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Abstract: Waterborne polyurethane-acrylate(WPUA) dispersions were prepared by surfactant-free emulsion polymeriza-
tion in a two-step process. In the first step, polytetrahydrofuran, isophorone diisocyanate, dimethylol proponic acid, and 2-
hydroxyethyl methacrylate were used to synthesize a vinyl-terminated polyurethane prepolymer. In the second step, styrene,
methyl methacrylate, butyl acrylate, and different multi-functional crosslinkers were copolymerized. 1,6-hexanediol diac-
rylate, trimethylolpropane triacrylate, and pentaerythritol tetraacrylate were used as the crosslinkers, and their effect on the
mechanical and thermal properties of WPUA was investigated. Overall, as the number of functional groups of the cross-
linker increased, the gel fraction improved to 79.26%, the particle size increased from 75.9 nm to 148.7 nm, and the tensile
strength was improved from 5.86 MPa to 12.40 MPa. In thermal properties, the glass transition temperature and decom-
position temperature increased by 9.9°C and 18°C, respectively. The chemical structures of the WPUA dispersions were
characterized by Fourier-transform infrared spectroscopy. The synthesized WPUA has high potential for applications such

as coatings, leather coatings, adhesives, and wood finishing.
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Introduction

$A &3] gk(waterborne polyurethane, WPU)¥} o}=2&
o2 (acrylic emulsion, AE)}2 27 & Q1A of Fafigh 2
A §7)13F5HE(volatile organic compounds, VOCs)9] v &3
& 2T 5 Qe AP 242 AT ot g
Y gh(polyurethane, PUY Q14 W AT 22 214 &
Kol $<siel, A4 ATHES} A AaREe] X3 ¢
gt 23 Ato] #2249 23S S A4S gA 22
4 olebe o] QIck2? E2ol2 Y o) (polyacrylate, PA)
= A=, WS, WEAS 2 3 SHoA 3% EAS
U Ak, gy @ ek e PUSY Hs) Aekale ¢ PUSH
PAY] S A¥sta 243 7IAsH] S8 WPUSL AES
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817 6 2 A%l 4 E8] g gk-ol =2 g o] E(waterborne
polyurethane-acrylate, WPUA) 3}o|H B =& A| 8= AT
7} &bs] A5 31 Tk Peruzzo et al= PU & PAE E&]
2 2 sto| B & A|ARE o]-§3ta] WPUAES A| %3}
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3 71 93t 71 A1E B4 9 WS UER gleh” WPUA
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e 94 71 AA BT G S8 F48E 971 9
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WPUAE= A 25 7HA| 2L §lo] WPUA9| 7ta 125 #
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E AL, Xu et alZ ofmd GEFA|Y FAA
trimethylolpropane triacrylate 7} 1A 2] H]-&-of ©t2 WPUAZ]
B4 458 AT

A At Aok 2ol 7hL 72 HolE 97 AT o)
oFshup, ok delo| £ 4] 7bwA|Y Ts7] 47F WPUAS] 2
Aol mA = FFE A8 A A= v g5tk 2 A
A= I57] 7 ke o2 H 0| EA 7t A E A5
WPUAS Azsln EAL m&stgth. WPUAL vinyl-
terminated PU prepolymerE X E(seed)Z dto] ofad daF
A 4 7tuAE F7bska oEd S S8l sk
WPUAS] 3}8+& JLZ = Fouier-transform infrared spectro-
scopy(FT-IR)Z &213}9 311, WPUA EAEH 9] QA7 7] HE3E
%, WPUA B2 97 9 7|4 B4 7huAlel £57}
wlAE Fae Blsc
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Experimental
1. AleF U &2

Vinyl-terminated PU prepolymer ¥4 93l polytetra-
hydrofuran(PTHF), dimethylol proponic acid(DMPA), isophorne
diisocyanate(IPDI), triethylamine(TEA), 2-hydroxyethyl meth-
acrylate(HEMA)YE A3t T Acrylate ©EFA| 2% styrene
(ST), methyl methacrylatea(MMA), n-butyl acrylate (BAYS A}
ottt = vk &S #Eshke SR dibutyltin
diluarate(DBTDL)E ARESFE AL, acrylate 232 918 7HAIA|
2 amonium persulfate(APS)E AFE-3IFTH ¢ A|FE2 5
Sigma-Aldrich(USA)oI 4] elate] AA|glo] ARgatAT.
DMPAE &3[5t7] 3t 382 = N-methyl pyrrolidone
(NMP)Z Samchun(Korea)ol| A ]3] ARSI T

2. WPUA M=

451 500 mL ¥+2-7]¢o]] PTHF(0.02 mol)2} IPDI(0.09 mol)
£ FY T, 70°C7HA] 7tEsta Aa 2971004 71414 1
ul7)2 &3ttt 1 3, NMPo] £3]E DMPA(0.04 mol)
£ EFE st 80°ColA 308 muksldtt. o],
DBTDLE F¢Jste] 712 347t REGAIFTh FT-IR &7
= &3 -NCO m=a7t A gholl =2 wj7hA] wytsto
HEEAIZ1 3, NCO 2t PU prepolymerES 935t Hh-g-
712 60°C2 WZFs+ HEMA(0.06 mol)2 £9]ate] 3|7
S<F ¥ A17] & vinyl-terminated PU prepolymerS 435}
st

Vinyl-terminated PU prepolymere] o}=d @aFA|<Ql St(10
g), MMA(10 g), BA(15 g)9} tf 54 7}A|2l HDODA
(0.003 mol), TMPTA(0.003 mol), PETA(0.003 mol)& 2}z &

A B EeE = F2HAQ] TEA(0.04 molyE T3] 402 &
o} DMPAS] ~COOHE £3}514t}. 11 &, 114 THH600-700
rpm) 3tof] F-FE dropping funnel2 M 3] FYstgch. o
g =5 fA8H ARE B 4 B4 38

80°C 52 & 7HAIAIRL APSE H7}sto] ofad TekA|o ¥
TS AP FTIR 545 3 C=C 927t 2283
= FIT & WS Ao, HFH s PR A
o] 30 wt%¢l WPUAS At WPUA =& Ags 7ha
Ao wal WPUA_H, WPUA T, WPUA PE sl on,
7tRAE AHSHA] 9 &S WPUA_CE Hstglct

3. WPUA EE M=

WPUA 2491 feitte] SEF F F2old 2447,
SSCAA 6417 AF Ao} R 22 AAS BES
Azt RE BE] FAE o 200+ 10 umo] .

A

4. 28 24

HI

4.1. Gel fraction

WPUA Z59 4 g2 SH5H7] Yol &= 1 em x|
cm 372 FH|8EL 48X|7F FRt obA|Eol| AR THR 7]
F%, Wo). °]F 60°C 25 @204 24A17F St MES A
Z8to] Zho] obA| ES AATHATHF7] S, W). A =HG)
< o Aol wet AlAtst A

G = W/W, x 100(%)

42. FT-IR

WPUA FE9] 3lst L& BXA3}7] €3] Fourier-trans-
form infrared spectroscopy(Cary 630, Agilent Technologies,
USAYS ARE3L T SIAES 4 cm™!, 324} 3142 642 650-
4,000 cm'2] Mo A =AAT ZE MEL attenuated
total reflectance(ATR) RERE Al2o)|A ZAE Q).

4.3. Particle size

WPUA BAtoH o] 9Izx15 7] U zeta potentials: Z435}7] ¢
3] particle size analyzer(SZ-100, HORIBA)S AM8-3}%th =
£ AIBE RS2 D45} 25°ColA 33 2ot Bk
& Asrstee.

4.4. DMA

WPUA HE9 7 7|AF EAL dynamic mechanical
analysis(242C, Netzsch, Germany)E ARSIt 2 WPUA
22 | Hz Fu42 N, 297]94] 0.66 K/ming] £==2
-75°Co A 100°CE 71<E3tiTh.
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45. TGA

WPUA Z59 4 S H7Hst7] ¢I8ll thermogravi-
metric analysis(TA-2000, Dupont, USA)E AT A4
7] £of 5-10 mge] AME-E 30-600°C H oA 10 K/min
o 3¢ sz 2y,

4.6. DSC

WPUA ZE9] §8]Ho] x5 =A3}7] €3} differential
scanning calorimetry(Q100, TA Instruments, USA)S A3}
et 5-10 mgo] &L A4 £917] o] -50-200°C H 9
oA 10 K/min®] &&= 7FFEstoiA] & o8 AA £ A
S AL 07 W7 3 200°CE A7t Este] 2z WIS
gelHoleEE Agstart.

4.7. Tensile properties

WPUA 2 59| 1 5432 H7I5t7] 9@l universal testing
machine(5ST, Tinius Olsen, USA)S AME-3FFTH A H-2 o}
FE= Aot Aztetga, AFFESL shhilE9 cross-
head speed= 100 mm/minZ2 A2 4 53] &3} H gk
< Akt

4.8. Pencil hardness

WPUA Bge| d87EE 245} 9o AA=AMT
6510P, HFBTE, China)E AF&-3}th. ASTM D3363 112 9]
w2l B AW Abole] ZEg 45°= DAY F, 750 g &
g 7lelRA 237t Baela) g A% S5 5 M
dod SFo B

4.9. Gloss

WPUA ZEo| mwl Fag Hrlsly] s Fe 247
(Micro-TRI-gloss, BYK, Germany)g A3t T A2 A
20°% 53] S 3te] WAghe AT

4.10. Swelling test

WPUA &2 Y& B71st7] 93l 55°ColA g A
Z % 30 mm x 30 mme] 7| & FH] T 25°Co| A FF40]
A NATE 2447 F filmS ABAE G T TAE =
et Be AR (e Theat 2ol Akshart o714
me Az" "9 7] A0, m HoH AZol 1

Aot

o = (my — m;)/m; x 100%

Results and Discussion

1. Gel fraction

WPUAY] 7tult2E gel fraction 3 53l FH718HHth
(Table 1). =2 gel fraction2 S3|EA] F2 7lu=z €3 H
pol e Ao, R LS ofulaie S 7w} ool
A A] &2 WPUA C9] gel fraction2 0%= SA =it 7Fn
A7t 25tE AME9] gel fraction 7FuA| T57] =7t 57
3to] et WPUA H < WPUA_T < WPUA P 402 Z7}3}
= A2 Eth ol B W] e 7 YEE Y
AIZIAEE, 7t Y] F7he B2 ol FAS AN 5

et
2. FT-IR

WPUA ZE9] 3}6t7 L2 FT-IRZ 2435} th(Figure
D). BE ME| m3E FABH Yebkth 3,300 cm” 9
2,250 cm™ 2o A -NCO € -OH 1§ 7|Qlgt u=27} &
ZE A ¢S AL E3) IPDI, PTHF, DMPA @ HEMAS] ¢+
e whg-S ghelstinh” $-alghe] N-H 73+ 3,320 cm™'o]
A QA Jebdeh -CH; 2 -CH,9] o) & vt 2153
o] et w3 2,955-2,855 cm oA EE| QI
PTHFS] C-0-C A1&X% 93L& 1,110 cm™'of| A Yepdeh?
odet @ olmde C=0 1,719 em’ FZo|A Uyttt
1,650 cm™'9] C=C "3 Yeptx] ghgted), ol 2E A
ZolA ot g ol E Him 9] glt)Z S3o] H3Aos &
A0S ou|dct?

Table 1. Gel Fraction of WPUA Films

Sample name

Gel fraction (%)

WPUA C 0
WPUA H 52.24
WPUA T 63.79
WPUA P 79.26
oy o \ al i | f
(d ) ] 1Y | ,M‘ . 4 (3
| | 7
] A S— —_
s (c) \ af || A4 " Ve
c | Wa
© \
§ (b) T "ﬂ_.‘.,“ﬂ" |‘ /Vﬂhu'q‘v"\" ,n‘ : JJ.-""I.JI
pad [ | |
il N R W '
(a) \I\" ."'Ir / Ill'\z{ U'\f‘],\ f ‘,.‘J'I_ﬁ"‘\‘
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Figure 1. FT-IR spectra of WPUA fim (a) WPUA_C, (b)
WPUA_H, (c) WPUA_T, and (d) WPUA_P.
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Figure 2. Particle size of WPUA dispersions.

3. Particle size

ohekgt o3 dH o] E A 7h A7t Z3HE WPUA M9 ¢
A A7) 25 745t h(Figure 2). 7ha Al ZJ8HA] &
2 PUAD C9] B3 YA A7) 759 nmc}. WPUA_H,
WPUA T, WPUA P9] 24 Azt zHz} 109.3, 135.5, 148.7
nm= A E| ]t} 7FA| S AR WPUA AE2 45 B4
YA} 2717F S7H AL EAE 4= QU Zeta A &
7+ WPUA C(-83.9 mV), WPUA H(-80.5 mV), WPUA T
(-42.9 mV), WPUA P(-44.7 mV)Z ZA=9ict. PU AF&9
235 TEAZ 2315 DMPAS] COO o]0 23] 22| zeta
A9 g 27 "t Zeta Y] H$- 7taA| Q] Ps7]
7} F7Fehll whet Aadhe AEFE HolH, o] 7tk 7t
Al COO o] 20] At EH O & v 2| =] 7] o] 7] fj&olct. &
WF ol27] RFHo2 g, BT At HystE7] ¢
3l 7} AI7F A7 WPUASQ] B4t ) 2717}F S7ketet.”

4. DMA

WPUA ZE2] DMAZ &33% AZEAHE 9 tan § 1=
£ Yehf Ath(Figure 3). ®E WPUA ZE9| AR ES
—40-20°Col| A} 223 ZAsaT). o= g &= L7t A
AR AT AS G ¢ Ut ALHAYE L tan § BF
WPUA_C HiH] Zs3tglon, WPUA_P7} 7Hg -3t 54

(S

< yehfigich ofad g o| EA 7t A7t e W E S ot I
£9 BEHAE F7IAT Y tan § FE FE Aol 2E
(Tooll Al VFERETE Tan § ZAoA 2E MEZ9] thel w5
L WPUA A|AElo]| A 2] PUS} PAQ] $-23F AF4A]S o]

st} 2

3500
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Figure 3. (a) Storage modulus and (b) tan & versus temperature
curves of WPUA films.

5 o

. € =4

HI

7HA P57] o E 2 A E WPUAS TGA I =5 v
R $ith(Figure 4). WPUAQ] S &40] 5%(Tys)oll =2
SHE 240-330°C W99 LEE A2 ATHESHS @ 8
2 A 23l 2FolaL, FEFEA o] 50%(Tasow)oll EEsH=
350-400°C Mo 2= A AIHE ¥ PAS] £33l 2=
o|t}h.? MEZ9] Tysy Tasone 2r- WPUA C(248°C, 359°C) <
WPUA_H(252°C, 366°C) < WPUA T(263°C, 367°C) <
WPUA_P(267°C, 377°C) =02 Z7}51th. WPUA_Co| 1]
shol BhLmrh A5t ol AHEA| B 47 S7he
of et o 2 7k vEas sy gl

WPUA Z59] DSC ZA-& e ith(Figure 5). WPUA
ZEY Te= o= g8 0| EA 7HuA| #5719 7} S71et
ufe} Z75tgeh o S 7k B3t ol gdlo|= @ PUS)
279Jo] AI3H=]7] wpolt}. T,= WPUA_C(539°C), WPUA H
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Figure 4. TGA curves of WPUA films.

(55.6°C), WPUA_T(59.4°C), WPUA P(63.8°C)2.& T4 1]
37} A=A $A A DMA 2o} FARE 342
2, 9 T, WPUAS 953 4842 ojn)dit).

6. 7|4 =4

WPUA ZE9 stress-strain 241S Figure 50 YEIH S
W, 38 ZIE Table 20 85I 7tuA| S| H57]
9] $7h= WPUA BE9| IFAE=E S7HI713L, dilE
& AAART ol AR 270 4E YF YEYIS
A5 fZold

E£3], PETAS A3H WPUA PO Z$-, I=3t 712 Q1
3| A= 9 mkal-go| WPUA T v|&f ZHAstglcth 3t
& ARRE A5 D8 Aol WS Pelhn A=l
T2 Edd94S S7HIA WPUA_P 259 7|44 =24

[}

oL
filo

v WPUA_P
—&— WPUA_T
, —e—WPUA_H
Y —m— WPUA C
% YVVVyy
= Y, l
2 1 A U vy IV Y yvyy
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Figure 5. DSC curves of WPUA films.
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Figure 6. Stress-strain curves of WPUA films.

Table 2. Mechanical Properties of WPUA Films

Sample Tensile strength ~ Break strain Pencil
name (MPa) (%) hardness
WPUA_C 5.86 207 2B
WPUA_H 7.29 123 2B
WPUA T 13.90 118 B
WPUA P 12.40 77.8 B

o Hste 2yt

WPUA C 9 WPUA HO dIU7 =+ 2BE FU3 7o =2
2459 0m, 7HA| We7] Sol T2 Zol7h UehA]
Stk WPUA_HO| 7 235 7AmAlE AMg3tel7] ool
HuE Pl 2GS WAA Ytk WPUAT 2
WPUA_P9] 97 =t B2 S gho2 245 glon, 3
a4 7h 37 9 YE9S FRE Q18] WPUA_C il &
A8 ghe By

b |

7.

okl

WPUA Z-&9] 338 7+-& Figure 7] YeRY itk WPUA_C
(71), WPUA_H(69), WPUA_T(73), WPUA_P(32)Z WPUA_P
£ ARt BE AEA 7haA| 9 e7] ol BARL] 70
=] AR g E AT WPUA_Poj|A o] AA|3] 4
a3l ol 95 AR A, 8 SEsHEA 2 7h
E2 Qe Ao S A eFo] sk, 2H AA7)7)
S7lste] Fejo] sieteted] 9 Al Ao dekd”

8. Swelling test

WPUA B59| F& AY dIE Figure 80 eI
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Figure 7. Gloss of WPUA films.
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Figure 8. Swelling ratio of WPUA films.

WPUA B2 B8 A9e 7HmA) ®s7] o] whet ot
2 E4o] Uehgth #57] 4 71 4 udE 57
A, 7h Apol o] Ak Zol7k FolEe] AT F2E o]
1, Bo] BEOR PRk AL AAFATH EE, zeta
potential 2% Ao A WAL A7) Solo] i
Z HjgFE o] WPUA_C < WPUA_H < WPUA T < WPUA P

02 YAo] 43kt
Conclusions

2 dFolAe 7R BE7) ol IE A EeeEw
oY ol EE A5t EAAE B3 Gel fraction
54 23, 7t A #57) £ 7P B WPUA_P7} 79.26%
2 A o] 7P &34t FT-IR 57 A3, -NCO, —OH ¥
3 481 C=C "3 AEL 53| vinyl-terminated PU
prepolymer®} ofZ A o] E 9] FF-go] A o2 A=

2 Iskglnh. YA7] D zeta potential 57 23k, 7k
Ao} W] $7F LSS COO o] &L A% R o
wol 7HE 3, ol & o] o3t BebgH $71E A8} YAt
o B3t 2717t F7stgh AhwAl B7) ¢ 37k 98
H,71AH B4 2 W4y = WPUA_C div] sl
th. DSC @ DMA 24 23, 94 T, ¥ tan 57} SlH g0
u, o]t PUSH PAS] 43 44§42 ©Ju]ath. WPUA P
£ A4 AL B MIUER Q) BRAT SFo] WAstol
E9 AR7|7H Z715kn Beo) stesteint. ARHOR 7]
Z WPUA W ol gelo|= 7t g $3) 7142 2 921 &
ol F4A WPUAS FHT + Uslov], 29, 7% =
9. WA 2 B4 uhga 22 chRt Hofol S8 7k

o] =tt.
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