmentation upon absorption of uv energy at ca 360
nm to produce two free-radical intermediates.

Other similar structures undergo the following photofragmentation rearrangement decomposition pro-
cesses:

The second type of photoinitiators, ie, those that undergo electron transfer followed by proton transfer to
give free-radical species, proceed as follows, where kst is the rate constant for intersystem crossing.

Benzophenone in its ground state (S0) undergoes absorption of uv energy (340–360 nm) and is excited to
its singlet excited states (S1) followed by intersystem crossing (kst

∼= 1) to its triplet excited state (T1). From
the triplet excited state, benzophenone forms an encounter complex, or exciplex, with the ground-state alkyl
amine, which then undergoes electron transfer from the nitrogen to the excited carbonyl followed by proton
transfer from the carbon α to the nitrogen atom. This results in reduction of the benzophenone to form the
semibenzpinacol radical and radical formation on the carbon α to the nitrogen atom. Both of these free-radical
species can initiate or terminate polymerization of acrylic monomers. These free-radical species can also cross-
couple or dimerize to form unreactive compounds. Excited-state aromatic ketones can abstract hydrogen atoms
directly from the backbone structure of ethers and other organic substrates. These hydrogen radical abstraction
reactions can lead to initiation or termination of the polymerization process. Photoinitiators having absorption
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capabilities in the visible light energy range are based on dyes, quinones, diketones, and heterocyclic chemical
structures (80).

Examples of typical photoinitiator systems used to cure reactive coating systems are as follows (80, 81).
The reactive systems are primarily unsaturated acrylic acid esters of different alcohol and polymer structures.

Photoinitiators (electron transfer) Photoinitiators (photofragmentation)

benzophenone alkyl ethers of benzoin
halogenated benzophenones benzil dimethyl ketal
amino functional benzophenones α-hydroxyacetophenone
fluorenone derivatives 2-hydroxy-2-methylphenol-1-propanone
anthraquinone derivatives 2,2-diethoxyacetophenone
xanthone derivatives 1-phenyl-1,2-propanedione-2-(O-ethoxy-carbonyl) oxime
thioxanthone derivatives
camphorquinone 2-methyl-1-(4-methylthio) phenyl)-2-morpholino propanone-1
benzil
diphenoxy benzophenone 2-benzyl-2-N,N-dimethylamino-1-(4-morpholinophenyl) butanone

α-amino acetophenones
halogenated acetophenone derivatives
sulfonyl chlorides of aromatic compounds
acylphosphine oxides and bis-acyl phosphine oxides

bisimidazoles

6. Photoactive Catalysts for Acid or Cation Generators

A variety of monomer and polymer structures can polymerize (cure) when exposed to an acid or cation inter-
mediate species.

The photoactive catalyst systems commonly used to cure epoxy resins and multifunctional vinyl ether
materials include aryldiazonium salts (ArN N+X− ), and triarylsulfonium and diaryliodonium salts (Ar3S+X−

and Ar2I+X− ). Other cation-intermediate-generating catalyst systems are cyclopentadienyl iron(II)–arene hex-
afluorophosphate complexes, phenylphosphonium benzophenone salts, and pentafluoro phenyl borate anions
associated with aryl sulfonium cations (81). An example of how these photoactive catalyst materials initiate
the cure of an epoxy functional monomer or polymer is shown in Figure 9. These types of acid-initiated curing
reactions for epoxy resins and vinyl ether containing monomers or polymers have been used in coatings and
photoresist and printed circuit technologies (78, 81) (see Epoxy resins).
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Fig. 9. Initiation of epoxy cure. Irradiation of a triaryl sulfonium salt produces a radical cation that reacts with an organic
substrate RH to produce a cation capable of releasing a proton. The proton initiates ring-opening polymerization. X−=BF−

4 ,
PF−

6 , AsF−
6 , and S6F−

6 .

7. Formulation Design for Free-Radical Cured Systems

Light-induced (free-radical intermediates), radiation-curable coating systems are similar to those used in high
energy, electron-radiation-cured coating materials. The reactive coating ingredients in both the light and high
energy electron curing processes utilize combinations of single vinyl unsaturated monomers, multifunctional
vinyl-substituted cross-linking oligomers, and a variety of unsaturated polymer structures. The only significant
difference between high energy cured coatings and light energy cured coatings is the use of a photoinitiator
that absorbs the light energy and initiates the start of the curing process.

Although the primary function of the single vinyl ((meth)acrylate) unsaturated monomer component in
the formulation is to lower the viscosity of the coating system, the choice of monomer, however, can strongly
influence the adhesion of the cured coating to the substrate, the surface energy of the formulation, the barrier
properties of the cured film, and the kinetic cure-rate response capability for the entire system. Cross-linking
agents or oligomers (multifunctional vinyl or acrylate unsaturated structures) in the formulation tend to give
rapid cure rates (formation of three-dimensional networks) and hard surfaces, but strongly contribute to the
shrinkage of the final film structure during and after the curing process takes place. This shrinkage of the film
produces internal stresses that lead to a loss of adhesion of the coating to the surface of the substrate (82).

High molecular weight polymeric materials in the coating formulation increase the viscosity of the reactive
liquid coating system, which strongly influences the method of applying the coating to a substrate. High
molecular weight polymers in a coating formulation impart toughness, flexibility, and adhesion capabilities to
a cured film structure.

An idealized formulation guideline showing possible interaction of single vinyl unsaturated monomers,
multifunctional unsaturated vinyl cross-linking agents or oligomeric molecules, and higher molecular weight
polymeric materials is represented by Figure 10.

The design of a commercial coating formulation relies heavily on the science and technology associated
with the design of monomers, cross-linking oligomers, and polymers that have an optimized balance of chemical
and physical properties for a specific product or application. Empirical correlations of chemical structures of
monomers, oligomers, and polymers with their chemical and physical properties have been developed; advanced
experimental design techniques are increasingly used to create complex coating compositions that can contain
as many as 30 variables in the final system (82–85).

The majority of the commercial radiation-curable coating systems (high energy electron and light-cured
coating systems) are clear or contain silica for lowering the surface gloss properties of the final cured film
structure. The addition of colorizing pigments or opacifying and extended pigments (titanium dioxide, metal
carbonates, etc) to a high energy electron coating formulation usually has only a minor effect on the overall cure
rate and the final film performance capabilities of the total system. This is not the case, however, for pigmented
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Fig. 10. Generalized formulation design outline for radiation-curable coatings and adhesive systems. The cross-linker
is a multifunctional unsaturated cross-linking agent or oligomer. η=viscosity; CR=cure rate ; S=shrinkage ; H=hardness ;
F=flexibility ; A=adhesion ; γ =surface energy ; +=increase ; and −=decrease .

coatings and inks that are cured with ultraviolet light energy. Many pigments commonly used in decorative
coating formulations have large light absorption as well as scattering and reflectance properties that interfere
with the ability of the photoinitiator to absorb the light energy required to initiate the polymerization reactions
which ultimately create the final cured film structure. Thus, in pigmented coating formulations that are cured
by ultraviolet light energies, the special photoinitiator systems being selected must have either the ability to
absorb energy directly in the presence of a pigment that has the same absorption bands (the photoinitiator must
then have a higher extinction coefficient than the pigment at the same maximum absorbance wavelength), or
an absorption band that is outside the region where the pigment absorbs the light energy (86).

Examples of typical coating compositions and their applications in high energy, electron-radiation-curable
systems (no photoinitiator required) and light-induced (photoinitiator required) curing reactions are available
(87). Although the coating formulation for a photoinitiated acid/cationic curing resin system uses the same
methodology and experimental design constraints as those described for the radiation curing of coatings based
on free-radical intermediate reactions, the polymers and materials used in the cationic/acid curing system
consist of single functional vinyl ethers or epoxy monomers, multifunctional vinyl ethers, and epoxy resins and
polymers.

8. Applications and Markets

Since the early 1980s, the conversion of electrical energy into infrared, ultraviolet, and high energy electro-
magnetic radiation has gained worldwide acceptance as an efficient and economical method for modifying



RADIATION CURING 21

polymeric materials. These radiation-modified polymer systems are associated with many different types of
products produced under a wide diversity of manufacturing operations. From a consumer point of view, almost
every day a polymeric product that has been manufactured or processed by some form of radiation energy is
encountered, for example:

Wood furniture (ir-, electron beam-, and uv-curable coatings)
Beer and beverage can labels (ir- and uv-curable inks)
Metal pipe coatings (uv-curable coatings)
Packaging, eg, paper, foil, and film (uv and electron-beam inks and coatings)
Floor coatings (uv-curable coatings)
Printed publications (ir- and uv-curable inks)
Graphic screen printing ink applications on mirrors (uv-curable inks)
Foamed plastic insulation (electron-beam-irradiated plastics)
Adhesive tapes (electron-beam-cured adhesives)
Rubber tires (electron-beam-irradiated rubber)
Food packaging (electron-beam-irradiated polyolefins)
Wire (electron-beam-irradiated polyolefins)
Telephone cable and optical fibers (uv-curable coatings)
Computers (uv and electron-beam polymer resist materials)
Recording tape (electron-beam-curable coatings)

A summary of applications, markets, and products where radiation-curing technologies have found com-
mercial success may be summarized as follows:

Adhesives (82)
anaerobics
pressure sensitive adhesives (PSA)
hot melt PSA
flocks
adhesives and encapsulants
optical fiber coatings and adhesives
wire and cable coatings
dry film solder masks
magnetic and optical media

Coatings (48)
furniture coatings
“no wax” floor tile coatings
protective topcoats
metal decoration
particle board sealer
coil coatings
beverage can coatings
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urethane automotive coatings
glass coatings
coatings on plastics

Electronics (9)
integrated circuits
photoresists and photolithography
marking masks
conformal coatings

Inks (88)
letterpress
screen
flexographic
lithographic
gravure

Packaging (paper and plastic)
packaging adhesives
release coatings
barrier coatings

Photochemical machining (89)
micromechanical parts
optical waveguides
three-dimensional model production (stereolithography)

8.1. Infrared Radiation Curing of Coatings

Thermal curing of a conventional coating system requires solvent removal and chemical cross-linking of poly-
mers or oligomers. Commercial processors emit short wavelengths (0.7–2.0 µm), medium wavelengths (2–4
µm), and long wavelengths (4–1000 µm) of infrared radiation. The shortwave ir is near the visible end of the
spectrum and, therefore, higher in energy and more penetrating than either the medium or the long wavelength
emissions. The shortwave ir radiation is also reflective and can be focused for improved efficiency. A possible
difficulty in using shortwave ir processing equipment is the substrate color selectivity characteristics. A dark-
colored substrate or coating absorbs more thermal energy than a light-colored substrate; such color selectivity
can lead to differential curing processes. Medium wavelengths of ir radiation are not substrate-color-sensitive,
but are more difficult to control in terms of reflection or focusing, and somewhat less efficient for certain coat-
ing cure requirements than shortwave ir radiation (90). Many conventional coatings systems, such as powder
coatings and single- and two-component 100% reactive liquid epoxy or polyurethane coatings, that contain
polymer functionalities which cure through thermal processes involved with gas-fired oven technologies (see
Tables 6 and 9) can also be cured or processed efficiently using ir radiation energies (91).

9. Curing with Microwave or Radio-Frequency Processing Equipment

Polymer surfaces can be easily modified with microwave or radio-frequency-energized glow discharge tech-
niques. The polymer surface cross-links or oxidizes, depending on the nature of the plasma atmosphere.
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Oxidizing (oxygen) and nonoxidizing (helium) plasmas can have a wide variety of effects on polymer surface
wettability characteristics (92).

One particularly promising approach to the development of improved coatings for use as metal primers,
in fiber treatment, in packaging materials, etc, involves the use of vacuum plasma deposition techniques. Thin
(micrometers thick), pinhole-free, polymeric coatings can be developed from a variety of organic moieties, both
monomeric and nonmonomeric. Depending on the applications, such coatings can be developed to provide corro-
sion protection, abrasion and chemical resistance, improved adhesion, barrier properties, etc. With the plasma
technique, both capacitively coupled and inductively coupled radio-frequency-energized vacuum chambers can
be used for the deposition. In the capacitively coupled chamber, the substrate to be coated is attached to one of
the electrodes. Monomer is then introduced into the chamber such that an operating pressure of ca 13 Pa (ca
0.1 mm Hg) is maintained. A glow discharge between the electrodes polymerizes a coating on the substrate. In
the inductively coupled reactor, radio-frequency energy is supplied by coils surrounding the chamber. The glow
discharge, therefore, fills the entire chamber and coats any item placed in the chamber.

Plasma deposition has been used to prepare acrylic, silicone, and fluorocarbon coatings on a variety of
substrates in thicknesses of up to ca 8 µm. Coating variables include applied power, substrate temperature,
deposition time, and monomer pressure. The coatings are similar to those produced from the same monomers by
conventional polymerization techniques. However, there are structural differences and the resulting coatings
are highly cross-linked. All exhibit excellent chemical resistance and good adhesion to the different substrates.
Certain coatings have good optical clarity. Coating hardness appears to vary appreciably with monomer type
and deposition conditions (9, 22, 23, 93, 94).

Plasma processing technologies are used for surface treatments and coatings for plastics, elastomers,
glasses, metals, ceramics, etc. Such treatments provide better wear characteristics, thermal stability, color,
controlled electrical properties, lubricity, abrasion resistance, barrier properties, adhesion promotion, wetta-
bility, blood compatibility, and controlled light transmissivity.
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