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Introduction

Radiation curing essentially involves the application of a

thin coating of a viscous prepolymer-monomer mixture onto a

substrate, followed by passage under a radiation source to

solidify the coating. The original meaning of "cure" or "curing",

commonly used in the conventional systems, is merely a physical

change from a liquid state to a solid state. However, the change

in the radiation systems is based on chemical reactions, normally

radical (co-)polymerization between double bonds in the prepolymer

(oligomer) and monomer(s) as schematically illustrated in Fig. 1.

The reaction is very fast due to high concentration of radicals

yielded in the mixture under the beam or UV light.

Besides the free radical chemistry, there are other radiation

curing systems using iniators which propagate catioic polymeriza-

tion. Major advantages of radiation curing systems are summerized

in Table 1.

Initiation of Radical Polymerization

Initiation by Ionizing Radiation

Ionizing radiations transfer their energy to matter through

electrostatic interaction of fast-moving electrons with the

orbital electrons of the irradiated substance. Mainly ions and

excited molecules are initially produced through primary and

(repeating) secondary ionization or excitation. These species

are rapidly converted into free radicals which are, in most

cases, the active chemical species to initiate polymerization:



A(CH2-CH)n . ,CH2CH'R

It should be noted that the rate of formation of radicals is

temperature-independent (as in photochemical initiation). Thus,

the polymerization can readily take place at room temperature

or even at lower temperatures.

Although most of early studies on radiation polymerizations

confirmed that they proceed by a free-radical mechanism, several

evidences demonstrated that ionic polymerizations could be

initiated by irradiation at such conditions as 'super dry1 or

solid states of specific monomers.

Photo-Initiation

The energy range of UV raiation lies between 5 to 100 eV

and is almost equivalent with that of the ionization potentials

of organic matter. Therefore, UV radiation does not cause direct

ionization of organic substrates. Necessarily, polymerization

are achieved with photo-sensitive molecules (photoinitiator) which

absorb UV enegry efficiently to form excited states and then

photolize to generate free radicals. There are two general classes

of photoinitiators:

1) Direct photofragmentation.

Alkyl ethers of benzoin.

9 PR hv 9 2R

Ph-C-CH-Ph • > Ph-C- + .CH-Ph

(further rearrangement decomposition)
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2) Proton/electron transfer

a) Benzophenone

Ph-C-Ph' + RH > Ph-C-Ph + R» (slow)
O OH

b) Benzophenone + tert-amine

tv - +
Ph-C-Ph + (RCH2)3N » [Ph C-OfN(CH2R)3 ]*

u

o
> Ph2C-+ (RCH2)2NCHR

OH
Since a tert-amine compound also forms a complex with a

peroxide radical to generate a reactive free radical, polymeriza-

tion of this system is not so much affected by the presence of

oxygen.

Factors in Free-Radical Polymerization

Effect of Oxygen

Free radicals are generally much more reactive with oxygen

than monomers to form peroxide radicals or further hydroperoxides

which are very stable and inhibits radical polymerization.

Therefore, any radical polymerization process (including catalytic

systems in principle) should be performed under an inert (oxygene

free) condition.

Influence of Dose Rate

The rate of polymerization, Rp, is dependent upon the

concentration of free radicals, [R ], and the concentration of

the reactants, [M]. Assuming a steady state of free radicals

and bi-molecular termination of polymerization, the following

relationship can be derived:

Rp oc [R ][M]oc [I] 1 / 2 [M]

where, [I] is the intensity of electron beam or the dose rate.

This relationship, well known as the square root relationship,

is not always valid for practical cases, which indicates the

assumptions are too much simplified. It should also be noted



that the rate of gel formation is not necessarily proportional

to that of polymerization.

The situation being such, the dependence of dose-to-cure

(Dc) on dose rate is generally expressed as:

Dc oc [if

where a lies between 0 and 0.5. Anyhow, it can generally be

said that a simple linear relationship does not exist between

the line speed and the dose rate.

Radiation-Curable Materials

Prepolymers

Radiation curable prepolymers generally are low- to medium-

molecular weight mono- or multi-functional unsaturated materials,

and can be categorized as:

1) Unsaturated polyesters

2) Acrylated prepolymers

Unsaturated acrylics

Urethane acrylates

Polyester acrylates

Polyether acrylates

Epoxy acrylates

3) Polyene/thiol systems

They provide the primary properties of the cured film such

as high abrasion resistance, high tensile strength, elongation,

good solvent resistance, and acceptable levels of hardness and

flexibility.

Unsaturated polyesters are well known as on group of thermo-

setting resins and have been used for fiber reinforced plastics

(FRP) and coatings. They are normally being used as mixtures with

styrene, and comparatively cheap in price. UPE-styrene mixtures

can be used for wood coatings, but the cure rate is rather slow.

Acrylated prepolymers can be cured much faster than UPE-

styrene mixtures, but are generally costly. Structures and



Pb

characteristics of these prepolymers are shown in Table 2.

Polyene/thiol systems are very unique compared with other

ones and have little effect of oxygen inhibition on the cure rate,

but have troubles in odors. The reaction scheme of the systems

is illustrated in Fig. 2.

Monomers

Prepolymers, being generally highly viscous or almost solid,

are necessary to be diluted with monomer(s) to have suitable

working viscosities. A monomer will influence cure rate,

mechanical and physical properties, adhesion, residual odor,

and also toxicologi-cal properties of the solutions or cured films.

Many monomers are available as listed in Table 3.

Cationic Initiation

As mentioned before, polymerization can be initiated by

a cationic mechanism under a certain limited condition which

is practically impossible for curing of coatings.

Since the types of prepolymers which can be cured by radical

polymerizations are limited, efforts have been done to develop

new type of photo-initiators to enable to cure epoxy resins by

cationic mechanism. Various kinds of aromatic onium salts of

Lewis acid have been developed for this purpose. These salts

are thermally stable, but photolyze to strong Lewis acids which

initiate cationic polymerization.

These onium salts are also usable for EB curing, although

the decomposition mechanism of the is somewhat different from

that in the UV irradiation. Major advantages of the cationic

systems are that the dose rate (Fig. 3) and the presence of

oxygen (Table 4) do not effect the cure rate.
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Table 1 Advantages of Radiation Curing Systems

Hardening at Ambient Temperature

Energy-saving

Applicable to Heat Labile Substrates

Rapid Curing High Speed Line

100 I Solid System (Solvent-Free)

Less Materials and Non-polluting

Non-Catalyst Systems (EBJ

Long Potlife of Resins

Better Weather Durability of Products

Rapid Start-up and Shut-down of Power Source

Less Plant Space

Table 2 Acrylic Prepolymers

Unsaturated acrylics

Ac

Urethane acrylate

H
Ac-̂ OCN

O
Polyester acrylate

Act

Polyether acrylate

Ac

n

high weather durability

chemical stain resistance

flexibility

abration resistance

hardness

stain resistance

flexibility elongation

Epoxy acrylate

OH OH

good adhesion

chemical stain resistance



Table 3 Examples of monomers

a) Monofunctiona!

Styrene

Vinyl toluene

Butyl acrylate

2-EthyIhexyl acrylate

Isodecyl acrylate

2-Hydroxyethyl acrylate

2-Hydroxypropyl acrylate

Cyclohexyl acrylate

N, N '-Dimethy laminoethyl
acrylate

N-Vinyl pyrrol idone

Carbitol acrylate

Phenoxyethyl acrylate

Tetrahydrofurfuryl
acrylate

Isobornyl acrylate

2-( N-Methy Icarbamoyl)
acrylate

3-Butoxy-2-hydroxy-
propyl acrylate

CH2=CH-

CH2=CH-

CH2=CHCOOC<H9

CH2=CHCOOCH2CH(C2H5)C<C9

C H 2 = C H C O O ( C H 2 ) T C H ( C H 3 ) 2

CH2=CHCOO(CH2)2OH

CH2=CHCOOCH2CHCOH)CH3

CH2CHCOOCH2CH2N(CH3)2

CH2=CHCOOC2H*-O

CH2=CHCOOCH2 - [ 0J

CH:=CHCOOCH2CH2OCONHCH3

CH2=CHCOOCH2CH-CH2OC3HS

OH

145

0.52/9
m.5l/3
p.66/18
n. 147
i. 138

130/50

75/5

193

60/10

123/50



b) Multifunctional Monomers

Compound

1,4-Butanediol diacrylate

1,6-Hexandiol diacrylate

Neopentyl glycol diacrylate

Diethytene glycol diacrylate

Polyethylene glycol diacrylate

Pentaerythrito! diacrylate
Trimethylotpropane triacrylate

Pentaerythritol triacrylate

Triallyl cyanulate

Trimethyloipropane
triallyl ether

PentaerJthritoI tetraacrylate

Structure

CH2=CHCOO(CH2)4OCOCH=CH2

CH2=CKC0O(CH2)6OCOCH=CH2

CH2=CHCOOCH2C(CH3)2CH2OCOCH=CH2

CH2=CHCOO(CH2CH20)2COCH=CH2
CH2=CHCOO(CH2CH20)BCOCH=CH2

(CH2=CHCOOCH2)2C(CH2OH)2

(CH2=CHCOOCH2)3CC2HS

(CH2=CHCOOCH2)3CCH2OH

OCH2CH=CH2

C

CH2=CHCH2O

NN
~Cx j?-OCH2CH=CH2

CH2OCH2CH=CH2
I

CH3CH2-C-CH2OCH2CH=eH2-

CH2OCH2CH=CH2

CH2=CHCOOCH2C(CH2OCOCH=CH2)3

Table U. Effect of oxygen in cationic system

Resin

14

27-1

27-2

Atmos- .
phere

Film

Air

Film

Air

Film

Air

Percent Gel

2 Mrad

85

76

31

20

56

11

4 Mrad

89

85

69

61

77

72

(Tack)

6 Mrad

91

87

76(O)

77(6)

84(4}

84{O)

8 Mrad

91 (XX)

900C)

81(O)

78 (®)

88(0)

90 (@)


