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Abstract: UV-curable coatings have been used in various industries due to their advantages such as high
mechanical property, good solvent resistance, fast curing process and low volatile organic compounds.
However, a lack of flexibility of UV-cured films is a weak point for the pre-coated system of roll-to-roll
process. In this study, UV-curable polycarbonate-based methacrylates were synthesized with polycarbonate diol,
isophorone diisocyanate and 2-hydroxyethylmethacrylate to improve flexibility of the UC-cured films. The
effects of polyol molecular weight, content of photoinitiator and monomers on the UV-curing behavior,
flexibility and properties were investigated. The UV-curing behavior was measured by a photo-DSC, the
pendulum hardness, tensile strength, viscoelastic properties were also evaluated.

Keywords: polycarbonate diol, polyurethane acrylate, pre-coated metal, automotive coatings, UV-curing
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Table 1. Synthesis formulation for polycarbonate-based poly-
urethane methacrylate (units in moles)

Molecular weight of PCDL’

Sample IPDI” 2-HEMA®
500 1,000 2,000
PCU-L500-IMA 1.9 3 22
PCU-L1000-1MA 1.9 3 22
PCU-L2000-1MA 1.9 3 22

* polycarbonate diol
b .
isophorone diisocyanate
¢ 2-hydroxyethylmethacrylate

AC)

=2 WSS UigAel Holu tE Z82 vls)

AHE A v HE7) mof 4 Aol o-F7]
o] AAJT AT, EETHERYC|E S8 Z 9
s CHY 8 2ETo2H HES 4 &
FHRU O] EA Fe]&o] /= ATH14].

&2 AFelMe B4 7HE BAYEE Eol7] 93l
AL B 2 EREAHE dF5r] A% He =R
Ae&H A= A=A 449 pre-coated metal (PCM)
ERo AL A3E E5E A&8t7] flete] =4 T
F s ATt ol 93+ polycarbonate diol,
isophorone diisocyanate$} 2-hydroxyethylmethacrylateS A}
£31e] 2] 74388 polyurethane methacrylateS 34
stTh w3 FE&o] EAE, BAAAY T, B
m o] ol BeAE, FAA8, =HEA PA= 9

2 BrbsHh
2. M= 3 4

oo g5
[ rlo

g
—

2.1. A=

Polycarbonate diol (PCDL)< Asahi Kasei Chemical©f 4]
o BAFo] 500, 1,000, 2,000 g/mol] Al EFZ A&
ol AFE3F oW 100°CE 12 h F¢F =2 A A}
9\11’4’ Isophorone diisocyanate (IPDI, Bayer Material Science)
= 4 A9 molecular sieveE PO FHEFES AAT}
%21, 2-hydroxyethylmethacrylate (2-HEMA, Samchen
Chemical)= A 2] §lo] A&t W& 34 A<
hexanediol diacrylate (HDDA)$} trimethylolpropane  tri-
acrylate (TMPTA), 3 7J A A Micure HP-8-2 1] 25
AE A Z 2R Aol Mg glo] AHEsA.

22. &Y H 712 24 58

Figure 12 AF2]A 83 polycarbonate-based polyur-
ethane methacrylate®] &4 A& UERA Zo|th 47
500 mL ¥H&-=ol wREY|, 2=A, U Wz, da
TA7IE A5t FA4 FHIE ST IPDIE F4
70°C7HA] 7FEdl & ¥ PCDL< 2 h A% dropping
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Table 2. Formulations of polycarbonate-based polyurethane methacrylate (units in wt%, except in PI (phr))

pCcU* Monomers
Samples PI (phr)
500 1,000 2,000 HDDA TMPTA

PCU-L500-P101 100 1

PCU-L500-P103 100 3

PCU-L500-P105 100 5

PCU-L500-PI10 100 10

PCU-L1000-PI01 100 1

Effect of PI and PCU-L1000-P103 100 3

polyol MW PCU-L1000-PI05 100 5

PCU-L1000-PI10 100 10

PCU-L2000-PI01 100 1

PCU-L2000-PI103 100 3

PCU-L2000-PI05 100 5

PCU-L2000-PI10 100 10

PCU-L500-P105-(5:5) 50 25 25 5

Effect of PCU-L500-P105-(6:4) 60 20 20 5

monomer content PCU-L500-P105-(7:3) 70 15 15 5

PCU-L500-P105-(8:2) 80 10 10 5

Effect of PCU-L1000-P105-(7:3) 70 15 15 5

polyol MW PCU-L2000-P105-(7:3) 70 15 15 5

* Polycarbonate-based polyurethane methacrylate
o HC._CHy dilaurate (DBTDL) ¢F 600 ppm< T3ttt FT-IR9)
Ho%(cuz)n-of’:oh(crl:l:;?: + o cHy NCO peak #A3AAM NCO peak?] F4-89°] 0.1 ©]
_ e 87F =9 olgeg AT Yo NCO peake] Abebad
PCDL(C5/C6 copolymer, 50 mol/50 mol ratio) I IPDI TLH7]]-X] ‘i‘l’ % /\] ?;] -4 = @F% % %E’r_fﬂ- 93 q_

=C=N J(L L(cHy) —ogo}—(cu W0 N
0=C= \Qﬁn o b2 ACH2)n \[r N=C=0
& o

[+
DBTDL (catalyst) I "‘cﬁ)'\Aﬂ“ 2-HEMA
CH3

CH,

HC °’Y . ; ~ Jk /{(CHz) ‘000]‘(CH1) -0 \/ﬁ k/o cu,
Hs

Ci

Figure 1. Synthesis process of polycarbonate-based polyur-
ethane methacrylate.
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St OP‘HE]- Dropping ¥ 2 h &<t FT-IRS
2,250 em” (NCO peak)°] =& & HHA o]
7F O ol Eo1EA ¥ W7hA] ¥EEAIZ T 2-HEMA
o] o] FAFE doll HeFetr] wwol ¥ %E 50°C
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fékodﬂﬂ A3AT 2 EHEA
gk WigEE UERA Zloth
frel s 71XHE } 3}%0‘:’4 applicatorg AH-8-3}
40 um®] wet FAE =4 £ Zduojo] HEFH o)X
AR E o] g5t EAF T A AEE HEZE
FTAFSHAZZN 100 Wem, 2 U= 365 nm
olt}, UV ZAFFS 250, 500, 1,000, 1,500, 2,000, 3,000
mi/em’ 2 Th2A] sto] ZANo] ©he U5 Hss
A Byt A=} Aetd SA AlES gFuE
disholl cast WHOE AZEFow, o] uf ZAME F=F
€ 3,000 m)/cm’©] T},
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A&k}, 4% polyurethane-based urethane methacrylate
E A2olA tetrahydrofuran (THF)°l =<3 0.2 um poly-
tetrafluoroethylene (PTFE) syringe filter2 & ¥ PL-GPC
210 system (Polymer laboratories) 2.2 ZA3}R T}, 35°C
9] &= <% 1.0 mL/min®E THFE PL-gel 10 um
column (two mixed-B)oll &2 FH ¢ A% (number-aver-
age, M), = HH AT (weightaverage, M), poly-
dispersity indexE 73t

2.5, 245 HE

PCDL®| &4 9 FAAIAe] o] wg 3733t
Ase ARz 98 DSC (Q200, TA instruments)ol
photocalorimetric accessory (Omnicure S2000, Lumen dy-
namics)E “&2ste] J7E Al Ad7F WIE S5
AHEE e 100 WO T 2 #xolH, 8 9
A8 250~650 nmo]th AAE 50 m/min.® EHF
Rom, Lx= 2500 S-S XS =459k

2.6. 2XHEEE

73t =ute] A7 == Konig method (ASTM D4366)
of wz} WA =A(Ref. 707PK, Sheen Instruments Ltd.)
£ o]g3t SAHSATE SH Al IF FHL 25 25
+ 1°C, 5 50 + 2% RH. Z13A AAAEE =

e

2.7. HEHY

DMA (dynamic mechanical analysis, Q800, TA instru-
ments)E AH&3te] st=rte] HEAF 2 S4e 574
stk Ao 271 2ol 10 mm, YR 6.0 mm, 77
0.5 mm=Z A2} S ™, tensile modeZ frequency+= 1 Hz,
strain 0.1%% ILY3FaL, -50~150°Ce] 2= ollA
3°C/min= F2A171M S48

2.8. QAT

ZAsl=te] 7= 542 universal testing machine
(UTM Z010, Zwick, Germany)g A}-&3lo] 73l ute]
AT Hrlstdth AlHe Z7]= Zo] 20 mm,
UH] 6.0 mm, 57 0.5 mmZ AZsP o, L5 25 +
1°C, &% 50 + 2% RH. ZA3}oA HrlE=+= 20
mm/minZ AFA7|AA JAZAE 2 AZES vl

H7FstATh
.88 ¥ nE
3.1. 84 9 712 24

Table 1+ polycarbonate-based polyurethane methacrylate
4517 A% WFEE e Aol PCDLY B4

. tﬂ-ifj] .

ek

183 - 2A19) - AT

1
Ho{—(CHz)n—oco]L(CHz),,—OH
m n=5or6

Figure 2. Chemical structure of C5/C6 copolymer poly-
carbonate diol.

== IPDI 0.0
20 IPDI+PCDL 4.0h

————— IPDI+PCDL+HEMA 6.0h
—— IPDI+PCDL+HEMA+EOH 8.0h

2250cm’”
¥ (NCO peak)
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., Lf«f"’ ‘"\l:w \..— E
- r T T T T
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0.0 -
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Figure 3. FT-IR peak of polyurethane reaction during syn-
thesis of polycarbonate-based polyurethane methacrylate.

Table 3. Solid contents and molecular weight

Property Solic(l Wif;gtems (g/ﬁ,; ) (g/l\l/ln\,é ) Polyidni(sizirsity
PCU-L500-1MA 92.1 3,600 5,200 1.444
PCU-L1000-1MA 91.1 4900 6,900 1.408
PCU-L2000-1MA 94.2 8,300 13,700 1.651

Foll e 245 27 fs) EAFel 4 500, 1,000,
2,000 g/mol?l A& AH&ste] st ATh & Aol
A% polycarbonate diol2] Figure 29} 2] C5/C6 co-
polymer®]7] w0l =7} gropa Aol §olgk 54
S 7HA 2 Yot TS isocyanateZ IPDIS AH8-3}TH

PCDL®| F&Foll $A|7 sto]==47]0l IPDIS] ©]2
Alopdol EVE B e AR AlFoH, FAsE
AT olFAFS =Ush7] 91dl 2-HEMAS Al o
of AgAIHTE 2-HEMAS AH&d AL fddS &1
st7] flete] HE71E HAadste] AsAT 2 24
Aofstr] g ZAolth. g 2o X8 oAFE A
17] 98§34 Fvit) FT-IRS 33438 Figure 33
7o) isocyanate®] 2,250 ecm' ¥ I} ZAdlE AEES
RAA F4E 24d33Th PCDLS IPDISE 4 $of
HEMAE $8& 28-S AZ "ol olsd o] dol
o) Bajd 4 Jormg &5 xHo] FQ93 Q9lo]

2
Hoh olARl dell ofsf ZelH= == oF 70~
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1 15 15
—=— PCU-L500-PI01 —=— PCU-L1000-PI01 —m— PCU-L2000-PI01
~@— PCU-L500-PI03 ©— PCU-L1000-PI03 —@— PCU-L2000-PI03
—_ A PCU-L500-PI05 — —A— PCU-L1000-PI05 —_ A PCU-L2000-PI05
[3 . —— PCU-L500-PI10 9 —#— PCU-L1000-PI10 $ —— PCU-L2000-P110
g, \3; 1.0 \31 1.0
© ™ ©
L A )
3 3 3
2 2 2
[ w s
5 5 5
o o ]
I I I
0.0
3'0 4'5 60
Time (sec) Time (sec) Time (sec)
(a) PCU-L500-1MA (b) PCU-L1000-1MA (c) PCU-L2000-1MA

Figure 4. UV-curing behaviors of polycarbonate-based polyurethane methacrylate according to content of photoinitiator. (a)
PCU-L500-1MA, (b) PCU-L1000-1MA, and (c) PCU-L2000-1MA.

80°Co| 22 50°CE %5 U
e o QlE 2=V
AstAA FAsEAT 2]l FolQlE o]AAololE
715 g7l 918l o€k 2 endcapping AZAT}. Table 3
< A8 F BAFE SAI Aoty PCDLY| AT
o] 7t wel 4% polyurethane methacrylate 2]
BEA o] F7Vsld o, AR S (polydispersity index)
7} 1.444~16712 Bluz Fd3 BEAg BEXE Uet
isae

3.2. A3HE

Figures 49} 5% Photo-DSCE ©|&3la] JAH3}AFS
=A% Aoty 343t As 54 Aole PCDLY £
Ao mE FIFs WA gelsty] Hste] kg
Bxwe wjAsty et o, BaAAe] e
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"X = FaFS GRS Figure 42] Aol 4] Yehd
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7t REE-S F31ste] FAsE £57F S-S vERd
ok e BAAAY] el FUhEl wet 721
Ao Hlgste] F7ksk= Aol ofyel, dA = o]
Foll A I WstEo] Fadhe ZoR Hol, FANA
Ale] FeFo]l HFY Ag mwkg grZo] REF F
RS & A5 WA FAS S5 F mekg
g s te] FAAA EFS 5 phrE 13
o] % Ag-S Y3

Figure 5% PCDL9| #Atgo] 373} 750l mx|+=
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stal PCDLS] #Atgo] F7hgtell wet 34 sha] e
He HdHE Asta Ho) 73t peak time®: =A|

tlo ox

K
o
ol

>

Journal of Adhesion and Interface Vol.12, No.2 2011

15
—®&— PCU-L500-PI05
—@— PCU-L1000-PI05
m —A— PCU-L2000-PI05
]
7]
L]
o
=
©
o
S
2
o
e
)
©
]
I
Time (sec)
(a) Heat flow vs. time
9 15
.
o
g ]
o
3 8 410 g
@ >
o =
[}
£ £
x - =
3 i s
[ A -5 0
F=]
= b
14 I
—0— Peak time
—A— Heat of Enthalpy
0 0

500 1000 2000
(b) Peak time and heat of enthalpy

Figure 5. UV-curing behaviors of polycarbonate-based poly-
urethane methacrylate according to molecular weight of PCDL
(a) heat flow and (b) peak time and heat of enthalpy.
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—{— PCU-L500-PI05-(8:2)
{ —A—PCU-L500-PI05-(7:3)
—e— PCU-L500-PI05-(6:4)
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Pendulum hardness (sec)
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Figure 6. Pendulum hardness of the cured films according
to content of monomers.

2 YelE= Aol wisl PCU-L1000-1MA 2} PCU-L2000-
IMAE 27} 7.4, 8.8 52| peak time¥} 8.17 cal/g, 4.96 cal/g
9] heat of enthalpyS WEFAT. o3 o]+ E2&
o] ®AFFo]l AAA HWA A& D] EXEE olF
Ao 2 AHEZE TGS EAET olFARe ¢
SV} ZpAEA Hol A3 S57F 4AE] WiEoltt
[15].
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Figure 6 WH3-4 RXw<Ql HDDA®} TMPTAS %
3

"
3

o] AAAER A3 TAHAE nXE FFS
W Zlolth. UV ZAMEFo] S7igtell webA] B3] vt
o] Xg=o] 7tu =uhg FASH7] witol] =qHe
Z7Ft o™, 2,000 ml/em® ©)FolAE AR
| Zraste] Aol dAT e UERATH6].
2l o] H]&°] 20 wt% (PCU-L500-PI05-(8:2))
o] AL ALt E 1,000 ml/em’e] FEF o]4kol A 100
s oo EHAEE YT FdA8e Fos]
et H57] o vESAS WA -5 7] ol
3 ol vl go] FUIETE AiEE 9 3
15l A=rF FUbeke A23HE eIt
ol oFo] 40 wt% ©o]Xde] HW W A=
£ 2954 FH, 50 wi%?l Ao
sl EHre] RHAEYE oA fadte A B
t}. o]#3 o]f+= HDDA, TMPTAY ¥Atgo] ztzh
223, 296 g/molZ 500, 1,000, 2,000 g/mol¢! PCDLXEth
2b7] wiol, ¥ Bamrl A uigdEw sk
Tt AN olo] ulgl HDDASF TMPTAS] #Hal
gt RixmE o] Foix JtuT=xe YETL F7eho
7slzutel 7AH EA4o] Ad¥HoR FUlstA| &7

o]t}
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Temperature (°C)
(a) Storage modulus
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©
ek
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(b) tan &
Figure 7. Effect of monomer content on the viscoelastic
property.

3.4. HEHY

Figure 72 R 9] &Fo] Hetdol| nx|&= FaF
Uebd Aotk Hdetdd AL AR e %
s 71etAs o th3ete] B EFO
250 met SHs= Ao 2 T4 AAEAd E(storage
modulus, B’ =+ G'), &8 E(loss modulus, E" ==
G")3} mechanical damping (tan 6 = E"/E' =& G'"/G')
T 7Y T Jon A5 fFEHdo]E(glass tran-
sition temperature, T,), A, 7%, AASIE, F&
g o e 7= ¥ FH ¥3} 5o HRE A& F
ATH17].

Figure 7(a)°llA & 4 A=xo] Bxw9] o] F7}
&5 PEFY H(rubbery plateau)oll A1 2] storage modulus
ol S7kstTh oAl HeljA|, Bi=m o] 3ol F7t
st Whg-Ado] S7bstal Aot £X1E, tud s
7} =2 =& PAsA "ot olo] we} Figure 7(b)
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(b) tan ¢
Figure 8. Effect of weight of PCDL on the viscoelastic
property.

9] tan 69 HUiFO = T3 T,= PCU-L500-PI05~(7:3)
Q1 7§ 55.7°Cel 2 tk7} PCU-L500-P105-(6:4), PCU-L500-
PI05-(5:5)Y w 27z} 57.5°CS} 58.9°CE F7hehe AL
gl = Aok wEA FAe FoIstr] Hsie] v
Aol WA AAE AL A3E Sear e A¢
Ll o] i‘ﬂgl e -t wkgA 9 A3t
e BAE F dSS s
Flgure 8% PCDL®] EX}&fol] M Hetd EAS
Rl Aolth. A B3 AT & F UKol EE
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Figure 9. Effect of monomer content on the tensile behavior.
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