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THE STATUS OF UV/EB CURABLE PRODUCTS
IN NORTH AMERICA - 1998-1999
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This author has previously reported survey results showing that the use of UV/EB materials
has grown at a compound rate of about 10% per annum over the last decade. Together, with
about 130 members of RadTech International North America, representing 90 organizations,
we have updated and assessed the growth and activities of the industry. The panelists
represent a cross section of end users, raw material and equipment suppliers, as well as
formulators and consultants. Using a modified Delphi process with five separate survey
rounds, a reasonable assessment was made of the advantages, disadvantages, growth rate and
growth opportunities of this exciting technology.

I. GROWTH

It is believed that the use of UV/EB curing is currently growing at a rate of about 9% per
annum. This results in an annual industry usage of formulated UV/EB curable products of
over 50,000 m.t. (100 million pounds). Of our 130 panelists, about 2/3rds foresee a growth
rate of 9-12% as we go into the 21st century and 80% of our panelists believe that the growth
rate of UV/EB curing from 1998 to 2000 will increase beyond the current level. Twenty
percent of the panelists believe that there will be a stable growth rate, of about 9-10% per
annum.

Table I
Current Growth Rate

Our panelists perceived differing growth rates for UV/EB curing based on their business
activities:

Recent
Growth Rate

3-6%

6-9%

9-12%

>12%

Raw Material
Suppliers

17%

58%

8%

17%

Equipment
Suppliers

0%

13%

75%

12%

End Users

14%

36%

43%

7%

Formulators

5%

38%

57%

0%

Consensus
(3rd Round)

0

28%

67%

5%



Table II
Current Growth

Recent growth has been:

. a. More than the
growth from
1994-1996

b. Less than the
growth from
1994-1996

c. Same as the
growth from
1994-1996

Raw
Material

Suppliers

40%

0%

60%

Equipment
Suppliers

78%

0%

22%

End
Users

67%

0%

33%

Formulators

72%

0%

28%

Consensus

83%

0%

17%

Table HI
Tonnage Growth

In 1997, the total tonnage of UV/EB curable products grew at a rate of:

0-5%

5-10%

10-15%

Raw Material
Suppliers'
Estimates

14%

43%

43%

Equipment
Suppliers'
Estimates

...

50%

50%

End Users'
Estimates

8%

84%

8%

Formulators'
Estimates

10%

72%

18%

Consensus

9%

66%

25%

Table IV
Future Growth Trends

Near term growth through 2000:

a. Increase

b. Remain about
constant

c. Decrease

Raw
Material

Suppliers

38%

62%

0%

Equipment
Suppliers

78%

22%

0%

End
Users

67%

33%

0%

Formulators

70%

30%

0%

Consensus

64%

36%

0%



II. MOTIVATIONS FOR USE

There is good agreement among the panelists as to the major motivations for using UV/EB
technology. When asked to cite the most important factors motivating the use of UV/EB
curing technology:

• 89% report environmental compliance, i.e., reduced solvent emissions/green
technology.

• 67% mentioned fast cure, resulting in increased production speed and productivity.
• 52% cited improved physical properties and product performance.
• 28% reported lower applied costs with efficiency and cost effectiveness.

When analyzed by industry position, there was general agreement in the ranking, but some
different attitudes. For instance, 80% of the end users cited environmental compliance as a
critical motivator for their use of UV/EB curing whereas only 33% of the equipment suppliers
rated environmental compliance as being of critical importance.

Table V
Major Motivations for Using UV/EB

The major motivations for using UV/EB are:
(Listed in order of overall response frequency.)

Overall
Ranking

1

2

3

4

5

6

7

8

9

10

Major Motivations for
Using UV/EB Technology

Environmental Compliance/
Green Technology

Increased Production
Speed/Productivity/Fast Cure

Improved Physical
Properties/Product
Performance

Cost Effective/Lower Applied
Cost/Efficient

New Technology/New
Product Capabilities

Reduces Space Required

Consistent Quality/Cure

Cool Curing - Handles
Temperature Sensitive
Products

Reduced Energy
Requirements

Product Resistance/Solvent
Resistance

Raw Material
Suppliers

Rtg

9.0

7.5

7.0

4.0

4.2

4.0

2.2

3.3

3.4

2.8

Crit

60%

33%

20%

13%

13%

0

13%

0

0

0

Equipment
Suppliers

Rtg

8.0

9.0

9.0

8.0

6.0

5.5

6.3

4.5

4.0

5.5

Crit

38%

63%

63%

13%

13%

0

0

0

13%

0

End Users

Rtg

9.7

9.6

8.4

6.0

5.7

5.0

4.7

4.3

5.3

4.5

Crit

80%

67%

53%

0

13%

7%

0

7%

0

0

Formulators

Rtg

9.6

9.5

8.2

5.8

5.0

5.2

5.0

4.9

4.6

4.5

Crit

62%

75%

38%

13%

13%

3%

13%

3%

5%

13%



Overall
Ranking

11

12

13

Major Motivations for
Using UV/EB Technology

High Gloss Capability

Low Maintenance Curing
(Ovens)

Improved Print Quality

Raw Material
Suppliers

Rtg
5.0

2.2

4.3

Crit

7%

7%

13%

Equipment
Suppliers

Rtg
5.5

5.5

5.5

Crit

0

0

0

End Users

Rtg
52

5.2

3.0

Crit

0

0

0

Formulators

Rtg
4.3

4.3

3.0

Crit
5%

5%

5%

Rating Method: The median result is on an importance scale of 1 -10. (10 very important, 0 not
important)

Criticality Factor (Crit): Percentage of respondents rating the importance of the motivation at 9 or 10 (of
a 10 point scale).

III. ADVANCES IN TECHNOLOGIES

It is obvious to those in our industry that there have been many advancements in chemistry
and curing technology during the last five years. Our panelists (in order of response
frequency) cited the following significant improvements:

1. Improved photo initiators, providing faster, deeper cure and reduced yellowing
2. Higher intensity UV light sources with customized spectral output
3. Less toxic oligomers and monomers
4. Lower viscosity oligomers/monomers
5. Flexographic inks with related improvements on wide web flexo presses
6. EPA "approval" of acrylates and cancellation of significant new use rules

(SNURS). The positive report on UV/EB curing by Carol Browner, head of
the U.S. EPA, is considered to be a valuable recommendation.

Table VI
Most Significant Advancements

The most significant advancements in the last several years have been:
(Listed in order of overall response frequency.)

Overall

Ranking

1

2

Most Significant Advances

Improved Photo Initiators -
Faster, Deeper Cure, Reduced
Yellowing

Higher Intensity UV Light
Sources, Customized Output

Raw Material
Suppliers

Rtg

6.7

6.7

Crit

31%

25%

Equipment
Suppliers

Rtg

9.5

9.5

Crit

62%

75%

End Users

Rtg

9.7

8.0

Crit

60%

30%

Formulators

Rtg

8.9

7.5

Crit

48%

33%



Overall

Ranking

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Most Significant Advances

Less Toxic Oligomers and
Monomers

Lower Viscosity
Oligomers/Monomers

Flexo Inks and Wide Press
Improvements

EPA DApprovalO of Acrylates.
Removal of SNURS

Cationic Curable Epoxies -
Thick Films, Faster Curing

Non-Acrylate Chemistry

Pigmented Coatings

"Tuneable" UV Lamps - Eximer
Lamps

Sprayable UV Curable
Products

Water Reducible Oligomers,
UV Curable Systems

Chemistry with Improved
Weathering

Improved Heat Control of UV
Curing

Pressure Sensitive Adhesives

Improved iUser FriendlyO
Equipment Controls

Photo Initiator Free Products

Automotive Applications

Small Portable UV Lamps

Raw Material
Suppliers

Rtg
7.0

6.5

7.3

5.5

5.5

4.0

4.8

3.0

5.7

3.2

3.2

2.0

1.7

2.0

2.0

2.3

2.0

cm
15%

15%

15%

23%

23%

0

0

15%

0

8%

0

28%

0

0

8%

0

0

Equipment
Suppliers

Rtg
8.0

6.5

8.0

6.0

7.0

6.0

6.0

5.0

6.5

5.5

6.0

6.0

6.0

6.7

5.5

4.0

3.0

Crit
37%

0

12%

12%

37%

12%

0

0

0

0

0

0

0

0

0

0

0

End Users

Rtg
8.0

6.7

5.6

6.0

5.8

6.3

5.0

5.5

4.5

4.8

5.0

4.7

6.0

4.7

5.7

5.0

4.5

Crit
38%

30%

8%

25%

15%

15%

15%

15%

15%

15%

8%

8%

8%

15%

8%

8%

0

Formulators

Rtg
7.6

6.8

6.4

7.4

5.3

5.0

6.8

5.2

5.0

4.7

5.7

4.6

5.0

4.7

5.2

4.5

4.0

cm
30%

25%

22%

23%

5%

10%

15%

5%

7%

18%

15%

5%

15%

5%

3%

10%

3%

Rating Method: Median result on an importance scale of 1 -10.

Criticality Factor (Crit): Percentage of respondents rating the importance of the advance or improvement at 9 or
10 (of a 10 point scale).

Our panelists believe that there are many more needed improvements. In the next few years
they project the following technology advances (shown in the order of response frequency).



Table VII
Technology Advancement

The two most needed technology advancements (improvements) in the short term are:
(Listed in descending order of priority/need including the probability of commercial
achievement by the year 2002.)

Technology Advancement

1. Lower Cost Raw Materials (for Formulations)*

2. Products Meeting FDA Requirements for Direct
Food Contact

3. Coatings with Good Exterior Weatherability

4. Lower Viscosity Oligomers/Monomers

5. More Efficient Photo Initiators

6. Products with Good Adhesion to Polyolefins

7. Products with Good Adhesion to Metals

8. Commercial UV Curable Powder Coatings

9. Lower Cost EB Curing Equipment

10. Pigmented, Thick Coatings (> 75 Dm)

11. Lower Cost UV Curing Equipment

12. U V Absorbers/Stabilizers which do not deter cure rates

Probability of
Commercial

Success by the
Year 2002

50%

30%

85%

90%

90%

75%

85%

85%

55%

55%

60%

30%

Range of
Probability

50-70%

20-50%

80-90%

70-100%

70-100%

60-100%

75-90%

75-90%

50-70%

50-90%

50-80%

20-50%

IV OBSTRUCTIONS TO INDUSTRY GROWTH

While our panelists understand the current technology advantages and the needed
advancements for the continued growth of UV/EB curing they are also aware of the obstacles
or detriments faced by the potential users of the technology.

It should be noted that the prices of acrylate monomers and oligomers, and many
photoinitiators have been stable or reduced during the last several years. A number of new
producers of these materials have, or will soon offer additional sources of supply which should
further reduce raw material costs.



Table VIII
Major Obstacles

The major obstacles to the use of more UV/EB curing are:

(Listed in descending order of frequency in which the detriments were listed as one of the
three most critical reasons.)

Major Detriments to Using
UV/EB Curing

1. Cost of Curable Products
(per kg)

2. Cost of Equipment, Initial
Capital Outlay

3. Lack of Technical and
Commercial Knowledge

4. Lack of Products for Direct
Food Contact, Meeting FDA
Requirements

5. Concern Regarding the Safe
Handling of Equipment and
Chemicals

6. Some Formulations Never
Match the Properties of
Conventional Products

7. Odor of Acrylates are
Excessive for Food
Packaging

8. Poor Adhesion fo a Wide
Range of Substrates

9. Difficult Curing Three
Dimensional (3D) Shapes
(Shaded Areas)

10. Difficulty in Curing Thick
(>75Qm) Films

11. PoorWeatherability

12. Limited Availability of a Wide
Range of Product
Formulations

13. Difficulties Disposing of
Waste (uncured)

Raw
Material

Suppliers

17%

17%

14%

12%

12%

7%

7%

7%

7%

—

—

—

—

Equipment
Suppliers

22%

15%

15%

11%

15%

7%

—

4%

4%

4%

...

3%

...

End
Users

19%

19%

14%

8%

5%

5%

5%

14%

2%

5%

2%

2%

...

Formulators

15%

15%

11%

10%

6%

9%

10%

5%

6%

3%

6%

2%

2%

Overall
Response

17%

17%

13%

13%

8%

7%
t « ,

6%

6%

6%

4%

1%

1%

1%

It should be noted by the novice that while the above detriments affect at least a portion of industry, many
thousands of users have overcome these difficulties and successfully use UV/EB curing for the manufacturing of
literally hundreds of millions of production items.



V GROWTH AREAS

Our panel believes that the following represent the fastest growing market segments utilizing
UV/EB curing. The following list is in the order of response frequency:

Table IX
Growth Rate of Market Segments

Reporting on the current growth rates of UV/EB market segments with which they were
familiar and confident, our panel provided the following answers:

1. Ink Jet Printing

2. Solid Modeling/Prototyping

3. Medical Devices

4. Fiber Optics

5. UV Cured Powder Coatings

6. Adhesives

7. UV Flexo Inks and Coatings

8. Automotive Applications

9. Plastic Coatings

10. Electronics '

11. Metal Decorating

12. Sprayable Coatings - 3D

13. Wood Products - Fillers, Sealers, Finishes

14. Release Coatings

15. Flooring Finishes

16. Photo Resists

17. Screen Inks

18. Clear Overprint Coatings - Paper/Paper
Board

19. Off Set Inks

Growth Rate

50%

35%

32%

24%

20%

20%

18%

17%

16%

14%

13%

12%

11%

11%

10%

10%

9%

8%

7%

Range of
Answers

25-50%

25-50%

25-40%

20-30%

5-50%

5-40%

10-20%

7-25%

10-20%

8-20%

10-15%

7-15%

10-20%

5-15%

5-50%

5-12%

5-10%

5-12%

5-10%



VI CHEMISTRIES USED

The above applications are serviced with a wide range of UV/EB curable chemistry. Our
panel believes that the types of chemistries are distributed as follows (by weight):

Table X
Distribution of chemistry (By class).

Class

Acrylates

Cationic Cured
Epoxies

Unsaturated
Polyesters

Other Chemistry

Raw
Material

Suppliers

88%

<5%

5%

<2%

Equipment
Suppliers

79%

10%

8%

3%

End Users

81%

9%

8%

2%

Formulators

82%

8%

8%

2%

Consensus

•• • . j i i . J l

VII EQUIPMENT USED

Ultraviolet light (UV) installations are far more abundant than electron beam facilities.
However, the latter, on average, use many times the volume of chemicals used by an average
UV curing line. The majority of our panelists believe that 90-95% of the volume (tonnage) of
radcure materials are cured with ultraviolet light, whereas 5-10% are cured with accelerated
electrons.

Table XI

The panel's understanding of the division between ultraviolet (UV) and election beam (EB)
cured materials (tons) is:

Division

95-100% UV

90-95% UV

85-90% UV

80-85% UV

Raw
Material
Supplies

7%

80%

13%

—

Equipment
Suppliers

12%

75%

13%

...

End Users

8%

75%

17%

...

Formulators

15%

67%

12%

6%

Consensus

13%

69%

14%

3%



VIII NEW OPPORTUNITIES

There are many new emerging opportunities for UV/EB curing. Our panelists noted several
of these and indicated their sense of importance.

The most exciting new uses for UV/EB curing are listed in descending order by the number of
times cited as being very important (9 or 10), i.e., overall criticality.

Table XII

Topic

Sprayable UV
Curable Coatings

Flexographic Inks
for Wide Web
Applications

Pigmented
(Opaque Coatings)

Adhesives for
Digital Versatile
Discs(DVD)

Water reducible UV
Curable Coatings

Pressure Sensitive
Adhesives

Optically Clear
Adhesives '

Credit Card (Smart
Card)
Inks/Coatings

Wood Furniture
Finishes

Interior Automotive
Finishes

Wood Kitchen
Cabinet Finishes

Raw Material
Supplier

7.0/6

9.0/8

HI A

5.0/2

6.5/2

5.0/0

4.5/2

4.2/2

6.0/0

4.0/0

6.7/1

Equipment
Supplier

7.0/1

7.5/1

6.7/1

7.0/2

5.5/0

6.5/0

6.5/1

6.0/0

5.2/0

5.0/1

5.0/0

End User

7.3 / 2

7.0/1

8.0/4

5.5/2

5.7/1

6.5/3

7.5/3

6.5/2

7.5/2

5.0/1

7.5/2

Formulator

7.8/12

7.4/10

7.3/9

7.3/10

6.3/11

6.7/8

6.0/4

6.6/5

6.0/4

6.5/4

6.4/2

Overall
Criticality

21

20

18

16

14

11

10

9

7

6

5

The first number indicates the median values reported by our panel based on a 1-10 scale.
10 - very important, 1 - minimal importance.

The second number (critical importance) is the number of times this topic was listed as a 9 or 10 in the
survey and provides a comparative sense of importance.
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IX EQUIPMENT IMPROVEMENTS

It is obvious that the use of UV/EB curable materials is growing rapidly for a wide range of
applications. This growth and the ongoing conversion from conventional solvent containing
materials is being driven in large part because of the net cost savings provided. Although the
equipment and chemicals tend to be more expensive than their conventional counter parts, the
gains in productivity, together with the other special properties, provide cost effective
solutions for many North American manufacturers.

In the last several years, there have been many important advances and improvements in
UV/EB curing equipment. In the order of the number of times cited these were:

Table XIII

The most important UV/EB equipment advances since 1994 are:

1. Eximer lamp technology

2. Higher wattage UV lamps (600-800 w/in)

3. Variable power output of UV lamps

4. Improved reliability (UV)

5. Computer controlled power levels (UV/EB)

6. Improved heat,control (UV) (cool lamps)

7. More efficient UV optics

8. Lower cost EB curing equipment

9. Rapid on/off power supplies for UV curing

10. Self diagnostic power supplies

11. Wide web flexo capabilities

12. Improved reliability (EB)

13. Nitrogen inerted UV curing chambers

14. Presses which can run unsupported film

15. Better, more compact lab units (UV)

% of Respondents

10
Very Important

26%

24%

23%

20%

16%

16%

12%

11%

9%

7%

5%

5%

2%

2%

-

8-10
Important

32%

62%

61%

55%

39%

33%

19%

32%

28%

21%

33%

29%

14%

13%

9%
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X FUTURE IMPROVEMENTS

Numerous improvements of equipment and chemistry are still sought. Our panelists
suggested the following and provided their insight as to the probability of commercial success
and widespread use within five years.

1. UV curable products having no (extractable) photoinitiator. 50% probability
2. Products which can be safely spray applied. 60% probability
3. Increased UV lamp life (>3000 hours) 65% probability
4. .Continuous monitoring of UV lamp output on production lines. 70% probability
5. Decreased infra-red output from UV lamps. 55% probability

Table XIV

The most needed equipment improvements required in the next five years are:

1. UV Curable Products having no (extractable) Photo Initiator

2. Products Which can be Safely Spray Applied

3. Increased UV Lamp Life (>3,000 hours)

4. Continuous Monitoring of UV Output for Production Lines

5. Less Infra-red Output from UV Lamps

6. More Off-the-Shelf UV Lamp Systems i.e., Lower Cost

7. Infinitely Variable Output of UV Lamps

8. Continuous Monitoring of UV Output (at specific
wavelengths)

9. Tunable Lamp Output (frequency) for Improved Depth of
Cure

10. Increased Availability of Customized Wavelengths (UV)

11. Lower Cost EB Units/Systems

12. Smaller, More Compact EB Systems

13. More effective/efficient nitrogen inerting systems

14. Precise Instrumentation for on line monitoring of UV dose

Opinions Of Improvements

10-Very
Important

24%

18%

18%

18%

17%

13%

13%

12%

12%

12%

11%

11%

11%

10%

8-10
Important

50%

56%

52%

48%

49%

40%

30%

49%

45%

38%

44%

34%

24%

52%

Probability of
Widespread
use by 2002

50%

60%

65%

70%

55%

65%

50%

70%

55%

70%

45%

50%

50%

70%
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15. Dichroic Filters (heat management) for truly "cool" status

16. Self Cleaning UV Lamps

17. Spray Equipment to Better Atomize and Deliver Thin Films

18. Better Turn Key Installations/Operations

19. Commercially Available 3D Spray Systems (with non-friction
pumps)

20. Thinner UV Lamps (with equal wattage, life and cost) for
better focus

21. Electronic Ballast System for UV Lamps

Opinions Of Improvements

10-Very
Important

10%

10%

8%

8%

8%

8%

8%

8-10
Important

37%

36%

45%

38%

22%

22%

22%

Probability of
Widespread
use by 2002

70%

30%

55%

60%

50%

55%

55%

Above were rated on a scale of 0 -10. 10 is Very Important. 8 -10 is Important. 0 is of no importance.

XI VOLUME USAGE BY MARKET SEGMENT

The following represents the most probable distribution of the 50,000 tons of formulated
UV/EB curable products being used in North America in 1997. The numbers indicated are
based on incomplete data and should be used only as a general guide.

Table XV

J

Segment

Graphic Arts Paper, Film, Foil and Board
Overprint Coatings, Clear - General Purpose

Clear- Specialty

Inks
Off-Set (Litho)
Screen
Flexo
Letter Press

Wood Finishes
Fillers
Stains and Sealers
Pigmented Coatings
Clear Finishes
Flooring (Prefinished)

Panelists' Range
of Estimates

(M Tons)

10,000-15,000
500 - 2,000

3,000 - 5,000
2,500 - 5,000
1,000-5,000

500-1,000

3,000 -4,500
200-500

500-2,500
3,000 - 4,000

500-1,000

Consensus 1997
Volume
(M Tons)

13,000
1,200

4,000
4,000
2,500

600

4,500
300

1,800
3,200

700
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Segment

Plastic Coatings
Vinyl Flooring (Tile & Sheet)
Automotive Lens & Reflector
Interior Trim
Flooring (Prefinished)

Silicone Release Coatings

Adhesives
Optical
Pressure Sensitive
Laminating

Metal Decorating (Can Coating)
Inks
Overprint Varnishes - Clear
Can End Varnishes

Metal - General
Tubing & Pipe
Name Plates
Wire Coating

Optical Fiber - Coating, inks, matrix

Printing Plates (Flexo & Off Set

Stereolithography/Solid Modeling

Dental Applications

Medical Apparatus ,

Electronics
Adhesives
Photo Resists
Conformal Coatings

Panelists' Range
of Estimates

(M Tons)

3,000-4,500
400-600
50-100

200-400

300-1,000

5-10
20-1,000

1,000-2,000

400-1,000
200-1,000
200-600

50-200
3-5

2-10

1,700-2,300

4,000 - 6,000

10-35

5-10

7-15

200 - 300
2,000 - 3,000

500-1,000

Consensus 1997
Volume
(M Tons)

3,500
500
60

300

550

6
150

1,200

700
500
350

85
4
4

2,000

5,000

25

9

10

250
2,500

600

XII GEOGRAPHICAL DISTRIBUTION

Due to its market size and relative industrial sophistication, the United Sates consumes a
proportionally larger amount of UV/EB curable materials than its population might indicate.

Table XVI
% of Total Tons

U S A - 9 1 % Canada - 6% Mexico - 3%

The author is indebted to the many supporting members of RadTech North America who gave
unselfishly of their time and effort to complete this market study.
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Radiation Curing in Europe
a MY0001392

Derek C E Homer
Croda Resins Ltd, Crabtree Manorway South, Belvedere, Kent, DA17 6BA, England.

Tel: +44 (0)20 8 319 7300. Fax: +44 (0)20 8 312 1502

As we near the end of the 20th Century we find the market for UV and EB curable

coatings in Europe in a very interesting phase.

As with all markets, the development takes place in several stages and we are

approaching that delicate position between two stages.

The existing phase has almost run its course, with the offset and silk screen inks, opv's

and wood coatings losing the momentum they have enjoyed over the last 25 years, whilst

the next phase, which involves the introduction of more sophisticated materials into

newer and more technically demanding markets, is still in the early stages of

development and, to date, is unable to maintain the high overall growth rate we have

seen in the past. We therefore have the luxury of both mature and developing markets

running side by side at the same time.

On the surface the market appears to be healthy and still expanding, albeit not as rapidly

as in the past, but still significantly higher than the overall surface coatings industry. (See

Tables 1 - 3 for European Radcure market breakdown and projected growth to year

2001.)

However, if one delves more deeply, there are some worrying trends developing. The

most significant is the wholesale price reductions we have experienced over the last 2-3

years. There are various reasons for this and these are set out below:-

• Market growth is slowing

• More players in Europe

• South-East Asia crisis has affected exports

• Extra competition arriving from SE Asia

• More UV materials being made 'in house'
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• Major RM suppliers fighting to keep market share

The products most affected are items such as the monomers and standard epoxy

acrylates, but this 'price reduction climate' has certainly helped to force down the prices

of many other more sophisticated products.

Many of the established UV ink and varnish manufacturers are increasingly pre-occupied

with cost-cutting, rather than formulating new products, and this will certainly have an

adverse effect on the development of new raw materials for the marketplace. It must be

remembered that R&D costs are high and it is increasingly expensive to bring new

products into the market place. There must, therefore, be sufficient benefits for the raw

material suppliers to justify the heavy investment involved. It must also be remembered

that Radcure is now a global market and the major players want to be able to offer the

same products worldwide. This means that raw material registration is essential and

again this is an expensive and time-consuming activity.

However, having said that, the Radcure market is still very dynamic and buoyant, with

enormous potential for new products and with many new markets opening up.

In the early days, the coating substrates were flat and mainly confined to wood, paper

cardboard and PVC/polyolefin flooring, but in the last few years this has expanded rapidly

to cover glass, plastics and metals, encompassing markets such as:-

• Plastics

- Skis

- Crash helmets

- Automotive accessories

- Cosmetics

• Electronics

- Solder resists

- Etch resists

- Photoimageable products

- CD lacquers

- DVD's

• Fibre optics
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* Wire coatings

* Flexo inks

* Can coatings - mainly cationics

* PSA - pressure sensitive adhesives

There are also a number of advances being made in raw materials:-

* Lower viscosity oligomers

* Products having better adhesion to difficult substrates

* Products for exterior durability

* Products that can be post-formed

* Water-based

* Hybrid systems

A major problem pre-occupying the European Radcure market is that of health and safety

and there is a strong market pressure to reduce and eventually eliminate the reactive

monomers. This pressure is also helping to resolve some of the existing technical

problems.

Obviously the first generation monomers do pose problems with health and safety. Many

have to be labelled Xi and the R43 phrase concerning sensitisation is also becoming

obligatory. This will become increasingly apparent when one considers that more and

more of the newer applications will be spray-applied. This means application viscosities

will be lower, and the thought of large quantities of potentially hazardous monomers in a

volatile state is not very reassuring.
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The use of low viscosity polyether acrylates has gone some way to reducing this

problem, but naturally the increased cost is not very welcome in a very price-conscious

market.

Another solution is the development of the lower viscosity oligomers. This approach has

far greater potential as it could resolve several major technical problems in one stroke.

Firstly, it allows the formulator to reduce the overall monomer content, thus minimising

the potential health & safety hazards and secondly, the replacement of the monomer

removes that part of the formulation responsible for the largest amount of shrinkage

during cure. Also the reactive diluent plays a large part in the final film properties and

often these are counterproductive to what is desired (eg adhesion and flexibility). Low or

no monomer formulations, therefore, represent more closely the properties of the

oligomer rather than the polymer/monomer mix.

The third alternative is, of course, water-based materials. Water would seem to be the

ideal diluent in terms of VOC, toxicity etc. It also has the advantage of allowing relatively

low coating weights to be applied, a problem that has long troubled the industry, and an

increasingly relevant problem with more formulations being spray-applied. Unfortunately,

as we have found out with conventional coatings, water-based products bring their own

set of problems and, although there are certainly some niche markets to be exploited,

these products still continue to have only a minor part of the market. At present water-

based products are mainly used in the wood coatings industry where 700-800 tonnes are

used in a total acrytete market of -12,000 tonnes, and these products are generally more

expensive than the conventional UV materials. They are also used in silk screen printing.

The question is where do we envisage the major growth in UV markets to be in the next

few years? Certainly the emphasis has changed, with the major technical effort going

into finding UV solutions for both metal and plastic coatings. Undoubtedly the largest

potential market will be in the automotive industry, both for OEM and automotive

accessories. Already some of the technical problems have been resolved and only the

conservative nature of the car industry is holding back new and potentially enormous

markets.

A good example of this is the coating of plastic bumpers and spoilers. Up until now this

has been the domain for 2K polyurethanes (acrylic and polyester). The biggest

weakness of those systems has always been the scratch resistance properties compared

with the other parts of the car paintwork which carries the original stoving finish. With

UV-based materials this weakness can be completely eliminated, and even show distinct
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improvements. Taking into account the room temperature cure and vastly improved line

speeds and handling times, it will not be too long before these new techniques are taken

up.

The Graphics Arts market was one of the first to exploit the Radcure chemistry but it is

only recently that UV flexographic inks have begun to be used. It is expected that the UV

flexo market will more than double over the next 3-4 years. This will be due to the

increased use of wide web machines for flexible packaging.

As stated earlier, the metal coatings market is a prime candidate for exploitation. The

major problems concern the adhesion of the UV coating to the substrate and the

subsequent 'tooling' properties of the coated metal. Cationic products have found a

niche market here but are being held back by their relatively high price. At present we

estimate the cationics market in Europe (for Metal Decorating and Cosmetic coatings

applications) to be around 500 tonnes per annum.

Another market opening up for UV curable materials is the coating of CD's. This is not as

advanced as the Japanese market, but the potential is very large. Here both UV inks

(silk screen) and the clear protective varnishes are applied, with the varnish being spin-

coated.

The newest potential is the manufacture of the DVD's (Digital Versatile Discs). By

bonding together two polycarbonate discs containing many times the information usually

found on a CD-ROM, one can obtain a product of similar dimension containing up to 20

times the storage capacity. The technique used in sticking together the two discs is

based on UV technology. This is a niche market where the technical requirements are

exceedingly high.

The coating of optical fibres is a new and exciting area. The idea is to ensure that the

efficiency of the optical power is maximised and to reduce the amount of background

noise caused by stray light. The market for these products is estimated at around 1000

tonnes in 1999.

Table 4 shows the expected market segments most likely to show significant expansion

over the next 5 years.
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The European Radcure market has always been different from other regions as there has

always been a significant market for unsaturated polyesters. These are diluted with

styrene and are used principally in Italy and Spain for the wood coatings industry.

The market preference in these regions is for high gloss, thickly coated furniture and the

fact that these products are significantly cheaper than the acrylate chemistry should not

be completely ignored Over 20,000 tonnes are used and this is a market that is still

expanding. We are beginning to see concern over the use of styrene monomer and

there are restrictions already in several north European countries. Because of this there

is a small move towards using a mixed unsaturated polyester/acrylate systems. These

hybrid types have intermediate properties and prices and it remains to be seen whether

they take an important part of the market. Here, as in many other cases, we find the

direction of the market development firmly placed in the hands of the legislators.

There was much talk about EB curing many years ago and, although the technique

remains attractive, the investment costs remain extremely high. To be able to recoup

these outgoings, these lines have to be working continuously and to date in many

instances this has not been the case. Therefore, as the market stands at present we do

not foresee any significant increase for EB curing in Europe.

Conclusion

As can be seen, Radcure in Europe is in a state of perpetual change and this, I believe,

is a sign of a healthy market. Despite the tendency towards banality in many of the

traditional UV markets, there now appears to be a new surge of enthusiasm for UV

technology in many more diverse and technically demanding applications. This will

undoubtedly encourage the raw material suppliers to develop new and exciting products

which will be able to conform to these higher demanding specifications and tax the skills

of the formulators. Hopefully many of these will be niche markets where the technical

performance comes before the low-price mentality.

There is also a trend developing showing that in the future UV technology will be

increasingly used in combination with other chemistries in the same way that it has been

used with polyurethane systems. In the same vein, new applications have also opened

up and an example of this is UV powders, where they are being evaluated for the

automotive industry and will have a potential market for both the can and coil industries.
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I think it is true to say that up to now the Europe Radcure industry has been both

inventive and dynamic but, looking around at what is going on, I can honestly say that I

believe the best is still to come.

TABLE 1

Radcure material used by Region

Area

Europe

North America

Japan

Far East

Overall

Tonnage
1999

54,000

40,000

20,000

16,000

130,000

Tonnage
2001

62,000

47,000

23,500

20,000

152,500

Growth
%pa

7.2

8.3

8.2

12.0

8.3

NB The overall surface coatings market in Europe is expected to grow by 2-3% in line

with GDP.
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TABLE 2

European market by product type

Monomers

Oligomers - Epoxy

- Polyether

- Polyester

- Urethane

Unsaturated Polyesters

Photoinitiators

Others

Overall

Tonnage
1999

12,000

7,000

4,500

3,500

2,000

22,000

2,500

500

54,000

Tonnage
2001

13,800

8,100

5,300

4,300

2,300

24,600

2,900

700

62,000

Growth
% pa

7.4

7.5

8.5

10.5

7.0

5.7

7.6

18.5

7.2
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TABLE 3

European Radcure market by end-use

Market Sector

Overprint varnishes

Printing Inks - offset

- screen

- flexo

Wood - aery late
- polyester

Plastics

Metal

Electronics

Fibre-optics

Adhesives

TOTAL

Tonnage
1999

10,000

3,000

1,000

500

11,500

22,000

2,500

500

1,500

1,000

500

54,000

Anticipated
Growth (%)

-3.5

5.0

6.0

-25.0

3.0
6.0

10.0

11.0

7.0

10.0

5.0
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TABLE 4

Areas for market development

Printing

Wood

Plastics

Metal

Electronics

Automotive

Coil coating

Can coating

Adhesives «

Optical

Flexo inks

Water-based products

All types

Can coating - Cationics

General industrial - Acrylates

CD lacquers

DVD adhesive

UV powders

UV powders

UV powders

PSA's

Fibre-optics
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LOW ENERGY ELECTRON BEAM PROCESSING IN EUROPE AT THE
END OF THE 20™ CENTURY

Urs V. Lauppi MY0001395
Energy Sciences, Inc.

CH-1278 La Rippe (Geneva), Switzerland
Tel ++41-22-367 10 72 - Fax ++41-22-367 10 62

E-mail: ebeam.uvlaeuppi@bluewin. ch

L THE EARLY INSTALLATIONS

Electron beam accelerators were first installed in European industrial companies for R&D purposes
in 1957 in Germany and Italy. These machines, 2 MeV electrostatic van de Graaff accelerators with
beam currents of several hundred uA to 1 mA, were purchased by Bayer and Pirelli for the
development of plastic crosslinking applications. Crosslinking of plastic was the application of
interest at this time, with several other (oil) companies purchasing EB machinery in the sixties.
Some of the key developments in crosslinking took place in these early days. Two of the most
successful companies involved in electron beam processing today, W. R. Grace's Cryovac Division
(now part of Sealed Air Corp.), and Raychem (now part of Tyco International), were founded in
the USA, with the goal to manufacture EB crosslinked plastic products such as heat shrink
packaging films and shrink tubing. Shortly thereafter first industrial EB crosslinking equipment were
installed in the sixties in Germany, France, and England. A first R&D line equipped with a conveyor
for electron beam curing of coatings and other applications was installed in 1967 at High Voltage
Engineering Europa (HVEE) in the Netherlands. It was an ICT-Type (Insulated Core Transformer),
500 kV - 20 mA machine built by HVEE's mother company, High Voltage Engineering
Corporation (HVEC) in the USA. The samples to be treated had to be placed inside an inerted box.
The line itself was not equipped for continuous inerting. Similar R&D or pilot facilities were erected
in the early 1970's in Germany, Switzerland, France, and The Netherlands with EB equipment built
by BBC and Haefely of Switzerland, SAMES of France, and the Ford Motor Corporation, USA.
Curing of coatings on wood based panels became the most important EB development activity in
these years. The first industrial production line was installed in 1973 at Svedex Company in the
Netherlands. This line is still in operation today with 3 original EB accelerators! In the following
three years, three more production lines were installed in Germany, Belgium and in France. The
Belgian line is still in operation (1,2).

H. YEARS OF GROWTH

The first low energy electron beam installation for the curing of coatings on web materials was sold
in the second part of the 1970's in Germany. By 1980 several R&D and production lines were
operational in Germany for the curing of coatings on decor foil and decor paper, packaging
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materials and for the curing of pressure sensitive adhesives (PSA). All EB machines sold and in use,
until 1979, were of the scanned beam type and supplied be either Polymer Physik of Germany or the
US company HVEC. Linear cathode type equipment existed since the early 70ies and was already
in industrial use at this time in the USA. Energy Sciences, Inc. (ESI) of USA manufactured these
linear cathode accelerators. Lack of customer service and representation of ESI in Europe restricted
the use of their equipment. RPC did not yet manufacture EB curing equipment.

The opening of ESI's Electrocurtain Technology Center in the early eighties - equipped with a
large, multi-purpose EB pilot line - in Switzerland, was the driving force for a strong promotion of
EB technologies amongst European industries. The physical appearance of the Electrocurtain®, was
considerably smaller than the hitherto used scanned beam EB accelerators, initiated considerable
interest amongst European converters of various materials. Several manufacturers of coating and
laminating machinery became involved with electron beam drying, some even installed their own
pilot lines. As a result, sales of electron beam equipment increased considerably in Europe (3).

The applications included curing of clear and pigmented coatings on.
Paper, film, foil and wood panels; paper prior to metallization; decor paper and foil for furniture and
interior paneling; metal coil; 3D automotive parts such as wheel rims and side liners. EB was also
selected for the curing of printing ink and lacquers on web offset printing machines, the curing of
pressure sensitive adhesives on adhesive tapes and other materials, plus for a large number of other,
sometimes rather unusual applications. For instance for eliminating NOX and SO2 from the flue gas
emitted by a large power plant in Karlsruhe, Germany (4), or in-line surface sterilization of flexible
food packaging on the filling machine. A large European packaging company was rather active in
this field, developed (pulsed) low energy EB machinery and filed many patents. (The process was
never put to industrial use).

In 1984 Tetra Pak decided to introduce web offset printing in their printing establishments on a
large scale and to equip web offset printing presses with electron beam curing. Beiersdorf of
Germany, producer of TESA tape and other well known products and an early pioneer in EB
curing, installed several EB curing lines between 1980 and 1990 in their plants in Germany. WKP of
Germany, the first company in the world to install an over 200 cm wide EB system for the curing of
coatings on furniture decor foil and paper (1978), continued to expand and to install additional EB
systems. Today electron beam curing is the only drying method used at this company.

STAGNATION

The rapid growth of the EB market peaked in Europe in the late 1980's and significantly slowed
down in the early nineties, particularly in paper, film and foil converting, and web offset printing
applications. EB curing of laminating adhesives for flexible packaging materials and other
complexes never really took off and was not used on an industrial scale in Europe (or elsewhere),
due to lack of suitable laminating adhesives, especially for food related packaging materials. In the
1980's, when EB equipment became mature enough to be used by the paper, film and foil
converting industry, solvent-free laminating adhesives were introduced by prominent adhesive
manufacturers. Converters selected the lower risk approach offered by solvent-free adhesives and
made the necessary investments to adapt to that technology. EB arrived late with marginal
chemistry. Web offset printing showed that the EB equipment was still too expensive for the
average European printer. At the same time, less expensive UV equipment was further developed
and consequently used in multicolor offset lines. This is now changing, as we will see in Chapter V.
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Electron beam equipment was mainly sold in the first years of the ninth decade for the curing of
coatings on wood based products, such as panels, boards, parquet flooring and 3D-profiles.
However, the wood products or panel market was smaller than expected. High volume production,
a main asset of EB curing, was detrimental for its growth because of market saturation. Lower
volume production was economically not feasible in justifying high EB capital equipment cost.

Result of the stagnation of the EB equipment market in the early nineties, was a redressment
amongst the EB equipment suppliers. Several newly founded EB equipment suppliers, especially in
Germany, were soon forced to abandon their activities. The same fate struck the well-known
German pioneer and manufacturer of scanned beam electron beam processing equipment, Polymer
Physik. The company was closed in 1998 after 30 years of dedicated EB activities.

But it was not all black in these years. Modern multi-filament EB processors with voltages up to
300 kV were purchased and installed in several European countries for the crosslinking of tire
materials. The economical recovery in some parts of Europe, together with the introduction of new,
high current and low voltage accelerators, allowing very high production speeds, led to machine
sales for the curing of coatings on paper and similar applications. The flexible operating range of
these machines, from 100 kV to 300 kV at full beam current allows its user to precisely adapt the
accelerating voltage to optimum electron absorption with increased power efficiency (5).

IV. STATUS 1999

Until end of June 1999 the manufacturers of low energy electron beam processing equipment sold
some 200 EB systems with 207 electron accelerators in Europe (table I).

Table I
Low energy EB accelerators sold in Europe

LAB UNITS
48

PILOT
64

PRODUCTION
95

Of all the systems sold, about 120 low energy EB systems with accelerating voltages up to 300 kV
are in active use in Europe today. 65 of these EB systems are used for industrial production (table
IE), 55 systems are laboratory or pilot units. Some older systems were replaced by more powerful
new EB equipment. Few very old machines were phased out over the years. Also, the number of
web offset machines with EB curing in Europe decreased over the past years, due to Tetra Pak's
decision to change from web offset to flexo printing with water based, thermally cured printing inks.
The company shut down several lines or moved them to countries outside of Europe. Table II
shows the distribution (by country) of all EB systems ever purchased and installed in Europe; Table
III contains a summary of industrial low energy electron beam applications in Europe.
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Table n
Electron beam accelerators sold in Europe

COUNTRY
Germany
Great Britain
France
The Netherlands
Switzerland
Sweden
Italy
Belgium
Denmark
Finland
Portugal
Spain
Hungary
Austria
Norway
Poland
Czech Rep.
Israel
Total

%
38
9

8+
8
6

5 +
5
5
4
3
2
1+
1+
1
1
1
1
1

100

Table m
Low energy industrial EB applications in Europe

APPLICATION
PSA + siliconization
Paper + film converting
Wood panel + similar
Crosslinking plastic + rubber
Printing (offset + intaglio)
Various
Total

SYSTEMS
14
14
10
10
9
8

65

%
22
22
15
15
14
12

100

Printing applications in above list include web offset in packaging printing, as well as intaglio
printing used in security printing applications. An interesting use of electron beam in this area is the
curing of printing ink on all Danish bank notes by Denmark's National Bank.

A successful application of EB in Europe (Germany), is the simultaneous curing of a protective
varnish and the impregnation on wood grain printed decor papers used for laminated floor panels.
"Laminate Floors" are a very successful consumer product in "do-it-yourself' retail shops in
Europe.
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A Dutch company successfully uses a patented EB process for the curing of coatings on decor foils,
used in the manufacturing of architectural panels.

An English company operates a 165 cm wide, 125 kV electron beam processor for the curing of
pre-metallization coatings on paper at a speed of 800 m/min. The 125 kV ESI EB equipment used
has a dose capacity of 24'000 kGy m/min!

Several European users of low energy electron beam processing will talk about their practical
experience at the EB Workshop at the forthcoming RadTech Europe '99 Conference on November
10,1999 in Berlin, Germany.

Looking over the fence to the higher energy electron beam systems, we see that approximately 50
active units, with accelerating voltages between 500 kV and 10 MV, are in operation in Europe.
This number includes the more recent Linac and Rhodotron accelerating systems, as well as all
facility systems in operation.

V. THE FUTURE

Experience advises me not to forecast the future of electron beam processing by indicating number
of machines or tons of chemistry that will be sold. The future will be different than forecasted!
Even, if the prediction is based on past experience, it remains guesswork. Instead of this I prefer to
describe some of the developments in chemistry, applications and EB equipment that now take
place and its influence to the European market.

On the chemistry side I expect that a development taking place in the USA, will also spread to
Europe: The prices of EB varnishes, top coatings and inks will decrease and become 10 to 15
percent less expensive than comparable UV products. The photoinitiator - not required in EB
processing - makes EB formulations less expensive (and better). This development, together with
new low voltage, low energy EB equipment has led in the USA to the purchase of many low energy
electron beam systems by the packaging printing industry. The luck of photoinitiator and use of
energetic electrons, instead of UV light, offers several other distinct advantages such as: No odor,
no yellowing, 100% cured coating or ink - even inside the substrate - and improved surface qualities
(better scratch and abrasion resistance, improved friction coefficient of coatings, higher gloss
levels). Several new EB systems were purchased recently in the USA to replace existing UV drying
installations in printing lines. The main applications are in web offset and, more recently, also in
flexo printing for the simultaneous EB curing of an overprint varnish and underlying inks which are
pre-cured by UV.

Important progress in chemistry was also made in recent months in the field of laminating adhesives
for flexible (food) packaging. Film to film and other complexes are laminated in Europe today on a
large scale with solvent-free, moisture curing laminating adhesives. These 1- or 2-component
polyurethane based laminating adhesives require 24 hours and more, to fully cure in a moisture-
controlled atmosphere. Converters must wait 24 hours or more with further processing, slitting,
converting, or shipping of the product. If the product fails to cure properly, the printing and
subsequent laminating must be repeated. Such solvent-free adhesives require large and costly
inventories. EB is instant and has the potential of "same day" and "just-in-time" deliveries. A further
possibility is the combination of printing, laminating, slitting and further converting, "in-line" into
one operation.
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In the applications area we witness an increased interest in electron beam crosslinking (EBXL) of
polyolefin film. The films treated are typically single- or multi-layer polyethylene films for shrink
packaging applications in various food and other packaging applications. Several rather wide EB
systems (200 cm plus) with accelerating voltages below 200 kV were sold or installed in Europe in
the past months for this application. The EB systems used for film crosslinking have dose capacities
in excess of lO'OOO kGy m/min and beam currents typically exceed 1 '000 mA

On the equipment side the new low voltage, low energy electron beam processors are now gaining
importance in printing and other applications, where thin layers of several micron thickness need to
be cured. These machines, with accelerating voltages in the order of 80 kV to 125 kV and treatment
widths of up to 160 cm, can cure at a dose of 20 to 30 kGy at a product speed of 300 m/min (6, 7).
The new low voltage electron beam processors are comparable in price with multi-station UV
drying systems. But this is not the end of the development. New, smaller high frequency high
voltage power supplies will be used. The already used highly improved window technology will be
further refined which will enable one to go to even lower accelerating voltages. As a consequence
still smaller, more compact and less expensive electron beam processing systems will become
available and be used in many applications.

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

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

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

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



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

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

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

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

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

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

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

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

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

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

As a brief review, the technology uses the ultraviolet (UV) and visible
spectrum emitted by vaporized mercury within a pressurized quartz envelope (see
figure 1 for a spectral output graph). These lamp assemblies are known as mercury
lamp systems or UV-curing systems. In the wood coating and graphic arts industry,
they are medium pressure mercury long arc lamps (linear curing systems) used to
irradiate a large area with UV energy. For the rework of small areas in the coating
and encapsulation process, high pressure short arc lamps are used as a final step to
prevent the scrap or expensive rework of material. They are also very commonly
found in the electronics industry, hard disk drive industry and optoelectronic industry
for the bonding, sealing or encapsulation of small components and areas.
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Figure 1. Spectral Output from a Medium Pressure Mercury Lamp

Coatings, encapsulants and adhesives used in the various industries have
moved away from solvent-based formulations and moved towards reactive systems
such as photo-curing formulations (also known as UV/visible curing), heat curing
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formulations, and combinations of both curing systems. The fastest polymerizing
systems belong to the UV/visible family where a wide range of paints, coatings and
adhesives have been formulated to address the evolving requirements for glossy
coatings, fast cures, and safe solvent-free cures. Whereas the initial large-scale use
of UV/visible light can be traced back to ancient Egyptian times, the modern
commercialization of UV curing resulted from its popularization in the graphics
industry and wood coating industry. Soon afterwards, the electronics industry used it
in PCB photolithographic processes. Niche markets for highly controlled irradiance
resulted in the photo-curing of assembly glues and the encapsulation of electronic
components.

The wood coating industry tends to benefit most from linear curing systems.
However, there is a need for spot repairs and applications of high UV energy. Most
of the paper however will detail the benefits of spot curing in specific industries such
as the data storage industry, the medical device industry, and the electromechanical
industry. The key benefits highlighted in the case studies are ease of use, reduction
in operating costs and improved productivity.

Brief Background of Spot Curing

Note the spot curing system in figure 2. This system has an interactive menu
system providing full process control and traceability; interfacing with external logic;
and full bandwidth control. Many of these features may not be found in common
industrial spot cure systems but should be considered at all times when optimizing
process conditions. The key points with spot curing are to maintain the irradiance
under control for a specific bandwidth.

Figure 2. Novacure™ Spot Curing System
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Coating Repairs and Small Applications

Coating formulations used in the graphics industries, wood coating and other
large area applications tend to be applied and cured in fairly thin layers. These
coatings are also sensitive to absorption in specific bandwidths, peak irradiance and
total dosage according to their photoinitiator, their chemical reaction (free radical or
cationic) and their pigmentation. In other words, there are specific cure windows
where the coating will be optimized in its final physical state as a result of the type
and amount of energy transferred to it.

One particular wood coating application involves the localized repair of small
defects in UV coated hardwood floors. The limit of cure area is approximately a
circle of 50mm in diameter but slightly larger areas may also be addressed with the
correct spot curing equipment. There are specific customers in Europe and North
America using this repair method.

Another specific encapsulation application involves the localized repair of
porcelain assemblies which have defects (holes and voids) resulting from the glazing
and manufacturing process. A specific user mixes an acrylate based formulation
filled with UV photoinitiators and pigments (simulating the glazing color) to backfill
the voids and hence reduce their scrap rate.

A common artesanat application (found in Europe, Asia, and North America)
involves the use of UV/visible light curing adhesives with optically clear properties to
manufacture crystal figurines, glass sculptures, and even glass furniture. The key
requirement in this application is the controlled use of energy to provide a minimum
amount of glue shrinkage while providing a structurally sound assembly. Typically
the glass substrate must be transparent to UV although they may be colored in the
visible spectrum as figure 3 shows.

Figure 3. Glass/optics Bonding Capabilities
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Data Storage Industry

The data storage industry (also known as the disk drive and optical drive
industry in Asia) has undergone radical changes in its assembly technology and its
manufacturing base. The disk drives which are used to store data in magnetic
memory have reduced in size from boxes weighing several pounds to enclosures so
small that they could be used in laptop computers and navigational systems.
Consequently, traditional fastening assembly methods have been largely replaced
by light-curing adhesives. The adhesives themselves, once cured, must meet
stringent outgassing requirements in addition to the usual requirements for
consistent physical properties. The adhesives of choice have been formulations
which are solvent-free and photopolymerizable (commonly referred to as UV/visible
formulations).

The key adhesive applications involve the bonding of miniature components in
precise locations. Figure 4 shows the internal components of a disk drive assembly.
Typically spot curing systems are used because of the control that can be had over
the area of illumination and because of the high energy output in concentrated areas
which is possible only from a tightly focussed spot cure system. There are over a
dozen applications within the disk drive assembly. Some of these include tacking the
read/write head to the suspension arm (HGA), bonding the interconnect wires on the
suspension and head-stack assembly, encapsulating the wire-to-flex connections
(strain relief of fine wires), bonding voice coil and magnet components, and retaining
and sealing cylindrical assemblies. Spot curing and UV/visible technology are an
integral part of the disk drive assembly process and are a major contributor to the
cost advantages of an Asian manufacturing base by empowering the user (or
automated system) to consistently manufacture products in high volume.

Figure 4. Disk Drive Assembly {courtesy of Read Rite)
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Key parameters to consider in disk drive assembly operations are:

S Adhesive Selection and Physical/Chemical Cured Properties.
V Appropriate Curing Bandwidth Selection (typically the entire UV spectrum is

important for tack free assemblies. There may also be some requirement for
visible energy for certain adhesives).

S Appropriate Curing Intensity Selection (when tacking adhesives, very high
energy is required for a high volume process but a lower controllable amount of
energy is required for full cure and/or specific physical requirements from the
adhesive).

The Medical Device industry

The disposable medical device industry works within a highly regulated
environment (FDA, GMP.ISO) and usually functions in a labor-intensive workplace.
Consequently assembly processes are strictly documented and regimented. Medical
devices, by their very nature, tend to be invasive and tend to be composed of a
variety of materials (plastics and metals). They may also include electronic
subcomponents and systems integrated with delivery devices (neural sensors,
oxygenator systems, pumps and valves). Photo-curing adhesives have formed an
important part of this industry for decades. Spot curing has also formed the
backbone of this industry due to the ease of use of these systems in manual and
semi-automated environments.

Figure 5. Bonding and Sealing a Balloon Catheter.

The adhesives used in the industry are required to either be composed of
FDA approved ingredients or more commonly, the bonded assembly should have
passed toxicity testing and clinical trials. This is often true for medical devices
incorporating electronic assemblies even though they may not be completely
invasive. Consequently, the way the adhesives cure is very critical since the curing
method may also affect the physical properties of the bonded devices. Typical
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applications involve the bonding of dissimilar materials such as tube to connector
bonding, steel needle to hub bonding, balloon to tube bonding, sealing of electronic
enclosures, and the encapsulation of electronic circuits in medical devices.

Key parameters to consider in medical device assembly are:

S Adhesive selection (the uncured properties may be important as well as the cured
properties when considering processing requirements and end-use requirements)

s Bandwidth selection (this is particularly important when dealing with plastics or
other components which may absorb energy from particular wavelengths and be
physically affected by this absorption. A specific example can be seen when
irradiating off-the-shelf polycarbonate with broad band UV. This causes very
rapid heating of the substrate resulting in permanent damage to the plastic. The
solution is to choose a narrow band filter centered around the highest effective
wavelength (usually centered around 365nm) to provide energy which will not be
absorbed by the polycarbonate but will also polymerize the adhesive in question.)

• Intensity selection (the correct amount of energy is required to cure the adhesive
without causing undue shrinkage when encapsulating or undue stresses when
bonding components together).

Electromechanical Assemblies

UV/visible applications include the assembly or encapsulation of a
combination of electrical circuits, controls, coils assembled with or within mechanical
assemblies. Under most assembly conditions and design for manufacturing
specifications, the use of adhesives will reduce the number of assembly components
or will complement simpler press-fit, snap-fit, and staking operations. This is done
through the use of the adhesive's key property of behaving as a liquid until forced to
cure. Light-curing adhesives and spot curing systems are ideal partners in these
applications. Modern spot curing systems can provide a controlled window of
bandwidth and irradiance to obtain the desired cured physical properties.

Figure 6 shows a typical application involving a motor assembly where a seal
is required to prevent migration of lubrication fluid which could contaminate
surrounding assemblies (the specific figure shows the motor used within a disk drive
assembly where contamination would be a problem). Other electromechanical
assemblies such as locking screws holding PCBAs, voice coil motors,
electromechanical relays, and miniature motor assemblies are ideal applications for
the use of spot curing technology.
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Key parameters to consider in electromechanical assemblies are:

V Assembly selection (due to the majority of substrates being opaque, the use of
adhesives with additional curing mechanisms such as heat, activator, or
anaerobic curing may be critical)

S Bandwidth selection (based mostly on the adhesive formulation but may also
depend on whether substrates are UV or heat sensitive).

S Intensity selection (based on the degree of cure, degree of tack and amount and
type of adhesive used).

31 w

Figure 6. Spindle Motor Assembly (courtesy ofNidec)

Choosing the Right Curing Equipment and Process

Choosing the right spot curing system is as important as choosing the correct
coating, encapsulant or glue. There is an important relationship between the user,
the chemical supplier and equipment supplier. The chemical suppliers and
equipment suppliers maintain excellent relationships to provide the best complete
system to benefit the user. Generally either the chemical supplier can provide a list
of equipment suppliers or vice versa for the selection of the best curing system for
the application.
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Typical spot curing systems will consist of quartz halogen dental light (with
high visible and low UV output), black-lamp sources (with very low UV output over
large spot areas), and high pressure mercury lamp systems (see figure 7 for an
application example of this latest system in production). Selection will be dependent
on various parameters; adhesive energy/bandwidth curing requirements, substrate
conditions, and process conditions (degree of automation, load factor, productivity
requirements).

Figure 7. Medical Device Bonding Application (courtesy of USCI)

Most important of all the user must keep in mind that the appropriate use and
selection of the spot curing system will distinctly affect the cost, efficiency and
ultimately the productivity of the UV/visible curing process.
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I. INTRODUCTION

As we prepare to enter a new decade, the use of ultraviolet (UV) energy to initiate the
polymerization of coatings in the wide web segment of the Converting industry continues
to increase. As is typical in the Converting industry, while many of the significant
advances in technology have been developed around the world, they have been driven
initially by the Western European markets. This was true with regards to the introduction
of water-borne Pressure Sensitive Adhesives and thermal curing 100% solids silicone
release coatings during the late 1970s and early 1980s, but this trend has changed with
regards to the current state-of-the-art in UV curing.

II. THE KEY WIDE WEB APPLICATIONS

The Converting markets may be categorized as either maturing or emerging. It should be
noted that no Converting market has really reached full maturity, although some of the
processes continue to evolve. Examples of maturing markets are the Silicone Release
market for the pressure sensitive tape and label industry and the protective coatings that
are used in both the Flooring and Solar/Security Window Film industries. Advances in
raw materials and process control continue to open the door for new applications and
product improvements within these industries.

UV curable Pressure Sensitive Adhesives (UVPSA), Top Coatings (UVTC) for ink
receptivity, protective coatings for decorative furniture foils and vinyl substrates are all
examples of new or emerging market opportunities for this curing technology. While
there are some obvious reasons that UV curing is beneficial as a process, the reasons for
its acceptance into each of these markets may be different, and we shall examine each of
these areas in more detail.

Silicone Release Coatings

Radiation curable silicone release coatings were first introduced to the pressure sensitive
tape and label industry during the late 1980s. These systems have been widely accepted
throughout Europe and North America in applications that incorporate film substrates.
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UV curable release coatings often provide the best combination of dimensional stability,
speed of cure, degree of cure, and adhesion when working with heat-sensitive film
substrates.

Three very significant trends have developed during the past 4-5 years in the Release
Coating industry with regard to the UV curable systems. First, there has been explosive
growth in the use of these systems during this time period. The volume is still quite low
when compared to the total number of tons of solvent-based release coatings that are sold
per year, but the annual growth for UV systems is high. Historically, the dominating
suppliers to this industry have been General Electric Silicones (USA) and Th.
Goldschmidt (Germany), and Shin Etsu (Japan) has played a lesser role in this market.
Within the past couple of years, both GES (in Europe) and Goldschmidt (in the USA)
have installed manufacturing facilities to better serve their growing overseas markets.
GES also has manufacturing capabilities in Japan for the Pacific Rim markets. There has
also been a significant commitment made by the French silicone supplier Rhodia
(formerly Rhone-Poulenc Silicones) with the introduction of their cationic product
offerings during the past 2 years. All of these companies are experiencing significant
annual growth.

The second significant market trend has been the emergence of UV rather than EB curing
as the preferred technology for radiation curing. There have been no more than 2 new
wide web EB installations for curing silicone release coatings during the last 3 years. On
the other hand, there are 6-10 new UV installations in any given year in this market.
Included in this number are retrofits of UV onto existing machines. One reason for this
trend was the historically higher capital cost of the EB curing equipment. Also, UV
silicones were typically used to manufacture high-value products in lower volume
applications. This means that there was short runs and numerous changes of substrates
and formulation. The cost of the UV equipment has always been easier to justify under
these conditions. Finally, there was an American converter that made a rather significant
investment in EB that was a commercial disaster during the early 1990s. This high
profile venture was a major set back for EB in the Release market. In spite of the above,
there is a small group of large converters that are currently successfully producing EB
release liners in addition to their UV and thermal curing products.

The third significant market trend has been the incredible shift by the industry in
accepting inerting as a viable aspect of the curing process. As recently as 3 years ago,
only 15-20% of all new wide-medium web UV installations purchased by the Release
industry allowed for the ability to cure in an inert atmosphere. Today, 80-85% of these
systems are supplied with inerting capability. This is a very significant shift in thinking
for an industry that is traditionally conservative. This can be attributed to better
mechanical designs that have reduced the nitrogen consumption when running at
increasingly higher line speeds. There have also been significant advances in the free
radical curing polymer systems. Additional photoinitiator options are now available. As
competition mounts in the market, converters have realized that it is critical to their long-
term success to have the ability to run any of the silicone systems that are available, and
they can choose the most appropriate system for any given application.
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Flooring

UV curable coatings have been used in the manufacturing of premium grade vinyl sheet
and tile products for a number of years. The UV curable resin systems provide superior
stain and abrasion resistance that is required of the high performance flooring products.
A subject within this industry that is receiving significant focus at this time is the control
of surface gloss. Historically, the European market has demanded products that have low
surface gloss and the North American market has preferred high surface gloss.
Interestingly, there has been a shift in both of these markets during the past 2 years.
There is a stronger desire by the European consumers to purchase higher gloss products
while the North American consumers are becoming interested in the softer appearance
that the low gloss products yield. There is also an increasing interest in the low gloss
products in the Korean market. This shift in the product's aesthetic requirements
continues to evolve, and it necessitates that the manufacturing process become as flexible
as possible. Many of the European manufacturers have evaluated the practice of nitrogen
inerting that is used to achieve superior surface properties. The North American
manufacturers, on the other hand, are evaluating the various methods for achieving lower
surface gloss. One such method involves the addition of a flatting agent, such as fumed
silica, in the formulation and the use of multiple UV bulb spectra. Another common
method of gloss control involves the use of water-borne, UV curable formulations that
inherently yield lower surface gloss than conventional coatings that are used in this
industry.

UV Top Coats

With the increasing use of film facestocks in the pressure sensitive label industry, a new
UV opportunity is emerging. The surface of a film is extremely smooth, and it is often
necessary to apply an ink receptive coating, or top coat to plastic films to improve the
adhesion and resistance to smearing by providing a rougher surface topography. These
top coats have traditionally been solvent-borne formulations. The use of solvent-borne
formulations is obviously being discouraged in many parts of the world., and the thermal
evaporation of the carrier solvent can distort the heat sensitive film substrates. Several
converters in Europe and North America have developed propriety UV curable
formulations for this application. As the larger converters continue developing products
based on this technology, it will present a good opportunity for formulators. The smaller
converters may not have the internal Research resources to develop such coatings.

Protective Coatings for Vinyl Substrates

There are various applications that utilize vinyl film as the substrate and requires a
protective coating. The function of the coating may be to provide abrasion, stain,
chemical, or water resistance. These applications typically have an additional
requirement that significantly complicates the matter for the formulator. The end-use
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generally requires that the coating be somewhat flexible. One such application is seat
covers for automobiles and buses. The vinyl may be printed for some applications. For
example, the manufacturing of low cost vinyl tablecloths is a very demanding
application. The coating serves to protect the integrity of the print from abrasion and
stains, but it must be flexible enough to endure the repeated folding and unfolding that
such an item sees during its useful life. These tablecloths are often washed with cleaning
products, and the coating must protect the print from these cleaning chemicals.

UV Pressure Sensitive Adhesives

Perhaps the greatest long-term wide web Converting opportunity for UV curing
technology is for PSA. UVPS As are unlike any other UV curable coatings. It is
normally desirable to maximize the degree of crosslinking within a cured coating. This is
not the case when curing a UVPSA. The surface of a PSA is "softer" than that of other
"cured" UV coatings. The soft surface results in a measure of cold flow that allows the
adhesive to form a controlled intimate bond with the substrate during the end-use
application. The balance of the adhesive and the cohesive strength within the cured
coating is critical to the performance of the UVPSA, and the UV energy must be
delivered to the wet film in a controlled and efficient fashion. The degree of
crosslinking, or the cure of UVPSA formulations based on different raw materials can be
affected by the irradiance delivered by the UV lamp system. The UVPSA must be
carefully screened to ensure that the UV energy is delivered to the adhesive in the most
consistent and efficient manner to provide the desired performance properties.
Compatibility of the UVPSA and the silicone release system must also be properly
evaluated. This would be particularly important if trying to produce a construction with a
UVPSA and a UV cured silicone release coating.

There is some specific niche applications for UVPSA in the label markets where heat,
chemical, and water resistance are required. These include drum labels, chemical and
pesticides, and under-hood automotive applications. The most significant market
opportunity will for the replacement of solvent-based acrylic PSA in the high
performance Tape markets. It is likely that this technology will not develop as a retrofit
market on existing machines that are designed to coat solvent systems. The more likely
scenario is that UV will be receive strong consideration by converters at the point in time
when they are preparing specifications for new machines.

III. WHAT DOES THE FUTURE HOLD?

It is likely that the process and product performance benefits of nitrogen inerting will
become better understood and characterized for a wider range of Converting applications.
These advantages could be in the form of faster cure rates, higher degree of cure, or
superior surface cure. As a result of this, there will be further advances made in the
mechanical designs of the UV curing systems. These advances will developed to try to
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further reduce the nitrogen consumption that will be required to reach the desired oxygen
exclusion levels for a given process.

The functionalized silicone polymer systems will continue to evolve for the Release
Coating market. Of extreme interest at this time is the compatibility with these systems
with water-borne acrylic PSA for tandem coating processes. While one of the
commercially silicone systems has been demonstrated to work in this application and will
certainly become more widely utilized as a commercial process, further developments are
sure to occur. On a related note, it is inevitable that there will be interest in the concept
of designing a very compact tandem coating machine that is based totally on the UV
curing platform for both the PSA and Release. Such a machine would be built with no
thermal dryers. It may be possible to install two of these machines in the floor space that
is currently required for a single machine.

Further developments and advances in this technology will ultimately be driven by the
changing needs of the market. It is critical that customers and their suppliers establish a
good dialogue so that the suppliers understand how to dedicate their Research and
Development resources.
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INTRODUCTION

Stereolithography is the technology which can create a three-dimensional free-form in

short time according to the slice data of an object.[l] A thin layer of the solidified resin is

formed at the surface of the liquid UV curable resin by irradiation of UV laser which is

driven by the slice data of the object. Ever since the invention of the stereolithography,

there has been a considerable interest to realize the CAD date into a practical three-

dimensional model. Conventional stereolithographic machines equip gas lasers which are

operated at high voltage and requires water cooling system. These disadvantages prevent a

wide spread of application of stereolithographic technology.

A new sterolithographic machine, SCS-300P has been developed and introduced by

SONY Corporation last year. This brand new machine is featuring a high power solid-state

UV laser, low machine price, small in size and equips easy-resin-exchange system for

maintenance. The biggest difference of SCS-300P from the conventional machines is the

laser system. SCS-300P equips pulse laser with the wave length of 355 ran which is a third

harmonic of YAG laser. The energy of each pulse with a duration time of 20 nsec is more

than five thousand times higher than that of continuous emission such as Argon ion laser

employed in the conventional machines.

With using conventional UV curable resins, high photo-energy tends to give a gelation

even in a dark region or give an undesirable excess-cure underneath of the cured layer. It is

thus needed to develop the resin suitable for high power pulse lasers. In this paper, we

report a newly developed UV curable resin compositions suitable for SCS-300P which

equips high power solid-state pulse laser.
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RESULTS and DISCUSSION

SCS-300P

The design concept of SCS-300P, which is low price down-sized stereolithographic

machine, are listed below.

1. High power solid-state laser

SCS-300P equips a high power (400mW) solid-state laser. The laser is operated at 100

Volt of electricity without water cooling system. SCS-300P make it possible to reduce both

the machine size and the running cost due to the elimination of cooling water.

2. Operation system

For system control of SCS-300P, Windows NT on personal computer is employed.

Replacement from relatively expensive work station to PC can also minimize the machine

cost.

3. Easy-resin-exchange system for UV curable resins

The work size of SCS-300P is 300X300X300 mm. The volume of resin tank is 60

litter and is smaller than that employed in the conventional machines. One can thus change

the resin tank by oneself without using any lifter and consequently one can fabricate the

objects by using appropriate resins for one's application. Table 1 and Figure 1 show the

specifications and the appearance of SCS-300P, respectively.

Table 1. Specifications of SCS-300P

Laser ,

Modulator
Deflecting system
Work size
Beam diameter
Drawing speed
Tank volume
Electric power supply
Size

Photofabricator unit
Controller unit

Solid state third harmonic of Nd:YAG
Wavelength:355nm, Laser power:400mW
Acoustic optical modulator
Galvano-mirror
Maximum: 300 X 300 X 300mm
0.03-M).3 mm<t> (variable)
1 m/s ~ 3 m/sec (variable)
60 litter
100 V X 30 A

900X900X1800 mm
540X825X1200 mm
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Figure 1. SCS-300P.

UV Curable Resin for Stereolithography

SCS-300P is equipped with high power pulse solid-state laser with an output wavelength

and power are 355 nm and 400 mW, respectively. The frequency of the laser emission is

20kHz. The energy given by single pulse of which duration is 10 nsec is calculated to be 5

^J and is five-thousands times higher than the energy given by the continuous emission of Ar

ion laser employed with conventional sterolithographic machine.

Figure 2 shows the underneath of the cured layer of the photofabricated articles by using

high power pulse laser with conventional resin. Undesirable excess cure or gelation in the

region without exposure is seen under the cured layer. This is caused by the high power

emission of pulse laser. When the laser is irradiated at the liquid layer, the laser light

penetrates into the solidified layer which is cured by previous laser scanning as well as the

liquid layer. If the laser emission is strong enough to penetrate into the underneath of the

layer which one wants to cure, this leaked energy can initiate the polymerization of undesired

region and make excess cure or gelation. Figure 3 shows working curve of conventional

UV curable resin. No threshold of polymerization was seen in the working curve of the

conventional resin, thus the extra energy which penetrate trough the layer can tend to give

the excess cure. It is necessary to control the cure rate of UV curable resin at the region of

low UV dose. By optimizing the resin compositions we introduced the threshold for curing

at lower UV dose region as shown by dotted line in Figure3. The new resin composition

can control the cure rate at low UV dose maintaining the cure rate at high UVdose region.

Figure 4 shows the under-layer area of the photofabricated article with using new UV

curable resin. No excess cure was seen in the photofabricated articles by using new resin.
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Excess cure

Figure 2. Excess cure at under-layer area of a photofabricated article cured by using

SCS-300P with a conventional resin.

!

Low exposure region
/

New UV curable resin

Dose

Figure 3. Working curves of UV curable resin compositions for stereolithography.

Figure 4. The under-layer area of photofabricated article cured by using SCS-300P

with new UV curable resin composition.
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New UV curable resin compositions for SCS-300P

Three UV curable resin compositions for (1) Standard transparent grade, (2) High

toughness grade, and (3) Resin mold grade for fabrication of injection molding are developed.

Table 2 shows the typical properties of these UV curable resin compositions for SCS-300P.

Table 2. Typical properties of new UV curable compositions for SCS-300P.

Resin grade

Feature

Liquid resin property
Viscosity(cps/25°C)

Cured resin properties
Modulus (GPa)
Tensile strength (MPa)
Elongation (%)

Application

SCR730
Standard

High accuracy

340

3.2
72
6

Design model

SCR930
High toughness
High accuracy

360

I./1

19*1

Working model

SCR802
High heat- resistance

High strength

4800

9.2
85
2

Injection molding

* 1 :Cured film, thickness is 200nm.

SCR730 is a standard resin composition suitable for photofabriction of design model.

The feature of photofabricated article is high accuracy.

The feature of SCR930 is both high toughness and high accuracy. Figure 5 shows a cellular

phone case photofabricated by SCR930. SCR930 is suitable for a working model which is

utilized for checking the function of the parts in a practical system.

Figure 5. Photofabricated cellular phone case with SCR930

The feature of SCR802 is high heat resistance and high strength. SCR802 is suitable

for a "Direct-mold-technology", a photofabrication of resin mold for injection molding.

The outstanding advantage to employ this technology is that a small number of actual plastic

articles made by injection molding can be obtained in short time, typically less than a week.
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Figure 6 shows the resin mold photofabricated by using SCR802 and injection molded

plastic articles.

Figure 6. Top: The resin mold photofabricated by using SCR802

Bottom: Injection molded plastic-models made by using

the resin mold made of SCR802.

CONCLUSION

New photofabricator, SCS-300P is introduced. The features of the machine are, small

in size, high power chiller free pulse laser, easy tank exchange and Windows NT based

operation system. /SCS-300P can be installed wherever an electric power supply is

available without considering water or gas supply. It is easy to exchange a resin tank to use

a variety of resins with one machine.

Following three new UV photocurable resins for SCS-300P were developed.

1) SCR730 : Standard transparent grade for a design model

2) SCR930 : High toughness grade for a working model

3) SCR802 : High heat-resistant grade for a fabrication of a resin mold.

These resins were designed to be suitable for high power pulse laser. The excess cure or

gelation was prevented by settling the threshold of curing at the region of lower energy dose.

By applying these resin compositions to SCS-300P, we can achieve an accurate

photofabricated article, a tough model article which can be assembled to an actual system,

and a high-heat-resistant resin-mold for injection molding within a short working period.

REFERENCES
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L INTRODUCTION

The "classic" electron beam technology made use of accelerating energies in the voltage range of
300 to 800 kV. The first EB processors - built for the curing of coatings - operated at 300 kV.
The products to be treated were thicker than a simple layer of coating with thicknesses up to
100 u and more. It was only in the beginning of the 1970's that industrial EB processors with
accelerating voltages below 300 kV appeared on the market. Our company developed the first
commercial electron accelerator without a beam scanner. The new EB machine featured a linear
cathode, emitting a shower or "curtain" of electrons over the full width of the product. These
units were much smaller than any previous EB processors and dedicated to the curing of
coatings and other thin layers . ESI's first EB units operated with accelerating voltages between
150 and 200 kV. In 1993 ESI announced the introduction of a new generation of Electrocure
EB processors operating at 120 kV (2), and in 1998, at the RadTech North America '98
Conference in Chicago, the introduction of an 80 kV electron beam processor under the
designation Microbeam LV.

IL THE ADVANTAGES OF LOW VOLTAGE ELECTRONS

We define low voltage electrons as electrons accelerated to energies not exceeding 100 kV to
125 kV. The principal advantages low voltage electron accelerators are:

Less expensive, smaller in size, more efficient!

For many applications EB is technically the preferred drying method with better results than UV:

• EB guarantees 100% drying without residual and uncured monomers!
• EB fully cures through all ink layers and colors and at the end of the printing press, without

intercolor drying, provided wet on wet printing is possible!
• EB inks and coatings do not contain photoinitiators: therefore no odor and no color fading!
• EB inks or coatings are 5 to 20% less expensive than UV chemistries (no photoinitiator)!
• The output of the EB source remains always constant and does not slowly degrade as UV

lamps do. Thus: Improved product safety and quality!
• EB consumes less energy than thermal or UV drying.
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Despite these undisputed advantages of EB, the high investment cost for EB equipment is often
prohibitive and investors therefore choose traditional heat or UV drying. Conventional EB
equipment is expensive because of the complex and demanding technologies involved: high
voltage, high vacuum, and last, but not least, the requirement to shield the unit against the
emission of X-rays. On the other hand, the drying of a few microns of ink or lacquer is all that is
required and "bombarding" these thin layers with electron energies of 150'000 Volt and more is
indeed disproportionate.

EL LOW VOLTAGE ACCELERATORS ARE LESS EXPENSIVE

A lower accelerating voltage reduces the technical requirements for an EB accelerator in many
areas. The distances necessary to insulate high voltage are reduced, resulting in smaller electron
accelerators and high voltage power supplies. The X-rays (Bremsstrahlung- or Roentgen rays),
produced by the electrons when striking matter are less energetic at lower accelerating energies.
As a result the lead shielding of the EB machine is thinner. There are many other factors
contributing to the cost reduction. Summarized one can state that lower voltage EB equipment
is less expensive because it is smaller, more compact, lighter and can be made with more
standard industrial components than higher voltage machines.

IV. EFFICIENT ELECTRON ENERGY TRANSFER AND LESS INFLUENCE ON
SUBSTRATE

There exist also other motivations for using low voltage electrons. An important reason is that
the energy transfer from the electron accelerator into the product to be treated is more efficient
at lower voltages. As shown in figure 1 there is a relationship between the accelerating voltage
and the electron penetration depth into a product. From figure 1 we also learn that to efficiently
treat a product, the electrons need to be accelerated to energies that are optimized for the
penetration requirements. In fact, for coating thicknesses of up to approximately 10 microns we
see that an electron beam accelerating voltage of 80 kV is sufficient (at approx. 80% front
surface dose).

A more efficient energy absorption in the layer to be dried saves energy and enables higher
production speeds, instead of wasting the energy in the substrate or the air below the substrate!
Energy absorption in the layer to be dried - instead of in the substrate - may be another
important reason. Electrons are particles and not an electromagnetic wave as UV light is.
Energetic electrons affect matter and, especially electron beam sensitive materials like paper and
other cellulose based substrates or plastic, can undergo changes such as structural bond
breakage or crosslinking of molecule chains due to electron treatment. These changes may have
negative effects like yellowing, tensile loss, brittleness etc. Some changes, however, may also
have positive aspects. For instance if the heat resistance, or the mechanical characteristics, of a
polyethylene film are improved. The influence of electrons on the substrate depends on the
electron energy and dose, as well as on type and thickness of the substrate. These negative
effects may be reduced or avoided by using lower voltage electrons.
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Figure 1: Depth Dose Profiles (Penetration Curves)

61



V. DEVELOPMENT OF LOW VOLTAGE EB PROCESSORS

The major obstacle to overcome in the development of lower voltage EB machines presented
the electron beam exit window, through which accelerated electrons must pass to reach the
product to be treated. Electrons can only be produced and accelerated to useful energies in
vacuum. The presence of oxygen, or other gases, disturbs the generation of electrons, and
hinders their acceleration. Thus, either the product to be treated is put under vacuum, or the
electrons are brought from vacuum into atmospheric pressure. Feeding the product to be treated
into an evacuated production zone is very difficult. Hence, the electron window Mr. Lenart
invented over 100 years ago in Germany(1), is still in use to day, although in a somewhat
modified form.

The energized electrons pass through a window which must be mechanically strong enough to
maintain the pressure induced onto the foil by the vacuum inside the electron accelerator, but
thin enough to let the energized electrons pass through it. Electrons passing through the window
lose some of their energy. This energy is deposited in the window and heats the foil. The
window must therefore also have an excellent thermal resistance. Over the years many materials
ranging from steel over aluminum to beryllium and other exotic materials and alloys were tested.
The material of choice at ESI still is the titanium foil with a thickness of 12,5 microns or less.

Selecting the right window foil material and a thickness guaranteeing a long lifetime, are but
some of the selection criteria. Supporting the foil and cooling it are two other very important
considerations. As mentioned above, electrons passing through a window deposit a certain
amount of their energy in it, due to collisions with matter. This energy deposition results in a
heat-up of the window foil. At higher voltages electrons pass relatively easily through the foil
without leaving much of their energy behind. But a reduction of the speed (energy, voltage) of
the electrons results in an increase of the energy loss in the foil. 100 kV electrons heat the
window foil much more than 150 or 200 kV electrons. The key to success in the development of
a low voltage EB accelerator was the design of a window support and cooling system capable of
efficiently removing the energy deposited by lower voltage electrons(4).

The quality of the new window technology can best be judged by the typical discoloration of the
window foil. Blue discoloration of the window is typical for all EB accelerators, except for those
equipped with our new window technology. ESI windows no longer discolor significantly; they
stay shiny-silvery to very light tan, like a nearly new titanium foil. A result of the reduction of the
foil operating temperature by nearly 150° C. The efficient removal of the heat from the foil
reduced the stress and resulted in an increase of an average foil lifetime in excess of 1000 beam
hours at 80 kV to 100 kV.

The development of a new window technology enabled ESI to decrease the accelerating voltage
of EB processors used for the treatment of thin layers. It allowed the design of the worlds first
industrial low voltage EB processors operating at 125 kV and 80 kV. At the same time it made
it possible to further increase the operating reliability of the systems to the extent, that ESI
guarantee not only the life time of window foils and cathodes, but also an 99% uptime of the EB
equipment. All Electrocure® EB machines, including those with higher accelerating voltages, up
to 300 kV, feature the same new window technology and can be operated from below 100 kV
to the designed maximum accelerating voltage.
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VI: ESI'S LOW VOLTAGE EB PROCESSORS

A. 125 kV Electrocure*

Figure 2 shows a 125 kV ESI Electrocure processor installed 1996 in England and used to dry
coatings on 1 650 mm wide paper webs. The EB equipment has an output of 200 kW of beam
power (1 600 mA). It is the most powerful single head EB equipment installed in Europe
capable to dry a coating with a dose of 30 kGy at a speed of 800 m/min.

B.

Figure 2: Electrocure® System, 125 kV -165 cm wide - 24 000 kGy m/min

100 kV-125 kV EC-60

In 1997 the first new lower voltage and lower cost EB processor, the EC-60 was introduced by
ESI. This electron "dryer" is specifically designed for the graphic arts and related industries. It
operates at voltage levels from 100 kV to 125 kV and can be used for the drying of printing inks
and lacquers on 600 mm wide webs at speeds of 200 to 300 m/min. The new EC-60
Electrocure® system can easily be installed, for instance, in offset presses. The EC-60 is 140 cm
long in web direction, 250 cm wide and 240 cm high. Figure 3 shows the complete unit,
including high voltage power supply and controls.
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Figure 3: Electrocure® EC-60, 100 kV - 125 kV, 90 cm to 160 cm wide, 7 500 kGy m/min
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C. 80 kV - 100 kV Microbeam LV

In April 1998 we announced the introduction of an 80 kV to 100 kV electron processor system
with the designation "Microbeam LV". A drawing of the system is shown in figure 4. Figure 5 is
a computer animation of the Microbeam system. Intense R&D work, as well as tests with
several prototypes, lead to the manufacturing of a first commercial unit, which will be
operational in later on this year. The first systems are available with treatment widths ranging
from 90 cm to 165 cm and a dose-speed capability of 6000 kGy m/min. A printing ink or coating
requiring 20 kGy to dry (cure) can be run at 300 m/min with this system. The price of the
Microbeam LV system is 30% lower than the price of a standard 150 kV Electrocure®
Processor.

Figure 4: Microbeam LV System, 80 kV -100 kV, 120 cm wide, 6 000 kGy m/min
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VTL SUMMARY

In offset printing one EB dryer installed at the end of the printing press can replace several
interstation UV dryers. The major disadvantage of EB-drying, the high price of EB-equipment,
disappeared. The prices of the new low voltage Microbeam LV and EC-60 EB-systems are now
competitive with thermal dryers and multi-station UV-dryers for web-offset printing.

In other applications low voltage EB offers distinct economical advantages. The energy
consumption of low voltage EB systems is lower than standard EB, and much lower than
UV or thermal drying. The EB production speeds are higher and, increasingly noticeable
especially in the USA, a 5% to 20% price advantage for EB over UV inks and coatings.
The financial advantages lead to a return on investment (ROI) which is superior to the use
of UV, solvent -or water-based chemistry(5).

In addition, only EB offers all advantages of radiation curing:

No heat, no odor, no photoinitiator. 100% cured inks and coatings including parts in the
substrate. No drying problems with heavily pigmented or several layers of inks. Constant beam
without degradation of (lamp) output. No replacement of lamps and generators after 1 000 or so
operating hours. Higher speeds and, last but not least, lower maintenance cost.

I am sure the advantages mentioned above could be applied to many and diverse applications.
Low voltage EB drying has become a real cost effective alternative for the inventive printer and
converter.
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1. INTRODUCTION

Many electron accelerators of DC or RF type have been widely used for electron beam
irradiation (curing, crosslinking of polymers, sterilization of medical disposables, preservation
of food, etc.). Regardless of the acceleration energy, the accelerators to be installed in
industrial facilities have to satisfy the requires of compact size, low power consumption and
stable operation. The DC accelerator is realized very compact in the energy under 300 keV,
however, it is large to prevent the discharge of an acceleration column in the energy over 300
keV. The RF electron accelerator Ridgetron has been developed to accelerate the continuous
beam of the 0.5-10 MeV range in compact space. It is the first example as an electron
accelerator incorporated a ridged RF cavity. A prototype system of final energy of 2.5 MeV
has been studied to confirm the feasibility at present.

2. ACCELERATION SCHEME

The Ridgetron is an accelerator of recirculating type and consists of a cylindrical cavity
equipped with two hollow ridges and small bending magnets at its periphery. The schematic
drawing is shown in Fig. 1. In the cavity, the opposite two ridges are extended axially and the
electric field excited in the TEno mode is concentrated in a gap between the ridges. By using
this electric field, the Ridgetron accelerates beam in the radial direction through the inside of
the ridges and performs beam deflection and focusing with the bending magnets for
successive acceleration. Therefore, beam trajectory rounds as a wavy line and the trajectory
length from one accelerating gap to the next one lengthens in proportion with the beam energy.
The electric field distribution can be uniformed by adjusting the ridge configuration, and
moreover, the Ridgetron is easily capable of increasing beam energy by extending the cavity
length. The acceleration sequence is repeated every half period of RF frequency. When the
magnetic field of arbitrary magnet is adjusted to zero, it is possible to extract beam before the
final energy. The bending magnet also functions as a beam focusing device. The magnets with
an edge angle and equipped with an active field clamp are devised to realize fine tuning of the
fringing field and obtain a good focusing.
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Fig.l Schematic drawing of the Ridgetron prototype

3. DEVELOPMENT OF PROTOTYPE SYSTEM

System design

The prototype system of the Ridgetron has been studied to confirm the feasibility of the
acceleration scheme. Its performance is at an average beam current of 2.5 mA and a final
energy of 2.5 MeV. The size of a machine is defined by the operating frequency. The resonant
frequency of a ridged cavity is lower than a normal cavity without a ridge. The operating
frequency of 100 MHz was chosen by taking into account the handy size of the cavity and
availability of power vacuum tube for cw operation. To estimate the resonant property of the
cavity, calculations with the computer code MAFIA and analysis by a quarter scale model
were performed. Consequently, the inner diameter of the cavity is 964 mm.

The number of beam passes is limited by the deflecting radius of magnets and the energy
gain per pass. In the prototype, the beams have to pass the acceleration gap five times through
the four bending magnets to reach the final energy because of the energy gain per pass being
limited at 0.5 MeV to keep down the power consumption. The deflecting radius of bending
magnets is 65 mm. Therefore, the inner length of the cavity is 990 mm. The design
specifications of the prototype are shown in Table 1.
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Table 1 Design specifications of the Ridgetron prototype

Operating frequency
Input energy
Output energy
Beam current
Maximum gap voltage
Cavity inner diameter
Cavity inner length
Gap length
Ridge width
Quality factor
RF power consumption

100
0.02
2.5
2.5
0.5
964
990
140
80
27000
42

[MHz]
[MeV]
[MeV]
[mA]
[MV]
[mm]
[mm]
[mm]
[mm]

[kW]

Electron Gun

A triode type thermionic electron gun was designed for accelerating beams with low
emittance. It is operated in cw or pulse mode by modulating the grid bias in synchronous to
the RF electric field. The cathode material is LaB6 with a diameter of 4 mm. The gun
electrodes configuration was optimized with the computer code EGUN2e. The calculation
was performed as a diode on the assumption that the interception of beam current at the grid is
small. The shape of the adopted Wehnelt electrode was of the flat type without a slope. As a
result, a average beam current of 2.5 mA and an emittance of 2.5 Jtmmmrad were obtained at
an anode voltage of 20 kV. The extracted beam is injected into the cavity through a solenoid
lens.

Beam focusing

In the Ridgetron, beam focusing is performed by the edge angle of the bending magnet,
however, the fringing magnetic field decreases the focusing force in the vertical plane, which
is inversely proportion to the deflecting radius (1). Therefore, this effect arises severely for
small magnets of the Ridgetron.

To achieve effective focusing in horizontal and vertical planes, we have found an active
field clamp scheme is very effective where the fringing field is positively compensated by
energizing coils wound around the field clamp to generate inverse field in the outer lobe of the
fringing field. Effect of modification of the fringing field by the field clamp was studied by
computer calculations. The electron beam trajectory in the Ridgetron was simulated with the
computer code TRACE-3D. The fringing field region was divided in small segments
transverse to beam trajectory and the field inside each segment was replaced by an uniform
field. The calculated beam envelope is shown in Fig. 2. Consequently, the beam was
accelerated successfully and stably up to the final energy.
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Fig. 2 The calculated beam envelope in the Ridgetron prototype. The block sections indicate
the space where a magnetic field extends.

4. PRESENT STATUS

The fabrication of the prototype system was completed and the beam acceleration test is
in wait for the permission of the government. However, the electrical property measurement
of the cavity and the electron gun test have been performed already. In the resonant frequency
of 101 MHz, the power consumption is 50 kW and the quality factor is 23300. The average
beam current extracted from the electron gun is 3 mA.

5. CONCLUSION

The prototype system of the electron accelerator Ridgetron has been developed. The
validity of its configuration has been proven by the computer simulation and the satisfactory
results concerning the electrical property and the electron gun were obtained. We prepare or
the beam acceleration test at present.

REFERENCE

(1) K. G. Steffen, High-Energy Beam Optics, Interscience Monographs and Texts in Phisics
and Astronomy, Vol.17 (John Wiley and Sons, Newyork, 1965)p.97-101

70



CURRENT STATUS
OF

LOW ENERGY EB MACHINE
MY0001402

Toshiro Nishikimi, Shuichi Taniguchi, Kenichi Mizusawa
Nissin-High Voltage Co.,LTD.

47 Umezu Takase-cho Ukyo-ku Kyoto JAPAN
Tel 81-75-864-8813 Fax 81-75-882-1520 E-mail nisikimi@nhv.nissin.co.jp

1. INTRODUCTION

Electron beam processing systems have been in use in a variety of applications such as
curing of paints and printing inks, crosslinking of PE products, treating of rubber tire and
so on. Recently, low energy electron processing systems have become popular as self-
sheilded machines, which are compact and easy to use and do not require special facility
such as an irradiation room.

This manuscript introduces the status of low energy EB machine through Nissin's
products current.

2. PROBGRESS OF EB MACHINE

We have been manufacturing EB equipment for more than 30 years and have a wide
record of installation concerning equipment ranging from the low energy machines to the
high energy machine. The total number of unit we installed by 1999 exceeded 250 units,
of which around 30% were
low energy machines. Growth
over the past several years
for low energy machines has
been steady at around 20%.

Around 60% of those are
R&D machines, pilot ma-
chines. Production machines
are increasing since the '90s
as R&D has good results.
Food Rapping plant, Tire
plant, Interior Decoration
field etc. are remarkable.
From these status, two type
EB machine is required. One
is high voltage around 300kV
for Tire plant and the other
is 120~200kV for film pro-
cessing.

The status of NISSIN'
products is reported right
Table 1.

Table 1. Status of Nissin's Products
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3. FEATURES OF NISSIN'S EB MACHINE

We provide various features with our EB Machine for customers in order to have best
fitting operation in their production lines. The fallowings are the examples of them.

(l)Running Stability
For plant the stability is most important feature. Recent production machine is used

at high voltage out put like 300kV. As Nissin's machine have high insulation parformance
for high voltage, high vacuum system, and high efficient cooling, full day runnuing is
possible and stable. If some discharge has happened, the machine can recover very
quickly less than 30msec. So the line can continue to product without long time stop.

(2)Beam distribution reliability
The beam distribution has happened to effect by the filament status as low energy

machine has many cathode filaments along irradiation width direction. By adopting
extraction control system, beam distribution reliability has improved remarkably.

(3)Rapid beam ramp up time
Controlling the beam current in proportion to the running speed provides the user

with a constant dose system. In some cases line speed will change quickly, requiring
the beam to ramp-up and/or down very fast. To meet this demand, the extraction control
system is applied to the cathode, this at the same time is used to control the beam
current. The control system allows the rapid beam ramp-up or down.

(4)Maintenance
EB machine has periodical maintenance work, such as replacement of the window

foil and cathode filament. The following functions are equipped for the start-up of
machine after maintenance work.

a)Automates evacuation system to get high vacuum after maintenance work.
b)Automates filament aging
c)Automates acceleration voltage conditioning
d)Automates beam conditioning

Thus start-up work after maintenance can be automated so that the customer can
devote all his energy to processing.

(5)Inert gas control
Generally, EB curing applications require inert gas, mostly nitrogen, used in the

process chamber as oxygen is likly to prohibit radical polymerization. Inert gas
consumption is regarded as one of the major factors in the operation cost of EB system.
Therefore, it is very important consideration for production line operation. To reduce
inert gas consumption, Nissin High Voltage introduced a inert gas circulating system
early on, in 1986. Since then, further work has been done to minimize inert gas
consumption. Recent work was done on a test facility running at a web speed of 200m/
min, nitrogen consumption of 0.008 -0.013 rrrVm2 was achieved.

A new automatic gas flow control system proved the effectiveness in maintaining the
oxygen concentration at a preset values, even when the operating conditions change,
such as a speed and/or a dose. Figure 1 shows how the oxygen concentration in the
process chamber follows a preset value.
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(6)Low voltage operation
In low energy EB curing applications,

the thickness of the coating layer on the
substrate is usually 100 micro-meter or
less. At 150kV much of the electron
energy gets delivered into the substrate
rather than the coating. This means that
the electron energy deposition in the sub-
strate has to be minimized because of
potential damage to the substrate materi-
als. Nissin High Voltage developed a sys-
tem which has an available operating
voltage less than 150kV.

In addition to reducing the substrate
damage, these lower energy systems pro-
vide the user with advantages in smaller
size and lower cost.

Figure 2 shows the penatration curves
of electron accelerated from lOOkV to
150kV.

These measurements were made by
Nissin High Voltage using thin film do-
simetry. These cureves are available to
decide the most suitable energy for the
application.

Lower energy technology allows the
user more flexibility in the selection of
substrate materials.

4. R&D MACHINE

Our R&D machine is easy to operate,
and is able to handle batch and web pro-
cessing.

The machine ratings are as below,

Acceleration voltage: 200kV 250kV
Beam current: 20mA 20mA
Processing width: 15/3Ocm 15/30/60cm

Figure3 shows the outline view.

1.0E+4

o.
O-

1.0E+3

I
oo 1.0E+2

>
X
O

1.0E+1

\

\

V •

\

Preset

Preset

Vleasu

Measu

Value

Value

red VJ

red VE

\

ilue

ilue

\

10 20 30 40 50
N2 GAS [Nm3/hr]

60 70

Figure 1. Auto Control Result

10 15
Depth (mg/cm2)

25

Figure2. Penetration Curve

Figure3. R&D Machine

73



5. PILOT MACHINE

Our pilot machine is manufactured ac-
cording to the needs of the customer who
wants to have products in a semi produc-
tion scale between R&D and full produc-
tion.

The machine ratings are as below,

Acceleration voltage:
Beam current:
Processing width:

100 ~ 300kV
20 ~ 300mA

15 ~ 60cm

Figure4 shows the outline view.

6. PRODUCTION MACHINRE

What are required for a production ma-
chine are high output, low cost, ease of
operation, and reliability. We have been
devoting ourselves into the satisfaction of
those requirement by develping and im-
proving our machine.

As the result the ratings of machine are
as below,

Acceleration voltage:
Beam current:
Processing width:

150 ~ 300kV
~ 500mA
~ 180cm

Figure5 shows the outline view.

7. CONCLUSION

Figure4. Pilot Machine

Figure5. Production Machine

Nissin High Voltage continues to develop a variety of electron beam processing system
to meet future demands. Today, more than 250 systems have been installed in industrial
applications by us. We have accomplished this with cooperation of our customers,
and will continue these efforts for the future development of EB technologies.
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Excimer UV Curing in Printing

Reiner Mehnert M Y 0 0 0 1 4 0 3
Institute for Surface Modification, PermoserstraBe 15, D-04318 Leipzig, Germany,

Tel. ++ 49 (0)341 235 2229, Fax ++ 49 (0)341 235-2584, e-mail: mehnert@rz.uni-leipzig.de

Abstract

It is the aim of this study to investigate the potential of 308 nm excimer UV curing in web and sheet fed offset
printing and to discuss its present status. Using real-time FTIR-ATR and stationary or pulsed monochromatic
(313 nm) irradiation chemical and physical factors affecting the curing speed of printing inks such as nature and
concentration of photoinitiators, reactivity of the ink binding system, ink thickness and pigmentation, irradiance
in the curing plane, oxygen concentration and nitrogen inerting, multiple pulse exposure, the photochemical dark
reaction and temperature dependence were studied.
The results were used to select optimum conditions for excimer UV curing in respect to ink reactivity, nitrogen
inerting and UV exposure and to build an excimer UV curing unit consisting of two 50 W/cm 308 nm excimer
lamps, power supply, cooling and inerting unit. The excimer UV curing devices were tested under realistic
conditions on a web offset press zirkon supra forte and a sheet fed press Heidelberg GTO 52.
Maximum curing speeds of 300 m/min in web offset and 8000 sheets per hour in sheet fed offset were obtained.

1. Introduction: Monochromatic vs. polychromatic UV radiation for curing of printing inks

Until the mid-90ies, no monochromatic UV source was available which could compete in cure speed and curing
performance with the polychromatic medium pressure mercury lamps, which were able to achieve a high UV
radiant power with an excellent technical standard of the lamp and the related curing equipment. Moreover,
photoinitator absorption was matched to the mercury emission lines in a nearly perfect manner. As a result,
radical generation rates were obtained high enough to rapidly overcome oxygen inhibition in the layer to be cured
and to enable fast cure speeds.
The maximum production speed at which the cured product still meets the needs of its function properties to be
commercial is called cure speed.
The cure speed defined in such a way depends on following conditions:

• spectral distribution of the lamp,
• reactivity of the printing ink,
• irradiance and irradiance distribution in the curing plane,
• thickness of the ink,
• oxygen concentration (air or inert),
• coating temperature.

For a given formulation the cure speed can be studied as a function of all the parameters mentioned above. In that
sense, consistent experimental data can be obtained.
The cure speed concept, which is not based on a clean kinetic approach as applied for the polymerisation rate, is
illustrated in the following scheme. As shown in the upper part, a certain irradiance distribution is seen by a ink
increment dF passing the exposure zone Ax with a uniform speed vs. Within a total irradiation time AteXp = Ax/vs,
the induction period At, has to be overcome, and after the conversion time Atcc the monomer conversion must
reach a distinct level. The cure speed is then given as

vs = Ax/(Ati + Atc(J. (1)

Atexp= 7T- Irradiation time

Irradiance distribution
in the exposure zone

¥• Vi Product speed
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Since more than 20 years medium pressure mercury lamps are used in web and sheet fed offset. Figure 1 shows
typical positions of UV curing processors in a web and sheet fed press.
For web and sheet fed offset, two concepts of UV curing are used: final curing or a combination of interdeck and
final curing. Printing wet-in-wet of up to four colours and subsequent drying is possible without significant loss
in quality. However, interdeck UV curing prevents trapping of one colour on another and stops dot gain.

Interdeck
curing

Final curing

LL
Final curing Interdeck curing

Figure 1 UV Curing Processors in Web and Sheet Fed Offset Presses

In curing of printing inks, interesting new possibilities were opened up with the development of a completely new
class of UV sources - the excimer lamp (l). The term excimer radiation is normally used in connection with
excimer lasers. Excimers (excited dimers, trimers) are weakly bound excited states of molecules that do not
posses a stable molecular ground state ' .
The most important excimers are formed by electronic excitation of rare gases (He2*, Ne2*, Ar2*, Kr2* Xe2*),
rare gas-halides (ArF*, KrF*, XeCl*, XeF* etc.), halogens (F2, Cl2, Br2 I2) and mercury halogen mixtures (HgCl,
HgBr, Hgl). Excimers are unstable and decay by spontaneous optical emission.
Stimulated (laser) excimer emission can be generated in pulsed high pressure glow discharges. On the other hand,
dielectric barrier (silent) discharges (1> or microwave discharges (3) can be used to produce quasistationary or
continuous incoherent excimer radiation. Such emitters are called excimer lamps.
For curing of printing inks we used XeCl excimer lamps exhibiting cylindrical geometry of the discharge gap and
showing monochromatic emission at 308 nm.
A typical cylindrical discharge lamp suitable for excimer UV generation <4) is shown in Figure 2.
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Figure 2 Cylindrical Excimer Lamp Configuration with Annular Discharge Gap and External Electrodes
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When the high voltage applied to the discharge gap exeeds the breakthrough voltage, a current starts to flow,
which after a short time is switched off by the decrease of the electrical field strength in the gap caused by
charging the dielectric surface. The total duration of the current pulse is a few nanoseconds and excimer
emission may occur in this time. A schematic representation of the voltage current characteristics and the pulsed
excimer emission from a barrier discharge is given in Figure 3. A characteristic emission spectrum is shown on
the right hand side.

UV

Figure 3 Dielectric Barrier Discharge - Time Profile of the High Voltage (U), the Current Pulse (I) and the Excimer
Emission (UV) (left) and Spectrum of the XeCl Excimer Emission (right)

A very important feature of the barrier discharge is that the current flow through the gap is generated by a large
number of randomly distributed microdischarges.
As result of the discharge conditions, the excimer radiation of a discharge lamp consists of a large number of
pulsed "microlasers". This makes them very suitable as potential high power UV emission source.
In UV curing of printing inks newly developed excimer lamps have to compete with well established medium
pressure mercury lamps. A comparison of important lamp characteristics shows strength and weakness of the two
competing lamp concepts.
UV curing using medium pressure mercury lamps is characterised by the following features:

• very high cure speeds are possible,
• ozone is generated if curing is performed under air,
• heat transfer to the substrate or machine L mnot be avoided,
• substrate decomposition cannot be completely excluded,
• mechanical shutters are needed,
• lamp start and restart consumes time.

The barrier discharge driven 308 nm excimer lamp is not as powerful as a medium pressure mercury lamp, but
the following interesting characteristics have been found:

• medium cure speed possible,
• no ozone formation,
• no heat transfer to the substrate or machine,
• no substrate decomposition,
• fast pulsing possible,
• no shutter needed,
• simple control.

The obvious benefits of the use of 308nm excimer lamps in UV curing units for printing inks are accompanied
by the drawback of a relative low UV output power. At present, the UV radiant power of a barrier discharge
driven excimer lamp reaches about 5 W/cm, which should be compared with 40 W/cm from a medium pressure
mercury arc lamp.
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It is the aim of this study to investigate the potential of excimer UV curing in web and sheet fed offset printing
and to discuss its present status.

2. Chemical and physical factors affecting the cure speed of printing inks

2.1 UV transmission of standard offset inks

Typical transmission spectra obtained for acrylate based standard offset UV printing inks are shown in Figure 4.
Color densities (CD) of the prints measured and transmissions taken at 308 nm are given as inserts.
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Magenta FD = 1.60; T=44.9% - 308 nm
Yellow FD = 1.40; T= 31.6%
Cyan FD = 1.50; T= 11.8%
Black FD = 1.70; T= 3.8%
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Figure 4 Optical Transmission Observed for Standard Offset UV Printing Inks. FD = Colour Density, T = Optical
Transmission at 308 nm

Especially for black and cyan transmission at 308 nm is rather low. Mainly scattered light is available for curing.
This leads to low double'bond conversion rates. Nevertheless, curing at reasonable speed is possible if

• inks with an reactive binding system and an optimal photoinitiator composition and concentration,
• radiation sources with high radiative power and
• nitrogen inerting are used.

2.2 Reactivity of offset inks towards 308 nm exposure

Real-Time Fourier Transform Infrared Spectroscopy (FTIR) with Attanuated Total Reflection (ATR) is used
to study curing of printing inks at monochromatic (313 nm - a mercury emission line close to 308 nm -)
exposure. Real-time FTIR-ATR spectroscopy is one of the most powerful analytical methods for monitoring
UV-initiated curing processes which proceed within a fraction of a second.
It allows a time-resolved, rapid and quantitative measurement of the conversion of reactive groups (e.g. acrylate
double bonds) in printing inks at defined light intensity, ink thickness, photoinitiator concentration, at pulsed or
continuous light exposure and at nitrogen or air environment.
Figure 5 shows the scheme of the real-time FTIR-ATR apparatus. A detailed description of the experimental
technique is given elsewhwere '
The infrared spectra were recorded in real time with a Biorad FTS 6000 FTIR spectrometer equipped with a MCT
detector. The spectrometer is able to record up to 95 spectra per second at a spectral resolution of 16 cm"1. A
heatable single reflection diamond ATR device ("Golden Gate"; Graseby Specac) was used for sampling. Test prints
with well defined ink thickness were prepared on transparent polyethylene films. The ink side of the test prints
were pressed against the ATR diamond. The substrate prevents the contact of the sample with the surrounding
air. Thus, oxygen diffusion into sample can be neglected during and shortly after irradiation. In this case, radicals
formed after irradiation react with acrylate molecules or residual oxygen dissolved in the liquid formulation.
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Figure 5 Scheme of an Real-Time Fourier Transform Infrared ATR (FT IR ATR) Spectrometer

UV-irradiation was performed using an Osram HBO 100 W medium pressure mercury arc lamp. The light source is
equipped with a water filter for blocking infrared radiation, neutral density filters to vary the light intensity, and a
313 nm metal interference filter to provide monochromatic light. The intensity of the incident UV light was
measured by a UV radiometer using a SiC detector which is calibrated to radiation with a wavelength of 313 nm by
chemical actinometry. The maximum irradiance measured at diamond crystal position was 100 mWcm"2. An
electronic shutter directly driven by the spectrometer allows exact synchronisation between irradiation and
spectra recording.
Suitable vibrational bands of the acrylate functionality (810, 1410 or 1639 cm"1), which disappear under irradiation,
can be selected to obtain the double bond conversion vs. time profile. Such profiles contain direct information about
the rate of polymerisation, the dark reaction and the final degree of conversion.

2.3 Functionality of the acrylate binding system

It is well known that the functionality of acrylates has a strong influence on both the polymerisation rate and the
residual monomer content. With increasing acrylate functionality, the conversion time decreases but the content
of residual unsaturations rises. As the functionality increases, the higher initial concentration of acrylate groups
leads to initially faster conversion but the higher viscosity of the resin, with the resulting gel-effect and the
higher cross-link density, set a limit to the extent of conversion.
Figure 6 shows typical double bond conversion * s. time profiles of different acrylate binders for printing inks.
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2.4 Photoinitiator system

Nature and concentration of the photoinitiator system used in the formulation also affect the cure speed. Under
constant physical exposure conditions both induction period and polymerisation rate are influenced (see
Figure 7).

IC369
IC907
IC 819
Lucirin TPO
KIP 150
IC651
KIP 100 F
DC 1173

3 4 5

Time [ Seconds]

Figure 7 Double Bond Conversion in TPGDA Measured for Different Photoinitiators,
Photoinitiator Concentration 1 wt.-%, Irradiance 40 mWcm'2 at 313 nm

To obtain a high polymerisation rate and a short induction period, the photoinitiator absorption spectrum and the
emission spectrum of the curing light source should overlap as much as possible. The photoinitiator absorption
spectra were tuned to strongly absorb at intense mercury emission lines. Fine-tuning of the photoinitiator
absorption to monochromatic excimer radiation remains still to be done. In the case of 308 nm emission,
however, photoinitiators can be favourably used which were originally tuned to mercury emission lines between
300 and 313 nm. Figure 8a shows an example using the photoinitiators IC 369, 907 and 819. Their high
extinction coefficients at 308 nm are a prerequisite for fast conversion in monochromatic UV-curing.
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Figure 8a Spectral Overlap of Photoinitiator Absorption (IC 369, 907 and 819) and
Emission from a 308 nm Excimer Lamp

The photoinitiator concentration plays also a major role. As shown in Figure 8b, initially polymerisation rate
and final conversion increase with growing photoinitiator concentration but finally level off between 6 and
10 wt.% of photoinitiator content.
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2.5 Ink thickness and pigmentation

In pigmented systems pigment and photoinitiator absorptions often superimpose. The pigment can absorb a
considerable part of the incoming photons flux ( see Figure 4). As a result, at constant exposure conditions for
pigmented systems the induction period increases and the polymerisation rate drops. Figure 9 shows the effect of
the pigment content on double bond conversion time for an ink formulation.
In a similar way the ink thickness is of crucial importance for the curing speed obtained. It is obvious from Figure
10 that a given cure speed is strictly related to distinct ink thickness or color density.
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Figure 10 Double Bond Conversion of a Black Offset Printing Ink as Function of the Color Density of the Print.
Irradiance 60 mWcm at 313 nm

2.6 Irradiance in the curing plane

Dividing the polymerisation kinetics into three main steps: initiation, chain propagation and termination, the

following expression for the polymerisation rate vp has been derived (6> :

where kp and k( are propagation and termination rate constants , [M] is the monomer concentration, Ia is the
number of photons absorbed per second and <t>j is the yield of start radicals.
The induction period At; of the polymerisation is roughly estimated by

At, = [O2)yOT I a , (3)

where [O2)]o is the initial oxygen concentration, OT the yield of the photoinitiator triplet and Ia the number of
photons absorbed per second as given in Eqn.(2).
It is obvious from equation (2) and (3) that the polymerisation rate vp as well as the induction period At( are
dependent on Ia, the number of photons (given in mol I"1) absorbed per second within the sample. Ia is directly
proportional to Io, the number of photons impinging per cm2 sample surface and second. Ia further depends on
the photoinitiator absorbance. The irradiance measured in the curing plane is proportional to Io i.e., the
polymerisation rate should increase according to the square root of irradiance , whereas the induction period
should decrease linearly at growing irradiance.
The polymerisation rate determines a convei.-ion time Atcon at which a certain degree of cure is obtained. On the
other hand, the minimum exposure time At,,xp to reach the desired conversion is the sum of induction and
conversion time. At increasing irradiance the induction time At( decreases linearly but the conversion time
decreases according to the square root:

Atexp = Ati + Atcon = [O2)W<t>T Ia + P/(Oi Ia)
1/2, (4)

where (3 is a proportionality factor.
As a result of eqn. (4), it is expected that the cure speed vs = Ax/Atexp rises less than linearly with growing
irradiance, for example, if irradiance is increased by a factor of two the resulting exposure time is longer than
half the initial one.
Eqn. (4) was derived under the assumption that oxygen diffusion does not take place during exposure.
Application of eqn. (2) further implies that

• monochromatic light is used, which is absorbed exclusively by the photoinitiator
• the absorption is small and homogeneous in the volume irradiated and
• the extent of conversion is low.

As mentioned above, this is an idealised case. There is experimental evidence that UV curable coatings may
respond to changes in UV irradiance. By increasing the irradiance at constant dose, improved chemical
resistance of the coating or higher cure speeds have been reported (7'8'.
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2.7 Multiple exposure

In many UV curing applications the desired curing speed cannot be reached by using only a single lamp. In these
cases the exposure time is too short to generate sufficient conversion. Therefore, it is common to use multilamp
irradiation units. Using real-time FTIR a simple simulation of the multilamp effect becomes possible.
Figure 6 shows the experimental simulation of the curing behaviour of different ink binders which pass four
"lamps" ( indicated by arrows ). The pulse exposure time was chosen to be 100 ms and the delay between the
pulses was set to 200 ms. The first derivative of the conversion vs. time profils yields the polymerisation rate
(see right hand side of Figure 6). Under our experimental conditions already the first exposure pulse leads to
more than 80% of the final conversion. The picture may change when shorter exposure pulses and/or less reactive
inks are used. Then the second or even a third exposure pulse may effectively contribute to conversion.

2.8 The photochemical dark reaction (postcuring)

Figure 11 shows the conversion vs. time profile obtained during and after a 313 nm pulse irradiation of an offset
ink. The effect of the first and the second irradiation pulses can be seen as steps in the prompt double bond
conversion, whereas the effect of the third and fourth pulse is less pronounced. Within the following 9 seconds a
strong dark reaction can be observed. The dark reaction can also be seen to occur in the time interval between
pulse exposure.
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Figure 11 Web Offset UV Ink Magenta: Double Bond Conversion After Exposure with a Series
of 313 nm Light Pulses, Delay Between Pulses 200 ms, Irradiance 50 mWcm'2

Figure 11 illustrates the typical "postcuring" behaviour of a printing ink which cures by a radical mechanism.
Even in that case double bond conversion can proceed to a level which exceeds that of of prompt conversion.
Depending on the exposure conditions the photochemical dark reaction can contribute between 50 and 80% to
the final conversion. It has been proven by electron paramagnetic resonance (EPR) that in cured inks radicals
survive over hours <9>.
Thus, the photochemical dark reaction is of crucial importance for curing of printing inks. A pulse exposure is
needed which "triggers" the curing reaction. The following dark reaction leads to final conversion.

2.9 Effect of oxygen and nitrogen inerting

In UV curing, reactions of photoinitiator triplet, initiating and propagating radicals with oxygen lead to an
induction period before monomer conversion can take place. To induce curing the exposure time has to be longer
than the induction period. Thus, the oxygen content of the sample can strongly affect the cure speed. At low
irradiance and contact of the sample to the surrounding air, curing can even be prevented by oxygen. The "cured"
ink remains tacky, an effect which is frequently called "oxygen inhibition". This effect is often restricted to thin
surface layers and it is less pronounced or even disappears at increasing depth.
In UV curing under air, oxygen inhibition is a result of the parallel action of oxygen depletion by irradiation and
oxygen diffusion into the sample.
To estimate the effect of oxygen diffusion under real curing conditions, a simple model can be applied. The
mean distance Ar that diffusing oxygen can travel during a time t can be expressed as

Ar = ( 2Dt)1/2 (5)
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where D is the diffusion coefficient of oxygen within the ink.
Table 1 contains the Ar values calculated for different diffusion coefficients after t = 100 ms.
This time is selected because it is in the range of typical exposure times and induction periods.

Table 1 Diffusion Coefficients

Diffusion coefficient of oxygen
Mean diffusion distance [urn]

for Oxygen and Mean

[ cmV]
Liquid

io-5

14.1

Diffusion Distances Ar after 100

10"6

4.5

Highly viscous
io-7

1.4

ms

liquid or solid
10"8

0.45

It is obvious from Table 1 that in a low-viscosity liquid, diffusion is fast and can easily compete with oxygen
depletion up to a depth of about 10 um. In practice, this effect is noticed as tacky surface. The diffusion depth is
strongly reduced at a higher viscosity but is still of importance. This is for example the case for offset printing
inks, where the ink thickness is in the range of lum.
If UV curing of coatings or inks occurs in contact with air, a considerable amount of photons is wasted in order
to reduce the oxygen concentration. Additionally, volatiles are generated via peroxy radicals, which can
contribute to an undesired odour of the cured products.
To avoid oxygen inhibition, nitrogen inerting (sometimes also called "nitrogen blanketing") is the preferred
technique. Nitrogen inerting means that oxygen surrounding the ink and adhering on the ink surface is removed
by a rapid nitrogen flow. Using this technique, oxygen residual concentrations of ppm can be obtained in the
inerting gas. Inerting is usually done in a closed chamber with small web inlet and outlet slits, a few hundred
milliseconds before UV curing takes place. Effective oxygen diffusion from coating to the gas nitrogen phase
results in a considerable decrease of the concentration of dissolved oxygen. The induction period decreases and
the ink undergoes faster curing.
Even if UV irradiance is high enough to enable UV curing under air, nitrogen inerting leads to important
technological benefits:

• reduced energy consumption,
• reduced heat transfer to the substrate,
• no ozone production,
• reduced smell of the cured product,
• reduction of photoinitiator concentration possible,
• reduced amount of extractables from the cured product.

For most UV curing applications mature technical solutions for nitrogen inerting are now available. In
particular, for curing of coatings and inks on paper and film the nitrogen consumption can be kept on a level at
which the costs of nitrogen inerting are compensated by savings in power costs.

2.10 Effect of temperature

The temperature dependence of the cure speed can be described by the combined action of three effects:
• the decrease of the induction period at a rising temperature,
• the effect of temperature on the polymerisation rate and
• the decrease of the residual unsaturation at increasing temperature (l0) .

The most pronounced temperature effect is that on the duration of the induction period. If the induction period is
comparable to the monomer conversion time, the temperature of the coating markedly affects the cure speed. In
inerted systems the induction time is , in general, small in comparison with conversion time. Here the third point
comes into play: the higher degree of cure, which can be observed at increasing temperature, means that the
conversion desired for the product to be commercial can be reached at a shorter conversion time.

3. Estimation of the cure speed from real-time FTIR results

The following example illustrates, how the cure speed can be estimated from real-time FTIR results:
Profile and amplitude of the irradiance created by the 308 nm excimer lamp in the product plane
(200 mm below the lamp) is measured using a CUV 270 silicon carbide diode which was calibrated by
chemical actinometry. If the area of the irradiance profile is kept constant, an irradiation interval Ax and
an averaged irradiance Im can be assumed as 5 cm and 200 mWcm" , respectively. Power and
geometry of the excimer irradiator entirely correspond to an industrial excimer lamp unit for web offset
printing (see Figure 12).
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Assuming that 30 ms two-lamp exposure provides the desired degree of cure and that an increase in
irradiance by a factor of 4 (from 50 to 200 mWcm'2) leads to half of the exposure time, the maximum
product speed is estimated as

V^x = Ax/Atexp = 0.05/0.015 = 3.3 ms 1 = 200 mmin \ (6)

In practice, using the same ink and UV curing unit as shown in Figure 12 a product speed of 300 m/min is
obtained. There are mainly two effects which prevent a better simulation of practical cure speeds: the
uncertainties imposed by small ink thickness differences and the photochemical dark reaction.
Especially for fast running curing processes, it is that dark reaction which mainly provides conversion.
Hence, to obtaining a high cure efficiency also means to create conditions for an effective dark reaction.

4. Excimer UV curing in web offset

4.1 General experimental conditions

We report printing trials which were performed using
• a commercial web offset printing press zirkon supra forte
• 308nm excimer lamps manufactured by Heraeus Noblelight, Hanau, Germany
• a test printing plate made according German FOGRA recommendations
• a scale series of commercially available printing inks UX 9175 X,

manufacturer Gebr.Schmidt Druckfarbenfabriken Frankfurt, Germany,
• nitrogen inerting.

4.2 Characteristics of the excimer UV source

Main characteristics of the excimer lamps used in the UV curing unit ( Figure 12) are summarised in Table 2.
Water-cooling of the cylindrical discharge lamp is easily accomplished by a cooling circuit feeding the UV
cassettes and the power supply. Figure 13 shows the scheme of the cooling system used. The deionised water
flows from the inner to the outer walls of the discharge vessel. Thus the surface temperature of the lamp
becomes only slightly higher than that of the environment. Emission of convected heat is prevented.

Table 2 Characteristics of the excimer UV source used

Lamp type
Emission spectrum
Discharge excited by
Specific electrical power
Maximum irradiance
Number of lamps used in the printing trials
Nitrogen inerting
Heat transfer to substrate

Excimer lamp (Heraeus Noblelight)
Monochromatic, 308 nm

RF, about 300 kHz
50 W/cm

200 mWcm"2

2
yes
no

Figure 12 Inerted UV Curing Unit Consisting of Two 308 nm Excimer Lamps
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Figure 13 Heat Management in an UV Excimer Curing System

4.3 Web offset printing press

Parameter and performance characteristics of the printing press used are given in Table 3. It should be mentioned
that the maximum web speed is 50.000 sheets per hour corresponding to 376 m/min. For a short time a maximum
speed of 400 m/min can be obtained.

Table 3 Operation Characteristics of the Web offset printing press zirkon supra forte

Running speed, mechanical
Web width, max - min
Printing width, max
Printing length, max
Plate size
Blanket size
Number of printing units

50.000 (52.000) sheets/h
660 - 450 mm
640 mm
441 mm
492 x 675 mm
498 x 700 mm
5

s:

4_I-
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Excimer UV unit

JoL

Figure 14 Web Offset Press Zirkon Supra Forte and Position of the Excimer UV Unit Within the Web Offset Press

The UV curing unit was placed behind the last printing unit, i.e., in final curing position. Especially interesting
for curing test was a printed black area and a 300% ink coverage area consisting of a superposition of yellow,
magenta and cyan.

4.4 Test results

Immediately after leaving the press the prints were tested by thumb twists. Curing was regarded as perfect when
the colors at any area of the print could not be wiped out.
Further testing was done by determining the amount of extractables from the test prints:
An defined area from the multicolor part of the prints was extracted for 10 min with 10 ml acetonitril in an
ultrasonic bath. After that time the extracted solution was analysed using reversed phase high performance liquid
chromatography (HPLC - Shimadzu LC 10 with diode array detection). Calibration of HPLC peaks was done
using wet inks under the same HPLC conditions. The photodiode array detector of the HPLC allowed a very
sensitive detection of the residual photoinitator content, of stable photoinitiator decomposition products and of
residual monomers.
Figure 15 shows the results of the extraction tests.
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Figure 15 Total Amount of Extractables from Prints Cured under Nitrogen
Two Lamp Excimer UV Curing Unit

Even at a web speed of 45.000 sheets per hour (corresponding to 339 m/min) the total amount of extractables
measured was well below the limit of 5 mg per dm2.
A nitrogen flow of typically 30 m3/h was applied to keep the residual oxygen concentration below 500 ppm.
Under these conditions the following maximum curing speed was obtained:

300 m/min for black and 300% ink coverage
400 m/min for yellow, magenta and cyan.

In the meantime, excimer UV curing units of the type described in this paper were successfully commercialised
by Heraues Noblelight, Hanau, Germany.
Interdeck curing units are also available. Due to an improved design of the inert gas chamber, the nitrogen
consumption was reduced to typically 5 m3/h per unit.
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5. Excimer UV curing in sheet fed offset

5.7 General experimental conditions

We report printing trials which were performed using
• a commercial sheet fed offset press Heidelberg GTO 52
• 308nm excimer lamps manufactured by Heraeus Noblelight, Hanau, Germany
• a test printing plate made according German FOGRA recommendations
• a scale series of commercially available printing inks, manufacturer SICPA, Germany,
• nitrogen inerting.
Figure 16 shows the general design of the sheet fed press. The excimer UV curing unit is placed in front of the
impression cylinder.

Nozzle

N2 channel

EXCIMER
UVUNIT

308 nm
Excjmer lamp

Printed sheet

Figure 16 Sheet Fed Offset Press Heidelberg GTO 52 and Position of the Excimer UV Curing Unit

5.2 Characterstics of the excimer UV source

For the sheet fed trials a one lamp 308 nm excimer UV curing unit was used. The basic characteristics of this
system are the same as given in Table 2. However, considerable changes had to be made to accomplish nitrogen
blanketing of the printed sheets before curing. The impression cylinder has clamps for the sheet transport . When
it is rotating air is "pumped"' into the curing zone. Therefore, a special nozzle inerting systen was designed in
order to cover the printed surface of the sheet by nitrogen before curing ( " ' .

5.3 The sheet fed press

Table 4 Operation Characteristics of the sheet fed printing press Heidelberg GTO 52

Running speed, mechanical
Sheet dimension

Print dimension
Diameter of plate, blanket and impression cylinder
Number of printing units

3000 - 8000 sheets/h
max. 36 x 52 cm

min. 10.5 x 18 cm
max. 34 x 50,5 cm

180 mm
1



5.4 Test results

The test were performed printing black with a colour density of 1.65 - 1.75.
Immediately after leaving the press the prints were tested by thumb twists. Curing was regarded as perfect when
the colours at any area of the print could not be wiped out.
The amount of extractables was determined as described above. Curing was regarded as perfect if less than 5 mg/
dm2 was extractable.
A nitrogen flow of typically 10 m3/h was applied.
Under'these conditions a maximum curing speed of 8000 sheets per hour was obtained.
The first excimer UV curing units for sheet fed offset are now being commercialised.

6. Conclusion

The development of highly reactive offset printing inks and an improved design of nitrogen inerting units were
the most important prerequisites for the successful use of 50 W/cm 308 nm excimer lamps in excimer UV
curing units for printing inks which allow maximum curing speeds of

300 m/min in web offset and
8000 sheets per hour in sheet fed offset.

Technological benefits expected from the use of dielectric discharge driven 308 nm excimer lamps in excimer
UV curing units such as

• no ozone formation,
• no heat transfer to the substrate or machine,
• no substrate decomposition,
• simple control

could all be demonstrated under real printing conditions.

However, curing speeds of 300 m/min in web offset or 8000 sheets per hour in sheet fed offset are below the
maximum printing speed of fast running machines. An increase of the UV output power of the excimer lamp is
the only realistic way to reach curing speeds which correspond to the fastest machine speeds in printing.
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The Application of PS Printing Plate With

Biimidazole Photosensitive Initiating Systems

LiLidong XUJinqi GAO Fang YANG Yongyuan MY0001404
Institute of Photographic Chemistry, The Chinese Academy of Sciences,

Beijing 100101, P. R. China

The ultraviolet photosensitive initiating system is composed of 4,4'-bis(N,N'-dimethyl-

amino)benzophenone(MK), 2-chlorohexaarylbiimidazole(o-Cl-HABI) and a hydrogen donor coinitiator

n-dodecyl mercaptan(SH). Under the irradiation by high pressure mercury lamp, the relationship

between the photopolymerization rate of MMA and the concentration of each component of the system.

including MK, o-Cl-HABI and SH, was studied. The excellent results have been obtained through

studying the system's application on PS lithographic printing plate.

Keywords: biimidazole, photopolymerization, photosensitive initiating system

1. Introduction

In recent twenty years, photosensitive polymer materials, such as photoresist, ink,

coating and photosensitive printing plate, have been developing rapidly1' ~\ Among these

photosensitive polymer materials, photosensitive rate is a greatly important technical standard,

especially in Printing plate. The printing plate has been developed to the age of computer-to-

plate. The image can be obtained as soon as exposed under the laser source, and it means that

the sensitivity of photosensitive materials is very high'31. So, research work has been focused

mainly on high efficiency photosensitive initiating systems'241. In various photosensitive

initiating systems, biimidazole system has many virtues, such as high sensitivity, excellent

stability. Our research group has studied several biimidazole visible photosensitive initiating

systems'5'61. In this paper photopolymerization kinetics of biimidazole ultraviolet

photosensitive initiating systems were studied, and then polymer PS plate was prepared and

excellent results were obtained.

2. Experimental

2.1 Materials

o-Cl-HABI was purchased from TCI Chemical Corporation. MK, SH and MMA were

purchased from Beijing Chemical Reagent Corporation. Trichloromethane and MMA were of

analytical purity and purified by distillation before use.

2.2 Methods

(1) Photopolymerization was carried out in a dilatometer (®=10mm) at 30°C.The sample

tubes were rotated around the light source. A high-pressure mercury lamp (500W) was used,

and its short wavelength light (<300nm) was filtered by two pieces of Pyrex glass filters. The
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solution was deaerated by bubbling highly pure nitrogen for 30 minutes.

(2) The solution composed of MK, o-Cl-HABI, SH and MMA was coated on 2.5cmX

15cm aluminum plates that have been electrolyzed and oxidated, followed by drying at 100°C

for 2 minutes, and then 1% polyvinyl alcohol (PVA) solution was coated and dried at 100°C

for 2 minutes. Using 21-step stouffer wedge as the mask, the plate was exposed to a light of

1KW high-pressure Hg lamp positioned at a distance of 10 centimeters for 10 seconds. After

imagewise exposure, the plate was developed with a solution of 5% Na2CO3 at 25 °C for 30

seconds. After washing with water, the image was observed.

3. Results and Discussions

3.1 Absorption spectra

The absorption spectrum of MK in trichloromethane displays a strong broad band in the

UV region: A. ^ ^ S e n m and e ,^=3.41 X 104mor1»L»cm'1. o-Cl-HABI absorbs strongly in

the UV region: A. ^ ^ O n m and e max=2.58X 104mol'1»L»cm"1. The bond energy of C—N in

o-Cl-HABI is very low, which leads to the easy homolysis of o-Cl-HABI when exposed in

UV light or heated171. The absorption spectrum of the mixture of MK and o-Cl-HABI in

trichloromethane has no shift. This indicates that there is no formation of (MK)-( o-Cl-HABI)

complex in the ground state.

3.2 Photopolymerization procedure

The photosensitive initiating systems is composed of MK. o-Cl-HABI, SH and MMA,

which act as sepsitize, initiator, hydrogen-donor and monomer respectively. Many research

works on the dye sensitization mechanism in the polymerization of HABI have been

reported™. Because of the fact that the energy of the first excited singlet and triplet state of o-

Cl-HABI is higher than those of MK(See Table 1), the probability of energy transfer must be

consider to be negligibly low.

Table 1 [4] Singlet and triplet energies

Compound

MK

o-Cl-HABI

ErCkJmol"1)

233, 260"

283"

E^kJmol1)

307"

352"

"Calculated

In fact, MK is excited to 'MK'by UV light and then 'MK* readily undergo intersystem

crossing to the triplet state, 3MK*. On encounter of 3MK* with o-Cl-HABI, an "encounter

complex"(EC*) is formed which decomposes very rapidly either by the formation of

imidazolyl radicals and MK (a) or by the formation of a charge transfer complex(CTC) which

decomposes into free radicals ions(b). Alternatively, radiationless deactivation according to

reaction (c).
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The mode of interaction between the partners in the encounter complex is determined by

orientation. Therefore EC* is not a strictly definable species and the fate of the reaction of
3MK* with o-Cl-HABI depends on the mutual orientation of the reactants at the moment of

encounter. Route (b) is not favored as demonstrated by the very low quantum yield of ions. A

similar mechanism has been postulated for the hydrogen-abstraction reaction between

benzophenone(BP) triplets and diphenylamine(DPA)[4].

Triarylimidazolyl radicals can initiate the polymerization of MMA. but there are not

very effective due to their large sizes. SH is a hydrogen donor that can reduce o-Cl-HABI

radicals to generate SH free radicals. SH free radical is a more effective initiator, so the

polymerization is prompted[8].

R* +SH —R" + SH- +

SH"+ —S-+ H+

S • + MMA — SMMA •

SMMA* + (n-l)MMA — PMMA

3.3 Effects of the Concentrations of the Components

Sensitizer MK Fig. 1 shows the relationship between photopolymerization rate Rp and

the concentration of MK. When the concentration is lower than 1.01 X 10 : mol/L, lgRp is

proportional to lg[MK]. However, when the concentration increases furthermore, Rp

decreases.

This phenomenon of inversion has been observed in other photopolymerization systems.

A high molar extinction coefficient of the sensitizer at the wavelength of the light source is

necessary in order that it can excite the system effectively. However, on the other hand, it

makes the light difficult to pass through the system because the sensitizer absorbs the light

effectively, then decreases the polymerization rate when its concentration is higher than the

critical value.

1 . 3 -

1.8 2 . 0 2 . 2 2 . 4 2 . 6 2 . 8 3 . 0 3. 2 3. 4 3 . 6 3 . f

lg[MK]+5

Fig. 1 The influence of [o-Cl-HABI] on Rp

[O-C1-HABI]=1X102 mol/L [SH]=1X 102 mol/L [MMA]=2.86mol/L
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Initiator o-Cl-HABI Fig.4 shows the relationship between Rp and the concentration

of o-Cl-HABI. When the concentration is lower than 1.41 X 10"3 mol/L, lgRp is proportional

to lg[HABI]. While the concentration increases furthermore, Rp decreases. The reason for this

effect is that triarylimidazolyl radicals (R), whose maximum absorption is at 550nm, can

absorb visible light and recombine rapidly in high concentration to form o-Cl-HABI

reversibly. On the other hand, it can make the light becoming difficult to pass through the

system with the increase of o-Cl-HABI because the initiator absorbs the light effectively. So it

should have a critical concentration value of o-Cl-HABI.

1.76-

1.74-

1.72J
1.70-

to 1.68-

^ 1 . 6 6 -

"" 1.64-
V

1.62.

1.60-1 ^ . --'

0.0 0.5 1.0 1.5 2.0
lg:HABI]+5

•9

2. 5 3. 0

Fig.2 The influence of (o-Cl-HABI] on ftp

[MK]= 1X 10'2 mol/L [SH]= 1X 102mol/L [MMA]-2.86 molL

Coinitiator SH Fig. 3 is the monomer conversion curve with SH(A) and without SH(B).

The curves have big difference. Triarylimidazolyl radicals can initiate the polymerization of

MMA, while there are not very efficient due to their big sizes. SH is a hydrqgen donor that

can reduce o-Cl-HABI radicals to generate SH free radicals. SH free radical has more

effective initiation, so the polymerization is prompted.

3-

v"
. • ' _ . — — • - - * - "

(A)

(B)

10 15 20
t/min

25 30

Fig.3 The influence of [SH) on MMA conversion

[MK]= 1 X 10'2 mol/L [o-CI-HABI]= 1 X 10'2 mol/L [MMA]=2.86 mol/I, [SH]= 1 X 102 mol/L

4. Application in Presensitized Printing Plate

Routine negative presensitized printing plate is composed of two types, photocrossing

and photopolymerization. Photocrossing has been applied for many years in the world, but

photopolymerization negative PS printing plate were focused by people in recent years

because of its high sensitivity and long printing runs.

In this work, the photosensitive initiating system is composed of binder resin modified
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poly(styrene-co-maleic anhydride) resin, sensitizer MK, initiator o-Cl-HABI. coinitiator SH.

and polyfunctional acrylate. The solution was prepared according to the best rate obtained

from above kinetic experiments. According to experimental method II, many excellent images

were gained. The resolution is 10 u m at high exposure part and 7 i* m at low exposure part,

and halftone dot repetition is 97%. The sensitivity of new negative photopolymerization PS

printing plate is 9.42 mJ/cm2. The sensitivity is higher 12 times than routine PS printing plate

whose sensitivity is about 100mJ/cm2. So the new negative photopolymerization PS printing

plate is a highly sensitive printing plate.
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THE APPLICATIONS OF VIP 397/418 BULBS IN FREE RADICAL WHITE
PIGMENTED COATINGS: UV CURING EVALUATION FOR DIFFERENT FREE

RADICAL WHITE PIGMENTED FORMULATIONS (I)
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Fusion UV Systems, Inc. MY0001405
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Phone (301) 990 8700, Fax (301) 527 2661

1. Summary

White pigmented coatings have gained commercial success using a Gallium doped
microwave F600-V bulb. A novel VIP 397/418 bulb* has been made recently, by Fusion UV
Systems, to increase UV curing efficiency of white pigmented coatings (1). Previous research work
has shown that the VIP 397/418 bulb can cure cationic white pigmented coatings 40-60% faster
than a F600-V bulb (2). Further evaluations of free radical white pigmented coatings have
produced significant data indicating that better physical properties (40-50%) or higher cure speeds
(50%) can be obtained by using the VIP 397/418 bulb than a F600-V bulb.

2. Introduction

One of the challenging things, in the UV curing industry, is to cure pigmented coatings due
to their absorping, reflecting and scattering of UV light. White pigmented coatings have offered an
even greater problem due to the high absorption and reflection of rutile titanium dioxide (3). As a
result, formulators usually have problems of how to cure white pigmented coatings at
commercially acceptable line speeds. There is a curing window near the minimum of the
absorption-reflection spectrum of TiO2 in white coatings. It is clear that any additional UV energy
between 390 nm and 420 nm will improve the physical properties of white pigmented coatings or
accelerate their cure speeds. The F600-V bulb is usually the bulb of choice because of its
emission spectrum at 400-420 nm that is located in the TiO2 transmission window (Fig. 1). In this
paper, we will demonstrate how to enhance the curing of free radical white pigmented coatings by
adding a 397 nm emission peak to the F600-V bulb (Fig. 2).

Fig. 3 is the superimposed emission spectra of the F600-V bulb and the VIP 397/418 bulb.
The VIP 397/418 bulb emits 44% more energy in the TiO2 window (390-420 nm) than a F600-V
bulb. This added 397 nm peak produces good matching with most photoinitiators used in white
pigmented coatings. These factors should benefit curing thicker clear coatings, laminate coatings
and white pigmented coatings, which require relative longer wavelength energy to achieve deep
cure. We have evaluated the influence of this new bulb on the photoinitiation of Darocur 4265. In
a future paper, we will examine the efficiency of the VIP 397/418 bulb for curing white pigmented
formulations containing other phosphine oxide photoinitiators.

•The Fusion high pressure or VIP bulb designations are based on their principle wavelengths. The VIP 397/418 bulb was previously
identified as a 'VIP-W" bulb (reference 2).
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3. Experimental

Hardness of cured films was tested using a Pendulum Hardness Test Instrument from
Erichsen. (4) The spectra of FT-IR were recorded on a Spectrum 2000 spectrometer from Perkin
Elmer. Static emission differences between the VIP 397/418 and F600-V bulbs were measured
with a calibrated monochromator from SA Instruments.

The white pigmented coatings and the clear coatings were applied at about 25 microns on
Q-panels, except where otherwise mentioned in the text. The wirewound drawdown bar was used
to control coating thickness. Mek double rubs were used to measure solvent resistance of cured
films. The degree of cure of the free radical formulation, without Titanium Dioxide, was measured
using FTIR at 795-820 cm'1 between NaCl windows. The film thickness was controlled with a
Teflon spacer. To minimize the influence of coating thickness variation on the degree of cure,
average data were used.

4. Results and Discussion

(1) Cure Efficiency of Photoinitiators in White Pigmented Coatings

Photoinitiators are the link in UV curable formulations between the light source and the
resin system. Cure efficiency really depends upon the ability of the photodecomposition of the
photoinitiator under a given light source. Therefore, to get a good matching between emission
spectra of a light source and absorption of commercial available photoinitiators is one of the
important strategies in ythe design of an UV curing system. According to the spectra of TiO2

absorption/reflection (Fig. 1), most of the energy from the UV lamp, under 370 nm and above 450
nm, will be wasted during the UV curing process of white pigmented coatings. This will lead to
some limitations such as the level of loading pigment, film thickness and cure speed in white
pigment coatings. To overcome these problems, some photoinitiators such as Darocur 4265,
Irgacure 1700 and CGI 819 that have significant absorptions in the range of the TiO2 curing
window have been commercialized from chemical suppliers (5). The emission spectra of the VIP
397/418 bulb has a good matching with absorption spectra of the above mentioned photoinitiators.
Meanwhile, the VIP 397/418 bulb with 36% increased total energy and 44% increased targed
energy from 390 nm to 420 nm should play an important role in improving curing efficiency of
white pigmented coatings. Table 1 illustrates the emission output of an F600-V bulb, compared to
a VIP 397/418 bulb.

Table 1 Comparison* of outputs between the F600-V bulb and the VIP 397/418 bulb

Bulb Type 200-300 nm 250-300 nm 300-350 nm 390-420 nm 200-600 nm

F600-V 37 Watts
(s/n:13VSDTD008)
VIP 397/418 70 Watts
(s/n: 15XAG17)

190 Watts 232 Watts 547 Watts 1791 Watts

336 Watts 393 Watts 784 Watts 2440 Watts
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Fig. 4 TiO218%, CN120/HDDA (1:1), Darocur
4265 1.5%, Irgacure 184 0.5%

Cured by VIP 397/418 Cured by F600-V

Fig. 7 TiO2 27%, CN120/HDDA (1:1),
Darocur 4265 1.5%, Irgacure 184 0.5%,

200 fpm

Cured by VIP 397/418

Fig. 5 TiO227%,CN120/HDDA(l:l),
Darocur 4265 1.5%, Irgacure 184 0.5%, 200 fpm

I
Cured by VIP 397/418 Cured by F600-V

Fig. 8 TiO2 35%, CN12Q/HDDA (1:1), Darocur
4265 2%, Irgacure 1841%, 15 fpm

300 D Cured by VIP 397/418 bulb

• Cured by F600-V bulb

133

Cured by VIP 397/418 Cured by F600-V

Fig. 6 TiO235%,CN120/HDDA(l:l),
Darocur 4265 2%, Irgacure 184 1%

Fig. 9 CN120/HDDA (1:1), Darocur
4265 1.5%; Irgacure 184 0.5%, 5 fpm
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*When these tests were done, both bulbs had been run for 450 h.

(2) Physical Property Differences of Cured Films

The curing of free radical formulations were evaluated for the F600-V and VIP 397/418
bulbs by examining physical properties such as Hardness and Mek ressistance. Pendulum Hardness
for a particular coating can give a good indication of the extent of cure. Hardness is also directly
related to the degree of crosslinking and the degree of double bond conversion in a given cured
film. For example from Fig. 4, one can see that if a hardness of 27 swings were needed for this
film, it could be achived at 300 fpm with a VIP 397/418 bulb. The same hardness would be at 200
fpm with the F600-V bulb, which is a 50% decrease in cure rate. Fig. 4, 5 and 6 also illustrates
that a film cured by the VIP 397/418 bulb, at same speed, can have 40-50% more hardness than a
film cured by a F600-V bulb. Figure 7 and 8 shows hardness differences for the cured films using
two different bulbs after 24 h post cure. The hardness of films cured by the VIP 397/418 bulb still
performed about 40% better than the films cured by a F600-V bulb after 24 h post cure.

For the clear coating, a 25-micron film cured by a VIP 397/418 bulb can have 80% more
hardness than a film cured by a F600-V bulb (Fig. 9). When the film thickness is increased to 50
microns (Fig. 10), the VIP 397/418 still has 68% better performance than a F600-V bulb.

Fig. 11 is a measurement of Mek double rubs test. By using the VIP 397/418 bulb, one can
obtain a film with 60% more Mek resistance than using the F600-V bulb. That means, for this
white pigmented coating (35% TiO2), higher solvent resistance or crosslink films can be gained
with the VIP 397/418 bulb. Fig. 12 shows the Mek double rubs result for a clear coating. Again,
the VIP 397/418 bulb has a much better performance (100%) than the F600-V bulb.

(3) Conversion of Epoxy Functional Groups

The infrared spectra of the double bond functional groups (795-820 cm"1) were monitored
using FTIR to follow the photopolymerization process. In Figure 13 we confirmed that the VIP
397/418 bulb could increase the double bond conversion by 16%.

4. Conclusions:

The VIP 397/418 bulb emits 44% more UV energy in the TiO2 window (390-420 nm) than
the F600-V bulb. Also the VIP 397/418 bulb has a better match between the emission spectra of
the lamp and the absorption spectra of the phosphine oxide photoinitiators. By using the VIP
397/418 bulb, we have obtained 50% faster cure speed or 50% better physical properties such as
pendulum hardness and Mek resistance than using the F600-V bulb in white pegmented coatings.
Formulators should gain benefits from using the VIP397/418 bulb in the white pigmented coatings.
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ABSTRACT

The photopolymerizable materials for recording holograms were composed of

higher-index polymers, lower-index monomers, and photoinitiators. The materials have

sensitivity from UV to green light(514.5nm). The diffraction efficiencies of the transmission

holograms recorded by two beams from a laser were more than 80%. These holograms have

good physical and chemical stability. The mechanisms of the formation of holograms was

discussed.

1. INTRODUCTION

In recent years, a number of photopolymers1"5' have been proposed for recording

high-resolution and high-diffraction efficiency phase holograms. They are useful for

applications as optical elements, 3D-displays, security, and optical devices. We have

developed the photopolymerizable materials consisting of higher-index polymers,

lower-index monomers, and photoinitiators. In this paper, experimental results for

transmission holograms are reported and the mechanisms of refractive index modulation in

photopolymerization of the materials are discussed.
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2. EXPERIMENTAL

2.1 Preparation of photosensitive layer

The photopolymerizable materials used in this work were prepared by mixing

higher-index polymers with lower-index (metha)acrylic monomers and photoinitiators as

benzil or coumarin and so on. A small amount of organic solvents was added to improve the

viscosity and solubility. The solution of the materials was coated on a glass plate and dried

at room temperature under vacuum, then sandwiched with another glass plate. The thickness

of the samples was prepared using PET film as spacer.

2.2 Record of transmission holograms

He-Cd laser(441.6nm) and Ar ion laser(488nm, 514.5nm) were used for recording the

transmission holograms with usual recording optical arrangement. After recording the

interference pattern, no treating to fix such as heat processing or postexposure of UV

needed.

3. MECHANISM OF REFRACTIVE INDEX MODULATION

Figure 1 shows the mechanism of refractive index modulation during hologram

formation. The mixture of polymers and monomers on glass plate was exposured to

interference pattern of light. Then, the highly photopolymerizable material, such as

(metha)acrylic monomer, begins to polymerize in the bright regions of interference pattern.

This result produces concentration gradients of monomer between the bright and the dark

regions. This gradients lead to move the mobile unreacted monomers from the dark regions

into the bright regions where they polymerize further. As a result, the mixture separates into

polymers in the dark regions and polymeric monomers in the bright regions. On exposure to

white light diffusion ceases and a phase hologram is formed with refractive index

modulation.
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Fig. 1 The mechanism of refractive
index moduration during hologram
recording.

4. RESULTS AND DISCUSSION
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Fig. 2 Diffraction efficiency - exposure
curves for the transmission holograms at
441.6nm. Circular and triangular marks
are ME and AC monomers, respectively.

4.1 The influence of type of monomers on transmission hologram recording

Figure 2 shows the diffraction efficiency - exposure curves for the transmission

holograms produced using the materials consisting of higher-index polymers, lower-index

monomers, benzil, and Michler's ketone. Acrylic and methacrylic monomers were used. The

holograms were recorded by two beams of He-Cd laser at 18° angle. The spatial frequencies

investigated correspond to 708 lines/mm. The light intensity of each beam was adjusted to

1.3mW/cm2. The peak values of the diffraction efficiency are 91.6% at 250 mj/cm2 for

methacrylic monomers(ME) and 90.6% at 80mJ/cm2 for acrylic monomers(AC),

respectively. Thus, these peak values of diffraction efficiencies in both monomers are same

level, but exposure value at the peak value of AC is quite promoted as compared with that of

ME. These results may be due to the difference of photopolymerization rate because the

polymerization rate of AC are faster than that of ME.
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4.2 The record of interference pattern by Ar ion laser

Next, we investigated the ability of record of interference pattern by two beams of Ar ion

laser(488nm). Figure 3 shows the diffraction efficiency - exposure curve for the transmission

holograms produced using the materials consisting of higher-index polymers, lower-index

acrylic monomers, and coumarin type initiators. The holograms were recorded by two

beams of Ar ion laser at 34° angle. The spatial frequencies investigated correspond to 1200

lines/mm. The light intensity of each beam was adjusted to 3.1mW/cm2. The peak value of

the diffraction efficiency is 89.3% at 100 mJ/cm2. The shape of this curve shows a steep rise

in efficiency until 10 mJ/cm2 and the ability of record is comparable to that of the system

recorded by He-Cd laser.
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Fig. 3 Diffraction efficiency - exposure
curve for the transmission holograms at
488nm.

Fig. 4 Diffraction efficiency - resolusion
curve for the transmission holograms at
488nm.

4.3 The influence of resolution on record of grating pattern

The influence of resolution on transmission hologram recording was examined by using

Ar ion laser with above same compositional materials. The result was showed in Figure 4.

The diffraction efficiencies are kept approximately constant at 50 ~ 60% in wide range of

resolutions from 1000 lines/mm to 3000 lines/mm. Thus, good performance for resolution

was observed.
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4.4 The observation by TEM

The grating pattern recorded in a hologram was observed by means of TEM. The sample

was recorded by Ar ion laser(488nm) and was of 73% diffraction efficiency and 16 n m

thickness. Figure 5 shows a vertical sectional view of the sample colored by lutenium acid.

There was stripe pattern in the film thickness direction, and it was proven that the period

was the about 0.7 \x m. Thus, the grating pattern based on the difference of refractive

indexes was clearly observed. In general, it is considered that the coloring agent is linked

with residue unsaturated groups of the monomer rich region than polymer region. We have

previously revealed that the different of the molecular structure exist in the bright regions

and the dark regions by infrared spectral analysis6'. The result of TEM are consistent with

this one.

Fig. 5 TEM photograph of the transmission
hologram recorded using 488nm Ar ion laser.

5. CONCLUSION

The photopolymerizable materials for recording holograms were described. These

materials were found to be high-sensitivity, high-diffraction efficiency, high-resolusion and

high-transparency. The recording systems are self-developing and white light is sufficient for

fixing. The obtained films were stable for solvents such as acetone, toluene, and THF. These

results indicate that the three-dimensional network is formed in this hologram formation

system.
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1. INTRODUCTION
The electron beam(EB) curing technology has rapidly advanced in recent years.

However there were few examples applying this technology to paper products. One reason
comes from the high price of EB equipment and the other comes from the difficulty of
controlling the irradiation which gives damages to paper. In spite of these problems, the EB
cured coating layer shows remarkable features, such as solvent-resistance, water-resistance,
heat-resistance and high smoothness using the drum casting technique. Concentrating on
application of this technology to paper, we have already developed some products. For
example, paper for printings (Super Mirror PN) and for white boards (Super Mirror WB) have
been manufactured. In this presentation, we are going to introduce this EB curing technique
and the products.

2. APPLICATION TO THE PAPER PRODUCTS

2-1 The difference from conventional method of coated layer formation
The characteristic of paper products using electron beam curing technology was shown
in the table in comparison with a conventional heat drying coatings formation method.

Drying time
Processing Temp.
Energy efficiency

Space
Coatings

Conventional
Method (Thermal)
Few sec. ~few min.

80 ~ 250°C
100

40 m
Solvent use

Electron Beam Curing Method

Instantaneous —• High Productivity
Room Temp. —» Base Selection Free

2 —* Save Energy, Save Cost
7 m —*• Save Space

Non-solvent —• Low Pollution

Table 1: Characteristic comparison of conventional drying method and EB method

In the case of the electron beam curing method, drying(hardening) completes in very
short time. It is because the energy of the electron beam is very high. Therefore
excelling in productivity makes the defective rate of the product can be restrained low.
The base material does not receive the influence by heat in the electron beam curing
method. Therefore doing can spend to heat freely even a weak base material even the
product handling immediately after production is easy. There is the possibility that
even the production cost can reduce because the energy efficiency is high. It is
advantageous in an environmental problem because it does not include solvent in the
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2-2

coating color and the low pollution able to expect.
Coating layer which was hardened by the electron beam has three dimensional cross-

linked structure. Therefore it is considerably more excellent than the coating layer of
water-based system, solvent-based system that the characteristics such as water-proof
and chemical-resistance and heat-resistance has been used in an existing general paper
processing field. Also even the damage is hateful the accompaniment because the
surface strength is high.

The coated and cured surface has higher smoothness than that of conventional heat
dry system.

Variations of the electron beam irradiation method
There is the permeability to a substance as one of the characteristics of the electron

beam. By using this characteristic we can do various irradiation methods.

Direct Irradiation

/%\ Coating Head

Paper

Film Casting Method

na
Film

Film

Paper or film Paper or film
(coated)

Paper Coating
Color

Drum Casting Method

Casting \

drum Cured Coating Color

Figure 1: Variation of the electron beam irradiation method

It is very important thing to select the irradiation method that fits the purposes such
as the function, productivity, cost of the product. Especially the electron beam curing
method with casting drum (EB drum casting method) is the one that is skillfully using
the characteristic of electron beam curing technology and an excellent characteristic is
shown in the quality, economical efficiency and etc. of the products.
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EB drum casting method
In the EB drum casting method, the EB resin that was applied to the base paper is

hardened in the condition which is contacting with the casting drum. The electron
beam is irradiated through the base paper from the back side of the paper. The surface
smoothness of the cast drum is transcribed on the surface of the product. If the
surface of the cast drum is a mirror face, the surface of the product becomes a mirror
face . If the surface of the cast drum is the one which has a pattern, the surface of the
product becomes the pattern .

The EB drum cast method is the process that utilizes two characteristics of the
electron beam permeability and the non-solvent coatings.

The surface of the product which was obtained with the EB drum casting method has
more excellent smoothness in comparison with it of coated paper manufacturing
process that has been earned out since before.

The surface form of the paper, that was obtained with conventional heat drying cast
coated law and also extrusion laminating method and EB drum casting method was
compared with the 3-dimensions smoothness tester chart. The result is shown in
Figure 2.

Typical cast coated paper ?

"EB drum casting
coated paper

Figure 2: Three dimensions surface smoothness tester chart

3. THE CONSIDERATION POINT OF EB PROSECCING TO PAPER
There are several items to pay attention, in the case that it tries to apply electron beam

curing technology to paper processing.
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3-1 The deterioration of paper strength
The cellulose fiber that is the material of paper is deteriorated by the irradiation of the
electron beam. As a result the mechanical strength of paper falls off. The deterioration
degree is shown in the figure3 at the folding endurance of coated paper by electron
beam irradiation as the example.

LU

LU

3 4
(Mrad)

Figure 3: The deterioration degree at the time of resistance

The degree of the strength decline of the paper by electron beam irradiation was
influenced by such things as the moisture and kind of paper. However, that the strength
of the paper falls off is unavoidable. It is necessary to control electron beam irradiation
strength as low as possible in order to restrain the strength decline of paper. Therefore,
the electron beam curable resin needs to be high reaction type.

Even the accelerating voltage of the irradiation electron beam is an important point.
In the drum casting method, the electron beam irradiation to the base paper is
inevitable, because the irradiation of the electron beam is carried out from the back of
the base paper. Therefore the accelerating voltage must be set up to the optimal size
corresponding to the thickness of the base material, as the electron beam is irradiated to
the EB resin application layer effectively.

3-2 Barrier property of paper
EB coating color penetrates into base paper layer using the usual paper without

barrier . In this case, fine coated surface is not obtained by penetration. Therefore a
proper barrier layer is necessary to the base paper. We can use the same material of
barrier layer as it for general solvent system coating color. In this case, we must pay
attention to the decline of the adhesive strength between the electron beam hardening
resin layer and barrier layer. We can adopt to make paper of high size degree, or to
make paper with another coated layer or laminated layer.

3-3 Adding the special function of EB coated paper.
EB curable coating color should be designed to get the following characteristics.

The layer of cured resin have water-proof, chemical-resistance, scratch-resistance,
flexibility, etc.

The EB resin can be cured with low dose, to prevent the decline of paper strength .
The coating color viscosity is controlled in the proper range to get the smooth
operation.
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4.VARI0US KINDS OF PRODUCT THAT WE DEVELOPED
We made much effort in developing the high smooth, high gloss, and highly functional

surface products. Our main research was to combine the coating resin and other additives,
although we did examination regarding a necessary EB irradiation method to obtain the
quality. Figure 4 shows the concept Figure of 1 pass 2 coating layers by EB drum casting
method that our Oji developed.

EB Processor

Release Roll

Casting Drum

Coater
Coatings

(under layer)
Coatings

(upper layer)

Figure 4: 1 pass 2 layer by EB drum casting method

By combining proper 2 coating heads and 2 EB irradiation devices that were arranged to 1
cast drum it became possible to develop the products that have an excellent function.

Up to now, we have developed the following products by utilizing this equipment.

(Available products f6r customers)
The ultra high gloss off-set printing paper for a poster, calendar, picture postcard

"Super Mirror PN"
The ultra high gloss printing paper for a commemoration album

"Super Mirror AL"
Paper base white board form

"Super Mirror WB"

(Special order products and new products under developing)
The process peeling paper for synthesis leather
High-grade photographic paper
Metalized base paper
Metallic paper

5. POSTSCRIPT
By using applying electron beam curing technology we have developed various kind of

new product.
Before the start of study, the electron beam curing technology was the unknown field for us.

Therefore we couldn't help proceeding with much try and error. However, we could reach
some succeeding point. We would like to develop deeper here after.
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1. INTRODUCTION

Textile printing is the technique of applying color to fabrics with a high degree of color adhesion (color

fastness). The standard methods for wet printing are flat-bed screen printing, rotary screen printing, and

using an engraved copper roller. At present, the two most important methods for printing high volumes

of fabric for today's markets are flat-bed and rotary screen printing. Combined, these two techniques

make up nearly 80% of the total textile printing output.

Textile print pastes consist of highly concentrated solutions of textile dyes with sodium alginate or

carboxymethylcellulose. The many chemicals in the printing paste that don't contribute to dyeing

fabrics are lost by soaping and washing in the finishing process. This method has a negative impact on

the environment.

Pigment printing is also popular for textile printing. Ease of application on a variety of fabrics, simple

recipes, and the absence of a special fixation step are the primary factors contributing to the popularity

of the method. However, the Japanese market prefers dyed printing more than pigment printing for the

soft textures it processes. Pigment pastes mainly consist of an acrylic ester co-polymer resin emulsion.

About half of the paste is made up of volatile matter such as mineral spirit and should be used only in a

well ventilated area. This method also has a negative impact on the environment.

Friction to resistance, color adhesion (color fastness) after washing, exposure to light and flexibility

were evaluated in this study for EB curable printing on fabrics.

2. EXPERIMENTAL

The fabrics used were standard test fabrics, plain weaves of polyester, nylon and cotton.

The chemicals used for EB printing inks were urethane acrylate oligomer (ARAKAWA

CHEMICAL) and polyethylene glycol diacrylate monomer (KYOEISHA). The viscosity of the

pigmented ink was intentionally formulated to be about 13Pa*s. The ink was applied on the test fabric
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using a 100-mesh and a 350-mesh flat-bed screen respectively. These screens gave approximately 60

cm /m and 16 cm7m wet ink each. The 100-mesh flat-bed screen was used to compare with the

conventional screen printing.

Friction to resistance was tested through rubbing according to Japanese Industrial Standards (J1S). The

rubbing tester had six weights of 500g each and the weights rubbed 10cm of the sample for 100 cycles,

30 cycles per minute. White cotton fabric was attached to the weights to test for staining.

The textile bending resistance tester was used to measure the flexibility of the print fabrics. The top of

the tester is flat and it has a scale. The slope is 45 degrees. The sample size was 2.5cm in width and

20cm in length. Testing direction is lengthwise. Moving a sample carefully and slowly onto the tester's

smooth surface, the distance moved was measured when the top of the sample touched the slope of the

tester. The sample was measured twice, both the printed side and its underside.

Irradiation was carried out in a nitrogen atmosphere using a Nisshin Highvoltage Curetron System.

The accelerated voltage was held at 200keV and the dosage was at 20/30/50kGy for each sample.

3. RESULTS AND DISCUSSION

Rubbing Resistance

The formula of EB curable printing ink and conventional screen ink are shown in Table I . The both

formula were formulated to be suitable for polyester fabric.

Table I Formulas of screen print ink

Conventional EB curable

Binder 15 Urethane Acrylate 67
Pigment 3 Polyethylene glycol diacrylate 13
Reducer 82 Pigment 20
Crosslinker 3 Antifoam if necessary
conventional print was cured for five minutes at 130°C

After rubbing, color fastness was evaluated by checking the contamination of the white cotton both

with our eyes and with a spectrophotometer. However, because spectrophotometer values are not

always accurate when measuring samples of varying consistency, the eye result is shown in Table II

and HI. Five was the best value, meaning that the cotton was not contaminated by the sample. Actually,

the numerical value of 4-5 indicates uncontaminated samples too. The numerical values of 1 or 2

indicate contaminated samples. Therefore, if the numerical value is less or equal to 2, the print fabric
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Table II Effect on the ink volume to rubbing resistance on polyester fabrics

Screen
Dose

Ink volume (g/m2)
Rubbing resistance

dry
wet

(C)
8.8

3
1-2

100-mcsh
20kGv

41.1

2-3
3

30kGv

41.1

4-5
4-5

50kGy

44.6

4-5
4-5

20kGv

23.4

4
4-5

350-mcsh
3()kGv

22.2

4
4-5

50kGy

17.8

3-4
4-5

(C):convcntional screen print

Table III Rubbing resistance of nylon and cotton fabrics

Fabrics
Dose

Ink volum (g/m2)
Rubbing resistance

drv
wet

( Q

4.1

2-3
2-3

nylon
20kGv 30kGv

39.3 41.7

4-5 4-5
4-5 4-5

50kGv

41.8

4-5
4-5

(C)

9.4

3-4
2

cotton
20kGy

60.8

2
2

30kGy

58.9

2
2

50kGv

58.2

2
2

(C):conventional screen print

does not suit the fabric.

This test is usually carried out in both dry and wet conditions. The wet condition uses cotton that has

absorbed water equal to the weight of the cotton. In general, the result with wet conditions is worse than

the result of dry. In EB screen print using 100-mesh and 350-mesh screens, the numerical results were

opposite those of the conventional screen print. One of the reasons is the difference of surface tension, of

EB curable ink and conventional screen ink against water. Color adhesion improved with the decrease

in frictional resistance. Also the volume of ink on the fabric affected the resistance. The lower the ink

volume the more the load per area increased. Therefore, the resistance becomes worse with the decrease

in ink.

The rubbing resistance for cotton fabric was lower than the other fabrics and the conventional print

fabric. The EB ink was not suitable for printing on cotton fabric, and the ink would not penetrate

enough into cotton yarn. In addition, the EB ink on spun cotton yarn resulted with a loss of adhesiveness.

Light fastness and washing fastness resulted very well the same as conventional print. Solvent

resistance was excellent.

Testing Flexibility of Printed Fabrics

The degree of flexibility of the printed surface and its underside is usually different. Therefore, it is

necessary to average the results of the printed side and the underside.

The bending resistance of the printed fabrics using the 100-mesh screen was about 2cm greater than
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the bending resistance of the unprinted polyester fabric. In short, the printed fabrics were a little stiffer.

We found, after measuring with a thickness gauge, that the thickness of the printed fabric was 0.01 mm

thicker than the unprinted fabric. It seems the difference in thickness of printed and unprinted fabrics

influenced the resistance to bending. The resistance of polyester fabrics was not influenced with each

dosage of the electron beam.

In addition, the amount of ink on the fabrics affected the resistance. When the amount of EB ink

decreased, the difference in flexibility between EB print and conventional print decreased.

When the softness of the fabrics was checked by hand, we found that cotton fabrics were harder

because of the different amount of ink. However, the resistance was closer. One of the reasons is the

difference between filament polyester yam and spun cotton yam. The fabrics that are made with spun

yam tend to bend under the weight of ink (self-weight).

Therefore, the hardness of printed fabrics can not be determined only by this test. Nevertheless, it's

important that EB screen ink did not become harder with increased doses.

POLYESTER FABRICS (100-mesh screen)

unprinted conventional 20kGy 30kGy SOkGy

100

POLYESTER FABRICS (350-mesh screen)

unprinted conventional 20kGy 30kGy 50kGy

Fig. 1 and 2 Flexibility of Printed Polyester Fabrics
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NYLON FABRICS

100

imprinted conventional 20kGy 30kGy SOkGy

COTTON FABRICS

100

80

J, 60

H 40

20 • • I I I
imprinted conventional 20kGy 30kGy SOkGy

Fig.3 and 4 Flexibility of Printed Nylon and Cotton Fabrics

4. CONCLUSION

The results of the colorfastness or adhesiveness of textiles were satisfactorily with this EB ink formula.

Adjustment of the formula and screen mesh will be necessary because EB print on textiles becomes

thicker than on paper or film.

The flexibility and softness of the fabric with EB print still needs to be improved a little soft for cloths.
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ABSTRACT

The formulation of UV curable printing inks depends on several complex factors. If the
individual components of the ink are not complementary, then performance problems can
arise. One critical combination is that between the pigment and the oligomer. In a new
approach to improve understanding of pigment/oligomer interactions, the resources of a
pigment manufacturer and an oligomer manufacturer have been combined to investigate the
problem. Initial screening of process yellow pigments and several oligomer types highlighted
performance variations which were then examined in more detail.

I. INTRODUCTION

According to the independent market research organisation, Frost and Sullivan1, the radiation
curable ink market is forecast to enjoy a ten per cent growth rate. There is also a continual
improvement in printing technology. Recent developments in lamp equipment2 and printing
machinery have led to a significant increase in the number of applications and end uses3. As a
consequence the modern ink maker is facing increased technological demands on their
printing ink formulations.

In order to fulfil these demands the printing ink manufacturer has to consider many different
parameters including cure response, colour development and ink rheology. One of the most
important choices to be made when formulating a UV or EB curable printing ink is that of
pigment and oligomer combination. Good pigment dispersion has always been identified as
the basis for ink performance and it has been shown that good pigment dispersions give
greater flexibility of formulation, particularly those which are printed at low ink film
weights4. Additionally with the expansion to newer printing methods, different ink rheologies
have to be formulated. The combination of pigment and oligomer plays a significant role in
determining ink rheology.

This paper examines some of the factors in pigment/oligomer interactions by considering
pigment chemistry, pigment treatment and oligomer chemistry. Initially a review of these
factors is outlined. Then the effect of pigment/oligomer combinations on ink properties is
investigated experimentally. Eight process yellow pigments and five different types of
acrylate oligomer were investigated. Raw materials were selected from those typically used in
printing ink formulations. From these detailed results several conclusions were drawn which
highlight the fact that careful selection of pigment and oligomer for inks can lead to
optimised pigment dispersions with better rheology and print behaviour.
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II. KEY OLIGOMER CHARACTERISTICS

With respect to oligomer chemistry the following characteristics are relevant to pigment
wetting.

(a) Oligomer Chemical Structure

Typically, the main chemical types of radiation curable oligomers are polyesters, epoxides
and urethanes where residual hydroxyl groups have been acrylated to provide reactive
ethylenic unsaturation. The oligomer backbone and molecular weight distribution can be
varied widely. Further chemical modification of the oligomer such as addition of long fatty
acid chains, thought to improve pigment-wetting behaviour, may also be applied.

The physical effects of oligomers on the dispersion should be considered. Certain oligomers
can be described as 'hard' resin types, which play a significant role in breaking down pigment
agglomerates. Molecular structure is also very important for pigment dispersion. For
example, a star shaped molecule is believed to be good for pigment dispersion due to its
lower viscosity and the effective steric hindrance caused by bulky molecular constituents.5

(b) Acid Value

The acid strength of a resin has an effect on its ability to disperse pigment.5

(c) Amine Value

Similarly the base strength of a resin is reported to have an effect on pigment wetting ability.5

III. KEY PIGMENT. CHARACTERISTICS

Key pigment characteristics in the pigment wetting process are outlined below.

(a) Surface Treatment of Pigment

Many pigments are resinated during their manufacture, which has the effect of keeping the
particles small and separate. Resination has a number of purposes. It improves colour
strength, gloss and transparency by keeping the particles small. In solvent-based ink,
resination has a definite advantage of resin solubility in solvent so that the pigment becomes
easily stirred in. In UV inks, surface treatment can improve ease of dispersibility in acrylate
oligomer as will be seen in this paper.

(b) Pigment Type

Wide ranges of chemistries are used to cover a variety of shades and colours of pigment.
Chemical factors are responsible for the characteristics of groups of pigments. These
characteristics include shade, colour strength, light fastness, transparency and ease of
dispersibility.
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(c) Pigment Morphology

The pigment crystal size and shape are important factors in pigment selection. Diarylide
yellow pigments are normally brick shaped.6 The ease with which agglomerates are broken
down in the milling stage is also important.

IV. INVESTIGATIVE WORK - EXPERIMENTAL DETAILS

The selected pigments and oligomers were combined to produce mill bases. From those mill
bases several parameters were measured before converting each to a standard printing ink.

(a) Millbase Preparation

Millbase concentrates were prepared on the triple roll mill at a standard pigment loading level
of 30%. GPTA was used to adjust the millbases to a consistent viscosity of 155 to 190 Pa.s at
25°C. Millbase formulation:

[Pigment
Oligomer
GPTA

1 Total

*30
70-x
X

100

The dry pigment was mixed firstly by hand with the oligomer/GPTA blend, warmed to 40°C
in an oven, mechanically stirred for 3 minutes at 600rpm and given three passes through a
triple roll mill.

The millbases were subject to the following tests:

(i) Viscosity
Viscosity was measured at 25°C, using the Haake VT500 cone and plate viscometer, fitted
withPK2, l°cone.

(u) Yield Value
The yield value, Tau(0), was determined using the Haake VT500 cone and plate viscometer,
connected to a PC running software to control the viscometer and perform regression analysis
on the resulting shear stress versus shear rate curve.

(iii) Stability
Small samples of each millbase were placed in a 50°C oven for seven days, after which the
viscosity was measured. Results are quoted as percentage change from the original viscosity.

(iv) Vertical Flow
Flow length was measured on a vertical glass plane at ambient temperature using lg of
millbase. Prior to the test, the bases were given 50 rubs on an automatic Muller.
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(v) Determination of Fineness of Grind
Using a Hegman grind gauge, the fineness of grind was established after three passes on the
triple roll mill.7

(b) Ink Preparation

(i) Gloss
Millbases were reduced to 18% pigment loading by diluting in GPTA and sensitised with
photoinitiator blend:

Millbase
GPTA
Initiator blend
Total

60
30
10
100

Prints were taken on art paper (lOOgsm) with a Duncan Lynch Proof Printer using 0.4cc of
ink. Prints were cured at 50m/min using two 120w/cm MPHg lamps and their gloss measured
at 60°. The viscosity of each ink was recorded.

Inks were prepared and printed using millbases diluted in monomer, sensitised with
photoinitiator, printed on a non-absorbent substrate, and assessed for visual colour strength,
transparency and gloss.

(ii) Colour Strength
Colour strength was measured by Densitometer using DIN standard method at a standard
density of 1.25. '

(iii) Transparency
Visual assessment of transparency of inks was carried out and compared on an arbitrary scale
of 0 to 10, where 0 is most transparent and 10 most opaque.

(iv) Gloss
The instrumental gloss reading was taken from weighed prints on a non absorbent substrate.

V. RESULTS AND DISCUSSION

The criteria for selecting the oligomer type were based upon chemistry and application end
use. The pigments were also selected on this basis. Pigments I to V were designed for a
variety of inks whilst pigments VI to VIII were specifically intended for liquid inks. The table
below describes the materials used.
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Table I. Oligomers used

Urethane Acrylate
Fatty Acid Modified Epoxy Acrylate
Epoxy Acrylate
Polyester Acrylate - Type 1
Amine Modified Urethane Acrylate

Molecular Weight
900
580
550
1200
1200

Viscosity (Pa.s) @25°C
100 - 140
120 - 200
25-45
20-40
40-80

Table II Pigments used

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

i

ii

in

IV

V

VI

VII

VIII

Opaque CI Pigment

CI Pigment Yellow

CI Pigment Yellow

Description

Yellow 13 designed for oil and liquid inks

174 for oil inks

188 for oil inks

Transparent CI Pigment Yellow 13 for oil inks (some liquid/packaging use)

CI Pigment Yellow

CI Pigment Yellow

CI Pigment Yellow

CI Pigment Yellow

13 for oil, liquid/packaging and water-based inks

13 for liquid/packaging ink, modified for improved flow

13 for liquid/packaging ink, modified for improved dispersibility

13 for liquid/packaging ink only
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Table III Dispersion Results

' • • ' . : . - • ; ' . " • ; • - : T - - ' • " • : • ' ' • • - • • • •

' VY' : ' " "". ' : •"• "*"

*' * - ' " \,l i

Yellow I
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss
Transparency
Gloss
Colour Strength at 1.25g/m2

density
parts

Yellow II
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss
Transparency
Gloss
Colour Strength at 1.25g/m2

density
parts

Yellow III
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss
Transparency
Gloss
Colour Strength at 1.25g/m2

density
parts

Yellow IV
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss
Transparency
Gloss
Colour Strength at 1.25g/m2

density
parts

Uttthane
Acrylate

185.0
0.0

780.0
23.0
24.0

5
57

1.28
100

180.0
0.0

2550.0
14.0
24.0

5
61

1.31
107

168.0
10.0

480.0
36.0
37.0

5
76

1.26
95

155.0
0.0

3490.0
7.0

24.0
5

57

1.32
108

Fatty Atfcj

MoMm
Acrylafe

192.0
0.0

930.0
37.0
17.0

4
55

1.31
107

180.0
0.0

2950.0
27.0
22.0

5
65

1.28
98

175.0
10.0

640.0
29.0
21.0

5
76

1.26
96

165.0
0.0

2310.0
47.0
17.0

5
60

1.27
98

170.0
0.0

2150.0
19.0
22.0

5
44

1.3
105

160.0
0.0

4180.0
-7.5
21.0

5
50

1.26
95

183.0
0.0

1130.0
9.0

25.0
5

65

1.26
98

157.0
0.0

2770.0
>125
15.0

5
50

1.29
103

SHE
mSSm

163.0
0.0

750.0
48.0
19.0

5
43

1.29
103

171.0
0.0

2330.0
19.0
19.0

5
51

1.25
92

160.0
10.0

600.0
25.0
35.0

5
68

1.23
87

177.0
0.0

2330.0
4.0
25.0

5
51

1.21
83

Himm
106.0
0.0

670.0
30.0
18.0

7
32

1.31
106

168.0
0.0

1620.0
22.0
23.0

5
39

1.31
105

140.0
10.0

610.0
25.0
27.0

5
56

1.29
101

129.0
0.0

1900.0
36.0
19.0

5
38

1.32
108
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Table III Dispersion Results (continued)

L A . •

x r . -.

Yellow V
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss
Transparency
Gloss
Colour Strength at 1.25g/m2

density
parts

Yellow VI
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss

Yellow VII
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60" Print Gloss

Yellow VIII
Millbase Viscosity (Pa.s)
Millbase Vertical Flow (mm)
Millbase Yield Value (Pascals)
Millbase Oven Stability (%inc. in viscosity)
60° Print Gloss

Uretbane
A£ryls.te

190.0
0.0

1300.0
1.0

23.0
5
55

1.28
98

168.0
5.0

1000.0
18

28.0

175.0
5.0

820.0
13.0
23.0

182.0
5.0

1630.0
9.0
18.0

Fatty Acid
Modified

Epoxy
Acrylate

158.0
0.0

2040.0
77.0
14.0
4
50

1.36
120

153.0
20.0
630.0

49
19.0

186.0
5.0

700.0
58.0
30.0

190.0
5.0

1300.0
54.0
19.0

Epoxy
Aery late

185.0
0.0

2980.0
23.0
14.0
4
40

1.3
104

189.0
5.0

750.0
61

22.0

163.0
0.0

1130.0
58.0
18.0

177.0
0.0

1580.0
17.0
17.0

Polyester
Acrylate
Type I

160.0
0.0

510.0
17.0
23.0

5
41

1.33
111

166.0
15.0

230.0
26

35.0

163.0
5.0

610.0
34.0
46.0

158.0
5.0

1170.0
33.0
30.0

Amine
Modified
Urethane
Acrylate

105.0
0.0

920.0
46.0
17.0

4
22

1.34
114

175.0
15.0

1040.0
8

24.0

124.0
5.0

1890.0
39.0
19.0

156.0
5.0

1640.0
40.0
22.0

Note
The pigments VI to VIII showed difficulties in dispersion that indicated they should

not proceed to the ink testing stage.

Observations and Conclusions

(i) Colour development was as expected for all pigments, comparable to that expected in
conventional lithographic oil based systems. All dispersions had a grind particle size
of less than five microns on the Hegman grind gauge.

(ii) The results show a wide range of physical properties with different pigment/oligomer
combinations. There are noticeable variations in viscosity, yield value and flow. This
would render some combinations more suited to specific ink types. The best flow is
obtained with pigments III and VI.
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(iii) The amine modified urethane acrylate showed little overall benefit with any pigment
type

(iv) As stated previously the pigments designed for liquid inks could only be used with
difficulty because of predispersion and filtering problems,

(v) The urethane acrylate type I and polyester acrylate tend to give better rheological
properties.

VI. CONCLUSIONS

The test results show that by varying pigment and oligomer type a variety of different ink
rheologies and performance can be achieved. This can assist in selection for different ink
applications. The initial conclusion is that urethane acrylate and polyester acrylate type I
provide the best starting material, particularly when combined with pigments III or VI.

Some consideration has been given as to why these particular materials perform better in a
specific combination. One suggestion is that performance variation could be attributable to
differing polarities and the compatibility within the pigment and oligomer interface. This
suggestion allied to the evidence that improved pigment wetting benefits ink performance
will be used to develop the themes initiated in this paper and reported at a later stage.
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EFFECT OF THIOL GROUP ON THE CURING PROCESS OF
ALKALINE DEVELOPABLE PHOTORESISTS (l)

Hidetaka Oka*, Masaki Ohwa, Hisatoshi Kura MY0001411
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10-66, Miyuki-cho, Takarazuka 665-8666, Japan
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I. Abstract
Photosensitivity of a conventional radical photoinitiator in an alkaline developable
photoresist is boosted by substitution with a thiol group. Evidence is presented that
the thiol group acts via a chain transfer mechanism.

II. Introduction
Currently the most efficient radical photoinitiators for a variety of resist applications
belong to aminoacetophenone type. A typical example of a widely used initiator out
of this class is 2-Methyl-l[4-(methylthio)phenyl]-2-morpholinopropane-l-one which
is traded by Ciba Specialty Chemicals under the name of Irgacure 907. In
combination with thioxanthone as a photosensitizer, Irgacure 907 shows excellent
curing performance. Due to the general trend in electronics industry to higher
packaging densities and therefore finer resist pattern and the industry's demand for
higher throughput, a novel photoinitiator showing higher photosensitivity and better
resolution is desired.

Usual approaches to design a new photoinitiator to obtain high performance are:

i) to optimize UV absorption profile,

ii) to achieve a high quantum yield for cleavage,

iii) to produce a highly active photo fragment for initiation upon cleavage.

In this paper we report of a new approach to improve photosensitivity by attaching
thiol group to Irgacure 907. The observed improvement of the performance of the
photoinitiator is explained by a mechanism based on radical chain transfer.

III. Experimental
Model alkaline developable photoresist formulation

To represent Type I formulation (see figure 5 for details), ACA200M (Daicel Chem.)
as an alkaline soluble prepolymer and DPHA as a monomer are used. To represent
Type II formulation, Carboset 525 as an alkaline soluble binder and TMPTA as a
monomer are used.

Photosensitivity evaluation

The photo-sensitivity of the resist was evaluated based on reproduced maximum step
number after UV exposure through Stouffer stepwedge and subsequent development.
Metal halide lamp is used as UV light source.
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Evaluation of acrvlate double bond conversion

The resist formulation was applied on a silicone wafer as an IR transparent substrate.
By stepwise exposure acrylate double bond conversion was traced by IR absorption at
809 cm"1.

Molecular weight analysis of photo-polymerized methylmethacrylate(MMA)

THF solution of 5.0 mol/1 MMA was irradiated in glass vial after N2 bubbling
(photoinitiator: 0.1 mol/1, n-dodecylmercaptan (DSH): 0.1 mol/1). The reaction
mixture is diluted by THF and analyzed by GPC. The molecular weight of the
polymerized MMA was determined from retention time at a GPC peak using
polystyrene as a standard.

IV. Results and discussion
Irgacure 907 is substituted with thiol (AK-SH). Thiol group is introduced through a
methylene chain on sulfur atom on the benzoyl moiety.

HS-\
\ r,—^^ .0 ^—v r,—?v .0

N O

Irgacue 907 AK-SH

1. UV absorption spectra
Figure I shows the absorption spectra of Irgacure 907 and AK-SH in acetonitrile.
The thiol-substitution has no influence on the chromophor. X^^ and the edge of the
absorption spectra is the same as for Irgacure 907. Due to the increased molecular
weight, absorbance at the same weight % concentration is slightly reduced.

8

250 300 350

Wavelength / nm

400 450

•AK-SH (0.001%)

-lrgacure907 (0.001%)

-AK-SH (0.05%)

-lrgacure907 (0.05%)

Figure 1 Absorption spectra of AK-SH measured in acetonitrile

2. Photo sensitivity
In spite of similar absorption spectra, AK-SH exhibits 4 steps higher photosensitivity
than Irgacure 907. This means AK-SH can offer 4 times faster photo speed than
Irgacure 907. The photdsensitivity data also show that AK-SH can be sensitized by
isopropylthioxanthone (ITX). ITX addition increases the sensitivity by two steps.
This photo sensitization is practically very important for depth curing, curing of
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pigmented coatings and thick photoresist coatings being exposed through a photo-
mask.

lrgacure907 Irgacure 907 + ITX AK-SH AK-SH + ITX

Photoinitiator

I • 106mJ/sqcm •212mJ/sqcm D424mJ/sqcm I

Figure 2 Stepwedge photosensitivity of alkaline developable photoresist using AK-
SH as photoinitiator in comparison to Irgacure 907.

Double bond conversion of resist coatings using Irgacure 907 and AK-SH are
compared under irradiation (Figure 3). Typically, at an early stage of irradiation, AK-
SH results in faster double bond conversion than Irgacure 907.

Therefore, AK-SH is expected to allow for high throughput in photocuring processes.

200 400 600
mJ/sqcm

800 1000

|- - O • • Irgacure 907 (5%) AK-SH (5%)

Figure 3 Comparison of double bond conversion
' of photoresist using Irgacure 907 and AK-SH as

photoinitiator under irradiation

3. Mechanism of increased photo sensitivity boosted by thiol substitution

3.1. Influence of chain transfer reaction on radical propagation <2)

A chain transfer reaction is a reaction which competes with a chain propagation
reaction. A propagating radical (chain-)end can be terminated by a chain transfer
agent (CTA) and a newly generated radical fragment initiates a polymerization with a
monomer, resulting in the growth of a new polymer chain.

Chain propagation

Chain transfer

+ M

+ AB

-M-

-A + B

B- + M »• BM-

(M: monomer, AB: chain transfer agent)
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a) Shorter polymer chain length

As expected from the chain transfer reaction scheme, the produced polymer chain
length becomes shorter in the presence of CTA. Therefore, at the same double bond
conversion ratio, slower viscosity increase during the curing process is expected in the
presence of CTA. The less viscous environment makes the radical chain end easier to
migrate and to undergo further propagation reactions. This may be one of the reasons
for the observed higher double bond conversion with AK-SH compared to Irgacure
907.

As shown in Figure 4, it is experimentally confirmed that the molecular weight of
photo-polymerized methylmethacrylate (MMA) with AK-SH is smaller than that with
Irgacure 907. Therefore, we conclude that the thiol group on AK-SH structure
actually works as a radical chain transfer group.

o

tu
p

la
r 

w
ei

gh
t a

pe
ak

O

.2

20000

1 unnn

10000

5000

0

•-•-
Irgacure 907

—jm—_•_
Irgacure 907

+ DSH

—|H—_•__!
AK-SH

Figure 4 Molecular weight comparison of photopolymerized
MMA with Irgacure 907, Irgacure 907 + DSH and AK-SH

b) Release movable free radical

Another expected role of chain transfer function is the release of a mobile free radical
(see scheme below).

Under irradiation'the crosslinking among multi-functional acrylates proceeds very
rapidly and a radical propagation end is easily trapped in the highly crosslinked
domain to become inaccessible for further propagation. However, when a chain
transfer agent is present in the system, it reacts with the trapped radical end and
generates a new mobile radical to reinitiate a propagation reaction. This role of chain
transfer group may also contribute to the higher double bond conversion.

Propagating polymer network

+ R-SH
(chain transfer agent)

Initiate radical
polymerization

+ R-S •
(movable free radical)

3.2. Influence of chain transfer group on the photo sensitivity of an alkali
developable photoresist
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Two typical types of alkaline developable, negative photoresist are described in Figure
5. The thiol substitution boosts the sensitivity in both type systems, but the effect is
much more pronounced in Type I system.

In negative resist systems UV irradiation causes the exposed resist areas to become
insoluble in a developing solution. In the both types, -COOH attached to a prepolymer
or a binder polymer makes the uncured resist soluble in aqueous alkaline developers.
The mechanism of insolubilization is, however, different in the two systems. In Type
I case (Figure 5), the prepolymer itself contains acrylate double bond. The photo-
crosslinking reaction of those double bonds attached to the prepolymer makes it easily
insoluble in the developer. There is no growth of a long chain required for obtaining
an insoluble system. Therefore, the shortened chain length by the chain transfer
reaction is not detrimental in Type I formulations. Thus, for this system the increased
double bond conversion results in a higher photosensitivity.

In Type II case, there is no reactive double bond on the binder polymer, therefore, the
growing polymer network formed by acrylate monomers have to have a certain chain
length to make the binder insoluble. Thus, the shortened chain length has a negative
effect on the photo-crosslinking process. As a result, the sensitivity boost by the chain
transfer group for Type II is small.

Type I Type II

Typical application Solder resist Dry film resist

Alkaline soluble prepolymer Alkaline soluble binder polymer

Composition

: soluble moiety into developer

Photosensitivity
ofAK-SH

1907 AK-SH 1907 AK-SH

110 sec. 120 sec. • 40 sec. 110 sec. 120 sec. D40 sec. J

Figure 5 Type of alkaline developable photoresist and photosensitivity comparison
between Irgacure 907 and AK-SH in each types
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3.3. Odor

Although pure AK-SH was essentially odorless, formulations containing it developed
a characteristic thiol odor upon aging. This thiol odor became particularly apparent at
higher temperatures, for example at oven drying of the coatings.

Despite the favorable photochemical properties of AK-SH like high photosensitivity
and good resolution, the odor problem related to the presence of the thiol group is
preventing any large volume use of this compound class. Thus, for industrial
processes AK-SH cannot be applied.

V. Conclusions

Thiol substitution of a-aminoacetophenone has been shown to improve the
photocuring and photoimaging properties of negative working acrylate based resist
materials. The enhanced photocuring activity could be attributed to a chain transfer
mechanism which involves the thiol group. However, the characteristic thiol-type
odor of formulations and coatings upon drying so far prevents use of this approach in
an industrial environment.

VI. References
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ABSTRACT

The radiation curing of surface coating of teak veneers for decorative panels has been
conducted by using ultra violet (UV) as radiation source. In this experiment teak wood
veneer was use as a substrate. Epoxy acrylate (import product) and unsaturated polyester
(locally product) were used as coating materials after being added with difunctional
monomer TPGDA, and photoinitiator darocur 1173 or irgacure 184. Irradiation was
conducted using 80 watt/cm UV source at conveyor speed of 3,0 m/min. Parameters
observed were viscosity of coating materials, hardness, adhesion, appearance, abrasion and
chemical resistance of cured films. In general the results showed that viscosity of the
formulations based on epoxy acrylate and unsaturated polyester resin were effected by the
storage. Films cured by UV made of epoxy acrylate and unsaturated polyester on the teak
veneer wood have the same adhesion and abrasion resistant properties but the hardness and
chemical resistant of epoxy acrylate are better than unsaturated polyester. From the
experiment result it can be concluded the unsaturated polyester ( locally product) can be
used as radiation curable material for coating teak veneer panels.

INTRODUCTION

Forest tree product is amongst the most important natural resources in Indonesia, which
constitute a very significant component of the world's supply of renewable resources. The
biggest part of Indonesian natural forest is categorized as " low and tropical rain forest". It
consists of more than 4.000 hardwood species, of which 120 species are now commonly
known as commercial woods ^\ A teakwood ( Tectona grandis If ) is the one of the
commercial wood species . The wood species is categorized into class I for durability and IE
for the strength (1) and widely used for construction, furniture, fancy veneers, flooring and
paneling.

Finally the product of fancy veneer from teak wood materials most of them need surface
coating process for improvement of their physical, chemicals properties and appearance for
decoration

The use of UV rays is becoming increasingly important for curing of the resin and wood
surface finishing. It has been one of the major applications of UV curing for clear coating.
The UV curing is energy saving and no solvents needed, in addition to that processes work
at low temperatures and do not need a big space (2) . Therefore, in order to reduce and
minimize the undesirable and dangerous effect on environment, the LTV curing can play a
very important role. The technology of UV curing was based on coating material called
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UV-curable material which consists of pra-polimer, monomer and photoinitiator . AH of
those materials are able to cure under UV-light.

In this paper , several UV curable material based on epoxy acrylate (import) and
unsaturated polyester ( available locally) for surface coating of teak veneer panels were
evaluated and the aim of this work is to promote unsaturated polyester resin as the one of
radiation curable material for radiation surface coating on teak veneer panels.

MATERIALS AND METHODS

Materials

The polymers used were epoxy acrylate under trade of EA-81. It was purchased from
BASF (Germany) and the unsaturated polyester under trade of polylate 8009 was purchased
from PT Pardic Jaya Cooperation (Indonesia). The monomer used was
tripropyleneglycoldiacrylate (TPGDA) , BASF. The photoinitiators used were Darocur
1173 (E.Merck) and Irgacure 184 (Ciba-Geigy).

All the chemicals were used without further purification . Chemical structure of the
polymer, monomer and photoinisiator were tabulated on Table 1.

Table 1. Chemical structure of coating materials component

EDOXV acrvlate

° ?H /=

Unsaturated

TPGDA

Darocur 1173

Irgacure 184

0
polyester M

[. o-c-^y
0
II

-. CH3 , OH

o o

C -O-CH2-CH2-O- C-

0
II

II II
CH2=CH-C-O-(C3H6O)3-C-CH=CH2

0 CH3

li 1
Ph-C-C-OH

1
CH3

Q OH

0

0
II

CH=CH-C-0 ] „
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Teak veneer used as the substrate of the experiment was purchased from PT Perhutani,
Indonesia.

Experimental

Formulations were prepared two hours before curing. The viscosity of the formulation
was determined at 25° C using a visconic EMD viscometer (Shimadzu). Those formulations
were applied as topcoat. Base coat formulation was a mixture of polylite 8009, talc and
darocur 1173 with the weight ratio of 100 :10 :2 consecutively. The basecoat was applied
to the teak veneer panels using roll coater and cured by UV-light (single lamp of 80
watt/cm UV -source of 1ST, Germany) at conveyor speed of 3 m / mm, and than were
sanded using abrasive paper no 240 #.

The sample of different coating formnlation for topcoat were coated to a sanded teak
veneer panels using bar coater to give a coating thickness of 80 - 100 |x m. Irradiation for
topcoat was carried out using one lamp of 80 watt/cm UV-source of 1ST, at the conveyor
speed of 3 m/ min> The coated teak veneer was kept over night , than the visual
observation was made and the cured film was subjected to the physical and chemical test.

Table 2. The formulations of the radiation curable materials for topcoat

Formulation

F l
F2
F3
F4
F 5
F 6
F 7
F 8
F 9
F10
F l l
F12

Composition (%)
EA-81

65
65
65
65
65
65
-

-
-
-
-

UPE
-
-
-
-
-
-

60
60
60
60
60
60

TP(3)A
33.5
32,0
29.5
33.5
32.5
29.5
38.5
37.0
34.5
38.5
37.0
34.5

Sificone oil
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Photoinisiaior (%,
Darocure 1173

1
2.5

5
-
-
-
1
2.5
5
-
-
-

>
Irgacure 184

-
-
-
1,0
2.5
5,0
-

m

1,0
2.5
5,0

Measurements and testing

The hardness of cured films was examined by using a pendulum hardness test
(pendulum damping test ISO 1522.1973 £ for paint and varnish). The adhesions of cured
coatings on wood substrate were analyzed using tape adhesion test, based on ASTM D
3359-83 . The specular gloss of the film was checked according to ASTM D 523-80.
Abrasion test were performed according to ASTM (D 985-6-81) test method for abrasion
resistance of organic coating by falling abrasive tester. The chemical resistances were
checked based on ASTM (D 3023-81) practice for determination of resistance factor
applied coating on wood products to reagents.
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RESULTS AND DISCUSSION

Viscosity. Viscosity is an important factor of radiation curable materials, since it will
control the level of monomer needed to desire application viscosity. In this experiment
two types of the resin i.e. unsaturated polyester and epoxy acrylate we used.

The purpose of the experiment was to investigate the effect of addition of photoinitiator
during storage time on the viscosity of the resins . Average viscosity of the topcoat coating
materials after seven-day storage can be seen on the Table 3.

Table 3. The effect of storage time (days) on the viscosity (cp.) of the resins

Formulation

Fl
F2
F3
F4
F5
F6
F7
F8
F9
FIO
Fll
F12

Viscosity (cp. )

Storage, days

1
195
203
206
200
205
210
215
220
226
210
225
230

3
199
206
208
203
205
210
219
225
226
215
228
235

5
201
208
210
205
208
215
222
228
230
218
230
238

7
204
210
212
208
212
220
225
230
235
222
235
239

It was found that the viscosity of the resins increase with the increasing of the
photoinitiator (¥i> F2> F* ). The average viscosity of the resin with 5 % of photoinitiator
was higher than those of the other lower concentration level. The average viscosity
increases by increasing the storage time ( after 7 days). This was presumed that self-
polymerization occurred due to the reflection of the sunlight archived by the resins during
storage. To maintain the stability of the viscosity, the coating materials should be avoided
from direct or indirect sunlight.

The physical properties of the cured film and the appearance of the surface.
The physical properties of the cured film such as hardness, adhesion, abrasion and

glossy of the film were shown on Table 4. It can be seen that the samples contain epoxy
acrylate (Fi -F 6 ) have better hardness properties than those of contain of unsaturated
polyester (F7 - F12 ). The highest hardness value was shown by formulation number F6
(100 sec.) and the lowest was shown by formulation number F7(67 sec). The resin contains
higher photoinitiator give higher hardness of the film. If the photoinisitor concentration are
low ( Fi, F4, F7, F10 X the numbers of radical produced were also low compared to the
higher concentration photoinitiator. It means mat the cure of cured film will not be
completely.
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Table 4. The Physical properties of the cured film and appearance of the surface.

Formulation

Fl
F2
F3
F4
F5
F6
F7
F8
F9

F10
F l l
F12

Pendulum
hardness,
Second

80
93
96
79
99
100
67
85
85
75
77
87

Adhesion
%

75
95
95
65
90
90
75
95
100
60
100
100

Abrasion,
%

32
40
42
30
42
40
30
40
45
35
42
40

Glossy 60°,
%

78
87
90
76
85
85
72
78
79
74
82
82

Appearance

Poor
Good
Good
Poor
Good
Good
Poor
Good
Good
Poor
Good
Good

From Table 4. it also can be seen that the adhesion and abrasion resistant of the cured
film on the teak veneer, the coatings with photoinitiator 2,5 % (F2, Fg( Fg, F H ) and 5 % (F^
F7> F9> F12) in general showed fairly good on adhesion (90 - 100 % ) . However the value
of abrasion resistant displays poor performance i.e. 40 - 42 %. The poor resistance to
abrasion tells the cured films can not be used for flooring.

Table 4 also displays fairly good performance of cured film in term of glossiness, the
values were around 80 - 90 %. Performance of the surface also illustrated on Table 4. It
can be seen that the fonnulation containing photoinitiator of more than 1 % (F2, F3( Fg, F7
Fg, F<>% Fn, F12) were quite good.

Chemical resistance of the curedfilm
The cured teak wood veneer were also observed to chemical resistance. Table 5. shows

the effect of the various chemicals on the cured film for chemical resistant test. The cured
film base on epoxy acrylate, were resistant to all of chemicals used (10 % sodium
hydroxide, 1 % sodium carbonate, 5 % acetic acid, 10 % sulfuric acid, 50 % methanol).
However the cured films base on unsaturated polyester were not resistant to sodium
hydroxide 10 %. Most of the formulation containing 1 % of photoinisiator (F7, Fi0) were
not resistance to sodium carbonate and sulfuric acid. This assumed was caused by the
double bonds of (he formulations were not 100 % cured(4)
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Table 5. The chemical resistance of the cured films.

Formulation

Fl
F2
F3
F4
F5
F6
F7
F8
F9

F10
Fll
F12

NaOH,
10%

X
-

-

X
-

-

X

X

X
X

X

X

Na2CO3,
1%
-

-
-
-
-
X
-

X
-

-

CH3COOH,
5%

-
-
-
-
-
-
-
-
-
-
-
-

H2SO4,
10%

X
-
-
-
-
-
X
-

-

X
-

-

CzHsOH,
50%

-
-

-
-
••
-
-
-

-

- = Resistant to chemical and solvent
x = Not resistant to chemical and solvent.

CONCLUSIONS

According to the results of the experiment some conclusions can be drawn as follows:
1. Viscosity of the formulations based on epoxy acrylate and unsaturated polyester resins

were effected by the storage.
2. Films cured by UV made of epoxy acrylate and unsaturated polyester on the teak veneer

wood have the same adhesion and abrasion resistant properties but the hardness and
chemical resistant of epoxy acrylate were better than unsaturated polyester.

3. The unsaturate'd polyester ( locally produced) can be used as radiation curable material
for coating teak veneer panels with promising physical and chemical properties.
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ABSTRACT

Kamper wood (Dryobalanops spp.) has high contribution in wood working industry
and most of mem need surface coating process. Radiation curing of surface coating,
especially the use of ultra-violet (UV) light have potential to give contribution in the wood
finishing. The experiment on surface coating of kamper wood has been conducted by using
UV-radiation. Unsaturated polyester resin with the commercial name of Yucalac type 157
was used as coating materials after being added with styrene monomer, some fillers and
radical photoinitiator of 2-hydroxy-2-2-methyl-l- phenyl propanone. Four photoinitiator
concentration levels of 1.5 ; 2 ; 2.5 and 3 % by weight of resin were used. The coating
materials were coated onto the wood panel samples by using high pressure sprayer.The
wood samples were then exposed to irradiation by using 80 Watts/cm UV-source with
variable conveyor speed of 3 ; 4 ; 5 and 5.8 m/min. Formulation of coating materials,
pendulum hardness, adhesion, and gloss of cured films were evaluated.

INTRODUCTION

Kamper wood (Dryobalanops spp.) is widely used for furniture, plywood, flooring,
box, column, rafter, & planking for housing and bridge construction. This wood is belong
to the strength of II-IV and durability of I-IH (1). Most of final products made of wood are
coated in order to enhance the appearance and to protect the surface from damage. Ultra-
violet (UV) curing of surface coatings offer many advantages compared to conventional
methods in terms of higher capacity out put, less volatile organic content emissions, and
labour savings.

Research, development, and economic assessment of radiation curing of surface
coating for wood products have been done at Centre for Research and Development of
Isotopes and Radiation Technology, Indonesia (2,3). So far, the coating process was
conducted on flat surfaces by using roll-coater and curtain-coater. Unsaturated polyester
resin is one of the radiation curable materials that widely used for surface coating as
filler, sealer and top coat of wood (4,5). This type of resin is cheap, available locally but
its need high dose for curing. The monetary crisis has forced to maximize the use of local
products and minimize the imported products.

This paper describes the UV-curing of surface coating of kamper wood with
commercial unsaturated polyester with the trade name of Yucalac type 157 using high
pressure sprayer.
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MATERIALS AND METHODS

Materials. Kamper wood panel samples as a substrate were used in the experiment
Unsaturated polyester resin containing of styrene monomer under the trade name of
Yucalac type 157 was purchased from PT. Justus Sakti Raya Corporation, Jakarta Styrene
monomer and talc were purchased from FT. Harum Sari, Jakarta. Radical photoinitiator of
2-hydroxy-2-methyl-l-phenyl propanone under the trade name of Darocur 1173 were
supplied by Merck. All chemicals were used as supplied without further purification.

Equipments. Coating of samples were performed by using a High Pressure Spray
Gun GM 2600 of Wagner GmbH Germany. Irradiation was carried out using a one lamp of
80 Watt/cm UV-source of 1ST Strahlentechmk, Germany, equipped with a conveyor
systems.

Experiments. Wood samples with the size of (20 x 15 x 0.5) cm were dried in a kiln
drier to get a moisture content of 12-15 %, sanded using # 240 abrasive paper, coated
with base coat and then irradiated by using UV-source at a conveyor speed of 3 m/min.
Samples men were sanded with the same abrasive paper, coated with top coat and men
irradiated again at variation of conveyor speed of 3 ; 4 ; 5 ; and 5.8 m/min. Composition of
base coat and top coat were tabulated on Table 1. Base coating was conducted using brush
whereas top coating was conducted using High Pressure Sprayer. The thickness of base
coats and top coats were around 37 gram/ nr an 24 gram/m2 respectively. Parameters
observed were pendulum hardness, specular gloss and adhesion. Pendulum hardness was
measured with a Koenig method using Pendulum Hardness Rocker according to the ISO
1522-1973 (£). The 60° geometry specular gloss was determined according to ASTM D
523-85. Adhesion was measured with a pull-off test as described on ISO 4624-1978 (E)
using Elcometer Model 106 Adhesion Tester.

RESULTS AND DISCUSSIONS

Formulation. Appearance is very important for coated products, because someone
just look the appearance for quick assessement of the product quality. Viscosity plays an
important role for application of sprayer and appearance of the films obtained. Low
viscosity gives a thin and good appearance of films. In general, radiation curable materials
have high viscosity due to high solid content after curing. However, viscosity can be
adjusted to a wide range by dilution with monomer. Commercial unsaturated polyester
resin such as Yucalac type 157 was already mixed with styrene monomer. This resin still
has high viscosity for coating applications. For appropriate spray application, resins
should be added with more styrene. In UV-curing systems, low monomer concentration
resulted in a high degree of cross link and better properties of cured films (6). On the other
hand, a low monomer concentration causes a high viscosity and there will be a problem
for spray application to get a good appearance. In order to get a good properties of films
without sacrificing the appearance, the viscosity should be adjusted properly. Viscosity
decreases from 262 cp. to 239 cp. as the photoinitiator concentration increases from 1.5 %
to 3 % by weight By considering the appearance and properties of cured films, the
formulations which is selected in the experiment can be seen on Table 1. In the range of
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photoinitiator concentration and conveyor speed used, the appearance of films obtained
mostly are even and smooth.

Table I. Compositions of base coat and top coat
Components

Unsaturated polyester resin (Yucalac 157)
Styrene
Talc
2-Hydroxy-2-methyl-1 -phenyl propanone

(Darocur 1173)

Weight ratio
Base coat

100
-
10
2

Top coat
100
7
-

1.5 ; 2 ; 2.5 ; 3

Hardness. Histogram on Figure 1 shows the pendulum hardness as a function of
photoinitiator concentration and conveyor speed. The double bond of unsaturated polyester
oligomer located on the back-bone sites, and this type of oligomers have low reactivity for
radiation curing. For low photoinitiator concentration the UV-energy produces low number
of radicals compared to the reactive sites and the rate of cure will be low. Number of
radical produced increases with increasing photoinitiator concentration which in turn give
higher cure speed and hardness. Hardness is influenced by number of cross link in the
cured films. Photoinitiator molecules are increasingly excited by longer of UV-irradiation
or lower conveyor speed and the polymerisation will run for a longer time. More cross
link polymers are formed and resulted in higher hardness. At 1.5 % photoinitiator
concentration, decreasing conveyor speed from 5.8 m/min. to 3 m/min. increases the
hardness from 62 sec. to 102 sec. After a storage time of 3 days, hardness slightly
increases as shown in Figure 2 compared with the data in Figure 1. Although the increase
in hardness is small, in a level of 4 % to 8 %, it is observed at various photoinitiator
concentration and conveyor speed. This was caused by slow termination of trapped
radicals. The trapped radicals slowly in contact with styrene molecules, thus starting a
cross linking reacti6n. Styrene radicals or chain can also migrate to a fumarate group and
reaction occur with each other according reaction mechanism of cross linking
polymerisation.

uu
09

I

Conv. sp.,

Figure

1.5 2.0 2.5 3.0

Photoinitiator concentration, %

1. Pendulum hardness as a function of photoinitiator
concentration.
Measurement: immediately after irradiation. •
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Figure 2. Pendulum hardness as a function of photoinitiator
concentration-
Measurement : 3 days after irradiatioa

Gloss. Gloss of surface is shown in Figure 3. Gloss increases significantly with
increasing the photoinitiator concentration. As an illustration, at conveyor speed of 3
m/min., the gloss increases from 10 % to 68 % with increasing photoinitiator concentration
from 1.5 % to 3 %. This result is in line with the result of studying the effect of
photoinitiator / synergist combination on the gloss of ultra-violet radiation curable
films (7). In general, at photoinitiator concentration level of 2.5 % & 3 % and various
conveyor speed, the gloss of films were higher than 60 %. There are three types of glossy
obtained. At 1.5 % of photoinitiator concentration the films have low gloss whereas at 2 %
have medium gloss. High gloss was achieved at photoinitiator coancentration of 2.5 % and
3 %. Conveyor speed do not affect clearly to the gloss. This was supported by statistical
analysis mat photoinitiator concentration was highly significant effect the gloss, whereas
conveyor speed was not effect the gloss.

Conv. sp.,
(m/min.)

2.5 3.0

Photoinitiator concentration, %
Figure 3. Gloss as a function of photoinitiator concentration.
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Adhesion. The adhesion test was conducted using pull-off test by measuring the
tensile stress and failure pattern of films. Table H is one of the four similar results which
do not expressed in this paper due to the fairly wide variation of the results. Effects of
photoinitiator concentration and conveyor speed to either tensile stress or failure pattern of
films do not clear. Its very difficult to draw a proper interpretation of the data obtained.
The scaterred data have already appeared between data from test place 1 and 2 even in the
same test sample (Table II). The most failure were occur between substrate and base coat
(A/B) and the rest of them are between base coat and top coat (B/C) or in the
wood substrate itself (A). The adhesion is reduced with increasing thickness of films.
Internal strain increases as a film thickness increases and at a particular mickness becomes
sufficient to overcome the work of adhesion at the surface so that the film spontaneously
peel off (8). The problem is the fluctuation of film thickness caused by the method of
coating applications (brushing, spraying etc.), because differences in coating thickness
can be one reason for the variation in test results. Cleanliness of the surface such as
free of dust, particles, fat etc., is very important to get the best results. According to
ASKDENAZY and ZWANENBURG (9), many factors play an important role for wide
variation of data Those are the surface defects and non uniformed test conditions. Bom are
tend to yield a lower value. The minimum and maximum values of the tensile stress are 6.3
Kg/cm2 and 27.4 Kg/cm2 respectively.

Table H
PC,

1.5

2.0

2.5

3.0

Tensile stress and failure pattern of films.
CS,

m/min.
3
4
5
5.8
3
4
5

5.8
3
4
5
5.8
3
4
5

5.8

Test place 1
T.S
10.5
13.4
7.7
12.0
6.3

14.8
12.0
7.7

27.4
7.8

12.7
11.9
16.2
9.1

13.4
10.5

A
10
40
10
-
-
10
70
-
-
10
-
-
-
-
-
-

A/B
90
60
90
90
60
90
30
100
100
90
100
100
100
100
100
90

B/C
-
-
-

10
40
-

-
-
-
-
-

-
•

10

Test place 2
T.S
14.06
13.36
8.44
8.44
4.92
11.25
11.95
10.55
14.76
13.36
11.25
14.76
19.69
7.03
12.66
14.06

A
5

30
-
-
-

30
20
-
-
-
-
-

-
-
-

A/B
95
70
100
80
80
70
80
100
95
100
100
60
100
100
100
90

B/C
-
-
-

20
20
-
•
-
5
-
-

40
-
-
-

10

PC = Photoinitiator concentration
CS = Conveyor speed
TS= Tensile stress

A = % failure in the substrate
A/B = % failure between wood and base coat
B/C = % failure between base coat and top coat
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CONCLUSION

1. Photo initiator concentration was highly effect to the pendulum hardness and gloss
of UV-cured films on kamper wood, increasing conveyor speed decreases hardness
especially at low photoinitiator concentration , but do not affect very much to the gloss.
Storage time of 3 days slightly increasing the hardness of the cured films.

2. Measurement of adhesion using pull-off test do not give any information about the
effect of photoinitiator concentration and conveyor speed but the failures are mostly occur
between wood substrate and base coat.

3. In general, the appearance of unsaturated polyester films onto the kamper wood
were even and smooth.
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Study of UV Curing in the Wood Industry
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Abstract:

Although mass production is the primary demand, the wood finishing must
nevertheless conform to certain minimal standards.
The surface should be protected and sealed against heat, dirt and abrasion, and
insulated from the ingress and evaporation of moisture which would cause
dimensional changes in the timber. The finish should be clear (unclouded) and smooth
to enhance the natural beauty of the figure and the grain. The finish should also
maintain its appearance, and adhesion, as well as protection given to the wood. The
film should not seriously be degrading during the lifetime of the article.
All the standards mentioned above are available in the 100% solid acrylic UV
finishing system.
A thorough study of the timber wood anatomy and of the physical and chemical
properties of polymerized film is essential in order to match these properties with the
wood substrate.

Introduction:

This paper is not meant to uncover any secrets that have not been known before nor
establish new facts that have not been recognized, but to affirm these facts in an
elaborate and analytical approach required by those who have interest in the subject,
and Its scientific data are based on approved experiments and observations as a
guideline for further study and further research. The UV curable wood coating
technique offers obvious advantages over conventional wood finishing systems, and
increasingly adopted for a wide range of applications. These advantages in short, as
determined by the end- users are:

1- High curing speed
Increased production: example flooring panels coated by UV with an average line
running at 12 M/min can produce about 72,000 square meter per month per shift

2- Lower energy cost (compared to the heat generated by gas fir or electric ovens in
some conventional coatings).

3- Economic factory space (no space is taken up when drying).

4-Greater ease of use.(one pack system ,no pot life for the lacquer when it is stored
away from the UV light ,constant viscosity and no need to clean the application
machinery after us)
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5- the reduction of atmospheric pollution caused by:
• High energy required by the conventional coatings.
• Volatilization of solvents used in the conventional solvents.
• Disposal of lacquer waste eliminated

Solvent Usage
Pollution Potential
Energy Usage

Conventional
Up to 50% solids

High
High
High

High solids
60-80 % solids

Moderate
Moderate

High

Water Borne
30-50 % solids

Low
Low
High

Radiation Curing
95-100 % solids

Low
Low
Low

A comparison of different type of coatings (i)

Wood Substrate :

The wood finisher is not expected to be a timber technologist but he should be aware
of the main features of the materials upon which he operates.(2)
The basic structural component of wood is plant Cellulose (60-75%), bonded and
strengthened by the closely related lignin. Lignin is found between the Cellulose cell
walls; hence, wood with a high lignin content usually has a high compressive strength
.The remaining portion is composed of wood extractives (natural resins, oils, coloring
matters, etc.). The cell structures of wood differ little in chemical composition from
one tree to another but vary in shape and size. These variations, and those of the by-
products of cell metabolism, determine the characters of various woods. Commercial
Timber employed in wood industry is classified into softwood (Pine, Fir., etc.) or
needle-leaf trees and hard wood (Oak, Teak, Mahogany...etc.) or broadleaf trees
whose cell structure is more complex than that of softwood. Hard woods have less
elongated cells more irregularly arranged and are further complicated by the presence
of extra strengthening fiber vessels and fiberform cells of various types. The tropical
wood is generally hardwood in Malaysia (Marinate, Nyato, Merbau ..etc) is hardwood
with the exception of Damar minyak and Podo being softwood .(3,4)
Due to the cost consideration, timber are cut into thin veneer that are glued to cheap
man made boards substrate such as chip board and hard board, when not used as solid
timber.
UV coatings can be applied on the above substrates as well as fiber boards like
MDF.(5)
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Applications on Wood substrates:

UV coatings like other coatings on wood substrates can be applied on two shapes :

1. flat panels objects (2 Dimensions): buildings components (parquet flooring, siding
panels, doors, partition boards ) ,furniture( tabletops ,shelve panels) and any flat
wood panels.

2. Irregularly shaped objects(3Dimensions):furniture(chairs,hangers,..etc.),decorative
objects , and any other 3D wood articles

the application machinery in use are :

1.Spray Coatings: spraying is a widely used method and this can be either manual
or automatic ,high coatings film can be applied depending on the finishing
requirement and spraying can be employed on articles of any shape.

2.Roller Coatings: roller coatings is for flat panels ,with low film weights 5 to 25
gm/M2

3.Curtain Coatings: flat panels are conveyed through a curtain of lacquer falling
from a slotted head lays down film weights of 80 to 150 gm/M2 ..(6)

The viscosity of the UV co-polymers (oligomers) is high and in order to use the UV
lacquers in spray and curtain coating machine applications, reactive diluents
(monomers) in a certain percentage are recommended to lower the viscosity. If the
lacquer viscosity still not suitable for the applications solvents should be used. These
non-reactive and volatile diluents (solvents) must totally evaporate from the film
(during "Flash off period) before it is exposed to UV lamps. The other technique is
to heat the lacquer to reduce the viscosity because using monomer alone to get the
low viscosity required may lead to loss of properties of the lacquers. Many companies
nowadays overcome this problem by producing low viscosity oligomer.

In Malaysia The major application of the UV curing coatings (100% solid acrylic) are
for
flat panels using the Roller coating machine, the reason behind this is the high cost of
conversion to special UV equipment designs for irregularly shaped objects 3D
(automatic spray and the three dimensions UV lamps )

Radiation Curable Resins (oligomers) for wood coatings:

• Urethane acrylate UV curable coatings are noted for their high performance. These
coatings have gained widespread acceptance because of their overall balance of
properties, High Impact and Tensile strength, Abrasion resistance and Toughness
combined with excellent resistance to chemicals and solvents.
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• Polyester acrylate UV curable coatings are noted for rapid cure and low viscosity
(suitable for curtain and spray coatings). The price of resin is reasonable.

• Epoxy acrylate resins are characterized by good chemical resistance, adhesion and
rapid cure; the price of resin is also reasonable. ..(7)

Radiation Curable diluent (monomers) for wood coatings:

In radiation, curing formulation monomers are usually used as diluents to reduce
oligomer viscosity. However, their presence can also have a great effect on other
coating properties such as adhesion promotion or flexibility (either increase or
decrease).
These are some monomers, which are commonly used in wood coatings:

• HDDA (1,6-hexanediol diacrylate) low viscosity Difunctional monomer
characterized by its high diluting power and excellent adhesion.

• TPGDA (Tripropylene glycol diacrylate) is a Difunctional monomer characterized
by good curing speed.

• TMPTA(Trimethylolpropane triacrylate) is a Trifunctional monomer characterized
by high curing speed .used in formulations where chemical and abrasion resistance
are required ...(8)

Type of acrylic UV curing lacquers for wood finishing:

UV base coat (filler and sealer):

The sealers have a lower viscosity compared to the fillers, but both are similar in
function and can be applied directly onto the substrate. The effect of the sealer is to
fill the chipboard so that the pores of the substrate are filled to give a smooth
surface.An open grain effect is obtained by the sealer on wood and wood veneers.
Since sealers are required to proceed through a sanding process, it is clear that in most
cases an epoxy acrylate oligomer will be used because of its effective sandability...(io>
.In the case of high abrasion resistance required, small amount of Urethane acrylate
may be used to modify the overall properties (have a good abrasion resistance) but are
seldom utilized as the sole backbone resin...(ii)
Fillers and sealers usually have (Calcium carbonate, Barium Sulphate, Calcium
Sulphate, Talc, Zinc Oxide, and ATH Aluminum trihydroxide), in low percentage in
sealers and high in fillers, these materials are used as fillers and sanding agents which
can help for better sanding and also can help to reduce the high glossiness of the 100%
solid UV coating .The researches found that the ATH is much better than the rest
because it allows the use of significant loading levels without whitening the clear
wood fillers..(12)
Silicones or silicone acrylates are not added to wood finishing sealer formulas as they
cause poor inter coat adhesion when over coated, even after a sanding operation. Other
additives must incorporate slip and flow.
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UV Topcoat:

There are conceivable varieties of topcoat formulas, by using different type of
oligomers to obtain the properties required for the finishing,
In general, obtaining high gloss has not been a difficult achievement in the UV
industry. It is more challenging to obtain a Matt finishing. Choosing the right matting
agent is very important because it can increase the viscosity dramatically. In order to
achieve a low gloss coating the film thickness is of great importance, the thinner the
film the less in gloss where as the thicker the more glossy .In the application of an
epoxy acrylate to achieve matt finish, high functionality monomers and amine
additives are not recommended .The oligomer for easy matting will be polyester
acrylate. Unfortunately, other properties are essential such that other oligomers have to
be used in conjunction with the polyester acrylate.
Benzophenon, Amine/Acrylate system increases the glossiness hence should not be
used in matt coating, and also the system had a yellowing effect.(io)
Aliphatic urethane acrylate has less yellowing effect than the aromatic urethane
acrylate, polyester and epoxy acrylate.
Photoinitiators are generally added in 3-5%. Increasing this percentage may lead to a
problem in UV-curing system, because of uncontrolled reactions of the remaining
amounts, which cause yellowing effects, and emission of odorous fragments like
benzaldehyde..(i3)
In general, the points that should be considered by the UV formulator are: low cost,
ease of application, Production of matt surface, and fast curing

Mechanical properties of cured film, which can be affected by the wood
substrate:

Hardness:

The hardness of the film depends on the hardness of the wood substrate.
Increasing the crosslink density of cured film by increasing the functionality of
reactive monomers can help to enhances the hardness of coating, also the structure of
the oligomer ,aromatic epoxy, urethane and polyester acrylates give harder film than
aliphatic urethane and polyester acrylate because the more rigid the
prepolymer(oligomer) the more rigid the crosslinkink ,the harder the cured film.. .(14)
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Adhesion:

Unlike metal or plastic surfaces, wood presents a substrate that varies in density,
porosity, and dimensional stability. Thus good adhesion depends on many factors:
wood substrate, the properties of both the wet and cured films that directly influence
the adhesion.
The wood moisture content is one of the important parameters which can affect the
adhesion, because the wood generally shrinks and swells, and this dimensional
instability occurs as the wood gains or loses moistures ...(is) .therefore solid 100 % UV
formula should be capable of fair degree of elongation, and flexibility, not to forget
there is a volume shrinkage that would arise from UV cured film.
The influence of extractive materials in the wood affect the adhesion of the UV
curable film
Because of the chemical interaction between the wet film and the substrate. There are
tests, which show that the extractive materials of teak and rose wood are soluble in
HDD A and TPGDA monomers.. .(16)
Weathering of the wood panels before finishing (preweathering) can lead to chemical
and physical changes on the wood surface that weaken the future wood coatings
interface. Wood preweatherd for several months before being coated showed
decreased adhesion and shortened coat service Iife..(i7)
The surface free energy of the wood substrate and the surface tension of the liquid
coating system are other factors which affect the adhesion and specially for the hard
wood substrate .If the surface tension of the wet film is greater than the critical surface
tension of the wood substrate, then the coating will not wet the substrate and the cured
film will have very poor adhesion. Knowledge of the surface tension of the coating
and the critical surface tension of the substrate is important for the formulator. the
contact angle of the UV lacquers (liquid) on the wood substrate (solid) is an indicator
of the ability of the coating to wet the surface effectively... Acrylated polyester gives
a good wetting for the wood grain, therefor it is recommended to be used with wood
substrate which have wetting difficulty..(i8),also Using proper wetting agents, the
surface tension of the lacquer can be reduced and the adhesion and the wetting
property enhanced.

Surface Preparation and Coatings :

Sanding:

It should come without saying that almost no coating or finishing can overcome a
poorly prepared surface. After proper sanding by 180- 240 g and cleaning by brush
roller the wood substrate will be ready to coat. Although the surface is sanded prior to
coatings, the substrate presented could be fibrous, and in some cases, still have deep
cellular cavities. When the first UV lacquer is applied, the fibers on the surface are
raised and project from the dry film to give a rough finish, except in a few instances
(open grain), for all practical purpose it is necessary to apply two coats of UV lacquer
to achieve a satisfactory finish..(6). The preparation depends on the finishing desired. If
extra smooth surface is specified then sanding and full grain filling is required, but if
the finishing required is an open grain then sealer without filler will do the job.. .(19)
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Stain:

Stains are made for changing the wood color or highlighting the natural grain of wood
substrate. Solvent and water-based stain can be used and this needs flash off period or
IR oven to let the stain dry before the UV lacquer is applied. The use of oil based
stain is not recommended because of poor adhesion, whereas water base stain is a
good choice as it achieves good adhesion...(9)

Classical flooring and panels UV finishing line

The is a brief of what is widely used as finishing line adopted by flooring and
paneling manufacturers in Malaysia.
The production line works at a speed of 12 M/min (maximum potential is
approximately 18m/min) producing 3000 M2 of coated surface per eight-hour shift.
The system uses fillers; Sealer and Topcoats with the highest solid contain (98-100 %)
which dramatically reduces the wastage of lacquer typical of other processes.
The working cycle is complete and follows the initial application of stain, UV filler,
Sealer and Topcoat. The stain applied can have a solvent or water, as required, after
applying the stain by the roller brushes for the stain wiping which insure a uniform
application in such a way as to enhance the wood grain. Stain is dried by means of
short-wave IR lamps, which must dry out the wood in depth to avoid any
accumulation of moisture in the veneer. After staining, the sealer (or fillers) is applied
with a filling machine which enables the product to penetrate into the more open pores
of the veneer, so as to correct any possible defects in the wood itself.This application
is recommended for those difficult species of tropical hardwood .
A further application of UV acrylic sealer is by means of two head machine wet on
wet, which is then passed under the UV lamps before sanding. Sanding with
granulation 360-400 then cleaning by brushing using a machine with upper and lower
brushes which is a fundamental step to ensure the successful application of the top
coat The top coat is applied by two rollers with an intermediate UV gelling (semi cure)
to obtain greater flexibility of the application...(19). Some Malaysian companies follow
this line only to apply UV sealer as for topcoat they use conventional Spray coating
(solvent base).

UV finishing linen?)
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Prospective:

Satisfactory performance of wood finishing is achieved when the many factors that
affect these are given full consideration. Unfortunately not much of work has been
done on the effect of the wood substrate on the (100% solid) UV curable coatings, and
thus this will be our consideration for further studies.
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Abstract

In this paper the characterisation of aqueous dispersions of UV curable resins is
described. Two types of dispersions were used: dispersions that are tacky after water
evaporation and tack - free before cure dispersions. The physical and rheological
properties of these products have been determined and the performance of these
dispersions in various formulations, especially for wood applications has been studied.
With these dispersions, it is possible to produce coatings having a good cure speed,
good surface hardness and good solvent -, chemical - and water resistance.

Introduction

Due to environmental and legislation constraints the coating industry is moving
through a major evolution. Low solids, solvent containing paints are decreasing in
importance. As a result of this increasing pressure to reduce VOC's, UV curable
coatings are experiencing an important growth in the marketplace. In some application
fields like for instance the wood coating industry, coating techniques are used requiring
low viscosity. This is rather difficult to obtain with 100% systems. Waterbased UV
curable coatings offer an interesting solution for this problem. The advantages of UV
curable waterbased systems for many industrial applications have been discussed
previously in the literature (1-4).
Recent improvements in dispersion technology such as the surfactant selection, the
optimization of various parameters in the dispersion process and the enhancement of
dispersion stability have made it possible to disperse a wide variety of radiation curable
oligomers in water. These oligomers include epoxy-, urethane- and polyester acrylates.
In this paper, properties of dispersion based formulations, before and after cure will be
discussed.
One of the limiting factors for the use of radiation curable waterbased systems was the
poor performance. This poor performance is mainly due to the use of water as a
solvent. Wetting, levelling and coalescence problems are observed, due to the high
surface tension of water and its poor solvency. Much work has been done to overcome
these problems and very encouraging results were obtained. In this paper, the
performance of some of these dispersions will be presented. Products were applied on
wood, glass or metal depending on the properties evaluated. Comparisons were made
with corresponding undispersed resins. Two types of dispersions will be presented. The
first category gives tacky films after the evaporation of the water. The second gives
tack - free films after water evaporation but before the UV cure. This type of dispersion
can be handled and sanded before the UV curing step. Tack - free before cure systems
are interesting because they are less sensitive to dust collection and because they allow
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the repair of coating imperfections before the UV curing step. This leads to reduced
waste in the production process.

Experimental section

The first type of dispersions were obtained by dispersing oligomers (urethane acrylates,
epoxy acrylates, and polyester acrylates) in deionized water using appropriate
surfactants. The solids content of these dispersions is in general 60 - 65%.
The second type of dispersions was obtained after chemical modification of the resins.
The solids content of these dispersions is approximately 40%.
The viscosity of the dispersions were measured at 25°C using a Brookfield Synchro-
Lectic or Haake viscometer. The particle size and the particle size distribution were
measured using either light scattering or microscopic techniques.
Coatings were applied on the different substrates by manual draw down or by spray
coating, using a HVLP spray gun (nozzle 1.6 mm). Coating thickness was
approximately 150 u, wet, for the manual draw downs and 180u, wet, for the spray
coatings. Water was evaporated before cure. More details will be given in the
following section. Samples were cured using one or two 120 watt/cm mercury vapour
electrodeless lamps or two focused 80 watt/cm lamps. Depending on the type of
property evaluated, the coatings were applied on glass, Parker Bonderite 40 steel or
wood (maple, oak or beech).
The properties of these films were then tested according to ASTM (5) or DIN methods,
including: adhesion (ASTM 3359-90), adhesion-crosshatch (ASTM K- 3359-83),
hardness (ASTM D 3363-74), flexibility (ASTM D 522-88 and ASTM D 2794-90),
gloss at 60° inclination (ASTM D 523-90) and chemical resistance according to DIN
68 861. In addition to this other tests were performed including reactivity (dry surface),
solvent and water resistance using the double rub method and Persoz hardness (type
299 - NFT 30-016).

Results and discussion

A wide variety of oligomers have been successfully dispersed in water. These include
epoxy acrylates, urethane acrylates and polyester acrylates of varying functionality.
Some of these systems were first modified chemically to obtain tack - free before cure
materials. Depending on the type of product, the viscosity at room temperature varies
from 60 mPas to greater than 10 Pas. Typical characteristics for these two types of
dispersions are summarised in Table 1.

| Table 1 : Typical properties of dispersions

Appearance
Solids (in v%)
Av. Particle size (urn)
PH
Viscosity
Brookfield(mPa.s - 25°C)

Typel
Milky white liquid

60-65
0,4-1,0
6,8-7,5

1.200-10.000

Type 2
Milky colloidal dispersion

40
0,1-0,14

7,7
70

Type 1 refers to the different families of acrylated oligomers in dispersion. Type 2 are
tack - free before cure systems. One of the typical characteristics of dispersions is the
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particle size. Particle size depends on a number of parameters including the chemical
and the physical properties of the oligomers. Typical particle size distribution curves
for type 1 and type 2 dispersions are shown in Fig 1 and Fig 2 respectively.

Fig.l
Intensity Distribution

Size Distribution(s)
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Fig.2
Intensity Distribution
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400
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600

The flow properties of the dispersions are important for the final coating quality. As
was shown in Table 1, the viscosity of the dispersions can vary over a wide range. The
experimental investigations indicate that viscosity is closely related to the particle size
and the particle size distribution of the dispersions. For a same percentage of water in
the dispersion, the viscosity will be higher when the average particle size is lower. The
viscosity of the dispersion will also increase with increasing volume content of the
dispersed phase (= oligomer). The dispersions of type 1 have a pseudoplastic
rheological behaviour. The dispersion viscosity decreases with increasing shear rate,
but returns to its original value immediately after removal of shear. This pseudoplastic
rheological behaviour is illustrated in Fig 3 for three types of dispersions: dispersion of
urethane acrylate oligomer (curve 1), dispersion of epoxy acrylate oligomer (curve 2),
and dispersion of polyester acrylate oligomer (curve3).

Fig. 3
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Rheological Behaviour of UV-Curable Aqueous Dispersions - Type 1
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The dispersions of type 2 exhibit a newtonian behaviour. This is shown in Fig 4.

Fig. 4

Rheology - Type 2
45.00

40.00 - -

^ 35.00 - -

S, 30.00 - -

w 25.00 - -

•a 20.00 - -

S 15.00 -•

** 10.00 - -

5.00 -•

0.00 - -

•polyester acrylate based

- epoxy acrylate based

Y(sec-1)

0 20 40 60 80 100 120 140 160 180 200

Dispersions are often used to overcome application viscosity problems, for instance for
spray applications. The type 2 dispersions are already low in viscosity. The dispersions
of type 1 often have rather high starting viscosity's. The viscosity can, however, be
adjusted to a wide range by dilution with water. This offers the possibility to combine
high oligomer molecular weight with low formulation viscosity. In 100% radiation
curable formulations this is sometimes more difficult to achieve as the monomers used
for reducing the viscosity are incorporated in the cured coating and therefore modify
the coating properties.

Fig 5 shows the dilution effect of water on the dispersion of an epoxy acrylate. The
viscosity at room temperature drops from 3000 mPas to 3mPas when the water content
is increases from 35% to 80%.

Fig. 5
Dilution Curve for the Aqueous Dispersion of an Epoxy Acrylate Oligomer

156



3500

50 70

Water (%)

90

Stability is another important property of dispersions. Not only the stability of the
formulation can be a problem when undispersed products are added to the system (e.g.
photoinitiators), but also phase separation can occur at room temperature or at elevated
temperatures. Most of the dispersions pass the Heat Stability test at 60°C for 7 days
without phase separation or particle size changes. Many of these dispersions also pass
1-3 Freeze/Thaw test cycles without phase separation or particle size changes.
Film properties have been investigated for films based on the different types of
dispersions.
Table 2 shows a comparison between the properties of epoxy acrylate dispersion of
type 1 and the corresponding undispersed epoxy acrylate, neat and with a 45%
monomer dilution (to obtain the same viscosity as the dispersed epoxy acrylate).

Table 2 : Properties of Films Based on Acrylated Epoxy Oligomers *
PROPERTY

4

Viscosity (cP, 25°C)
Cure Speed (m/min)
# Lamps (H lamp, 120W/cm)
Adhesion (%)
Pencil Hardness
Conical Bend (cm of crack)
Reverse Impact (in lb.)
MEK Double Rubs
Water Double Rubs
Gloss** (60°)

Dispersion
(in 35% water)

4120
60
1

100
9H+

0
6

200+
200+
100

Oligomer
(in45%TPGDA)

4270
30
2

66
9H+

0
2

200+
200+
104

Oligomer
(neat)

> 1.000.000
30
2
61
4H
0
0

200+
200+
107

* Formulation: 100 p Acrylate + 4 p Darocur 1173 (based on solids)
** Average of 3 readings

Some of the properties are the same for the dispersed epoxy acrylate compared to the
undispersed product. The viscosity of the dispersed product can be further adjusted
with deionized water, without affecting the final properties of the system. Surprisingly
enough, the films made from the aqueous dispersions have faster cure speeds than the
films made from the undispersed oligomers. As shown in Table 2, the film based on
the dispersion has a cure speed of 60 m/min with one H lamp. In contrast, the non-
aqueous based film has a cure speed of only 30 m/min with two H lamps. It is believed
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that a vapour layer is formed on the surface of the film during the drying process. This
(residual) water vapour layer then acts as an oxygen barrier, reducing the effects of
oxygen inhibition of cure. A simple experiment has proved this assumption. No
differences in cure speed are seen if the aqueous dispersed films are dried, then allowed
to sit at room temperature for 30 minutes before curing to allow the water layer to
dissipate. A further confirmation was the analysis of the level of unreacted double
bonds in both types of cured films. The level was lower when the films are cured under
"wet" conditions. The films made from the dispersions have a higher pencil hardness
than the films made from the neat resins. This improved hardness could also be due to
better surface cure from the mitigation of oxygen inhibition.
The results of the reverse impact tests indicate that the films based on the dispersions
have better flexibility than the films made from undispersed oligomers. One possible
explanation for this difference could be the flexibilizing effect of the surfactant and
residual water in the films based on the dispersed resin. The increase in adhesion could
also be due to the presence of surfactant, reducing the crosslink density and therefore
reducing the shrinkage upon cure. Solvent and water resistance are good, despite the
presence of surfactant.
The systems described until now are based on very simple formulations. As it is the
case with conventional 100% UV curable systems, formulation latitude is needed to
adjust formulations to specific application and coating requirements. A typical
application technique used in wood is spray. The viscosity of the dispersions can be
adjusted to the appropriate spray application viscosity by dilution with deionized water.
Examples of formulation possibilities are demonstrated in Table 3. Table 4 gives the
application and curing conditions of the formulations. Tables 5, 6 and 7 show the
coating performance of the cured films.

Table 3-4-5-6-7

1

EA dispersion Type 1
Ebl60
UA dispersion Type 1
Flatting Agent
Thickening Agent
Photoinitiator
Wetting Agent
Water
TOTAL
Viscosity: approximately
Solids : 42-43 %
Reactivity: lOm/min for

Table 3 : Formulations
1

39.20
-
-
2.40
0.30
0.70
0.03

57.40
100.03

2
39.20

5.00
-
2.40
0.30
0.70
0.03

64.00
111.63

3
39.20
10.00
-
2.40
0.30
0.70
0.03

70.70
123.30

'20"DIN4mm-20°C

1 lamp of 80W/cm (focussed)

4
39.20
-
2.80
2.40
0.30
0.70
0.03

60.50
105.93

5
39.20
-
5.50
2.40
0.30
0.70
0.03

69.70
112.63

6
39.20
-

11.00
2.40
0.30
0.70
0.03

69.70
123.33

Table 4 : Application and cure conditions
Coatings on glass : (hardness)

Application
Film Thickness

: manual draw down
: 150umwet
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Thermal drying : 4'20" at 40°C (air circulation)
2'10" at 50°C (Jet Dryer)

UV curing : lOm/min - 2 Lamps 80W/cm (focussed)
Wood panels : (gloss - chemical resistance)

Substrate : Beech veneer sanded 150/180 (A12O3 sanding paper
Heeseman)

Application : HVLP spray gun (nozzle 1,6 mm)
Coating weight : 3 coats of 60g/m2 each

1st coat
2nd coat
3rd coat

Air Circulation
40°C
2'10"
4'20"
4'20"

Jet Dryer
50°C
2'10"
2'10"
2'10"

UV Curing- Hg
80W/cm - lOm/min

1 lamp
1 lamp

2 lamps
Sanding between coats : 180-240 (SiC sanding paper - Heeseman)

Table 5 : Properties of cured films - Epoxy acrylate dispersion Type 1

Gloss (60°) on wood panels
Persoz Hardness (seconds)
Pencil Hardness

1
10

109
2H

2
18

141
2H

3
13

165
3H

4
13

154
3H

5
30
188

4H-5H

6
35

235
5H-
6H

Table 6 : Water and solvent resistance - Epoxy acrylate dispersion Type 1
number of double rubs

Water
Acetone
Isopropanol
Table 7 : Chemical resistance - Epox;

Water
10% Ammonia in water
Red wine
Coffee
Acetone
Mustard
Isopropanol
Blue ink

1
>100
>100
>100

2
>100
>100
>100

3
>100
>100
>100

4
>100
>100
>100

5
>100
>100
>100

6
>100
>100
>100

y acrylate dispersion Type 1; after 24 Hours
1
0
3
3
2
1
0
0
3

2
0
3
3
2
2
0
0
3

3
0
2
3
2
1
0
0
3

4
0

2-3
3
2
1
0
0
3

5
0

2-3
2-3
2
0
0
0
3

6
0
2
2
1
1
0
0

2-3
0 = no visible change 3 = strong marks (surface structure unaffected)
1 = very slight change in gloss, color 4 = strong marks (surface structure
changed)
2 = slight marks 6 = strong change in surface structure
For the hardness measurements, one layer was applied on glass. After thermal drying to
remove the water, the coating was UV cured. All formulations were cured at the same
speed (sufficient to cure the slowest system). The other tests were performed on wood
panels. Industrial application and curing conditions were applied. The first two layers
were cured at higher speeds to improve the intercoat adhesion.
All formulations were diluted to approximately the same viscosity. The amount of
water mentioned is the total quantity (water in the dispersion + water added
afterwards). The stability is good for all the systems described. Formulation 1 is the
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standard, low gloss system, based on an epoxy acrylate dispersion. Thickening agents
are used to improve the aspect of the film surface when the water evaporates. In these
formulations Irgacure 500 (Ciba Geigy) was used as photoinitiator, however, other
systems are also possible. Formulations 2 and 3 show the influence of the addition of
an undispersed trifunctional oligomer on the coating properties. In formulations 4, 5
and 6, mixtures are made with a type 1 dispersion of a hexafunctional urethane
acrylate.
Table 5 clearly shows the influence of the increase in crosslinking on the properties.
Adding 5 or 10% of the hexafunctional urethane acrylate dispersion increases the gloss
level, indicating an increased surface cure. Persoz hardness and pencil hardness both
increase as a function of the amount of Eb 160 or hexafunctional urethane acrylate
added to the formulation. Solvent resistance ( Table 6) but also water resistance is
good for all formulations evaluated. In Table 7, the chemical resistance using various
types of stains was evaluated. The figures reflect exactly the different categories as
described in the DIN 68 861 specification. In practice, a gradual improvement of the
chemical resistance is observed with increasing crosslinking (addition of Eb 160 or
hexafunctional urethane acrylate). For instance for the blue ink resistance, the marks
become weaker going from formulation 1 to 6 even if formulations 1 to 5 all have a
score of 3 following the DIN 68 861 specification.
Formulations were also made based on the tack - free before cure dispersions of Type
2. Formulating these systems is less obvious because they have to keep the tack free
before cure property. This limits for example the amount of low viscosity diluting
monomer one can add. A typical formulation and the evaluation of the properties are
given in Table 8.

| Table 8 : Formulations and properties Type 2 dispersion*

Gloss 60° on wood
Persoz Hardness (seconds)
Pencil Hardness
Water double rubs
Acetone double rubs
Isopropanol double rubs
Water
10% Ammonia in water
Red wine
Coffee
Acetone
Mustard
Isopropanol
Blue ink

A
-

80
3B

B
35

255
6H

>100
75

75-100
0
3
1
1
1
0
0

2-3
*Formulation: 40p Dispersion + 2 p Flatting Agent + lp Photoinitiator + 60p Water
Viscosity : 20" DIN 4 mm -20°C (+/- 50 mPa.s)

Curing conditions were the same as described in Table 4. A is referring to properties
before cure and B are the results after UV cure. As can be seen, this type of tack free
before cure dispersion exhibits very interesting characteristics. Hardness and chemical
resistance are good. Properties before and after cure were compared to check the
influence of the UV exposure. As these systems are tack free after evaporation of the
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water, the possibility existed that the UV cure was not efficient due to the lack of
mobility in the coating. The increase in hardness (Persoz and pencil) proves that curing
occurred on UV exposure. Further prove was obtained from an FTIR and a TMA
analysis as shown in Fig 6 and Fig 7.

Fig. 6
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The FTIR spectrum shows the disappearance of the double bond peak when the
sample, after evaporation of the water, is exposed to UV light. The TMA analysis
clearly indicates the important decrease in penetration in the substrate after UV cure.
These different measurements show that an efficient UV curing occurs even in this low
mobility system.
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Conclusion

A wide variety of radiation curable oligomers was successfully dispersed in water. The
stability (also thermal) of these dispersions pure or in formulations is good. The
application viscosity requirements can be adjusted by adding water. The formulation
possibilities, especially for wood coatings were demonstrated. The properties of the
formulations can be adapted by adding dispersed or undispersed products to the
system. Two types of dispersions were investigated. Both have their advantages and
their limitations. The tack-free before cure dispersions are less sensitive to dust
collection during the application process. On porous substrates, no migration of
uncured product, that could be present in the depth of the pores, to the surface will
occur. On the other hand, possibilities to adapt the performance properties of the
coatings is more limited because the addition of liquid radiation curable products to
this type of dispersion will destroy the tack - free before cure property.
The other type of dispersion gives much more formulation flexibility. Various
dispersed and undispersed products can be added to modify the properties. After water
evaporation these systems will, however, be more sensitive to dust on the surface and
uncured material on very porous substrates will eventually migrate to the surface.
It is therefore clear that the final choice between the two systems will depend on the
type of application that is envisioned.
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PEEL STRENGTH
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1. INTRODUCTION

Typically those not skilled in the art relate Glass Transition Temperature to Pressure
Sensitive Adhesives. You need a low Tg material to prepare good pressure sensitive
adhesives. This report deals with a wide range acrylate terminated oligomers in a standard
formulation. Molecular weight, chemical structure variations are examined versus the Glass
Transition of the oligomers and final peel strength. Each formulated adhesive will require
unique oligomer properties to reach one hundred newtons per 100 millimeters (5.71 pounds
per square inch) peel strength. Excellent peel strengths may be obtained with oligomer
molecular weight ranging from six thousand to one thousand molecular weight and glass
transition temperatures ranging from minus seventy four degrees centigrade up to thirteen
degrees centigrade.

2. EXPERIMENTAL

The procedure for manufacturing the adhesives consisted of making a master batch of a C-9
hydrocarbon resin with a Ring and Ball Tack of 115 centigrade; a low viscosity mono-
functional acrylate monomer (ethoxyethoxyethyl acrylate); a ultraviolet light catalyst
(polymeric alpha hydroxy ketone, an emulsifying monomer ethoxylated nonylphenol
acrylate) which be compatible with the C-9 hydrocarbon resin and the acrylate oligomer; and
stabilizers consisting of antioxidants and free radical scavengers. Sixteen parts of various
oligomers were blended with eighty-four parts of the master batch and mixed until
homogeneous.

The pressure sensitive formulations were applied to an untreated polyethylene terephthalate
plastic film at 25 microns (five thousands of an inch). Each formulation is then passed under
a one hundred twenty-watt per centimeter (three hundred watt per inch) medium pressure arc
light to polymerize the acrylate carbon-carbon double bonds. The energy was varied from
one hundred ninety milli-joules to seven hundred fifty milli-joules. Each sample was then
conditioned at twenty-five degrees centigrade and fifty percent relative humidity for twenty-
four hours. He cured PSA samples were then cut in strips 30 centimeters long (twelve
inches) and two point five four centimeters wide (one inch). The strips were applied to a
polished stainless steel using a nine hundred gram weighted (two pounds) roller. This
pressure is constant and allows for reproducible results.
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3. ACRYLATE OLIGOMERS VERSUS PEEL STRENGTH

Glass transition temperature evaluations on twenty oligomers provided the basis for studying
peel strength in this study. Sixteen parts of oligomer was blended with the master batch1

consisting of tackifiers, monofunctional acrylates and stabilizers presented in the discussion.
Peel strength was determined on each formulation at different UV light energy to determine
the operating window for commercial viability. The glass transition temperature was
determined by Differential Scanning Calorimeter. The absolute Tg is used along with the
temperature transition range the cured oligomer underwent transition. Figure I illustrates
absolute Tg and the temperature transition range. The application data indicates this
temperature of transition effects the peel strength. The sharper the transition the higher the
peel strength. Additional studies with Dynamic Mechanical Thermal Analysis may provide
additional design criteria based on the visco-elastic properties of adhesives.

Tg Spectra from DSC

Tg Onset, 20C

Glassy State

Tg Midpoint,
40C

_ _ . ~nr% - Flexible State

Tg End, 60C

Tg region (40 C Transition Range)
4

Figure I: Glass Transition Temperature with Differential Scanning Calorimeter

The first area of investigation is with low Tg oligomers. Materials with Tg in the -75 °C to -
50 °C range typically would be used in acrylic removal pressure sensitive adhesives. Figure
II is very busy, however seeing all the parameters at once provides a good picture of the
performance properties of the pressure sensitive adhesive and the operating window for
commercial application. The first two bars of each oligomer are the absolute Tg and the
temperature transition range. There is no specific trend of peel strength versus glass
transition temperature or molecular weight of the base oligomer. Each oligomer does have a
wide range of cure rate versus performance. The thirty five hundred molecular weight
oligomer has similar performance from six meters per minute to twenty five meters per
minute. Similarly the six thousand molecular weight oligomer has an operating window of
six to seventeen meters per minute.
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The degree of polymerization is important and data supports the back bone chemistry of the
oligomer is important. The thirty five hundred molecular weight and the six thousand
molecular weight materials perform successfully at all reaction conditions. The two thousand
molecular weight and three thousand molecular weight oligomers indeed are cure related and
can be under cured and over cured indicated by the decrease in peel strength at the seven
hundred and fifty milli-joule energy level.

Tg -50 to -75 Centigrade Oligomers

3500mw

• TginC
^ Temperature Range
• 750 mj/cm = 6 nVm
^375 mj/cm = 12 nVm
• 280 mj/cm = 17 m/m
1190 mj/cm = 25 m/m

Figure II: Low Glass Transition Temperature Oligomers in Adhesives

The glass transition temperature range versus the peel performance can be seen in looking at
narrow range of absolute Tg from -35 °C to -37 °C. Figure III provides additional data that
absolute Tg is not the determining parameter for peel strength. Four oligomer based
adhesives have identical absolute glass transition temperatures, three thousand to thirty five
hundred molecular weight, yield very different adhesives. Note the high peel strength three
thousand molecular weight system has a very narrow temperature transition range while the
three other systems have temperature transition rang greater than twenty five degrees
centigrade. Please also note the three thousand and six thousand molecular weight resins
have very narrow temperature transition ranges. The two high peel strength materials
maintain very good peel performance over a very wide operation range important for
commercial processes.

During the study an unexpected result occurred we were very pleased with. Typically we've
seen when molecular weight falls below two thousand the peel strength falls off and the
adhesives are very sensitive to under and over curing. Figure IV provides the details of an
unusual rein that is one thousand molecular weight, good peel strength with a very wide
operating window suitable for production. The formulation viscosity of the material is less
than one half a poise (five hundred centipoise) suitable for flexo graphic presses.
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Tg -35 to -37 Centigrade Oligomers

6000mw

• TginC

1 Temperature Range

• 750 mj/cm = 6 nVm

^!375mj/cm=12nVm

• 280 mj/cm = 17 nVm

1190 mj/cm = 25 nrVm

3000mw 3500mw

Figure III: Medium Glass Transition Temperature Oligomers in Adhesives

Tg -25 to +13 Centigrade Oligomers

• Tg inC
i§ Temperature Range
• 750 mj/cm = 6 m/m
H375 mj/cm = 12 m/m
• 280 mj/cm = 17 m/m
H190 mj/cm = 25 m/m

- 2000mw 2000mw 2000mw

Figure IV: Positive Glass Transition Temperature Oligomers in Adhesives

4. CONCLUSION

Ultraviolet light curable pressure sensitive adhesives are a reality. Peel strengths often to one
hundred newtons per milli-meter (one half to six pounds per square inch), low viscosity for
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application and a wide operating window suitable for manufacturing. Glass Transition
Temperature is one of the parameters that should be measured to characterize a pressure
sensitive adhesive, not be a determining factor. Additional research is planned to study the
visco-elastic properties of oligomers and adhesives to design products to yield two hundred
newton per milli-meter (twelve pounds per square inch) pressure sensitive adhesives suitable
for industrial applications.

APPENDIX

Standard PSA formulation4:
Component
Oligomer*

Hydrocarbon Tackifier, S-l 15*
SR-256, 2-ethoxyethoxyethylacrylate*

SR-504, ethoxylated nonylphenol acrylate*
MEHQ***

Irganox 1010**
Photoinitiator, KIP 1 OOF* or Irgacure

1173**

Amount(gm)
160
320
218
231
0.8
8

80

Raw Material Sources:
*Available from Sartomer Company
**Available from Ciba-Geigy Corporation
•••Available from Aldrich Chemical

REFERENCES

(1) All peel strengths reported were measured in the 180 degree mode, Test procedure PSTC-
1, peel tester supplier: Cheminstruments, Mentor, OH, Telephone: 216-352-0218.

(2) "Low Cost UV Curable Pressure Sensitive Adhesives", Radtech '94, Orlando, Florida,
May 1-5, 1994.

(3) All Tg measurements were performed on a TA Instruments Model DSC 2010, heat rate
20 C/min.

(4) For a detailed description of PSA preparation see, "Low Cost UV Curable Pressure
Sensitive Adhesives", Radtech '94, Orlando, Florida, May 1-5,1994.

(5) UV dose was delivered via a 120W/cm Hg-arc system
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SYNOPSIS

Two kinds of pressure sensitive adhesives (PSA's), that were formulations of
radiation crosslinkable styrene-isoprene block copolymer (SIS) and complete
hydrogenated aliphatic tackifying resin or non-hydrogenated, were prepared and the
electron beam (EB) irradiation effect on these PSA performances such as peel strength
against some kinds of adherends was studied. The results from measuring of PSA
performance exhibit the close correlation between EB irradiation effect of these and
the miscibility of the tackifying resin against SIS. Further it was clarified that PSA
performance was influenced by the surface tension of adherends.

INTRODUCTION

At RadTech Asia '97, we focused on holding power of PSA based radiation
crosslinkable SIS and reported about the improvements of heat and solvent resistance
of these through EB irradiation[l]. Results showed that the improvement was
influenced by the miscibility of PSA mixtures which derived from the molecular
structure of tackifying resin. SIS has the micro-phase structures that consist of
polystyrene and polyisoprene phase, because these are intrinsically immiscible. PSA
performance and EB irradiation effect on these were determined by which phase the
tackifying resin dissolved in.

In this report, we discuss mainly the following points.
• The correlation between EB irradiation effect on PSA performance such as peel

strength and PSA elasticity derived from the difference of the miscibility of these
formulations.

• The correlation between PSA performance and the surface of adherends.
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EXPERIMENTAL

Material and test sample

PSA material used in this study were as follows: radiation crosslinkable SIS; Kraton
D1320(Shell Chemical Co.), tackifying resins; complete hydrogenated aliphatic
hydrocarbon resin; ArkonP100(Arakawa Kagaku-kogyo Co.) and non-hydrogenated;
Quintonel325(Nihon Zeon Co.). The difference of both tackifying resins was only
hydrogenated or no. Adherend materials of testing PSA's performances were used as
follows: Poly tetrafluoro ethylene(PTFE), Poly propylene(PP), Poly ethylene(PE),
Poly vinyl chloride(PVC), and Poly methyl methacrylate (PMMA). The PSA was made
by mixturing SIS and the tackifier in toluene at the weight ratio of 40/60, 50/50, 60/40.
The test samples for measuring PSA performance were prepared by coating the
mixtures on 25 micrometers polyethylene telephthalate films, which resulted in a final
dry adhesive volume of 3mg/cm2. Electron beam irradiation was carried out in a
nitrogen atmosphere using a Nisshin Curetron System. The cathode voltage was held at
200keV and the dosage at lOOkGy.

Measurements

PSA performance against 5 kinds of adherends was evaluated by 180 degree peel. 180
degree peel was tested at 300 mm/min peel speed according to JIS-Z0237.
Elasticity (shear modulus) and Tan 8 were measured by Dynamic mechanical

spectrometer (Seiko,Inc.) in the parallel plate mode using small plates of PSA(cross
section: Icm2,thickness: lmm). These were plotted from the room temperature to 150t
at 0.05Hz. Glass transition temperature(Tg) of polystyrene phase in SIS was
determined by the peak of Tan 8 .
The critical surface tension of adherends was estimated by contact angle method. The

contact angle of aqueous solutions of dipropylene glycol was measured by Erma
goniometer. The critical surface tensions were determined by Zisman's plot.

RESULTS AND DISCUSSION

Table I shows the changes in peel strength after EB irradiation and against different
kinds of adherends. The result leads to the following trends; 1) In almost all conditions,
peel strength became slightly lower after EB irradiation, creating SP46, SQ55 and
SQ46 slip stick phenomena. 2) The difference of peel strengths between SP and SQ
series increased with the content of tackifying resin, although peel strengths of SP64
and SQ64 show almost same. Comparing SP46 and SQ46, the latter, formulated with
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non-hydrogenated aliphatic resin as tackifying resin, performed clearly worse than the
Table I EB irradiation and adherends effect of peel strength

Formulation, dose(kGy)/Adherends

SP64.0
SP64J00
SP55.0

SP55J00
SP46_0

SP46J00
SQ64.0

SQ64J00
SQ55.0

SQ55J00
SQ46.0

SQ46J00

PTFE
0.47

0.24

0.78

0.47

0.69

0.42*

0.55

0.49

0.50

0.31*

0.22*

0.29*

PP
1.19

0.82

1.32

1.11

2.11

1.87

1.18

0.95

1.25

1.20*

1.27

1.00*

PE
0.63

0.35

0.91

0.74

1.28

0.27*

0.79

0.59

1.03

0.91*

1.09

0.42*

PVC
1.20

1.10

1.43

1.43

1.83

1.91

1.33

1.16

1.42

1.41

1.50

1.44*

PMMA
0.95

1.01

1.65

1.33

2.50

1.99

1.43

1.01

1.51

0.65*

1.56

0.76*

SP : formulation of SIS and ArkonPlOO

* : slip stick phenomena

UNIT : kg/25mm

SQ : formulation of SIS and Quintonel325

former formulated with hydrogenated. 3) Peel strength against various adherends
shows a regular increase in the order PTFE < PE < PP < PVC < PMMA.

Table II The changes in elasticity after
EB irradiation

formulation/dose(kGy)

SP64
SQ64

0
4.24
4.59

100
4.78
5.06

UNIT : x!05Pa

Table II shows the changes in shear modulus of SP64 and SQ64 at room temperature
after EB irradiation. Both shear moduli were increased with the dose of EB irradiation.
It was considered that the increasing of elasticity had an effect on the decline of peel
strength. But the explain could not simply apply in case of slip stick phenomena
because of drastic changes.
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Fig.I shows the changes in the correlation between the content of tackifying resin and
the shear modulus at room temperature. Shear moduli of both formulations decrease
with increasing the content of tackifying resin. Therefore it was considered that both
peel strengths increase with the content of tackifying resin. Besides it was proved that
the changes in shear modulus were dependent on the kind of tackifying resin,
observing from the result that the degree of downward trend in formulation of SP was
larger than SQ. In consequence, the difference of the changes would be reflected in
peel strength.

Fig.II shows the Tg curves derived from polystyrene phase as the content of
tackifying resin increases. The effects of an addition of tackifying resins on the Tg
exhibit the miscibility to polystyrene phase in SIS. The result demonstrates that the
non-hydrogenated tackifying resin was more miscible to the polystyrene phase than the
hydrogenated. In previous report[l], it demonstrated that the hydrogenated tackifying
resin was good miscibility to the polyisoprene phase. Consequently it was apparent
that the close relation between PSA performance derived from the elasticity and the
miscibility of PSA mixture.

Besides the miscible effect of the EB irradiation on PSA performance was considered
the followings. Increasing the content of non-hydrogenated resin that was more
immiscible to polyisoprene-phase than hydrogenated, the separate-phase occurred in
polyisoprene-phase. Consequently the changes in PSA performance after EB
irradiation showed different between miscible and immiscible condition because the
polyisoprene-phase would be mainly crosslinked(by EB irradiation).
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Table III Critical surface tension of adherends

r
r

(.(measurements)

c (literature)

PTEF

18.8

18.5

PP
25.8

29.0

PE
28.1

31.0

PVC
34.6
39.0

PMMA

39.9
39.0

UNIT : mN/m

The critical surface tensions of adherends obtained from experiments and
literatures[2] are shown in Table III. The properties of the surface of adherends are
affected by the condition in processing and molding. But the experimental results agree
approximately with the values of literatures except PVC. Considering from Table I and
III, there is a linear correlation between peel strength and the critical surface tension if
classifying PTFE into low critical surface tension material, PP and PE into medium,
PVC and PMMA into high.

Conclusion

We presented the results that the miscibility of PSA mixture affected the elasticity
itself, therefore the PSA performances were changed. We found the correlation
between the miscibility of PSA mixture and the EB irradiation effect on PSA
performance. Further it was clarified that PSA performance was influenced by the
surface tension of adherends.

References
[1] H.Itoh and I.Enomoto, Proc. RadTech ASIA. '97, Yokohama, 1997, P586.
[2] M.Toyoma, T.Ito and H.Nukatsuka, J. Appl. polym. Sci., 17, 3495(1973)
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SUMMARY

Various low Tg acrylate and methacrylate monomers were mixed with epoxidised palm
oil acrylate (EPOLA) with the ratio of 50/50 prior to curing with an electron beam (EB)
irradiation. Methacrylate monomers such as dicyclopentenyloxyethyl methacrylate
(DCPOEMA) and isobornyl methacrylate (ISBMA), although displayed relatively high
adhesive properties but were finally excluded from being further utilised as monomers for
PSA because of a very slow curing speed. Literally, it is suggested that poorer adhesive
performances of the cured films made from 5 0/5 0:EPOLA/monomer mixture as
compared to that of 100% monomer was attributed to the lack of compatibility between
EPOLA and that particular monomers. Further compatibility investigations were
continued using formulations prepared via prepolymer route cured by an ultraviolet (UV)
irradiation and the results showed that several monoacrylate monomers with polar and
non-polargroups exhibited high curing speed as well as good compatibility with EPOLA
as shown by their cured film properties such as; surface tackiness, peel adhesion and
creep resistance. It is also suggested that these monomers were acting as surfactants for
EPOLA which consequently enhance their compatibility upon mixing.

1.0 INTRODUCTION

Previous works (Mohd. Hilmi et al. 1997; Mohd. Hilmi et al. 1998) carried out at the
Malaysian Institute for Nuclear Technology Research (MINT), on the studies to
investigate the potential use of palm oil based acrylated resins namely EPOLA and palm
oil based urethane acrylate (POBUA) for the production of radiation (UV/EB) curable
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PSA were mainly focused on the use of ISBMA as a monomer. However, the
requirements of around 200 to 300 kGy and 2.25xlO13 to 4.125xlO13 MeV/cm2 (6 to 11
times of UV light exposures from a 200 watt/cm, 20 cm UV machine with the condition
of 7.5 A current and 4m/min conveyor speed) dose or energy for curing using EB and UV
respectively were considered rather high and might lead to overcuring and subsequently
the risk of degradation to the irradiated films, especially when using EB irradiation,
where, dose variations are less flexible when compared to UV. Employment of N-vinyl-
2-pyrrolidone (NVP) into formulations to some extent increased the curing speed but at
the expense of adhesive properties. The poor creep resistance results showed by UV/EB
curable PSA made of 60/40:EPOLA/ISBMA mixture (Mohd. Hilmi et al. 1998) could be
considered a setback in determining the properties of PSA. The introduction of tackifying
agents such as; poly(vinylmethylether) (PVME), hydrogenated rosin (HR) and aliphatic
hydrocarbon resin (AHR) into formulations did little in improving these properties.

The present study is conducted with the aims of searching for monomers which are most
compatible with EPOLA as well as possessing high curing speed without compromising
the properties of PSA such as; tackiness, peel adhesion and creep resistance. Also, in this
study, we will examine the efficiency of a new procedure, i.e., the prepolymer method in
preparing PSA formulations to enhance viscosities which will subsequently produce
cured films with desired thickness of around 30-50 |j.m.

2.0 EXPERIMENTAL

2.1 Materials

2.11 Oligomers/resins

EPOLA oligomer used in the present work was prepared in MINT Laboratory through
acrylation of the epoxidised palm oil pruducts (EPOP). The acid number (AN), molecular
weights (MW) (measured using Tosoh made GPC, model HLC-8020) and Tg (measured
using Shimadzu Thermal Analyser, Model DSC-50) of EPOLA are around 29.81, 3200
and -5.0°C respectively. The viscosity of EPOLA, measured using a Brookfield
Viscometre Model RVTDV-IICP was about 1200 Cps at 25°C.

Poly(vinylmethylether) (PVME) having MW and Tg (data supplied by manufacturer)
around 99,000 and -31°C (242 K) respectively, supplied as 50 wt. % solution in water by
Aldrich Chemical Co., USA and liquid epoxidised natural rubber (LENR) having MW
and Tg around 38,000 and app. -60 ° C respectively, supplied as 48 wt. % in toluene by
MINT Laboratory were used as tackifiers. Prior to use, PVME and LENR need to be
dried (e.g. vacuum oven at 60° C for 24 hours).
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2.12 Monomers/diluents
Most monomers i.e., dicyclopentenyloxyethyl methacrylate (DCPOEMA), isodecyl
acrylate (i-DA), isodecyl methacrylate (i-DMA), lauryl methacrylate (LMA), acrylic acid
(AA), isobornyl acrylate (ISBOA), isobornyl methacrylate (ISBMA), isooctyl acrylate (i-
OA), isononyl acrylate (i-NA), 2-ethylhexyl acrylate (2-EHA), n-butyl acrylate (n-BA),
isobutyl acrylate (i-BA), N-vinyl-2-pyrrolidone (NVP) and 1,6-hexanediol diacrylate
(1,6-HDDA) employed in this work were supplied by Aldrich Chemical Co., USA,
while, phenol diethoxylate acrylate (M-101), phenol tetraethoxylate acrylate (M-102),
nonylphenol monoethoxylate acrylate (M-lll) , nonylphenol tetraethoxylate acrylate (M-
113), nonylphenol poly(n=2.5)propoxylate acrylate (M-117), 2-ethylhexyl carbitol
acrylate (M-120), 2-hydroxy-3-phenoxy-propyl acrylate (M-5700) and 2(2-
ethoxyethoxy)ethyl acrylate (IRR-184) were supplied by Toagosei Chemical Industry
Co., Ltd., Japan and UCB Chemicals (M) Sdn. Bhd., Malaysia respectively. Lastly,
dimethylaminopropyl acrylamide (DMAPAA) was supplied by Kohjin Co., Ltd., Japan.

2.13 Other additives
Photoinitiator namely Darocure® 1173 (D-l 173) product used in UV curing applications
was supplied by CIBA-GEIGY Corporation, USA and used as received.

2.2 Application and Irradiation

The PSA formulation recipes of EPOLA:monomer/ISBOA/AA/D-
1173=50:50(85)/l0/5/0.1, prepared either through normal mixing method or prepolymer
method, i.e., purging with N2 gas while intermittently exposed to a 400 watt, Mercury
Lamp UV Irradiation Source of Photochemical Reactors Ltd., U.K., uniformly along the
flanks of the transparent vessel when finally a prepolymer formation was marked with the
gradual increased in viscosity, were coated onto polyethylene terephthalate (PET) films
having thickness around 30-40 |am with a baker type applicator marked # 2 (50 urn)
thickness (this parametre is used throughout experiments) giving around 20-50 um
thickness of dried films (vary with formulation viscosities). The coated resins were
covered with transparent silicone treated PET films prior to irradiation curing using a 200
watt/cm, medium pressure mercury vapour lamp of IST®-UV Dryer (Switzerland) at
lOm/minute giving app. 1.31 x 10 MeV/cm energy per pass to reduce O2 inhibition
effects, while, the uncovered resins were subjected to a 15 cm wide Curetron® (NHV,
Japan) at an acceleration voltage of 200 kV, a beam current of 2 mA and a conveyor
speed of 22.5 m/min under nitrogen atmosphere giving app. 10 kGy (1 Mrad) per pass.

2.3 Measurements and Testing

The viscosity of the PSA formulations are measured using a Brookfield Viscometre
Model RVTDV-IICP at 25°C. The 180° peel strength was evaluated following Pressure
Sensitive Tape Council Test Method Number 1 (PSTC-1) (Perkins 1980) test in which a
strips of 1 inch width adhesive tape was pasted onto a stainless steel panel (SUS 304) and
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peeling off at a crosshead speed of 300 mm/min by using a Strograph-RI (Toyoseiki Co.,
Ltd.) 24 hours after pasting and pressing with a 1.8 kg roller. The surface tackiness was
measured by using a Probe-Type Tackiness Tester (Rhesca Co., Ltd., Japan) which
followed the "IPC-SP-819 IIW SUB-COMMISSION 1A" standard (specified by the
supplier), where a 5 mm diameter stainless steel probe being contacted with a specimen
for 1 second followed by being peeled off at a speed of 30 mm/sec. The creep resistance
was conducted via the Pressure Sensitive Tape Council Test Method Number 7 (PSTC-7)
(Perkins 1980) test procedure in which one inch square tape sample is applied to a
stainless steel surface mounted in a vertical position after which a 500 gram weight is
attached to the tape and the time to failure is measured.

3.0 RESULTS AND DISCUSSION

3.1 Choice of Monomers-Fox Equation

Various low Tg monomers, most of them with Tg below -30°C such as listed in Tables
l(a) and l(b) were mixed with EPOLA (with Tg - -5.0°C) at 50/50:EPOLA/monomer
ratio following the Fox equation (Billmeyer 1984) to produce mixed materials with an
expected cured film's Tg around < -20°C. The Fox equation is described below:

l/Tg=W1/Tgl+W2/Tg2

and W]+W2=l (weight fraction)

where, Wb W2; wejght fraction of each content
Tg; glass transition of a compound (mixture)
Tgl, Tg2; glass transitions for each component (content)
(Tg is in unit of Kelvin, not in Celcius)

3.2 EB Irradiation-Search For Monomers

Table 2 shows the properties of PSA formulations prepared via normal mixing method
cured by EB. Most of the monomers used exhibited high curing speed except for the
methacrylates, i.e., DCPOEMA, ISBMA, i-DMA and LMA. Among the acrylate
monomers, ISBOA shows the fastest curing rate and highest tackiness which qualifies it
to be further utilised as a speed enhancer in other formulations together with acrylic acid
(AA) which was later introduced as a hardener (might copolymerises with other
monomers in the present of photoinitiator and UV light). Although, the adhesive
properties shown by DCPOEMA and ISBMA were reasonably high but their slow curing
speed hinders them from being considered for further use in PSA formulations.
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Table 1 (a): List of Monomers Used In PSA Formulations

Chemical
names

(Abbreviations)

Chemical Structures MW Viscosity
(Cps/25°C)
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Table l(b): List of Monomers Used In PSA Formulations

Chemical Names/
Trade Names

(Abbreviations)

AA

DMAPAA

IRR- 184

M - 101

M- 102

M- 111

M-113

M-117

M-120

M - 5700

NVP
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3.3 UV Curing-Prepolymer Method

Further search for good compatibility monomers was conducted by using UV irradiation
since its machine is less complicated to handle as compared to that of EB and the dose or
light intensity is easier to control, i.e., by merely changing the conveyor speed or varying
the # of passes, giving only small variations in intensity (measured by using UV Curing
Radiometre) and hence reduces the risk of overcuring and consequently degradation to

Table 2: Properties of PSA Formulations By EB Curing-Baker Type Bar Coater # 2 (50 urn)
(Following Ordinary Mixing Method)

Components

EPOLA
DCPOEMA
2-EHA
n-BA
i-BA
ISBMA
ISBOA
i-DA
i-DMA
i-OA
i-NA
LMA
Properties
Dose (# Passes)

Viscosity (Cps/25°C)
Tackiness (gf)
Peel Adhesion (g/in)
Mode of Failure

ADI
50
50

9

179.5
126.7

15
CRF

AD 2
50

50

2

-
30.4

1
CRF

AD 3
50

50

2

-
25.0

2
CRF

AD 4
50

50

1

-
14.9

2
CRF

Composition
ADS |

50

50

10

134.4
33.3
100
BF

AD 6
50

50

1

-
181.6

8
BF

% By Weight
| AD 7 | AD 8

50 50

50
50

3 >20
not cure

57.2
30.5

3
CRF

AD 9
50

50

2

36.8
23.8

3
CRF

AD 10 | AD 11
50 50

50
50

2 >11
not cure

44.1
24.2

3
CRF

Note : CRF (Clean Release Failure) Dose : 30 kGy/ Pass
BF (Backing Failure)

the cured films as compared to the bigger intensity differences in case of EB irradiation,
which otherwise might cause the adverse effects.

The prepolymer method as described in sec. 2.2 was employed on all formulations. The
behaviour of formulations AD 12 to AD 14 shown in Table 3 indicates that the adhesion
properties were superior when using baker-type applicator with thickness indicator # 2
(50 urn). Thus this parametre was used throughout experiments. Table 3 also displayed
the effect of EPOLA/monomer ratio on adhesive properties as shown by formulations
AD 15 to AD20; where PSA formulations made of 100% monomers although showed
rather slow curing speed but their adhesive properties i.e., tackiness and peel strenght
were superior. Sudden decline in adhesive properties when adding 25% to 50% EPOLA
illustrated that these monomers are incompatible (hardly miscible) with EPOLA
oligomer.

Table 4 further explains that the prepolymer method was more superior than that of
normal mixing since it produces PSA formulations with higher viscosities, better curing
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speed and better adhesive performances. The most notable one is that when using baker-
type applicator marked # 2 (50 urn) for coating, the PSA formulations made from
prepolymer route produced cured films with favourable thickness of 42-48 um as
compared to only 25-30 um for normal mixing method. It is suggested that the increased
viscosities of the formulations made by prepolymer method minimised the flow of wet
resins on the substrates after coating and thus maintaining the predetermined coating
thickness. Also, the formation of prepolymers as marked by the increased in viscosities
will similarly enhance adhesive properties such as; surface tackiness and peel adhesion.

Table 3: Properties of PSA Formulations By UV Curing (Following Prepolymer Method)

Components

EPOLA
i-NA
n-BA
NVP
ISBOA
AA
D-1173
Properties
Coat. Thickness (\xm)
Dose (# Passes)
Viscosity (Cps/25°C)
Tackiness (gf)
Peel Adhesion (g/in)
Mode of Failure

AD 12

100

10
5

0.1

25
3

948.0
298.9

80
CRF

| AD 13

100

10
5

0.1

37.5
3

948.0
402.3
150

CRF

AD 14

100

10
5

0.1

50
3

948.0
441.7
210
CRF

Composition %
| AD 15

100

10
5

0.1

50
13

184.0
413.2
2500
BF

AD 16
50

50

10
5

0.1

50
6

152.0
128.2

10
CRF

By Weight
| AD 17 |

25

75

10
5

0.1

50
4

38.0
168.5

20
CRF

AD 18
50

50
15

0.1

50
2
-

32.0
5

CRF

| AD 19
25

75
15

0.1

50
6
-

81.5
4

AF

AD 20

100
15

0.1

50
25
-

277.8
600
CRF

Note : CRF (Clean Release Failure)
BF (Backing Failure)
AF (Adhesive Failure)

Dose : 1.31 x 1012 MeV/cm2 per pass

Table 4: Properties of PSA Formulations By UV Curing - A Comparison Between Normal Mixing and Prepolymer Methods

Components Composition % By Weight
AD 21 AD 22 AD 23 I AD 24 AD 25 AD 26

EPOLA
M-101
ISBOA
AA
D -1173

Properties
Dried film Thickness (jim)
Dose (# Passes)
Viscosity (Cps/25°C)
Tackiness (gf)
Peel Adhesion (g/in)
Mode of Failure

100
10
5

0.1
| Prepolymer

48
4

281.0
268.5
100

CRF

50
50
10
5

0.1
Method

43
5

166.4
88.8

5
CRF

25
75
10
5

0.1

42
5

118.8
82.1

8
CRF

100
10
5

0.1
| Normal

25
5

13.1
74.4
10

CRF

50
50
10
5

0.1
Mixing

30
6

99.5
77.0

5
CRF

25
75
10
5

0.1
Method

28
6

35.1
78.3

5
CRF

1

Note : CRF (Clean Release Failure); Dose : 1.31 x 1012 MeV/cm2 per pass
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3.4 Surfactants Like Monomers

Current experimental results displayed that common monomers [Table l(a)]
'commercially employed in PSA formulations such as; 2-EHA, n-BA, i-BA, i-DA, i-OA
and i-NA showed very poor compatibility with EPOLA as shown by the sudden drop in
adhesive properties when 25 to 50% EPOLA was added to the formulations (see Table 3).
So, it is necessary to continue searching for monomers with better compatibility without
compromising the essential requirements of PSA properties such as; high curing speed
and reasonably high adhesive performances.

Incompatibility results from the existence of high surface tension between two
immiscible media (Zahariah et ah 1997). In order to promote the miscibility, this surface
tension must be removed or reduced and this can only be done by the so called surface
active agents or surfactants which are amphiphilic compounds consisting of a
hydrophobic (hates water) and a hydrophilic (loves water) moieties. The presence of this
two moieties within a molecule causes it to partition preferentially at the interface
between fluids of different polarity and hydrogen bonding and thus lowers the interfacial
energy or surface tension (Thambirajah 1998) which later improves miscibility or
compatibility.

Table 5: Properties of PSA Formulations By UV Curing-Baker Type Bar Coater # 2 (50 (im)
(Following Prepolymer Method)

Components

EPOLA
M-101
M-102
M - l l l '
M-113
M-117
M-120
M- 5700
IRR -184
DMAPAA
PVME
ISBOA
AA
D -1173
Properties
Dose (# Passes)
Viscosity (Cps/25°C)
Tackiness (gf)
Peel Adhesion (g/in)
Creep Resistance (hr) *25°C

'60°C

b25°C

Mode of failure

AD 27
50
50

10
5

0.1

5
166.4
88.8

5
>72

Intact
>72

Intact
.

CRF

AD 28
50

50

10
5

0.1

5
138.4
54.6

5
>72

Intact
>72

Intact
-

CRF

| AD 29
50

50

10
5

0.1

5
217.1
196.3
190
>72

Intact
>72

Intact
-

CRF

Composition
| AD 30

50

50

10
5

0.1

6
249.0
125.0

15
>72

Intact
>72

Intact
.

CRF

| AD 31
50

50

10
5

0.1

6
330.9
199.4

40
>72

Intact
>72

Intact
.

CRF

% By Weight
| AD 32

50

50

10
5

0.1

7
139.5
122.0

8
>72

Intact
>72

Intact
-

CRF

| AD 33
50

50

10
5

0.1

3
290.5
140.6

75
>72

Intact
>72

Intact
.

CRF

AD 34
50

50

10
5

0.1

3
114.3
59.3

5
<1

min.

_

_
CRF

| AD 35 |
50

50

10
5

0.1

4
3,570
404.3
175
>72

Intact
>72

Intact
-

CRF

AD 36
50

45
5
10
5

0.1

8
10,670
448.1
280
>72

Intact
>72

Intact
Int.,>

72
CRF

Note: CRF (Clean Relaese Failure); Dose :1.31 x 1012 MeV/cm2 Per pass; a: 500g load; b: 1 kg load
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Ethoxylated/propoxylated nonyl phenol acrylates and other monomers having polar and
non-polar groups as listed in Table l(b) were later chosen as monomers for PSA not only
because of their low Tg but it was also tought that they are capable of functioning like
surfactants (Glotfelter 1997) and thus promote compatibility. In general, most of these
monomers have shown reasonably high curing speed (see Table 5) with the exception of
long chain 2-(ethyl)hexylcarbitol acrylate, M-120, (formulation AD32) and formulation
AD36 which could be due to the addition of 5% PVME into DMAPAA monomer. As for
the adhesive performances four monomers namely; nonylphenol monoethoxylate acrylate
(M-lll), nonylphenol tetraethoxylate acrylate (M-113), nonylphenol
poly(n=2.5)propoxylate acrylate (M-117), 2-hydroxy-3-phenoxy-propyl acrylate (M-
5700) and dimethylaminopropyl acrylamide (DMAPAA) exhibited a reasonably high
adhesive properties i.e., tackiness and peel adhesion, where the most outstanding
performances were shown by DMAPAA (also known for its readily copolymerises with
most common monomers through the reactive amino group) and secondly by M-l l l
monomers. All of them also displayed a clean release mode of failure during peel tests.
When samples were subjected to creep resistance or holding tests at 25°C (room
temperature) and 60°C, all the films were remained intact to the steel panel after 72
hours.

3.5 Effect of Multifunctional (MF) Monomer and Tackifier On Properties of PSA

Brief studies on the effect of MF monomer has been performed and the initial results
shown in figures 1 and 2 indicated that the addition of MF monomer i.e., 1,6-HDDA, into
formulations improves the adhesive properties. Further studies will be conducted in detail
to investigate the effect of employing various other common MF monomers such as;
tetraethyleneglygol diacrylate (TEGDA), polyethyleneglycol diacrylate-400 (PEGDA-
400), trimethylolpropane triacrylate (TMPTA) and pentaerythritol triacrylate (PETA) at
different concentrations on the adhesive properties.

Figure 1 : Crosslinker (HDDA) Concentration of PSA Formulation (AD 14) vs Tackiness
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Figure 2 : Crosslinker (HDDA) Concentration of PSA
Formulation (AD 14) vs Peel Adhesion
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Figure 3 : Effect of Dose (# passes) On Tackiness of PSA Formulation (AD 35)
Blended with 5% Tackifier (PVME)
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Figure 4 : Effect of Dose (# passes) On Peel Adhesion of PSA Formulation (AD 35)
Blended with 5% Tackifier (PVME)

Similarly, addition of 5% PVME tackifier to the PSA formulation such as shown in Table
5 (formulation AD36) and figures 3 and 4 significantly enhanced its adhesive
performances, but, at a higher irradiation dose as compared to that of without tackifier.
Further studies will be performed to investigate the effect of varying PVME contents on
the adhesive properties.

On the other hand, the use of LENR, prepared in MINT Laboratory (Dahlan 1998) as
tackifier (see figures 5, 6 & 7) increased both the viscosities and tackiness but decreased
the peel adhesion' Figure 6 shows that the use of 5-7% LENR in PSA formulations was
sufficient in obtaining the maximum tackiness value. In the future studies an attempt will
be made to improve the peel adhesion of LENR containing formulations by incorporating
up to 1.5% MF monomers such as 1,6-HDDA, the task which is considered worthwile
since LENR, similar to EPOLA is one of Malaysian indigenous product.
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Figure 5 : LENR Concentration vs Viscosity
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Figure 6 : LENR Concentration vs Tackiness
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Figure 7 : LENR Concentration vs Peel Adhesion

4.0 CONCLUSIONS

From this study it was found that the use of prepolymer method in PSA formulations
produced better coating, curing and adhesive performances compared to the normal
mixing method as has previously been practiced.

So far, two monomers namely nonylphenol monoethoxylate acrylate (M-ll l) and
dimethylaminopropyl acrylamide (DMAPAA) were found to be most compatible with
EPOLA as shown by the outstanding adhesive properties of their cured films based on
50/50:EPOLA/monomer formulation ratios.
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ABSTRACT

Vinylether monomers offer unique properties for UV/EB curing due to their efficiency as
reactive diluents and their ability to undergo both cationic homopolymerization and free-radical
copolymerization. The benefits derived from the inclusion of vinylethers into commercial UV-
curable epoxysilicone formulations include viscosity reduction, improved cationic photoinitiator
miscibility, and lower costs. The addition of up to 60 wt.% of monovinylethers to epoxysilicone
systems maintains the release performance, resulting in high-performance coatings and
valuable cost savings. On the other hand, divinylethers may be used to impart a controlled
release behavior to the epoxysilicone systems. Vinylethers may also be used in the
formulation of acrylate-free pressure-sensitive adhesives and laminating adhesives. In this
paper, we have first elucidated the advantages offered by the inclusion of vinylethers in UV-
curable release coatings, followed by a discussion of UV curable pressure-sensitive and
laminating adhesive formulations based on vinylethers.

INTRODUCTION

Most commercial radiation curable release coating formulations are based on
polydimethylsiloxane (PDMS) resins that have been functionalized with polymerizable acrylate
or epoxy groups. The photoinduced free-radical polymerization of acrylate-functional silicones
is commonly used and numerous patents exist on this technology.1 Free radical
polymerizations are inhibited by the presence of oxygen and the high oxygen permeability of
silicones amplifies this effect. Thus, commercially acceptable cure speeds are best obtained
with expensive nitrogen inerting. Cationically curable epoxy-functional silicones2'3 are also
now commercially available. These coatings cure rapidly with UV exposure and, unlike free
radical polymerizations, cationic photopolymerization is not inhibited by the presence of
oxygen thus eliminating the need for nitrogen inerting. Cationically curable vinylether-
functional silicones are also under active development.4 In each of these systems, a reactive
diluent is often desired to improve performance and optimize physical properties. However,
the choice of monomer is severely limited by the poor compatibility of many commonly used
diluents with silicone fluids.5 The ability of vinylethers (VEs) to lower viscosity and costs of
silicone acrylate formulations has been recently studied, and formulations based primarily on
vinylethers containing small amounts of silicone acrylates, cured by a dual (free-radical and
cationic) cure scheme, have also been reported.6 Further, silicone-free UV-curable release
coatings that offer tight release behavior and are based entirely on vinylethers have also been
proposed by Dougherty et al.1
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GE Silicones introduced the first commercial cationic UV cure release system,
consisting of cycloaliphatic epoxy functional PDMS polymers and compatible photoacid-
generating iodonium catalyst packages, over ten years ago.28 These systems meet most
performance objectives, but the high organofunctionai content (epoxy content) needed for fast
UV cure results in photocured release coatings that tend to provide 'zippy' and tighter release
than that observed from analogous addition-cure solvent-less silicone formulations. A high
polar cycloaliphatic epoxy group content in otherwise nonpolar PDMS also causes increased
viscosity compared with linear PDMS of the same chain length. In addition, the non-polar
nature of epoxy-silicones even with high organofunctionai content limits the miscibiiity of most
commercial onium salt photoinitiators. While the cost of a 1 micron thick silicone coating is but
a minor contributor to the total cost of a release liner or final product prepared therefrom, the
converting industry is fiercely competitive, so any cost reduction in coating material is
desirable. Though vinylether monomers are not very inexpensive, they are less costly than
commercial epoxy silicone polymers, and hence their use as additives does provide for raw
material cost reduction for the end user.

In this paper we have addressed some of these issues and have demonstrated that
vinylethers effectively lower viscosity, enhance photoinitiator miscibiiity, and contribute to
release properties in cationic formulations based on epoxy silicones. Our experimental efforts
were primarily focused at investigating the utility of vinylethers as performance-enhancing
additives in epoxy silicone systems. First, we confirmed that monofunctional VE's were
miscible with the epoxysilicones and can be used as reactive diluents to lower viscosity of
coating baths and improve coating quality. Improvement in the miscibiiity of the cationic
photoinitiator was also demonstrated without a significant impact on release performance.
Second, we quantified the effect of a bifunctional monomer on increasing the release (as a
controlled release additive), both with normally low-release epoxysilicones, and as a 'tight
release amplifier' with a tight release epoxysilicone. Thirdly, we explored the use of high
concentrations of VE monomers in coatings based on high viscosity epoxysilicone polymers.
The resulting formulations exhibited viscosities of the same range as conventional solvent-free
thermal and UV cutable silicone release agents and could therefore be readily applied using
the same coating techniques.

Our investigation of vinylethers in UV/EB-curable adhesives was motivated by the
knowledge that vinylethers are effective in adjusting viscosity and increasing the cure speed in
UV/EB curable surface coatings for different substrates including wood, plastic, and metal.
The excellent adhesion to this wide variety of substrates suggested that these formulations
might also be useful as pressure sensitive (PSA) and laminating adhesives. Furthermore,
there are numerous literature references to the use of polyvinylethers in PSA applications.9

The availability of cationic photoinitiators with excellent hydrocarbon solubility210 and the
expanded availability of vinylether monomers11 should also enable the extension of this
technology to UV and EB curable PSA's. We investigated cationically curable UV/EB pressure-
sensitive adhesives formulations based on a low Tg monovinylether, a divinylether crosslinker,
and a tackifying resin. The discussion on UV-curable laminating adhesive formulations is
focussed on vinylether-containing formulations based on a broad range of cure chemistries
including, cationic, free-radical, charge transfer, and hybrid.

RAW MATERIALS

The vinylether monomers used throughout this study were obtained from International
Specialty Products (Figure 1). The epoxy functional silicones and cationic photoinitiator used
in the release coating study were obtained from GE Silicones and are described as follows:
• UV9300 - lightly crosslinked low viscosity (300 cSt) epoxy silicone with epoxy-equivalent

weight (EEW) of 950 used for common low-release applications.
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• UV9315 - low viscosity (300 cSt) low-release linear cyclohexylepoxy-functional PDMS with
an EEW averaging 1100.

• UV9400 - analogous low viscosity (250 cSt) epoxysilicone, but with an EEW averaging
1450 (and hence less epoxy content than UV9315).

• UV9430 - tight release epoxysilicone product that is a blend of an epoxy-functional 'Q'
resin with a linear epoxy-stopped PDMS12 with a viscosity of 500 cSt and an EEW of 1600.

• UV9425 - high molecular weight (viscosity: 4000 cSt) linear PDMS polymer with an
average EEW of 1050.

• UV9500 - special premium release epoxysilicone blended product described in US Patent
5,397,813 (Eckberg and Griswold, 1993) with a viscosity of 400 cSt and EEW of 1100,
designed for premium release versus the most aggressive acrylic crosslinkable adhesives.

(All epoxysilicone polymers were prepared as taught in US Patent 5,391,676 to Eckberg and
Agars, 1995). The photocatalyst solution used to promote UV cure of the epoxysilicone
coatings was UV9380C. UV9380C consists of about 45% active bis(4-alkylphenyl)iodonium
hexafluoroantimonate (where 'alkyl' = a complex mix of linear and branched chain C8-C14
aliphatic groups) and an isopropylthioxanthone (IPTX) photosensitizer in an alkylglycidyl ether
reactive diluent. The active iodonium salt component of this product was first described in US
Patent 4,279,717 (Eckberg and LaRochelle, 1981).

CHVE
(cyclohexanedimethanol
divinylether)

CVE
(cyclohexylvinylether)

EHVE
(ethylhexylvinylether)

DDVE
(dodecylvinylether)

DVE-3
(triethyleneglycol
divinylether)

Figure 1. ISP's RAPI-CURE vinylether monomers used in this study.

Polyethylene-kraft liner (PK) was furnished by Thilmany Co. and Melinex® 505
polyethylene terephthalate (PET) film was obtained from ICI. Cold rolled steel panels were
obtained from the Q-Panel Company. Polyethylene terephthalate (PET) film, glass
microscope slides, adhesive tapes manufactured by the 3M Company, Tesa Corp., and
Johnson & Johnson were obtained from local vendors.

The iodonium salt cationic photoinitiators for the adhesive formulations were obtained
from GE Silicones (UV9380C), Union Carbide Corp. (UVI-6990), and 3M Company (FX-512);
while the free-radical photoinitiators were obtained from Ciba Specialty Chemicals. The
cycloaliphatic epoxy resin, UVR-6110, was obtained from Union Carbide Corp. An
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unsaturated polyester resin, UV 15-156, was obtained from Cargill. Acrylate resins were
obtained from Sartomer Company. The silicone surfactant, DC-193, was obtained from Dow
Corning Corp. while the hydrocarbon resin, Regalrez® 1085, was obtained from Hercules Inc.
The stabilizer, t-butyl hydroquinone, was obtained from The Aldrich Chemical Co.

TEST METHODS
Release Coating Formulations

The data on UV-curable epoxy silicone release coatings presented first were obtained
from trials conducted at Black Clawson Machine Co. in Fulton, NY, under the supervision of
personnel from GE Silicones. The 18-inch B-C pilot coating line was used to coat
polyethylene-kraft liner (PK) furnished by Thilmany Co. with experimental and control
epoxysilicone and epoxysilicone/VE blends. Cure was achieved in air by exposure to one or
two banks of Fusion Systems 600 watt/in 'H' lamps mounted immediately following the 5 roll
film-splitting coating station. The samples of cured silicone-coated liner were subsequently
laminated with TESA 7475 acrylic test tape or with Ashland 1085 solvent-borne acrylic PSA
plus paper face stock to create 2 inch wide tapes. The cured coating samples were aged for 2
weeks prior to lamination with Ashland 1085 solvent-borne acrylic PSA, while the TESA 7475
acrylic test tape was laminated to the coatings within minutes of cure at Black Clawson.
Release and aged release of the laminates, aged under ambient conditions (23°C, 50%
relative humidity), was measured by recording the force required to peel the silicone coated
liner from the adhesive laminate at an angle of 180 degrees using a ZPE1000 high speed
release tester. The release was reported as the average of three trials and typical
measurement errors were found to be less than 5%. To demonstrate the utility of EHVE and
DDVE for improving catalyst miscibility with a commercial epoxysilicone, 2 parts of UV9380C
catalyst product were mixed with 100 parts of UV9400 and UV9400A/E formulations. The
catalyzed mixtures were then analyzed for turbidity using an HF Scientific Model DRT100B
Turbidimeter.

Proof-of-concept release coating formulations investigated at ISP were prepared by
mixing the components in an amber vial. The compatibility of vinylethers in silicone fluids was
determined by blending the desired ratio of components under moderate heat. The mixtures
were then allowed to stand overnight and observed in the morning for any sign of phase
separation. The viscosity of compatible blends was measured at 25°C using a Brookfield LVT
viscometer. A uniform coating of the desired thickness (0.3 mils) was then applied to the PET
substrate using a #3 Mayer bar applicator. The liquid coating was cured by exposure to UV
irradiation using either an AETEK Model QC 1202A/N UV Processor containing two 200
Watt/inch medium pressure mercury vapor lamps or a Fusion System Irradiator containing one
300 Watt/inch "H" bulb. Quantitative measurements of release and subsequent adhesion were
performed on a Gardner Slip/Peel Tester. Coatings were cast on the PET substrate and cured
by UV exposure. After 24 hours, the specified tape was applied to the surface and a five-
pound rubber roller was rolled over the tape 5 times. Release was determined by measuring
the force, in grams per linear inch, required to remove the tape at an angle of 180 degrees.
After the tape was removed from the release coating, the subsequent adhesion was
determined by reapplying the tape to a clean steel panel, rolling 5 times with the rubber roller,
and again measuring the force required to remove the tape at an angle of 180 degrees. For
each sample the mean of 5 trials was reported and typical experimental error was observed to
be within 5%. Aged release was determined by placing the cured sample in an oven at 70°C
for 20 hours prior to applying the test tape and measuring the release as described above.

Adhesives Formulations
All formulations were prepared by mixing the components in an amber vial at room

temperature. For the PSA studies, each formulation was applied to a 2 mil polyester film by
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hand drawdown using a #12 Mayer bar. Samples were cured by exposure to UV irradiation of
1000 mJ/cm2 using either the AETEK Processor or the Fusion System Irradiator containing the
"H" bulb. Unless otherwise noted, samples were post cured at 70°C for a minimum of 15
minutes. Tack was measured in grams using a Testing Machines Incorporated Probe Tack
tester with a dwell time of 0.2 seconds and a speed of 0.1 cm/sec. A minimum of 5 trials was
conducted on each sample and the mean reported in grams/cm2. Peel strength was
measured using a Gardner Slip/Peel Tester. Adhesives were cast on polyethylene
terephthalate films and cured as described above. One inch wide strips were cut, applied to a
steel substrate, and rolled with a 5 pound rubber roller 5 times. The force required to remove
the tape at an angle of 180 degrees was measured in grams. A minimum of 5 trials was
conducted on each sample and the mean reported. Shear strength was determined by
contacting a one-inch square at one end of a cured PSA coated polyester strip to a stainless
steel test panel leaving the other end of the strip free. The test panel was then rolled with a 5
Ib rubber roller 5 times and attached to a rack in the vertical position. A 500 g weight was
attached to the free end of the coated strip and the elapsed time for each strip to separate
from the test panel was recorded. Unless otherwise noted, the experiment was terminated
after 24 hours. Formulation viscosity was measured at 25°C using a Brookfield LVT
viscometer.

For laminating adhesives, the formulation was applied to one substrate, the second
substrate was placed on top, and was then pressed together to remove any air bubbles.
Laminates were cured by exposure to UV irradiation of 1000 mJ/cm2 using either an AETEK
Model QC 1202A/N UV Processor or a Fusion System Irradiator containing an "H" bulb. Lap
Shear was determined using an Instron testing procedure in accordance with ASTM D 1002.
Fixture time was determined as described in the literature.13 For measurement of fixture time,
laminates were prepared as described above and exposed to UV light using a UVEXS Co.
SCU 110 UV lamp operating at 13 mW/ cm2. The fixture time recorded was the shortest UV
exposure needed to prepare a laminate capable of suspending a 1 kg weight.

RESULTS AND DISCUSSION

UV-Curable Release Coating Formulations
Vinylethers as Reactive Diluents and Photoinitiator Compatibilizers

Compatibility with the oligomer system is a key requirement of any reactive diluent.
This is particularly true with silicone resins where the choice of diluent is severely limited by
poor miscibility. Each of the vinylethers shown in Figure 1 was found to be an effective
reactive diluent and completely miscible (in all ratios) with various epoxy functional silicones.
The viscosity decrease obtained using four vinylethers as diluents for a typical epoxy
functional silicone (UV9300) is shown in Figure 2.

The solvency power of EHVE and DDVE was also confirmed at GE Silicones by
observing complete miscibility of EHVE, DDVE, and CHVE in several epoxysilicones. For
example, a batch of UV9400 epoxysilicone (EEW = 1507) with an initial viscosity of 278 cSt
was mixed with varying amounts of the VE monomers and the kinematic viscosity determined
using Ostwald tubes at 25°C. The results obtained are presented in Table I, and it may be
observed that the viscosity reduction obtained with EHVE was marginally greater than that
with DDVE. Further, to demonstrate the effectiveness of vinylethers in enhancing cationic
photoinitiator miscibility, turbidity measurements were performed on various UV9400A/E
formulations containing 2 parts by weight of UV9380C. Results of the turbidity tests are shown
in Figure 3. We observed that catalyzed baths with turbidity greater than 100 tend to be
unstable on storage, while turbidity greater than 1000 indicated gross immiscibility.
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10 15 20

Vinylether, wt.%

25 30

Figure 2. Brookfield viscosity of various vinylether/UV9300 blends.

1800

UV9400 90/10 90/10 80/20 80/20
UV9400/DDVE UV9400/EHVE UV9400/DDVE UV9400/EHVE

Epoxy SiliconeA/E blend

Figure 3. Turbidity measurements for UV9400/VE blends containing 2 parts UV9380C.
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Table I. Kinematic viscosity of various UV9400/VE blends

Wt. % VE
UV 9400/VE blend

0
4
8
12
16
20

Viscosity (cSt)
UV9400/DDVE blend

278
209
171
139
120
102

Viscosity (cSt)
UV9400/EHVE blend

278
204
154
117
97
78

As seen in Figure 3, formulations containing 20 wt.% of DDVE and EHVE exhibit
turbidity of less than 100 NTU units indicating enhanced miscibility. Further, shelf stability of
catalyzed baths is increased to at least 3 months with the addition of 10-20% of DDVE or
EHVE. lodonium and sulfonium salt photocatalysts are inherently polar materials bearing
localized charges on a cation and an anion. Their miscibility with nonpolar curable materials
such as organic monomers, oligomers and organofunctional silicones, is always an issue in
the use of UV curable cationic systems. Since the active bis(4-alkylphenyl)iodonium
hexafluoroantimonate component of the commercial UV9380C product is not completely
soluble in epoxysilicone polymers with EEW greater than 1000, end-users of these
formulations may experience problems when catalyzed baths are retained for extended
periods of time. Solutions to this problem have included the addition of aromatic and polyether
carboxylates into the epoxysilicone structures, and the design of iodonium catalysts with new
exceptionally large charge-diffusing counterions. However, these modifications result in
higher-cost functional silicones. Due to the complete miscibility of lower-cost vinylethers with
organofunctional silicones and onium-salt photocatalysts, inclusion of these monomers in the
epoxysilicone polymer systems results in significant handling and performance benefits.

Vinylethers as Additives for Cost-Performance Enhancement
Shown in Figure 4 and 5 are release performance data, measured against the TESA

7475 tape and the Ashland 1085 tape respectively, demonstrating the effectiveness of EHVE
and DDVE as cost-performance enhancing additives with UV9400. The release data
presented in Figures 4 and 5 were obtained for coated samples prepared at the Black
Clawson facility in which each coating bath consisted of 1 part of UV9380C catalyst added to
100 parts of the UV9400/VE blend. The coating line-speed was set at 250 meter/min. with
cure obtained by one bank of focused 600 watt/in 'H' lamps. A coatweight of 1.1 g/sq. meter
(total coating including silicone and organic components) was targeted in these trials. Release
data using the reference test tape was obtained after successive aging of each sample of the
cured coating.

These results indicate that the release behavior obtained is broadly comparable to that
of the control UV9400 system and is marginally sensitive to the type of adhesive tape used for
evaluation. However, when comparing the formulations incorporating DDVE to those including
EHVE it can be observed that the EHVE-diluted systems demonstrate little or no change in the
release behavior compared to the control. The formulations containing DDVE demonstrate a
marginal increase in the level of release as the DDVE content is increased. Further, in these
DDVE systems the aged release behavior is also different to that observed for the EHVE-
containing formulations. However, given the lower costs of vinylether monomers, these data
indicate that both DDVE and EHVE may be used in conjunction with UV9400 as cost-
performance modifiers without greatly affecting release behavior.
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UV9400 control 90/10 80/20 90/10 80/20
UV9400/DDVE UV9400/DDVE UV9400/EHVE UV9400/EHVE

UV9400/VE formulation

Figure 4. Release behavior of various UV9400/VE formulations measured (in g/inch; using a
1-inch wide tape) against TESA 7475 tape.

UV9400 90/10 80/20 90/10 80/20
UV9400/DDVE UV9400/DDVE UV9400/EHVE UV9400/EHVE

UV9400/VE Formulations

Figure 5. Release results for various UV94007VE formulations measured (in g/2-inch; using a
2-inch wide tape) against the Ashland 1085 adhesive tape.
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Vinvlethers as Controlled Release Additives
Data presented in Figures 6 and 7 show the increase in release, measured against the

TESA 7475 and Ashland 1085 tapes respectively, observed by the addition of CHVE to
formulations based on UV9430. In general, it is most desirable for release to remain stable
throughout the shelf life of a tape or label, or to quickly move to a stable value. Release
values less than 40 g/inch versus TESA 7475, or less than 30 g/2-inch versus ASHLAND 1085
acrylic PSA are considered low (or premium) release. Release values greater than 100 g/inch
or 200 g/2-inch versus TESA and Ashland, respectively, are considered tight or 'controlled'.
Several trends can be observed in this set of data presented in Figures 6 and 7. First, CHVE
has a marked effect on the release behavior of the UV9430 tight-release polymer, particularly
versus the Ashland 1085 adhesive (Figure 7). Second, when present in a release coating,
CHVE makes aged release considerably less stable and release tends to rise on aging before
leveling off after 7 weeks of aging (Figure 6). In the case of the release measured against the
Ashland 1085 tape, this aging behavior appears more highlighted indicating a dependence on
the type of adhesive used in conjunction with these systems. However, in both cases CHVE
provides much greater 'CRA Effect' (Controlled Release Additive Effect) to the UV9430
coatings, which is of commercial significance.

Further investigations on the utility of EHVE as a low viscosity additive and CHVE as a
controlled release additive, were performed on the 12 inch width Dixon coater at GE Silicones
in Waterford, NY. These results are presented in Figure 8 and 9 and are based on medium
release epoxysilicone UV9315 formulations cast on the Thilmany PK liner. In these runs, 2
parts of UV9380C were added to 100 parts of each UV9315/VE formulation. A target coating
weight of 1.0 g/m2 was accomplished using a 3 roll offset gravure coating station. Coatings
were cured by exposure to one bank of 300 watt/inch Fusion Systems 'H' lamps at a line
speed of 30 meter/minute, since the Dixon coater is not capable of faster speeds.

1 Day • 14 Day D50 Day

100/0 (Control) 90/10

UV9430/CHVE Formulations

80/20

Figure 6. Controlled release behavior observed for various UV9430/CHVE formulations
measured against the TESA 7475 tape (in g/inch).
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1 Day • 14 Day • 50 Day

100/0 (Control) 90/10

UV9430/CHVE Formulations

80/20

Figure 7. Controlled release behavior observed for UV9430/CHVE formulations measured
against the Ashland 1085 tape (in g/2-inch).
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100/0/0
(Control)

90/10/0 90/0/10 90/5/5 85/5/10

UV9315/EHVE/CHVE Formulations

80/10/10

Figure 8. Release behavior measured (in g/inch) against TESA 7475 tape for formulations
using EHVE and CHVE as additives to UV9315.
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100/0/0
(Control)

90/10/0 90/0/10 90/5/5 85/5/10

UV9315/EHVE/CHVE Formulations

80/10/10

Figure 9. Release behavior measured (in g/inch) against Ashland 1085 adhesive tape for
formulations containing EHVE and CHVE as additives to UV9315.

These data suggest that even low levels of EHVE when used with UV9315 increase
the release marginally when evaluated against both adhesive tapes. The CHVE level in
coatings based on the medium-release polymer UV9315 determines release differentials
compared with the control (0 wt.% VE) coating. In addition, there is variation in aged release
behavior depending on the type adhesive. Whether added alone or in concert with EHVE, in
these experiments the CHVE level has a significant impact on release regardless of tape or
adhesive against which the coatings were evaluated. Hence, CHVE can be used as a CRA to
obtain modest release differentials. In order to investigate the effect of adhesive type on
release behavior performance of these formulations was also evaluated against the TESA
4651 SBR-type adhesive tape. The results obtained are shown below in Table II. In this case
the level of release is observed to decrease as the coating is aged. This result is interesting
and may be either be attributed to minimal interaction between the adhesive and the release
coating or the preferential migration of the epoxysilicone to the surface over time.

Table II. Release behavior of various UV9315/EHVE/CHVE formulations evaluated against
the SBR-based TESA 4651 adhesive tape.

Formulation

UV9315 Control
90/10 UV9315/EHVE
90/10 UV9315/CHVE
80/10/10 UV9315/EHVE/CHVE
85/5/10 UV9315/EHVE/CHVE
90/5/5 UV9315/EHVE/CHVE

Aged
1 Week

33
36
73
77
82
53

Release (g/inch)
4 Week

28
35
46
46
46
35

6 Week
18
22
36
34
36
23
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Results obtained at ISP confirmed the utility of CHVE as a controlled release
additive.6'14 These studies evaluated various ratios of CHVE in a typical GE epoxy silicone
resin (UV9300). Each formulation was found to be completely tack-free at our maximum
conveyor speed of 600 fpm (75 mJ/cm2, AETEK). Incorporating 30 wt% CHVE was found to
increase the release by a factor of three while improving the subsequent adhesion. Aging was
found to have only a minor effect on release. Dougherty et al have reported similar results
using the epoxy silicone (PC-600) and photoinitiator (PC-702) supplied by Rhodia.14

Epoxysilicone Formulations with High Vinylether Content
Shown in Figure 10 is the release behavior of various epoxysilicone/VE formulations

containing up to 60 wt.% vinylether, evaluated against three different adhesives. While the
release behavior was found to be a function of the type of adhesive tape used for evaluation,
there are distinct advantages in terms of lower formulation viscosity. Compared with the high
viscosity of the UV9425 (4000 cSt), the viscosity of the UV9425/UV9500/EHVE 40/0/60 mix
was found to be 62 cSt, while the 40/10/50 blend exhibited a viscosity of 100 cSt. Further, the
release performance and stability of the silicone coatings based on the high-viscosity UV9425
and 40-50% EHVE is remarkable, considering that the coating only partially contains PDMS.
These coatings were extremely smooth and defect-free probably due to their low viscosity
compared with most of the other coatings studied. We anticipate that such formulations will be
of greatest commercial interest due to the cost-performance benefits offered to the end-user.

Studies conducted at ISP have also found that "premium" performance can also be
obtained in vinylether formulations containing very low levels of epoxy silicones. For example,
cured formulations cast on a PET substrate and based on DDVE crosslinked with small
amounts of CHVE, modified with only 10 wt% UV9300 have an excellent combination of
release and subsequent adhesion (Figure 11). This result is particularly significant considering
the higher cost of epoxy functional silicones relative to vinylethers.

• 1Week • 4 Week • 6 Week

40/0/60 40/10/50 40/0/60 40/10/50 40/0/60 40/10/50

UV9425/UV9500/EHVE Formulations

Figure 10. Release behavior of formulations based on UV9425/UV9500 with high EHVE
content, evaluated against three different types of adhesive tapes.

201



100

8 0 -

-T -2500

D Release

• Subsequent Adhesion

co

100 /0 /0 10/80/10 10/75/15 10/67.5/22.5 10/45/45

UV9300/DDVE/CHVE, wt%

Figure 11. Release and subsequent adhesion measured versus TESA 7475 tape for
UV9300/DDVE/CHVE blends containing 3 phr photoinitiator (UV9380C), cured in air at 60 fpm
(270 mJ/cm2, Fusion)

UV-Curable Pressure Sensitive Adhesives (PSAs)
We had earlier reported that EHVE (low Tg monomer) copolymerized with CVE (high Tg

monomer) and varying amounts of DVE-3 (crosslinker) provided an adhesive with a high degree
of tack but poor peel and shear strength.15 It was also suggested that incorporation of a tackifying
resin should improve performance. We have found that a good balance of tack, peel and shear
can in fact be obtained in vinylether systems by the addition of a suitable tackifying resin.
Excellent results were obtained using a hydrocarbon resin (Regalrez® 1085, Hercules). For
example, EHVE crosslinked with 1 wt.% CHVE in the absence of a tackifier cures rapidly to
form a tacky mass with essentially no peel or shear strength. Incorporating 5 to 15 phr (parts
per hundred resin) Regalrez® 1085 increases both peel and shear strength while lowering
formulation cost. Very high levels of resin (40 phr) eventually degrade performance. At 10-15
phr tackifier, performance is equal to or superior to a commercial tape (Figure 12). Patent
literature has shown that vinylether based UV curable PSA's can be prepared by copolymerizing
a low Tg and a high Tg vinylether in the presence of a cationic photoinitiator, crosslinker, and
tackifying resin.16 Our results demonstrate that acceptable performance may be achieved without
the inclusion of the high Tg monomer in UV-curable PSA formulations containing vinylethers.
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Figure 12. Effect of amount of tackifier of the adhesive properties of a formulation containing
99% EHVE/1% CHVE and 2 phr UV9380C cationic photoinitiator.

Based on the data in Figure 12, the formulation containing 15 phr tackifier was chosen
for further evaluation. To determine if the PSA exhibits good adhesive consistency over the
entire length of the test area, the Gardner Slip/Peel Tester was equipped with a computer data
collection system to create a plot of peel strength as a function of time. Results demonstrated
good adhesive consistency over the entire length of the test area. Peel consistency is
comparable to the commercial tape with the advantage of improved peel strength. Plotting
peel versus time is also an excellent way to demonstrate the effect of post cure. Note that all
the PSA's evaluated above were tested after a thermal post treatment (70°C for a minimum of
15 min). It was observed that during the post cure, pee! strength improved dramatically,
therefore all samples were post cured as standard procedure. While epoxy formulations are
well known to exhibit a pronounced post cure, it was interesting to observe a demonstrable
post cure in 100% vinylether formulations.

Effect of Type and Amount of Crosslinker and Comonomer. The performance of DVE-3 and
CHVE as crosslinkers was compared at a constant tackifier level (15 phr). Both formulations
exhibited good tack, and as expected, in the absence of any crosslinker, these compositions
have essentially no shear strength. It was observed that CHVE provided the highest shear
strength while DVE-3 contributed to the highest peel. Also, at constant tackifier level (15 phr),
increasing the level of crosslinker (CHVE) decreased tack and peel, while shear strength
remained greater than 24 hours (Figure 13). To study the effect of comonomers, the
performance of several monovinylethers was compared in the following prototype formulation:
25 wt% comonomer, 74 wt% EHVE, 1 wt % CHVE, 15 phr Regalrez 1085, 2 phr UV 9380C.
The control formulation containing 99% EHVE provided the best combination of properties,
while DDVE may be preferred as a comonomer in formulations where low tack is desired
(Figure 14). These data demonstrate the ability of vinylether comonomers to impart the
desired combination of peel, shear and tack to suit a particular application.

203



• Peel (gm) • Tack (gm/cm2) • Shear (hrs)

1600 >24

-- 20

- i s
o

JZ

+10 2
CO

-- 5

0%CHVE 1%CHVE 2% CHVE 3% CHVE

Figure 13. Effect of amount of crosslinker (CHVE) on a formulation containing EHVE, 15 phr
tackifier and 2 phr UV9380C cationic photoinitiator.

1600

• Peel (gm) • Tack (gm/cm2) • Shear (hrs)

>24

CO

Control HBVE CVE DDVE Scotch 810

Figure 14. Effect of inclusion of 25wt% comonomer on the adhesive properties of a (74wt%)
EHVE/(1wt%)CHVE/(15phr)tackifier PSA formulation.
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Effect of Viscosity. The formulations described so far were all very low in viscosity due to the
high monomer content. For example, a composition based on 99 wt% EHVE containing 1 wt%
CHVE and 15 phr Regalrez® 1085 is too low in viscosity (22 cps) for many application
techniques. Increasing viscosity by adding additional tackifier degrades performance as
described above. Viscosity can be readily adjusted by incorporating low levels of non-reactive
fillers of which, poly(isobutylene) was found to be particularly effective (Table III).

Table III. Effect of a non-reactive filler on the formulation viscosity

FORMULATION (grams)
EHVE
CHVE
UV9380C
Regalrez 1085
Poly(isobutylene) level

Viscosity (cps)

Peel (gm/lin)
Tack (gm/cm2)
Shear (hrs)

A
99
1
2
15
0

22

1391
606

>168

B
99
1
2
15
2.5

64

1300
651

> 168

C
99
1
2
15
7.5

475

900
676

> 168

UV-Curable Laminating Adhesives

Cationic Formulations
Cycloaliphatic epoxy adhesive formulations can be modified with vinylethers to result in

laminating adhesive compositions with lower viscosity and reduced cure time. These
formulations were'evaluated for laminating glass (microscope slides) to glass, and glass to
steel. As shown below, the lap strength of these laminates exceeded the strength of the glass;
the glass fractured at an ultimate tensile strength between 225 and 360 psi leaving the
adhesive joint intact. While the vinylether does not contribute to the strength of this bond it
does significantly decrease fixture time and formulation viscosity (Table IV).

Table IV. Cationic laminating adhesive formulations containing vinylethers

FORMULATION (grams) A B
UVR-6110 100 80
CHVE - 20
UVI-6990 3 3

Viscosity (cps) 580 150
Fixture time (glass/glass) 60 sec. 45 sec.
Fixture time (glass/steel) >140 sec. 68 sec.
Lap shear (glass/glass) 229 psi* 260 psi*
Lap shear (glass/steel) 360 psi* 300 psi*

* glass fracture
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Charge Transfer Formulations
Non-acrylate, charge transfer formulations can also be used as laminating adhesives.

In this case, adhesion to glass and steel is generally not as good as the cationic formulations
described above; however adhesion to plastic films is often excellent. For example, a charge-
transfer DVE-3/unsaturated polyester formulation was used to prepare polyester film to
polyester film lap joints. The strength of the joint exceeded the strength of the polyester
substrate (Table V).

Free Radical Formulations
Vinylethers are known to be effective reactive diluents for acrylate oligomers in free

radical17 and hybrid18 formulations. While most of this work has been directed toward
coatings, it would be interesting to extend this technique to adhesives. The performance of an
acrylate monomer pentaerythritol tetraacrylate (PETA)/DVE-3 free-radical formulation was
compared to the same formulation containing a cationic photoinitiator (FX-512) (Table VI).
Polyester laminates were prepared and cured using the AETEC 1202 UV processor. In each
case, the lap strength of polyester to polyester laminates exceeded the strength of the
polyester. Our data suggests that the cationic photoinitiator is not required presumably due to
the high ratio of acrylate to vinylether functionalities. A high acrylate to vinylether ratio helps
ensure complete conversion of the vinylether double bonds.

Table V. Charge transfer laminating adhesives for polyester-to-polyester laminates

FORMULATION (grams)
CargillUV Resin 15-1565
DVE-3
CVE
t-butyl hydroquinone (ppm)

'irgacure 184

Viscosity (cps)
Fixture time (sec.)
Lap shear (psi)

* substrate failure

D
70.0
30.0

—
500
3.0

4900
<0.1
101*

E
70.0
15.0
18.7
500
3.0

2000
0.3
36

Table VI. Laminating adhesive formulations containing vinylethers for polyester-to-polyester
laminates cured by free-radical (F) and hybrid (G) schemes

FORMULATION (grams)
PETA
DVE-3
DC-193 surfactant
Irgacure 184
FX-512

Viscosity (cps)
Fixture time (sec.)
Lap shear (psi)

* substrate failure

F
80.0
20.0
0.3
3.0
—

90
<0.1
111*

G
80.0
20.0
0.3
3.0
0.6

90
<0.1
107*
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CONCLUSIONS

Vinylethers offer distinct viscosity-lowering and cost-performance advantages in the
formulation of UV curable release coatings, pressure-sensitive adhesives (PSAs), and
laminating adhesives. The effectiveness of vinylethers in lowering viscosity, imparting
controlled release behavior, increasing cationic photointiator miscibility, and in contributing to
lower costs and efficient release properties of formulations based on epoxy silicones was
presented. Specifically, the addition of CHVE to epoxysilicone formulations was found to
increase the level of release, while the addition of DDVE and EHVE lowered formulation cost
and viscosity while maintaining release performance. Further, formulations that contained
large amounts of vinylethers resulted a very low formulation viscosity and excellent cured-film
release behavior. It was determined that the release properties may be readily controlled by
appropriate selection of the type and amount of vinylether, as well as the crosslink density.
The release behavior was also found to vary based on the adhesive tape against which the
performance was measured.

UV-curable PSA compositions based primarily on mono- and bifunctional vinylethers
demonstrated excellent adhesive characteristics with the addition of small amounts of a
tackifier. The effect of varying the tackifier level and the nature and amount of bifunctional
vinylether crosslinker on adhesive performance, was demonstrated. UV-curable laminating
adhesive compositions based on cationic, free-radical, and hybrid chemistries, for glass-to-
glass, glass-to-metal, and polyester-to-polyester lamination, were briefly discussed. It is,
therefore, possible to formulate both UV-curable release coatings, as well as laminating and
pressure sensitive adhesives using various vinylethers and additives to match specific release
and adhesive requirements.
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ABSTRACT

UV-curable epoxies have been formulated for use in place of the established heat cure epoxy systems for

coating, adhesion and encapsulation of electronic devices. The uv-cured epoxy systems can be formulated

to give comparable or even better physical and chemical properties than the more common heat cured

systems. The uv systems offer significant advantage in very fast cure and hence very short production

cycle time. UV systems can also be formulated to give desired properties of increased strength, high Tg,

increased humidity resistance and improved temperature cycling performance.

INTRODUCTION

Incandescent, fluorescent and neon lamps have been used for a long period of time in a wide variety of

applications. In recent years, the LED semiconductor LED lamp has been replacing these earlier devices in

many applications. Also new applications, designed specifically for the LED lamp, are being developed

very frequently.

LED devices are superior over the incandescent bulbs because of the following reasons:

1. LEDs need low currents and voltages to produce useful light output.

2. The light emitting area of the LED can be defined precisely through the use of semiconductor photo-

lithographic processes.

3. The LED device can be switched on at high speed.

Most commercial LED lamps are manufactured by encapsulating an LED chip inside a plastic package with

a lens surface directly above the LED (Figure 1). The encapsulating plastic is most likely an epoxy system

that has been specially formulated to give the maximum protection and maximum reliability to the LED

device. The epoxy encapsulant must have the following minimum requirements:

1. Excellent optical clarity. This is to enable the maximum amount of light from the LED to pass

through. The encapsulant must not turn yellow at high temperature or deteriorate over a long period of

time.

2. Good solder heat resistance. In most applications, the LED device is soldered onto a

substrate or printed circuit board. The epoxy encapsulant must be able to protect the

209



delicate LED chip and the fragile electrical connections from the damaging effects of

high soldering temperatures.

3. Good outdoor performance. LED devices are frequently used outdoors where they can be exposed to

the harsh temperature extremes, sunlight and rain. The epoxy must be tough enough to withstand these

elements.

4. Good package strength. The epoxy encapsulant glues the electronic parts together. The epoxy must

provide very good adhesion and crack resistance to the thermal-mechanical handling.

Other considerations for the choice of the epoxy system will include the ease of processing the material,

fast cycle time, and low costs.
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Figure 1: Construction of a Plastic LED Lamp

The packaging systems commonly used for optoelectronic devices are epoxies, silicones, and air-gap

hermetic seals. Air-gap devices do not afford the mechanical protection of solid encapsulated devices. The

delicate electronics inside the device may be damaged by harsh vibrations or rough mechanical handling of

the devices. Silicone encapsulants generally can withstand very high service temperatures. However

silicone has poorer adhesion to the various parts of the electronic device and is softer. They are used for

specific applications especially where extremely high temperature performance is required or low stress

around the chip or excellent temperature cycling performance is required.

The epoxy systems used for LED packaging are invariably anhydride-cured systems.
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Generally, anhydride epoxy systems give excellent water-white clarity, high Tgs, good heat stability in air,

long pot life, low exotherm during cures, and good electrical properties.

However, acid anhydrides are hygroscopic materials and tend to pick up atmospheric moisture. They

should not be allowed to remain exposed to air for extended periods. Absorption of moisture causes

hydrolysis of the anhydride to the acid. This causes variable pot life of blends, lower Tgs, appearance of

the insoluble acids, and reduced crack resistance. Certain anhydrides tend to sublime especially at elevated

processing temperatures. This poses contamination issues which is a concern in the electronics workplace

where a clean production environment is often required. Anhydride cured epoxies take two hours or even

longer time to cure at high temperatures. In the very competitive electronics industry, faster cycle time is

continuously sought after to increase productivity and lower costs of production.

This work explains the benefits of the the UV-curable epoxy system for electronics application. The

development of cationically UV cuarable systems and their potential applications has been published

earlier M .Comparisons are made to conventional heat cure epoxy systems.
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EXPERIMENTAL

UV curable epoxy formulations have been developed and optimized for encapsulation of

LED devices. Two heat-curable optoelectronics epoxies have been selected from established epoxy

suppliers for comparison studies. A typical encapsulation process is shown in Figure 2.

Preparation of mold cups Dispense of epoxy Insertion of leadftame Cure in UV oven

r\

Post cure at high temp. Leadframe shear Single units

Figure 2; Production Process of a LED Lamp

Results and Discussion

UV-curable epoxies have^?een widely accepted in the coatings industries. However, uv-curing of thick

sections and uv-opaque structures have been limited because uv radiation is unable to penetrate deep

enough to uniformly cure the epoxy.

Physical Characteristics

Table 1 compares the characteristics of a typical uv epoxy formulation with two market heat curable

epoxies. UV epoxies cure very fast. Gelation of optimized formulations generally occur within 90 seconds

at uv intensities of 100-200 watts per inch. A post cure of 10 to 15 minutes at high temperature is needed

to achieve the maximum glass transition temperature (Tg) for good device reliability. Very high Tgs of

above 200 C have been achieved with optimized uv formulations. Heat curable epoxy systems for

optoelectronics application generally require more than two hours to cure completely even at high

temperatures.
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Table 1: Comparison

Property

Cure: Initial

Post
Tg (DMA)

Strength (Wishbone)

Color (Gardner)

of Epoxies

Heat Cure Epoxy A

75 min at 135 C

6 hr at 140 C
140-150 C

2 - 4 lbs

0 - 1

Heat Cure Epoxy B

90 min at 130 C

4hra t l 30C
140-150 C

8 - 9 lbs

0 - 1

UV Epoxy X

90sinUV

15 min at 180 C
160-170 C

5 - 7 lbs

2

The wishbone strength is the force required to pull the leads of the LED package apart and break the epoxy

encapsulant. The strength of the uv epoxy can be controlled and made comparable to the heat curable

epoxy systems. One common way of increasing the strength is to increase the flexible resin content of the

epoxy formulation.

The color of cured UV formulations is frequently difficult to control. The yellowing of the UV systems is

chiefly due to the high intensities of uv radiation and high temperatures used.

Temperature Cycling Performance

Table 2 shows the autoinsertion-temperature cycling performance of three UV epoxy formulations. The

LED devices are inserted using an automated machine onto a printed circuit board. The devices are

fastened by soldering at a high temperature of 260 C. The board with LED devices is then subjected to

temperature cycling of-5 5 C to 100 C. At pre-determined intervals, the board is removed and inspected

for electrical open failures.

Table 2: Auto-insertion +

Epoxy

UV epoxy X (Tgl70C)

UV epoxy Y (Tgl52C)

UV epoxy Z (Tg 146 C)

Heat cure epoxy A

Heat cure epoxy B

Temperature Cycling

Spl size

200

200

200

200

200

5x

0

2

2

0

2

Test (-55

20x

0

0

0

1

7

C/100C)

50s

1

0

3

0

10

lOOx

0

0

0

1

10

200x

0

8

10

1

18

300x

0

6

9

0

stop

SOOx

0

24

25

5
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The failure pattern of electronic devices under continued stresses frequently follow a bathtub phenomenon.

The open LED failures below 20 temperature cycles are infant failures. Such failures are mostly attributed

to breaking of less optimum wire bonds. Wear-out failures occur after a few hundred cycles. Wear-out

failures are caused by fatigue of the electronic materials after prolonged thermal-mechanical stresses.

Auto-insertion is a stringent test to check the package strength. Small packages with weak epoxy

encapsulant strength will succumb to this test. The solder heat test at 260 C will ensure that LED units

which are thermally weak will be screened out and not reach customers. The temperature cycling stress is a

very good check on the integrity of the electronic package. It tests the severity of thermal-mechanical

mismatch of the packaging materials with the delicate electronic components.

UV epoxy can be formulated to give improved temperature cycling performance. A good uv formulation

can withstand auto-insertion plus at least 500 temperature cycles.

Low Temperature Performance

Table 3 shows LED performances with different epoxy encapsulants at - 40 C.

At very low sub-ambient temperatures the epoxy encapsulant shrinks around the LED and constricts the

LED. The high stresses, which is most severe at the corners and edges of the LED chip, will eventually

cause the deterioration of the LED. Dark patches will occur on the LED light emitting area where the

crystal planes of the chip have dislocated from high encapsulant stress.

Table 3: Low Temperature Operating Life Test (- 40 C)

Epoxy

UV epoxy X

UV epoxy Y

Heat cure epoxy B

Spl size

28

28

28

Light Output Degradation, %

24 hr

-6.46

-6.16

-10.3

168 hr

-8.02

-7.38

-18.7

500 hr

-13.17

-9.35

-38.1

1000 hr

-12.58

- 10.52

-50.4
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UV epoxy tends to give very good light output characteristics for LEDs. This is probably because of the

manner in which the uv epoxy is cured at relatively low temperature tends to give lower stress and

shrinkage.

The LED devices are tested by continuously lighted up and measured for light output intensity at pre-

determined number of hours. LEDs encapsulated with uv epoxy tend to show lower light output

degradation than many heat curable epoxy systems up to 1000 hours of lighting.

Humidity Performance

Absorption of moisture in plastic packages is frequently a concern in the electronics industry. The moisture

may promote corrosion of the electronic circuit materials and cause malfunction of the device. For

example, AlGaAs LED chips which contain aluminum are susceptible to moisture and will deteriorate

rapidly in high humidity environments. Severe moisture absorption may cause the plastic Tg to drop and

adhesion to the substrate surfaces to decrease. Subsequent high temperature processing treatments like

soldering of the device onto a printed circuit board may cause the explosive vaporization of moisture. This

is the "pop-corn" effect which causes severe delamination of the plastic packaging material from the

substrate surfaces and results in open circuitry.

Table 4 shows the effect of high humidity treatment on the light output performance of LEDs encapsulated

with a UV epoxy. The uv epoxy formulations can be adjusted and optimized to ensure best moisture

resistance and good device performance.

Table 4: Wet High

Epoxy

UV epoxy X

Heat cure epoxy A

UV epoxy X

Heat cure epoxy B

Temperature Operating Life Test (85 C / 85 % RH, 20 mA)

Splsize

28

28

56

56

Light Output Degradation, %

24 hr 168 hr 500 hr

-1.42

2.80

-9.44

- 17.04

4.31

2.69

- 19.26

-39.61

11.42

-7.23

- 18.07

- 46.46

1000 hr

15.64

-4.94

- 16.51

- 58.57
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CONCLUSION

UV epoxies can be formulated for LED encapsulation with good properties. The greatest advantage of uv

epoxy over the heat cure systems is the fast cure and therefore fast cycle time at production.
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ABSTRACT

This paper introduces preparations of epoxy acrylates containing carboxyl
through the reactions of Epoxy acrylates with butanedioic anhydride,
pentanedioic anhydride, cis-butenedioic anhydride, phthalic anhydride,
tetrabromophthalic anhydride and A 4-tetrahydrophthalic anhydride. These
epoxy acrylates containing carboxyl have been applied to UV-curing coatings
and their effects on properties of UV-curing coatings have been studied.

Key words: Epoxy Acrylates Containing carboxyl, Preparation and
Application.

INTRODUCTION

Bisphenol A epoxy acrylates are extensively used in UV curing wood
coatings, plastic coatings, metal coatings and paper coatings01'211 iM\ But there are
some intrinsic imperfections at the properties of bisphenol A epoxy acrylates,
such as 'yellowing, bad flexibility and bad adhesion to plastic. In this paper,
bisphenol A epoxy acrylates have been modified with butanedioic anhydride,
pentanedioic anhydride, cis-butenedioic anhydride, phthalic anhydride,
pentanedioic anhydride, tetrabromophthalic anhydride and A 4-
tetrahydrophthalic anhydride. These anhydride modified bisphenol A epoxy
acrylates have been used in UV curing coatings and have significantly improved
the properties of the UV curing coatings such as hardness, abrasion performance
and adhesion to plastic and metal.

EXPERIMENTAL
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1. Materials
Bisphend A epoxy resin (Epikote 828) was procured from Shell. Irgacure

651 procured from Ciba was used as the photoinitiator. Acrylic acid, butanedioic
anhydride(BDA), pentanedioic anhydride (PDA), cis-butenedioic anhydride
(cis-BDA), phthalic anhydride (PA), tetrabromophthalic anhydride (TBPA), A4-
tetrahydro phthalic anhydride (THPA) were procured on the market. TPGDA
and TMPTA procured from Ucb were used as the monomers.

2. Preparation of Epoxy Acrylates Containing Carboxyl.
Epikote 828 (0.1 mol), acrylic acid(0.2mol), inhibitor (moderate) were

added into a three-necked flask equipped with an agitator. Agitator was started
and triethylamine was added in. Then, the mixture was heated to 90°C~100°C
and reacted for an hour at the temperature. Then the mixture was continuely
heated to about 115 °C and reacted at the temperature for 5 hours. Then
BDA(0.03mol) was added in and the mixture reacted continuely for 2 hours at
the temperature of 115°C The acid value of the product was 55-60 mgKOH/g.

3. UV Curing Coating Formulation for Testing Purposes.
Formulations for testing purposes were prepared with fixed amounts of the

oligomer at 50%, the photoinitiator at 5%, the TMPTA at 20% and the TPGDA
at 25% (see table I).

Table I UV Curing Coating Formulation for Testing Purposes
Materials

Parts by weight
Oligomer

50
TMPTA

20
TPGDA

25
Irgacure 651

4. Test Methods
A tinplate (5X8cm) was coated with the formulated solution and cured

passing under a UV lamp (254nm, 3kw) at the band speed of 3m/min. The cured
film was used to determine its hardness with the help of pencil hardness tester. A
circular glass plate (10cm in diameter) was coated with these formulations and
then cured under the same UV lamp. The cured film was used to determine its
abrassion performance with the help of Taber abrassion tester from Ericsson
according to GB/T 15102-94.

Similarly a PVC substrate sheet and a steel substrate sheet (5 X 8cm) were
coated with these formulations and then cured under the same UV lamp, The
cured films were respectively used to determine their adhesion to PVC and
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metal according to GB/T 9286-88.

RESULTS AND DISCUSSION

1. Film Hardness
Seven different formulations were prepared according to table I with seven

oligomers such as Epikote828 epoxy acrylate (EA), BDA modified Epikote 828
epoxy acrylate (BDAMEA), PDA modified Epikote828 epoxy aery late
(PDAMEA), cis-BDA modified Epikote828 epoxy acrylate (cis-BDAMEA), PA
modified Epikote828 acrylate (PAMEA), TBPA modified Epikote828 epoxy
acrylate (TBPAMEA) and THPA modified Epikote828 epoxy
acrylate(THPAMEA). The hardness of the cured films of the formulations
determined by the pencil method is shown in table II.

Table II Pencil Hardness of the Cured Films
Oligomers

Pencil Hardness

EA

3H

BDAMEA

3H

PDAMEA

3H

cis-BDAMEA

4H

PAMEA

4H

TBPAMEA

4H

THPAMEA

4H

We can see from table II that the cured films composed of cis-BDAMEA,
PAMEA, TBPAMEA and THPAMEA have shown higher peneil hardness (PH)
than that of the, cured films composed of EA, BDAMEA and PDAMEA. The
cis-BDAMEA has additive middle bond groups which can easily provide more
crosslinking networks with the monomers, yielding higher PH than that of EA.
PAMEA has also shown higher PH than that of EA, because of the PAMEA
molecule containing rigid ring structure. Similar observations have also been
noticed with TBPAMEA and THPAMEA.

2. Abrassion Performance
Abrassion Performance (AP) of the cured films of all the EA, BDAMEA,

PDAMEA, cis-BDAMEA, PAMEA, TBPAMEA and THPAMEA are shown in
table III.

Table III
Oligomer

AP(mg/H)00r.g)

EA

8.4

Abrassion
BDAMEA

7.5

performance of the cured films
PDAMEA

7.6

cis-BDAMEA

6.8

PAMEA

6.8

TBPAMEA

6.8

THPAMEA

6.8
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From table III, we can see that the order of the PA of various cured films
from high to low is as follows:

THPAMEA ^ TBPAMEA ^ PAMEA ^ cis-BDAMEA>PDAMEA ^
BDAMEA>EA.

BDAMEA has shown higher AP than has EA because the BDAMEA
molecules contain additive carboxyls which can form hydrogen bonds each
other. PDAMEA has shown the same AP as that of BDAMEA because the
molecule structure of PDAMEA is similar to that of BDAMEA. Among the
PAMEA and BDAMEA, the PAMEA shows higher AP than that of BDAMEA
because of the rigid ring structure of PA'vIEA. Similar observations have also
been noticed with TBPAMEA and THPA1 IEA.

3. Adhesion to PVC
The anhydride modified bisphenol / epoxy acrylates such as BDAMEA,

PDAMEA, cis-BDAMEA, PAMEA, TBP MEA and
THPAMEA have shown better adb sion to PVC than that of the non-

modified bispheol A epoxy acrylate such s EA(see figure 1)

EA BW\t/\ C$-BI>A!1SA WMEA

Figure 1 Adhesion to PVC of the cured films.
The acidity of the anhydride modified bisphenol A epoxy acrylates have

erosion effect on the surface of PVC, resultig the better adhesion to PVC of the
cured films of the anhydride modified bisphenol A epoxy acrylates than that of
the non-modified bisphenol A epoxy acrylate.
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4. Adhesion to Metal
The results of adhesion to metal of the cured films of various oligomers are

similar to that of adhesion to PVC. The surface of metal has always adsorbed a
layer of water in enviromerit and the carboxyls of the anhydride modified
bisphenol A epoxy acrylates such as BDAMEA etc. can form hydrogen bonds
with the water adsorbed on the surface of metal while the formulation solution
of BDAMEA is coated on the surface of metal and cured under UV lamp,
yielding better adhesion to metal than that of EA. Similar observations have also
been noticed with PDAMEA, cis-BDAMEA, PAMEA, TBPAMEA and
THPAMEA.

CONCLUSION

Bisphenol A epoxy acrylates modified with anhydride had shown higher
abrassion performance and better adhesion to PVC and metal than that of non-
modified bisphenol A epoxy acrylate when they were applied in UV-curing
formulations.
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1 . INTRODUCTION
Photoinduced alternating copolymerization can be accomplished without the presence of

a conventional free radical generating photoinitiator. The structural influences in the direct
photolysis of N-Alkyl and N-Arylmaleimides as well as their corresponding ground state charge
transfer complexes (CTC) with suitable donors have carefully been investigated. For certain
combinations of A and D type monomers, a direct photolysis of the ground state complex or the
excitation of the acceptor, followed by the formation of an exciplex, has been shown to initiate
the copolymerization. Herein, we show that the main route of initiation is based on inter or intra
molecular H-abstraction from an excited state acceptor, whereby no exciplex formation takes
place. In several recent reports, the efficient photoinitiated polymerization by excited state
maleimides have been shown in numerous acceptor / donor pair combinations [1-13] The strong
hydrogen abstractability of the excited triplet state MI has also been evaluated in initiation of
acrylate polymerization and the importance of available abstractable hydrogens has been verified
[14]. The unique feature of maleimides in general is its dual effect of simultaneously acting as a
photoinitiator and as a polymerizable monomer. Once the initiation by photolysis of MI / H-
donors has generated a sufficient number of radicals, the ground state MI will copolymerize
with the selected monomers chosen.
Although the influence of structural variations of the maleimide N-substituent , average
functionality, temperature, light intensity, donor structure and MI / donor ratio have been
carefully investigated, very little information regarding the initiating mechanism has been
reported. In this paper, laser flash photolysis has been used in order to clarify and
experimentally provide evidence for the mechanism of initiation [15]. The maleimide transient
intermediate generated by flash photolysis is readily quenched by typical triplet quenchers such
as cyclohexadiene. Furthermore, selfquenching and reduction of MI transient lifetimes as a
function of increasing concentrations of typical hydrogen donors have been determined. Stern -
Volmer quenching rate constants for direct versus electron transfer hydrogen abstractions are
calculated and compared to benzophenone (BP). From these comparisons it is clear that the
triplet state MI is more efficient in direct H-abstraction than the corresponding triplet state of
BP. Finally, much higher values of the quenching rate constants for the MI / tert. amine pair
versus the MI / alcohol pair were calculated, suggesting an electron transfer process.

2 . EXPERIMENTAL

2 . 1 Materials
The synthesis, purchase and purification of maleimides and donor monomers used in

this study have been described in detail in previous reports [1-10]. Solvents for the laser
transient studies were obtained from Burdick and Jackson and used as received. Benzophenone
and cyclohexadiene were purchased from Aldrich and used without further purification.

2 . 2 . Laser Flash Photolysis
A nanosecond Continuum Surelite Nd YAG laser was used for the pulsed excitation. A

pulsed xenon lamp unit from Applied Photophysics served as the probe beam. A Philips digital
oscilloscope was used to collect the transient decay from the output of a photomultiplier tube
after the probe beam passes through a high throughput monochromator.
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Kinetic decay processes are fit to standard exponential decay curves for a first order decay
process. By collecting the transient decays at various wavelengths, the transient spectra can be
reconstructed at any given time.

2 . 3 . Photo - DSC, Photoexotherms
A METTLER TOLEDO TA 800 , DSC 820 System was used for the study of light

intensity dependence. The DSC 820 is equipped with a Hamamatsu UV Spot Light Source , L
2859 - 01. The light is transferred through fibre optics to the sample cell. The light intensity
from a 200 W Super - Quite - Mercury - Xenon source can linearly be varied from 1 mW/cm2

to 1000 mW/cm*. The monomer mixtures were placed in crimped Al DSC pans, using a
calibrated microsyringe (3 mL) and degassed in the DSC for 3 minutes before irradiation.

2 .4 . RTIR - Real Time Infrared Spectroscopy
A stoichiometric 1:1 mixture of donor/acceptor was coated onto a polypropylene film at

a thickness of 24 mm. For inerting conditions a second polypropylene film was laminated on
top of the surface. The sample was irradiated with a medium pressure mercury lamp (HOYA-
SCOTT-UV-200S) at various intensities (35 - 150 mW/cm2). The light intensity was measured
by a radiometer (Int. Light IL - 390). The rate of polymerization was followed in-situ by
recording the disappearance of the characteristic IR absorption bands for each monomer type
under continuous UV irradiation. Typical exposure times varied from 10 to 60 seconds. The
1622 cm~l band for vinyl ethers, 697 cirr* band for maleimides and 1644 cm~l band for
acrylates were used for recording the rate of disappearance.

3 . Results and Discussion

3.1 Laser Flash Photolysis

3.1.1 MI Transient Identification
A typical transient absorption spectrum for N-alkylmaleimides is shown in figure 1 for

N-(tert.butyl)maleimide (tBMI) by the direct excitation at 266 nm. A peak maximum near 340
nm in nitrogen was obtained. An exponential curve fit of the decay profile gives a lifetime for
the transient of-150 nsec. The spin multiplicity of the transients at 340 nm, typical for the Mi's
investigated, were characterized by adding cyclohexadiene (CHD) to the solution. By
increasing the concentration of CHD a definite quenching of the transient was recorded. From
the Stern-Volmer plot displayed in figure 2, a quenching rate constant of l.l»1010 M^sec"1 was
calculated for MMI in this case, indicating a diffusion controlled process. As a final evidence
for a triplet state excited MMI transient, it was found that the MMI transient sensitizes the

formation of triplet state P-carotene. This is indicated in figure 3 by the broad transient
absorption with a peak maximum around 520 nm in solution in the presence of both MMI and
(3-carotene.

3.1.2. Direct H - Abstraction from Excited state MI
n-n* and TC - K* triplets are well know strong precursors for direct H-abstraction from

ethers and secondary alcohols. A decrease in lifetime of the N-(tert.butyl)maleimide transient
was also observed as a function of isopropanol (IPA) concentration. From figure 4, the
corresponding Stern-Volmer quenching rate constant was calculated to be = 107 M~* sec"*,
thus indicating a relatively efficient quenching process. Hiroshi et. al. photolyzed N-
ethylmaleimide in an ethanol solution and by NMR the authors identified the formation of N-
ethylsuccinimde and oc-(a-hydroxyethyl)-N-ethylsuccinimide [16]. By repeating the photolysis

in isopropanol using MMI, N-methylsuccinimide and a-(2-hydroxy-2-propyl)-N-
ethylsuccinimide were identified [10]. It is interesting to notify that the excited triplet state MI is
capable of abstracting hydrogens from primary alcohols. This is not common for the
corresponding triplet state of benzophenones.
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The H-abstraction mechanism for the excited state MI is outlined in scheme 1, where the
participation of the resonance stabilized rearrangement structures of the RMI triplet states are
shown.Two possible pathways for formation of the "framed" product ( a-alkylsuccinimide )
are outlined in scheme 1.

OH

N-R

OH

As shown, the "allylic - like" radical formed after H-abstraction by the RMI triplet may
rearrange to the a-carbon centred RMIH radical. The RMIH radical could then combine with
Rl* to give the enol form of the product. Alternatively, the enol product may be formed by a
direct coupling of the allylic radical with Rl*. For the direct excitation of a MI acceptor,
followed by a hydrogen abstraction, the situation is to a certain extent similar to the classical
benzophenone / tert. amine system. However, the actual number of initiating radicals active in
the initiation are different due to the nature of radical species formed [17,18].
A distinctive additional advantage of this bimolecular hydrogen abstraction reaction as
illustrated in scheme 1 is the formation of two initiating free radicals. This will dramatically
increase the overall "reactivity" in the system. The corresponding ketyl radicals formed after H-
abstraction by BP do not initiate polymerization [19]. This means that for every photochemical
event giving raise to a hydrogen abstraction the RMI / H-donor pair will produce two initiating
radicals instead of only one as for the classical BP/tert. amine pair.as illustrated in scheme 2.
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In an extension of our study as shown in figure 4, the quenching rate constants in isopropanol
for a number of N-alkylmaleimide transients were calculated and compared to the
corresponding quenching rate constant for BP under the same conditions. N-methylmaleimide
(MMI), N-(n-butyl)maleimide (BMI) and 2-maleimidoethyl-ethylcarbonate (ECEMI) were
chosen due to the variation of abstractable hydrogens and acceptor strength. It is assumed that
the tertiary hydrogen in isopropanol is the most abstractable hydrogen in the system. Even
though a small contribution from inter or intramolecular hydrogen abstraction can occur from
the maleimides alone, it will be negligible due to the three orders of magnitude higher
concentration of isopropanol. The quenching rate constants for the three maleimides shown in
table 1 are all approximately 10? M~lsec * compared to about 2 • 10^ M'^sec ' l for
benzophenone.

MI

- I O ' B T W 1 2 • 10
6

Table 1.
It is therefore obvious that the triplet state Mi's are more efficient direct hydrogen abstractors
than the n -it* triplet of BP. All Mi's show a much higher quenching rate constant than BP.

3.1.3 Electron Transfer from Excited state MI

1) Tertiary Amines.
Quenching rate constants were also obtained for N-methylmaleimide using triethylamine

as a quencher of the MI transient. A Stern - Volmer plot is outlined in figure 5, showing a
quenching process, kQ > 2 • 10^ M'^sec'l, over two orders of magnitude greater than for
quenching by isopropanol. Similar results are obtained for benzophenone / tert. amine versus
benzophenone / alcohol combinations.
Since the BP / triethylamine pair is very well characterised and the mechanism was clearly
identified a long time ago as an electron transfer followed by a secondary proton transfer
process. This strongly suggests that excited triplet state Mi's can undergo electron transfer
processes with tertiary amines. SMHO calculations on molecular charge distributions for
ground state BP versus MI and the corresponding anion radicals (BP* ~) and (MI* ~) generated
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after the initial electron transfer indicates a smaller difference for the MI electron transfer
compared to the BP electron transfer. Since differences in molecular charge distributions are
related to reduction potentials, it is therefore reasonable to assume that also excited triplet state
Mi's can undergo electron transfer reactions with tertiary amines. The SMHO calculations for
MMI and BP are presented in scheme 3.

N—Me - M e

Max A c h a P g e ( MMI - MMI' • )= 0.252

C=OA c h a r g e ( M M -MMI'* ) = 0.1667

Scheme 3.

n-rc*

Max A c h a r g e (BP • BP • •) = 0.455
C=OA c h a r g e (BP-BP-*) = 0

2) Vinyl ethers (VE)
It is well known that excited state maleic anhydride (MA) undergo electron transfer

reactions with suitable donors, such as styrene, p-alkoxystyrenes and vinyl ethers. In the case
of MI, the situation is harder to predict and at this point no evidence has been reported for an
electron transfer process involving MI and VE pairs. However, from our work to date we do
know that the direct photolysis of a CTC between MI and a suitable donor is a slower process
of initiation compared to the H-abstraction pathway from an excited state MI in the presence of
a H-donor [5,11,14]. To be complete, for the MI / VE pair, two additional radical generating
mechanisms are possible as shown in scheme 4 and 5.

Direct H - Abstraction
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3.2. Photopolymerization

3.2.1. RTIR
The present findings from the laser-flash-photolysis expand and deepen the

understanding of our previous published data on kinetics of donor / acceptor copolymerization
using RTIR spectroscopy and Photo-DSC measurements [11,13,17,18]. Implications for
initiation via hydrogen abstraction are obvious. In figure 6 is displayed the photopolymerization
of N-tert.butylmaleimide (tBMI) and 4-hydroxybutylvinylether (HBVE) in a 1:1 molar ratio. As
expected, it can be seen from the conversion versus time plot that the two monomers
polymerize initially at the same rate. Since the copolymerization of donor / acceptor pairs
essentially is an alternating type of polymerization, the rate of disappearance of the two carbon-
carbon double bonds should be the same. The somewhat higher rate of disappearance for the
MI monomer, especially at higher degrees of conversion, may be due in part to
homopolymerization and 2+2 cycloaddition of the MI [20,21]. The structural influence of the
N-alkyl substituent in the MI monomer on rate of polymerization are shown in figure 7 for
tBMI, ECEMI and HPMI (N-(5-hydroxy)pentylmaleimide). The donor monomer is HBVE,
which contains four easily abstractable hydrogens. As illustrated in figure 7, there is dramatic
increase in rate of polymerization by increasing the number of accessible hydrogen for
abstraction.

Rpmax (HPMI / HBVE ) » Rpmax (tBMI / HBVE)
Rpmax (ECEMI / HBVE) » Rpmax (tBMI / HBVE )

In addition N-(2-hydroxy)ethylmaleimiae ( HEMI) and N-(n-butyl)maleimide ( BMI) were
also photopolymerized under the same conditions, although not shown in figure 7. By
replacing tBMI with HPMI, HEMI and ECEMI, the actual concentration of abstractable
hydrogens in the 1:1 molar ratios increase approximately by a factor of 2 for HPMI and HEMI
and 2.5 for ECEMI. Apparently the a-hydrogens adjacent to the hydroxyl in the N-hydroxy

substituents are more readily abstracted by the excited triplet state MI than the corresponding cc-
hydrogens adjacent to the two oxygens in the carbonate group in ECEMI. The order of relative
rates of polymerization for this set of MI / HBVE pairs can thus be written as : HPMI« HEMI
~ ECEMI > BMI > tBMI. This ratio of "reactivities" clearly focus on the importance of H-
abstraction and supports the rather efficient quenching rates of excited triplet state Mi's with
secondary alcohols. Ongoing laser flash photolysis investigations indicate a lower triplet yield
for the tBMI compared to the other Mi's used in the investigation, which certainly contributes
to the much lower "reactivity" of the tBMI / HBVE pair.
A further "macroscopic" evidence for the importance of H-abstraction taking place in these
polymerizations is given by the fact the HPMI, HEMI and ECEMI combinations with HBVE
form almost insoluble gels. The extensive H-abstraction transforms a certain quantity of the
monofunctional monomer with respect to C=C bonds to act as dual functional species. Thus the
polymerization can proceed at the C=C part of the monomer as well as initiate further
polymerization from the radical site generated from the H-abstraction site.

3.2.1. Photo - DSC
Oxygen Inhibition
Due to the extensive H-abstraction process in the MI / VE combinations described

earlier, these systems also show a reduced "oxygen sensitivity". It is therefore valuable to
consider some of the mechanistic reasons behind the reduced "oxygen sensitivity". The kinetic
aspects of a "pure" alternating copolymerization has thoroughly been described by Decker [22].
Regardless of alternating copolymerization pathway, crosspropagation and/or
"homopolymerization of CTC", the propagating radical species adding to a single D or A
monomer or inserting into the DA complex will be affected by the presence of molecular
oxygen. However, a few points of interest are worth mentioning.

• In general CTC are not sensitive to 02 inhibition due to the unfavourable electrostatic
interaction.
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• If the radical inserted into the CTC, two "single" monomers would be added in one
addition step. This will statistically reduce the number of 02 quenching events /
monomer in the polymerizing system.

• The concentration of chromophore in a 1:1 molar ratio of MI and VE is very high
compared to [Phi] normally used.

The efficiency of generating initiating radicals from photolysis of a MI / VE pair is lower
compared to a conventional photointiator. However, in combination with high irradiance this
will contribute to the reduced oxygen inhibition seen in MI/VE pairs. Especially during the
early stages of propagation in a D/A polymerizing system a clear and important difference
appear between the acrylate and the D/A propagation. Rearrangement reactions and an increased
hydrogen abstraction potential after 02 quenching occur and thereby reduce the final and
complete termination. In scheme 6, these mechanisms are displayed as examples using an
alkylmaleimide (RMI) / vinyl ether (VE) D/A combination.

Growing AD Chain, -(RMI-VE)n -RMI*

Growing DA Chain, -CVE-RMDn -VE

+ RH

R

Scheme 6.

The possibility of a large contribution from the alkoxy resonance structure to the growing
polymer end radical is supported by SHMO energy minimization calculation of the two
resonance stabilized radical structures. The advantage probably would be a reduced propensity
for reaction with oxygen, which would partially decrease the oxygen inhibition during the early
propagation phase. Depending on the nucleophilic / electrophilic character of the radical initially
inserting into the CTC, the polymer growing end radical can also be located at the VE unit.
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Although this oxygen inhibition reaction is chain terminating, it results in a terminal ester group
and formation of a non-oxygen-terminated small and very mobile hydroxy radical useful for
further re-initiation. The disadvantage of shorter chain lengths can to a certain extent be
compensated for by the possibility of abstracting hydrogens from the secondary ethers in the
RMI / VE polymer chain. This will increase the "average functionality" by a grafting type of re-
initiation.

Irradiation in air and N2 at constant dose.
A difunctional maleimide (ADMI) / TEGDVE ( Triethyleneglycoldivinylether ) pair was
photopolymerized using a constant dose of exposure in air and N2 by variation of irradiance,

and exposure time, texposure • The total dose of exposure was kept constant at 1000
^. For a total dose of exposure of 1000 mJ/cm^, the curing was carried out by varying

the light intensity (Io) from a full Hg-spectral distribution and the exposure times (t). The
structure of the difunctional branched aliphatic maleimide is shown below.

ADMI

o
In figure 8 are shown the exotherms recorded in N2 and air as a function of IQ at a constant
dose of 1000 mJ/cm^. In this 1:1 molar ratio of VE / MI double bonds the ratio of [HabsJEO
(TEGDVE) / [MI]ADMI = 6. Due to the high concentration of MI in an alternating system
compared to [Phi] in a typical acrylate system and together with the photobleaching effect of
MI, an efficient polymerization will take place. By analyzing the data in figure 7, the following
comparisons can be made :
• The degrees of conversion do not vary extensively between air and N2 regardless of Io

75 % minimum at 50 mW/cm^ in air 85 % maximum at 500 mW/cm^ in N2.
• Rp(Max) for air and N2 at equal Io do not vary extensively.
• Rp(Max) for Io = 500 mW/cm^ is almost 3 times higher than for Io = 50 mW/cm^.
This is in fairly good agreement with the "steady - state" assumption, equations 1 and/or 2,
which predicts a square root dependence on Ia. A ten-fold increase in Io should therefore
increase the Rp with a factor 10^/2 = 3.16.
Rp(CTC) = kp / k t!/2 ( i a <D f ) 1/2 K C T C [Ml] [M2] (1)
Rp(Cross.) = k p 2 1 . k p i 2 / k t l / 2 ( i a O f ) 1/2 [ M i ] l /2 [M2]V2 (2)
Ia = 103 ( 1 - 10"AX) Io / d , for any d given in cm. (3)
t at Rp(Max) in air decreases from 8.30 to 2.30 sec.
t at Rp(Max) in N2 decreases from 5.10 to 2.20 sec.

4. CONCLUSIONS
The laser flash transient spectroscopy used in this mechanistic investigation have

provided useful information regarding formation and lifetimes of N-alkylmaleimide triplet
states. Quenching rate constants of hydrogen donors have been calculated and compared to
benzophenone. In general, triplet excited state maleimides exhibit higher hydrogen abstraction
rate constants than benzophenone. Use of a tertiary amine results in an electron transfer
quenching process. The efficient hydrogen abstraction from excited state maleimides and the
variation in H-abstractability depending on the N-substituent structure clearly explain the
previous reported kinetic differences seen in the photoinduced polymerization of maleimide /
vinylether pairs. RTIR and Photo-DSC results were presented to illustrate such effects as
oxygen and monomer structures on the rate of polymerization for systems containing Mi's.
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360.0 420.0 480.0

F i g. 1 Transient absorption spectrum at representative lifetimes for tBMI in acetonitrile

with nitrogen spurge. [tBMTJ = 3.33 mM. Excitation wavelength is 266 nm.

0.0000 0.0002 0.0004 0.0006 0.0008
\ Cyclohexadiene]

Fig. 2 Triplet quenching of MMI by cyclohexadiene (CHD) in acetonitrile in an

air saturated atmosphere. [MMI] = 3.33 mM. Excitation wavelength is 266 nm

and monitoring wavelength at 340 nm.
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Fig. 3 Transient absorption spectrum of p-carotene firom quenching by

N-methylmaleimide in dichloromthane. Nitrogen spurge.
[MMI] = 3.0 mM. [p-carotene] = 9.00 • 10"5 M. Excitation at 266 nm.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

Fig. 4 Quenching of N-(terLbutyl)maleimide with isopropanol. [tBMI] = 5.0 mM.

Excitation wavelength is 266 nm and monitoring wavelength at 340 nm.
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Fig. 5

T 1 1 ' 1 > r
0.00005 0.00010 0.00015 0.00020 0.00025 0.00030

[Triethylamine]

Quenching of N-methylmaleimide with triethylamine.[MMIJ = 5.0 mM.

Excitation wavelength is 266 nm and monitoring wavelength at 340 nm.
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Fig. 6 Rates of photopolymerization from RTIR spectroscopy of tBMI / HBVE in

equimolar ratio. Inerted atmosphere.

I o = 45 mW / cm2. Hg - spectral distribution.
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Fig. 7 Rates of photopolymerization as a function of H-abstractability for tBMI,

ECEMI and HPMI / HB VE pairs in equimolar ratios. Data from RTIR

spectroscopy. Inerted atmosphere.

I o = 45 mW / cm2. Hg - spectral distribution.
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Photoexotherms: ADMI / TEGDVE
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Fi g. 8 Photo-exotherms of ADMI / TEGDVE pair in nitrogen and air.

Influence of IQ on oxygen inhibition. Hg - spectral distribution.
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Abstract
The photochemistry of eight novel water-soluble thioxanthone photoinitiators was

examined by absorption, fluorescence and ESR techniques in water. Maximal absorption,
extinction coefficients, fluorescence quantum yields and ESR intensity were measured. The
relationship between structure and photochemical activities was also discussed.
Keywords, thioxanthone, photoinitiator, ESR

1.INTRODUCTION

Alkyl, hydroxy substituted thioxanthone derivatives have an extended absorption up to
400nm. If a quaternary ammonium salt or a sulphate is introduced into thioxanthone structure,
the compound shows not only water-soluble but also high photoinitiation activity. Its
absorption wavelength is close to that of mercury lamp, which is greatly, enhanced the
efficiency of this initiator type(1). We have synthesized eight novel water-soluble thioxanthone
photoinitiators^, their structures were determined by infrared spectra, nuclear magnetic
resonance, mass spectra and elementary analysis. Their photochemistry was examined by
absorption, fluorescence and ESR. The relationship between structure and photochemical
activities was also discussed.

Table. 1 The structure of the synthesized compounds
Structure

0

,OCH2CHCH2N(CH?)3CI • 1H2O

Compound

I

II

ni

IV

' project 29776014 supported by NSFC

I
OH

OCH2CHCH2N(CH3)3CI • 1H2O

OH

1H2O

CH, OH

O CH,

OH
I +

6CH2CHCH2N(CH3)3CI • 1H2O
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VI

VII

OCH,CHCH,SO,Na-1H,O
- | ' 3

OH

OCH2CHCH2SO3Na-1H2O

OH

OCH2CHCH,SO3Na«1H2O

OH

OCH,CHCH.,SO,Na

2.EXPERIMENTAL

Materials
Samples of thioxanthones of structure I-VIII were self-made pure products, they were

identified by usual analytical methods. Triethylamine was of "Analar" reagent grade.
Spectroscopic measurements

Absorption spectra were obtained by a UV-260 spectrophotometer. Fluorescence
emission spectra were obtained using a Hitach Model 851 luminescence spectrometer.
Fluorescence quantum yields were determined using the relative method with quinine
sulphate as a standard taking a quantum yield of 0.55 in 0.1M sulphate. ESR spectra were
recorded by a Bruker ESP 300E wish a YAG laser illuminator.

3. RESULTS AND DISCUSSION

3.1. UV absorption spectra
The structure of thioxanthone is analogous to that of anthraquinone, whose absorption

spectra is regarded as integration of absorption of quinone chromophore and acetophenone
chromophore. Therefore, absorption of thioxanthone can also be seen as integration of
acetophenone part over the range of 250~290nm and thionaphthalenone part over the range of
380~410nm. The substituents mainly affect absorption of the latter part®.

The longest wavelength absorption maxima and corresponding extinction coefficients
for the 8 thioxanthone structures are shown in Table 1. The absorption maxima all occur in the
range of 390-4 lOnm, there is a red shift compared with those of oil soluble types and
unsubstituted types resulting from the inductive effect introduced by the substituents.
Compounds containing 1- or 3-methyl substituent have a smaller red shift than 4-methyl
substituted compound due to stereo effect.
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Table 2 Absorption maxima and extinction coefficients of thioxanthone derivatives
i Compound *• J n m
! I ! 404.6

11 1 405.8

i HI 402.0
i IV i 393.0

1 V

; vi
405.4
406.0

VD j 402.2
I v m 394.4

e X l O l • mol"1 • cm'1

5.68
4.85
5.10
5.26
33.3
2.52
5.77
4.86

3.2. Fluorescence spectra
The fluorescence emission spectra and quantum yields are shown in Table 3. The order

of quantum yields is I >III> II >IV, V >VI>VD>V1D . It was found that the quantum yields are
little influenced by the nature of ammonium salt or sulfacid salt substituents but are enhanced
compared with corresponding oil soluble thioxanthone initiators'^. The stokes shift is almost
constant over the series , only compound IV and VD1 seem to depart from this general
behavior. This singularity could be related to the presence of a methyl substituent in the ortho
position with respect to the carbonyl chromophore. Owing to the closeness of these groups, a
very fast keto-enol tautomerism affecting the structure of emitting species could well take
place. The methyl substituents, especially methyl in position 1, decrease the lowest excited
singlet state and triplet state in energy, which deactivates the initiators(5).

Table 3 Fluorescence properties of thioxanthone derivatives
Compound

I
II
m
IV
V
VI
vn
vm

Em/nm
404.6
405.8
402.0
393.0
405.4
406.0
402.2
394.4

Ex/nm
477.6
485.2
464.6
497.1
477.4
485.7
472.0
505.0

O F

0.50
0.32
0.41
0.14
0.44
0.37
0.15
0.05

3.3. Electron spin resonance
Thioxanthone derivatives are often used in conjunction with a tertiary amine, which

behaves as a co-synergist thus accelerating the polymerization or curing of the monomer or
prepolymer system. The photoinitiating activities of novel water-soluble thioxanthone
derivatives and triethylamine system have been investigated.

(1) Dark reaction of water-soluble thioxanthone initiator with triethylamine.
The spectra of radical produced by dark reaction of water-soluble thioxanthone initiator

with triethylamine were measured. Compound II and triethylamine were mixed in water
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with the concentration 10~:mol/l and 10"'mol/l respectively. After using nitrogen to remove
the resolving oxygen in solution, the hyperfine structure of high resolving power was obtained
in determination, as shows in Fig.2. However, no ESR signal was observed for the aqueous
solutions of compound II and triethylamine alone, as Fig.3 shows.

( a )

Fig. 2 ESR spectra of radical produced under dark reaction
(a) Experimental (b) simulated

I Inirradiated

Unirradiated (a)

Irradiated for 10 min

(b)

Fig. 3 The contrast spectra of triethylamine and compound II
(a) triethylamine (b)compound II

The result is consistent with those reported earlier for the oil soluble types(6). Therefore,
the radical produced in dark reaction is diethyl nitrogen radical, the computer-simulated
spectrum is shown in Fig. 2 (b), which is identical with experimental spectrum. Thioxanthone
derivations have such resonance structure as follows:

When triethylamine is added, the unshared electron pair of the amine nitrogen will act
with sulfur cation, an exciplex is thus formed:

C

N-C2H6 N~C2H6
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Then an ethyl brakes away from the amine:
OR

C2H—N-C2H6

(2) ESR spectra under irradiation
The mechanism of photoinitiation of thioxanthone type initiators is regarded as

hydrogen atom abstraction from amine co-initiator system to give a ketyl type radical and a
alkylamine radical:

Q OH

N(C,H5)3 (C2H5),NCHCH3

We have examined the ESR spectra of eight novel water-soluble
thioxanthone-triethylamine systems. ESR signals of radicals of compound T and V under
2 min's irradiation are shown in Fig.4 and signal intensities of different compounds are listed
in Table 4.

(a)

Fig.4 The ESR spectra of radicals of compound I andVunder 2 min's irradiation
(a)compound I (b) compound V

Table4
compound
intensity

Signal
I

233

intensities of different compound under 2 min'
II

134
m

129.5
IV
115

V
288

VI
270

s irradiation
vn

204
VI

185.5

The order of the signal intensities is I > II >III>IV, V>VI>VII>Vffl . Compound land
V display high photochemical activity although compound IVand VK have got relatively low
signal intensities, which may be related to methyl substituent on position 1 in the molecules.

The variation of ESR signal intensity with irradiation time was also examined. The results are
collected in Fig.5 and Fig.6.
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(a)

Fig.5ESR spectra of compound land V under different time's irradiation
(a) compound I (b) compound V

•9

u

+ 6 S
Time/min

2 * 6 8
Time/min

Fig.6 The variation of ESR signal intensity with irradiation time
According to the curve showed above, the highest signal intensities turn up under 2

minutes' irradiation, then the intensities attenuate in exponential form with irradiation time
increasing, which manifests that the radicals produced by water soluble thioxanthone -
triethylamine systems possess comparatively high activity.
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ABSTRACT

The kinetic process of laser photochemical reaction of diazonaphthoquinon-cresol system was

studied by using laser spectrophotofluorimetry and laser induced fluorescence attenuation method.

The nonlinear relationship between photodecomposition rate of the sensitizer and laser power,

exposure time, and concentration of solutions was discussed in detail.

INTRODUCTION
Recent years, as rapid development of information science and technology, die study on light

information storing material has become an important field. An intense focused monochromatic

Ar+ laser light as the excitation source was used for exposure of the photoresist. The photoresist of

diazonaphthoquinone system is the key material for manufacture of the laser recording original

disc, micro electric devices, ultra large scale integration of high resolution and lithography. The

laser photochemical behavior of diazophthoquinon-cresol system under exposure of Ar+ laser was

discussed. The sensitive process was studied by laser fluorescence spectrum (1)> (2) and laser

induced fluorescence attenuationC3). The nonlinear relation between photodecomposition rate of

the system and laser power, concentration of solution was investigated in detail. The results have

not been reported before. Laser characteristic curve and photosensitivity of die sesitizer were

calculated. The research results of this paper have important guide meanings on exploitation and

application of diazonaphthoquinone photoresist and its sensitive system. It has laid a theoretical

foundation for further research of optical laser disc resist.

EXPERIMENTAL
The laser used was a single-line and continuous Ar+ laser (INNOVA 70) which provides laser

beam of wavelength 457.9nm. The identification signal was checked by using the grating

spectrograph (WDG500-1), photo multiplier counter (HAMAMATSU R943-02, STANFORD

SR400). UV/Vis spectra were recorded by HITACHI 260 spectrophotometer used to monitor the

photochemical changes of photoresist. The diazonaphthoquinone agent was ester obtained

by the condensation of 1,2-naphthoquinonediazide with novolac (hereinafter called

PAC) The concentration of samples were 0.809, 2.429, 8.089mg/ml , and solvent was

methylcellosolve.
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RESULT AND DISCUSSION

1. Laser fluorescence spectra and UV/Vis absorption spectra
Fig. 1 was the laser fluorescence spectra of PAC before UV irradiation. Laser power was

30mw and no focal. The concentration of sample was 0.809mg/ml. The curve A was the laser

fluorescence spectra of PAC before laser irradiation. The curve B was the laser fluorescence

spectra of PAC after laser irradiation 25 min.. The curve C was the laser fluorescence spectra of

PAC after laser irradiation 50 min.. Fig.2 was the UV/Vis absorption spectra of PAC .

Fig.l. Laser fluorescence spectra of PAC. Fig.2. UV7Vis absorption spectra of PAC.

Fig.l showed that there were obvious double peaks in laser fluorescence spectra of PAC

(0.809mg/ml sample). The changes of peaks were dependent on the time of laser irradiation. As

increasing irradiation time, the height of peak fell obviously to definite irradiation time. The

results showed that laser photochemical reaction of diazonaphthoquinon-cresol system has

reached a regular stage. The corresponding prove by Fig.2 was got. In Fig.2 the curve A was the

UV/Vis absorption spectra of PAC before irradiation. The curve B and C were the UV/Vis

absorption spectra of PAC after laser irradiation 50 min. and 75 min.. It was clear that curve A was

different from B and C, but curve B was similar to C.

2. The kinetic process of laser photochemical reaction of PAC
The laser fluorescence spectrum of PAC gotten from Fig. 1 was no longer changed after 50min.

irradiation time. For study on the kinetic process of laser photochemical reaction of PAC, the

relationship between fluorescence intensity and Laser irradiation time at fixed scanning

wavelength (photo-multiplier-counter) was discussed. The indication of the grating spectrograph

was fixed in 604.2nm (i.e. fluorescence peak of PAC). The counting time of photo-counter was the

same as the time of laser irradiation. Therefore the change of fluorescence intensity recorded by

photo- counter was the same as by Laser irradiation time.
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(1) Influence of laser power on laser photochemical reaction of PAC

Fig.3 was fluorescence intensity vs. Laser irradiation time under different power. Laser

power was 7 mw and 30 mw. The sample concentration was 0.809 mg/ml. Fig.4 was UV/Vis

absorption spectra.

0 300 350 450

A(nm)

Fig.3. Fluorescence intensity vs. Laser

irradiation time under different power

Fig.4. Change of absorption spectra

by UV irradiation under different power

Fig.3 showed that fluorescence intensity of PAC decayed as laser irradiation time under

definite laser power. And decaying rate of PAC speeded up as increasing laser power on curve A

and B. They were proved by Fig.4 offered the UV/Vis absorption spectra of PAC under laser

power irradiation. The curve A in Fig. 4 was the UV/Vis absorption spectrum of PAC before

irradiation. The curve B and C were the UV/Vis absorption spectra of PAC after laser irradiation

under 7mw and 30mw power. It was indicated that absorption density of PAC (300—450nm)

deceased as laser power increased.

A index equation by mathematical regression method to the above curves was got. The

photodecomposition rate of PAC under Laser irradiation was:

CurveA: If = c + a . e x p [ - x / b l ] bl =5.7595E-01

CurveB: If = c + a . e x p [ - x / b 2 ] b2 = 9.8926E-01

In this equation, If - fluorescence intensity.

X - irradiation time, s.

a , c - the coefficient corresponding to experiment condition,

b - the coefficient corresponding to laser power and concentration of

solutions .It was defined to the time that Fluorescence intensity induced to 1/e of the curve.

It was obtained the laser photochemical behavior of diazonaphthoquinon-cresol system was a

kind of nonlinear kinetic process and the increasing of photochemical rate can been got by

increaseing laser power.

(2) Influence of concentration on laser Photochemical reaction of PAC

Fig.5 was fluorescence intensity vs Laser irradiation time at different concentration. The

concentration of samples were 2 429,8.089 mg/ml Laser power was 30 raw Laser wavelength

was 457.9nm. The indication of the grating spectrograph was fixed in 604.2 nm



0 5 10 15
TIMEfmin.)

Fig.5. Fluorescence intensity vs. Laser Irradiation time in different concentration

Fig. 5 showed that fluorescence intensity of PAC decayed as the concentration of samples

changed. And decaying rate i.e. photodecomposition rate of PAC speeded up as concentration of

samples decreased on curve C and D. They were proved by the absorption density of samples in

table 1 The absorption density of PAC decreased obviously as concentration of PAC samples

under the same power. It was indicated the photodecomposition rate of the sensitiser was

influenced by concentration of samples.

Tab 1 Change of absorption density
concentration (mg/ml)

no irradiation
8.089
2429

after laser irradiation
D(339nm)

0 734
0.496
0 339

in different concentration
D(39Snm)

0 512
0 364
0 213

The curve D was selected to modif> mathematical method The photodecomposition rate oi~

PAC under Laser irradiation was got

I f = c + a exp | - x / 1 8 7 9 2 ]

CONCLUSION
The kinetic process of laser photochemical reaction of dia/.onaphthoquinon-crcsol system

was studied by using laser spectrophotofluorimetry and laser induced fluorescence attenuation

method The nonlinear relationship between photodecomposition rate of the sensitizer and laser

power, exposure time and concentration of solutions was obtained, and the increasing of

photochemical rate can be realized by increasing laser power and reducing concentration

of solution
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ABSTRACT

Vision 2020 calls for more efforts towards industrialisation of research findings in Malaysia.
One of the strategies is to explore more downstream activities from many natural resources
through research and development. In recent years, there are growing trends in using
vegetables oil as raw materials in resin production. Development of new products from palm
oil derivatives such as epoxidised palm oil (EPO) is of particular interest to this country. The
compatibility of EPO with cycloaliphatic diepoxide allows the development of a wide range
of radiation curable formulations by cationic photoinitiators. Curing was done by means of a
20 cm wide 1ST UV machine with the conditions of 7.5A current and 4 m/min conveyor
speed. Sulphonium and ferrocenium salts were used as the cationic photoinitiators. A study
was formulated to compromise the investigation of various effects on the cured film
properties. These effects include ; types and concentration of photoinitiators, formulating
ratios, reactive diluents, photosensitizers and postcuring conditions. The effects on the gel
fraction, pendulum hardness, tensile strength and elongation at break were investigated. The
results showed that 30% of EPO was the maximum value that can be used in the formulation.
It was also found that triarylsulphonium hexafluorophosphate has a very low solubility in
EPO.

INTRODUCTION

In recent years, it has become increasingly important to use materials and processes that are
environmentally compatible. The materials should ideally originate from renewable sources,
are inexpensive and less accumulation problems in the environment. Currently, the synthetic
material industry relies mainly on petrochemicals as the energy source has decreased
remarkably due to limited petroleum reserves. In view of high value-added properties, the
petrochemical industry will still remain the major supply as compared to natural sources such
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as vegetable oils. However, because of huge potential demand for synthetic materials, the
search for new sources as replacement for petroleum is inevitable.

Currently, the trend in using vegetable oils as raw materials in resin production is growing.
One of the viable sources is oils and fats. Basic oleochemicals are produced by hydrolysis or
methylation of triglycerides in tallow and vegetable oils. Oleochemicals are chemicals derived
from natural raw materials in contrast to petrochemicals which are chemicals derived from
petroleum. The important basic oleochemicals are fatty acids, fatty esters, fatty alcohols and
fatty amines with glycerol being an important by-product. The use of these oleochemicals and
their derivatives are consumer-oriented, the important ones being in natural fat-based
surfactant, cosmetic and toiletries products, Pharmaceuticals and other industrial applications.

In contrast to the large spread of oil crops in other producing regions, sources of oils and fats
in the ASEAN region are exclusively confined to just two bearing crops - the oil palm (elaeis
guineensis) and coconut (cocos nucifera). Oil palm produces two types of oil ; palm oil and
palm kernel oil. Coconut produces coconut oil which has similar characteristics to palm kernel
oil. Palm oil is not a fully saturated oil; it contains equal amounts of saturated fatty acids and
unsaturated fatty acids and should be best described as being partially saturated. The more
unsaturated the oil, the faster it will react with oxygen and polymerise.

Table 1 : Types of Oils and Fats of Oil Palm and Coconut

Oil Palm
Palm oil

Main FAs :
C16:0 = 44%
C18: 1=39%
C18:2=10%

Palm kernel oil
Main FAs :

C12:0 = 48%
C14:0=16%
C18 : 1 = 15%

Coconut
Coconut oil
Main FAs :

CIO: 0 = 7%
C12:0 = 48%
C14 : 1 = 18%

Palm oil and palm kernel oil are ideal raw materials for the production of a wide range of C12
- C18 fatty acid oleochemical products. As result, the region has witnessed the phenomenal
growth of oleochemical production as well. Malaysia is the word's leading exporter of palm
oil and palm kernel oil, exporting 7.72 and 0.46 million tonnes respectively in 1997 (Yusof et
al. 1998). The production of palm oil in Malaysia is expected to increase continuously and the
main outlet is for food application.

Epoxidation of palm oil products has been reported to yield materials namely epoxidised palm
oil products, EPOP, suitable as a plasticizer and a stabiliser for plastic (Salmiah et all987).
Another application of EPOP such as polyols are one of the main raw materials used in the
manufacture of polyurethane and are mainly derived from petrochemicals. The development

246



of new radiation curable materials for the application in radiation curing technology is an
important research area. Acrylated palm oil has been employed as the oligomer in the free
radical system by Mohd. Hilmi et al. 1991 and the results are encouraging. This, however,
requires an additional acrylation step before it can be cured in coating formulations. The
current focus of the present work was to evaluate epoxidised RBD palm oil (EPO) as a partial
substitute of cycloaliphatic diepoxide in the cationically curable system. The degree of
unsaturation in EPO is half or less than that contain in epoxidised soybean oil (ESBO). The
conversion of double bonds present in EPO to epoxy groups makes them amenable to cationic
photopolymerization.

Cationic photopolymerization of epoxy systems has emerged as an attractive method for many
thin film applications such as coatings, inks and adhesives. Oxygen inhibition, that is
prevalent in processes involving free radical photoinitiators, is not a problem in these systems.
The cured films display good adhesion to a number of substrates. However, the system
performance and cost have severely limited the widespread acceptance of this technology.
This paper reports the investigation of various effect on UV curable system formulated from
cycloaliphatic diepoxide and EPO.

EXPERIMENTAL

1. Materials : Epoxidised RBI) palm olein (I PO) was provided free from the Palm Oil
Research Institute ol' Malaysia, PORIM Cycloaliphatic diepoxide (ECC) ar.d the cationic
photoinitiators : Triarylsulphonium hexafluorophosphate (UVI 6990) and triarylsulphonium
hexafluoroantimonate (UVI 6974) were all supplied by the Union Carbide Company.
Surfactant : Polyalkylene oxide modified dimethylpolysiloxane (Silwet L-7604) and
ferrocenium salt (Irgacure 261) were obtained from Ciba-Geigy, Switzerland. Vinyl ethers :
DVE-3 and CHVE from GAF were used as monomers.

2. Methods : The mixtures were prepared at least one day before curing. They were then
applied on to glass plates using a hand bar coater (RDS 30, Japan), and cured using a 20 cm-
wide 1ST UV machine under the conditions of 7.5 A current and 4 m/min conveyor speed.
After the irradiation, the sample was post-cured in an oven. The number of passes to cure
these films were determined by checking the tackiness of the surface of the irradiated films.
The hardness of the cured film was measured on a pendulum hardness tester (Labotron, Byk)
in accordance with DIN 53157. The measurements of gel percentage were taken by extracting
the cured films in a Soxhlet extractor for 16 hours using acetone as the solvent. The extracted
samples were then air dried for 30 minutes before drying in a vacuum oven to constant
weight. The difference in weights of the cured film before and after the extraction determines
the gel content. The physical properties were measured using a Strograph - Rl tester
(Toyoseiki).
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RESULTS AND DISCUSSION

1. Effect of photoinitiators
For this study, a number of formulations were prepared using sulphonium salts and a
ferrocenium salt. A three percent photoinitiator was used in all formulations. Table 2 shows
the range of composition of the cycloaliphatic diepoxide-EPO, in which the photoinitiator is
soluble. 3% of triarylsulphonium hexafluorophosphate (UVI 6990) is not soluble in 30% of
EPO, while cumene hexafluoroantimonate iron II cyclopentadienyle (Irgacurc 261) dissolves
easily. This is because the photoinitiator, being ionic in nature, has a very low solubility in the
relatively non-polar monomers such as EPO. For this reason, the initial attempts to
polymerize epoxidised oils using such photoinitiators resulted in failure.

Table 2 : Effect of the various photoinitiators

Formulations/
chemicals
EPO
ECC
L-7604
Pl:lrga26l

UVI 6974
UVI 6990

Solubility

No.of passes to
cure (4m/min)
% Pendulum
hardness
% Gel fraction

25/261

20
76.5
0.5
3

soluble

6

65

85

26/261

30
66.5
0.5
3

soluble

10

9

72

25/6974

20

76.5
0.5

3

soluble

3

61

87

26/6974

30
66.5
0.5

3

soluble

4

10

83

25/6990

20
76.5
0.5

3
soluble

3

41

88

26/6990

30
66.5
0.5

3
not

soluble
-

-

-

Table 2 also shows the percentages of pendulum hardness and gel fraction of the mixtures
after irradiating at different number of passes. Among the photoinitiators used, Cyracure UVI
6974 with SbF6" as the counter ion, is the most reactive compared to Cyracure UVI 6990 or
Irgacure 261 (both with PF6" as the counter ion). The cure speed of epoxidised oils is
dependant on the nature of the counter ion present in the photoinitiator. The cure speed is
maximum with SbF6" as the counter ion. This is due to it nucleophilic being less than the
other anions and hence, causes fewer termination reactions during polymerization (Abadie et
al. 1995). The no. of passes required for curing is found to be less for mixtures containing the
photoinitiator Cyracure UVI 6974 (25/6974 and 26/6974) compared with those containing
Cyracure UVI 6990 or Irgacure 261. The gel fraction analysis showed that under the given
irradiation condition (no. of passes to cure) the mixture containing 20% EPO was sufficiently
crosslinked up to the order of 84 - 88%.
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2. Effects of the photoinitiator concentration and post-curing
Figures 1 and 2 illustrate the hardness values being almost constant as the photoinitiator is
increased to 2.0%, after which the hardness began to increase. The optimum UV cure rate of
the mixture is obtained at a 2.0 - 2.5% weight percent of photoinitiator for formulations with
sulphonium hexafluoroantimonate (UVI 6974). and 1.5 - 2.0 w% with sulphonium hexafluoro
phosphate (UVI 6990). These results could be attributed to the plasticization -
antiplasticization effect of the initiator fragments with the coating. Udagawa et al. 1992 and
Udagawa et al. 1991 have reported that dynamic properties and molecular motions of
cycloaliphatic epoxy resins cured by UV- induced sulphonium salt initiator depending on the
concentration of the initiator. Fig. 3 shows the tensile properties of 30% EPO against the
concentration of photoinitiator UVI 6974. The tensile strength and elongation at break values
are almost constant as the photoinitiator increases up to 2.0%, when it began to decrease.
Decreasing the photoinitiator concentration will reduce the crosslinking density and hence
give a more loose structure.

50

% UVI 6974

Fig. 1 : Effect of photoinitiator concentration
(UVI 6974) on pendulum hardness,

formulation: 30% EPO, 66-69% ECC, 0.5-2.5%
UVI 6974

UVI 6974

UVI 6990

1.5

% photoinitiator
Fig. 2: Effect of photoinitiator concentration

on pendulum hardness, formulation: 30%
EPO, 66-69% ECC, 1-2% UVI 6974/6990
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% UVI 6974

.50

40
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2.5

Fig. 3 : Effect of photoinitiator concentration
(UVI 6974) on tensile strength & elongation at
break, formulation: 30% EPO, 66-69% ECC, 0.5-

2.5% UVI 6974
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Figures 4 and 5 show that the post-cure temperatures have no significant effect on the
hardness and gel fraction. This in an interesting observation and could be due to the complete
crosslinking in the former and these films posses good thermal stability.
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Fig. 4 : Effect of post cure on % pendulum
hardness, formulation: 30% EPO, 67.5% ECC,

1.5% UVI 6974
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Fig. 5: Effect of post cure on % gel fraction,
formulation: 30% EPO, 67.5% ECC, 1.5% UVI

6974
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3. The influence of EPO content
The tack-free cure rate and mechanical properties of the cured films are dependent on the
epoxy content in the formulation. In general, formulations with a higher epoxy content yield
hard, crosslinked polymer films having shorter cure time. This is also indicated by a higher
hardness value and gel fraction. Figures 6 and 7 show that the value of hardness and gel
fraction decrease as the EPO content increases. Cationic UV polymerization is initiated by
photolysis of arylsulfonium salt which produces a strong acid after exposure to UV light. The
acid generated polymerizes the oxirane ring of epoxides via ring opening and will also initiate
the polymerization of vinyl ethers and the copolymerization of alcohols in combination with
epoxides. Low values of oxirane oxygen in the EPO will decrease the hardness and gel
fraction of the cured films.
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Fig. 6: Effect of EPO content on % pendulum
hardness and % gel fraction, formulation: 0-30%

EPO, 66-97% ECC, 3% UVI 6974
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Fig. 7: Effect of EPO content on % pendulum
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4. Effects of the vinyl ether monomers
Figure K shows that the hardness values and % gel fraction decrease with the addition of the
monomer. Hie addition of vinyl ether monomers such as CHVE and DVE-3 did not enhance
the crosslinking density or curing rate of the films.
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% of monomer

Fig. 8: Effect of monomers content on hardness and gel
fraction, formulation: 20% EPO, 66-76% ECC,

3% UVI 6974

CONCLUSION

This stud> showed that a combination of the epoxidised palm oil and cationic photoinitiator.
such as sulphonium and ferrocenium salts, can be polymerized using UV light. The
photopolymerized films posses good thermal stability and tensile strength
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ABSTRACT

Epoxidized Natural Rubber(ENR) had been earlier found to impart toughness to otherwise brittle
epoxy resin. Since the high viscosity of solutions of ENR in reactive solvent ,glycidyl
methacrylate,imposed a limitation to the incorporation of higher percentages of the elastomer to
the epoxy systems,experiments were initiated to employ the liquid elastomer, namely,
epoxidized polybutadiene in the formulations. "Mixture Design', a statistical experimental design,
was adopted to study the effect of compositional and process variables on the curing of surface
coatings formulated from the above system by UV radiation initiated by cationic photinitiators.
This paper also reports the results of the experiments carried out with epoxidized soybean oil
Employed as a flexibilizer in the cycloaliphatic epoxy-ENR system.

INTRODUCTION
In our earlier publications13, we have reported on the use of Epoxidized-Natural Rubber (ENR-
50) as a toughening agent in surface coating systems based on cycloaliphatic diepoxide. It was
found that ENR can toughen the otherwise brittle epoxide resin by forming a two phase
morphological system consisting of elastomeric domains in a continuous resin matrix. ENR was
dissolved in glyddyl methacrylate(GMA) prior to mixing with the epoxy resin.The FTIR
investigation on the films cured by ultraviolet radiation, were suggestive of the possibility of the
formation of an interpenetrating polymer network. GMA possesses dual functionalities, namely
acrylic unsaturated groups and epoxide groups. Hence it can act as a crosslinking agent between
the epoxy resin and ENR through their epoxide groups and between two chains of ENR via
acrylic groups and isoprene groups. Cationic photoinitiators bring about the above reactions
during the irradiation by the ultraviolet radiation. Toughening mechanism requires, besides the
formation of two phase morphology, establishment of covalent bonds between the elastomeric
domain and the resin phase. Although the above coating system was satisfactory in respect of
morphology and interphase chemical bonding, there was however a disadvantage since high
percentages of ENR of practical significance could not be incorporated due to viscosity
lumitations. ENR-50 is a solid and the solutions of ENR in glycidyl methacrylate at solid contents
greater than 20 - 25% have viscosities too high to be of practical use. Further, incorporation of
large percentages of ENR is accompanied by inevitable increase in the quantities of GMA much
beyond what is actually required for the purpose of cross-linking. This difficulty was partially
solved by using liquid ENR of 65% solids in toluene (4). But inclusion of toluene in UV curable
formulation is not desjrable.

Hence experiments were undertaken to employ liquid elastomeric oligomers such as liquid
epoxidized polybutadiene and epoxidized vegetable oils to replace partially the solid ENR.
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EXPERIMENTAL

(a) Materials

(1) Cycloaliphatic diepoxide used was 3, 4 Epoxy cydohexylmethyl -3,4-epoxy
cydohexene from Union carbide (2) Glyddylmethaoylate was obtained from
Fluka Chemie AG (3) ENR-50 (Epoxyprene) was obtain from M/S Guthrie
Research, Chemara, Malaysia (4) Bis[4-diphenylsulfonio-phenyl] sulfide-bis-
hexaflurophosphate was obtained from Union carbide (5) Epoxidized
polybutadiene was Poly bd 605 Resin was obtained from Elf atocnem(6)
Epoxidized soyabean oil was obtain from M/S Henkel Chemicals(Malaysia) SDN
BHD

(b) Methods

(i) Statistical Design of Experiments

'Design of Experiments with Mixtures' was considered to be ideally suited to study
the response of of the mixtures consisting of three component systems consisting of
(1) cycloaliphatic diepoxide, ENR-50 in GMA- epoxidized polybutadiene and
(2) cycloaliphatic epoxide-ENR- Epoxidized soybean oil in various proportions in
accordance with the D-optimal design selected from the Design Expert package 4.

Some of the compositions from the above ingredients could not produce valid
mixtures. Hence constraints were to be introduced in the design so that the
formulations become practically feasible. The Design Expert software employed in this
work enables such constraints to be incorporated in the experimental design.
Such constraints are given in Table 1 and 2 for the systems (a) cydoliphatic epoxide,
ENR and epoxidized soybean oil and (b) cydoliphatic epoxide, ENR and epoxidized
poly-butadiene respectively. The experimental design points as generated by the
software together with the results on responses are given in Table 3 and 4. In the
system (a) process variables have not been introduced into the design while a 2 2

factorial experiments were superimposed on the mixture design in the case of
system (b).

(ii) Measurements
Pendulum hardness was tested in accordance with the Konig Method( DIN 53157). The
Madrel Flexibility was tested according to A.S.T.M D-1737-62). The impact test was
conducted by a tubular impact tester.

RESULTS AND DISCUSSION

(a) Cycloaliphatic Epoxide- ENR Epoxidized Soybean Oil system.

Three responses namely the Pendulum hardness, flexibility and impact resistance were
determined for the various treatment combinations furnished in Table 3. The results
were fitted to the following mathematical models : 1. Linear 2. Quadratic 3.Spedal
cubic
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After examining 'the summary statistics1 furnished by the software, the selection of the
most appropriate model which adequately describe the observed data was deduced by
employing the selection principle of maximum 'score' as calculated from the equation:

Score = (M) (L) (R2 predicted)

where M is the 'Sequential Sum of Squares score', L is the "Lack of Fit Score" and 'R2

Predicted' is the Multiple Correlation coefficient.

A good evaluation of the model according to the above criterion is how well the model
is capable of predicting the experimental points. In principle, selection of the model is
based on the following criteria : (a) Predicted R2 must be high, (b) Predicted Residual
Sum of Squares (PRESS) should be small.

Figure 1 represents the triangular plots for the Pendulum Hardness values.Similar curves were
obtained for other properties, namely, flexibilities and impact strengths of the cured coatings.
Figures 3 and 4 give the ' Perturbation Plots' or 'Trace Plots". The trace plots show the effect of
changing each mixture component while holding all others in a constant ratio. The response is
plotted while moving along an imaginary line from a reference blend to the vertex of the
component being incremented. In the Design Expert Software, the default reference blend is the
centroid of the design.
From Figure 3, it can be seen that the hardness increases as the proportion in the mix of
cycloaliphatic diepoxide increases. On the other hand the hardness decreases as ENR and
epoxidized soybean oil increases. The effect of ENR is more pronounced than soybean oil. The
effect of increase of the proportions of the various ingredients on the impact is shown in Fig. 3.
Similar trend was observed for the flexibility. I t can be seen that the flexibility and toughness
increase as the proportion of ENR and soybean oil is increased. These results are expected. The
actual selection of the formulation rests on a compromise of the properties desired.

(b) Cycloaliphatic diepoxide-ENR-epoxidized polybutadiene system.

The results of the mixture experiments at different treatment combination of process variables
are given in Table 4. Typical response curves in triangular co-ordinates for hardness of the
surface coatings post cured at 130 deg.C and 60 minutes is shown in Fig. 2. Similar trends
were observed at the following postcure conditions also
(a) 130 deg. 30 minutes,(b) 100 deg. 30 minutes and(c) 60 minutes

'Summary statistics' showed the quadratic models explain adequately the experimental data.

Tables 5 give the coefficients of the fitted model at each treatment combinations of 2 2 factorial
experiments. Table 6 give the coefficients of the combined model. These models can be used to
predict values of hardness at different mixture compositions and at different post cure conditions.
This will enable the formulators to optimize the operating parameters to maximize a single
response such as hardness or flexibility .Alternatively the formulator can also optimize to realise
an overall general performance by an appropriate compromise in respect of different properties.
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CONCLUSION

Mixture experiments both alone as well as combined with process variables have been employed
to study the effect of compositional and process variables on the properties of the cured surface
coatings based on cydoaliphatic di-epoxide-ENR-Epoxidized Polybutadiene/ Epoxidized Soybean
oil cured by the UV radiation initiated by cationic photoinitiators. Valuable information can be
obtained from such statistically designed experiments which will help the formulators to
optimize the formulations and process conditions.
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258



DESIGN-EXPERT Plot
163.970-

Actual Components:
A = Cycloahphatic diepoxide 1 2 9 OfJO

B = ENR
C = Epoxidized

Soybean Oil

CO

94.030-

59.060 -

24.090 -

Trace (Piepel)

-0.443 -0.170 0.102 0.375 0.648

Deviation from Reference Blend

Fig. 3. Perturbation plots for Pendulum hardness

Trace (Piepel)

DESIGN-EXPERT Plot
65.705 -

Actual Components:
A = Cycloalipahtic diepoxide 4 8 g 7 2

B = ENR
C = Epoxidized

Soybean Oil
T3
§. 32.238

15.505-

-1.228-

-0.443 -0.170 0.102 0.375 0.648

Deviation from Reference Blend

Fig. 4. Perturbation plots for Impact

259



Table 1 Constraints in the Composition of the Mixture
Cycioaliphatic epoxide-ENR-Epoxidlzed Soybean Oil System

Component 1
Cydoaliphatic-di-
epoxide

2.4 g - 4.8 g

0.3 <. Xi < 0.6

Component2
ENR 15% solution in
Glycidyl Methacrylate

2.4g-4.8g

0.3 < X2 <L0.6

Component 3
Epoxidized Soybean oil

0.8-2.0 g

0.1 < X3 < 0.25

Table 2 Constraints in the Composition of the Mixture
(Cycioaliphatic epoxide-ENR-Epoxidized Poybutadiene System)

Component 1
Cydoaliphatic-di-
epoxide

0.0 g - 8.0 g

0 <_ Xi < 1

Component2
ENR-50 in G.M.A.

0.0 g - 8.0 g

0 < X2 <jl

Component 3
Poybutadiene

O.Og - 8.0 g

0 < X3 < 1
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Table 3. Experimental Design Matrix for three components
( Cycloaliphatic diepoxide-ENR- Epoxidized

Soybean Oil System)
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Table 4. Experimental Design Matrix incorporating both compositional
and process variables
(Cycloaliphatic epoxide-ENR-Epoxy Polybutadiene System)
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Table 5. Coefficients of the Mathematical Models for Compositional and Process
Variables (Cycloaliphatic diepoxide-ENR- Epoxidized Polybutadiene System)

(z,, z 2)

(+1.+1)

(+1,-1)

(-1.+1)

(-1.-1)

Xl

162.59

165.63

168.61

166.23

X2

152.74

1522.22

146.10

156.40

69.84

59.40

53.11

49.64

x i x 2

-23.16

-21.94

-15.17

-7.48

X 1 X 3

96.64

109.38

112.03

131.91

x 2 x 3

61.00

81.75

71.82

-2.15

Table-6 Coefficients of the Combined Model

Process
Variable

Z l

Z 2

z , z 2

Xl

165.76

-1.652

-0.1675

-1.3554

X2

151.86

0.6151

-2.44

2.7021

X 3

59.998

6.6189

3.4787

1.7483

x, x2

-16.93

-5.61

-2.224

1.6189

Xi X3

112.49

-9.4799

-8.15

1.786

x2 x3

53.1079

18.27

13.31

-23.68
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ABSTRACT

Novel mono- and di-functional oxetane monomers are evaluated for photo-cationic curing

system in the formulation with cycloaliphatic diepoxide monomer. The viscosity of the

formulations were reduced effectively keeping high surface cure rate as epoxide alone.

Difunctional oxetanes exhibited improved solvent resistance.

I INTRODUCTION

In the photoinitiated cationic polymerization, many different types of monomers and

oligomers have been examined and used [1]. In particular, the photopolymerization of

epoxides gives coatings a high thermal capability, excellent adhesion and good chemical

resistance. Although photo-polymerized epoxy coatings are known for their high performance,

commercially available epoxides, such as bis-phenol-A-diglycidyl ether, undergo

photoinitiated cationic polymerization at rather slow rates.

<oooO o o /°
pKa 2.0 2.1 3.6 3.7

Scheme 1: Ring-strains and Basicities of Cyclic Ethers

Three major factors contribute to the reactivity of cyclic ethers during cationic ring-opening

polymerization [2]. These are: the basicity, the ring strain and steric factors. It is interesting

to compare these factors for two classes of cyclic ethers; oxetanes and epoxides. For example,

the ring strain of ethylene oxide has been calculated to be 114 kJ/mol while that for oxetane

is 107 kJ/mol [3]. At the same time, the pKa for these two ethers is 3.7 and 2.02, respectively

[4-5]. Since the mechanism of the cationic ring-opening polymerization of cyclic ethers

involves an SN 2 displacement, the steric requirements of these two monomer types are
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nearly identical. Thus, while both cyclic ethers have similar steric factors and ring strains, the

basicity of oxetane is considerably greater than for ethylene oxide. This latter parameter

should, therefore, dominate by making the oxetanes more reactive than epoxides during the

photoinitiated cationic ring-opening polymerizations.

Previously, the curing property of oxetane monomer in photoinitiated cationic polymerization

was investigated in comparison with the epoxy monomer [6]. Through real time FT-IR

measurements, the oxetane monomer was proved to possess different polymerization

character from epoxides toward photoinitiated cationic polymerization. Although rather long

induction period compared with epoxide was seen in the early stage of oxetane

polymerization, after that stage polymerization underwent smoothly until high conversion of

monomer. In the formulation with epoxy monomer, oxetane exhibited fairly fast

polymerization. Employing the computational study, the acceleration mechanism of oxetane

polymerization was explained by the fast initiation of epoxide through SN1 ring opening of

oxirane ring.

Based on the above results, a series of mono- and di-functional oxetane monomers,

possessing one or two oxetanyl group in the molecule, have been synthesized in our

laboratory. This paper details the evaluation of three monofunctional oxetane monomers and

two difunctional monomers listed below for performance UV cationic cure system.

OXA H O X
PHO

DOX

Scheme 2: Mono- and di-functional oxetane monomers

II EXPERIMENTAL

Raw Materials

The oxetane monomers used throughout this study were synthesized from OXA or 3-ethyl-3-

chloromethyl-oxetane through phase-transfer reaction. Cycloaliphatic diepoxide monomer

(UVR-6110) and the sulfonium salt cationic photoinitiator (UVI-6990) used in the

formulation were obtained from Union Carbide Co.

Test Methods

The formulations were prepared by mixing the monomers and UVR-6110 with UVI-6990 in

an amber vials. The viscosity of monomers and their formulations was measured at 25°C
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using Brookfield viscometer. A uniform coating of the desired coating thickness was applied

to the TFS test panel using a #4 bar applicator. The liquid coating was cured with 80 W/cm

of high pressure Hg lamp. Samples for the acetone resistance were cured at lOm/min.

conveyor speed.

Tack-free time was defined as the maximum conveyor speed which can be used to produce a

coating that is dry to the touch immediately after UV exposure. The acetone resistance of the

coatings was defined as the maximum number of rubs with cotton ball impregnated with

acetone until the coating starts to be destroyed.

Ill RESULTS

Typical Properties of the Monomers

Some typical properties of oxetane monomers are listed in Table I. Among the mono-

functional monomers, HOX possessing long alkyl side chain showed the lowest viscosity and

specific gravity. The slightly high viscosity of OXA can be explained by the hydrogen

bonding of hydroxy methyl group in the molecule. The simplest di-functional monomer,

DOX, exhibited rather low viscosity and specific gravity compared with XDO with xylene

moiety in the molecule. Each of the monomers shown in Table I was found to be completely

miscible with UVR-6110. All the monomers listed were AMES Test negative.

Table 1 Typical
Monomers

OXA
PHO
HOX
XDO
DOX

Properties of Oxetane Monomers
Viscosity

cps @ 25°C

22
14
4

150-170
13

Specific Gravity
@25°C

1.024
1.046
0.899
1.068
0.999

Compatibility
with UVR-6110

OK
OK
OK
OK
OK

AMES Test

negative
negative
negative
negative
negative

Viscosity and Curing Properties of Oxetanes Formulations

All the oxetane monomers were evaluated using 2-factor mixture studies in combination with

cycloaliphatic epoxide (UVR-6110). Each formulation also contained 3 phr (parts per

hundred resin) sulfonium salt photoinitiator (UVI-6990). In the formulation of OXA, di-

functional (XDO) was also used to enhance the cure rate.

(Formulations with monofunctional oxetanes)

The formulations for the study with monofunctional oxetanes (OXA, PHO and HOX) were

shown in Table II. The viscosity of the formulation exhibited a decrease as the amount of

monomer is increased. In the formulation of OXA, the viscosity reached almost half of epoxy

monomer alone with 15 wt.% of addition. Among these three monomers examined, HOX
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with long alkyl side chain exhibited the lowest viscosity.
In the formulation of OXA, the cure rate was decreased with more than 20 wt.% of OXA
addition. In the cationic ring opening polymerization, hydroxy functional materials such as
alcohol is known to work as chain transfer agent. OXA possess not only oxetane ring which
undergoes cationic polymerization but also hydroxy methyl group. With lower concentration
of OXA in the formulation, the hydroxy group should work as chain transfer site and
accelerate the cure rate. The higher content of hydroxy group in the formulation should lead
to small polymer chain length and a resulting decrease in cure rate. Another possibility for the
decrease in the cure rate is explained by the unreacted hydroxy group remained in the coating,
which should work as some kind of tackifier. For the other two monomers, even with 30wt.%
of addition, no decrease in the cure rate was found.

Table II Formulation of Monofunctional Oxetanes and Epoxy Monomer1}

n , , n , n n 2 ) *. Viscosity Cure RateUVR-6110' Monomers , ^J^ i i • \(cps at 25 C) (m/min.)
W

100
90
85
80
75
70
70
70

-
OXA
OXA
OXA
OXA
OXA
PHO
HOX

-
10
15
20
25
30
30
30

380
214
170
138
112
93
122
44

>50
>50
>50
30
10
5
>50
>50

1) 3 parts of UVI-6990 (Union Carbide Co.) was added as photoinitiator
2) Cycloaliphatic epoxy monomer, available from Union Carbide Co.
3) Coated on TFS with a #4 bar and cured with 80 W/cm of high pressure Hg lamp.

(Formulation with difunctional oxetanes)
The formulations with difunctional oxetanes (XDO and DOX) were listed in Table III. While
the formulation with XDO exhibited rather small decrease in the viscosity, DOX reduced the
viscosity effectively. In the combination of XDO with OXA, the viscosity of the formulation
was also low. This viscosity reduction could be advantageous for some application methods.
Each formulation showed very fast surface cure (cure rate). In the formulation of OXA and
XDO, even with 30 wt.% of OXA the cure rate was enhanced over 50 m/min.
For the cationic curing system using epoxy monomers, it is well known that the post cure is
required for the complete cure of the coating. UVR-6110 alone exhibited very poor acetone
resistance until 24 hours. Addition of oxetane monomers improved the acetone resistance
even 10 minutes. Higher amount of oxetane content increased the acetone resistance. The
improvement effect could be explained by the fast generation of crosslinked network of
oxetanes accelerated by epoxide. The higher acetone resistance of DOX formulation could be
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explained by the lower weight per oxetane of DOX, which resulted in shorter length of

crosslinks i.e. stronger network.

Table HI Formulation of Difunctional Oxetanes with Epoxy Monomer1*
Viscosity Cure Rate3)

(cps at 25°C) (m/min.)
UVR-61102' XDO DOX OXA

100
80
60
80
60
70
50
60
40

-
20
40
-
-
10
30
10
30

-

-
20
40
-
-

-

-
_
-
-
-
20
20
30
30

381
339
304
154
109
134
128
96
93

>50
>50
>50
>50
>50
>50
>50
>50
>50

1) 3 parts of UVI-6990 (Union Carbide Co.) was added as photoinitiator
2) Cycloaliphatic epoxy monomer, available from Union Carbide Co.
3) Coated on TFS with a #4 bar and cured with 80 W/cm of high pressure Hg lamp

UVR-6110

XDO 20

XDO 40

DOX 20

DOX 40

| 0 50 100
i
i _____ _____ _____

Figure 1 Acetone Resistance vs. Time

HOmin.

l lh .

|24h.

150 200

IV. CONCLUSION

Oxetanes are effective reactive monomers for photo-cationic curing system. All the

monomers were completely miscible with UVR-6110 and AMES Test negative. In the

formulation with monofunctional oxetanes, the viscosity of the formulations were reduced

effectively. HOX with long alkyl side chain exhibited the lowest viscosity keeping the surface

cure rate high.

In the difunctional oxetanes formulation, DOX alone and the combination of XDO with OXA

gave the low viscosity formulations with fast surface cure rate. Addition of difunctional

oxetane monomers improved the acetone resistance. Higher amount of oxetane content

increased the acetone resistance.

As investigated in this study, mono- or di-functional oxetane monomers provide cationic UV-
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curing formulations of epoxide with fast cure rate and low viscosity. This viscosity reduction

could be advantageous for some application methods such as coating industry.
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Low and Medium Modulus Radiation Vulcanised Natural Rubber Latex (RVNRL)
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Abstract

The previous method of RVNRL preparation produces prevulcanised natural rubber latex
of low modulus. The typical modulus @ 700% elongation is reported between 6 MPa to
7 MPa. In an alternative method of RVNRL preparation, where a latex hardener is added
as an additional formulation ingredient, prevulcanised natural rubber latex of medium
modulus is produced. The modulus at 700% elongation of between 9 MPa to 10 MPa is
possible. Medium modulus prevulcanised natural rubber latex is also found to have an
improved accelerated ageing properties.
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ABSTRACT

This paper introduces the cyclo - aliphatic epoxide resins used for the various
applications of radiation curing and their comparison with acrylate chemistry. Radiation
curable coatings and inks are pre - dominantly based on acrylate chemistry but over the
last few years, cationic chemistry has emerged successfully1 with the unique properties
inherent with cyclo - aliphatic epoxide ring structures. Wide variety of cationic resins
and diluents, the formulation techniques to achieve the desired properties greatly
contributes to the advancement of UV - curing technology.

INTRODUCTION

UV cationic cure2'3 is recognized for outstanding adhesion to difficult substrates. This can
be attributed to low shrinkage of epoxy resin systems cured via a cationic mechanism.
Another beneficial feature of UV cationic chemistry is the absence of oxygen inhibition.
Cycloaliphatic epoxide resins may comprise some 70 % of a typical commercial
formulation. Other commonly used components include hydroxy or epoxy functional oils,
and vinyl ethers and esters.

Photoinitiators used in these chemical systems are typically aryl sulfonium salts, but
iodonium salts are also used, both with a variety of counterions. On irradiation with
ultraviolet light these photoinitiators generate strong acids which cause a rapid ring -
opening whereby cycloaliphatic epoxides cross link with each other and also with
hydroxyl compounds, if these are present. Additives such as fillers, pigments, and slip
agents are also commonly used.

This chemistry affords some important benefits for special requirements. In addition to
providing excellent adhesion to metals, polyolefins and other plastics, cationic epoxy
based chemistry may offer benefits of lower shrinkage on curing, good flexibility, low
odor in the formulation and cured film, low toxicity and skin irritation, no oxygen
inhibition , improved gas barrier properties, good electrical properties, and high chemical
and solvent resistance. Epoxide resin systems cured by a cationic mechanism continue to
propagate after the removal of the radiation source, which contributes to good through
cure. After UV exposure, heating will also cause additional polymerization.
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CATIONIC CURE TECHNOLOGY

General background

Both cationic and free - radical cure systems can be initiated by UV light sources. Both
require photoinitiators and can utilize photosensitizers. Formulations in each category
contain polymerizable components and additives. There are, however, significant
differences between the two systems. Of greatest significance, the photoinitiators are
chemically different. Also, cured film properties of cationic systems are improved by a
post - cure thermal treatment. This can be a disadvantage or an advantage, depending on
the end - use.

Photointiator systems

Cationic photoinitiators may consist of onium salts, ferrocenium salts, or diazonium salts.

UV cationic polymerization of cycloaliphatic epoxy resins results from generation of a
strong acid4. A typical photoinitiator activation mechanism is shown in Fig. 1. The
polymerization of the epoxy monomer proceeds (initiation, chain reaction) as shown in
Fig.2 and 3 respectively, via a ring - opening of the epoxy moiety to form a reactive
cationic species which attacks and opens the next epoxide monomer.

hv

w
[ Ar3S

+XT

X = counterion

Ar2S +

(PF 6 ~

+ A r ' X

orSbF6"

1

)

RH

Ar2S +

Ar2S

ArR + HX

+ ArR + HX

Fig

hv
1 photoinitiator

/ R H+MF6^ H _ Q ^

^ ^ initiation

.1 . Typical Photoinitiator Activation

Her

y
HO—

R

A

Fig.2. Initiation
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Fig.3. Chain Reaction

Chain transfer (Fig. 4) can occur, for example with hydroxyl functional materials. Chain
termination can occur by neutralization of the cationic species by an anionic species
(Fig-5)

Fig.4.
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r -, Y'
R

R
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Chain

HO

Transfer
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— —
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— —
j

+ M F 5

n

Fig.5. Chain Termination
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The cationic initiation step is begun by incident light radiation, and to a lesser extent, by
heat. The chain reaction is typically accelerated by addition of heat to the reaction
mixture. Chain transfer and termination steps are also promoted by heat addition,
however the termination step is also a function of the nucleophilicity of the anionic
species.

Comparisons to Free radical Systems

Table I summarize the major differences between cationic and free- radical cure UV
systems.

Table I: Radcure Chemistry - Free Radical vs. Cationic
Feature

Cure Speed

Initiation

Oxygen sensitivity

Shrinkage

Adhesion

Post Cure

Chemical Resistance

Humidity Resistance

Acid / Base sensitivity

Free Radical

High

Light

Yes

Large

Moderate to good

Limited Effect

Good

No

No

Cationic

Moderate to high

Light to heat

No

Negligible

Excellent

Strong effect

Moderate to good

Yes

Yes

The benefits of no oxygen inhibition are that the formulator can use lower
photoinitiator concentration for the same cure speed or to obtain less residual
odor and extractables.

Reduced shrinkage provides better adhesion and other advantages to the end user (e.g.
reduced curl on paper or films).

The dark and thermal post- cure effect of cationic systems means that cure can be delayed
after exposure, such that non - transparent substrates can be laminated.

Both cationic and free - radical systems have typically high chemical and solvent
resistance, good impact resistance and flexibility, high gloss, and are useful in 100 %
solids systems.

The base sensitivity of cationic systems requires extra caution in formulating to avoid
bases such as amines, urethanes, basic pigments or fillers. To avoid possible base
contamination, dedicated equipment may be desirable. Moisture sensitivity dictates that
controlled humidity is desirable, as water is a chain transfer agent. Cationic systems are
also sensitive to substrate characteristics. The wrong substrate can totally inhibit cure.
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Also, acidity can cause viscosity build of cationic formulations. Thermal post - cure is
necessary for quick development of properties. For temperature sensitive substrates, this
may be a disadvantage. Cured products may also contain residual acids from
photoinitiator decomposition.

UVACURE PRODUCTS

Cvcloaliphatic Epoxide Resins

Uvacure 1500

Uvacure 1500 is a very pure grade of 3,4 - epoxycyclohexyl - methyl - 3,4 -
epoxycyclohexane carboxylate.

0

>

Fig.6.Uvacure 1500

Coatings containing this resin can possess excellent toughness, solvent resistance, and
good adhesion to a variety of substrates. Uvacure 1500 is used in metal container
decoration, plastic coatings, conformal coatings, UV Inks for component markings,
flexography, laminating and assembly adhesives, potting and encapsulating compounds
and a variety of other applications. This and other cycloaliphatic epoxide resin are listed
in Table II

Table II: Cycloaliphatic Epoxide Resins
Uvacure

1500

1501

1502

Description

Base cycloaliphatic di - epoxide

Cycloaliphatic di - epoxide for
applications requiring lower residual
odor

Lower viscosity epoxide for
exceptionally fast cure with greater
formulating latitude

Comments

Primary component of
cationic curing formulations

Reduces or eliminates the
odor emitted by sulfonium
salt photoinitiators

Spray applications, diluent
for lower viscosity
formulations
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Modified Cvcloaliphatic Epoxides

Uvacure Modified Cycloaliphatic Epoxides are designed to provide properties not
achievable with conventional cycloaliphatic epoxides. See Table III. Benefits of this class
of materials include enhanced flexibility, improved toughness, and better chemical
resistance of cured films containing these materials. These products may offer even
higher cure response, reduced susceptibility to atmospheric humidity, and better
adhesion. All polyol blends have superior film forming properties.

Table HI: Modified Cycloaliphatic Epoxides
Uvacure

1530

1531

1532

1533

1534

Description

Epoxide / aliphatic polyol blend with
low weight per epoxide ( 184), weight
perhydroxyl(370)

Epoxide / aliphatic polyol blend with
medium weight per epoxide ( 227 ) ,
weight per hydroxyl ( 446 )

Epoxide / aliphatic polyol blend with
high
Weight per epoxide (273 ), weight per
hydroxyl ( 555 )

Modified cycloaliphatic epoxide with
weight per epoxide of 262

Modified cycloaliphatic epoxide with
weight per epoxide of 268 , weight per
hydroxyl of 375

Comments

High cure speed, strength ,
hardness, solvent resistance
and crosslink density

Good strength, excellent
toughness and flexibility

Softer film and higher
flexibility

Soft, flexible, exceptional
adhesion in coatings and
laminating adhesives

Good water resistance,
flexibility and toughness for
metal varnish, coatings on
wood, paper, metals,
plastics, etc.

Hybrid Resin Systems

Uvacure Hybrid Resin Systems are designed to cure via a hybrid mechanism, that is, by a
combination of cationic and free- radical mechanisms under UV light. Typical benefits
include 1) increased cure speed 2) faster development of final properties, 3) lower
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sensitivity to moisture and other cationic inhibitors, 4) improved film forming properties,
and 5) wider formulating latitude. Hybrid Resin systems may be particularly desirable for
improved compatibility with pure cationic, or pure free - radical coatings and inks. For
example, a hybrid OPV may be more compatible with a free - radical ink than would a
cationic OPV. These products are listed in Table IV.

Table IV: Hybrid Resin Systems
Uvacure

1561

1562

Description

Hybrid epoxide / acrylate for cross reactive
polymerization; higher viscosity

Hybrid epoxide / acrylate for
interpenetrating network polymerization

Comments

Faster initial cure,
increased strength,
improved chemical
Resistance

Lower viscosity,
recommended for plastic
and metal coatings, low
odor

New Cationic Resins (Experimental)

The new experimental cationic resins developed are designated as CAT products with
typical properties like improved surface hardness, stain resistance, water resistance, low
odor and barrier properties. These products are listed in Table V.

Table V: Experimental Cycloaliphatic Epoxide Resins
CAT

001

002

003

004

005

Description

Modified cycloaliphatic epoxide

Modified cycloaliphatic epoxide with
weight per epoxide of 268, weight per
hydroxylof312

Cycloaliphatic epoxide with weight per
epoxide of 252

Cycloaliphatic epoxide mixture with
weight per epoxide of 150

Cycloaliphatic/aliphatic epoxide mixture
with weight per epoxide of 156

Comments

High cure speed, strength,
surface hardness, chemical
and stain resistance
Good water resistance,
flexibility and toughness for
metal varnish, coatings on
wood, paper, metals,
plastics, etc
Low viscosity, additive to
improve water resistance.
Flow agent
Low viscosity.
Recommended for use in
barrier coatings on plastics
Spray applications, diluent
for lower viscosity
formulation
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006

007

Cycloaliphatic/aliphatic epoxide mixture
with weight per epoxide of 156

Modified cycloaliphatic epoxide

Spray applications, diluent
for lower viscosity
formulations. Reduces odor
emitted by sulfonium salt
Photoinitiators
Very good pigment wetting
properties. Improves water
resistance.

TYPICAL PROPERTIES

Table VI shows the typical physical properties of the Uvacure Cycloaliphatic Epoxide
Resins, Modified Cycloaliphatic Epoxides, and Hybrid Resin Systems.

Table VI: Typical Properties

Product
Category

Cycloaliphatic
Epoxide
Resins

Modified
Cycloaliphatic
Epoxides

Hybrid
Resin
Systems

Product

Uvacure

1500
1501
1502

1530
1531
1532
1533
1534

1561
1562

Typical Properties

Viscosity1

275
280
80

400
500
660

310000
2300

150000
3800

Color2

80
100
80

80
80
80
(2)
(1)

(5)
(1)

WPEJ

134
135
131

184
227
273
262
268

451
223

Density4

1.17
1.17
1.13

1.14
1.13
1.12
1.10
1.10

1.18
1.17

Refractive
Index5

1.4965
1.4980
1.4938

1.4912
1.4881
1.4855
1.4898
1.4862

1.5631
1.5211

Table VII lists the tensile (stress / strain) properties of the product line6
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Table VH: Tensile Properties

Uvacure

1500

1501

1502

1530

1531

1532

1533

1534

1561

1562

Tensile
Strength

@
Max.

load, psi
6000

5600

3600

8720

4710

2780

510

3600

11200

10500

Elongation
@ max.
load, %

7

6

8

8

42

140

230

135

8

6

Tensile
Strength

®
Break,

psi
6000

5600

3400

8700

4670

2780

510

3600

11200

10500

Elongation
@ break,

%

7

6

19

8

47

140

230

135

8

6

Young's
Modulus

psi

152000

175000

96000

200000

112000

5020

870

48000

242000

240000

Toughness

psi

230

240

590

460

1990

1690

540

3420

540

420

Table VHI: Typical Properties of CAT Resins

Product
Category

Cycloaliphatic
Epoxide

Product

CAT
001
002
003
004
005
006
007

Typical Properties

Viscosity1

10000
7000

50
100
85
85

6200

Color2

(4)
(1)
(2)
(2)
20
20
(8)

WPE3

195
286
252
150
156
156
373

Density4

1.15
1.13
1.02
1.15
1.12
1.12
1.08

LcP at 25°C
2Pt -Co scale. Values in parenthesis are Gardner scale
3Weight per epoxide
4g / ml at 25°C
5nD at 25°C
6tested in general accordance with ASTM D882
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Applications

Uvacure cycloaliphatic epoxide resins, modified cycloaliphatic epoxides, and hybrid
resin systems are useful in a variety of applications, including:

• metal decoration basecoats
• metal deco inks
• paper coatings
• plastic substrate coatings

• Adhesives
• automotive sealants
• can end varnishes
• flexo and screen print inks

• glass coatings

FORMULATING GUIDELINES

Background
The following general formulating guidelines are intended to aid the formulating chemist
in developing optimum properties needed for a particular application.

General Formulating Principles

Resin selection

In general, the major component of a cationic formulation is the cycloaliphatic epoxide
resin workhorse, Uvacure 1500. Uvacure 1500 provides the major film forming
properties, while other components are modifiers. Such other materials may include other
cycloaliphatic epoxides such as limonene monoxide or di - epoxide, and glycidyl ethers.

Addition of these materials will modify film properties and may also result in increased
odor, decreased cure speed, increased viscosity, and lower cost. Addition of
components like epoxidized polybutadiene can provide increased chemical resistance,
flexibility, toughness, impact strength, and decreased hardness.

Addition of vinyl ethers at 10 - 15 % of the formulation, in addition to viscosity
modification, may provide faster initial cure and will result in an interpenetrating network
structure by virtue of two cationic cure mechanisms. See Fig.7.

Fig.7. Cationic Polymerization of Vinyl Ether
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Photoinitiator Selection

Cationic photoinitiators may consist of sulfonium, iodonium, ferrocenium, or diazonium
salts. Cationic photoinitiators systems are typically used at concentrations of 1 -3 %
active materials.

Examples of sulfonium salt photoinitiators are shown in Fig 8. The sulfonium salts are
present as a blend of materials, and the products supplied by the different vendors differ
in counter ion (PF6~or SbF6") and solvent (Fig.9).

X = counterion ( PF6" or SbF6" )

Fig.8. Sulfonium Salts

Fig.9. Solvent for Sulfonium Salts

Iodonium salts initiate cationic polymerization in a manner similar to that shown for the
sulfonium salts.

Ferrocenium salts, such as Irgacure 261 shown in Fig. 10, generate a Lewis acid.
Ferrocenium salts photo - bleach on exposure to UV light, which allows the curing of
thicker films, however, the bleaching is insufficient to provide colorless films.
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Ferrocenium salt can also be photosensitized, for example with anthracene. Also, cumene
hydroperoxide can oxidize ferrocenium salt to yield a stronger Lewis acid, which can
reduce cure temperature or cure time.

Irgacure 261

PFs"
hv

PF6"

Fig. 10. Ferrocenium Salt

Diazonium salts, the earlier cationic photoinitiators, afford poor pot life, and give colored
coatings. They also evolve nitrogen gas on curing (see Fig. 11) which cause problems in
film, such as pin - holes and poor gloss.

Fig. 11. Diazonium Salt

Counterions, in addition to affecting the solubility of the photoinitiator system, can have
other effects on the final product. Fig. 12 shows the general effect of photoinitiator
counterion including Br', BF4", PF6 ~ and SbF6". The trend is to increase cure speed as the
counterion goes from more nucleophilic to less nucleophilic. PF6 ~ seems to be the best
choice for adhesion to metals and for less yellowing on heating.

Br"

Slower cure

BF4 SbF6

faster cure

More nucleophilic less nucleophilic

Fig. 12. Photoinitiator Counterion Effects
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As with free - radical chemistry, photosensitizers can be used with cationic
photoinitiators to shift wavelength of absorption when necessary. Typical sensitizers
include anthracene, isopropylthioxanthone (ITX), perylene, and phenothiazine.

Modifying formulations

Epoxy Hydroxy Ratio ( EHR )

When formulating with hydroxy functional materials, the epoxy Hydroxy Ratio or EHR
is a useful concept. This is the number of epoxy groups per number of hydroxy groups. It
has been shown that an EHR greater than 1.5 and less than 10 can be useful, and for each
formulation there is an optimum. For coatings applications, an EHR of 3 to 6 is common.
Generally, as EHR increases, hardness, solvent resistance, adhesion, and surface cure rate
also increase. Conversely, impact resistance and through cure rate increase as EHR
decreases.

Weight per Hydroxyl

Weight per hydroxyl also affects final properties. Flexibility and adhesion increase as
equivalent weight increases. Hardness, solvent resistance, cure speed and crosslink
density increase as equivalent weight decreases.

Hydroxy Containing Compounds

A wide variety of hydroxy functional materials can be formulated with cycloaliphatic
epoxide resins: alcohols, polyester polyols, polyether polyols, castor oil, hydroxy
functional vinyl and acrylic resins, cellulose esters, and phenoxy resins. These materials
can be used to modify the formulation and cured film properties. Table VII summarizes
these effects.

- For example, primary hydroxyls react faster in these systems than secondary
hydroxyls, as would be expected. This is illustrated by the difference between the
cure speed with typical caprolactones (1° hydroxyls ) and polyether polyols (1° and

hydroxyls )2°

The various reactive thickeners in Table IX are useful particularly for systems which
typically are low viscosity , for substrate hold - out, or for rheology modification.
The reactivity of these materials adds to the final film properties.
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Table IX: Effects of Hydroxy - functional Materials on Formulation
Hydroxy-functional species

Alcohols and Glycols

Polyester polyols

Polyether polyols

Castor oil

Hydroxy - functional vinyl
and acrylic resins

Cellulose esters

Phenoxy resins

Effect on formulation

Lower cost, decrease viscosity, can decrease cure
speed, increase wetting and adhesion
Increase toughness, flexibility , low color materials
available, caprolactones are best
Decrease cure speed, increase flexibility

Good pigment wetting, fast cure, good abrasion
resistance, good behavior on retort
Reactive thickeners, increase adhesion, flexibility,
and water resistance

Reactive thickeners , add thixotropy, improve
holdout on porous substrates, useful in wood
applications
Reactive thickeners, improve gas barrier
properties, increase adhesion, improve solvent
resistance.

Other Epoxy Materials

Aromatic and aliphatic glycidyl ethers and esters can also be used to modify formulations
containing Uvacure Cycloaliphatic Epoxides. Also, the good pigment wetting obtained
from epoxidized castor oil results in especially good flow and high gloss. Additionally,
good behavior on retort, which is important for the can coating industry, can be achieved
with epoxidized castor oil.

Use of Additives

Additives are used in cationic formulations for the same general reasons as other
formulated systems. Surfactants, pigments and fillers, slip additives, waxes, and anti-
foam agents are examples of some of these additives. It is imperative, however, to avoid
basic additives, as basicity will inhibit cationic cure. Acidic materials can also destabilize
the formulation.

Inhibition by High Relative Humidity ( RH )

Because of the importance of the acid species to the cationic UV mechanism, components
of the formulation or of the substrate surface which may neutralize the acid species may
significantly inhibit the cure. It is important to be aware of these possible effects, to avoid
basic species, or to compensate by adding excess photoinitiator or by using higher UV
light energy or by operating at a lower cure speed.
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Use of Thermal Energy

It is common to use a post - cure heat 'bump' to accelerate development of final
properties of cationic cured systems. Mild heating of the coated substrate prior to UV
cure may mitigate the effect of high relative humidity.

STARTING POINT FORMULATIONS

The following starting point formulations demonstrate the utility of Uvacure Epoxide
resins for a variety of cationic cure end - uses. These formulations have not been
optimized but are intended as an aid to the formulator of coatings, inks, and adhesives.

Metal Coatings

Clear Topcoats for Untreated Aluminum

Table X summarizes three starting point formulations as clear topcoats for untreated
aluminum. Coatings were applied with a No. 5 wire wound rod. These formulations were
cured at 75 mJ/ cm2 (one 120 Watt / cm Fusion 'H' lamp at 60 m / min.), at 25 ° C, in
relative humidity < 30 %.

Table X: Clear Topcoats for Untreated Aluminum
Constituent

Uvacure 1500
Uvacure 1530
Uvacure 1561

TMPTA - N ( UCB )
Uvacure 1590

Irgacure 500 ( Ciba )
Silwet L - 7602 (Witco )

TOTAL
EHR

Viscosity, cP @ 25 ° C

Performance
Immediately after UV -
Cure
Adhesion, %
MEK double rubs
Pencil Hardness
Conical bend, inches
24 hours after exposure
Adhesion, %
MEK double rubs
Pencil Hardness
Conical bend, inches

Formulation A
24.6
69.9

5.0
0

0.5
100.0
3.0
450

100
<10
3H
0

100
>60
3H
0

Formulation B
56.7
37.8

5.0

0.5
100.0
6.2
350

100
<10
2H
>4

100
>100
2H
0

Formulation C

40.0

34.0
20.0
2.5
3.0
0.5

100.0
-

1500

100
20
3H
3

100
>200
3H
>4
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Impact Resistant Coating for Stainless Steel

Table XI shows a starting point formulation for a clear impact resistant coating for
stainless steel. The coating was applied at lOu and cured at 250 mJ/cm2 (one 80 watt/ cm
medium pressure mercury vapor lamp at 10 m/ min)

Table XI: Impact

Constituent
Uvacure 1500
Uvacure 1533
CAT 003
1,6 - hexanediol diglycidyl ether
Ethylene glycol
Uvacure 1590
Silwet L - 7602 ( Witco )

Viscosity , cP @ 25 ° C
Performance
Adhesion, %
Direct Impact, inch - lb.
Reverse impact, inch - lb.

Resistant Coating for Stainless Steel

Weight Percent
61.3
20.0
6.4
6.4
3.2
2.4
0.4

TOTAL 100.0

344

100
52

> 100

Improving Resistance of Metal Coatings

Table XII illustrates the differences in chemical and impact resistance which can be
obtained by using the Modified cylcoaliphatic epoxides (Uvacure 1530, 1531, 1532 ).
These coatings were applied with a No.5 wire wound rod to iron phosphated steel and
cured at 235 mJ/cm2 (one 120 watt/cm Fusion 'H' lamp at 24 m / min.), at 25 °C at
approximately 60 % relative humidity.

Table XII: Improving Resistance of Metal Coatings
Constituent

Uvacure 1500
Uvacure 1530
Uvacure 1531
Uvacure 1532
Uvacure 1590
Silwet L - 7602

TOTAL
EHR
Viscosity, cP@ 25°C

Formulation A

56.7
37.8

-
-

5.0
0.5

100.0
6.2
316

Formulation B

52.9
-

41.6
-

5.0
0.5

100.0
6.2
352

Formulation C

47.3
-
-

47.2
5.0
0.5

100.0
6.2
424
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Performance
Immediately after UV—
Cure
Reverse impact, inch-lb.
MEK double rubs
Pencil Hardness
Adhesion, %
10 days after exposure
Reverse impact, inch LB
MEK double rubs
Pencil hardness
Adhesion, %

< 2
12
3H
100

< 2
>200
8H
100

6
10
2H
100

<2
81
8H
100

>160
10
2H
95

120
19
5H
100

OVERPRINT VARNISH

Low viscosity, Low odor OPV

Table XIII lists a starting point formulation for a low viscosity overprint varnish with low
odor. This coating was cured at < 50 mJ/cm2 (one medium pressure mercury vapor lamp,
80 watt/cm, > 100m / min.)

Table XIII: Low Viscosity, Low Odor OPV
Constituent

Uvacure 1500
Uvacure 1562
DEN 431 (DOW)
Ethanol
Uvacure 1590
Benzophenone
BYK 354 ( BYK CHEMTE)
BYK 088 ( BYK CHEMIE )

TOTAL
Viscosity, cP@ 20°C

Performance
MEK double rubs, immediate
MEK double rubs, 24 hours

Weight Percent

34.0
20.0
15.0
27.3
3.0
0.3
0.2
0.2

100.0

- 3 5

2
50
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ADHESIVE

Laminating adhesive

Table XIV gives a starting point formulation for a laminating adhesive for substrates,
which are not transparent to UV light. Lamination can be done immediately after UV
exposure. Cure dosage was 35 - 75 mJ/cm2 (one 80-watt/cm lamp at 50 -100 m/min.).
Full cure properties were developed after 60 minutes. The formulation exhibited good
adhesion to polyethylene, polyester, BOPP, polycarbonate, aluminum, and steel.

Table XIV: Laminating adhesive for Plastic and Metal
Constituent

Uvacure 1534
Tripropylene glycol ( DOW )
Uvacure 1590

TOTAL
Viscosity, cP @ 25° C

Weight Percent

87.3
9.7
3.0

100.0
-1800

PLASTIC COATINGS

Clear Coating for Polysulfone Plastic

Table XV gives a starting point formulation for a plastic clear coat, originally developed
for use on polysulfone plastic cook tops. This material was cured with an approximate
dose of 1400 mJ/cm2 (8 m /min., two 120 watt/ cm. Fusion 'H' lamps). The coating was
drawn down with a No. 3 wire wound rod. The cured film was post - baked at 80°C for
15 minutes.

Table XV; Clear Plastic Topcoat
Constituent

Uvacure 1500
Diethylene glycol ( Shell )
Silwet L - 7602
Uvacure 1590

TOTAL
Performance
Adhesion, %
MEK double rubs
Water resistance, 30 min. in boiling water

Weight Percent

77.5
18.0
0.5
4.0

100.0

95
50

very slight blush

286



Black Pigmented Coating for Polyester Coated Aluminum

Table XVI describes a starting point formulation for polyester-coated aluminum ceiling
panels. This coating was drawn down with a No. 5 wire - wound rod, and cured with an
approximate dose of 1400mJ/cm2 ( 8 m / min. , two 120 watt/cm Fusion 'H' lamps ). The
cured film was post - baked at 80 °C for 15 minutes.

Table XVI: Black pigmented Coating for Polyester coated Aluminum
Constituent

Uvacure 1500
Uvacure 1532
Placcel 205 ( Daicel Industries )
Uvacure 1590
ITX
Silwet L - 7602
9B1 black pigment dispersion ( Penn Color )

TOTAL
EHR

Performance
Adhesion,%
MEK double rubs

Weight Percent

39.0
29.5
10.0
5.0
1.0
0.5
15.0

100.0

4.4

100
35

ELECTRONICS

Printed Circuit board Conformal Coating

Table XVII summarizes a starting point formulation for a conformal coating on printed
circuit boards. This film was applied with a No. 3 wire - wound rod, cured with an
approximate dose of 1400mJ/cm2 ( 8 m/ min. , two 120 watt/cm Fusion 'FT lamps ) and
post - baked at 80 ° C for 15 minutes.

Table XVII: Printed Circuit Board Conformal Coating
Constituent

Uvacure 1500
Uvacure 1532
Silwet L - 7602
Uvacure 1590
TOTAL
EHR

Performance
Adhesion, %

Weight Percent

46.5
49.0
0.5
4.0

100.0
5.9

100
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CHEMICAL AND COMMERCIAL ASPECTS OF IN-CAN STABILISERS
FOR UV-INK AND COATINGS

E. Kensbock M Y0001432
Kromachem Ltd

Unit 10 Moor Park Industrial Centre, Tolpits Lane, Watford, Herts. WDl 8SP UK
Phone: + 44 (0)1923 223368 Fax: +44 (0)1923 239308 E-mail: info@kromachem.co.uk

1. INTRODUCTION

Free radicals are essential for successful UV-curing but they can also give UV-
formulators some serious problems if they are not controlled. I will consider the
present knowledge and outline the major precautions the UV-formulator has to
consider in the endeavour to continuously improve the performance of UV-systems,
especially to improve the in-can stability.

2. INHIBITORS

In the manufacture of unsaturated UV-raw materials such as pre-polymers and
monomers the use of inhibitors is essential to control the reaction and to prevent
potential exothermic decomposition that leads ultimately to gelation. As some of the
inhibitors are consumed during the reaction some additional inhibitors can be added at
the end of the reaction to guarantee a shelf life of 6 or 12 months. Inhibitor levels as
low as 50ppm and up to 1% are mentioned in the literature reviewed for this paper
with typical levels at 100 to 500ppm.

Table 1: The most popular inhibitors.

Hydroquinone
Methoxy methyl hydroquinone
p-benzoquinone
p-methoxyphenol
Phenothiazine
Mono-tert-butyl hydroquinone
Catechol
p-tert-butyl catechol
Benzoquinone
2,5 di tert-butyl hydroquinone
2, 5 p-dimethyl p-benzoquinone
Anthraquinone
2,6 di-tert-butyl hydroxy toluene
Organo phosphites

Please note that hydroquinone and alkyl substituted hydroquinones require oxygen to
work as free radical scavengers. All of the above listed products also have a free
radical/initiator demand during the curing operation and have the potential to slow
down the cure speed.
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Decker et al. have described oxygen inhibition in UV-curing and this effect has to be
considered in many UV-curing conditions.

3. FACTORS RESULTING IN GELATION

Time and elevated temperature will ultimately lead to gelation of any UV or EB
^ curing system, a maximum temperature of 80°C is recommended but only for a short

time. Certain pigments and especially un-removed reactants and cations and anions
can give rise to instability. Efforts by pigment producers to select or manufacture
special grades for UV-curing have been made but are not marketed as such and any
special treatments to achieve better in-can stability are closely guarded secrets.

Certain phthalocyanine blue 15's and green 7's, orange 34, naphthol red 2,
phosphomolybdotungstic salts (PMTA) such as red 81, violets 1, 2 and 3, blue 1 and
green 1 are some of the worst offenciBrs. The initial pigment selection process is very
important but batch to batch variation can only be eliminated or minimised with the
addition of formulated in-can stabilisers. \ •

\
Zinc containing pigments inhibit UV-curing and should be avoided.

Metallic bronze and silver pigments are notorious for gelation and special precautions
to the extent of 2-part systems have to be taken. Modern metallic pigments are
specially coated to protect the unsaturated systems from direct metal contact and
one-pot systems with acceptable shelf life are now possible.

Processing surfaces such as mild steel, copper, solder and brass can give rise to
gelation and stainless steel and phenolic or epoxy lined steel is recommended.

Certain photoinitiators can have a serious effect on storage stability, Ohngemach et al.
reported Benzoin derivatives with a 60°C stability of only 1-3 days but "state of the
art" photoinitiator remaining stable for at least 20 days.

Some amine synergists added to scavenge oxygen can reduce the storage stability.
Oxygen is also a good inhibitor and exclusion of oxygen should be avoided, which
means in practical terms no vacuum packing of finished products.

Last but not least direct sunlight will definitely cause cure or gelation. As most
inhibitors are activated by oxygen, it is necessary to leave air space above the product.
Where possible use oxygen permeable packaging such as UV-stabilised or black
polyethylene.

4. THE IDEAL IN-CAN STABILISER

The perfect in-can stabiliser is a colourless, non toxic, environmentally acceptable,
very efficient free radical scavenger, without additional photoinitiator demand
compound that also acts as photoinitiator when exposed to UV light.

We have researched for many years and we have come up with at least a good
compromise. Most inhibitor and stabiliser chemicals listed in the literature reduce the
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curing speed and are of limited commercial use. Exceptions are some of the inhibitors
listed in Table 1 but their use is limited to clear coatings or for pigmented systems that
do not produce stability problems.

The real test for a stabiliser is with the notoriously difficult pigments described above.
To limit potential gelation the prudent UV-ink maker adds about 0.5% of in-can
stabiliser to all inks and 1% to inks with normal pigments and up to 2% to inks with
difficult pigments.

5. UV-INK PRODUCTION

The intense mixing and shearing to disperse the pigments and fillers requires carefully
checked raw materials, well cooled triple roll mills and the near perfect compromise of
an in-can stabiliser.

Table 2: A typical mill base formulation.

Pigment
Acrylate Resin
Monomer
FLORSTAB UV-1 Stabiliser
RAD-SPERSE

35%
45%
14%
2%
4%

The mill base is ground to below 5 micron with a maximum of 5% of the particles
between 5 and 10 micron.

UV-pigment flushes and pigment chips have stabiliser added prior to flushing or
chipping to limit potential damage during the high shear and high temperature flushing
and chipping process.

The milled base, UV-pigment concentrate or the UV-flush/chip is let down to a
pigment loading of 10 to 20% depending on the final printing process. Photoinitiator,
synergists and other additives are added in the final mixing process to produce the
optimal ink and print properties.

A typical UV-offset ink formulation is shown in Table 3.

Low viscosity UV-flexo inks can be produced using well cooled standard bead mills.
If all ingredients including the photoinitiator are processed together it is very
important to have the best in-can stabiliser present to obtain optimum results.
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Table 3: A typical UV-offset ink formulation.

Acrylated Epoxidised Soya Oil
Hexa-Functional Urethane Acrylate
Polyester Acrylate
In-Can Stabiliser
RAD-WAX 62EB
Special Black 350

- Actilane 300
- EBECRYL 220 -
- EBECRYL 657 -
- FLORSTABUV-1 -

_
-

Phthalocyanine Blue - MICROFAST Blue 15-SMFI -
Reflex Blue Pigment
Calcium Carbonate
Fumed Silica
Micronised Talc
Triacrylate Monomer
RAD-SPERSE

mix and 3-roll mill to < i

Ethyl Dimethyl Amino Benzoate
Benzophenone
Irgacure 369

-

- OTA 480
-

5 microns - melt together

- RAD-START EPD -
- RAD-START BZO-

-

AKCROS
UCB Radcure
UCB Radcure
KROMACHEM
KROMACHEM
DEGUSSA
KROMACHEM

KROMACHEM

UCB Radcure
KROMACHEM

then add:-

KROMACHEM
KROMACHEM
CIBA

6.3
9.6

37.3
1.0
0.5

18.5
1.2
1.2
3.5
1.5
2.0
4.0
4.0

3.5
3.4
2.5

100.0

STABILITY TESTING

The only test, with absolute degree of certainty, is long term storage but accelerated
heat stability tests have shown that 10 to 14 days at 50 to 60°C corresponds to about 6
months in long term storage tests. We prefer to test at 50°C as this eliminates the re-
release of scavenged free radicals in some of our FLORSTAB UV in-can stabilisers.

To eliminate the affect of oxygen inhibition it is advisable to prepare two sets of 50 to
80g samples for oven testing, one is tested every day and the closed sample is checked
when the first signs of gelation are detected at the bottom of the test can.

PHOTOINITIATOR/STABILISER CYCLE

The photoinitiator/stabiliser cycle was first documented in RADnews 95 by Steve
Kensbock and further research was published by Steve Kensbock and John Davison in
The Polymer Paint and Colour Journal in the article: Stability without retardation: fact
or fiction? The principle is shown in Figure I.

More Photoinitiator

Poor Stabili

Poor Cure

Figure I

More Stabiliser
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This principle is still valid. Faster ink systems and faster printing presses demand
perfectly balanced raw materials, photoinitiators, stabiliser and additive packages in
order to compete in the market.

To break this cycle it is recommended that no additional inhibitors are used in UV-ink
or coating production and proprietary in-can stabilisers are used at the first mixing
opportunity before the pigment grinding phase.

The in-can stabiliser will store most of the free radicals generated during manufacture
and storage preventing polymerisation by local friction on the fast printing presses or
coaters. The free radicals will be released and contribute to fast cure when the coating
is irradiated. When this advice is followed, stable inks and coatings with shelf life
stability of over 2 years become a reality for most UV-inks and coatings under
"normal storage conditions".

8. BENEFITS OF FORMULATED IN-CAN STABILISERS

Excellent storage stability up to 2 years.
No additional photoinitiator demand.
No reduction of cure speed.
High pigment levels.
Greater choice of pigments.
Improved stability during manufacture.
Improved press performance.
Reduction of skinning in ultra fast curing OP V s .
Clean non-toxic production environment.
One step UV-flexo ink production.
Suitable for blending systems.
Suitable for high pressure dispensing systems.

The UV-formulator benefits with peace of mind that the systems perform time after
time on a variety of printing press equipment without complaints, saving expensive
technical service calls and maintaining optimum good will.

As a direct result of the 25 year development of formulated in-can stabilisers the
global UV-industry has saved millions of US Dollars every year.

9. APPLICATIONS

Formulated in-can stabilisers are used in the following UV-systems:-

Offset inks
Dry offset inks
Metal decorating inks
Letterpress inks
Flexographic inks
Screen inks
Water reducible screen inks
Pigmented paper coatings
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Overprint varnishes
Wood finishes
Adhesives
Potting compounds
Electronic applications
UV-pigment flushes
UV-pigment dispersions
UV-pigment chips

Please note that in-can stabilisers are not suitable for cationic and peroxide cured
systems. They are not suitable to replace paraffin to eliminate oxygen inhibition or
inert gas curing benefits.

10. COMMERCIAL ASPECTS

In the early years of the UV-curing industry the return rate of gelled product was well
above 10%. Some UV pioneers recall stories like "almost every third batch gelled on
the mill" and "we made the UV-ink in the morning and it had to be printed the same
day". Better understanding of the complex issues of UV-curing and the introduction
of formulated in-can stabilisers has reduced the reject rate to about 0.5% in the global
UV-ink industry. Market estimates of the size of this market have been published by a
number of market research institutions and by researchers such as K. Lawson,
G. Webster and A. Teny, to name only a few. These estimates will be updated during
this conference but we assume the global UV-ink market to be in the region of 20,000
tons this year. With average UV-ink prices of ± US$20.00/kg this represents a total
value of US$400,000,000. Kromachem estimates that savings of US$4,000,000 are
achieved by the UV-ink makers around the globe annually as a direct result of
formulated UV in-can stabilisers. Potential photoinitiator savings as a result of
managing the photoinitiator/inhibitor cycle have been ignored as they are difficult to
quantify.

Kromachem will continue to develop new in-can stabilisers and UV-additives to make
our small contribution to the global UV-curing industry.
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SUMMARY
The systems styrene-p-methylstyrene, styrene-p-chlorostyrene, methyl methacrylate-p-
methylstyrene and methyl methacrylate-p-chlorostyrene were polymerized under
pseudostationary conditions (rotating sector or pulsed laser) at 25°C, 40°C and 50°C. The
respective molecular weight distributions measured by GPC were analysed in order to derive

directly the phenomenological rate constant of propagation, kp . Copolymer compositions as a

function of monomer feed could be described by the terminal model, whereas the kinetic
results could only be interpreted in terms of the restricted penultimate model.

I. INTRODUCTION
The investigation of copolymer systems can be dated back already to 1941 (1). At the
beginning the studies concentrated on copolymer composition and/or polymerization rates.
The simple kinetic scheme of chain initiation, propagation and termination was extended to
take into account the different nature of the radical site in a polymer chain:

propagation: R* + M ;

termination :R*+R*

This terminal or Mayo-Lewis (2) model has proven useful to describe the copolymer
composition as a function of monomer feed but it cannot explain the observed rate behaviour.
The rate of (co)polymerization for a binary system can be written as the sum of four terms:

with

r\J\ , '2/2
r2f? [R<}=[R;]+[R;]and

f= W 1 = 1,2 and r,=-^i-t' fM,]+[M2] *,iI2
f
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n = (monomer) reactivity ratio

The phenomenologic rate constant of propagation kp was introduced by Fukuda et al. and

was measured for a number of copolymerization systems (3,4,5). Their elaborate
measurements very clearly demonstrated that not only the overall rate of polymerization
cannot be described by the terminal model but also the overall rate constant of propagation
did not follow the given relationship. Copolymer composition, however, could always be
described by the terminal model.
To overcome this discrepancy the so called restricted penultimate unit model was introduced:

withk —Kp

k
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We were able to confirm qualitatively Fukudas results (5) concerning kp for the

copolymerization system styrene-methyl methacrylate (6). The values of kp were determined

directly by analysing the molecular weight distribution of the copolymers prepared under
pseudostationary conditions (rotating sector) at a single sector speed.

II. PSEUDOSTATIONARY POLYMERIZATION
Contrary to conventional pseudostationary polymerization techniques (i.e. rotating sector -
determination of the radical lifetime) pulsed laser polymerization technique (7) and related
pseudostationary polymerization techniques (8,9,10) offer the advantage to determine directly
the kinetic constants - expecially the rate constant of propagation - from a single
polymerization experiment. This can be done by carefully analysing the molecular weight
distribution of the polymer prepared under pseudostationary conditions. As these conditions
imply that the radical concentration is periodically varied between certain limits an increase in
radical concentration leads automatically to an increased production of inactive polymer due
to the bimolecular termination reaction.
In the simplest case of a 8-pulse initiation of polymerization all radicals can be regarded as
having almost the same chain length. In the period following this 5-pulse the radicals are
either capable of adding successively one monomer unit after the other or encounter another
radical and yield polymeric products. Due to the statistical nature of chain propagation the
chain lengths of those radicals which have survived can be described by a Poisson
distribution. With the arrival of the next 5-pulse the surviving radicals are now opposed to a
drastically increased number of radicals and their probability for bimolecular termination is
enhanced. Thus an increased fraction of the radicals is deactivated by the arrival of the first
consecutive pulse giving rise to an additional peak in the molecular weight distribution
centered around
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L0=kp[M]t0

to= time interval between two successive pulses
For the radicals still active after the second pulse the same reasoning can be applied as before
and so on. In all, this leads to a multimodal molecular weight distribution characterized by the
appearance of the so-called additional-peaks at n-Lo (n=l,2,3,..). The positions of the extra-
peaks (characterized by the point of inflection on the low molecular weight side) are
determined from the molecular weight distribution measured by gel permeation
chromatography and used to calculate the rate constant of propagation.
The relationship given above was confirmed by several working groups (11,12,13) and led to
a general recommendation of the (new) pseudostationary polymerization technique to
benchmark kinetic data (14,15).

III. EXPERIMENTAL SET-UP
Prior to polymerization experiments styrene, p-chlorostyrene, p-methylstyrene and methyl
methacrylate were distilled in nitrogen atmosphere under reduced pressure and stored in the
refrigerator. The copolymerization mixtures were prepared at 25°C; Benzoin (410 3 mol I"1)
was added as sensitizer. Oxygen was removed by repeated freeze-pump and thaw cycles.
Photopolymerizations were carried out in sealed rectangular Pyrex cells at 25°C. In all cases
conversions were kept below 5%. a) Rotating Sector method: The samples were irradiated
with filtered light (365 nm) of a mercury high pressure lamp (Spindler and Hoyer, HBO 200
W/2). A rotating sector disc with a light-dark ratio of 1:5 and sector speeds of 1-2 rev/sec was
used to ensure intermittent illumination, b) Pulsed-Laser polymerization: An excimer laser
(Lambda Physik, EMG 101) was operated at 351 nm (XeF). Pulse frequencies were chosen to
conform with those from rotating sector experiments (1-2 Hz). After the polymerization the
samples were freeze-dried and dissolved in THF. Copolymer compositions were determined
by elemental analysis.
Gel permeation chromatography (GPC): solvent: THF; T=30°C; flow rate: 1.2 ml min"1;
columns: 500, 103, 104 and 105 A; Polymer Standard Service, Germany; differential
refractometer (Viscotec); conventional calibration with narrow poly-styrene and poly-(methyl
methacrylate) standards.
For p-methylstyrene two samples were polymerized thermally (stationary) and viscosities
were measured in toluene and THF at 30°C (K=8.8610~3 ml g1, a=0.74, toluene (16)) in order
to estimate the Mark-Houwink constants (K=14.47103 ml g"1 and a=0.704) for this polymer
in THF. Comparison of calculated hydrodynamic volumina of p-methylstyrene and styrene
for the same degree of polymerization (K=16103 ml g'1, a=0.706 THF (17)) showed that the
first is always bigger than the latter, the deviation remaining almost constant at about 10 %
over the complete range. This systematic deviation nevertheless is comparable with the
experimental accuracy usually accepted. As there are no data available about Mark-Houwink
constants for the copolymerization system styrene-p-methylstyrene calibration was done via
universal calibration with the assumption that the hydrodynamic volume of the copolymer can
be constructed as a linear combination of the hydrodynamic volumina of the homopolymers
according to their copolymer composition.

IV. RESULTS AND DISCUSSION
The following diagrams show the results for the copolymerization systems styrene-p-
methylstyrene (Fig.l), styrene-p-chlorostyrene (Fig.2), methyl methacrylate-p-methylstyrene
(Fig.3) and methyl methacrylate-p-chlorostyrene (Fig.4) at different temperatures. In all cases
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the terminal model (upper curve for each data-set) fails to describe kp . The reactivity ratios

were determined by the Kelen-Tiidos method from the copolymer composition. They agree
favourably well with literature values (20) and are included in table I for comparison. For the
determination of the (penultimate) radical reactivity ratios sj and S2 a one parameter fitting
procedure based on the identity rxr2 =sis2 suggested by Fukuda et al (18) was done (using
si=l for the systems 1 and 2). In all cases due to the small number of data no extended fitting
procedures were applied.
For three copolymer systems (1, 3 and 4) the penultimate effect very clearly demonstrates its
existence. With increasing temperature the absolute differences between the two models
become more pronounced as was already observed in the system styrene-mehtyl methacrylate
(6). For the system styrene-p-chlorostyrene the situation is not unambiguous. With the given
parameter set the difference between the terminal and the penultimate curve is small and is
within the experimental accuracy of the GPC-experiments. Comparison with literature values
for the homopropagation rate constant for p-chlorostyrene (19) shows that the value listed
below is about 40% smaller. Nevertheless, correcting for this deviation and reanalysing the
data does not improve the situation. In all, the implicit penultimate effect in this case can
neither be excluded nor confirmed with certainty. As with p-methylstyrene the penultimate
effect becomes more apparent at 50°C extension of the studies to higher temperatures might
help to elucidate the behaviour of this copolymerization system. In the copolymerization
systems 3 and 4 the existence of the penultimate effect is out of question. The trend of a more
obvious penultimate effect at elevated temperatures is also observed for the system methyl
methacrylate-p-methylstyrene as the differences between the two models exceed clearly the
experimental accuracy expected from GPC-data.

Table I

System

1 Styrene-p-methylstyrene

2 Styrene-p-chlorostyrene

3 methyl methacrylate-p-methylstyrene

4 Methyl methacrylate-p-chlorostyrene

kp.ii

80

136

198

80

240

375

510

240

kp.22

66

124

160

95

66

117

160

95

r i

0.667

0.919

0.847

0.891

0.667

0.62

0.366

0.379

0.399

0.405

0.395

0.4

r2

0.775

0.816

0.965

0.993

1.025

1.08

0.382

0.403

0.41

0.44

0.89

0.8

T/°C

25

40

50

60*'

25

30*'

25

40

50

60*'

25

40*'

Sl

1

1

1

1

0.65

0.65

0.65

1.2

S2

0.665

0.665

0.665

0.737

0.235

0.235

0.235

0.293

' c.f. ref. 20
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V. CONCLUSIONS
A screening investigation on the systems styrene-p-methylstyrene, styrene-p-chlorostyrene,
styrene- methyl methacrylate, p-methylstyrene-methyl methacrylate, p-chlorostyrene-methyl
methacrylate at different temperatures gives a clear evidence that an implicit penultimate
effect is present in the majority of cases.
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1. INTRODUCTION
It has been only about 10 years since the first patent of dendrimer was granted.1 Now new

kinds of hyperbranched substances which are homologues of dendrimers have attracted
increasing attention due to their unique highly branched structure. It seems that
hyperbranched polymers might be good alternatives to dendrimers, since these often omit
several protection and deprotection steps between successive generations, and then can be
produced on a large scale at a reasonable cost. Several demonstrations have suggested uses of
dendrimers in such areas as supermolecular assembly,2 micellar properties,3 asymmetric
synthesis,4 and small-molecule encapsulation.5 Only a few studies are devoted to their
behavior on the UV/EB curing.6'7

The UV/EB curing technology is widely used in curable materials, such as laquers, inks
and coatings, due to its high efficiency, environmental protection and saving of energy. The
fundamental components of a radiation-curable resin are oligomers (or prepolymers) and
comonomers. The viscosity of the conventional acrylated oligomers increases rapidly as the
length of the linear molecule chain increases. A lot of multifunctional comonomers are
required for obtaining a suitable application viscosity. But some of them have a low cure
speed and some are an irritant to the skin. In addition, the high shrinkage of conventionally
cured films decreases the adhesion to the substrates.

The dendritic hyperbranched polyfunctional polyesters, as a new kind of oligomer in
UV/EB curable resin formulations, have some superior properties. Compared with the linear
oligomer of similar molecular weight, the viscosity of hyperbranched polyester is much lower
due to being without the entanglement of flexible molecular chains.6 The methacrylated
hyperbranched polyester carries a number of end double bonds, so that the high reactivity of
the resin formulation will be obtained.

The major object of this study was to synthesize a series of methacrylated hyperbranched
poly(amine-ester)s based upon methyl methacrylate and diethanol amine, modified by
methacrylic anhydride or glycidyl methacrylate. The effects of the comonomer content on the
viscosity of methacrylated hyperbranched poly(amine-ester)s and their polymerization
behavior by the measurements of the tack-free time, reaction rate and conversion of
unsaturation have been investigated.

* To whom correspondence should be addressed.
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2. EXPERIMENTAL
2.1 Materials

Hyperbranched poly(amine-ester)s with about 12 and 24 terminal hydroxyl groups
numbered HPAE-2 and HPAE-3, respectively, were prepared from N,N-diethylol-3-amine
methylpropionate (AB2 monomer) and 1,1,1-trimethylolpropane (core molecule), proceeding
in pseudo-one-step procedure divergent preparation.8 Glycidyl methacrylate (GMA),
methacrylic anhydride (MAA), succinic anhydride (SA), phthalic anhydride (PA) were used
for modifying the hyperbranched poly(amine-ester)s. cc-hydroxy-ketone (1-184) and 2-
hydroxy-2-methyl-phenyl-propan-l-one (darocur 1173), and 1,6-Hexanediol diacrylate
(HDDA), tripropane glycol diacrylate (TPGDA) were used as photoinitiators and
comonomers, respectively.

2.2 UV Curing
The resin formulations were UV-irradiated with a high-pressure mercury lamp (lkW,

HPM 15 from Philips, Holland) built into a UV CURE devise constructed in our laboratory, at
a distance of 10 cm from lamp to specimen and at room temperature in N2.

2.3 Measurements
Viscosity

The viscosity of the obtained products was measured with a QNX Model spinning
viscometer under the speed of 750 r/min.
Tack-free Time

The tack-free time was evaluated as the exposure time required to reach a completely
tack-free state by touching the surface with a cotton ball under a weight of 200 grams for 30
seconds after UV exposure.
Conversion of Unsaturation

The conversion of vinyl groups measured as residual unsaturation in the UV cured films
was determined with a Brucker Infrared Spectrometer using the methacrylic double bond at
810cm'1 (out of plane deformation vibration) by a base-line method. The spectra were
normalized with the carbonyl peak at 1719 cm"1 as an internal standard to account for
variations in sample thickness and instrument recording. The double bond content of the
uncured formulation was defined as 100%.

UV Cure Rate
A modified CDR-1 DSC (made by Shanghai Balance Instrument Plant) was used to

measure exothermal rates of irradiated samples.9 Exothermal rates as a function of time were
observed under isothermal conditions for continuous illumination reaction. The digitized data
based on the trace on a strip chart recorder were analyzed by a software Microcal Origin 5.0
on a personal computer.

3. RESULTS AND DISCUSSION
3.1 Synthesis of UV Curable Methacrylated Hyperbranched Poly(amine-ester)s (HPAEs)
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Modification with MAA
Into HPAE-2, 1:1 mole ratio of MAA to hydroxyl groups of HPAE-2 with 2000ppm

methoxyphenol as the inhibitor was added drop-wise and were heated under a nitrogen
atmosphere at 50°C until the acid number decreased to a half of the theritical value. Then the
methylarylate acid was removed by washing the mixture using CH2C12 for dissolving and then
KOH solution for neutralizing. The methylacrylated hyperbranched poly(amine-ester) with
about 12 double bonds, numbered HPAE-2-MAA, was produced as a pale yellow oil.

Modification with GMA through PA/SA
The mixture of HPAE-2/HPAE-3 and PA (1:1 mole ratio to hydroxyl groups of HPAE-

2/HPAE-3)was heated in the presence of tetrahydrofuran (THF) as the solvent at 60 °C under
a nitrogen atmosphere until the acid number decreased to a half of the beginning value. Then
THF was removed from the system under high vacuum, and N, N-dimethyl formamide (DMF)
was added. Glycidyl methylacrylate (1:1 mole ratio to hydroxyl groups of HPAE-2/HPAE-3)
with lOOOppm methoxyphenol as the inhibitor and 2.5wt% N,N-dimethylbenzylamine as the
catalyst was added drop-wise, and raised to 80 °C until the acid number is lower than lOmg
KOH/g poly(amine-ester)s. In finely, the DMF was removed under high vacuum. The
resulting product, numbered HPAE-2-PA or HPAE-3-PA, has about 12/24 end double bonds
and 12/24 hydroxyl groups. Given amount of acetic anhydride were added to esterify a part of
hydroxyl groups on the molecular chains in order to decrease the molecular polarity of the
products, and improve their compatibility with multifunctional comonomers. The HPAE-2-SA
and HPAE-3-SA were obtained by using the same procedure.

The idealized formulas of modified-methacrylate hyperbranched poly(amine-ester)s are
shown in Figure l.'The maximum numbers of double bonds of HPAE-2 and HPAE-3 are 12
and 24, respectively.

X= a)

R

Figure 1 The idealized formula of the hyperbranched poly(amine-ester)s

3.2 Viscosity
The viscosity of an oligomer is an important parameter in UV-curing technology that

affects the cure process and properties of the cured films. The viscosity of a polymer is related
to the dynamic extension of the molecules and the segment density within the volume of a
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molecule and intermolecular chain entanglement. There is an important structural difference
between linear oligomers and dendritic polymers. Linear oligomer of sufficient molecular
weight contains an entanglement of flexible molecular chains, while a dendritic polymer is a
compact molecule with many branches which carry a high number of terminal functional
groups on each molecule, the computer simulations of both are given in Fig. 2.

Figure 2 Computer simulations of HPAE-3-SA and linear epoxy aery late formula

As Figure 3 has shown, the viscosity of
HPAE-2-MAA is reduced sharply as the
diluent HDDA is added into the system at
the same temperature. However, the
viscosity of HPAE-2-MAA without HDDA
addition is also reduced rapidly as the
temperature increases. It is the characteristic
of the sphere-like molecule. When the
diluent is added or the temperature increases,
the function between sphere-like molecules
is obviously reduced and the viscosity is
observed to decrease.
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> » —•— 10% HDDA

\ —e— 20% HDDA

\

V
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Figure 3 Function of viscosity of HPAE-2-MAA as
the temperature and the comonomer content

3.3 Photopolymerization Characteristics
Reaction Rate

The cure rate of the resin system is of great importance as time and energy consuming
concerns in applications. The tack-free time is evaluated as the exposure time required to
obtain a completely tack-free state.It was found that the resins with oligomer HPAE-2-MAA,
HPAE-2-PA and HPAE-2-SA in the presence of 1-184 (4wt%) were rapidly polymerized
within 1.5 seconds curing time under lkw lamp exposure to obtain a tack-free state. However,
in the case of 5% Benzophenone (BP), the resins with HPAE-2-MAA and HPAE-2-PA were
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cured during 4 seconds and 8 seconds, respectively.
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Figure 4 Function of reaction rate as the generation
of methacrylated HPAE

Figure 4-6 shows the DPC curves characterizing

the curing behavior of the methacrylated hyper-

branched poly(amine-ester)s to 250W UV lamp

explosure in the presence of Darocur 1173.
It is obvious that for the higher generation of
HPAE-3-SA, less steric hindrance effect of
HPAE-2-MAA and with 30% of comonomer
TPGDA added sharper exothermal peaks
were generated after an induction time of 1 -
2 seconds and higher reaction rates were
reached in relatively short time.
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Irradiation time(sec)

Figure 5 Function of reaction rate as of
comonomer content of methacrylated HPAE
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Figure 6 Function of reaction rate as molecular
structure of methacrylated HPAE

120

3.4 Residual Unsaturation
The residual unsaturation in the HPAE-2-MAA film with 3wt% Darocur 1173, as a

function of irradiation time is shown in Figure 7. The residual unsaturation in the HPAE-2-
MAA film cured for 2 seconds is less than 30%. As the irradiation time reaches 8 seconds, the
residual unsaturation reduces to 15%. It could be seen that after curing certain amounts of
double bonds still remain in the film substrate. It is interpreted to mean that some residual
acrylic and vinylene double bonds will be trapped and unable to react in the three-dimensional
polymer matrix formed.10 However, the conversions of unsaturations in the different cured
resin films were given in Figure 8-10 by DSC measurements under irradiation of middle-
pressure mercury lamp (250W).

4. CONCLUSIONS

Modified unsaturated hyperbranched poly(amine-ester)s with acrylate groups are very
reactive compounds which undergo fast photopolymerization by a radical mechanism. The
viscosity of the hyperbranched poly(amine-ester) is low and could be reduced sharply with
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the diluent addition. The hyperbranched oligomer with the higher generation or the more
comonomers added, or the less steric hindrance effect has higher photocuring rate and unsaturation
conversion.

2 4 6 8
Irradiation time (sec)

10

Figure 7 Conversion of unsaturation in the UV
cured HPAE-2-MAA film by FTIR
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Figure 10 Function of conversion of unsaturation
as the molecular structure of HPAE by DSC
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Abstract: Eight new photoinitiators of water-soluble thioxanthone derivatives were prepared. These
compounds were identified by IR, NMR, MS and Elemental analysis etc. The UV absorption
wavelength, molar absorption coefficient and fluorescent quantum yield were determined.
Furthermore, the relationship between structure and properties was discussed.

1. INTRODUCTION

Today, a great deal of attention is being given to the development of water -soluble
photoinitiators, especially for thioxanthone derivatives. So we prepared eight new
water-soluble thioxanthone photoinitiators and identified their structures. Furthermore, the
relationship between structure and properties were studied. The structures of these
compounds are as followed:

OH

i. Ri=CH3,R2=H,R3=CH3,A=OCH2CHCH2N
+(CH3)3Cf

OH

3.R1=CH3,R2=H,R3=CH3,A=OCH2CH2CH2N
+(C2H5)3Br"

4. R1=H,R2=CH3,R3=CH3,A=OCH2CH2CH2N
+(C2H5)3Br"

5. R1=CH3,R2=H,R3=CH3,A=OCH2CH2CH2SO3Na

6. R1=H,R2=CH3,R3=CH3,A=OCH2CH2CH2SO3Na
OH

7. R1=CH3,R2=H,R3=CH3,A=OCH2CHCH2SO3Na

T

2. EXPERIMENTAL

2.1 Preparation of 2-hydroxy-l. 4-dimethyl-thoxanthone
Concentrated sulphuric acid was slowly added to thiosalicylic acid and the mixture were
stirred for 5 minutes to ensure through mixing. 2, 5-Dimethyl-phenol was added slowly
to the stirred mixture over a period of 30 minutes. After the addtion, the mixture was
stirred at room temperature for 1 hour, then at 85°C for 2 hours, after which i t was
left to stand at room temperature overnight. The resulting mixture was poured
into ice water .The solid was collected and washed by sodium hydroxide
solution (10%w/v), after which i t was neutralized by dilute hydrochloric acid.
The residue was recrystallized from aceticacid to give 2-hydroxy-
1. 4-dimethyl-thioxanthone as a green product, m. p. : 220.3-220.8°C,
yield:63. 2%. 2-Hydroxy- 3. 4-dimthyl-thioxanthone was also prepared by the
same method, m. p. : >300°C, yield:36. 4%.

•Project 29776014 supported by NSFC 3Og



2.2 preparation of 3-chloro -2-hydroxypropyl-trimethyl ammonium chloride
The method was according to (1)

2.3 Preparation of stadium 3-chloro-2-hydroxy-propane-sulphonate
The method was according to ref. (1)

2.4 Preparation of 3-chloropropyltriethyl ammonium bromide
Triethylamine was added slowly (>lh) to the stirred l-chloro-3-bromopropane
under the temperature was 65°C. The reaction was continued for a further
3 hours after which the mixture was filtered. The residue was dried by vacuum
to give the product.

2.5 Preparation of sodium 3-chloropropane-sulphonate
The method was according to (2)

2.6 Preparation of compound 1
1. 4-dimethyl-2-hydroxythioxanthone. 3-chloro-2-hydroxypropyl
trimethylammonium chloride and DMF were stirred under the temperature was
100°C. Sodium ethoxide ethanol solution (3%W/V) was added slowly till the
value of pH was close to 9. The reaction was continuted for 24 hours, after
which acetic acid isopropanol solution (2mol/L) was added till pH is 4. The
resulting mixture was cooled. Then the solid was collected arid
recrystallised from ethanol/water (20:1) solution to give the product.

2.7 Preparation of compound 5
The sodium salts of 1, 4-dimethyl-2-hydrosy-triosanthone, sodium
3-chloro-2-hudroxy-propane-sulphonate and dimethyl formamide were stirred
under reflux for 2 hours. The resulting mixture was cooled and poured into
a large excess of acetone. The solid was collected and recrystallized from
methanol to give the product.
Compound 6, 7, 8 were prepared by the same method.

Tablel. The Data of Synthesis of Water-Soluble Photoinitiators of Thioxanthone

Code

1
2
3
4
5
6
7
8

Solvent(s) of Recrystallization

C2H5OH/H2O(20:l)
C2H5OH/H2O(20:l)

C2H5OH
C2H5OH
CH3OH
CH3OH
CH3OH
CH3OH

m.p. /V

254.6-255.8
261.1-262.2
135.3-136.6
243.6-244.4

>300
>300
>300
>300

Yield (%)

76.8
30.4
30.4
65.0
26.1
27.0
20.9
13.0

3 RESULTS AND DISCUSSION

3.1 Indentification of the structure
3.1.1 IR spectroscopy
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The data of IR spectroscopy of these compounds are shown in table 2.

Cod
e
1
2
3
4
5
6
7
8

V

o-H(cnf')
3410
3300

/
/
/
/

3430
3420

vc^(cm"')

2920,2840
2910,2870
2910,2890
2930,2880
2930,2880
2920,2880
2920,2850
2910,2370

V

c=o (cm"')

1630
1630
1630
1620
1630
1630
1640
1630

v c=c (cm
1)

1590,1560
1595,1580
1590,1570
1590,1560

1580
1590,1570

1590
1590,1570

V

c-o (cm"')

1220
1250
1220
1250
1260
1250
1250
1250

v
 SOSH (cm"1)

/

/

/

/

1190,1170
2000,1160
2000,1170
2000,1170

3.1. 2 H'-NMR spectroscopy
The H'-NMR chemical shift data of these compounds are shown in table 3.

Table 3. H!-NMR Chemical Shift Data of Water-Soluble Photoinitiators of Thioxanthone
Code
1

2

3
4
5
6
7

8

H'-NMR (DMSO)
7.50-8.25(m,5H),6.05(s,lH),4.50(s,lH),4.05(m,2H),3.60(m,2H),3.23(m,9H),2.50-2.6
5(s,6H)
7.60-8.47(m,5H),6.03(s,lH),4.57(s,lH),4.11(m,2H),3.60(m,2HX3.22(s,9H),2.38-2.48
(s,6H)
7.50-8.25(m,5H),4.18(t,2H),3.35(m,8H),2.50-2.63(m,6H),2.14(m,2H),1.22(t,9H)
7.60-8.47(m,5H),4.20(t,2H),3.40(m,8H),2.20-2.40(m,6H),2.20(m,2H),1.24(t,9H)
7.40-8,20(m,5H),4.15(t,2H),2.63(t,2H),2.58(s,3H),2.48(s,3H),2.10(m,2H)
7.54_8.46(m,5H),4.18(t,2H),2.66(t,2H),2.43(s,3H),2.25(s,3H),2.10(m,2H)
7.44.8.24(m,5H),5.20(s,lH),4.20(s,lH),3.96-4.10(m,2H),2.70-2.90(m,2H),2.60(s,3H)
,2.45(s,3H)
7.53-8.48(m,5H),5.25(s,lH),4.25(s,lH),4.00-4.20(m,2H),2.65-2.95(m,2H),2.45(s,3H)
,2.25(s,3H)

3.1. 3 Mass spectroscopy
The data of mass spectroscopy are as followed (table 4):

Table 4 . The Data of MS for Thioxanthone Compounds
Code
1
2
3
4
5
6
7
8

357
357
369
369
256
256
256
256

312
312
340
340
242
242
228
228

m/z
255
256
297
297
228
228
213
213

227
227
269
269
213
213
184
184

184
184
255
256
184
184
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Because quaternary ammonium salt is unstable and is easy to lose a methyl group ,we can see
compound 1-4 have strong (M-C1-CH3) or (M-Br-C2H5) peak(m/z 351 or 369). And because
the alkyl-oxygen bond of compound 5-8 is easy to break, the peak of m/z=256 can be seen in
their spectroscopes.

3.1. 4 Elementary analytical spectroscopy
The elementary analytical data are shown in table 5.

Code
1
2
3
4

5

6
7
8

Table 5. The Elementary Analytical

Molecular Formula

C21H26O3NSCI
C21H26O3NSCH.5H2O
C24H32O2NSBrl.5H2O
C24H32O2NSBr0.5H2O

C]8H]7O5NaS2-2.5H2O

C18H17O5NaS2-2H2O
dgHnOeNaSzlHzO
C]8H17O6NaS2-lH2O

Data of Thioxanthone Compounds
Calculated Value (%)
C H N

61.82
57.98
57.02
59.12

48.53

49.53
49.76
49.76

6.42
6.72
6.98
6.82

4.98

4.81
4.41
4.41

3.43
3.22
2.77
2.87

/

/
/
/

Experimental Value
C H

61.43
57.50
57.13
59.09

48.82

49.48
50.07
49.50

6.33
6.38
6.75

6.70

4.73

4.31
3.95
3.94

(%)
N
3.23
3.03
2.67
2.51

/

/
/
/

According to the data mentioned as above, structures of these compounds are
identified.
3.2 Discussion about the synthesis of 3-chloro-propyl-triethyl ammonium

bromide
For the preparation of this compound, we selected l-bromo-3-chloro propane as
the reagent in order to take advantage of the activity difference between the
chlorine and bromine. At the same time, we ensured l-bromo-3-chloro propane to
be large excess during the reaction. So the diquaternization can be avoided.
3.3 The effection of structure on UV absorption wavelength
The data of UV absorption wavelength of these compounds are shown in table 6.

Table 6. The Ultraviolet Spectral Data of Thioxanthone Compounds
Code

1
2
3
4
5
6
7
8

X niax(nm)

404.8
403.2
406.2
404.2
405.2
404.6
403.0
402.6

e(X103L«mol1 -cm'1)
5.192
4.370
3.578
4.790
4.111
2.400
4.543
3.347

Note: solvent = water
From the data above, we found the hydroxy substitution can make the UV absorption
wavelength of thioxanthone markedly red shifted, but the methyl substitution
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only has l i t t l e effection on i t . So is the introduction of side chain.
To some extent, the steric effect also has influence on the UV absorption
wavelength.
3.4 The effection of structure on fluorescence quantum yield
The fluorescence quantum yields and Storks shifts are shown in table 7

Table 7. The Data of Fluorescent Spectroscopy for Thioxanthone Compounds

Code

1
2
3
4
5
6
7
8

Fluorescent quantum yield
OF

0.14
0.39
0.16
0.48
0.07
0.44
0.11
0.58

Storks shift
(nm)
112.9
70.3
118.3
71.8
125.8
79.2
117.7
75.0

Note: solvent = water
From the data mentioned as above, we can see the fluorescence quantum yields
are markedly influenced by the position of methyl substituent. 1-Methyl
substitution deactivates both the lowest singlet and triplet-excited states
through intra-molecular hydrogen bonding. So the fluorescence quantum
yields of the derivatives of 2-hydroxy -1, 4-dimethyl thioxanthone are much
lower than the ones of the derivatives of 2-hydroxy-3, 4-dimethyl
thioxanthone (3).

Reference:

1. Zhao zhangkuo, Lin yiqing, etc. Jounal of ECUST (in press)
2. Gwane G, Green P N, Green W A. UK. C07D335/16, EP 0, 224, 967. October 6,1987
3. Allen N S, Catalina F, Green P N, Green W A. Journal of Photochemistry,

1987(36): 99-112
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1. Introduction

Photocurable materials which contain monofunctional unsaturated monomers have various

uses including paints, inks, adhesives, and printed circuit boards. In this paper, we studied

photocuring reaction of monofunctional unsaturated monomers. The photocured films of most

monofunctional unsaturated monomers were soluble in organic solvent. But photocured films

of some monofunctional acrylate monomers were insoluble in organic solvents.

When p-cumylphenoxy-ethyl-acrylate monomer (pCPEA )[1] was allowed to react with

a photoinitiator under UV irradiation, the resultant film, which was insoluble in organic

solvents had the highest gel fraction in all. We searched on the photocuring reaction by

measurement of Mc(molecular weight per crosslinked unit) ,NMR(nuclear magnetic

resonance) and computational chemistry.

In nitrogen, the surface of pCPEA film obtained by UV irradiation was good in hardness.

On the other hand, in air, the surface was not good in hardness. The reason came from the fact

that oxygen in air had an influence to inhibit radical photocuring reaction.

So we investigated the hybrid system of radical and cationic photocuring in order to

overcome the influence of oxygen on use of pCPEA.

2. Experiment

2.1. Radical and cationic phtocurable monomers and photoinitiators

Chemical structure of materials used for test are shown below.

H2C=CNH/\ A
C C O'
ii Ho
O 2

p-cumylphenoxy-ethyl-acrylate monomer
(pCPEA ; Aronix Ml 10 Toa Gousei)

o

9 Hs

V
O

3,4-Epoxycyclohexylmethyl-3,4-
epoxycyclohexane carboxylate
(CELLOXIDE2021P; Daicel Chemical
Industries)

1-Hydroxy-cyclohexyl-phenyl-ketone
(IRG.184 ; Ciba Specialty Chemicals)

PF6

Mixed Triarylsulfonium Hexafluoro-
phosphate Salts
(DAICAT-11; Daicel Chemical Industries)
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2.2. Sample preparation

Each test sample was applied on a tin plate by using a wire wound rod to build a film of

20 fi m thick.

2.3. UV irradiation

A high intensity metal halide lamp (120W/cm) was used.

Measurements of gel fraction and Me were attained in the following way.

2.4. Gel fraction measurement

The cured film was torn off from the tin plate, and wrapped with a 400 mesh wire net.

Soluble matters were extracted with boiling acetone for 8 hours. And these insoluble matters

were dried in dryer for one hour at 100 °C. The insoluble fraction was calculated as the

percentage of the weight of the insoluble matters to the total weight of the film.

2.5. Measurement of Molecular weight per crosslinked unit (Me)

The cured films were torn off from the tin plate, and the weight of their 5cm * 5cm films

were measured. Each cured film was wrapped with two sheets of medicine package paper.

The films were dipped in 20°C xylene for 24hours. After solvent on the surface of the films

were wiped by blotting paper, the weights of the films (Ws) were measured. Afterwards, they

were dried for 3 hours at 100°C, and their weight were taken.

Volume fraction of swollen film( u r)was calculated by use of equation (1). Crosslinking

density ( n ) was calculated by using Flory-Rehner equation (2)[2]. Me of the film was

calculated by the equation (3).

VV l+ / O R/ ,oS*(Ws-Wd) /Wd ^ '

Where: u r = Volume fraction of swollen film p S= Solvent density

p R = Dried film density Ws = Film weight before drying(g)

Wd = Dried film weight (g)

1 /S
( l - u r ) + v r + x o r + V s ° * n { u r - u r / 2 ) ] ( 2 )

Where : ji s = Chemical potential of solvent in solution

ju sQ = Chemical potential in pure liquid

Composition at swelling equilibrium. ( / / s - / / s o ) = O

1 = Parameter expressing the first neighbor interaction free energy, divided by

kT, for solvent with polymer (%~ 0-4 u r )

Vs0 = Molar volume of solvent n = Crosslinking density (mol/cm 3)

Mc= p R / n ( 3 )

Where : Me = Molecular weight per crosslinked unit (g/mol)

2.6. NMR measurement

After the cured film was extracted with n-hexane and with ethyl acetate additionally, the

soluble fractions were analyzed by means of 'H NMR at 400MHz.
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1)

uv
irradiation

2

200
400
800

1600

Gel
fraction 2)

(%)

78.7
80.6
83.0
86.5

2)

6500
5000
3200
1900

3. Result and Discussion

3.1. Radical photocuring

Table 1 shows properties of cured films

obtained from pCPEA with 5wt% IRG. 184 Table 1. Photocuring of pCPEA with IRG. 184

under various amounts of UV irradiation.

With an increasing amount of UV

irradiation, the gel fraction became higher

and Me became lower. The film

irradiated under more than 800 mJ/cm2 had

good curability. The Me of the film showed

less than 3000g/mol. As a result, it was

found that monofunctional unsaturated

monomer pCPEA formed a crosslinking

film under radical photocuring.

In addition, the cured films were extracted with organic solvents and the soluble fractions of

the films were analyzed by ' H NMR. The spectrum of the fraction extracted with n-hexane

was shown in Figure 1. The signals of unsaturated double bond were fairly quantitatively

detected in the range of 5.8 - 6.6 ppm. This tells that the fraction was mainly composed of

monomer pCPEA. An insoluble residue with n-hexane was additionally extracted with ethyl

acetate. As illustrated in Figure 2, the peaks of unsaturated double bond were smaller than

those in Figure 1, and new peaks appeared in the range of 1.8-2.6 ppm. Therefore, those show

the presence of a polymer which was formed by reaction of the double bond.

The total amount of the soluble fractions was a little. In other word, it indicated that most of

the cured film consisted of a crosslinking component.

UV irradiation in air
l)pCPEA/IRG. 184= 100/5
2) 1 day after irradiation

Fig.l NMR spectrum of the fraction extracted with n-hexane
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HjC

a,b II "»
o d

I 1 1

; H k

fH H g ffl= H, H.

I I

PPM

Fig.2 NMR spectrum of the fraction extracted with ethyl acetate

Furthermore, we investigated the crosslinking reaction of pCPEA by using computational

chemistry[3] [4]. The semi-empirical molecular orbital PM3 method was employed in

calculation. Activation energies were computed for hydrogen abstraction reactions between

C-H bonds in pCPEA(in Figure 3) and two radicals generated from photoinitiator IRG.184,

as well as for the addition reactions

of the radicals to the unsaturated double

bond of pCPEA. The results are shown

in Table 2. The activation energy is low

enough to react easily for the addition of

benzoyl radical to the unsaturated bond.

The activation energies for the hydrogen

abstraction reactions are also low

between benzoyl radical and C-H bonds

adjacent to oxygen(methylene 1, 2 in

Table 2). The results suggest that the

hydrogen abstraction reactions may

occur under the photocuring of pCPEA.

The method of computational chemistry

has proved that the hydrogen abstraction

reaction and the reaction of unsaturated

double bond caused closslinking to form

a insoluble film.

Fig.3 Calculated C-H bonds in pCPEA

Table 2. Activation energy between radical
from IRG. 184 and pCPEA calculated
by semi-empirical MO PM3 method

Group
in pCPEA
(Fig.3)

Unsaturated
group

Methylene 1

Methylene 2

Activation energy

o
8.6

12.0

13.2

9
-c-

(Kcal /

O
17.

19.

20.

mol)

£ H

3

8

8
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3.2 Hybrid photocuring (radical and cationic photocuring)

The hybrid system of radical and cationic photocuring was examined due to an increase in

surface curability, compared with its individual photocuring types.

Table 3 shows formulations for the photocuring types. Table 4 shows surface curability and

appearance of films depending on photocuring types after UV irradiation.

The film of the hybrid type, which was composed of pCPEA, CELLOXIDE 202 IP with

photoinitiator IRG. 184 and DAI CAT 11, had sufficient surface curability and good

appearance. Cationic photocuring has no influence of oxygen. Therefore, it is considered that

in the hybrid system the reaction that the surface curing was thoroughly balanced with the

inner curing led good appearance. Table 5 shows film properties of cured films depending on

photocuring types. The film obtained by the hybrid photocuring had a high gel fraction, good

crosslinking and enough hardness. Judging from this outline, it is probable that the hybrid

photocuring method can be sufficiently applied as a coating technology, which may provide

good film performance.

Sample

R
H
C

Table 3. Formulation for each

Photocuring
type

Radical
Hybrid
Cationic

photocunng type

Monomer
pCPEA

(g)
100
50
-

202 IP
(g)
-

50
100

Photoinitiator
IRG. 184

(g)
5

2.5
-

DAICAT11
(g)
-

2.5
5

Table 4. Surface curability and
appearance of films depending on
photocuring types after irradiation

Sample

R
RD
H
C

Surfuce

Tacky
Tack free
Dried
Dried

Appearance

Good
Good
Good

Orange peel

UV irradiation 800 mJ/cm2 in air
1) in nitrogen

Table 5. Film properties depending on photocuring types

UV
irradiation
(mJ/cm2)

200
400
800

R

78.
80.
83.

7
6
0

Gel fraction l)
(%)
H

82.5
87.2
90.1

C

88
91
93

.5

.3

.0

R

6500
5000
3200

Me ')
(g/mol)

H

1800
800
400

C

280
130
80

Pencil

R

4B
2B
B

Hardness1^
(20°C)

H C

B H
HB 2H
H 2H

UV irradiation in air. 1) 1 Day after irradiation.
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4. Conclusion

In this study , the following were found.

1) A monofunctional unsaturated monomer p-cumylphenoxy-ethyl-acrylate (pCPEA) is

crosslinked under radical photocuring.

2) Computational chemistry proved that both reactions of unsaturated double bond and

hydrogen abstraction in pCPEA under UV irradiation lead to crosslinking.

3) The hybrid system of radical and cationic photocuring can offer a film having not only

good hardness but also good appearance.
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1. INTRODUCTION

Recently photofunctional polymers such as photoresist, photochromic, photoconductive,

electroluminescent, photorefractive polymers have been extensively investigated. To

improve photophysical and photochemical properties of such polymers, the sensitization can

be utilized to extend spectral range and to enhance the sensitivity. The sensitization takes

place through electronic energy transfer process. As for the characteristics of polymers

having chromophores in the solids, the chromophore concentration is rather high and the

intra- and inter-chromophore interaction in polymer chains gives rise to various electronic

energy trap sites, which govern the electronic energy transfer process. In this report, the

singlet and triplet exciton behaviors of the polymers containing carbazole (Cz) or

phenanthrene (Ph) chromophores as the side

group were studied in the solid state. The

role of electronic energy traps in energy

transfer process will be discussed and

controlling factors of

processes will be given.

energy transfer

2. ENERGY TRANSFER/MIGRATION

PROCESSES AND ROLE OF ENERGY

TRAPS

Energy transfer is expressed in eq 1. Fig. 1 Energy migration and transfer in
polymer solid. E: excimer—forming site, A:
acceptor
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(1)

CH3

- CH2-C —

C=O

6
CH 2

CH ?
i

- N -

CH? -C- / \-C-O-CH3

6 \=* o
—CHj-CH —

1

DMTP

PVCz

PCzEMA Perylene

formula for polymer

When Mi is equal to M2, the energy transfer is called energy migration. There are two types

of energy transfer and migration: one is Foerster type energy transfer that occurs mainly in the

excited singlet state and the other is Dexter type one that takes place in the excited triplet state.

The former is the long range energy transfer due to the dipole-dipole interaction whose

interaction range is of the order of a few nm and the latter is the short range one due to the

electronic exchange interaction whose range is less than 1.5 nm. The lifetime of excited

triplet state is in the range of microseconds to a few tens of seconds and much longer than that

of excited singlet state whose lifetime is in

the range of picoseconds to a few hundred

nanoseconds.

As one of the characteristics of

polymers having chromophores, the

chromophore density is rather high and the

intra- and inter-chromophore interaction in

polymer chains gives rise to various trap

sites, one of which is an excimer-forming F j 2 Structura
site. Fig. 1 shows exciton migration and samples, energy acceptor (perylene) and0 ° electron acceptor (DMTP)

transfer in the solid. Exciton migrates

along the chromophores and reaches an

acceptor site. When the acceptor is an

electron-acceptor, electron transfer takes

place and forms a charge carrier. If the

acceptor is a photostabilizer, exciton

energy is converted into heat and no

photochemical reaction takes place. A

mark E in the figure is an excimer-forming

site whose energy is lower than that of the

monomeric chromophore, then it catches

exciton and the excimer fluorescence is

emitted. In amorphous polymer solids,

such a photophysical process is efficient 300 400 500
. Wavelength/nm

and the main component 01 the
fluorescence spectra consists of excimer Fig. 3 Absorption and fluorescence spectra

of PVCz and PCzEMA f i Ims. Dotted Iines show
emission with almost no monomeric one. exc i p I ex em i ss i on with DMTP.
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3. SINGLET ENERGY MIGRATION HAVING NO EXCIMER-FORMING SITE (1,2)

Chromophore concentration in polymer films is rather high, then inter- and intramolecular

excimer is easily formed and the excimer-forming sites interrupt the energy migration. For

example, poly(N-vinylcarbazole) (PVCz) forms more than two types of excimers and almost

no normal fluorescence is observed (Fig. 3). The polymer, poly[2-(9-carbazolyl)ethyl

methacrylate] (PCzEMA) in which Cz chromophore is introduced to the main chain with a

long spacer, does not form an excimer and gives only the monomer emission (Fig 3). Fig. 4

shows the spectra of perylene-doped PCzEMA films, where perylene (Pe) is an energy

acceptor. Although the concentration of Pe is extremely lower than the Cz concentration,

strong sensitized emission from Pe was

observed. This means that the energy

transfer from Cz to Pe is enhanced by the

energy migration between Cz chromophores.

According to the random hopping

model, the ratio of the quantum yield of

acceptor, 4> A and that of donor, <£> o is

expressed by eq 2.

V)
c
0)

•I
is
<D

<P A/ <P D=£mig cA (1 -F) (<P AO/ $ DO) DO (2) 1
\ ,

Pe
1 : 6-10~5mol/molCz
2 : 3-10"s •
3 :0.5-10"5 *

\ 1

4 00 500

Wavelength/mn

where <P AO, ® DO, and r D0 are the

quantum yields of acceptor, donor and the

lifetime of donor without any quencher,

respectively. The rate constant km\% is the

probability of energy transfer to a

neighboring lattice point, CA is the existence

probability of acceptor on a lattice point, (1-

F) is the probability that the destination of

migration is a new site and this value is

normally 0.66 for a 3D-lattice system.

Using eq 2, &mjg can be obtained from the

slope of the <£> A/ $ D plots against cA.

Then the energy diffusion coefficient D, the

step number n of excited states among the

lattice points and mean migration length L

Fig. 4 Sensitized fluorescence spectra for
Pe-doped PCzEMA fi Itns.

Table I Step number of singlet exciton n and
diffusion length L during the excited
I ifetime.

/ t / 1 0 3 L/nm

PVCz

PCzEMA

NIPCz"
(doped)

NIPCz2)

(crystal)

0 .3 - I 10-20

4.8

2

41

50

25

135

1) G. E. Johnson, Macromolecules, 13, 145 (1980).
2) W. KlSpffer, J. Chem. Phys., 50, 1689 (1969).
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within the donor decay time z D are given by,

*mig rDD
2

(3)

(4)

(5)

The result gives £mig = 9.7 x 101' s'1 and D = 8.4 x 10"4 cm2 s"1 with rDD = 0.72 nm. Table I

shows the step number n within the donor decay time r D, and mean migration length L for

PCzEMA. The energy migration L = 50 nm for PCzEMA is three times larger than the value

L = 10-20 nm for PVCz having excimer-forming sites. The value L = 50 nm is about a half

of the 135 nm for the N-isoprpylcarbazole (NIPC) crystal. PCzEMA of [Cz] = 4.41 mol/1 is

considered to give the upper limit of energy

diffusion in the amorphous system. This

could be realized by suppressing deep trap

formation.

4. TRIPLET ENERGY MIGRATION

WITH A SHALLOW TRAP (3,4)

For chromophoric polymer films, the triplet

state interaction is classified into two types:

excimer-type and trap-type. The

interaction energy at the trap-site is weaker

than that at the excimer-site. Here, we

will discuss the polymer having a shallow

trap-site, poly[(9-phenanthrylmethyl

methacrylate)-co-(methyl methacrylate)]

(P(PhMMA-co-MMA)) (Fig. 5). Fig. 6

shows the phosphorescence spectra for the

films of P(PhMMA-co-MMA) at 77 K.

The spectra of the films were shifted to a

longer wavelength with increasing

chromophore concentration, but the band

shape remained the same with no excimer

emission. The excited triplet state is

stabilized by the interaction between

Acceptor

P(PhMMA-co-MMA)
1,4-DibromonaphthaIene

(DBN)

Sample x
mol %

Mw
103

[Ph]
mol L 1

D
nm

P(PhMMA-co-MMA)L 0.78 1.30 0.09 2.63
P(PhMMA-co-MMA)H 18.6 1.20 1.67 1.00

Fig. 5 Structural formula and compositions
for copolymer samples.

en

O

i
o

I

• P(PhMMA-co-MMA)L
• P(PhMMA-co-MMA)H

15 K

400 500
Wavelength / nm

Fig . 6 Phosphorescence spectra o f PCPhMMA-
co-MMA) f i l m s at 77 K.
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: Exciton Low Temperature
High Temperature

.-. v

chromophores, but the interaction is not so strong as to give a broad excimeric emission.

The phosphorescence decay gave a single exponential curve below 45 K, but it became multi-

exponential above 60 K. The time-resolved phosphorescence spectrum at 100 K showed a

gradual shift to longer wavelengths with the elapse of time.

Fig. 7 shows schematically the time and space relaxation of triplet exciton according to

Baessler's model (5). The migration exciton is captured by a 3T* site with a barrier lower

than the surrounding sites. At lower

temperatures, the triplet exciton cannnot

go over the energy barrier and migrates

within a narrow range. At higher

temperatures, the exciton may run over

the barrier and migrates over a wide

range. When an acceptor is doped in

the film, the probability that the triplet

exciton reaches the acceptor site

increases with temperature.

Experimental results of the time

dependence of phosphorescence spectra

at various temperatures were well

simulated by using Baessler's model.

The width of the trap energy distribution

increases with temperature and saturates

above 75 K. The diffusion distance of

exciton also shows a similar behavior.

Higher temperatures accelerate exciton

migration.

Fig. 8 shows the phosphorescence

spectra of P(PhMMA-co-MMA)H film

doped with a triplet acceptor DBN. At

15 K, the phosphorescence from only Ph

chromophore (485, 522, 564 nm) was

observed. With increase in temperature,

the Ph phosphorescence decreased, and

the DBN phosphorescence (507, 545,

588 nm) appeared. In P(PhMMA-co-

MMA)L film, sensitized

Fig. 7 Energy migration scheme for the system
with a broad energy distribution.

500 550 600
Wavelength / nm

Fig 8 Phosphorescence spectra of the DBN-
doped P (PhMMA-c<r-MMA) H film at various
temperatures. [DBN] = 5 x 10 3 mol/l
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phosphorescence from DBN was not observed. The result shows that higher temperature

assists the energy migration, but the chromophore concentration must be high for triplet

energy migration.

5. CONCLUSION

We have discussed the role of energy traps for singlet exciton and triplet exciton migration in

polymer solids. It was elucidated that for singlet exciton, energy transfer takes place through

a long range Coulomb interaction and a deep trap such as excimer-forming site becomes a

governing factor, while for triplet exciton, energy transfer occurs through a short range

electronic exchange interaction and both shallow and deep traps determine energy migration

efficiency (Fig. 9). What kind of structures the energy trap sites or the excimer-forming sites

have is a future problem to be solved.

Singlet Energy TVansfer

Excimer

Triplet Energy TVansfer

Q C^i\ Excimer

Fig. 9 Role of traps for singlet and t r i p l e t
exciton migration.
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Abstract The kinetic studies on the near-UV photosensitve initiating polymerization of

methylmethacrylate (MMA) by dye/hexaarylbiimidazole systems were carried out. When

exposed to high-pressure mercury lamp (filtered by Pyrex glass), dye/ hexaarylbiimidazole

system undergoes quick electron transfer and free radicals are produced. SH, as hydrogen donor,

can improve the polymerization efficiency of MMA. The comparison of influence of different

dye and different SH on the photopolymerization conversion of PMMA was carried out. The

excellent results have been obtained in photoimaging study, such as the minimum exposure

energy of the four systems reached 8mJ/cm2 and resolution of presentized printing plate was ca.

Keywords Hexaaryliimidazole, dye-sensitization, photopolymerization, electron transfer

Introduction
In recent twenty years, photosensitve polymer material, such as photoresist, ink,

coating and presensitized printing plate, have been developing rapidly. For these
photofiinctional materials, photopolymerization rate is a very important technical
standard, especially in printing plate. The printing plate has been developed to
compouter-to-plate (CTP). The image can be obtained as soon as exposed to the laser,
which means that sensitivity of photosensitive materials is very high.

Several near-UV and visible light photosensitive initiating systems have been
reported [1,2], and most of them were composed of two or three components.
Fouassier [3] noted that the intrinsic reactivity in the excited state of sensitizer
governed the efficiency of the photosensitive system. To obtain high photosensitive
efficiency, the absorption of sensitizer and wavelength of emission need to match.

In general, for a bimolecular near-UV and visible light photosensitive initiating
system, electron transfer is the only one mechanism, because the most of
photoinitiator is only excited by 200~300nm light. o-Chloro-hexaaryliimidazole (o-
Cl-HABI) have been received much attention in near-UV and visible photosensitve
initiating system for its high excited energy. So dye/o-Cl-HABI system is very stable
in dark, and it proceeds electron transfer quickly through the singlet state of o-Cl-
HABI when exposed to near-UV and visible light.

In this paper, the efficiency of photopolymerization of methylmethacrylate (MMA)
initiated by dye/o-Cl-HABI systems in near-UV light was estimated. And the
mechanisms on the photosensitization of o-Cl-HABI induced by dyes and on the
photopolymerization of MMA have been discussed. Also, preliminary studies in the
presensitized printing plate have been completed.
Materials and Methods
Materials

o-Cl-HABI was purchased from TCI and used as received. SH, n-dodecyl
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mercaptan (SHI), pentaerythritol tetra(3-mercaptopropionate) (SH2), 3-mercapto-4-
methyl-4H-l,2,4-triazole (SH3), l-phenyl-5-mercapto-2,3,4,5-tetraazole (SH4) were
the products of Fluca. Dyes: DMC was purchased from Aldrich corporation; DiTX,
DETX and ITX were supplied by Ciba corporation.
Methods

(1) Photopolymerization was carried out in a dilatometer (O=10nm) at 30°C. The
sample tubes were rotated around the light source. A high-pressure mercury
lamp (500W) was used, and its short wavelength light (<300nm) was filtered by
two pieces of Pyrex glass filters. The solution was deaearted by bubbling highly
pure nitrogen for 30 minutes. The experimental data were treated by a least-
squares method.

(2) The solution composed of photosensitizer (dye), o-Cl-HABI, SH, resin, and
monomer was coated on 2.5cmxl.5cm aluminum plates which have been
eletrolyzed and oxidated, followed by drying at 100°C for 2 minutes, and then
1% polyvinyl alcohol (PVA) solution was coated and dried at 100°C for 2
minutes. Using 21-step stouffer wedge as the mask, the plate was coated a light
of 1KW high-pressure Hg lamp positioned at a distance of 10 centimeter for 10
seconds. After imagewise exposure, the plate was developed with a solution of
5% Na2CO3 at 25°C for 30 seconds. After washing with water, the image was
obtained.

The photosensitivity (E, mJ/cm2) was defined as the minimum exposure
energy insolubilizing the layer, and is calculated

E=IoxTx/ (1)
Where Io is the incident light intensity (mJ/cm2s), T is the transmittance of the
step at which photosensitive layer begins to be insolubized and t is exposure
time (s).

(3) The same procedure as described in the (2) was repeated, except for using the
resolution and halftone dot signal strip in place of 21-step stouffer wedge. So
the resolution and halftone dot repetition can be obtained.

Results and discussion
Spectra

o-Cl-HABI shows the strong absorption in the UV region and \mm situates in
270nm, The maximum absorption of the four dyes is in the near-UV region in CHC13.
As shown in Table 1, the dyes have absorption maxima ranging from 374nm~391nm.
The extinction coefficient varies between675 and 2400 (mol'-L-cm1). The absorption
spectra depend on the chemical constitution of the different dyes.

Table 1. The spectroscopic parameter of the four dyes

Compd.

DMC

ITX

DeTX

DiTX

o-Cl-HABI

ta,max/nm

374
383

390
391

270

e^/mol'-L-cm-1

2400

867

699

675

2580

The maximum absorption of DMC can be assigned to intra-molecular charge
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transfer (ICT) [4], and sensitive to solvent; DMC has strong fluorescence (0=0.649,
Afmax=421nm), which comes from ICT state of the coumarin dye with a non-twisted 7-
diethylamino group in CHC13.

It is assumed [5] that for thioxanthone dyes, ITX, DiTX, DETX, the carbonyl group
act as an electron acceptor group and sulphur atom as a donor. The conjugation
between the donor and the acceptor group through their connecting—C=C— double
bond is responsible for the longest wavelength absorption and emission. DiTX and
DETX have stronger fluorescence than ITX.

No characteristic absorption band was observed for the dye/o-Cl-HABI mixture and
it is noted that the optical density value of the mixture is equal to the amount of
optical density value of components. No change and no shift of the maximum
absorption suggest that dyes have no interaction with o-Cl-HABI in the ground state.
In general, if two compounds can form a charge transfer complex (CTC) in the
ground state, a new characteristic band always appears. So dye/o-Cl-HABI systems
do not generate free radical for polymerization through the CTC when exposed to
high-pressure mercury lamp.

Effects of concentration of the components (DMC, o-Cl-HABI, SHI) on the
photopolymerization rate of MM A

Initiator, o-Cl-HABI

Fig. 1 shows the relationship between the photopolymerization of MM A Rp and the
concentration of o-Cl-HABI. When the value of concentration is lower than 1.51X10
3mol/L, igRp is proportional to lg[HABI]. While the concentration increases
furthermore, Rp decreases. The main reasons is that triarylimidazolyl radicals (L),
whose maximum absorption is at 55Onm, can absorb visible light and recombine to
form o-Cl-HABI reversibly. It is noted that the size of the triarylimidazole radical is
so big that the value of photoinitiating efficiency initiated by o-Cl-HABI alone is low,
therefore, it is need to add SH to produce small free radical for initiating MMA. From
the fig. 1, the reaction exponent can be obtained 0.17. The added more photoinitiator
can lead to the decrease of molecular weight of photopolymer, which need to be noted
in application.
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«HABI]+5

Fig. 1 Influence of o-Cl-HABI on the

0.5 1.0 1.5 10 15 3.0 3.5

Ig[DMq+5

Fig.2 Influence of DMC on the

photopolymerization rate of MMA

o-CI-HABI=5 10"4mol/L.[SHl]=l KTWl/L. [MMA]=2.86mol/L

photopolymerization rate of MMA

[DMC]=[SHl]=l*10-2mol/L,[MMA]=2.86moI/L

Sensitizer, DMC
Fig.2 shows the relationship between Rp and the concentration of DMC. When the
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concentration is less than 2.63 X 10'3mol/L, lgRp is proportional to lg[DMC].
However, when the concentration increases furthermore, Rp decreases.

The molar extinction coefficient of the sensitizer at the wavelength of the light
source is necessary to be high so that it can excite the system effectively; and
increases the local concentration of reactant, thus decreases the polymerization rate of
MMA when its concentration is higher than the critical value. The other reason, the
coumarin cation radical can be chain terminator, (see the discussion in mechanism).
The reaction exponent of DMC can be estimated, 0.53, from Fig.2.
Coinitiator, SHI

Seen from the above results, o-Cl-HABI can be sensitized by dye when expoesd to
near-UV light and produce triarylimidazolyl radical. Triarylimidazolyl radical can
initiate the polymerization of MMA, while it is not very efficient due to its big size.
SH, as hydrogen donor, can proceeds electron transfer with triarylimidazolyl radical
and produced SH radical [6]. SH free radical has more effective initiation, so the
polymerization is prompted. The reaction exponent of SHI, 0.46, can be calculated
from the relationship of concentration of SH and Rp. Fig.3 showed the relationship of
concentration of SHI and Rp.

The influence of different SH on the photopolymerization conversion of MMA was
carried out. Seen from fig.4, SHI is the best coinitiator, which could be attributed to
small size of SHI radical.

08 10 12 14 1.9 18 20 22 24 28 28 3.0

lg[SH]+5

Fig.3 Influence of SHI on the Rp of MMA

[DMC]=1 X 103 mol/L, [o-Cl-HABI]= 5 X lO

MMA]=2.86 mol/L

Fig.4 Influence of SH on the conversion of PMMA

[DMC]=1 X 10'3 mol/L. [o-Cl-HABI]= 5 X lO^mol/L,

[SH1J=[SH2]=[SH3]=[SH4]=2X lO'mol/L, [MMA]=2.86 mol/L

In our experiment, the influence of different dyes on the conversion of PMMA was
carried out. Seen from Fig.5, o-Cl-HABI can all be sensitized by the four dyes and
produce radicals, and DeTX is the best sensitizer, which could be attributed to intrinsic
reactivity of its excited state.
Monomer, MMA

The relationship of the concentration of MMA and Rp was line and the reaction
exponent is 1.0.
The near-UV photoinduced reaction of o-Cl-HABI and dyes

In order to verify that electron transfer can be used to explain the photosensitization
of o-Cl-HABI by dyes, we estimated the energy of excited state (Table 2). (Assuming
in the intramolecular charge transfer transition the energy difference between singlet
and triplet is 36.4 (KJ-mor'[7]). Seen from Table 2, the energy of excited state of o-
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Cl-HABI is larger than that of dyes. Moreover, the absorption maxima of o-Cl-HABI
and emission spectra of dyes are too far away to have a great overlay. It is difficult for
energy transfer in this way. Therefore, we can draw conclude that the
photosensitization mechanisms in three systems were all electron transfer reaction:
dyes were excited by visible light and then transferred an electron to o-cl-HABI (L2).
Dye cation radicals and an o-Cl-HABI anion radical (L2) were produced. The latter
soon dissociated and produced an anion (L) and a free radical (L), which can initiate
the photopolymerization of MMA. The following is the procedure:

D* + h2 - D + + L2~

L+SH —If + SHf +

SH>+— S + H+

S-+ MMA — SMMA+ (n-l)MMA — PMMA

Zhu and his coworkers [8] have employed flash photolysis to study the mechanism of
photolysis of o-Cl-HABI sensitized by ITX and thought that electron transfer was
reasonable between them.

Table 2 The energy of excited state (KJmol1)

Compd.

DMC

DiTX

DeTX

o-Cl-HABI[8]

7

6

i«
§ 3-

1.

Es

284.4

277.8

281.7

352

*y ,-1
• ' y ' ' \

'A* |

ET

248

241.1

245.3

283

• DiTX 1
• DeTX!
* ITX |
• DMC J

t/min

Fig.5 Influence of dyes on the conversion of PMMA

[SH1]= 1X10 2 mol/L, [o-Cl-HABI]= 5X lO-'moi/L, [MMA]=2.86 mol/L

[DiTX]=[DeTX]=[ITX]=[DMC]=l X 103mol/L

Analysis of photosensitivity of the four dye/o-Cl-HABI/SHl system
In this work, the four photosensitive initiating systems were composed of sensitizer

DMC, or DeTX, or DiTX or ITX, and coinitiator SHI, initiator o-Cl-HABI, and
binder resin modified poly(styrene-co-maleic anhydride) resin. The solution was
prepared according to the best rate obtained from above kinetic experiments.
According to experimental method (2) and (3), many excellent results were obtained
(Table3, Table4).
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Table 3 The results of photosensitivity of the four photosensitive system

Photosensitive system DMC DiTX DeTX ITX

E (mJ/cm2) 7.49 7.04 8.56 8.80

Table 4 The resolution and halftone dot repetition of the four photosensitive

Sensitizer High-exposure Light-exposure halftone dot repetition

DMC 15 ym 10 um 4%

DiTX 10 um 10 pm 3%

DeTX 12 inn 12 urn 4%

ITX 15 urn 10 wm 5%

Seen from Table 3 and Table 4, the four photosensitive systems can all be used in
photoimaging, in which DeTX/o-Cl-HABI/SHl is the best photosensitive initiating
system. The results are similar to the results of those of the above kinetic results.
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Syntheses of monomers in the reaction of hexamethylolmelamine with
2-hydroxyethyI acrylate and their photocuring
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ABSTRACT

A process has been developed for the syntheses of monomers from 2-
hydroxyethyl acrylate and hexamethylolmelamine. Their structure were
identified by IR and jH-NMR. The photocuring characteristics of these
compound and properties of the UV-cured films have been studied.

Keywords: syntheses hexamethylolmelamine photocuring

INTRUDUTION

There is rapid growth in the use of ultroviolet(UV) curable coatings and
inks in recent years. As we known, oligomers, monomers and photoinitiators are
basic components for coatings. Monomers play a key role in radcure
compositions. They affect both the cure kinetics and polymerization extent as
well as the. physical characteristics of the polymer formed. Multifunctional
monomers, such as trimethylolpropane triacrylate, pentaerythritoltriacrylate,
dipentaerythritolhexaacrylate are widly used in UV curable formulations. They
work not only as reactive diluents, but also as crosslinkers. It is known that these
monomers, so called "first generation monomers," have skin irritation especially
high shrinkage when cured. Alkoxylated monomers are efficient at overcoming
skin irritation and volume shrinkage is lower, but the cure speed is slower.
Another interesting class of radiation curing acrylated compounds is constituted
by derivatives. They are used like oligomers. In this paper, a method of
preparation of tris(acryloyloxyethoxymethyl)tris(methoxymethyl)
melamine(TAM) and hexakis(acryloyloxyethoxymethyl)melamine (HAM) is
described. The photocuring charateristics of these compound and film properties
of the UV curable coatings have been studied.
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EXPERIMENTAL

1. Materials
Hexamethylolmelamine is commercial grade from Monsanto, and 2-

hydroxyethyl acrylate is from Beijing Dongfang chemical Factory. All materials
used inUV curable formulations are from UCB and CibaGeigy.

2. Synthesis method
It was possible to prepare a monomer containning a predetermined number

of the methoxy and acryloyloxyethoxy groups by controlling amounts of 2-
hydroxyethyl acrylate charging in reaction.

In a 1000ml, round-bottomed,three-necked flask equipped with stirrer, 2-
hydroxyethyl acrylate was added to a mixture of hexamethylolmelamine and p-
methoxyphenol. The mixture was heated and stirred untill particles were
dispersed, and then p-toluenesulfonic acid was added to catalyze the
etherification .The reaction has maintained at 60-90 °C for 10~15hr using a
vacuum pump to distil methanol.

3. Test
Infrared spetra were obtained from Nicolet spectrophmeter(740FT-IR).
jHNMR spetra were observed with a Bruker AG80 spectrometer.
4. UV curing system
Using an ultraviolet mechine with 5kw lamp, suspended 10cm from

substrate, 10 u samples are one-passed through machine to obtain a no-tacky
film. The irradiation time or cure rate was measured by the speed of
transmission belt(m/min).

The monomer's double bond conversion has been determined by FTIR
according to previous studies by others. The cured film's adhesion on plastics
was measured according to GB6739-86.

RESULTS AND DISCUSSION

1. Selection of the catalyst for the reaction.
A proposed mechanism for the formation of the monomers was shown in

scheme 1.
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H

scheme 1. The reaction mechanism.

Concentrated sulfuric acid and p-tolut.iesulfuric acid were used to
catalyze the reaction, p-toluenesulfonic acid was found to be a superior catalyst
for the etherification, for concentrated sulfuric acid caused a little yellowing for
the products.

2. Analysis and identification
Figl is IR spectra of TAM. It shown these charaterized absorance: 1547cm"1

(melamine aromatic C=N), 1637cm"1 (shoulder, C=C), 1720cm"1 (ester, C=O).
,H-NMR spetra of TAM shown in Fig2 indicated: 8 3.3 (9H,S,O-CH3),
4.1(12H, multiplet, O-CH2-CH2), 5.2(12H, multiplet, N-CH2-O), 6.2 (9H,
multiplet,CH2-CH).

H4VENUMBI.HS

Fig 1 IR spectra of TAM

1¥MA Ul
M "

, _JJ.v
i i 7.» . t.i s.i t.i J.« : » i o "

Fig2 "jH-NMR spectra of TAM

3. The photocuring characteristics of TAM.
Fig3 shows the relation between the double bond conversion and irradiation

time. For purpose of comparison, data relatig to use of the
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trihydroxymethylolpropane triacrylate are included.

1

i
0.2 c-f «•£ c-8 |.o

Irradiation time(sec)
Fig3 Photocuring characteristics of monomers

(20% Epoxy acrylate+80%monomer+5%1173)

From Fig 3 above we can see that TAM show higher double bond
conversion than TMPTA at the same irradiation time. We can also deduce that
pll value of TAM should be lower than the trifunctional monomers, for
generally the low viscous monomers are more irritating.

4. Adhesion on plastics
For a given formulation comprising 30%oligmers, 30%monmers and 5%

photoinitiators, adding the TAM to the formulation above, Fig 4 indicates that
the TAM has improved the adhesion on plastics while the Epoxy acrylate
(EB6040) has reduced the coating's adhesion.

(0 20 3» 4©

Parts by weight

Fig 4 Influence of adhesion on plastics.

As we known the acrylated melamines are non-yellowing, in some extend
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this melamine derivatives can be used to replace or partially replace the
oligomers to give cost effective coatings.

CONCLUSION

1. The acrylated melamines, tris(acryloyloxyethoxymethyl)tris-
(methoxyethoxymethyl)melamine(TAM) andhexakis(acryloyloxyethoxymethyl)
melamine(HAM) are prepared in the reaction of hexamethoxymethyl melamine
with 2-hydroxyethyl acrylate.

2. The monomers mentioned above show high double bond conversions and
nonyellowing.lt can be used to partially replace the oligomers to give cost
effective coatings with good adhesion on plastics.
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ABSTRACT

Through Michael addition reaction of trimethylolpropane triacrylate (TMPTA) with

diethylamine (DEA), a new kind of tertiary amine derivative was synthesized and its

structure was identified by 'H-NMR.When used in combination with benzophenone, this

amine presented excellent curing speed and could be a substitute for initiator Darocur [R]

1173, which is effective but expensive. If so, the cost of UV-curable coatings can descend

apparently. The functioning mechanism of benzophenone/amine bimolecular initiator was

studied.

KEYWORDS UV coating Tertiary amine Initiator

I. INTRODUCTION

UV coatings are well known because of their low energy consumption, low pollution and

high curing speed. They have been getting wider and wider applications in many fields, such

as wood and building materials(l), automotive(2) and Flexo printing(3).

However, UV-curable coatings are expensive due to the essential parts, photoinitiators,

which cover almost 1/3 of the total cost. In order to decrease the expenses, we developed

benzophenone/amine initiator, a cheap and well-performing initiator. Besides its low cost, the

major advantage of such bimolecular initiator is its fast surface cure.
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II. EXPERIMENTAL

i. Test method

Tertiary amine value: methylthionini chloridum-dimethyl amino—

azobenzene (4)

Curing speed: measured with a Ultraviolet machine (made in Hunan

Univ.,China), coatings were cured with 3.2kw UV-lamp

suspended 20cm from substrate. Curing speed was

measured by the speed of transmission belt(m/min).

ii. Michael addition reaction (5)

0

—O—CH» 0

CHr-CHa—C—CHj—O-C—CH—CH2 + HN(C,HS),

CH,—CH2—€—€H2—O—C—CHz—CH2 - N(C2H,)2

CHr-CH—C—O—CHj

0

In this paper , the structure of Michael addition product is substituted by RN C2H5 2

iii. Synthesis process:

Both 296g TMPTA(1 mol) and 1.2 g MEHQ (hydroquinone monomethyl ether, used as

inhibitor) was added into a four-mouth flask equipped with agitator, condensor and

thermometer, then 95g DEA (1.3 mol) was added in drops with stiring and cooling. During

dripping, the mixture temperature was maintained at 40+2°c. After adding of DEA, the
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reaction system was kept at 60°c for 2 hours and kept agitating efficiently. When tertiary

amine value reached 185 +5 mg KOH/g, the reaction was stopped. Then, excess DEA was

removed by using a vacuum apparatus. Finally, 0.5 g MEHQ was added into the mixture.

iv. Structure analysis of tertiary amine.

i) At the beginning of reaction

I ^ J 1 T r
M! O.fl

Fig.l 'H-NMR spectra of TMPTA, 80MHZ

Fig.l shows clearly that the ratio of H number in TMPTA exactly corresponds with that of

peak area,which is listed in Table 1.

Table 1 . Correspondence between H number in TMPTA and peak area in Fig. 1

Shift of H/ppm 6.6-5.8 4.2-4.1 1.6-1.5 1.1-0.9

Corresponding H CHj—CH— —O~CHr — G - C H r -

Ratio of H number 9

Ratio of peak area 9

ii) At the end of reaction

After reaction, product was analyzed by 'H-NMR as shown in Fig.2
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t ^TS? a. ii

Fig.2 'H-NMR spectra of Michael addition product, 80MHZ

Through the aboved synthesis process, Michael addition reaction was carried out just as

known in table 2.

Table 2. Correspondence between H number in Michael addition product and peak

area in Fig.2

Shift of H/ppm

Corresponding H

Ratio of H number

Ratio of peak area

6.6-5.8

CHr-€H— -

5.1 :

5.2 ;

4,

-0

6

6

2-4.1

.0 :

.5 i

1.6-1.5

-—C-CHr-

2.0 :

2.0 5

1.1-0.9

—CHi

16.8 ;

9.8 :

2.9

the ri

15

13

-2.4

iMof H

.6

.8

The reason why the ratio of H number is not exactly equal to that of peak area is the

existence of foreign matter in the product and uncompleted reaction. However, this does not

affect application of tertiary amine in UV-curable coating.

v. Application of tertiary amine

i) Non Benzophenone/Amine formulation

Before the development of Benzophenone/Amine combined initiator, we used the

following formulation for UV-curable PVC coating.
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Table 3. Non Benzophenone/Amine formulation:

Component

Ccmtent,wt%

Epoxy acrylate

44

TMPTA

15

TPGDA

12

'NPGDA

3

HDDA

13

InrBator

6

ira additive

2

Note: TPGDA means tripropylene glycol diacrylate

NPGDA means neopentylene glycol diacrylate

HDDA means 1,6-hexanediol diacrylate

For this formulation, curing speed is 38 m/min.

total cost is 33.850 RMB/Ton

ii) Benzophenone/Amine formulation

Using benzophenone/amine as initiator, the formulation for PVC coating

is as follows.

Table 4. Benzophenone/Amine formulation

Component

Content,wt%

Epoxy acyfate

43

TMPTA

14

TPGDA

12

NPGDA

10

HDDA

11

Initiator

8

additive

2

For this formulation, curing speed is 40 m/min

total cost is 26.650 RMB/Ton

III. DISCUSSION

Table 3 and Table 4 show that the benzophenone/amine combined initiator not only

makes contribution to fast curing, but also decreases coating cost greatly. Therefore, this

bimolecular initiator is an excellent substitute for initiator 1173. Here we discuss the

mechanism of benzophenone/amine.

It is a common knowledge that oxygen in air will substantially decrease UV curing rate

According to Decker etal [ 6 ], the mechanism of oxygen inhibition effect is as follows:
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0>

Chain Initiated R—HR. m .
Chain propagated

Therefore, only when the eliminating rate of resolved oxygen in coating is faster than

the rate of oxygen diffusing into coating from air, the chain propagating can be maintained.

The tert-amine derivative which we synthesized can solve this problem. It can absorbs

the resolved oxygen in coating. The mechanism is outlined below.

0 0

I. QUri-C^ -*-[ QHr4-C.il,
OH

Absorption of UV light results in the formation of triplets of excited benzophenone,

which when combine with tert-amine molecules to form chargetransfer complexes.

Subsequently, hydrogen transfer occur in the complexes, yielding tert-amine radicals.

+ o, — ( 2

0—6

2HS)

0—OH

Tert-amine radicals absorb resolved oxygen and change into peroxide radicals, which

further react with tert-amine molecules releasing tert-amine radicals.
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3.BN(C,H«)(CaH5)4 C—C — ^ H C j j e C

Tert-amine radicals initiate the polymerization of double bonds. As a result,

polymerization is initiated while oxygen is consumed.

IV. CONCLUSIONS

1. Benzophenone/Amine initiator developed in this paper can greatly accelerate the

curing of the formulated UV-curable coating.

2. By the replacement of cheap Benzophenone/Amine initiator for expensive 1173

initiator, the total cost of coating can descend drastically.

3. Benzophenone/Amine can act as an effective initiator because tert-amine eliminate

resolved oxygen in coating.
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1. INTRODUCTION

With a constantly and rapidly developing technology, ultraviolet (UV) curing systems are
finding increasing applications in various industries due to the availability of better
monomers, oligomers and more effective photoinitiators1"3. UV curing systems are used in
coatings, inks and adhesives for wood, paper, synthetic materials, glass and metals4"5.

In photopolymerisation process, the choice of a photoinitiator is a major concern in the
development of a formulation. Thioxanthone derivatives are widely used for the photoinitiated
curing of pigmented acrylate formulation1. However, the main setback with these initiator is
the requirement of a tertiary amine cosynergist, which aside from the additional cost, can
cause unacceptable yellowing problems. Many new derivatives of thioxanthones have been
developed in recent years to overcome such problems but also to provide enhanced speed of
cure and synergism with other active photoinitiators.

In this paper, we aim to examine the influence of a range of 4-oxy substituted groups on the
photochemical and photopolymerisation of 1-chloro- and 1-phenylthio-thioxanhone. Here we
have examined the effect of a number of acyloxy groups attached to the ring 4-position. The
study includes a spectroscopic and photoinitiated polymerisation evaluation using real time
infrared and photocalorimetry. The photoactivities of the initiators are compared with those of
the standard industrial system such as the 4-n-propoxy derivative and the basic compound like
the l-chloro-4-hydroxy derivative which was used to synthesise all the derivatives examined
here.

2. EXPERIMENTAL

2.1 Materials

All the solvents, triethylamine, diethylethanolamine, butyl acrylate, benzophenone and
quinine sulphate used in this work were obtained from Aldrich Chemical Co. Ltd., UK. and
were of analar, spectroscopic or HPLC grade quality. Ethoxylated bisphenol A dimethacrylate
(Sartomer 348) and ethyl 4-(dimethylamino)benzoate (EDB/m.p. 62-64°C) were obtained
from Cray Valley (France) and Lambson Limited (West Yorkshire, UK.) respectively. The
compounds, (a) l-chloro-4-isopropoxy, (b) l-chloro-4-(2-methylbutanoxy), (c) l-chloro-3-
methyl-4-M-propoxy, (d) l-chloro-2-methyl-4-«-propoxy, (e) l-chloro-4-allyloxy, (f) 1-chloro-
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4-benzyloxy, (g) l-chloro-4-n-propoxy, (h) l-chloro-4-hydroxy and (i) l-phenylthio-4-n-
propoxy thioxanthones were supplied by the Great Lakes Company, Widnes, UK. Their
corresponding structures are shown in Figure 1. All the compounds are chromatographically
pure and had verified elemental C, H, O, Cl, and S analysis as described previously6. The 4-
hydroxy derivative was the starting compound used in the synthesis of all the thioxanthone
derivatives and therefore a useful reference material in terms of activity studies.

Figure 1: Structure of Thioxanthone Derivatives

O R,

a.
b.
c.
d.
e.
f.

g-
h.
i.

Ri=Cl, R2=H, R3=H, R4=OCH(CH3)2;
Ri=Cl, R2=H, R3=H, R4=OCH2CH2CH(CH3)2;
Ri=Cl, R2=H, R3=CH3, R4=OCH2CH2CH3;
R,=C1, R2=CH3, R3=H, R4=OCH2CH2CH3;
i\.]—vi, is.2—n, i\-3—n, i\4—uv^ri2V^n—v_ri2»

R!=C1, R2=H, R3=H, R4=OCH2C6H5;

IN.]—^—1» " - 2 — ^ J '^3—*** *^4—v-'^-'ri2v^n2^n3i

R,=C1, R2=H, R3=H, R4=OH;
R!=SC6H5, R2=H, R3=H, R4= OCH2CH2CH3;

m.p. 91-93°C
m.p. 97-98°C
m.p. 101-103°C
m.p. 116-117°C
m.p. 135-136°C
m.p. 139-140°C
m.p. 100-102°C
m.p. 269-272°C
m.p. 149-150°C

2.2 Spectroscopic Measurements

Absorption spectra were obtained using a Philips PU-8720 UV/VIS scanning spectrophoto-
meter and Perkin-Elmer Lambda 7 absorption spectrophotometer. Fluorescence and
phosphorescence emission spectra were obtained using a Perkin-Elmer LS 50B luminescence
spectrometer. All spectra were corrected using a Perkin-Elmer IBM compatible GEM package
with an appropriate file for this purpose. Fluorescence quantum yields of the compounds were
measured by the relative method using quinine sulphate in 0.05 M sulphuric acid as a
standard7"8. The quantum yield of quinine sulphate was assumed to be 0.55 at 298 K.
Phosphorescence quantum yields of the compounds were obtained in absolute ethanol using
the relative method with benzophenone as a standard. The quantum yield of benzophenone7

was assumed to be 0.74 at 77 K using liquid nitrogen as the coolant.

2.3 Photoreduction Quantum Yields

Absolute quantum yields of photoreduction (OR) for the compounds were determined in 2-
propanol at 10"5 M using an irradiation wavelength of 365 nm, selected from a Philips high
pressure mercury lamp (HB-CS 500 W) and a Kratos model GM 252 monochromator.
Sample cells were thermostatically controlled at 30°C. The solutions were oxygen and
nitrogen (< 5 ppm oxygen) saturated.
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The absorbed light intensity was measured using an International Light Model 700 radiometer
previously calibrated by the Aberchrome 540 actinometer9"10 to an absolute value for the
number of photons incident per unit time. The photolysis of the thioxanthones was monitored
by measuring the change in the main UV absorption at the wavelength maxima using a
Shimadzu UV 265 FS spectrophotometer.

2.4 Photocalorimetry

The set-up for photocalorimetry (DSPC) is described previously using a modified Perkin-
Elmer differential scanning calorimeter12. The sample and reference are irradiated by way of
two fibre optic cables carrying the light energy from a high pressure 100 watts Hanovia
mercury lamp and then by way of a monochromator for isolation of the 365 nm line. Heat
evolution (meal) with time of conversion is measured by maintaining the sample chamber at
40°C. The exotherm curve for each experiment is integrated to calculate the area under the
curve at given time intervals. Corrections are then made for reaction times and sample
weights. Butyl acrylate was used as the monomer after distillation using 20 |i.l sample in each
case. Two experimental conditions were used, nitrogen with 2-diethylaminoethanol (amine) at
6 x 10~3 M and air with amine at 3 x 10~3 M of initiator to give a constant absorbance at 365
nm.

Plots of percentage conversion with time were obtained from which second plots of moles per
litre versus time in seconds were obtained. From the initial slopes of the second plots, rate of
polymerisation (Rp) values in moles litre"1 s"1 were obtained. A third plot of moles converted
versus energy absorbed, correcting for absorption differences, was also obtained. This plot
compares the efficiency of the photoinitiators in converting the light energy into polymers.
The slope of this graph gives the value of the quantum yield of photopolymerisation (Op) i.e.
the number of monomer molecules

2.5 Real Time Infrared

The thioxanthones (0.001 mol %) were dissolved in a minimum quantity of tetrahydrofuran
followed by mixing thoroughly with a multifunctional methacrylic monomer (2.0 g) such as
ethoxylated bisphenol A dimethacrylate (Sartomer 348). Identical samples were also prepared
and followed by the addition of 1 % of the co-initiator ethyl 4-(dimethylamino) benzoate
(EDB). Traces of solvent were removed by flushing the samples with argon for at least 30
minutes. The sample mixture was then placed between two pieces of low density polyethylene
using a separator to give a film thickness of 50 (xm. and then placed between two sodium
chloride plates in the sample beam. Two polyethylene film samples were placed in the
reference beam and were used as the reference.

An infrared spectrum of the sample was recorded between 1700 cm"1 to 1500 cm"1 using a
Perkin-Elmer infrared spectrometer model 842 to determine the baseline value of the vinyl
absorption at 1638 cm"1 before irradiation. The decrease in absorbance at 1638 cm"1 of the
vinyl absorption band was then monitored in real time mode during irradiation using a fibre
optic arrangement. The samples were irradiated for 20 seconds. The irradiation source used
here was an ILC model 302UV (Laser Lines Limited, Beaumont Close, Banbury, Oxon, UK.)
switchable between UV and visible light with a cut-off point at 400 nm. Plots of percentage
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conversion versus time in second were obtained and then the rates of polymerisation (Rp)
were calculated from the slopes of the real time infrared (RTIR) profiles11.

3. RESULTS AND DISCUSSION

3.1 Spectroscopic Properties

Absorption maxima and molar extinction coefficients (logarithm) for all the 1-chloro-and 1-
phenylthio-4-oxy derivatives are compared with the corresponding data for the 4-n-propoxy
and 4-hydroxy derivatives as shown in Table 1. In the case of the 4-hydroxy derivative, it was
not very soluble in cyclohexane and therefore, only a wavelength maximum was given. Closer
examination of the spectra show that the long wavelength absorption maxima for all the
thioxanthone derivatives are slightly red shifted (bathochromic shift) from cyclohexane to
chloroform with no significant change in the extinction coefficient i.e. the values of log e are
in the range 3.6-4.0.

There is a small hypsochromic shift (blue shift) in the solvents of higher polarity. This shows
a long wavelength transition with a mixed n7t*/7t7t* character with little change in the molar
extinction coefficient (emax) values. Thus, small patterns of substitution can have a significant
influence on the excited state properties and activity of the thioxanthone chromophore. Like
the 4-/z-propoxy derivative, all the thioxanthone compounds show similar absorption maxima.
In the case of the 1-phenylthio derivative, the absorption maximum is significantly red shifted
(bathochromic shift) compared with the 1-chloro derivatives. The electron donating effect of
the phenylthio group is significant in this regard causing an enhancement in the molar
extinction coefficient.

The fluorescence emission maxima and quantum yields of the 1-chloro- and l-phenylthio-4-
oxy derivatives in different solvents are compared by the data in Table 2. A large
bathochromic shift (red shift) is observed in the emission wavelength maxima with increasing
solvent polarity from cyclohexane to ethanol. Thereafter, there is a large hypsochromic shift
(blue shift). This data is consistent with the absorption spectra and suggestive of a lowest
lying singlet rat* excited state with a close lying upper n7t* excited state.

In non-polar solvents like cyclohexane, all the fluorescence quantum yields of the
thioxanthone derivatives are very low, except for the 4-hydroxy derivative and show a
tendency to increase in solvents of higher polarity such as from cyclohexane to ethanol. This
is consistent with a lowest lying singlet 7C7t* excited state decreasing in energy and increasing
the distance, from that of the next upper singlet n%* excited state. However, the quantum
yields in general are low and suggestive of a high rate of intersystem crossing to the next lying
triplet state. From the previous study on laser flash photolysis, it was reported that the 1-
chloro-4-n-propoxy derivative of thioxanthone (CPTX/standard industrial system) had a
relatively high quantum yield of intersystem crossing13.

Phosphorescence emission maxima, quantum yields and lifetimes of all the 1-chloro-and 1-
phenylthio-4-oxy substituted thioxanthones in absolute ethanol are compared by the data
shown in Table 3. The phosphorescence emission maxima of the 1-chloro derivatives are seen
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Table 1: Absorption Maxima ,-5 iand Extinction Coefficients (e/moF m ) of ThioxanthoneDerivatives in Different Solvents at 5 x 10 M

Thioxanthone

-Chloro-4-isopropoxy-
-Chloro-4-(2-methylbutanoxy)-

l -Chloro-3-methyl-4-propoxy-
-Chloro-2-methyl-4-propoxy-
-Chloro-4-allyloxy-
-Chloro-4-benzy loxy
-Chloro-4-propoxy-

I -Chloro-4-hydroxy-
1 -Pheny lthio-4-propoxy-

Cyclohexane

^max

376s/387
374s/386
369s/378
380s/388
374s/385
373s/385
375s/386
373
415s/422

Loge
3.80
3.80
3.81
3.77
3.80
3.81
3.80

—
3.98

Chloroform

"max

391
390
385
395
390
389
391
387
427

Loge
3.79
3.78
3.77
3.80
3.79
3.79
3.78
3.61
3.96

Ethanol

A-max

391
390
381
392
389
389
390
395
424

Loge
3.78
3.79
3.77
3.77
3.79
3.80
3.79
3.57
3.95

Acetonitrile
A-max

386
385
380
390
384
385
386
386
422

Loge
3.80
3.78
3.82
3.81
3.80
3.82
3.81
3.66
3.98

DMF

"max

388
387
384
390
387
386
387
390
426

Loge
3.83
3.82
3.79
3.80
3.85
3.83
3.81
3.68
3.99

DMF, A/,iV-dirnethylformamide; s, shoulder

Table 2: Fluorescence Emission Maxima (T-max/nm) and Quantum Yields (<J>p) of Thioxanthone Derivatives in Different Solvents

Thioxanthone

1 -Chloro-4-isopropoxy-
1 -Chloro-4-(2-methylbutanoxy)-
1 -Chloro-3-methyl-4-propoxy-
1 -Chloro-2-methy 1-4-propoxy-
1 -Chloro-4-allyloxy-
1 -Chloro-4-benzyloxy
1 -Chloro-4-propoxy-
1 -Chloro-4-hydroxy-
1 -Pheny lthio-4-propoxy-

Cyclohexane

Amax

402
402
402
403
402
402
402
403
422

(DF

5.71xlO"5

5.63xlO"5

4.54xl05

6.07x10"5

4.95xlO"5

4.93xlO"5

5.99xl05

3.82xlO"3

8.68xl0"5

Chloroform

"max

441
441
428
446
439
433
443
438
484

4.48xlO"j

3.70x10°
6.84xlO"4

6.04x10"3

2.05xl0"3

2.01xl0"3

1.50xl0"2

1.94xlO"3

l.OOxlO"4

Ethanol

^max

464
462
448
472
458
461
464
477
473

4>P

2.77xlO2

2.11xlO2

4.13xlO3

3.27xlO"2

1.66xlO"2

1.61xlO2

2.15xlO"2

4.52xlO"3

2.72xlO"4

Acetonitrile

^ m a x

442
435
431
443
435
437
442
444
486

<I>P

1.05xl0"3

8.56X10"4

2.07xl04

1.28x10°
4.98xlO'4

5.12x10"
7.37xlO"4

1.73xlO"3

2.12xlO"5

DMF
^ m a x

433
433
432
439
431
435
436
450
489

7.24xlO"4

6.76xlO"4

2.47X10"4

l.lOxlO"3

4.24xlO"4

5.25X10"4

7.10xl0"4

3.17xlO'3

1.41X10"4

DMF, N.A^-dimethylformamide



to be close to those of the fluorescence except for the 1-phenylthio derivative and thus
suggestive of close lying singlet and triplet KK* excited states i.e. the lowest singlet and triplet
levels are similar in energy. The phosphorescence triplet lifetimes are also typical for those
expected of a lowest lying triplet KK* excited state.

It is also interesting to note that the l-chloro-4-benzyloxy derivative shows the highest
phosphorescence quantum yields. The introduction of a 2-methyl group in the l-chloro-4-n-
propoxy derivative also enhances the phosphorescence of the molecule. In the case of the 1-
phenylthio derivative, the phosphorescence quantum yield is markedly reduced and the
emission maximum significantly red shifted (bathochromic shift) from that of the 1-chloro
derivatives of thioxanthone.

Table 3: Phosphorescence Emission Maxima (Amax/nm), Quantum Yields (<t>P) and Lifetimes (tp/ms)
of Thioxanthone Derivatives in Absolute Ethanol

Thioxanthone
1 -Chloro-4-isopropoxy-
1 -Chloro-4-(2-methylbutanoxy)-
-Chloro-3-methyl-4-propoxy-

l -Chloro-2-methyl-4-propoxy-
-Chloro-4-ally loxy-

l -Chloro-4-benzyloxy
I -Chloro-4-propoxy-
-Chloro-4-hydroxy-

l -Phenylthio-4-propoxy-

Emission Xm^
All
413
457
482
470
472
474
492
524

<DP

0.08
0.10
0.10
0.17
0.05
0.22
0.06
0.09
0.017

xP
223
296
130
165
173
185
209
145
45

3.2 Photoreduction Quantum Yields

The photolysis or photoreduction quantum yields of the 1-chloro- and l-phenylthio-4-oxy
substituted thioxanthones in the absence and presence of a tertiary amine like triethylamine
are compared by the data shown in Table 4. The quantum yields of these compounds are
generally low when irradiated in the absence of triethylamine in 2-propanol. But the quantum
yields of the thioxanthone derivatives are enhanced considerably in the presence of the amine.
This is consistent with photoreduction of the excited thioxanthone via a low lying triplet
exciplex with the amine involving electron transfer. In the case of the 4-hydroxy derivative,
there is virtually no photoreaction in the absence or presence of an amine, and may be
associated with two possibilities. The first, is the strong nn* character of its lowest excited
triplet state while the second is the reduction in dehalogenation. The latter appears to be very
much controlled by the nature of the 4-substituent. Furthermore, the 1-phenylthio derivative is
also highly inactive in the absence or presence of an amine and is associated with the strong
KK* character of its lowest excited triplet state.
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Table 4: Photoreduction Quantum Yields of Thioxanthone Derivatives in
2-Propanol

Thioxanthone
1 -Chloro-4-isopropoxy-
1 -Chloro-4-(2-methylbutanoxy)-
1 -Chloro-3-methyl-4-propoxy-
1 -Chloro-2-methy 1-4-propoxy-
1 -Chloro-4-allyloxy-
1 -Chloro-4-benzy loxy
1 -Chloro-4-propoxy-
1 -Chloro-4-hydroxy-
1 -Phenylthio-4-propoxy-

No Amine <5R

0.0005
0.0007
0.017
0.0015
0.0065
0.0055
0.009
<10"4

<10"4

Aminea 4>R

0.06
0.11
0.44
0.05
0.26
0.11
0.28
<10"4

< 1 0 ^
a 10~3 M triethylamine (TEA)

3.3 Photoinitiated Polymerisation

There are a number of interesting features that can be gathered from the photoinduced
polymerisation data. Rates of propagation and quantum yields of monomer conversion in
aerobic (air) and anaerobic (nitrogen) conditions for the 1-chloro- and 1-phenylthio-4-oxy
derivatives of thioxanthone are compared by the data shown in Table 5. The first interesting
result is that there is a high rate of conversion in the presence of oxygen for all the 1-chloro
derivatives with the exception of the 4-hydroxy and 1-phenylthio derivatives. This indicates
the important role of photodehalogenation, as found previously13. In this case, the chlorine
radical would abstract the hydrogen atom from the amine to produce the active alkylamino
radical.

The second interesting feature is that all the thioxanthone compounds of 1-chloro- and 1-
phenylthio-4-oxy derivatives are less reactive in the presence of oxygen than in the absence of
oxygen (anaerobic condition). All the derivatives of thioxanthone show high quantum yields
in an anaerobic condition. Furthermore, the 4-hydroxy derivative has very low activity in the
presence of oxygen and clearly demonstrates the importance of the nature of the 4-substituent
in controlling the dehalogenation reaction. Under the conditions of irradiation used here, the
365 nm mercury (Hg) line would induce photoexcitation to the lowest excited singlet nTt/mi*
states.

Table 5: Photocalorimetry Data (Rp/mol dm"3 s"1 and OP) in Aerobic and Anaerobic Butyl Acrylate of
Thioxanthone Derivatives at 3 x 10~3 M

Thioxanthone

-Chloro-4-isopropoxy-
-Chloro-4-(2-methylbutanoxy)-
-Chloro-3-methyl-4-propoxy-
-Chloro-2-methyl-4-propoxy-
-Chloro-4-allyloxy-

[ -Chloro-4-benzyloxy
I -Chloro-4-propoxy-
l -Chloro-4-hydroxy-
l -Phenylthio-4-propoxy-

Aerobic*
RP x 10"2

1.75
2.17
1.43
0.89
2.19
2.89
1.75
0.08
0.07

®r
63.8
80.1
50.8
32.0
79.6
105.6
64.0
3.0
2.7

Anaerobica

RP x 10~2

2.4
2.3
2.3
1.2
2.3
3.5
2.3
1.8
0.6

<&P

97.1
84.1
86.9
47.6
95.6
133.2
96.5
71.3
24.3

a 6 x 10 M diethylethanolamine
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It is observed that the high photoconversion during polymerisation in the presence of oxygen
for all the l-chloro derivatives, except that of the 4-hydroxy, is also enhanced by the presence
of a tertiary amine cosynergist showing the predominance of photo-dehalogenation. The
nature of the 4-substituent appears to play a major role in this regard. This was shown to be
the case previously for dehalogenation from the 1-position13. However, the nature of the 4-
substituent is also known to markedly influence the photoactivity of the thioxanthone
chromophore in terms of hydrogen atom abstraction and electron transfer reaction Methyl
and methoxy groups in the 4-position are known to activate the chromophore14"15. The former
is also evident for thioxanthones with water solubilizing groups based on the iV,iV^V-trimethyl-
1-propanaminium salt16. The 1-phenylthio derivative shows a high degree of charge-transfer
character in its lowest excited singlet and triplet states and is consequently highly inactive.
The results are also consistent with the differences in photoreduction quantum yields,
especially in the presence of an amine cosynergist.

The real time infrared (RTIR) analysis, again was performed using a polychromatic light
source with a filter allowing ultraviolet light irradiation with wavelengths less than 400 nm
and visible light irradiation with wavelengths above 400 nm. Both types of irradiation sources
were used to examine the behaviour of all the thioxanthone compounds like the l-chloro- and
l-phenylthio-4-oxy derivatives in the absence and presence of a solid tertiary amine [ethyl 4-
(dimethylamino)benzoate/EDB]. It should be noted that the presence of an amine cosynergist
is considered to be an essential part of the formulation in an industrial situation.

The photopolymerisation data obtained from real time infrared (RTIR) analysis is shown in
Tables 6 and 7. The influence of ultraviolet light against visible light and the effect of amine
on the rate of polymerisation (Rp/mol dm"3 s"1) as well as the percentage of residual
unsaturation content (RU) of the cured polymer are examined11. The first interesting result is
that the effect of amine is highly synergistic with all the l-chloro thioxanthone derivatives.
The rates of polymerisation for all the l-chloro derivatives increase in the presence of an
amine. Furthermore, it is observed that the residual unsaturation content of the cured polymer
at 1638 cm"1 is reduced. In the absence of an amine, the percentage of photoconversion is very
low and this is consistent with the photoreduction data in Table 4. Previous reports showed
that photodehalogenation was enhanced in the presence of an amine13.

Table 6: . - 3 -1Photopolymerisation Data (Rp/mol dm" s ) in Sartomer 348 with 1% w/w EDB using Thioxanthone
Derivatives at 1CT3 mol %

Thioxanthone

1 -Chloro-4-isopropoxy-
1 -Chloro-4-(2-methylbutanoxy)-
1 -Chloro-3-methyl-4-propoxy-
1-Chloro-2-methyl-4-propoxy-
1 -Chloro-4-allyloxy-
1 -Chloro-4-benzyloxy
1 -Chloro-4-propoxy-
1 -Chloro-4-hydroxy-
1 -Phenylthio-4-propoxy-

UV light/RP

No amine
1.87
2.25
6.37
1.32
3.56
3.98
2.04
0.95
0

Amine
21.15
18.47
16.79
20.57
20.14
19.26
20.57
14.64
0

Visible light/RP

No amine
2.00
2.07
4.82
1.04
2.77
2.60
1.84
0.48
0.28

Amine
20.89
25.76
16.69
23.09
24.48
23.63
22.79
17.92
0

Sartomer 348, ethoxylated bisphenol A dimethacrylate
EDB, ethyl 4-(dimethylamino)benzoate
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Another interesting result is that, when the thioxanthone derivatives are irradiated with visible
light above 400 nm, these thioxanthones show overall higher activity in the presence of an
amine. Due to the polychromatic nature of the light source, the involvement of several
reaction paths is enhanced. Thus, with no amine present whilst photoactivity is low, all the 4-
oxy derivatives of the 1-chloro thioxanthone show higher activity than the 4-hydroxy
derivative. This effect is consistent with the photocalorimetry data. However, under these
conditions, the 4-hydroxy derivative is observed to have higher activity in the presence of an
amine. Here the involvement of the triplet exciplex between the excited triplet state of the
thioxanthone and amine is important and compliments the photocalorimetry data. In the case
of the 1-phenylthio derivative, there is virtually no photoactivity via hydrogen atom
abstraction or electron transfer processes.

Table 7: Photopolymerisation Data (RU/%) in Sartomer 348 with 1% w/w EDB using
Thioxanthones at 10~3 mol %

Thioxanthone

1 -Chloro-4-isopropoxy-
1 -Chloro-4-(2-methylbutanoxy)-
1 -Chloro-3-methyl-4-propoxy-
1 -Chloro-2-methyl-4-propoxy-
1 -Chloro-4-allyloxy-
1 -Chloro-4-benzyloxy
1 -Chloro-4-propoxy-
1 -Chloro-4-hydroxy-
1 -Phenylthio-4-propoxy-

UV light/RU
No amine
79.6
81.3
64.8
83.6
76.0
75.7
80.6
90.4
98.7

Amine
51.2
48.3
50.1
50.3
49.0
49.0
50.5
56.6
99.3

Visible light/RU
No amine
79.3
79.9
67.1
84.4
76.3
75.3
79.1
96.9
94.9

Amine
50.2
51.0
49.5
50.7
49.7
49.6
50.2
55.9
99.3

4.

Sartomer 348, ethoxylated bisphenol A dimethacrylate
EDB, ethyl 4-(dimethylamino)benzoate

CONCLUSIONS

Spectroscopic analysis on the 1-chlorothioxanthones indicates a high rate of intersystem
crossing to the triplet state. The latter is essentially nn* in character but strongly mixed with a
close lying n;c* state. Compared with the 4-hydroxy derivative used as a comparative model,
all the 4-oxy derivatives exhibit much higher photoinitiation activity. High photoinitiated
polymerisation activity is observed in the presence of oxygen indicating the predominance of
photodehalogenation which is enhanced by the presence of a tertiary amine cosynergist. The
nature of the 4-substituent appears to play a major role in this regard. The 1-phenylthio
derivative exhibits a high degree of charge-transfer character in its lowest excited singlet and
triplet states and is consequently highly inactive. The results are also consistent with the
differences in photoreduction quantum yields, especially in the presence of an amine
cosynergist. Laser flash photolysis studies and photoacid generation studies have also been
completed.
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ABSTRACT

UV oligomers with good pigment dispersion are needed to allow good formulation flexibility
and possibility to apply thinner films.

Pigment dispersion mainly depends on three phenomena : the wetting of agglomerates, the
breakage of agglomerates by mechanical stress and the stabilization of smaller agglomerates
and primary particles against flocculation. It has been shown that oligomers with low
viscosity and low surface tension induce a good pigment wetting.

Examples of monomers and oligomers for good pigment dispersion are given.

1. INTRODUCTION

At the present time, UV inks offer many advantages compared to conventional solvent based
inks. It remains that UV inks have to meet a lot of applicative criteria. Primarily, an ink has to
exhibit the right colour strength and the right rheology (good flow for instance). These two
parameters are interrelated. Moreover, inks must be solvent/stain resistant, and have good
printability... The objective of this study is to better understand pigment dispersion through a
UV vehicle in order to better control the rheology of the ink and its colour strength. Due to
the fact that UV inks for lithography, flexography and screen process are similar in
composition, we try to define guidelines for ink formulation.

Advantages of an optimized pigment dispersion are the possibility to have a greater flexibility
of formulation or to apply thinner films with the same colour strength.

In this study, we will present the main parameters that influence pigment dispersion, some
guidelines to obtain a good pigment dispersion and finally how rheology measurements can
help to better understand flow/colour strength behaviours of inks and concentrates.

2. EXPERIMENTAL

Raw materials are as follows : Red Magenta PR 57.1 and Yellow PY 74.
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Oligomer and monomer viscosities were measured by a Brookfield viscometer. Pigment
dispersion viscosity was measured with a controlled stress apparatus (Rheometrics SR 200)
through viscoelastic measurements.

Surface tensions have been measured by the Du Nouy Ring Method with a Sigma KSV
tensiometer at 25°C.

3. PIGMENT DISPERSION PRINCIPLES

The primary objective of pigment grinding is to incorporate pigment particles into a liquid
vehicle in order to obtain a fine particle dispersion. Quality of ink is directly linked to
pigment dispersion status. The most important property of an ink is its colour strength. Colour
strength increases when particle size decreases, due to the fact that colour intensity is
correlated to the light absorbed by the pigment particles. However by increasing pigment
dispersion, ink viscosity increases which leads to poor flow.

Dispersion processes may be divided in three independent steps (1-2)

- the wetting of agglomerates
- the breakage of agglomerates by mechanical stresses
- the stabilization of smaller aggregates and primary particles against flocculation.

• Wetting of agglomerates

In the dry state, powders usually contain aggregates of primary particles. The liquid has first to
wet these aggregates and must also displace (if possible) air from the internal surfaces between
the particles in the clusters. The penetration of liquids into the dry pigment is essentially
described by the Washburn equation (3):

T ycosei 1 / 2 m

L -n J
vp rate of penetration of liquids into pores of agglomerates
x average radius of pores
y surface tension of liquid
r| viscosity of liquid
G contact angle of liquid on pigment

From this equation, it is clear that viscosity and surface tension of oligomers and monomers
will have a great role in the first step of pigment dispersion. Toussaint & al have shown that
these two parameters are very important for dispersion in « high solids » resins (4).

• Mechanical breakage of agglomerates
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Winkler (1-2,5) has proposed the «hammer/nut» model to explain the influence of
mechanical breakage on agglomerates. In order for the nut (agglomerate) to be cracked
(dispersed), it must

1) be hit
and
2) be hit hard enough

By using this analogy, the toughness of the nutshell is similar to the strength of the
agglomerates.

The probability for an agglomerate to be dispersed in a dispersing medium has been shown to
be the product of two probabilities :

P = Pt x Pe [2]

Pt: the probability for an agglomerate to be hit
Pe : the probability for an agglomerate to be hit hard enough

The partial probability Pt for an agglomerate to be hit is :

(-^^) [3]

k.Veff = effective volume per time unit
VT = total volume of mill base in the milling chamber
t = time

The partial probability Pe for the agglomerates to be hit hard enough is

Pe=l-expf _ajO [4]
I VT.CTJ

a = mediation constant
a - agglomerate strength
E/VT = energy density

These equations highlight the fact that a lack of energy density during a dispersion can not be
substituted by longer dispersion time and vice versa. Coming from these probabilities, the
achieved degree of dispersion corresponds to an agglomerate size which is determined by the
difference between energy density (maximum stress) and agglomerate strength.

In order to improve the final state of dispersion, it must be given the most severe mechanical
stress to the agglomerate in order to increase energy density factor.

Stress is directly related to the viscosity of dispersion and shear rate. Shear rate values greatly
depend on the grinding equipment (6). For instance, with an impeller, shear rate is between
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100 s"1 and 300 s1, as compared with a three roll mill with a shear rate of 20 000 s"1 to 80 000
s1. It is easy to understand that better dispersion will be obtained with a three roll mill
apparatus.

• Stabilization of smaller aggregates and primary particles against flocculation

The third step is to maintain the dispersed state since the particles have a natural tendency to
reagglomerate. For a UV vehicle, stabilization is mainly due to steric stabilization. The
conformation of the adsorbed oligomer on the pigment particle is the main parameter that
influences flocculation.

4. PIGMENT DISPERSION WITH UV VEHICLES

As presented just above, wetting is the first condition for a good dispersion. In this section,
we do not discuss the effect of mechanical breakage that mostly depends on the grinding
apparatus used.

Most organic pigments have low surface tension. In order to wet the pigment surface,
oligomers and monomers used in an ink formulation must have a low surface tension. As
described by the Washburn equation [1], penetration of the UV resin in the dry pigment is
more favorable in case of low viscosity.

To highlight the effect of resin viscosity and surface tension, pigment concentrates have been
prepared with the Yellow PY 74 pigment by a impeller grinding apparatus. Viscosities of the
pigment dispersion have been measured at various shear rates (see figure 1). This allows
determination of pseudo plastic behaviour of the concentrate. The dispersion viscosity is
directly related to the pigment dispersion state :

1 dispersion Mo

<fm

[5]

r|0 : resin viscosity
<|>m : maximum particle volume fraction
<|)eff : effective volume fraction (depends on number of primary and aggregates particles)

As presented in Table 1, monomer surface tension has a great influence on pigment dispersion
rheology : a decrease in surface tension leads to a better wetting of pigment particles by
monomer and then to a better dispersion state. Propoxylated neopentyl glycol diacrylate (SR
9003) leads to better dispersion state than tripropylene glycol diacrylate (SR 306). The effect
of the initial monomer viscosity has a great influence on pigment dispersion rheology as
shown on Table 2. For instance, tetrahydrofurfurylacrylate (SR 285) exhibits lower dispersion
viscosity than trimethylolpropane triacrylate (SR 351). Same characteristics have been
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observed for oligomers : increasing initial viscosity of the neat oligomer leads to a higher
dispersion viscosity (see figure 2).

With regard to Magenta pigment, its aggregation state in dry powder is too strong to be
dispersed just by an impeller apparatus. Trials have been done with monomers but the quality
of dispersion is too poor (observed by optical microscopy) to investigate rheological
characteristics. This observation is in good correlation with the mechanical breakage model of
Winkler (1-2). To obtain pigment dispersion with good colour strength, a three roll mill has
been used to prepare dispersion based on Magenta. One of the constraint of using a three roll
mill is that the initial viscosity of the vehicle has to have a minimum viscosity value.
Therefore, a monomer / oligomer blend has been used for Magenta dispersion.

Pigment concentrates based on Magenta exhibit very high viscosity. Characterization of
concentrates based on epoxidized soya been oil acrylate (CN 111) and bisphenol A epoxy
diacrylate (CN 104) through viscoelastic measurements instead of shear viscosity has been
done. Values of elastic modulus G' and loss modulus G" have been determined in the linear
domain of the gel. Examples of graphs are presented in figure 3. Depending on the oligomer
used, G' can be lower or greater than G" . A concentrate based on CN 104 exhibits a value of
G\ that is greater than the value of G" : this means that the elastic component of the gel is
predominant compared to the viscous component. This could be interpreted by a 3
dimensional structure that corresponds to a flocculated structure. Flocculated systems usually
exhibit very poor flow properties.

On the other hand, a concentrate based on epoxidized soya bean oil acrylate
(CN 111) presents a loss modulus G" higher than elastic modulus G'. This concentrate has a
more viscous behaviour and it is favorable for a good flow.

5. CONCLUSION

This article reviewed the main parameters influencing pigment dispersion : wetting of
agglomerates, breakage of agglomerates and stabilization of agglomerates.

Influence of surface tension and viscosity of oligomers and monomers has been shown. In
order to reach a good pigment dispersion, monomers and oligomers with low viscosity and
low surface tension are required. An example of an epoxidized soya bean oil acrylate (CN
111) as a good candidate for pigment dispersion is given.
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Figure 1 : Evolution of pigment dispersion viscosity with shear rate TMPTA (SR 351),
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Ref.

SR272

SR306

SR 9003

Monomer name

Triethylene glycol
diacrylate
Tripropylene glycol
diacrylate
Propoxylated
Neopentyl
glycoldiacrylate

Monomer
viscosity
(mPa.s)

16

14

15

Monomer
surface
tension
(mJ/m2)

40

34

32

Pigment dispersion
viscosity (Pa.s)

at 1 s1

119

68

48

at 50 s1

25

14

10

Table 1 : Influence of surface tension on pigment dispersion

Ref.

SR285

SR351

SR355

Monomer name

Tetrahydrofurfuryl-
acrylate
Trimethylolpropane
triacrylate
Ditrimethylolpropane
tetraacrylate

Monomer
viscosity
(mPa.s)

36

96

727

Monomer
surface
tension
(mJ/m2)

37

37

37

Pigment dispersion
viscosity (Pa.s)

at 1 s1

68

164

313

at 50 s1

9

22

38

Table 2 : Influence of viscosity on pigment dispersion
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I. INTRODUCTION

The almost all of the present UV curing formulation are the photo-radical polymerization
system using the acrylate monomers. These UV curing system are applied in many fields such as
paints, adhesions, inks and so on. The photo-cationic polymerization system which requires
epoxy monomer is also applied to the various fields such as can coating, silicone release, flexo
inks, etc. But practical applications of photo-cationic curing are limited compared with those of
photo-radical curing. Because the available materials of epoxy monomers are quite few, in
particular, the variety of initiators of photo-cationic polymerization is limited and their
efficiencies are not sufficient so far. Since photo-radical and photo-cationic polymerization
systems have the unique characteristics which can be complemented the other's defects, the
hybrid system is drawn much attention in these days. However, the photo initiator which can
initiate both radical and cationic polymerization simultaneously has not been developed, even
the combination of two types of initiators is limited for the hybrid system.

This paper presents the novel sulfonium salts which are able to initiate both photo-radical and
photo-cationic polymerization and the wide applications to the clear and pigmented systems.

II. METHODS AND MATERIALS

Materials

Monomers : Cycloaliphatic epoxide (UVR-6110) was obtained from Union Carbide Corp.,
o-cresolnovolak glycidyl ether (YDCN- 704P, n ^ 13) was obtained from Tohto Kasei Co., Ltd.,
and diacrylates of bisphenol A modified by about 4 molar ethyleneoxides (M-210) was
obtained from Toagosei Co., Ltd..

Initiators : Novel cationic initiators were prepared according to the procedure described in
the patent(l). These initiators were used as 50wt% solution of j -butyrolactone.
Triphenylsulfonium hexafluorophosphate (UVI-6990, 50wt% propylene carbonate solution)
was obtained from Union Carbide Corp., and di-te/t-butylphenyliodonium hexafluorophosphate
(DBPI, 50wt% 7 -butyrolactone solution) was prepared according to the literature(2). We
confirmed that 7 -butyrolactone barely affected the polymerization of epoxide. The initiators
were used 50wt% solution of 7 -butyrolactone or propylene carbonate in the each experiment.
2,2-Dimethoxy-l,2-diphehylethane-l-one (IC-651) was obtained from Ciba-Geigy Ltd., and
benzoin methyl ether (BME) was the reagent of reagent grade. These two compounds were
employed as photo-radical initiators.

Sensitizers : 2,4-Dimethylthioxanthone (DMTX) was obtained from Nippon Kayaku Co.,
Ltd.
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DSC measurement

Differential scanning calorimetry (DSC) measurement was carried out with DSC 220 C of
Seiko Instruments Inc. The heating rate was 10°C/min. under a flow of N2 gas.

Relative photosensitivity

An aluminum plate was coated with a dioxane
solution of YDCN-704P (80wt%), UVR-6110
(20wt%), 4 parts of initiator and a part of
sensitizer by the spinning coater, and dried at
60°C for 20 min. The thickness of the film was
about 8#m. The film was covered with Step
Tablet No.2 (Eastman Kodak Co.), and irradiated
at 1000 mJ/cm2 with a super high pressure Hg
lamp. Then, it was heated at 60^C for 15 min.
The development of the film was carried out in
1,1,1-trichloroethane by sonication for 30 sec.

Real-time FT-IR
induced polymerization

measurements of UV-

Measurements of the reaction rates of
epoxide monomer (absorption at 790 cm1) and
acrylate monomer (absorption at 1635 cm"1)
were carried out by real-time FT-IR with FT-
IR ( MAGNA 760, Nicolet ) attached the
reflection type optical apparatus and the spot
cure type UV lamp (SP5-250U, UV lamp ;
UXM-Q256BY, USHIO Inc.). The
incorporation rate of data was 70 ms / scan at a
resolution of 8 cm"1. The film of epoxide
formulation was prepared on a tin plate coated
by the bar-coater. The thickness of film was 10
P-m. The incident light intensity at the surface
of sample was measured by the radiometer (UNI
METER UIT-101, USHIO Inc.) attached the
detector head (UVD-S365 or UVD-405PD,
USHIO Inc.). The perceivable wavelength bands
of UVD-S365 and UVD-405PD were 310-390
nm and 330-490 nm, respectively.

III. RESULTS AND DISCUSSION

The specific structure of synthesized
sulfonium salts in this study is having naphtyl
and a-ester alkyl groups as shown in Table I. As

CH3 ^

S—CHCOOR2

x"

Table I. Structures of sulfonium salts

No. Ri R2 X

1
2

3

4

CH3

CH3

CH3

CH2CH3

CH3

CH2CH3

CH2CH3

CH3

PF6

PF6

SbF6

PF6

CH2CH3 CH2CH3 PF6

1 2 3 4 5

Irradiation time (sec.)

Fig.l The comparison of photoactivity of
the various onium salts.

2 parts of onium salt were used by in
UVR-6110 with 0.5 parts of DMTX for
sulfonium salt No.2 and DBPI. The light
intensity of the sample surface was 20
mw/cm .

• :UVI-6990
• :sulfonium salt No.2 and DMTX
A:DBPI and DMTX
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the difference of photoreactivities among these sulfonium salts was hardly observed, the
following photoactivites were evaluated by using of sulfonium salt No.2. This structure makes
it possible for photo cationic polymerization to proceed with high activities of the initiation
compared with existing initiators (Fig.l).

As for the counter anions, sulfonium salt with
SbF6 anion showed a higher photoactivity than
that with PF6 anion as well as those of iodonium
salts (Fig.2). In general, since SbF6 anion forms
looser interaction with the cationic propagation
end than PF6 anion, the easy insertion of
monomer is considered to show the high
photoactivity of onium salts with SbF6 anion.

Besides, the quantum yield of initiator was
hardly affected by the kind of counter anions
such as SbF6" and PF6~, and there seems to be
little difference of the polymerization rate in the
initial stage of polymerization. Therefore the
other reasons that the polymerization rate
depends on the kind of counter anions might be
the following possibilities; (i) in the photo
cleavage reaction under the highly viscous
conditions, the generation rate of Bnjmsted acid
after the photo cleavage of initiator is varied by
the anion species, (ii) HSbF6 can initiate the
photo polymerization at a lower concentration
than HPF6, (iii) the moisture in the monomer may
make Bnjmsted acid less active due to the
hydration and the susceptibility of hydration
seems to be changed by the counter anion.

The photo-reaction mechanism of these
synthesized sulfonium salts is assumed to be
similar to that of iodonium salts(3), i.e.,
Bnjmsted acid as active species is generated
by the photo cleavage at the sulfur atom of
sulfonium salt (Scheme 1).

On the other hand, photo reaction
pathways of triphenyl sulfonium salt are
considered to be two types, the
photogeneration of Bnjmsted acid by the
intramolecular reaction (in-cage reaction)
and the intermolecular reaction (cage-escape

1

Irradiation time (sec.)
Fig.2 The comparison of photoactivity of
sulfonium salt No.2(«)and No.3(O).

The samples were prepared by mixing
each sulfonium salt (2 parts) in UVR-
6110. The light intensity of the sample
surface was 495 mW/cm'i

CH3R1
Ar-S—CHCOORg

X"

CH3

Ar-St + R-H
X"

•CHCOOR2

CH3

Ar-S-H
X"

+ R-

CH3

Ar-S-H
X"

CH3

Ar-S + H+x"

reaction), and both of them usually occur(4-
9). However, the intramolecular reaction
becomes prior to the intermolecular reaction
under the highly viscous conditions.

The equilibrium of photo cleavage
type initiator might be established as
shown in Scheme 2. According to
the equilibrium, the active species of
photo cleavage type initiator seems to
be disadvantageous compared with
that of triphenylsulfonium in the

Scheme 1

CH3 R-|

Ar-S—CHCOOR2

X"
•CHCOOR2

X

Scheme 2
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Ar-S—CHCOOR2

x"

h V
DMXT •

CH3R1
Ar-S—CHCOOR2 DMXT

X"

Ar-S + -CHCOOR2 +
It YDMXT X

Scheme 3

1 2 3 4 5
Irradiation time (sec.)

Fig.3 The photoactivity of sulfonium salt
No.2 through the filter.

4 parts of sulfonium salt and 1 part of
DMTX were mixed in UVR-6110 at 420
mw/cm2 of the light intensity ( • ) , at 20
mw/cm2(#) and in the absence of DMTX
at 420 mw/cm2(A).

highly viscous formulation like epoxide. It seems
to be one of the reasons why triphenylsulfonium salts show the higher photoreactivity than
other onium salts. The photosensitizing is considered to be effective to improve the initiation
efficiency of photo cleavage type initiators, when the active species transfer from onium salts to
the sensitizer irreversibly. This conversion into irreversible photoreaction might be an important
role of sensitizer in addition to the expansion of absorption wavelength bands.

Thioxanthone derivatives were employed as photosensitizers. Whereas our sulfonium salt
exhibits the absorption spectra up to about 350nm, thioxanthone derivatives could be able to
sensitize sulfonium salts in the longer wavelength bands (Scheme3).

As shown in Fig.3, the epoxide monomer was effectively polymerized with using the filter
which had a window from 390 to 420 run. The result of the photoreactivity measurement
indicated photo-sensitizing of sulfonium salts by thioxanthone, and this use of thioxanthone
derivatives is expected to the pigmented system because of their effective sensitizing. Since the
combination of sulfonium salt No.2 and thioxanthone showed higher relative photosensitivity
than other existing initiators
(Table II), it can be applied to the
photoresist and so on.

These sulfonium salts act as a
photo-radical initiator in the
presence of thioxanthone
derivatives, because it was
presumed that sulfonium salts
generated acrylate radical
effectively caused by photo-
cleavage, and it initiated radical
polymerization. This ability is the
most suitable for the hybrid system

Table II. Relative sensitivity of cationic initiators.

Initiator

UVI-6990

Sulfonium salt No.2

DBPI

Sensitizer

DMTX

DMTX

Insoluble
No.
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9 } ?
A r-S—CHCOOR2

X"

CH3 Ri
-A r-S + ArS-CHCOOR2

(50%) (50%)

Y7
CH3R-|

A r-S—CHCOOR2
X"

H CHCOOR,

Ar-S-CHCOOR2 + O x"
CH3

Scheme 4

1 2 3 4

Irradiation time (sec.)

Fig.5 The comparison of photoactivity in the
hybrid and the simple system.

Sulfonium salt No.2 (4 parts) and DMTX (1
part) were used in the mixture of UVR-6110
(50wt%) and M-210 (50wt%) for the hybrid
system, in UVR-6110 alone or in M-210 alone
for the simple system. The light intensity of the
sample surface was 495 mW/cm2.

• :epoxide conversion of the hybrid system
Bhacrylate conversion of the hybrid system
O:epoxide conversion of the simple system
D:acrylate conversion of the simple system

70

60

50

r

I ? c 40
CH3 CHR .2

O i + I £
—*• A r-S CHCOOR2 u 30

x" §
u 20

W CHR
A r-S-CH3 + O x" + 10

0
0 1 2 3

Irradiation time (sec.)

Fig. 4 The comparison of photoactivity of
various photoinitiators in the hybrid system.

4 parts of sulfonium salt or UVI-6990 and 1
part of DMTX, IC-651 or BME were mixed in
the resin consisted of 50wt% of UVR-6110 and
50wt% of M-210. The light intensity of the
sample surface was 20 mw/cm2.
• :epoxide conv. (sulfonium salt N0.2+DMTX)
• :epoxide conversion (UVI-6990 + IC-651)
A:epoxide conversion (UVI-6990 + BME)
O:acrylate conv.(sulfonium No.2+ DMTX)
Qacrylate conversion (UVI-6990 + IC-651)
A:acrylate conversion (UVI-6990 + BME)

t
.8
o
X
W

Temperature (°C)

Fig.6 DSC curve of UVR-6110 with
6 parts of sulfonium salt No.2.

Top peak temperature was 179°C.
AH was-572.2 mJ/mg.
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among other existing systems (Fig.4). As each polymerization reaction doesnt affect to the
other reaction in the hybrid system, the monomers and resulted polymers may work as
plasticizers as shown in Fig.5. Consequently, the improvement of the polymerization rate and
reactivities was observed in the hybrid system compared with each single system.

These synthesized sulfonium salts also act as thermal latent cationic initiators. The result of
DSC measurement clearly showed that the thermal polymerization of epoxide monomer
proceeded above 130^ (Fig.6). Therefore, these sulfonium salts are suitable for the curing
system which required after-cure due to thick film and the shaded area from the light. The
thermal decomposition mechanism was examined by the identification of the products in the
thermal polymerization of cyclohexene oxide. Sulfonium salt No.2 was decomposed completely
within 30 min. at 150^C. Since the same quantity of two products were detected, the thermal
decomposition mechanism of a sulfonium salt was suggested as shown in Scheme 4.

But there seems to be another possible route that is the S-ylide formation owing to the
elimination of neighboring methine proton.

IV. CONCLUSION

The sulfonium salts which contained naphtyl and a-ester alkyl groups were newly
synthesized, for example , 2-naphtylmethyl-l-ethoxycarbonylethyl sulfonium hexaftuoro-
phosphate, and their properties as latent catalysts were investigated. The remarkable feature of
these sulfonium salts is that they are able to work as the initiators of photo-cationic, photo-
radical and thermal cationic polymerization. Because these sulfonium salts could be sensitized
by thioxanthone derivatives, it was possible to apply these sulfonium salts to the pigmented
system, e.g. titanium dioxide contained. And this system showed the same photoactivities as the
usual photoradical initiators, and efficiently polymerized radical monomers. In the hybrid
system, the reactivities of these sulfonium salts in the presence of photosensitizer were superior
to those of triarylsulfonium salt (UVI-6990) and 2,2-dimethoxy-l,2-diphenylethane-l-one (IC-
651). Further, these sulfonium salts were able to polymerize cycloaliphatic epoxides (UVR-
6110) at 130^, therefore the application of sulfonium salts to the thermal curing system was
also expected in the field which required after-cure followed photopolymerization.
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I. INTRODUCTION

The continued growth of UV curing as an industrial process is a driving force for the
development of new photoinitiators with improved photosensitivity and curing speed. An
example of this has been the development of N-substituted maleimides as photoinitiators for
the free-radical polymerizations of acrylate, vinyl ether and styryloxy monomers (1-5). The
high initiation efficiency of benzophenone-sensitized maleimides in the presence of a hydrogen
donor in the photopolymerization of acrylates has revealed the promising future of a new series
of maleimde photoinitiators as replacements for commercial photoinitiators currently on the
UV curing market (6,7). Our recent investigation into the role of various sensitizers for
maleimides (both aliphatic and aromatic) has led to the discovery of a high efficiency initiator
system, which consists of a malemide as the initiating species, a benzophenone derivative
sensitizer and an amine coinitiator. An exceptionally high efficiency has been found for the
initiation of the photopolymerization of 1,6-hexanedioldiacrylate using this initiating system.
This paper reports some of our recent Photo-DSC and Real-time FTIR studies of the
sensitization of photopolymerization processes, Investigations of the initiation mechanism
using instrumental analyses including Laser flash photolysis, ESR and Phosphorescence are
also summarised.

II. EXPERIMENTAL

Chemicals

1,6-hexanediol dimethacrylate (HDDA), technical grade from Aldrich, was used
without further purification as the monomer in the UV-curing process. l,l'-(methylenedi-4,l-
phenylene)-bismaleimide (M-BMI) was purchased from Aldrich and purified using a column
chromatography method followed by precipitation. Sublimation proved to be an effective
means for the purification of N-phenylmaleimide (PMI) and N-methylmaleimide (MMI). The
sensitizers including benzophenone (BP) and a benzophenone derivative (BPD) were used as
received. A commercial, cleavage type photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone
(DMPA), supplied by Ciba Geigy Specialty Chemicals Co., USA, Irgacure 651®, was used for
comparison purposes. N-methyldiethanolamine (MDEA, 99%, Aldrich) was used as an
additive, and diphenylmethane (DPM, 99%, Aldrich) was used as a model compound.
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Instruments

A Perkin Elmer DSC7 with modification which allows UV light penetration from a
450W medium-pressure Hg lamp was used to detect the isothermal heat flow changes in the
photopolymerization of HDD A at 25°C. A Bruker IFS-88 FTIR with a Hamamatsu L5662 US
lamp as the light source and an MCT detector operating under liquid nitrogen temperature was
utilized to monitor the in-situ photopolymerization. Phosphorescence spectra of the sensitizers
in a mixed solvent of ethanol and dichloromethane were collected at 77K using an Edinburgh
FS900CDT T-Geometry Fluorometer which was equipped with a 450W steady state Xenon
lamp as the radiation source. The laser flash photolysis unit, composed of a nanosecond
Continuum Surelite Nd-YAG laser as the pulsed excitation source and a xenon lamp (Applied
Photophysics) as the probe beam, was employed in the investigation of the excited state of the
sensitizer and maleimide systems. Electron spin resonance spectroscopy (ESR) experiments
were performed with a Bruker ER200D spectrometer operating in the X-band with an Oriel
1000W Xenon lamp system as the UV radiation source.

III. RESULTS AND DISCUSSION

Photo-DSC investigation of polymerization

It has been reported that BP-sensitized aliphatic maleimide demonstrated a high
efficiency for the initiation of HDD A photopolymerization in the presence of amine (1).
However, aromatic maleimides were believed to be relatively inefficient in this initiation
process. Nevertheless, in our recent
investigation of the role of both aliphatic and
aromatic maleimides (including bismaleimides)
in the photoinitiation of HDD A, we found that
the presence of a small amount of aromatic
maleimide in the company of a suitable
sensitizer could significantly enhance the
initiation efficiency. Because these
photopolymerizations are associated with
evolution of heat, Photo-DSC provides a
convenient and informative tool for the study
of the HDD A photopolymerization initiated by
the sensitized maleimde systems, where the
DSC heat flow reflects the
photopolymerization rate, and furthermore, the
initiation behaviour. Figure 1 gives the DSC
thermograms for HDDA photopolymerization
initiated by the BP-sensitized M-BMI in the

presence of MDEA as a coinitiator. The addition of M-BMI in a low percentage (within 0.1
mol%) brought about a significantly enhanced photopolymerization rate. With regard to the
mechanism of the initiation, it is believed that BP sensitizes M-BMI to form the excited triplet
state upon the absorption of UV-radiation, followed by a rapid hydrogen abstraction from
MDEA, resulting in the generation of free radicals and a fast initiation of HDDA
polymerization. A further increase in M-BMI concentration above 0.1% was found to suppress
the initiation efficiency.
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Figure 1. DSC traces for HDDA photopolymerization
(M-BMI, 1 mol%BP, 1 mol%MDEA;

light intensity: 33.7mW/cm2; N2; 25°C)
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Figure 2. DSC traces for HDDA photopolymerization
(0.1 mol%M-BMI, 1.0 mol%MDEA, sensitzers;
light intensity at 365nm. 1.7mW2/cm; N2; 25°C)
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Figure 3. DSC traces of HDDA photopolymerization
(MMI, 1.00 mol% BP, 1.00 mol% MDEA;
light intensity: 3.4 mW/cm2; N2; 25 °C)

We have also examined a series of benzophenone derivatives as sensitizers in the
photoinitiation process and discovered that BPD showed very high sensitization efficiency. A
comparison of BPD and BP sensitization efficiencies with 0.1% M-BMI in the initiation of
HDDA photopolymerization is shown in Figure 2, together with the traditional photoinitiator,
Irgacure 651®, as a reference. In order to ensure that the same number of photons is absorbed
by different systems, a 365nm band-pass filter was used. At this wavelength, the UV radiation
source has an emission line, and the amounts of BPD, BP and Irgacure 651® in the HDDA
systems were adjusted according to their molar absorptivities at 365nm. Compared with BP,
the BPD system exhibited a much higher sensitization effect on the M-BMI, and its
polymerization rate even exceeded that for Irgacure 651®. This implied a higher quantum yield
in the photoinitiation process than Irgacure 651® and BP/M-BMI, indicating the great potential
of the BPD system as an advanced photoinitiator. To further investigate the sensitization effect
for other maleimides, BPD was applied on MMI system in combination with MDEA (Figure3).
A similar conclusion to that found for the M-BMI system was drawn, with 0.05-0.10% MMI
being the most efficient initiation formulation. Again Irgacure 651® demonstrated a reduced
efficiency in HDDA photoinitiation compared with the BPD sensitized system. The greater
molar absorptivity of BPD over a broad range of wavelengths and the higher quantum yield in
the process of maleimide sensitization are among the main factors which account for the
improvement in the initiation efficiency of this sensitizer.

Real-Time FTIR investigation of photopolymerization

Real-time FTIR was utilized to investigate the in-situ photopolymerization of the above
systems. The conversion of HDDA monomer was calculated by monitoring the absorption
bands of the unsaturated acrylate carbon-carbon double bond at 813cm"1. HDDA conversion
profiles with different initiating systems are compared in Figure 4. The high initiation rate of
the BPD-maleimide system was confirmed. Furthermore, an increase in the cure conversion
was also observed which indicated an increased crosslink density in the cured coating. Herein
the promising photo response characteristics of this initiator system were clearly verified again.
A higher population of triplet maleimide species in the BPD system would be associated with
an increase in the cure conversion.
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Figure 4. In-situ conversion profiles of HDDA
photopolymerization by real-time FTIR
(Light intensity: 2.3 mW/cm2; 25°C)
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Figure 5. Phosphorescence spectra of BP and BPD
(Dichloromethane/ethanol glass at 77K)

Phosphorescence investigation of triplet state sensitizers

Being a luminescence from a forbidden transition from triplet species of most organic
molecules with singlet ground states, phosphorescence provides information about the triplet
state of an excited species, including the triplet energy level, the triplet state population and the
efficiency of the intersystem crossing process. The phosphorescence spectra of BP and BPD at
liquid nitrogen temperature are shown in Figure 5. Upon excitation at 340 nm, BPD emits
phosphorescence in a much higher intensity than BP. This suggests not only a high efficiency in
the excitation and intersystem crossing, but also a favourable competition with existing
deactivation paths such as intermolecular and intramolecular energy-loss processes, collisional
quenching of triplet molecules and intersystem crossing from the triplet to ground state. Due to
the high triplet population observed for BPD phosphorescence, a high quantum yield close to
unity must be associated with the intersystem crossing process, since BP reportedly has a
quantum yield of approximately unity with a triplet electron configuration of %-%* (8). BPD
displays two emission peaks, one at 470 nm and the other at 501 nm, with the lower
wavelength corresponding to a triplet state energy of 61 kcal/mol. On the other hand, BP
displays four peak emissions, at 410, 440, 473 and 512 nm, with a triplet energy of
approximately 69 kcal/mol, which agrees with the reported data (8).

Laser Flash Photolysis studies of quenching process

The high photon flux of a Laser enables
the successful application of Flash Photolysis to
produce high transient concentrations of triplet
species, which allows kinetic studies of their
build-up and decay process. The excited state of
the sensitizers and the quenching process with
maleimide quenchers were investigated by time-
resolved laser flash photolysis, utilizing absorption
spectroscopy to monitor the species formed.
Figure 6 shows the transient absorption spectra of
excited BPD as a function of time, where a broad
absorption was found with a peak maximum at
-460 nm, which decayed exponentially with a

oo
300 350 400 450 500 600

Wavelength (nm)

Figure 6. Transient spectra of 5x10 M BPD in CH2CI2
(excited at 355nm, 25°C, nitrogen purged)
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Figure 7. Quenching of triplet state BPD by M-BMI
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Figure 8. Stern-Volmer plot for M-BMI quenching of
BPD and BP triplet transients (excitation at 355nm;

analysis at 520nm(BP) & 460nm(BPD); CH2CI2; 25°C)

lifetime of 1.6 u.s. The broad transient spectrum of BPD is distinguished from the narrower BP
spectrum, suggesting a high population of triplet state molecules upon excitation. To further
investigate the energy transfer process of BPD in the presence of maleimides, ie, its
sensitization effect upon malemides, a series of quenching experiments were performed on
solutions of BPD with maleimides of various concentrations as the quencher. An example of
the quenching process of BPD with M-BMI is given in Figure 7, where the addition of M-BMI
resulted in a substantial quenching of the BPD transient and a concomitant reduction in its
triplet lifetime. A Stern-Volmer plot (Figure 8) of reciprocal lifetime (X/TO) against M-BMI
concentration provided an estimate of the quenching rate constant. The rate constants for M-
BMI quenching BPD and BP were found to be 4.3xlO9 and 1.6xlO9, respectively. The large
magnitude of both quenching rate constants indicated an efficient transfer of the energy from
the sensitizers to the M-BMI molecules, resulting in a high population of M-BMI triplet state
molecules through an effective intersystem crossing. A subsequent process of hydrogen
abstraction from MDEA effected the generation of radicals capable of initiating
polymerization. Herein, the greater quenching rate constant of BPD proved its higher
sensitization efficiency for initiation of polymerization in the presence of maleimides. The laser
flash results agreed with the conclusions drawn from the photo-DSC and real time FTIR
results, and elucidated the photochemical reaction mechanism associated with sensitized
maleimides as high efficiency photoinitiators.

ESR investigation of radicals

As a valuable tool in probing into
radicals, in-situ ESR was employed in the
investigation of the radicals generated from
sensitized M-BMI by absorption of UV
irradiation. In-situ ESR spectra were collected
on a M-BMI/BPD/MDEA dichloromethane
glass at a temperature of 140K. The three-line
ESR spectrum (Figure 9) confirmed the
existence of triplet radicals. It was found by
simulation that the spectrum was a combination
of contributions from M-BMI propagating

3500 ESR Spectrum
Simopr Simulation

1000

324 326 328 330 332 334

Magnetic Field (mT)

336 338

Figure 9. ESR spectrum of 0.025M M-BMI/BPD/MDEA
radicals on UV photolysis for 1.7 hours at 140K

(M-BMI:BPD:MDEA=10:1:1; CH2CI2 glass; X >250 nm)
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radicals and diphenylmethene radicals which are formed by hydrogen abstraction. A radical
concentration ratio of 1:3 (propagating radical/hydrogen abstraction radical) was estimated
from the simulation, using a simulation linewidth (AHPP) of 1.32mT (hps=0.95 & 0.39 mT)
and 1.20mT (hps=2.6 & 2.3 mT) for the propagating radical and diphenylmethene radical
respectively.

IV CONCLUSION

A novel maleimide photoinitiator system using a benzophenone derivative as the
sensitizer in the presence of an amine (MDEA) has been discovered. Photo-DSC and real-time
FTIR investigations proved a high initiation efficiency for the photopolymerization of a
diacylate, HDDA, with the initiation rate exceeding that for the commercial photoinitiator,
Irgacure 651®, indicated the promising future of this system as an advanced photoinitiator. The
sensitization process involved has been shown to be an efficient energy transfer process from
the triplet state sensitizer to the maleimide followed by a rapid hydrogen abstraction from
MDEA. The high UV absorptivity of the sensitizer and the high maleimide quenching rate have
been credited in leading to the high quantum yield for the photo-initiation, and thus to an
enhanced photopolymerization rate.
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I. ABSTRACT

It was demonstrated that cc-aminoacetophenones such as Irgacure 907 and Irgacure 369 work
effectively as photobase generators in epoxy-based compositions. Upon irradiation they
accelerate the thermal reaction of phenol novolac epoxy resins with polyacrylates having
carboxylic acid groups despite of their high latency before irradiation. Irgacure 369 is much
more active than Irgacure 907 due to the more reactive amine generated. We believe that
conformational and steric effects contribute to the latency of the amine moiety. The bulky
benzoyl group of the aminoacetophenone moiety shields the amino nitrogen from acidic
species present in the composition. Upon irradiation, the benzoyl part is cleaved and the
active tertiary amine base is liberated.

II. INTRODUCTION

Photoactive compounds which can liberate amine and other bases by irradiation have opened
a new route for the development of radiation curable coatings, resists and imaging materials.
For example, photogenerated bases have been used in the development of photoimageable
polyimides(l), and in positive tone resist materials based on electrophilic aromatic
substitution(2).
a-Aminoacetophenone derivatives are the most recent type of a-cleavage radical
photoinitiators commercially available, which are widely used in various applications due to
their high initiating efficiency. Upon UV irradiation, a-aminoacetophenone photoinitiators
undergo a-cleavage to generate a benzoyl radical and an aminoalkyl radical. These radicals
initiate polymerization of radically polymerizable ethylenic double bonds such as acrylates
and methacrylates. In the absence of such double bonds, the photogenerated aminoalkyl
radical is eventually converted to a tertiary amine via hydrogen abstraction from a hydrogen
donor in the system and/or disproportionation reactions with the encountered benzoyl
radical(3). The generated amine is expected to accelerate reactions which can be catalyzed by
amine bases, for example thermal crosslinking reactions of epoxy resins with hardeners such
as carboxylic acid compounds and with thiols.
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In this paper, we report on the photobase generation from a-aminoacetophenones in
compositions comprising an epoxy resin and a hardener. The development of new imaging
materials, based on this approach is also described.

Initiating radical polymerization

Figure 1 Photochemical reaction of Irgacure 907

H + H—I—N O

H + hN q

III. EXPERIMENTAL

1. Materials
Irgacure 907 and Irgacure 369 (Ciba Specialty Chemicals) are commercially available.
Carboset 525 polyacrylate with free carboxylic acid groups was provided by BFGoodrich
Specialty Chemicals. Phenol novolac epoxy resin GY1180 was provided by Asahi Ciba.

Irgacure 907

Carboset 525(Polyacrylate) GY1180(Epoxy phenol novolac)

Figure 2 Structures of the materials used

2. Thermal analysis
Thermal reactivity of epoxy with carboxylic acid groups was evaluated by DSC analysis.
DSC curves were recorded using a Mettler-Toledo thermal analysis system at a heating rate of
10°C/min under nitrogen.

3. FT-IR analysis
Retention of epoxy and carboxylic acid groups during heat treatment at 150°C was measured
from intensity changes of the respective IR absorption bands at 916 and 3250 cm"1. IR spectra
were recorded on a Bruker IFS66 IR spectrophotometer.
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4. Imaging procedure
GY1180, Carboset 525 and Irgacure 907 were dissolved in acetone and the solution was
applied on an aluminum plate. The coated film was dried in a convection oven at 60°C for
15min. The coating was irradiated with an ORC SMX3000 metal lamp through a photomask.
The irradiated coating was heated at 150°C for 5min. After cooling to room temperature, the
layer was developed with ethanol for 5min to obtain an image of the mask. The composition
which included Irgacure 369 was heated at 130°C for 5min after exposure and prior to
development (post exposure bake). The other processing steps were same as for Irgacure 907
compositions.

IV. RESULTS AND DISCUSSION

1. DSC analysis of epoxy-carboxylic acid reaction
Figure 3 shows the DSC curves of the composition comprising GY1180 and Carboset 525.
The exothermic reaction of epoxy and carboxylic acid groups started at around 150°C and the
peak temperature was over 200°C. In the presence of Irgacure 907 in the composition, no
significant change of the reaction temperature was observed. Upon irradiation, the reaction
temperature was strongly reduced and the exothermic peak due to the catalyzed reaction was
observed at around 150°C with an onset of 70°C. The DSC curve after irradiation was
essentially identical with that of a composition comprising morpholinocyclohexene which is
supposed to be a suitable model for the suggested amine-photoproducts of Irgacure 907.
These results suggest that Irgacure 907 works as a photobase generator in the composition and
the active species in this reaction is the amine generated from Irgacure 907 upon UV
irradiation. For Irgacure 369, similar results are obtained. Thermally, and without irradiation,
Irgacure 369 is a slightly more active catalyst for the reaction compared with Irgacure 907, but
still highly latent. Upon irradiation of the Irgacure 369 comprising composition, the
temperature at which the exothermal reaction was observed was drastically reduced compared
to a purely thermal process without irradiation. The peak temperature due to the exothermic
reaction was measured at about 135°C, that is 15 °C lower than with Irgacure 907. Thus, it is
concluded that Irgacure 369 is more active as a latent photobase than Irgacure 907. The
photoactivity of the aminoacetophenone in the base catalyzed reaction depends on the
reactivity of the amine which is formed upon photolysis. The reactivity of Irgacure 369 upon
irradiation was found to be similar to that of the model compound dimethylbenzylamine
corresponding to the expected amine photoproducts. Another factor which can influence the
reactivity may be the photodissociation rate for generating a free amine, which affects the
concentration of the base catalyst in the composition.

We measured the conversion rates of the epoxy and carboxylic acid groups upon heating at
150°C with FT-IR. The absorption bands at 915 and 3250 cm"1 which we assigned to epoxy
and carboxylic acid groups respectively decreased with increasing heating time. As shown in
Figure 4, the conversion rates in the presence of Irgacure 907 were quite similar to those
without Irgacure 907. Upon irradiation of the Irgacure 907 containing composition, the
conversion rate strongly increased. These results corroborate our conclusions from the DSC
analysis.
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Figure 3 DSC analysis of GY1180+Carboset 525 including Irgacure 907 or Irgacure 369
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2. Photolatency of a-aminoacetophenones and structural effect of amines
In the absence of an amine catalyst, epoxy-carboxylic acid reaction proceeds at relatively high
temperature according to the scheme in Figure 5. In the presence of an amine catalyst, the
amine can initially form a hydrogen bonded ammonium complex with the carboxylic acid
[RCOO-H-NR"3] as shown in Figure 6. An activated complex or a transition species shown
in Figure 6 may be involved in the tertiary amine catalyzed reaction of an epoxy group and
carboxylic acid(4, 5). The reaction rate depends on the strength of the hydrogen bond which
again depends on the structure of the amine. An amine with smaller substituents can form a
stronger hydrogen bond which stabilizes the transition state, and which consequently results in
a higher reaction rate.
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Figure 5 Noncatalyzed reaction of epoxy with carboxylic acid
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Figure 6 Amine-catalyzed reaction of epoxy with carboxylic acid

As shown in Figure 7, tertiary amine having smaller alkyl groups actually showed higher
catalytic activity.

Amine : NRS A

without amine /
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HOCH2CH2NR2
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Figure 7 DSC curves of composition comprising GYl 180, Carboset 525 and amines

Thus, an amine with more bulky substituents would be expected to be less active as a base
catalyst in this reaction. This model can additionally explain the good photolatency of a-
aminoacetophenones. The large benzoyl group of the aminoacetophenone moiety prevents the
amino group from getting into close contact to carboxylic acid group which would be
necessary to make an adequate hydrogen bond.
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MM calculations with Monte Carlo population
analysis suggest that the two most stable
conformations of Irgacure 907 with large populations
are puckered . In these conformations, the steric
hindrance due to the benzoyl group and the
morpholino ring would prevent a carboxylic acid
from getting close to the basic nitrogen. Therefore,
the good photolatency could be attributed to these
folded conformations. Even in other conformations,
which were only little populated, these substituent
groups may be still bulky enough to inhibit the
access. These conformational effects seem to be more
important than explanations based on the influence of
the carbonyl group on the pKb of the amine. The low catalytic efficiency of tris(2-ethylhexyl)-
amine compared with tri-tf-octylamine in the same model formulation is also consistent with
sterical arguments.

4
Figure 8 Puckered conformation of

Irgacure 907

3. Imaging
We evaluated the photoimaging of coatings of
our model formulations by UV exposure
through a stepwedge mask. After post exposure
bake, development with ethanol gave a clear
image as shown in Figure 9. With the Irgacure
369 containing composition, a lower post
exposure bake temperature than with Irgacure
907 is sufficient.

V. CONCLUSION

Figure 9 Image obtained with photosensitive
composition comprising GY1180, Carboset
525 and Irg.907.
Irradiation : ORC SMX3000, photomask
Post exposure bake : ISO °C/5 min
Development: Ethanol in an ultrasonic bath for 5 min

The usefulness of a-aminoacetophenones as photobase generators in the epoxy containing
compositions has been demonstrated. Irgacure 369, which generates amines with less bulky
groups upon irradiation, is more reactive than Irgacure 907. The latency of both
photoinitiators is most likely related to conformational and sterical effects of the benzoyl
group on the amine moiety. The model compositions which are based on photogeneration of
tertiary amines can be used in base-catalyzed imaging applications.
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ABSTRACT

The present paper is devoted to an investigation of the interactions between Rose Bengal (RB)
and an Iron aren (Irg(+)) complex that are usable in visible light induced polymerization
reactions. Steady state and flash photolysis experiments were performed in order to elucidate the
nature of the intermediates formed after light excitation. A complete scheme of evolution of the
excited states is discussed.

INTRODUCTION

Rose Bengal (RB) is a xanthenic dye which is used as a photoinitiator of polymerization (1-4).
The absorption domain and photochemical properties of RB make it suitable for applications in
which an enhanced visible sensitivity is needed. Therefore, applications like UV-curing of
paints, inks and varnishes increase the interest for such xanthenic dyes. Recently, a patent
concerning a system containing a xanthenic dye as light absorber combined with an iron aren
complex (Irg(+)), an amine and a hydroperoxide able to photoinitiate a polymerization in a
coloured acrylic coating of up to 400 jtim thickness was described (5). The main characteristics
of RB are a high absorption coefficient in the visible region and a high triplet quantum yield.
The formation of ground state complexes between charged dyes like RB or eosin and organic
counter ions as for example onium or N,N'-dialkylbipyridinium salts are known. The excited
states of RB are easily reduced or oxidised and lead to the formation of long lived radicals which
can be the starting point of further reactions. However, even in the absence of quencher the
excited states of RB can lead, in competition with the known delayed fluorescence process, to
the formation of semi-oxidised (RB*+) or semi-reduced (RB*") dye through self-quenching or
triplet/triplet annihilation.

Iron aren (Irg(+) complexes are used as organometallic photoinitiators of polymerization. They
are able to photoinitiate the polymerization of epoxides via a ligand exchange/cationic process
but they are reported not to be useful with methyl methacrylate or styrene under irradiation with
glass filtered light. However, in the presence of an hydroperoxide, the sensitization of the
complex by RB makes that it becomes able to cure efficiently acrylic monomers by visible
irradiation (A,=540nm).
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RESULTS AND DISCUSSION

Rose Bengal in acetonitrile/water

The fluorescence emission spectrum of RB in acetonitrile/water mixture (v/v 70/30) shows a
maximum at 576 nm whereas the absorption maximum is located at 555 nni. The fluorescence
lifetime was found to be 0.64 ns. The singlet energy is estimated to Es = 2.21 eV and the triplet
energy to E T = 1.85 eV.

The transient absorption spectrum at low concentration of RB (< 25 |̂ M) shows three clear
absorption maxima at 590, 470 and 390 nm with lifetimes of about 35, 60 and 30 fxs respectively
(Figure 1) corresponding for the two first to the triplet state and RB*+respectively. The transient
absorption of RB*~ is located at 420nm.

0.04

.0.02

AA

,370

Figure 1: Absorption changes following laser excitation of an argon saturated acetonitrile/water
v:v 70:30 RB solution.
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The RB-Irg(+) system

In the acetonitrile/water mixture, the UV-visible absorption spectra of RB solutions do not
present significant modification upon addition of Irg(+) whereas the fluorescence spectrum only
shows a slight bathochromic shift after the first addition of Irg(+).

The complex Irg(+) reacts with excited RB (both the singlet and the triplet states) with very high
rate constants (1.9 x 1011 M^.s"1 and 5 x 109 M''.s"') ; the observed quenching rate constant for
the singlet state exceeds the diffusion limit by one order of magnitude. In time resolved
fluorescence quenching, the excited state lifetime is not as affected by the presence of Irg(+) as
expected : the dynamic quenching rate constant determined by the lifetime quenching
experiments is near the diffusion limit (kqd = 1.4 x 1010 M"'.s"1) as expected for a bimolecular

q
collision process in solution and much lower than that determined by the fluorescence intensity
quenching. Moreover, the time decay curves show that the initial fluorescence intensity
decreases with Irg(+) which indicates the contribution of a non molecular-diffusion limited
quenching process called static quenching process.

No significant changes in the transient absorption spectrum are observed, the relative intensities
of the 590, 470 and 420 nm absorptions remaining nearly the same. The deactivation of the
triplet state through electron transfer is effectively not energetically favoured (6) and the
observed quenching must be issued from energy transfer. The lifetimes of the 470 nm and
420 nm located transients are also reduced by addition of Irg(+) with quenching rate constants of
4.7 x 109 and 3.9 x 109 M'Vs"1 respectively. For concentrations as low as 5 mM of Irg(+), almost
all the triplet and RB*" signals disappear and a transient absorption which cannot be that of the
triplet anymore remains at 470 nm, (the absorption maximum of RB*+) which means that the
quenching of RB* by Irg(+) occurs through oxidation of the former in the singlet state.

The mechanism of interaction

With the knowledge of the redox and photophysical properties of RB and Irg(+) [6], both singlet
energy transfer between 'RB* and Irg(+) and electron transfer between 3RB* and Irg(+) can be
ruled out:, 3Irg(+)* can be formed by energy transfer from 3RB*. On the other hand, RB*+ might
be issued from the reduction of 3Irg(+)* by RB* (singlet or triplet) following the energy transfer
from 3RB* to Irg(+): however, at low light intensity, the reaction of 3Irg(+)* with a second RB*
is unlikely. The singlet excited state quenching is very efficient, exceeding the diffusion limit
and the intersystem crossing to the triplet state can be completely inhibited at low concentration
of the ferrocenium salt. Consequently, the only important process for the interaction RB/Irg(+) is
a direct electron transfer between JRB* and Irg(+), which is feasible on thermodynamics
grounds:

*RB* + Irg(+) -» RB*+ + Irg(O)

Time resolved fluorescence experiments clearly show the contribution of a static quenching
process and suggest the formation of a ground state complex between RB and Irg(+) in which a
diffusionless reduction of the cationic ion in the (dye/counter-ion) pair after absorption of light
by the dye occurs. The contribution of a ground state complex is not surprising for a xanthenic
dye and can lead to 1:1 and 1:2 complex for the RB dianion :
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2Irg(+)]

Preliminary results obtained in neat acetonitrile show a significant modification of the
absorption of RB upon addition of Irg(+). In solution, a mixture of all the three species exists.
After light absorption (scheme 1), the singlet excited state of the free and associated dye
molecules is reached. Within the associated forms [RB / Irg(+)] (1:1 or 1:2), the singlet excited
state of the dye is quenched with a rate constant kqS and leads to the formation of RB#+ and
Irg(O). Besides the intra ion-pair reaction, the free *RB* can either lead to the triplet state
through intersystem crossing (ISC) or can be quenched by Irg(+) through a bimolecular electron
transfer process with a rate constant kq^. The later leads to the same product as the intra-ion pair
ET, i.e. [RB*+-- Irg(O)], which can dissociate into free species or return to the initial ground
state products after back electron transfer.

Scheme 1:

hv
[RB---Irg(+)] + RB "^=fc 1[RB---Irg(+)]* + 'RB*
1:1 and 1:2

[RB'+ •Irg(O)]

The complexation of RB with Irg(+) will be discussed in a forthcoming paper. The 19e complex
formed in the electron transfer process, hence [FeICp(arene)]°, is the starting point of several
reaction steps involving also interactions with amines and the hydroperoxides and leads to the
generation of radicals which are able to promote a polymerization reaction. Such a
photoinitiating system based on RB/ Irg(+) / amine / hydroperoxide is very efficient for the UV
curing of paints usable -with sufficient pigment concentration and thickness for an adequate
coverage power- in the wood furniture industry.
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ABSTRACT:

Acrylated polyester prepolymers (PEPP-1 & PEPP-2) were synthesized from palm oil and its
products. UV-curing and characteristic properties of UV-cured films of synthesized polyester
resins were studied. The characteristic properties studied include pendulum hardness, gel
content, FT-IR analysis, tensile strength and elongation at break. The materials have good
potential for the production of radiation curable coating applications.

INTRODUCTION:

Presently, petrochemical based polyester acrylated resins are widely used in UV (ultraviolet)
and/or EB (electron beam) radiation curing systems in the coating industry " . These resins
show good characteristics such as: high reactivity, versatility and excellent adhesion properties.
They also give high gloss, good hardness, good mechanical properties and resistance to
chemicals and water . The major drawback however is that they are non biodegradable and is
depend on non-renewable resources in contrast to vegetable oil based products which are based
on renewable resources. Unlike vegetable oil, the production and the supply of vegetable oil
based products in the world market is currently increasing . Therefore, scientists among in the

5 - 8

world " are trying to find an alternative renewable resource from vegetable oils or its products
for meeting up the future demand. Similarly, attempts to synthesize new UV curable acrylated
polyester resins from palm oil or its products was investigated and described in this paper. The
acrylated resins have the advantage of simple synthesis technique and low skin irritant
properties. Their curing properties are also comparable to commercial acrylates. They also have
good adhesion behavior, soft and flexible. The present innovation could have potential uses in
the production of radiation curable coating such as: wood coating, varnishes, ink, PSA (pressure
sensitive adhesive), paints etc.

EXPERIMENTAL:

New palm-based acrylated polyester resins, PEPP-1 and PEPP-2, were synthesized according to
Q

the procedure described elsewhere . PEPP-1 has been synthesized from refined, bleached and
deodorized palm oil and PEPP-2 directly from crude palm oil. Petroleum based acrylated resins
and diluents such as polyester tetra-acrylate (Ebcryl-810), polyester hexa-acrylate (Ebcryl-830),
Urethane tetra acrylate (Ebcryl-264), 1, 6-hexanediol di-acrylate (HDDA), tri-propylene glycol

383



di-acrylate (TPGDA) and tri-methalol propane tri-acrylate (TMPTA) were procured from UCB
Asia Pacific Ltd., Malaysia. Photo initiator (Irgacure 184) was collected from Ciba Specialty
Chemicals, Singapore. N-methyl di-ethanol amine (NMDEA) was purchased from E. Merck,
Germany.
New polyester acrylated resins were formulated with various concentration (w/w) of
commercially available resins, diluents, 4% photoinitiator (IRG-184) and 1% of curing agent
(NMDEA) (Table 1).

Table 1 : Formulations of new polyester acrylate resins PEPP-1 and PEPP-2
Formulations
RP01
RP06
RP11
RP16
RP26
RP31
RP36

CPOI
CP06
CPII
CP16
CP26
CP31
CP36

New resins
PEPP-1
PEPP-1
PEPP-1
PEPP-1
PEPP-1
PEPP-1
PEPP-1

PEPP-2
PEPP-2
PEPP-2
PEPP-2
PEPP-2
PEPP-2
PEPP-2

O / M
Eb-810

-
-
-
-

Eb-830
Eb-264

-
TPGDA
HDDA
TMPTA
EHA

-
-

PI
Irgl84
Irgl84
Irgl84
Irgl84
Irgl84
Irgl84
Irgl84

CA
NMDEA
NMDEA
NMDEA
NMDEA
NMDEA
NMDEA
NMDEA

Ratio's (% w/w)
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1
5 0 / 4 5 / 4 / 1

O=synthetic Oligomer; M = synthetic monomer; PI = photoinitiator; CA = curing agent.

The formulated solution was coated on a clean glass plate (5 cm x 3 cm x 3 cm) and cured under
UV lamp (2 kW, Type of lamp: MC200; UV range: 180 - 450nm) using IST-UV-Minicure (U-
200-M-l-Tr, Germany). The coated plate was irradiated up to 12 passes under UV lamp at a
conveyor speed of 4m/min. in order to achieve maximum cross-linking and gel formation. The
supply current was 8A of which the giving energy per pass was approximately 0.18J/cm2. The
relative degrees of cure was measured by qualitative simple tests, e. g. odor, tackiness and finger
marking.
The hardness properties of the UV-cured films were determined by using pendulum hardness
tester (Model BYK Labotron, Germany). The cured film was peeled off and used for gel fraction
determination. A known weight of cured film was warped up in a finely meshed stainless steel
net, and extracted in hot acetone for 24 hours in a Soxhlet extractor. The residues in the steel
basket were dried in vacuum to a constant weight. The gel fraction of the UV-cured film was
then determined by the following equation:
% Gel fraction = Wf / Wo X 100 [where, Wf = weight after extraction; Wo= weight before
extraction].
Fourier Transform Infrared (FT-IR) spectra were obtained with Nicolet, Magna-IR 550
spectrometer, series II, USA . FT-IR spectra were carried out by coating the samples on
potassium bromide (KBr) pellet and also using ATR technique for irradiated samples.
A fresh portion of the cured film was also used to determine tensile properties such as tensile
strength, elongation at break using an INSTRON tester (1 kN, IBM computer compatibility,
Model 4301, U.K.).

RESULTS AND DISCUSSION:

Various formulations were developed using different percentages (50% -90%) of palm oil-based
polyester resins, PEPP-1 and PEPP-2, incorporated with synthetic resins and monomers. The aim
of this study was to find their suitability in the preparation of polymeric films under UV
radiation. Based on the characteristic properties of UV-cured polymeric film, the results showed
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that the general order of palm oil-based polyester acrylated resins was 50%>60%>70>
80%>90%. Therefore, in this presentation only the results of UV-cured polymeric films using
50% of palm oil-based polyester acrylate resins PEPP-1 and PEPP-2 are discussed.

Pendulum Hardness:

Pendulum hardness of the films prepared according to resins of PEPP-1 or PEPP-2: O or M: PI:
CA = 50:45:4:1 (w/w) of Ebcryl 810, 830, 264 and monomers of HEA, HDDA, TPGDA,
TMPTA (as shown in Table 1) and cured by UV-radiation under different number of passes. For
most of the formulations, pendulum hardness increases with UV radiation up to 8 passes then
decreases. Only the formulation of RP-36 and RP-26 showed different observation. For
formulation RP-36, pendulum hardness increased at 4 -6 passes then decrease caused of first
curing phenomenon. Pendulum hardness of formulation RP-26 show maximum hardness at 12
passes because of slow curing characteristic properties of mono-functional EHA diluent. The
results are shown in Figures l(a) and (b). The decrease of hardness could be due to the cured
polymer degraded at higher radiation. In Figure 1 (a), the highest pendulum hardness obtained in
formulation RP16, containing TMPTA. The general order of pendulum hardness was
RP16(TMPTA) > RPll(HDDA) > RP31(Eb-830) > RP01(Eb810) > RP36(Eb264 >
RP06(TPGDA) > RP26 (HEA). Similar observation appeared in the case of PEPP-2 based
formulation except formulation CP01. Formulation CP01 showed lower hardness than the
hardness of CP31 formulation, which may be due to the nature of the palm oil.

2 4 6 8 10 12

NUMBER OF PASSES

Figure l(a): Pendulum hardness (%) against number of passes of
UV-cured polymeric films produced from 50% of palm oil based
resin PEPP-1.
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Figurel(b): Pendulum hardness (%) against number of passes of
UV-cured polymeric films produced from 50% of Palm oil based
resin PEPP-2.

Gel content:

The profile of gel content against the number of radiation (UV) passes of 50% PEPP-1 or PEPP-
2 of UV-cured polymeric films is illustrated in Figures 2(a) and 2(b). The maximum gel content
is obtained for formulations RP-16 and CP-16. Gel formation increases means the cross-linking
density of the polymeric films increases. Both of these formulations contain branch link
multifunctional monomers TMPTA. Similar observation was also indicated on hardness
properties of the cured films (Figures l(a) and l(b)). On the other hand, the lowest gel content is
obtained for both of the formulations RP-26 and CP-26; where mono-functional diluent EHA
was used. Due to low functionality of EHA, it results in less cross-linking in the process of
radiation curing. However, gel formation properties of resin PEPP-1 based formulations were
comparatively higher than PEPP-2 based formulations. This could be due to the nature of palm
oil properties. Because PEPP-1 was synthesized from refined, bleached and deodorized palm oil
and PEPP-2 was from crude palm oil. It could be the presence of tocopherols content in crude
palm oil which is a free radical scavenger and results in free radical trapping the processes of
radiation (UV) polymerization.
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Figure 2(a): Gel content (%) against number of passes of UV-
cured polymeric films of 50% palm oil based resin PEPP-1.
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Figure 2(b): Gel content (%) against number of passes of UV-cured
polymeric film of 50% palm oil based polyester acrylate resin PEPP-2.

FT-IR analysis:

FT-IR spectra for the double bond conversion after irradiation of new palm oil based polyester
acrylates PEPP-1 and PEPP-2 are shown in Figures 3(a) - 3(d). Spectra 3(a) for PEPP-1 and 3(b)
for PEPP-2 they are without UV radiation and spectra 3(c) and 3(d) are samples after irradiation.
The peak of carbon-carbon double bond (C=C), 1629 cm of acrylate functionality reduced as
radical reaction proceeding.
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Elongation Properties:

Elasticity and plasticity are two other important characteristic properties of a polymeric film.
These properties are important for searching diversified applications of the polymeric films.
Elongation at break (%Eb) of the UV-cured films against number of passes are shown in Figures
5(a) and 5(b).

W

2 4 6 8 10 12

NUMBER OF PASSES

Figure 5(a): Elongation at break (%Eb) against number of
passes of UV-cured polymeric films of 50% PEPP-1 system.

In Figure 5(a), the lower %Eb is shown by the higher functionality containing formulations RP16
(TMPTA), RP31(Ebcryl 830), followed as RP11 (HDDA) and RP01 (Ebcryl 810); because
higher cross-linking density were occurred in this polymerization processes. Similar observation
was shown in Figure 5 (b) of formulations CP31, CP16 and CPU.

CP01

CP06
CPII

RP16
CP26
CP31
CP36

2 4 6 8 10 12
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Figure 5(b): Elongation at break (%Eb) against
number of passes of UV-cured polymeric films of
50% PEPP-2 system.
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Tensile Strength:

Tensile strength (TS) property of a film is very important in determining its suitable applications.
Tensile strength of UV-cured polymeric films of new acrylated polyester resins PEPP-1 and
PEPP-2 against number of passes are presented in Figures 4(a) and 4(b). In general, it has been
found that the TS values of both PEPP-1 and PEPP-2 based cured films increase with the number
of UV doses, and attained maxima at the 8th passes and then decreases which was probably
caused by degradation at higher radiation doses. However, the formulation RP-16 not followed
the same trend because of the greatly influences of double bond functionality of TMPTA
monomer composition. The maximum TS of the formulation RP16 was obtained at 6 passes
which caused greater cross-linking at 6 passes before degradation started.
The highest TS was observed in formulation RP11, followed by formulations RP06, RP31,
RP36, RP16, RP01 and RP26. Almost similar trend is shown in PEPP-2 based formulations.

-RP01
-RP06
-RP11
-RP16
-RP26
-RP31
-RP36

2 4 6 8 10 12

NUMBER OF PASSES

Figure 4(a): Tensile strength against number of passes of UV-cured
polymeric films of 50% palm oil-based polyester acrylate resin PEPP
1.
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Figure 4(b): Tensile strength against number of passes of
UV-cured polymeric films of 50% palm oil-based
polyester acrylate resin PEPP-2.
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On the other hand, due to low cross-linking polymerization, higher %E\, is shown in lower
functionality containing formulation of RP06 (TPGDA), RP36 (Ebcryl 264) and then RP26
(EHA) in Figure 5(a). Similar observation was seen in formulations CP36 (Ebcryl 264), CP06
(TPGDA) and CP26 (EHA) in Figure 5(b). However, in the above results the elongation
properties of UV-cured films were little bit mixed against radiation doses, but it appeared that
higher cross-linked monomer containing formulations showed lower %Eb compared to lower
cross-linked monomer containing formulation. Because the elongation properties is dependent on
the cross-liking density of a polymer . Therefore, it is again noticed that the elongation is fully
related upon the nature of the polymer and their structure. After polymerization, polymer makes
a network through cross-linking and their freedom of movement is then depend upon their cross-
linking density. More cross-linked polymers makes less freedom of movement, and the
elongation at yield decreases.

Conclusion:
In this paper, the results show that new palm oil-based acrylated polyester resins PEPP-1 and
PEPP-2 gave good UV-curing properties. The UV-curable polymeric films were also shown to
have reasonable good physical and mechanical properties of soft and flexible character.
Therefore, there is a good potential for these new palm oil-based polyester acrylate resins
particularly in the UV-curable applications in the coating industry.
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Abstract: Photoreactive calix[n]arenes containing radical polymerizable (meth)acrylate
groups, and catatonically polymerizable vinyl ether, propargyl ether, oxirane and oxetane
groups were synthesized by certain reactions of calix[n]arenes with the corresponding
(meth)acrylic acid derivatives, vinyl ether compound, epibromohydrin and oxetane
derivatives, respectively. The photochemical reaction of these calix[n]arene derivatives
were also examined.

INTRODUCTION
Over the last 20 years, UV and EB curing systems have been of great interest1, and

have been introduced in the fields of coatings, printing inks, photofabrications, adhesives, and
solder masks. These systems are among the important methods of reducing use of harmful
organic solvents, carbon dioxide due to the combustion of fossil fuels, and energy. Recently,
these UV and EB curing systems have been further extended2 4 in some new technology fields
such as microelectronics, micromachines, three-dimensional fabrications, liquid crystal
displays, optical media, and optoelectronic materials. In these curing systems, radically
polymerizable polyfunctional acrylates have been widely, because these monomers and
oligomers have high photochemical reactivity to produce the crosslinked insoluble lumps or
films with excellent mechanical and physical properties. However, thermal stability of
commercially available polyfunctional acrylates is generally too low to be considered suitable for
such applications. Recently, the authors have been much interested in the synthesis of
photopolymerizable polyfunctional acrylates with high thermal stability for the progress of new
application,

Meanwhile, calixarenes are cyclic oligomers having many reactive hydroxyl groups in
the molecules, which are prepared easily from the reaction of phenols with formaldehyde.
Since calixarenes have so far been attracted5 much interest in the field of host-guest chemistry,
synthesis6 of many calixarene derivatives and chemical modification7 of calixarenes have
been investigated in attempting to induce the targeted character. Recently, it was also
suggested that calixarenes have further unique characteristics such as small molecular size,
good film-forming properties, high glass transition temperature (Tg), and so on. From these
buckground, the authors consider that calixarenes could be used as a starting material for the
synthesis of high performance photo-curable monomers and oligomers.

This article reports on the synthesis of various photo-curable calix[n]arenes containing
radical polymerizable (meth)acrylate groups8, and catatonically polymerizable vinyl ether,
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propargyl ether, oxirane and oxetane groups910. Thermal properties and photochemical reaction
of these polyfunctional acrylates or methacrylates containing calixarene backbone were also
examined.

RESULTS AND DISCUSSION
Polyfunctional (meth)acrylates with calixarene backbone [calixarene (meth)acrylates] were

obtained in good yields by certain reactions of p-methylcalix[6]arene (la) or p-tert-
butylcalix[6]arene (lb) with (meth)acrylate derivatives. Calix[6]arene acrylates 2a,b were
synthesized by the condensation reaction of la,b with acryloyl chloride in NMP using triethylamine
(TEA) as a HC1 acceptor. Calix[6]arene methacrylates 3a,b were also prepared by the same
reaction of la,b with methacryloyl chloride. Calix[6]arene methacrylates 4a was obtained by the
addition reaction of la with glycidyl methacrylate (GMA) in NMP using tetrabutylammonium
chloride (TBAC) as a catalyst. Calix[6]arene methacrylate 5a, b were prepared by the addition
reaction of la,b with (2-methacryloxy)ethyl isocyanate (MOI) in NMP using dibutyltin dilaulate as
a catalyst. Calix[6]arene acrylate 6a having poly(oxyethylene) spacer chain between la and
acrylate groups was also synthesized by the reaction of the poly(oxyethylene) modified la with
acrylic acid. Although the other calixarene (meth)acrylates 2a,b, 3a,b, 4a, and 5a,b were solid at
room temperature, calixarene acrylate 6a was liquid at room temperature.

All the structures of thus obtained calixarene (meth)acrylates were confirmed by IR and 'H-
NMR spectra. From this result, it was found that the reactions of calixarenes la,b with
(meth)acrylic acid derivatives proceeded smoothly and quantitatively to give the corresponding
polyfunctional (meth)acrylate derivatives. The initial decomposition temperature (IDT) of the
resulting calixarene (meth)acrylates was measured by the thermogravimetric analysis to evaluate
the thermal stability, and found that some of the IDTs of the calixarene acrylates were over 400 °C.
This means that calixarene (meth)acrylates have excellent thermal stability.

The photopolymerization of the resulting some calixarene (meth)acrylates with (2-
phenyoxy)ethyl acrylate as a reactive diluent in the presence of photoinitiator proceeded smoothly
upon irradiation with UV light. Therefore, polyfunctional (meth)acrylates with calixarene
backbone can be expected to be novel and thermally stable photoreactive acrylate oligomers.

Cationically polymerizable p-methylcalix[6]arene derivatives containing propargyl
ether (7a) and allyl ether (8a) were synthesized by the substitution reaction of potassium salt
of la with propargyl bromide and allyl bromide, respectively, using tetrabutylammonium
bromide (TBAB) as a phasetransfer catalyst (PTC). p-methylcalix[6]arene and p-tert-
butylcalix[8]arene derivatives containing 2-ethoxy vinyl ether (9a,c) were prepared by the
same reaction of sodium salts of la and /?-terf-butylcalix[8]arene (lc) with 2-chloroethyl
vinyl ether, respectively, using TBAB as a PTC. /?-methylcalix[6]arene derivative
containing 1-propenyl ether (10a) was synthesized by the isomerization of 8a using
potassium ter/-buthoxide as a catalyst.

/?-methylcalix[6]arene containing pendant hydroxyl groups and vinyl ether groups
(lla) was prepared by the addition reaction of la with glycidyl vinyl ether (GVA) using
TBAB as a catalyst.
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The structure of the synthesized cationically polymerizable calix[n]arene derivatives were
confirmed by IR and 'H-NMR spectra, and elemental analysis. From these results, it was found
that the reactions of calixarenes la,c with corresponding reagents proceeded very smoothly and
quantitatively to give the corresponding adducts under appropriate conditions. It was also found
that the prepared calix[n]arene derivatives containing cationically polymerizable groups such
as propargyl ether, allyl ether, vinyl ether, and 1-propenyl ether groups have good thermal
stability.

COCH=CH2

CH2=CH-C0CI

1 a:R=CH3

1 b : R=C(CH3)3

TEA

P
CH2=C-COCI

TEA

TBAC

9H3
CH2=C-CO2CH2CH2NCO

DBT

l)CICH2CH20H/Na0H
2)CHf=CHCOOH

Scheme 1

2a,b

9H3
CO-C=CH2

3a, b

9H3
CH2CHCH2OCOC=CH2

9H3
C ONHCH2CH2O C OO=CH2

CH2CH2O)--C OCKt=CH2

/6

The photochemical reactions of carixarene 7a, 9a, 9b, 10a, and l l a were examined
with certain photoacid generators in the film state. In this reaction system, when bis-[4-
(diphenylsulfonio)phenyl]sulfide bis(hexafluorophosphate) (DPSP) was used as the catalyst,
calixarene 9a containing ethoxy vinyl ether groups showed the highest reactivity. On the
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other hand, when 4-morpholino-2,5-dibuthoxybenzenediazonium hexafluorophosphate
(MDBZ) was used as the catalyst, calixarene 7a containing propargyl ether groups had the
highest reactivity.

CH=CHCH3

CHspCHCHg-Br.

1a: R=CH3

1c: R=C(CH3)3

TBAB/KOH

TBAB/ KOH

CHz=CHOCH2CH2-CI

TBAB/NaH

CH2=CHOCH2CH2-CI

TBAB/NaH

TBAB

CH2CSCH

CH2CH2OCH=CH2

CH2CH2OCH=CH2

CH2CHCH2OCH=CH2

Scheme 2

p-Methylcalix[6]arene, p-teAt-butylcalix[8]arene and calix[4]resorcinarene derivatives
containing oxetane groups (12a,c,d) were synthesized by the reaction of la, lc and Id with
(3-methyl-3-oxetanyl methoxy) tosylate (MOMT), which was prepared by the reaction of (3-
methyl-3-hydroxylmethyl) oxetane with p-toluenesulfonyl chloride, in NMP using TEA as a
base. p-Methylcalix[6]arene, /7-terr-butylcalix[8]arene and calix[4]resorcinarene derivatives
containing oxirane groups (13a,c,d) were also obtained by the reaction of la, lc and Id with
epibromohydrin (EBH) in NMP using Cs2CO3 as a base.

394



The structure of the synthesized these calix[n]arene derivatives were confirmed by IR and
'H-NMR spectra, and elemental analysis. From these results, it was found that the reactions of
calixarene la,c,d with MOMT and EBH proceeded smoothly and quantitatively to give the targeted
adducts.

JH3 9 _

II Tc"2i
' n

Ri
1 a : R 1 = C H 3

1 c : R1=C(CH3)3

S> _

TBAB/KOH

Cs2CO3

H
H,

Id

TBAB /KOH o-1

12d

CS2CO3

Scheme 3
13d

It was also found that the obtained calixarenes containing oxetane groups or epoxide
groups have good thermal stability.

The photochemical reaction of calixarenes 12a, c, d containing oxetane groups were
examined with photoacid generator DPSP in the film state, and it was found that calixarene
12d showed higher reactivity than 12a and 12c. In calixarene derivatives containing epoxy
groups, 13d showed higher photochemical reactivity than 13a and 13c. However, rates of
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the photochemical reaction of calixarene derivatives (13a,c,d) containing epoxide groups
were slower than those of the corresponding calixarene derivatives (12a,c,d) containing
oxetane groups under the same irradiation conditions.

p-Methylcalix[6]arene, /?-tert-butylcalix[8]arene and calix[4]resorcinarene derivatives
containing spiro ortho ester groups (14a, c, d) were also synthesized" by the reaction of la,
lc and Id derivatives containing carboxyl groups with 2-bromoethyl-1,4,6-
trioxaspiro[4.4]nonane (BMTSN) using l,8-diazabicyclo[5.4.0]undecene-7 (DBU) as a base.
When the photochemical reaction of 14a, 14c, and 14d was examined with photoacid
generator DPSP in the film state, the reaction of spiro ortho ester groups in calixarenes did
not proceed. However, the reaction proceeded smoothly with high conversion by heating at
150 °C after 5 min irradaition.
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ABSTRACT

A low energy electron beam calorimeter with a thin film window has been
fabricated to facilitate a reliable method of dose assessment for electron beam energies
down to 200 keV. The system was designed to incorporate a datalogger in order that it
could be used on the self-shielded 200 keV facility at MINT. In use, the calorimeter
started logging temperature a short time before it passed under the beam and it continued
taking data until well after the end of the irradiation. Data could be retrieved at any time
after the calorimeter had emerged from the irradiator.

1. INTRODUCTION

The increasing use of the low energy electron beams (~ 200 keV) for industrial
processing presents unique problems in the monitoring and diagnosis of the radiation
field of interest. A higher dose rates at shallow depths and limited entrance of the so
called self-shielded facility restrict the choice of dosimetric system both for dose
measurement and calibration of routine dosimeter using this type of facility. This gives
an opportunity to provide a proper calibration for dosimeter which can be use in real low
energy environment.

A prototype graphite calorimeter was designed to make reliable dose measurements
for electron beam energies down to 200 keV. The system was designed to incorporate a
datalogger which started logging temperature a short time before it passed under the
beam and it continued taking data until well after the end of the irradiation. Data could be
retrieved at any time after the calorimeter had emerged from the irradiator.

The design was such that thin film dosimeters, e.g. cellulose triacetate (CTA) and
blue cellophane (BC), could be inserted between the expanded polystyrene thermal
insulation and the aluminised mylar thermal reflector. The measured difference in
temperature rise recorded with and without the dosimeter film stacks in position, made it
possible to determine the absorbed dose in the dosimeter films.A calibration factor could
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then be determined to relate the radiation-induced absorbance of the film to the measured
absorbed dose.

2. EXPERIMENTAL

2.1 Calorimeter design

A cross section of the calorimeter (Figure 1) shows the graphite core, 50mm
diameter and 2mm thickness, enclosed by a graphite scatter ring. The entire graphite
system rests on a 14mm thick polystyrene foam block. The limited entrance to the
irradiation area of the self-shielded used in this study (i.e. Electron Curetron EBC-200-
AAC) constrained the total thickness that could be used in this design. Thermal
insulation above the graphite core is achieved by a lmm thick layer of polystyrene foam
and a 0.5|j,m thick aluminized mylar film stretched across an aluminium ring. These
minimize the upward heat losses from the core, mostly caused by the compressed air
cooling of the acclerator window.

Aluminised mylar
' m s . , . Graphite absorber

Al ring r Scatter ring Cork

Expanded polystyrene backing

Fig. 1 Schematic cross section of calorimeter

A 0.5mm diameter glass bead thermistor was used as a temperature sensor
connected to a Wheatstone bridge. The bridge-out of balance voltage is detected using a
commercially available tinytalk voltage datalogger which is incorporated inside the
complete calorimeter assembly. The datalogger, bridge and the whole system is placed in
are shielded from the radiation by a thin sheet of lead and the whole system is placed in a
PVC casing (Figure 2).

The calorimeter was set to start logging a short time before placing on the sample
holder and passed under the beam. It continued taking data until well after the end of the
irradiation. Data could be retrieved at any time after the calorimeter had emerged from
the irradiator.
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Fig.2. Low-energy calorimeter with datalogger system

Data logging and data retrieval used the window-based software which also permit
the off-loaded data to be viewed, saved, printed and exported to another programme.

2.2 Irradiation Facilities

Irradiation was carried out at 200 keV on the Electron Beam Curetron (EBC200-
AAC) with a 17.5 |j.m titanium window. This is a self-shielded accelerator which
produces energies from 150 to 200 keV and beam currents from 2 to 20 mA. It also
equipped with a conveyor to transport samples through the irradiation chamber at speed
which can be set between 3 to 30 m.min"1. The distance between the beam window and
the sample is fixed at 35 mm.

2.3 Calibration of film dosimeters

The calibration of two widely-used thin film dosimeters - cellulose triacetate
(CTA) of thickness 125 |0,m and blue cellophane (BC) of thickness 25 |im - was
accomplished by the sequential measurement of temperature rise with and without the
insertion of film above the graphite core. The total film thickness was chosen to be
equivalent to approximately one third of the projected range of 200 and 500 keV
electrons in the film dosimeter. This will give a good indication of both the optical
density measured by film and the remaining energy which penetrate the core.

A difference in the absorbed dose determined from the two measurements gave the
dose deposited in the film. Optical absorbance in the film was measured with a Hitachi
UV spectrophotometer U-3210.
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3. RESULTS AND DISCUSSION

3.1 Calorimeter Response

Typical temperature-time plot for the datalogger system at 200 keV is shown in
Figure 3. A slow temperature drift before irradiation begins (period I) is followed by a
rapid rise during irradiation (period II) and then a slow cooling after the end of the
irradiation (period III). Temperature rise, AT in the graphite core was determined from
the extrapolation of the pre- and post-irradiation periods to the mid-temperature of the
irradiation period.

The temperature rise is related to average dose over the total volume of graphite
absorber through the following equation:

- = CgraphitexAT
m

where E is the deposited energy, AT is the temperature rise induced by the radiation, m
and Cg are the mass and the specific heat capacity of the graphite core respectively.

0!

a
E

34 -

33 -

32 -

31 -

30 -

29 -

1

! •

II

•

0 50 100 150 200 250 300 350 400

Time (seconds)

Fig.3. Temperature time pattern using datalogger system at 200 keV

The calorimeter was first irradiated at several beam parameter and values of AT at
typical conveyor speeds and beam currents for the 200 keV beam is shown in Figure 4. It
gaves linear response of temperature rise with beam current and proportional to the
reciprocal of the conveyor speed at constant beam current. The best fit to the temperature
rise has a negative intercept at zero beam current which indicate the uncertainties in the
temperature rise determination and are related to the non-linear shape of the cooling
curve which affects the accuracy of the extrapolation.
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Fig.4. Relation between temperature rise in the graphite core and the beam current at
different conveyor speeds at 200 keV.

3.2 Calorimeter Response With Film Dosimeter

The addition of film dosimeters above the calorimeter core introduced a reduction in
the temperature rise detected (Figure 5). The difference of temperature rise recorded with
and without the insertion of film stacks provided an accurate determination of absorbed
dose by the films (Figures 3 and 5). A calibration curve or calibration factor of the
optical density change in the film in the relation the dose absorbed can then derived
(Figure 6).
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Fig.5. Temperature time pattern with film dosimeter in the datalogger
system at 200 keV
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Fig.6. Calibration curve for (a) CTA and (b) BC film dosimeter

For a linear dose response of the CTA, A calibration factor could therefore be
defined as :

AA

D
film

D film

where AA is the change in absorbance, at a wavelength (280nm), of i layers of film each
of thickness Zj, due to an absorbed dose Df,im. A measured calibration factor of 0.0062 ±
0.0002 kGy"1 was found to be in good agreement with measurements at other institutions
made under different conditions.

A slight non-linearity was observed in the calibration curve for the BC film and a
second order polynomial expression was fitted to the calibration data permitting the dose
to be estimated without difficulty:

NetOD/ =-0.4014x2+9.7155x- 2.940
/mm

where x is the absorbed dose (kGy)

4. CONCLUSION

A simple and accurate method using this real time low energy calorimeter is a
superior technique to overcome the difficulties with the dose measurement using a self-
shielded low energy facility. It will provide a useful solution for an effective method of
dose measurement and calibration of thin film dosimeter for low energy electron beams.
The advantages of the calorimeter are that:
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(a) it permits use on either on-line and off-line facilities
(b) it is suitable for daily used since the data can be retrieved at any time after it

comes from the beam
(c) it provides for a precise calibration of the beam and film dosimeters under

irradiation conditions.
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I ABSTRACT

A number of formulations were developed with urethane diacrylate oligomers in
combination with several reactive diluent monomers of different functionalities in the
presence of certain co-diluent co-monomers. Thin polymer films were prepared with
these formulated solutions using either electron beam (EB) or ultraviolet (UV)
radiation. Physical, mechanical and thermal properties of the radiation cured films
were studied and correlated with the glass transition temperature (Tg) of the
homopolymer of diluents and codiluents.

Tensile properties (strength and elongation) were almost double with the UV-cured
films than those of the EB-cured films of the similar formulation. Thermal behavior
was also found to be different in these two systems. The co-monomers played
significant role to produce more shape recovery films than the oligomer/diluent
system. The co-diluents also induced shape recovery character in the film whose Tg
values are lower than 0 ° C. This is unique.

II INTRODUCTION

Polymer is a versatile and wonder material used for diverse applications and purposes
starting from aero-space to kitchen spoon, nuclear submarine and warheads to
shopping bags. Some polymers are soft and flexible while others are tough and rigid.
The diverse characteristics are possible for polymers, only because the polymers are
generally prepared with certain formulations composed of oligomers, reactive
monomers, co-monomers and additives. Each of the starting materials has specific
functions to play during the polymerization. Different functional groups and backbone
structure present with the individual ingredient play significant role on the overall
properties of the polymer formed. It is universally known that physical properties such
as tensile, thermal, mechanical, etc. are dependent on the structural and geometrical
shapes of the molecules and these are in turn, related with their glass transition
temperature, Tg (1- 4).

In the present investigation, polymers are made under EB and UV radiation using
formulations of different natures involving oligomers, monomers and co-monomers;
attempt is made to correlate their physical and mechanical properties with the Tg
values of the constituents in order to compare the properties of the EB-cured polymers
to those of the UV-cured ones.
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Ill EXPERIMENTAL

Urethane diacrylate having aliphatic or aromatic backbone chain with two acrylate
groups at two ends of the molecule, reactive monomers and co-monomers of different
functionalities and photoinitiator were procured from the respective suppliers. Some
of their physical properties and Tg values are given in Table 1. The Tg values are
taken from literature (5).

Table 1
Some physical properties of co-monomers, monomers and oligomers

Name
Co-monomer
Ethyl acrylate
Methyl acrylate
Cyclohexyl acrylate
Vinyl acetate
t-butyl acrylate
Monofunctional monomers
2-Methoxy ethyl acrylate
2-Hydroxy ethyl acrylate
2-(2-0x0-3-oxazolidinyl-etyl acrylate
N-Butyl carbamate ethyl acrylate
Diclopentanyl acrylate
N-Vinyl pyrrolidone
Multifunctional monomers
Tripropylene glycol diacrylate
Trimethylol propane triacrylate
Oligomers
Urethane diacrylate (aliphatic)
Urethane diacrylate (aromatic)

Abbreviation

EA
MA
CHA
Vac
t-BA

MEA
HEA

CL,959
CL1039

DPA
NVP

TPGDA
TMPTA

M1200
Ml 100

Mot. Wt.

100
80
154
86
106

130
116
185
215
204
111

300
296

Tg(°C)

-24
10
19
32
43

-110
-15

12
16

120
175

90
250

35
47

Formulated solutions were prepared as oligomer:monomer:co-monomer =
50:25:25:w/w for EB system and oligomer:monomer:co-monomer:photoinitiator =
50:24:24.2, w/w for UV system. Polymer films were prepared under radiation on the
glass plate coated with the formulated solutions using a bar coater (No.0.018) of
Abbey Chemicals Co. (Australia). A Minicure UV machine of lst-Technik (Germany)
was used for the UV radiation applying 2 kW dose per pass (1 m/min) under a lamp
(254-313 run). An electron beam (EB) accelerator machine called Curetor of Nissin-
High voltage Co. (Japan) was used for the EB radiation. The accelerating voltage was
300 keV at 15 mA current and the conveyor speed was 75 m/min. Polymer films were
then characterized to determine their tensile properties and thermal characters.

Tensile properties, particularly strength (TS) and elongation at break (Eb) were
directly measured with INSTRON (model 1011) using cross head speed 3 cm/min
with load capacity of 228 kg and gauge length 1.2 cm. Polymer films were folded at
180° using a pressure of 2 kg/cm2 at 25 ° C; the deformation persisted overnight with
some films and this could be removed by heating at certain temperature above 25 ° C
for lh. This temperature is called the shape recovery temperature (SRT).
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IV RESULTS AND DISCUSSION

Tensile properties

Results of tensile properties (strength TS and elongation at break Eb) of the radiation
cured polymer films of urethane acrylate/monomers/co-monomers are shown in Table
2. The glass transition temperature values of cured films Tg(CF) were calculated on
the basis of the Fox equation (6).
Among all the monomers used for the preparation of these polymer films, NVP
induced the highest strength (TS) to the polymers in the presence of the co-monomer
CHA with both EB and UV system; however, the TS values of polymers are much
higher for the UV process than the EB one. The monomer DPA has produced the
second highest tensile strength in these two systems. NVP has produced the films of
the highest TS values, because NVP has the ability of better augmentation with the
neighbouring groups and constituents through - N = CO- group present in NVP (7).
The monomer NVP has also played similar role to enhance TS values in other systems
also (8-9). The lowest TS values of the UV system are obtained with CL1039 series,
whereas films of MEA and HEA series have produced the lowest TS values in the EB
system. The above results illustrate a significant importance between UV and EB
systems. The soft radiation of UV rays used for the preparation of polymers plays
important role to allow different constituent ingredients to properly align their
geometry in line of obtaining a matrix for inducing the maximum strength to the
polymer films at the equilibrium condition during the polymerization process. The
high energy radiation of EB has possibly disturbed this process to some extent,
thereby reducing the overall tensile strength of the polymers. Polymer films of both
UV and EB systems have attained the maximum TS values, mostly in the presence of
CHA with MEA, DPA and NVP series and the minimum TS values with CL959,
CL1039 and HEA. The reasons of this phenomenon are yet to be explored; but it is
very likely that this contrasting behaviour may relate to the different structural shape
and geometry of the reacting ingredients of both monomers and co-monomers used in
the formulation.

Polymer films prepared with UV radiation have not only obtained higher TS values
than those of the EB system, these films have also higher elastic property denoted by
Eb values. Most of the monomer series like MEA, HEA, CL959 and CL1039 have
higher Eb values with the UV system compared to Eb values obtained with EB
system. However, NVP and DPA series have shown slightly higher Eb values with EB
system than the UV process. The highest TS values obtained with NVP and DPA may
indicate that there is higher crosslinking phenomena in these systems; the high density
of crosslinking has probably reduced elastic nature of the polymer indicating lower Eb
values with NVP and DPA series.
The differential behaviour of the UV-cured and EB-cured polymer films of similar
formulations is undoubtedly important for diverse applications of these polymers.
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Table
Tensile and thermal properties of the polymers films

Monomer

MEA

Tg=ll°C

HEA

Tg=15°C

CL959

Tg=12°C

CL1039

Tg=1.6°C

DPA

Tg=120°C

NVP

Tg=175°C

Co-monomer

EA
MA
CHA
VAc
t-BA
EA
MA
CHA
VAc
t-BA
EA
MA
CHA
VAc
t-BA

EA
MA
CHA
VAc
t-BA
EA
MA
CHA
Vac
t-BA

EA
MA
CHA
VAc
t-BA

Cured films

Tg(CF)
°C

-29
-21
-20
-18
-16
10
20
23
25
28
17
28
30
34
37

18
28
31
34
37
39
52
54
58
60

47
60
63
67
70

UV

TS
Kg/m2

255
255
273
225
255
275
270
254
266
250
275
300
254
285
266

235
225
180
180
285
375
375
382
375
375

465
482
595
555
575

system

Eb
%

86
93
107
90
93
113
133
160
113
120
130
147
183
120
129

160
165
220
152
154
33
38
47
43
32

45
27
27
30
26

SRT
°C

40
35
41
35
42
45
40
45
40
45
80
60
80
50
84

80
45
80
40
84
45
40
45
49
45

85
40
71
35
35

EB system

TS
Kg/m

75
55
70
50
40
75
65
60
70
65
160
285
180
260
195

230
228
195
190
255
280
312
322
290
312

312
325
325
270
295

Eb
%

57
60
87
57
58
70
69
83
63
65
111
101
105
84
99

108
97
92
88
110
61
81
79
63
77

68
33
40
64
72

SRT
°C

24
24
23
23
22
40
35
34
23
35
24
24
30
45
41

24
30
30
23
28
80
45
46
49
80

105
96
81
86
95

Thermal property:

Polymer is such a unique material that it is used in diverse applications under different
weathering conditions. Among all other thermal properties, the shape recovery
property of the radiation cured polymers has been studied in this particular
investigation. Many of the polymer films prepared with urethane diacrylate oligomer
have been found to possess such shape recovery character. The results of shape
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recovery temperatures (SRT) of different polymers obtained with EB and UV system
are presented in Table 2. All the UV-cured polymer films require heating above the
ambient temperature (25°C) in order to regain the original shape from the deformed
condition; but there are some polymers of EB radiation system which need heating
below 30°C for regaining from the deformed shape. Polymers of NVP and DPA have
higher shape recovery temperature in the EB system compared to the UV-system. The
shape recovery temperature (SRT) is initially higher with co-monomers of low Tg
values and then decreases up to Tg values of homopolymers of MA and then rises
again. The behaviour is different with UV system.

V CONCLUSION

The data presented in Table 2 are typical results of tensile and thermal properties of
polymers of urethane diacrylate prepolymer combined with other monofunctional
monomers and co-monomers. The results reveal that the UV-cured polymers possess
higher TS and Eb values than the corresponding EB-cured polymers prepared with
similar formulations. The UV-cured polymer films also contain uniform order in the
determination of their various properties. The shape recovery temperatures of the UV-
cured polymer films are more defined than that of the EB-cured polymers. It can
therefore, be concluded that the UV curing is much more beneficial in some cases; the
cost of UV processing is also much less than that of the EB system. To adopt and use
UV processing technology is much easier and convenient than EB technology.
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ABSTRACT

Four classes of oligomers were evaluated for their pigment dispersing capabilities. These include
aromatic and aliphatic urethanes, epoxy acrylates, polyesters and a novel class of acrylated resins. This
study will show that surface tension and chemical structure are major factors influencing pigment
wetting and final ink performance properties.

1. INTRODUCTION

In order to produce an ink of high gloss and opacity or hiding power, the base oligomer must have
excellent pigment wetting characteristics. This is influenced by many factors, such as surface tension
and polarity of ink vehicle, and the volume density of the dispersed pigment which has a direct
relationship to the backbone structure of the chemistry employed. Generally the lower the surface
tension and the higher the polarity, the better the pigment wetting characteristics will be. When these
parameters are optimized, this results in a smaller pigment particle size in the finished ink. The smaller
the particle size, the better the wetting, which results in higher opacity and gloss of the final ink
formulation.

2. EXPERIMENTAL

For this study a series of commercially-available oligomers were tested and compared to a unique class
of acrylated resins. These include urethane acrylates, both aliphatic and aromatic in nature, as well as
polyester acrylates, epoxy acrylates and functional acrylates. Since the vast majority of neat oligomers
are too viscous to handle easily, mono-di-and tri-functional diluents were added to the base oligomer to
reach a workable viscosity region. For high speed dispersion methods, this is between 1500-1800 cps at
25°C.

In most cases these diluents consist of alkane monomers with ethoxy or propoxy groups in the backbone
structure. All oligomers with the exception of the functional acrylics (Functional Acrylics) were reduced
in viscosity using SR9020, 3 mole propoxylated glyceryl triacrylate (GPTA) as the diluent. The surface
tension of the resulting monomer/oligomer blends was measured and charted using a Duie ring.

The pigment, a Sunbrite Yellow 74 (Sun Chemical) was held constant at a 40% loading in the blend and
was dispersed using a Dispersomat CV. The dispersion time was 30 minutes total, with 15 minutes at
1000 rpm blade speed followed by 15 minutes at 2000 rpm.

409



Pigment dispersion efficiency was measured using a Hegman Gauge. An acceptable grind is achieved
when the pigment particle size is lower than 5 microns. All samples which did not meet this
requirement were milled on a 3-roll mill. This is a lab scale bench top model, produced by Anthony
Manufacturing, Inc.

An acceptable ink must be low misting in nature. In addition, the tack or viscosity of the ink must be
stable for optimum press operation. These properties were measured using a model MBC inkometer
manufactured by the Thwing-Albert Instrument Co. The roller speed of the inkometer was 1200 rpm,
while the roller temperature was heated to 90°F using a re-circulating water bath. The duration of the
test was 10 minutes with tack readings taken at 15, 30 and 60 seconds initially, and at 1 minute intervals
thereafter. In an attempt to quantify ink misting, a 8.5" x 11" sheet of paper was weighed, placed behind
the inkometer rolls for the duration of the test, and then re-weighed. Weight gain of the paper was noted
for each monomer/oligomer blend and a relative comparison was charted.

When the ink concentrate attained the proper particle size (less than 5 microns), either through high
speed dispersing techniques or 3-roll milling, a standard photoinitiator (PI) was added. This consisted of
4.5% Irgacure 907 plus 0.5% ITX. A concentrate of the PI was made in SR212 1,3 butylene glycol
diacrylate. This monomer/PI concentrate was added to the ink at a 10% level. Upon addition of the PI,
the inks were applied to Leneta opacity charts using a large hole ink loading on the "Quick Peek" press.
All printed samples were cured at a line of speed of 50 fpm using a medium pressure Hg lamp operating
at 400 watt/inch. Gloss readings were taken using a Gardner Gloss meter at a 60° angle.

3. DISCUSSION

3.1 Functional Epoxy/Urethane Acrylates

Particle Size

The following graph lists the oligomer/monomer blends tested along with the final pigment particle size
attained using the high speed dispersion techniques.

In terms of pigment dispersing capabilities, as a group, the epoxy acrylates are the most efficient,
followed by the aliphatic urethanes and finally the aromatic urethanes. (Figure 1)

The product yielding the smallest pigment particle size was CN118. This is a fatty acid modified epoxy
acrylate.

The CN111, an epoxidized soy bean oil, has been the industry standard in terms of pigment wetting
efficiency. It yields a pigment particle size in excess of 100 microns after 30 minutes of high speed
dispersion.

However, when 3-roll milled, all of the oligomers tested produced the desired pigment particle size
achieved in one pass. By 3-roll milling, greater force is applied to the pigment, resulting in finer particle
size.
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Although the epoxies are suitable for most graphic arts applications owing to their fast cure and
inherently lower cost, the urethanes are used for outdoor weathering applications, or where greater
adhesion and flexibility are needed.

Gloss/Reflectance

Another important characteristic for a good ink is that it should have a high gloss or reflectance. The
chart (Figure 2) lists the gloss readings attained for each type of oligomer tested. The aliphatic urethane
acrylates as a group have the highest average gloss of 42. This is followed closely by the aromatic
urethane acrylates at 37 and finally the epoxy acrylates at 33.

It should be recognized that these are not fully formulated inks, but rather ink concentrates having a
pigment loading of 36%, after the monomer containing the PI package has been added. However, when
commercially printed samples are measured, gloss readings in the 40-50% region are attained depending
on the substrate used. When these oligomers are employed in an optimized ink formula complete with
additives and leveling aids, the gloss should significantly increase.

Surface Tension

Surface tension of the monomer/oligomer blend is important in predicting not only the chemistry's
ability to wet the pigment, but also the adhesion of the formulated ink to a given substrate.
Ideally speaking, the surface tension of the ink or coating should be 8-10 dynes/cm lower than the
surface energy of substrate onto which the chemistry is applied. (Figure 3) As a group, the aromatic
urethane acrylates have the lowest surface tension of 35 dynes/cm. These materials typically have the
best adhesion results in normal application terms.

When pigment wetting capabilities are examined, the epoxy acrylates - in particular CN118 - the fatty
acid modified oligomer yields the best result. These materials as a group are only slightly higher than
the aromatic urethane acrylates at an average surface tension of 36 dynes/cm. In terms of adhesion the
epoxy acrylates generally do not adhere as well as the urethanes, owing to their faster cure rate resulting
in a higher degree of shrinkage. It is essential to use an aliphatic urethane to enhance weathering and
yellowing-resistance in outdoor applications, even though these materials, as a type, have the highest
surface tension.

Misting/Tack

During offset printing operations, rollers in the ink train which transfer the ink to the blanket rotate at a
very high speed. If the ink does not have the correct rheology as the ink splits at the roller nip, "misting"
of the ink occurs and droplets of ink become airborne.

The following graph represents our efforts to quantify this phenomenon using the same device that one
uses to measure the "tack" - namely the inkometer. This is done by measuring, on a weight basis, the
amount of ink transferred to a sheet of paper placed behind the ink rollers for the duration of the "tack"
test
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Based on this test there are several oligomers which exhibit little or no misting. (Figure 4) The best
performer is CN111, the epoxidized soy bean oil followed by the acid modified epoxy CN118. The
aromatic urethane acrylates as a group are also quite low, with the exception of CN978. Moderate
misting is observed with the aliphatic materials. By the addition of talc to the final formulation misting
is greatly reduced.

From an ink printer's point of view, the most discussed property of ink other than color is tack. Tack is
the force required to split an ink film. This is essentially what happens when the ink is transferred from
one roller to another, or from the blanket to the substrate. The film of ink splits, leaving some ink
behind on either the roller or the blanket, and some ink is transferred to the next roller or to the paper.
This force can be measured by ink-tack rating instruments; the most common being the inkometer. The
higher the tack rating, the more force is required to split the ink film. Acceptable tack ratings range from
a low of 8 to a high of 20.

The graphs below show the tack results for each chemical group tested. (Figures 5,6, 7) All of the
materials follow the same general trend. The initial tack starts in the 5-6 region and drops as the ink is
worked or stressed to the 3-5 point range. Although these readings are on the low end of the range, the
important factor is that they do not increase in tack throughout the duration of the test. A trend upwards
indicates poor ink stability, and possible gelling during printing operation. To increase the tack, a small
amount of talc can be added to the final ink formulation. By increasing the tack the dot or printing
becomes sharper, enhancing the image quality.

3.2 Functional Acrylics

We have discussed in detail the performance of the epoxy acrylates and the urethane acrylates when used
as ink vehicles. Next, we will explore the performance of functional Acrylic oligomers.

As with the other oligomer studies, the viscosity of the blend was adjusted to 1500 to 1800 cps. In the
previous series the oligomers were varied while the diluent in all cases was SR9020 (propoxylated
glyceryl triacrylate). In the following tests the functional acrylic oligomer was always used and the
diluent was varied.

Surface Tension

The following list shows the monomers tested along with the surface tension of the final
monomer/oligomer blend.

As previously stated, surface tension is important for predicting the ability of a liquid to wet and to
adhere to a given substrate when cured, or in this case, to wet pigment. (Figure 8) The lower the surface
tension, the better the wetting.

As a group, the functional Acrylics/monomer blends have lowest surface tension when compared to
either the epoxy acrylates or the urethane acrylates. The surface tension ranges from 31.5 to 34.5
dynes/cm for this chemical type. In contrast, the epoxies range from 35-37 dynes/cm while the urethane
range is much broader yielding values from 35 to 41 dynes/cm.
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A subgroup of diluents within the functional Acrylics are the neopentyl glycol derivatives. These are
represented by SR247 (NPGDA); SR9003, which is the 2 mole propoxylated version, and SR9209 a 2-
mole ethoxylate. The average surface tension for this group is 32 dynes/cm.

The alkane-based diluents are represented by SR238 (HDDA) and SR212 which is 1,3 butylene glycol
diacrylate. The surface tension of these blends ranges from 33.0 to 33.5 dynes/cm.

The next group includes the propoxylated glyceryl triacrylates. This group is comprised of SR9020,
which was the primary diluent used in the epoxy and urethane oligomer study, as well as SR9021, which
is the 5 mole propoxylated version with surface tension of 33.5 dynes/cm.

Finally, the group having the high surface tension is based on trimethyl propane triacrylate (TMPTA).
SR351 is TMPTA; SR492 is 3 mole PO-TMPTA and SR454 and SR499 are the 3 mole and 6 mole
ethoxylated versions respectively.

Another diluent which is not shown on the chart, but is used throughout the Acrylic oligomers is CN131.
This is a low viscosity (200 cps) mono-functional oligomer. The surface tension for this blend is 33
dynes/cm.

Particle Size

The next chart shows the pigment particle size attained with each blend using high speed dispersing
techniques. (Figure 9) There are 3 blends which yield a particle size of less than 5 microns. They are
SR212, a branched alkane; CN131, the oligomeric diluent and SR499, which is the 6 mole EO-TMPTA.
Again, when these pigment concentrates are 3 roll milled, all of the blends yield a pigment particle size
of <5 microns in one pass.

Gloss/Reflectance

The gloss of these materials was also measured and compared. (Figure 10) The blends using SR9020,
SR9021 and SR499 exhibit the highest degree of gloss. These are all tri-functional in structure. SR9020
and SR9021are 3 mole and 5.5 mole PO-TMPTA respectively, while SR499 is 6 EO-TMPTA. When
the functional Acrylic oligomers are compared to the EA or UA oligomers they are 8-10 points lower in
gloss; however when used in fully-formulated inks the gloss will increase significantly.

Misting/Tack

The misting test was also repeated on this series of monomer/oligomer blends. (Figure 11) The blends
which exhibit the lowest misting characteristics are utilizing SR9003 and SR492. These are 2 PO-
NPGDA and 3 PO-TMPTA respectively. The blend which does not mist at all uses CN131 as the
diluent. This material also exhibits very stable performance when ink tack properties are plotted.

The next series of graphs indicate the tack properties of the various blends tested. They are grouped
based on the chemical structure of the diluent used to produce the desired viscosity of 1600 ± 200 cps.
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This graph lists the tack values of alkoxylated TMPTA-based materials and compares them to the
standard TMPTA (SR351). (Figure 12). SR492 is 3 PO-TMPTA, while SR454 and SR499 are 3 EO
and 6 EO-TMPTA respectively. The standard TMPTA yields a slightly higher tack, but all of the
materials remain very stable throughout the tests.

The following graphs indicate the tack properties for alkanes and the neopentyl glycol derivatives. (
Figures 13, 14) Again, we observe a very stable tack on the inkometer in each case.

4. CONCLUSION

As a result of this study 3 materials were selected for commercialization. This was due to their excellent
pigment wetting characteristics and the good adhesion properties over a wide range of plastic substrates,
on which adherence is difficult.

This chart lists the physical properties of the cured film for each of the selected blends along with the
diluent employed. All of these blends use an functional Acrylic as the base oligomer. The diluent level
is adjusted to obtain a viscosity range of 8,000 - 10,000 cps which is the desired viscosity range for 3-
roll milling, and matches the viscosity of other commercial oligomers designed for this purpose.

In addition to having good adhesion, pigment wetting properties testing has shown that these materials
have mild-to-moderate eye and skin irritation characteristics.

CN816, owing to its low viscosity, is most suitable for screen and flexo printing applications. The
CN817, with its very stable tack and the ethoxylated nature of the diluent, makes it ideal for lithographic
printing. Finally, CN818, which does not mist at high roller speeds, lends itself to offset printing presses
as well as the other graphic arts applications.
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Lu Qiting and Hou Yibin MY0001453
Shanghai Kang Da Chemical Factory

9328 Shangchuan Road, Pudong, Shanghai, China
Tel:021-58387561, Fax:021-58383632, Email: kangdac@online.sh.cn

1. INTRODUCTION

Dicyclopentadienyl acrylate (DCPA) is characterized by low odor, low volatility, high flash
point, low toxicity and low shrinkage on cure. Another advantage of DCPA is its
insensitiveness to the inhibiting effect of oxygen. DCPA have wide industrial applications. It
was used for the preparation of adhesives, UV-curable coatings and polymer concrete(l). The
advantages of DCPA result from its particular structure. There are two unsaturated bonds, one
acrylic double bond and one cyclic double bond, in each DCPA molecule. But, few reports on
reaction behavior of the two type double bonds were issued up to date . In this paper, reaction
behavior of the acrylic and the cyclic double bond of DCPA during and after UV-curing were
investigated by Fourier Transform-Infrared(FT-IR).

2. EXPERIMENTAL

Materials

DCPA was synthesized by the addition of acrylic acid to dicyclopentadiene in our laboratory.
Photosensitizers, Irgcure 651 and Dorocur 1173, were received from Ciba Specialty
Chemicals(China) Ltd.

Sample preparation

The formulation of the UV-curable sample is the following:

DCPA 100 parts
Irgcure 651 2 parts
Daracur 1173 2 parts

The sample was applied on a NaCl pellet. The exposures were carried out statically. The
illumination source was a medium-pressure mercury vapor lamp, 1000W/12CM.The distance
between the sample and the lamp is 20 CM. The sample cured was stored in a vial with
desiccant up to 82 days.
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Instrument

All IR spectra were recorded by using a NICOLET AVATAR 360 FT-IR Spectrophotometer.
The instrumental conditions were 32 scans and 4 CM^resolution.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Reaction behavior of DCPA unsaturated bonds during UV-curing

IR absorption spectrum of DCPA is shown in Figure 1. Two bands at 1635 CM"*and 1618
CM"1 were found in the range of double bond absorption. They were assigned to the acrylic
and the cyclic double bond, respectively.

2000

Wavenumbers (cm-1)

Figure 1. IR spectrum of DCPA

Figure 2 shows IR spectrum of DCPA sample illuminated with UV lamp fifteen seconds. The
band of the acrylic double bond at 1635 CM"1 was disappeared, but the band of the cyclic
double bond at 1618 CM"1 was no obvious change. IR spectra of DCPA sample illuminated
fifteen and thirty seconds were identical. The results displays the following: (a) It is the acrylic
double bond that took part in photopolymerization ; and (b) Longer time illumination couldn't
initiate photopolymerization of the cyclic double bond.

Reaction behavior of DCPA cyclic double bond after UV-curing

IR spectra of DCPA sample cured were recorded on days 1,7, 13, 18, 20, 29, 36 and
82(Figure 3 and Figure 4). While the intensity of the band at 1618 CM"1 decreased with the

419



0)
o

E

20-

4000 2000

Wavenumbers (cm-1)

Figure 2. IR spectrum of DCPA sample cured
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Figure 3. Time-dependence of IR spectra of the DCPA sample cured
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Figure 4. Time-dependence of IR spectra of the DCPA sample cured

storage time over the range 1-36 days, a new wide band centered at 3400 CM"1 appeared and
its intensity increased with time. Both of these two band intensities stopped changing after 36
days of storage. The IR spectrum didn't exhibit change on day 82 of storage as compared to
day 36.

Photooxidation mechanism of DCPA cyclic double bond

The fact that the band at 1618 CM"1 disappeared gradually and the band at 3400 CM1

appeared indicated that the intensity variation of the band at 1618 CM1 was related to that of
the band at 3400 CM'1 and that the cyclic double bond was converted into a saturated bond,
hydroxyl or hydroperoxide, by some chemical reactions.

Sisele et al(2) reported mechanism of photooxidation of DCPA homopolymer in solution
(Scheme 1). If photooxidation mechanism of our experiments was consistent with Sisele's ,
(a) the intensity of the band of the cyclic double bond would be independent of
photooxidation; and (b) the intensity of the band of hydroperoxide mid-product at 3400 CM1

wouldn't increase with time .In fact, it isn't in agreement with the fact that the intensity of the
band of the cyclic double bond decreased with time and the intensity of the band of
hydroperoxide mid-product increased with time. Furthermore, after DCPA was cured, it is
nearly impossible that hydroperoxide mid-product decomposed into free radical and initiated
the cyclic double bond polymerization. It may be considered that photooxidation mechanism
of DCPA after curing in our work differ from that of Sisele's in solution. The results
obtained in our work can be explained in term of the proposed mechanism(Scheme 2).
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First of all, DCPA cured was oxidized into a strain ring structure. It was immediately opened
by an attack of a water molecule, forming a hydroxyl and a hydroperoxide. In turn, the
hydroperoxide desorbed an oxygen. The final results of photooxidation were a water molecule
addition to the cyclic double bond, resulting in destructing of the cyclic double bond and
forming of the hydroxyl.
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H H
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H H H H

H H

Scheme 2

4. CONCLUTION

The polymerization of the acrylic double bond occurred during UV-curing. The remainder
cyclic double bond was gradually oxidized into hydroxyl. The photooxidation stopped after 36
days. The photooxidation mechanism of forming hydroperoxide mid-product was suggested
on basis of IR spectra.

Reference:

1. Eur. Pat. Appl. EP 599,7334
2. Eisele, Gilles; Fouassier; Jean-Pierre; Reeb, Roland. Macromol. Chem. Phys.,
1996,197(5), 1731 -1756
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1. INTRODUCTION

Among emerging technologies, those associated with laser sources as surface processing
tools are quite promising. In the present work, a UV pulsed (excimer) laser source is
experimented for engraving (or ablating) polymeric materials based on three high
temperature polymers: polyethylene terephtalate (PET), polyethersulfone (PES) and
polyphenylene sulfide (PPS). The ablation phenomenon is demonstrated on all these
polymers and evaluated by stylus profilometry upon varying the laser fluence at impact.
For each polymer, results give evidence for three characteritic quantities: an ablation

threshold Eo, a maximum ablation depth per pulse zo and an initial rate of ablation a, just
above threshold. A simple ablation model is presented which describes correctly the
observed behaviours and associates closely the above quantities to the polymer
formulation, thus providing for the first time a rational basis to polymer ablation.The
model may be extended to parent plastic materials whenever containing the same
polymers. It may also be used to predict the behaviours of other polymers when subjected
to excimer laser irradiation.

2. EXPERIMENTAL

Materials

The evaluated sample materials were voluntarily chosen to be all commercially available in
order to extrapolate eventual results to specific application domains. Materials are shaped
in 1 or 2mm thick molded platelets. The composition of these platelets is shared between
the nominal polymer and 30% (massic proportion) glass fiber. The latter consists of
200^m long, 10|xm diameter pieces which are gradually distributed from surface to bulk

and reach nominal ( = 10%) volume proportion at some lO îm from surface. The melting
temperature of the polymers is 255, 226 and 288°C, for PET, PES and PPS, respectively
and their molecular weights are typically large, around 50 000 or more, as usual for
commercial products. It is worth to note that the ablation process would only concern the
polymer itself, leaving fibers somewhat unaffected even when they would be
progressively made accessible to irradiation through the process.

Laser Processing

A (Kr+F) excimer laser source is used, working at 248 nm ( or 5.0eV photon energy)
and emitting typically 0.6J (or 6 x 1017 of such photons) in 25nsec long pulses at lsec
intervals. The time profile of the light intensity during a pulse is strongly asymetric with
1/e width at 25 nsec, maximum after 5nsec, 40nsec total duration, 50% of the laser
energy delivered within the first lOnsec. The beam cross-section is large (2cm2) and
homogenized. Upon focusing, that incident laser energy is reduced to an effective density
per pulse or fluence E (in J/cm2) upon impacting the sample surface. Fluence and number
of pulses can be varied in order to provide a range of different irradiation regimes.
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Evaluation of Ablation

Upon irradiation, polymeric materials are observed to ablate by emitting their polymer
component. Logically, the volume of ablated matter per pulse may be expected to depend
on the amount of laser source energy E (in J/cnP) which is actually absorbed by the
material as: E = K (1-R) 8. The latter is evaluated by measuring s and sample reflectivity
R at 248nm and knowing the optical absorption coefficient K (in cm1) of the material at
248nm. Because of the limited amount of matter which is usually emitted upon one single
pulse irradiation as compared to the actual surface roughness of a virgin platelet, the

ablated depth per pulse Az cannot be measured directly. Instead, one measures the total
ablation depth which is obtained after a series of n successive, isoenergetic pulses and
divides that depth by n (e.g. n = 20). The resulting averaged value of Az may be
moderately affected by the presence of fiber, in particular at high fluences when ablation
reaches that part of the material volume with (« 10%) nominal fiber distribution and only
after irradiating with a large enough number of pulses (n>10).

3. RESULTS

For the three materials which have been studied in this work, Az has been measured and
traced over a series of distinct irradiation experiments, each being carried out at a given
measured fluence £. Results are shown in Figs. 1 to 3, for PET, PES and PPS,
respectively. Error bars refer to remanent uncertainties after smoothing experimental
data. Upon increasing fluence, it is seen that i) ablation starts at a threshold fluence s0,
and ii) z tends towards a maximum value z<).Values for £0 and ZQ are quoted on figures
for all three materials. As such, these quantities do not carry much physical information
except for setting an apparent ablation rate for each experimented fluence.
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One may now modify the graphes of Figs. 1 to 3 by transforming:
i) the measured values of the impinging energy density (£) into E*;
ii) those of Az into the ratio Az / z0 = Az x S / z0 x S = AV / Vo = rj, where S is

the actual irradiated area and AV the ablated volume. The resulting graphes of the ablation
efficiency TJ(E*) are presented in Figs. 4 to 6, together with the respective chemical
configurations of the polymers, for PET, PES and PPS, respectively.
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Two quantities are here remarkable, namely: Eo*, or effective absorbed energy per cm3 at
ablation threshold, and x ,the initial ablation rate at Eo*, or % = (AT] / AE*)EO*. These
quantities are given in Table 2.

The three graphes are compared in Fig.7, below. One notes that PES and PPS differ from
PET with equivalent £0 values. In contrast, PET and PES do have close Eo* values in
sharp contrast with PPS. This is due to the lesser absorption coefficient K (and deeper
light penetration, cf. Fig.3) in the latter compared to the other two materials.

The evolution of v\ with E* may be described via a model incorporating the above
quantities. A volume v is irradiated and reduces to (v - dv ) upon absorbing an energy dE.
One writes a rate differential equation to describe the ablation process as:

dv
- — = %dE , where % is an ablation coefficient

Summation is performed as:
v' , E* , i

f_^ = fxdE ; Log- - -X(E * -Eo*) and - = exp[-X(E* -E0*j\.
J V J V V

Eo*

The ablation efficiency follows as: r\
V- V

V
= l-txp[-X(E*-E0*].
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4. ANALYSIS

A few approximations and hypotheses need be introduced to understand the physical
meaning of the above data:

i) the irradiation time is extremely small (40nsec) as well as the heat
conductivity of the polymeric materials. Therefore, one may reasonably assume that the
absorbed laser energy E (in whichever form) has no time to dissipate out of the light
penetrated volume of the material (VL) during pulse duration, i.e. all of the absorbed
energy E is consumed where it has been initially deposited (i.e. no energy loss).

ii) any eventual material transformation (e.g. emission of matter) may be
considered as originating solely from VL, i.e. the maximum volume of emitted matter
(Vo) is entirely contained in V^: one makes the hypothesis that Vo would tend to equal VL
upon increasing fluence.

iii) morphological instability in a polymeric chain stems here from exciting
valence electrons via photon absorption: it should be noticed that resulting excited
electrons as well as generated phonons do remain (by structure) spacially confined in
each individual chain. Further, the time necessary for these excited electrons to recombine
onto a valence state (setting an instability period for any corresponding atom site) is
usually of the order of 5-10nsec. It is reasonable to assume that morphological instability
results from the time confinement (or time overlap) of these atomic instabilities within the
same chain. This would imply that no instability would result from part of the absorbed
photons, in particular from those which belong to the less intense part of the emission,
leaving some 50% of the absorbed laser energy (within the first lOnsec of irradiation) to
be responsible for the observed ablated volume.

From these arguments, one may now proceed to interprete the above data. Vo could be
correctly approximated by evaluating the light penetration depth behind the sample
irradiated area. That depth is determined by the material absorption coefficient K at any
given light wavelength, irrespective of the light intensity at that wavelength. Typically
and by the Lambert-De Beer definition of K, 90% of the light energy are absorbed over a
light penetration length Z90 set by the quantity Z90 = 2.3 / K.The maximum ablation depth
Zo may be used to approximate Z90 (within experimental error) as Z90 = 0.9 zo , from
which: K = 2.55 / ZQ. AH relevant values appear in Table 1.

£0

Zo

Z 9 0

K

(J/cm2)

(Hin)

(Mm)

(x 104 cm-1)

PET

0.16
0.46
0.41
5.6

PES

0.12
0.32
0.29
7.9

PPS

0.12

0.62

0.56
4.1

Table 1

The amount of absorbed energy E per volume (in J/cm3) is set by E = K (1 -R) 8 , where
R is the material reflectivity at the laser wavelength. R is measured at: 0.07, 0.09 and
0.08 for PET, PES and PPS, respectively. Further, point iii) above is used to define an
effective absorbed laser energy in terms of ablation, E* = 0.5 E.
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Entering in the above equation values given in Table 2 for Eo* and r\ yields the graphes
represented in Fig.8. A qualitative agreement is achieved with the experimental graphes,
Fig.7. However, model figures for T] are systematically too low for all materials
compared to experimental ones (by 10% for PPS, by 15 to 20% for PES and PET). This
fact may be related to uncertainties when measuring Az in conjunction with the presence
of fiber in these materials, and to light diffusion in polymeric materials.

1 2 3

E (xic6/cm3)

Fig.7 Fig.8

One may now compare the three materials through values given in Table 2. In particular,
ablation threshold energies are interesting to compare with the respective monomer
masses and valence electron populations, Table 2.

monomer mass
monomer val.e- number
Eo*
E v

a 0

AEV
E s

X
11

M

(xlO4 J/cm3)
(eV/monomer)
(abs.phot./val.e-)

(eV)
(eV)
(xlO-4cm3/J)
(em.at./abs.phot.)
(br.bond/abs.phot.)

PET

192
72
0.413
14.1
0.039

-0.55
+ 4.45

0.74
2.37
1.18

PES

232
74
0.436
166
0.045

-0.75
+ 4.25

0.59
1.89
0.94

PPS

108
31
0.227
4.0
0.129

-0.52
+ 4.48

0.76
2.44
1.22

Table 2

Clearly, the ablation threshold is proportioned to the monomer mass, thus carrying
identification of a limit to tstructural stability of the polymeric chain against external
sources of energy. That threshold (expressed as Ev, in eV/monomer) could reasonably
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represent the internal energy of the monomer, i.e. the range of energy which is occupied
by the valence electrons or valence band width. Reducing that quantity to the valence
electron population times the actual photon energy (5eV) yields ao (expressed in
absorbed 5eV photon per valence electron, Table 2) which represents, at threshold, the
maximum fraction of the valence electron population, just below the top of valence band
(or Fermi level, Ep) which may be effectively excited at 5eV without disturbing atom
configurations, thus setting the onset of instability. That fraction ao may be used to

determine AEy, i.e. the range of electrons which contribute, at any fluence, to light

absorption at 5eV: a = AEv / Ey . The obtained values for AEy (taking the energy zero at
Ep) are given in Table 2. To these values, one now adds the 5eV photon energy to define
a minimum level of energy Es above Ep, at and above which valence electrons are excited
over a range set by AEc= AEy. That level Es is remarkably constant at 4.4 + 0.15eV for
all three polymers. It is advocated that Es delineates most probably the surface potential of
these polymeric materials and electrons excited above Es would effectively be emitted out
and permanently lost by of material. AEc is set by the photon energy and may not vary
with the number of 5eV photons. As a consequence, it is the actual electron population of
that range (equal to the number of absorbed photons, as tuned by varying e) which
would decide for the onset of instability as materialized through atom emission (or laser
ablation) at Eo*. Most remarkably, atom emission appears then to be triggered by a
minimum fraction of only those valence electrons which are excited above Es, i.e. atom
emission is triggered by electron photoemission.

Once the polymer reaches destabilization and starts ablating, the initial rate of ablation %
would somehow depict the way the polymer deteriorates by emitting, at the onset of
ablation, the lightest residues of the now possible monomer decomposition. It is
particularly significant to notice the actual values of % expressed in broken bonds per
absorbed photon. Irrespective of the monomer, all figures obtained for these three
monomers consistently amount to about one unit. These results would then support the
general concept of a process which could be defined as being fully described via
photoemission driven bond breaking at the irradiated material giving way to emission of
matter.

Among the three polymers, PPS has by far the simplest monomer which consists of two
entities: a phenyl group and a S atom which would be both liberated upon ablation. One
may note that the model description (in Fig.8) is effectively very close to the experimental
data (Fig.6). As experimented, S atoms eventually react to ambiant hydrogen to form
characteristic H2S molecules. In contrast, the PES monomer is far more rigid: it does not
liberate free S atoms (no H2S formed) but rather SO2, phenyl groups and oxygen atoms.
Finally, PET would be more or less equivalent to PES in terms of inner stability in
relation with the size of its monomer, but would more readily decompose than PET into
phenyl groups, CO2 and weakly coupled CH2 radicals. This potential variety of emitted
particules would result in a hierarchy of specific emission regimes and rates.

5. CONCLUSION

In this work, the phenomenology of near threshold excimer induced ablation of polymeric
materials has been studied. It is shown that the process reflects the inner stability of these
molecular structures in setting an upper limit to their structural stability against external
sources of energy. More generally, the results and their analysis reveal the intimate nature
of polymer ablation to be essentially driven by intense electron photoemission.
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Abstract: Surface modification processing of two kinds

of synthetic rubbers (ethylene-propylene, and chloroprene)

by ultraviolet (UV), sputter ion etching, and electron

beam (EB) irradiation treatments has been studied in

relation to the modification mechanisms. The most

remarkable effect of these treatments was (1) the rapid

increase of adhesion properties and (2) simultaneously

decrease of self-stickiness. This non-sticking effect was

particularly important for the rapid production of thin

rubber sheet articles. The effectiveness was in the

following order: ion etching > UV > EB. The surface

modification mechanism was studied by use of SEM, ESCA,

FT-IR, and related interfacial analytical procedures.

introduct ion

A small and thin rubber product has been widely used

in many fields of electronics, automobiles, and related

industries. In the production of these pieces, the

tackiness is very important property. When a small piece

is cut out from a thin rubber sheet (1/2 mm in thickness),

the adhesion of each article must be prevented. In many

cases, various kinds of inorganic and organic compounds are

used, such as tare, sodium disulfate, and the like. These

reagents give rise to various complicated problems.
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In this article, the effective production of such small

pieces of rubber article is described in relation to the

surface modification processing.

Experimental

Material: Two kinds of synthetic rubbers

(ethylene-propylene rubber/commercial grade) were used.

Irradiation procedure: (A) UV irradiation, a low pressure

mercury lamp (30W, EL-J-60, Eikosha Co. Ltd.). (B) Ion

etching, the ion etching assembly (IB-2 type, Eiko

Engineering, Co. Ltd.). (C) EB irradiation, low energy EB

irradiation apparatus (Nisshin High Voltage Co. Ltd).

Measurements of adhesion properties: T-shaped peeling

tester (Toyo Bouldwin Co. Ltd.) was used.

SEM measurements: The Hitachi SEM (S-415 type) was used

under the conditions (25kV, in vacuum, bright field image).

ESCA measurements: The Shimadzu ESCA (type-1000) was

employed uder the conditions, excitation Mg Ka line, with

wide scanning and narrow scanning.

FT-IR measurements: The Nicolet FT-IR spectrometer (R-500)

by using total reflection method.

Gloss measurements: The Monolta GM-60 (Minolta Co.Ltd.).

Results and Discussion

Irradiation effect on adhesion properties

Figure 1 shows the principle of the irradiation effect

on rubber surface. It is worthwhile noting that adhesion

properties increased with the drastic reduction of

tackiness (self-adhesion).

Figure 2 shows the change of stickiness by UV

treatment. The tackiness decreased rapidly by quite a

short time irradiation.

The surface of the irradiated specimens was studied by

SEM observation (Figure 3). The relatively flat surface
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of original sample became rough with the progress of

irradiation. In the case of ion etching, particularly,

minute cracs were formed. It was estimated that surface

roughening occurs only at the surface of 0.5 urn in depth.

Estimation of the modification mechanism

Figure 4 shows FT-IR spectra of the sample. The newly

appearance of broad band near 3200 cm"1 and lGOOcirr1 region

suggests the formation of various oxygen containing

functional groups, such as carboxylic acid (COOH), ester

(COO) and alcohol (OH) groups through oxidation reaction.

The oxidation reaction is more clearly indicated by

ESCA spectra (Figure 5). The reduction of C i s and the

increase of O i B peak are obvious. Further, the ESCA peak

shifted gradually from 7.5 to 8.1 and remained constant at

this value (Figure 6). These results indicate that (1)

small extent of oxidation has already been occurred in the

original rubber, (2) irradition-induced oxidation occurs

only at the thin surface of the rubber, and (3) various

types of oxygen containing functional groups are formed.

Evaluation of surface modification by gloss tester

It is important to notice that these changes in rubber

surface can be sensitively detected by naked eyes of

ourselves. The luster of black rubber gradually diminished

and finally became dull in a tint colour of brown.

Figure 7 shows a change of gloss of irradiated rubber.

All the experimental data fall on a single smooth curve,

which is composed of two straight lines ; a rising line and

level off line. This curve is, so to speak a kind of

calibration curve, which indicates to what extent the

surface is modified, or to what extent the irradiation

should be carried out.

EB irradiation showed small change in properties.
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ABSTRACT

The physical properties of UV-cured materials are substantially affected by the lamp
systems used to cure them. The development of the intended properties, whether a varnish,
an ink, or an adhesive, can depend on how well these lamp factors are designed and
managed. The four key factors of UV exposure are: UV irradiance (or intensity), spectral
distribution (wavelengths) of UV, effective energy (time-integrated UV irradiance), and infra-
red radiation. Inks and varnishes will exhibit very different response to peak irradiance or
energy, as well as to different UV spectra. The ability to identify the various lamp
characteristics and match them to the optical properties of the curable materials, widens the
range in which UV curing is a faster, more efficient production process. This paper explores
the reasons for clearly identifying these factors for process optimization.

INTRODUCTION

There are a number of factors (outside of the formulation itself) which affect the
curing and the consequent performance of the UV curable material. These factors are the
optical and physical characteristics of the curing system. Among them are the key elements
of the UV source:

• UV Irradiance is the radiant power, within a stated wavelength range, arriving at a
surface per unit area. It is photon flux, and is expressed in Watts or milliWatts per square
centimeter. Irradiance varies with lamp output power, efficiency and focus of its reflector
system, and distance to the surface. (It is a characteristic of the lamp geometry and power, so
does not vary with speed). The intense, peak of focused power directly under a lamp is
referred to as "peak irradiance. " Irradiance incorporates all of the individual effects of
electrical power, efficiency, radiant output, reflectance, focus, bulb size, and lamp geometry.
When Irradiance is measured in any specific range of wavelengths, it is called "Effective
Irradiance."

• UV Effective Energy is the radiant energy, within a stated wavelength range, arriving at a
surface per unit area. Sometimes loosely referred to as "dose," it is the total accumulated
photon quantity arriving at a surface. "Dose" is inversely proportional to speed under any
given light source, and proportional to the number of exposures (for example, rows of lamps).
It is the time-integral of irradiance to which a surface is exposed as it travels past a lamp or a
sequence of lamps, usually expressed in Joules or milliJoules per square centimeter. (No
information regarding irradiance, irradiance profile, or peak can be inferred from a
measurement of "dose"). In this paper, "Energy" will be taken to mean Effective Energy, per
unit area.
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• Spectral Distribution is the relative radiant energy as a function of wavelength or
wavelength range. It is the wavelength distribution of radiant energy emitted by a source or
arriving at a surface. It may be expressed in power units or in relative (normalized) terms.
Analyzing the radiant energy from a bulb by grouping spectral energy into 10-nanometer
bands yields a distribution plot (or table) which is more convenient to apply to spectral power
and energy calculations than fine-resolution data. This distribution may be applied to the
radiant output of a lamp, or to the irradiance at a surface

• Infrared Radiance: The amount of infrared energy emitted by the quartz envelope of the
UV source. The heating effect it produces may be a benefit or a nuisance. (IR and its control
is addressed in other papers.(1))

Significance of UV Irradiance

All inks, coatings, or adhesives will absorb the UV arriving at the surface, but the
radiant power available deeper within the film will depend on the absorption in the film.
The higher the radiant power at the surface, the higher the power at any depth within the
material.

The reduction of light energy as it passes into or through any material is described by
the Beer-Lambert law. Energy which is not absorbed in an upper layer of the film and not
reflected is transmitted and available to lower layers, according to the following expression:

Io is the incident energy at wavelength X, Ia is the energy absorbed, AA is absorbance at
wavelength X, and d is the depth from the surface or film thickness.

Examining this law as it relates to radiant power absorbed in the top (surface) and the
bottom (contact layer) of a film permits the analysis shown in Figure 1.

2.5 Calculation further shows that
the "optimum" (theoretical) absorbance
of a film of any thickness is 0.4 to 0.43.
In other words, the maximal absorption
in the bottom layer occurs when there is
a "best" combination of film thickness
and absorption.(2)

Unfortunately, inks and coatings
each have their own characteristic
spectral absorbance, ranging from high
absorbance of short UV wavelengths, to
lower absorbance for longer

wavelengths.(3) Spectral absorptivity is a key factor in determining the best wavelengths for
most effective curing.
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Figure 1
Light Energy Absorbed in Top and Bottom of a Film
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Figure 1 also illustrates that even at the best conditions, energy absorbed at the top
surface is 2Vi to 3 times the energy absorbed at the bottom! For a film with an absorbance of
3.0, this ratio of top to bottom power is approximately 1 thousand!

Peak Irradiance

Peak irradiance is the highest power
level of radiant energy at the work surface.
Typical irradiance profiles are illustrated in
Figure 2.

All three lamps illustrated in Figure 2
deliver the same total energy to a surface
passing under them, but with different
irradiance levels (note that the area under each
curve is the same but the peak is very
different). These bulbs have the same
electrical power input ("watts per cm") but are
of different diameters, the smallest yielding
the highest peak.

The elliptical reflector is generally the highest efficiency of reflector, as it has the
greatest "wrap," or included angle of reflected energy about the bulb. Often reflector shapes
other than the simple ellipse are considered. Table I shows the relative merits, measured by
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Irradiance at Focus of Typical UV Lamps

Lamp. Reflector.
(120 w/crn)

TABLE I
Cure Speed, Energy,

m/min mJ/cm2
Effectiveness,
Speed/Dose

9 mm, elliptical 21.2 140 151
23 mm, elliptical 13.6 200 68
23 mm, parabolic 12.1 190 64

Black screen ink on polycarbonate, 390 mesh

speed to achieve cure of a black screen ink. This demonstrates the effects of bulb diameter
and reflector geometry with lamps of the same power, but different peak irradiance and
optical efficiency.(4)

Controlling maximum peak irradiance is principally through the selection of lamp
geometry, as it is integrally associated with reflector design and bulb diameter. Reflector
shape (e.g., elliptical or parabolic), reflectivity and precision of shape, bulb diameter, radiant
efficiency, electrical power input, will contribute to peak irradiance at any distance from the
lamp

Which is More Important — Irradiance or Energy?

Effective Energy ("dose") is the most-often reported measure of UV exposure, but
when referenced alone, without other information, is an incomplete specification. Energy is
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included here as an important measure in process specification because it is the only one
which incorporates the dactor of time. The specific wavelength range must be reported also,
as it will very from type to type of measuring instrument. Most radiometers measure
irradiance, and electronically calculate energy.

The exposure profile is characteristic of any lamp design. It is not possible to increase
the peak-to-energy ratio of a lamp ~ this is determined by its design. Increasing lamp power
does not alter the peak-to-energy ratio (at any speed). Typically, once a lamp is selected and
placed at a fixed position, the only controllable variables in a curing process are speed and
lamp power. This gives the impression that Energy ("dose") is the only measurement
needed. These measurements distinguish process design from process control.

The cured properties of clear coatings and varnishes tend tocorrespond the the total
energy applied. In other words, their practical cure speed may be increased by increasing the
UV power, somewhat independently of irradiance or irradiance profile. Practically,
increasing the number of exposures under second or successive lamps will increase cure
speed proportionally. However, this is becoming an exception rather than the rule.

Materials with a higher optical density will exhibit higher absorption of UV power,
resulting in diminished power within the film. These more optically thick materials may
exhibit loss of throughcure or adhesion, as dose is decreased with increase of speed, for
example. More opaque materials will tend to show more dependency on the intensity, or
peak irradiance to achieve throughcure.

An easy laboratory test to determine the extent to which a coating or ink is affected by
peak irradiance is to compare the cure achieved with a test lamp at a high peak of focus with
the cure when the lamp is out of focus. If the results are the same, the material is relatively
insensitive to the irradiance profile. If the effect of peak is significcant, then increasing the
peak will improve the speed performance, most often evidenced by adhesion behavior.

Energy absorbed in the UV Curable film

Figure 4 illustrates the amount
of energy which is absorbed in a UV
curable film. Clearly, varnishes and
clear coatings will absorb different
energies, even in the same thickness of
film.
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y
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Figure 4
Energy Absorbed in a Film

.1

The absorption of a film can be
demonstrated with even the simplest of
instruments. A black screen ink and a
clear coating were compared by printing
them on a quartz plate, and measuring
the effective transmission with a multi-
band radiometer (Table II and Table III). This simple demonstration also shows the fact that
the absorption is different at different wavelength bands, and is very different for materials of
different absorptivity.
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A quartz plate is used as the substrate. The ink was screened with a #355 mesh,
yielding a film of approximately .7 mil. Measurements were made with the quartz plate over
the radiometer, before and after printing, thus eliminating (or reducing) the effect of the
quartz plate transmission. The radiometer was a UV Power Puck® (modified for high
irradiance); the lamp was a Fusion 1600 with a 13 mm "D" bulb.

Absorption

Top Surface of Ink

Top of Substrate

Absorbed in Ink

Available for Cure
at substrate

Table II

of Energy in UV Screen Ink
Radiant Power. mW/cm2

UV,f320-390nnrt

6660

138

98%

2%

UV»f280-320nm)

1995

157

92%

8%

Table III

Absorption of Energy in UV Press Varnish
Radiant Power. mW/cm2

UYA IJVB
f320-390nm) (280-320nm)

Top Surface of Coating 2162 2161
Top of Substrate 1400 880

Absorbed in Coating 35 % 59 %

areubsfike 6 5 % 41%

UVc
(250-260nnri

254
15

94%

6%

The same set of measurements were made on a clear press varnish (GPI Sun
Chemical), with a film thickness of 0.5 mil. The radiometer was a UV Power Puck®
(modified for high irradiance); the lamp was a Fusion UV 1600 with a 13 mm "H" bulb.

Energy/Speed Constant

The energy-speed relationship is simply an inverse relationship for any given
configuration and power of lamp. In other words, the energy at any speed can be calculated
from the energy at any other speed. This is a very useful point, because it allows radiometric
measurements to be made in speed ranges where measurement error is a minimum. It also
suggests a way to calculate energy using a "constant" factor:

I I I I I I I I
I Enerdy is bropbrtiohal fcj> timb, or

~v~ i inversely~propqitionahtcx
\ i I I I I I
* i Tlhnreifnrrt I nnnlfni/ At A M U vtr\r\nrl

dan bb calculated fk>m kny [

I T ^
20»| [ -j

I I

3 4 5 6 7 8

Speed [or 1/exposurs time]

10

Figure 5

Calculating Dose from an "Energy-Speed" Constant

V = F • V
vx Eo v o

vv

where Eo is the dose (energy/unit area)
measured at speed Vo and Ex is the energy to
be determined for speed Vx .

This calculation will work in any
units of speed, and any wavelength range,
so long as they are consistent. This is
illustrated in Figure 5.

This method not only reduces tedious measurements, but it avoids the use of a
radiometer in low speed ranges at which it may be overheated, or at high speeds where it
becomes subject to serious sampling errors.

Peak and Energy

As illustrated in Figure 3, different configurations of lamps will have different
irradiance profiles. If we are interested in the peak intensity in relation to the shape or width
the profile, we can examine this ratio.. A highly focused lamp will have a higher ratio than a
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lamp system which is poorly focused or has been moved out of focus. In fact, the peak of the
profile curve is the peak of irradiance, and the area under the curve is proportional to energy.
Peak irradiance is not a function of speed, but is constant for a lamp configuration and power.

A Dramatic Illustration of the Effect of Peak Irradiance - Screen Ink Adhesion

Table IV is typical "cure" data for a black screen ink. NorCote #1019 black screen
ink was printed onto a polycarbonate substrate with a 355 mesh screen, yielding
approximately 0.7 mil film thickness. A cure ladder was run with a Fusion UV F600 (600
watt/inch electrical input) lamp, with a 13 mm "D" bulb. Peak and Energy were varied by

Successful "Cure
Peak. mW/cm2 ,

6730
5260
3430
1640
1060

Table IV
Speed" Determined by Adhesion
Energv. mJ/cm2 ^

365
536
558
587

1160

0.7 mil NorCote #1019 black screen ink, #355 mesh

Speed, in/sec
28
22
18
14
6

, on polycarbonate

successively moving the lamp out
of focus (an easy technique of
altering intensity and the peak-to-
energy profile). Energy and peak
irradiance were measured with an
EIT PowerPuck®. Energy at
higher speeds was calculated
according to the method described
above. Data points represent a
successful cure, determined by
satisfactory adhesion, measured
with a traditional cross-hatch
tape-peel test.

Successful cure speed of
an optically thick film of an
absorptive material does not
appear to increase with energy, but is clearly affected by the peak irradiance.

So to what is it proportional? In order to examine the relationship further, we can plot
peak-to speed, and energy-to-speed (Figure 6).

Experiment With Narrowed Exposure Width

In an experiment to explore the peak-to-dose ratio further, a slit aperture was placed in
front of the lamp so that the peak irradiance would be approximately the same as the test
above, but the exposure profile would be limited to a width of approximately V2 inch, thus
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Table V
Successful "Cure Speed" Determined

(Exposure profile
Peak. mW/cm2^

6320
4810
2670
1610
1007

narrowed with use of lA
Energv. mJ/cm21.

197
231
277
346
380

0.7 mil NorCote #1019 black screen ink, #355 mesh

by Adhesion
" slit aperture)
Speed, in/sec

16
12
6
3
2

on polycarbonate
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Figure 7
Peak and Energy Relationship for Successful Adhesion
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Effectiveness of Cure Conditions

Peak-Energy Effects with Flexographic Ink

reducing the dose, and increasing
the peak-to-dose ratio. The slit
aperture blocks the lower-
irradiance "tails" of the exposure
profile (see Fig. 1). The data is
shown in Table V and in Figure 7.

It is easier to see the
significance of this data when
plotted on the same graph (Figure
8). Note that each data pair
("dose" and peak) is the just-cured
point on a cure ladder. The
experiment not only demonstrates
the fact that "cure" can be
achieved under a variety of
conditions, but that by altering (or
selecting) the exposure profile, a
significant difference in the cure
efficiency can be achieved.

Significance of Peak
Effectiveness

Figure 8 combines the two
sets of data for lamps of different
exposure profiles. Examination of
Figure 8 suggests that the same
cure speed can be achieved with
lamps or lamp geometries having
different peak-to-energy ratios.
However, the higher the ratio, the
less total UV energy is required to
accomplish cure. When UV
energy is reduced, so is the energy
associated with visible and IR
radiation to which the surface is
exposed.

Flexographic inks are usually laid down at film thicknesses from 4 to 7 \xm (.1 to .25
mil). While they are inks and have a high absorptivity, the physically thinner film will
exhibit less overall absorption than heavier screen inks.

Owing to the thin film section, even though of a high absorptivity, there will be less of
the total incident energy absorbed in the film, leaving a higher radiant flux at the film-
substrate boundary. The fact that the ink film is physically thinner should make flexographic
inks less peak-sensitive than screen inks.
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Whittle(5) explores lamp
experiment, dose is adjusted by
lamp progressively farther from
peak, while varying speed to
yield a nearly constant dose.

It is evident from the
data in Table VI that adhesion
is significantly affected by the
irradiance level. While there
is not enough data to make a
correlation, the relative
contribution of peak and dose
is consistent with expectation
of a thin film of an absorptive
material.

Clear Coats and Varnishes

factors as they affect "cure" of a flexo ink. In this
varying transport speed, and peak is varied by setting the
the surface. The object was to examine cure with varying

Table
Flexographic Ink

Peak.
mW/cm2|,

2360
1470
1060
770
600

Dose.
mJ/cm2 ̂

449
454
454
441
449

VI
(from
Spe
in/s

:ed
>ec

10
9
8
8
7

2
8
3
6

Whittle*5')

_Q_
.52
.35
.27
.21
.18

Tape
Peel
4.8
4.8
4.3
4.42
4.0

Cavanagh Black Flex Ink (Cavflex 60 Black 30-165, E0613)

The "traditional wisdom" is that the cure requirement of all clear coatings and
varnishes can be expressed in energy terms only. From Table 3 above, it is understandable
that a "clear" material can tolerate a wide range in irradiance before the radiant power level in
the material is diminshed to the point that cure is affected. Some studies have explored peak
and its effect on depth of cure and conversion in clear material.'6'

A coating of approximately 0.5 mil of GPI Sun Chemical Suncure was applied to
Lenetta paper, and a cure ladder run to determine simple "loss of cure," determined by tack.

Table 7
Successful "Cure" of a Clear Coating

Energy.
mJ/cm2|

A B

43
43
53
58

0.5 mil GPI Sun Chemical Suncure varnish

100,

E BO

40

DOI3E

PEAK

2,500

2,000

1,500

-\i,000

-iP20 29 90 99 40 49 90 99 SO B9

Cure Speed, ips

Figure 9
Peak and Dose to Cure ~ Clear Press Varnish

The lamp was a Fusion UV F300 with an "H" bulb. Energy and Peak in the UVA and UVB
ranges were measured.

The surprise here is that the energy required to cure, rather than being constant, is reduced
with higher peak irradiance.
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CONCLUSION

There are several factors which affect depth of cure in inks or coatings. The most
important of these is spectral absorptivity of the ink or coating itself. A UV-curable material
will have a distinct spectral absorptivity curve, depending on its ingredients. Monomers and
oligomers will absorb in the short wavelength UV; photoinitiators will, of course, have their
own characteristic spectral absorption, and pigments or other additives will extend the
absorption into the longer UV.

High absorbance inks and physically thick films cause a reduction in radiant power in
deeper layers, resulting in adhesion failure. While the bulk of the film may be "cured," there
is inadequate energy at the boundary with the substrate. A simple method of overcoming this
is to increase irradiance.

We can make several general observations:
• Energy alone is not an adequate specification of cure conditions for process design
• High irradiance is critical to acheiving depth of cure for absorptive films
• High irradiance can improve curing efficiency by reducing the energy required to cure

"Wasted energy," in the form of exposure to wavelengths or irradiance levels which
do not activate photoinitiators, is an inefficiency in UV curing. The UV energy (and other
radiant energy) which is absorbed by the film is a function of its spectral absorptivity,
irradiance at its surface, and time of exposure. Methods that can reduce the total energy
delivered to a film, while accomplishing "cure" will increase the efficiency of the process.

The shape of the UV exposure profile -- the rise to a peak of irradiance followed by a
corresponding fall ~ is another source of some inefficiency. Because UV-curables may
exhibit a threshhold, or minimum activation energy, there is a portion of this profile which
will not contribute to throughcure. Experiments reduced these "tails" of the typical curve in
order to explore the benefit of increasing the peak-to-energy ratio of the profile. Distinct
results were demonstrated.
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ABSTRACT

Progress in UV/EB curing is reviewed in Australia. Generally the technology is used by those
industries where curing is well developed in Europe and North America, however the scale is
an order of magnitude lower due to the smaller market size. The Asian economic crisis does
not appear to have affected expansion of the technology in Australia. EB continues to be
successfully used in the packaging and foam fields whilst in UV, security devices, particularly
banknotes are steadily expanding especially in export markets.

1 INTRODUCTION

The radiation curing field in Australia continues to expand at approximately 10% per annum
with continuing emphasis in some fields at the expense of others. In this respect Australia
reflects developments in Europe and USA but on a smaller scale. The economic downturn in
Asia, whilst directly affecting some businesses in Australia during 1998, had a far greater effect
in the uncertainty that it caused to businesses in general. This was evidenced by the
postponement of decision making for purchases of new equipment and the upgrading of
existing plant. The strong Australian economy and the containment of the Asian economic
downturn has seen during 1999, a steady return of confidence to industry.

There are several exceptions or field emphases in Australia's growth in UV and these will be
given detailed treatment in this paper. In particular, the security printing area continues to
excite and provide new products of interest, especially with the unique radiation cured
banknotes.

2 APPLICATIONS

UV curing is widely accepted and used throughout industry in Australia. Currently the major
areas of use are as follows:
* Clear coatings - predominantly in the graphic arts
* Inks - litho, screen and flexo narrow web - wider web flexo on paper and board is of

growing interest but numbers are still small
* Pipe coating - essentially metal with some plastic contribution
* Automotive - glass including repair kits
* Metal decorating - three piece cans
* Security devices - banknotes, passports, travellers cheques, stamps, bonds, phone cards
* Adhesives - both paper and plastic substrates.
* Wood coating - pre-finished flooring and blind slats using a wide range of timbers.
* Optical fibre - coating and colouring

446



Overall, clear coatings and printing remain as the significantly larger fields of UV applications.
In the label area, there is a tendency to move from letterpress to narrow web flexo. The
expansion of flexo printing to wide web lines continues to be of interest but has encountered
problems in use, particularly with plastic films. In this instance, the film tends to absorb heat
and stretch because of the thinness of the film in the press and this heat cycle during printing
leads to distortion of the final printed film. One method attempting to overcome this problem
is to pass the web over chill rollers to maintain a constant temperature throughout the film-
Free radical initiators continue to be the major curing accelerators widely used, with the latest
Irgacure materials from Ciba Geigy like 1800, 819 and 2959 rinding increasing application.
Cationic systems continue to be used but on a much smaller scale especially for printing on
plastic films. However problems have been encountered in this process with certain cationic
photoinitiators. From one such photoinitiator, uncured propylene carbonate has been observed
as showing a tendency to migrate through the film during use. Such detrimental migratory
problems have previously been encountered in UV curing with benzophenone from the
benzophenone/amine complex when used as a low cost photoinitiator.

Wide web flexo printing on paper particularly, is of interest in this country however the small
size of the market at this time, for such applications does not justify the use of the technology
in Australia. This is a typical example of how the relatively small size of population of
countries like Australia can limit specific applications of radiation curing technology.

Of the remaining major areas of interest, apart from Security printing which will be covered in
depth later, wood coating, particularly for pre-finished flooring and slats is expanding steadily.
There are a wide range of timbers obtained from local and overseas sources including
hardwood, spotted gum, Tasmanian oak, cypress pine, ash, beech, oak, maple, jarrah and
birch. A unique application of UV in this field is the production of prefinished, recycled
hardwood for flooring, mainly from mountain ash (eucalyptus regina) and tallow hardwood
(eucalyptus microcorys). The UV process improves the calibre of the recycled timber product.

With the Asian economic crisis at its peak during the past two years and Australia's bigger
export markets being in that region, areas like optical fibres have suffered significantly because
of lower demand. This situation now seems to have bottomed out and alternative export
markets have been developed, so optical fibres are again showing stronger growth.

3 DEVELOPING PROCESSES

Extensive interest has emerged in a number of UV areas and in many of these areas, R&D has
been performed and commercialisation is imminent:
* UV pigmented coatings - role of photoinitiator especially in exterior coatings
* Release coatings
* Medical devices
* Powder coating
* Excimer sources in curing

Extensive work is being performed with pigmented coatings, especially comparisons with the
analogous EB products. Exposure trials under accelerated weathering conditions are being

447



carried out because of the large potential in this field. Interest in UV powder coatings remains
intense, with the operators in this area seeking to run liquid UV lines whilst exploring the
corresponding powder technique. Research into the use of the Fusion Excimer source
technique continues, particularly the use of new chemistry involving the charge transfer
complexes originally proposed by Jonsson, Hoyle and co-workers (1). Work in this country is
centred on the possible occurrence of concurrent grafting with photoinitiator free curing since
the observation that grafting can occur in such processes, may influence the fate of the final
product (2).

4 SECURITY PROCESSING - BANKNOTES

Because of the unique character of the UV cured banknote developed in Australia, an update
on the process is reported here. Currently the significant features of the note are as follows:
* To date there have been no reported forgeries
* Note possesses increased life in circulation (factor of six over previous notes)
* Lower note costs and lower production needed
* Note is recyclable
* Technology applies to other security devices

Despite the above advantages, properties of the note continue to be improved by appropriate
R&D. Thus the application of the photoinitiator free chemistry concept would be valuable
since the elimination of photoinitiators would remove residual odour levels from the presence
of such components. Replacement of acrylate chemistry could also lead to improved handling
and feel with a more flexible coating. Currently the technology is being exported to a number
of additional countries in the world.

Finally, the advantages of the new note, predominantly longer life, freedom from forgery and
lower production costs have been extremely valuable in preparing for the oncoming Y2K bug.
As a precaution for that time, excess currency is being produced and the UV process is ideal
for this purpose.

5 UV SYSTEMS

There are three Australian manufacturers of UV systems and approximately ten representatives
of imported UV systems. The graphic arts market is well catered for, as are some industry
specific applications such as metal deco, optical fibre and CD/DVD.

Price ranges, service levels and technical support vary significantly across vendors and process
outcomes vary accordingly.

Imports from USA, Japan and Europe continue to dominate the market with other Asian
equipment gaining market share on price. Many new UV systems enter the country installed
on OEM presses and coaters, without the customer being involved in the selection of the UV
equipment.

A Fusion Excimer lamp system at University of Western Sydney, Nepean is enabling R&D on
new photoinitiator free chemistry to be at the forefront of developments in this field.
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The spot cure lamp market is also growing with applications in the electronics and medical
devices fields. Chemistry for these applications is generally imported as the application is
proven and the volumes relatively small.

6 CONCLUSIONS

Radiation curing continues to expand at approximately 10% per annum in Australia. With EB,
curing and crosslinking of foams continues to be strongly supported, whilst with UV curing
applications, strong interest is being maintained in the banknote developments, especially as a
valuable export commodity to other countries, not only in the geographic region but also
worldwide.
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Introduction

Bangladesh is a small country covering about 148 thousand square kilometer area with a
population of 120 million. It has only 15% urban area; most of the people live in the rural
area. It is neither industrial nor developed. It is trying hard to stand on its feet combating
all damages caused by frequent natural calamities like cyclones and floods. Thus, most of
the technological activities are still being carried out on turnkey basis. However, some
research and development institutions have already been developed to such an extent that
transfer of technology can occur and the local industries can also benefit out of this
endeavour.

Radiation Curing Technology

Radiation technology is a modern technique of achieving superior end-products within
the shortest possible time utilizing minimum production space area compared to the
conventional method. Bangladesh is using radiation technology primarily at the research
and development level; however, there are some establishments like GammaTech which
started its function on commercial scale since 1993 in the area of food preservation (dry
and frozen fish, spices, potatoes, etc) and sterilization of medical products of different
types.

There is no electron beam accelerator in Bangladesh yet; but some ultra violet radiation
units seem to be prevalent in the country. Bangladesh Atomic Energy commission has a
research unit where research has developed with UV radiation technique to such an
extent that a pilot plant program is already under accomplishment with an aim to produce
products of multipurpose systems. The UV radiation is being utilized to cure polymer
coating on surfaces of different substrates like wood, plywood, paper, leather, metals,
pertex, name cards, particle boards, etc. This unit is also being used to prepare jute plastic
composite as well as to improve and modify properties of yarns of jute, cotton, silk, etc.

Different polymers possessing shape recovery characters are also developed using the
UV radiation technique in the same laboratory. When products of the pilot plant project
would be available in the local market, it would bring about real awareness among the
mass regarding the potential of the UV radiation technology to improve properties of
different commodities. There are some packaging materials, cards, calendars, that are
already available in the local market and these appear to be coated with thin polymer
films. These products are either coated/treated in Bangladesh or brought to Bangladesh
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after the treatment in abroad. This indicates that there is a good market for these
commodities in the country.

This technology can be extended to other commodities like transport vehicles,
automobiles, leather articles , packaging materials; with the increase of economic growth
and industrialization process, the demand of superior products would increase and thus,
the importance of radiation technology can also be duly realized. This technology can be
used for PVC pipes, electric wires and cables to a limited scale (presently produced in
the country), polyethylene bags and sheets, for coating locally made toys and furniture.
The following table shows the trend of demand of different commodities. This reflects
the future prospect of the commodities visa-vis the technology.

Table 1

Commodities

l.PVC(MT)
2. Paints (1000 lit)
3. Tiles (1000 sq. m)
4. Cables (1000 m)
5. Particle boards

(1000 sq. m)
6. Wooden furniture

(1000 sq.m)

1993-94

3239
3106
53680
6422
628

29519

94-95

3434
4431
41214
9464
982

34170

95-96

3645
4950
46709
10501
996

35404

96-97

3851
6796
45628
6990
1114

40241

97-98

3968
7395
56560
5698
1204

49178
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Since 1995, the researches and production of RadTech in China have been greatly developed. In

this paper a review of RadTech in China will be presented.

Basic and Application Researches of RadTech in China

Since 1980 China has paid great attention to the research and development of RadTech, and some

remarkable progress have been achieved in the area of RadTech. The following is a review of

research conducted by Chinese scientists

1. Photosensitive initiators

(1) Free radical phtoinitiaters

In order to meet the need of the development of laser technology, photocurable dental materials

and imaging, researches on the photoinitiator for long wavelength photopolymerization system

have attracted more attentions. Yongyuan Yang, Erjian Wang and their colleagues have conducted

series work, such as Coumarin Dye/iodonium salt, Camphorquinone/Peroxide initiation systems.

Jun-Hui He et. al also made a near UV intramolecular electron transfer iodonium for free radical

initiation. Some water soluble initiators such as thioxanthonehave been investigated by Jindi

Wang et. al

(2) Cationic initiators:

In order to increase the sensitivity of cationic UV curing system, Xiao-Yin Hong synthesized

some sulfonium and Iodonium salts with photo sensitizer structure. These cationic initiator have

adsorption peak at near UV area and higher e value, moreover, these initiators showed higher

efficiency of initiation than that of correspond iodonium or solfonium salts with sensitizers

together, they ascribed these result to the intra molecular electronic transfer. Jun-Hui He also

synthesized an iodonium with bezoyl structure, which can act as initiator of hybrid polymerization

consisting of free radical and cationic photopolymerizations. Yonglie Chen has conducted the

kinetic research of polymerization initiated by iodonium salts

(3) Efficient co-initiators

Some aromatic tert-amine as co initiator have been investigated by Xiaoxiu.Ren and Shang-xian

Yu and et al.

2. UV curable oligomers and monomers

(1) Hyperbranched oligomers

The commercial oligomers commonly used are acrylated epoxy resin, acrylated polyester,

acrylated polyurethane and unsaturated polyester etc. These oligomers normally consist of linear

chains. The viscosity of the oligomers increases rapidly with the increasing chain length. In order

to meet the operational viscosity requirement for coatings, adhesives, photoresists,

sterophotolithography resins and others, large quantity of active diluters, such as co-monomers are

needed to adjust the viscosity. However, the active diluters act not only as a viscosity reducer, but
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also affect the curing reaction and the properties of final products. The comonomers cause

shrinkage of the curing film, high cost, and limited storage life. On the other hand the

comonomers nominally are volatile, odor and toxic. Therefore, in order to decrease or eliminate

the use of comonomer, to search high quality oligomers with lower viscosity closed to application

requirement has attracted lot of attentions. Hyperbranched macromolecules including dendrimers

are new kind of macromolecule, they have high branched architecture and exhibit properties

different from linear counterparts, low melt viscosity, low inter-chain entangling and good

solubility are some of their intriguing properties. Wenfang Shi synthesized acrylated polyester

type hyperbranched oligomers with a convenient process and investigated the properties. The

results from her research demonstrated that the acrylated hyperbranched polyester is a new kind of

oligomer with low viscosity and high curing rate.

(2) Synthesis and polymerization studies on novel monomer

The research on synthesis and polymerization of dicyclopentenyl acrylate by Shuojian Jiang

3. Micro lithography

Photolithography is a basic technique of IC and is developing very rapidly. The classical

photolithography is based on photo induced solubility difference of photosensitive polymer film.

Therefore, the resolution of this technique is limited by wavelength of radiation, swollen of film

and the isotropic etching reaction and others. In order to meet the requirement of microelectronic

developing, great improvement of this technique has been made. A novel photolithography named

Development-free vapor Photolithography was discovered by Xiao-Yin Hong et al. This new

technology has high resolution under common conditions ( 0.4 micro meter resolution was

obtained), high aspect ratio (12:1 aspect ratio was obtained), eliminate three steps and organic

solvents, compared to classical photolithography. This new technique is based on photo-induced

differential concentration of catalyst for etching reaction of SiC>2 with HF vapor at higher

temperature.

4. Photopolymer for printing materials and photoresists

Diazo resin is a kind of very important negative photoresist for print plate, which is based on the

photolysis of diazo group. Using Diazo resin as the cationic polyelectrolyte and poly(sodium

styrenesulfanate) as anionic polyelectrolyte, a polyelecrolyte complex containing diazonium group

(PEC-N2) was made, by Weixiao Cui. This complex is insoluble in water and organic solvents,-

because of the ionic crosslinking structure, but is able to dissolve in ternary mixture such as H2O-

DMF-LiCl. After exposure to UV light, PEC-N2 turns to covalent structure from ionic structure

and becomes insoluble in any solvents. This novel polymer can be used as photoresist for PS

plate, the ternary solvents could be used as developer. On the other hand, since the film of both

exposed and unexposed PEC-N2 are insoluble in organic solvents or water, but the property of

surface is different, the exposed surface is hydrophilic and exposed area is lipophilic. Based on the

difference of surface property, this photopolymer is expected to be an image transfer film without

need of development. This research attracts great attentions and shows very promising

application.

Series photopolymers for photoresist including eleosteric acid-resorcin phenolic resins, divinyl

benzene-ressorcin resins, and others have been made by Shangxian Yu et al.

In order to meet the need of the high-resolution photolithography, Chemical amplification
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photoresist has attracted attentions and have been investigated by Xiao-Yin Hong and Shangxian.

Yu.

The Beijing research institute of chemical regent is conducting researches on various photoresists

for microelectronics and achieved great success.

.5. Stereolithogrphy

Tsinghua University and Xian Jiaotong University are conducting the research on photocurable

resins for Stereolithogrphy that is an important rapid fabrication technique. These researches have

achieved remarkable progress.

6. Photointiated modification of polymers:

Cooperating with B. Ranby, Chinese Scientists have successfully conducted researches on

photoinitiated modification of polymers. With the purpose of finding commercial application,

Baojun Qu et al have conducted a series researches on the photo induced crosslinking of

polyethylene. For a low-density polyethylene, a continuous process on line with extruder was

invented and a commercial process was developed. That cross-linked low-density polyethylene

can be used in the manufacture of electric wires and cables. Wantai Yang et al have conducted

researches on surface photografting for the modification of polymer films and invented a new

process of lamination by photografting. This technique can be used to bond two or more films and

sheets by crosslinked polymer networks grafted to the two facing surface of the substrate. This

process has promising commercial applications.

7. Studies on EB curable resins and application: In 1980's the researches on the applications of

EB attracted great attention and achieved great success, such as the manufacture of heat shrink

materials and EB induced crosslinking cable and wire. These researches are still conducted by

Sichuan University, Institute of Modern Physics, Academia Sinica, Beijing Kefu Company,

Shanghai University et al. On the other hand, in order to modify polypropylene, some studies

have conducted by Peking University and Beijing Institute of Chemical Technology, et al, such as

studies on graft copolymerization of acrylic acid on to powdered polyproplene by EB

preirradiation technique. Studies on EB curable adhesives and coatings for wooden furniture,

magnetic coatings, metal coatings, and EB modified silks, and so on are conducted by several

institutes and Universities.

Production and Market of RadTech in China
In spite of the negative influence of Asia financial crisis, since 1995 the market of RadTech in

China has been greatly developed. In this period some companies have rapidly expanded their

market. However, it is difficulty to give an accurate estimation about the total consumption. The

total consumption of radiation curable coatings and inks were ca. 8500 tons in 1998, among them

the UV curable coating is about 6200-6400 tons and UV curable ink is about 2000 tons. Although

part of them is still import products, products made by Chinese manufacturers also expand very

rapidly. The output of domestic coating products in China is more 5100 tons, and that of ink is

about 1030 tons. The annual growth rate of consumption of UV curable resins in China is more

than 25%.
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1. Coatings

In 1998 the total consumption of UV curable coatings is ca. 6200-6400 tones. The major market

of UV curable coating is coating for flooring, especially for wood, bamboo and PVC floorings.

Overprints for paper are another important market. The market of UV curable coatings used for

metal coating, automotive coating also grows rapidly. In 1998 there are more than 200 production

lines of PVC, wood and bamboo coating, more than 500 production lines of overprints of paper.

2. Graphic arts:

(1). Printing Plates: Offset PS plates are one of the fastest developing products in China. Since

1990 the output of PS was doubled per two years, the capacity of production in 1998 is about

3.5million nfi and output is about 2.5 million nfi, part of products has exported to East-South

Asia, Africa and Europe. The output of dry film photoresists was about 0.8 million m^. The

consumption of liquid photopolymers relief plates was 50,000 m^ and it squired 20 tons resins.

The output of solid photopolymer plate was more than 100,000 nfi. The consumption of Flexo

plates was more than 30,000m2, but half of it was import products.

(2). Printing Inks: UV curable inks for screen printing developed very fast, but it was mainly used

in printing circuit board, the output of UV curable printing materials was ca. 1030 tons in 1998.

3. Row materials

Although most of oligomers, monomers, and initiators are import products, the production of

oligomers, monomers and initiators in China also increase rapidly. Multi-functional monomers

produced in China for UV curable resins are TMPTA, PETA, DEGDA, TEGDA, PDDA and

NPGDA. The output of above monomers was ca. 850 tons in 1998, and the total consumption of

monomers was ca. 1500-2500 tons per year. Obviously, most part of monomers is import

products. Some novel monomers such as TPGDA, POGTA, EOTMPTA, PONPGDA and others

are in development. Main products of photoinitiator are 651, 1173 and bezoin, the output of that

was 850 tons in 1998, parts of them were for export.

4. Equipment

The production of UV curing equipment, such as lamps and coating and UV curing equipment,

also grew very rapidly, there are several UV sources manufactures in China, which produce

various normal lamps and relative facilities. About 30,000 lamps and 50 coating lines were

produced in 1998.

5. EB

EB curable coating, heat shrinking materials and EB induced cross-linked cable and wires were

mainly developed in 1980's. Limited by accelerators, the development of EB application was

slow in this period. However, as the low energy accelerator is commercially available, this area

will have promising developments.

6. Miscellaneous

Light curable dental materials, Radiation curable adhesives, UV curable resins for optical disk,

optical fiber and stereolithograpy are widely used and will grow rapidly.
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Compared to the market of US, Europe and Japan, at present, China only have small market.

However, China has a more open and more competitive market Radiation Curable products have a

great potential market in China, especially with the growth of concern on environmental problem

and the raise of living level of Chinese people, The market will grow more and more rapidly. And

foreign companies have more opportunity for expanding their market. The potential markets

attracted attentions of companies. Since 1980, more and more foreign company entered Chinese

market; they are Sartomer, UCB, Ciba-Geigy, ISP, Huls, First Chemical Co., Fusion and others.

They provided the high quality initiators, oligomers, monomers and UV curing equipment, which

promoted development of Chinese industry.

RadTech China
In 1993, RadTech China was founded and became the bridge between researcher, manufacturer

and market, greatly promoting the development of RadTech in Cfiina. RadTech is a very active

organization, Now he has more than 100 union or individual members. RadeTech makes great

effort to raise the level of RadTech in China. The main tasks of RadTech China are personnel

training, technology support and consulting, information exchanging, enhancing international

academic and technology exchanging, market exploitation and so on. These works have achieved

obvious success.
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ABSTRACT
The most application of UV curing of surface coating in Indonesia are on fancy
plywood, furniture and wood flooring industry. Other application are on papers,
printing ink / labelling, printed circuit board/ PCB and dental materials. Although
the quality of EB-curing is much better than others curing technology such as UV
and catalyst, at present application of EB-curing coating is still in a pilot - plant
scale due to the high cost of production. Limited number of application of EB
curing by using low energy electron beam machine are on- wood panels, ceramics
and marbles. Due to the monetary crisis that hit Indonesia since mid - 1997, the
export of wood based products reduced to minus 12%, the GDP reduced to minus
13 % and the domestic market reduced up to 40% in 1998. The monetary crisis
has improved slightly since June 1999. This paper describes the market and the
problem faced by the largest user of radiation curing systems such as the
secondary process plywood, furniture and paper industries.

1. INTRODUCTION

Sixty percent of the tropical rain forest in South East Asia that is equal to 10%
of the world's total area are found in Indonesia. The main products of this forest are
teak, mahogany, ramin {Gonystylus bcmcanus Kurz), rubber wood, meranti (Shorea sp
) and other kinds of timber species ( 1 ). The area covers the production forest of 64.3
millions hectares. Forest based product such as plywood, furniture & component,
building materials, rattan, paper and pulp play a very important role in Indonesian
economic development ( 2 ). Almost all of those products need technology of surface
coating for improvement of their physical and chemical properties as well as their
performance for decoration.

UV curing is widely used in Indonesia mostly in wood based industries such as
for curing of coating of parquet, table top, fancy plywood , fancy veneer and other
furniture components . Other application are in printing industries such as to cure over
print varnish for magazine, printing ink for labelling , cigarette papers, packaging
materials, printed circuit board ( PCB ) and dental materials. Due to the high capital
investment and limited volume of radiation curable products, radiation curing of surface
coating using low energy of electron beam (EB) is used only on limited number of
products such as on parquet, ceramics and marbles ( 3,4 ). At present two low energy
Electron Beam Machines have been installed i.e. one at the Centre for Research and
Development of Isotopes and Radiation Technology, BAT AN with the energy of 300
keV , 50mA ( since 1984 ) and one at a private company ( 500 keV, 20 mA ) which is
used for cross linking of rubber thread for tire ( since 1996 ).
The outbreak of the monetary crisis started in mid- 1997, has its impact to the domestic
market and export performance of plywood & veneers, wooden furniture &
component, flooring industries as well as writing and printing coated paper . This paper
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describes the market and impact of the monetary crisis to the market of radiation curing ,
especially to the wood processing industry.

2. DEVELOPMENT AND CONSTRAIN OF IMPLEMENTATION OF UV
CURING IN INDONESIA

Wood panel
In 1996, there are 120 wood panel industries producing raw wood panels such as

plywood, particle board, MDF, LVL, OSB, block board have been established in
Indonesia. Around 30 manufacturers produced secondary process plywood, particle
board and block board which are widely used in the furniture and housing industries.
Around 20 % of the wood panel produced were coated mostly using catalyst method.
Four of the leading secondary process plywood industries used UV curing process to
produce around 150 000 m3 of fancy plywood and parquet flooring yearly, 80% of those
products were exported ( 3 ). In 1998, 19 manufacturers exported secondary process
plywood such as fancy plywood and parquet flooring.
As an impact of the monetary crisis, Indonesian wood surface coating industries either
using conventional or radiation curing technology are facing with financial problems.
Radiation curing of surface coating is a highly capital industries because of the main
component for production ( about 60 % ) are imported.

Predictio
by 2000
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• May/ June
• Feb

0 5000 10000 15000
Rupiah / 1 US Dollar

Fig. 1. Fluctuation of the conversion rate Rupiah vs US Dollar
1997-2000

Those components are substrate materials ( wood, metal, paper ), radiation curable
materials, photo initiator, wood- working machinery, radiation sources i.e EB and UV ,
tool and spare-parts. Among those components , only 40 % are available locally i.e.
substrate materials and unsaturated polyester resins. The high price of radiation curable
materials, machinery and radiation sources are the main constrain to expand their
activity. The increasing prices of the curing products affect significantly the local market
( 5,6 ).
The Indonesian currency ( Rupiah ) fell from Rp 2400 to Rp 7000 per one US dollar
since mid of 1997. In 1998 the rupiah fluctuated and once time reached the lowest value
i.e. Rp 15000 per US dollar. In the first six months of 1999, the rupiah gradually
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strengtenth to around Rp 7000 per one US dollar. By the year of 2000, the Government
predicted the value to Rp 5000 per US dollar (Fig 1 ) ( 7).
The Percentage Growth of GDP ( Growth of Domestic Product ), inflation rate and
export value were also affected by the current crisis ( Fig.2 ). In 1998, the GDP negative
growth reach up to minus 13 % from 6.7% in 1997 and the total export value decreased
up to - 20% from 0.4 % in 1997. On the contrary the inflation rate increased up to 72 %
in 1998 from 13 % in 1997 . The Government predicted that the inflation rate can be
reduced to 20 % or less by the end of 1999. The growth of industrial sector of wooden
products and other forest products decreased from minus 2.09 % in 1997 to minus 18.45
% in 1998, pulp and printing products decreased from 8.98 % in 1997 to minus 11.3% in
1998.The political situation give a significant influence to the improvement of the current
monetary crisis ( 8 ).

IGDP
I INFLATION
IEXPORT

1998 1999 2000

(Prediction)

Fig 2 . The Effects of the Monetary Crisis on Percentage Growth of GDP
( Growth of Domestic Product) Inflation rate and Export value

Up to now, one major problem faced by wood panel and wooden furniture industries is
the supply of good quality wood materials. The scarcity of the wood materials caused by
the Government policy to cut the export tariff of logs and saw timber to 30 % by June
1998 and 15 % by December 1999 from 200 % in 1997 will accelerate the log export.
Due to the shortage of log supply the wood processing industries are operating at only
30 to 40 % of their capacity. The log supply also decreased caused by the forest fire in
Kalimantan and Sumatra islands in 1997 ( 9 ). To overcome all of those problems, the
industrial sectors should be able to turn the currency crisis to their gain by increasing the
export value. Although a number of the companies may be able to go for more export,
many of them face difficulty to increase their capital due to the high interest rate. The
interest rate increased from 20% in 1997 to around 50% in 1998 and since June 1999 the
rate decrease to 23 % per year.
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Furniture and components
Over the last two or three years, Indonesia's wooden furniture output has been

growing at significant rates. In 1996, it reached 1,649,000 cubic meters, up 54% from
previous year. Despite the monetary crisis, Indonesia's wooden furniture output rose
further by 1.3% in 1997, however such output declined sharply to minus 11% due to
slumping global demand, which has been caused by the global monetary crisis. The value
of Indonesia's processed wood exports has not been optimal, not only because of the
volume has relative small but also the added value has been very low. This is indicated
by the fact that although the volume of Indonesia's furniture exports rose 18.8% in 1997,
the value dropped by 6.2% . However, according to data from the Investment Co-
ordinating Board, as many as 34 new investment projects in the wooden furniture
industry were approved in 1998, of which 28 were approved under the foreign
investment scheme (10,11).
UV curing technology is used mostly for topcoat of table and other furniture components
such as kitchen set, door and window.
Foreign exchange earning of forestry products such as plywood & veneer, furniture &
component and paper & pulp, which is related to UV curing technology can be seen at
Table I.

Table 1. Foreign Exchange Earnings of Some Forestry Products from 1994 to 1998
in million US $( 11,12)

Products

Plywood &
Veneer

Furniture &
component

Paper & Pulp

Printing
materials

1994

3720.25

956.87

735.97

79.12

1995

3465.97

943.99

1452.04

118.58

1996

3598.99

1070.61

1387.35

122.96

1997

3413.32

972.27

1427.78

93.05

1998

2079.95

484.06

2115.44

65.28

% Trend
1994-1998

-11.11

-12.48

23.30

-6.08

Foreign exchange earning of the Furniture and the Components decreased about 50%,
from US$ 972. 27 ( million ) in 1997 to US$ 484.06 ( million ) in 1998, with the
percentage trend of minus 12.48% from 1994 to 1998. The earning of the products of
plywood and veneer as well as printing materials was also reduced by the trend of-minus
11.11% and minus 6.08% respectively . The earning from pulp and paper industries
increased by the trend of 23% from 1994 to 1998.
Caused by the increasing price of the secondary wood processing, the local market
reduced up to 40 % in 1998. While many industries look to stagnant or even negative
growth, The Indonesian Wood Panel Association (APKINDO) has recorded 5 - 10 %
growth for the wood processing industry in 1998 .
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Other application
Some significant development in using UV curing are still exist such as on

radiation curing for printing ink, adhesive, labelling, PCB, cigarette paper and dental
materials. Radiation curing for printing ink and labelling as well as for cigarette paper are
most application in this group ( 13 ).

3. FUTURE MARKET

During the monetary crisis, almost all of the industry in Indonesia suffered of
financial difficulties including the industry that used radiation curing system. After the
monetary crisis, its predicted that the market of UV/EB curing will increase in Indonesia
due to the following reasons (14 ):
• Development less toxic radiation.
• Improvement of photoinitiator properties that providing faster, deeper cure, and

reduced yellowing for UV-curing systems.
• Development of more feasible and economical of electron beam curing systems.
• Although the equipment and radiation curable materials tend to be more expensive

than conventional one, but advantages in productivity provide cost effective solutions
especially for mass production.

• Awareness of an efficient and friendly environmental process, such as radiation
curing of surface coating technology.

• The employment of both ISO 14000 and ISO 9000 as the certification of production
method and management systems.

• The hope that monetary crisis will be over as soon as possible.

4. CONCLUSIONS

• Development of radiation curing using ultra-violet has increased not only in the wood
coating industry such as secondary process plywood, flooring and furniture industry,
but also in printing inks, dental materials, adhesives, and electronic applications.
Some industries look stagnant or even negative growth, due to the monetary crisis.

• The wood processing industries including the radiation surface coating still grows at
a range 6f 5 - 10 % for the last two years. The production capacity increase but the
foreign export earning decreases to minus 11 %.

• The use of more efficient and environmental friendly process, diversification of
raw materials, ecolabelling & certification, employment of ISO 14000 and ISO
9000 are important factors to considered to increase the market of radiation curing
while hoping that the crisis will be over.
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ABSTRACT

Radiation curing of coatings of wood based products is expanding and being used for curing
of coatings of table tops, parquet, wood panel, furniture, curtain railing, etc. UV curing of
over print varnish is still the main application of UV curing in printing industry. However,
curing of printing inks has also been extended in the printing of CD and VCD in addition to
other printing such as paper, magazine, label on bottles, metal-can, etc. In the electronic
industry, the manufacturer of printed circuit board is still the main consumer of UV curable
resins. On the other hand, low energy electron beam machine is used mainly for cross-linking
of heat shrink films.

INTRODUCTION

UV curing is widely used in Malaysia, particularly in the printing, electronic and wood based
industries. In the printing industry, UV irradiation is used to cure over print varnish for
magazine, poster etc. or to cure printing ink for label, packaging materials and to some
extend in silk printing. In the electronic industry, UV irradiation is used mainly in the
manufacturing of printed circuit board (PCB) such as etched resist and solder mask. Other
minor applications are for curing of conformal coatings and marking ink. In wood based
industry, UV irradiation has gained wide acceptance for curing of coatings of parquet, table
top, wood panel etc. On the other hand, electron beam irradiation for curing of coatings is
still at infancy stage due to high capital investment and limited volume of radiation curable
products. However, low energy electron beam is being used in Malaysia for cross-linking of
plastic films. There are 5 low energy electron beam machines in the industry with the energy
ranging from 170 keV to 500 keV.

RADIATION CURING OF WOOD COATINGS

Wood based industry is one of the main industries in Malaysia. In recent years, the timber
industry has moved away from the manufacture of primary processed products to those of
higher value added such as moulding and joinery, medium density fibreboard (MDF) and
furniture. In 1997, there were 50 plywood and veneer mills located in Peninsular Malaysia,
80 in Sabah and 48 in Sarawak. Moulding and joinery has also shown tremendous progress
with 141 joinery mills in Peninsular, 182 in Sabah and 21 in Sarawak.

The reconstituted panel products industry comprises 12 blockboard plants, 11
particleboard/chipboard plants, 9 MDF plants and 6 wood-cement board plants. Of these,
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MDF plants had registered the highest growth and most the mills are capital intensive and
equipped with the latest technology to optimise raw material utilisation. Beside the above,
there were also 10 wood chips plants, 2 pulp and paper mills and 27 parquet manufacturers.

Furniture and furniture components manufacturing has been and still is the most promising
sector of the industry. Most of the furniture factories, numbering more than 2,900, were small
scaled with about 600 plants currently involved in the export market.

In addition to the forest timber, Malaysia has started to utilise rubber wood as another
renewable resources of wood. Now a day, rubber wood has become one of the major wood
sources for furniture and parquet manufacturing. In 1996 and 1997, there are about 9.7 and
9.5 million cubic meter of rubber wood available for further utilisation. The systematic forest
re-plantation programme and the abundance of rubber tree as a source of wood make the
Malaysian wood and wood product industries to continue playing a major role in the
economy development of the country.

The application of UV curing technology in wood based industry was established in the early
90's. During that period, there were four industrial UV irradiation systems for curing of
rubber wood parquet, table top, wood curtain railing and wood skirting board. In 1995, about
12 companies utilised UV curing technology. The situation has since improved. In
1997/1998, more than 22 flooring and furniture based companies utilised the UV curing
technology. Although the number companies using the UV curing technology has not
increased in 1998 compare to 1997, it is still represents a significant increased over the last 5
years. On the other hand, the volume of UV curable materials consume by the companies
increased. The products range are parquet, table top, wooden chair and wood panel, curtain
railing and skirting board.

There are about 8 suppliers of UV curable wood coating resins in Malaysia. The most
common resins used are water based acrylate, polyurethane acrylate, polyester urethane
aryclate, epoxy acrylate and polyester acrylate. It is estimated that the total consumption of
UV curable resins for furniture industry in Malaysia has increased to about 480,000kg per
year. The main application is for coating of table top. On the other hand, the total
consumption of UV curable resins for parquet industry in Malaysia is estimated around
360,000kg per year. It is estimated that 40% of the radiation curable materials are produced
locally. The consumption of radiation curable resins is in the increasing trend since the
government has encouraged the local manufacturer to focus on the export market. Parquet,
MDF and furniture are the main sectors of wood based industry for this technology.

RADIATION CURING OF PRINTING INK/VARNISH

UV curing of varnish is one of the major applications of UV curing technology in Malaysia,
in early 90's the curing of over print varnish by using UV radiation is considered the most
efficient due to the increase in productivity by reducing varnish drying time from hours to
seconds and produce excellent quality and high gloss. OPV is the major application of
radiation curing in the printing industry till today. It was estimated that UV varnish is among
the highest volume of UV curable materials consumed in Malaysia which is around 250,000
to 300,000 kg per year. However, most of the OPV materials are imported in view of its low
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price. Curing of coatings of compact disk is another application of UV curing technology and
shows an increasing trend. The estimated consumption is around 10,000 kg/year.

UV curing of printing ink for labels, sticker and name card are another application of UV
technology. The volume of printing ink used is rather small for such applications and it is
estimated around 15,000 kg/year. UV screen printing ink for outdoor/indoor advertising
billboards, banners, graphic display, plastic signage keyboards are amongst the application of
UV curing technology. However, such application is still small and the volume of UV screen
printing ink estimated to be around 5,000 kg/year. Nevertheless, the application of UV curing
of printing ink is expanding to other products such as printing on CD and VCD.

RADIATION CURING IN ELECTRONIC INDUSTRY

UV curing technology is widely used in the manufacturing of printed circuit board. Etch
resist, solder mask are the common and most applications of UV curing in electronic
industry. It is estimated that the consumption of UV curable resins for etch-resist and solder
mask is about 400,000 to 500,000kg/year. In term of number of the industrial UV units
employed in the electronic industry, it can be considered the electronic industry as the second
largest user of UV curing technology after printing industry. However, most of the radiation
curable resins used in this sector are imported directly from over sea.

In recent years, UV curing of coating of fiber optic cable has started in Malaysia. However,
the volume is still small and it is produced on the order basis. In 1998, the consumption of
radiation curable materials for such purpose is estimated 360 kg/year for a single company.

RESEARCH AND DEVELOPMENT

To complement the industrial sector, the Malaysian Institute for Nuclear Technology
Research (MINT) is providing research contract services, physical testing for surface
coatings, coating process and radiation curing services. MINT has 1ST UV irradiation system

with 80 and 200 Watt/cm^ lamps and a maximum of 40 m/min conveyor speed. The low
energy electron beam machine at MINT has a maximum 200 keV energy and 20 mA beam
current. MINT laboratory is also equipped with roller coater, curtain coater and sprayer
suitable for coating at laboratory or semi-industrial scale. Several testing equipment such as
pendulum hardness, abrasion tester, scratch tester, tensile machine are available together with
analytical equipment such as IR, GPC, DSC and DMTA.

Malaysia has abundant of indigenous materials that have the potential to be developed for
commercial use. The industrial applications of palm oil and natural rubber have never been
exhausted. New products and applications are being developed from time to time. In recent
years work has been carried out in synthesizing acrylated palm oil to be used for coatings,
pressure sensitive adhesive (PSA) and in printing ink. The use of palm oil acrylate for
coatings has been reported earlier in several reports and journals. Preliminary work using
palm oil acrylate as pressure sensitive adhesive has started and shown promising results. On
the other hand, epoxidised natural rubber (ENR) is degraded into liquid ENR in order to be
utilised in the cationic polymerisation.
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CONCLUSION

Radiation curing technology has developed and well accepted by industry in Malaysia. Wood
based industry has shown significant increase in the utilisation of UV curing technology in
particular for coatings of parquet and furniture. In view of its export oriented products, the
1997/1998 consumption of radiation curable materials in these sectors increased slightly.
Further effort is required to expand the utilisation of radiation curing technology in the
existing area and to assist the user in the selection of radiation curable resins and in radiation
and chemical safety. At the same time, new area needs to be found and developed such as
curing of laminated board. In this particular area, the utilisation of electron beam is essential.
Unfortunately, the success of the electron beam technology is strongly dependent on the
capital cost which in return require high volume of products.

Although, the utilisation of radiation curing in printing and electronic industries has much
earlier developed and established, the number of user has not much increased in the past 5
years. However, the applications have been diversified into CD, VCD and coating of fiber
optic cable. In general, radiation curing technology will continue to develop in Malaysia.
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I. CURRENT STATUS OF THAILAND'S PRINTING INDUSTRY

Since 1989, Thailand's printing industry has enjoyed a high growth rate of 13.5% per
annum on average. At present, we may estimate the total value of Thailand's printing industry
at an approximation of 150,000 million Baht. This growth is resulted from the utilization of
latest printing technology in conjunction with modern communication and information
technology, which meet international standard and quality for export. One important attribute to
this growth is the transformation of a significant part of Thai printing industry from family-
owned printing shops to a handful, full-range printing factory embracing pre-press, press, and
post-press service [1].

Number of printing houses

Presently, there are about 4,000 printing houses in Thailand. Based on the registration
statistic of Factory Department, there were 818 printing houses in August, 1997 as shown in
Table I, some of them are not registered as printing house, but only as business shop.

Table I Printing House in Thailand

Size of printing house

Large size
Medium size
Small size
Family business
Total

Number

22
194
71

431
818

Percentage

2.69
23.72
20.90
52.69
100

Source: Exports Review, Vol 11, No. 264 [2].

In Table I, the family-owned printing house of 52.7% can only print, while 44 printing
houses, 5.40%, can provide export quality printed materials. The printed materials include
books, magazines, documents, information materials such as, newspapers, journals,
newsletters, promotion printed materials: decoration materials such as wall papers, cards,
postcards, stamps, etc. Production of indirect-printed materials is also on the upswing, such as
printing on packaging- carton, box, foam, plastic bottles, etc.

Export

Considering the export statistics, during the past ten years, the total value of printing for
exports has been steadily increasing. It rose from 40 million Baht in 1984 to 2,148.8 million
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Baht in 1994; and further to 4,347 million Baht in 1995. However, exports were 879.8 and
1,103.4 million Baht in 1996 and 1997, respectively, due to worldwide economic recession
(see Table II). Surprisingly, this industry immediately recovered in 1998 with exports posting
a 30% increase to 1,612 million Baht due to the advantage of foreign currencies against Thai
Baht while the country's overall economy was collapsed [3].

Type of leading printing products for export

As shown in Table II, children's picture books, drawing books, coloring books took
the biggest export market of about 46% of the total exports in 1997. Brochures and leaflets
took the second with 18.2% of total exports; newspapers, and magazines were the third with
about 10.3%; whereas postcards and cards were next with 7.3%, and stickers, 4.1%.

Main export markets

Table III shows the export designation of Thai printing products that are spread in
various countries, but only a handful of major markets. The most important export market is
the United States of America with 36.6% market share in 1997. Exports to the US increased by
28% from 315.4 million Baht in 1996 to 403.7 million Baht in 1997. Its 1998 growth
continued by 19.8% comparing in the same period of 1997. The US market is huge on account
of the population's insatiable appetite for reading materials, and the enhanced ability of Thai
printers to produce materials with attractive design, and high quality multicolored printing
meeting the international standards. Main export items to third market are picture books,
drawing books, coloring books, and cards, postcards, newspapers, journals, and magazines.

The second biggest export market is the EU in which the combined consumption among
England, Germany, Italy, France, Spain, Belgium, Denmark and Netherlands was amounted to
204.6 million Baht in 1997, up 18.5% from 142.9 million Baht in 1996. Main exports
included drawing books, children's books, coloring books, postcards, journals, brochures,
calendars, etc.

In Asia, Japan and Singapore are the two most important markets for Thai printing
exports. Japanese great reading habit leads to big consumption of printing matters whereas
Singapore is a central business and trade that demand of printed materials is very high. Main
exports included printed brochures, leaflets, books, journals, magazines, stickers, cards and
postcards. Indochina market could be a new prospect of Thai printed products and could also
become a substantial market in the future. The Indochina geographical distance and the Thai
competitive edges of cheap labor cost give Thailand a marginal advantage over other countries.

II. THE ROLE OF RADIATION CURING IN PRINTING AND PACKAGING INDUS-
TRIES OF THAILAND

Radiation curing technology, at present, is not really a new technology for Thailand's
printing and packaging industries. The Federation of Thai Printing Industry and its allied
industries have already acknowledged the existence of this technology. Thailand used to be the
host organizing an international conference on radiation curing in 1995 (5th RadTech Asia
Symposium and workshop) which drew a couple hundreds of local participants comprising
printing houses, academia, and business persons. Radiation curing technology is one of the
compulsory course at the university's level in many institutions. Most acquainted radiation
curing technology is on the UV application. The low energy electron-beam curing for surface
coating/printing in Thailand has not been started yet due to its high capital cost and lack of true
technology know-how. On sterilization of medical devices and products, medium-high energy
electron beam machines are used, and high-energy electron beam machines are for crosslinked
foam and jewelry cleaning and color enhancement. Attempts are being pursued for acquiring
technical know-how by inviting experts from overseas to give lectures or seminars for the
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Table II Thailand Export of Printed Materials

Type
4091 Printed Books, Brochures, leaflets
4902 Newspapers
4903 Children's coloring books
4904 Music. Printed or in manuscript
4905 Maps and Hydrographic of similar
4906 Plans and Drawings for Architecture
4907 Unwiser Postage, Revenue or similar
4908 Stickers
4909 Printed or illustrated postcards
4910 Calendars

Others
Total

Value (million Baht)
1994
201.0
118,7
560.4

I.I
3.1
9.4
2.0

50.8
96.9
59.3

1,045.9
2,148.8

1995
184.0
624.0

1,440.8
0.3
2.6
7.1
0.4

269.6
70.1

393.5
1,355.2
4,347.4

1996
286.3
131.0
210.6

0.6
2.3
0.5

12.2
24.2
57.8
29.6

127.7
879.8

1997
201.0
1 14.0
504.8

0.5
1.4
0.2
1.4

45.5
80.77
20.4

133.4
1.103.4

1998
154.5
123
548.5

0.2
3.6
2.8

365.1
46.8

123.4
25.8

218.3
1612.0

Growth (percentage)
1995/1994

-8.5
425.6
157.1
-75.5
-17.2
-24.8
-82.3

430.3
-27.6
563.2

29.6
102.3

1996/1995
55.6

-79.0
-85.4
1 19.2
-13.1
-92.7

3,283.3
-19.0
-17.5
-92.5
-90.6
-79.8

1997/1996
-29.8
-13.0
139.7

-5.3
-40.3
-57.7
-88.3
88.3
39.6

-31.1
4.5

25.4

1998/1997
-2.3.1

7.9
8.7

-60
157

1,300
25,978

2.9
52.5
26.4
63.6
46.1

Source: Export Department
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Table III Thailand's export market for printed material

O

Country

1. USA
2. Singapore
3. England
4. Japan
5. Hongkong
6. Germany
7. Australia
8. Italy
9. France
10. Taiwan

1. Malaysia
2. Spain
3. Belgium
4. Denmark
5. Laos
6. Netherlands
7. India
8. Phillipines
9. Canada

20. Turkey
2 1. Portugal
22. Arab Emirates
23. Cambodia
24. Norway
25. Napal

Others
Tota

Value (milion baht)
1994

329.4
467

63.9
50.9
87.7
20.4
17.9
7.2

23.1
8.9

40
1.7

12.5
7.3
1.2
9.7

30.5
10.4
9
0.3
0.6

10.1
3.3
4

449.2
372.7

2,148.8

1995

352.6
292.3

72.2
43.9
53.7
16.6

356
7.3

29
32.5

153.4
3.9

16.6
5
2.3
7.1

39.8
21.3

8.2
0
1.7

182
6
1.8

31.9
2610.2

4,347.4

1996

315.4
46.7
58.8
44
29.1
27.6
23.6

6.8
18.6
33.3
21.6

5.3
14.7
6

16.6
5.1

14.8
10.1
5.1
2.7
2.6
4.3
7.3
1.4
5.3

152.8
879.8

1997

403.7
61.3
81.1
46
21.9
45.9
27.6
1 1.2
24.3
19.4
26.7
9

13
8.9

27.3
1 1.2
18.2
31.7
7.8
1.7
5.7
2.5

29.4
1.7
5.4

616.0
1,103.4

1998
(Jan-May)

125.6
47.1
51.6
24.2
1 1.7
13.2
10.9
10.4
9.4
7.6
7.7
7.1
5.4
5.1
5.1
4.8
5
4.8
4.6
3.2
2.8
2.7
2.3
2.3
2.2

28.1
404.9

1,612**

Growth rate (percentage)
1995/1994

7
-37
13

-13.7
-38.7
-18.6

1.890.7
0.7

25.6
265.4
283.1
125.9
33.1

-31.6
91.4

-27.2
30.7

103.7
-8.3

-94
196.8

1,701.8
83.6

-53.5
-94.3
600.4
102.3

1996/1995

-10.5
-84
-18.6

0.2
-45.8
66.2

-93.4
-6.9

-35.7
2.5

-85.9
34.3

-11.8
19.3

608.5
-27.6
-62.7
-52.5
-37.9

15,398.9
53.5

-97.6
22.3

-23.9
-83.4
194.1
-79.8

1997/1996

28
3 1.2
37.8

4.5
-24.8
66.3
17.1
65.2
30.5

-41.9
23.5
70.5

-1 1.5
49.6
64.1

1 19.6
22.5

214.2
-51.4
-39.4
120.8
-42.5
303.2

20.7
0.9
5.3

25.4

1998/1997

19.8
121.1
104.8
47.5
28.6

-43.8
19.8

166.7
2.2

-32.1
32.5

294.4
58.8
21.4

920
77.8

-21.9
-66.2
70.4

146.2
460
145.5
-25.8
220

4.8
-56.8
19.8

Source:Export Department
**Total value of 1998.



industries. One national seminar worths mentioning is the post conference of RadTech'99
entitled Utilization of Radiation Curing for Printing and Packaging" to be held August 30-31,
1999. Thanks to the generous support of RadTech Japan and UCB (Thailand), this seminar
seems to be successful at present.

For ultraviolet curing for printing and packaging aspects, applications of UV curable
inks in Thailand can be categorized into UV letterpress ink, UV flexographic ink, UV dry offset
ink, UV offset ink, UV screen ink and UV varnishing.

UV letterpress ink

There are few companies in Thailand currently using UV letterpress ink for label
printing on cellulosic papers, foils, synthetic papers, and polyolefins and vinyl plastics. Most
of the printed materials are exported, either in a form of free labels or on packages, such as,
labels on electric appliances, cosmetics and paints. The amount of inks used is about 120 kg
per year at an export value of about 15 million Baht. Most of the inks used are the finished
products imported by five major importers from Japan, Belgium and U.S.A.. Its growth is
estimated at 10% per year. The main printing problem of UV letterpress is the adhesion and
peel-off problem of the printed film. Out of these problems with multicolored printing, white
color printing or opacification of the base (substrate) has most serious problems.

UV offset ink or UV dry offset ink

There are 3 to 4 medium-sized printing houses using UV offset printing inks. Most of
the products are labels of poly(vinyl chloride) films which may be used as packages of soaps or
detergents, and other packages for personnel care products on cellulosic paper. The
consumption of this ink for the mentioned applications is about 20 - 25 tons per year. One
important application is printing of polypropylene cups or polystyrene cups as non-contact food
containers such as ice cream cups. This type of printing can also be used with dry offset
printing technique. The amount of offset ink used is estimated at 50 - 60 tons per year. There
is an insignificant use for CD printing which amount is not known. For can coating or printing
on aluminum containers of carbonated soft drinks, the consumption is about 6 -7 tons per year.
Bank-note printing and coating with UV offset inks was commenced in 1995 as a celebration of
His Majesty's fifty anniversary on accession to the throne. Bank-notes value of 50 Baht are
opaque with white ink, printed with multicolored UV offset inks, followed by clear UV
varnishing on the top of the bank notes. The substrate of the bank note is bi-axially oriented
polypropylene film. The amount used is estimated at 8 tons per year. There is a plan to print
other types of bank note, such as 20-baht bank note, which is the most popular and handy note
in circulation. More UV offset ink should be used.

UV flexographic ink

There is at least one printing house in Thailand printing UHT packages for non-
contacted food such as milk, beverages, and non-carbonated soft drinks. Most of the inks used
are imported either from EU countries or Japan. There is some indication of interest to use UV
flexographic inks on plastics, cartons, labels and other special applications, in Thailand.

UV screen ink

Screen ink printing ink is the major printing technique using UV curable inks. It is the
bigger consumer of UV drying technology, which quantity exceeds 120 tons per year, its
major usage is for printing on plastic bottles such as polyethylene, polypropylene, poly(vinyl
chloride) that can be accounted for about 60% of the total usage of UV screen inks. CD
printing is another interesting item printed with UV screen inks. Its growth steadily increases,
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despite the recess economic (1996 -1998) while the other products decreased more than 50%.
The amount used is estimated at 30 tons per year. Label printing also takes a small share (about
10 to 20 tons per year) of UV screen printing. Spot UV screen varnishing is a new technology
for decoration of packaging containing expensive merchandizes such as perfume bottles, wine
bottles, interesting areas on prints, so as to provide special sensation of the products.

The major printing problems of UV screen printing inks are laid on adhesion property.
Therefore, ink and printing machine suppliers should provide both good quality product and
good local technical service. The printing house should employ skilled printers with sufficient
technical knowledge.

UV overprint varnishing

The major user of UV overprint varnishing is coating on cellulosic printed matter such
as expensive magazines. Coating on body-powder containers and top coating on 50-baht.
BOPP bank-notes as examples. The amount used for overprint varnishing is estimated at 400-
500 tons per year, of which 95% are used on cellulosic printed papers. The UV coating is
mostly imported from Taiwan. Besides, overprint varnishing on printed circuit board is another
application estimated at 20 -25 tons per year.

Wood coating

Wood coating industry still coats flooring and furniture surfaces with conventional
coating from which their surfaces have poor resistance to solvents and scratches. For high-
quality wood flooring or furniture surfaces, the industry uses UV varnishes for surface coating
of wood panels, flooring and furniture for more than 5 years. For flooring coating, an estimate
of 110 -120 tons per year and 30 - 40 tons per year for furniture coating which make a total of
about 150 tons per year.

UV curing machinery

Most of the UV curing machines are imported from Taiwan, United States of America,
EU countries. At present, there are about 50 - 60 printing heads equipped with curing units.
However, locally assembly UV-curing machines also exist by importing necessary parts, such
as lamps, reflectors, and so on from the mother companies overseas.

UV jnk manufacturing

The customs duties imposed on finished inks and raw materials are not very logical.
The duty for importing pigmented inks is 5%, but for importing raw materials to manufacture
the inks varies from 10% (for monomers) to 20% (for oligomers) depending on the types of
raw materials. The duty system thus forces the multinational ink companies to make inks
outside Thailand. This system is very different to other countries in the region, for example,
Malaysia and Indonesia, which have duty systems to help promote local manufactures and
which enable technical transfer to local manufactures. Actually, imported UV curable inks are 4
times more expensive than those conventional inks. The high import duties in Thai system
inhibit the growth of local ink manufacturing and makes the printed material less competitive.
In addition, the import duties of high-quality and writing papers are generally higher than those
of neighboring countries where import duty is between 0 to 5%. Local printers of high quality
printed matter either for domestic uses or export cannot compete efficiently and effectively in
foreign markets. However, some favorable treatments are granted to chemical firms who have
registered as an ink manufacturer that the import duty of ink chemicals or components are
reduced to 10%.
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The contribution of UV curing technology in exports statistics has been estimated at
20% which are accounted on the high quality printed matter, non-contacted food packages, and
surface coating of most printed matter.

III. FUTURE PROSPECT OF UV PRINTING

Due to the rapidly increasing rate of the adoption of new media, the production of
printed material keeps rising with healthy growth rates of 12 to 15% per annum. There are
signs suggesting that the growth rate will keep rising for several years. With the extension of
compulsory education from six to nine years, and the encouragement to further another three
years vocational courses, the demands for printed materials is expected to rise. In addition,
with more young people equipped with education and skills entering manufacturing and service
industries, buying power for good -quality printed materials should be increased in proportion.

UV curing is definitely a growing market because of its technical merits for
environment, print quality, and economy. Among the many printing systems, UV flexographic
inks are forecasted to be the fastest growing ink. Technical advances in polymer chemistry, ink
formulation and energy technology will open many new applications for the new millennium
for Thailand's printing industry. At present, the most fast growing ink is UV screen printing in
Thailand and it is estimated to grow by 10% per annum.

IV. OBSTACLES AND PROBLEMS OF UV CURABLE TECHNOLOGY

Production cost of UV printed matter in Thailand should be much more competitive by
the reduction of import duty. Out-of-date printing machinery should be replaced, because the
Thai printing industry has a huge population of small printing houses who do not have enough
capital to support the purchase of high technology machinery and equipment. Lack of properly
trained human resource in this area is one of the big problems. There are not enough qualified
marketing professional who specialize in penetrating international markets. As a consequence,
it hampers attempts to expand overseas markets. Some of the above problems could be solved
through cooperations domestically and internationally. The government should sincerely solve
the problems, promote and conduct more market development and printing technology to
enhance printing efficiency. Reviewing and reducing the tax structure for printed material for
exports to a logical level and attractive for foreign investors is a key solution for success to start
with. Generation of foreign trade mission to and from Thailand to get the prospective of UV
technology and investment.

V. CONCLUSION

The consumption of high quality printed matter within the country is definitely
increased due to the increase in compulsory education level. The young generation has a greater
reading habit because of the thirst of keeping i pace with the changing world. Environmental
alert on VOC reduction in coating and printing ink along with the better quality and appearance
of the printed matters. Printing with non-volatile inks actually conforms to ISO 14000 series.
UV curable inks and water-based UV coating/inks are the ultimate solutions. Among the
printing process, UV flexographic ink and UV screen ink are the fast runner in Thailand.
Domestic demand on high quality printing matters is increasing while the export of printed
matter is certainly increased due to the competitive edge of Thailand's labor cost. However, tax
structure of Thai customs should be revised to be more competitive and logical both for local
investors and foreign manufacturers. The development of printing substrates and their surface
preparation should be emphasized to acquire a long shelf life and service life.
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Radiation degraded carbohydrates such as chitosan, sodium alginate, carageenan,

cellulose, pectin, etc. were applied for plant cultivation. Chitosan (poly- )3 -D-glucosamine)

was easily degraded by irradiation and induced various kinds of biological activities such as

anti-microbacterial activity, promotion of plant growth, suppression of heavy metal stress on

plants, phytoalexins induction, etc. Pectic fragments obtained from degraded pectin also

induced the phytoalexins such as glyceollins in soybean and pisatin in pea. The irradiated

chitosan shows the higher elicitor activity for pisatin than that of pectin.

For the plant growth promotion, alginate derived from brown marine algae, chitosan

and ligno-cellulosic extracts show a strong activity. The hot water and ethanol extracts from

EFB and sugar cane bagasse were increased by irradiation. These extracts promoted the

growth of plants and suppressed the damage on barley with salt and Zn stress. The results

show that the degraded polysaccharides by radiation have the potential to induce various

biological activities and the products can be use for agricultural and medical fields.

1. INTRODUCTION

It is reported that the oligosaccharides from higher plant cell wall involved in capable

of signal transduction, defense responses against pathogens and synthesis of phytoalexins (1).

Low molecular weight carbohydrates and oligosaccharides are usually prepared by enzymatic

degradation of polysaccharides. Although these enzymes are useful and important in

preparing the degraded fragments, each enzyme catalyses only a limited reaction and

preparation of enzymes is sometimes very difficult. Radiation is one of the potent
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procedures for fragmentation of polysaccharides. Radiation generates various types of

degraded fragments by random scission. In this study, radiation degradation of various

carbohydrates and their effect on plants were investigated to improve the quality of natural

polymers by radiation for plant cultivation.

2. MATERIALS AND METHODS

2.1. Materials

Alginate, chitosan 10B and citrus pectin were purchased from Kishida Chemical Co.,

Japan, Katokichi Co. Ltd, Japan and Sigma Chemical Co., USA, respectively. Sugar cane

bagasse obtained from Okinawa, Japan, palm fibre obtained from Selangor, Malaysia and

sawdust offagus (commercial product) were dried and ground to pass 5 mm.

2.2. Radiation

Carbohydrate samples were irradiated by gamma-rays from Co-60 or an electron beam

(Radiation Dynamics Inc., RDI DYNAMITRON, USA, 3 MeV, 25 mA) in liquid state or in

solid state (powder form).

2.3. Growth test of plants

Rice (Oryza sativa ), soybean (Glycine max) and barley (Hordeum vulgare) were

mainly used for the experiments. Germinated seeds by immersion in water for three days at

27°C were sowed onto plastic net floating in plastic pots containing 1/2000-fold diluted

hyponex solution (Hyponex, Japan). After 9 days grown in green house, ten seedlings were

collected from each treatment, washed gently, air dried and finally dried in oven at 105°C for

12hr.

3. RESULTS AND DISCUSSION

3.1. Effect of radiation-degraded carbohydrates on plants growth

Radiation causes the cleavage of glycosidic link of polysaccharides, producing lower

fractions (2-4). Figure 1 shows the irradiation effect on molecular weight of alginate in

liquid state (4% solution) and in solid state. Using these degraded alginate, the effect of

growth-promotion of plant was tested under hydroponic cultivation condition. For rice,

degraded alginate from 4% alginate solution irradiated at 100 kGy (MW ca. 7000) impacts

remarkable effect on growth promotion (Fig. 2). Similar effect is also observed for alginate

powder irradiated at 500 kGy. The suitable range of degraded alginate concentration was 20
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Fig. 2 Effect of irradiated alginate

on rice growth

- 50 ppm. In case of peanut, dry matter of shoot significantly increased at 100 ppm of

degraded alginate treatment. Field test experiment is in progress and it is expected that the

increase of peanut yield will be obtained at harvesting time. Additionally, preliminary

results on field test of foliar spraying of degraded alginate on tea, carrot and cabbage with

concentration of 20 to 100 ppm, led the increase of productivity of ca. 15 to 40%. The

results suggest that foliar spraying degraded alginate at certain concentration causes

increasing in biochemical and physiological functions of plant that lead to increase in dry

matter.

Other carbohydrates such as chitosan and lignocellulose also show the similar

promotion effect on plant growth.

3.2. Suppression of heavy metals stress on plants by radiation degraded carbohydrates

Effect of chitosan irradiated at wide range of irradiation doses on plants was examined

showing chlorosis in various degrees at lower doses less than 50 kGy (Fig. 3). The chlorosis

was reduced or disappeared at higher doses (^ 70 kGy) and the stimulation of the plant

growth occurred at 100 kGy. Heavy metals such as vanadium (V) show the strong stress on

soybean, rice, wheat and barley seedlings, whose roots were clearly injured at 5 ppm V (in

VC13) in solution cultures. The seedlings of rice were critically damaged at ~ 1 0 ppm and

died completely at ~50 ppm. These damages were relatively reduced by application of

radiation degraded chitosan. The recovery of growth and reduction of V levels in seedlings
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Fig. 3 Effect of irradiated chitosan
on rice growth

Control Salt stress
Unirradiated Irradiated

Fig. 4 Effect of extracts from oil palm
fibre on salt stress of barley

were obtained by the treatments with 100 and 200 ppm chitosan irradiated at 100 kGy in 1%

solution (Table 1). Thus, the chitosan irradiated at suitable doses could be suggested as

heavy metal eliminators in crop production.

Table 1. Effect of V and irradiated chitosan on plant growth

Treatment
V(ppm) + Chitosan(ppm)

0
0
0

10
10
10

0
100
200

0
100
200

Dry weight
wheat

Biomass
385 ± 42
544 + 47
540 ±39
229 ± 37
350 ± 35
392 ± 39

of seedlings (mg/10 plants)

%
100
141
140
59
91

102

rice
Biomass
190 ± 17
206 ±16
236 ± 30
143 ± 12
214 ± 18
210 ± 18

%
100
108
124
75

113
111

Seedlings of plants grown for 9 days under V stress with chitosan irradiated
at 100 kGy were measured.

Lignocellulosic materials were also degraded by radiation and the extracts from oil

palm fibre, sugar cane bagasse and sawdust oifagus were increased at 500 to 1000 kGy.

These extracts in hot water and ethanol show that the strong activity to suppress the heavy

metal and salt stress on plants. Figure 4 shows the effect of extracts from oil palm fibre on

suppression of salt stress on barley growth. Salt stress at 5 g/1 strongly inhibited the growth

of barley seedlings causing a lower biomass production (62.6%), smaller shoot height
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(69.8%) and root length (54.9%). The growth of plants suffering salt stress was improved

clearly with lignocellulosic extracts, especially 90 kGy irradiated extracts.

3.3 Antimicrobial activity of radiation-degraded chitosan

Antibacterial activity of irradiated chitosan was studied against Escherichia coli B/r.

Irradiation of chitosan at lOOkGy in dry state was effective in increasing the activity, and

inhibited the growth of E. coli completely (Fig. 5) (5). For anti-fungal activity, highly

deacethylated chitosan 10B (99% deacetylation) at low dose irradiation (75 kGy) was

effective. The sensitivities of Exobasidium vexans, Septoria chrysanthemum and Gibberella

fujikuroi for the irradiated chitosan were different and the necessary concentrations of

chitosan were 550, 350 and 250 a

g/ml, respectively. Wheareas, low

deacethylation chitosan (8B: 80%

deacetylation) and high dose | |

(500kGy) was effective for the plant |

growth. 1

These results show that the
001

0.00$
degraded chitosan by radiation have

the potential to induce the

antimicrobial activity for bacteria

and fungi and the products can be

used not only for agriculture but also

for medical fields.

Incubation time (hr)

Fig. 5 Antibacterial activity of irradiated chitosan

3.4. Induction of phytoalexin by radiation-degraded pectin and chitosan

Pectic fragments prepared by irradiation and oligogalacturonan obtained by enzyme

digestion (endo-PG) of pectin induced glyceollins (a kind of phytoalexin). The pectic

fragments obtained by irradiation with 1000 kGy were the most effective for induction of

glyceollins and induced almost the same amount of glyceollins induced by endo-PG.

Pisatin, a phytoalexin induced in pea, was also effectively induced by irradiated pectin

and chitosan (Fig. 6). Induction of pisatin by pectic fragments prepared by irradiation was

lower than that of pectin-PGase. Chaitosan irradiated at 1000 kGy in solid state induced

much higher activity than the pectic fragments but decreased at 2000 kGy. These results

show that 1000 kGy is the optimum dose to obtain the effective fragments for induction of
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phytoalexins and a dose of more than 2000 kGy is too high to keep effective fragments.

Control

Pectin-lOOOkGy

-

Pectin-PGase

-

Chitosan-lOOOkGy

-

Chitosan-2000kGy

f
]

1

0 10 20 30 40 50 60 70 80 90 100

Induction of pisatin (%)

Fig. 6 Induction of pisatin in pea by irradiated pectin and chitosan
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1. INTRODUCTION

Poly(3-hydroxybutyrate) [P(3HB)] and its copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) [P(3HB-co-3HV)] are microbial biodegradable polyesters produced by many

types of bacteria (1). Poly(butylene succinate) (PBS) and poly(e-caprolactone) (PCL) are also
biodegradable synthetic polyesters which have been commercialized. These thermoplastics are
expected for wide usage in environmental protection and biocompatible applications (2).

Radiation grafting of hydrophilic monomrs onto many polymers, e.g., polyethylene (3) and
polypropylene (4, 5) has been studied mainly for biomedical applications.

In the present study, radiation-induced graft polymerization of vinyl monomers onto PHB
and P(3HB-co-3HV) was carried out and improvement of their properties was studied.
Changes in the properties and biodegradability were compared with the degree of grafting.
Radiation-induced crosslinking of PBS and PCL which relatively show thermal and irradiation
stability was also crried out to improve their thermal stability or processability. Irradiation to
PBS and PCL mainly resulted in crosslinking and characterization of these crosslinked
polyesters was investigated.

2. EXPERIMENTAL

Materials and radiation-induced graft polymerization
P(3HB) and P(3HB-co-3HV) containing 24 % 3HV, which were isolated from Alcaligenes

eutrophus, were purchased from Aldrich Chemical Co. Styrene (St) monomer was mainly
used though methyl methacrylate (MMA), 2-hydroxyethyl methacrylate (HEMA) and acrylic
acid (AAc) monomers were used for comparison. P(3HB) or P(3HB-co-3HV) sample was

pre-irradiated with 60Co y-rays (dose rate, 5 kGy/h) at -78°C under reduced pressure (10~3

torr). After irradiation, vinyl monomer was introduced to the irradiated polymers under
vacuum. Then the reaction was carried out at a desired temperature for various periods of time
(called post-polymerization). After grafting, the samples were Soxhlet extracted with solvents
for 3 days and dried under vacuum to constant weight.

Degree of grafting Xg (%) was determined by the percent increase of weight based on the
initial sample weight Wi (g), using equation:

Xg = [(Wg — Wi)/Wi] X 100 (1)
where Wg (g) is the weight of sample after grafting.

Materials and radiation-induced crosslinking
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PCL sample was purchased from Daicel Chemical Co. Ltd., Japan (PCL-H7). PCL pellets

sealed in a glass tube were irradiated using 60Co y-rays with a dose rate of 10 kGy/h under a
controlled temperature in vacuum or air conditions. Gel fraction was measured as remaining
weight ratio after completely extracted with the solvent to the initial sample weight.

PBS samples were purchased from Showa High Polymer Co. Ltd., Japan (Bionolle). To
make a foam, two blowing agents, azodicarbonamide compound (BX81) which release a N2
gas, and sodium carbonate compound (V-20N) which on heating release a CO2 gas supplied by
Mitsubishi Chemical Co. Ltd. were used.

Bionolle pellets were blended with blowing agents at 135^ for 5 min using plastomill, and
sheets of 0.5 mm thick were prepared at 135^ for another 3 min by a hot press. Then they
were irradiated in air with 2 MeV accelerator at various doses (a dose of 10 kGy/pass). In
order to produce a foam, the irradiated sheet was heated by hot press at 200 °C using spacer of
3 mm for 1 min.

Analytical procedures
Melting point Tm and glass transition temperature Tg were measured with a Perkin Elmer

Model DSC-7 differential scanning calorimeter (DSC) at a heating rate of lOTVmin under N2
atmosphere. The melting peak temperature was calibrated with high-purity standards.

Gel permeation chromatography (GPC) was carried out with a liquid chromatograph HLC-
802A (Tosoh Co. Ltd) at 38^:. The eluent was chloroform with a flow rate of 1 ml/min. The
molecular weights were calibrated using polystyrene standards.

Enzymatic degradation
The enzymatic degradation of P(3HB) and its copolymer by the PHB depolymerase purified

from A. faecalis Tl was carried out at 37^C in 0.1 M phosphate buffer (pH 7.4) with shaking.
The films (initial weghts, 11-13 mg, film dimensions, 10X10X0.1 mm) were immersed with

1 ml of the buffer. The reaction was started by the addition 32 jxl of an aqueous solution of

PHB depolymerase (8 jAg). Weght loss of the film (Xd) was calculated by the percent decrease
of weight based on the initial film weight Wi (g), using equation,

Xd = [(Wi — Wd)/Wi] X 100 (2)
where Wd (g) is the weight of sample after the enzymatic degradation.

Enzymatic degradation of PBS and PCL by lipase AK enzyme (purchsed from Amano
pharmaceutical Industry Co. Ltd., Japan) was carried out in 0.2 M phosphate buffer (pH 7.0).
The films were put into reaction mixtures (6.0 ml buffer, 10 mg of lipase AK, and 0.1%
surfactant) and incubated at 55<C with shaking for various periods of time.

3. RESULTS AND DISCUSSION

Radiation-induced graft polymerization of P(3HB) and P(3HB-co-3HV)
Fig. 1 shows the effect of temperature on the grafting of St onto P(3HB) at pre-irradiation

dose of 5 kGy. The Xg was increased with increasing temperature and the grafting at 8 0 t was
the largest Xg, 25% for reaction time of 4 h. Whereas grafting of St onto the copolymer, the
Xg at 50*C was the largest among these reaction temperatures. Graft polymerization of
polymers such as polyethylene (6) and polypropylene (7) occur in amorphous part when radical
formed in crystalline regions migrated to interface of the crystal. The copolymer has lower
crystallinity than P(3HB) so that molecular mobility is more active than that of P(3HB).

Fig. 2 shows number average molecularweight
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Mn of graft PSt against reaction time at 7 0 ^ at pre-
irradiation dose of 15 kGy. The grafted P(3HB)
was treated with 20% aqueous methylamine to
remove completely the trunk polymer P(3HB) and
the graft PSt was isolated. The Mn of branched PSt
for P(3HB) is increased largely up to 1 h in
grafting and the increment of Mn ceases for 3 h.
This result corresponds to grafting behaviors Fig.
1. Hence it is suggested that increase of Xg in
grafting time is due to increase of molecular weight
of branch PSt since longer PSt chain has formed.
Moreover, Mn of branched PSt for P(3HB)
reduced remarkably up to 10 kGy and it is almost
similar at dose of 15 kGy. It shows that at higher
dose many grafting points are created but Mn is
lower due to the formation of short PSt chain.
Accordingly, Xg of
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grafted samples show steep decrease in weight
loss (8), whose behavior is similar to St grafted
samples, while HEMA grafted samples show
maximum weight loss at 15 % of Xg, and A Ac
grafted samples show maximum weight loss at
20-30 % of Xg. The AAc grafted samples show
the highest weight loss (9). This promotion is due
to improvement of wettability of the polymer and
the enzymatic solution.

Foam formation of Bionolle (PBS) by
irradiation

The effect of blowing agent on crosslinking is
shown in Fig. 4. BX81 of 5% was added into
Bionolle and BX81 gives 10% higher gel fraction
than pure Bionolle. St/EVA contained in BX81
compound disperse blowing materials such as
azodicarbonamide homogeneously in Bionolle
during kneading and St/EVA have same tendency as
that of Bionolle blended with BX81 compound.
Since EVA is a radiation crosslinking type, BX81
compound promote crosslinking of Bionolle.
Bionolle blends of 5% BX81 having relatively R g 4 Gel fraction of Bionolle, that blended
lower gel fraction irradiated with dose of 100-150 w i t h B X 8 1 o r S t / E V A a g a i n s t i r r a d i a t i o n d o s e
kGy is prefferred to produce suitable foams (10).

Fig. 5 shows enzymatic degradation of Bionolle
foam and Bionolle samples. The weight loss of the
foam is steeply increased up 48 h and then leveled
off to about 24% at 96 h. This value is four times
larger than that of the irradiated Bionolle after 96 h.
Significant increase in surface area of the foamed
sample causes promotion of enzymatic degradation.
The morphologies of foam having a large number
of cell structure, as the cell expand, some cell walls
become very thin like membrane and allow to erode
easier than the unfoamed Bionolle. The weight loss
of unirradiated Bionolle is higher than the irradiated
Bionolle. This is because the iiradiated Bionolle
contain the crooslinked part that retards the erosion.

• Bionolle#1020

O Bionolle#1020 + 5% BX81
• Bionolle#1020 + 5% St/EVA

30

20

Radiation-induced crosslinking of PCL
Fig. 6 shows gel fraction of PCL irradiated in

the solid state (at room temperature), in the molten
state or in the supercooled state under vacuum.
Irradiation in molten state (SO'C) results in higher

Bionolle foam

Bionolle

80 100

Reaction time (h)

Irradiation in molten state (SOC) results in higher
gel content compared to room temperature (27^). Fig- 5. Enzymatic degradation of Bionolle
At room temperature, PCL contains crystalline foam and Bionolle sample at 55°C
regions where crosslinking is hardly formed. At
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8 0 t , PCL is converted to completely amorphous
state. However, during irradiation voids are formed
in the polymer due to the gases evolved, which
cause a reduction in various physical properties. In
order to avoid the formation of voids, PCL was
irradiated at 35*^ to 5 5 ^ after melting. Irradiation
of PCL at 45X1 or lower results in free of voids
gel, while irradiation at 5 0 ^ and 55°C produces
gels which contain many voids as shown in Fig. 7.
As shown in Fig. 7, PCL obtained by irradiation in '£
the supercooled state has a homogeneous shape 2
without voids, and sheets hot-pressed from this "3
crosslinked PCL showed tranparent appearance or
low haze value (11).

Enzymatic degradation of PCL with diffrent gel
fractions obtained by irradiation is shown in Fig.
8. One hundred percent of gel was obtained by
removal of the sol fraction of irradiated sample at
160 kGy. It can be seen that the enzymatic
degradation reduces almost linearly as gel fraction
increases, however the degradation still occurred
even at 100% of gel fraction.

200 300
Dose (kGy)

400 500

Improvement of processability of PCL by
radiation techniques

Molecular weight or shapes of PCL irradiated
with the dose below 30 kGy changed significantly.
Fig. 9 shows MFR curves of PCL irradiated under
vacuum and air atmosphares. MFR was estimated
by measuring weight of samples flowed for 10
minutes from extrusion machine (Toyoseiki Co. j£
Ltd., Japan). It can be seen that MFR reduces ̂ ^ Q
remarkably up to 20 kGy and followed by steady ~
decreases with further increase of dose. Irradiation fb
under vacuum gives lower value compared to that 3 40

Fig. 6. Gel fraction of PCL irradiated in solid,
molten and supercooled states under vacuum

100

80 -

Molten state Supercooled state
Irradiation dose 160 kGy

20 -

0 20 40 60 80
gel fraction (%)

100

Fig. 8. Enzymatic degradation of PCL with
different gel fraction obtained by irradoation

Fig. 7. Photographs of irradiated PCL
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in air at the same dose.
Table I shows average molecular weights of

irradiated PCL. Mn and polydispersity of PCL
increased by introducing crosslinking between
molecular chains.

Fig. 10 is dynamic modulus of PCL at various
irradiation doses against temperature. Unirradiated
PCL easily flows above 70°C, while PCL
irradiated with dose of 30 kGy shows a wide
temperature range (90-210°C) of processing and
PCL irradiated with 15 kGy shows a intermediate
temperature range. This means PCL molecules
change into partially crosslinked or non-linear
shape, e.g., star shape.

Table I . Molecular weights of irradiated PCL

Dose (kGy) Mwx1(T4

0

15

30

9.26

13.55

12.56

16.25

27.54

34.07

1.75

2.03

2.71

10 20 30 40
Dose (kGy)

Fig. 9. MFR curves of PCL irradiated under
vacuum and air atmosphares

100 150 200 250

Temperature (°C)
300

Fig. 10. Dynamic modulus of PCL at various
irradiation doses against temperature
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ABSTRACT M Y0001466
Sulfur and peroxide-cured rubber vulcanizates of NR and EPDM were obtained by blending
the elastomers with fillers, antioxidants and appropriate accelerators, followed by
vulcanization at 150 - 160 °C. Blends of the same elastomers with appropriate co-agents and
additives were also cured by gamma radiation at 150 and 200 kGy. A comparison of the
thermal stabilities of these vulcanizates prepared by different curing techniques has been
made by thermogravimetric analysis (TGA), assessed on the basis of comparison of DTG
peak maxima, temperature for loss of 50% mass and actual thermal curves. The comparison
reveals that the sulfur-cured vulcanizates are less thermally stable than their peroxide-cured
counterparts. This may be attributed to the presence of a stronger C-C bond in case of
peroxide-cured vulcanizates compared to weaker C-Sx-C bond in case of sulfur-cured
vulcanizates. However, compared to peroxide-cured vulcanizates, radiation-cured
formulations demonstrated much improved thermal stability. This may originate from the
existence of more uniformly distributed crosslinks and the enhanced rate of crosslink
formation in the radiation process as compared to peroxide curing. In all the formulations
whether sulfur, peroxide or radiation-cured, the natural rubber vulcanizates were found to be
thermally much inferior to the synthetic contender, EPDM. Influence of variation of the
amount of coagent and other additives on the thermal stabilities of formulations of radiation
cured NR and EPDM vulcanizates was also investigated.

1. INTRODUCTION
One important application of the TG-DTG technique is the determination of the thermal
stability of polymers. Thermal stability of polymers including PE, SBR and PVC was
assessed by Smith (1) using TG-DTG technique based on temperature of original weight loss.
A detailed review of TG technique by Troops (2) shows how to apply TG to predict the
service life of wire enamel. A comparison of thermal stability of sulfur-cured formulations
with their peroxide counterparts was reported earlier by the authors of this paper (3). Here we
report the comparison of thermal stability of radiation-cured formulations with their peroxide
and sulfur-cured counterparts for which the best thermally stable formulations from each
group were selected. It was envisaged that such comparison would help us to assess the
relative merits of radiation curing over conventional sulfur and peroxide curing. A distinct
feature of the approach adopted for assessing comparative thermal stabilities involves the use
of temperature for loss of 50% mass of the sample, in addition to record of DTG peak
maxima. This is especially advantageous for selecting the best among formulations
demonstrating close thermal stability due to overlap of DTG peaks. In addition, this
observation is objective and does not suffer from the subjective errors likely to occur while
recording DTG peak maxima.
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Islamabad, Pakistan.
*** Permanent Address: Radiation Chemistry Department, NCRRT, Nasr City, P.O.Box 29,
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2. EXPERIMENTAL

Materials
The elastomers used in this study were commercial grade, natural rubber (NR type SMR-20)
and ethylene-propylene diene monomer rubber (EPDM type Kelton 720) with
ethylene/propylene ratio: 72/28. All the materials including elastomers, fillers, antioxidants
accelerators, etc. were supplied by Amiantit Rubber Co., Saudi Arabia.

Compounding and Vulcanization
The various formulations utilized in this study are proprietary and a general list of
constituents are presented in Table I. A Brabender Plasticorder Model PL-2000 and an
internal mixer Model 350 S were used. The compounding was carried out in accordance with
ASTM D-3182. A hydraulic hot press by PHI Co. Model G236 H was used to press and
vulcanize rubber sheets with an average thickness of about 2 mm in accordance with ASTM
D-3191. The formulations containing sulfur were vulcanized at 150 °C for 30 minutes and the
ones containing peroxide were vulcanized at 160 °C for 60 minutes.

Notation

S-Cured EPDM
S-Cured NR
Peroxide-Cured
EPDM
Peroxide-Cured
NR
Radiation-
Cured EPDM
Radiation-
Cured NR

Table I Formulations of Different Rubber Vulcanizates.
Ingredients (phr)

Elastomer

100
100
100

100

100

100

Carbon
black/silica
130
46
130

46

45

45

Oil

110
10
110

10

0

0

ZnO

5
5
5

5

0

0

Stearic
acid
0.5
2
1

2

0

0

Anti-
oxidants
4
5
4

5

2

0

Anti-
Ozonant
0
1
0

1

1

0

Curing agent
and coagent
Sulfur
Sulfur
Peroxide

Peroxide

Radiation /
SR-5173

Radiation /
SR-633b

a= SR-517 (trimethacrylic ester), b = SR-633 (zinc diacrylate).

Irradiation
The compressed sheets were irradiated in nitrogen atmosphere at a dose rate of 13 kGy / h to
an absorbed dose of 150 kGy, and 200 kGy.

Thermogravimetric and Derivative Thermogravimetric Analysis:
A Perkin Elmer TGA-7 was used. Sample weight was generally from 8-13 mg. A standard
heating rate of 5 °C /min. was used. The general procedure was to program-heat from ambient
to 800 °C under a nitrogen atmosphere. Carrier gas flow was constantly monitored with flow
meter and maintained at 40 cm3/min. throughout the run.

3. RESULTS AND DISCUSSION

Thermal Stability Study of Radiation-Cured NR, EPDM Formulations
Thermal stabilities were assessed on the basis of comparison of DTG peak maxima,
temperature for loss of 50% mass and temperature for onset of degradation.

Thermal Stabilities of Radiation-Cured EPDM Formulations Containing Different
Concentrations of Coagent Type SR-633 and Fillers.
It is common practice in industry to add to the polymer, polyfuctional monomers containing
two or more ethylenic bonds to enhance radiation crosslinking (4,5,6). Use of crosslinking
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agent can help reduce the dose required for corsslinking (7,8) and the detrimental influences
associated with high dose irradiation can be avoided. For this study, influence of addition of
varying amounts of coagent SR-633 containing two double bonds was investigated by
comparing DTG peak maxima. On the basis of DTG peak maxima and the temperature of
onset of degradation, the EPDM formulations (loaded with carbon black) having 2 and 4 phr
of the coagent appear to possess the best thermal stability (see Fig. 1). Their DTG maxima are
533 °C and 535 °C respectively. On the basis of temperature for loss of 50% weight, the
formulation containing 4 phr of the coagent can be considered as the best thermally stable in
the group. No correlation between the amount of coagent and the thermal stability was found.

Fillers or reinforcement aids such as carbon black, clays and silica are added to rubber
formulations to meet material property targets such as tensile strength and abrasion resistance
etc., Addition of silica to a rubber compound offers a number of advantages such as
improvement in tear strength, reduction in heat build up and increase in the compound
adhesion in multicomponent products such as tires (9). It was considered important to explore
the influence of silica loading on the thermal stability of EPDM rubber.

When silica was used as filler instead of carbon black, formulations possessing compatible
thermal stability (see Fig.2) appear to have been attained. Again, there is no correlation
between the amount of coagent and the thermal stability, though in general, formulations
containing 3, 4 phr are better than the rest. On the bais of combined evidence, the formulation
containing 4 phr of coagent SR-633, is the best thermally stable formulation.

An intercomparison of the various above mentioned temperatures selected as the creiteria for
comparing thermal stabilities shows that in the series of EPDM formulations, the formulation
containing 4 phr of coagent type SR-633 (containing 45 phr of silica) is the most thermally
stable.

0

0
D DTG Peak maxima
• Temp, for 50% weight loss

41 2 3
Coagent concentration, phr

Fig. 1: Thermal stabilities of EPDM formulations containing 45 phr of HAF-carbon black,
different concentrations of coagent type SR-633,1 phr of antioxidant and irradiated

to 150 kGy.

D DTG Peak maxima
• Temp, for 50% weight loss

2 3 4
Coagent concentration, phr

Fig.2: Thermal stabilities of EPDM formulations containing 45 phr of silica, variable
concentrations of coagent type SR-633 and irradiated to 150 kGy.
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Thermal Stabilities of NR Formulations Containing Different Concentrations of Coagent
Type SR-517 and Carbon Black or Silica as Fillers
On the basis of the comparisonoftheonsetof degradation, temperature for the loss of 50%
mass and DTG peak maxima, it can be inferred that the NR formulation containing 3 phr of
the coagent SR-517 (loaded with carbon black) is the most thermally stable in the group (see
Table II). The presence of the coagent at levels higher than 3 phr appears to exert a significant
detrimental influence on thermal stability. This is expected as the excessive amounts of
unreacted coagent are likely to generate free radicals on radiolysis. The interaction of these
radicals with the elastomer presumably, results in retardation of degree of curing.
Formulations possessing much lower thermal stability were obtained by replacing carbon
black with silica (see Table III). Formulation containing 3 phr of the coagent SR-517 along
with IPPD, TMQ (antioxidant and antiozonant) appears to be the most thermally stable in the
group. Here again a pronounced detrimental influence on the thermal stabilities was observed
when amounts of the coagent used were in excess of 3 phr.

Table II. Thermal Stabilities of NR Formulations Irradiated to 200 kGy Containing Various
Concentrations of Coagent Type SR-517 and 45 phr Carbon Black and other Additives

(Antiozonants and Antioxidants).

Concentration of Coagent (phr)

3
4
5
6
5a
5b

Onset of
Degradation

(°C)
356
349
349
354
348
346

DTG Peak Maxima

(°C)
417
411
412
414
412
413

Temperature for Loss of
50% mass

(°C)
412
407
408
410
407
407

a: Formulation contains lphr IPPD, 1 phr TMQ and 0.5 phr paraffin wax
b: Formulation contains lphr IPPD, 1 phr TMQ and lphr paraffin wax

Table III. Thermal Stabilities of NR Formulations Irradiated to 200 kGy Containing Various
Concentrations of Coagent Type SR-517 and 45 phr Silica and Other Additives

(Antiozonants and Antioxidants)

Concentration of Coagent (phr)

: / / 3
; /' 4

/ 5
6
3a
3b

Onset of
Degradation

(°C)
337
314
314
305
354
347

DTG Peak Maxima

(°C)
404
374
378
368
410
393

Temperature for Loss of
50% mass

(°C)
400
375
370
362
404
386

a: Formulation contains lphr IPPD, 1 phr TMQ and 0.5 phr paraffin wax
b: Formulation contains lphr IPPD, 1 phr TMQ and 1.0 phr paraffin wax

Intercomparison of Thermal Stabilities of Radiation-Cured EPDM and NR Formulations
In general, all the NR formulations exhibit much lower thermal stabilites than the EPDM
counterparts. This originates from the intrinsic thermal stabilities of the two types of rubbers
(see Table IV).
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Comparison of Sulfur-Cured Vulcanizates with Peroxide-Cured Counterparts
When compared, sulfur-cured EPDM and NR vulcanizates individually with their
counterparts in peroxide-cured systems, peroxide-cured rubbers exhibit marginally higher
thermal stabilities (see Table IV) with the exception of temperature for onset of degradation
for EPDM rubber. This is expected due to the higher bond strength of C-C bonds in peroxide-
cured system compared to C-Sx-C bond strength which is of lower order.

Table IV. Comparison of Thermal Stabilities of Radiation-Cured EPDM and NR Vulcanizates
with Sulfur and Peroxide-Cured Counterparts.

Sulfur-Cured Vulcanizates
Rubber Type

EPDM
NR

DTG Curve due to
Elastomer ,T max (°C)

483
395

Temperature for 50%
Weight Loss (°C)

487
410

Temperature for Onset of
Degradation (°C)

374
352

Peroxide-Cured Vulcanizates
Rubber Type

EPDM
NR

DTG Curve due to
Elastomer ,T max (°C)

496
400

Temperature for 50%
Weight Loss ((°C)

497
410

Temperature for Onset of
Degradation (°C)

341
354

Radiation-Cured Vulcanizates
Rubber Type

EPDM
NR

DTG Curve due to
Elastomer ,Tmax(°C)

535
410

Temperature for 50%
Weight Loss (°C)

540
405

Temperature for Onset of
Degradation (°C)

486
355

Intercomparison of Thermal Stabilities of Sulfur, Peroxide and Radiation-Cured
Vulcanizates
A combined picture based on comparison of DTG curve maxima, temperature for loss of 50%
mass and temperature of onset of degradation shows that in case of EPDM the thermal
stabilities of radiation-cured formulations are quite superior when compared to the sulfur and
peroxide-cured counterparts (see Table IV). This is reflected by much higher temperatures
observed individually in case of DTG maxima, temperature of loss of 50% mass and
temperature for onset of degradation for the radiation-cured vulcanizates when compared to
the same temperatures observed in case of sulfur and peroxide-cured vulcanizates. Radiation-
cured NR formulations did not demonstrate any significant gain in thermal stability when
compared to sulfur or peroxide-cured counterparts. This may be related to the loss and
isomerization of double bond due to radiation and also the formation of a less relaxed network
in the irradiated crystallizable NR, which may influence its thermal stability (10).

4. CONCLUSIONS

The following conclusions can be deduced:

1. Acombined comparison based on DTG peak maxima,temperature of onset of degradation
and temperature for 50% weight loss gives good indication of thermal stability of rubber
compounds.

491



2. EPDM formulations filled with 45 phr of either carbon black or silica in the presence of 4
phr of XL-coagent and irradiated to 150 kGy possess the best thermal stability among the
investigated formulations.

3. Silica filled EPDM rubber is more thermally stable than carbon black filled counterpart.

4. NR formulations filled with 45 phr of either carbon black or silica in the presence of 3 phr
of XL-coagent and irradiated to 200 kGy possess the best thermal stability among the
investigated formulations.

5. Carbon black filled NR rubber is more thermally stable than silica filled counterpart.

6. Radiation-cured EPDM formulations are more thermally stable than sulfur or peroxide-
cured counterparts, whereas no significant improvement was realized in radiation-cured
NR formulations.
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Study on Irradiated Polymerization of Acrylonitrile by NMR

Zhao Xin Lin Hao
(Xinjiang Petroleum Institute Urumqi 830000) MY0001467

Abstract nC CP/MAS spectra and nuclear Overhauser effects (NOE) at room temperature have

been measured for acrylonitrile (AN) in homophase irradiated polymerization. With the increase

of radiation dose the chemical shift of cracking peaks and NOE are variation. This implies that the

polymerizated mechanism of AN were changed with the variation of irradiated doses and dose

rate.

Keywords: Acrylonitrile Irradiation Polymerization

There is the stronger affinity electron group (-CN) in acrylonitrile monomer. It may be

polymerized by variaus ways and mechanism and be gained the polymer of difference structures

and molecular weight in polyacrylonitrile (PAN). Starmicarbon111 and Starker'21 obtained

higher molecular weight of polyacrylonitrile by peroxysulfate-pyrosulfite in oxidation-reduction

system. The superhigh molecular weight of PAN was synthesized chemicaly according to the

method of Wu et. al. P1 by suspension polymerization.

In this paper we discussed that the relative concentrations of steric dyads and triads in the

chain structure in PAN and the irradiation polymerizated mechanism of acrylonitrile monomer in

room temperature by different dose and dose rate.

1 Experimental

1.1 The homophase polymerization of acrylonitrile

Acrylonitrile monomer were purified by decompression distillation and irradiated

polymerization by ^Co source of 3.7*6* 104 Bq at room temperature. Irradiation doses of

50 and 100 kGy were used, and dose rate of 110 and 140 Gy/h were used.

1.2 13C CP/MAS spectra measurement

The high-resolution solid-state NMR spectra were obtained on a Bruker MSL-400

spectrometer. The resonance frequencies were 400.13 and 100.63 MHz for protons and 13C

nuclei, respectively. The contact time of the cross-polarization was generally 1 ms. All the

chemical shifts were referenced to CH3 peak of HMB. In order to suppress the side, the TOSS

pulse train was used in CP/MAS experiment. Full nuclear overhauser effect (NOE) was

measured by full and partial decoupled methods.

1.3 The measurement of viscosity

Ubbelodhe viscosimeter was used at 26.0 +0.1 C and solevet is DMF.

2 Result and discussion

2.1 The relationship between chain structure and dosages
I3C CP/MAS spectra of PAN and its assignment are shown respectively, in Fig.l and Table 1

by acrylonitrile homophase polymerization and a dose rate of 110 kGy/h with various total doses.
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Fig.l The 13C CP/MAS spectra of polyacrylonitrile at different doses

Table 1 gives the chemical shift of cracking carbon in PAN.

Table 1 the Chemical shift and relative area of polyacrylonitrile

Chemical group Dose (kGy)

50 100

ppm relative (%) ppm relative(%)

-CH

-CH2

28.80

27.27

26.58

32.85

32.67

32.47

55.4
100.0

56.9

39.7

40.1

15.1

27.58

26.93

26.22

33.95
33.84

32.53

55.1
100.0

57.2

38.2

41.0

16.2

-CN
119.65
119.55
119.24
118.24

16.9
6.4
8.2

8.0

119.48
119.48
118.20

118.80

18.2
5.5
7.8

7.2

As seen in the Fig.l and Table 1,There are three zones in 13C CP/MAS spectra from the lower

to higher field it is -CN,-CH2 and CH groupes, respectively.The nitrile resonance of PAN

appears at 120 ppm,the methylene carbon at 32.6 ppm and the methine carbon at 27.0 ppm. There

are cracking peaks of every carbon in varying degrees, their chemical shift and relative area of

peaks is shown in Table 1. From Fig.l illustrates in UC CP/MAS spectra of polyacrylonitrile we

find that -CH and -CH2 group cracking four peaks. In former from the lower to higher field it

homologous triads in steric configuration that is mm, mr and rr. In later from the higher to lower

field, it homologous tetrads, there are mmm, mmr,rmr,mrr and rrr six arrang.from every the line

intensity and the peak area of spectra, we can obtain dispersity probability, then it was calculated

by Bernoulli or first Markov model and decided polymerization mechanism.

For the radical polymerization of acrylonitrile, there are two termination ways that is two

radicles and divergent termination, respectevely, these terminated ways were produced possibility

and results were raceme structure.

2.2 Influence of dose rate on the chain structure

Fig.2 (b) and (c) gives the 13C CP/MAS spectra of the nitrile carbon in acrylonitrilein

homophase polymerization and a dose 100 kGy with various dose rates. Generaly there is various

actively center, in ethylene kind monomer by irradiation inducing e.g. radical, ionization matter

and various excited states. therefore, there are correspondencely polymerization

mechanism.Because there are stronger affility electron group (-CN) in structure acrylonitrile

monomer it is easely polymerized by anion polymerization.
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Fig.2 ths 13C CP/MAS spectra of polyacrylonitrile at different doses rate

When dose and dose rate were the lower free radical and actively ion were produced

simultaneously, but the polymerizated rate of anion is the higher than free radical, thence in this

condition anion polymerization occupied a dominant position.

As contrasted with the decrease of dose and dose rate in irradiation system the concentration

of free radical were increased. In this time the collision possibility of the free radical was

increased, that is, the addition low of monomer obeys Bernoullian process. The producing chain

structure shows in Fig.2 (c). From these spectra it can be shown that PAN of irradiated

polymerization is essentially a random polymer.

In addition, from molecular weight of polymer, with theincrease of dose rate 0.11 to 1.4 kGy/h

the decrease of viscosity from 2.22 to 0.10 dl/g. It indicated that the molecular weight of polymer

was down repeatly.

2.3 The effect of NOE factor

In the organic systems NOE factor depends mainly tow partes, that is, the contribution of

relaxation mechanism and molecular motion[4]. The observed value of NOE at different irradiated

doses are summarized in Table 2

Table 2 The NOE factor as a function of dose in polyacrylonitrile

Dose (kGy)

50

100

-CH

1.98

2.18

NOE

CH2

2.04

2.06

CN

1.26

1.19

As seen in Table 2, the value of NOE was changed in PAN at deffrent doses. When the

relaxation mechanism is not changed in PAN, only the macrimoleculer chain motion causes The

changing of value of NOE. The defferent chain motion represents different chain structures that it
is decided polymerization mechanism.therefore the influnce of iiradiation doses on

polymerization mechanism was testefied again.

Acknowledgement

We thank the state key laboration of spectrum and atomic molecular physics for their support
of the project.

References

1 Samicarbon, B.V.,EP., 1984,0144793

2 Sarkar,K.,Adhikari,M. And KonarJR..S.,J.Appl.Polym.Sci.,1988,36,1865

3 Wu chenxun et. al., Acta Polymerica Sinica 1991,1,121

4 Schaefer, J.Macromolecules,1972,5,416

495



POLYMER MODIFICATION BY IMPROVED IRRADIATION TECHNOLOGY

T. Seguchi, T. Yagi, S. Ishikawa*, and Y. Sano*
MY0001468

Takasaki Radiation Chemistry Research Establishment, Japan Atomic Energy Research Institute,

Takasaki, Gunma, 370-1292 Japan, Fax: (81) 27-346-9687, E-mail: seguchi@taka.jaeri.go.jp

*The Shiyuukai Foundation, The Medical Machinery and Materials Laboratory, Masago, Niigata 950-

2074 Japan, Fax:(81) 25-233-8041

1. INTRODUCTION

Irradiation technology for polymer modification has been widely applied; the processing of heat

resistant wire and cables, polymer form, shrinkable tube, and so on. These applications are based on the

radiation induced crosslinking among polymer chains, and the most of processing has been carried out

at ambient temperature in atmosphere. It is known that the radiation induced chemical reactions are

affected by the irradiation conditions such as atmosphere, temperature, but those effects are not so

considerable problem on the processing for above applications.

Recently, it was found that the chemical reactions are much dependent on the irradiation

temperature for some polymers. A typical one is polytetrafluoroethylene(PTFE), which is chain

scission by irradiation at ambient temperature, but crosslinking at the high temperature as the molten

state(1). Another case is polystyrene(PS), which is crosslinking at ambient temperature, but chain scission

become predominant above the glass transition temperature®.

For engineering plastics as polycarbonate(PC) and polysulfone(PSF), the irradiation effects were

widely studied on the point of irradiation temperature. A remarkable change on hardness for PC and

PSF was observed at high temperature irradiation. This is a new technology for polymer modification

by radiation application.

2. EXPERIMENTAL

2.1 Material

The chemical structure of polycarbonate(PC) and polysulfone(PSF) for sample was shown in Fig.l.

PC was supplied from Mitsubishi Engineering Plastics Co.Ltd.,

the molecular weight is Mn: 2.3 x 104,

and glass transition temperature is

about 150 C. PSF was from Union

Carbide Co.Ltd., the molecular

weight 2.8 x 104, and glass transition

temperature is 178C. Both polymers

were molded to 4 mm thick sheet.

The sheet sample was cut to 20 mm x

20 mm for the hardness and resistant

o -

Polycarbonate (PC)

to wear test and dumbbell shape (JIS

K7162-1B) for tensile test.

Polysurfone (PSF)

Fig.l Chemical structure of PC and PSF
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2.2 Irradiation

Polymer sheet was sealed in glass tube after evacuation up to 10"2 Pa. The glass tube was irradiated

by ^Co gamma-rays in a thermostat which is controlled at a constant temperature. Irradiation dose was

1-300 kGy with a dose rate of 3 kGy/h.

2.3 Measurement

Hardness of samples was measured by Rockwell meter. The resistant to wear was measured by

abrasion test. The change of mechanical properties was obtained by tensile test. All of the measurements

were carried out at room temperature in air.

3. RESULTS

3.1 Polycarbonate (PC)

The original PC sheet sample showed transparency. The sheet sample was colored to yellowish

above few hundred kGy by increase of dose, and the coloring was accelerated by increase of irradiation

temperature. The Rockwell hardness increased much with dose at high temperature around 150C, and

reached the maximum at 3-4 kGy, whereas the hardness decreased gradually with increase of dose at

room temperature as shown in Fig.2 (a) and (b). The temperature dependency on Rockwell hardness

at 3.6 kGy was plotted in Fig.3. The peak of hardness appeared at 150C. The coloring was scarce in the

dose range of several kGy.

120

100

20

150°C CO

50 100 150

Dose (kGy)

200 250 2 3 4 5
Dose (kGy)

(a) (b)

Fig.2 Changes of Rockwell hardness of PC irradiated at 150 C and at 25 C under vacuum.

The mass loss by abrasion against dose was plotted in Fig.4. The abrasion by rubbing test decreased

sharply with dose and saturated at higher doses above 10 kGy. These data mean that the resistant to

wear was improved by about 30% or more by the irradiation of 3-4 kGy at 150C. Improvement of the
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resistant to wear is closely related to the

increase of hardness at 150C irradiation as

shown in Fig.2 (b).

The tensile strength and elongation at

break were determined from tensile test

after irradiation at 150C and were plotted

in Fig.5. The strength was not so changed

until about 10 kGy, but the elongation at

break decreased to half at around 4 kGy.

As the comparison, the elongation change

by irradiation at room temperature was

almost constant in these low dose ranges.

The gel formation was not observed for

both polymers in low dose up to lOkGy at

high temperature.

The density of PC increased by 1% in a

case of high temperature with 3.5 kGy, but

it was not changed in a case of room

temperature irradiation.

90

80

CO
0)
c
•a
CO

8cc

70

50

Dose: 3.6kGy

130 140 150 160 170

Irradiation temperature (°C)

Fig.3 Rockwell hardness of PC irradiated to

3.6 kGy at various temperatures.

1.20 - 80

0.00 5 10
Dose (kGy)

Fig.4 Resistant to wear of PC irradiated at

150 C under vacuum

15 2 4 6 8
Dose (kGy)

10

Fig.5 Tensile strength and elongation at break of PC

irradiated at 150 C
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3.2 Polysulfone (PSF)

The changes of Rockwell hardness

for PSF were shown in Fig.6 when PSF

was irradiated at high temperature of

150,170,185, and 200 C. The hardness

increased sharply with dose until 3-4

kGy, and the maximum was attained at

temperature around 170 C. Above 185

C the hardness decreased. At room

temperature irradiation it did not

increase and tended to decrease with

dose.

The mechanical properties were

scarcely changed in these lower doses

even at high temperature as same as the

reported data(3).

100

c
"2
to

CD

o
o

DC

4 6 8

Dose (kGy)

10 12

Fig.6 Changes of Rockwell hardness of PSF

irradiated at high temperature

4. DISCUSSION

The Rockwell hardness of both PC and PSF increased much by low dose irradiation at high

temperature, but it did not increase at lower temperature. The apparent chemical reactions such as

crosslinking or chain scission were negligible and also the changes of mechanical properties were scarce

or small in dose range less than 3-4 kGy.

The temperature at peak of Rockwell hardness corresponds to the glass transition temperature(Tg) for

both polymers. The chemical reactions would be much accelerated by the improvement of molecular

motion at Tg when the active species were induced by radiation. Although the chemical reactions as

crosslinking or chain scission for PC and PSF were not clear at the peak of hardness, a certain amount of

chemical reactions should occur. If the chain scission occurred at the molecular entanglement in the

polymer matrix, the rearrangement of molecular packing should proceed with the progress of molecular

motion at Tg. Then, it is assumed that the main factor of hardness improvement is induced by the

change of molecular packing in polymer matrix. The increase of density at the peak of hardness for PC

may support the model of condensed molecular packing. A small amount of crosslinking might

contribute to improve hardness and also resistant to wear. With increasing the dose more than 10 kGy,

the products induced by irradiation should be accumulated according to total dose, so the molecular

packing would be loosen to result the decrease of the hardness even if irradiation was carried out at Tg

of the polymer.

5. CONCLUSION

The hardness of PC and PSF as the useful engineering plastic could be improved by the irradiation at

around glass transition temperature. As the dose is so small, the radiation damage to these polymer

materials would be negligible. This is a new technique for radiation application to polymer modification.

In the present technology, the hardness for engineering plastics was improved by the mixing with
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inorganic additives such as ceramic powder or glass fiber filler. This radiation hardness technique could

be applied for these engineering plastics, the process and the products should become clean.
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SUMMARY

This paper describes results of the method of manufacturing the polypropylene track
membranes produced by physicochemical treatment under irradiation of accelerated heavy
ions of polymer films. The developed method allows to produce membranes 0.1-0.2 um in
diameter and more with an improved structural and physicochemical properties. Poly-pro-
pylene track membranes of a novel sample are characterized by high homogeneity of pore
sizes in magnitude, considerable mechanical strength, advanced thermal stability and resis-
tance to oxidation in aggressive media. It opens new fields for their usage.

KEY WORDS

Track membrane, polypropylene, accelerated heavy ions, irradiation, chemical etching,
selectivity of etching, etchant, sensitization.

1. INTRODUCTION

The track membranes (TM) obtained by irradiation of polymeric films with high energy
heavy ions and their subsequent physicochemical treatment (1, 2) are used for purification and
separation of fluid and gaseous media in electronic engineering, medicine and biotechnology.
Their small thickness, high separation selectivity and easy regeneration stand them out sharply
against the filtering materials of other types. However, the track membranes produced by in-
dustry from poly(ethylene) terephthalate and polycarbonate are not applicable to active media
with high values of pH and in concentrated mineral acids. To produce the TM possessing the
high chemical resistance, polypropylene (PP) can be considered as a source polymer.

When producing the track membranes, main goals arise - to search for selected etchants
compounds and to develop the track sensitization methods. A compound for the track etching
in polypropylene (sulfuric acid saturated with potassium dichromate) was suggested for the
first time in ref. (3). The authors of ref. (4) obtained the polypropylene track membranes
(PPTM) with conical pores in view of low etching selectivity (the ratio between longitudinal
and radial rate of track etching). Up till now an objective regularity of the chemical etching of
polypropylene (5) has been studied, and track sensitization methods increasing the etching
selectivity have been developed (6, 7). They allow to produce PPTM with cylindrical pores of
0.4 um diameter and more. However, the restricted etch selectivity caused by using of the
inefficient etchant results, first of all, in generating a heterogeneous pore size and, secondly,
does not permit to produce PPTM with the cylindrical pores of a diameter of less than 0.4 um.
So the search for more affective etching compounds is of practical interest. Besides, the pro-
duced polypropylene membranes are of low mechanical strength and subject to damage. Even
short exposure to light and heat causes a complete destruction of the membranes.
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The purpose of the present investigation is the elaboration of polypropylene track memb-
ranes with an improved structural and physicochemical properties.

2. EXPERIMENTAL

A biaxially oriented film produced by "Toray" (Japan) was used. The film was 10 um
thick and contained 0.50 ± 0.04% antioxidant "Irganox 1010". The samples were irradiated by
1 and 3 MeV/nucleon xenon and krypton ions from U-400 cyclotron in the JINR Laboratory
of Nuclear Reactions. The samples were etched in Vl-chromium solutions. The etching con-
ditions (reagents content, temperature and time of etching) were varied. The track etch rate
(Vt) was determined by using a conductivity technique according to the time of generating the
holes. The radial track etch rate (Vr) as well as the pore diameter on the membrane surface
were measured by the electron microscope JSM-840 (JEOL). The distribution on pore size has
been measured with the help of the Coulter Porometer II (Coulter Electronic Ltd).

Mechanical strength of the membranes was determined by a pressure difference when the
sample placed in the holder with a round hole of 1 cm2 square is damaged. The membranes'
resistance to oxidation is estimated according to their mechanical resistance to light and heat.
The chromium impurity was determined after damage of an adsorbed chromocontaining layer
by treating 30% aqueous solution of hydrogen peroxide while boiling by means of spectro-
photometry of Vl-chromium concentration in the obtained solution. Spectrohpotometer "Spe-
cordM-40" was used. Determination response is 2-10"3%.

The results obtained were processed by standard methods of mathematical statistics. The
confidence interval corresponds to the reliability index 0.95.

3. RESULTS AND DISCUSSION

The investigation on etching polypropylene has allowed to see following general rules.
While etching a PP-film in the Vl-chromium solution, the film is oxidized intensively, so on
the membranes' surface and on the pores walls a polymeric layer with a damaged structure is
formed (5). Moreover, the depth of the layer depends on the etchant, temperature and time of
etching (8). In the process of oxidation the antioxidant serving as a radical acceptor, is dep-
leted. The formation of the damaged layer and the decrease of the antioxidant influence the
membranes properties.

Table 1 gives the parameters of the PPTM obtained under different etching conditions at
80°C. The etching time is chosen in order to produce pores of 0.30 um diameter on the surface
of the membranes. It can be seen that the membranes obtained by etching in sulfuric acid
solution of potassium dichromate (K^CraCh) are of lowest mechanical strength. That can be
explained a long (70 min) etching time required for the production. The prolonged etching
caused by its low rate leads to forming a damaged layer of a considerable depth, and essential
part of the membrane matrix is destructed, and its strength is decreasing. Besides, the prolon-
ged etching results in full oxidant depleting. If the oxidant is absent, it is impossible to pro-
duce the oxidation-resistant membranes. Even a short exposure to light and heat causes a com-
plete destruction of the membranes and shortens their useful life (Fig. 1 and 2, curves 1).

The use of chromic anhydride (CrOs) possessing better water solubility, if compared to
potassium dichromate, allows to increase Vl-chromium concentration in the solution that
increases the rate by an order and shortens the etch time. That leads to increasing the mecha-
nical strength of the membranes (Table 1, No. 2) and their oxidation resistance - the time till
the complete damage of the membranes are rises (see Fig. 1 and 2, curves 2). In this case a
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damaged layer of a lower depth is formed, and the membranes matrix contains some amount
ofantioxidant.

Decrease of sulfuric acid concentration in the solution leads to both increasing solubility
of chromium anhydride and decreasing, as found in (9), extent of polypropylene oxidation.
The exclusion of the sulfuric acid etchant out of the compound decreases drastically the
membrane oxidation extent leading to the additional increase of the mechanical strength
(Table 1, No. 3). However, such membranes are not oxidation-resistant enough (Fig. 1 and 2,
curves 3). The etch time seems to be much enough.

5 10 15 20

Time (week)
25 30 10 15 20 25

Time (hr)
30 35

Fig. 1. Fig. 2.

FIG. 1. Alteration of the mechanical strength of the PPTM produced by etching in various media (the
numbers of the curves correspond to the numbers of the membranes in the Table 1) at aging under tffe
natural conditions in light.

FIG. 2. Alteration of the mechanical strength of the PPTM produced by etching in various media (the
numbers of the curves correspond to the numbers of the membranes in the Table 1) at aging in air at
140°C.

TABLE I. Etching in different media. Film is exposed to xenon ions, pore density is 108 cm'

No

1

2

3

4

Etching agent

Solution H2SO4

(p=1.44g/cm3)
+ 50 g/1 K2Cr2O7

Solution H2SO4

(p=1.30g/cm3)
+ 250 g/1 CrO3

Aqueous solution
CrO3, 1000 g/1

Aqueous solution
CrO3, 1000 g/1

Etching time
at 80°C
(min)

70

15

10

4

Pore diameter on the
surface membrane

(um)

0.30

0.30

0.30

0.30

Effective
pore diameter

(^im)

0.10

0.25

0.30

0.30

Burst
strength
(105 Pa)

0.95

1.90

2.40

2.85

Remark: membrane No. 4 was etched at 80°C till 0.10 um pore diameter, then - till 0.30 um at 20°C.
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Evidently, to improve the operating features of the membranes, the etch time at elevated
temperature should be shortened. For this purpose we used a two-stage etching procedure
(10). At the first stage the short-term etching at 80°C makes holes with a possibly small pore
diameter in the irradiated film. The subsequent etching at room temperature (15-30°C), i.e. at
lower thermooxidation destruction rate, makes the pores of a given size (9). The use of the
suggested procedure of the track etching allows to produce PPTM which practically are not
inferior in the strength to the well-known poly(ethylene) terephthalate track membranes and
resistant to oxidation (Fig. 1 and 2, curves 4). These results are explained as follows. Dec-
rease of the etching procedure at elevated temperature allows to relieve oxidizing and to pre-
serve the content at the considerable level 0.42 ± 0.04%. The second-stage etching does not
cause additional oxidation and leads to etching the oxidized surface layer developed at the
first stage. Evidently, the duration of the second stage should be enough to remove the oxi-
dized layer. The absence of the surface damaged layer and the membranes with a high content
of antioxidant provide a higher strength and oxidation resistance. The membranes developed
under the mentioned conditions are taking some more features, e.g. the maximal working
temperature is increasing up to 140°C. So their sterilization by aqueous vapor is getting
possible. Their stability in aggressive media is increasing. For instance, the long-time effect
(30 days) at room temperature to the concentrated solutions of mineral acids and sodium
hydroxide does not change practically such membrane's features as gas permeability and the
burst strength (Table 2).

TABLE II. Chemical resistance of PPTM (Dporê  0.25 urn, pore density is 2 • 108 cm"2). Exposure to
aggressive media is 30 days

Parameters

Air flow rate,

Burst strength

1/h • cm2

, 105Pa

Test
membrane

230

2.75

NaOH
(20%)

235

2.65

Medium,

H2SO4

(96%)

245

2.55

mass %

HNO3
(56%)

240

2.50

HC1
(35%)

235

2.70

HF
(35%)

240

2.65

Remark: air flow rate membranes were measured at the pressure of 105 Pa.

The production of PPTM with the improved characteristics can be reached only if all
stages of the chemical etching are executed in the mentioned sequence. A change of this order
does not lead to the desired result, because etching at elevated temperature on the second stage
causes increasing the destructed layer and, therefore, inflicting the quality of the membranes.
Etching at elevated temperature is necessary to develop the holes of cylindrical shape. Etching
should be performed at 60-100°C. This temperature interval is characterized by most track
etch selectivity. At a temperature lower 60°C and more than 100°C the selectivity is reduced,
as shown in ref. (6). This leads to changing the structural characteristics of the PPTM, i.e. the
pores get a conical shape. Therefore, etching should be performed at possibly low temperature
on the second stage. It should be noted that there is a little point in second etching at tem-
perature lower than 10°C, since in doing so the etching time is increasing drastically and the
whole process is not effective.

The coincidence of the effective pore diameter and the surface pore diameter for the
membranes No. 3 and 4 (etching in 1000 g/1 chromic anhydride) points at forming the cylin-
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drical pores. Therefore, this etchant is most selective, if compared to the other ones presented
in Table 1. However, even the use of this etchant does not allow producing the PPTM with
cylindrical pores of less than 0.2 urn. To produce them, the etch selectivity should be raised.
This can be reached by applying a sensitization consisting in strengthening the track des-
truction processes. When applying the sensitization method suggested in ref. (6), i.e. the PP-
film exposed to accelerated ions are heat treated in air at temperature 80-105°C, the etching
selectivity increases as much as twice. In case of etching in a water solution of chromic
anhydride the obtained value Vt / Vr = 600 provides both the formation of cylindrical pores of
less than 0.2 urn in diameter and the decrease of the variations in pore sizes, i.e. provides the
membranes of homogeneous structure. Besides, the sensitization provides a way for using the
ion beams of less atomic mass for irradiation. For instance, etching the krypton Vt / Vr =
340 ions tracks allows to develop top-quality PPTM.

a b
FIG. 3. Microphotographs of the surface (a) and the cross-section (b) of a PPTM with the
pore size of 0.30 \im.

When etching a polypropylene film in chromium-VI solution, chromocontaining com-
pounds not removed by running water completely, are formed on the surface of the memb-
ranes, as the microelement test shows. As a result, the membrane matrix is contaminated and
is not purified fully from etching tracks. For instance, if filtering aggressive liquids destroying
the adsorbed chromic compounds, the filtrate is contaminated. Besides, the chromium im-
purity accelerates the oxidizing destruction processes leading to the drastically of membranes
quality. In order to destroy the adsorbed chromocontaining layer, the membranes were treated
by concentrated solutions of mineral acids at 70°C, that decreased the pollution of their sur-
face (8). However, the use of the mineral acids, i.e. nitric and sulfuric acids which are strong
oxidizers, leads to a polymer macromolecules destruction. Thus, the mechanical strength of
the membranes is decreasing. Clearly, in order to keep the PPTM properties and to remove the
chromium compounds, a reagent should be used that does not initiate oxidizing poly-pro-
pylene. The use of hydroxide solution of the chromocontaining compounds takes place as a
result of hydrolysis (11). The chromic compounds are removed from the membranes surface
with running water. This technique does not reduce the strength of the membranes and at the
same time drastically reduces the chromium content in them.

The use of the aqueous alkaline solutions possessing a high value surface tension does not
permit a deep purification of the surface of PPTM with a small pore diameter. For example,
while treating the membranes of the pore diameter of -0.3 um by aqueous sodium hydroxide
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solution, the pores surface is not moistened, and the removal of the chromium compounds
takes place only from the external membranes surface, because the PPTM are characterized by
hydrophobic features (the value of the water contact angle is 115°). The introduction of alco-
hol into the alkali aqueous solution (or else the use of alkali aqueous solution) reduces the
surface tension of the solutions. This leads to penetration of the hydrolyzing agent (ions OH~)
into the tracks and full cleaning the PPTM matrix of the chromium impurities. The problem
can also be saved by means of the realization of this phase by sequential treatment in alcohol
and aqueous solution of hydroxides of alkali metals.

In Fig. 3 are shown microphotographs of the surface and cross-section of PPTM with pore
size of 0.30 um. In view of the fact that the pores in PPTM are cylindrical channels, cross-
sections of which are independent of the depth. The polypropylene track membranes have a
smooth surface. Their advantage is in small adsorption of the dissolved substances. The
PPTM can also be successfully applied to cleaning gaseous media of moisture. High chemical
resistance allows one to use PPTM in microfiltration processes on purification and analysis of
aggressive media. The possibility of sterilization makes them attractive for medical purposes.
At present the JINR produces the PPTM with the parameters given in ref. (12).

4. CONCLUSION

Thus, the suggested procedure includes the following stages: 1) irradiation of the polypro-
pylene film by high energy heavy ions; 2) sensitization of particle tracks by burn in air; 3)
track etching in aqueous solution of chromium anhydride with concentration of 1000 g/1 at the
temperature 60-100°C till formation of holes of small size; 4) etching in aqueous solution of
chromium anhydride with the same concentration at room temperature till forming the pores
of given size; 5) removal of the chromium compounds adsorbed on the membrane surface
during the etching. Our etching method differs from the traditional one. It consists of two
stages and improves a number of important membranes features. The introduction of the extra
stage for removing the adsorbed chromic compounds improves the PPTM characteristics.
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1. ABSTRACT

The present work is an attempt to evaluate the performance of crosslinked PTFE as a
polymer matrix for carbon fiber-reinforced composite materials. The carbon fiber-reinforced
PTFE pre-composite, which is laminated with PTFE fine powder, is crosslinked by electron
beam irradiation. Mechanical and frictional properties of the crosslinked PTFE composite
obtained are higher than those of PTFE resin. The crosslinked PTFE composite with high
mechanical and radiation resistant performance is obtained by radiation crosslinking process.

2. INTRODUCTION

It is well known that polytetrafluoroethylene (PTFE) has the excellent characteristics
properties in electric insulation, heat resistance and high frictional properties, compared with
those of other hydrocarbon polymers. However, PTFE is so sensitive against irradiation that
its mechanical properties degrades with a very low dose either in air or even under vacuum
irradiation(1). Therefore, PTFE has been limited use in radiation fields such as in nuclear or
space environments.

Recently, in our previous studies on irradiation temperature effects of fluorinated-
polymers(2)l (3), it was found that the crosslinked PTFE has been attained by irradiation in its
molten state just above the melting temperature (600K) under oxygen-free atmosphere(4)> .
The crosslinked PTFE obtained shows remarkable improvements in radiation resistance,
mechanical properties, transparency, frictional properties and so on(6), compared with those
of PTFE.

On the other hand, a fiber-reinforced PTFE composite has not been developed for high
mechanical properties such as flexural strength and flexural modulus, because PTFE is high
viscosity (1010 ~ 10nP) at 653K in the molten state(7) and insoluble to most chemical
solvents^. Previous PTFE composite materials has been produced by PTFE fine powder
mixed with 10 ~ 20wt% of carbon or glass short-fiber. The reinforcement effect in those
composite materials is nothing. Therefore, we tried to fabricate PTFE composite with high
performance by using radiation crosslinking technique of PTFE.

The present work studied the conditions of impregnation of PTFE with carbon fiber, the
fabrication of fiber-reinforced PTFE composite by radiation crosslinking, and the mechanical
properties of the composite obtained.
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3. EXPERIMENTAL

Materials

Dispersion PTFE (ADI; average diameter of particles: 0.25nm, Mn: 1.4xlO6, Asahi-ICI
Fluoropolymers Co. Ltd.) and carbon fiber (T-300; average diameter of fibers: 9\im,
filaments: 12,000, TORAY Co. Ltd.) were used in the experiments.

Irradiation

The composite materials based on the dispersion PTFE and the carbon fibers with a size
of 200xl5x2mm3 were put in an irradiation vessel with a heating device^. They were heated
up to 613K in helium gas atmosphere, and the temperature of the vessel was kept within a
range of 613K+5K. And, the composites were irradiated in a range from lOOkGy to 2MGy
with a dose rate of 0.6kGy/s by the electron accelerator of 2MV installed at JAERI Takasaki.

Radiation resistance of the crosslinked PTFE composites was evaluated by measurements
of their mechanical properties after the electron beam (EB) irradiation with a dose rate of
1.2kGy/s under atmosphere.

Measurements

Three points bending test and interlaminar shear strength (ILSS) test were carried out at
ambient temperature using an INSTRON machine (type 4302). The crosshead speed in the
bending test was 2mm/min with a span length of 32mm. And, the crosshead speed in the
ILSS test was lmm/min with a span length of 14mm. Flexural strength, flexural modulus and
ILSS of the test pieces were calculated from the stress-strain curves obtained. Coefficients of
friction and abrasion were measured by using thrust type frictional testing machine at
ambient temperature. Testing pressure and velocity were 20kgf/cm2 and lOm/min against the
standard friction material of S45C (reference ring).

4. RESULTS AND DISCUSSIONS

Impregnation of PTFE to carbon fiber

It is too difficult to fabricate composites used long-fiber and PTFE resin, because PTFE is
a high viscosity (1010 ~ 10uP) at 653K in its molten state and insoluble to most chemical
solvents. The condition on impregnation of PTFE resin to carbon fiber was studied. The
several impregnation methods are to be considered: (A) impregnation of melting PTFE to the
fibers, (B) impregnation of dissolved PTFE and (C) impregnation of dispersion PTFE.
Method (A) and (B) could not be applied for the impregnation of PTFE resin to the fibers
because of the reason mentioned above. On the other hand, method (C) can be applied for the
impregnation process, because dispersion PTFE using for coating is so small that it is
impregnated among the carbon fibers. Therefore, in the fabrication of the fiber-reinforced
PTFE composite, aqueous dispersion of fine powder PTFE (AD-1) was used for the
impregnation to the carbon fibers (T-300). The impregnated PTFE-carbon fiber materials
were dried at 323K for 30min in an air oven. And, these were heated up to 623K (sintering
temperature of PTFE) which is above the melting point of PTFE resin, compressed up to
15MPa by press, and then cooled down to ambient temperature under the pressure. The
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sintered composites (preformed PTFE composites) were obtained, and their volume fraction
of the fiber (Vf) are 54.3 % and 64.0 %.

The mechanical properties of the sintered PTFE resin (non-crosslinked) and the
preformed PTFE composite (non-crosslinked resin, Vf 54.3%) are shown in Table 1. In the
preformed PTFE composite, flexural strength and flexural modulus are 42.6MPa and
10.9GPa, respectively, which are higher than those of the PTFE resin. However, the flexural
properties of the preformed PTFE composite are poor, compared with those of commercial
CFRP (Carbon Fiber-Reinforced Plastics: e.g. epoxy resin).

Table.l Mechanical properties of PTFE resin and preformed PTFE composite (Vf 54.3%).
Flexural strength (MPa) Flexural modulus (GPa)

PTFE
Preformed PTFE composite

17.6
42.6

0.59
10.9

PTFE composite by using radiation crosslinking process

The preformed PTFE composite was irradiated by EB in the molten state (613K+5K) of
PTFE resin in helium gas atmosphere with dose range from lOOkGy to 2MGy to get the final
composites (crosslinked PTFE composite) having various degrees of crosslinking.

Figure 1 shows the relationship between the flexural strength of the crosslinked PTFE
composites and the crosslinking dose. The flexural strength increases with increasing in the
dose until around lMGy, then tends to decrease with increasing in the dose. Figure 2 shows
the flexural modulus of the crosslinked PTFE composites as a function of the crosslinking
dose. The flexural modulus increases with increasing in the dose until around 500kGy, then
tends to decrease with increasing in the dose. The crosslinked PTFE composite with Vf
54.3% shows higher flexural
properties, compared with those with 400
Vf 64.0%.

When the preformed PTFE
composite was irradiated by the
higher temperatures, the
decomposition gases from PTFE
resin, such as F2 or tetrafluoro-
ethylene (TFE), are evolved, and the
mass of PTFE decreases with
increasing in the crosslinking dose
with a mass loss rate at 10%/MGy(6).
Thus, in the crosslinked PTFE
composite with the higher Vf, i.e.
low content of PTFE, the
detachment between PTFE and the
fibers would be easily occurred,
because micro defects or vacancies
are produced by the evolved gases in
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Figure 1 Relationship between flexural strength of
crosslinked PTFE composite and crosslinking
dose. O:Vf54.3% and, A:V f64.0%.
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the matrix resin.

The flexural strength and the flexural modulus of the crosslinked PTFE composite
irradiated at lMGy were about 370MPa and 55GPa, respectively. The flexural strength of the
crosslinked PTFE composite was
21- times higher than that of the
PTFE resin, and 9 times higher
than that of the preformed PTFE ^ 70
composite (non-crosslinked).
And, the flexural modulus of the
crosslinked PTFE composite was
about 100 times higher than that
of PTFE resin, and 5 times higher
than that of the preformed PTFE
composite. These show that the
composites based on crosslinked
PTFE and the carbon fibers are
obtained with the high
mechanical properties by
radiation crosslinking.

cu
O

1
1
B
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The ILSS of the crosslinked
PTFE composites as a function of
the crosslinking dose is shown in
Fig.3. The ILSS of the composite
with Vf 54.3% changes sharply
with increasing in the
crosslinking dose, then increases
gradually with increasing in the
dose. On the other hand, the
flexural strength and the modulus
increase with increasing in the
dose until around 500-1000kGy,
and then decrease with increasing
in the dose, as shown in Figs.l
and 2.

The gradual increase of ILSS
in the higher crosslinking doses
may be explained by the
existence of carbon fibers
entwined in the PTFE composites,
because the fibers in the
composite is not only aligned to
one direction, but entwined a
little around other direction.

The ILSS value is about 1/3

500 1000 1500 2000
Crosslinking dose (kGy)

Figure 2 Relationship between flexural modulus of
crosslinked PTFE composite and crosslinking
dose. O:Vf54.3% and, A:V f64.0%.

500 1000 1500
Crosslinking dose (kGy)

Figure 3 Relationship between the interlaminar shear
strength (ILSS) of crosslinked PTFE composite
and crosslinking dose. O:Vf 54.3% and , A: Vf

64.0%.
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times lower than that of commercial CFRP (e.g. epoxy resin). It is indicated that adhesions
between the crosslinked PTFE and the carbon fibers are hardly effective in these PTFE
composites.

According to our previous studies on radiation-induced crosslinking of PTFE, the
morphology of PTFE is changed from discontinuous stratum of a pile of random crystal
phase to continual stratum of visco-elastically amorphous one by radiation crosslinking^ \
Thus, it is thought that the
reason for the improvement of
the mechanical properties in the
crosslinked PTFE composite is
caused by morphological
change of PTFE from non-
crosslinking to crosslinking
because there is hardly an
adhesion between PTFE and the
carbon fibers even in the
presence of crosslinking.

Relative radiation resistances
of the PTFE composite
materials based on the
crosslinked PTFE (300kGy for
crosslinking) and the carbon
fibers as a function of the dose
irradiated under atmosphere are
shown in Fig.4. In the
preformed PTFE composite, the
relative flexural strength
decreases with a low dose
within a few kGy. On the other
hand, the relative strength of
the crosslinked PTFE composite decreases slowly with higher doses, and the dose at the
relative strength of 70 % is about 11 MGy. This shows that the radiation resistance of the
crosslinked PTFE composite is 6 times higher than that of the crosslinked PTFE resin.

The radiation resistance of the crosslinked PTFE composite is much improved by
introducing crosslinking of PTFE and by reinforcing with the carbon fibers, so this high
radiation resistance could be explained by a radiation resistance of crosslinked PTFE, and a
protection effects for radiation, which come from the carbon fibers. It is expected to apply
this composite to construction materials in high radiation fields such as in nuclear or space
environments.

We also tried to measure frictional properties of the PTFE composites. The frictional
properties of the crosslinked PTFE resin (lOOkGy for crosslinking) and the crosslinked PTFE
composite (lOOkGy) are listed in Table 2. The coefficient of friction for the crosslinked
PTFE composite is as same as that of the crosslinked PTFE resin. In contrary, the coefficient
of abrasion for the composite is about 4 times smaller than that of the crosslinked PTFE, i.e.

0 4 8 12 16
Irradiation dose (MGy)

Figure 4 Relative radiation resistance of crosslinked
PTFE composite (300kGy for crosslinking) as a
function of irradiation dose.
Irradiation: 1.2kGy/s under atmosphere at ambient
temperature.

511



the coefficient of abrasion is improved by reinforcing of the carbon fibers. It is expected to
use in high frictional properties required, such as bearing.

Table.2 Frictional properties of crosslinked PTFE (lOOkGy for crosslinking) and crosslinked
PTFE composite (lOOkGy for crosslinking, Vf 54.3%).

Coefficient of friction Coefficient of abrasion
(xlQ-10cm3/kgfm)

Crosslinked PTFE 0.13 775
Crosslinked PTFE composite OH) 200

5. CONCLUSION

The crosslinked PTFE-carbon fiber composites are fabricated by using irradiation process.
In the three-point bending test, the flexural strength and the flexural modulus of the
crosslinked PTFE composite irradiated at lMGy for crosslinking are about 370MPa and
55GPa, respectively. The frictional properties of the crosslinked PTFE composite are
improved by 4 times better than that of the crosslinked PTFE resin. The crosslinked PTFE
composite also shows high radiation resistance of HMGy, compared with PTFE and the
crosslinked PTFE.
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ABSTRACT

Radiation grafted and sulfonated FEP membranes were prepared by radiation-induced
grafting of styrene onto poly(tetrafluoroethylene-co-hexafluoropropylene) films at room
temperature and subsequently sulfonated. The membrane composition was controlled via
variation of the grafting conditions such as type of diluent, irradiation dose, dose rate and
monomer concentration. The membrane properties such as water uptake, ion exchange
capacity and ionic conductivity were found to be strongly dependant upon the degree of
grafting. The membranes were shown to have a good combination of physico-chemical
properties, which made them promising for development of low cost proton exchange
membranes

INTRODUCTION

Ion exchange membranes bearing sulfonic acid groups have been considered for
electrochemical cells where highly oxidative is mostly encountered such as PEM fuel
cells (1,2). Currently, there is a high demand to develop such membranes at low cost to
enhance the practical use of PEM fuel cells after the presently used membranes have been
found excessively costly (3,4). In development of new membranes, modification of pre-
existing polymers by radiation-induced grafting of a chemical functionality is an
advantageous technique, particularly, in terms of shaping and controlling the composition
as well as properties of the membrane (5,6). A number of studies have been reported the
preparation of sulfonic acid membranes by radiation-induced grafting of styrene onto
fluorinated polymers and subsequent sulfonation (7,12). Due to the chemical stability
needed, the base polymers have been confined to fluorinated polymers. Among
fluorinated polymers, FEP is well known for its high-radiation-resistance (13). Therefore,
the use of such film as a base polymer provides a possibility for using a wide range of
doses and dose rates. In our previous studies, styrene grafted and sulfonated membranes
were prepared by radiation-induced grafting of styrene onto polyethylene, PE, (14),
poly(tetrafluoroethylene), PTFE, (15,16) and poly(tetrafluoroethylene-co-perfluorovinyl
ether), PFA, (17,18) films followed by sulfonation. Roully et al. (19) reported the
preparation of similar membranes by grafting of styrene onto FEP film using
simultaneous irradiation technique followed by sulfonation. However, in their work the
effect of grafting conditions on the degree of grafting has not been revealed. In this study,
preparation of similar membranes is carried out by radiation-induced grafting of styrene
onto FEP films using simultaneous irradiation technique followed by sulfonation. The
effect of the variation of grafting conditions on the degree of grafting which mainly
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controls the membrane composition is investigated. The physico-chemcial properties of
the membranes obtained are determined in correlation with the variation of the degree of
grafting.

EXPERIMENTAL

Simultaneous Irradiation Grafting

FEP film (120 jam, Perghof, USA) was cut into strips of known size and weight and
immersed in a mixture of styrene (> 99 %, Fluka) and the diluent in a glass ampoule. The
ampoule was flashed with nitrogen (99.9 % purity) for 10 minutes and was sealed. The
grafting mixture was irradiated at dose rates in the range of 1.3-15.0 kGy/h using y-rays
from a Co-60 source at room temperature for different periods of time. Details of
preparation kinetics and properties of the grafted films were reported elsewhere (20). The
degree of grafting was gravimeterically determined using the following equation:

W 0 -W n
Degree of grafting (%)=— i -xlOO

Wo

Where, Wg and Wo are the weights of grafted and original films, respectively.

Sulfonation

The grafted films were sulfonated with a mixture of chlorosulfonic acid (Fluka) and
1,1,2,2-tetrachloroethane (Fluka) (30:70 v/v) for 5 hours at a temperature of 95 °C. The
sulfonated membranes were extracted and treated with 0.5 M KOH solution overnight.
The membranes were subsequently extended to acid form by boiling with 3.5 M HC1 for
2 hours and finally washed free of acid using pure water.

FTIR Measurements

Spectra of the original and the grafted PTFE films were measured with a Mattson, 6020-
Galaxy Series FTIR spectrometer equipped with an Attenuated Total Reflectance (ATR)
having KRS5 crystal (crystal face angle of 45 ° and refractive index of 2.38). The spectra
were analyzed in terms of frequency positions with reference to the literature.

Water Uptake

Vacuum dried membrane samples were equilibrated in pure water at a temperature of 100
°C for 2 h. The membrane samples were removed, the excess of water adhering to the
surface was quickly wiped by absorbent paper and then the membrane dimensions were
measured. The membrane water uptake was calculated as per the following equation:

Water uptake (vol%) = Vw ~ Vd x 100

Where, Vw and Vd are the volume of wet and dried films, respectively.
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Ion Exchange Capacity

The membrane samples in acid form were immersed into 0.5 MKC1 solution for 15 h at
room temperature. The protons (H+) released in the solution were titrated with
standerdized 0.05 M KOH solution by automatic titrator (Metrohom, Switzerland) until
pH 7 was reached. Form the volume KOH consumed in titration and volume of the
swollen membranes, ion exchange capacity per unit volume (meq/cm3) was calculated.
The degree of sulfonation was also calculated by taking the number of styrene molecules
into account as reported by Roully et al (19).

Ionic Conductivity

Ionic conductivity of the membranes in acid form was measured at room temperature by
AC impedance spectroscopy. Measurements were carried out using frequency response
analyzer (Solartron, 1250) in combination with electrochemical interface (EG&G
Princeton Applied Research) at a 0.01-100 kHz frequency range. The bulk resistance was
obtained from the intercept of the impedance curve with real axis at high frequency end
and subsequently the proton conductivity was calculated.

The commercial membrane Nafion 117 (Du Pont, USA) was used as a reference material.
The membrane samples were regenerated by soaking in 20 % HC1 at 80 °C for 4 hours
followed by washing several times with excess of ion free water before use.

Table I : The effect of the diluent type on the degree of grafting at various monomer
concentrations and at irradiation dose of 20 kGy.

Type of Diluent

Methanol
Benzene

Methylene chloride

Chain transfer
constantl2l>

0.30
0.20
0.15

Degree of grafting (%)
2.1 mol./L

2.1
4.5
5.0

3.2 moi./L
3.0
8.3
11.0

4.0 mol./L
3.5
13.2
22.0

4.5 mol./L "
6.2
12.1
31.0

5.2 mol./L
8.7
11.2
51.0

RESULTS AND DISCUSSION

The radiation-induced grafting of styrene onto FEP films and subsequent sulfonation
resulted in membranes having degrees of grafting in the range of 5-51 %. The degree of
sulfonation in all the membranes was found to be closed to 100 %. Therefore, the
compositions and the properties of the membranes are only discussed in correlation with
the degree of grafting.

Effect of Grafting Conditions

Table 1 shows the effect of the type of diluent on the degree of grafting at various
monomer concentrations. The dilution of styrene with methylene chloride was found to
remarkably increase the degree of grafting compared to the dilution with both methanol
and benzene. This is due to nature the methylene chloride which has a low chain transfer
constant that slow down the termination of the growing chains and the therefore, the
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degree of grafting was enhanced compared to methanol and benzene. As a result,
methylene chloride was used as diluent for the present grafting system.

0 5 10 15 20 25 30

irradiation dose (kGy)

Figure 1: The relationship between the degree of grafting and the irradiation dose for
grafting of styrene onto FEP film. Grafting conditions are: dose rate, 1.3 kGy/h; monomer
concentration, 4 mol/L; diluent, methylene chloride; film thickness, 120 um; temperature,

30 °C; atmosphere, N2.

Figure 1 shows the relationship between the degree of grafting and the irradiation dose for
grafting of styrene having a concentration of 4 mol/L in methylene chloride onto FEP
films at a dose rate of 0.37 Gy/s. The dose was varied in the range of 5-30 kCy. It was
found that the degree of grafting increases gradually with the increase in the irradiation
dose. This is due to the fact that higher irradiation doses lead to the formation of more
free radicals in the grafting zone and subsequently the grafting reaction was enhanced.

Figure 2 shows the relationship between the degree of grafting and the dose rate. The
degree of grafting was found to decrease with the increase in dose rate and vice versa.
Irradiation at high dose rate leads to fast decay of the formed radicals and fast termination
of the polystyrene growing chain. Therefore, short chains are formed and low degree of
grafting was obtained. On contrast, irradiation at low dose rates allows

5 10 15

Dose rate (KGy/h)

Figure 2: The relationship between the degree of grafting and the dose rate for grafting of
styrene onto FEP film. Grafting conditions are: dose, 20 kGy; monomer concentration, 4

mol/L. The rest of grafting conditions are the same as in Figure 1.
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Figure 3: The relationship between the degree of grafting and the monomer concentration
for grafting of styrene onto FEP film. Grafting conditions are: dose, 20 kGy; dose rate,

1.30 kGy/h. The rest of the grafting conditions are the same as in Figure 1.

the formed radicals to survive for longer time and therefore, long grafting chains are
formed. As a result, the degree of grafting increases.

Figure 3 shows the relationship between the degree of grating and the monomer
concentration. As can be seen, the degree of grafting increases with the increase in the
styrene concentration within the range of the used concentrations (2.1-5.0 mol/L). This
behavior is mostly attributed to the increase in the styrene diffusion and its concentration
in the grafting layers. However, the degree of grafting was found to be a function of the
amount of radicals formed in the grafting mixture. Therefore, these results suggest that
the degree of grafting of styrene onto FEP is not only depending upon the amount of
radicals formed in the grafting layers but also upon the diffusivity of styrene through the
polymer matrix and its concentration in the grafting layers as well. Since FEP scarcely
swells in most solvents, it was suggested that the grafting starts at the surface of the film
and proceeds internally to the middle of the film by successive diffusion of the styrene
through the grafted layers.

Figure 4 : FTIR spectra of (A) original FEP film FEP-g-polystyrene films having various
degrees of grafting: (B) 5 %; (C) 21 %; (D) 31 %; (E) 51 %.
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Evidence of Grafting

Grafting of styrene onto FEP film was confirmed from FTIR-ATR spectra of original and
FEP-g-polystyrene films having various degrees of grafting presented in Figure 4. The
absorption bands at 1150-1250 cm"1 and 980 cm"1 are characteristics for the stretching
vibration of CF2 and C-F of CF3 groups present in the original FEP film. The presence of
benzene ring of polystyrene grafts is established by the = C-H stretching vibration at 3050
cm"1 and the skeletal C = C in-plane stretching vibrations at 1500 cm"1 and 1600 cm"1,
respectively. The mono-substitution of benzene ring is confirmed by the aromatic out-of-
plane C-H deformation band at 860 cm"1 and by the C- H out-of-plane bending overtone
and combination band patterns in the region of 1660 - 2000 cm"1. The absorption bands at
2800 - 2900 cm"1 and 2900 - 3000 cm"1 are assigned for the symmetric and the
asymmetric stretching of CH2 group, respectively. It is clear that the features of the
spectra of the grafted films confirm the successful grafting of styrene onto PTFE
backbone. The variation in the degrees of grafting is confirmed by the variation in the
intensity of polystyrene characteristic bands.

0 10 20 30 40 50 60

Degree of grafting (%)

Figure 5 : The relationship between the water uptake and the degree of grafting for FEP-
g-polystyrene sulfonic acid membranes.

Properties of the Sulfonated Membranes

The relationship between the water uptake and the degree of grafting of the membranes is
shown in Figure 5. The water uptake in terms of volume is found to increase steeply with
the increase in the degree of grafting. This is owing to the increase in the hydrophilicity
imparted to the membranes as a result of the incorporation of more hydrophilic sulfonic
acid groups with the increase of the degree of grafting.

Figure 6 shows the relationship between the ion exchange capacity (IEC) and the degree
of grafting of FEP-g-polystyrene sulfonic acid membranes. It can be observed that IEC
depends strongly on the degree of grafting of the membranes. As the degree of grafting
increases, the IEC of the membranes per unit volume (meq/cm3) increases. This behavior
can be reasonably attributed to the increase in the number of ionic sites enhanced by the
increase in the number of polystyrene side chain grafts subjected to sulfonation.
Therefore, the increase in the degree of grafting leads to more incorporation of sulfonic
acid groups within the membrane matrix.
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Figure 6 : The relationship between the ion exchange capacity and the degree of grafting
for FEP-g-polystyrene sulfonic acid membranes.

Figure 7 shows the relationship between the proton conductivity and the degree of
grafting of the membranes at room temperature. The results show that the proton
conductivity increases as the degree of grafting increases. This is most likely due to the
increase in amount of sulfonic acid groups followed by the increase in the water uptake
with the increase in the degree of grafting. However, the proton conductivity shows a
sharp increase at the beginning and tends to level off upon reaching certain degree of
grafting. This can be explained by taking the distribution of sulfonated polystyrene grafts
in the membrane into consideration. Since the grafting of styrene onto FEP was suggested
to start at film surface and continues to the middle by

a
5

O«gr*« of grafting (%}

Figure 7 : The relationship between the proton conductivity and the degree of grafting for
FEP-g-polystyrene sulfonic acid membranes.

progressive diffusion of the monomer through the grafted layers. Therefore, at low
degrees of grafting the grafts are located near to the surface of the film while its middle
remains un-grafted and subsequently exerts simultaneous higher local resistance and low
proton conductivity. As the grafted layers move internally and reach the middle of the
film beyond a degree of grafting of ~20 %, the local resistance vanished and consequently
the proton conductivity increases. Further increasing in the degree of grafting does not
bring any considerable changes to the proton conductivity due to the achievement of
homogenous distribution of sulfonated polystyrene grafts in the membrane.
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Table II shows a comparison between some of the physico-chemical properties of FEP-g-
polystyrene sulfonic acid membranes and Nafion 117 commercial cation exchange
membrane. The two FEP-g-polystyrene sulfonic acid membranes have higher IEC and
reasonable water uptake compared to Nafion 117 membranes. Moreover, they have
acceptable thicknesses and their proton conductivities are in the same order of magnitude.

Table II : A comparison between some of the physico-chemical properties of FEP-g-
polystyrene sulfonic acid membranes and Nafion 117 commercial caton exchange

membrane.

Membrane type

+FEP-g-PSSA
+FEP-g-PSSA

Nafion 117 (Du Pont)

Degree of
grafting

(%)
22

31
-

Water uptake
(vol %)

32

51
39

IEC
(meq/cm3)

2.1

3.0
1.9

Proton conductivity
( Q " W ) x 10~2

2.2

3.5
5.6

Thickness
(um)

160

170
180

" PSSA= Polystyrene sulfonic acid

CONCLUSION

FEP-g-polystyrene sulfonic acid membranes were successfully prepared by radiation-
induced grafting of styrene FEP films followed by sulfonation. Starting with a
commercial FEP copolymer in a film form, the problem of membrane shaping was easily
circumvented. Degrees of sulfonation closed to 100 % were achieved. The membrane
composition, which is controlled by the degree of grafting was found to be strongly
dependent upon grafting conditions studied in this work. Moreover, the membrane
properties were found to be functions of the degree of grafting. Therefore, the proper
selection of the grafting conditions provides a mean to optimize the membrane
compositions and properties via controlling of the degree of grafting. Further
investigations have to be carried out to evaluate the other membrane properties including
thermal as well as chemical stability.
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Electrodeposition (ED) resists have been studied to satisfy the specification of the
today's high quality printed circuit boards (PCB) production. The deposition process includes
anodic and cathodal process. Particular interest has recently arisen in cationic
electrodeposition resist, since when the article is the cathode, there is greatly reduced metal
ion dissolution. Considering the strict requirements for fabrication of PCB, epoxy resin is
most frequently used as the primer in the electronic industry.

Multi-component cationic epoxy and acrylic resin system for ED photoresist was used in
this work, since they can provide better storage stability for ED emulsion and better physical
and chemical properties of deposited film than one-component system. The cationic main
resin (AE) was prepared from amine modified epoxy resins and then treated with acetic acid.
The amination degree was controlled as required. The synthetic procedure of cationic main
resins is described in scheme 1

Scheme I

P—CH—CH2 NHR2> P — CH— CH2NR2 HAc ^ P~CH—CH2NR2H»AC'

° OH OH

P: commercial epoxy resins
R: alkyl,hydroalkyl or aryl

The ED photoresist (AME) is composed of cationic main resin (AE) and nonionic
multifunctional acrylic csrosslinker (PETA), in combination with suitable photoinitiator. They
can easily be dispersed in deionized water to form a stable ED emulsion. The exposed part of
deposited film upon UV irradiation occurs crosslinking to produce an insoluble
semipenetrating network and the unexposed part remains good solubility in the acidic water
solution. It is readily utilized for fabrication of fine micropattern. The electrodeposition are
carried out on Cu plate at room temperature. To evaluate the electrodeposition properties of
ED photoresist (AME), the different influences are examined.
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EFFECT OF AMINE VALUES AND PH VALUES ON
THE BATH CONDUCTIVITY OF ED EMULSION

Fig.l shows that the conductivity (K) of the emulsion decreases obviously with
increasing PH. As keeping PH value constant, the conductivity (K) raises sharply with
increasing amine value of resin. These results are closely related to the content of ammonium
salts formed. Considering their great influence on deposited film, the proper contents of
amine value and PH value is required to be 70-80 (mgKOH/g) and 6.5-7.0 respectively.

o>

800 1000 1200 1400

-1
conductivity(K) / ns.

Fig.1 Effect of PH and Amine value on conductivity of ED emulsion

1 :amine value=77mgKOH.g"1

2:PH=6.5 3:PH=7.0

EFFECT OF APPLIED VOLTAGE ON DEPOSITION YIELD

Fig.2 gives the effect of deposition time on the deposition yield of film under the different
applied voltages. The deposition yield increases with increasing of deposition time and
applied voltage. The film-forming rate becomes diminishing as the film grows up, and finally
tends to a limitation.

Simultaneously, the change of current density with time during electrodeposition is also
observed as shown in Fig.3. It was found that the maximum current density appears at the
beginning, which accounts for the fastest deposition rate at this time than the current density
decreases and the bath voltage increases immediately, due to the quick growth of the isolating
polymeric film on the cathode. Finally current density plot represents the deposition yield.
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It is worthy of note that the quality of deposited film is strongly dependent on applied
voltage, when a low voltage was applied, the film forms slowly and deposition yield is low.
At high voltage, the deposition proceeds quickly, but film deposited on the cathode becomes
loose and roughly. Here the bath end-voltage of electrodeposition is suggested to evaluate the
quality of deposited film. The value of end-voltage is directed relation to the thickness and
uniform of film formed on the cathode. Fig.4 gives the relationship between the beginning-
voltage (Vo) and end-voltage (VJ in the ED process. This result obtained indicates that the
high quality of deposited film can be obtained in the range of beginning voltages20-30V,
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where the bath end voltage (Vt) of ED reaches largest.

60-,
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10 40 SO20 30

Vo
Fig.4 Relationship between beginning voltage (Vo) and end voltage (Vt)

EVALUATION OF PHOTORESIST PATTERN

The resist can form images by the development of 5%HC1 solution at room temperature.
It can be clearly seen that the resist surface is not degraded and the line-width does not change
by over-development. The resolution value of pattern obtained from ED photoresist (AME)
was measured to be 30/30nm(line/space) in the given processing conditions

525
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1. INTRODUCTION

The furniture manufacturing is Malaysia's wood based industry with the highest value
added factor and is considered as one of the major pillars of Malaysia's overall national
economic strength where export earnings from this industry have contributed
significantly to our total export revenue. The remarkable success of the furniture industry
is an excellent example of the Malaysia incorporated concept whereby both the public
and private sectors work cohesively to achieve the desired results.

In furniture manufacturing, processes like cross cutting, molding, planning, shaping,
turning, assembling and finishing are involved. The most significant types of negative
impact of these processes are such as dust emission, noise, hazardous work, health risk,
emission of organic solvent, toxic chemicals emission and chemical waste. In the
finishing process, a number of negative effects that will cause health, safety and
environmental (HSE) performance.

This article highlights the environmental problems in the furniture finishing processes
and how the radiation technology can reduce these negative impacts. The drawbacks that
hamper the manufacturers from adopting this technology are also discussed. The
objective of the paper is to create the awareness among the industrialist and consumers on
the HSE hazardous in furniture finishing and steps can be taken to improve.

2. ENVIRONMENTAL PROBLEMS IN THE FINISHING OPERATION

The most significant types of negative impact of the operations in the wood finishing in
the furniture manufacturing industry are listed below. The extent of the problems may
vary between the company depending on their development stage and specialization.

Dust Emission

Wood particles and sanding dust are emitted to the air inside and outside the workshop
area causing large environmental problems. Some manufacturers extract chips and
sanding dust to an outside silo via a ducting system. Quite often extraction systems are
inadequate and not properly installed and add to the dust problem. It was also observed
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that the workers of some factories do not use personal protective equipment like dust
masks. The small dust particles may enter the respiratory system and effect the health of
the workers.

VOC Emission

Emission of volatile organic compounds (VOC) such as thinner, to the air primarily takes
place by evaporation of various lacquer types during spraying. The compounds are
hazardous to the workers and also pollute the environment. Evaporation depends on
physical properties of the chemical, temperature, and the size of the surface. Parts of the
emission absorbed by the water curtain spray booth or exhaust systems, but some will
remain in the working area. When sealer and lacquer is applied with a spray gun, the risk
of inhalation is high, because the solvents evaporates from the large surface of the
millions of drops in a mist, and even the drops might be inhaled. The risk of inhalation
varies according to the concentration in the air.

Other than those mixed with lacquer, sealer and staining materials solvent is also used for
washing and cleaning. Cloth and paper used for washing and cleaning is often seen
stacked on the working table or on the floor. This is dangerous as it has a high risk of
self-ignition. Other than the solvent hardener and other active ingredients in solvent-
based lacquer if not properly handle will irritate the skin and may cause allergy. Short
term exposure hazards to organic solvent includes dizziness, headache, nausea, and
fatigue. Long term hazards include damage to the central nervous system, memory loss,
confusion, and chronic fatigue.

Chemical Waste

Chemical waste consists of sludge from the surface finishing process at spray booth.
Other than that the waste resulted from the lacquer mixing and container washing in the
area of finishing operation. Some companies keep the sludge in the container and simply
stored behind the factory. By right they should dispose it properly. These containers will
corrode and cause the leaking of the sludge. In the long term the sludge components
contaminate with surface water and go to the soil. Finally the waste and pollute the
ground water. This will effect the health of the future generation.

Energy Consumption

The finishing process requires power for machine operation, heating, compressed air, and
ventilation. The machinery and the design of finishing processes are often excessive in
power consumption.

3. RADIATION TECHNOLOGY AND THEIR ADVANTAGES

Some improvements have been made to reduce the hazard to the workers and keep the
environment clean. This includes the use of efficient water curtain spray booth for the
finishing activities and using the lower solvent content lacquers or water-based lacquers.
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Radiation techniques in lacquer curing process have also been developed and applied
over the years to improve the HSE impact in the furniture manufacturing. Radiation
curing is the process in which lacquers or coating systems are cured by means of high-
energy electrons or short wavelengths of light. The techniques have been initiated and
developed in the late 1960;s with explicit environmental motives. Ultraviolet (UV) curing
and electron beam (EB) curing processes are the example of the radiation techniques in
finishing.

UV Curing Lacquer and Equipment

UV curing lacquers are not using any solvent. The UV curable lacquers consist mainly of
four components. They are resin, reactive solvent, photo initiator and additive. Almost no
evaporation of volatile organic compounds from the UV curable systems to the air at the
working place. Radiation technique using UV cured lacquer will also cut curing time to a
few seconds. With rapid UV curing method the handling and storage of finished products
is easier. This is because the finished products can be stacked immediately after coming
out the curing equipment. The hazard to the workers will be much lesser as there is no
solvent involves in the process. The finishing quality of the products also improved.
Another factor in favor of UV curing is the greatly reduced space required for UV curing
units in contrast to that required for drying ovens used with conventional coatings.

The process requires UV curing equipment. A typical UV curing system consists of an
ultraviolet source (lamp), lamp housing, reflector assembly, power supply, control panel,
and cooling and ozone ventilation system. Curing of lacquers takes place through a
radical or an ionic mechanism. The light energy is converted into chemical energy. This
energy conversion is provided by photo initiators, in which, upon absorption of a
particular wavelength of light, photo chemically produce reactive species, capable of
initiating a chain reaction.

EB Curing Lacquers and Equipment

EB radiation system is almost similar to UV curing. EB and UV are generally not directly
in competition with each other. Each has its advantages and disadvantages and the choice
of one or the other for a particular application is usually fairly clear. EB has the ability to
penetrate and cure opaque materials. EB lacquers do not require the presence of any
photo initiators. The curing process involve the accelerated electrons, which penetrate
into the wet coating film, dispose of sufficient energy, to breakdown the C-C double
bonds, creating in this way free radicals to initiate a chain reaction. The process also
requires EB curing equipment, which is much more expensive than UV equipment.

4. THE LIMITATION THAT DISCOURAGING THE APPLICATION OF
RADIATION TECHNIQUES IN THE FINISHING OPERATION

At present, a number of wood-based companies adopted radiation technology in their
surface curing. They mainly use UV system to cure the lacquer on flat panels like parquet
flooring and plywood. In fact, the application of radiation techniques in wood surface
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curing is still far below when compared to the number of big scale furniture
manufacturers in Malaysia. It is thought that the higher cost of the equipment, lacquers
and the technical support in the application of radiation technology is a discouraging
factor. The lack of demands from the customers and also the government to the company
towards health, safety and environmental may contribute to the less response from the
company in changing to this radiation technology. It was observed that even many
companies in the wood processing industry have not yet formulated health, safety and
environmental policies. Meantime, the companies also tend to view radiation techniques
in finishing as a new cost imposed on their operation. Hence, they are reluctant to make
investments towards radiation techniques even when such investment could easily
justified from a business point of view.

5. SUMMARY

Radiation curing technology is becoming an important alternative technology for wood
surface finishing in Malaysia. Its high curing speed, the absence of heat, the lack of
emission of solvent to the atmosphere are the main considerations for the application of
radiation curing technology in furniture finishing. With the present global awareness
about health, safety and environment, it is expected that the application of radiation
techniques in curing the wood surface finishing will increase in the future.
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SUMMARY
An investigation of the properties of poly(ethylene) terephthalate track membranes (PET

TMs) treated with a plasma RF-discharge in non-polymerized gases has been performed. The
influence of the plasma treatment conditions on the basic properties of the membranes has
been studied. It was arranged that the effect of non-polymerized gases plasma on the PET
TMs results to etching a membrane's surface layer. The membranes' pore size and the form in
this case change. It is shown that it is possible to change the structure of track membranes
directly by gas discharge etching.

KEY WORDS
Track membrane, poly(ethylene) terephthalate, plasma treatment, modification, asym-

metric structure, microfiltration.

1. INTRODUCTION
Track membranes (TMs) produced by irradiation of the polymeric films by high energy

ions and subsequent physicochemical treatment (1,2) stand sharply against the filtering
materials of others types due to their advanced features. The main advantage is the pore size
homogeneity (the pores are cylindrical channels running through the membrane). This feature
provides the basic advantage of TMs, their high separation selectivity. However it is well
known that track membranes have some disadvantages. For instance, their relatively low poro-
sity (usually - around 10%) does not provide the needed high-performance of the processes in
a number of cases. Increase of the TMs porosity by increasing the pore density leads to
decreasing selectivity because of the probability of multiple pores. Thus, the development of
methods for producing top-quality TMs is of great practical interest.

There exist different ways for solving this problem. One of them is to change the pore
geometry in the process of production, i.e. to create asymmetric TMs. Under special etching
conditions (etchant concentration depends on depth), the pores can be produced in conical
form (3). Giving a conical shape to the membrane's pores leads to improving the performance
of the filtration process due to the volume porosity growth. However, the production of such
membranes is complicated enough and meets some technological difficulties.

By using some specialized irradiation procedures, one can obtain the TMs with a thin
filtering layer (4). The PET film is irradiated through a metallic mask with regularly distri-
buted holes by ions with a path length in the polymer less than the thickness of the film. The
film is then irradiated by ions with a path length greater than the film thickness. In addition,
the ion flux of the second irradiation is one order of magnitude lower than that of the first
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irradiation. By the following chemical etching of the irradiated film the biporous structure of
the membrane is formed. In doing so, the formation of the filtering layer occurs together with
the creation of well-shaped pits. In this case the efficiency of TMs increases due to the filte-
ring layer's thickness decrease.

Another trend is more promising, to our opinion. It is a modification of a TMs structure. It
is known that if treating the polymers, for example poly(ethylene) terephthalate (PET), in
plasma of non-polymerized gases the surface is etched (5, 6) together the TMs mass decrease
via the emission of gaseous products. As shown in ref. (7), the treatment of PET TMs in a
glow discharge can be utilized as a dry etch method of etching the pores. The authors deter-
mined that the etching was uniform along the whole length of pore, the cylindrical form of the
pores remaining unchanged. Increase of the pore diameter leads to increased permeation and
decreased separation selectivity.

The objective of this paper is to modify a TMs porous structures by a gas-discharge etch
method without loosing the selectivity properties of the membranes. The basic task is the
choice of the etch mode. This work is devoted to determination of plasma discharge parame-
ters leading to the formation of the track membranes possessing an optimal structure.

2. EXPERIMENTAL

PET track membranes with the thickness of 10 um and the pore size of 0.2 (im (pore den-
sity is 2 • 108 cm'2) produced by irradiation of poly(ethylene) terephthalate films with accele-
rated krypton ions with the energy 3 MeV/nucleon were the objects of the investigation. The
irradiation was performed on the cyclotron U-400 in the Flerov Laboratory of Nuclear Reac-
tions JINR. The measurement of the //?-spectra of the membrane samples (8) has shown 40%
crystallinity of the polymer.

The plasma treatment was performed with a plasma-chemical facility at the Moscow State
Aviation Technological University, which provided the RF-magnetron discharge at a
frequency shift of a 13.56 MHz. The membrane samples of the size of 10x10 cm were placed
on the central flat electrode (cathode) in the reaction chamber, which served as a holder: The
chamber was evacuated to 1.5 • 10"2 Pa and then filled with the chosen plasma-forming gas to
a required pressure. A magnetron discharge was created by exciting the electrodes. The
plasma affected the membrane on one side. The air and different compositions of nitrogen-
oxygen were used as plasma-forming gas. Discharge parameters (gas pressure, discharge
power) and treatment time were used. The treatment procedure and the scheme of the plasma-
chemical facility are detailed in ref. (9).

Different parameters of the membranes obtained by plasma etching were tested with the
help of some mutually complementary methods. The thickness of the membrane were deter-
mined with an optical caliper IKV-3. The gas flow rate (flow air passing through the memb-
rane) was measured at a pressure drop of 104 Pa. The effective pore size was calculated from
the flow rate by computer program (10). The pore size distribution and the mean pore dia-
meter (MFP) were measured with the Coulter porometer (Coulter Electronics Ltd). The
surface and pore structure of PET TMs were tested with a scanning electron microscope JSM-
840 (JEOL). The burst strength is defined as that pressure which damages a circular sample of
1 cm2 surface area. The water flow rate was measured as mentioned above at the pressure drop
7-104 Pa and by using distilled water, preliminary purified by filtering through TM with a pore
size of 0.1 \\m.

The results of the measurements were processed using statistical methods, the fiducial
interval corresponds to the reliability value 0.95.
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3. RESULTS AND DISCUSSION

The PET TM samples were treated in the plasma RF-discharge at different discharge
power and plasma-forming gas (air) pressure during 10 min. The effect of the treatment in
plasma and the change of the basic properties of the membranes were studied (namely, thick-
ness, pore diameter, burst strength). The duration of the treatment was selected in order to
obtain measurable changes of the TMs properties. The results are tabulated in Table and illust-
rated in Fig. 1 and Fig. 2. One can observe the decrease of the thickness and the mechanical
strength as well as the increase of the effective pore diameter.

The decrease of the thickness during the treatment in air plasma shows that the TMs
surface layer is etched. As one can see, the etching rate depends on the discharge parameters
(Fig. 1, curves 1 and 2). The plasma also prompts morphological changes of the surface relief.
Numerous craters appear on the initially smooth surface. It becomes rough (Fig. 3b). By va-
rying the treatment conditions and duration, the sizes of the craters change. This phenomenon
is probably caused by different etch rates for crystalline and amorphous regions (11). No sig-
nificant changes in the membrane thickness are observed at low discharge parameters (Fig. 1,
curve 2). Negligible mass loss of the samples and change of the membranes' surface relief in-
dicate the etching in amorphous regions, the rate of the process being extremely low. Besides,
the plasma effect the formation of a thin modifying layer with higher contents of functional
groups on the membrane surface (12). This makes the membranes surface hydrophilic. The
development of the membrane surface's erosion and their hydrophilization result in increasing
the TMs wettability - the value of the water contact angle drastically diminishes. This leads to
improving the membrane characteristics.

Besides, the increase of the effective pore size proves that the pore walls are etched, too.
The pore surfaces etch rate also depends on the discharge parameters (Fig. 2, curves 1 and 2).
A varying of the compounds of the plasma-forming gas also influences the polymer etch rate.
If someone uses nitrogen in place of air, the etch rate decreases. The effective pore diameter of
the membranes obtained in air plasma is 15-20% more than that of the membranes produced
in the nitrogen plasma. The etch rate determinable from the dependence of the effective pore
diameter upon the etch time in the air plasma is equal to 2.9-10"3 um/min, in the nitrogen

0,30

50 100
Power, W

200 100
Power, W

200

Fig. 1. Fig. 2.

FlG. 1. Dependence of thickness and burst strength of PET TMs with pore diameters of 0.2 urn as a
function of discharge power at Pajr = 10.5 Pa (7 and 3) and Pair= 0.10 Pa (2 and 4), duration of plasma
treatment is 10 min.
FlG. 2. Dependence of the effective pore diameter and water permeability of PET TMs with pore
diameters of 0.2 urn as a function of discharge power at Pair = 10.5 Pa (/ and 3) and Pair= 0.10 Pa (2
and 4), duration of plasma effect is 10 min.
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plasma it is equal to 1.0-10~3 um/min, i.e. three times as less (gas pressure 20.5 Pa and
discharge power 250 W). The varying of relationship between nitrogen and oxygen in the
plasma-forming gas indicates that the higher oxygen concentration leads to increasing the etch
rate, i.e. the plasma activity increases. The use of pure oxygen as a plasma-forming gas allows
one to increase essentially the etch rate. This permits to make the process more intensive.

The growth of the effective pore diameter means the change of the pore size. As noted in
ref.' (7), the treatment of PET TMs in glow discharge in air does not cause a change of the sha-
pe. It is of special interest to find out whether there is a change of the track membranes' shape
at high frequency discharge. In order to solve this question, the measurement of the mean pore
diameter was performed on the Coulter porometer providing information about the diameter
in the most narrow cross-section of the pore channels. The results of measurements give in
Table. The difference between the effective pore diameter calculated from the air flow data,
and the MFP-diameter measured with the Coulter porometer, allows us to suggest that the
pore channels in the initial sample are not cylindrical but rather conical (of "egg-timer"
shape). Electron-microscopy investigations of the sample show the same picture, i.e. the
membrane's surface pore diameter is 0.26 um. The reason for that is a limited etch rate ratio
which, in turn, can be caused by the energy loss of krypton ions used for tracking is not
enough. The increase of both effective and MFP-diameters in the plasma-modified memb-
ranes shows that the pore size and the shape generally change - especially under "hard"
plasma treatment conditions.

The MFP-diameters in samples No. 2-5 (see the Table) remain the same, i.e. the size at the
narrowest parts of the pore channels is not affected by the plasma. Thus, the etching of the
pore walls in these samples occurs only to a certain depth. Obviously, the etching did not
reach a half depth of the pore in these membranes. So part of the pore channel remains of the
original size and the shape, another part accessible for the plasma, is of a conical shape with a
basis on the membrane side subjected to the discharge. Further increase of the discharge po-
wer and the gas pressure leads to increasing the MFP-diameters (see samples No. 6-9). This
means that the inner diameter of the channel has grown up, i.e. the etching occurred in the
depth exceeding half a thickness of these membranes. In case of samples No. 6-8 the MFP-
diameter is smaller than the surface pore diameter for the initial sample, therefore, a part of
the layer of these membranes remains untreated. For the membrane No. 9 the MFP-diameter
coincides with the surface pore diameter for the test sample, this means that the etching
occurred along the whole pore channel of this membrane. In this case, the marked difference

a b
FIG. 3. Microphotographs of the surface of PET TM with pore diameter 0.2 jam (a) and the
membrane modified in air plasma during 10 min at Pair= 0.26 Pa, W = 100 W (b).
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TABLE. Parameters of track membranes subjected to the plasma discharge treatment

No
Regime of the

Air
pressure,

Pa

treatment
Power,

W
Effective

pore
diameter,

urn

MFP
diameter
(Coulter),

urn

Membrane
Porosity,

%

parameters
Air flow
rate at

AP=104Pa,
ml/min-cm2

Initial water
flow rate at

AP = 7-10" Pa,
ml/min-cm2

1
2
3
4
5
6
7
8
9

-
0.10
0.13
0.13
0.26
10.5
10.5
10.5
10.5

-
70
70
100
70
70
100
150
200

0.220
0.225
0.230
0.235
0.240
0.255
0.265
0.275
0.295

0.195
0.195
0.200
0.205
0.205
0.220
0.240
0.245
0.260

7.6
7.9
8.3
8.7
9.0
10.2
11.0
11.9
13.7

200
220
230
260
275
360
445
470
650

4.75
5.45
5.75
6.45
6.95
9.55
11.40
13.30
17.05

Remark: samples of membranes were treated in the plasma during 10 min.

5 10 15

Porosity, %
20

Fig. 4. Fig. 5.
FlG. 4. Pore structure of the initial PET TM (a) and the membranes modified in air plasma during
10 min at Ptit = 0.26 Pa, W = 70 W (b); Pair= 10.5 Pa, W = 70 W (c); Pair= 10.5 Pa, W = 150 W (d).
FIG. 5. Dependence of the burst strength upon porosity for PET TMs not treated by plasma (7) and
exposed to air plasma (2).

between the diameters indicates the formation of the pores with truncated cones. Therefore,
the treatment of the PET TM with the plasma RF-discharge in air causes the modification of
their pore shape (asymmetry appears), i.e. leads to the modification of the TM structure.

Fig. 4 represents schematically the structure of the initial TM (a) and the TMs modified by
plasma discharge in air (b-d). The treatment in plasma provides the formation of membranes
with asymmetric pore structure. The membranes in which only a part of the pore channels
were etched in plasma are of special interest (membrane's b, c). The effective porosity of such
membranes is higher than the porosity of the initial membrane and, as a result, the modified
membranes have better water flow rate characteristics, if compared to the initial membrane.
This is illustrated by Fig. 2 (curves 3 and 4). The initial water flow rate as well as the filtrate
volume after a prolonged water flow experiment is higher for the modified membranes. The
layer not affected by plasma etching, the structure of which remains the same, will determine
the separation properties of the membranes. The separation selective properties do not change,
if the initial pore diameter remains the same in this layer. The length of the conical parts of the
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pore channels and the length of the unaffected layer can be checked up by changing the
discharge parameters. This provides a way for producing a wide variety of track membranes
with different properties.

The increase of the effective pore diameter causes the increase of porosity and decrease of
their mechanical strength (Fig. 1, curves 3 and 4). The experimentally measured burst strength
values for the plasma modified membranes are lower than those for the conventional PET
TMs with the same porosity (Fig. 5). Such a phenomenon can be explained by the presence of
a damaged superficial layer on the modified membranes (with a small molecular weight of the
macromolecules) forming in the process with the results given in ref. (7), according to which
the depth of a similar layer is 10-30 nm, approximately. More significant difference in the me-
chanical strength of the TMs treated at high discharge parameters, if compared with the
samples not treated in plasma, witnesses the formation of the deeper damaged layer. The loss
of their strength is essential. This can be taken into account, if choosing the optimal condi-
tions of plasma etching.

Thus, one can see that the choice of the plasma etch condition has two aspects. First of all,
the discharge parameters should provide an increase of the pore diameter in a certain layer and
an increase of the flow rate. Secondly, the discharge should be enough to prevent a damage of
the membrane. We have come to a compromise when the loss in mechanical strength is of 10-
15%, whereas the water and air flow rate are as twice as higher. Such membranes can have a
good use in separation and purification processes.

4. CONCLUSION

The performed investigations show that:
- plasma etching makes it possible to change influence the track membrane structure;
- depending on the choice of the discharge parameters, etching can be executed either in the
entrance part or aleng the whole length of the pore channels; in this way asymmetric track
membrane possessing higher porosity and flow rate can be formed;
- plasma etching enable the manufacture of track membranes with higher flow rate without
changing the selective properties of the membranes.

r
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ABSTRACT: The surface photo-oxidation and photostabilization of photocross-linked

polyethylene (XLPE) have been studied by X-ray photoelectron spectroscopy (XPS),

Fourier transform infrared spectroscopy (FTIR), and thermal-aging measurements. The XPS

and FTIR data gave the evidence that the surface photo-oxidation of XLPE increases

apparently with increasing UV-irradiation time. The main photo-oxidation products have

been identified as hydroperoxides and various carbonyl compounds. The photostabilization

of XLPE can be carried out by suitable pre-irradiation of low-pressure mercury (LPM) lamp

and by addition of hinder amine light stabilizers (HALS). The present study shows that the

optimum time of pre-irradiation with LPM lamp is 10 seconds, which can detach the oxygen

absorbed on the PE surface before the photocross-linking. The addition of HALS into PE

resins can stabilize XLPE very efficiently in the photocross-linking process of PE. Tinuvin

783 is the best photostabilizer among the three kinds of HALS.

1. INTRODUCTION

In recent years, there has been significant breakthroughs in the photoinitiated cross-
linking of thick samples of polyethylene <15) and industrial applications of insulated
photocross-linked polyethylene (XLPE) wire and cable.(68) The mechanism and cross-link
microstructures of the photocross-linking of LDPE and its model compounds have been
studied by spin-trap Electron Spin Resonance (ESR) <9"10' and 13C Nuclear Magnetic
Resonance (NMR).(11) However, UV light not only can initiate the cross-linking reactions, but
also cause photo-oxidation degradation, especially the surface photo-oxidation of photocross-
linked XLPE, which further affects the thermal aging stabilization of the XLPE materials. In
fact, the surface photo-oxidation followed by photoinitiated cross-linking of PE has become a
main problem in developing industrial applications of photocross-linking technique.

In the present work, we have detected and identified the surface photo-oxidation
products of photocross-linked XLPE by X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared spectroscopy (FTIR). At the same time, the photostabilization of
photocross-linked XLPE has been studied by the surface deoxidation with the pre-irradiation
of low-pressure mercury (LPM) lamp before photocross-linking. The photostabilization of
XLPE has been studied in detail by addition of different hinder amine light stabilizers
(HALS). The purpose of this work is to clarify the mechanism of surface photo-oxidation and
to search for effective methods of photostabilization in the photoinitiated cross-linking of PE.
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2. EXPERIMENAL

2.1 Materials
The branched LDPE resin (1I2A-1, MI=2.0) from Yan Shan Petrochemical Co., Ltd.,

Beijing was used in the present work. Photoinitiator benzophenone (BP) from Shanghai
Reagent Factory No.l (Chemical pure) and crosslinking agent triallyl isocyanurate (TAIC)
from Anhui Institute of Chemical Engineering were used as received without any purification.
Three commercial photostabilizers (HALS) Chimassorb 944, Tinuvin 770, and Tinuvin 783
were supplied by the Ciba-Geigy Incorporation. The numbering and compositions of samples
are listed in Table I.

Table I Sample Compositions
Sample No.

I
II
I I I
IV

Composition
LDPE+BP+TAIC

LDPE+BP+TAIC+Chimassorb 944
LDPE+BP+TAIC+Tinuvin 770
LDPE+BP+TAIC+Tinuvin 783

2.2 Sample Preparation
PE resins with the desired amounts of additives were mixed at 150 °C for 10 min using a

two-roll mill. After mixing, the samples were hot-pressed to sheets of suitable thickness for
5min at 150 °C using a press.

2.3 UV irradiation
Samples were UV-irradiated in an UV-CURE device constructed in this laboratory. The

high-pressure mercury lamp (Philips HPM 15) were used in the photocross-linking of PE,
operated at 2kW, at a distance of 10cm from the surface of samples. The low-pressure
mercury lamp (LMP, type WXZ-1 made in China, 40w, the main emission wavelength
covered the 254nm range) was used for detaching the oxygen aborbed on the PE surface by
the pre-irradiation of LMP lamp. In the deoxidation experiments, the UV irradiation process
was divided into two stages. At first sample was irradiated by a LPM lamp for a given time,
then immediately irradiated by a Philips HPM 15 lamp for 40 s.

2.4 Measurements

XPS Spectra
The XPS spectra were recorded with a VG ESCALAB MK II spectrometer, using Al ka

excitation radiation (hv=1253.6eV).

FTIR Spectra
The FTIR Spectra were recorded with a Nicolet MAGNA-IR 750 spectrometer. In order

to minimize errors from sample thickness, the 1895 cm"1 peak from the C-H deformation
modes of PE was used as an internal reference in this study. The relative absorbance intensity
of C=O at 1718cm'1 was expressed by carbonyl index A1718/Alg95, where A1718 and A1895were
the absorbencies at 1718cm'1 and 1895cm"1, respectively.
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3. RESULTS AND DISCUSSION

3.1 Surface Photo-oxidation of XLPE

3.1.1 XPS Studies

Figure 1 shows the Cls XPS spectra of sample I UV-irradiated with a Philips HPM 15
lamp for different irradiation times. The strong peaks at 285.OeV are due to the Cls electron
from the C-C and C-H bonds of PE. The intensities of small peaks appeared at 286-290eV in
the Cls band increase with increasing irradiation times, which indicates the formation of
photo-oxidation products, such as -C-O-, >C=O, and -COO- groups.

280 284 288 292

Binding energy/eV

Figure 1 Cls spectra of the
sample I UV-irradiated
for different times

280 284 288 292

Binding energy/eV

528.75 532.75 537.75
Binding energy/eV

Figure 2 XPS spectra of the XLPE sample I
after thermal-aging for 168h at 135°C

3.1.2 Thermal-oxidation Aging of XLPE

The surface photo-oxidation in the photocross-linking of PE has a significant effect on
the thermal-oxidation aging property of XLPE. The XPS spectra of Cls and Ols for the XLPE
sample I with different irradiation times after thermal-oxidation aging for 168 h at 135 °C are
shown in Figure 2. It can be seen from the Cls peaks in Figure 2 that the oxidation products
after thermal-aging increase apparently with increasing UV-irradiation times of XLPE
samples. The oxidation products B, C and D marked by broken lines obtained by computer
separating peaks of Cls bands appear at 286.5eV, 288.0eV, and 289.0eV, which have been
assigned to the -C-O-, >C=O, and -COO- groups, respectively. The Ols peaks in Figure 2 also
show that the oxidation products increase quickly with the irradiation time of XLPE samples.
The Ols peak of 40s sample mainly appeared at 532.0eV, which is due to the-COOH and -C-
O- groups. A shoulder peaks of Ols appeared at 533.5eV for the 80s and 160s samples are due
to the >C=O and -COO-.

The stoichiometric O/C radios obtained from the XPS spectra are used to characterize
the degree of oxidation. The O/C data of XLPE samples before and after thermal aging are
listed in Table II. The O/C values of 40s and 80s samples before aging were 0.08 and 0.09,
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respectively. But the 0/C value increased rapidly to 0.20 when the irradiation time of sample
prolonged to 160s, which almost approaches the 0.24 value after the 40s sample was thermal-
aged. These data give the positive evidence that the degree of surface photo-oxidation in the
photoinitiated cross-linking of PE is of crucially important for the thermal-oxidation property
of XLPE materialsy.

TablellO/C values of the XLPE sample I
Irradiation time

O/C before aging
after aging

40s
0.08
0.24

80s
0.09
0.28

160s
0.20
0.29

3.1.3 FTIR Studies

Figure 3 shows the FTIR spectra of sample I with different irradiation times. The main
changes of spectra were found near the 3400cm'1 and 1718cm1 peaks from the hydroxyl and
carbonyl groups, respectively. Their relative intensities increase with increasing irradiation
times. The 3400cm'1 region has the two main absorption peaks at 3367cm"1 and 3440cm1. The
3367cm'1 peak is dominant in the samples of 20s and 40s shorter irradiation times. The
absorption peak of 3440cm"1 becomes dominant in the sample of 160s irradiation time. The
former might be due to the O-H stretching mode of a hydroperoxide (R-O-O-H), while the
latter due to the O-H of a hydroxide (R-O-H). The corresponding absorption peaks of C-0
stretching mode in the 160s sample was found at 1176 cm"1. The carbonyl absorption was
mainly centered at 1718 cm'1, showing the formation of carbonyl groups. The broad spectra
indicated that several kinds of carbonyl compounds, such as >CO, -CO-, etc., were formed
during UV irradiation. These data are in good agreement with those obtained by WPS.

4000 3200 1800 1500

cm"1
1200 900 600

Fig.3 FTIR spectra of sample irradiated for different time

3.2 PhotostabilizationofXLPE

3.2.1 Deoxidation by Pre-irradiation of LPML

The UV light of 254nm from the low-pressure mercury (LPM) lamp can scavenge the
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oxygen absorbed on PE surface by photochemical reactions. The absorption and diffusion of
oxygen in the sample play an important role in the photo-oxidation reactions of polymers. So,
the photoinitiated cross-linking of PE is usually carried out in an inert atmosphere because
oxygen suppresses the cross-linking process. However, it is costly and not convenient for
industrial applications of photoinitiated cross-linking technique of PE. Detaching the oxygen
absorbed on the PE surface before photocross-linking could be carried out by a suitable pre-
irradiation of LPM lamp.

The surface photo-oxidation of samples with and without the pre-irradiation of LPM
lamp has been detected and identified by FTIR and XPS methods. The carbonyl index
A,718/A1895 is used to be characteristic of the degree of oxidation, as described in the
experimental section. Figure 4 shows the change of carbonyl index for the samples of
different pre-irradiation times. It can be seen that the carbonyl index decreases significantly
within the irradiation time 15s of LPM lamp. However, the 10s irradiation time of LPM lamp
is an optimum value because of the lowest carbonyl index, as shown in Figure 4. The
carbonyl index increases rapidly when the pre-irradiation time is 20s.

The XPS studies show that the Cls and Ols peaks of sample without pre-irradiation
appear 285.0eV and 532.5eV, respectively. The new shoulder peaks at 287.0eV and 533.7eV
after the pre-irradiation of LPM lamp are due to the surface oxidation products. The relative
intensities (RI) of surface oxidation products can be defined as the value of RI = I287/I285 f° r

the Cls peak and RI = I533.7/I532.5 for the Ols peak. Table III lists the data obtained from the
corresponding XPS spectra. Apparently, the XPS data of the surface photo-oxidation products
are similar to those obtained by the FTIR spectra. The pre-irradiation of 10s is an optimum
value in the present work because the 287.OeV and 533.7eV peaks of surface oxidation
products in the XLPE samples were not formed after the 10s pre-irradiation of LPM lamp.

Table III. Comparison of the Relative Intensities (RI) of surface photo-oxidation products
obtained from the I287/I285 values of Cls peaks and the I53:> 7/I532.5 values of Ols peaks

Pre-irradiation
Time (s)

0
5
10
20

RI obtained from the
I2ii7/I285 values of C,, peaks

4.33
4.88

0
8.36

RI obtained from the
lm 7/I5,2 5 values of O,, peaks

2.921
0.688

0
10.05

3.2.2 Addition of Photostabilizer HALS into PE Risen

Photostabilizer HALS can efficiently decrease the surface photo-oxidation formed in
the photoinitiated cross-linking of PE. The carbonyl indexes obtained from the FTIR spectra
for the XLPE samples with and without HALS are shown in Figure 5. It can be seen that the
carbonyl indexes of samples II, III, and IV with different HALS are much lower than that of
sample I without photostabilizer. Photostabilizer Tinuvin 783 is the most efficient among the
three HALS.
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Fig.4. Changes of carbonyl index in the
XLPE films with the pre-irradiation times

4. CONCLUSIONS

Fig.5. Comparison of Photo-stabilization
of Different HALS

(1) The surface photo-oxidation in the photoinitiated cross-linking of PE increases with
increasing irradiation time. The main photo-oxidation products are hydroperoxides and
carbonyl groups.

(2) Detaching the oxygen absorbed on the PE surface by suitable time pre-irradiation of low-
pressure mercury lamp decreases the surface photo-oxidation in the photocross-linking of
PE. The optimum time of pre-irradiation is 10 s in the present work.

(3) Photostabilizer Tinuvin 783 is the most efficient among the three kinds of HALS in the
present studies.
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DEVELOPMENT OF FLAME RETARDANT COMPOUNDS
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Hi
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Abstract

Alumina trihydrate (ATH) was compounded with ethylene vinyl acetate copolymer

(EVA) at 20%, 40% and 60% loading levels. The crosslinking, mechanical, volume

resistivity and aging properties of the compounds irradiated at 75 kGy were evaluated.

The results show that the crosslinking degree increases with increasing ATH level.

Tensile strength, elongation at break, and volume resistivity however deteriorated at

high loading level of ATH. The flame retardant property of the compounds improved

very much in which case 27% oxygen index value was attained at 60% loading of the

ATH. The compounds developed also shows excellent aging property.
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Abstract

The previous method of RVNRL preparation produces prevulcanised natural rubber latex
of low modulus. The typical modulus @ 700% elongation is reported between 6 MPa to
7 MPa. In an alternative method of RVNRL preparation, where a latex hardener is added
as an additional formulation ingredient, prevulcanised natural rubber latex of medium
modulus is produced. The modulus at 700% elongation of between 9 MPa to 10 MPa is
possible. Medium modulus prevulcanised natural rubber latex is also found to have an
improved accelerated ageing properties.


