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I. INTRODUCTION
Radcifre technology is making inroad in many activity sectors. If the graphic industry is still
dominating the market using radiation curable chemicals, many new applications are
emerging. An interesting indicator of this evolution is the growing number of documents
related to photopolymerisation available from the literature. In the Chemical Abstracts, 1124
patents and 939 papers published in 1998 have been recorded. We will review some of these
applications.
On March 11th 1999, the European Union has adopted a directive (1999/13/CE) which targets
the emission from VOC with a 67% fall to be achieved by 2007 as compared to the levels
recorded in the 1990s. This directive will boost the development of the Radcure non air-
polluting technology.

II. RADIATION CURABLE POWDER COATINGS
Powder coating market has grown significantly during the last 10 years. The main benefits
associated with powder coatings technology are almost no emission of by-products and, for
the polyesters from the latest generation, exceptional weathering resistance combined with
very good mechanical properties.
However, some limitations have prevented more important penetration of this technology.
We may mention the combination of high temperature (140°C) and long curing time (20 min.)
required to obtain a fully crosslinked film. For this reason, application of traditional powder
coatings was virtually limited to metal substrates. Limited storage stability of the paint when
a very smooth surface appearance is expected was also a drawback. Indeed, in order to obtain
a good flow, a low viscosity related to a low glass transition temperature of the resin is
required.
The conventional curing reactions associated with powder coating are temperature dependent
and governed by kinetics laws.
If we want to reduce the curing conditions by increasing the reactivity of the system, we will
induce unwanted gelification during the extrusion of the paint which is done at about 100°C.
We will also be faced with contradictory requirements : need to have a fast chemical curing
reaction but a slow and purely physical melting of the binder. With the current systems, these
two processes occur simultaneously and lead to irregularities in the surface finish.
Ideally, a two-stage mechanism in which the fusion of the powder is followed by crosslinking
will give an answer to this problem. The solution would consist to separate a thermal melting
out process from a non-heat influenced curing mechanism.
Radiation curable powder is the answer to the dilemma. The crosslinking of the binder, under
the influence of UV or EB radiation, takes place only after fusion of the resin according to a
free radical or cationic mechanism. At the fusion temperature (110°C), the molecular
mobility is high enough to ensure very good conversion of the reactive groups.
The choice of photoiniators adapted to powder coating is important : it must be solid, non-
volatile and chemically inert during the fusion step.
The full process occurring in a very short time, less than a couple of minutes, at low
temperature, this new coating system can be applied on heat sensitive materials such as
medium density fibreboard, high density wood, plastics or large metal assemblies which
would require a great deal of heat to warm the metal to melt and cure a traditional powder
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system. This technology allows producing attractive textured coatings in various shades. The
heating cycle determines the final appearance and gloss of the coating. With the new
generation of crystalline polyesters, the melting of the binder and coalescence of the particles,
to form the required continuous film, is achieved below 100°C. These resins have good
storage stability but yet very low melt viscosity (maximum 6 Pa. s. at 100°C) allowing perfect
wetting of the surface and very good surface appearance. These properties being obtained due
to combination of high Tg with low Tm. To overcome paint production problems such as
difficulty to grind these resins, mixtures of crystalline and amorphous polyesters are
commonly used.
One UV powder coating line, applying paint to a fully assembled motor containing heat
sensitive components, came into production recently.
The recent patent literature reveals the interest of the paint industry for this hybrid technology.
Among the main chemistry described dealing with UV powder, we point out: polyurethane
(meth)acrylate and maleate polyester (1), binders containing itaconic acid which result in
matte coating (2), maleate-vinyl ether binder system (3), compositions containing mixtures of
cationically polymerizable polyglycidyl ether and nucleophilic chain extender (4), acrylic
resins having dicyclopentadienic group (5), blends of semi-crystalline and amorphous
unsaturated polyesters (6), crystalline polyesters containing end methacrylyl groups (7),
oxime blocked polyisocyanate generating amino derivatives that react with epoxy (8), photo-
induced cationic polymerisation of solid bisphenol A based epoxy resin in the presence of
nucleophiles as chain transfer agent (8a), semi-crystalline methacrylated hyperbranched
polyesters (9).
Dual cure system comprising a thermal initiator, such as a peroxide, along with a UV initiator
has been patented for pigmented or thick film (10).
A typical oven is divided into a first section equipped with medium wave infrared emitters,
followed by a zone, which is a combination of medium IR and convection heating and finally
a UV irradiation section. The total curing cycle, for a 60-micron film containing 30% of TiO2
applied on medium density fibreboard, lasts about 180 seconds at a line speed of 2m/min.
Melting of the resin occurs at a peak temperature of 140°C during 15 seconds. Complete cure
is obtained, in the air, with an UV dose of 2000 mJ/cm2. The film resists to more than 200
MEK rubs, shows good ageing property (no loss of adhesion with time) as well as outstanding
stain resistance. The same formulation, without the photoiniators has been applied on steel,
fused and cured by EB at a dose of 5 Mrad. Good flexibility as well as boiling water
resistance of the coating have been recorded (11).
An UV powder coating process based on electromagnetic brush in a manner similar to a
photocopying process is claimed to allow curing thickness of 25 |im at coating speed of 100
m/min. (12).

III. UV CURABLE WATER-BASED POLYURETHANES
Polyurethanes are established as high performance resins largely used as solvent-based
coatings. Increasing environmental pressure and the recognised need to move to non
polluting alternatives systems has led a number of companies to develop, mostly anionic,
water-based PU dispersions (13).
We find, among others : PU-acrylic core/shell alloys where the acrylic polymer is inside a
urethane polymer shell (14), hybrids composed of polyurethane containing hydrazide end
groups and acrylic copolymer containing ketone groups (15), PU-acrylic self-crosslinkable
mixtures (16), 2-component mixtures of hydroxylated polymers and water dispersible
isocyanates (17).
All these compositions are cured by a heat activation mechanism or through annealing of
particles by a coalescence process after water evaporation.
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The growth of PUD's is forecast to continue at about 8-10% a year over the next decade.
It may seem contradictory to introduce water into an UV composition. Indeed some
advantages such as : low energy requirement, high transformation speed and space reduction
are reduced.
However these drawbacks are largely compensated by interesting advantages : possibility to
adjust formulation viscosity with water, access to a lot of water based material which could be
mixed with this system, possibility to work with high molecular weight polymer without
making use of reactive diluent which could be irritant and penetrate into porous substrate are
not participating in the curing reaction, possibility to prepare high Tg oligomers which are
tack free after water evaporation.
This characteristic eliminates problems encountered with dust contamination on the uncured
panels and allows repair of any imperfection before cure.
Waterbased UV resins will allow to use spraying technique (viscosity as low as 50 mP as at
40% NVM) and apply lower coating weight which results in the open pore appearance of
wood. To manufacture these PUD, macrodiol, providing the flexible segments, and low
molecular polyol, responsible for the stiffness, are reacted with a stoechiometric excess of
isocyanate to give a -NCO terminated polymer.
Macrodiol are selected from polyesters, poly (methylene) glycols, polycarbonates or
polycaprolactone. The most commonly used chain extender, 2,2-bis (hydroxymethyl)
propionic acid will, after neutralisation with a tertiary amine, impart water dispersibility. The
addition product of sodium bisulfite to 1,4-butene diol has also been claimed as chain
extender (18).
Copolymerisation of the sodio-5 sulfoisophtalic acid could also induce the hydrophilicity
leading to colloidal dispersion (19).
Water dispersible cationomer PU have been synthesised via incorporating N-methyldiethanol
amine in the molecular backbone (20).
Non-ionic self-emulsifiable urethane acrylate have been prepared by the reaction of
isocyanate group with poly (ethylene glycol) (21).
Unsaturation is, generally, introduced by reacting the excess of isocyanate with a
hydroxylated acrylic derivative. The reaction product of butanediol diglycidylether or
Epikote 828 with acrylic acid, generating a secondary hydroxyl group, has been suggested as
chain extender (22).
Hydrophilic PU, free of reactive double bond could be used as protective colloid to emulsify
non self-dispersing unsaturated prepolymer (23).
The synthesis is generally conducted, in solvent, such as acetone, which is stripped off after
reaction.
Solid content of the dispersion ranges between 35 to 45%. Average particle size could be as
low as 40 nm.
Radiation curable PU are making inroad in various markets such as wood coating for furniture
where high chemical and stain resistance are required or split-resistant paper to make
laminated chipboard for the furniture industry. In this application, the resin is cured by EB
after water evaporation (24). This technique replaces the polluting urea-formaldehyde resins
for paper impregnation.
Next to this chemically modified water dilutable resin, we find dispersions which are obtained
by heavy shearing of hydrophobic oligomers in the presence of emulsifier and protective
colloid.
These products are more viscous, have a strong pseudo-plastic behaviour, contrary to the
previous ones which are Newtonian, their solid content is higher (up to 60%) but generally are
not dry before cure (25).
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IV. SELECTED DEVELOPMENTS
IV.a. Phqtpmiators
The use of conventional photoiniators typically results in the production of small
molecules photo-by-products. The presence of the residual photo-active compounds and
extractable can be responsible for the degradation of the physical properties such as
decreased light fastness, discoloration, and lower resistance to oxidative processes. In
addition, the residues can be extracted or leach out of the cured article and migrate to the
surface. To solve the problem, polymeric or copolymerisable photoiniators can be
considered.
High Mn (up to 22000) copolymer systems with butyl acrylate bearing pendant
thioxanthone and aminoacetophenone or morpholinoacetophenone have been reported.
Under UV irradiation over 380 nm., simulating a TiC>2 pigmented system, a high
photoiniation activity has been found due to a more efficient excitation transfer process
connected with the close vicinity of the two interacting photosensitive moieties (26).
Polyacrylates having cinnamoylphenyl pendant groups exhibit high rate of
photocrosslinking in the absence of a sensitizer. The reaction taking place through singlet-
state electrons leads to a one step cyclodimerizaton (27).
Ortho substituted N-aromatic maleimide compounds are claimed to initiate photo-
polymerisation and to be consumed during polymerisation. It is believed that initiation
occurs via a hydrogen abstraction mechanism (28).
To cure full spectrum of colours including carbon black, from translucent organic pigment
to highly opaque inorganic pigment, combinations of bisacyl phosphine oxide and benzil
dimethyl ketal are suggested (28a).

IV.b. Fire retardancy
Certain applications, e.g. wood coating, require significant level of fire retardancy. To
avoid using inert additive, which leads to difficulty in curing and possibility of migration,
there is a need to develop radiation curable materials. These compounds must not be
suspected to form toxic gases and corrosive smoke upon burning. Therefore, searching for
halogen-free flame retardant, such as phosphorus-containing molecules, has drawn much
attention.
Phosphorus has been introduced in an unsaturated urethane by end-capping residual -NCO
group with a phosphonate polyol such as diethyl-N, N-bis ((2-hydroxyethyl) amino)
methyl phosphonate (Fyrol 6 from Akzo) (29).
For Radcure oligomers containing 3.5% of phosphorus, the oxygen index determined
following ASTM D 2863 has been found to be 24.6% compared to 18.0% for the
unmodified oligomer.
Hexa (2-hydroxyethylmethacrylate)(n-propyl)-cyclotriphosphazene, containing both
phosphorus and nitrogen elements, has been reported to combine UV reactivity and fire
retardancy (30).
Interesting to meition that the introduction of phophonate functionality in an acrylic
photocurable composition also plays a positive role as an adhesion promoter on metals
(31).
IV.c. Aqueous, systems
Besides the UVPUD technology many other water-borne systems have been developed.
In one example, radiation curable latexes were prepared via a two-stage emulsion
procedure. A delayed addition of glycidyl methacrylate to a seed latex was used to locate
the epoxy groups near the surface of the particles. Carboxyl functional unsaturated
compounds with various oxyethylene units have been prepared through reaction of
polyoxyethylene monomethacrylate with maleic anhydride. It has been shown, by FTIR



and H-NMR, that these compounds can be grafted on the latex and that the higher
reactivity is obtained with the reagent having 5 oxyethylene units in the spacer group (32).
In a second example, radiation-curable coating materials in the form of solvent-free
aqueous dispersions with very high solids content, minimum 65%, and high storage
stability are obtained by mixing unsaturated polyester emulsion with unsaturated
compound only slightly compatible with water. These formulations are preferably used as
primer for non-absorbent surfaces especially metals and plastics (33).

IV.d. Cationic
Cationic derivatives are gaining market share, mostly in can coating and plastic finishing.
However, the volume, about 700 Mt is far less than the 35000 Mt for acrylates. Most of
what is called cationic formulation is in fact hybrid compositions obtained either by
blending acrylate oligomers and epoxy compounds either by partial acrylation of a
polyfunctional epoxy (34). A blend of radical and cationic photoiniators must be used to
cure these formulations. Compared to cationic systems, hybrid-curing systems offer
significant acceleration of curing without the necessity of applying thermal energy.
They can also have improved solvent resistance, without sacrificing other important
properties such as viscosity, adhesion and hardness. The greater depth of cure of hybrid
systems vs. cationic systems and their improved adhesion compared to free radical
formulations make them interesting for applications requiring thick coatings. Based on the
typical absorbance of commercial cationic and free radical photoiniators, these systems
should also make better use of the energy output of common UV lamps.
The dark cure property of cationic UV initiated systems allows continuation of the reaction
after irradiation. This characteristic is interesting to laminate together non-transparent
materials. Using cure retardant, as polyurethane resins, formulations can be designed to
control the open time available before lamination (35).

A broad range of cycloaliphatic oligomers have been obtained by addition reaction of
polycarboxilic acids and polyesters by reacting one acid equivalent with two epoxide
equivalents of a bicycloaliphatic epoxy such as 3,4-epoxycyclohexymethyl-
3,4epoxycyclohexane carboxylate (36). Oxetanes are interesting candidates for cationic
curing. 3-ethyl-3-hydroxymethyloxetane is a good diluent, imparts solvent resistance and
appears to be very effective in accelerating cure response when combined with
cycloaliphatic diepoxy. Mixtures of these compounds with glycidylmethacrylate -styrene
copolymers were applied on Sn-free steel plates to give coatings exhibiting high hardness,
adhesion and resistance to hot water (37). Oxetanes are claimed to eliminate physical
ageing of coatings applied on metal.
Curing under EB radiation, X- or gamma-rays of epoxy systems incorporating cationic
photoiniator leads to composites having high glass transition temperature, good mechanical
properties and high toughness (38).

IV.e. Ceramic
Decoration of glazed ceramic tiles is done generally by screen-printing. The inks consist
of ground glass and inorganic pigments mixed with an organic vehicle, typically
polyethylene glycol to provide enough flow. Because the inks have no internal cohesion, a
binder such as polyvinyl acetate emulsion has to be sprayed between each colour layer.
This process is time consuming and not very reproducible. The use of an UV curable
binder, each layer being cured in second, allows to increase dramatically the productivity
and improve the drawing sharpness. At the end of the printing process, the whole
multilayer pattern is fired at a temperature above 500°C to burn the binder and integrate
the pigment into the glaze (39).
IV.f. Inks
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Flexography is one of the most important growing techniques in radiation curing printing
technology. Flexo inks are mostly used on metallized paper and plastics. The critical
issues for such inks are : very low yield value (lower than 5 Pa), low Newtonian viscosity,
good ink transfer from the anilox roller to the flexo press, good dispersion stability to avoid
pigment flocculation during the let down process.
In the dispersion of a pigment in a liquid by mechanical action to produce a stable
suspension, three different processes are involved :
• Wetting, in which air and water from the surface of the pigment aggregates are displaced

and replaced by the liquid binder. Using binders with lower viscosity and surface tension
favourably influences the wetting step.

• Breaking up by mechanical energy of the agglomerates into smaller particles dispersed in
the liquid. The cleavage of pigment clusters is mostly influenced by the shear stress
generated by the dispersing equipment.

• Stabilisation of the suspension due to the adsorption of the binder or of specific additives.
Stabilisation can be obtained by steric effect (biphilic surfactant) or anchoring
mechanism.

Works are now in progress to develop new binder possessing improved pigment wetting
properties leading to higher colour strength and glossy appearance (40).

IV.g. Optical grade material
UV cured compositions have been developed for the preparation of optical grade materials
as lenses. One patent describes a mixture of an additive resulting from the reaction of 4
equivalents of pentaerythritol tetra (3-mercaptoproprionate) (41) with 3 equivalents of
styrene. This additive is mixed with an aromatic urethane acrylate and p-methylstyrene.
The polymerised material was found to have a good impact resistance, a refractive index of
1.574 at 20°C and an Abbe number of 33. The glass transition temperature was 90°C.
Another patent claims mixtures containing high proportion of thio(meth)acrylate
bifunctional monomer allowing to reach a refractive index of 1.596 (42).

V. CONCLUSIONS'
During the past years, the success of Radcure technology has been sustained by specific
characteristics which rapidly lead to heavy crosslinked network. Radcure has mostly been
considered as a tool to transform a liquid mixture into a glassy material without heating. This
advantage was particularly recognised in the field of graphic art.
To minimise some drawbacks of this technology, such as high viscosity, but in order to take
advantage of this unique curing mechanism, new physical hybrid combinations, water +UV,
solid +UV, hot-melt +UV, or chemical associations, dual-cure mechanisms, are emerging to
answer unsatisfied requirements from the market.
The concept to use heat only to reduce the viscosity of composition and to combine it with
radiation, which acts as the true initiator of the crosslinking reaction, will considerably
enlarge the field for Radcure applications.
Taking into account developments that are going on in all activities related to Radcure such
as, for example new raw materials allowing to reduce the viscosity of oligomers, availability
of 3D application equipment, more efficient UV lamps, photoiniators generating less
extractables, improved formulations for outdoor applications, we may be sure of the
continuous vitality of this technology.

38



LITERATURE
1. USP 5620751 to Hoechst
2. WO 9727253 to DSM
3. Saskia Udding-Louwrier and all, Int. Waterbome, High-solids, Powder Coatings

Symposium New Orleans, 420 (1999)
4. EP 667381 to Ciba Geigy
5. WO 9725157 to BASF
6. WO 9818862 to UCBS. A.
7. USP 5639560 to UCB S.A.
8. WO 9858980 to TNO
8a. F. Finter 4th Nurnberg Congress Paper 38 (1997)
9. E. Malmstrom and all, New Orleans, 373 (1999)
10. EP 844286 to Morton
11. D. Maetens Proceedings RadTech 98, 170
12. P. Binda and all, Piture e Vernici ,n°2, 47 (1998)
13. S.Y. Lee and all Polym. Intern. 42, 67 (1997)
14. Ib Bechara, F. Bonney, Modern paint and coatings p.34, March 1997
15. M. Hirose and all Progress in Org. Coatings 31, 157 (1997)
16. EP 663142 to UCB S.A.
17. W. Buckley, M. Groenevelt 4th Nurnberg Congress. Paper 30 (1997)
18. DE 3437918 to Bayer
19. EP 554784 to BASF
20. K. Jin-Wong and all J. Macromol. Sci. Pure Appl. Chem.A35, 1587 (1998)
21. No-Hyung Park, J. Appl. Polym. Sci. 64, 2657 (1997)
22. USP 5290663 to Grace, DE 4031732 to BASF
23. DE 19716020 to BASF
24. WO 9856990 to WKP
25. S. Peeters and all, RadTech Proceedings 1997, p. 327
26. L. Angiolini and all, J. Applied Polym. Sci. 64, 2247 (1997)
27. A.V. Rami and all, J. Applied Polym. Sci. 70, 2111 (1998)
28. WO 9854134 to First Chemical
28a. A. Valet and all, RadTech 98 Proceedings p. 444
29. WO 9502004 to DSM
30. Y.W. Chen-Yang and all, J. Applied Polym. Sci. 69, 115 (1998)
31. J.P. Kokai 10045856 to Daicel
32. J. Odeberg, J. Applied Polym. Sci. 70, 897 (1998)
33. EP 877067 to BASF
34. EP 736555 to UCB S.A., F.F. Willard and all, RadTech 96 Proceedings p. 632
35. L.D. Albright and all, RadTech 98 Proceedings p. 116
36. WO 9814497 to UCB S.A.
37. GB 2305919 to Kansai Paint
38. WO 9705172 to Lockheed
39. DE 19752224 to Keraben
40. P.T. Weissman, RadTech 98 Proceedings p. 424
41. WO 9626184 to UCB S.A.
42. EP 745621 to Essilor

39


