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- EB Technology &
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- EB (UV)-Curable Coatings

- Research Questions

5. "W¥ Coatings Trends
T &Techmelogles 0°/08/2023 - Lombard (US)

L SuUuMMIT




adapted from ptcieb.com

EB Technology & Applications

. L E+)
Introduction & ¢ @
= o .
Filament [kGyY]
Vacuum cathode
low high

,ﬂﬂq"",,"ﬂ’"nb" LI
Form . WO K, WY K. L & &

(,o( A “QN’.A EB o

‘r ; T Tt i
"‘ LAY r*\ .-l", P N eIt

rid < < &
J dose © ¢ 0Ss ©
Voltage [kGy -+ s~
Screen potentia 1]
grid 1
anode  Window
foil Lithography Microscopy Coatings
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EB (UV)-Curable Coatings

Acrylates Advantages:
(compared to UV)

j o o o o o No photoinitiator
o0 | needed
| © CD C) () C) () Electrons are
R © © l l l l l energetic enough to
C|) O O R R R R R directly radicalize
O l | l l l most organic
N @) @) O O O molecules.

@) O O =0 O
EBC Ultrafast curing

Curing time < ms.

O Intrinsically

© O greener technique
O VOC- and solvent-free
O formulations, higher
productivity, lower
energy consumption (up
to 90%)

ey
. Q:TT 2"‘:;2‘.'.‘.'.2?.‘:?22 09/08/2023 - Lombard (US) TU/eX nemho
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EB (UV)-Curable Coatings

Epoxies

Epoxy Cationic Curing
— Pro’s:

No oxygen inhibition

Reduced film shrinkage

Epoxy Cationic Curing
— Con’s:

Need for cationic
photoinitiators (PI)

Slower curing and
incomplete conversions

Acrylate Resins: Free Radical
Polymerlzatlon (FRP)

O
O

EB

Epoxy Resins:
(CP)

O S
o' &
C.

Cationic Polymerization

-0 00,0 rO—

EBC

O -OJ\{) <Dl‘0 O—

s:#g?mms 09/08/2023 - Lombard (US) TU/eX nemho
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Thiher, N. L. K., J. Polym. Sci. 58, 1011-1021 (2020).
Liu, P. et al, Prog. Org. Coatings 152, 106119 (2021).

EB-Curable Coatings

Polyesters

EBC Hurdles: \
(compared to UVC)

Chaotic radical
generation
Possibility of
triggering collateral Chain scission
EB chemical
reactions. Crosslinking
Effect on
material Research Goals:
properties
Reduction — of  final * Identify collateral EB chemical reactions;
product performance.
* Relate EB process parameters — chemical phenomena -
. lymer network formation an roperties;
Understudied poLyme etwo ormation and prop ’
topic * Explore and deploy less conventional EB-curable
Scarce knowledge - chemistries
both 1in patents and "W Coatings Trends ) TU
7 _ e x
academic journals. @g‘gmmlf_: 09/08/2023 Lombard (US) / nemho



EBC - Acrylates

- Collateral EB Reactions

- Acrylic Network Formation
& Features
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Experimental rW
Materials & EB Scan
Aromatic epoxy diacrylate 250} [ @ @
(CAS 55818-57-0)
O @ O ~ o
— 200} o )
O s .
OH OH = 150|
©
= @ o ©
w
R 100}
'S @ o
O S 50 e © @
S
O
O . A A 2 A 2
4 80 100
EBC 0 20 0 60
Dose (kGy)
Sample naming:
Dxx DRyy = cured with xx kGy at yy kG
7 S#amnnom 09/08/2023 - Lombard (US) TU/exneth
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Gel

Experimental
Workflow & Methodology
e DMTA
e FTIR @
e DMTA
Soxhlet
S extraction
(acetone, reflux, 1 1rs)
Sol
Sol: Collateral reactions * SEC
identification and relation to EB %é . ESR
parameters.
Gel: Polymer network formation and
features.
0 s:#gﬁﬁ?s 09/08/2023 - Lombard (US) TU/eX nemho



Identification of Collateral EB Reactions Sol % §
SEC on Sol-Fractions

High Low MW
A >

1.0} uncured resin _ dimer and higher W
= n @ @ T MW species
cu
— 0.8}
©
S
go.ﬁ_ @ = monomer J_WJ
o
T 0.4}
D
N @ _ 1lmpurities and
gO.Z- @ @ ~ lower MW species mp C
o
pZa
16 17 18 19 20

Elution time (min)

11 TU/exneth



Identification of Collateral EB Reactions Sol % 5
SEC on Sol-Fractions

EB dose effect: EB dose rate
High Low MW High effect . Low MW | 4
> e e RO s 0V

—_ 1.0 uncured resin ‘ —_ 1.0 uncured resin J
S —— D10 DR50 S — D100 DR50
© ——— D40 DR50 © ——— D100 DR125 mw
—~ 0.8} /D60 DR50 ~ 0.8} /D100 DR200 N\
g D100 DR50 g D100 DR250 '
2 o)
7 . “ 0.6}
[ V4 EBC C- 0
© 04} © 04} 'S
N N '~
© ©
£ 0.2} g 0.2¢
= 5 Qoo
. 2 Qoo

' : 16 17 18 19 20
Elution time (min) Elution time (min) 0 ood

e S’#iuﬂmom 09/08/2023 - Lombard (US) TU/exneth
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Identification of Collateral EB Reactions
MS on Sol-Fractions

impurities

D100 DR50
263 D40 DR50 467
453 485
209 431 \
413
D10 DR50

200 250 300 350 400 450 500

13

m/z

Sol %

Structures were 1dentified by simulating

monomer fragmentation

{
s

OH OH
M e
Monomer
m/z = 467
RN )
! O 0 !
! ‘DAEo“fb*f !
{ o OH J
T T T  Dehydration
m/z = 453
‘/ \}
: N\ ‘O( 8&‘—// I
i @] i
| ﬁD @5 i
. O @) ]
""""""""""""" Dehydration

“WNWW Coatings Trends
QTT &Technologles 09/08/2023 — Lombard

L SUMMIT

(US)

m/z =
A3 e ~
] i
i O l'ii'l |
in)LOK\T/WD mii mii(JA\/~CN4E
1 OH on
""""""""" Ester hydrolysis
m/z = 413

e
é
S
@)

o
0

—————————————————————————

C—C cleavage

C—C cleavage| OH

+ ester hydrolysis Moo

N
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Identification of Collateral EB Reactions Sol % §

Resume
Dehydration & ester hydrolysis when increasing EB doses (constant

--------------------------------------------------- dose - Trate ) T T T T T T T T T T T T T T T T T s
// _qo \\
{ O O "
: ‘ ‘ O |
i ‘OH OH o O'\O/H‘O |
¢ o |

~ -’
_____________________________________________________________________________________________________________________________________________

-----------------------------------------------------------------------------------------------------------------------------------------------
'

\

s

o

s
Q
$

g
<\=o
c}=o
s

{:f;;=
o

-------------------------------------------------------------------------------------------------------------------------------------------------

C—C cleavage when increasing EB dose rate (constant dose)

e 4
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Acrylic Network Formation & Features
Attribution to EB reactions

— D10 DR8
1000} —— D10 DR50
s
§1m.
D)
10}
0 50 100 150 200 250

15

Temperature (°C)

EB Dose = 10

kGy
0.6
— D10 DR8
—— D10 DR50
~ 0.4}
=)
S
[Z®)]
[
(]
=402
0 50 100 150 200 250

Temperature (°C)

Coatings Trends
@&Tochnologles 09/08/2023 - Lombard
- L SUNMMIT

Before extraction

(US)

Gel
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Acrylic Network Formation & Features Gel

Attribution to EB reactions

- EB Dose = 10 After extraction
kGy
0.6
- D10 DR8 _’, — D10 DR8
e 3 A ——— D10 DR50
1000F N\ ™ . 5:003';?)0128 '\ —-=ex.DI0DRS
g I — .= ex. D10 DR50
~-=- ex. D10 DR50 it .
- —~ 0.4} i
g 3
§§100' ;;
- 5
2 = 0.2}
10} N Y
0
. ¥;
2 2 2 2 i 3 2 \'; R
0 50 100 150 200 250 0 50 100 15 200 250

Temperature (°C)

16

Plasticizing effect of sol-

Temperature (°C) - s
raction

— Tg increase

TU/exnemho
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Acrylic Network Formation & Features Gel
Attribution to EB reactions

EB Dose = 40 kGy

1000}

g

< 100}

O
— D40 DR50

10} —— D40 DR250

—-=- ex. D40 DR50
—-=- ex. D40 DR250

0 50 100 150 200
Temperature (°C)

17

0.6
—— D40 DR50
—— D40 DR250
- .= gx. D40 DR50
— —ex. D40 DR250
~04
3
S
e
c
@©
= 0.2
250 0 50 100 150 200
Temperature (°C) Optimal monomer conversion
— T, unchanged
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Acrylic Network Formation & Features Gel
Attribution to EB reactions

I | -o vose - 100 Before exemactien

G' (MPa)

kGy
0.6
—— D100 DR50
1000} —— D100 DR250
~04
=
100¢ L)
7o)
c
(V]
= 0.2}
—— D100 DR50
10} —— D100 DR250
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C)
18 s'r-Tuocnnuom 09/08/2023 — Lombard (US) TU/eX nemho
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Acrylic Network Formation & Features
Attribution to EB reactions

10¢

— D100 DR50

-~ D100 DR250
—-=- ex. D100 DR50
--=- ex. D100 DR250

0

19

50 100 150 200 250
Temperature (°C)

kGy
0.6

— D100 DR50
-~ D100 DR250
-+=+ex. D100 DR50
--=- ex D100 DR250

0 50 100 150 200 250
Temperature (°C)

"W Coatings Trends
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Gel

Extraction shows
introduction of network
defects

— Ib decrease
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EBC - Epoxies

— Cationic Curing:
Conditions & Kinetics

- Preliminary Epoxy
(Coatings) Characteristics

W Coa
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Epoxy Cationic EBC

Introduction Onium salts: photoacid
generators employed as

cationic photoiniators

0 & —0 000 _~O— Mtlx 1
iy oo, Qu

EBC MtX, = BF,, PF,, AsFg, SbF;, ...

Initiati Propagatio

on g_:ngm 09/08/2023 - Lombard? TU/e x nemho
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Epoxy Cationic EBC
Features & Research Questions g

S —0~0 00 _~O—
© 0
- / o~ o C,
Epoxy Pro’s: &
Reduced film shrinkage EBC
Due to ring opening polymerization.
O —0O"™=0"=0"=0 ~0O—

Absence of oxygen inhibition
No need for inerting in cationic
polymerizations.
, , Research Goals:
Better coating propertiles

E.g. chemical resistance, abrasion resistance, . . . .
adhesion, .. * Determine EB epoxy curing kinetics.

Epoxy — Con’s: * (Fundamental) characterization of

different epoxy polymer films.
Cationic PI needed o .
Photoacid generators trigger cationic curing. ° Assess added value and specific potential

applications for different epoxies.
Slower curing rate

EBC alone might not be sufficient to attain
full cure.

o g#mzﬁm 09/08/2023 — Lombard TUfeX nemho
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] ] Bisphenol-A diglycidyl ether
Epoxy Cationic EBC (BADGE) @ O'\
PI Selection & Kinetics (CAS 1675-54-3)

Bis (epoxycyclohexyl-

@ ........................................ . methyl) adipate OO\,
>(©©\K (BECHA) OMO'\OO
O O \ C12H25 X C H25 E (CAS 3130-19-6)

---------------------------------------

o 100
[cPI] = 1,5% wt. 93%
D100 DR125
~ 75 o ~ 75
S S '
5 53% 5 3
» 50 ®» 50 2
> 38% -y =
Q 1 Q -
= 25 ° 250 ~q0%
rooi i —e—BADGE
¥: § —e—BECHA
0 u = u = =

0 50 100 150

©,|1© } Dose (kGy)
23 PF6' g#m:mm 09/08/2023 - Lombard TU/exnemho
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Epoxy Cationic EBC

Polymer & Coating Characterization

10

XLD = 0.80
mmol +cm™3

50 100 150 200 250
Temperature (°C)

0.6

o
s

Tand (a.u.)

o
N

50 100 150 200 250
Temperature (°C)

24

10

1.2

50 100 150 200 250
Temperature (°C)

o
=3

Tand (a.u.)

o
n

50 100 150 200 250
Temperature (°C)

Crosslink density =

XLD =

100

3-p-R-T

!

Tensile Strength (MPa)
(o]
o

oo
o

B
o

N
o

— BADGE - D60
—— BECHA - D60

~ 70 MPa

~ 35 MPa

A A

oer SO

O

0O
BHmAO(:L’

2.5 5.0
Strain (%)

"W Coati Trends _
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Conclusions

- Meaning & Implications
— Outlook

— Acknowledgements
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EB Acrylic Networks - Conclusions Optimal curing EB dose (rate)

Learnings & Implications _
o O VLO,Y\O O O O’Y\OV
& OH OH
O
EBC
26 g#geﬁ% (2%?8/2023 ~ Lombard TU/eXneth



EB Acrylic Networks - Conclusions
Learnings & Implications

o ———— . ., S,
1 : Iy \
O o | :“; o
o OC‘ VLO?Y\OI\ |,(D’Y\Oj\¢ i
O N e e 7 OH TTmmomT _‘\___Q|:| _______ Il
O © o Q
EBC {’ _______________ \I
Wog ol
E""'E; """" E soF
- SANH-R (T o
. N ———— / I I
‘/ MOleCUlar deSlgl’l; Acrylamides i RO’\/‘OV i
v  EB process optimization; Tmea TS ’
v  Better understanding of interaction EB-matter and
molecular manipulation.
57 g#g;é;&% (2%?8/2023 ~ Lombard TU/exneth
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EB Epoxy Networks - Conclusions
Learnings & Implications

Conversion (%)

28

100

~
(2

50¢

N
w0

i —e—BADGE
i —e— BECHA

50

100 150
Dose (kGy)

EBC f
O —0-0\-0N-0"\-0—

v  Full epoxy conversion achievable with EBC

alone;

v Expanding radiation-curable coatings

portfolio;

sumnmmnT (US)
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EB-Cured Polymer Networks
Outlook

of Fog, C.D. Friedrich, 1818

above the Sea

Wanderer

Conclusions

Network features wvisualization q

(AFM, SAXS, ..).

Effective improvement of coating qmﬁp

r— e e, .
P,

properties and performance. ~—

Deploy novel EB chemistries and
i

explore new possibilities.

Mix ‘em up! Acrylic/epoxy”'*
rt

interpenetrating polymer networks

(IPNs) .

Tends (0,/08/2023 - Lombard TU/ex nemho
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EB dose rate
ﬁ £arvd .
e S o o o
; ——— D40 DR50
© D40 DR125
= 0.8} =——D40 DR200
g ——— D40 DR250
By f
m 1
o 0.6 ’v
o
B04
N
©
E 0.2
o <
=
16 17 18 19 20
Elution time (min)

A1.0 — OIS 1ESI0
=1 ——D100 DR50
© —— D100 DR125
— 0.8} = D100 DR20D
g —— D100 DR250
kel
w
a 0.6
o
304
N
©
E 0.2
o)
=z

16 17 18

Elution time (min)

100

Identification of Collateral EB Reactions
SEC on Sol-Fractions

75t

50F

25+

Relative concentration (%)

Higher

MW

100

uncured resin

D40 DRSO

D40 DR125
D40 DR200
D40 DR250

Monomer Comp. 1

Comp.2

75F

S0 F

25+

Relative concentration (%)

Higher
MW

4

Monomer Comp. 1

uncured resin
D100 DRSO

D100 DR125
D100 DR200
D100 DR250

A

Comp.2
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Identification of Collateral EB Reactions
NMR on Sol-Fractions

acetone

| H | D100 DR50
A

JL D40 DR50
. "

D10 DR50

o |

uncured resin

3.0

35

25 20 1.5 1.0 05 0.0

Chemical Shift (ppm)

ChemDraw® simulated H-NMR spectrum:

*
lllllll

lllllll
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Identification of Collateral EB Reactions Sol % §
NMR on Sol-Fractions

D100 DR50 ChemDraw® simulated H-NMR spectrum:

_.\___..._J"\_MM.J e,
| @*o/\/\oJOQCHz > Qo’\riijH ' HOJO'\/CH2
OH

D40 DRS50
OH

Y A ‘LJNL—/‘

D10 DRS50

e Ll

uncured resin 1 L

A - A

55 5?0 415 4f0 3f5 3.0
Chemical Shift (ppm)
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Identification of Collateral EB Reactions Sol % 5

NMR on Sol-Fractions o O)\
CHCI,
D100 DR50 /u*o’\/‘O @ Q

_B . (Q
Tt )LO/\(\O @”@ \%&k

I 'l | ll D10 DR50

@)
uncured resin Jl\
O HO
OH OH

7.5 5.5
Chemlcal Shlft (ppm)

37
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Identification of Collateral EB Reactions Sol % 5
NMR on Sol-Fractions

O O
\)LO'\'O/H*Oo’\‘O/H‘O'u\/

2 0
Chemical Shift (ppm)
38 TU/ex nemho
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Identification of Collateral EB Reactions

NMR on Sol-Fractions

CHCI1, acetone

D100 DR50 T \ T

o D40 DRS50 T T 1

l !

s ———————— B ——— |

D10 DRS50 l

8 ' 7 6 5 4 3 2 | 1 | 0
Chemical Shift (ppm)
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Identification of Collateral EB Reactions

MS on Sol-Fractions
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Dehydration &

C—C cleavage

ester hydrolysis
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Conversion (%)

Acrylic Network Formation & Features Gel
Attribution to EB reactions

C=C conversion =

9173
XLD = 3.473 \
100 - ' mmol,/cm3 0:0 —— D10 DR50
'-: -,t'.’.’:i’.'-’.‘.‘- ----- — D40 DR50
L 1000} —— D100 DR50
75p | :
o - ~0.4}
! © >
' o 100¢ .
o0 I 2 o
| o s
| *— 0.2}
25¢ : @+ DR50 10+
I .-l DR125 —— D10 DR50
: .-+ DR250 ——— D40 DR50
. 1 . . ——D100DR0 | | . . , .
0 20 40 60 80 100 0 50 100 [150 200 250 0 50 100 150 200 250
Dose (kGy) Temperafure (°C) Temperature (°C)
C=C conversion = C=C conversion =
: 69% 863
Crosslink density = XLD = XLD = 0.929 mmol -cc XLD = 2.494

3:p-R-T mmol/cm3
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