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Foreword 

THIS PUBLICATION, Radiation Curing of Coatings, was sponsored by Committee D01 on Paint 
and Related Coatings, Materials, and Applications. This is Manual 45 in ASTM International's 
manual series. 
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Preface 

IMAGINE PLACING a layer of a low viscosity liquid mixture made up of monomeric and 
oligomeric compounds on a substrate, shining a beam of ultraviolet radiation on the liquid, and 
then in less time than it takes to snap your fingers--effectively, instantaneously--having the 
entire liquid mass turn into a solid, cross-linked, hard, tough coating with both functional and 
decorative properties. Sound impossible? Sound magical~like Mary Poppins (to the older 
generation) or the X-Files (to the younger or younger thinking generation)? Certainly it does! 
It sounds too good to be true, or as if it were magical in nature. However, it is merely a brief, 
popularized description of the coating technology known as "radiation curing" or the more 
limiting term, "photocuring." This technology that deals with using the substrate as your poly- 
merization vessel will be described in detail, but in an understandable manner, in this book. 
Reading it will give one a good understanding of this topic and enough knowledge to begin 
formulating radiation-curable inks, coatings, and sealants. 
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Radiation Curing 

Introduction 

BEFORE THE EARLY 1970S, there was little apparent concern or even awareness 
of the amount of solvent that entered the atmosphere from coatings and al- 
lied products. As a result, in the early 1970s over 90% of applied industrial 
coatings were low solids in nature. That is, they contained from 10% to 20% 
by weight solids, excluding pigments or other suspended materials, and the 
remainder was solvent. Industrial coatings at that time were typified as be- 
ing "low solids and solvent borne." Architectural coatings, commonly 
known as house paints and varnish, were also solvent borne, and latexes 
were really just coming into commercial reality. In those days, many people 
said that latexes did not have the quality of oil-based paints--many latex 
paints did not. Today, latex house paints are prevalent, but because of their 
excellent application characteristics and properties, oil-based paints still have 
a solid place in the market. However,  their slow drying nature and odor re- 
main as deficiencies. Even latex paints are relatively slow drying. 

One would like to think industry could readily see the many advan- 
tages of changing from a single, high-polluting technology to a multitech- 
nology arrangement that would provide forward thinking. Thinking that 
would lead to cost savings as well as resource conservation, while being 
ecologically friendly and simultaneously providing a healthier work and 
community environment. Actually, at that time the slow moving coating in- 
dustry could not or would not see the future--sales and use of solvent 
dominated the picture. 

How much solvent was used in a coating formulation in the early 1970s? 
When the total solids content was 10%, nine pounds of solvent were used 
with one pound of final coating material. When the total solids content was 
20%, four pounds of solvent were used with one pound of final coating ma- 
terial. These large quantities of relatively inexpensive solvent resulted in ex- 
cellent application characteristics, flow, and leveling of the liquid coating, 
and in high gloss, thin, continuous films of the relatively expensive, final 
solid polymeric coating. Pleasing decorative and functional coatings r e -  

1 
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2 RADIATION CURING OF COATINGS 

sulted. But huge quantities of solvent were spewing into the atmosphere, and 
both industry and the public seemed oblivious to this fact. 

At this time there were several reasons for the state of affairs in the coat- 
ing industry being one of solvent-borne, low solids. Petroleum-derived sol- 
vents and the energy, which is also fossil-fuel based, needed to evaporate 
them were inexpensive. This is easy to realize if one recalls that, prior to the 
early 1970s, oil and petroleum products had not yet seen the effect of cartel 
pricing. At the time, if someone had proposed a scenario in which the price 
of oil would  increase by  a factor of 10 to 25 times, they would  have been told 
to quit wasting time and pose something realistic. No one wanted to imagine 
the effect such pricing would have on the coating industry or on individuals. 
Unless one lived through it, it is difficult to visualize the pressures that were 
brought  to bear on the general public and industry through dictated 
petroleum shortages that ended up as long lines at gasoline stations and 
markedly increased prices. Not only did consumers feel the stress of waiting 
in gasoline lines, they felt the even sharper stress of wondering if they would  
be able to purchase fossil fuel-based products at any price to heat their homes 
and drive to their place of employment or on vacation. In the coating indus- 
try, companies that had large drying ovens became concerned with the prob- 
lem of what to do if they couldn't operate their ovens-- they knew heating of 
homes would come first. There was enough oil and natural gas, but  it was 
only available at a high, cartel-set price. And the price of oil went up and up 
in what seemed a never-ending spiral. 

A complicating effect superimposed on the price/availability picture 
was the fact that solvents were an excellent medium for reducing the viscos- 
ity of high molecular weight polymers to an application viscosity. At that 
time, most polymers used for coatings had high molecular weight. This was 
a necessary requirement to achieve the high-quality performance character- 
istics expected from the liquid coatings that were most often used as lacquers. 
This factor was the major reason large quantities of solvent were used in for- 
mulations. Then, almost overnight, oil cost and availability became a serious 
problem. To satisfy ecological concerns of certain groups, the matter was ex- 
acerbated when the government set requirements on the coating industry. 
The industry was to quickly formulate 80% solids coatings. That is, they were 
to change from using about four or more pounds of solvent for each pound 
of final coating to one-fourth of a pound of solvent per each pound of final 
coating--a factor of 16 or more decrease! 

It was in this crucible of market pressures, the Clean Air Act of 19701 , 
and existing old know-how that the new technologies of water-borne, high- 
solids, powder,  and radiation-curable coatings, along with the various sub- 

1 The USA Environmental Protection Agency's Clean Air Act of 1970 was amended in 1977 
and 1990, but at the time under discussion, it was the original act that was the driving force. 
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categories such as two-package high solids, water  dilutable coatings, higher- 
solids coatings, and the like, were  born. 

As might  be expected, there were  marked ly  different opinions regarding 
each of these new technologies. Many  thought  solvent-borne systems would  
never  be replaced, and in the long run, they were  losers. Others  thought  wa- 
ter-borne coatings were  the answer.  These were  usual ly peop le  who  were  in 
the architectural latex-coating business, and they felt it wou ld  be easy to de- 
velop industr ial  latex coatings. High-solids coatings seemed an easy w ay  to 
meet  the de m a nds  of the Clean Air Act. All one had  to do  was decrease 
molecular  weight  and high solids could be achieved. They temporar i ly  for- 
got or just did not  know molecular  weight -proper ty  relationships, and they 
found that systems to be satisfactorily cross-linked needed  functionali ty suit- 
ably located on each molecule to ensure they wou ld  be incorporated into the 
final coating film network.  Others  thought  p o w d e r  and radiat ion would  be 
important ,  but  these were  more  difficult to achieve and often did not  receive 
as much  at tention f rom the indus t ry  at that time. 

In the end all the new technologies found  a place in industry.  The only 
parts of indus t ry  that did not  gain from the changes b rough t  about  by  the 
new technologies were  those w h o  refused to be forward- looking and clung 
to the old ways.  N e w  companies  came into being, names changed,  and con- 
solidations took place as the new technologies found their niche in the mar-  
ketplace. Today,  radiat ion curing is well established and appears  to be poised 
to make great  strides into this market  [1]. 

What is Radiation Curing and Why is it Used? 

Radiation curing of coatings, inks, adhesives, and sealants 2 is the effectively 
instantaneous conversion of a usual ly liquid, low viscosity formulat ion of in- 
gredients that has been appl ied to a substrate and exposed to a radiat ion 
source into a po lymer ized  and  cross-linked mass wi th  decorat ive a n d / o r  
functional properties.  This process usually results in an effectively complete 
conversion of the liquid formulat ion into a solid, useful product ,  i.e., radia- 
t ion-cured coatings are essentially 100% solids in nature. Radiation as used 
in the radiat ion curing indus t ry  is usually ultraviolet  radiat ion (photons or 
photocuring)  or  electron beam energy  (electrons or E-beam curing), how-  
ever, coherent  or laser radiat ion and visible radiat ion 3 or light are also used. 

2 Coatings, inks, adhesives, and sealants can be and are cured with radiation. In this book, 
the word "coatings" will be taken to be generic to all of these products, unless one is specifically 
dealing with one of the others. Currently, radiation curing of sealants has limited use. This is pri- 
marily due to the need for curing through a considerable thickness of sealant material. Readers 
interested in radiation curing of sealants might consider the information in the topic "Thick Sec- 
tion Curing" found in Chapter 11. 

3 Webster's New Collegiate Dictionary defines light as that part of the electromagnetic spec- 
trum of radiation that is visible to the human eye. 
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"Radcure" is an adjective derived to describe anything that has to do with ra- 
diation-curing technology--applications, equipment, materials, and so on. 
When a material is exposed to radiation, it is "irradiated." Although radia- 
tion and its nature will be discussed in a following section, a few words about 
it are appropriate at this time. 

The electromagnetic spectrum is made up of electromagnetic waves of 
radiation that are identified by fluctuations of electric and magnetic fields. It 
comprises the total range of electromagnetic wavelengths, k, and extends 
from essentially zero to infinity. If numbers are to be placed on these wave- 
lengths, it could be said that they range from about 10 -13 to 103 meters. Cos- 
mic rays, gamma rays, and hard X-rays are on the low end of the range, and 
microwave, radio, radar, television, and electric waves are on the high end of 
the range [2,3]. Contained within the electromagnetic spectrum is the visible 
portion of the spectrum, wavelengths from 400 to 760 nanometers or from vi- 
olet to red, that is known as "light," and the invisible portion of the spectrum 
just beyond the violet end of the visible region that is known as "ultraviolet" 
and often referred to as "ultraviolet light." The ultraviolet region of wave- 
lengths extends from about i to 400 nanometers, and it contains a region from 
about 15 to 280 nanometers known as "Ultraviolet C," another from 280 to 
320 nm known as "Ultraviolet B," and another region from 320 to 400 nm 
known as "Ultraviolet A"[4]. Ultraviolet B is radiation that causes the phe- 
nomenon known as "sunburn" and prolonged exposure to it over many 
years can cause skin cancer. Ultraviolet C radiation is very powerful and is 
used to sterilize surfaces because it has the ability to kill bacteria and viruses. 
The range from 800 to about 30 000 nanometers is known as the infrared re- 
gion of the spectra. Above this begins the microwave region and so on. 
RadTech International has somewhat different, but similar, designations of 
the ultraviolet radiation ranges. These can be found in the RadTech Glossary 
of Terms at the end of this volume. 

Why does industry use the radiation curing process? Many of the at- 
tributes of this process can be summarized as: 

�9 Low capital investment 
�9 Low energy consumption and cost 
�9 High solids and elimination of solvents 
�9 Plastics and other heat sensitive substrates can be coated and cured 
�9 Rapid cure and high productivity 
�9 Multiple operations are possible 
�9 Space requirements are low 
�9 Use of existing equipment when retrofitting radiation equipment 
�9 High degrees of cross-linking and, therefore, potential for improved abra- 

sion, chemical, and stain resistance. 

Capital investment is low for ultraviolet curing or photocuring equip- 
ment. The equipment usually can be designed to meet specific needs, and no 
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"dead"  or unused  curing areas need  be involved.  If electron beam technology 
is involved,  capital investment  can be high, but  it is used when  high, large- 
vo l u me  produc t ion  coupled  with ve ry  high line speeds  is involved.  N ew  
small-scale electron beam systems have  expanded  the electron beam tech- 
no logy  into the realm of relatively modes t  cost. 

Radiat ion-curing systems have low power  requirements ,  and little heat- 
ing of the substrate takes place. No large ovens are required  for evaporat ion 
of solvent  or water.  These factors result  in low operat ing costs, a factor that 
takes on  ever increasing importance as the price of fuel undergoes  marked  in- 
creases, as it d id  in 2000. An addit ional  benefit  is that the systems run  co o l  
and this improves  the working env i ronment  for employees  by  making ambi- 
ent tempera tures  quite reasonable and easier to control. It is also easier and 
less t ime-consuming to change over  a finishing line f rom one formulat ion or 
design pat tern  to another,  which results in increased cost savings and pro- 
ductivity.  

As ment ioned  earlier, radiat ion-curing systems are either 100% solids or 
ve ry  high solids in nature.  VOC 4 is near  zero, since all of the formulat ion re- 
acts or remains effectively with the final film. For part icular  end uses, there 
are specialized formulat ions to which solvent  is added  for viscosity reduc- 
tion, bu t  it is usual ly easy to stay wi thin  regulatory limits or to fit the equip- 
ment  wi th  a solvent recovery  system. Water-borne radiat ion curable systems 
are also used. 

Heat-sensit ive substrates such as plastics, pr inted circuit boards and as- 
semblies, paper ,  wood,  and the like can be coated and cured with radiat ion 
technology.  The reason for this is that there is little bu i ldup  of heat in the sub- 
strate w h e n  thin coating films are involved.  If thick films are prepared,  judi- 
cious select ion of fo rmula t ion  i n g r e d i e n t s - - p a r t i c u l a r l y  pho to in i t i a to r  
l eve l - - a nd  line speed can be used as controls to remove  concerns about  heat  
bui ldup.  This factor can be of part icular  utility in the electronics industry.  

Improve d  economics and efficiency result  f rom the " instantaneous" cur- 
ing characteristics of radiat ion-cured systems. Depending  on the nature  of 
the formula t ion  being cured,  line speeds of hundreds  of feet per rain can be 
easily achieved [7]. This results in increased product ion.  When  this is cou- 
pled wi th  the fact that multiple operat ions can be accomplished in a single 
pass th rough  a finishing line, plant ou tpu t  is often doubled,  tripled, or more  
on a line that is no longer and often shor ter  by  100 to 200%, or more than a 
convent ional  finishing line. That is, a substrate can be pr inted in one or more  
colors, the ink cured, over  coated with a clear finish, cured,  turned over  in a 

4 VOC is art abbreviation for Volatile Organic Compounds that is used by the USA Envi- 
ronmental Protection Agency (EPA). VOC is defined as "Any organic compound that partici- 
pates in atmospheric photochemical reactions; that is, any organic compound other than those 
the Administrator designates as having negligible photochemical reactivity." Details about VOC 
and how it is measured can be found in the literature [5, 6]. 
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"Ferris wheel" arrangement, and then coated and cured on the reverse side. 
Of course, elimination of solvent also represents a calculable cost savings. 
Savings result because there is no need for solvent, handling solvent, evapo- 
rating solvent, recovering solvent, and for safely and ecologically sound dis- 
posing of recovered solvent in some manner. 

In general, space requirements are much less, often 25-50% less, for a ra- 
diation-curing line than for a conventional coating line. The main reason for 
this is that no large ovens are required for evaporation of solvent and /o r  wa- 
ter. In addition, there is no need for a solvent recovery system. An additional 
space-saving feature of radiation-curable coatings is their 100% solids nature. 
Less drums of formulated coating are required when solvent is eliminated, 
which also results in decreased handling. 

At times, existing coating lines can be retrofitted with radiation-curing 
equipment. This can be accomplished with minor adaptations and costs, par- 
ticularly with photocuring equipment, which can be very versatile in nature. 

It can be readily understood that radiation-curing lines can run much 
faster than conventional coating lines. When this is coupled with the multi- 
ple operations that can be accomplished on a single pass through the line, 
marked increases in productivity can be attained. For these and the other rea- 
son discussed, radiation curing is a technology that is currently in vogue and 
that will be experiencing growth of about 10% compounded in the future [8]. 

Radiation 

In the above, there was a brief introduction to radiation and its relationship 
to the electromagnetic spectrum. Radiation is the propagation and/or  emis- 
sion of rays through space, which is effectively a void, or through a medium, 
such as air, in the form of either waves or particulate emission. Just what does 
this mean? 

Most people think of activating molecules by using thermal energy as 
the normal way  for chemical phenomena to occur. That is, temperature ele- 
vation is used to push molecules up a hill or over a barrier and allow them to 
attain a different, higher energy state. For example, the conversion of some- 
thing from the liquid state to the gaseous state is usually accomplished with 
the use of thermal energy. In the coating industry, many thermal processes 
or thermally activated reactions are used. Such phenomena usually use ther- 
mal energy, whose source is an increase of temperature, to increase one or 
more of the rotational, translational, and vibrational energy states from a 
ground state to the upper range of their energy distribution [9]. One of the 
simplistic processes used in the coating industry is evaporative drying of a 
lacquer that usually is accomplished with supplied heat or thermal energy. 
The liquefaction and flow of powder  coatings is also accomplished with ther- 
mal energy. Another specific example is the crosslinking reaction of hexam- 
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ethoxymelamine with hydroxyl functionality that is accomplished by  sup- 
plying thermal energy to the system. Various other thermal processes used 
in the coating industry should be readily apparent to readers. 

Thermal processes such as these are inefficient in terms of energy usage 
and of the amount of final coating applied to a substrate for a given unit of 
energy. A more efficient way to supply and utilize the energy necessary to ef- 
fect a change to an activated or reactive state is to bring the molecules directly 
into contact with "packets" of energy supplied by sources such as neutrons, 
B-rays or high velocity electrons, o~-particles, or the quanta of electromagnetic 
energy termed "photons" and supplied by that portion of the electromag- 
netic spectrum known as ultraviolet radiation or by  light. A distinct advan- 
tage of photochemically induced reactions over thermally induced reactions 
is selectivity. Different and particular reactions of the same substance can be 
promoted by irradiating it with different frequencies of ultraviolet or visible 
radiation. Investigation of the reactions caused by  such energy-supplying 
processes is termed "radiation chemistry." The process used to effect cure of 
coatings, inks, adhesives, and sealants with radiation chemistry is known as 
"radiation curing." If only ultraviolet or visible radiation is used, the partic- 
ular process is known as "photochemistry." In industry, the two main meth- 
ods of effecting radiation curing are electron beams and ultraviolet radiation. 
Equipment for curing with these two methods will be discussed in Chapter 
2. 

An electron beam is a stream of electrons that are emitted by a source. 
The electrons all move at the same speed and in the same direction. An elec- 
tron beam, which is similar to a cathode-ray tube, produces the stream of 
electrons. The cathode is heated to generate electrons, a high-voltage system 
then directs the electron stream, and electromagnets guide the stream to the 
substrate. This technique was mainly used for high volume production be- 
cause of equipment cost and size. In a general sense, selection between ultra- 
violet and electron beam curing is dependent on factors such as film thick- 
ness, pigmentation or opacity, production scale or volume, and similar items. 

Photochemistry is a subdivision of radiation chemistry, and it is the sci- 
ence of the chemical changes that are initiated by ultraviolet and visible ra- 
diation on molecules. The particular wavelength region of ultraviolet that is 
of interest in the coating area is from about 100 to 400 nm, but more practi- 
cally from about 200 to 400 nm. It should be understood that incident ultra- 
violet radiation can be transmitted, absorbed, or refracted, but it is only ab- 
sorbed radiation that can produce a chemical change in molecules. This is the first 
law of photochemistry, which is known as the Grotthuss-Draper Law. Cer- 
tain compounds can absorb particular ultraviolet wavelengths or energy 
packets and are completely transparent to other ultraviolet rays. Another 
way of stating this is that if a molecule does not absorb radiation of a partic- 
ular frequency, it will not undergo a photochemical change when contacted 
with radiation of that particular frequency. The amount of radiation ab- 
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sorbed by a compound is proportional to the thickness of the compound's  
surroundings. The second law of photochemistry, or Stark-Einstein Law, 
tells us that only one molecule of a radiation absorbing system will be acti- 
vated for each photon of radiation absorbed by a chemical system. The quan- 
tity of photochemical reaction that takes place is determined by the product 
of time of exposure and the radiation intensity. 

The fact that radiation is energy can be simply and readily exemplified. 
The following examples quickly and vividly demonstrate that ultraviolet and 
visible radiation are energy. It is well known that sunlight contains wave- 
lengths from both the ultraviolet and the visible spectra. Almost everyone 
has taken a magnifying lens and focused the sun's rays onto paper or a sim- 
ilar material. When this is done, it is observed that the focused beam of 
broad-spectrum radiation quickly raises the temperature of the paper to the 
kindling point, and smoke begins to rise. Another example is the fact that 
when the ultraviolet rays in sunlight bombard our skin, they cause redden- 
ing or tanning as well as other less apparent, long-term changes. The fact that 
ultraviolet rays are not absorbed or reflected by the same media as other 
forms of energy, such as visible or light energy, is apparent from the "sun- 
burn" one can obtain on a cloudy day. The ultraviolet rays are transmitted 
through the cloud moisture, whereas much of the other sun's rays are ab- 
sorbed or reflected by the cloud, and a darkening or dimming effect and a 
cooling effect are observed. 

Other commonly known, but  perhaps not realized as such, photochem- 
ical reactions include photography wherein light converts silver bromide to 
metallic silver, vision in which a protein is isomerized by radiation in the 
retina of the eye, and photosynthesis wherein photons from sunlight are ab- 
sorbed by chlorophyll and make energy available for the formation of vari- 
ous chemicals such as carbohydrates, vanillins, phenolics, and so on. Thus, it 
is readily apparent that ultraviolet and visible radiation, as well as other por- 
tions of the electromagnetic spectrum, are energy. However,  at this point the 
magnitude of the energy, its nature, and its mode of transmission are not ap- 
parent. 

Simplified Classic to Modern Light/Radiation/Energy Theory 

In the Seventeenth Century, there were two concepts used to describe the 
nature of light and ultraviolet radiation. In one of these concepts, Newton 
posed a corpuscular or particle theory for such radiation. This theory was 
generally accepted until almost the end of the Eighteenth Century. At this 
time, Huygens posed the second concept, and it considered such radiation 
to be wave-like in nature. Studies concerned with the diffraction, interfer- 
ence, reflection, and refraction phenomena that occur with light took place 
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in the ear ly Nine teen th  Century ,  and  the results of these studies could be 
best  expla ined b y  invoking the H u y g e n s  w a v e  theory.  Further  credence 
was  g iven to the wave- l ike  character  theory  w h e n  it was  found  that, in a 
vacuum,  light t ravels  at the same  veloci ty as that  o f  other  e lectromagnet ic  
radiat ion,  n a m e l y  3 • 101~ cm �9 s -1. 

In the 1860s, Maxwel l  p resen ted  his e lectromagnet ic  theory,  in which  ra- 
diat ion energy  is descr ibed as a combina t ion  of oscillating electrical and  mag-  
netic fields posi t ioned at r ight  angles or no rma l  to each other. Then the en- 
e r g y  p r o p a g a t e s  t h r o u g h  o t h e r w i s e  e m p t y  space  or  a m e d i u m  w i t h  the 
veloci ty of light in the direction of propagat ion .  Maxwel l ' s  theory  gave  fur- 
ther  acceptance to the w a v e  theory  of Huygens .  Howeve r ,  even  though  such 
p h e n o m e n a  could be  explained by  only  invoking  the w a v e  theory,  the pho-  
toelectric effect 5 and  other light characteristics could not be  expla ined with  
only  the wave  theory.  To unde r s t and  these p h e n o m e n a ,  it was  necessary  to 
br ing  into p lay  the corpuscular  or packe t  theory. 

Studies b y  Planck [10] at the beginning  of the Twent ie th  Cen tu ry  indi- 
cated that  a b o d y  radia t ing light wi th  a f requency v wou ld  radia te  energy  
only in whole  n u m b e r  mul t ip les  of hv, where  h, Planck 's  constant  = 6.624 
X 10 27 erg"  S, is the propor t iona l i ty  be tween  energy,  E, and  f requency with: 

E = h u  =hc/A 

where  c is the veloci ty 6 of light in a v a c u u m  and k is the wavelength .  Planck 's  
hypothes is  also s ta ted that  a b o d y  could only absorb  energy  in even  n u m b e r  
mul t ip les  of hr .  A few years  later Einstein [12] deve loped  his relativity ex- 
pression,  

E = mc 2, 

w h e r e i n  m is m a s s  and  c is as p r e v i o u s l y  def ined .  His  efforts  ex t ended  
Planck 's  theory,  and  they indicated that  e lectromagnet ic  radia t ion is quan-  
t ized and  m a d e  up  of discrete quan ta  or pho tons  each of which,  as a unit  of 
energy,  has a va lue  hr. Thus, a p h o t o n  is a q u a n t u m  of e lectromagnet ic  en- 
e rgy  of a single wavelength ,  i.e., of a single m o d e  of direction and  polar iza-  

5 When a photon impinges onto a surface and is absorbed, an electron may be emitted from 
the surface. This emission of an electron is the means by which photons can be detected and is 
known as the photoelectric effect. 

6 Usually the velocity of light is thought of as a constant; however, in January 2001, it was 
reported that physicists were able to stop light and then send it on its way at 3 • 10 ~~ cm's -1. 
Atoms of gas were magnetically chilled to within a few millionths of a degree from absolute 
zero. Two laser beams that operated at different frequencies were directed into the gas, wherein 
it imprinted a pattern into the orientation of the spinning atoms of sodium and rubidium. As the 
intensity decreased, the probe light dimmed and then vanished, but still was imprinted on the 
metals where it was frozen or stored. When the control beam was restored, the light stored in the 
spinning atoms was reconstituted and continued on its way [11]. 
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tion. 7 From these investigations, the modern concept of radiation emerged as 
energy with a dual nature. Radiation moves through space in wave packets 
(corpuscles) that have a spectrum of energies (i.e., wavelengths) with wave- 
like properties. 

Earlier it was pointed out that an advantage of curing with ultraviolet or 
visible radiation is selectivity. For a change to take place, the product of the 
frequency of the radiation that is absorbed by a molecule and Planck's con- 
stant must exactly match the energy that separates the ground state of the 
molecule, Eg, and the excited state, Ee. 

E = h v = (E~ - Eg) 

If the frequency is changed, the magnitude of E changes; and if a state 
Ee - E~ equal to the new magnitude of E exists for the molecule, the molecule 
will be transformed to this new and different state. Thus, by varying the fre- 
quency of radiation impinging on a molecule, it is possible to get photo- 
chemical reactions that are completely different from each other, assuming a 
number of excited states exist for the molecule. As was mentioned earlier, the 
electromagnetic spectrum encompasses a very broad range of wavelengths 
that are between about 10 -13 to 10 3 meters [18]. 

Magnitude of Ultraviolet and Visible Radiation Energy 

With this picture of radiation and how it functions, we can now turn to cal- 
culation of the magnitude of the energy associated with ultraviolet and visi- 
ble radiation. As described above, Planck's constant is the proportionality 
constant between the energy of a photon and wavelength, and the energy at 

7 This has been a simplistic discussion of the relationship between radiation and energy. It 
is beyond the scope of this book to deal with the transition from this information into details of 
the various theories involved. However, a short discussion may help direct interested readers in 
understanding radiation and provide literature references that are pertinent to the topic. 

Rutherford [13] theorized that the atom was a dense, charged nucleus with surrounding or- 
biting electrons. This picture required the orbiting electrons to lose energy through radiation, 
and thus, spiral into the nucleus. Bohr [14] altered Rutherford's picture by placing the electrons 
into fixed orbits that had different energy levels. His theory of the hydrogen atom had the sole 
electron in this atom occupying particular, discrete energy levels with the energy state deter- 
mined by a principle quantum number,  n, with n having a whole integer value. The theory 
worked well for single electron materials, but  it was not capable of dealing with atoms that con- 
tained more than one electron. When the electron moved from a higher energy level, E2, to a 
lower level, El, a quantum of radiation was emitted. The frequency of the emitted radiation was 
given by E = E2 - E1 = hr. 

About two decades later, in 1924, de Broglie [15] suggested that the dual nature of radiation 
might also be true for matter. That is, any moving corpuscle, radiation or matter, has a wave- 
length associated with it and that a similar relationship exists between momentum and the 
wavelength of bodies other than light quanta with ~= h/mv. This was later confirmed for elec- 
trons by Thomson and others [16,17]. 
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any particular wavelength, E(• can be calculated from 

= Iq [662 6 sec][ l quantum 
This energy is the specific energy associated with the wave packet that 

has a wavelength/t .  Quite often, chemists are interested in the energy that is 
associated with a mole of material or with the energy associated with a mole 
of quanta. This quantity of energy has been termed an "Einstein" and is equal 
to Avogadro's number,  6.023 • 1023, times the energy associated with a par- 
ticular wavelength. So, if we make this change and substitute for the velocity 
of light, the expression becomes 

[ 6.6256 • 10-27 erg �9 sec ] 
E(~) = quantum 

o r  

X[6:023 • 1023 quantum][2.9979 x 101~ cm][1 ] 
L mole ][ ~ec jk j 

[11963  0 e 8 cm][l 1 
E(x) = mole 

with the wavelength expressed in centimeters. Since the wavelength is usu- 
ally expressed in nanometers, and since one joule, J, is equal to i • 107 ergs, 
the expression for energy can be expressed as 

[1.1963 X 108 erg �9 cm ][ 107 n m ]  
E(x) = L mole j l _ ~ j  

I 1 j~ ]IX n - ~ J  1"1963 • 108 j~ 
• 1 • 107 ergs = X mole 

in terms of joules per mole and as 

[1.1963 x 108 joules][. 1 kcal ] _ 2.8592 • 104 kcal 
E(x) = [ k mole J[ 4184 joules J k mole 

in terms of kilocalories per mole. Values of E(~) at various wavelengths are 
given in Table 1.1. The energy required to rupture a double bond and form a 

TABLE 1.1. M a g n i t u d e  of Energy  at Var ious  Wave leng ths .  

WAVELENGTH, 
)t 

100 
200 
300 
400 
500 
700 

ENERGY PER MOLE 
JOULES • 10 -s  

11.96 
5,98 
3.99 
2.99 
2.39 
1,71 

KILOCALORIES 

286.00 
143.00 

95.3 
71.5 
57.2 
40.9 
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free radical depends on the particular chemical molecule receiving the en- 
ergy. It is usually on the order of 10-80 Kcal per mole (0.42-3.35 x 105 
J/mole)) [19], which may be compared with the values in Table 1.1. 

Photon Production 

A photon is the quantum of electromagnetic energy of a single wavelength. 
Photons are produced in the ultraviolet and visible radiation regions by 

�9 spontaneous or stimulated radiation transitions between electronic energy 
levels in atoms or molecules, 

�9 recombination of two radiative bodies as in electron-ion recombination, 
and 

�9 electron retardation wherein radiation is emitted when an electron is 
forced to deviate from its normal path as occurs when an electron passes 
near a positive ion. 

If it is possible for an atom to exist in two energy states, E~ and E2 with 
E 2 ~ El ,  there are three possible radiation processes that can connect the two 
energy levels. There can be a simple, uncomplicated absorption in which the 
atom at energy level E1 is placed in a radiation field that contains wavelength 
K, where K = hc/(E2 - El). Here, it may absorb a photon and be excited to a 
higher energy level E2. Induced or stimulated emission occurs when an atom 
that exists in energy state E2 is placed in a radiation field that contains wave- 
length K, where again ;~ is given by hc/(E2 - El). A photon may impinge on 
the atom and cause it to emit a photon that is coherent with the impinging 
photon. When this happens, the energy level drops to El. Spontaneous emis- 
sion is a third method of photon generation. In this process, an atom in a 
higher energy state E2 can spontaneously emit a photon and drop to energy 
level E 1. These mechanisms lead to the photons or quanta that activate pho- 
toinitiators that, as we shall see in ensuing chapters, cause polymerization of 
reactive species in the formation of radiation~cured coatings. 

Electrons 

It is important to point out that electrons are not included in the electromag- 
netic spectrum. Electrons differ from photons in that they are particulate and 
not wave-like in nature, and they have mass. Because of their mass, acceler- 
ated electrons as formed by an electron beam apparatus have the ability to 
penetrate matter. These phenomena, as well as the depth of penetration into 
materials, are further discussed in Chapter 2. Photons, which are included in 
the electromagnetic spectrum, can also penetrate matter. The depth of pene- 
tration depends on their energy, wave, and particulate nature. 
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Curing Equipment 

IN THE PREVIOUS CHAPTER, the nature of radiation in certain portions of the 
electromagnetic spectrum was discussed. As was seen, radiation is com- 
posed of wave packets called photons with characteristic and discrete energy 
levels. The radiation associated with ultraviolet curing or photocuring is 
known as "nonionizing" or "actinic" radiation. It is radiation that usually 
does not produce electrically charged particles, free electrons, or ions, and it 
is electromagnetic energy that is capable of producing photochemical activ- 
ity. Photons with sufficient energy can produce electrons; however, in pho- 
tocuring such photons are not usually available. Radiation that is associated 
with electron beam curing is "ionizing" radiation, and it is energy that can di- 
rectly or indirectly form ions and generate electrons while traveling through 
a substance. Other energy sources used today include lasers and light or vis- 
ible radiation. Although these latter sources are not broadly used in com- 
merce today, they may well be of future importance and will be briefly dis- 
cussed at the end of this chapter. 

Selection of electron beam or ultraviolet radiation as the means of curing 
is a balance between the versatility of the energy generated, the particular 
curing chemistry to be used, and the equipment complexity and cost. A gen- 
eralized comparison of the two curing methods is given in Table 2.1. When 
reviewing the information in this table, one should be certain to remember 
that equipment cost usually is the overriding factor. Both technologies in- 
volve line-of-sight curing, since neither electron beams nor ultraviolet radia- 
tion can "see" around corners. Electron beam curing depends on penetration 
of the material involved with energized electrons and on the density of the 
material or materials through which they are passing. The electrons generate 
free radicals that are capable of initiating the polymerization of ethylenically 
unsaturated compounds such as acrylates. Usually, one does not associate 
electron beam curing with the cure of epoxides, however, recent literature in- 
dicates that epoxides [1-4], carbazoles [5], and vinyl ether/cellulose blends 
[6] can be cured with this technology. In addition to the coatings area, elec- 
tron beams are finding important utility in the curing of fiber-reinforced 
composites [7-9]. Electron beam cured composites have been found to be 

15 
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TABLE 2.1. Compar ison of Electron Beam and  Ultraviolet Radiat ion Systems. 
ULTRAVIOLET 

CHARACTERISTIC ELECTRON BEAM RADIATION 
Energy Consumpt ion  Lower Higher  
Versatility Less Greater 
Capital Expenditure Much  Greater* Less 
Maintenance Cost Less Greater 
Efficiency Greater Less 
Productivi ty Greater Less 
Substrate Selection Greater Less 
Ease of Operat ion Less Greater 

* Small size, narrow width units have markedly decreased cost, but cost is still notice- 
ably greater than for ultraviolet radiation units. 

generally comparable to thermally cured products, and the important ad- 
vantages of instantaneous cure coupled with environmentally friendly 
chemistry can mean cost savings to manufacturers. This technology has been 
of most interest to the aircraft and aerospace industries, but the timesaving 
and ecological aspects of the technology have spurred the interest of the 
ground transportation industry. 

Ultraviolet radiation curing depends on the radiation transmitting prop- 
erties of the coating formulation, the dominant wavelengths generated by the 
ultraviolet radiation sources, the particular type of photoinitiator used (free 
radical or cationic), and its radiation absorption characteristics. Photolysis or 
degradation of the photoinitiator results in the generation of free radicals that 
can initiate cure of ethylenically unsaturated compounds such as acrylates or 
of cations that can initiate cure of compounds such as cycloaliphatic epox- 
ides. Currently used cationic photoinitiators generate both cations and free 
radicals when exposed to ultraviolet radiation. 

In general, curing with ultraviolet (UV) radiation is more widely used 
than electron beam (EB) curing. This is mainly due to equipment cost and 
complexity for large-scale applications. Compact electron beam curing sys- 
tems suitable for research and for smalMot applications have been known for 
some time [10,11]. An example of such usage is semiconductor metallization 
applications. Recently, a new, small-size, versatile EB unit that will handle a 
continuous moving web has been described [12], and it should be useful for 
moderate sized lots. This compact device operates in the low voltage range 
of 80 to 125 keV and is finding utility in the coatings and graphics areas. More 
specifically, it has market acceptance in curing opaque pigmented inks, coat- 
ings for flexible substrates, metals, and fiber composites, and adhesives for 
foil-based laminates. This small-size electron beam is moderately priced at 
less than $150,000 [13] and includes an electron beam, power supply, and 
controller. 

Electron beam technology has been known for many end uses and today 
is regarded as an accepted method of curing for a number of them [14]. These 
include graphic arts [15] on offset web presses [16], laminating and pressure 
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sensitive adhesives  [17], and inks [18,19]. As wi th  other  radiat ion-cure tech- 
nologies, e lectron beam cur ing is env i ronmenta l ly  friendly,  offers energy 
savings and efficiency, and minimizes  waste and  need for recycling chemi- 
cals [20]. Cost, performance,  and needs  have been  compared  for solvent, wa- 
ter, ul traviolet  radiation, and electron beam radiat ion in light of current  mar- 
kets [21]. 

UV lamps can be easily installed at low cost to the end of an existing 
manufac tur ing  line, or individual  lamps can be configured in a number  of 
ways  to accommodate  articles of various sizes and  shapes. To cure three-di- 
mensional  objects, the coating line m a y  be conf igured  in such a manner  that 
the object can be rotated or spun  while in the radiat ion zone. Such objects 
have  asymmetr ies ,  impressions,  undercuts ,  and  other  characteristics that 
make  uni form curing difficult. Opt imized posi t ioning of ultraviolet  radiat ion 
lamps for cure of 3D items has  been described and a large-scale UV test fa- 
cility coupled wi th  compute r  s imulat ion of the cure  process has been devel- 
oped  [22]. 

The coating indus t ry  usual ly uses ultraviolet  radiat ion in the 250 nm to 
400 nm range for curing. At shorter  wavelengths  than these, X-rays exist at 
about  0.1 n m  and below that gamma rays exist at about  0.0001 nm. These 
shorter  wavelengths  can create ionizing radiat ion within a material  and ef- 
fect polymer iza t ion  wi thout  the use of initiators. However ,  it is more  com- 
m o n  to generate ionizing radiat ion using accelerated electrons as are formed 
f rom electron beams. 

Electron Beams 

An electron be a m is a stream of electrons I emit ted f rom a single source, an 
electron beam gun, moving  in the same direct ion and at the same speed. Al- 
most  all substances absorb atomic particles such as these high energy, nega- 
t ively charged particles. Because of their small size and high energy, elec- 
trons can penet ra te  into and th rough  a coating, th rough  a substrate to reach 
a curable adhesive,  and th rough  p igment  particles to cure opaque liquids. 

If one considers the dual ism of wave  and part iculate behavior,  acceler- 
ated electrons, which  are not  a par t  of the electromagnet ic  spectrum, are 
t reated as having  mass ( - 9  • 10 -31 kg) and behaving  as particulates. As 
ment ioned  earlier, accelerated electrons, which  travel  near  the speed of light 
or with pho ton  energy,  have the capability of penetra t ing matter,  with the 
dep th  of penet ra t ion  propor t ional  to the electron accelerating potential  or 
beam voltage, as described in Figure 2.1. From the data in this figure, it is ap- 

1 An electron is an elementary, charged particle in an atom. It has an at-rest mass of 9.10956 
x 10 31 kg and a charge of 1.602192 x 10 19 coulomb. An electron's spin quantum number is 
1/2. Positrons are the positive counterparts of electrons, and, except for the reversal of charge, 
these possess the same characteristics. 
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FIG. 2.1--Electron beam penetration as a function of accelerator voltage (Figure 
courtesy of A. Berejka) 

parent that accelerators that operate at up to 10 MeV can penetrate up to 3.2 
cm of unit-density material. Since electrons are stopped only by mass, their 
penetration decreases as the density of the material impacted increases. For 
example, a 10 MeV electron beam will penetrate 2.4 cm of a 70% carbon fiber 
composite material that has a density of 1.35 g / c m  3. In the coating area, elec- 
tron beam accelerators are self-shielded units that operate at 70-300 kV. They 
are capable of penetrating into unit density material of up to 430 ~m (17 mils 
or 0.017 in.). Thus, electron beams are able to penetrate through pigmented 
coatings, foils used in laminates, and the like, and they do not rely on pho- 
toinitiators or other initiators to cure coatings or adhesives. 

In a simplified sense, the stream of electrons, which are key to this tech- 
nology, is formed with an electron gun [23,24]. This device consists of an 
emitting cathode and an anode with an aperture for passage of a portion of 
the formed electrons that move in a straight line at a uniform velocity. The ca- 
thodic element, which is in the form of a tungsten wire or filament, is heated 
to a high temperature of about 2400 ~ K in an acceleration chamber. At this 
high temperature, electrons are generated around the cathode. These are ex- 
posed to a high voltage electrical field and accelerated to a high speed that is 
dependent on the voltage used. The acceleration area must be under a vac- 
uum or the electrons will lose directionality because of rapid scatter of nitro- 
gen, oxygen, and other gas molecules. As a result of such scatter, there would 
be no velocity increase. The accelerated electrons that were stripped from the 
cathodic element are directed through a metallic foil aperture or "static win- 
dow" that is in proximity to the uncured coating. The window must  be 
durable and be able to withstand substantial heat and mechanical stress. A 
far more detailed description of this technology can be found in the literature 
[251. 
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When the stream of electrons, which is ionizing radiation, is passing 
through the material to be cured, individual electrons have an opportunity to 
collide with an electron that belongs to an atom in the uncured material. This 
collision can remove an electron from the molecule and thus generate a free 
radical. In the presence of ethylenic unsaturation, these free radicals can ini- 
tiate polymerization and ultimately cause cross-linking to occur in the usual 
sequence of initiation, propagation, and termination, as will be discussed 
later. A photoinitiator, the source of free radical or cationic initiators in an ul- 
traviolet radiation cured system, is not needed in formulations cured by elec- 
tron beams. 

The depth to which the electrons can penetrate into a material is depen- 
dent on the density of the material being irradiated and electron energy 
[26-29]. By proper selection of these parameters, radiation energy usage can 
be optimized, and any damage to the substrate by electrons can be mini- 
mized. Prior to 1970, electron beam equipment used very high voltages of 
about 500 kV to accelerate the electrons [30]. At this high voltage, substantial 
shielding was required to contain the X-rays that were formed in the process 
region. In addition, the electrons had much more penetrating power than 
was needed, and this resulted in energy inefficiency. Self-shielded electron 
beam equipment that operated in the 150 kV to 300 kV range was developed 
in the early 1970s. These devices were less expensive and more energy effi- 
cient than the earlier 500 kV units. These electron beam units were designed 
for industrial use and were self-shielded in nature [31,32]. The optimum op- 
erating voltage for these units is 165 kV for curing thin ( -  0.01 mm) coatings 
and inks. Recently, a new generation of electron beam units that operate at 80 
kV to 110 kV has been described [30]. The high-energy electrons developed 
in these units are capable of breaking bonds and creating ions when they im- 
pact on molecules. Such ions convert into free radicals, and these free radi- 
cals initiate polymerization of ethylenically unsaturated molecules. 

An electron beam's intensity is determined by the beam current. There 
are well-established protocols that exist for calibrating and determining elec- 
tron beam dose as, for example, described in ASTM E1818, "Standard Prac- 
tice for Dosimetry in an Electron Beam Facility for Radiation Processing at 
Energies Between 80 and 300 KeV." Dose is expressed in a Standard Interna- 
tional unit, the Gray, with i kiloGray being equal to one Joule per gram mass 
of absorbed energy. For electron beam processing, dosimetry is traceable to 
national reference standards that are maintained in the United States by the 
National Institute of Standards and Technology [13]. 

There are two generic types of electron beam systems--scanned or 
swept beam, and curtain or filament beams. In the scanned beam type pro- 
cessor, a relatively narrow beam of electrons is generated and accelerated in 
a vacuum that is maintained in the high voltage section of the device. An 
electric or magnetic field is then used to move or scan the beam of electrons 
back and forth across a metal foil window. The beam of electrons passes 
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through the window into the process area, where it contacts the liquid coat- 
ing and induces polymerization. The filament beams are single or multiple 
linear-filament emitters placed normal to product movement  direction or 
multiple emitters with the filaments placed parallel to product movement di- 
rection. In this type of electron beam processor, a broadband or curtain of 
electrons is generated and sent directly to the process area where polymer- 
ization is initiated, propagated, and terminated [33,34]. Inerting of the pro- 
cess area is important for eliminating oxygen inhibition of polymerization 
and to obtain good surface and through cure. Methods for accomplishing this 
have been described [35-37]. Also, equipment for high line speeds is avail- 
able [38]. 

Gamma-irradiation is also used to generate electrons. Typical ~-irradia- 
tion systems comprise a radiation source that is usually 6~ a radiation 
shield, a system for containing the radiation source, and a material convey- 
ing system. Such systems are not used in the coating industry, but  they are 
used in medical device sterilization and food irradiation. 

Ultraviolet Radiation Systems 

As indicated above, one of the distinctions between electron beam curing and 
ultraviolet radiation curing is the use of a photoinitiator, though a photoini- 
tiator is useful when epoxides are cured with ionizing radiation. Photoinitia- 
tors are compounds that absorb the radiation and then degrade in some man- 
ner to form a species that is capable of initiating polymerization--usually 
free radicals or cations. These compounds will be discussed later. In general, 
electron beam systems do not require a photoinitiator in the formulation, 
since the generated electrons cause free radical formation. However,  in the 
electron beam cure of epoxides, iodonium and sulfonium salts are used to 
improve cure and cure rate. 

Ultraviolet radiation curing systems for flat stock can be relatively sim- 
plistic in nature. They require an ultraviolet radiation source, a means of 
cooling the lamps that comprise a power supply, radiation source, reflectors, 
and a conveyor [39]. The power  supply is the controlling device within the 
curing system. A detailed comparison of energy and intensity for stepped 
and variable ballast systems has been made [40]. This real-time study con- 
cluded that the new solid-state ballast designs will become the dominant fac- 
tor in ultraviolet radiation curing power supplies. 

The conveyor or conveyor system is the means of continuously deliver- 
ing coated items to the radiation source and of reproducibly exposing the 
items to the radiation. When flat stock is involved, the surface to be cured is 
most easily exposed to the radiation source at an angle that is normal to the 
usually flat conveyor system. The system can be readily designed in such a 
manner that scattering of the radiation is kept to a minimum and all portions 
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of the surface are exposed to the same, or essentially the same, radiation in- 
tensity. When three-dimensional objects are involved, it is important that the 
coated objects be rotated during irradiation, so that all coated surfaces will be 
exposed to the radiation source. Proper design of the conveyor line will en- 
sure that all portions of the object receive essentially the same amount of ra- 
diation. One can envision alternate schemes in which the source is rotated or 
moved, and while these may be useful, they are more complex in nature. 

The reflectors have a variety of shapes that include elliptical, parabolic, 
diverging, converging, angled, doubled, and other specially designed ge- 
ometries. The reflectors may focus the radiation and concentrate it to a small 
area of high intensity, or they may be interfocused wherein the radiation is 
spread over a large area. Focused beams are low in cost, but can cause over- 
heating of substrates, require accurate focus, and cause a need for multiple 
lamps if other than flat surfaces are to be cured. Interfocused lamps do not re- 
quire critical focus, minimize any heating of the substrate, and allow large ar- 
eas to be cured effectively. Reflector smoothness is very important to mini- 
mize radiation scatter, and the surface is usually polished to a roughness of 
100 nm [41]. Recently, a very smooth glass reflector system that is comprised 
of a borosilicate glass dichroic reflector has been described [42]. The dichroic 
coating on the reflector absorbs infrared and reflects ultraviolet radiation. 
This feature makes the unit very useful for curing on plastic surfaces. If com- 
plex shapes, such as three-dimensional objects, are to be cured, special con- 
figuration of the lamps, reflectors, and /or  a means of rotating the object or 
the bulbs in the radiation area are employed [43-48]. Bottles, yogurt cups, 
tubes, automobile headlamp bezels, and similar objects exemplify such 
shapes. Fibers, wires, and cables have been coated in an elliptical tube with a 
reflecting surface wherein the lamp is positioned near one end of the ellipse 
and the object to be coated is near the other. In this manner, all portions of the 
coated fiber can be cured. 

The energy output of an ultraviolet radiation lamp can be expressed as 
effective radiance or integrated energy [49-51], each of which are expressed 
as wat ts /cm 2. In addition to ultraviolet radiation, which comprises about 
28% of the lamp output, visible radiation (-21%), infrared radiation (-33%), 
and heat losses (-18%) are other lamp outputs [52]. The effective irradiance 
or peak intensity is the energy to the reactive chemicals on a substrate, and it 
is a function of the power input to the lamp and lamp geometry. Integrated 
energy, which is more commonly known as dose, is the radiant energy out- 
put of the lamp that arrives at the reaction surface. It is a function of exposure 
time and is the time integral of irradiance. These quantities are important for 
reliable quality control and evaluation of the condition of lamps and the cur- 
ing unit [53]. Commercial radiometers that measure the photon power avail- 
able, which is also known as irradiance, are available [54], and ways of posi- 
tioning sensors and recording output have been described [55]. Radiometry 
can be used for process control, design, and monitoring, and these have been 
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discussed along with the types of radiometers, main optical factors to mea- 
sure, sources of error in making the measurements, and ways to report data 
[56-59]. Devices to measure both intensity and temperature in a curing de- 
vice have been described [60]. Data from the instrumentation is sent to a com- 
puter for storage and analysis. Basically, radiometers consist of an ultravio- 
let sensitive diode positioned behind a band-pass filter and a radiation 
collecting optical system that will provide a narrow or wide acceptance an- 
gle. This system generates a signal that is sensed by an electronic integration 
and amplification circuit. The modified signal is then interpreted and dis- 
played as a digital readout of irradiance in wat t s /cm 2 [54]. Although these 
radiometers give information about energy output, they do not give infor- 
mation about the spectral distribution of wavelengths the lamp is emitting. 
Another difficulty is the fact that the devices are calibrated with a particular 
lamp. If they are used to measure output energy from a lamp that emits dif- 
ferent wavelengths, errors will arise. 

Spectroradiometers can do away with the difficulties that may be en- 
countered with radiometers, but they are markedly more expensive [54]. 
These devices function by taking the received radiation through a collecting 
optical system. It is then split into its spectrum of wavelengths by use of in- 
terposing optics and a diffraction grating. After passing through the grating, 
the radiation is sensed by photodiodes placed near the exit and the collected 
data is displayed as energy as a function of wavelength spectrum of the lamp. 

Visual, pressure sensitive adhesive backed, dosimetry indicators are 
available [61]. When exposed to actinic or ionizing radiation, these label in- 
dicators change color from an unexposed green to a deep magenta. The color 
changes can be "read" with the naked eye or with a colorimeter or other suit- 
able instrument, if precise numbers are needed. 

Ultraviolet radiation sources [62,63] are of two general types--mercury 
vapor lamps and xenon lamps--with the former type being by far the most 
common radiation source. Mercury has been used in such sources for a long 
time because, when vaporized and ionized, it is one of the richest sources of 
ultraviolet radiation. There are three kinds 2 of mercury vapor lamps avail- 
able [641: 

�9 Low pressure 
�9 Medium pressure 
�9 High pressure 

Operating characteristics of these lamps are given in Table 2.2. Medium pres- 
sure lamps, electrode and electrodeless, are the most widely used industrial 

2 It should be pointed out that in the field of actinic radiation or photochemistry, lamps used 
are referred to as being "low pressure," "medium pressure," and "high pressure" in nature. 
However, in the field of illumination, these same three types are referred to as "low pressure," 
"high pressure," and "very high pressure." 
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TABLE 2.2. Typical Operating Characteristics of Mercury Vapor Bulbs. 
LOW-PRESSURE MEDIUM-PRESSURE HIGH-PRESSURE 

CHARACTERISTIC BULBS BULBS BULBS 

Pressure  ~10 -2 to 10 -3 Torr ~20 to102 Tor t  - 1 0  to 100 a tm 
Opera t ing  Tempera ture ,  ~ ~40 - 7 0 0  - 7 0 0  
Ou tpu t ,  w a t t s / c m  - 0 . 2  to 0.5 - 4 0  to 120 Hi Intensi ty  

ultraviolet radiation sources. High-pressure lamps are mainly used in pho- 
tolithography, but not in the curing of coatings and inks. However, high- 
pressure lamps are used in spot curing devices that deliver radiation to small 
areas as may be encountered in the electronics, medical, and dental areas. 

Low and medium pressure lamps are sealed, transparent, quartz tubes 
that contain mercury and, in certain instances, traces of compounds that can 
be used to alter the transmission spectra emanating from the bulb. The lamps 
are available in various lengths and energy output. When electrode lamps are 
energized with an electrical current, an arc is struck between electrodes lo- 
cated at the ends of the tube, and the contained mercury is vaporized. The va- 
porized mercury is ionized through collisions with electrons, e. 

Hg + e -+Hg* + e 

Hg* + e --+ Hg + + 2e 

Hg* + Hg* -+ Hg + + Hg + e 

Hg* + Hg* --~ Hg2 + + e 

In the case of low-pressure lamps, a small amount of argon is introduced into 
the bulb. The inert gas does not alter the output spectra, but it does enter into 
the start-up of photon generation. 

Ar + e --+ Ar* + e 

Ar* + Hg --+ Hg* + Ar + e 

The excited mercury atoms, Hg*, move from a variety of transition states 
to different, but lower, transition states. In this process, energy is released in 
the form of photons. The emitted photons have a wavelength (energy) that is 
dependent on the particular transition that takes place. Although many tran- 
sitions are possible with mercury, particular transitions and, therefore, wave- 
length or energy outputs can be favored by the conditions (compounds or 
gases) that exist within the tube. 

The electrodes are usually made of tungsten, and they are the electri- 
cal-current coupling devices that send energy to the electrodes and, 
thereby, cause the discharge in the tube. The discharge envelope or lamp 
body, which is often termed the "discharge envelope," is formed from a 
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rock crystal form of quartz, which is a stable, high-purity, crystalline form 
of silicon dioxide, that is melted (-1700 ~ C) and cooled to form transparent 
vitreous silica. This vitreous silica, often termed merely "quartz" in the in- 
dustry, will transmit ultraviolet radiation, whereas common glass, as is 
used in windowpanes,  light bulbs, etc., is opaque to it [65]. Also, vitreous 
silica is capable of withstanding the high operating temperatures (700 ~ C) 
of the system and has a lower coefficient of expansion, as well as lower 
electrical conductivity than glass. Quartz purity and the presence of trace 
amounts of other compounds in the quartz will affect transmission proper- 
ties and can be used to control these properties. If silica sand is used, the 
vitreous silica is translucent due to the presence of numerous, very tiny air 
bubbles in the product, which results in a poorly transmitting glass. Both 
the type of rock crystal used and the method of melting have an effect on 
the properties of transparent vitreous silica [66]. 

When trace amounts of compounds are added to the bulb, the process is 
referred to as doping. Halides of antimony, cobalt, gallium, indium, iron, 
lead, manganese, or silver alone or in combination are used to alter lamp 
spectral output [64, 67-70]. Particular lines can be added to the output spec- 
trum, lower wavelengths can be decreased in intensity, or certain lines can be 
enhanced. For example, if a mixture of cobalt, iron, and nickel iodide is 
added, a portion of the input power can be converted into radiation in the 
range of 310-350 nm. Silver halides markedly decrease ozone formation and 
health hazards that arise from short-wave ultraviolet radiation. Such spe- 
cially designed lamps can be useful in particular areas, such as the pressure 
sensitive adhesive area [71,72]. Since only molecules that absorb energy of 
the particular frequency emitted by  the irradiator will react, there are very 
practical aspects to wavelength and its selection [73]. The three predominant, 
available bulbs are the standard mercury bulb with strong emission lines or 
bands at 254, 300-320, and 365 nm, the iron-filled bulb with enhanced output 
in the 320-390 nm region, and the gallium-filled bulb with enhanced output 
in the 390-410 nm region [74]. 

A novel bulb that has enhanced emission in the "titanium dioxide win- 
dow" has been developed [75]. This bulb with enhanced emission in the 
390-420 nm region is a good match with the absorption spectra of phosphine 
oxide photoinitiators, and coatings cured with it have improved cure speed, 
pendulum hardness, and solvent resistance in comparison to other bulbs de- 
signed for use with pigmented coatings. The bulb offers manufacturers the 
potential for benefits in white-pigmented coatings. 

Electrodeless lamps are vitreous silica discharge tubes that contain mer- 
cury and/or  other metals or materials. Rather than having electrodes that are 
supplied electrical current to vaporize the contained metals, electrodeless 
lamps use microwave energy that is directed by means of wave guides in a 
microwave chamber that houses the lamp. Exposure to the controlled mi- 
crowaves results in the emission of ultraviolet radiation. Fusion Systems Cor- 
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poration made successful application of this technology to high-powered, 
medium pressure mercury lamps in the mid 1970s [76-80]. These lamps are 
very popular today, and The Nordson Corporation has become a second sup- 
plier of air-cooled electrodeless lamps that are available in widths of 4, 6, 8, 
10, and 13 in., with power  outputs of up to 2540 watts per cm (1000 watts per 
in). [81]. Although electrodeless lamps are popular, conventional bulb tech- 
nology is also widely used in industry. 

Electrodeless lamps are more complicated than conventional lamps op- 
erated by electrodes, but  they have several advantages. These include: 

�9 Essentially instant on and off capabilities. 
�9 Lamp lifetime is longer since there are no electrodes to deteriorate. 
�9 A wide range of additives including metal halides can be used since there 

are no electrodes with which they might interact. 
�9 The lamps deliver less infrared radiation than conventional bulbs. 
�9 The absence of electrodes makes essentially the entire length of the lamp 

functional for delivering radiation. 

The instant on/off  ability is due to the very short warm-up times needed. The 
warm-up time is measured in seconds rather than the minutes required for 
lamps with electrodes. This feature also decreases or eliminates the need for 
shutter or shielding systems to protect sensitive substrates during produc- 
tion line stoppages or other holdups. Since less infrared radiation is gener- 
ated, the electrodeless lamps run cooler than conventional lamps. This is an 
advantage when heat sensitive substrates such as plastics and electronic 
components are involved. With the entire length of the lamp functional, the 
lamp systems may be manufactured as modules that can be connected in a 
variety of designs and give an essentially uniform radiation pattern. 

The main use for low-pressure mercury vapor lamps is in the common 
fluorescent lamp used in work places and homes. The tubes in these lamps 
are coated with a fluorescent compound that absorbs the 185 and 254 nm ra- 
diation emitted by mercury under these conditions and re-emits it in the vis- 
ible region. The tubes are also used without the fluorescent coating to destroy 
bacteria and mold in sterilization applications and to pre-gel coatings in the 
wood industry. These lamps have a number of advantages, including low op- 
erating temperature, low cost, and long lifetimes. However,  they have not 
been extensively used in ultraviolet radiation curing applications. The short 
wavelengths involved generate ozone, and this is a difficulty that must be 
considered when such lamps are used. The low lamp intensity results in only 
shallow penetration of a liquid coating. Thus, photoinitiator photolysis takes 
place at a slow rate and mainly in the surface regions of the coating. As a re- 
sult, ineffective cures take place unless long radiation time periods are in- 
volved. In addition, with free-radical photoinitiator systems that are delete- 
riously affected by oxygen, and if an air atmosphere is present, the oxygen 
will quickly negate the generated free radicals. 
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Medium-pressure mercury-vapor lamps are widely used in the photocure 
of coatings and inks. Because these lamps operate at high temperatures, it is 
necessary to cool systems that involve their use. Fans or circulating water sys- 
tems cool the lamps to maintain lamp-operating temperature over a reason- 
ably narrow range. This results in a spectral output that is uniform in nature. 
Special heat-reducing dichroic filters that block much of the heat producing in- 
frared can also be used to control operating temperature. Conventional 
medium-pressure lamps require a warm-up time of 10-30 min. to vaporize the 
mercury completely and to bring the lamp up to peak operating efficiency. Op- 
erating lifetime for conventional lamps is 1000 h, but they often are used for 
2000 h or longer. Electrodeless lamps have a lifetime warranty of 5000 h for 
metal halide or "H" or mercury bulbs and 3000 h for special gas-fill bulbs. The 
decrease in radiation as a function of operating time is gradual, and good main- 
tenance is important to consistent output and curing. In multibulb units, bulbs 
are often replaced on a rotation basis. Lamps can become fouled during use, 
and this will decrease output and can slow cure or require higher energy use 
than should be necessary to effect cure. A test for examining fouling by sili- 
cone-based additives was developed, and it pointed out that such additives 
can be a serious cause of fouling [82]. Reducing or eliminating use of such 
products in the formulation mitigated or eliminated the fouling. 

When focused reflector systems are used, the lamps can generate a very 
high radiation intensity made up of ultraviolet, visible, and infrared radia- 
tion. While a production conveyor is moving, the thermal energy generated 
by the infrared portion of the radiation doesn't cause any difficulties. How- 
ever, if the production conveyor or line is stopped for any reason, this ther- 
mal energy can be sufficient to ignite paper, to damage a coating, or to dam- 
age a part being coated. If a lamp and reflector system can cause this 
difficulty with the equipment, coating, and substrate being used, the sub- 
strate must be protected from high radiation intensity when the line stops. 
The most usual methods for providing such protection are [63]: 

�9 Placing a shield or shutter that is interlocked with the conveyor between 
the lamp and the conveyor. 

�9 Devising a system through which the reflector and lamp system are ro- 
tated in a manner that the thermal energy is directed away from the sub- 
strate. 

�9 Using an interlocked power decreasing system that will automatically de- 
crease the power level to a safe value and then have the capability to allow 
rapid return to the full power level. 

Xenon Lamps 

Inert gases are of particular interest as filling for discharge tubes. Their very 
nature provides an advantage because inert gases will not attack electrodes 
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and /o r  the fused silica containing-tubes. They can be used at a variety of 
pressures and require no warm-up period, as can be required by mercury 
lamps. In addition, because of their atomic nature, there are no molecular 
processes, such as rotation and vibration, that will use and dissipate energy 
that might have been radiated. On the disadvantage side, the complete outer 
shells of the inert gases result in high ionization potentials, compared with 
metals [83]. As is apparent from the data in Table 2.3, the energy of the low- 
est excited state of the inert gases is much higher than that of mercury. Of the 
noble gases, xenon has the lowest energy value excited state, 8.3 eV, in com- 
parison to that of mercury, 4.7 eV. It is the most efficient inert gas for con- 
verting electrical energy into radiation [84]. Because of the higher energy lev- 
els in xenon, operating lamp temperatures are greater than those obtained 
with mercury lamps. 

Xenon lamps will produce continuous radiation or pulsed radiation. The 
pulsed lamps have extremely high peak radiation intensity that is produced 
instantaneously, as would be produced by an electronic flash lamp used for 
photography. The on/off  character possible with xenon lamps makes them 
very useful for providing high intensity, pulsed radiation that is useful for 
spot curing of adhesives, sealants, and coatings. The continuous radiating 
lamps are mainly used for lighting purposes. Xenon arcs produce a continu- 
ous spectrum that has a color close to that of noonday sunlight, and thus, are 
used in searchlights, large-scale illumination, photographic lighting sets, 
lighthouses, and similar end uses. 

Pulsed or flashed xenon lamps have been used in the flash photographic 
area for more than 70 years [85], and this topic has been reviewed by Carlson 
and Pritchard [86], as well as others at about the same time. The lamps have 
been used in specialty lighting situations [87], such as motion and still ultra- 
high-speed photography, stroboscopes, for nighttime aerial reconnaissance 
in the Second World War and as a means for generating short-lived species 
by flash photolysis in laboratories. The high-speed photography gave us pic- 
tures of bullets in flight, light bulbs shattering, etc. In about the 1970S, xenon 
flash tubes began to find a place in ultraviolet radiation curing [88-91]. 

TABLE 2.3. Ionizat ion Potent ia l  of Inert  Gases  a nd  Selected Metals  I18]. 

IONIZATION IONIZATION 
POTENTIAL OF POTENTIAL OF SINGLY 

ELEMENT NEUTRAL ATOM, eV* IONIZED ATOM, eV* 

H e l i u m  24.59 54.42 
Neon  21.56 40.96 
Argon  15.76 27.63 
Krypton  14.00 24.36 
Xenon 12.13 21.21 
Mercury  10.44 18.76 
Iron 7.90 16.19 
Sod ium 5.14 47.29 

* 8065.541 cm -1 = 1 eV (conversion of wave number to electron volts). 
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Xenon flash tubes are constructed similarly to mercury vapor lamps. The 
electrodes are polarized, so there is a difference between the anode and the 
cathode. An emissive material may be coated onto the electrodes to alter the 
radiation spectra produced. The tube body is made of vitreous silica or 
borosilicate glass for the same reasons described earlier for mercury lamps, 
namely high transmission characteristics, low coefficient of expansion, and 
low electrical conductivity in comparison to glass. In operation, a pulsing cir- 
cuit is used. A capacitor in the lamp system is charged to a particular voltage 
and is the source of stored energy. An ignition voltage is applied to ionize 
atoms of gas in the tube. Then the stored energy is discharged to ground to 
create a plasma in the flash tube. During discharge, the energy is converted 
into circuit and tube losses (30-40%) and into radiation (60-70%) that is ca- 
pable of curing photocure formulations. The radiation is about 25% ultravio- 
let, 50% visible, and 25% infrared, and the emission spectrum generated is 
dependent on factors such as [92]: 

�9 Charging voltage 
�9 Capacitor storage size 
�9 Gas type and pressure 
�9 Glass type and additives 
�9 Tube length and cross-sectional area 

Xenon lamps were used to investigate the cure of gray-pigmented coat- 
ings suitable for marine coatings that would function as touch-up coatings 
when a ship is underway [93]. Factors, such as the ability to adhere to cold, 
poorly prepared steel surfaces, were studied. Most problems were solved, ex- 
cept for yellowing that took place during a salt fog test. 

Hybrid Xenon/Mercury Lamps 
Hybrid lamps of this type have mercury added to the xenon gas in the quartz 
envelope. This enhances the xenon lamp output in the area encompassing the 
mercury spectral lines. Systems designed for curing coatings on three-di- 
mensional objects have been described [63]. These incorporate a medium- 
pressure mercury vapor lamp and a pulsed xenon lamp in a single quartz en- 
velope. Xenon is used to fill the tube, but enough mercury is added to allow 
a continuous plasma arc in the tube. In this system, small amounts of iron and 
beryllium iodide are included as dopants. These lamps result in a mercury 
spectral emission with peaks at 254 and 365 nm that has the broad-band, high 
intensity xenon, which is rich in short wavelength radiation, superimposed. 

The hybrid systems are also used as spot curing devices. Such devices 
are available with the usual lamps that emit from low wavelengths to 450 nm 
and are available with ozone-free lamps [94]. Most of these units provide ra- 
diation through the ultraviolet spectrum and the visible spectrum [95]. The 
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use of filters allows selection of particular wavelengths when needed to acti- 
vate particular photoinitiators. 

Excimer Radiation 

"Excimer" is a term that stands for excited dimer. The dimer is a diatomic 
molecule that is usually composed of an inert gas atom and a halide atom. 
These atoms are only bound into the diatomic molecule when they are in an 
excited state. The excited state and, therefore, the excimer has only an ex- 
tremely short lifetime, that is on the order of nanoseconds, after which the 
atoms dissociate and release the excitation energy as photons of ultraviolet 
radiation that have a high selectivity. That is, the radiation emitted is quasi- 
monochromatic in nature. Thus, the photons are formed in a manner similar 
to that formed by excimer lasers. The main difference is that excimer lamps 
produce incoherent radiation, and thus, can be used for large area applica- 
tion processes [96]. 

Different wavelengths can be obtained by selecting different gases for 
the quartz tubes. The inert gas-halide systems that have been found to be 
most efficient along with their radiation emission frequency are [64]: ArF* 
(192 nm), KrCI* (222 nm) KrF* (248 nm), XeBr* (282 nm), XeCI* (308 nm), and 
XeF* (351 nm). If only an inert or rare gas is present in the discharge tube, it 
has been found that excimers can form when excited rare gas atoms interact 
with other gas atoms. The emission frequency of such excimers is: Ar2* (126 
nm), Kr2* (146 nm), and Xe2* (172 nm). Certain commercial units have lamps 
that are optimized at wavelengths of 172 nm, 222 nm, and 308 nm [96]. 

Excimer lamps are designed differently than other ultraviolet-radiation- 
producing lamps. The electrodes are not located in the gas medium, but are 
separated from it by a dielectric barrier that is usually quartz. The inner elec- 
trode is solid in nature, but the outer electrode is a metal grid that transmits 
the radiation generated by the excimers' dissociation. A decided advantage 
of these lamps is that they do not generate infrared radiation in the discharge 
process, and therefore, operate without raising the substrate temperature any 
appreciable amount. The lamp surface reaches temperatures of about 35 - 
40 ~ C [96]. This is a distinct advantage when heat-sensitive substrates are in- 
volved. In addition to curing coatings and adhesives, these devices are used 
in the medical field where they are capable of removing extremely thin lay- 
ers of tissue without causing damage to adjacent layers. 

Visible Radiation, Light 

Light, which is the visible radiation that occurs between 400 and 750 nm [97], 
has advantages in certain applications over ultraviolet radiation. These ap- 
plications usually involve those in which a patient and operator could suffer 
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physiological harm by repeated exposure to an unshielded or improperly 
shielded ultraviolet-radiation source as in dentistry and orthopedic cast or 
device areas. The energy from light is less powerful than that from ultravio- 
let radiation sources (See Table 1 of Chapter 1), and thus, in general, cure 
times are longer. This can be useful in encapsulation or potting applications, 
as are found in opto-electronics where there is a need to fix alignments of ac- 
tive components quickly and accurately by one of these techniques [98]. An- 
other advantage of light curing is that there is less scatter of the longer wave- 
lengths than those involved in the ultraviolet range, and thus, greater depth 
of cure can be achieved. 

Light sources are inexpensive to acquire and to operate and are readily 
available in many power intensities. Suitable light sources include incandes- 
cent spotlights (400-600 nrn), tungsten-halogen lamps, daylight fluorescent 
tubes (350-450 nm and higher), blue light (400-500 nm), sunlight, and other 
sources that provide radiation in the 400-760 nm range. If the source emits 
both light and ultraviolet radiation, as is the case with sunlight, the ultravio- 
let radiation can be removed, if it is undesirable, by including a suitable filter 
as part of the radiation delivery system. An additional source that might be 
considered is sodium metal: 580-600 nm [99]. 

As with other radiation sources, the rate of curing with light is depen- 
dent on lamp intensity, distance of the lamp from the material to be cured, 
and the thickness to be cured. Incandescent spotlights and tungsten-halogen 
lamps are usually of 150-watt capacity [100,101]. The latter lamps are incan- 
descent sources that have been optimized for long lamp lifetimes, a factor 
that decreases lamp maintenance. All incandescent lamps are based on a 
tungsten filament that acts as a radiator that produces light and other radia- 
tion when heated to a high temperature that is on the order of 3000 ~ K. The 
quantity of light generated depends on the surface area of the filament, and 
the spectral properties of the light depend on filament design and operating 
temperature. 

Spot curing devices that utilize visible radiation are based on high-pres- 
sure mercury vapor lamps [102]. The lamps emit both visible and ultraviolet 
radiation, but the ultraviolet radiation can be removed with a variety of fil- 
ters that permit output refinements for specific cure conditions. For example, 
filters for 250-450 nm, 320-390 nm, 320-500 nm, 365 nm, and 400-500 nm are 
commercially available. 
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Free-Radical 8 
Photoinitiators and Initiation 
Mechanism 

Introduction 

RADIATION POLYMERIZATION follows the general scheme for any polymeriza- 
tion. Suitable reactive monomers must be first initiated to form a species that 
is capable of being polymerized, then be propagated so as to form a polymeric 
chain, and finally, the growing polymer chains must be terminated in some 
manner. These radiation polymerizations are effected or initiated through 
one or the other of two general mechanisms: free radical initiation or cationic 
initiation. Free-radical initiation is achieved either by use of an electron beam 
or other suitable means that generates ionizing radiation capable of generat- 
ing free radicals from suitable ethylenically unsaturated monomers, or by use 
of ultraviolet radiation and a photoinitiator that will photolyze (degrade) in 
the presence of such radiation and produce free radicals. Cationic initiation is 
achieved by photochemical means and requires the use of a photoinitiator that 
will photolyze to form Lewis or Bronsted acids. Species that generate Bron- 
sted or protonic acids are currently in commercial use. In addition to generat- 
ing an acid, the photolysis of cationic photoinitiators also results in the gen- 
eration of free radicals. This allows dual or hybrid cures of cycloaliphatic 
epoxides and acrylate esters, as well as other combinations. 

Free radicals will initiate polymerization of a variety of compounds that 
contain ethylenic unsaturation, and these will propagate by an addition pro- 
cess. Cations will initiate polymerization of cyclic compounds, such as cy- 
cloaliphatic epoxides, by a ring opening, rearrangement process and certain 
unsaturated compounds, such as vinyl ethers, by an addition process. The 
mechanisms through which a variety of monomers will polymerize are given 
in Table 3.1. Although the monomers given in Table 3.1 will polymerize by 
the indicated mechanisms, marked differences exist among the different 
types of monomers in their rate of polymerization. Thus, it should be under- 
stood that because a particular monomer is listed in the table, it does not nec- 
essarily follow that the monomer can be practically cured with a radiation 
process. For example, ethylene is a gas and would not be manageable in such 
a coating process. 

35 
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TABLE 3.1. Mechanism for Polymerization of Various Monomers (Adapted from [1]). 
POLYMERIZATION MECHANISM 

FREE 
MONOMER TYPE RADICAL CATIONIC ANIONIC COORDINATION 
~-Olefins No No No Yes 
Acrylates Yes No Yes Yes 
Dienes Yes No Yes Yes 
Epoxides, cycloaliphatic No Yes Yes No 
Epoxides, glycidyl No Yes Yes No 
Ethylene Yes Yes No Yes 
Isobutylene No Yes No No 
Methacrylates Yes No Yes Yes 
N-vinylcarbazole Yes Yes No No 
N-vinylpyrrolidone Yes Yes No No 
Nitroethylenes No No Yes No 
Styrene Yes Yes Yes Yes 
Vinyl halides Yes No No Yes 
Vinyl esters Yes Yes No Yes 
Vinyl ethers No Yes No No 
Vinylidine halides Yes No No Yes 

As wou ld  be  expected,  certain types  of m o n o m e r s  po lymer ize  more  
rap id ly  than others,  and  these are the m o n o m e r s  that  are of impor tance  to 
cur ing  wi th  ioniz ing  or non ion iz ing  radiat ion.  For example ,  it is well  
k n o w n  in the indus t ry  that  v inyl  g roups  are far less responsive  to ultravio- 
let radiat ion cur ing than  acrylates,  and  that  the fol lowing cure rate hierar-  
chy exists: 

H CH3 H H 
I I I I 

CH2~-C ~ C H 2 ~ C  > C H 2 ~ C  > CH2==:C 
I I I I 

C~--~-O C ~ O  CH2 X 
I I I 

O O Y 

I I 
R R 

Acrylate  Methacryla te  Allyl Vinyl 

where in  R migh t  be  an alkyl group ,  Y an hyd roxy l  group,  and  X a halide, 
phenyl ,  or alkyl ester. Al though  bo th  acrylate and  methacry la te  m o n o m e r s  
will po lymer ize  b y  a free radical  process,  the fo rmer  po lymer ize  marked ly  
faster than the latter, and  they are the prefer red  m o n o m e r s  in free-radical  ini- 
tiated, radia t ion-cure  processes.  Al though  vinyls  are indicated to be  slowest  
of those m o n o m e r s  s h o w n  above,  s tyrene is used  in combina t ion  wi th  unsat-  
u ra ted  polyes ters  to fo rm sys tems  wi th  a desi rable  c o s t / p r o p e r t y  balance 
that  are cured  wi th  high-energy,  ionizing radiation.  Cycloaliphatic epoxides,  
wh ich  are invis ible  to u l t rav io le t  rad ia t ion ,  cure  m u c h  m o r e  r ap id ly  in 
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cationic systems than glycidyl epoxides that contain aromatic structures, 
such as the diglycidyl ethers of bisphenol A. The aromatic structures in the 
latter epoxides block radiation, and this affects depth of cure and cure re- 
sponse. 

P h o t o i n i t i a t o r s  

Photoinitiators are compounds that absorb radiation and are thereby raised 
to an excited state. From their radiation-excited state, photoinitiators pho- 
tolyze or degrade directly or indirectly into free radicals or cations. These be- 
come the initiating species and cause very rapid polymerization of photocur- 
able formulations, based on a variety of chemistries. The main chemistries that 
involve the use of photoinitiators are: 

�9 Unsaturated polyesters/styrene free radical initiation 
�9 Polyenes/thiols--free radical initiation 
�9 Acrylates/methacrylates--free radical initiation 
�9 Cycloaliphatic epoxides/polyols /vinyl  ethers---cationic initiation 

This chapter is concerned with free radical initiation and the polymeriza- 
tion of acrylates. The next chapter will deal with cationic initiation and the 
polymerization of cycloaliphatic epoxides and related formulating ingredi- 
ents. 

Free Rad ica l  P h o t o i n i t i a t o r s  

There are two main types of free-radical generating photoinitiators. Actu- 
ally, as will be seen later, there are three types, since certain cation-gener- 
ating photoinitiators also generate free radicals during their photodecom- 
position. The photodecompositions leading to free radicals [2] are often 
classified as Norrish Type I [3, 4], Norrish Type II [5], and Norrish Type III 
reactions [2]. 

The two main types of photoinitiators are those that form an active 
species by a fragmentation process or by a hydrogen abstraction process. The 
photoinitiators that undergo Norrish Type I reactions photolyze through a 
homolytic fragmentation mechanism or R-cleavage and directly form free 
radicals capable of initiating polymerization. The absorbed radiation causes 
bond breakage to take place between a carbonyl group and an adjacent car- 
bon. The photoinitiators that undergo Norrish Type II reactions are activated 
with radiation and form free radicals by hydrogen abstraction or electron ex- 
traction from a second compound that becomes the actual initiating free rad- 
ical. An obvious advantage of homolytic fragmentation over hydrogen ab- 
straction is the necessity of a bimolecular reaction taking place in the latter 
case. Norrish Type III reactions are intramolecular, nonradical processes that 
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involve a G-hydrogen atom. The process leads to formation of an olefin and 
an aldehyde through a carbon-carbon bond scission next to a carbonyl group 
[2]. 

O CH2CH3 O 

I[ [ hv II 
R--C---C--H > R- -C- -H  + CHBCH~------C--H 

I I 
R' R' 

Norrish Type III Reaction 

Homolytic Fragmentation Type 
Photoinitiators that function by means of a homolytic fragmentation or 

oL-cleavage mechanism produce two radicals when they photolyze. Ultravio- 
let radiation is absorbed by the photoinitiator, and it is raised to an excited 
state. The excited molecule then spontaneously fragments into two free rad- 
icals, as exemplified by the photolysis of a benzoin alkyl ether. 

O H  O H  

II [ hv II I 
C6Hs--C--C--C6H5 ) [C6Hs---C--C--C6H5]* 

I I 
O --R O - -R 

Benzoin Alkyl Ether Radiation Excited Molecule 

l Spontaneous Fragmentation 

O H 
II I 

C6H5--C" + "C--C6H5 

O--R 

Benzoyl Radical Alkoxybenzyl Radical 

The radicals formed may or may not have the same capability of initiating 
polymerization. 

Although the photolysis reaction of benzoin had been investigated as 
early as 1901 [6], it was much later, in 1941, that Christ [7] applied for a patent 
that dealt with ways of cementing poly(methyl methacrylate) bomber-turret 
halves with a solution of methyl methacrylate, benzoin, and lauroyl perox- 
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ide. The result was a clear, seamless juncture that was accomplished with ul- 
traviolet radiation in 10 min. This was a marked improvement over the 8-h 
cure period required for the conventional cure schedule that was in use at the 
time. Other patents granted in the early 1940s dealt with similar systems and 
the same photoinitiator [8,9]. No doubt at least two factors were responsible 
for the slow cure rate (10 min.) mentioned above. First, benzoin is a poor pho- 
toinitiator, and second, methacrylates do not polymerize as rapidly as acry- 
lates. 

In 1946, a patent by Renfrew [10] pointed out that prior art in the radia- 
tion curing area was not commercially successful because of the slow rate of 
polymerization. In general, the processes were too slow and offered no 
marked advantage over other known art, unless special needs were present 
as in the cementing of bomber turrets. Renfrew found that the benzoin ethers, 
such as benzoin ethyl ether, gave cure rates almost 2.5 times faster than those 
of benzoin. Here again the studies involved methacrylates or styrene and 
very broad-spectrum radiation of 180 to 700 nm. The results were carried out 
in bulk and confounded by the presence of lauroyl peroxide, which markedly 
enhanced the bulk polymerization as the temperature increased from the 
heat of reaction to the peroxide's decomposition point. 

Later studies confirmed the early results and found that benzoin alkyl 
ethers were the most effective benzoin derivatives for photopolymerization. 
The rate constant for photocleavage of the alkyl ethers was found to be 
greater than 101~ s -1, whereas it was only about 1 0  9 S - 1  for benzoin [11]. The 
difference in rate is thought to be related to the ability of the benzylic sub- 
stituent to weaken the bond by stabilizing an adjacent positive charge. Thus, 
electron-donating substituents such as alkyl ethers are more effective than 
electron-accepting substituents such as the alkyl esters. Studies by Osborn 
and Sanborn [12] demonstrated that there are reactivity differences between 
the various butyl ether derivatives of benzoin with n-butyl ether and i-butyl 
ether being more reactive than s-butyl ether, which is more reactive than the 
t-butyl ether derivative. 

A number of homolytic fragmentation photoinitiators are listed in Table 
3.2. Such photoinitiators are usually used at a <1% to 10% by weight con- 
centration with about 2% to 5% most common. A broad list of photoinitiators, 
as well as their structure, absorption spectra, and physical properties, is 
available from a commercial source ]13]. 

A particular class of homolytic fragmentation photoinitiators, the 
acylphosphine oxides, have been said to have two particular positive fea- 
tures. These initiators have the ability to cure thick, pigmented coatings, and 
they have a low yellowing tendency allowing good white coatings to be ob- 
tained [14,15]. They are also useful for clear coatings [16] and have been used 
in dentistry [17]. In the past, the only acylphosphine oxide compound avail- 
able was 2,4,6-trimethylbenzoyldiphenylphosphine oxide (TMPO), which 
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TABLE 3.2. Examples of Homolytic Fragmentation-Type Free-Radical Generating 
Photoinitiators. 

MAIN 
ABSORPTION, 

COMPOUND APPEARANCE nm 
2,2-Diethoxyacetophenone 
Benzil dimethylketal 
1 -Hydroxycyclohexylphenyl-ketone 
2-Ethoxy-2-isobutoxyacetophenone 
2,2-Dimethyl-2-hydroxyacetophenone 

2,2-Dimethoxy-2-phenylacetophenone 
n-Butylbenzoin ethers, mixture 
i-Butyl benzoin ether 
iso-Propyl benzoin ether 
2,2,2-Trichloro-4-t-butylacetophenone 
2,2-Dimethyl-2-hydroxy-4-t-butylacetophenone 
Sulphonyl chloride derivatives of benzophenone 
1-Phenyl-l,2-propanedione-2-O-ethoxycarbonyl ester 
1-Phenyl-l,2-propanedione-2-O-benzoyl oxime 

White solid 242-325 
White solid 220, 254-335 
White solid 208, 245 

Clear liquid 265-280 
320-335 

Off-white solid 330-340 
Light yellow liquid 246-325 
Yellow liquid -250 
Off-white solid -250 
Solid 

Solid 

photolyzes by  first passing through an excited state and then very rapidly 
[18] fragments as described below. 

A 
CH 3 0 0  [[ [ CH 3 0  
. j .  ~ , ,  11 . l  

f ~N.,..C-P ~ hv .v_- + 
.o�9 

TMPO Trimethylbenzoyl radical Phosphinoyl radical 

The phosphinoyl radical is very reactive for initiating the polymerization of 
ethylenically unsaturated molecules such as acrylates, methacrylates, vinyl 
acetate, and styrene [19]. Although the benzoyl radical will initiate polymer- 
ization, the phosphinoyl radical is two to three times more effective in initi- 
ating polymerization of these compounds [20]. 

TMPO has a maximum absorption at 379 nm and is colored in nature. 
However, the photochemical reaction has a bleaching effect that destroys the 
light-absorbing chromophore in the compound, rendering it colorless. Sur- 
face curing characteristics in an air atmosphere, are enhanced by addition of 
a compound such as hydroxydimethylacetophenone. Because of its liquid 
character and miscibility with acrylates, it provides an easier to use pho- 
toinitiator system. 

It has been possible to sensitize the phosphine oxides with optical 
brighteners and obtain an eight-fold increase in functional photo speed of 
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imaging compositions in graphic arts applications [21]. The optical brighten- 
ers used are compounds such as 2,2'-(2,5-thiophenediyl)bis(t-butyl benzoxa- 
zole). The phosphine oxides have also been used in radiation-cured, exterior, 
waterborne coatings [22]. 

Hydrogen Abstraction Type 
When exposed to ultraviolet radiation, hydrogen abstraction photoini- 

tiators are taken from a ground state [PI-F] ~ to an excited state, [PI-F]*. 

h v  
[PI-F] ~ > [PI-F]* 

Although photoinitiators of this type, Table 3.3, are excited with ultraviolet 
radiation, they will not spontaneously fragment or photolyze and generate 
free radicals capable of initiating polymerization as the homolytic fragmen- 
tation type did. These photoinitiators require the presence of a synergist that 
will interact with the excited molecules and form free radicals by means of 
electron transfer and hydrogen abstraction. 

Synergists are compounds that contain a carbon atom with at least one 
hydrogen atom in the alpha position to a nitrogen atom. Conventional syn- 
ergists are tertiary amines as described below. These and others are given in 
Table 3.4. 

Alpha Carbon Atom 

l 
(CHa)2--N--CH2CH2OH 

Dimethylethanolamine 

Alpha Carbon Atoms 

l 
N--(CH2CH3)3 

Triethylamine 

Synergists usually are tertiary amines [23-28], but amides and ureas [29,30] 
have also been used. Other compounds [31,32] such as alcohols and ethers 

TABLE 3.3. Examples of Hydrogen Abstraction-Type Free Radical Generating Photoinitiators. 
ABSORPTION, 

COMPOUND APPEARANCE nm 
Benzophenone 
Trimethylbenzophenone with methyl benzophenone 
4-Methylbenzophenone 
Bis-(4,4'-dimethylamino)benzophenone* 
Benzil 
Xanthone 
Thioxanthone 
Isopropylthioxanthone 
2-Chlorothioxanthone 
9,10-Phenanthrenequinone 
9,10-Anthraquinone 

White solid 250-350 
Clear liquid 250-334 
White solid 
Liquid 360 (main) 
Solid 
Solid 
Pale cream solid -320-340 
Pale yellow solid 258-382 
Pale yellow solid 360 (main) 
White solid 420 (main) 
Solid 

* Also known as Michler's ketone; it does not require an added amine synergist because of the presence 
of a hydrogen group on a carbon in the alpha position to a nitrogen group. 
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TABLE 3.4. Examples of Some Common 
Low Molecular Weight 
Synergists. 

SPECIFIC COMPOUNDS 

2-Ethylhexyl-p-dimethylaminobenzoate 
2-Ethyl-p-(N,N-dimethylamino)benzoate 
2-n-Butoxyethyl-4-dimethylaminobenzoate 
Dimethylethanolamine 
Methyldiethanolamine 
N,N-Dimethyl-p-toluidine 
Triethanolamine 
Triethylamine 
Important General Types 
Amines 
Disubstituted amides 
Tetrasubstituted ureas 

that contain a hydrogen atom on a carbon atom positioned alpha to the hy- 
droxyl or ether oxygen, as well as thiols that have a hydrogen attached to a 
sulfur atom (R-S-H), will function as synergists. However, radiation excited 
compounds will react most readily with amine compounds containing hy- 
drogen in the alpha position to a nitrogen [33], and the electron-rich envi- 
ronment associated with the amino radical is a very efficient initiator for elec- 
tron-poor ethylenically unsaturated monomers  such as the acrylates 
[27,34-35]. A long list of the photoinitiators used in combination with a vari- 
ety of amine synergists and the resultant increase in cure speed can be found 
in the literature [35]. Primary and secondary amines are not usually used as 
synergists because they have a tendency to undergo Michael addition to 
acrylate monomers, which are widely used in free-radical radiation curing, 
and causing subsequent gelation during storage. 

In a general sense, synergists are low molecular weight, monoamine 
functional compounds used in conjunction with aryl ketone photoinitiators 
such as benzophenone. When low molecular weight synergists are used, they 
may have an adverse effect on coatings as described in Table 3.5. Certain hy- 
drogen-abstraction photoinitiators will function without an added synergist 
because they contain an internal synergist. Two of these are mentioned in 
Table 3.4. One of these type photoinitiators claims to do away with many of 
the adverse effects caused by synergists [36]. Polymeric/oligomeric amine 

TABLE 3.5. Potential Adverse Effects When 
Low Molecular Weight 
Synergists are Used. 

Decreased Storage Stability 
Emulsification of Certain Inks 
Loss of Mechanical Properties-Embrittlement 
Unpleasant Odors 
Yellowing 
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synergists [37] also negate many of the deficiencies of low molecular weight 
synergists. 

Synergists function by interacting with the radiation-excited photoini- 
tiator by an electron-transfer mechanism to form a complex that is termed an 
"exiplex," as described in the following reaction scheme. The exiplex then 
undergoes an internal, intermolecular 

o t o  1 II hv II 
C6H5- C-  C6H5 .~ 6H5 - C -  C6H 

Benzophenone Radiation-excited Benzophenone 

Ic o 7" c.2c.3 
6H 5 -- C-- C6H~ + CH3CH 2 -- N -  CH2CH3 

Radiation-excited Benzophenone Triethylamine 

F ?~" ~ + N-- (CH2CH3)2~ 

~- LC6Hs--C-- C6 H 5 CH2CH3 J 

EXIPLEX 

. J  
OH N-- (CH2CH3) 2 
1 I 

C6H5--C-C6H5 + CH-CH 3 

Non-initiating Initiating 
Free Radical Free Radical 

hydrogen transfer. As a result, a hydrogen atom on the triethylamine portion 
of the exiplex is freed and is accepted by the benzophenone portion of the ex- 
iplex. The altered benzophenone is a free radical (a ketyl radical), but it is not 
capable of initiating and propagating polymerization at the rapid rate re- 
quired for radiation curing. It decays to an inert species that does not enter 
into the polymerization reaction, or it acts as a chain terminator [38,39]. The 
altered amine is also a free radical, and it is capable of initiating very rapid 
polymerization of acrylates and related ethylenically unsaturated com- 
pounds. Studies have shown that the amino radical is markedly more effec- 
tive in initiating polymerization than the ketyl radical [40]. 

During the polymerization termination step, synergist molecules be- 
come incorporated into the polymeric network through recombination of 
free radicals. Usually, this incorporation has been more or less ignored or 
looked on as a deficiency because synergists were low molecular weight and 
their use had adverse effects (Table 3.5). In spite of the adverse effects, syn- 
ergists were used because of their rate-enhancing characteristics, and they 
were not associated with property improvements. The use of polymeric/  
oligomeric amine synergists [37] and their derivatives eliminated the disad- 
vantages of conventional synergists and improved mechanical properties of 
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the final cured coating. Besides improving flexibility, gloss, toughness, and 
other functional and decorative properties, these synergists 

�9 Reduce the amount of acrylates in formulation. 
�9 Eliminate the need for nitrogen or other inert blanketing. 
�9 Decrease shrinkage. 
�9 Improve adhesion. 

These synergists were of the general form [37]: 

R' 

R ~  OLIGOMER--CHR"--N--R"]  x 

where R is a chemical residue of the compound used to make the oligomer, x 
is an integer related to the functionality of R, and R ' a n d  R" are the same or 
different and are hydrogen or alkyl depending on whether a tertiary, sec- 
ondary, or primary amine is involved, and R ' i s  hydrogen, alkyl, or aryl. For 
example, if a poly(propylene oxide) triol is the oligomer, R is the residue of 
glycerol and x is three. These polymeric- oligomeric synergists can be used to 
modify coating characteristics from smooth to textured [41]. 

Novel hexa-arylbiimidazoles have been synthesized recently [42]. Al- 
though the radical formed when these compounds are irradiated is a poor 
photoinitiator for ethylenically unsaturated compounds, when it combines 
with a hydrogen donor co-initiator such as N-phenylglycine-2-mercaptoben- 
zoazole, and similar compounds, the system has very high reactivity. 

Photosensit izers 
When polymerization is induced by a free radical photoinitiator, the 

process involves consumption of the photoinitiator. That is, it photolyzes or 
degrades under the action of radiation into other compounds. Photosensitiz- 
ers, S, initiate polymerization by means of energy transfer. If a photosensi- 
tizer in its ground state, S ~ is irradiated with radiation of the proper wave- 
length, in one or more steps it will be raised to an excited, higher energy state, 
S*. The excited photosensitizer then transfers energy to another compound, a 
photoinitiator that will photolyze and produce free radicals that will initiate 
polymerization. In this process, the photosensitizer falls back to some lower 
energy state or to its ground state. In some literature, authors or inventors 
will mistakenly describe compounds as photosensitizers, when in fact they 
are photoinitiators. 

Thus, photosensitization is a process that is used to transfer energy from 
one compound, the photosensitizer, to produce an excited state in another 
molecule, the photoinitiator, that is activated at a wavelength other than that 
directly impinging on tile compound that will effect polymerization. For ex- 
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ample, if one attempts to use either quinoline-8-sulfonyl chloride or thioxan- 
thone to photoinitiate the polymerization of methyl methacrylate at a wave- 
length greater than 360 nm, there is basically little or no reaction [25]. At such 
wavelengths, the quinoline absorbs very little radiation, and the thioxan- 
thone is ineffective without a synergist (i.e., a hydrogen donor molecule). 
However, if a mixture of the two compounds is used, the thioxanthone ab- 
sorbs radiation and transfers it to the quinoline, which undergoes photolysis, 
and free radicals capable of carrying out the polymerization are generated. 
The thioxanthone functions as a sensitizer for the quinone. Detailed studies 
indicate that sensitization of oL-amino ketones or o~-hydroxy ketones with an 
ethoxylated thioxanthone takes place by at least two pathways, photo reduc- 
tion of the thioxanthone and triplet-triplet energy transfer [43]. 

Oxygen Inhibi t ion 
Oxygen, which is present in air environments, is an efficient quenchant 

for radiation-excited or activated molecules, and it leads to inhibition of poly- 
merization with formulations involving fragmentation-type photoinitiators. 
Molecular oxygen may be considered to be a diradical. When it is in a singlet 
stage, it quickly undergoes a change to molecular oxygen's electronic ground 
state. The diradical does not have sufficient energy to initiate polymerization, 
and thus, may be thought of as stable. However,  it does react willingly with 
existing free radicals, and thus, has a definite effect on systems that poly- 
merize by a free radical mechanism [44,451. This is the mechanism that keeps 
acrylate compounds stable during storage, but  that acts as a polymerization 
inhibitor during radiation-induced, free radical polymerization. A result of 
oxygen inhibition can be a thin layer of unpolymerized molecules at the sur- 
face of an exposed film. The thickness of this unpolymerized or inhibited 
layer has been found to be linearly proportional to the inverse of exposure 
time, radiation intensity, and photoinitiator concentration [46]. 

Free radicals, FR., have options other than reacting with monomer or 
oligomeric unsaturated compounds and initiating polymerization. For ex- 
ample, they can recombine and form compounds, FR--FR, that may again 
photolyze and generate new free radicals, 

FR. + FR. ~ FR--FR 

and they can react with oxygen. The presence of oxygen can have two effects 
[4]. Oxygen can quench an excited state photoinitiator, [PI] ~, back to its 
ground state, [PI] ~ and form singlet oxygen, 102", 

[PI]* + 02 --~ [PI] ~ + 102" 

which can retard the free radical polymerization of an ethylenically unsatu- 
rated monomer, M, by  reacting with the unsaturation and forming peroxides 
and hydroperoxides. 
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M. + M ---~ M--M. 
(Normal propagating monomer in absence of oxygen) 

M--M. (or M.) + 102" ~ M--M--O---O" (or M--O--O. )  
(Free radical reaction with oxygen leads to termination) 

M--M--O--O-  (or M--O---O-) + M ~ No Reaction 

These reactions reduce the performance characteristics of a coating [2] by 
molecular weight reduction and incomplete cure that results in a tacky or 
slippery surface [47]. Even small concentrations of oxygen (-10 -3 molar) can 
have marked effects and prevent polymerization because of the large rate 
constant that is associated with oxygen quenching [27]. Most studies are con- 
cerned with oxygen present near the surface because it results in an uncured, 
sticky or tacky top layer [48,49]. A study by Krongauz and coworkers [50] has 
centered on the effect of dissolved oxygen and its effect in thick layers, as will 
be found in adhesives and sealants. Such oxygen can be removed, but rela- 
tively long nitrogen purge times of more than 10 min. are needed to remove 
oxygen from the bulk of a film. Oxygen quenching is important when frag- 
mentation-type photoinitiators are used. Hydrogen-abstraction photoinitia- 
tors and cationic photoinitiators are not affected by oxygen. 

Many ways to prevent or minimize the effect of oxygen inhibition have 
been devised. These include: 

�9 Curing in an inert atmosphere [51,54] 
�9 Addition of oxygen scavengers [52] 
�9 Addition of waxes [55,56] 
�9 Use of shielding films [57] 
�9 Use of dye sensitizers [58,59] 
�9 Use of surface-active initiators [60,61] 
�9 Use of high photoinitiator concentration [27] 
�9 Increasing ultraviolet radiation intensity [27] 

Curing in an inert environment such as nitrogen is an effective way to elimi- 
nate oxygen, however, it adds a cost to the coating operation. Techniques for 
"knifing" nitrogen onto a coating surface prior to ultraviolet radiation expo- 
sure have been developed [53]. 

Oxygen scavengers are an efficient way of minimizing or effectively 
eliminating the effects of oxygen. Systems based on hydrogen-abstraction 
photoinitiators cure well in an air environment because the amine radicals 
formed preferentially react with oxygen forming a peroxy radical which will 
act as transfer agents [62]. 

(CH3CH2)a--N--C. HCH3 + 02 --~ (CH3CH2)R--N--CHCH3 
I 

O--O- 
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These peroxy radicals will abstract hydrogen from other or-carbon-containing 
amine molecules, forming hydroperoxides and new amine radicals capable 
of initiating rapid polymerization. 

(CH3CH2)2--N--CHCH3 + (CHBCH2)3--N --4 
I 
O--O.  

(CH3CH2)2--N--CH2CH3 + (CH3CH2)2--N--C. HCH3 

O - - O H  

This "cyclic" process has been reported to repeat itself up to twelve times per 
initial amine radical [21,52]. It has also been said that air curing can be im- 
proved by addition of compounds containing urethane [63], amide [64], and 
triazine [65] moieties in their structure. When systems are to be cured in air, 
this insensitivity of hydrogen-abstraction photoinitiators to oxygen quench- 
ing represents an important advantage for amine co-initiation. 

When inert gases, waxes, shielding films, or surface-active photoinitia- 
tors are used, oxygen is prevented from reaching the surface to be radiation 
cured, and it is necessary only for any dissolved oxygen to be depleted before 
polymerization takes place. The latter is readily accomplished, and under 
such conditions cure is rapidly effected. Shielding films are transparent to ul- 
traviolet radiation, and they prohibit oxygen from reaching the surface. In 
one instance [66], the film being cured was used as the shielding film. The 
film was first exposed to the radiation and left with a partially uncured, tacky 
surface. The film was then taken through a 180-degree rotation using a roller 
system, and what was the tacky surface ended at the bottom. It was then 
passed through the radiation source again, and with the uncured portion of 
the film at the bottom where it was covered with the radiation transparent 
cured portion, any oxygen present was quickly depleted and complete cure 
was effected. 

Waxes are expected to rise to the coating's surface and exclude oxygen 
from the reactive solution below. When surface-active photoinitiators are 
photolyzed, they release a component that will rise to the surface and exclude 
oxygen, or they can concentrate at the surface, form a barrier, and then pho- 
tolyze under the barrier to initiate polymerization. When the degree of cure 
and rate of polymerization in an inert atmosphere were compared to that 
when a wax barrier coating was used, no quantitative difference was appar- 
ent [67]. The effect of an inerting atmosphere when various photoinitiators, 
different commercial radiation sources, and pigment were used has been 
studied [68]. The degree of cure was measured by postbaking the ultraviolet 
or electron-beam irradiated specimens and determining the amount  of 
weight loss. Compounds such as N-vinyl pyrrolidone and N-vinyl caprolac- 
tam improved the cure of 1,6-hexanediol diacrylate in air [69]. 
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It should be pointed out that oxygen inhibition will affect property re- 
suits obtained with photo differential scanning calorimetry [70]. Experiments 
must  be properly designed if potentially misleading results are to be 
avoided. The results also pointed out that oxygen inhibition is directly re- 
lated to sample viscosity. The difficulty in comparing results obtained with 
different viscosity materials cured in air is discussed [70]. 

V i s i b l e  R a d i a t i o n  P h o t o i n i t i a t o r s  

The use of formulations that cure with light or visible radiation has a number 
of advantages. For example, light allows greater depths of cure at the same 
intensity [71], cure through clear, colored, and translucent substrates [72], 
and relief from repeated exposure to other forms of radiation as in dentistry 
[71]. Recently, fluorone photoinitiators that are useful throughout the visible 
spectra have been described [72]. These may be generalized as: 

H 

I H 

When R is methyl, ethyl, or butyl, the maximum absorption is at 470 nm, and 
at 472 nm if it is octyl. If R is butyl, the compound is 5,7-diiodo-3-butoxy-6- 
fluorone [73]. By changing the hydrogen group on the center ring to CN and 
altering the other hydrogen atoms and alkoxy group on the right-hand ring, 
absorptions in the 630-638 nm and 580-590 nm can be obtained. Further al- 
teration of the groups on this right-hand ring results in maximum absorp- 
tions at 534-538 nm. These compounds are useful in the polymerization of 
acrylates. These compounds  have very high absorptivity and only small 
quantities, about 0.01-0.15 %, are needed to achieve good depth of cure. 
Coinitiators for these photoinitiators are compounds such as tetramethytam- 
monium triphenylbutyl borate and other proprietary compounds [74]. The 
coinitiators improve cure response and improve bleaching characteristics of 
compounds such as 5,7-diiodo-3-butoxy-6-fluorone, so essentially colorless 
cured films are obtained. 

Other light-activated photoinitiators that have been used are D,L-cam- 
phorquinone [75,76], which absorbs at 460 nm; benzil, fluorenone, rose ben- 
gal, and uranyl nitrate [77]; 1-hydroxy-l-cyclohexylphenyl ketone, 2-hy- 
droxy-2,2-dimethyl acetophenone, and mixtures of these compounds with 
azobis (isobutyronitrile) [78]. Still other photoinitiators are activated in the 
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upper regions of the visible spectra (--650 rim) and the near infrared region 
(-1200-1500 nm). Typical of these compounds  might be N,N-di-n-butyl- 
N',N'-bis(di-n-butylaminophenyl)-p-benzoquinone diimmonium hexafluo- 
roantimonate, whose preparation has been detailed [79]. 

The halogenated fluoresceins have also been used as light photoinitia- 
tots for curing unsaturated polyester composite systems [80]. The com- 
pounds are used in combination with amines and oxime compounds. These 
fluoresceins have the following structural formula: 

Y 

X 

OR 

X X 

Generalized fluorescein 

In this structure, X and Y are either hydrogen or halogen, Z is hydrogen or 
ester, and R is alkyl. The amine additive is an N,N-disubstituted benzy- 
lamine, and the oxime is a benzoyl substituted oxime carbonate ester: 

o, 
In this structural formula, R is alkyl, aralkyl, or aryl, and R' is alkyl or aryl. 
Although these oximes have no appreciable light absorption, low concentra- 
tions (0.1-0.5%) had a significant effect on both cure rate and final degree of 
cure. Formulated products based on these photoinitiator systems could be 
handled for reasonable periods of time under normal lighting conditions, but  
they cured rapidly when the light intensity was significantly increased. Other 
studies of oximes in photocuring have been carried out [81]. 

One of these fluoresceins, rose bengal, has been studied in combination 
with an iron arene complex, cumene hydroperoxide, or methyldiethanola- 
mine [82]. The photochemical and physical characteristics were investigated 
with laser flash and steady-state photolysis techniques. The results indicated 
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that the rose  bengal  and iron arene absorb l ight wi th  a resultant s emiox id ized  
rose bengal  and a n e w  iron arene complex .  
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Introduction 

CATIONIC PHOTOINITIATORS are onium compounds that photolyze to form 
Lewis or Bronsted acids when excited with ultraviolet radiation. In the pho- 
tolysis process, free radicals are also formed, and therefore, both epoxides 
and ethylenically unsaturated compounds can be polymerized in a dual-cure 
process. Although photoinitiators in use today generate Bronsted or protonic 
acids from iodonium or sulfonium metallic salts, it is important from a his- 
torical standpoint to discuss first the Lewis-acid generating or diazonium 
type photoinitiators. 

Watt [1] has published a history of the cationic curing of epoxides over 
the period of 1965 to 1981. These studies dealt with the use of the photolysis 
products from onium salts to cure principally cycloaliphatic epoxides into 
coatings. We say principally cycloaliphatic epoxides because, as will be dis- 
cussed in a later chapter, a significant amount of these epoxides must be pre- 
sent to ensure cure at a commercially effective rate. The earliest of these stud- 
ies were concerned with the photographic process rather than the cure of 
industrial coatings. The photographic area was abandoned when silver salts 
were found to be much better for this process. In the sense of coatings, the 
earliest studies and commercial products involved diazonium salts as pho- 
toinitiators and later, including currently, iodonium and sulfonium salts. 

Onium Salts, General 

The most familiar onium compound is ammonium hydroxide. In this com- 
pound, water interacts with ammonia in the following reaction. 

NH3 + H20 ~ NH4 + + OH- 

Ammonia Water Ammonium ion Hydroxyl ion 

Ammonium hydroxide is formed when a proton from water adds to ammo- 
nia to form the ammonium ion, NH4 +, leaving a hydroxyl group from water 
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as the counter  ion. Another  familiar reaction is the addi t ion of a pro ton  to a 
water  molecule to form the oxon ium ion H3 O+. Other  compounds  contain- 
ing an element  wi th  an unshared  pair  of electrons such as sulfur and phos-  
phorous  can form on ium salts. 

R 
o - f -  - -  

R2S + CH3I ~ R--  ~ .  I 
/ 

CH3 

Sulfide Alkyl Hal ide Sulfonium Salt 

D i a z o n i u m  Salts ,  L e w i s  A c i d s  

Early studies of d iazon ium salt pho todecompos i t ion  were  carried out  in so- 
lution [2] and focused on the relat ionship between thermal  and photochemi-  
cal b r eakdown  of the salts [3]. Nor th  American Aviat ion scientists were  the 
first to use on ium salts to photocure  cycloaliphatic epoxides [4]. 1 Aryldiazo-  
n ium fluoroborates,  which yielded boron  

trif luoride on photolysis,  were  used  as photoinit iators for sealants used in the 
manufac tu re  of pr inted-ci rcui t  assemblies.  Other  anions wi th  low nucle- 
ophilicity, AsF6-, FeCl4-, PF6 , SbC16 , SbF6- in combinat ion wi th  diazo- 
n ium aryl groups  were  investigated, and they genera ted  AsF5, FeC13, PF5, 
and so on, whe n  irradiated [7-11]. Other  d iazonium salts can liberate trifluo- 
romethane  [12] or perchloric acid [13] on irradiation. These compounds  will 
also very  rapidly polymer ize  cycloaliphatic epoxides. 

A few years later, in the early 1970s, Schlesinger and Watt  working at 
American Can C o m p a n y  found that d iazonium hexaf luorophosphates  and 
ant imonates  were  superior  to the corresponding borates in effecting photo-  
cure [7-9, 14]. At this company,  a photocure  technology known  as "Ameri-  
cure" was developed.  

Photolysis of the d iazon ium salts can be described by  the following re- 

2 The first use of diazonium salts to initiate the cure of cyclic ethers was also carried out in 
1965 [5]. The investigators initiated the cationic polymerization of tetrahydrofuran to high 
molecular weight poly(tetramethylene oxide) by the thermal decomposition of a compound that 
was later identified as p-chlorobenzenediazonium hexafluorophosphate [6]. 
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action in which the diazonium salt degrades into gaseous nitrogen, an aryl 
fluoride, and the Lewis acid photoinitiator phosphorous pentafluoride. 

A__N__N+PF 6- ULTRAVIOLET ~ N2 1" + A--F + PF5 
R A D I A T I O N  

Aryl hexafluorodiazonium Nitrogen Aryl fluoride Phosphorous 
phosphorous salt Pentafluoride 

(A Lewis Acid) 

The Lewis acid will interact with an epoxide environment, preferably cy- 
cloaliphatic epoxide, and initiate the polymerization of the epoxide into a 
highly crosslinked film. The following is a simplified description of the poly- 
merization process with a monofunctional epoxide. 

m 

OPF5 

{ EPOXIDE 

()PF5 

Cross-linking is easier to visualize if one considers multifunctional epoxide 
monomers rather than the monofunctional epoxide. Nitrogen or other inert 
atmosphere was not required for good surface and through cure with these 
cationic systems. 

Americure technology was considered a major breakthrough in the effort 
to develop high-solids, low-energy-curable, environmentally friendly coating 
systems that were of definite interest at this time. The technology was intro- 
duced into the marketplace, but the coating industry really wasn't  ready for a 
technology that required new equipment and learning. Even with this reluc- 
tance in the marketplace, a variety of coating and ink applications were in- 
vestigated, including metal containers, flexible plastics and paperboard, and 
rigid plastic containers. Specific items that were successfully coated included 
food cartons, the exterior of two-piece metal beverage cans, oil containers, 
plastic bottles and cups, disposable paper cups, plates, bowls, and so on. The 
Americure technology did achieve commercial use as overprint varnishes for 
metal cans, and there was some success in the flexible packaging area. 

The radiation-absorbing portion of the diazonium salt structure could be 
easily modified, and a wide variety of compounds with tailored adsorption 



58 RADIATION CURING OF COATINGS 

TABLE 4.1. Summary of Americure Diazonium Salt 
Technology. 

TECHNOLOGY REFERENCES 
Basic chemistry [7, 15-17] 
End uses [18-23] 
Epoxide blends [14, 24-26] 
Photoresists [23] 
Pigmented systems [27-29] 
Solvents [30] 
Stabilizers [31-34] 
Thermal properties [35] 
Ultraviolet radiation dosimetry [36] 

characteristics have been made [8,9]. These compounds will absorb in the ul- 
traviolet and blue region of the electromagnetic spectrum. Schlesinger and 
coworkers broadly patented this technology and related aspects. Their in- 
ventions and the corresponding patents are summarized in Table 4.1. 

Regardless of seemingly being very useful, the Americure technology 
had two major deficiencies that were deterrents to full commercial accep- 
tance. First, the gaseous nitrogen that formed during photolysis was trapped 
in the coating as tiny bubbles if the coating was more than a few ten-thou- 
sandths of an inch in thickness (about 5 to 10 microns). If the coating was 
thicker, when the gas formed it could not escape from the coating because the 
extremely rapid reaction solidified the coating and trapped the unsightly gas 
bubbles and /o r  caused pinholes. This limited the Americure technology to 
very thin coatings. The second deficiency involved the instability of the dia- 
zonium salts. Formulated systems, which were blends of a cycloaliphatic 
epoxide, other epoxides, diazonium salt, and additives, were unstable with- 
out exposure to ultraviolet radiation. The degree of instability was found to 
be related to epoxide structure. For example, allyl glycidyl ethers were found 
to react rapidly with heat evolution when mixed with p-chlorobenzenedia- 
zonium hexafluorophosphate. The heat evolution enhanced the reaction rate 
and shortened stability time. In addition, the particular aryl diazonium salt 
and the substituents on the aryl group play a role in storage stability. The sys- 
tems could be stabilized by the use of Lewis bases, but these quenched the 
cationic reaction that was supposed to take place when the formulation was 
exposed to ultraviolet radiation. Some compounds, such as sulfoxides, ureas, 
amides, and nitriles, will impart limited storage improvement without inter- 
fering with the radiation-induced polymerization [37-40]. This short pot life 
was more pronounced if the systems were heated during use, transport, or 
storage. Recently, it has been found that in certain diazomicro films and 
printing plates the diazonium compounds are thermally stable for several 
months or years [41]. The s tudy pointed out that the onium salt and 
monomer used caused electron transfer reactions started by radical induced 
cation formation. The monomers used were 4-alkyloxydiazonium salts with 
various anions, ethylene glycol divinylether, and a cycloaliphatic epoxide 
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with the following structure: 

H CH3 CH3 H 
I H I 

CU3 ICH3 H I O 
H 

A cycloaliphatic epoxide 

What might be called a third deficiency was the fact that the diazonium salts 
were inherently moisture sensitive. 

Copolymers of cyclic monomers and epoxides were prepared by pho- 
tolysis of the diazonium salts [42]. The cyclic monomers investigated were 
[3-propiolactone and s-caprolactone. 

In summary, the diazonium-initiated systems were commercially used, 
but market acceptance and growth were not attained because of the stated 
deficiencies and the advent of iodonium and sulfonium salt technology that 
involved proton or Bronsted acid initiation. However, before leaving the di- 
azonium salts, it certainly should be pointed out that the efforts at North 
American Aviation and American Can represented pioneering efforts and 
fostered the realization of others that the benefits from such technology were 
increased production, decreased costs, and a potential way to meet environ- 
mental regulations. The efforts of these investigators certainly spurred the 
early scientific and later developmental and commercial efforts that others 
dedicated to iodonium and sulfonium salt chemistry. 

Iodonium and Sulfonium Salts, Bronsted Acids 

Early studies of iodonium and sulfonium salt preparation, as well as diazo- 
nium salt preparation, date back to the end of the 19th century. At that time, 
and in the early 20th century, investigators of these compounds, as was in 
vogue at the time, were mainly concerned with preparation and proving 
structures rather than searching for commercial utility. However, as early as 
1903, Btichner published studies dealing with the photolysis and thermal de- 
composition of diphenyl iodonium halides [43]. In the late 1920s, triph- 
enylselenonium chloride was synthesized in benzene by reacting aluminum 
chloride with diphenylselenium dichloride [44]. This salt was then used to 
prepare a number  of salts by a metathesis reaction. A novel process for 
preparing various sulfonium salts involved the use of aluminum chloride in 
benzene, to which sulfur monochloride and optionally other ingredients 
were added [45]. 
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Although onium salt technology development began earlier [46, 47], it 
was not until the 1970s that these salts were independently commercialized 
by General Electric and 3M Companies [45-51]. Academic research and de- 
velopmental studies at North Dakota State University contributed a great 
deal to an understanding of the technology and certainly were important to 
ultimate commercialization [56,57]. 

In the mid 1970s, the potential for and beginning of commercial devel- 
opment  could be seen. For example, Aloye [58] compared ultraviolet-radia- 
tion (UV) cured coatings based on epoxides, on acrylates, and on polythio- 
lene and cured on metal substrates. Deviny [59] of 3M Company described 
coating concentrates (formulated products) that were useful for preparation 
of ultraviolet-radiation curable coatings. Tarwid and Kester [60] reported on 
the variations in adhesion and softening point that could be obtained in epox- 
ide-based coatings applied to metal and cured with onium salts. 

Cationic photoinitiators are aryl sulfonium metallic salts and aryl iodo- 
n ium metallic salts. The aryl sulfonium salts are often described as triaryl- 
sulfonium salts, but  actually, these photoinitiators are a complex mixture of 
aryl sulfonium salts with the p redominant  species having the following 
structures: 

( 
O-s-O-,, 

( 

) ( 
;+(MF6)- and (MF6)"+~ 

} ( 

) ( 

) ( 

) 
I + ( M F 6 )  - 

) 
wherein the letter M indicates a metal that is usually phosphorous or anti- 
mony,  though boron and arsenic have been used. When the arylsulfonium 
salts are prepared, there is some triarylsulfonium salt [61,62] with the fol- 
lowing structure, 

- ~  M F 9  6)" 

present in the complex mixture. However, as described by Watt [1], when 
this component  is isolated and investigated, it has a markedly slower cure 
rate with conventional ultraviolet radiation lamps than the complete reaction 
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TABLE 4.2. Currently or Formerly Commercial Arylsulfoniumhexafluorometallic Salt 
Photoinitiators. 

61 

General form: ANSxMF6 
(A - Aryl, S = Sulfur, M = metal, F = Fluorine, Subscripts N and X refer to the fact that the 
photoinitiators can contain I or more aryl or sulfur group) 
SUPPLIER TRADENAME METAL COUNTRY 
3M Company FX-512 Phosphorus U.S.A. 
Asahi Denka Kogo KK OPTOMER SP-150" Phosphorus Japan 
Asahi Denka Kogo KK OPTOMER SP-170" Antimony Japan 
Degussa A.G. Degacure KI-85 Phosphorus Germany 
General Electric Company UVE-1016* Phosphorus U.S.A. 
General Electric Company UVE-1014* Antimony U.S.A. 
Sartomer Company, Inc. SarCat KI-85 Phosphorus U.S.A. 
Sartomer Company, Inc. SarCat SR 1011 Phosphorus U.S.A. 
Sartomer Company, Inc. SarCat SR 1010 Antimony U.S.A. 
UCB Chemicals- Uvacure 1590 Phosphorus U.S.A. 
Union Carbide Corp.*** CYRACURE UVI-6992"* Phosphorus U.S.A. 
Union Carbide Corp.*** CYRACURE UVI-6976"* Antimony U.S.A. 

* Not believed to be currently commercially available. 
** UVI-6990 and UVI-6974 can be found in the early literature as designations for 

6976, respectively. 
*** A subsidiary of The Dow Chemical Company. 

uvi-6992 and UVI- 

mixture that Watt  described wi th  the ac ronym MASH (Mixed Aromatic Sul- 
fonium Hexafluorophosphates) .  Ultraviolet radiation absorpt ion max imums  
and other characteristics of these and other cationic photoinitiators have been 
tabulated by  Gaube [63]. 

The reason for this difference is that the t r iarylsulfonium salt has its 
main absorbance at the lower wavelengths  of less than about  260 nm and has 
nil absorbance above 285 nmo In contrast, MASH has absorbance similar to 
the tr iarylsulfonium salt at the low wavelengths,  but  it maintains relatively 
h igh absorbance over  the wave leng th  range of 260 n m  to about  320 nm,  
where m a n y  ultraviolet radiation sources operate. 

Aryl  sul fonium hexaf luorophosphate  and  hexaf luoroant imonate  pho-  
toinitiators are available f rom various suppliers, including Union Carbide 
Corporat ion 2, Sartomer Company ,  Inc., UCB Chemical, and others. Synthesis 
methods  and Bronsted acid generat ion mechanisms for these compounds  can 
be found in the literature [64,65]. 

Table 4.2 is a listing of some commercial ly available or formerly avail- 
able arylsulfoniumhexafluorometall ic  salts. Listing formerly available salts is 
useful, since w h e n  reading early patents, papers,  and c o m p a n y  literature in 
this field, they are referred to by  trade name. The salts are almost  always mar-  
keted as pale yel low or amber  liquids that are 50% solutions of the photoini- 
tiator in propylene  carbonate, though  some early versions of cationic pho-  
toinit iators such as 3M C o m p a n y ' s  FX-512 used  - / -bu tyro lac tone  as the 
solvent [66]. 

2 Union Carbide Corporation is a subsidiary of The Dow Chemical Company. 
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The propylene carbonate solvent used for the photoinitiators has been 
said to have an effect on solvent migration in some cured inks [67] and to 
have an effect on volatile organic content. The latter difficulty may have been 
related to the fact that the recommended photoinitiator content was quite 
high in the formulations. One study investigated removing a portion of the 
solvent and replacing it with a cycloaliphatic epoxide [68]. The final mixture 
contained 40% photoinitiator, 40% cycloaliphatic diepoxide, and 20% propy- 
lene carbonate. The new photoinitiator blend and the usual 50/50 mixture 
were then tested in formulations suitable for rigid and flexible packaging ap- 
plications. Black, blue, red, and yellow flexographic inks were prepared us- 
ing either 12.5% of the new photoinitiator blend or 10% of the original blend, 
i.e., all blends contained the same concentration of the arylsulfonium salt 
photoinitiator. The films all cured well with the new initiator blend impart- 
ing a slightly faster cure rate, and file cured films had excellent adhesion to  
thin-film, plastic substrates. Clear coatings formulated to contain 2% actual 
cationic photoinitiator were tested on aluminum and tin-free steel substrates. 
Overall, the results indicated that adhesion, cure rate, flexibility, hardness, 
and solvent resistance were not affected when the new photoinitiator blend 
was used. The viscosities with the new initiator were slightly higher than 
with the old initiator, but this could be remedied with a small amount of re- 
active diluent. 

The aryl iodonium salts are of the form 

0. 
@ / I  + (MF6)- 

and apparently only the diaryl- or diphenyliodonium hexafluoroantimonate 
compound [45,69,70] is commercially available [71]. Simple synthesis and 
characterization of alkoxy-substituted diaryliodonium salts are available 
[72]. The compounds have a low order of toxicity. 

The iodonium salts are marketed as off-white powders. Table 4.3 con- 
tains a listing of some commercially available or formerly available di- 
aryliodoniumhexafluoroantimonate photoinitiators. Iodonium salt photoini- 

TABLE 4.3. Currently or Formerly Commercial Diarytiodoniumhexafluoroantimonate 
Photoinitiators. 

General form: A2ISbF6 
(A = AryL I = Iodine, Sb = Antimony, F= Fluorine) 

COMPANY TRADEMARK METAL COUNTRY 
3M Company FC-509 Antimony U.S.A. 
Sartomer Company, Inc. SarCat SR 1012 Antimony U.S.A. 
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tiators are often used with a photosensitizer such as isopropylthioxanthone, 
which was once marketed by 3M Company as FC-510. Sensitizers in general 
are treated in a later section of this chapter. 

Since some iodonium salt photoinitiators can be immiscible or partially 
immiscible in epoxy silicones [73], modified iodonium salts were designed 
and developed for improved miscibility in organofunctional polysiloxanes 
[74]. These photoinitiators, bis(dodecyl phenyl)iodonium hexafluoroanti- 
monate, 

and an octyl diphenyliodonium hexafluroantimonate, 

SbF6 

and related compounds were important to the development of ultraviolet ra- 
diation curable release coatings 3 and other silicone coating compositions. 
The dodecyl compound is a complex mixture, due to the nature of the start- 
ing material, and the octyl compound is a low melting, crystalline iodonium 
salt. 

A newer cationic iodonium photoinitiator [75-77] that has higher con- 
version (95.3% vs. 75.5%) and a markedly shorter induction time (1.4 s vs. 
30.3 s) than diaryliodonium hexafluoroantimonate in photo-DSC heat gener- 
ation has the following structure: 

~ ~ +  B(C6F5)4 

Diaryliodonium tetrakis(pentafluorophenyl) borate 

This photoinitiator is a crystalline salt with a novel anion. The anion is highly 
resonance stabilized, bulky, and very weakly coordinated with the cation. 
These features result in the generation of a very strong acid for initiation of 
cycloaliphatic epoxides. In addition, the molecule is designed to have good 
solubility in nonpolar liquids, such as the epoxy silicones used in release 
coatings. Studies indicate the iodonium borate yields the fastest cure rate of 

3 See Chapter 10, "Adhesives," for a discussion of release coatings. 
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any photoinitiator used in ultraviolet radiation initiated reaction of epoxy sil- 
icones. 

Methods for preparing diaryliodonium, diphenyliodonium, alky- 
laryliodonium salts can be found in the literature [78-80], as well as cata- 
lysts and inhibitors for reactions of diphenyliodonium ions with anions 
[81]. One patented process [80] involves a reaction between aryl iodonium 
tosylate and an active hydrogen aliphatic organic compound, such as dime- 
done. This produces an intermediate arylalkyliodonium tosylate salt that is 
subsequently reacted with a polyfluorometal or metalloid salt of an alkali 
or alkaline earth metal to produce the arylalkyliodonium multifluorometal 
or metalloid salt, an example of which is dimedonylphenyliodonium hex- 
afluoroarsenate. 

The photochemical reaction when arytiodonium salts are irradiated with 
ultraviolet radiation has been postulated to be a homolytic cleavage of one of 
the aryl bonds followed by hydrogen abstraction from a suitable donor (sol- 
vent or other molecule with an active hydrogen) and loss of a proton to yield 
the Bronsted acid HX. 

Ar2i+PF6_ hv > [Ar2i+PF 6 ], ~ ArI. + + Ar. + PF6- 

Iodonium salt Excited State Free radicals Anion 

ArI- + + R-H --~ ArI+H + R. 

Active hydrogen source 

ArI+H --~ ArI + H+PF6 - 

Bronsted Acid 

The anion X may be PF6, as in the example above, or it may be SbF6, BF4, and 
so on. The protonic acid formed is very powerful, and it will first protonate 
an oxirane group, and ring opening polymerization will take place. 

The design and synthesis of efficient Bronsted acids that will undergo 
photolysis have been considered [82]. The study indicated that a heteroatom 
carbon that would undergo cleavage with radiation and form a singlet 
cation-radical/radical pair was needed. Molecular orbits were considered 
and photo acids were prepared that provided a proton with a high quantum 
yield and without producing free radical species. 

Organometallic Compounds 
Organometallic compounds are also used as cationic photoinitiators. In- 
cluded in this category are the iron arene salts [83,84] that may be described 
by the following general structural formula wherein M represents the metals 
boron, phosphorus, arsenic, and antimony and the subscript to fluorine is 
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+ 

Fe MF6- 

Methods for preparation of these iron salts from ferrocene can be found in the 
literature [51]. Such ferrocenium complexes are thermally stable and radiation 
sensitive. The salts photolyze at the higher end of the ultraviolet region and in 
the visible region. For example, cyclopentadienyl cumyl iron (II), a highly col- 
ored compound, photolyzes at wavelengths of about 320-540 nm [85]. 

Under  the action of visible a n d / o r  ultraviolet radiation, these com- 
pounds photolyze and form a Lewis acid that may be typified by: 

Q 
F] e+MF6 - 

A Lewis acid 

and an uncharged arene ligand. 
Other organometallic compounds that have been used as cationic pho- 

toinitiators for the polymerization of epoxides include zirconocene dichloride 
[87] and manganese decacarbonyl [88], which initiate polymerization of 
epichLorohydrin; organohalogen compounds in combination with organometal 
aluminum complexes for epoxides [89, 90]; as well as other compounds [91-95]. 

Photolysis of the aryl sulfonium salts can be described in the series of re- 
actions described in Figure 4.1 and in various references [96-100]. In these re- 
actions, ultraviolet radiation first interacts with the photoinitiator salt in the 
presence of an active hydrogen source and raises it to a higher energy or ex- 
cited state. The active hydrogen source is not deliberately added, since it is 
usually present in various ways as from the solvent in which the photoini- 
tiator is dissolved or some other ingredient in the formulation. The excited 
salt then undergoes spontaneous homolytic cleavage to form free radicals, a 
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EXCITATION 
ULTRAVIOLET RADIATION 

A N S x + M F 6 "  ACTIVE HYDROGEN 

Sulfonium Salt 

. [ sx 
Excited State 

HOMOLYTIC CLEAVAGE 

4 
Excited Salt 

A �9 + AS, + A(N_2)S(x_I) + + MF6- 

Free Radicals Radical Cation Anionic Species 

INTERACTION WITH ACTIVE HYDROGEN 

A(N-2)S(x-I/ + R--H ~ A(N_a)S(x_I)H + 

Active H Source 

+ Ro 

DEPROTONATION AND CATION FORMATION_ 

A(N_2)S(x_ 1)It + ~" A(N_2)S(x_I) H + + MF 6- 

Cation Counter ion 

FIG. 4.1--Photolysis of An Onium Salt Photoinitiator--Mechanism of Cation 
Formation. 

radical cation, and an anionic species such as phosphorous or ant imony hex- 
afluoride. The free radicals that are formed will readily initiate the polymer- 
ization of ethylenically unsaturated compounds,  such as the acrylates, if pre- 
sent in a formulat ion.  The radical cat ion then interacts wi th  the active 
hydrogen  source, accepts a proton from it, and another free radical is formed. 
Almost  instantaneously,  the new short-lived compound  forms an inactive 
species, a long-lived cation that is balanced by the anionic hexafluorornetal- 
lic compound.  The latter two groups form the Bronsted or protonic acid that 
is the actual initiator of the polymerization. The cation readily protonates an 
epoxide group, such as that found in cycloaliphatic epoxides, and ring open- 
ing takes place in the polymerizat ion initiation step. In this ring-opening re- 
action, a very active hydroxyl  group that is capable of reacting with other 
epoxide groups is formed,  and the propagat ion phase of the polymerizat ion 
is underway.  The final product  is a highly cross-linked polymeric mass that 
can range in character from hard and brittle to tough and elastic, depending 
on the formulat ing ingredients. 

P h o t o s e n s i t i z a t i o n  

In general, the diaryl iodonium salts discussed only absorb light in the ultra- 
violet region of the electromagnetic spectrum, and only sparingly in the near 
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u l t r av io le t  reg ion ,  a n d  no t  a t  all in the  vis ible  r eg ion  (400-800 nm) .  H o w e v e r ,  
these  sal ts  can  b e  sens i t i zed  to the  nea r  u l t r av io l e t  a n d  v i s ib le  reg ions  b y  
c o m p o u n d s  k n o w n  as "pho tosens i t i z e r s , "  or  m e r e l y  " sens i t i ze r s . "  S o m e  sen-  
s i t izers  wi l l  f unc t ion  such  tha t  f ree  radica ls  wi l l  b e  g e n e r a t e d  w h e n  the p h o -  
t o i n i t i a t o r / s e n s i t i z e r  c o m b i n a t i o n  is e x p o s e d  to v is ib le  r a d i a t i o n  [101,102], 
a n d  o the r s  func t ion  such  tha t  ca t ions  will  be  g e n e r a t e d  f r o m  the  c o m b i n a t i o n  
w h e n  it is e x p o s e d  to v is ib le  r a d i a t i o n  [97,103,104]. 

I l lus t ra t ive  of  the  sens i t izers  tha t  wil l  p r o m o t e  free rad ica l  g e n e r a t i o n  in 
the  vis ible  r e g i o n  are  d i p h e n y l m e t h a n e ,  x a n t h e n e ,  acr id ine ,  th iazol ,  a m i n o k e -  
tone ,  a n d  o thers .  S o m e  speci f ic  c o m p o u n d s  are  a n t h r a c e n e ,  9 - m e t h y l a n -  
th racene ,  2 - e thy l -9 ,10 -d ime thoxyan th r acene ,  p e r y l e n e ,  a n d  t e t r a p h e n y l b e n -  
zidine.  E x a m p l e s  of  the  sens i t i ze rs  tha t  p r o d u c e  ca t ions  f r o m  i r r ad ia t ion  in the  
v is ib le  r eg ion  are  Acr id ine  O r a n g e ,  C.I. 4 46005; Acr id ine  Yel low,  C. I. 46025; 
P h o s p h i n e  R, C. I. 46045; Benzof lav in ,  C. I. 46065; Se tof lav in  T, C. I. 49005; iso- 
p r o p y l t h i o x a n t h o n e ,  a n d  others .  Each  of the  sens i t i ze rs  t e n d s  to h a v e  a char-  
acteris t ic  r e s p o n s e  in the  v is ib le  a n d  nea r  u l t r av io le t  regions .  Thus ,  if the c o m -  
p o u n d s  are  m i x e d  a n d  u s e d  toge the r ,  it s h o u l d  be  poss ib l e  to b r o a d e n  the  
r ad ia t ion  r e s p o n s e  a n d / o r  inc rease  cure  ra te  [101]. 
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FREE RADICAL RADIATION CURING of coatings b e g a n  in the late 1950s at Ford Mo- 
tor Company .  Dr. Will iam Burlant  of this c o m p a n y  was  interested in ionizing 
radiat ion and  the effect it had  on  organic molecules  [1]. He  k n e w  that  ioniz- 
ing radia t ion was  capable  of initiating very  rap id  reactions and  was  interested 
in po lymer iza t ions  that  could be  initiated wi th  such h igh-energy  radiation. In 
the beginning,  the efforts were  not  really directed towards  coatings. However ,  
before the s tudies  had  gone ve ry  far, Burlant  real ized that  radia t ion-cured 
coatings migh t  be  an assembly  line appl icat ion for the technology,  and  his 
g roup  held  a special  demons t ra t ion  for H e n r y  Ford  and  Ford ' s  senior engi- 
neers 1. The process  be ing revealed  had  the benefi ts  of rapid  cure rate, no ap- 
preciable substra te  or cured-f i lm t empera tu re  rise, and  no volatile solvents. In 
the 1950s, the latter factor was  of impor tance  ma in ly  because  of energy  costs 
and  secondari ly  because  of env i ronmenta l  concerns,  since at this t ime it took 
about  a half hou r  at e levated t empera tu res  to r e m o v e  solvent  and  to effect 
cross-linking of au tomobi le  coatings. 

As migh t  be  expected,  there were  difficulties wi th  the reliability of early 
and,  often p ro to type ,  electron b e a m  equipment ,  bu t  b y  1960 these p rob lems  
were  solved and  coating sys tems  were  r eady  for commercial izat ion.  Ford 
Motor  C o m p a n y  commerc ia l ized  the electron b e a m  process,  bu t  it was  not  
used  to coat complex- shaped  car bodies.  Rather,  the process was  devoted  to 
pain t ing  interior plastic par ts  that  were  used  in automobiles .  For his pio- 
nee r ing  effor ts  in this area,  RadTech  I n t e r n a t i o n a l - - N o r t h  Amer i ca  be-  
s towed on Burlant  the title "Father  of Electron Beam Curing."  

t When the electron-beam curing process was demonstrated to Henry Ford and senior staff, 
Burlant was requested to stop the curing line. The viewers were awed at what they saw and 
wanted to walk into and see the curing system. They wanted to be certain the demonstration 
wasn't a sham and that there wasn't a person someplace inside the curing device who was 
switching cured panels for uncured panels. In the 1950s, it wasn't thought possible that a coat- 
ing could be cured in a fraction of a second or literally thousands of times faster than the half- 
hour times then needed for commercial cure lines [1]. 

73 
Copyright �9 2002 by ASTM International www.astm.org 



74 RADIATION CURING OF COATINGS 

Efforts that dealt with the use of electron beam cured coatings on ply- 
wood were carried out by  Morganstern [2] at Radiation Dynamics, Inc., in 
the early 1960s. The investigations were done under a 1962 contract the 
company had with U. S. Plywood. This company was interested in de- 
creasing cure time of coatings on wood  substrates, and thereby, increasing 
productivity. A definite requirement was that the coating would have to 
cure under ambient conditions, and for this reason, the project was not suc- 
cessful, since some kind of inerting system is required with electron beam 
curing. 

In the early days of radiation curing, there were visionaries who had 
ideas and foresight, and relatively rudimentary equipment. However,  there 
were very few reactive ingredients available for use in formulating radiation 
curable systems. An important advance in the ingredient area was made in 
1969 when Miranda and Huemmer [3] described the cure characteristics of 
certain ethylenically unsaturated monomers, their thinning or viscosity re- 
duction power, and the effect an inert atmosphere had on their cure charac- 
teristics. The study also described methods for the preparation of acrylic, 
polyester, and allyl-modified polyester materials that could be used in radi- 
ation curing, and the curing characteristics of these compounds. This early 
study provided investigators with raw materials for potential use, and it also 
led to many new ideas for other products. Also included in this 1969 study is 
an early history of the radiation cross-linking of polymer molecules that be- 
gan with the work of Charlesby [4] when he reported on the cross-linking of 
polyethylene in 1952. This work, in combination with that of Renfrew [5] in 
the early 1940s, may be looked on as the real beginning of the commercial ra- 
diation curing industry. 

Many early studies involved the use of systems based on blends of 
monomeric compounds  such as styrene, ethyl acrylate, and methyl 
methacrylate in combination with unsaturated polyesters. Results of these 
investigations suggested that mixtures of the polyesters with styrene were 
the most effectively cured combinations [6]. Two other types of free radical 
systems are of importance--the polyene/thiol  systems and the acrylate sys- 
tems. The latter are by far the most important free radical curable systems 
in use today. 

Unsa tura ted  Polyester~Styrene Systems 
Unsaturated polyesters have been known for about 125 years. How- 

ever, in the first few decades of the 20 th century, all polyesters were lumped 
into the general classification of "alkyds," and it wasn' t  until the late 1930s 
that an effort was made to clarify and categorize the curing or "drying" na- 
ture of unsaturated polyesters [7-9]. These studies indicated that unsatu- 
rated polyesters could be converted to cross-linked structures by means of 
oxygen, heat, and radiation. In a general sense, the unsaturated polyesters 
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may be described as linear, soluble, condensation products of dicarboxylic 
acids or their corresponding anhydrides and glycols, dihydric alcohols, or 
polyols. While unsaturation can be introduced into the polyester by means 
of an unsaturated alcohol [10], it is usually introduced through the use of 
fumaric acid, maleic acid, or maleic anhydride [11,12] during polyester 
preparation. 

(n + 1) HO-- R-- OH 

Glycol or Po|yol 

+ n H00C--CH= CH--COOH - 

Maleic Acid / 

HO-R-(O--C--CH=CH--C--O--R--)nOH + (n+ 1) H20 
II II 
O O 

Unsaturated Polyester 

In practice, maleic anhydride is used to facilitate polyester formation by re- 
ducing the number of condensation reactions required by a factor of two. The 
unsaturation may also be terminal [10,13] or pendant. Alternatives to maleic 
acid or anhydride include fumaric, norbornyl, cinnamates, aUyl, acrylic, and 
similar acids and anhydrides. In addition, combinations of saturated car- 
boxylic acids (i.e., phthalic, isophthalic, succinic, adipic, azelaic, etc.) and un- 
saturated carboxylic acids can be copolymerized with the dihydric alcohols. 
Use of saturated acids or anhydrides in the polyester provides a means of 
controlling and altering properties of the final cured coating. Monofunctional 
carboxylic acids are used and function as molecular chain stoppers, and thus, 
provide a means of controlling molecular weight. 

Although the unsaturated polyesters can be cured alone with radiation 
through reaction of the reactive double bonds in the molecules, i.e., without 
the addition of diluents such as styrene, usually their high molecular 
weight and attendant high viscosity require the use of a low molecular 
weight functional reactive diluent that will react with the polyester and be- 
come an integral part of the final coating [14]. After evaluating a number of 
factors, it was found that styrene was the best reactive diluent for this pur- 
pose [6,14]. Styrene is mixed with the unsaturated polyester to form either 
a liquid or a pastelike curable system, and a photoinitiator is included if the 
systems are to be cured with ultraviolet radiation. The styrene units act as 
cross-linking agents, as shown below. One or more polymerized styrene 
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units act as the cross-link points in the matrix. The final polymerized arti- 
cle can also contain some homopolymerized styrene as well as some cross- 
links formed by intermolecular reaction of the unsaturation in the polyester 
molecules. 

. ? ,, 
'vv"~'~vv,.-O- C -  C -  C -  C - O -  R-O-C-- C -  C-- C ~ 

II I \ H  11 I \14 
O CH 2 O CH,~ "" 

~ O - - C - - C - - {  ',-- ICI --O--R - O - - C - C -  C - C  ---,xaaaaaaaa~ 

O H O 

An unsaturated polyester crosslinked with styrene units. 
,vvvvvv~ indicates other units of the polyester chain 
which may or may not be crosslinked with styrene. 

These unsaturated polyester/styrene mixtures were the earliest radiation- 
cure systems that reached commercialization. As early as 1984, they were 
well established in the wood industry [15]. They are particularly used in the 
wood industry because of their ability to cure at basically ambient tempera- 
tures and, thus, decrease volatility that caused both a pollution problem and 
a loss of reactive material. It should be noted that any residual or unreacted 
styrene would leave a noticeable and lingering odor. 

These systems were not used in the radiation-cure area until 1955 when 
McCloskey and Bond reported on their cure with ultraviolet radiation [16]. 
They demonstrated that unsaturated polyesters will polymerize with this ra- 
diation if a compound that degrades into free radicals, i.e., a photoinitiator, 
was added. If the photoinitiator was not added, no reaction took place after 
the same irradiation time. Their work showed that the cure rates were much 
more rapid than could be obtained by thermal cure of the same 
systems, but using a peroxide initiator. Burlant and coworkers [17-19] 
investigated the electron beam or ionizing radiation curing of styrene and 
polyesters, silicone-modified binders [20], and later acrylates [21]. This work 
coupled with that of European investigators provided the technology to corn- 
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mercialize the systems as fillers and coatings for open-grain wood products, 
such as particleboard and fiberboard. The main attributes were rapid cure at 
low temperatures, which minimized volatile losses and, thus, gave better fill- 
ing of the pores [22]. In addition, the boards could be sanded immediately af- 
ter curing. Even though cure of these systems was considered rapid at the 
time, by today's standards the cure would be considered slow. Orthopedic 
casts were also made from fiberglass impregnated with unsaturated 
polyester/styrene/photoinitiator and radiation cured [23]. 

Wicks pointed out that surface cure was inhibited by the oxygen present 
in air, which resulted in a tacky surface [24], and that an inert atmosphere 
was important to a more complete cure. Other studies showed that, in addi- 
tion to the styrene that volatilized during cure, relatively large amounts of 
unreacted styrene were present in some of the cured systems [25]. When 
waxes were incorporated in the formulation, volatility was decreased and the 
wax reduced oxygen inhibition of cure at the surface [26]. A wide variety of 
waxes were investigated, and the best was hydrocarbon paraffin wax. Effect 
of dose rate on gel formation and the relation to unreacted styrene has also 
been investigated [27]. The retarding effect on cure, due to the addition of ti- 
tanium dioxide and of various polyols, has been studied, and Laws and 
coworkers [28] found the best results were obtained with unsaturated di- 
ethylene glycol-fumarate polyesters containing chlorendic acid as a satu- 
rated co-reactant. 

Schwalm and coworkers [29] investigated the use of triethylene glycol 
divinyl ether, which has a viscosity at 25~ of 2.6 mPa.s, as a reactive diluent 
for an 

CH2~-----CH--O---(CH2--CH2--O)2--CH2--CH2--O---CH~CH2 

Triethylene glycol divinyl ether 

unsaturated polyester of unknown composition, but based on ethylene 
glycol and fumaric acid. It was found that the vinyl ether was an effective 
diluent and could copolymerize in an alternating copolymerization effec- 
tively when a hydroxyalkyl phenyl ketone free-radical photoinitiator was 
used. Effectively complete conversion of the vinyl ether was obtained if an 
aryl sulfonium salt cationic photoinitiator was included in the formulation. 

Polyene/Thiol Compositions. 
In the late 1960s and early 1970s, W. R. Grace & Co. investigators were 

investigating new radiation curable systems that came to be known as the 
"Polyene-Polythiol compositions" [30]. In an overall sense, these ultraviolet 
radiation- and electron beam-curable compositions comprised a particular 
polyene component, a polythiol component, and a photoinitiator [31-35]. 
The latter compound was not needed if electron beams were used, however, 
ultraviolet radiation of 300-400 nanometers was recommended for cure. 
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There were various ways  to make the polyenes, as for example, 
they could be prepared by  reacting allyl isocyanate with a polyether, 
polyester, or polylactone polyol that had a hydroxyl functionality of two or 
greater. 

CH2 ~ C H - - C H 2 -  NCO + H O -  R - OH 

Allyl isocyanate Difunctional Polyol j l 

CH2-~ C H -  CH 2 -- N-- .C.- O -  R-- O -- C - N -  CH2-CH---~ CH 2 
I II II / 
H 0 0 H 

A difunctional Polyene 

If a trifunctional polyol had been used, a trifunctional polyene would have 
resulted; if a tetrafunctional polyol had been used, a tetrafunctional polyene 
would have resulted; and so on. Final molecular weight of this component 
usually ranged from about 200 to 10 000. Urethane reaction catalysts such as 
stannous octanoate, dibutyltindilaurate, and the like were used to enhance 
reaction rate between hydroxyl and isocyanate groups. 

The polythiol component was of the general form 

R-(-SH)n 

wherein R could be any polyvalent organic moiety that did not have reactive 
carbon-to-carbon unsaturation and n was an integer that was two or greater. 
Polythiols are the mercaptate esters formed by reaction of thiol-containing 
acids and polyols. Examples are compounds such as ethylene glycol bis(thio- 
glycolate), trimethylolpropane tris([3-mercaptopropionate), pentaerythritol 
tetrakis(thioglycolate), pentaerythritol tetrakis(mercaptopropionate), and 
the like. The latter compound has the following structure: 

O O 
II II 

HS-  CH2--CH2-- C -  O-- CH2 ~ / CH2-- O-- C-- CH2-- CH2- SH 

CN 
H S -  CH2--CH2-- C-- O-- CH2 ~ CH2-- O-- C-- CH2-- CH2-- SH 

U II 
O O 

Pentaerythritol tetrakis (mercaptopropionate) 
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It was preferred that the polythiol compounds have substantial molecular 
weight to minimize the odor problem that is associated with such com- 
pounds. The molecular weight of the pentaerythritol derivate shown above 
is 488. Reaction in the final coating also decreased the odor problem, but  even 
this often did not remove all traces of the sulfurous odor. 

Suitable photoinitiators were compounds such as benzophenone, ben- 
zanthrone, acetophenone, thioxanthanone, fluorine-9-one, and the like. Initi- 
ation with a compound such as benzophenone took place in the usual hy- 
drogen-transfer manner, except the mercaptate ester takes the place of an 
amine with an alpha-carbon atom [36], and a thiyl radical is formed. 

t0 5 ~ 7 -- C -  C6H[J 

Radiation-excited Benzophenone 

SH 
+ H + S H  

SH 

A mercaptate ester 

/ 

~ 1 6H5 -- C -  C6H 

Decays to an inert species 

+ 

SH 

H~---S �9 
S H  

A thiyl free radical 

The thiyl radical is capable of initiating polymerization of the polyene unsat- 
uration. Compounds such as triphenyl phosphine were found to increase 
reaction rate and improve mechanical properties. If a tetrafunctional mer- 
captate ester is simply represented as indicated above and a difunctional 
polyene as: 

CH2 = CH ~ CH = CH2 

the reaction product of the two compounds will be a highly cross-linked 
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mass that may be described as: 

SH SH 
C H ~ = C H ~  CH2CH2-- S+S--CH2CHz--A/WVVV~"-- CH2CH2 - S+S--CH2CHz'-'VWWV~--CH'=CH2 

S S 
I I 

i i 
SH 

H S-~SH 
S S S 

H S ~ S - - C H 2 C H ~ C H 2 C H 2 - - S + S - - C H 2 C H ~ C H 2  [CH2 
S S 
I I 

S S 

SH SH 

A cross-linked polyene/thiol  polymer 

Of course, the final structure would not be uniform due to molecular flexi- 
bility and molecular weight differences in the polyene molecules. In this ex- 
ample, cross-linking is readily achieved due to the high functionality of the 
mercaptate ester used. If only difunctional compounds are used, it is possi- 
ble to control molecular weight by the addition of monomeric compounds 
such as n-butyl mercaptan or n-dodecyl mercaptan. Because these com- 
pounds have high chain transfer constants due to the weakness of the sulfur 
hydrogen bond, they can be used in low concentrations. 

The cured compositions were suggested for use as screen printing inks, 
elastomeric sealants, electronic component encapsulants, and decorative and 
functional coatings such as conformal coatings, dielectric coatings, high gloss 
overprint varnishes, and arc-resistant coatings. 

The effect of decreasing the amount  of thiol in the formulations by 
adding acrylates has been investigated [37]. This led to coating systems that 
had the attributes of the polyene-thiol products, and it alleviated some of the 
difficulties with odor that were encountered with them. Others combined sil- 
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icone-modified unsaturated polyesters with the polyene-thiol systems to 
form radiation curable coating systems that had good adhesion to polycar- 
bonate [38]. 

Another group of investigators [39] investigated the use of cyclic olefins 
such as norbornene derivatives as replacements for the polyenes that had 
olefinic end groups. The ene-polymers of this study were prepared by react- 
ing a polyol or a polyamine with 2-ene-5-carboxylic acid chloride or by re- 
acting cyclopentadiene with acrylic derivatives to yield the norbornyl func- 
tional oligomers as shown below. 

0 0 
II II 

Norbomyl functional oligomer 

These oligomers reacted very rapidly with multifunctional thiol cross-link- 
ing agents when exposed to ultraviolet radiation. 

Acrylate  Compositions 
Acrylates are the backbone materials of the free radical radiation-curing 

industry. These ethylenically unsaturated compounds have a structure that 
is particularly susceptible to initiation with a variety of free radical-generat- 
ing photoinitiators. The cure efficiency of various photoinitiators has been 
studied [40]. The generalized acrylates structure is given by the following, 

R 

CH2~C 
I 

O--~C--O--R' 

wherein R is hydrogen for an acrylate and is methyl for a methacrylate. As 
described in an earlier chapter, acrylates polymerize more rapidly than 
methacrylates. Quite often the term "acrylates" is taken to mean both acry- 
lates and methacrylates, which is satisfactory if it is stated, and if the reac- 
tion differences are kept in mind when dealing with radiation curable sys- 
tems. The R' group can be any one of a number of groups, as will be 
described later. Included in the ethylenically unsaturated compounds that 
can be copolymerized with the acrylates are the vinyl ethers and N-vinyl 
pyrrolidone. 
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When acrylates are formulated for radiation curing, various structural 
types are used, and these include: 

�9 Monofunctional acrylates (as shown above) 
�9 Difunctional and higher functional acrylates 
�9 Oligomeric acrylates that are from low to high molecular weight 
�9 Low viscosity to high viscosity acrylates 
�9 Reactive diluents such as vinyl ethers and N-vinyl pyrrolidone 

Monofunctional acrylates are used to decrease viscosity. In an overall sense, 
if monofunctional acrylates are used alone, the final coating properties are 
poor. Difunctional and higher functionality acrylates are used to aid in rapid 
molecular weight building and to provide cross-linking, which improves me- 
chanical properties, solvent resistance, stain resistance, and similar proper- 
ties that cross-linking usually produces. Di-, tri-, tetra-, and hexa-functional 
acrylates are known and used. One of the most widely used multifunctional 
acrylates is trimethylolpropane and its alkoxylated adducts in the triacrylate 
form [41]. 

The oligomeric acrylates are of two main types 2 that are known as acry- 
lated epoxides (often termed "epoxy acrylates," which is incorrect since there 
is no epoxy functionality in the molecules) and urethane acrylates. Usually, 
the acrylated epoxides and urethane acrylates are difunctional in nature. 
These oligomeric materials are usually high viscosity compounds and are sold 
diluted with mono- or difunctional acrylates for ease of use. Urethane acry- 
lates are of two basic types that depend on whether an aliphatic or an aromatic 
isocyanate was used for their preparation. These types can be divided into 
subclasses that depend on the nature of the polyol used in their manufacture. 

As was discussed earlier, radiation polymerization involves the same 
steps involved in any polymerization. First there is "initiation" that is fol- 
lowed by "propagation" of a growing molecular chain, and then "termina- 
tion" that occurs when the growing molecular chain is ended or terminated. 
When radiation strikes a system formulated with a photoinitiator and acry- 
lates, a huge number of free radicals are formed almost instantaneously. 
Thus, a large number of active sites are formed at the same time and the prop- 
agation or polymerization takes place very rapidly. Even though heat is re- 
leased very rapidly during this reaction, it is usually contained and con- 
trolled very easily by the very nature of the polymerizing system. The film 
cured is very thin, on the order of a thousandth of an in. (0.0254 mm), and the 
substrate acts as a heat sink that rapidly takes up the energy release accom- 
panying polymerization. 

2 Although these are the main oligomeric acrylates in terms of volume usage, there are other 
important acrylated oligomers used in industry. These include acrylated acrylates, oils, 
polyesters, polybutadiene, silicones, and amine-modified polyethers. Some of these will be dis- 
cussed later in the chapter. 
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With either free radical or cationic initiation, the polymerization takes 
place very rapidly. However, free radicals are short-lived, and thus, the poly- 
merization period is very short--basically, it occurs just while the system is 
in the radiation zone. If monomers or oligomers are not polymerized during 
this short period, they will remain unchanged in the final matrix. For exam- 
ple, in the study cited above involving unsaturated polyesters and vinyl 
ethers [29], when an acrylated epoxide containing 3% 1-benzoylcyclohexanol 
was subjected to an irradiation dosage of 1800 mJ/cm 2, only about 55% of the 
acrylate double bonds were consumed. Cations are long-lived, and although 
a tack-free, strong, tough coating can result after ultraviolet radiation expo- 
sure, if there are any remaining epoxide groups in the polymerized mass, 
they can react as a function of time in the absence of further irradiation. The 
final step in the reaction is termination, which can take place by combination 
of the propagating species and an initiating free radical, combination of a 
propagating species with an initiated species, and combination of one prop- 
agating species with another propagating species. These mechanism steps 
are summarized in Figure 5.1 for the polymerization of a monofunctional 
acrylate. Reactions similar to these occur when multifunctional acrylates 
and /o r  oligomeric acrylates are polymerized. The main difference is that in- 
stead of a linear polymeric molecule, a highly cross-linked network will re- 
sult. 

It should be pointed out that acrylates can be skin and eye irritants, 
they can be toxic, and certain acrylates can be human sensitizers. Although 
attempts have been made to decrease these factors by increasing molecular 
weight, it is important that those who use these acrylates--monofunctional 
as well as higher functionality--and other chemicals obtain and read the 
Material Safety Data Sheets, which will contain specific hazard and precau- 
tionary information, prior to using these materials. If there are questions 
about the materials to be used, the best rule is to ask the supplier for infor- 
mation. 

Monofunctional Acrylates. Monofunctional acrylates are one of the 
main three formulating ingredients in acrylate-based free-radical curable 
systems. Monofunctional acrylates are low viscosity compounds that func- 
tion as reactive diluents. They provide viscosity reduction for the formula- 
tion that aids in developing a formulation with good application character- 
istics. Overall, acrylates have good weatherability, and certain ones can 
impart special characteristics to a final coating. Acrylates and methacrylates 
contain a polymerization inhibitor, often hydroquinone, monomethyl ether 
of hydroquinone, or mixtures of these inhibitors, methoxymethyl hydro- 
quinone, benzoquinone, p-tert-butyl catechol, and similar compounds that 
prevent polymerization during storage, and thus, enhance shelf life in the 
presence of air [42]. Usually, a specific shelf life for optimum performance 
will be given on or with products obtained. Several commercially available 
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INITIATION 

H H 
I I 

(CH3)2--N----C.HCH2OH + CH2~---CH ~ (CH3)a--N---C--CH2--C" 
I I I 

COOR CH2OH COOR 

Free Radical Species, FR �9 Acrylate Monomer II', Initiated Species 

PROPAGATION 

H H H 
I I I 

II + x CHa~---~H --~ (CHB)a--N--~--(CHa--~)x---CH2-~" 

COOR CH2OH COOR COOR 

Monomer III., Propagating Species 

TERMINATION 

Combination of propagating species, III., and an initiating free radical, FR. 

FR. + III. --~ FR--III 

Combination of a propagating species, III., with an initiated species, -II 

III- + II. --~ III--II 

Combination of one propagating species, III., with another propagating 
species, III. 

III- +III' .  --~ III--III' 

FIG. 5.1--Depiction of the three steps in the free-radical polymerization of an 
acrylate 

monofunctional acrylates, their properties, and features are given in Table 
5.1. 

2-Hydroxyethyl acrylate is not listed in Table 5.1, because there are sev- 
eral health hazards associated with it. It is usually used under very controlled 
conditions and usually not in radiation-cure formulations. However, it had 
desirable features such as low viscosity and attendant good formulation vis- 
cosity reduction, and because of the terminal hydroxyl group it contained, 
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TABLE 5.1. Monofunctional Acrylates and Characteristic Properties (Adapted from [48]). 
COMPOUND MOLECULAR VISCOSITY, LOW SKIN FEATURES 

WEIGHT mPa.s, 25~ IRRITATION? 

85 

2(2-Ethoxyethoxy)ethyl 188 6 No Slightly water 
acrylate dispersible 

2-Phenoxyethyl 192 12 Yes Low volatility, 
acrylate adhesion 

promoter 
4-Hydroxybutyl 144 ... No Imparts excellent 

acrylate scratch resistance 
4-Hydroxymethyl- 174 ... No imparts excellent 

cyclohexyl acrylate acid resistance 
Alkoxylated nonyl ... 129 No Low viscosity and 

phenol acrylate Odor 
Caprolactone acrylate 344 80 Yes Hydroxyl end 

group, low 
volatility & odor 

Isobornyl acrylate 208 9 No Increases Tg of final 
coating, excellent 
diluent 

Isodecyl acrylate 212 5 No Long hydrophobic 
side chain 

Isooctyl acrylate 184 5 No Good diluent 
Methoxypolyethylene 494 19 No Water soluble 

glycol (350) mono- 
methacrylate 

Propylene glycol 405 35 Yes Hydroxyl end 
monomethacrylate group, low 

volatility and 
odor 

Stearyl acrylate 324 Solid No Long hydrophobic 
chain, may act as 
a bubble breaker 

Data for this table was taken from literature of various raw material suppliers. 

the monomer  imparted good adhesion. To obtain some of these characteris- 
tics and add others such as flexibility, toughness, and pigment  or filler wet- 
ting, the caprolactone acrylate listed in the table was developed [43]. The 
caprolactone acrylate is the reaction product  of hydroxyethyl acrylate and e- 
caprolactone: 

CH2=CH--C--O--CH2CH2OHo + 2 

2-Hydroxyethyl acrylate e-Caprolactone 

CH2= CH(CO)O--(CH2)20-(~U --('CH2)5--O-)2H 
O 

Caprolactone acrylate 

Addit ion of caprolactone to the acrylate increased molecular weight, de- 
creased viscosity, and made the compound  less of an irritant. The long, flex- 
ible tail added to the molecule imparted flexibility and toughness to formu- 
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lations containing it. The caprolactone portion also provided the good pig- 
ment or filler wetting that is attributed to polycaprolactone polyols. These 
compounds were also used to form urethane acrylates [44], monoisocyanate 
capped adducts [451, and epoxide terminated adducts [46]. 

Ethylene oxide and propylene oxide acrylate adducts can be made by 
condensing acrylic acid with the appropriate alkylene oxide polyol, methoxy 
alkylene oxide polyol, or glycol. Again, increasing molecular weight im- 
proves handling characteristics. In the case of ethylene oxide-containing 
products, water solubility or sensitivity will be imparted, depending on the 
length of the ethylene oxide chain added and the quantity of the compound 
used in the formulation. 

Other nonacrylate reactive diluents for acrylate systems [47] include N- 
vinyl-2-pyrrolidone, which has a low vapor pressure (<0.10 mm Hg at 20~ 
and a viscosity of 

C~ H ~ C H  2 

N-vinyl-2-pyrrolidone 

two mPa.s at 25~ It is used in small quantities, but it has a strong viscosity 
reducing power and it increases cure speed, adhesion, hardness, and 
strength. The compound is a toxic irritant, and proper care should be taken if 
it is used. Another similar reactive diluent is N-vinyl-2-caprolactam, which is 
a crystalline solid at room 

~ O  

C H ~  CH2 

N-vinyl-2-caprolactam 

temperature with a 35~ melting point and a viscosity of 3.4 mPa-s at 40~ 
Assuming this reactive diluent is soluble in the formulation, it will impart sim- 
ilar diluent properties to the system as N-vinyl-2-pyrrolidone plus improved 
water resistance. The compound does have a strong, undesirable odor. 
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Vinyl ethers such as diethylene glycol monovinylether are also useful re- 
active diluents. These are low viscosity, low odor additives that can add to the 
complete cure of acrylates. Although vinyl ethers do not homopolymerize un- 
der free radical conditions, they will randomly copolymerize with acrylates 
under these conditions. In one instance of copolymerization [29], it has been 
shown that the addition of a vinyl ether at a 10% level to an acrylate formula- 
tion resulted in a more complete cure. Without the vinyl ether, only 55% of the 
acrylate function disappeared after irradiation. When irradiated with the 
vinyl ether, essentially all of the acrylate functionality was consumed. 

Polyfunctional Acrylates. Polyfunctional components are used in radi- 
ation-curable formulations to provide cross-linking, and thus, rapid molecu- 
lar weight build. Without a means of attaining high molecular weight or a 
cross-linked network, good mechanical and chemical properties would not 
develop, because of the huge number of initiation sites that are formed when 
the system is irradiated. Many difunctional monomers are used to obtain a 
good balance of cross-link density, fast reactivity, and low viscosity. Some of 
the difunctional acrylates that are commercially available are listed in Table 
5.2, and a more detailed list can be obtained from suppliers' product litera- 

TABLE 5.2. Difunctional Acrylates and Characteristic Properties (Adapted from [48]). 

COMPOUND MOLECULAR VISCOSITY, LOW SKIN FEATURES 
WEIGHT mPa.s, 25~ IRRITATION? 

1,3-Butylene glycol 198 9 No  H igh  stain resistance 
diacrylate 

1,4-Butanediol 198 8 No  Very  good solvency 
diacrylate 

1,6-Hexanediol  226 9 N o  Fast cure response 
diacrylate and low volatility 

Alkoxylated ... 70 No  Imparts toughness 
cyclohexane 
dimethanol 
diacrylate 

Alkoxylated ... 46 No  Fast cure response 
hexanediol 
diacrylate 

Diethylene glycol 214 12 No Low volatility and 
diacrylate viscosity 

Ethoxylated 468 1600 Yes Very low volatility, 
bisphenol thermal resistance 
A diacrylate 

Neopentyl glycol 212 10 No  Low volatility and 
diacrylate viscosity 

Polyethylene glycol 770 25 No  Low volatility and 
(200) diacrylate viscosity 

Polyethylene glycol 508 57 Yes Water soluble 
(400) diacrylate 

Triethylene glycol 258 15 No  Low volatility and 
diacrylate viscosity 

Tripropylene glycol 300 15 No  Low volatility and 
diacrylate viscosity 
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ture [48-50] or f rom the Internet. Most  oligomeric acrylates are difunctional,  
and they will be discussed unde r  the appropr ia te  section. 

The effect of a chain transfer  agent, dodecanethiol ,  on the photopoly-  
merizat ion of difunctional  acrylates caused a decrease in the m ax im u m  rate 
of polymer iza t ion  and a slight decrease in convers ion [51]. The monomers  in- 
vestigated were  1,6-hexanediol diacrylate and poly(ethylene glycol 600) di- 
acrylate and dimethacrylate.  The kinetics of the systems indicated that the 
terminat ion process is impor tan t  in cross-linked systems. 

Representat ive tri-, tetra-, and  penta-funct ional  acrylates are given in 
Table 5.3. Notice  that  skin i rr i ta t ion potent ia l  appears  to decrease  as the 
molecular  weight  of the acrylate increases, wi th  or wi thout  pr ior  reaction 
with ethylene oxide or p ropy lene  oxide. Reaction wi th  the alkylene oxides 
provides  flexibility to the final coatings, and the ethylene oxide derivatives 
are either water  dispersible or water  soluble, depend ing  on the degree of 
ethoxylation. These highly functional  compounds  are impor tan t  formulat ing 
tools and  will  impa r t  ve ry  rap id  react ion and  a c c o m p a n y i n g  molecular  
weight  build and cross-linking. 

Oligomeric Acrylates--Epoxy, Urethane, Oils. 

Acrylated Epoxides or Epoxy Acrylates. Acrylated epoxides,  or epoxy acry- 
lates as they are sometimes termed,  are usually the reaction products  of a 

TABLE 5.3. Tri- and Tetrafunctional Acrylate and Characteristic Properties 
(Adapted from [48]). 

COMPOUND MOLECULAR VISCOSITY, LOW SKIN 
WEIGHT mPa-s, 25~ IRRITATION? 

FEATURES 

Ethoxylated 
trimethylol-propane 
triacrylate 

Pentaerythritol 
triacrylate 

Propoxylated 
glycerol triacrylate 

Propoxylated 
trimethylol-propane 
triacrylate 

Trimethylolpropane 
triacrylate 

Dipentaerythritol 
pentaacrylate 

Trifunctional 
500-1200 60-225 Yes 

No 

Yes 

Yes 

298 520 

400-600 95 

470-650 90-125 

296 106 No 

Te~a-and higherfunctionality 
525 13,600 Yes 

Di-trimethylolpropane 482 600 Yes 
Tetraacrylate 

Ethoxylated 528 150 Yes 
pentaeryth-ritol 
tetraacrylate 

Pentaerythritol 352 342* No 
Tetraacrylate 

* At 38~ 

Water dispersible or 
soluble, flexibility 

Hydroxyl functional 

Fast surface cure 

Flexibility 

Fast cure, low 
volatility 

Pentaacrylate for 
very high cross- 
link density 

High cross-link 
density 

High cross-link 
density 

High cross-link 
density 
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diglycidyl ether of bisphenol A and glacial acrylic acid. The starting digly- 
cidyl ether is prepared by the reaction of bisphenol A and epichlorohydrin in 
the presence of a base such as sodium hydroxide [52]. 

- C H  3 - ' l  C H  3 

\ ~  I ~ i %__.r i _  / ~ 1  ~%__# \ d  I 
h CH3 un JN CH3 COOH 

Diglycidyl ether of bisphenol A Acrylic acid 

alyst and 
Inhibitor 

II I I ~ i ~",~m// J., J ~ l  ~ I II 
0 OH L CH3 ~ n  ~N CH3 OH 0 

An acrylated epoxide 
Note ~, ~ ,~', and B' positions (see text) 

In commercial epoxides of this type, the value of N can range from about zero 
to 12 or so, but  usually ranges from about zero to four in acrylated epoxides. 
Most desirably the value of N is kept small, ideally zero, so viscosity will be 
at a minimum. However,  the starting epoxides have a distribution of molec- 
ular weights that depend on the number-average molecular weight of the 
diepoxide. This factor, coupled with the strong hydrogen bonding between 
the generated hydroxyl groups and some reaction between these hydroxyl 
groups and unreacted glycidyl groups that results in increased molecular 
weight, causes neat acrylated epoxides to have very high viscosity on the or- 
der of 5000 to 10 000 or more poise (5 x 105 to 106 mPa.s) at room tempera- 
ture. As a result, these oligomers are often diluted with 20-30% of a low vis- 
cosity monomeric acrylate when marketed. If used in a neat form, the 
viscosity is usually reported at a temperature greater than room temperature, 
and they are warmed during formulation to facilitate handling. A study con- 
cerned with the blending of an acrylated epoxide with monofunctional, di- 
functional, and trifunctional acrylates and the accompanying viscosity de- 
creases and cured property characteristics can be found in the literature [53]. 
Other studies have been concerned with the effect of electron-beam dosage 
on cured properties of acrylic oligomers [54] and with monomer structure on 
film properties [55]. 

These compounds have been known in the patent literature since the 
late1950s [52, 56-66]. In the 1970s [67], they began to be used in the radiation 
curing field because of their reactivity under free radical initiation and of the 
chemical and physical property enhancement they gave the final coating. In 
addition to the diglycidyl ethers of bisphenol A, a wide variety of epoxides 
for reaction with carboxylic acids is mentioned in the early literature. These 
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include 4,4'-bis(2,3-epoxypropoxyl)benzene, di(2,3-epoxybutyl)adipate, 
di(4,5-epoxyoctadecyl)malonate, 3,4-epoxyhexyl-3,4-epoxypentanoate, glyc- 
erol tri(2,3-epoxycyclohexanoate), and many others. Catalysts for the reac- 
tion include tertiary amines, quaternary ammonium salts, and organo-sub- 
stituted phosphines, which are used in amounts of about 0.05-3% by weight 
of the reactants [56] with the inclusion of a polymerization inhibitor such as 
quinone, 2,5-dimethyl-p-benzoquinone, 1,4-naphthaquinone, and the like 
[58]. Later studies indicated that colorless products with good storage stabil- 
ity could be prepared without the use of a polymerization inhibitor if a mix- 
ture of triphenyl stilbine and triphenyl phosphine were used as the catalyst 
system [59]. 

When acrylic acid reacts with the diglycidyl ether of bisphenol A, it has 
an option of adding to either the alpha or the beta position of the epoxide 
group. These positions are shown in the above reaction scheme. As drawn 
above, the structure is the o~,od-diacrytate compound, which is the predomi- 
nant species formed. Nuclear magnetic resonance studies by Jackson and 
coworkers [57] indicated that about 15% of the ~-isomers are produced--e ,  
~'-, ~3, ~'-, o~, ~-diacrylate esters. These same workers found there was little 
difference in reactivity between the R,~'-diacrylates and fractions containing 
predominantly the ~-acrylate isomers. 

As mentioned before, and as is apparent for the structure given above, 
the compounds formed are acrylated epoxides or acrylate esters of epoxides, 
rather than the popularly used name "epoxy acrylates." However, it is pos- 
sible to make epoxy acrylates that would have the following species in the 
product mixture: 

CH2--CH--E-- CH-- CH2 
N O /  N O /  

CH2-- CH-- E-- CH-- CH2 -- O--C.-- CH~---CH2 
\ o  / I II 

OH 0 

CH2--CH--C--O--CH2 ~ 'CH--[I l E --~H--CH 2 --O--~--CH-~-CH 2 

O OH OH O 

by using from about 50-85% of the stoichiometric amount of acrylic acid in 
the preparation. In these structural formulas, E is the basic diglycidyl epoxy 
base. As shown above, in addition to the residual starting diepoxide, the re- 
action mixture will contain the half-ester and the di-ester. Although not 
shown, the esters would exist as the o~, f3, od, and ~' isomers. Although such 
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a product may appear attractive because one could have an easy synthesis, 
relatively low viscosity, and the potential for a dual radiation cure followed 
by a thermal postcure, the half esters have poor shelf life [67], due to residual 
catalyst and unreacted epoxide. Rapid viscosity increase and even gelation 
can be expected from such systems. However,  a proprietary, undisclosed 
method of stabilizing the half-esters has been noted [67], wherein the viscos- 
ity increase can be kept to a minimum. For example, when an essentially 
100% half ester that had an initial viscosity of 3500 mPa.s at 60~ was stabi- 
lized and stored at 60~ for about 85 days, the viscosity only increased to 
4900 mPa-s at 60~ 

Even though the early work indicated shelf life difficulties with the par- 
tially acrylated epoxides, work in the area has continued as investigators 
have sought methods to decrease the viscosity of acrylated epoxides and to 
investigate dual-cure systems that could be cured with a combination of ra- 
diation and thermal energy. When about 0.5 to 0.85 equivalents of acrylic 
acid were reacted with glycidyl ethers of bisphenol A, and the resultant com- 
positions were exposed to ultraviolet radiation, tack-free, heat-curable com- 
positions with excellent shelf life were obtained [68]. The resultant film was 
a partially cured B-stage material that could be completely cured when 
heated. Others investigated urethane acrylates with varying amounts of 
acrylate and epoxide functionality to determine the effect on molecular 
weight and cured properties [69]. They found that to achieve their ultimate 
properties, the oligomers with higher epoxide functionality tended to be less 
sensitive to the photoinitiator used and more dependent on the postbake con- 
ditions. Conversely, the oligomers with higher acrylate functionality were 
dependent on photoinitiator selection and to a lesser degree on postbake con- 
ditions to achieve ultimate performance characteristics. 

Other studies have centered on viscosity reduction. One method [70] of 
reducing viscosity involved reacting the diepoxide with an excess of a mono- 
functional aliphatic alcohol or aliphatic ether alcohol, removing the excess al- 
cohol by distillation, and then reacting the resulting product with acrylic acid. 
Another method involved capping the secondary hydroxyl groups that were 
formed when the diepoxide was reacted with acrylic acid [71]. This method re- 
sulted in a marked loss of physical properties. This was confirmed [72] when 
a I 000 000 mPa-s room temperature viscosity urethane acrylate was similarly 
capped with a six-carbon compound-- the  ambient viscosity decreased to 
85 000 mPa.s; however, cure response was decreased by a factor of two. An- 
other study [73] found that the addition of a small amount of methanol (1.81%) 
and lithium bromide (0.19%) to an acrylated epoxide (98%) with a neat vis- 
cosity of 1 200 000 mPa.s decreased the viscosity to 150 000 mPa-s at 25~ Ad- 
dition of these compounds had no effect on the radiation-cured properties of 
the oligomer when it was formulated with trimethylolpropane triacrylate and 
a photoinitiator. Addition of methanol alone was only effective in reducing 
viscosity, but the reduction was only to 275 000 mPa.s at 25~ 
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TABLE 5.4. Characteristic Properties of Some Acrylated Epoxides and Acrylated Epoxide 
Blends (Note temperature at which viscosity was determined). 

DESIGNATION DESCRIPTION VISCOSITY, mPa.s @ (~ REF. 
Actilane | 320 Epoxy acrylate 150,000-200,000 @ (25) 50 
Actilane | 320HD20 Actilane 320 with 20% 5,000-15,000 @ (25) 50 

1,6-hexanediol diacrylate 
Actilane | 340 Epoxy novolac acrylate at 65% 11,000-18,000 @ (25) 50 

solids in butoxyethyt acetate 
EBECRYL | 600 Bisphenol A epoxy diacrylate 3,650 @ (60) 49 
EBECRYL | 604 EBECRYL 600 with 10% 8,800 @ (25) 49 

1,6-hexanediol diacrylate 
EBECRYL | 605 EBECRYL 600 with 25% 7,900 @ (25) 49 

tripropylene glycol diacrylate 
Sartomer CN 104 Epoxy acrylate 18,900 @ (49) 48 
Sartomer CN 104 A80 CN 104 with tripropylene glycol 36,100 @ (25) 48 

diacrylate* 
Sartomer CN 104 B80 CN 104 with 1,6-hexanediol 13,200 @ (25) 48 

diacrylate* 
Sartomer CN 112 C60 Epoxy novolac acrylate with 57,900 @ (25) 48 

trimethylolpropane triacrylate* 
* No amount specified for the diluent. 

Acrylated epoxides have also been made by reacting hydroxyethyl acry- 
late or hydroxypropyl acrylate with the diglycidyl ethers of bisphenol A 
[74]. 

Because of the high viscosity of the acrylated epoxides, they are often di- 
luted with reactive diluents or diluents as described in Table 5.4 for some 
commercially available products. Many others are available from suppliers. 
One study [75] described the viscosity and cured tensile properties of a blend 
containing 75% of a bisphenol A acrylated epoxide and 25% of various mono- 
and difunctional compounds, such as isobornyl acrylate (-20,000 mPa-s), 
vinyl pyrrolidone (-1500 mPa-s), hexanediol diacrylate (5000 mPa-s), 
tripropylene glycol diacrylate (-7000 mPa. s), propoxylated neopentyl glycol 
diacrylate (-20,000 mPa.s), and others. These mixtures were blended with 4 
parts per 100 of a di-methoxy benzoin ether as the photoinitiator and cured 
with four passes under a 300 watt/in. (-120 watt/cm) medium pressure 
mercury vapor lamp. As might be predicted, the cured formulations were 
characterized by high modulus, low elongation, and good tensile strength. 

Urethane Acrylates. Early urethane acrylates were prepared by reacting hy- 
droxy acrylates such as 2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate, 
2-hydroxybutyl acrylate, and others with a diisocyanate or other polyfunc- 
tional isocyanate [76]. When such products were recovered, they often were 
crystalline solids and were diluted with a reactive solvent, such as styrene, to 
make syrupy liquids. 

Later studies added polyols and basic polyurethane technology to the 
preparation of these oligomers by adding polyols to the reaction mixture. 
These urethane acrylates are prepared [77] by reacting a polyol, which is al- 
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most always difunctional to prevent gelling, with a diisocyanate to form an 
isocyanate-prepolymer. The prepolymer is then end capped by reacting the 
isocyanato groups with 2-hydroxyethyl acrylate. 

HO-P--OH + 20CN--I-NCO 

Polyol Diisocyanate 

H H 
I I 

OCN-- I--N- C-- O--P- O-- C--N-- I--NCO 
II II 
O 0 

Isocyanate-Capped Prepolymer 

~ 2 CH2=CH--C-O-(CH2)2-OH 
0 

H H 
I I 

C H2==CH--C--O--(CH2) 2- -O--C--N-- I - -N-- -C--O--p- -o- - -  
II II II 

O O O 

H H 
I I 

C--N--I--N--C---O---(CH2) 2--K)---C---CH--C H2 
II II II 

O O O 

A Urethane Acrylate 

The above scheme is the idealized way one would like the reaction to 
progress. However, if the polyol is added to the isocyanate, the first polyol 
molecules to encounter the diisocyanate probably form the above described 
prepolymer. But, as more and more polyol is added, there is a greater op- 
portunity for the prepolymer to react with new polyol molecules. The result 
is that the urethane acrylate being prepared is much higher in molecular 
weight and viscosity than would be expected from the above structural 
formula. If the diisocyanate were added to the polyol, at some point a sim- 
ilar situation would exist, though a different distribution of molecular 
weights would be obtained than was obtained in the first case. Thus, ure- 
thane acrylates have a much higher viscosity than would be expected from 
the described chemistry. For example, 73% solutions of a variety of ure- 
thane acrylates dissolved in 2-butoxyethyl acrylate had viscosities that 
ranged from about 2000 to 20 000 mPa-s at 23~ Neat urethane acrylates 
have room temperature viscosities on the order of a million or more cen- 
tipoises. 

Reactant feeding techniques to minimize molecular weight have been 
devised, but, though these help keep the viscosity to a minimum, it remains 
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high. For example, a diisocyanate was first reacted with 2-hydroxyethyl acry- 
late in an acrylate solvent to form a monoisocyanate-terminated adduct [78]. 
Then, a polyol was added to the adduct to form the urethane acrylate at 70% 
solids with 2-(N-methylcarbamoyloxy)ethyl acrylate as the solvent. In com- 
parative experiments, this technique resulted in viscosity reductions of about 
20-30%. For example, in one case, a conventionally prepared urethane acry- 
late had a viscosity of 31 000 mPa-s at 25~ and 70% solids in the acrylate sol- 
vent. When prepared using the same ingredients and the adduct technique, 
the urethane acrylate had a viscosity of 21 000 mPa-s at 25~ and 70% solids. 
This represented a significant reduction, but the viscosity remained quite 
high. When a tetrafunctional polyol was used to prepare the urethane acry- 
late by  conventional techniques, an apparently intractable mass with high 
viscosity resulted, and a coating could not be prepared from it. Although it 
was not stated, presumably the mass was cross-linked. When the tetraol was 
used in the adduct process, the product could be formulated with photoini- 
tiator to form a coating. No viscosity was specified for this product, and it is 
assumed that it was very high. 

Another investigator used mixtures of diols and triols of polycaprolac- 
tone and polyoxypropylene polyols to achieve urethane acrylates that had 
higher acrylate functionality than those prepared from diols alone [79]. One 
urethane acrylate containing 21% of a polycaprolactone triol and 46% of a 
polyoxypropylene diol (the remainder was isophorone diisocyanate and the 
capping hydroxy acrylate) had a viscosity of 25 000 mPa.s at 25~ and 70% 
solids in 2-(N-methylcarbamoyloxy)ethyl acrylate. When radiation cured 
with 2,3-di-sec-butoxyacetophenone, the resulting film had a tensile strength 
of 1800 psi (126.6 kg / cm 2) and an elongation of 105%. Another urethane acry- 
late had lower viscosity, 6640 mPa-s, tensile strength, 400 psi (28.1 kg/cm2), 
and elongation, 80%. 

A simple way  of making urethane acrylates is through the use of 
isocyanatomethyl methacrylate [80]. This monoisocyanate is added to a 
polyol, 

CH3 
I 

CH2~---C---C--K)--(CH2)2--NCO 
II 
O 

Isocyanatoethyl methacrylate 

and it directly end caps the molecule via an urethane linkage to form an acry- 
late functional molecule. In this case, there is no opportunity for high molec- 
ular weight oligomers to form, and triol, tetraols, hexols, and so on can be re- 
acted without gelation. 
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CH3 
I 

2 CH2~C--~--O-(CHE)2--NCO + HO,,,,,~P',,,,,,K)H 

o Polyol 

Heat, Catalyst 

/ 
CH 3 H H CH3 

[ I I I 
CH 2 = C-- ~ -- O--(CH2)2- N-- ~ - - O ' " ~  P"M'O-- 'C' - -N-  ( C H 2 ) 2 - - ,  O-- 'C'--C=CH2tt 

O O O O 

Urethane Acrylate 

This isocyanate was available as a developmental monomer in the late 1970s 
[82] and early to mid 1980s [83] and was used to prepare various urethane 
acrylates [84] and other blocked isocyanate derivatives [85]. However,  the 
monomer does not appear to be currently available. The nonavailability may 
be related to handling and physiological characteristics. One publication [83] 
indicates the monomer has an extremely severe effect on eyes and that contact 
could lead to permanent impairment of vision. Further, the compound has a 
severe effect on the skin, and inhalation tests show that short exposures could 
be harmful. Other information can be found in the EPA Chemical Profile [86]. 

There are many studies that discuss preparation of special urethane 
acrylates. For example, acrylate functionality can be introduced in side posi- 
tions along a molecular chain [87]. It is possible to synthesize colored ure- 
thane acrylates by using compounds such as anthraquinone and azo dyes as 
chain extenders [88]. Water dispersible urethane acrylates have been made 
by employing compounds such as 2,2-bis(hydroxymethyl)propionic acid as 
an integral part of the urethane acrylate oligomeric chain [89]. Again high 
viscosity products resulted. These urethane acrylates are an innovation on 
earlier developed water-dilutable polyurethane technology [90]. 

In a similar manner as can be done with polyurethanes, a very large num- 
ber of urethane acrylates can be prepared--polyols  such as the polyesters 
[91-95], polycaprolactones [77-79, 96], polyoxypropylenes [97, 98], oxypropy- 
lene/oxyethylene copolymers [98], poly(tetramethylene oxides) [89,99], poly- 
carbonates, polyhydrocarbons [100,101], hydrocarbon diols [102], as well as 
glycols, diols, and triols [91] can be used. If urethane acrylates are prepared 
from polyoxypropylene polyols, it is important to note that unsaturation can 
replace a portion of the hydroxyl end groups [103]. This unsaturation results 
in a lower number of available hydroxyl groups compared to what would be 
expected. When the large number of chemically different polyols is coupled 
with the fact that they are available in a variety of molecular weights, and as 
diols, triols, tetraols, hexols, and even higher functionality compounds, it is 
easy to see that a myriad of urethane acrylates can be made. 

The property trends that exist between urethane acrylates (ester and 
ether based) cured with electron beam or ultraviolet radiation were studied 
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[104]. Significant  differences  we re  a p p a r e n t  in cure  speed  and  in per for -  
mance  characteristics, such as adhes ion  and  chemical  resistance. Tensile, dy-  
namic,  and  other  mechanical  proper t ies  of u re thane  acrylates and  other mul -  
t i functional  acrylates  have  been  inves t iga ted  [99, 105-112). In addi t ion  to 
mechanical  propert ies ,  the electrical p roper t ies  of cured u re thane  acrylates 
and  acryla ted epoxides  were  character ized [113]. Dielectric constant,  vo lume  
resistivity, and  surface resist ivity were  de te rmined .  The effect of water  con- 
t amina t ion  on  u re thane  acryla te  tensile p rope r t i e s  has  been  inves t iga ted  
[114]. Mechanical  p roper t ies  of cured po lyd imethy l s i loxane-urea  acrylates 
were  s tudied [115]. 

Table 5.5 is a listing of some  of the commerc ia l ly  available aliphatic ure- 
thane acrylates,  and  Table 5.6 is the same  for aromat ic  u re thane  acrylates. 
M a n y  others are available f rom listed and  unl is ted suppliers.  As is the case 
wi th  acrylated epoxides,  u re thane  acrylates are usual ly  ma rke t ed  in a di luted 
fo rm to i m p r o v e  their hand l ing  characteristics. The di luent  a lmos t  a lways  is 
a reactive c o m p o u n d ,  usual ly  an acrylate, that  will  copolymer ize  into the fi- 
nal cured product .  A s tudy  concerned wi th  the b lending  of an  ure thane  acry- 
late wi th  monofunct ional ,  difunctional,  and  trifunctional acrylates and  the 
accompany ing  viscosity decreases  and  cured  p rope r ty  characteristics can be 
found  in the l i terature [53]. A s u m m a r y  of the var ious  m e t h o d s - - m o n o m e r  
or inert solvent  dilution, wa rm i ng ,  wa te r  addi t ion,  or low viscosi ty adduc t  
a d d i t i o n - - h a s  been  detai led [ 116]. 

H y b r i d  u re thane  acrylates that  have  an acrylate  g roup  on  one end of the 
molecule  and  an isocyanate g roup  on the other  end  have  been  devised [117]. 
Ol igomers  such as these can be combined  wi th  mul t i funct ional  polyols,  a 

TABLE 5.5. Characteristic Properties of Some ALIPHATIC Urethane Acrylates and Urethane 
Acrylate Blends (Note temperature at which viscosity was determined). 

DESIGNATION DESCRIPTION VISCOSITY, REF. 
mPa.s @ (~ 

EBECRYL | 1 2 9 0  Hexafunctional urethane acrylate 2,000 @ (60) 49 
with an acrylated polyol 
diluent* 

EBECRYL | 230 Urethane diacrylate 44,000 @ (25) 49 
EBECRYL | 244 EBECRYL 230 with 10% 7,900 @ (60) 49 

1,6-hexanediol diacrylate 
EBECRYL | 264 Trifunctional urethane acrylate 45,000 @ (25) 49 

with 10% 1,6-hexanediol 
diacrylate 

Sartomer CN 934 Urethane acrylate 20,100 @ (40) 48 
Sartomer CN 934 X50 CN 934 blended with ethoxylated 10,200 @ (25) 48 

bisphenol A diacrylate* 
Sartomer CN 962 Urethane acrylate 58,250 @ (60) 48 
Sartomer CN 963 B80 CN 962 blended with 1,100 @ (60) 48 

1,6-hexanediol diacrylate* 
Sartomer CN944 B85 CN 934 blended with 1,375 @ (60) 48 

1,6-hexanediol diacrylate* 
* No amount specified for the diluent. 
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TABLE 5.6. Characteristic Properties of Some AROMATIC Urethane Acrylates and Urethane 
Acrylate Blends (Note temperature at which viscosity was determined). 

DESIGNATION DESCRIPTION 
Actilane | 130 Tetrafunctional urethane acrylate 
Actilane | 167 Difunctional urethane acrylate 
EBECRYL | 220 Hexafunctional urethane acrylate 

with an acrylated polyol 
diluent* 

EBECRYL | 4827 Urethane diacrylate 
EBECRYL | 4849 EBECRYL 4827 with 15% 

1,6-hexanediol diacrylate 
Sartomer CN 073 H85 Urethane acrylate with 

2(2-ethoxyethoxy)ethyl 
acrylate* 

Sartomer CN 972 Urethane acrylate 
Sartomer CN 973 Urethane acrylate with 

tripropylene glycol diacrylate* 
* No amount specified for the diluent. 

VISCOSITY, mPa.s @ (~ REF. 
90,000 to 120,000 @ (25) 50 

100,000 to 140,000 @ (25) 50 
27,000 @ (25) 49 

4,100 @ (60) 49 
2,900 @ (60) 49 

6,05o @ (60) 48 

4,155 @ (60) 48 
6,500 @ (60) 48 

photoinitiator, and a catalyst for the isocyanate/hydroxyl reaction and radi- 
ation cured to a tack-free state [118]. These partially cured materials in turn 
can be given a thermal treatment to form the final cured polyurethane coat- 
ing. 

A wide variety of diisocyanates are listed in the patent literature to make 
urethane acrylates. However,  by and large only four diisocyanates are used. 
If the products are to be basically colorless and are expected to weather well, 
4,4'-dicyclohexanemethane diisocyanate and isophorone diisocyanate are 
used. These isocyanates are free of aromatic groups, and thus, any color de- 
velopment caused by such groups is absent. If some color can be tolerated 
and if the products are to be used for interior coatings, toluene diisocyanate 
and 4,4'diphenylmethane diisocyanate are used. 

During the preparation of urethane acrylates, catalytic amounts of ure- 
thane catalysts such as dibutyltin dilaurate, stannous octanoate, stannous 
laurate, dioctyltin diacetate, dibutyltin oxide, triethanolamine, triethylamine, 
and similar compounds are employed. Stabilizers such as hydroquinone and 
methoxymethyl hydroquinone that will prevent acrylate polymerization are 
often incorporated into the reaction mixture. Many of these catalysts and sta- 
bilizers are well known to those skilled in this art and need no further men- 
tion here. 

Esterified Polyol Acrylates. Acrylate-capped polycaprolactone polyols that 
can be prepared by reaction of acrylic acid with a polyol have been described 
[77]. It was suggested that the reaction be carried out at the reflux tempera- 
ture in the presence of an esterification catalyst. The ratio of acrylic acid to 
polyol hydroxyl content could be varied. If a one-to-one ratio of acid to hy- 
droxyl was used, a fully acrylated polyol could be obtained. If less than the 
one-to-one ratio were used, a hydroxyl-containing product that could be 
used in a dual-cure mechanism might be employed. For example, if one mole 
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of a difunctional polyol were reacted with one mole of acrylic acid, a product 
that has the following average structure could be obtained: 

CH2=CH--C-OH + HO,~p,~w-OH-------~ CH2~CH--C--O,ww-p~Nv-OH 
II II 
0 0 

Acrylic Acid PolyoI Mono-acrylatc/mono-hydroxyl compound 

Similar products could be synthesized from polyether or other polyols. If this 
compound is prepared from a caprolactone polyol, the product is somewhat 
similar to the caprolactone acrylate that was described earlier [43]. It differs 
in that the above average product will contain the mono-acrylate/mono-hy- 
droxyl compound above, some diacrylate functional compound, and some 
residual unreacted polyol plus the caprolactone chains will contain the ini- 
tiator used to make the polyol. 

The thermal stability in terms of urethane acrylate structure was inves- 
tigated [119]. It was found that urethane linkages yield a more stable cured 
film than urea linkages, that thermal stability is an inverse function of 
oligomer equivalent weight, that thermal stability is a function of the diiso- 
cyanate used in oligomer preparation in the following order: 

Dicycloaliphatic > Aromatic > Cycloaliphatic 
and that the polyol used affects thermal stability in the following order: 

polycaprolactone > polycarbonate > poly(butylene oxide) > 
poly(ethylene oxide) > ether copolymers > poly(propylene oxide). 

Acrylated Oils. Oligomeric, polyfunctional acrylates can be prepared from 
those vegetable oils known in the coating industry as drying oils. These oils, 
which include cottonseed oil, castor oil, linseed oil, oiticica oil, palm oil, saf- 
flower oil, soybean oil, sunflower oil, tall oil fatty acids, and tung oil, are a re- 
newable resource of readily available unsaturated compounds that can be 
epoxidized and, subsequently, converted into acrylates. 

Drying oils are unsaturated triglycerides of long chain fatty acids and 
have the following generalized structure [120]: 

O 
I1 

CH2--O---C--Rx 
I 
C H - - O ~ - - R y  

O 
CH2--O--C--Rz 

II 
O 

Triglyceride 
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in which R• Ry, and Rz are one or more of the hydrocarbon residue of a fatty 
acid such as linolenic acid: 

HOOC (CH2)7CH==CHCHaCH==CHCHRCH---CHCH2CH3 
Linolenic Acid 

linoleic acid: 

HOOC(CH2) 7CH---CHCH2CH---CH(CH2)4CH3 
Linoleic Acid 

oleic acid, eleostearic acid, licanic acid, ricinoleic acid, and similar com- 
pounds. The main unsaturated acrylated oil derivatives investigated and 
commercially marketed for radiation curable coatings are soybean and lin- 
seed oil acrylates. The major fatty acid residues comprised in soybean oil are 
linoleic (51%), oleic (25%), and linolenic (9%), and in linseed oil are linoleic 
(16%), oleic (22%), and linolenic (52%). In Malaysia, there have been numer- 
ous studies carried out on the derivativization of palm oil to epoxides and 
acrylates [121-123]. Current research into the use of soybean oil and deriva- 
tives for radiation-cured coatings is being carried out at the Center for Pho- 
tochemical Sciences at Bowling Green State University [124]. 

Epoxidized unsaturated vegetable, animal, and synthetic compounds 
have been known for a number of decades. They have been prepared by ox- 
idation of the oils with hydrogen peroxide [125] or peracetic acid [126,127]. If 
we represent the oil as one of the possible arms of a triglyceride (linoleic acid 
residue in this instance), the epoxidation may proceed as follows: 

--OOC(CH2)7CH~CHCH2CYI~CH(CH2)4CH3 + 2 H202 / 
Residue of Linoleic Acid / 

~OOC(CI-I2)7CH---CHCH2CH---CH(CH2)4CH 3 + 2 H20 

\ o/ \o /  
An Epoxidized Arm of a Triglyceride 

One of the main uses of these epoxidized compounds is as oligomeric stabi- 
lizers, acid scavengers, and plasticizers for poly(vinyl chloride) and vinyl 
chloride copolymers [128]. Vernonia oil is a natural epoxidized vegetable oil 
[129]. 

While these epoxidized oils may be used directly in cationic radiation 
curing, for use in free radical radiation curing they must be reacted with 
acrylic acid or methacrylic acid to form an acrylate [130-132]. During the re- 
action step, a catalyst such as zinc dust  or zinc hydrosulfite is added to pro- 
mote reaction of the acid with the oxide, and a stabilizer or polymerization 
inhibitor such as hydroquinone or paramethoxyphenol is added to minimize 
reaction of the acrylate groups, which would result in a viscosity increase. 
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OOC(CH2)7C. H---.CHCH2CH--~I-I(CH2)4CH 3 
\o l  \ol 

+ 2  CH2--CH-- C-OH 

OOC(CH2)7CH---CHCH2CH--CH(CH2)4CH 3 
i I I / 
OH O OH O 

1 

CH CH 

CH 2 CH2 

An Acrylated Oil 

The hydroxyl group of acrylated soybean oil has been reacted with mono- 
and di-isocyanates to form urethane-containing compositions that had resid- 
ual acrylate functionality [133]. The acrylated oil had good flow characteris- 
tics and imparted adhesion plus excellent pigment wetting. These same in- 
vestigators reacted the acrylate group with amines such as diethanolamine to 
form derivatives of the acrylated oils. These compounds were formulated 
with other acrylates and radiation cured into coatings and inks [134-137]. 

Some of the trade names that epoxidized soybean oil and linseed oil 
were marketed under in the 1970s include UCAR | Actomer X-70, UCAR | 
Actomer X-80, and CRAYNOR 111. Today, such acrylates are available from 
various suppliers to the industry. One currently available product [49], EBE- 
CRYL | Resin 860, is an epoxidized soy bean oil acrylate with a functionality 
of three, an average molecular weight of 1200, and a viscosity of 26 900 mPa-s 
at 25~ A similar product, Sartomer CN 111 [48], had a viscosity of 25 100 
mPa.s at 25~ 

S h r i n k a g e  

When double bonds open and react as in polymerization, there is a volume re- 
duction usually referred to as shrinkage. When such shrinkage occurs, as hap- 
pens during the film forming process with rapidly curing radiation-cure sys- 
tems, internal stresses result. The stresses are very high and have a marked 
effect on adhesion between the film and substrate. The volume shrinkage was 
measured [138] for certain mono-and poly-functional acrylates, as well as 
acrylate oligomers, by measuring the density before and after irradiation and 
calculating the volume change from the following expression: 

[ Density after cure - Density before cure ] 
Volume Shrinkage = L ~ y  a ~  ] • 100% 

The volume shrinkage ranged from about 5% to more than 13%, depending 
on the acrylate, and the particular values are tabulated in Table 5.7. Others 
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TABLE 5.7. Volume Shrinkage for Several Acrylates [138]. 
ACRYLATE VOLUME 

SHRINKAGE, % 
Hydroxypropyl acrylate 13.2 
Poly(ethylene glycol) diacrylate* 12.0 
Trimethylolpropane triacrylate 11.7 
Pentaerythritol triacrylate 10.7 
Urethane Acrylate* 8.7 
Acrylated Epoxide* 5.4 

* No molecular weight was specified for these materials. 
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have found that a typical formulation of acrylate monomers and oligomers 
will have volume shrinkage of 9 to 15% [139] and that values for common 
acrylic monomers range from 11-30% [140]. Linear shrinkage [141] of acry- 
lated oligomers was measured [142], and volume shrinkage was calculated 
from these measurements to be 7-25% [139]. 
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PHOTOCURED SYSTEMS INVOLVING onium salt photoinitiators (Chapter 4), epox- 
ides, and polyols have certain advantages over free radical cured systems in- 
volving acrylates of various types. One important advantage of the cationic 
systems is improved adhesion due to low shrinkage of less than 2% to less 
than 5% during the photopolymerization reaction. In addition, these systems 
are easy to handle because all products used are low viscosity liquids and the 
compounds are readily miscible. As a result, usually simple stirring is all that 
is needed to combine the formulating ingredients. It should be mentioned 
that some polyols that can be used as formulating ingredients are low melt- 
ing solids that have low viscosity after melting. Some of the polycaprolactone 
and poly(tetramethylene oxide) polyols are in this category. The ingredients 
have low skin and eye irritation potential, though investigators should read 
manufacturers' Material Safety Data Sheets and other available information 
when working with these and with other compounds. The epoxide-based 
formulations do not require an inert atmosphere during cure, since they are 
not oxygen inhibited. These items and others are given in the comparison of 
cationic and free radical systems presented in Table 6.1. A number of these 
items as well as others will be dealt with in the following discussion. 

Cationic Cycloaliphatic Epoxide Systems [1] 
Cycloaliphatic epoxides form the basis for all or almost all cationic-initiated 
radiation-curable, coating formulations. The main epoxide used is the 
diepoxide 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate: 

3,4-Epoxycyclohexylmethyl-3',4'-epoxycyclohexanecarboxylate 

109 
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TABLE 6.1. Comparison of Certain Features Involved in Cationic and in Free Radical 
Photocuring. 

ATTRIBUTE PHOTOINITIATOR TYPE 
FREE RADICAL CATIONIC 

Dual free radical/cationic cure possible? 
Formulated product shelf stability 
Handling characteristics 
Humidity effects 
Life of active species 
Oxygen inhibited? 

Photoinitiator physical state 
Reaction continues after radiation exposure? 
System technology development 

Electron beam 
Ultraviolet radiation 

Thermal conditions effect on rate of cure 
Thermal post cure effect 

Volume Shrinkage Due to Photopolymerization 

No Yes 
Moderate High 
Often difficult* Easy 
None May slow reaction 
Short Long 
Yes/No, No 

depends on 
type initiator 

Solid and Liquid Solid and liquid 
No Yes 

High Moderate 
High High 
Improves High 
May improve Hastens any 

adhesion "dark" reaction 
High Low 

* This refers to the very high viscosity and often-sticky character of the acrylated epoxides and urethane 
acrylates. This factor has been reduced somewhat by offering diluted products, but this approach in turn lim- 
its a formulator's options. 

The diepoxide most often forms 30-40% or more of most formulated products. 
It is available from a number of sources under a variety of trade names as de- 
scribed in Table 6.2. The primary Irritation Index Draize Value for skin is 1.35 
(0-8 scale) and for eye is 7.5 (0-110 scale) [2]. In general, this compound has a 
25~ viscosity of about 350-450 mPa-s, though certain products such as 
CYRACURE T M  UVR-6105 with a viscosity of 220-250 mPa-s and a Draize value 
for skin of 1.6 and for eye of 8.0 are stated to be the above diepoxide [2] and 
Uvacure TM 1500, 1501, and 1502 with viscosities of 275, 280, and 80 inPa.sl[3]. 

1 The structure for these compounds is not given. Uvacure TM 1500 is described as a cy- 
cloaliphatic epoxide that is the base compound for cationic curing, 1501 as a low viscosity cy- 
cloaliphatic epoxide that can decrease residual odor, and 1502 as a low viscosity cycloaliphatic 
epoxide that ca11 be used alone or as a reactive diluent. 

TABLE 6.2. Trade Names for the Diepoxide, 3,4-epoxycyclohexylmethyl-3,4- 
epoxycyclohexanecarboxylates. 

COMPANY TRADE NAME AND DESIGNATION* 
CIBA-GEIGY Corporation* ARALDITE T M  CY-179 
Daicel Chemical Industries Celloxide TM 2021 
Degussa AG Degacure TM K126 
Sartomer SarCat TM K126 
Union Carbide Corporation** CYRACURE TM UVR-6105, UVR-6110 
Union Carbide Corporation** ERL-4221 and others 
UCB Chemicals Uvacure TM 1500, 1501 

Each of these companies has related products, and their literature can be a rich source 
of information about particular products. 

* Currently Vantico, Inc. 
** A Subsidiary of The Dow Chemical Company. 
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Other cycloaliphatic epoxides include bis(3,4-epoxycyclohexylmethyl) 
adipate. 

H H 
I I 

O ~  c\O/C\ II I "~N']NO CNo/C 
o 

This epoxide is a compound that can impart flexibility to a cured product. It 
has the very low Draize values of 0.25 for skin and 4.0 for eye. This diepox- 
ide has a viscosity of 550-750 mPa.s at 25 ~ C, and it is or has been marketed 
by Union Carbide Corp. 2 as CYRACURE T M  UVR-6128 and by CIBA-GEIGY 3 
as ARALDITE TM CY-178. 

Cycloaliphatic epoxides such as the above are prepared through the 
Diels-Alder reaction that involves the 1,4-addition of an alkene to a conju- 
gated diene that might be exemplified by the reaction of 1,3-butadiene (the 
diene) with ethylene (the dienophile) to form cyclohexane. 

CH2 
~ C H 2  CH XNCH2 
CH CH2 A 

I § II ~- II I 
CH~ CH2 CH~ /,CH2 

CH2 CH2 

Diene Dienophile Cyclohexene 

To prepare 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate, 
1,3-butadiene is reacted with acrolein to form an unsaturated cyclic alde- 
hyde. Two molecules of the aldehyde are coupled by means of a Tischenko 
reaction to form a cyclic diene that can be oxidized with a peroxyacid, such 
as peracetic acid, to form the desired diepoxide. 

2 A Subsidiary of The Dow Chemical Company. 
3 Currently Vantico, Inc., which was created out of the Performance Polymers Division of 

Ciba Specialty Chemicals. 
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~ H2 

C H  

I + 

1,3-Butadiene 

CHO 
/ 
CH 

cH/C•/H CHO 
II I 

C H  CH2 
\ / 

CH2 

Acrotein 

CH C ~ CHO 
2 II I -" 

CH CH2 
/ 

Unsaturated Cyclic 
Aldehyde 

CH C ~ CH2 ~ O ~  C - - C  C 

[I I I l l  II 
CH CH2 O CH2 .C 

Cyclic diene 

This particular chemistry has been detailed with various ~, [3-unsaturated 
aliphatic aldehydes that form a number of diepoxycycloaliphatic esters [4]. 
The cyclic aldehydes have also been oxidized to the corresponding car- 
boxylic acids, reacted with glycols, and then epoxidized [5]. The cyclic alde- 
hydes have also been reduced to form the corresponding alcohols, reacted 
with dicarboxylic acid, and epoxidized [6]. Curable compositions from these 
epoxides were described and patented [7,8]. Recent technology describes the 
reaction of dienes with acrylate and methacrylate dienophiles and a broad 
variety of epoxides that can be prepared [9]. 

Certain aliphatic and cycloaliphatic epoxides are listed in various sup- 
pliers' literature as reactive diluents for cationic-cure systems, and these in- 
clude 1,2-epoxyhexadecane (viscosity, 15 mPa.s at 25 ~ C), mixtures of cy- 
cloaliphatic epoxides (viscosity 85-115 mPa.s at 25 ~ C), limonene dioxide, the 
diglycidyl ethers of 1,4-butanediol and 1,6-hexanediol, as well as other low 
viscosity reactive compounds. Nonreactive solvents are also used to dilute 
systems to an application viscosity, but  use of such solvents introduces 
volatile-organic-content and other difficulties encountered with solvents. 
Comparisons have been made of reactive diluents for radiation-curable for- 
mulations [10]. 

A number of specialty di- or triglycidyl ethers were marketed as dilu- 
ent/flexibilizers for cationic ultraviolet cure formulations [11]. Some of these 
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TABLE 6.3. Multifunctional Glycidyl Ether Diluent/Flexibilizers Ill]. 
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EPOXIDE 
VISCOSITY, EQUIVALENT 

GLYCIDYL ETHER mPa.s, 25 ~ C WEIGHT 

Diglycidyl ether of 1,6-hexanediol 26 147 
Diglycidyl ether of bisphenol-A ethoxylate 2200 331 
Diglycidyl ether of neopentyl glycol propoxylate 44 220 
Triglycidyl ether of glycerol propoxylate 155 186 
Trig|ycidyl ether of trimethylolpropane ethoxylate -- 175 

compounds, such as 1,6-hexanediol diglycidyl ether, had a low viscosity (26 
mPa.s, presumably at room temperature), while others that were alkoxylates 
of diols and triols had viscosities that ranged from low to high as indicated 
in Table 6.3. A generic formulation suggested that the compounds should be 
used at a concentration of 10-30% with the remainder of the formulation a cy- 
cloaliphatic epoxide or one of two different diglycidyl ethers of Bisphenol A, 
a photoinitiator (3%) and a surfactant (0.5%). The lower viscosity diluent/  
flexibilizers significantly decreased application viscosity, and the cured sys- 
tems had good mechanical properties. 

Oxetanes or trimethylene oxide derivatives are another series of com- 
pounds that are beginning to be discussed in the literature as reactive dilu- 
ents for cationic systems. 

H N c / H  

Trimethylene oxide 

Oxetane itself is a low viscosity, low boiling point (50 ~ C) clear liquid. How- 
ever, derivatives of oxetane are higher boiling (lower vapor pressure) com- 
pounds that maintain a low viscosity and that have been shown to undergo 
cationic polymerization in general [12,13] and to polymerize when irradiated 
in the presence of cationic photoinitiators [14-16]. Oxetane was found to have 
a relatively long induction period for initiation of polymerization in compar- 
ison to that of the cycloaliphatic epoxides. However, if electron-donating 
groups are placed in the second position of the oxetane ring, its cationic re- 
activity is greatly enhanced. One of these compounds, 3-ethyl-3-hydroxyl- 
methyl-oxetane, which has a viscosity of 22 mPa-s at 25 ~ C, has been com- 
mercialized [2]. 4 

4 Union Carbide Corporation, CYRACURE TM UVR-6000. 
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CH3CH2~ C i CH2OH 

/ \  
CH2 CH 2 

",,o/ 
3-Ethyl-3-hydroxymethyl-oxetarte 

The viscosity reducing effect on 3,4-epoxycyclohexylmethyl-3,4-epoxycyclo- 
hexane-carboxylate is given in Table 6.4. At  low levels of less than about  
10-15%, this oxetane did not  deleteriously affect curing rate. However ,  at 
higher concentrat ions cure rate was significantly decreased. The decrease 
was thought  to be related to the hydroxyl  g roup  on the c o m p o u n d  that has 
the ability to chain transfer, and at high hydroxyl  concentrations, the molec- 
ular chain length of the polymer ized  system could be decreased. Alterna- 
tively, it was  felt that if the hydroxyl  groups  did not react, they could func- 
tion as a tackifier. The difunctional oxetane shown below, as well as others, 
was also studied [15]. It had  a low 

CH3CH~/c~ CH2 ~o/ CH2///"'cqCH2CH3 

CH2 "CH2 ~O / CN~o/H2 

Di-(3ethyl-3methyl-oxirane)ether 

viscosity of 13 mPa-s at 25 ~ C, and when  added  to the diepoxide of Table 6.4 
at a 20% and 40% level, resulted in a blend viscosity of 154 mPa.s  and 109 
mPa.s  at 25 ~ C wi thout  decreasing cure rate. However ,  this di-oxetane is not  
commercial ly available at this time. 

TABLE 6.4. Viscosity Reducing Power of 3-ethyl-3-hydroxylmethyl-oxetane When Blended 
with 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexylcarboxylate. The Blends Had 
Three Parts per Hundred of an Arylsulfoniumhexafluorophosphate Solution 
Added as a Photoinitiator [Adapted from Reference 15]. 

WEIGHT PERCENTAGE OF WEIGHT PERCENTAGE VISCOSITY, 
CYCLOALIPHATIC DIEPOXIDE OF OXETANE DERIVATIVE mPa.s AT 25 ~ C 

100 0 380 
90 10 214 
85 15 170 
80 20 138 
75 25 112 
70 30 93 
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Another study of 3-ethyl-3-hydroxymethyl-oxetane [17] found that 20% 
of it decreased the viscosity of 3,4-epoxycyclohexanemethyl-3,4-epoxycyclo- 
hexane carboxylate by about 50%; however,  the neat viscosity of the cy- 
cloatiphatic epoxide was only about 210 mPa.s versus 380 mPa-s in the other 
s tudy (Table 6.4) [15]. This study involved the curing of clear coatings as well 
as yellow- and blue-pigmented inks. The results indicated that the reactive 
diluent is effective in enhancing the curing performance of the coatings when 
it is used in the proper concentration range, which is a factor that may vary 
from formulation to formulation. 

Oils 

Epoxidized oils can be used in cationic-cure formulations. These oils may be 
typified by the following structure, which is closely related to that of epoxi- 
dized soybean oil. In addition to the radiation-cure coating area, such oils are 
used as acid 

C H 2 - - O - -  C - - ( C H 2 ) /  .... C~H % H - - C H 2 ,  

CH ~ O ~  C ~ (CH2)-~ 

I 
C H 2 ~ O ~  C ~ (CH2)7 

/ox 
CH ' CH--(CH2)4CH3 

% /% 
, C~H ~ \  CH C H E ~ C H ~  C H ~  (CH2)4CH 3 

% /% 
C ~  C H ~ C H 2 ~ C H ~  CH~(CH2)4CH 3 

A representation of  an epoxidized soybean oil epoxide 
(Actual oil on an average contains 51% linoleic acid, 25% oleic 
acid and 9% linolenic acid residues in an epoxidized form) 

scavengers in vinyl inks and elsewhere, as oligomeric plasticizers for vinyl 
chloride films, and related uses. Although coatings that result from the use of 
only epoxidized oil and photoinitiator in a formulation are much too soft for 
any conventional usage, small amounts of these modified oils can be used as 
modifiers and flexibilizers for cycloaliphatic diepoxide based formulations 
[18-20]. Epoxidized oils from other sources, such as linseed oil and palm oil, 
are also being investigated in cationic formulations. Vernonia oil, a naturally 
occurring epoxidized oil, has been used in air-dry formulations [21] and in 
ultraviolet radiation-cured systems [22]. Vernonia is considered a weed and 
is in the same family as the dandelion and thistle and actually resembles a 
thistle without thorns. It is an unsaturated, epoxidized vegetable oil with a 
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homogeneous molecular structure that has identical triglyceride molecules 
with three equal vernolic acid residues [23]: 

CH2--O-- C--(CH2)7-- CH= CH--CH 2- CH-- CH-- (CH2)4CH 3 I \ o /  
C H ~ O  ~ .C~(CH2)7~ C H ~  C H ~ C H 2 ~  CH--  C H ~  (CH2)4CH 3 

I \o," 
C H 2 - - O - -  C--(CH2) 7 -  C H ~  CH--CHa~ CH--  CH--  (CH2)4CH 3 

, \ o  / O 

Vemonia Oil 

A group backed by the United Soybean Board has developed novel gal- 
lium-based photoinitiators [24]. These new photoinitiators produce thin, col- 
orless clear-coats from epoxidized soybean oil. The initiator is considered a 
breakthrough and allows solvent-free coatings to be obtained at line speeds 
of more than 1000 ft/min. (305 m/min) .  Epoxidized soybean oil has also been 
used in cationic, thermally cured coatings [25]. 

The compound basic to most formulations, 3,4-epoxycyclohexylmethyl- 
3,4-epoxycyclohexanecarboxylate, is usually formulated with other ingredi- 
ents that include other epoxides, oxetanes, acrylates, vinyl ethers, polyols 
[26], glycols, alcohols, and similar compounds. The "other" epoxides usually 
are aliphatic in nature, though small amounts of aromatic epoxides can be 
used, as well as blends of cycloaliphatic epoxides [27]. Aromatic epoxides are 
radiation absorbers and, thus, compete with the photoinitiator for available 
radiation energy. This makes it more difficult for the radiation to penetrate 
through the liquid coating and find the photoinitiator, with the result being 
a slowdown in polymerization or cure rate. The free radicals formed during 
photolysis of cationic photoinitiators will independently polymerize suitable 
unsaturated compounds, if present, and thus, form an interpenetrating net- 
work with the cycloaliphatic epoxide network. Vinyl ethers will copolymer- 
ize with the cycloaliphatic epoxides in both clear and pigmented formula- 
tions [28]. Polyols and glycols will chain transfer with the polymerizing 
epoxide molecules and can be used to increase cure rate, decrease system 
cost, and provide flexibility. Alcohols will chain transfer as the polyols and 
glycols do and can be used to control molecular weight by acting as chain 
stopping or termination agents. Each of these items will be discussed in de- 
tail. 

Studies of the tensile and toughness properties of radiation-cured cy- 
cloaliphatic epoxide/polyol blends indicate that a broad range of mechanical 
properties can be achieved from these systems. Both polyether [29], in the 
form of trifunctional poly(propylene oxide)s, and polyester [30], in the form 
of di- and trifunctional polycaprolactones, polyols have been investigated. 
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Tensile strength, elongation, and secant modulus are a function of polyol 
content with modulus and strength decreasing and elongation increasing as 
the polyol content increases. Polyol molecular weight was also studied as a 
variable, from 702 to 4008 for the polyethers and from 300 to 900 trifunctional 
and 530 to 3000 difunctional for the polyesters. At a constant weight percent- 
age of polyol in the formulation, tensile properties decreased as molecular 
weight increased, but flexibility increased as molecular weight increased. 
Overall, properties are improved over those that were obtained with a wide 
variety of urethane acrylates [31]. 

Mechanism of Polymerization 

Cation formation was detailed in Chapter 4 and can be summarized as fol- 
lows: 

I ~ I N  (Sx)+MF6- 

Arylsulfoniumhexafluoro- 
metallic salt 

ULTRAVIOLET 
+ R--H ~ H+MF6 - + Other Products 

RADIATION 

Active hydrogen Bronsted Acid 
Source (A protonic acid) 

Thus, the cationic photoinitiator, an onium salt, interacts with an active hy- 
drogen source under the influence of ultraviolet radiation to form a protonic 
acid that is the actual initiating species and other products of photolysis. In- 
cluded in the other products are free radicals that are capable of initiating the 
polymerization of ethylenically unsaturated compounds such as the acry- 
lates. 

The protonic acid is capable of initiating the polymerization of epoxides, 
particularly cycloaliphatic epoxides (for simplicity, the initiation and propa- 
gation reaction are described with a monoepoxide). 

Initiation 

+ H+MF6 - 

CH3 CH 3 
3,4-Epoxy- 1-methyl 

cyclohexane Initiated Epoxide 
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The hydroxyl  group formed is very reactive, and the initiated epoxide 
then reacts wi th  other epoxide molecules to form 
product. 

the polymerized 

Propagation 

+ (N+I)  / 

H3 CH3 

Initiated Epoxide 

MF6 9ov  
-~---CH3 -----~H 3 

Polymerized epoxide 

Termination takes place when the monomer is depleted to a very low 
level or exhausted, the system is neutralized in some manner, or chain trans- 
fer occurs. The polymerized epoxide behaves somewhat as a living polymer, 
in that it remains active after the epoxide supply is exhausted [32]. However, 
since the epoxide polymer is acidic in nature, it can be neutralized if basic 
compounds are present. Interactive chain transfer is a means of terminating 
the reaction and amounts to a copolymerization of a polyol or other active 
hydrogen-containing compound with the epoxides. When this process takes 
place with oligomeric hydroxyl-containing compounds, it is a means of in- 
troducing flexibility into the polymerized mass. 

Polyols 
In the chain transfer with hydroxyl groups, the hydroxyl group is de- 

protonated, and the freed proton interacts with the anionic species associated 
with the growing molecular chain. This results in regeneration of the pro- 
tonic acid, and it can initiate the polymerization of another molecular chain 
as described below [33]. 
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~ :  t NO M ~  6 

.....CH3 ~ H  3 
Polymerizing polymer chain 

+ (HO) N--POLYOL 

J 
HO 

H3 

INO ( ~ O~POLYOL~(OH)(N-I) + H+MF6- 

CH3 CH3 Regenerated 
Epoxide/polyol  copolymer Protonic Acid 

The value of N in this reaction sequence can range from one, when alcohols 
or other monohydroxyl-containing compounds are used, to six or eight, or 
even more. After the epoxide/polyol  copolymer has formed, it can react with 
other growing epoxide chains or with epoxide monomers that are in the re- 
acting mass. Thus, when the polyol has sufficient molecular weight, it can act 
as the soft segment or flexibilizing segment acts in a polyurethane and, thus, 
may increase the coating elongation, flexibility, and toughness, while de- 
creasing tensile modulus and shear modulus [34,35]. A propagating chain of 
a diepoxide might appear as follows: 

(D MF6- 

CAN CHAIN TRANSFER TO ANOTHER GROWING 
WITH A POLYOL OR POLYMER CHAIN 
OTHER HYDROXYL GROUP \ l~H2 [ ~EH2 2 

s H 2 o /  o/ o 
\ 

C O==C O==C O==C 

CAN REACT WITH NEW OR 
REGENERATED INITIATOR ItMF 6 

DIRECTION OF PROPAGATION 
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The remaining epoxide groups on this polymer can react with new or regen- 
erated initiator molecules to increase molecular weight and form branches 
and new hydroxyl groups. It is also possible for the epoxide groups to react 
with available hydroxyl groups. It is readily apparent that the polymeric 
mass can become a highly cross-linked species. If polymer molecules are pre- 
sent in the system, the hydroxyl groups on the polyol will undergo interac- 
tive chain transfer with the growing species. As a result, the copolymerized 
polyol will add either flexibility or flexibility and toughness, depending on 
the nature of the miscibility between the polyol and the epoxide polymer. Of 
course, the hydroxyl groups formed on the growing epoxide chain may also 
undergo interactive chain transfer with a growing epoxide species. Shortly 
after the above species formed, the growing species might appear as: 

o k 

H O ' ~ ~  O O ( 

REACT WITH OTHER MOLECULES ~ 
OF HMF 6 ~ 7 / ~  

HYDROXYL GROUPS MAY CHAIN TRANSFER 
OR MAY REACT WITH EPOXIDE GROUPS 

0H J ~ . MAY CHAIN TRANSFER 
/ / ~  oT~A POLHYI)YdoL OXy~ 

The polymeric mass resulting from such a polymerization is complicated in 
nature early in the polymerization process, and the complication continues 
until the reactants are exhausted. 

It is readily apparent that the use of polyols in radiation-cured, cy- 
cloaliphatic epoxide-based formulations greatly increases the formulating 
latitude of coating manufacturers and, in almost every instance, will decrease 
cost. A noninclusive list of polyols useful in cationic radiation-cured coatings 
is given in Table 6.5. The polypropylene oxide, ethylene oxide-capped propy- 
lene oxide, and the poly(tetramethylene oxide) polyols are commercially 
available as diols, triols, and in certain instances higher hydroxyl-functional 
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TABLE 6.5. Partial List of Polyots that Can Be Used in Formulating 
Cationic, Radiation-Cured Coatings. 

POLYOL REFERENCE 

121 

Polyester adipates 
Polycaprolactones 
Poly(propylene oxide)s 
Ethylene oxide capped poly(propylene oxide)s 
Poly(tetramethylene oxide)s 

[31 
[34] 
[35] 
[36, 37] 
[38] 

compounds [39-41]. In addition, they are available in a broad range of molec- 
ular weight, from less than a few hundred to several thousand. In a general 
sense, these are the polyols used to form the myriad of polyurethane prod- 
ucts that are used as foams, coatings, elastomeric materials, and so on. Al- 
though not specifically mentioned, random or block propylene oxide/ethy- 
lene oxide copolymers are useful. Also useful in the radiation-cured systems 
are oligomeric and polymeric hydroxyl-containing compounds, such as the 
s tyrene/al lyl  alcohol copolymer, e thylene/v inyl  acetate/vinyl  alcohol 
copolymers, butyl  acrylate/2-hydroxyethyl acrylate copolymers, as well as 
similar compounds. 

When polyols, or other compounds for that matter, are formulated with 
cycloaliphatic epoxides, their acidity should be considered. Cycloaliphatic 
epoxides will react with acidic compounds, and they are used as acid scav- 
engers in, for example, vinyl chloride based inks. Thus, if the acid number of 
a polyol is too high (a rather indeterminate term, but  no amount has been es- 
tablished), the acidity may lead to storage instability or, at the very least, an 
increase in viscosity of the formulated product. This caution should be par- 
ticularly considered in the case of polyester polyols, such as the diethylene 
glycol adipates, hexanediol adipates, and so on, that are usually prepared 
from a dicarboxylic acid or acid anhydride and a diol. Even if an excess of 
diol is used, a common practice to reduce acid number, in preparation of the 
polyester polyol, it is difficult to remove all carboxylic acid end groups. One 
method to reduce acidity in the polyesters might be to react the excess acid 
with a compound such as commercially available 1-vinyl-3,4-epoxycyclo- 
hexane: 

�9 ,,,,vvvwv~COOH + CH 2 C 

Acid group on a A monoepoxide 
polyester 

End-capped polyester with hydroxyl 
functionality 

As would be expected, the various glycols, such as ethylene glycol, 1,4- 
butanediol, 1,6-hexanediol, and so on, can be used. The use of such com- 
pounds will increase reaction rate, but  it should be kept in mind that use of 
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too much of these short molecules will lead to embrittlement by decreasing 
kinetic chain length. Also, the lower the molecular weight of the additive, the 
less it takes to react with all of the oxirane units, making it easier to lead to a 
loss of mechanical properties at even relatively low concentrations. It has 
been shown that as little as 4.5% ethylene glycol will increase reaction rate 
threefold [33]. 

Water, Humidity, and Temperature Effects 
Water will react into the system. It copolymerizes into cationic-cure sys- 

tems, and it can act as a chain stopper [42,43]. Cure rate can be decreased sig- 
nificantly, and the time to achieve a tack-free state is markedly increased if 
the humidity is high during cure [44]. When the relative humidity is greater 
than 80%, there is a drastic decrease in cure rate. At a relative humidity of 
65% or less, there appeared to be little or no effect on the time needed for the 
coating to become tack free. If the substrate was warmed to about 45 ~ C, the 
effect of high humidity was negated and cure rate returned to normal. An- 
other investigator reported that water would copolymerize in cationic sys- 
tems, and that at a relative humidi ty  greater than about 70%, there is a 
marked decrease in the rate at which formulations cure [43]. 

The moisture content of paper substrates has been shown to have an ef- 
fect on cure rate [45]. Dried paperboard was stored under various humidity 
conditions, and it was found that paperboard stored at 45% relative humid- 
ity cured in I s, whereas when it was stored at 95% relative humidity, it took 
more than 60 s to effect cure. This dried paperboard technique might be con- 
sidered as a tool to test particular formulations if high relative humidity is ex- 
pected during manufacturing. 

In certain end uses, the presence of water can be very detrimental. In the 
field of linerless labels in the pressure sensitive adhesive area, the release 
composition must be essentially free of water [46]. That is, the composition 
should have less than 1.5% by weight of free water, which excludes bound 
water, such as water of hydration. If water were in excess of about 1.5%, the 
adhesive coating and release coating would "lock-up" when the linerless la- 
bels were rolled. In this case, the most preferred condition was to have less 
than 0.5% water in the formulation of epoxy-functional silicone, reactive 
diluent, photoinitiator, and wax-treated silica powder. 

Apparently, water in the bulk of an epoxide-based formulation will 
copolymerize [26,27]. Small amounts of water, up to about 1%, might be 
added and will dissolve in 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexyl 
carboxylate containing an onium salt photoinitiator. (Note that this is in more 
or less agreement with the previous paragraph dealing with linerless labels.) 
When cured with ultraviolet radiation, the water doesn't appear to affect 
properties seriously. However, at a 3--4% addition, water became immiscible 
and an emulsion formed. When cured, there was a complete loss of mechan- 
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ical properties and even some separation of liquid water from the cured film. 
Results such as these probably will be formulation dependent. Water is not a 
recommended additive, and there are many other choices of organic com- 
pounds that could be used if a very low molecular weight diluent is needed. 
Water certainly should not be used in a commercial operation, unless a care- 
ful study is made before proceeding. 

Since small amounts of water copolymerize in cationic formulations but 
high relative humidity markedly affects cure, it would appear that adsorbed, 
or more particularly a chemisorbed, layer of water on a substrate acts as if it 
is alkaline in nature and, thereby, affects both cure rate and adhesion. This 
seemed to be particularly true on steel, and in industry, metal substrates are 
often given a very short flame treatment or infrared treatment to remove wa- 
ter, oils, etc. 

Effect of Added Thermal Energy 
Warming the substrate or the formulation will enhance cure rate. The 

diglycidyl ethers of bisphenol A are particularly difficult to cure with 
cationic, onium salt-initiated systems. It has been found [44] that a formula- 
tion based on this epoxide that required more than a min. to become tack free 
at 23 ~ C was tack free in about 5 s at 50 ~ C and in about I s at 60 ~ C. A 65/35 
diglycidyl ether of bisphenol A/cycloaliphatic epoxide formulation, initiated 
with an onium salt, was tack free in 4 s at 23 ~ C, and in less than I s at 40 ~ C. 
Other investigators have also studied the thermal acceleration of cationic 
photocure systems [44,47-51]. One of these studies [47] pointed out that a cy- 
cloaliphatic epoxide could be homopolymerized in the presence of an onium 
salt photoinitiator without preheating the substrate, i.e., at a temperature of 
24 ~ C (75 ~ F) and a conveyor speed of greater than 50 f t /min  (15.2 m/min).  
In contrast, when a diglycidyl ether of bisphenol A was cured, the tack-free 
time was 25 s, even when the conveyor speed was decreased to 25 f t /min  (7.6 
m/min).  However, when the substrate metal panel was preheated to 49 ~ C 
(120 ~ F), the aromatic epoxide could be cured to a tack-free state in less than 
i s. This again points out the temperature sensitivity of the initiation/propa- 
gation reaction that takes place with cationic photocuring. Another study in- 
volved a study of curing efficiency by means of photoinitiator and wave- 
length efficiency [52]. 

Electron Beams and Epoxide Cure 
Ionizing radiation from electron beams and other sources has been used 

to polymerize cycloaliphatic epoxides, diglycidyl ethers of bisphenol A, and 
the triglycidyl ether of tris(hydroxyphenyl) methane. This work has been 
conducted in the area of composites [53-56], negative resists in optical lithog- 
raphy [57], and coatings [58]. The studies have been carried out with and 
without cationic photoinitiators, such as the diaryliodonium salts and the 
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arylsulfonium salts. The electron-beam radiation initiates reaction in the 
epoxide monomers and, as with ultraviolet radiation, this leads to polymer- 
ization of the molecules. The final product is a cross-linked, three-dimen- 
sional network with superior chemical, mechanical, and thermal properties 
[53]. 

Pigmentation 
Cationic systems have a special concern regarding pigmentation, other 

than the difficulties arising through opacity, that are germane to all ultravi- 
olet radiation cured systems. As described earlier, the active species after 
photolysis is an acid, a Bronsted or protonic acid, which initiates cure. If a 
pigment or other additive is basic in nature relative to the acid generated, 
it can neutralize the active initiator and negate or markedly slow down rate 
of cure. Pigment dispersions suitable for cationic cure systems are available 
[59]. Some pigments that are known to be chemically compatible with 
epoxy vehicles are listed in Table 6.6 [60]. In certain instances, certain 
pigments such as titanium dioxide are treated with amines or other bases 
to improve dispersibility. Such treated pigments should be avoided. Suc- 
cessfully cured pigmented or colored formulations have been published 
[61,64]. 

In a general sense, formulators of cationic systems should avoid com- 
pounds with functional groups or other moieties that will combine with 
cations or react with acids, i.e., in particular basic compounds. Examples of 
these include amines, amides, urethanes, and residues from some cleaning 
formulations, as well as others. Ionic materials should also be avoided. 

TABLE 6.6. Pigments Chemically Compatible with Cationic Systems 
[adapted from [60]. 

PIGMENT COMPANY LISTED* 
Barium Litho Red DC-1151 
Indofast Brilliant Scarlet R-6500 
Magenta RT-816 
Perylene Red RT-6812 
Deep Cadmium Yellow 
Diarylide Yellow YB-5769 
Indanthrene Golden Yellow 
Microlith Yellow 3R-T 
Microlith Blue 4G-T 
Milori Blue 4050 
Monastral Violet RT-887 
Carbon Black Raven 22 
Carbon Black Raven 1020 
TiO2 White Horsehead A-430 
TiO2 White Titanox 1070 
TiO2 White Unitane 0-220 

Ridgeway Color & Chemical 
Allied Color Industies 
DuPont 
Chemetron 
Hercules 
Sun Chemical Company 
GAF 
Ciba-Geigy 
Ciba Geigy 
Harshaw Chemical 
DuPont 
Cities Service 
Cities Service 
New Jersey Zinc 
N. L. Industries 
American Cyanamid 

* Some company names may have changed from original listing. 
Also see [64] for other pigments. 
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TABLE 6.7. Generalized Formulation for Clear 
Cationic Coating. 

PARTS PER 
COMPONENT 100 PARTS 
Cycloaliphatic Epoxide 60-97 
Polyol(s) 2-35 
Onium Salt Photoinitiator 0.5 to 4 
Surfactant 0 to i 
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Formulation 

Formulation of clear cationic-cure systems based on 3,4-epoxycyclohex- 
anemethyl-3,4-epoxycyclohexane carboxylate is done in a relatively simple 
manner. Basically, one blends epoxide, polyol, and photoinitiator in a ratio 
that will produce the desired physical characteristics. A great deal of guid- 
ance can be found in the literature [29,30,64-68], including information about 
the effect of urethane acrylates on final properties [69]. A generalized formu- 
lation that specifies ranges that might be used in a formulation for clear coat- 
ings is given in Table 6.7. Addition of more or less of any component can be 
done to achieve particular effects. Usually, only simple stirring of the com- 
ponents under safe radiation conditions is required for blending. 
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Vinyl Ethers l/  

Introduction 

VINYL ETHERS HAVE BEEN known since the early 1900s, but a commercial type 
synthesis for them and their polymers was not described until the late 1920s 
[1]. However, it was not until the early 1980s that the vinyl ethers were first 
suggested as new monomers for cationic radiation curing [2]. In the same 
decade after that first paper by Crivello was published, other studies were 
undertaken to show the viability of vinyl ethers in ultraviolet radiation cur- 
ing [3-5] and electron beam curing [6,7]. 

The first practical synthesis of vinyl ethers was carried out by Reppe, 
who reacted monomeric hydroxyl-containing compounds with acetylene [8]: 

A 
X--R--OH + H C ~ C H  ~ CH2-~CH---O--R--X 

wherein R is an aliphatic, hydroaromatic, aromatic radical, or aralkyl radical 
and X is hydrogen, carboxyl, hydroxyl (and so on) group. It is readily appar- 
ent that when X is a hydroxyl group, divinyl ethers will be formed. Even 
though this method was useful, it was limited in yield, due to the fact that it 
is an equilibrium process and in certain instances cyclic acetals can form 
rather than the desired product. 

Crivello [2] has described a laboratory process that can be used to syn- 
thesize vinyl ethers. In this process, a hydroxyl-containing compound, such 
as an alkane diol, can be reacted at moderate temperatures with 2-chloroethyl 
vinyl ether in the presence of sodium or potassium hydroxide and a phase 
transfer catalyst such as a tetra-alkyl ammonium salt. 

PHASE TRANSFER CATALYST 
CH2~-CH--O--(CH2)2--CI + X--R--OH + KOH 6 ~  

CH2~CH--O--(CH2)2--O-'-'R~X + NaC1 +H20 

With this procedure, it was possible to synthesize a wide variety of mono-, 
di-, tri-, and higher functional vinyl ethers. 

129 
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Vinyl ethers are known to homopolymerize rapidly in the presence of 
cationic compounds  [9], and care must  be taken to moderate the polymeriza- 
tion and decrease the opportunity for an explosive reaction [1]. The chem- 
istry involved in this high reactivity is due to the fact that vinyl ether unsat- 
uration is very electron rich, and because of electron character, vinyl ethers 
will very readily undergo acid-initiated polymerization. Because of the high 
reactivity, homopolymerizations are carried out in solution where the sol- 
vent can dissipate the heat of polymerization. In the radiation-cure polymer- 
ization of thin-film coatings, homopolymerizations probably would be suc- 
cessful, since the substrate would absorb the heat of polymerization. 

In contrast to this behavior, vinyl ethers have only sluggish reactivity 
with free radicals, and usually, only low molecular weight  products  are 
formed. However, vinyl ethers will readily copolymerize with electron ac- 
ceptor monomers  in a free radical environment.  Illustrative examples of such 
copolymers include methyl vinyl ether/maleic anhydride copolymers [10], 
methyl vinyl ether/ethylene copolymers [11], and is obutyl vinyl e ther/vinyl  
acetate [12]. 

The main radiation-polymerization or co-polymerization mechanisms for 
vinyl ethers are free radical, cationic, hybrid, and charge-transfer reactions. A 
number of commercial and developmental vinyl ethers are listed in Table 7.1. 

F r e e  R a d i c a l  P o l y m e r i z a t i o n  

Free radical radiation polymerization of vinyl ethers is initiated through a 
free radical, FR.., that is formed from a photoinitiator in the presence of suit- 
able radiation. The initiated Vinyl ether then propagates through its ethylenic 
unsaturation as it does with acrylates. The same fragmentation and hydro- 
gen-abstraction photoinitiators as are used with acrylates are used in vinyl 
ether systems. 
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It can be easily seen that if X is a vinyl or divinyl group, a highly cross-linked 
system will readily develop. As mentioned earlier, this is a sluggish reaction 
and the curing or homopolymerization of vinyl ethers by use of free-radical 
radiation chemistry is not usually commercially done. 

C a t i o n i c  P o l y m e r i z a t i o n  

The cationic or Bronsted acid polymerization of vinyl ethers takes place 
through the usual steps of initiation, propagation, and termination [13]. An 
onium salt photoinitiator and radiation are used to generate the protonic acid, 
HMF6, as was described for the cationic polymerization of cycloaliphatic 
epoxides. This acid then interacts with the double bond on a vinyl ether 
molecule to form the initiated species, which then reacts with other vinyl ether 
molecules in the propagation step. Polymerization, as was the case with the 
cationic polymerization of epoxides, takes place until all monomer has been 
consumed. 

IARYLSULFONIUM OR IODON1UM HEXA- ] 
FLUOROMETALLIC SALT PHOTOINITIATOR + hv ~ HMF 6 + FR" 

H 

CH2--?H Fr~Radi~Vhotoinitiator ~ n CH2=?H----~ FR--CH2--~" + (n-1) CH2=?H 
O O O O 
I I I I 

TERMINATION BY 
COMBINATION OF 
VARIOUS SPECIES 
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I 

FR--CH2-- ? -  

O 
I 

B 
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When monomer is depleted, the molecule may stay active or it may be neu- 
tralized if it comes in contact with an alkaline material. 

The early study of cationic photocuring [2] demonstrated that various 
arylsulfoniumhexafluoroarsenates would  cure diethylene glycol divinyl 
ether at rates of 150-300 f t /min (-46-92 m/min).  Arylsulfonium hexafluo- 
rophosphate salts and arylsulfonium perchlorate salts cured the monomer at 
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500 f t /min  (--152 m/min)  when a concentration of 0.062 weight percent pho- 
toinitiator was used. As the concentration of photoinitiator was decreased, 
the phosphate salt yielded a more rapid cure rate than the perchlorate salt. At 
a concentration of 0.015%, the cure rate with the phosphate salt was 200 
f t /min  ( -61 m/min) ,  which was twice as fast as the 100 f t /min  (-30.5 
m/min)  with the perchlorate. When three divinyl ethers, diethylene glycol 
divinyl ether, butanediol divinyl ether, and hexanediol divinyl ether, were 
individually blended with a triacrylate, trimethylolpropane triacrylate, the 
cure time was markedly decreased from >240 s for the acrylate alone to 5 s 
or less when 20% of the vinyl ether was added. The photoinitiator, diphenyl- 
4-thiophenoxyphenylsulfonium hexafluorophosphate, was cationic in na- 
ture, but also generated free radicals. In the case of epoxide/vinyl  ether 
blends and using the same photoinitiator, the same general trend in cure time 
was observed. 

Schrof and coworkers [14] found that triethylene glycol divinyl ether 
was an excellent reactive diluent for 3,4-epoxycyclohexylmethyl-3,4-epoxy- 
cyclohexane carboxylate. It was far more effective in decreasing viscosity 
than 1,6-hexanediol diglycidyl ether. At a 10% level, the divinyl ether de- 
creased the viscosity by about 50%, whereas the aliphatic epoxide decreased 
it by about 25%. Above about 20% divinyl ether there were only small 
changes in viscosity. Blends of the epoxide containing up to 20% of the di- 
vinyl ether were formulated with an arylsulfonium hexafluorophosphate 
cationic photoinitiator and cured with ultraviolet radiation. They found that, 
in addition to being an excellent reactive diluent, the vinyl ether improved re- 
activity, which resulted in improved methylethyl ketone and ethanol resis- 
tance. The opt imum divinyl ether concentration appeared to be in the 
10-20% concentration range. 

A listing of available mono and polyfunctional vinyl ethers, epoxides, 
and glycidyl ethers has been detailed [15]. A number of these compounds are 
only available in small quantities, but the listing is useful for those interested 
in evaluating the effect of molecular structure--alkyl ,  cyclic, aromatic, 
aliphatic; type of functionality---cycloaliphatic, glycidyl, vinyl ether, etc.; the 
number of functional groups present; and molecular weight. All compounds 
listed were thought to be polymerizable by cationic means. 

Cyclic vinyl ethers of the 3,5-dihydropyran-2-methanol family have also 
been used in ultraviolet radiation-cured formulations using diazonium salts 
as the photoinitiator [16]. The simplest member of the family is shown below. 

~ C H 2 O H  

H 

3,4-Dihydropyran-2-rnethanol 
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When a 3,4-dihydropyran-2-methyl-3,4-dihydropyran-2-carboxylate 
was cured with ultraviolet radiation in the presence of a diazonium salt, a 
hard film (3H pencil hardness) with excellent solvent resistance (>100 ace- 
tone double rubs) was obtained. Blends based on 2-methoxytetrahydropyran 
and cycloaliphatic epoxides [17] and similar cyclic vinyl ethers with urethane 
acrylates [18] are known to give films with improved impact resistance and 
flexibility. These compounds are all based on acrolein chemistry that forms 
dimers and then can form tetramers in a Tischenko reaction. 

2 
CHO REACTION O-- CH 

H H 

Acrolein Dimer Acrolein Tetramer 

Cyclic vinyl ethers such as these can be combined with urethane acrylates 
and cured with ultraviolet radiation [19]. 

Hybrid Polymerizations 

It has been found that vinyl ether/acrylate free radical polymerizations can 
be markedly increased, if a combination of free radical and cationic pho- 
toinitiators are used [20-22]. The reason given for the enhanced reactivity is 
that free radicals are generated from the cationic photoinitiator and from the 
free radical photoinitiator that will initiate polymerization of acrylate func- 
tionality, as well as some vinyl ether functionality. In addition, the cations 
initiate a rapid polymerization of the vinyl ether molecules. Most of the work 
in these studies centered around two vinyl ether molecules--triethylene gly- 
col divinyl ether and 1,4-cyclohexane dimethanol divinyl ether (Table 7 -1 ) -  
and an acrylated epoxide. The investigations pointed out that low molecular 
weight acrylate diluent monomers could be eliminated from acrylate formu- 
lations. That is, the divinyl ethers could be substituted for the acrylate reac- 
tive diluents in formulations that contained high viscosity acrylated epoxides 
and urethane acrylates [23]. In addition, the systems cured rapidly and did 
not require nitrogen inerting. Both ultraviolet and electron beam radiation- 
cured systems resulted in films with excellent physical properties. A some- 
what similar study [24] indicated that triethylene glycol divinyl ether could 
be used as a replacement reactive diluent for compounds such as tripropy- 
lene glycol diacrylate for decreasing the viscosity of epoxy acrylates or un- 
saturated polyesters. The main advantages for the vinyl ether are good mis- 
cibility and diluency, coupled with low toxicity. Other advantages of vinyl 
ether coatings are listed in Table 7.2 [25]. In the acrylate formulations, up to 
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TABLE 7.2. Advantages of Vinyl 
Ether-Based Coatings [25]. 

Good miscibility with other compounds 
High conversion of vinyl functionality 
High cure speeds 
High vinyl group conversion 
Low odor (many compounds, but not all) 
Low toxicity 
Low viscosity, which provides good diluency 
Non-acrylate technology 
Ultraviolet irradiation is not oxygen inhibited 

10% of the divinyl ether was completely converted. In the polyester formula- 
tions, up to 50 mole percent could be used. 

In a continuing effort to develop monomers for photoinitiated, cationic 
polymerization, a series of "hybrid" monomers have been synthesized [26]. 
The goal in investigating these hybrid monomers was to prepare new more 
reactive monomers that contain both a cycloaliphatic epoxide group and a 
vinyl ether group. When these dual-function monomers and monomers con- 
taining only one of the functional groups were cured using a diaryliodonium 
hexafluoroantimonate and ultraviolet radiation, the hybrid compounds were 
shown to be markedly more reactive. Especially reactive was a novel 
monomer that contained both cycloaliphatic epoxide functionality and 1- 
propenyl ether functionality. The acceleration of the polymerization was at- 
tributed to two different effects. First, there is a rapid conversion of growing 
vinyl ether chains into epoxide chain ends. This results in a preferential poly- 
merization of the epoxide groups. Second, the vinyl ether functionality inter- 
acts with the photoinitiator and, through a redox process, generates a large 
number of propagating cationic species. Hybrid monomers that contain the 
1-propenyl vinyl ether group and a glycidyl ether group have also been in- 
vestigated [27,28]. Since vinyl ethers have infrared absorption bands due to 
the C=C group at 1616 and 1635 cm -1, they can be used to follow disap- 
pearance and reaction of the vinyl ether [6,25]. The 1616 cm -~ group lies in a 
clear or unobstructed portion of the spectrum and is easier to follow than the 
1635 cm -1 band, which overlaps the response of other groups. 

Donor/Acceptor or Charge-Transfer Polymerizations 

The probability of free radical reactions taking place between two different 
molecules is increased when there is a large difference in charge between the 
different molecules. Another w a y  of saying this is that an electron rich 
molecule will donate an electron to an electron deficient molecule making a 
reaction take place. A mechanism of this type is known as a charge-transfer 
or donor (electron rich)/acceptor (electron deficient) reaction. Since vinyl 
ethers (donor) are very electron rich, they will readily react with electron de- 
ficient compounds, such as maleic anhydride (acceptor), to form 1:1 alternat- 
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ing vinyl ether/maleate copolymers [29] when irradiated in the presence of 
a free radical-generating photoinitiator that yields the free radical FR. 

H H 
I I hv 

n Ci ~--  Ci + n CH2 GIll FREE RADICAL- / 
O == ~ C~-------O (~ GENERATING PHOT~qlTIATOR_ 

I TO YIELD FR" / 
OR' OR" 1~ 
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I cI r 
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2H 2 -  
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Vinyl ether/maleate alternating copolymer 
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f 
X 

The propagating free radical species then terminates by means of a combina- 
tion reaction, as described earlier. If X is a vinyl or divinyl group, cross- 
linked compositions can be obtained. These non-acrylate formulations offer 
"lower toxicity," lower irritation systems [30]. 

N-substituted maleimide and vinyl ethers are an interesting donor/ac- 
ceptor pair in that the maleimide acts not only as a comonomer, but also as a 
photoinitiator. Such combinations do not have photoinitiator residues in the 
final film, which is a factor that may have importance in certain applications. 
The reaction between typical components takes place as described below: 

__/ i__ O + CH2 ~- CH O i 
CH2 

~H2 i 
(~H2)3 (~ H2)2 
~H20 H CH 2 OH 

::• / / ~ 0  CH2--CH 

o ~.~ 
N I 
~H 2 (~H2)2 

(~H2)3 CH2OH 

~H2OH 

Hydroxypentyl maleimide Hydroxybutyl vinyl ether Alternating copolymer 
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Previous studies indicated that transferable hydrogen atoms are very impor- 
tant to the initiation process leading to polymerization, but  a recent study un- 
dertook investigation of the process in the absence of readily available trans- 
ferable hydrogen atoms [31]. Various vinyl ethers and maleimides were 
used, and the radiation source was a high-pressure mercury-xenon lamp. Re- 
sults of the photolysis indicated that quenching of the maleimide by the vinyl 
ether takes place by means of an electron transfer process that is independent 
of the presence of transferable hydrogen atoms. However,  real-time FTIR [32] 
results indicated labile or transferable hydrogen atoms are required for rapid 
polymerization [31,33]. The latter factor indicated that the anionic radical of 
the maleimide produces the free radicals capable of initiating rapid poly- 
merization by means of proton transfer. Laser flash transient spectroscopy 
has been used to carry out a mechanistic investigation dealing with forma- 
tion and lifetimes of the N-alkylmaleimide triplet states [34]. 

Maleimide/acrylate systems containing sensitizer mixtures have been 
studied [35]. A typical sensitizer system was a benzophenone/N-e thyl -  
maleimide/diethanolamine combination that was used to enhance the poly- 
merization rate of 1,6-hexanediol diacrylate. Both monofunctional and mul- 
tifunctional maleimides have been studied [36]. Other sensitized systems 
involving multifunctional acrylates and N-substituted maleimides indicate 
that isopropylthioxanthone, 4-benzoylbiphenyl, and benzophenone are ef- 
fective sensitizers for acrylate polymerization [37]. Amine synergists were 
employed in the studies. The synthesis of novel bismaleimides and their cure 
characteristics with styrene and vinyl ethers are available [38], as well as 
studies with charge-transfer complexes [39]. Other investigations have 
looked at the structure of the amines used to initiate polymerization [40]. 

Unsaturated polyesters are usually reacted with styrene to form useful 
materials, as was described in Chapter 5. The double bonds contained in un- 
saturated polyesters are electron deficient and will act as acceptors when re- 
acted with vinyl ethers in a charge-transfer reaction [41]. The best results are 
obtained when a one-to-one ratio of vinyl ether to unsaturated polyester dou- 
ble bonds are used. In addition, it has been found that the Norrish Type I free 
radical photoinitiators that function by alpha-cleavage of alkylaryl ketones 
are preferred over the Norrish Type II photoinitiators that require a bimolec- 
ular reaction to take place. This technology provides a basis for nonstyrene 
containing unsaturated polyester systems. 

It is preferred that the vinyl ether content be less than 50 mole percent, 
since no homopolymerization of the vinyl ether was found in a s tudy by 
Schwalm and coworkers [22]. These investigators used a hydroxylalkyl phenyl 
ketone and an onium salt as the photoinitiators. They blended various vinyl 
ethers with an ethylene glycol/fumaric acid unsaturated polyester and cured 
the systems with ultraviolet radiation. The analysis suggested that vinyl ethers 
tended to undergo an alternating copolymerization with the polyester. Cured 
films had the same properties as one would obtain with acrylates, but the vinyl 
ethers provided better diluting properties and scratch resistance coupled with 



138 RADIATION CURING OF COATINGS 

higher reactivity. The use of vinyl ethers with unsaturated polyesters to pre- 
pare radiation-curable compositions was also disclosed much earlier [42]. 
These systems have various benefits, such as formulations that do not contain 
styrene, and thus, offer greater formulation latitude, and that can be com- 
pletely acrylate free while offering versatile chemistry for innovation. 

Oligomeric Vinyl Ethers 
Oligomeric vinyl ethers provide increased formulating latitude for vinyl 
ethers and for cationic radiation curing in general. Such oligomers will in- 
crease cure speed, since fewer reactions are required to achieve a cross-linked 
or fully cured coating, and they have a low odor character. Oligomers based 
on urethane technology or polyester technology will impart the broad range 
of desirable properties usually associated with the technologies, both of 
which allow a wide variety of products to be made. 

Urethane V iny l  Ethers 
Vinyl ether terminated urethane compounds have been prepared by re- 

acting hydroxyl terminated vinyl ethers with multifunctional isocyanates, 
such as toluene diisocyanate, 1,4-dicyclohexylmethyl diisocyanate, and the 
like [43--46] 1. When 

2 CH2==CH + O C N - - R ' - - N C O  --~ 
I 

O 
I 

R 
I 

OH 
H H H H 
I I I I 

CH2==C---K)---R--K)----C--N--R'--N---C---O---R---K)----C==~H2 
II II 

O O 

the oligomer is formulated with onium salt photoinitiators and used in ultravi- 
olet and electron beam curable formulations, these compounds cure to clear, 
tack-free coating compositions. In addition to the simplistic urethane vinyl 
ether described above, other tlrethane vinyl ethers have been described [7]. In 
the above expression, R 'can take on a wide variety of characteristics that would 
include the isocyanate-terminated prepolymers of polylactone, polyester, 

a Vinyl oligomers were introduced by Allied Signal Corporation at the RadTech '90-North 
America conference that was held ha Chicago during 25-29 March 1990 [36]. These oligomers 
were marketed as the VEctomer TM product line. Recently (June 2000), Morflex, Inc. of Greens- 
boro, NC took over and is commercializing this product line [47]. 
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polyether, acrylate, vinyl, and other polyols, as well as such prepolymers from 
low molecular weight diols, triols, tetraols, and higher functionality hydroxyl- 
containing compounds. In effect, the myriad of compounds possible for 
polyurethane or urethane acrylate synthesis can be made with vinyl ether ter- 
mination and used in cationic and free radical radiation formulations. 

A urethane vinyl ether based on triethylene glycol divinyl ether reacted 
with 1,4-diphenylmethane diisocyanate was formulated with an arylsulfo- 
nium hexafluoroantimonate photoinitiator (2%) and then cured with ultravi- 
olet radiation [7]. The resultant coatings were hard (2H Pencil), solvent resis- 
tant (>100 methylethyl ketone double rubs), and impact resistant (>160 
in.-lbs, >0.202 N.m, forward and >50 in.-lbs, >0.063 N-m, reverse). As might 
be expected with the aromatic diisocyanate used, there was a yellowish dis- 
coloration after irradiation. When the same urethane vinyl ether was exposed 
to electron beam radiation without a photoinitiator present, no cure was ob- 
tained. However, when the photoinitiator was added at the same 2% level 
and exposed to the electron beam radiation, cure was obtained and hard 
(3H), solvent resistant, impact resistant coatings resulted. 

J6nsson and coworkers [48] have investigated the initiation of vinyl 
ethers with a cationic species derived from the redox reaction between onium 
salt photoinitiators and excited state photosensitizers or free radicals gener- 
ated from photolysis. They [13,49] have also generated a table of acceptors 
and donors that would be useful for those interested in studying charge- 
transfer reactions. 

Ester Vinyl Ethers 
Series of ester vinyl ethers were prepared by reacting 4-hydroxybutyl 

vinyl ether or 1,4-cyclohexane dimethanol monovinyl ether with various 
multifunctional carboxylic acid derivatives [50]. For example, bis(4-viny- 
loxybutyl)adipate was prepared by transesterifying 4-hydroxybutyl vinyl 
ether with dimethyl adipate in the presence of titanium tetraisopropoxide 
and removing methanol. 

CATALYST 
2 CH2-~CH+ + CH3--O--~--(CH2)4"-(~ - O -  CH3 H E A T /  

(c~)4 / 
4-Hydroxybutyl vinyl ether Dimethyladipate 

Bis(4-vinyl oxybutyl)adipate 

+ 2 CH3OH 

Methanol 
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The above adipate had a room temperature viscosity of less than ten cen- 
tipoises, and other synthesized compounds ranged from similar viscosities 
or low viscosities to low melting solids. The compounds were good diluents 
for a vinyl ether-terminated urethane oligomer, and when such blends were 
cured with ultraviolet or electron beam radiation, strong, flexible, solvent re- 
sistant coatings resulted. 

Vinyl  Ether-Silicone Blends 
In the release coatings area, it has been well known for a number of years 

that many commercial radiation curable release coatings are based on epox- 
ide-functional polydimethylsiloxane polymers, in which some of the methyl 
groups have been replaced with cycloaliphatic epoxy, acrylate, or other radi- 
ation reactive moieties [51-55]. Radiation curing offers this huge volume 
business a cost effective way to cure the thin films that are used for release 
purposes. Eckberg and coworkers [56] investigated blends containing two 
levels of various vinyl ethers in epoxy-modified polydimethylsiloxane poly- 
mers. The purpose was to determine the viscosity reducing power  of the 
vinyl ethers, their cure response, the application characteristics of the blends, 
and the release characteristics of the cured films. The vinyl ethers investi- 
gated were the monovinyl ether of 2-ethyl-l-hexanol, the monovinyl ether of 
1-dodecanol, and the divinyl ether of 1,4-cyclohexanedimethanol. Other in- 
vestigations [57] dealing with formulations have demonstrated enhanced 
shelf stability of catalyzed formulations when they contain vinyl ethers, and 
that these additives have utility in areas other than release coatings as, for ex- 
ample, in an end use where smooth, low-friction topcoats are needed. It was 
also found that vinyl ethers improve miscibility of photoinitiators, photosen- 
sitizers, and other additives in silicone-based coating systems. 

In general, the cationic photoinitiators have poor solubility/miscibility 
in the type siloxane polymers used for release coatings. For example, a mix- 
ture of bis(dodecylphenyl)iodonium hexafluoroantimonate/isopropylthiox- 
anthone mixture in alkylglycidyl ether diluent will form a turbid, hazy mix- 
ture that phase separates within 24 h after blending [57]. The monofunctional 
vinyl ethers improved photoinitiator solubility in the epoxy-modified silox- 
ane polymers. When used at a 20% level, clear and stable (>six months) 
blends were obtained. These monomers had similar dilution effects with 10% 
of the vinyl ether decreasing the viscosity by a factor of about two. The re- 
lease properties of cured films indicated there were small but significant in- 
creases in release when the vinyl ethers were used and that the cured 
monomers do not cause release instability when aged. Another study [57] 
showed that a variety of photosensitizers, such as anthracene, di-iodofluo- 
rescein, and di-iodobutoxy fluorone, had improved solubility and increased 
cure speed in the presence of vinyl ethers. 

Divinyl ethers will increase the release properties of modified dimethyl- 
siloxane polymers [56,58]. The divinyl ether was miscible with the siloxane 
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polymers, but  it decreased the miscibility of the system with the cationic ini- 
tiator. Thus, formulators should consider the use of both monovinyl and di- 
vinyl ether in products. Atomic Force Microscopy indicated that cross-linked 
domains of the divinyl ether were apparent in the cured films, and analysis 
of the results point out that the incompatible domains are important to film- 
release characteristics. Overall, the results indicate that cost-effective perfor- 
mance advantages can be obtained when vinyl ethers are blended and cured 
with the epoxy silicone release polymers. These include extended pot-/shelf- 
life stability, viscosity reduction and, thus, improved application characteris- 
tics, and release-property modification including coating smoothness and 
low friction characteristics. 

Vinyl Ether-Epoxide Blends 
Decker and coworkers [59] have developed an excellent review of the re- 

cent advances in radiation curing of vinyl ethers. It deals with the topics of 
the cationic polymerization of vinyl ethers and vinyl ether/epoxide blends, 
the free radical polymerization of vinyl ether/maleate blends, and the poly- 
merization of vinyl ether/rnaleimide blends. It points out that the structure 
of the vinyl ethers has an influence on the reactivity, with the reactivity fol- 
lowing this scheme: 

Aliphatic Ether > Aromatic Ester > Aliphatic urethane > 

Aromatic ester > Aromatic ether 

when the compounds are irradiated with ultraviolet rays in the presence of 
an arylsulfonium hexafluorophosphate photoinitiator. An aryl iodonium 
hexafluoroantimonate was found to be the best photoinitiator for initiation of 
vinyl ethers. 

Other facets of the study included the ultraviolet radiation curing of 
vinyl ether/epoxide (both aromatic and cycloaliphatic epoxides) blends, as 
well as numerous other factors. An interesting and surprising aspect of the 
investigation of vinyl e ther /aromatic  epoxide blends is that vinyl ether 
monomer actually inhibited the polymerization, rather than enhancing it as 
is the case with cycloaliphatic epoxides. This was particularly true in the 
presence of air or oxygen, even though the vinyl ether polymerization is not 
inhibited by air. Three potential explanations for the behavior were given: 

�9 The vinyl ether's rapid polymerization resulted in a three-dimensional 
mass, and motion of the aromatic epoxide was restricted, resulting in very 
slow if any polymerization of the epoxide. 

�9 The protonic acid species used for initiation was not available for use by 
the aromatic epoxide, even though they caused very rapid polymerization 
of the vinyl ether. 

�9 The vinyl ether carbocation was inactive with respect to the aromatic epox- 
ide, and even if an oxonium ion was formed, it would prefer to interact 
with the vinyl ether. 
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A real- t ime inf rared  analysis ,  a t echn ique  d e v e l o p e d  b y  Decker  and  M o u s s a  
[32], ind ica ted  that  the v iny l  e ther  r a p i d l y  po l ymer i zed ,  b u t  even  after I min.  
of  i r radiat ion,  the a romat ic  epox ide  con ten t  w a s  essential ly u n c h a n g e d .  

In  re la ted  t e c h n o l o g y  a n d  in a search  for  non -ac ry l a t e  r ad ia t ion  curable  
materials ,  the  pho to in i t i a t ed  p o l y m e r i z a t i o n  of  4 -me thy lene - l , 3 -d ioxo lanes  
w a s  inves t iga ted  [60]. The  resul ts  indica te  tha t  the m e t h y l e n e d i o x o l a n e s  un-  
de rgo  r ap id  cat ionic  p o l y m e r i z a t i o n  a n d  can  be  direct  r ep l acemen t s  for  or  
c o m p l e m e n t a r y  to v i n y l  e thers  in p h o t o c u r e  sys tems .  A syn thes i s  for  the  
dioxolanes is given. 
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Ultraviolet Radiation- 
Curable Powder Coatings 

Introduction 

POWDER COATING ROSE to prominence in the early 1970s when there was both an 
energy shortage accompanied with high costs and a move by the U. S. Envi- 
ronmental Protection Agency to reduce markedly the amount of certain or- 
ganic solvents, now known as VOC or volatile organic content, in coating for- 
mulations. Powder coatings are solvent-free coatings that can be thermoplastic 
or thermoset in nature. Thermoplastic powders can be applied to substrates by 
fluidized bed or electrostatic spray techniques. These powders 'only require 
heat to liquefy the particles and make them flow into a smooth coating. The 
coated object then cools to ambient conditions to form the coating. 

Thermoset powders  have the same requirements as thermoplastic pow- 
ders, plus a need for a cross-linking mechanism that would allow liquefac- 
tion and flow before cross-linking was effected to any large degree. The lat- 
ter requirement is much easier to say than to accomplish. If cross-linking 
occurred before flow took place, the cured coating would  have a sandpaper- 
like finish. The cross-linking systems were usually quite reactive in nature, 
and the powder  manufacturer had to guard against reaction taking place 
during storage and transport. Even small amounts of reaction during storage 
could result in particles that would not flow. A variety of thermoset powder 
coatings exist, such as acrylic/anhydrides,  blocked-isocyanate urethanes, 
catalyzed epoxides, vinyl chloride copolymers, and others, all of which re- 
quire relatively long bake times of 30 min. at about 120-160 ~ C. The molten, 
flowed, and cured powder  coatings provided end users with high quality 
coatings, and this technology has taken a firm foothold in the coating indus- 
try during the past three decades. In 1995, powder  coatings comprised about 
6% of the North American coating market [1] and about 11% of the interna- 
tional coating market [2]. 

In a general sense, powder  coatings offer several advantages. These in- 
clude the facts that they are solvent free, and thus, there is very low or near 
zero nil VOC, application of one coat yields a high quality coating, and pow- 
der over spray can be reclaimed and recycled. However,  these coatings also 
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have several disadvantages. These include difficulty in forming thin coat- 
ings, high temperature and long times needed for flow and for cure, and an 
inability to coat heat sensitive substrates. If powders  could be made to flow 
at low temperatures and cross-link rapidly at low temperatures, there is a po- 
tential for a significant market  share increase. The increase would be in the 
finishing of heat sensitive substrates, particularly in coating substrates such 
as plastics, electronic components, medium-density fiberboard, wood, and 
others. It is thought that coupling radiation curing with powder  coating may 
help solve this difficulty and decrease energy requirements. Powder coatings 
would offer radiation curing the opportunity to have a system that has a 
lower skin and eye irritation potential, because of lower vapor pressure of the 
ingredients, as well as less shrinkage during cure, since fewer reactions 
would be taking place. Coatings World [3] published an article that indicated 
a new product  line of radiation-curable powder  coatings was available. 
These powder  coatings would cure by holding them 2 min. at 100 ~ C in the 
melt-and-flow step of the process, and then following this by a 5-s exposure 
to ultraviolet radiation to effect the cross-linking portion of cure. As indi- 
cated above, a cure schedule such as this would be very useful for assembled 
components, plastics, wood, and other heat sensitive substrates. 

In the last five years or so of the Twentieth Century, some people in the 
coating industry began to talk about and develop radiation-curable powder 
coatings [4]. The main idea was to develop a thermoset powder  system that 
would have a cure mechanism that was basically independent of the long 
bake times required for thermoset thermal cures. The powder  coating would 
act as a thermoplastic powder  coating. That is, when the powder  was ex- 
posed to thermal energy, it would liquefy (melt if crystalline) and flow into a 
smooth film without cross-linking [5]. However,  to be a thermoset powder, 
the system would need to have functional groups and these groups would: 

�9 Be essentially independent of temperature, 
�9 React and lead to cross-linking at a temperature at or near the liquefaction 

temperature, 
�9 React while the powder  was still in a liquid state to form a cross-linked 

coating. 

The cross-linking would occur when the coating was subjected to a non- 
thermal and different energy source--namely radiation. It is important that 
essentially no cross-linking takes place until the liquid mass is irradiated. 

The requirement of crossqinking in a liquid state ensures that the radia- 
tion-reactive portion of the powder  has sufficient mobility to find other reac- 
tive or reacting groups and, thus, effect cross-linking. It has been reported 
that, above 80 ~ C, there is sufficient mobility to ensure acceptable curing [6], 
but  in another s tudy it was found necessary to have the film in a molten form 
for effective curing [7]. Further, with very little or no curing taking place dur- 
ing the liquefaction process, the radiation-curable powder  coating can have 
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TABLE 8.1. Advantages of Radiation-Cured Powder Coatings. 
ADVANTAGE RESULT OR REASON FOR ADVANTAGE 
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Very low VOC or nil solvent 
Reduced health hazards potential 

from certain low molecular 
weight liquids 

Good film build 
Good flow at relatively low 

temperatures 
Inability to react until subjected 

to radiation 
Good storage stability--thermally 

stable 
New technology potential 
Relatively thick films easily attained 

Environmentally compliant system 
Higher molecular weight materials used 

Achieved with a one-coat application 
Ability to coat heat sensitive substrates--wood, 

plastics, alloys, composite metal/plastic objects 
Good stability during manufacture--melt mixing, 

extrusion, and powder formation 
Long shelf life and less concern about storage tem- 

perature 
Vinyl ether/maleate systems [4] 
Five rail (125 ~m) clear coats [8] 

the o p t i m u m  t ime to f low a n d  f o r m  a s m o o t h  coa t ing  w i t h o u t  o r a n g e  peel. 
Rad ia t ion  also offers  the po ten t ia l  for g o o d  s torage  stability, since photo in i -  
t ia tor  pho to lys i s  a n d  s u b s e q u e n t  p o l y m e r i z a t i o n  will  no t  take place if the 
p o w d e r  is sh ie lded  f r o m  radia t ion ,  a nd  par t i cu la r ly  f r o m  ul t ravio le t  radia-  
tion. S tor ing  the p o w d e r  at r easonab le  t e m pe ra t u r e s  is also i m p o r t a n t  to stor- 
age  stabil i ty and  is a factor  tha t  d e p e n d s  on  the na tu r e  of  a n y  par t i cu la r  for- 
m u l a t e d  p o w d e r .  Tables 8.1 a n d  8.2 are l istings of  cer tain a d v a n t a g e s  of  and  
benef i ts  ob ta ined  f r o m  r ad i a t i on -cu red  p o w d e r  coat ings.  

The  resu l t  of  these  d e v e l o p m e n t s  is an  u l t r av io l e t  r a d i a t i o n - c u r a b l e  
p o w d e r  coa t ing  m a r k e t  s egmen t ,  a s e g m e n t  tha t  has  taken  the f ancy  of  m a n y  
in the  i n d u s t r y  over  the pas t  f ew years .  For  example ,  at the R a d T e c h  2000 Ex- 
hibi t ion,  there  w a s  a comple t e  p o w d e r  c o a t i n g / u l t r a v i o l e t  r ad ia t ion -cu r ing  
line in opera t ion .  A t  this R a d T e c h  Confe rence  a n d  at RadTech  E u r o p e  he ld  in 

TABLE 8.2. Technological Benefits of Ultraviolet Radiation-Cured Powder Coatings. 
BENEFIT ACHIEVEMENT 
Application 

High utilization yields material 
savings and various economic 
benefits 

Outstanding protection qualities 

Preparation and handling 
Solvent free---ideal to meet 

environmental requirements 
Various finishes easily attained in 

one-step 

Good sandability 

Good general properties 
Controllable final appearance 

Electrostatic spray allows both flat and three dimensional 
objects to be coated 

Powder over-spray is easily collected and recycled to at- 
tain >95% utilization. Also energy and labor savings 
can be attained. 

Powder coatings meet many national and international 
standard specifications 

Easier for powder than for liquid 
Almost no VOC (volatile organic content) emitted during 

cure cycle 
From high to low gloss coatings with a broad variety of 

colors. Can also easily obtain hammer tone and tex- 
tured finishes 

Important to wood substrates--can be done immediately 
after radiation curing 

Edge coverage, chemical resistance, and adhesion 
Controlled by varying heating profile 
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Berlin, Germany, in 1999, separate presentation sections devoted to this tech- 
nology were made available to attendees. 

Polymer Systems 
One way  to achieve powder  coatings with good storage/transportation char- 
acteristics, a relatively low liquefaction temperature, and good flow charac- 
teristics is to use crystalline materials of low or moderate (oligomeric) molec- 
ular weight [9,10]. Crystalline polyesters with methacrylate end groups 
suitable for use as an ultraviolet radiation cured powder  coating have been 
made by both a two-step and a three-step process [10]. In the two-step pro- 
cess, a carboxyl-terminated, crystalline polyester is first made in a bulk con- 
densation polymerization process. This process involves reacting 1,4-cyclo- 
hexanedimethanol or other suitable diol with an excess of a suitable 
difunctional carboxylic acid, such as adipic acid, in the presence of a catalyst. 

n H O - - C H 2 - - ~ C H 2  --OH 

1,4-Cyclohexanedimethanol 

+ (n + 1) HOOC --  (CH2)4 - - C O O H  

A d i p i c  ac id  
/ /  

HOOC-- (CH2)4 --C-~O--CH2 ~ CH2-- OiC-- (CH2)4 -- C~ OH 
II / \ / II I I /  
0 L ~ 0 Oin 

Cyclohexanedimethanol adipate (crystalline polyester) 

+ H 2 0  

In the second step, the molten polyester is cooled to 140 ~ C, at which point 
glycidyl methacrylate in an amount sufficient to react with all of the carboxyl 
groups, plus a small excess, is added, along with a suitable catalyst for the 
acid-glycidyl reaction. 

CH2 ~C(CH3) --C--O --CH2--CH--CH 2 

l Glyc dyl methacrylate 

CH3 H I-- ~ ~ H CH3 
J I / \ I t i 

CH2 = C-- C--O-- CH2 --C-- CH2 -- O'-C -- (CH2) 4 --C--}OiCH2 --< )-- CH2--O--G-- (CH2) 4 -- C -[- O--CH2--C--CH2- 0 -C--C= CH2 
I I  I n i l l  \ / t~ I l l  1 II 
o OH 0 0 L " , - - - J  O OA n OH 0 

Methacrylyl end-capped cyclohexanedimethanol adipate (crystalline polyester) 

The final oligomeric product (number-average molecular weight of 5600 in a 
patent example [10] and "melting point" of 130 ~ C) is a methacrylate-capped, 
crystalline polyester that functions well as an ultraviolet radiation curable 
powder  coating. 



Ultraviolet Radiation-Curable Powder Coatings 149 

The three-step process for producing similar crystalline polyesters 
might involve, first, making the same polyester from 1,4-cyclohex- 
anedimethanol and adipic acid, but in this case, using an excess of the diol 
rather than the carboxylic acid. In this way, a hydroxyl-terminated polyester 
is formed. This is followed by reaction with an anhydride or a dicarboxylic 
acid, such as isophthalic acid to form a carboxyl-terminated polyester. The 
third step involves reaction with glycidyl methacrylate to form again the 
methacrylate-capped, crystalline polyester. 

Crystalline vinyl ether-terminated oligomers have been prepared by re- 
acting a glycol with a diisocyanate, preferably isophorone diisocyanate, to 
form isocyanate-terminated adducts, as described in the following reactions 
[111. 

CH3 H CH3 H 
I I 

-CH2-C--CH2-OH + 2n OCN--R-.NCO ~ n NCO--R-N--C-O-CH2-C-CH2--O--C--N-R--NCO 
/ Ib I II 
CH3 O CH3 O 

Neopentyl gtycol A diisoeyanate An isocyaaate+termmated adduet of neopentyl glycol 

This adduct is then reacted with a hydroxy vinyl ether such as 4-hydroxy- 
butyl vinyl ether to form the crystalline vinyl ether-terminated adduct that is 
useful in ultraviolet radiation-cured powder  coatings. 

. / / • +  CHr~ C~O-- (CH2)+--Ott 
4-Hydroxybutyl vinyl e t h e r  

H H H CH3 H H H 
I I l I I I I 

n el l2 = C - O - ( C H 2 ) 4 -  O _ ( ~ _ N  _ R _ N -  C_  O -  CH2 _ C _ C H r . o _  C _ N _ R _  N _  C _ O _  (CH2)4-C= CH2 
n II I I I  I I  
0 0 CH 3 0 0 

Vinyl ether end-capped crystalline urethane adduct of neopentyl glycol 

This vinyl ether adduct was then melt blended with a commercial polyester 
based on fumaric acid, terephthalic acid, and 1,6-hexanediol, photoinitiators, 
flow control agent, and pigment to form an exudate. The exudate was 
chipped and ground into a powder  that would pass through a 140-mesh 
screen. A cured coating from the powder on fiberboard was adherent and re- 
sistant to methylethyt ketone, had a pencil hardness of HB, and had 20o/60 ~ 
gloss of 38/86. 

Wood Substrates 

Wood is a particularly temperature sensitive substrate to coat, and ultravio- 
let radiation-cured powder  coatings may be particularly useful if formula- 
tions that cure at sufficiently low temperatures can be developed. In the 
wood industry, it is understood that heating wood above 93 ~ C will be detri- 
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mental for many end uses. For example, both wood and wood products con- 
tain volatile components, and if these materials are heated above 93 ~ C, the 
volatiles will try to escape and cause undesirable imperfections such as pits 
and bubbles into the coating. Clear coatings based on acrylated urethanes, 
unsaturated polyesters, free radical-type photoinitiators, and other additives 
[12,13] and on epoxides, vinyl ethers, polyols, cationic-type photoinitiators, 
and other additives [14,15] are described in the recent patent literature. These 
powder coatings will flow at temperatures of less than 100 ~ C and can be 
used on temperature sensitive substrates such as wood. 

An approach involving alteration of molecular architecture into a den- 
dritic structure to obtain improved flow while achieving storage stability by 
use of crystalline areas in the polymer has been investigated [16] 1 . Two par- 
tially crystalline, hydroxyl-functional, aliphatic polyesters with an average of 
16 or 64 hydroxyl groups per molecule were reacted with various amounts of 
e-caprolactone. This resulted in hyperbranched molecules in which the 
branches were comprised of c-caprolactone units and of different lengths that 
were dependent on the amount of monomer used and the kinetics of the re- 
action. The poly-~-caprolactone branches were of sufficient length (from an 
average of about 10 to 40 units) that they would be crystalline in nature. 
These dendritic structures were then reacted with methacrylic anhydride in 
a base-catalyzed transesterification reaction to produce methacrylate moi- 
eties that will respond to free-radical radiation curing. The resulting poly- 
mers had "melting" points that ranged from 36-50 ~ C and exhibited very 
good flow and film formation at about 10-20 ~ above the melting tempera- 
ture. Under ambient temperatures, the polymers had satisfactory storage sta- 
bility. After radiation curing, cross-linked films with a low ( - - 5 0  ~ C) tem- 
perature glass transition temperature indicative of the caprolactone units 
resulted. Low flow and curing temperatures also reduce the possibility of de- 
fects such as orange peel [8]. 

M e t a l  S u b s t r a t e s  

In a general sense, thermoplastic and thermoset powder coatings are well 
adapted to coating metal. However, the curing temperature is quite high and 
curing time is quite long. One study [17] pointed out that thermoset powders 
are cured at temperatures of about 140-250 ~ C for times of 30 min. to about 1 
min. when a convection oven, infrared plus convection oven, or infrared 
oven are used, with the longest times corresponding to the lowest tempera- 
tures. Induction heating also can be used to cure the coatings in less than a 
minute at temperatures of 240-300 ~ C. The investigation used a commercial 

1 The introduction in this reference [16] contains an interesting historical section about poly- 
mer chemistry that may stimulate research in people with such a bent. 
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ultraviolet light curable powder coating of undisclosed composition and 
found that it needed a heating cycle of 1-2 min. in a convection oven at 
90-140 ~ C and an irradiation time that was measured in s. This powder was 
utilizable on metal, wood, plastics, and other heat sensitive substrates. 

An unsaturated maleate polyester was combined with a crystalline vinyl 
ether and further formulated with a flow control agent, titanium dioxide, and 
a combination phosphine oxide/~-hydroxy ketone photoinitiator to form a 
radiation curable powder coating [8]. This powder plus another formed from 
an acrylated unsaturated polyester, flow control agent, and the same pig- 
ment/photoinitiator system were evaluated for adhesion and smoothness. 
Adhesion depended on photoinitiator concentration with 3% yielding good 
adhesion. With the first described formulation, acceptable smoothness could 
be obtained in 3 min. at 121 ~ C, in 10 min. at 100 ~ C, and in 15 rain. at 93 ~ C. 
At 85 ~ C, it took more than 20 min. to obtain acceptable smoothness. The sec- 
ond formulation required a higher flow temperature and longer times to 
achieve similar degrees of smoothness, for example, 10 min. at 121 ~ C. 

Fiberboard Substrates 

Results with a primer designed for medium-density fiberboard (MDF) and a 
topcoat designed for veneer-covered MDF, veneer-covered plywood, and 
Beech wood panels have been described [18]. These radiation-curable pow- 
der coatings are cationic in nature and based on formulations containing 
diglycidyl ethers of bisphenol-A. In addition to the temperature sensitive 
substrates, soft aluminum, hard aluminum, Bonderized steel, and tin-plated 
steel panels were coated and cured with good results. 

Summary 

With new technologies such as this, there is only limited information available 
in the literature regarding formulation, and even this information is in a state 
of flux. In addition to the specific technical details described above, interested 
readers may find useful details about polymeric species, photoinitiators, pig- 
ments, stabilizers, and additives in the literature [19-21]. Different ways of liq- 
uefying the powder include conventional ovens, dielectric chambers, infrared 
radiation, and infrared radiation coupled with conventional ovens [17]. Also 
under active investigation are the parameters of ultraviolet radiation lamps, 
the actual radiation dosage, and peak irradiance on the liquefied powder in 
the step independent of thermal heating [22]. Other studies are investigating 
how to optimize the curing of these powders by a differential photocalorime- 
try technique [23]. Preliminary studies indicate the manner in which titanium 
dioxide absorbs ultraviolet radiation and decreases the degree of cure. Also 
found was the reduced rate of cure at elevated temperatures was not due to 



152 RADIATION CURING OF COATINGS 

photoinitiator loss but was related to a thermally dependent, reversible reac- 
tion equilibrium that was favored at high temperatures. For the system stud- 
ied, the optimum rate of cure was found to be 110 ~ C. 

In addition to the use of radiation-curable powder coatings on wood and 
metals as discussed above, new areas are being investigated. These include 
overprint varnishes on cardboard and full color digital prints, and wallpaper 
and in the printing area where partial coating of paper substrates takes place 
[24]. The latter end use has the capability of opening up the copier toner mar- 
ket to this technology. 
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Dual-Cure 
Mechanisms 

1/ 
THERE ARE TIMES when radiation curing alone may be limited in its ability to ef- 
fect cure. The technique depends on "line-of-sight" contact of radiation with 
molecules that can be activated to initiate polymerization. If an object has 
shadowed areas, as for example, under the chips or other components on a 
printed circuit assembly, no cure will take place in the shadowed area unless 
a means of directing radiation under the component is devised. Similar diffi- 
culties can be encountered on other three-dimensional objects. The main rea- 
son for seeking a system that can be cured with radiation, followed by another 
means of curing or vice-versa, is to overcome or alleviate such difficulties, as 
well as to improve properties. The use of two or more mechanisms to effect 
cure is known as dual cure or hybrid cure. The usual goal of such cure systems 
is to take advantage of the extremely rapid cure rate of radiation induced cur- 
ing and obtain a tack-free system, and ultimate properties are obtained in the 
second step, typically, a thermally induced cure. 

In the previous chapter, one type of dual mechanism, radiation-cured 
powder coatings, was discussed. This system was devised to allow powder 
coatings, which usually cure at relatively high temperatures, to be used on 
temperature sensitive substrates, and thus, allow powder-coating technol- 
ogy to expand its use applications. 

Free Radical/Cationic Systems 

Cationic photoinitiators generate both cations and free radicals when they 
are irradiated. However, both of these mechanisms are activated by the ul- 
traviolet radiation, and cationic and free radical curing take place simultane- 
ously. Such a dual mechanism does not give the formulator control over the 
polymerization, nor does it do away with the line-of-sight requirement for 
curing. It broadens the scope of photocuring and expands the range of mate- 
rials that can be used in cationic systems by making available all of the vari- 
ous acrylates or other ethylenically unsaturated molecules capable of rapid 
polymerization [1]. 

155 
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Investigators have found that mixtures of cycloaliphatic epoxides and 
aromatic epoxides can be combined with, for example, glycidyl acrylate, 2- 
ethylhexyl acrylate, diethylene glycol diacrylate, and trimethylolpropane tri- 
acrylate and an onium salt photoinitiator to form useful coating systems [2]. 
However,  even though these mixtures would cure when exposed to ultravi- 
olet radiation, it was found that if a free radical photoinitiator such as 2,2- 
dimethoxy-2-phenyl-acetophenone were added to the mixture, improved 
properties resulted. The coatings could be cured in air and hardness im- 
proved. In addition, thicker tack-free films could be made. In one instance, 
the thickness that could be obtained in a tack-free state increased from 0.19 
cm to 0.25 cm when the free radical photoinitiator was present (exposure 
time was 105 s under a 5000 W arc lamp). Results similar to these were found 
in an independent investigation when carbonyl-type photoinitiators, such as 
benzophenone, were combined with onium salt photoinitiators [1]. 

Synergistic effects in film properties were found when a cycloaliphatic 
epoxide, polyol, and onium salt photoinitiator were combined with various 
multifunctional acrylates [3]. The improved properties depended on the par- 
ticular acrylate used. In accordance with the above described studies, im- 
proved properties were obtained when a free radical photoinitiator, ben- 
zophenone, was incorporated into the formulations. Related and similar 
results have been found by other investigators [4]. 

Another example of this type of coating is given by a hybrid urethane 
acrylate-based pressure sensitive adhesive [5]. A polycarbonate urethane di- 
acrylate oligomer was first blended with isobornyl acrylate and vinyl ether 
diluents. To this mixture, a cycloaliphatic epoxide, free radical and cationic 
photoinitiators, tackifiers, and an adhesion promoter were added. The ingre- 
dients were warmed to form a homogeneous mixture and cured to form a 
tacky coating that was useful as a pressure sensitive adhesive for digital op- 
tical discs. 

Vinyl ethers have been combined with urethane acrylates and acrylated 
epoxides to form dual-cure coatings [6]. The vinyl ethers were good reactive 
diluents for the high viscosity acrylates, and the formulated coatings, which 
contained both a free radical and a cationic photoinitiator, cured rapidly. The 
systems did not require inerting or thermal post cure to achieve improved 
physical properties over those of the oligomeric acrylates alone. 

Radiation/Thermal Cures 

One of the early dual-cure systems involved ultraviolet radiation/thermally 
curable plastisols [7]. Plastisols are dispersions of solid polymer particles, often 
porous poly(vinyl chloride) particles made by a bulk polymerization process, 
in high-boiling or essentially non-volatile plasticizers. The plastisols were 
fluxed by heating at elevated temperatures. Plasticizers such as adipates, 
polyesters, and phthalates were used. Usually, the plastisols were highly filled 
and pigmented. They were made dual curable by replacing a portion of the 
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plasticizers with a polyfunctional acrylate, such as trimethylolpropane triacry- 
late and adding both a free radical photoinitiator and a thermally activated ini- 
tiator for ethylenically unsaturated double bonds. Thermal initiators were 
compounds such as benzoyl peroxide, azobisisobutyronitrile and the like, and 
these were combined with commercial-free radical photoinitiators. The final 
product contained about 20% polyfunctional acrylate. The modified plastisols 
were first flowed onto the substrate and then exposed to ultraviolet radiation 
to form a tack-free skin or surface cure on the coating to hold the system in 
place. They were then heated in a forced-air oven to the fusion temperature of 
the polymer/plasticizer and the decomposition temperature of the thermal ini- 
tiator. The products were held at temperature for about 20-30 min. to allow fu- 
sion and thermal cross-linking. The cured products expanded the use range of 
plastisols to include automotive sealants and electronic encapsulants, such as 
conformal coatings and electrical component insulators. Research and product 
development in this area is ongoing. 

Recently, a similar radiation/thermal dual-cure system was used in the 
production of a coated abrasive fabric [8]. Irradiating the sample began the free 
radical polymerization. Then, as the temperature increased sufficiently due to 
the heat of reaction, the thermal initiator was activated and curing was com- 
pleted. Another free-radical system involved first cure of acrylates with radia- 
tion and then thermal cure of isocyanate/hydroxyl moieties in the system [9]. 
Cationic systems were also first partially cured with ultraviolet radiation and 
then cured by exposure to elevated temperatures [10]. Hydroxy-functional 
acrylates were combined with cycloaliphatic epoxides and an onium salt pho- 
toinitiator to form systems that would undergo both free radical and cationic 
photopolymerization. During the process, the hydroxyl groups also entered 
into the cross-linking scheme by chain transfer [11]. Concurrent cationic/free 
radical cure systems have also been discussed in a review paper [12]. 

Combinations of ultraviolet and infrared radiation curing systems were 
also suggested as a way  to supply thermal energy to radiation cured systems 
[13]. Such combinations would be useful in the above described plastisols 
formulations, coated abrasive fabric, and free radical/cationic dual-cure sys- 
tems. 

Dual-cure systems can also be based on urethane acrylates that contain 
both acrylate and isocyanate functionality. 

OCN - -  R - -  N - - C - - O , ~ , v v v v v v v v , ~  O ---C - - N - - R - - N - - - C - - O - -  (CH2) - - O  - - C - - C H  m'  CH 2 
II II II II 
O O O O 

Free isocyanate Polyol residue Diisocyanate residue 2-Hydroxyethyl acrylate 
end group and residue 
diisocyanate residue 

A urethane acrylate with free isocyanate functionality 
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These molecules have been combined with polyols to form coating systems 
that will first cure with ultraviolet radiation, and then they achieve final 
properties by  heating to promote the isocyanate/hydroxyl reaction [14,15] 
and achieve a highly cross-linked state. As might be expected, such products 
have a limited pot life and are two-package systems. 

Formulations that were solventborne and waterborne in nature were in- 
vestigated, and after cure, the coatings were tested for scratch resistance in a 
laboratory car-wash system. Cure was effected by keeping the coatings at 
room temperature for 5 min, then heating for 10 rain at 80 ~ C. After the ther- 
mal treatment and while the coatings were warm, they were exposed to ul- 
traviolet irradiation at 1.1 m/min  under two 80-watt/cm lamps. Both type 
coatings had a car-wash resistance that was as good as a conventional two- 
package polyurethane system. In addition, the coatings had a high degree of 
solvent and chemical resistance and 20 ~ gloss of 89 and 88, respectively. Cur- 
ing time for the coatings was markedly shorter than that required for con- 
ventional polyurethane coatings. 

This dual-type molecule with both acrylate and isocyanate functional- 
ity has also been blended with a polyol such as 1,4-butanediol or trimethy- 
lolpropane triol and exposed to radiation in the first step [16]. Then, in the 
second step, the system is heated at 150 ~ C for 30 min to facilitate formation 
of urethane linkages through the isocyanate/hydroxyl reaction. The final 
product is a cross-linked acrylate/urethane system. When a triol was used 
as the cross-linking agent, the final film had a "Young's Modulus" of 60 
kg / cm 2, a tensile strength of 70 k g / c m  2, and an elongation of 140%. This 
film was more flexible and deformable than the control, which only con- 
tained acrylate functionality and was only radiation cured, that had a 
Young's modulus of 110 kg /cm 2, a tensile strength of 70 kg /cm 2, and an 
elongation of 100%. 

Another dual-cure system of this general type involves radiation-cur- 
able acrylates and hydroxyl groups that can be thermally cross-linked with 
methoxymelamines,  benzoguanamines,  and other amino cross-linking 
agents [17]. The hydroxyl-containing compounds may contain both acrylate 
and hydroxyl functionality, as is the case with the e-caprolactone derivatives 
of 2-hydroxyethyl acrylate as well as multifunctional compounds such as 
trimethylolpropane or diethylene glycol. These materials are formulated 
with a free radical generating photoinitiator and compounds capable of gen- 
erating an acid that will catalyze the cure of hydroxyl and amino functional- 
ities at elevated temperatures. Hard (up to about 8H pencil hardness), sol- 
vent resistant (> 100 acetone rubs) coatings were achieved after exposure to 
ultraviolet radiation and about 3-5 min at 100-150 ~ C. After irradiation, the 
coatings had a hardness of K HB and only passed 10 acetone rubs. However,  
after aging two days at room temperature, the same coatings had a hardness 
of 4H and a solvent resistance of > 100 acetone rubs. A related system has 
also been described [17]. 
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Interpenetrating polymer network technology has been examined as a 
means of achieving dual-cure systems [18]. Interpenetrating polymer net- 
works arise when two polymerizable compositions are mixed and are inde- 
pendently reacted, with the resultant polymeric mass containing two dis- 
tinct, intertwining, continuous polymeric domains. For example, one of the 
domains might be a radiation-curable acrylate formulation and the other 
might be a thermally curable, two-package urethane formulation. The latter 
portion may be catalyzed, if desired, with stannous octanoate, dibutyltindi- 
laurate, or similar compounds used for the isocyanate/hydroxyl reaction. 
The investigators demonstrated the technology with a variety of polyols 
and isocyanates for the polyurethane portion of the network and multi- 
functional, low molecular weight acrylates. They found that such systems 
combined in a synergistic way to yield cured films with better overall prop- 
erties than either component. The radiation-cured acrylates gave the system 
a fast cure mechanism, and the urethane portion gave toughness to the film. 
Overall, the films had optical clarity, hardness was increased along with 
impact strength, and the network had improved solvent resistance. The 
weathering character was that of the individual components. Other exam- 
ples of dual-cure interpenetrating compositions can be found in the litera- 
ture [19]. 

Acrylated melamines offer another potential for a combination radiation 
and thermal cure system [20]. Acrylated melamines may be synthesized by 
reacting acrylamide with etherified melamine compounds [21]. Any of the 
six reactive sites on the triazine ring of melamine can be acrylated. As an ex- 
ample, a methoxymelamine compound with three of the sites reacted is 
shown below: 

CH 30 CH 2 ~ / CH2OCH3 

N - . . . . ~ N ~  / N  

O H N N 

N 
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H O 

An acrylated melamine 

The methoxymelamine groups will react with hydroxyl functionality on 
polyols, etc., in the usual manner (thermally), and the acrylate groups will re- 
act with themselves or with added acrylates of various kinds. Thus, 
molecules of this family may be first radiation cured, and this partially cured 
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coating may be followed by a thermal cure to achieve maximum properties. 
Or, the molecules may be first thermally cured and then radiation cured. 

A particular melamine acrylate was formulated with tripropyleneglycol 
diacrylate, a free radical photoinitiator, and a p-toluene sulfonic acid catalyst 
[20]. When only cured with ultraviolet radiation (two 200 W/in. ,  -80 W/cm, 
lamps at 100 ft per min., -30  m per min.), the resulting film had excellent ad- 
hesion and passed 196 methylethyl ketone double rubs. When a thermal post 
cure of 5 min at 150 ~ C was used after the radiation exposure, the adhesion 
remained excellent and the coating was not affected by more than 300 
methylethyl ketone double rubs. 

Another system involved the use of hydrogen-abstraction photoinitiator 
systems in combination with a thermal initiator such as peroxides or azo 
compounds [22]. When the formulations were exposed to ultraviolet radia- 
tion, polymerization was initiated in the surface region of the coating. The 
polymerization generates heat, and this energy activated the thermal initia- 
tor and caused polymerization to proceed through the entire coating. 

R a d i a t i o n / M o i s t u r e - C u r e  U r e t h a n e  C u r e s  

The dual-cure system, that involves a urethane acrylate in which one end of 
the urethane acrylate molecule is replaced with an isocyanate group as de- 
scribed in the previous section and shown below, 

H H H 
t I I 

OCN-- R-- N--C--O,v~Nvwww~O --C --N--R-- N---C--O-- (CH2)~-O-- C--CH= CH 2 
II il il il 
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Free isocyanate Polyol residue Diisocyanate residue 2-Hydroxyethyl acrylate 
end group and residue 
diisocyanate residue 

A urethane acrylate with free isocyanate functionality 

is first cured with radiation to polymerize the acrylate groups. This is fol- 
lowed by a room temperature moisture-cure 1 of the free isocyanate groups 
[16]. Such molecules can be blended with a free radical photoinitiator and ex- 
posed to ultraviolet radiation in the first step of the curing process. Then, in 
a subsequent step, the residual isocyanate functionality will slowly react 
with adventitious moisture in air or a controlled environment at room tem- 
perature to form mainly urea groups between the isocyanate molecules, with 
a cross-linked acrylate/urea system resulting. After undergoing radiation 
curing and being held at 100% relative humidity for 24 h, the resulting film 

Moisture-cure polyurethanes are also known as ASTM Type II polyurethanes. See [23] for 
the ASTM descriptions of the six "Types" polyurethanes. 
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had a "Young's Modulus" of 90 kg /cm 2 compared to 100 k g / c m  2 for the con- 
trol that only contained acrylate functionality and was only radiation cured, 
a tensile strength of 98 kg /cm 2 compared to 70 kg /cm 2 for the control, and 
an elongation of 130% compared to 100% for the control. The moisture-cured 
film was stronger, more extensible, and easier to deform than the control. Be- 
fore the moisture-curing step, the modified product  was  very  flexible, 
Young's modulus 27 kg /cm 2, weak, tensile strength of 12 k g / c m  2, but quite 
extensible, elongation 82%. From these data, the effect of moisture-cure and 
urea formation is readily apparent. Pigmented ultraviolet radiation/iso- 
cyanate dual-cure systems have been studied [24]. Good curing was obtained 
in layers as thick as 50 microns. 

Although it is not a coating application, polyolefinic foams with im- 
proved creep, elastic recovery, fatigue resistance, and tensile properties have 
been prepared by a radiation-activated first stage cure that coincides with or 
follows the foaming operation [25]. This is followed by a moisture-cure stage 
that completes the curing operation. The radiation-cure stage is accom- 
plished with an electron beam or similar radiation source. 

Radiation/Epoxide Cure 

The radiation cure of half acrylated diglycidyl ether of bisphenol A 2 has been 

CH 3 CH3 
CHTCH-C-- O-CHz-CH-CH O-CH2- CH-- C O--CH2--CH-CH2 

n I 7 ~ ! ~ k~. 7 ~ I  ~__~' \0" 
O OH L CH3 t~.  J N  CH3 

Acrylate end group Epoxy end group 

Half acrylated adduct of the diglycidyl ether of bisphenol A 

studied alone and in combination with other acrylates in the presence of a va- 
riety of cationic and free radical photoinitiators [26]. The molecule described 
above is designed to react with cationic photoinitiators through the epoxy 
end group, with chain transfer taking place by means of the hydroxyl groups 
on the molecule or with added hydroxyl-functional compounds, while the 
acrylate group is able to undergo free radical polymerization. A large num- 
ber of formulations were investigated, and it was concluded that the novel 
epoxy/acrylate adduct caused a decrease in cure speed in comparison with 
the fully acrylated version, but  it had better adhesion to nonporous, rigid 
substrates. Good adhesion and solvent resistance were obtained on metal 
substrates. As might be suspected, formulations containing the adduct were 
sensitive to the ultraviolet radiation dosage, the type of photoinitiators used, 
and the effect of added acrylates. The slowness of cure with the adduct was 

2 EbecrylTM 3605, UCB Radcure Group. 
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thought to be related to its acting mainly as a monofunctional compound 
with the different type photoinitiator systems. 

Radiation/Radiation Cure 

Because of the absence of solvent in ultraviolet radiation-curable coatings, it 
is almost always difficult to obtain flatting or to control the degree of flatting. 
A novel radiation dual-cure process, in which radiation of different intensi- 
ties was used to develop different degrees of gloss (flatting) in coatings, is 
useful in various applications, and particularly, in the wood coating area 
[27,28] 3. A commercial 35% unsaturated polyester/65% styrene mixture was 
formulated with coated, micronized silica gel flatting agents and 2,2-di- 
alkoxy-2-phenylacetopheneone photoinitiator. Various amounts of flatting 
agent were used. The radiation/radiation dual-cure process was carried out 
as follows. Films of 50-200 p~m were applied to black glass plates with a 
drawdown bar. They were first exposed to ultraviolet radiation from two 
80W/cm medium pressure mercury vapor lamps at 10 m per rain. After this 
pregelling step, the films were then passed under two 80-W/cm medium 
pressure mercury vapor lamps at 3.5 m per min. In effect, the second step was 
about five to six times slower with markedly greater radiation exposure than 
in the pre-gelling step. For comparison purposes, a direct-cure or one-step 
process, in which the coatings were exposed to two 80W/cm medium pres- 
sure mercury vapor lamps at 2.5 m per min, was used. The total radiation ex- 
posure in the direct-cure process is equivalent to that of the dual-cure pro- 
cess. In all instances, the dual-cure process resulted in lower gloss values 
than the direct-cure process. The flatting efficiency of the process increased 
with increasing flatting agent concentration, which varied from about 3% to 
about 10%. Flatting efficiency increased as film thickness increased. 4 The po- 
tential for similar gloss control, involving a dual-cure process with medium 
pressure mercury vapor lamps that emit radiation of different wavelengths, 
was described. As might be anticipated by those familiar with the complex- 
ity of the flattening process, the optimum concentration and type of flatten- 
ing agent and the curing conditions must be determined by experimentation. 

Radiation/Air-Drying Cures 

These dual-cure systems are based on acrylates and unsaturated compounds 
that will react with the oxygen present in air, known as air-drying corn- 

3 References [26] and [27] contain a good description of the flatting process and of why and 
how it differs in radiation-cure coating formations in comparison to that from solvent-based 
coating formulations. Also see [28] for further information about flatting UV systems. 

4 Other investigators have found the opposite to be true, i.e., flatting efficiency decreased as 
film thickness increased. 
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pounds [16]. The air-drying compounds used in the art are alkyds or unsat- 
urated polyesters [30] and drying oils [31]. The oxidative drying reaction that 
takes place under ambient conditions is usually catalyzed with metallic salts 
such as salts of cobalt, which promotes surface drying, salts of manganese, 
which effects both surface and internal or through drying, and salts of other 
metals [32]. The curing or drying takes place by oxygen absorption followed 
by peroxide formation. The peroxide then decomposes into free radicals, and 
these cause cross-linking and cure over a period of time, usually hours or 
days. 

The unsaturated compounds investigated [16] were unsaturated pol- 
yesters and mono-, di-, and tri-'oxygen sensitive" compounds. None of the 
compounds were structurally described. These compounds were formulated 
with one or more multifunctional acrylates, a mixed functionality urethane 
compound, free radical generating photoinitiators, and a cobalt salt. The for- 
mulated systems were first exposed to ultraviolet radiation and then allowed 
to "age" or further cure under room conditions. Solvent resistance, in gen- 
eral, increased with aging time, and greater than fifty acetone rubs were 
achieved with all systems over an aging time of 0 h to i week. The investiga- 
tors indicated that control coatings without a cobalt salt did not show any sig- 
nificant change in properties. However, it should be pointed out that the 
cobalt salts usually promote surface cure, and a solvent-rub test might not be 
sensitive to any change the salt caused. Hardness and gel content also in- 
creased as a function of time at room conditions after radiation exposure. 
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Adhesives 

I n t r o d u c t i o n  

THE USE OF RADIATION to cure adhesives has been known for over 40 years, and 
what appears to be the first review of the use of irradiation as a process to 
make pressure sensitive adhesives appeared in 1977 [1]. The early pressure 
sensitive adhesives were mainly based on monofunctional alkyl acrylates 
with four or more carbon atoms in the alkyl chain and vinyl esters [2]. Al- 
though this early interest in radiation-cured adhesives existed, it has only 
been since about 1990 that interest in the technology has grown and become 
very strong [3-5]. The main driving forces for using this technique to cure ad- 
hesives were manufacturing costs and environmental regulations that forced 
producers to investigate solvent free or very low solvent systems. This was 
coupled with the need to have final products that did not detract from re- 
quired performance characteristics. 

As would be expected, solvent-based adhesives were and still are very 
well established in the industry. Such formulations can be made for a wide 
variety of end uses. But, solvent and energy costs have increased, and regu- 
lation has added the expense of solvent recovery for many operations using 
conventional technology. In addition, solvent removal from adhesive coat- 
ings, particularly from thick films, results in relatively slow line and cure 
speeds. Radiation curing with its many advantages of rapid curing and cross- 
linking of polymers from the monomeric stage with nil volatile organic com- 
pound loss offers great advantages for the adhesive field [6-8]. In 1995, bar- 
riers to this technology were considered along with some of the ecological 
advantages [9]. With the success that has taken place in the area, one must 
surmise that many of the technical and economic barriers that were detailed 
have been surmounted. Yet, it is worth being aware of these if one is begin- 
ning an effort in the area. 

In 1982, it was reported that the radiation-cured adhesive market was 
merely four million dollars in 1981 [10]. However, it was expected to reach 
$34 million by 1987. This represents a growth rate of about 7.7%, in compar- 
ison to a 5.3% growth rate predicted for the specialty adhesive market a few 
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years later [11]. At about the same time, the use of ultraviolet radiation to 
cure structural aerobic acrylic adhesives was beginning to gain acceptance 
[12] as the industry began to surmount the difficulty in obtaining adhesion to 
smooth, nonporous substrates with low energy surfaces, such as glass and 
plastics. In 1999, the global radiation-curable market was estimated at $1.3 
billion of which only a small portion, 1.7% or about $22 million, is in the ad- 
hesives area [13]. 

The annual growth rate in the adhesives area is expected to be 7.3%, a 
number that is in fair agreement with the number predicted about a decade 
earlier. While the growth rate might agree with the earlier number, the size 
of the market seems too small. An article [14] quoting a Frost & Sullivan re- 
port states that the United States radiation-curable market had sales of $97 
million in 2000, and this was projected to grow to $150 million by 2007. The 
growth rate over this time period, if the projection is taken to mean the end 
of 2006 (i.e., by 2007), would be 7.5% in basic agreement with the other 
growth rates. The impetus for this growth is attributed to the U. S. Environ- 
mental Protection Agency regulations. The regulations are forcing the man- 
ufacturers to use more environmentally favorable products, such as radia- 
tion-cured adhesives. 

The monomers, mono- and multifunctional, and oligomers described in 
earlier chapters can be used to formulate adhesives. Many of these have been 
described in terms of activity, hydrophil ici ty/hydrophobici ty,  and glass 
transition temperature and the importance of these factors to adhesives [15]. 

Pressure Sensi t ive  A d h e s i v e s  

Pressure sensitive adhesives (PSAs) are all around us today in the form of la- 
bels, tapes of various kinds, postage stamps, decorative and functional stick- 
ers, laminates, posting notes, and on and on. Such adhesives are character- 
ized by three main properties: cohesion, adhesion, and tack. Cohesion is the 
internal strength of the adhesive, and it allows the adhesive layer to resist 
splitting when used in packaging operations or when the adhesive is re- 
moved from the substrate to which it is adhering. Adhesion is usually 
thought of as the property that describes the ability of the adhesive to remain 
attached to the surface to which it is attached and to do so without slippage 
at the interface between substrate and adhesive. Tack is the stickiness of the 
adhesive, and it is related to the aggressiveness of the adhesive for attach- 
ment to other surfaces. Variation of these properties leads to a wide variety 
of pressure sensitive products. A discussion of these three properties and 
their interrelationship with radiation curing can be found in the literature 
[16,17]. 

In a general sense, as the amount of ultraviolet radiation used in the cure 
of a PSA increases, adhesion decreases and cohesion increases for acrylate- 



Adhesives 167 

based formulations [18]. Test descriptions are available along with some 
ranges that might be expected for commercial PSAs [19]. For example, shear 
values vary from 20 to about 35 000 min for a variety of adhesives. PSAs de- 
pend on a balance of elastic and viscous properties to achieve performance 
characteristics, and this balance defines the character of a PSA. Tackifiers are 
compounds that provide the viscous portion of this needed viscoelastic-ef- 
fect balance [20]. 

Pressure sensitive adhesives are available in a variety of forms. The main 
ones are solventborne, waterborne, hot melt, and radiation cured. In 1986, 
water-based PSAs comprised about 60.2%, solvent-based and hot melt PSAs 
each about 19.8%, and radiation-cured PSAs about 0.2% of the dollar value of 
the PSA market [21]. Even though radiation-cured PSAs had only a small 
fraction of the market, energy costs, environmental concerns, and productiv- 
ity made this technology one that sparked the interest of many investigators. 
In Europe, hot melts are a significant portion ( -  20%) of the PSA market, and 
it is felt that the radiation-curable hot melt technology will be an important 
growth factor in this area [22]. It is expected that the hot melt area will grow 
at an annual 7% rate versus 1% for solutions and 5% for waterborne. Today, 
it is an active area of product research and development. 

Advantages and disadvantages of the four technologies have been de- 
lineated, and the properties of tack, peel, and shear for some commercial 
products and some ultraviolet radiation-cured products are given in Table 
10.1. This market has grown, and in 2000, it was reported that there were 
about 16 suppliers with 30 products for the PSA area [23]. Ten of the suppli- 
ers had 15 products for PSAs that could be applied as liquids at room tem- 
perature, and six of the suppliers had 15 products that could be applied as 
warm or hot melts. These numbers do not take into account suppliers and 
products for the conventional hot melt PSAs. 

The use of an electron beam for curing and cross-linking pressure sensi- 
tive adhesives has been described [24,25]. Costs, as related to both electron 
beam and ultraviolet radiation curing of PSAs and how these can lead to an 
integrated manufacturing operation, have been published [26, 27]. Coating of 
an ultraviolet radiation-curable silicone release and a waterborne acrylic PSA 

TABLE 10.1. Properties of Commercial Pressure Sensitive Tapes and Some Ultraviolet 
Radiation-Cured Products of Undisclosed Composition [19]. 

TYPE OF TAPE TACK, PEEL, 

Commercial cellophane tape 
Ultraviolet radiation cured tape 
Commercial removable label 
Ultraviolet radiation cured tape 
Commercial high performance tape 
Ultraviolet radiation cured tape 

SHEAR, 
g/cm2 lbs/linear in. min 

(8/25 mm) 
460 1.6 (290) 600+ 
300 1.4 (254) 600+ 
30o 1.0 (181) 2o 
2oo 2.o (362) 4o 
93o 4.o (726) 600+ 

1300 4.0 (726) 600+ 
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suitable for use in the tape and label area can be done by a tandem coating 
process [28]. 

Early uses of radiation in this field often dealt with alteration of the co- 
hesive strength factor. An electron beam was used to improve this character- 
istic in mixtures of natural rubber latex crepe (polyisoprene) and a pentaery- 
thritol ester of wood  rosin; natural rubber latex, styrene-butadiene 
copolymer, and a terpene oligomer; poly(vinyl ethyl ether); and other sys- 
tems [29]. The goals were to cross-link the adhesive and improve internal 
strength properties. The cohesive property of hot (49 ~ C or 120 ~ F) shear re- 
sistance was improved by radiation, while the adhesive properties remained 
unchanged. 

Adhesives based on butyl rubber have poor cohesive strength, in com- 
parison to natural rubber based adhesives. Butyl rubber will degrade under 
electron beams and ultraviolet radiation. However,  a novel compound 
known as conjugated diene butyl (CDB) will cross-link when exposed to an 
electron beam [30]. When CDB was compounded with commercial aliphatic 
and cyclic tackifiers and irradiated with either an electron beam or ultravi- 
olet radiation, it exhibited high reactivity either alone or in a formulated 
product [31]. Good quality PSAs could be made. The cohesive strength and 
holding power were markedly improved by irradiation. Adhesiveness had 
only a minor increase. The aliphatic tackifier tended to provide the best 
adhesive character, and the cyclic tackifier tended to provide the best cohe- 
sive properties. Other basic PSA components include polyisoprene [32,33], 
epoxidized polyisoprene [34] and polybutadiene [32], and isobutylene 
copolymers with isoprene or p-methylstyrene and halogenated versions of 
these compounds [35]. 

Although styrenic block copolymers have been widely used as pressure 
sensitive adhesives for some time, PSAs made from these block copolymers 
are unsuitable for use in areas where they must withstand aromatic solvent 
or exposure to high temperatures. These difficulties arise from the fact that 
such block copolymeric adhesives are thermoplastic in nature and obtain 
their rubbery character due to physical cross-linking by means of microphase 
separation of styrene end blocks during the cooling process. To overcome 
this difficulty, the styrenic block copolymers were made with a multitude 
of dangling double bonds on the flexible block [36]. These polymers could 
be applied easily by warm or hot melt techniques and then covalently cross- 
linked by a free radical mechanism when exposed to electron beam or ul- 
traviolet radiation. The same s tudy discussed development  of a liquid 
poly(ethylene/butylene) copolymer with a primary hydroxyl group on one 
end. The other end of the hydroxyl-terminal copolymer was an epoxidized 
polyisoprene block. This block copolymer would cure by cationic means in 
the presence of an onium salt photoinitiator. Details of cure studies were 
given and both new PSAs functioned well as adhesives that maintained their 
adhesion at elevated temperatures ( -95  ~ C). The dark cure that takes place 



Adhesives 169 

with cationic systems can be used to improve ultraviolet radiation-cured ad- 
hesives [37]. 

Liquid butadiene/ isoprene/styrene block copolymers with epoxide and 
hydroxyl functionality have been investigated as PSAs [38]. These copoly- 
mers do not exhibit microphase separation. They are star-shaped in structure 
and have aliphatic epoxy functionality that is localized on specific blocks 
a n d / o r  have primary hydroxyl  functionality at one or both ends of the 
copolymers. The heat stable polymers can be rapidly cured if they are for- 
mulated with cationic, onium-salt photoinitiators and exposed to ultraviolet 
radiation. After cure, the PSAs had excellent high temperature adhesion, a 
balance of adhesive properties, aggressive tack, and shear adhesion of 
greater than 175 ~ C. 

An acrylic formulation of undisclosed composition involved an acrylic 
copolymer with a chemically bound photoreactive group that is applied in 
hot-melt form [39]. In addition to good adhesive properties, the adhesives 
have excellent resistance to aging and to deformation at high temperatures. 
This paper contains a generalized cost comparison between ultraviolet radi- 
ation-cured adhesives and conventionally applied and cured adhesives. 

The use of electron beam radiation to cure acrylate monomers on flexible 
substrates into a PSA tape was also done in an early invention [40]. Low 
molecular weight polyacrylates based on 2-ethylhexyl acrylate and vinyl 
acetate with minor amounts  of monomers  such as dimethylaminoethyl  
methacrylate, acrylic acid, or an acryl amide have been applied to a flexible 
substrate as a hot melt and irradiated with high voltage electrons [41]. The re- 
sultant irradiated products had improved shear strength over similar con- 
ventional products. 

Hot melt PSAs have disadvantages such as poor performance at ele- 
vated temperatures and to aging (light, oxygen, and heat resistance). A recent 
paper [42] described a combination of hot melt and radiation curing technol- 
ogy for the development of low performance, general purpose PSAs and of 
permanent PSAs. As would be expected, adhesion varied with both formu- 
lation and substrate, but  the new products had good adhesion to both low 
and high-density polyethylene, polypropylene,  poly(vinyl chloride), and 
glass. All three products were shown to cure at high speeds, and they had ex- 
cellent cohesive strength with static shear resistance of >24 h, with no move- 
ment when the adhesive was applied to stainless steel and tested at 100 ~ C. 
Dynamic mechanical analysis indicated that the glass transition temperature 
was unchanged but  the use temperature or plateau region in the dynamic 
shear modulus was extended well above the normal flow region by cross- 
linking. Plasticizer migration resistance was excellent. 

Solutions of a 50/50 low molecular weight 2-ethylhexyl acrylate-vinyl 
acetate copolymer, dissolved in 2-ethylhexyl acrylate with and without a 
multifunctional acrylate, were cured with ionizing radiation and then sub- 
jected to an artificial weathering environment for 300 h [43]. After this cure 
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and treatment, the adhesives had good adhesive release characteristics from 
polished metal substrates. While the cohesive strength and release character- 
istics were acceptable with all systems, both properties improved when the 
multifunctional acrylates were present. 

Another study [44] also sought to improve the cohesive strength, and 
thereby, the creep resistance of the adhesive. In this case, ultraviolet radiation 
of various intensities was used, with and without an added photoinitiator. 
Natural rubber was formulated with various ingredients, optionally includ- 
ing a photoinitiator such as benzophenone or similar compounds. In each 
case, after irradiation the creep resistance was markedly improved over that 
of a control. 

The feasibility of grafting acrylates such as neopenty! glycol diacrylate, 
pentaerythritol triacrylate, and acrylated oils to poly(vinyl ethyl ether) and 
poly(vinyl methyl ether) in the presence of benzophenone has been studied 
[45]. The reactions were initiated with ultraviolet radiation in an air atmo- 
sphere. Cohesive strength improved as the concentration of multifunction 
acrylate increased, as indicated by higher degrees of cross-linking. The latter 
property was noted by increased gel content and low swelling indices. Thus, 
cohesive strength was improved. The cross-linked compositions contained 
some unreacted poly(vinyl ether), which functioned as a tackifier. The graft- 
ing of monofunctional acrylates onto the same polymers was also examined, 
and useful PSAs resulted [46,47]. 

A correlation between curing and formulation parameters indicated that 
the most important parameters that affected performance were acrylate and 
photoinitiator concentration and curing time [48]. Screen printable adhesives 
have also been investigated [49]. The reaction between an acrylate polymer 
and monomer that was irradiated with a low-energy electron beam indicated 
that introduction of acryloyl groups into the network improved peel and 
dead load strength [50]. If polar monomers, i.e., those containing hydroxyl or 
carboxyl groups, were added to the reaction mixture, the adhesive properties 
improved. 

A highly flexible urethane acrylate (50%) has been compounded with 
four different monofunctional acrylates (40%), benzophenone (4%), methyl- 
diethanolamine (3%), and a commercial photoinitiator of undisclosed chem- 
ical composition (4%) [51,52]. The latter photoinitiator was used to ensure 
good reactivity in the bulk of the adhesive, and the combination of ben- 
zophenone and amine synergist was used to ensure good surface cure of 
acrylates and, thus, ensure no uncured monomer was present in the surface 
of the adhesive. Absence of uncured monomer  would mean the system 
should be odor-free, and also that surface tack or slipperiness would not be 
attributable to uncured monomer. Two of the monofunctional acrylates, 
ethoxyethoxyethyl acrylate and the four-mole ethoxylate of nonyl phenol 
acrylate, were polar in nature and two, isodecyl acrylate and a monohy- 
droxyl caprolactone acrylate, were nonpolar  in nature. Formulations of 



Adhesives 171 

ethoxylated trifunctional acrylates yielded cured film properties that had no 
adhesion and were hard in nature. While these studies do not provide high 
quality adhesives, they can be used as a guidance tool that will aid formula- 
tors in devising radiation-curable PSA tapes. 

A related formulation study investigated systems with aromatic and 
aliphatic epoxy acrylates with various acrylate monomers, free radical pho- 
toinitiators, and tackifiers [53]. The study proved that tackifier content and 
glass transition temperature were critical to PSA performance. If tackifier 
content was too high, the final film had poor adhesion, due to cross-linking 
causing the film to lose tack. Addition of certain monofunctional acrylates, as 
ethoxyethoxyethyl acrylate, to a formulation such as the one used in the 
study, increased the adhesive character and peel strength. By varying the 
tackifier and monomer content effectively, any peel strength between 0.1 and 
6 lb/in. ( -18  and 1090 g/25 mm) could be obtained. 

An effort has been made to develop a variety of ultraviolet radiation cur- 
able PSAs with characteristics ranging from light duty to those that would 
permanently bond to a substrate [54]. Within this program, a method was de- 
vised for screening tackifiers, and the most promising candidates were used. 
The tackifier screening formulation consisted of 66% tackifier, 20% 2-ethyl- 
hexyl acrylate, 7% trimethylolpropane triacrylate, 3% hexanediol diacrylate, 
and 4% of a commercial-free radical photoinitiator. Statistical design analysis 
was employed, and a number of potential PSA formulations were evaluated. 
Of the PSAs evaluated, several ultraviolet radiation curable adhesives were 
found that had performance characteristics as good as or better than com- 
mercial products. A permanent PSA was not defined from the test results. 

A recent paper [55] pointed out that in 1990 at the RadTech '90 radiation 
curing conference, there were no technical papers that dealt directly with 
electron beam or ultraviolet radiation cured PSAs. In contrast, at the RadTech 
2000 conference ten years later, seven papers dealt directly with the topic and 
were presented at a session, focused on radiation-cured adhesives. The re- 
porting investigators evaluated three types of commercial ultraviolet radia- 
tion curable PSAs--a liquid PSA, a warm-melt ( -93  ~ C), and a hot melt PSA 
( -  149 ~ C). These adhesives were studied on silicone release coatings of var- 
ious types to best ascertain the potential processing advantages for the sys- 
tems and to guide potential end users of the technology. The study found 
that the radiation-cured PSAs performed well on four different silicone re- 
lease substrates--namely, radiation-cured epoxy-silicones and acrylate-sili- 
cones, and thermal-cured solventless and emulsion silicones. The data indi- 
cate that in-tandem coating of, first, the release coating, followed by the PSA, 
could offer manufacturing advantages. Very low voltage electron beam cur- 
ing of acrylic PSAs has been considered [56]. 

In 1986 and later, polyesters with one terminal acrylic double bond were 
described as PSA candidates ]57,58]. The other terminal group on the poly- 
mer was nonreactive when the system was irradiated. These low molecular 
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weight (3000-6000) compounds  had glass transition temperatures of 
about-10 to -50 ~ C. The use of tackifiers was found to be optional, and addi- 
tion of monomeric or other reactive diluents was undesirable. Blending 
polyesters of different molecular weight, glass transition temperaure, and as- 
sociated properties were Used to vary and control adhesive properties. The 
PSAs could be cured rapidly with electron beam or ultraviolet radiation. 
Good adhesive properties resulted, and end uses such as double-sided tapes, 
electrical tapes, medical tapes, decals and labels, and protective films were 
mentioned as end uses. Polyester technology offers an alternative to the rub- 
ber-based and acrylate-based products that are the main factors in the radia- 
tion-cured PSA market. The main advantages of the polyesters were low skin 
irritation, high cure speed, low photoinitiator concentrations, and wide for- 
mulation latitude. The disadvantages were high viscosity, which required 
handling and application at elevated temperature, limited polymer compat- 
ibility, and some coloration. Cost may also have been a disadvantage. 

Release or Anti-Adhesive Coatings 

It is difficult to discuss pressure sensitive adhesives without discussing re- 
lease coatings, which were briefly mentioned in the previous section. Release 
coatings are the substrate to which pressure sensitive adhesives are applied 
and from which the final product---decal, envelope, label, personal hygiene 
item, protective liner in graphic arts, stamp, tag, tape, etc.--is removed. A 
simple label product might have the following construction: 

Label Stock 
Adhesive Coating 
Silicone Release Coating 
Release Layer Stock 

Just as it is difficult to discuss pressure sensitive adhesives without dis- 
cussing release coatings, it is difficult to discuss release coatings without 
discussing silicone coatings. Silicone coatings have a number of attractive 
features such as a low energy surface, excellent electrical properties, low 
moisture uptake, both thermal stability and low temperature performance, 
flexibility and elasticity, and easy handling characteristics [59-61]. In addi- 
tion to their use as release coatings for PSAs, silicone coatings are important 
in the electronics area as ultraviolet radiation-curable conformal coatings, 
which are coatings that protect printed circuit assemblies from hostile envi- 
ronments. 

Polyurethane casting is another important end-use area for release coat- 
ings [62]. Polyurethane castings are used in the coated fabric industry to pro- 
duce leather substitutes used as furniture upholstery, shoes, automobile seat 
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covers, women's handbags, suitcases, attach6 cases, and similar items. Re- 
lease coatings for such products can yield films with high gloss to high matte 
finishes, and in a variety of textures such as cowhide, pigskin, reptile hides, 
and so on. Other special uses for release coatings include three-piece diaper 
tapes, in which three distinct levels of release are needed, protection of hot 
melt coatings that must be stored, and transfer tapes [63]. 

Qualitative tests are widely used in testing release coatings to determine 
the completeness of cure. "Migration" is detected with a cellophane tape test. 
In this test, No. 610 Scotch tape is first firmly pressed onto the silicone coab 
ing. It is then removed and doubled back on itself. If the tape sticks to itself 
after this treatment, the coating is considered to be well cured and migration- 
free. "Rub-off" is a term that describes whether or not a silicone coating fails 
to adhere to the substrate and can be rubbed off in tiny balls of silicone on ap- 
plication of gentle finger pressure. "Smear" is a term to describe the effect 
that occurs when a finger is firmly pressed and drawn across the silicone 
film. If an obvious, permanent streak remains, smear is detected and the film 
is considered to be incompletely cured. 

Traditionally, the silicones used as release coatings were applied from 
low solids, solvent- or aqueous emulsion-based liquids, or as 100% solids re- 
active systems. These thermal-activated compounds were cross-linked 
through either a condensation process using a tin catalyst or an addition pro- 
cess using a platinum or rhodium catalyst. Although these products were 
amply serving the market, in about 1984 there were market pressures such as 
increased productivity needs, energy costs, manufacturing space, and eco- 
logical concerns that led the way to new silicone systems cured by radiation 
[64]. Another important factor was the need to cure the coatings on temper- 
ature sensitive substrates that could not withstand oven temperatures. These 
features and other advantages and disadvantages of the various techniques 
including a comparison of free radical and cationic radiation-cured release 
coatings have been compiled [59]. When release coatings are designed, it is 
important that reliable and controlled release from the pressure sensitive ad- 
hesive is taken into account. The interfacial and viscoelastic contributions to 
such reliable and controlled release have been discussed in terms of the net- 
work set up when radiation-cured systems are used [65,66]. Epoxy silicones 
have been shown to have more stable release characteristics against acrylic 
adhesives [67]. 

Silicones with functional groups suitable for radiation curing have been 
known for some time, and the chemistry involved in deriving these com- 
pounds has been reviewed and a new acrylated epoxy silicone described [64]. 
The new silicone was based on the use of limonene oxide and a polymethyl- 
hydrogensiloxane. This adduct is then reacted with acrylic acid to form the 
following acrylated epoxy silicone that can be rapidly cured with ultraviolet 
radiation under inert conditions. 
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C H 2 ~ C ~ C - - O - -  X ~ -  C ~CH2--  Si-- O ~wwv,,vvvvcv~ CH3 

~0~ t~3 C/ ~ - ~  I-~ C~H3 

A number of different molecular weight epoxy silicones of this nature were 
prepared and evaluated with 2,2-diethoxyacetophenone and /or  combina- 
tions of benzophenone and N-methyldiethanolamine photoinitiators. Curing 
was very rapid (> 400 ft/min, 122 m/rain) under nitrogen inerted condi- 
tions. Formulation compatibility was achieved with a diacrylate-terminated 
alkane, a mixture of the diacrylate-terminated alkane and hexanediol diacry- 
late, N-vinylpyrrolidone, and 2-ethylhexyl acrylate. Hexanediol diacrylate, 
trimethylolpropane triacrylate, and pentaerythritol triacrylate alone or in 
combination gave either hazy translucent mixtures or opaque unstable mix- 
tures that would separate on standing. When cured, the stable mixtures gave 
products that varied from soft and fragile to hard and/or tough films. 

Cationic curable compounds were prepared from the precursor 
limonene epoxide-silicone used to make the above acrylated epoxide sili- 
cone. A number of epoxy silicones were prepared from glycidyl acrylate, 
vinyl cyclohexane monoxide, vinyl norbornene oxide, limonene oxide, and 
dicyclopentadiene monoepoxide. These compounds were formulated with 
an onium salt photoinitiator and cured with ultraviolet radiation. The results 
were variable, but excellent; no smear, no rub-off was obtained with the cy- 
clohexyl epoxy functionalized silicones, which confirmed the excellent cure 
response of these epoxides in comparison to the glycidyl ethers or dicy- 
clopentadiene epoxides. Useful information for those interested in this tech- 
nology can be found in the literature [68,69], which contains, for example, a 
description of release coatings, definitions used, release coating characteris- 
tics, and performance requirements. 

In the 1990s and later, a number of papers dealing with release coatings 
have appeared. The advantages of free radical-initiated radiation-cured sili- 
cones with details about performance properties important to this particular 
chemistry have been discussed [70]. The coatings described had good re-ad- 
hesion, did not require a post cure, and had release characteristics that could 
be controlled. Acrylate-functional silicones combined with reactive diluent 
vinyl ethers have also been investigated [71]. Acrylate-terminated siloxane 
polymers useful as release coatings have also been prepared by capping of 
silanol-terminated polydimethylsiloxanes with cycloxyalkylchlorodimethyl- 
silane [72]. 

Conventional iodonium salts available at the beginning of the time pe- 
riod did not have good miscibility with the silicone epoxides that were being 
investigated and developed as release coatings. Modified iodonium salts that 
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had alkyl end groups such as the following [60], which were miscible with 
the organofunctional siloxanes, were considered to be important factors in 
the development of current day technology: 

CH3- (CH2) 10 -- CH2 ~ 2 1  + SbF6 

C H 3 - ( C H 2 ) 6 - C H 2 - - O ~  I ~  SbF6 

These photoinitiators were used in combination with novel epoxy-func- 
tional organosilicones as well as organosiloxane monomers and polymers 
that were prepared by hydrosilylation techniques. Polymerization of these 
compounds was readily initiated with the alkylaryl iodonium salts. Film 
properties could be modified if co-curable alcohols were employed. Im- 
proved adhesion of the silicone coating to a substrate was obtained when a 
dicycloaliphatic epoxide with connecting methoxysilane groups of the fol- 
lowing form was used: 

CH3I CH3 CH3 

~ / C H 2  N CH2--Si-- O---- S i - -O--  Sli-- C H 2 / C H 2 ~ ,  O 

CH3 CH 3 CH3 

bis(3,4-epoxycyclohexylethyl)trimethoxysilane 

These epoxides and a number of other epoxy-functional monomers for 
cationic radiation curing, as well as their properties for coatings and for other 
applications, have been described in the literature [74-78]. Epoxy-functional 
silicone fluids that contain chloroalkyl groups attached to silicon by means of 
carbon-silicon bonds can be photocured with iodonium salts [79]. These com- 
pounds are useful as release coatings. 

A special area in the field of release coatings is linerless labels. Such la- 
bels do not have the disposable, release-coated liner associated with them. 
Rather, linerless labels are composed of a release-coated top face and a PSA- 
coated bottom face, with each applied to a paper substrate. Such a configu- 
ration allows the labels to be wound in roll form and, subsequently, un- 
wound without the adhesive sticking to the release coating. A release coating 
based on an epoxy-functional silicone dissolved in a reactive diluent, and for- 
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mulated with an onium salt photoinitiator and a wax-treated silica powder, 
has been found useful as a low-gloss release coating for linerless labels 
[80,81]. Reactive diluents are compounds such as 1,4-cyclohexanedimethanol 
divinyl ether, 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane carboxy- 
late, the diglycidyl ether of hexahydrophthalic acid, and like compounds. 
The wax-treated silica powder is commercially available and has a particle 
size of about 2-10 microns. 

Other Adhesives 

The chemistry, reasons and benefits, and existing and potential applications 
of radiation-cured adhesives have been outlined [82,83]. The outline also 
points out that, in addition to cationic and free radical radiation curing, an- 
ionic curing also exists. Cyanoacrylates cure by an anionic mechanism. There 
are a number of other areas in which radiation-cured adhesives are used. 
These include laminating adhesives for transparent and translucent or 
opaque materials that use cationic curing technology [13,84-86]. However, 
more strictly speaking, laminating adhesives are those that are used to form 
a unitized structure from similar or dissimilar materials. Examples of such 
laminates include what have been termed "homo laminates," which include 
the bonding of polyester to polyester, polyethylene to polyethylene, etc., and 
"hetero laminates," which include paper to polyester, paper to metallized 
polyester, polyester to nylon, glass to vinyl, polyester, or polycarbonate, etc. 
[85]. These adhesives may be used to bond clear films, such as a thin wear 
layer of polypropylene to various foil, film, or paper substrates. The adhesive 
is usually applied to the clear film, combined in a nip roll with the other sub- 
strate layer, and then ultraviolet radiation is used to cure through the clear 
film. Electron beam technology is used to cure the fihn combination if opaque 
films are involved. Of course, electron beams could also be used to cure clear 
films. 

Cationic systems with rapid curing characteristics and high temperature 
resistance for bonding materials, such as metal to glass or other marked dis- 
similar materials, have been described [87]. These commercial products have 
excellent humidity, thermal aging, and thermal shock resistance, as well as 
other features desirable in adhesives. The new adhesives are said to be 100 
times faster in cure, could be cured to twice the depth, were more flexible, 
and had shrinkage of one-half that of acrylates. Excellent adhesive point 
strength was obtained when glass was bonded to glass, glass to metal, and 
glass to plastic. 

Laminated pressure sensitive adhesive labels can be much more compli- 
cated than the simplified label structure described earlier in this chapter. For 
example, the label structure and substrate for use on a polyethylene container 
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Outer polypropylene surface film 
Ultraviolet radiation-cured laminating adhesive 
Water-based printed design and /o r  writing 
Paper face stock carrying the above printing 
Pressure sensitive adhesive (may be cured in various ways) 
High density polyethylene container (i.e., substrate) 
Food contact surface 

Such labels with a polyolefin surface are used on juice, milk, soda, and water 
containers. The clear polypropylene surface film gives superior scuff and wa- 
ter resistance to these labels, in comparison to labels that merely have ultra- 
violet radiation-cured overprint coatings. The migration of components from 
the radiation-cured laminating adhesive through the polyethylene container 
was investigated on six laminating-adhesive products, and a number of them 
had no detected migration, whereas others did exhibit migration of acrylate 
monomer and photoinitiator [88]. Another study of laminating adhesives in- 
volved the investigation of different photoinitiators and lamp types on cure 
speed [89]. Even though the formulation was given in terms of commercial 
designations rather than chemical composition, the effort provides useful in- 
formation and techniques for investigation. One conclusion from the study 
was that bis(2,4,6-trimethylbenzoyl)phenyl phosphine oxide gave four times 
the line speed of the other four photoinitiators used. 

The adhesives described herein are cured by exposure to radiation. 
However, adhesives can be exposed to radiation after the curing process 
takes place if they are used in a medical device. Such devices or packages 
may be subjected to gamma ray or electron beam sterilization. In a study 
that involved exposure of various classes of adhesives including laminat- 
ing, heat seal, and PSAs to gamma radiation, the effects ranged from nil 
through discoloration to moderate depolymerization [90]. The study con- 
cluded that the adhesives studied were sufficiently resistant to gamma ra- 
diation, but that caution is needed when adhesives are developed for the 
medical area wherein sterilization procedures may be used. Examples of 
medical devices that might be bonded with radiation-cured adhesives in- 
clude needle assemblies, lancets, insulin syringes, and the like, wherein 
polymer may be bonded to polymer, polycarbonate to stainless steel, alu- 
minum, and so on [91-93]. Both cationic [94] and free radical systems are 
used for such adhesives. 

A compound suitable for use as a glass adhesive has been prepared by 
reacting hydroxypropyl  acrylate with an unsaturated anhydride such as 
maleic anhydride [95]. Such unsaturated monomers were formulated with 
benzophenone and a synergist and optionally a trifunctional acrylate. The ra- 
diation-cured systems had adhesion if the glass surfaces were clean, and they 
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had tensile strengths of about 500 psi ( - 3 5  kg/cm2). There was some metal 
staining when the adhesive was used to bond metal and glass. 

A description of some of the free-radical radiation-curable systems, in- 
cluding equipment configurations and the importance of factors such as step- 
less control of lamp output and the continuous measuring and control of 
radiation output, is published [96]. The information is for application or end- 
use fields, such as adhesive tapes, automotive uses, and labels. Related tech- 
nology has also been described for cationic-curable systems [84]. Low inten- 
sity ultraviolet radiation equipment and systems can be used for curing an 
adhesive where equipment cost must be kept at a minimum [97]. An impor- 
tant factor is the user-friendly aspect of the technology, plus the fact that the 
units can be purchased as "off-the-shelf" items. The paper describes formu- 
lation, properties of cured film, and sources for low intensity lamps. The ef- 
fect of formulation components on cure speed, surface cure, as well as phys- 
ical and adhesive properties of systems cured with radiation has been 
reviewed with respect to curing with low intensity ultraviolet radiation 
sources [98]. Several formulations that would  cure in a few seconds with a 35 
mW/cm 2 source were developed. The use of low intensity ultraviolet radia- 
tion and visible light in the area of spot curing adhesives has been discussed 
in a number of publications [99-101]. 
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Additives and 
Miscellaneous 

/il 
Antifoaming Agents 

CERTAIN RADIATION CURABLE FORMULATIONS can develop foaming problems 
during the manufacturing process, and in certain instances, this foam will 
build up and become a difficulty. In other cases, the foam may only appear 
at particular times or with particular formulations. In either case, foam can 
be, at best, a nuisance and, at worst, can cause major losses in production. 
These additives, which usually are silicone fluids, modified silicones, or 
acrylics, can be obtained from several suppliers, and only a couple will 
be mentioned. The silicone fluids are 
dimethylpolysiloxanes, 

CH3 I CH3 
I I 

CH3--~i---O + ~  i - O -  

CH3 LCH3 

different molecular weight 

CH3 
[ 

-Si--CH3 
J 
CH3 

and the modified silicone compounds are variations of this structure, in which 
some or all of the methyl groups have been replaced with other groups. 

A low viscosity silicone antifoam compound for inks and coatings, Dow 
Coming@ 163 Additive was developed for use in radiation cure formulations 
[1]. It can be used as an additive to prevent buildup of foam or to destroy 
foam that has been generated. An additive that has been found to be effective 
in cycloaliphatic epoxide-based cationic formulations is an acrylic sold as 
PC-1344 Defoamer by Solutia, Inc. [2]. 

Expanding Monomers 
As described in Chapter 5, most molecules shrink when they polymerize. 
Such shrinkage is a function of the polymerization mechanism (double bonds 
>>  oxirane rings) and molecular weight (the lower the molecular weight, the 
greater the shrinkage). Other molecules will expand in volume when they 
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polymerize. A common example of expansion that takes place when a phase 
change occurs is the transformation of water to ice. Most compounds shrink 
when they crystallize, but  water is different. It expands. As water cools, it ex- 
pands into all the microscopic interstices on a substrate, and this expansion 
reaches a maximum when it freezes. The result is extremely good adhesion 
as most people have experienced on cold winter mornings when they tried to 
scrape ice from the windshield after a freezing rain. Although not a poly- 
merization, it points out in a common way  why good adhesion is obtained 
from monomers that expand when they polymerize. 

Expanding molecules were patented in the early 1970s [3]. The molecules 
involved polycyclic ring-opening monomers, such as the spiro-orthocarbon- 
ates, spiro-orthoesters, and bicyclic orthoesters [4]. These monomers have the 
following structure: 

/ c - 2 - o \  / o - c . 2 \  
R C R 

\ c .2 -o  / \ 
Generalized spiro-orthocarbonate 

/ c . 2 - o \  / o - c - 2 \  
R C R 

\ G H 2 - - C H /  N O__CH2, / 

Generalized spiro-orthoester 

/ CH2-- 0 

R--C--CH2-- O--C--R' 

\ CH2-- o /  
Generalized bicyclic orthoester 

In these structures, R and R' can be the same or different and can be nor- 
bornene, which will polymerize by cationic means with a Lewis or Bronsted 
acid, or - -CH=-CH2,  which will polymerize by  free radical or cationic 
means. For example: 

o/\ 
Norbornene spiro-orthocarbonate 



1 
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O II 
~ C H 2 O C O C H 2 ~ /  

N 

Ring-opened unit 

In this reaction, the monomer  is ruptured at two points and a covalent bond 
is lost [5]. The net result is an expansion rather than contraction, due to poly- 
merization. Monomers of this type are expected to have utility as coatings for 
aircraft and automobile head- and tail lights, plastics in general, optical 
fibers, photoresists, pr inted circuit assemblies, three-dimensional objects, 
and similar high quality end uses [6,7]. 

Gloss  Control  

Radiation cured coatings tend to have high gloss. The liquid, low viscosity 
systems are "instantly frozen" into the coating when they are exposed to ra- 
diation. As a result, unless special modifiers are used, the coating will have 
high gloss, a property that is aesthetically pleasing for many applications. 
However, there also are a number  of end uses that require moderate to low 
gloss, and there is a need to control and modify gloss. (Also see Textured 
Coatings below, which is another way to obtain low gloss surfaces.) 

One s tudy investigated a number  of commercial products  as flatting 
agents for free-radical initiated, ultraviolet radiation cured coatings based on 
acrylated epoxides [8]. Diatomaceous earth, fumed silicas, and a proprietary 
reactive compound  of undisclosed composition were used. Gloss could be 
varied with these compounds,  and 60 ~ gloss values of less than 10 could be 
obtained if a solvent were used for dilution purposes when high concentra- 
tions of the additives were used. With dual  cure systems, in which radiation 
intensity is varied, i.e., increased, relatively low gloss urethane acrylate [9] 
and polyester /s tyrene [10] coatings can be achieved. Other ways to vary 
gloss include use of combinations of polydiene-based urethane acrylate with 
a standard urethane acrylate [11]; by exposure to radiation of different wave- 
lengths in multiple steps, by adjusting the spectral distribution of radiation, 
the intensity, or the dose of the radiation, or by adjusting the time interval be- 
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tween the initial and subsequent irradiation steps [12]; and by use of a for- 
mulation containing an acrylated melamine, one or more silica, and a Nor- 
rish Type I and Type II photoinitiator [13]. Flat coatings can be obtained by 
first exposing a radiation-cure formulation to ionizing or actinic radiation in 
an oxygen-rich atmosphere and then, in a following step, exposing the sys- 
tem to ionizing or actinic radiation in an inert environment [14]. Irradiation 
of the surface with a 172 nm wavelength excimer lamp before the usual irra- 
diation step will yield high matting or low gloss on lacquer systems [15]. The 
photons from this type lamp have limited penetration into the coating with 
only a thin-layer surface polymerization taking place. Microscopic shrinkage 
takes place in the thin surface film, and as a result, matting is produced. 

Dual gloss systems in which two different gloss levels are produced on a 
substrate by a layering and radiation process have been described [16]. A com- 
bination of crystalline compounds or a crystalline compound and an amor- 
phous compound in powder  form can be used to make low gloss ultraviolet 
light curable powder  coatings [17]. For example, a solid unsaturated polyester 
is combined with a vinyl ether terminated urethane oligomer, and a pho- 
toinitiator. The mixture is heated to form the coating, then allowed to cool and 
recrystallize to the low gloss finish, before curing with ultraviolet radiation. 

Inorganic Glasses for Pigmented and Thick Section Cures 

Particulate materials that are termed as radiation-transmissible materials or 
ultraviolet radiation transmissible (UVT TM) materials were introduced to the 
market in 2000 [18]. These chemically and thermally stable spherical parti- 
cles, which are marketed as UVT Sunspheres TM and UVT Sunspacers TM, are 
solid and substantially noncrystalline in nature. When dispersed in radiation 
curable formulations, the spheres allow pigmented and/or  thick, clear coat- 
ings to be cured readily with ultraviolet radiation [19]. The UVT materials ap- 
pear to act as transmission paths that pipe radiation to the interior of coat- 
ings, inks, or sealants where it can activate the photoinitiator and cause 
complete cure throughout the film. The proprietary [20], engineered materi- 
als are available in average sizes of from 0.3 to 120 p~m. They are easily dis- 
persed in cationic and free radical curable formulations as well as in powder 
coating formulations at weight percentages up to 50% without a change in 
system viscosity. Concentrations of about 5-30% are recommended. Results 
indicate that expensive photoinitiator and pigment concentrations can be re- 
duced when the UVT materials are incorporated into a formulation. Cured 
films have enhanced mechanical properties. 

Odor 

In the early days of cationic photocuring with onium salts, residual, mal- 
odorous compounds were evolved at times, particularly, it seemed, in par- 
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tially or undercured coatings. Free radical photocuring had other odors as, 
for example, amine odors from synergists or odors from photoinitiator frag- 
ments associated with it. Today one does not hear much about this diffi- 
culty. 

If organo-sulfurous odors should arise, they may be eliminated or mini- 
mized by the addition of nonaromatic carbon-carbon unsaturation to the for- 
mulation [21,22]. The compound can have one or more unsaturated groups; 
preferably, one of the carbon atoms of the unsaturation is bonded to a car- 
bonyl group, and neither of these carbon atoms is bonded to more than one 
hydrogen atom. The general structure of such compounds is: 

H H 
J I 

Ar--C~---C--C--O--R 
II 

O 

wherein Ar is an aromatic radical such as phenyl, chlorophenyl, naphthyl, 
and the like, and R is hydrogen or lower alkyl, benzyl, chloroalkyl, etc. When 
2.5 parts of trans-4-phenyl-3-butene-2-one was added to an onium salt/cy- 
cloaliphatic epoxide formulation that had a residual odor, after cure no odor 
was detectable. 

Another study calls for addition of a compound that will generate a sta- 
ble free radical to reduce or eliminate the odor [23]. Such compounds are or- 
ganic hydrazyls, particularly triarylhydrazyls, with at least two and desir- 
ably three electron wi thdrawing groups on the aryl amino ring. The 
compound 2,2-diphenyl-l-picrylhydrazyl was found to be particularly effec- 
tive. Radiation activated scavengers for the organic sulfur compounds in- 
clude aromatic ketones, benzil compounds, benzoin compounds, aryl oxime 
compounds,  and organic peroxide compounds [24]. Examples of specific 
compounds include o~-benzoin oxime, 9-xanthone, 2-chlorothioxanthone, 
benzoyl peroxide, 4-chlorobenzil, benzoin isobutyl ether, acetophenone, ~,~ 
-diethoxyacetophenone, and the like. The latter class of compounds, i.e., the 
phenones, was found to be particularly effective. 

Nonyellowing photoinitiators, that were an advance in low odor coat- 
ings for free radical-cured formulations, were based on a polymeric hydrox- 
yalkylphenone structure [25]. Oligomeric and polymeric ~-hydroxy-[4-(1- 
methylvinyl)] isobutyrophenones were found to be highly reactive 
photoinitiators for clear acrylate coating formulations. By starting with pho- 
toinitiators that have acrylate functionality, it was possible to make poly- 
meric photoinitiators [26]. These photoinitiators, which were effective at low 
concentrations, became a part of the final coating, and thus, there are no pho- 
tolysis fragments remaining in the cured coating. 

Free radical generating photoinitiators can also have residual odors. 
Novel difunctional photoinitiators that have a low residual odor are of 



188 RADIATION CURING OF COATINGS 

the form [27]: 

ACkK CyB 
where A and B are structures that will generate a free radical when irradiated 
with ultraviolet radiation and X is a group capable of altering the ultraviolet 
radiation absorption of the molecule remaining after free radical generation. 
A compound with a maximum absorption at 316 nm that has been particu- 
larly useful for these ends is [28]: 

O O CH3 
d-- -k  JJ d - - -k  J 

cn3 
A ketosulphone benzophenone (LFC 1001, Lamberti S.p.A.) 

This compound is organic solvent soluble and water insoluble, and it is eas- 
ily incorporated into free radical monomer formulations. It is particularly 
useful in ink formulations. 

Benzophenone/methyl  diethanolamine and a commercially available 
acrylated benzophenone with reactive amine co-initiators were compared in 
formulations based on polyester acrylates, epoxy acrylates, and reactive dilu- 
ents [29]. Photoinitiator and co-initiator concentrations, degree of cure, and 
reactivity of photoinitiator system were all found to have an effect on odor. 

If such odors or others are a difficulty for a particular process, a method- 
ology for testing odors [30] and for using fragrance additives [31] has been 
published. In regard to the fragrance additives, it should be kept in mind that 
such compounds are complex mixtures of aroma chemicals, and they merely 
mask and do not remove or destroy an annoying odor. A number of compa- 
nies supply the compounds, which are generally termed natural or synthetic 
essential oils, aroma chemicals, masking compounds,  and perfume com- 
pounds. Over 5000 compounds are available for these uses. 

Scratch, Slip, and Abrasion Resistance 

Clear, colored, or pigmented coatings that are used to decorate plastic, metal, 
or other substrates almost always have end uses that will subject them to 
scratching, staining, or abrasion attack. In addition to being decorative, many 
coatings are functional in nature. For example, clear automobile topcoats, 
floor coatings, and others are mainly functional, as are magnetic tape coat- 
ings. Scratch and abrasion resistance are important properties for these end 
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uses. A coating with good scratch resistance will usually have good abrasion 
resistance, and slip can be a factor in improving scratch resistance. 

Early studies of abrasion resistance [32] found that pentaerythritol tri- 
acrylate provided better abrasion resistance than the equivalent coatings 
based on trimethylolpropane triacrylate. When comonomers were studied, 
an 80/20 blend of pentaerythritol triacrylate and N-vinyl pyrrolidone had 
the best performance in the sense of abrasion resistance, optical clarity, and 
shrinkage. Shrinkage was measured by degree of curling. A patented coating 
[33], marketed as GAFGARD TM 233, was described as imparting super abra- 
sion resistance to a variety of plastic substrates [34. 35]. For example, un- 
coated polycarbonate had a Taber Abrasion loss of 52.4 mg, but when coated 
with the novel coatings, the value dropped to 7.4 mg under comparable con- 
ditions. A recent study examined the wear resistance of a variety of radiation- 
cured acrylates by different test methods and concluded that test method 
does influence the results [36]. Test methods used by formulators should be 
in concert with those used by the end user. This was particularly true for 
abrasion resistance. A discussion of abrasion, scratch, and mar resistance and 
understanding the tests used to measure these properties is available [37]. 

Combinations of polyacrylic esters such as pentaerythritol tetraacrylate, 
dipentaerythritol hexaacrylate, or the like; carbamic compounds such as 
1,3,5-tris(2-acryloyloxyethyl)isocyanurate; optionally, a diluent monomer 
such as 2-ethylhexyt acrylate, 2-phenoxyethyl acrylate, glycidyl acrylate, and 
the like; and a photoinitiator such as diethoxyacetophenone, benzoin 
isobutyl ether, and the like, have been found to have good abrasion resistance 
against steel wool [38]. The compositions have an inherent abrasion resis- 
tance to 000 steel wool and are useful as ophthalmic lenses. 

When the abrasion resistance was investigated as a function of composi- 
tion, cross-link density, and mechanical properties, it was found that when 
cross-linked density was increased by means of multifunctional monomers, 
abrasion resistance improved. However, it was found unexpectedly that 
other factors such as cure speed and photostability were decreased [39]. The 
study suggested that in the investigation of abrasion and scratch resistance, 
attention should be paid to the dependence of properties on free volume and 
cross-linking of the polymer matrix. The various tests that can be used in the 
development of scratch resistant topcoats have been described, and their ex- 
terior applications have been investigated [40]. 

Composite radiation-cured coating systems have been found to be 
highly abrasion resistant. 1 The systems are made up of a relatively soft base 
coating comprised of an aliphatic urethane acrylate combined with a multi- 
functional acrylate and a hard outer or surface coating. The hard abrasion re- 
sistant layer is comprised of a highly cross-linked acrylic copolymer that con- 

1 Patent: Hodnett, W. P., III, Thor Radiation Research, Inc., Protective Coating System for 
Imparting Resistance to Abrasion, Impact, and Solvents, US 5,254,395 (1993). 
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tains a minimum of 40 percent of a tri or higher functional acrylate monomer. 
In an example, the soft, inner coating had a Rockwell hardness ("M" scale) 2 
of 35 and the hard surface coating a similar Rockwell hardness of 124. The 
two coatings are individually applied and the soft coating is radiation cured 
prior to application of the hard coating. The two coatings have excellent ad- 
hesion to each other. Ultraviolet radiation was used to effect the cure. 

Other ways to improve abrasion resistance include the addition of silica 
acrylates, which are silica organosols in 1,6-hexanediol diacrylate, and 
tripropylene glycol diacrylate, which improve surface properties [41]. The 
silica particle size was 25 or 50 nm, and the optimum amount of silica to ob- 
tain optimum abrasion resistance was about 20%. Addition of fluoro or sili- 
cone acrylate monomers to the system has been used to modify surface prop- 
erties [42]. The monomers had no effect on the cure rate of urethane acrylates, 
and the silicone acrylates were more efficient than the fluoro-acrylates in 
modifying the surface. Both considerably increased the hydrophobic charac- 
ter of the surfaces at concentrations as low as 1%. The results suggest that 
these chemicals can be used to modify surface chemical resistance, hy- 
drophobicity, and slipperiness. 

Cationic-cured, cycloaliphatic epoxide-based coatings were examined 
by five scratch tests, namely, pin test, ball test, rotating fiber test, ball mill 
abrasion test, and Taber abrader [43]. Scratch resistance improved with in- 
creasing cross-link density and increasing glass transition temperature by all 
test methods. Addition of wax to the coatings increased scratch resistance 
when scratch was measured by a single draw but decreased it when there 
was repeated movement. Addition of pigment decreased scratch resistance 
when the material removed remained between the device and the substrate, 
but it increased in the other tests. 

Si lane  C o u p l i n g  A g e n t s  

Silane coupling agents or silane adhesion promoters and their use in coatings 
have been described in a general sense by Plueddemann [44]. These com- 
pounds have the general structure: 

R - -  Si(OCH3) 3 
wherein the group R--can be: 

CH 3 

CH2=CH--, CH2--~CH--CH20(CH2)3-, CH2= C--C--O--(CH2)3-, H2N-(CH2)3-- 
\ o  / 

Vinyl Olycidyl e p o x i d e  Methacrylate Primary amine 

2 ASTM Test Method D 785, Test Method for Rockwell Hardness of Plastics and Electrical 
Insulating Materials. 
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or other groups such as chloropropyl,  diamine, mercaptopropyl ,  cy- 
cloaliphatic, and others. The coupling agents provide adhesion by bonding 
to the matrix polymer system and to the substrate, which may also be a pig- 
ment particle. Judicious selection of the organofunctional group, and the sys- 
tem involved, is important to property improvement. For example, if an 
amine silane adhesion promoter were used in a cationic system catalyzed 
with an onium salt, the amine portion of the molecule would be expected to 
inhibit cure and, in fact, they do so. In such a system, one would expect bet- 
ter results with the cycloaliphatic epoxide or glycidyl epoxide functional 
molecules. 

Silane coupling agents or adhesion promoters are tools that have en- 
abled increased filler loadings, higher reinforcement level, and easier pro- 
cessing in plastic compounds, and many of these improvements can be car- 
ried over to coatings I45]. Procedures for using these formulating materials 
are available from suppliers [46]. A related article dealing with hyperdisper- 
sant technology is also useful to understanding how these compounds func- 
tion [47]. 

Another way  to improve adhesion is to employ a corona discharge treat- 
ment to the substrate [48]. The treatment, which places hydroxyl, carboxyl, 
and other functional groups on the surface, increases the surface energy of 
the substrate and promotes wettability of coatings on substrates and pro- 
motes adhesion between two materials that are to be bonded. The article [48] 
contains a listing of the surface tension for 33 polymers. The use of corona 
treatment on metallized paper, coated kraft paper, and metal foils is also 
discussed. Similar modification can be accomplished by flame or plasma 
treatment. 

Surface modification of a variety of polymers has been accomplished by 
the use of only ultraviolet radiation [49]. The results indicated that such treat- 
ment belongs in the field of surface treatment, but  that it only appears to 
work with some polymers and not others. Thus, it is necessary to test for any 
particular application. In another ultraviolet treatment technique, dilute 
aqueous- or solvent-based mixtures of hydrophilic acrylate monomers were 
applied and irradiated on polyolefins [50]. The aqueous system gave the best 
results, and the photo-grafted films had noticeably improved anti-fog per- 
formance in comparison with controls. The surface of both low- and high- 
density polyethylene has been modified by the ultraviolet radiation intro- 
duction of sulfonic acid groups through irradiation in the presence of oxygen 
and sulfur dioxide [51]. The surface of polystyrene has been modified with 
cyanide groups (CN) by irradiation with ultraviolet radiation of 254 nm in 
the presence of cyanogen bromide [52]. Both of these techniques demonstrate 
that it is possible to attach specific functional groups onto polymer surfaces 
and thus modify the surface properties and reactivity. 

Although not related to silane coupling agents, plasma surface treatment 
is another way  to alter the surface of substrates and improve wetting charac- 
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teristics and adhesion [53]. Plasma treatment with inert gases, oxygen, am- 
monia, nitrous oxide, or other gases will allow a surface to become activated, 
and it will contain functional groups such as hydroxy, amino, carboxyl, etc. 
Plasma treatment allows surface properties to be modified for specific end 
uses, such as for devices used in the medical field [54]. Acrylic acid has been 
used to alter surface characteristics of polyethylene through electron beam ir- 
radiation [55]. Surface alteration was higher with high-density than low-den- 
sity polyethylene. Improved flooring materials were manufactured when 
vinyl floor tiles were first treated with an aqueous acrylic acid solution and 
exposed to ultraviolet radiation [56]. When the treated tile was coated and 
cured in the usual manner with ultraviolet radiation, a tough, durable surface 
that had superior characteristics to other products was formed. 

Surfactants 

The radiation curing process is usually done at a very rapid rate, and coat- 
ings are expected to flow and level very quickly at ambient temperature. Sur- 
factants added in small amounts of about 0.5% (0.1-1%) are effective in im- 
proving flow and leveling. In the early days of radiation curing, there were 
few surfactants designated as being useful in formulations developed for this 
technology. Today, many suppliers specify particular lines of surfactants or 
particular surfactants for radiation cure. 

One exception was an early Dow Coming Corporation paper that sum- 
marized the silicone additives for radiation-curable coatings [57]. Organo-func- 
tional silicone fluids useful as surfactants are the polysiloxane-polyoxyalky- 
lene copolymers. Typical of these are block copolymers of the ABA type: 

, H3] 
R --(OC2H4)y--OR~ ~cO3 ~ X 

CH3 
I 

SiO--RO--(C2H40)z--R'  
I 
CH3 

and graft copolymers similar to the following: 

(CH3)3SiO___[~i~ 3 ]  [~H3] r?o S1(CH3)3 

L CH3 Jx L. ~ z 
! 

O--(C2H40) yR' 
In these polysiloxane-polyoxyethylene structures, R is- -O--(CH2)n,- -  
(CH2)n-- and similar groups; R' is--H, --(CH2)n----CH3,--CO--CH--CH2, 
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and similar groups; and x, y, and z usually have different average values, all 
of which are relatively low numbers. The resultant copolymers are liquids 
that are compatible with a number of the compounds used in formulating ra- 
diation curable coatings. In addition, these compounds do not affect the 
cured film's gloss or clarity and improve wetting, cure, adhesion, slip, and 
abrasion resistance on aluminum. Such additives modify the liquid coating 
without affecting the system cure or final physical properties [58]. 

A particularly useful graft copolymer of the polysiloxane-polyoxyethy- 
lene type had the following average structure: 

~H3 I f  ~ H3 
(CH3)3SiO-- S[iO 1 ~  S[iO ~-Si(CH3)3 

CH3 J13L(CH2)3 J5.5 
! 

(OC2H4) y--OH, 

and was marketed as SILWET TM L-5410 [59,60]. Such copolymers had a par- 
ticular advantage, in that they would chain transfer with cycloaliphatic epox- 
ide-based coatings through the hydroxyl group and become an integral part 
of the final coating. Another surfactant designed for radiation-cured over- 
print varnishes is SILWET TM RC-73, which improves flow, slip, and gloss [61]. 

Another class of surfactants that are useful in radiation-curable systems 
is the fluorosurfactants [62,63]. These surfactants are often derivatives of mix- 
tures of primary alcohols that might have a structure such as the following: 

C2H5 
r 

CF3--(CF2 )N--N--CH2CH2OH 

For example, Fluorad| Fluorochemical Alcohol FC-10 is a compound with 
this structure in which n has an average value of 6.5 [64]. One particular flu- 
orochemical surfactant recommended for use in radiation-cure formula- 
tions is FC-171 [65]. Fluorosurfactants are also marketed as Zonyl| prod- 
ucts [66]. 

As would be expected, surface tension, ~, of the components and the fi- 
nal formulation are important to how well a coating will spread, flow, and 
level on a surface and to final properties. This parameter has been measured 
for a number of acrylates, formulations, and substrates by the pending drop 
and the du Nouy ring methods [67]. The formulation surface tensions were 
measured by an additive rule in which the formulation surface tension, ~, is 
equal to the summation of the surface tensions,~i of the individual compo- 
nents times their molar fraction, xi. It was demonstrated that, as long as the 
components of the formulation are compatible, this additive method gives 
good results when compared to experimental values. Tape adhesion was 
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measured, and its decrease as a function of increasing silicone surfactant ad- 
ditive concentration was demonstrated. A fluorinated surfactant additive 
could be used at a markedly lower level, and its effect was essentially nil on 
adhesion at these low levels. Methods for estimation of the surface tension of 
compounds by the group contribution method have been described and ap- 
plied to photocure formulation [68]. Values of critical energy for various 
smooth polymeric surfaces are also given. 

Textured Coatings 

Textured is defined as a woven or interwoven appearance at a surface, and it 
is characterized by the number of strands or weaves per some unit of linear 
dimension. The net effect is to give the appearance of a flat coating. However, 
texturing can be achieved in different ways. What seems to be the first 
method for achieving a textured surface by means of ultraviolet radiation in- 
volves exposure of an acrylate formulation to short wave radiation produced 
by the 254 and 185 nm resonance lines of mercury from low pressure, "ger- 
micidal" mercury vapor lamps under inert conditions [69]. This radiation is 
preferentially absorbed at the surface of a responsive coating, causing cure 
and cross-linking in this region with accompanying shrinkage. The bulk of 
the coating remains uncured or cures to a low degree. In the process, the ex- 
posed coating remains for a controlled period of time in a dark or non-irra- 
diation zone where the micro wrinkling takes place through the difference in 
shrinkage between the surface and the bulk causing texturing. The coating 
then enters the main curing region where the bulk of the coating is cured and 
the wrinkling is locked in place. 

This process was improved later wherein the coating is exposed to broad 
range ultraviolet radiation, as from a medium pressure mercury vapor lamp 
(wavelength 180-400 nm), in the final processing step [70]. The final step may 
take place in an inert environment or in air. Another patent [71] provides for 
dark colored and light colored ultraviolet-radiation reflective and nonreflec- 
tive backgrounds to be used during the texturing process, while another [72] 
is similar, except that it provides for dark and light colored infrared adsor- 
bent and reflective backgrounds. Eximer lamps have been used to provide 
the short wavelength (172 nm) irradiation, as mentioned in the Gloss Control 
section above [15], and oxygen-rich control atmospheres produce altered sur- 
face appearances [14]. 

Surface texturing such as this has been commercially applied to clear or 
colored polycarbonate [73], poly(ethylene terephthalate), or other sheeting to 
provide a nonglare surface and a smooth reverse side. The reverse side can 
be printed and /or  have other graphic arts applied. The artwork is protected 
from fading or other hostile environments by the cross-linked surface/film 
combination. 
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Texturing has also been accomplished by exposing a photocurable com- 
position comprised of a multifunctional urea compound, an ethylenically un- 
saturated compound,  and an aromatic ketone photoinitiator [74]. The 
oligomeric urea compound functioned as a synergist for a photoinitiator 
such as benzophenone. The unsaturated compound was trimethylolpropane 
triacrylate or another acrylate-functional compound. 

Thick Section Curing 

Thick section curing is of interest when sealants, some electronic packaging 
materials, reinforced fiber composites, and similar items are being consid- 
ered. Thicknesses of up to about 0.200 in. (0.508 cm) were achieved when var- 
ious cationic photoinitiators were used with cycloaliphatic and glycidyl 
epoxides [75]. Cure times were minutes and low levels of onium salt pho- 
toinitiator were used. No indication of mechanical properties for the cured 
articles was given. Others have considered the cure depth as a function of 
free-radical photoinitiator concentration and found that relatively low levels 
of photoinitiator are optimum for thick coatings [76]. The curing of thick film 
circuitry has also been studied [77]. The UVT Sunspacers TM, which are inor- 
ganic glasses, mentioned in an above section will allow thick sections to be 
cured at greater than 25 f t /min (-7.6 m/min)  [18-20]. 

Water-Based Systems 

In an effort to combine the rapid cure and high quality of radiation-cure coat- 
ings and the ease of handling associated with conventional technology, there 
have been investigations into combining radiation cure and waterborne tech- 
nology [78-80]. Isocyanate-terminated urethane oligomers have been pre- 
pared from poly(tetramethylene oxide) polyols, diisocyanates, and di- or tri- 
methylol carboxylic acids such as 2,2-dimethylol propionic acid, 2,2,2- 
trimethylol acetic acid, and the like [81]. These urethanes were then capped 
with 2-hydroxyethyl acrylate, 2-hydroxypropyl acrylate, and the like to form 
urethane acrylates that could be made into aqueous emulsions. The com- 
pounds were useful as radiation-curable binders for textile printing [82]. 
Polyoxyethylene-modified urethane acrylates have also been prepared as ra- 
diation-curable emulsions and investigated for their coating properties [83]. 
Coating and mechanical properties were improved when a cross-linking 
agent and an acrylated epoxide were used in combination with the urethane 
acrylates. However,  these compounds decreased emulsion stability. Acrylate 
oligomers have been dissolved in multifunctional acrylates, such as 1,6-hex- 
anediol diacrylate and trimethylolpropane triacrylate, and then formulated 
with a surfactant [84]. Water was then added in successive amounts with 
tumbling to form emulsions. It appeared that water acted as a plasticizer, ad- 
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hesion to steel was improved, and solvent resistance could be maintained if 
sufficient multifunctional monomer was present. 

Several investigations of free radical-generating photoinitiators for wa- 
terborne systems have been made. These include a study of the excitation 
states of water-soluble photoinitiators derived from benzil, benzophenone, 
and thioxanthone [85]. Others have examined several commercial photoini- 
tiators in self-emulsified unsaturated polyester, polyester acrylate, and ure- 
thane acrylates [86,87]. It appeared reactivity was increased after pre-drying 
to remove water, though if the photoinitiator was volatile, reactivity was de- 
creased. A preliminary study of sodium benzoylmethylthiosulfate indicated 
the photoinitiator had high reactivity and produced high gloss, low yellow- 
ing coatings [88]. Other photoinitiators examined include bisacylphosphine 
oxides [89] and an oligomeric alpha-hydroxyketone [90]. 

Cationic systems based on cycloaliphatic epoxides have also been exam- 
ined as aqueous radiation-cured systems [91,92]. These starting-point formu- 
lations involved adding hydroxyethyl cellulose and a surfactant to water. 
Then the epoxide, a polycaprolactone trifunctional polyol, and an onium salt 
photoinitiator were blended and added slowly to the aqueous mixture in a 
Cowles-type mixer. Emulsion stability varied from 3 to about 30 days. Cured 
properties were the same as for a control coating without water and hydrox- 
yethyl cellulose. 

The problem of high energy cost and potential for steam volatilization of 
photoinitiator when drying waterborne radiation cure systems was investi- 
gated [93]. The study indicated that a refrigerant-based dehumidification 
process would bring considerable energy savings, eliminate photoinitiator 
loss, and might be the only way to dry aqueous coatings on temperature sen- 
sitive substrates. Drying times with this process were about the same or less 
than with thermal ovens. 

The effect of water contamination on the performance of urethane acry- 
late coatings has also been studied [94]. Both contamination and exposure to 
moisture after cure were examined. Such contamination affects physical per- 
formance and reduces coatings performance. This can be particularly impor- 
tant in the printed circuit assembly and fiber optic areas. The authors also de- 
scribe methods for determining water content in raw materials and in cured 
coatings. 

Weathering 
Radiation-cured coatings had their beginning on substrates that were to be 
used indoors. However,  with the strong success this technology has had over 
the past several years, exterior coatings are also being developed, used, and 
looked at as a new growth area. 
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In 1984, a series of formulations based on an aliphatic urethane acrylate, 
1,6-hexanediol diacrylate, tetraethyleneglycol diacrylate, and 2-ethylhexyl 
acrylate were formulated with a wetting agent, photoinitiator, and various 
hindered amine light stabilizers. The cured panels were placed on test in 
Florida and also subjected to accelerated weathering in a Xenon Arc Weath- 
erometer and a QUV weathering device [95]. The results indicated that sig- 
nificant improvements in weathering properties could be obtained when the 
stabilizers were added. In addition, the results indicated that the Xenon Arc 
device correlated better with Florida or natural weathering than the QUV de- 
vice. About the same time, others were investigating the photodegradation of 
acrylated epoxides [96] and urethane acrylates [97], the effect of acrylate 
monomers on degradation [98], the influence of photoinitiators on color de- 
velopment [99], and the effect of titanium dioxide on durability [100]. 

A set of seven aliphatic urethane acrylates, a bisphenol A-based acry- 
lated epoxide and a urethane diacrylate, and an aliphatic diacrylate and tri- 
acrylate was prepared by blending 80 parts of these compounds, 20 parts of 
1,6-hexanediol diacrylate, and 5 parts of an alpha-hydroxy acetophenone 
photoinitiator [101]. The polyol portion of the urethane acrylates was either 
po~yether, polyether/polyester, or branched polyester. In the latter category, 
different molecular weight polyols, ranging from 500 to 5000, were used. Af- 
ter radiation cure, cured panels were subjected to accelerated weathering in 
a QUV weathering device for 3000 h. The aliphatic urethane acrylates had 
good weathering characteristics, and the mechanical properties were also 
well conserved. Another study investigated both the free radical scavenging 
hindered-amine light stabilizers (HALS) and ultraviolet light absorbers that 
filter out harmful radiation in the 290-380 nm range [102,103]. 

New high quality clear topcoats have been tested against standard two- 
package topcoats used in the automotive industry [40]. The ultraviolet radi- 
ation cured coating started at a gloss level and ended at a higher gloss level 
after 6000 h accelerated weathering. It was pointed out that the higher gloss 
level does not mean an optical quality difference and is merely related to re- 
fractive index differences. The radiation-cured coating underwent cracking 
after 2000 h exposure, and it is thought this was due to poor elasticity in the 
coating. 

A number of clear acrylic coatings were cured and subjected to acceler- 
ated weathering in a SUN-test for 1000 h, wherein light, temperature, and hu- 
midity influence the coating [104]. Acrylated epoxides exhibited the most 
yellowing. Conventional and amine-modified polyester acrylates had only 
slight yellowing, and polyether acrylates and urethane acrylates were essen- 
tially unchanged by the SUN-test exposure. In tests with coatings that con- 
tained light stabilizers, there was improved stability over those without the 
additives. The use of light stabilizers also improved mechanical properties as 
evidenced by improved cracking resistance. 
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Safety and Health 
Considerations 

SAFETY CAN BE SUMMARIZED IN TWO WORDS, "BE C A R E F U L . "  N o  m a t t e r  which 
words are used, if an investigator does not regard safety with the most respect 
possible and does not take it on herself or himself as a responsibility, little can 
be done. In this day and age, there is a great deal of information about chem- 
ical compounds and about process equipment, so all workers should be sure 
they are informed about toxicity and safe handling procedures. Ask a supplier 
of materials what they are and how they should be handled, obtain and read 
Material Safety Data Sheets, and ask questions if you have even the slightest 
wondering about any facet of what is supplied to you. A listing of the various 
health and safety items that should be considered including chemical hazards, 
storage and handling, personal protective equipment and hygiene, house- 
keeping, first aid, as well as ultraviolet and electron beam radiation process 
equipment points of concern have been tabulated by RadTech and can be 
found on its web site. Keep in mind that "safety" and "toxicity" do not neces- 
sarily refer to the same thing. Toxicity has to do with a chemical compound's  
hazard relative to some exposure condition and is usually specified as either 
the oral or dermal LD-5O. Safety has to do with risk assessment, the chance of 
suffering an adverse effect from exposure, the aspects of taking care not to be 
exposed by inhalation, skin absorption, or other means, and ensuring that oth- 
ers are not exposed through entry of compounds into the environment. In a 
similar vein, "toxicity" doesn't  necessary mean the same as "irritation." Du- 
four [1] has discussed the irritation of acrylate monomers and oligomers, the 
fact that contact often causes irritation but  can be prevented, and made clear 
the distinction between irritation and toxicity. 

Frequently asked questions and their answers about radiation in the 
workplace have been compiled and are useful for those working with or con- 
templating working with the technology [2]. An air sampling method for 
monitoring exposure was developed some years ago [3], and safe-handling 
information for the industry can be found in various places [4-7]. The air 
sampling technique [3] involves the use of silica gel tubes and pumps capa- 
ble of sampling at 500 cc/min. The gel is desorbed with acetone and gas chro- 
matography is used to analyze the desorbate. It is pointed out [5] that one 
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should be cautious of early data taken with acrylates, since little was really 
understood about their toxicology in, say, about the 1970s and early 1980s. 

Is radiation dangerous? Surely it is if not controlled and treated with 
proper respect [8-14]. Keep in mind that we are bombarded every second of 
our lives with some type of radiation that reaches us from outer space, from 
the sun that sends infrared, visible, and ultraviolet radiation to the earth, at 
the dentist, doctor, or hospital where X-rays are used, and so on. Too much 
time on the beach can result in sunburn, which certainly is not good for any- 
one, and if repeated too often can have far reaching consequences. It is the 
same with ultraviolet curing equipment if one uses equipment that is not 
properly shielded, does not wear proper eye protection if and when it is 
needed, and so on. Details about the effect of ultraviolet radiation on skin and 
eyes are available [15]. When properly designed, installed, and operated, ul- 
traviolet radiation equipment for three-dimensional curing can be safe for 
personnel and the environment [16]. In a general sense, today suppliers 
know and understand the problem and have taken precautions to ensure the 
safety of workers. But, individuals must read the information supplied, and 
if it isn't supplied ask for it. This message was given in the first paragraph 
also, and it cannot be repeated enough. It is worth pointing out that one com- 
pany has offered a tailored insurance program and a premium credit when 
manufacturers adopt radiation-curing technology [17]. 

Federal, state, and local regulations are a part of safety. These regula- 
tions, cumbersome as they may seem at times, protect you, the worker, the 
people around you, and the environment, which in itself protects everyone. 
The topic of regulation is too broad to cover in this section, except for a brief 
mention [18]. Radiation curing with ultraviolet or electron beam radiation 
can eliminate or drop to almost nothing air pollution--volatile organic con- 
tent, hazardous air pollutants, and oxides of nitrogen--from a coating line. 
Since these technologies reduced VOC to essentially nothing, they have re- 
duced their ozone output, the actual air pollution culprit, to zero [19]. In ef- 
fect, all users of electron beam or ultraviolet radiation technology in the coat- 
ing field have been able to increase production and keep plant emissions well 
below the standards of the U. S. Environmental Protection Agency (EPA). 
This has been done without slowing industrial growth, and in fact, has al- 
lowed manufacturers to broaden their product lines. Radiation technology 
has allowed companies to improve safety and meet environmental standards 
and to do so while increasing profitability through increased productivity, 
improved coating performance, and other economic savings from oven elim- 
ination and solvent recovery or disposal elimination. The Canadian Environ- 
mental Protection Act, which took effect on February 1, 1991, has been sum- 
marized, and comments about various aspects have been made [20]. 

A summary of the regulations regarding industrial chemicals in the 
United States, Europe, and Japan in 1987 can be found in the literature [21], 
though there certainly have been changes or modifications since then. In 1988, 
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a review of the key elements of the Toxic Substances Control Act (TSCA) [22] 
and related TSCA information [23] were published along with related statutes 
from Europe (the EEC "Sixth" Amendment),  Japan, and Australia. The review 
has particular emphasis on the manufacture, distribution, and use of chemi- 
cals used in the radiation-cure industry. TSCA imposes regulatory restrictions 
on the commercialization of new chemicals, and these restrictions need to be 
addressed when new products are introduced [24]. Such restrictions may 
change and manufacturers should maintain awareness of such changes. In 
fact, compliance with regulations begins with awareness [25]. 

The RadTech website (www.radtech.org) has a number of excellent arti- 
cles that deal with safety in the radiation curing work environment. Their 
Product Stewardship Program is available there and elsewhere [26]. The pro- 
gram is voluntarily implemented by facilities that manufacture or use ultra- 
violet or electron beam radiation products and technology. Its purpose is to 
establish health, safety, and environmental considerations early in product 
formulation and to develop a way to communicate the appropriate safe- 
guards for product use and disposal to customers. It is inherellt in this pro- 
gram that product stewardship is a shared responsibility. In addition, this 
factor of stewardship is understood by all those responsible for the various 
facets of an operation, i.e., by formulation, manufacturing, marketing, and 
customer support personnel. 

Articles on the RadTech website include a description of the results of 
permeation testing of five acrylates (2-phenoxyethyl acrylate, 1,6-hexanediol 
diacrylate, tripropylene glycol diacrylate, trimethylolpropane triacrylate, an 
ethoxylated tr imethylolpropane triacrylate) for three different handling 
glove materials (butyl rubber, natural rubber latex, and nitrile rubber) [271. 
This eleven-page study examined thin gloves (0.1 mm), medium thickness 
gloves (0.45 mm), and thick gloves (0.56 mm), each of which was considered 
for different time periods and work environments. Included in the study 
were the gloves used in clean-up situations where solvents were added to the 
acrylates. Two different solvent mixtures were studied. In addition to the 
thickness and polymer type for the gloves, information about trade names, 
suppliers, and price are included. A slightly modified version of an ASTM 
standard test method was used as a protocol [28]. Migration of six acrylate 
monomers through the packaging materials high density polyethylene and 
poly(ethylene terephthalate) have been studied [29,30]. The studies were 
done at 25 ~ C and 45 ~ C for 10 days and for 29 days. The results indicated that 
with hexanediol diacrylate, no migration took place at 25 ~ C for either pack- 
aging material after 10 days, and in the case of poly(ethylene terephthalate), 
the time was extended to 29 days at this temperature. Results for the other 
times and temperatures varied from no detectable monomer migration to 
various amounts. There is a list of chemicals (acrylates) used in the radiation 
curing industry that the United Kingdom union workers are reluctant to use 
[31]. With improved training and handling techniques, the list had been 
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reduced from the first one devised, when dermatitis and skin sensitization 
were definite problems, but the list had not been eliminated in 1987. A dis- 
cussion of the various facets of safe handling of radiation curable materials, 
their hazards, and guidelines for safe and efficient use has been detailed 
[32,33]. Regulatory concerns when packaging children's products and food 
have been recently discussed [34-36]. A "Specialty Acrylates and Methacry- 
lates Panel" known as SAM has been set up for negotiating with government 
agencies regarding regulatory restrictions regarding manufacturing under 
TSCA [37]. 

Draize scores [38], skin and eye irritation ratings, and the acute dermal 
and oral toxicity of several commonly used acrylates and the commonly used 
cycloaliphatic epoxides have been tabulated [39]. For comparison purposes, 
the same parameters were tabulated for several commonly used solvents, 
and the comparison was carried to other parameters, such as flash point, sys- 
temic toxicity, mutagenicity, and effect on reproductive system. In 1979, a 
compilation was made of particular cases dealing with contact dermatitis 
and acrylates [40], as well as skin irritation due to hexanediol diacrylate [41], 
delayed irritation due to hexanediol diacrylate and butanediol diacrylate 
[42], allergenicity of trimethylolpropane triacrylate [43], and carcinogenicity 
of acrylates including oligomers [44,45]. Allegeric contact dermatitis from 
urethane acrylate in inks was also reported [46]. Toxicity data and other 
health, safety, and environmental  factors dealing with glycidyl and cy- 
cloaliphatic epoxides also have been studied [47-50]. An interesting article 
deals with the coatings chemistry and toxicology, as well as some simple def- 
initions of terms used in this area and comparison risks [51,52]. The National 
Institute of Occupational Safety and Health (NIOSH) and the EPA have as- 
sessed the potential for exposure to acrylates in radiation-cured products 
[53]. The inhalation hazards of low vapor pressure chemicals and the poten- 
tial for respiratory danger if acrylates are inhaled have been discussed [54]. 
A safety assessment of triethylene glycol divinyl ether has been made [55]. 

The RadTech website has information about radiation-cured coatings 
and food contact applications [56,57]. The U. S. Food and Drug Administra- 
tion (FDA) allows the use of such coatings as components of food packaging 
under certain conditions and in compliance with certain regulations. Quotes 
dealing with FDA regulations can be found for packaging. Details are left for 
the interested investigator to peruse. Also found at this site is a letter from 
particular law offices containing advice regarding the use of radiation-cured 
adhesives in food packaging applications [58]. Again, perusal and interpre- 
tation is left to those interested in the topic. Information about the use of 
cationic ultraviolet radiation cured coatings in food packaging in Germany 
indicates that there is a potential for full compliance with the stringent safety 
demands of this area [59]. The investigators obtained analytical results from 
extraction and migration tests for specific residual coating components. The 
study includes experimental details and methods of analysis. 
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A study dealing with the migration of cationic-cured inks and a safety 
assessment has been made [60]. In addition, the extractables [61,62], volatiles 
[63,64], and retortability [65] of cationic coatings and inks have been investi- 
gated. Other factors, such as moisture vapor transmission and vacuum out- 
gassing, have been studied in terms of conformal coating usage and military 
specification approval [64]. 
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End Uses 
[E 

THERE ARE NUMEROUS END USES for radiation-cured materials. In a generalized 
sense, the end uses are coatings, adhesives, sealants, and three-dimensional 
objects or stereolithography. Coatings are the general subject of this book, 
and adhesives have been treated in a separate chapter. Within each of these 
general categories, there are a number of specific end uses, and it is beyond 
the scope of this book to treat each of these separately. However,  some of 
them are sufficiently developed so that a small section about each can be in- 
cluded. These are given below and referenced where possible. The final sec- 
tion is mainly a table of end use categories with references. 

Automotive 

Although radiation curing has been used in the automotive area for over 20 
years [1,2], it has really been in the past few years that it has taken a firm hold 
on a portion of the market [3] as evidenced by the strong showing through 
papers presented at recent radiation curing meetings. In addition to the usual 
energy, space, time, productivity increase, etc., savings attributed to radia- 
tion-cured coatings, the durability of the automotive coatings has been 
demonstrated by 5-7 year Florida exposure, coupled with major improve- 
ments in scratch and mar resistance, and there have been marked reductions 
in VOC from 40-60% to 0-15%, as well as the potential to eliminate ovens, etc. 
In addition, the technology has found many commercially successful appli- 
cations that include [4-6]: 

�9 Electrical and electronic applications such as coil terminators, component 
marking inks, conductive inks for rear window defrosters, motor balanc- 
ing compounds,  potting compounds,  printed circuitry through solder 
masks and conformal coatings, screen printed membrane switches, sensor 
switch encapsulants, tacking adhesives, and windshield wiper motor seal- 
ing adhesives. 

�9 Headlamp and tail lens assembly applications such as abrasion resistant 
metalization topcoats, electrical connector potting compounds, glass and 
plastic lens and reflector adhesives, and primers for metalization. 
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�9 Graphics and identification uses such as battery labels, dashboard instru- 
ment screen printing and gloss control topcoats, logos on glass substrates, 
nameplates that are deep cured, and screen-printed oil filter housings, in- 
structions on windshield washers, and fleet markings. 

�9 Functional applications including solid or foamed gasketing compounds, 
primers and topcoats for plastic parts that are metallized, release coatings 
for interior simulated leather products, sealants for airbag explosive car- 
tridges, side body molding coatings, wheel cover coatings, wiring harness 
potting, wood grain printing and topcoats for interior laminates including 
sealers and topcoat for customized van and RV wood components, and 
others. 

Studies are continuing as technologists strive for improved abrasion, scratch, 
and mar resistance [7-9] and other physical properties [10]; for new clearcoat 
technology based on urethane acrylates [11], weathering studies [12], and 
methods for use of three-dimensional curing on automobile bodies [13]; and 
for use of new curing technology such as dual-cure systems [14]. 

Automobile refinishing, where time saved in a drying or curing opera- 
tion is particularly important, presents the area of ultraviolet radiation-cured 
coatings an excellent opportunity [15]. Room temperature drying of a sol- 
vent-based, two-package polyurethane, high solids system requires about 16 
h for the primer and 15 rain for the basecoat. If the coating is cured in an oven 
at 60 ~ C, primer or basecoat drying time is 30 min and the clearcoat is 30 min. 
If an infrared radiator is employed where the temperature is 70-90 ~ C, these 
times can be decreased to 10 min each. If an ultraviolet radiation plus in- 
frared radiation system is employed, the plan is to decrease the curing time 
to a total of 10 min. 

E l e c t r i c a l / E l e c t r o n i c s  

The electrical and electronics areas involve a number of heat sensitive sub- 
strates, and radiation curable coatings, adhesives, and sealants are ideally 
suited for these areas. Particular molecular design is needed to meet the high- 
technology specifications for this industry [16]. Some of the early end uses for 
radiation-cured coatings were as soldering masks, photoresists, conductive 
inks, and other items used to develop flat wires for printed circuitry [17-27]. 
Such coatings can be applied to rigid printed circuit boards without a mask 
when screen printing techniques are used [28], or they may be screen printed 
onto flexible printed wiring circuitry as a top or cover coating. 

Conformal coatings, which are used to encapsulate assemblies of chips, 
capacitors, and other components, on printed circuit boards are radiation- 
cured with cationic and free radical systems [29-32]. Conformal coatings pro- 
tect printed circuit assemblies from hostile environments such as moisture, 
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dust, body fluids, and the like, and make performance of many electronic 
items more uniform and reliable. 

Light emitting diodes, as are used in many applications, can be pro- 
tected and have improved life [33], and radiation-curable adhesives increase 
productivity for pin connections on liquid crystal displays [34]. The elec- 
tronic ballast sealants used in fluorescent light systems are decreased in 
weight (from 8 lbs to 2 lbs) improving safety consideration and ease of in- 
stallation, require one-third less power wattage, and remove flickering of the 
light when sealed with a radiation cure sealant [35]. The ballast system is the 
transformer that powers fluorescent lighting. 

Surface component mounting adhesives cured with radiation can im- 
prove thermal expansion mismatching [36] and can be conductive [37-39] or 
not conductive in nature. "Multiwire" products are related to printed circuit 
boards in that they are built on an epoxy/fiberglass composite substrate [40]. 
However, rather than flat wires for the circuitry and connections in printed 
circuit boards, Multiwire uses discrete insulated wires for the circuitry and 
connections. The round wires are usually insulated with a polyimide coating 
and may cross over one another on the same level. Such boards are also 
amenable to radiation-cured coatings or adherents. 

The list of electrical/electronic end uses also comprises tacking of wires 
and parts, electromagnetic interference shielding reduction, tamper proof- 
ing, glob topping and encapsulation, potting, use of laser curing for imaging 
microcircuits [41], inks for component marking [42], and the like. Radiation 
curing has been investigated for use in polymer-thick-film technology, an ad- 
ditive process for making electronic circuitry [43]. 

Magnetic Media 

Valdemer Poulsen of Denmark in 1898 invented magnetic recording 
when he developed a method for recording sound [44]. The technology did- 
n't grow much until the 1950s. Today, however, this technology has an im- 
portant place in the electronics industry, with products such as magnetic 
tape, program cards of various types, computer disks, audio materials for 
pleasure and education, and so on. High loadings of particulate, magnetic 
gamma-ferric oxide, ferric oxide with Cr § chromium oxide, and iron-cobalt 
alloys are dispersed in a solution of a binder. A number of binders have been 
used to hold the particles on the film or other substrate. These include 
polyurethanes, vinyl chloride/vinyl  acetate copolymers, vinyl chloride/  
vinyl acetate/vinyl alcohol copolymers, polyacrylates, nitrocellulose, and 
many  others. Particularly important are blends of other polymers with 
polyurethanes [45]. 

The substrates used for tapes and other end uses are poly(vinyl chlo- 
ride), poly(ethylene terephthalate), polypropylene, and other film forming 
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polymers. Poly(ethylene terephthalate) is the most widely used substrate 
because of its durability, strength, dimensional stability, cost, and versatility 
[46]. Because of the high loadings of magnetic particles and the high molecu- 
lar weight binders, large amounts of solvent were needed to obtain applica- 
tion viscosities. A useful study of pigment volume concentrations of mag- 
netic pigments is available in the literature [47]. The technology of particle 
density, which determines the packing of the pigment in the dried coating, 
also has an effect on magnetic tape performance. 

With emission difficulties, a desire to speed up the manufacturing pro- 
cess, and a search for improved quality products, the area was a natural one 
to be investigated by those involved in radiation curing and, particularly, in 
curing with electron beams. The market was large. 

By the 1980s, it was said that magnetic media was the driving force for 
electron beam technology growth in the radiation curing field [48]. 1 In one 
study, a number of different products that contained radiation curable, 
ethylenic unsaturation was synthesized and formulated with ferric oxide and 
other ingredients, including relatively large amounts of solvent [49]. After 
drying, the coatings were exposed to ionizing radiation and cured to form 
useful magnetic tape materials. A summary of the types of magnetic oxides 
for audio, video, and computer tapes that were in vogue in the early 1980s 
was published [50]. This information can provide investigators with infor- 
mation to compare with today's products that are available from various 
suppliers. 

Low or moderate molecular weight urethane acrylates that were difunc- 
tional, trifunctional, or comb-branched were blended with each other or with 
a vinyl polymer or Phenoxy, magnetic iron oxide, and solvent. The blends 
were coated on poly(ethylene terephthalate) and cured with electron beam 
radiation in a statistical study [45]. Parameters investigated included hard- 
ness, tensile properties, gel fraction, swelling, gloss, and abrasion loss. The 
study indicated that optimum properties were obtained with blends rather 
than with single polymers, that glass transition temperature was a more im- 
portant parameter than cross-link density, and that the statistical approach 
used was an efficient way to optimize formulation studies. An earlier patent 
had indicated that polyurethanes with unsaturated end groups combined 
with Phenoxy and cured by irradiation yielded useful magnetic media mate- 
rials [51]. Blends of polyurethanes with urethane acrylates and cure with 
electron beam radiation indicated that good films could be obtained initially, 
and the added advantage of adding semirigid, elastic properties was ob- 

1 Private Communication. In the early 1980s, moisture-cure urethanes were the standard 
binders used for magnetic media. Electron beam technology afforded formulations with im- 
proved stability coupled with rapid and consistent curing. At the time this was a high value 
added market, but the market was soon flooded with low cost binder systems. This discouraged 
capital investment in equipment and the use of relatively high-cost materials. 
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tained by the subsequent electron beam irradiation [52]. Urethane acrylates 
based on a caprolactone acrylate or a caprolactone polyol and different iso- 
cyanates were prepared in 2-ethylhexyl acrylate, compounded with a mag- 
netic iron oxide, and cured with an electron beam to form useful magnetic 
media coatings [53]. 

Blend systems based on vinyl chlor ide/vinyl  acetate/vinyl  alcohol 
copolymer, a 2-mole caprolactone acrylate, and a commercial polyurethane 
were formulated with a free radical photoinitiator and cured with ultraviolet 
light to make binder systems that were suitable for magnetic media [54]. 

There are many studies in the literature dealing with radiation-cured 
magnetic media, including studies of the energy deposition and backscat- 
tered electrons on magnetic properties [55], of how binder molecular weight 
affects slurry milling efficiency and magnetic tape performance [56], wetta- 
bility characteristic of electron beam curable coatings in comparison to those 
of conventional magnetic media coatings [57], the effect of electron beam ir- 
radiation on the magnetic media lubricant poly(perfluoroproplyene oxide) 
[58], performance comparison of magnetic tapes made by irradiation and by 
thermal means [59], methods for forming a magnetic recording layer on a 
base plate [60], the use of carboxylic acid-functional polyurethanes that have 
a strong affinity for magnetic pigments [61], and the use of a radiation cur- 
able binder with a-methyl styrene [62]. 

Optical Components and Materials 

Radiation curing has played an important role in the growth of optical me- 
dia. For example, all digital video discs (DVD) are cemented together with a 
clear, ultraviolet radiation curable adhesive. The importance of optical fibers, 
their relationship to the telecommunications industry, and the significance of 
coatings in their development have been acknowledged facts. This industry, 
that uses the optical fibers to send streams of digital pulses of voice, video, 
and data, came into being in the 1970s and has played a role in almost every- 
one's life since it became a commercial reality in the early 1980s [63]. Some 
early papers dealt with products and adhesives for optical components [27, 
64]. Particular formulations for coatings and adhesives and the assembly of 
components have been studied [65-70], including studies in special areas 
such as buffer coatings [71, 72], cabling [73], polyfunctional core coatings 
[74], and interaction of ultraviolet radiation-cured coating and fiber trans- 
mission properties [75]. 

Thermal and aging properties must be considered very important. Opti- 
cal fibers are expected to maintain mechanical properties for more than 20 
years. Accelerated testing has indicated radiation-cured coatings would be 
mechanically stable for up to 100 years under ambient conditions [76]. Radi- 
ation-cured adhesives can also be used for end-to-end splicing, termination 
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of fiber bundles, construction of optical sensors, and other areas in the opti- 
cal area [77]. Through the years, many innovations involving radiation cur- 
ing and optical devices have been made, as is evidenced by the numerous 
patents in the area. Some recent studies include manufacturing methods for 
optical recording media [78-80] and free radical curable compositions for op- 
tical components [81]. 

Printing Inks and Graphic Arts 

Both actinic and ionizing [82] radiation are used for curing printing inks, as 
well as both cationic [83,84] and free radical [85,86] photoinitiation with 
epoxides, vinyl ethers, and ethylenically unsaturated monomers as formu- 
lating tools. Safety and environmental concerns [87,88] and process control 
with radiometry have been considered [89]. 

Radiation curing has found use in every type of printing process [90-92], 
including intaglio [93], electrophotography [94], narrow and wide web flex- 
ography [95-101], sheet fed or web offset/lithograph [102-110, 113], rotary 
letterpress [111], screen [111,112], direct and offset gravure, ink jet, and pad 
printing. Particular area studies include bank notes [114,115], food packaging 
[116,117], high-speed aluminum can decoration [118], postage stamps [119], 
coatings that prevent ink fading without loss of adhesion [120], decorative 
and protective packaging [121,122], coatings for plastics such as polycarbon- 
ate [123,124], use of commercial products in inks [125,126], and the use of ex- 
cimer radiation for ink curing [127]. 

Stereolithography or Three-Dimensional Object Curing 

Stereolithography may also be defined as a photochemical process that en- 
ables rapid preparation of solid, three-dimensional models, masters, or pat- 
terns that can have any shape. Other names for the technology include 
"Rapid Prototyping," "Desktop Manufacturing," "Solid Freeform Fabrica- 
tion," and "Layered Manufacturing." It was first introduced in 1987 as rapid 
prototyping [128,129]. The essential components of the process are [130,131]: 

�9 A computer with a Computer-Aided Design (CAD) or Magnetic Reso- 
nance Image (MRI) software package, 

�9 A laser to provide light energy, 
�9 A mirror system for directing and /or  focusing light energy, 
�9 A movable platform located in a reservoir (bath), 
�9 A reservoir containing a photoreactive chemical formulation. 

The software sends location information to the laser/mirror system that then 
directs light energy to specific regions of a thin layer of photoreactive chem- 
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icals (i.e., a radiation-curable formulation) present on a movable platform 
that is located in a reservoir of the chemicals. Simultaneously, the informa- 
tion package directs the system to lower the platform slowly with the cured 
"slice" of the object into the reservoir. In this manner, complex objects are 
built up in thin layers of about 0.0005 in. (-0.013 ram) to 0.020 in. (-0.51 ram) 
on the platform. 

Variations on this method exist, but they all deal with methods for the 
accurate and rapid production of solid models. For example, a computer op- 
erator may create a three-dimensional virtual image of an object to be manu- 
factured [132]. Software then slices the composition into layers and generates 
a precise image of each layer. Then by using a unique masking system gen- 
erated on a solid base, complex shapes are built up layer by layer. As the 
object is built up, material under the mask and uncured after the exposure 
process is removed and replaced with wax before the next curable layer is ap- 
plied. When the process is completed, the wax is removed by warming or 
rinsing. 

Both free radical [133-135] and cationic systems [129,136] are used. Acry- 
late formulations and the factors that must be considered in formulation con- 
trol have been investigated for this end use [137]. These include nature of the 
components, laser wavelength and intensity, focused spot size and trace 
speed, and number of scans or dosage per polymerized layer. Strength char- 
acteristics, extractables, distortion ratios, solidification depth, and polymer- 
ization efficiency were measured properties. Actual and imaginary require- 
ments for the process have also been delineated [138]. These chemical systems 
produce a variety of items, including models or molds for intake manifold, 
turbine blades, automobile parts, tools for use in injection-molding, and so on. 

The chemical and physical changes that take place in the cured~uncured 
mixture of monomers and polymers directly under the laser radiation have 
been studied [139]. A mathematical model based on coupled partial differ- 
ential equations has been solved for 1,6-hexanediol diacrylate. Although the 
model's predictions followed expectations, the model was not experimen- 
tally tested. 

Since these objects are produced rapidly and precisely, it is easy to see 
where distortion, which might be caused from shrinkage, could lead to diffi- 
culties. Distortion control additives for free radical-cured systems that are 
based on a multifunctional isocyanate, one or more multifunctional polyols, 
a diol chain extender, and an acrylate with from 1 to 5 acrylate groups per 
molecule have been developed [140]. It is claimed that these additives will 
provide a reduction in distortion of up to about 20%. 

There are a number of sites on the Internet where one can find informa- 
tion about stereolithography. The field is a rapidly changing one, and a site 
for the latest updates is www.cc.utah.edu/-asn8200/rapid.html. Simply insert- 
ing the word "stereolithography" into a search engine returned 58 hits. 
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Wood Coatings 

Wood is a renewable resource that is complex in nature. It is used in a broad 
variety of end uses, and in many of them it is coated. Wood varies by 

�9 type, hardwood and softwood, 
�9 species that are far too numerous to mention, 
�9 springwood and summerwood,  
�9 growth history--virgin, second growth, third growth- -wi th  the wood  

having a more flat grain as the number of growth cycles increases, 
�9 number of knots, and so on. 

All of these factors have an effect on the coating process and the coating used 
for the staining, sealing, filling, or top coating of wood [141]. In 1992, mem- 
bers of RadTech met to discuss whether or not the radiation-curing, coating 
industry could meet the demands of the wood  industry [142]. It was pointed 
out that the wood industry offered one of the largest potential markets for ra- 
diation-cured coatings. At that time, ultraviolet radiation curing of coatings 
for flat wood stock, such as is used for kitchen cabinets and wood flooring 
[143,144], as well as "wet look" wood finishes [145,146], had found a good 
niche. Again, environmental pressures were pushing the industry to effec- 
tively 100% solids systems [144], and with this impetus, the members of 
RadTech felt the industry could meet the challenges of many-step processes 
[145-150], maximum cure temperatures of 100 ~ C, variable plant humidity, 
and the variability of wood itself. The spraying of 100% solids, or near that 
figure, and the curing of three-dimensional objects were other areas of inter- 
est and concern [151,152]. Since that time, they have been proven correct, and 
wood coating is an important facet of radiation-curing technology. The situ- 
ation in Europe during the mid to late 1980s has been documented providing 
a good history of the technology [153]. 

During the early 1990s, many investigations were carried out in the 
wood industry. Work in this area included: 

�9 Studies of waterborne radiation curable urethane acrylates [154-157], 
�9 Testing of 21 oligomeric acrylates and numerous monomeric acrylates in 

finalsealer and topcoat formulations for crosshatch and nickel scrape ad- 
hesion, sandability, solvent resistance, and holdout [158,159], 

�9 A study of actinic radiation lamps with enhanced peak irradiance values 
in the 350-450 nm wavelength range for heavily pigmented coatings [160], 

�9 Formulation development of cycloaliphatic epoxide-based cationic cure 
coatings and the testing of these coatings for a broad range of properties 
including hardness, adhesion, hot-cold checking, abrasion, stain resis- 
tance, and others [161], 

�9 And cationic formulations for high solids and water-based epoxy systems 
[162]. 
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By 1996, the interest in and development of radiation curable products 
for the wood industry had grown to the point where the RadTech organiza- 
tion held a seminar dedicated to technology for the wood  industry [163]. At 
this seminar, topics dealt with application techniques such as roll, spray, and 
vacuum coatings of 100% solids ultraviolet radiation cured coatings, as well 
as waterborne and pigmented UV coatings, UV curing equipment for flat and 
three-dimensional products, health and safety considerations, and end-user 
comments about the conversion from a conventional to a radiation-cure pro- 
cess. Vacuum coating is a well-known technique that has recently been ap- 
plied to ultraviolet radiation curable coatings. Such coatings have low vis- 
cosity and excellent flow properties, coupled with fast air release and high 
cure speeds. A starting point formulation for a white vacuum applied coat- 
ing and a recommended process is available [164]. 

During the latter half of the 1990s, and into the 21 St Century, radiation- 
curing studies were carried out in a number of areas including: 

�9 photoinitiator fragments released from furniture coatings based on free 
radical chemistry [165], 

�9 inks and wood fillers that contained aluminum trihydroxide filler, which 
is transparent to ultraviolet radiation, in free radical-cured formulations 
[166], 

�9 sprayable water-based wood systems [167], 
�9 comparisons of the conversion from conventional waterborne to ultravio- 

let radiation cured coatings, pointing out value increases, decreases in 
waste, and improved physical properties [168], and the economics of roll 
coating and ultraviolet radiation curing [169], 

�9 use on small wood  parts such as broom handles and brush blocks where a 
20% solids nitrocellulose industry standard system was replaced [170,171], 

�9 economic and VOC-reduction advantages for flat stock, such as kitchen 
cabinets and wood flooring [172,173], for guitar manufacturing where pro- 
ductivity gains reduced finishing time per guitar [174], and how to apply 
low emission furniture coatings [175], 

�9 formulation studies of and application processes for free radical systems 
as primers, sealers, and top coats for furniture [176] and abrasion-resistant 
parquet flooring clear coats, as well as methods for testing the cured coat- 
ings [177], 

�9 technology dealing with sanding wood coatings with emphasis on ultra- 
violet radiation cured coatings, including coated abrasives charts for con- 
verting between various meshes and average micron size [178]. 

In 1999, it was reported that in Europe radiation curing of acrylates and un- 
saturated polyesters had taken over 10.3% of the wood coating market [179]. 
For the United States, regulatory items that pertain to coating in the wood in- 
dustry have been summarized [180]. 
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General 

In addition to the above specific areas, there are hundreds of particular end uses 
in which the radiation curing industry participates, and the number and mar- 
ket share keep increasing [181-190]. In some areas it dominates; for example, it 
has been said that radiation-curable materials are used to decorate essentially 
all yogurt cups. The large number of end uses includes barrier coatings, book 
covers, bottles and bottle caps, cans and can ends, catalogues, cigarette pack- 
age cartons, coated foils and films, conductive coatings, conformal coatings, 
cosmetic cartons, credit cards, cups and containers, decals, decorative mirrors, 
denture fillings and restorative dentures, dielectric coatings, electrical insula- 
tion, electronics packaging, flocked fabric, labels, liquor cartons, magazines, 
medical devices, name plates for cars and other transportation vehicles, ortho- 
pedic casts and splints, overprint coatings, paper coatings, perfume cartons, 
prostheses, sealants for syringes, shrink films, tapes--pressure sensitive and 
magnetic, wallpaper, and wire and wood coatings, as well as many others. 
Some of these are detailed by reference in the following tabulation. 

END USE REFERENCE 
Bioactive substance immobilization on a membrane 
Cabling for optical fibers 
Can coatings--2-piece and 3-piece cans 
Ceramic (gypsum) tile manufacture 
Corrosion resistant coatings--inside ballast tanks of submarines 
Dental filling materials 
Flame retardant coating--halogen free 
Flooring--vinyl sheet, vinyl tile, wood 
Glass fiber reinforced laminates 
Insulation--building and clothing 
Leather coatings 
Lottery tickets (scratch-off type) 
Medical--sustained-release wound dressings 
Metallization of paper 
Metallized products--UV-curable base- and/or  top-coats 
Microporous membranes and coatings 
Molds for injection molding 
Paper, film, foil--packaging 
Photography 
Pipe coatings--temporary external rust proofing 
Plastic decoration--cup, container, and other 
Polyboard 
Polymeric film coating and decoration 
Record jackets 
Space and satellite 
Tinplate decoration 
Transfer decoration 
Wide web converting 

191 
192 
193-197 
198 
199 
200 
201 
202-204 
205-207 
208, 209 
210, 211 
212 
213 
208, 214 
215-217 
218 
219 
208, 220-222 
223, 224 
225 
226-228 
229 
230-232 
208 
233, 234 
235 
236 
209, 237, 238 

The Future 

Born amid an upheaval in the coating industry that was caused by environ- 
mental concerns, petrochemical shortages, and regulation in the early 1970s, 



End Uses 221 

radiation curing has grown into an important segment of the coating indus- 
try. The early days were difficult, and through the first decade and more 
since 1970, growth was slow, but market share and penetration was increas- 
ing all the time. Radiation-curing technology found market segments in the 
industry that could be championed, and there were people who had an in- 
terest in championing them. There was very rapid growth of clear overprint 
varnishes in the late 1980s and of flexographic inks in the late 1990s. These 
particular areas have turned some minor suppliers into major suppliers and 
have brought  about wider  acceptability of radiation-curing technology. 
Coatings and adhesives for electronics, wood, vinyl flooring and other plas- 
tics, automotive, pressure sensitive adhesives, and use in the other areas 
mentioned above are growing in importance. 

Today there is a realization by many that essentially 100% solids, liquid 
systems that cure in an effectively instantaneous manner into coatings with 
functional and decorative properties, have merit. The technology has changed 
the way end-users think about manufacturing. They have found handling 
times and production or throughput markedly improved by radiation-curing 
technology. They have found the technology provides fast application of coat- 
ings that cure into high quality surfaces without surface flaws that are caused 
by handling. Pressure sensitive adhesive technology seemed a natural end use 
for radiation curing, and with particular people leading the area, it soon was 
adapted and used. In addition, radiation-cured coatings are ecologically 
sound and very energy efficient. Importantly, the technology allowed manu- 
facturers to meet existing regulations. 

Although radiation curing still has only a small percentage of the total 
coatings market, it is in a rapid growth phase. Those who use the technology 
are well pleased with the results--a factor that is important to growth. New 
photoinitiators, monomers and oligomers, equipment for application to sub- 
strafes and for electron beam and ultraviolet curing is being developed and 
is entering the marketplace. Cross technologies such as radiation-curable 
powder coatings that allow powder coatings to be cured on temperature-sen- 
sitive substrates should bode well for the future. A handle is being obtained 
on consistent gloss control, and this will further open up the matte and semi- 
gloss coating areas. Thick-section curing that takes place in a rapid manner is 
becoming a reality, and this will further open the sealants area to radiation 
curing. Nanocomposite technology is a new arena that is beginning to receive 
attention. Growth can be expected in all of the market segments mentioned 
in this chapter with wood, automotive, electronic and optical equipment 
coatings, and graphic arts leading the way in the near-term future. Longer 
term, many other segments of the coating, adhesives, and sealant markets 
will turn to radiation curing as they realize the benefits that can be obtained 
from radiation curing--with areas such as exterior automotive and other 
transportation coatings, coatings for exterior plastic signs, business ma- 
chines, toys, some unrealized areas, and so on, leading the way to a bright fu- 
ture for radiation curing. 
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Glossary of Terms* 

Terminology Used for Ultraviolet (UV) Curing 

Process Design and Measurement 

This glossary of terms has been assembled in order to provide users, formu- 
lators, suppliers, and researchers with terms that are used in the design and 
measurement of UV curing systems. It was prompted by the scattered and 
sometimes incorrect terms used in industrial UV curing technologies. It is in- 
tended to provide common and technical meanings as used in and appropri- 
ate for UV process design, measurement, and specification. General scientific 
terms are included only where they relate to UV measurements. The object is 
to be "user-friendly," with descriptions and comments on meaning and us- 
age, and minimum use of mathematical and strict definitions, but technically 
correct. Occasionally, where two or more terms are used similarly, notes will 
indicate the preferred term. 

For historical and other reasons, terms applicable to UV curing may vary 
slightly in their usage from other sciences. This glossary is intended to "close 
the gap" in technical language, and is recommended for authors, suppliers, 
and designers in UV curing technologies. 

absorbance. An index of the light absorbed by a medium compared to the 
light transmitted through it. Numerically, it is the logarithm of the ratio of 
incident spectral irradiance to the transmitted spectral irradiance. It is unit- 
less number. Absorbance implies monochromatic radiation, although it is 
sometimes used as an average applied over a specified wavelength range. 

absorptivity (absorption coefficient). Absorbance per unit thickness of a 
medium. 

additive lamps. Medium pressure mercury vapor UV lamps (arc or mi- 
crowave) that have had small amounts of metal halide(s) added to the mer- 
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cury within the bulb. These materials will emit their characteristic wave- 
lengths in addition to the mercury emissions. (This term is preferred over 
doped lamps). 

bandwidth .  The range of wavelengths between two identified limits, ex- 
pressed in the same units as wavelength (nm). 

cosine response. Description of the spatial response to incident energy 
where response is proportional to the cosine of the incident angle. A ra- 
diometer with a diffuser or a photo-responsive coating will exhibit nearly 
cosine response. 

dichroic. Exhibiting significantly different reflection or transmission in two 
different wavelength ranges. Dichroic reflectors which have reduced re- 
flectance to long wavelengths (IR) are also called "cold mirrors." 

diffuse. A characteristic of a surface that reflects or scatters light equally in 
all directions (often confused with spread reflectance). 

doped lamps. Term applied to UV lamps having metal halide additives to 
the mercury to alter the emission spectrum of the lamp. (Historically, this 
term has been used by UV arc lamp manufacturers. It is a slightly impre- 
cise usage, as the added chemical does not alter the properties of the other). 
(The preferred term is additive lamps). 

dose. A common, but loosely used, term for energy density, or radiant flux 
density, at a surface. (It is a precisely defined term in EB curing: 1 Gray 
(Gy) = 1 J/kg, a measure of absorbed energy per unit mass). In other tech- 
nologies, the term usually applies to energy absorbed within the medium 
of interest, but  in UV curing, is equated only to irradiant energy density 
arriving at the surface of the medium of interest. (The preferred shortened 
term is energy density, expressed in J /cm 2 or mJ/cm2). 

dynamic exposure. Exposure to a varying irradiance, such as when a lamp 
passes over a surface, or a surface passes under a lamp, or lamps. In that 
case, energy density is the time-integral of the irradiance profile. 

dynamic range. The span between the minimum irradiance and the maximum 
irradiance to which a radiometer will accurately respond. Expressed as a 
ratio, or in measured units (e.g., watts/cm2). 

effective energy density. Radiant energy, within a specified wavelength range, 
arriving at a surface per unit area, usually expressed in joules per square 
centimeter or millijoules per square centimeter (J/cm 2 or mJ/cm2). Is ex- 
pressed in a specified wavelength range (without wavelength specifica- 
tion, it is essentially meaningless). Commonly accepted abbreviations are 
Wx or Ex. 

effective irradiance. Radiant power, within a specified wavelength range, arriv- 
ing at a surface per unit area. It is expressed in watts or milliwatts per 
square centimeter (W/cm 2 or m W / c m  2) in a specified wavelength range 
(without wavelength specification, it is essentially meaningless). For 
brevity, when the wavelength range is clearly understood, the term is 
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shortened to irradiance. Commonly accepted abbreviations are E• or I~. 
Compare spectral irradiance. 

emission spectra. Radiation from an atom or atoms in an excited state, usu- 
ally displayed as radiant power vs wavelength. Emission spectra are 
unique to each atom or molecule. The spectra may be observed as narrow 
line emission (as in atomic emission spectra), or as quasi-continuous emis- 
sion (as in molecular emission spectra). A mercury plasma emits both line 
spectra and continuum simultaneously. 

energy density. Radiant energy arriving at a surface per unit area, usually ex- 
pressed in joules or millijoules per square centimeter (J/cm 2 o r  mJ / cm2) .  It 
is the time-integral of irradiance. (Terms applied in other technologies in- 
clude "radiant exposure," "light dose," and "total effective dosage"). Com- 
pare fluence, dose. 

fluence. The time-integral of fluence rate (J/m 2 or J/cm2). For a parallel and 
perpendicularly incident beam, not scattered or reflected, energy density 
and fluence become identical. 

fluence rate. The radiant power of all wavelengths passing from all direc- 
tions through an infinitesimally small sphere of cross-sectional area dA, di- 
vided by dA. For a parallel and perpendicularly incident beam, not scat- 
tered or reflected, irradiance and fluence rate become identical. (W/cm 2 
or mW/cm2). 

flux (radiant flux). The flow of photons, in einstein/second; one einstein = 
one mole of photons. 

intensity. A generic term, with a variety of meanings; undefined, but com- 
monly used to mean irradiance. Generally misapplied in UV curing. Its 
precise optical meaning is f lux/steradian (W/sr), applied to emission of 
light; not useful in UV curing. (The preferred terms are irradiance or ef- 
fective irradiance). 

irradiance. Radiant power arriving at a surface from all forward angles, per 
unit area. It is expressed in watts per square centimeter or milliwatts per 
square centimeter (W/cm 2 or mW/cm2). Compare effective irradiance, 
spectral irradiance, and fluence rate. 

irradiance profile. The irradiance pattern of a lamp; or, in the case of dy- 
namic exposure, the varying irradiance at a point on a surface that passes 
through the field of illumination of a lamp or lamps; irradiance versus 
time. 

joule (millijoule). A unit of work or energy (a newton-meter). The time-in- 
tegral of power. Abbreviated J or mJ. (Although derived from a proper 
name, the term is not capitalized, while its abbreviation is capitalized). 

line emission. Narrow lines of emission from an atom in an excited state. 
These are the "spikes" observed in spectrometry. Low-pressure sources 
exhibit finely distinguished line emission; higher pressure sources exhibit 
more continuous spectra. 
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monochromatic. Light radiated from a source that is concentrated in only a 
very narrow wavelength range (bandwidth). This may be accomplished 
either by filters or by narrow-band emission. 

monochrornator. An instrument that separates incoming radiant energy into 
its component wavelengths for measurement. Two methods are used for 
dispersing the radiation: diffraction grating or prism. The typical resolu- 
tion may be I nanometer or less. 

nanometer. Unit of length. Abbreviated nm. Equals 10 -9 meter, = 10 -3 mi- 
cron, = 10 ~ (angstrom). Commonly used unit to define wavelength of 
light, particularly in the UV and visible ranges of the electromagnetic spec- 
trum. An older equivalent term, millimicron, is rarely used today. 

optical density. The logarithm of the reciprocal of reflectance or transmit- 
tance. A dimensionless number. In printing and color, it is the log of the ra- 
tio of visible light absorbed by  an "absolute white" to the light absorbed by 
the measured ink. 

peak irradiance. The intense peak of focused power  directly under a lamp. 
The maximum point of the irradiance profile. Measured in irradiance 
units (W/cm2). 

photometer. An instrument for measuring visible light, usually filtered or 
corrected to match the human eye response. 

power  (radiant) (see radiant power). The rate of radiant energy or total radi- 
ant power (W) emitted in all directions by a source. 

power  (UV lamp). Tubular UV lamps are commonly described by their op- 
erating power  in "watts per inch" or "watts per centimeter." This is de- 
rived simply from the electrical power  input divided by the effective 
length of the bulb. (It does not have a direct meaning to the output effi- 
ciency of a lamp system, to the spectral conversion efficiency, to the curing 
performance, or to the UV irradiance delivered to a work surface). 

polychromatic, or polychromic. Consisting of many wavelengths. 
quantum yield. A measure of the photon efficiency of a photochemical reac- 

tion. The ratio of the number of chemical events per unit time to the num- 
ber of photons absorbed per unit time. It is a unitless measure. 

radiachromic. Exhibiting a change of color or optical density with exposure 
to light. A character of films whose color or density change can be corre- 
lated to exposure to UV energy. 

radiance. Generally refers to the radiant output of a source. It is radiant flux 
per unit area per steradian (W/cm2/sr). In UV curing, it is used generically 
rather than as a precise optical term. 

radiant power. Rate of energy transfer, expressed in watts or joules/second 
(W = J/sec). 

radiant intensity. Power per unit of solid angle from a source, expressed in 
watts/steradian (W/sr). 

radiant  energy. Energy transfer, expressed in joules or watt-seconds 
(J = W X s e c ) .  
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radiometer. A device that senses irradiance incident on its sensor element. Its 
construction may incorporate either a thermal detector or a photonic de- 
tector. The instantaneous signal output will usually have a linear propor- 
tionality to radiant flux, and will depend on incident wavelength(s). The 
resulting characteristic response to irradiance versus wavelength is called 
responsivity. 

responsivity (spectral sensitivity}. The response or sensitivity of any system 
in terms of incident wavelength. In radiometry, it is the output of a device 
versus wavelength. 

spectral output. The radiant output of a lamp versus wavelength. It is dis- 
played in a variety of ways, but commonly a graph or chart of output watts 
plotted against wavelength. The appearance of the plot will vary dramati- 
cally, depending on the wavelength resolution used. A technique of nor- 
malizing is to integrate energy over 10-nanometer bands, to reduce the dif- 
ficulty of quantifying the effects of line emission spectra. 

spectral absorbance (absorbance spectrum). Absorbance described as a 
function of wavelength. 

spectral irradiance. Irradiance at a given wavelength per unit area per unit 
wavelength interval. Expressed in W/cma/nm.  Usually measured with a 
spectroradiometer. Compare effective irradiance. 

spectroradiometer. An instrument that combines the functions of a radiome- 
ter and a monochromator to measure irradiance in finely divided wave- 
length bands. 

static exposure. Exposure to a constant irradiance for a controlled period of 
time. Contrast with dynamic exposure. 

UV. Ultraviolet. Radiant energy in the 100-450 nm range. 100-200 nm is gen- 
erally called vacuum UV (VUV), because it does not transmit in air. There 
is no precisely defined boundary between UV and visible light, and may 
be considered about 400-450 nm. 

UVA, UVB, UVC. Designations of UV wavelength ranges, originally for dis- 
tinction of physiological effects of UV, and establishment of safe exposure 
limits. The generally accepted ranges are: 

VUV: 100-200 nm 
UVC: 200-280 nm 
UVB: 280-315 nm 
UVA: 315-400 nm 

UVA is commonly referred to as long UV wavelengths; while UVC is consid- 
ered short UV wavelengths. VUV stands for "vacuum UV." Measurement of 
specific ranges may be defined by the responsivity of a radiometer. It 
should be made clear, when referring to these ranges, exactly what wave- 
lengths they represent. Specific manufacturers of radiometers will use 
uniquely specified ranges. 

watt (milliwatt). The absolute meter-kilogram-second unit of power equal to 
the work done at the rate of one joule per second or to the power produced 
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by a current of one ampere across a potential difference of one volt : 1/746 
horsepower. Abbreviated W or mW. In optics, a measure of radiant or ir- 
radiant power. (Even though the term is derived from a proper name, it is 
not capitalized, while the abbreviation is capitalized). 

wavelength. A fundamental descriptor of electromagnetic energy, including 
light. It is the distance between corresponding points of a propagated 
wave. It is the velocity of light divided by equivalent frequency of oscilla- 
tion associated with a photon. UV wavelengths are currently measured in 
nanometers (10 -9 meter). An older term, Angstroms (•= 10 -1~ meter) is 
rarely used today. The typical symbol for wavelength is k(lambda). 
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INDEX 

A 

Abrasion resistance, 188-190 
Acrylated epoxides, 82, 88-92 

properties, 92 
shelf life, 91 
viscosity reduction, 91 

Acrylated melamines, 159-160 
Acrylated oils, 98-100 
Acrylates 

free-radical polymerization, 83-84 
grafting to poly(vinyl ethyl ether), 170 
health considerations, 206 
radiation-curable, 158-159 
stereolithography, 217 

Acrylate compositions, 81-83 
Acylphosphine oxides, 39-40 
Adhesives, 165-178 

based on butyl rubber, 168 
radiation-cured, market, 165-166 
solvent-based, I65 
see also Pressure sensitive 
adhesives; Release coatings 

Aging properties, optical fibers, 215-216 
Aliphatic urethane acrylate, weathering, 197 
Americus technology, 56-59 

deficiencies, 58-59 
Anti-adhesive coatings, see Release coatings 
Antifoaming agents, 183 
Aromatic urethane acrylates, 96-97 
Aryl iodonium salts, 62-63 
Arylsulfoniumhexafluorometallic salt 

photoinitiators, 61 
Aryl sulfonium salts, 60 
ASTM D 785, 190 
ASTM E 1818, 19 
Automotive end uses, 211-212 

Benzoin alkyl ethers, cure rate and, 39 
Benzoin ethers, cure rate and, 39 

Bis(3,4-epoxycyclohexylmethyl)adipate, 111 
Bronsted acid, 64 

polymerization, vinyl ethers, 132-134 
Butyl rubber, adhesives based on, 168 

C 

Capital investment, 4--5 
Caprolactone acrylate, 85-86 
Cationic curable compounds, release 

coatings, 174 
Cationic cycloaliphatic epoxide systems, 

109-115 
epoxidized oils, 115-117 
formulation, 125 
polymerization mechanism, 117-124 

added thermal energy, 123 
electron beams and epoxide 

Cationic initiation, 35 
Cationic photocuring, comparison with free 

radical, 109-110 
Cationic photoinitiators, 53-66 

diazonium salts, 56-57 
iodonium salts, 59-64 
onium salts, 53-54 
organometallic compounds, 64~6 
photosensitization, 66-67 
sulfonium salts, 59-64 

Cationic polymerization, vinyl ethers, 
132-134 

Charge-transfer polymerizations, vinyl 
ethers, 135-138 

Clean Air Act of 1970, 2 
Clear acrylic coatings, weathering,197 
Clear cationic coating, formulation, 125 
Coatings 

definition, 3 
textured, 194-195 

Composite radiation-cured coating systems, 
abrasion resistance, 189-190 

Conformal coatings, 212-213 
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Conjugated diene butyl, pressure sensitive 
adhesives, 168 

Conveyor system, 20-21 
Corona discharge treatment, 191 
Cross-linked density, abrasion resistance and, 

189 
Cross-linking, requirement of, 146 
Crystalline polyester, 148-149 
cure, 123-124 

pigmentation, 124 
polyols, 118-122 
water, humidity, and temperature effects, 

122-123 
Curing equipment, 15-30 
Cycloaliphatic epoxides, 58-59, 62 

acidity of compounds, 121 

D 

de Broglie, 10 
Diaryliodoniumhexafluoroantimonate 

photoinitiators, 62-63 
Diaryliodonium tetrakis(pentafluorophenyl) 

borate, 63 
Diazonium salts, 56-57 
Difunctional acrylates, properties, 87 
3,4-Dihydropyran-2-methanol, 133 
Diisocyanates, in urethane acrylate 

preparation, 97 
Diluents 

for acrylated epoxides, 92 
for cationic cycloaliphatic epoxide systems, 

112-113 
Discharge envelope, 23-24 
Divinyl ethers, 140-141 
Donor/acceptor polymerizations, vinyl 

ethers, 135-138 
Doping, mercury bulb, 24 
Dosimetry indicators, 22 
Drying oils, 98 
Dual-cure mechanisms, 155-163 

with both acrylate and isocyanate 
functionality, 158 

free radical/cationic systems, 155-156 
radiation/air-drying cures, 162-163 
radiation/epoxide cure, 161-162 
radiation/moisture-cure urethane 

cures, 160-161 
radiation/radiation cure, 162 
radiation/thermal-cures, 156-160 

Dual gloss systems, 186 

Einstein's relativity expression, 9 
Electrical uses, 212-213 
Electrodeless lamps, 24-26 

Electromagnetic theory, 9 
Electron beam curing, 15-17 

early work, 73-74 
Electron beam energy, 3 
Electron beams, 7, 17-20 

epoxide cure, 123-124 
penetration as function of accelerator 

voltage, 17-19 
Electron beam systems 

comparison with ultraviolet radiation 
system, 15-16 

types, 19-20 
Electron beam technology, in magnetic 

media, 214 
Electron gun, 18 
Electronic uses, 212-213 
Electrons, 12, 17 
Electromagnetic spectrum, 4 
Energy 

magnitude at various wavelengths, 10-11 
radiation, magnitude, 10-12 

Energy consumption, 5 
Epoxide cure, electron beams, 123-124 
Epoxidized oils, 115-117 
Epoxy acrylates, see Acrylated epoxides 
3,4-Epoxycyclohexylmethyb3,4- 

epoxycyclohexanecarboxylates, 110, 
116 

Esterified polyol acrylates, 97-98 
Ester vinyl ethers, 139-140 
3-Ethyl-3-hydroxylmethyl-oxetane, 114 
Excimer radiation, 29 
Exiplex, 43 
Expanding monomers, 183-185 

Fiberboard substrates, ultraviolet radiation- 
curable powder coatings, 151 

Fluorescein, 49 
Fluorone photoinitiators, 48 
Fluorosurfactants, 193 
Focused reflector systems, 26 
Food contact applications, radiation-cured 

coatings, 206 
Free radical/cationic systems, 155-156 
Free radical initiation, 35 
Free radical photocuring, comparison with 

cationic, 109-110 
Free radical photoinitiators, 37-48 

homolytic fragmentation type, 38-41 
hydrogen abstraction photoinitiators, 

41-44 
oxygen inhibition, 45-48 
photosensitizers, 44-45 
residual odors, 187-188 
visible radiation, 49-50 
waterborne systems, 196 



Free radical polymerization, vinyl ethers, 130, 
132 

Free radical systems, 73-100 
shrinkage, 100-101 
see also Unsaturated polyester/styrene 

systems 
Fuel cost/availability issues, 2 
Future uses, 220-221 

G 

GAFGARD 233, 189 
Glass adhesive, 177-178 
Glossary, 233-238 
Gloss control, 185-186 
Gloves, permeation testing, 205 
Government regulations, 2 
Graft copolymers, as surfactants, 192-193 
Graphic arts, end uses, 216 
Grotthus-Draper Law, 7 

H 

Health considerations, 203-207 
Heat-sensitive substrates, 5 
High-solids coatings, 2-3, 5 
Homolytic fragmentation type, 38-41 
Homopolymerizations, vinyl ethers, 130 
Huygens wave theory, 8-9 
Hybrid polymerizations, vinyl ethers, 

134-135 
Hybrid xenon/mercury lamps, 28-29 
Hydrogen abstraction photoinitiators, 41-44 
2-Hydroxyethyl acrylate, 84-85 

Index  241 

Laminated pressure sensitive adhesive labels, 
176-177 

Latex paints, 1 
Lewis acids, 56-57, 65 
Light, 29-30 
Linerless labels, 175-176 
Liquid butadiene/isoprene/styrene block 

copolymers, pressure sensitive 
adhesives, 169 

Low-pressure lamps, 23 

M 

Magnetic media, 213-215 
Maleimide/acrylate systems, vinyl ethers, 

137 
Mercury vapor lamps, 22-24 

low-pressure, main use, 25 
medium-pressure, 26 

Metal substrates, ultraviolet radiation-curable 
powder coatings, 150-151 

Migration, 173, 205 
Monofunctional acrylates, 83-87 

properties, 85 
Monomers, polymerization, 35-36 
Multifunctional glycidyl ether 

diluent / flexibilizers, 113 
Multiple operations, 5-6 

N 

Nonionizing radiation, 15 
Nonyellowing photoinitiators, 187 
Norrish type III reaction, 37-38 

Inert gases, ionization potential, 27 
Initiation, see Cationic initiation; Free radical 

initiation 
Inorganic glass, pigmented and thick section 

cure, 186 
Iodonium salts, 59-64 

release coatings, 174-175 
Ionizing radiation, 15 
Irradiance, 21 
Isocyanate-terminated urethane oligomers, 

195 

K 

Ketosulphone benzophenone, 188 

O 

Odor, 186-188 
Oils, epoxidized, 115-i 17 
Oligomeric acrylates, 82, 88-100 
Oligomeric vinyl ethers, 138-142 
Onium salts, 53-54 

photolysis, 65-66 
Optical components and materials, 215-216 
Optical fibers, thermal and aging properties, 

215-216 
Organometallic compounds, 64-66 
Organo-sulfurous odors, 187 
Oxetanes, 113-114 
Oxygen inhibition, 45-48 

prevention or minimization of effect, 46-48 
unsaturated polyester/styrene systems, 77 

Oxygen scavengers, 46-47 
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P 

Paper substrates, moisture content, 122 
Particle theory, 8 
Pentaerythritol tetrakis(mercaptopropionate), 

78-79 
Pentaerythritol triacrylate, abrasion 

resistance, 189 
Permeation testing, gloves, 205 
Photochemically induced reactions, 7 
Photochemistry, 7-8 
Photodecompositions, 37 
Photoinitiators, 19-20, 37 

homolytic fragmentation, 39-40 
hydrogen abstraction, 4144 
nonyellowing, 187 
visible radiation, 49-50 
see also Cationic photoinitiators; Free 

radical photoinitiators 
Photons, production, 12 
Photosensitization, cationic photoinitiators, 

66-67 
Photosensitizers, 44-45 
Pigmentation, cationic cycloaliphatic epoxide 

systems, 124 
Planck's theory, 9 
Plasma surface treatment, 191-192 
Plastisols, 156 
Polyacrylic esters, combinations, abrasion 

resistance, 189 
Polyene/thiol compositions, 77-81 
Polyfunctional acrylates, 87-88 
Polymerization 

mechanism, 35-36 
cationic cycloaliphatic epoxide systems, 

117-124 
rate of, 39 

Polymers, surface modification, 191 
Polymer systems, ultraviolet radiation- 

curable powder coatings, 148-149 
Polyolefin surface, 177 
Polyols 

in cationic cycloaliphatic epoxide systems, 
118-122 

used in coatings, 121 
Polyoxyethylene-modified urethane 

acrylates, 195 
Polyurethane casting, 172-173 
Powder coatings 

advantages, 145 
disadvantages, 146 
see also Ultraviolet radiation~curable 

powder coatings 
Pressure sensitive adhesives, 166-172 

forms, 167 
grafting acrylates to poly(vinyl ethyl 

ether), 170 
highly flexible urethane acrylate, 170 

hot melt, 169 
laminated labels, 176-177 
liquid butadiene/isoprene/styrene block 

copolymers, 169 
properties, 167 
styrenic block copolymers, 168 
ultraviolet radiation-curable, 171 

Printing inks, 216 
Productivity, 5 
Propylene carbonate solvent, 62 
Pulsed radiation, 27 

Radiation, 6-8 
monitoring exposure, 203 

Radiation/air-drying cures, 162-163 
Radiation-cured adhesive market, 165-166 
Radiation-cured coatings, food contact 

applications, 206 
Radiation-cured cycloaliphatic 

epoxide/polyol blends, tensile and 
toughness properties, 116-117 

Radiation-cured powder coatings, 
advantages, 147 

Radiation curing 
attributes, 4~6 
definition, 3 

Radiation/epoxide cure, 161-162 
Radiation polymerization, 35-37 
Radiation/radiation cure, 162 
Radiation sources, 22-23 

ultraviolet, 22-23 
Radiation/thermal-cures, 156-160 
Radiometers, 22 
RadTech website, 205-206 
Reflectors, 21 
Regulations, safety, 204 
Release coatings, 172-176 

cationic curable compounds, 174 
iodonium salts, 174-175 
linerless labels, 175-176 
silicones with functional groups, 173-174 

Retrofitting, 6 
Rose bengal, 49-50 
Rub-off, 173 
Rutherford's theory, 10 

Safety, 203-207 
Scratch resistance, 188-190 
Shielding films, 47 
Shrinkage, free radical systems, 100-101 
Silane coupling agents, 190-192 
Silica acrylates, 190 



Silicone coating, 172 
Silicones 

with functional groups, release 
coatings, 173-174 
release coatings, 174 

SILWET L-5410, 193 
Slip resistance, 188-190 
Solvents, amount used, 1-2 
Space requirements, 6 
Spectroradiometers, 22 
Stark-Einstein Law, 8 
Stereolithography, 216-217 
Styrene, as diluent, 75-76 
Styrenic block copolymers, pressure sensitive 

adhesives, 168 
Sulfonium salts, 59-64 
Surface tension, surfactants, 193-194 
Surface texturing, 194 
Surfactants, 192-194 
Synergists, low molecular weight, 41-43 

T 

Tetrafunctional acrylate, properties, 88 
Textured coatings, 194-195 
Theory, 8-10 
Thermal energy, added, effect, 123 
Thermal processes, 6-7 
Thermal properties, optical fibers, 215-216 
Thermoset powders, 145 

cross-linking, 146 
Thick section curing, 195 
Three-dimensional object curing, 216-217 
Tischenko reaction, 134 
Toxicity, 203 
Toxic Substances Control Act, 205 
Triethylene glycol divinyl ether, 133 
Trifunctional acrylate, properties, 88 
Triglycerides, 98 
2,4,6-Trimethylbenzoyldiphenylphosphine 

oxide, 39-40 
Trimethylene oxide, 113 

U 

Ultraviolet radiation, 3, 7 
Ultraviolet radiation-curable powder 

coatings, 145-152 
fiberboard substrates, 151 
metal substrates, 150-151 
polymer systems, 148-149 
technological benefits, 147 
wood substrates, 149-150 

Ultraviolet radiation-curable pressure 
sensitive adhesives, 171 

Ultraviolet radiation cured coatings, wood 
coatings, 219 

Index 243 

Ultraviolet radiation curing, 16-17 
Ultraviolet radiation energy, magnitude, 10-12 
Ultraviolet radiation equipment, safety, 204 
Ultraviolet radiation system, comparison 

with electron beam system, 15-16 
Ultraviolet radiation systems, 20-26 

conveyor system, 20-21 
irradiance, 21 
radiation sources, 22-23 
reflectors, 21 

Ultraviolet radiation transmissible materials, 
186 

Unsaturated polyester/styrene systems, 
74-100 

acrylated epoxides, 88-92 
acrylated oils, 98-100 
acrylate compositions, 81-83 
addition of diluents, 75 
esterified polyol acrylates, 97-98 
monofunctional acrylates, 83-87 
oligomeric acrylates, 88-100 
oxygen inhibition, 77 
polyene/thiol compositions, 77-81 
polyfunctional acrylates, 87-88 
urethane acrylates, 92-97 

Urethane acrylates, 92-97 
aromatic, 96-97 
dual-cure systems, 157-158 
with free isocyanate functionality, 160 
highly flexible, pressure 
sensitive adhesives, 170 
hybrid, 96-97 
low or moderate molecular weight, 
magnetic media, 214-215 
polyoxyethylene-modified, 195 
properties, 96 
special, 95 

Urethane oligomers, isocyanate-terminated, 
195 

Urethane vinyl ethers, 138-139 

V 

Vernonia oil, 115-116 
N-Vinyl-2-caprolactam, 86 
Vinyl ether-epoxide blends, 141-142 
Vinyl ether/maleate alternating copolymer, 

136 
Vinyl ethers, 129-142 

cationic polymerization, 132-134 
coatings, advantages, 134-135 
commercial and developmental, 131 
donor/acceptor polymerizations, 135-138 
free radical polymerization, 130, 132 
homopolymerizations, 130 
hybrid polymerizations, 134-135 
oligomeric, 138-142 
synthesis, 129 
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Vinyl ether-silicone blends, 140-141 
N-Vinyl-2-pyrrolidone, 86 
Visible radiation, 29-30 
Visible radiation energy, magnitude, 10-12 
Visible radiation photoinitiators, 49-50 
Vitreous silica, 24 
Volatile organic compounds, 5 

Weathering, 196-197 
Wood coatings, end uses, 218-219 
Wood substrates, ultraviolet radiation- 

curable powder coatings, 149-150 

W 

Water 
copolymerization and, 122-123 
effects of, 122-123 

Water-based systems, 195-196 
Waxes, 47 

Xenon flash tubes, 28 
Xenon lamps, 26-28 

Y 

Young's modulus, 158, 161 




	Foreword
	Contents
	Preface
	Radiation Curing
	Curing Equipment
	Free-Radical Photoinitiators and Initiation Mechanism
	Cationic Photoinitiators and Initiation Mechanism
	Free Radical Initiated Polymerization Systems
	Cationic Initiated Polymerization Systems
	Vinyl Ethers
	Ultraviolet Radiation-Curable Powder Coatings
	Dual-Cure Mechanisms
	Adhesives
	Additives and Miscellaneous
	Safety and Health Considerations
	End Uses
	Glossary of Terms*
	Index



