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Styrene-free Synthesis of Flame-retardant Vinyl Ester Resin Films for
Hot-melt Prepreg Process

Jiseon Kang*, Minji Kim*, Mongyoung Huh**", Seok Il Yun*'

ABSTRACT: Flame-retardant vinyl ester (VE) resin films were developed from the mixtures of brominated and non-
brominated epoxy resins via esterification with methacrylic acid without reactive diluents. The films were used to
fabricate carbon fiber (CF) prepregs via a hot melt impregnation process. The viscosity of VE resins suitable for film
production was optimized by mixing low-viscosity bisphenol-A and high-viscosity brominated bisphenol-A epoxy
precursors. Increasing the bromine content of the cured VE resin further increased the limited oxygen index (LOI)
(39%), storage modulus (2.4 GPa) at 25°C and residual carbonization (16.1%) values compared to non-brominated
VE. Manual layup of as-prepared VE prepregs with subsequent curing led to the successful fabrication of CF-
reinforced composites with high tensile and flexural strength. The results from the study hold high promise for a
styrene-free, environmentally friendly VE composite process in the future.
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Fig. 1. Synthesis of brominated VE from brominated epoxy resin
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Fig. 2. FTIR spectra of starting materials and product
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Table 1. Viscosity and molar mass of the VE resins synthesized
from the epoxy precursors having various mixing ratios

of BER/ER
Molar ratios of ) . b
€poxy resin Vl?ﬁii?ty (g/ﬁ:ﬂ) (g/ﬁ\gl)

BER ER
VEB 1:0 100 0 47550 945 1077
VEB 3:1 75 25 13306 1007 1221
VEB 2:1 67 33 9450 933 1052
VEB 1:1 50 50 5400 943 1065
VEB 0:1 0 100 472 917 1025

#Mn: Number average molecular weight.
® Mw: Weight average molecular weight.
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Fig. 3. The extent of the reaction, p versus reaction time for

esterification of the various epoxy precursors having dif-
ferent mixing ratios of BER/ER
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s o ik whebA] A H =] bl o ZA], ER
S 5kslo] AL8-5}91 a1, VEB 3:1, VEB 2:17} VEB 1:1 A=
0] ¢ F4o 55 FAdsIlo VE 3:1 50| VEB
2:1 9 VEB 1:1 " &9 uv|s}o] ] F-& A2FA](tackiness) =
Hof 3ol ¥ §olsk3ltt(Fig. 4).
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Fig. 5. (a) Storage modulus variation and (b) tand as a function
of temperature for cured VE

Table 2. Storage modulus at 25°C, Tg and LOI of the cured VE res-
ins synthesized from the epoxy precursors having vari-
ous mixing ratios of BER/ER

E at 25°C T, LOI

(GPa) (°C) (%)

VEB 3:1 24 172.7 392
VEB 2:1 2.2 174.3 363
VEB 1:1 1.8 175.7 344
VEB 0:1 17 136.8 20.8
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o =

Folo] EAgE S7HA
TE AL Ao R Bt 14,15]. A3}
H HEF9} VEo|| thiet tand gk 54 A3 (Fig. 5h)=5-E
o}7l T, 3h& Bgo] Z3E|A] o> VE(VEB 0:1)9] T, gk}
] a5}t (Table 2). H5o] o+d VEE2 B HE53}
VE(VEB 0:1) H]3} &2 T, 2 H3ith 540 =& BF
AAEL 7h B =29 75 W22} ATe P Aste] VE

N
ol
1
olN
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Fig. 6. (a) TGA and (b) DTG curves as a function of temperature
for cured VE

Table 3. TGA data of the cured VE resins synthesized from the
epoxy precursors having various mixing ratios of BER/ER

T e T, Char yield

(°C) (°C) (%)
VEB 1:0 394.0 187.3 12.8
VEB 3:1 393.3 188.4 15.6
VEB 2:1 392.4 187.9 16.1
VEB 1:1 393.8 188.4 16.1
VEB 0:1 414.9 191.8 9.5

Holr}h[14,15].

LOT H|AE &= dRbA o ® M} Qo] GAdS F7t
5l= g AFg-=cH16]. &= VEB 3:1, VEB 2:13}+ VEB 1:1
AHE9 /3 LOI H|AER % 715lo] Table 20 8.9F
SHRAtE. BERO] ghefo] ol LOI g2 F7tste, 2
o 39%= S7Fske] me- St HAAS HolFith

Fig. 6a2} b= VEB 3:1, VEB 2:12} VEB 1:1 A]#52] TGA
% DTG Al 2+ UetiaL, 3415 25E &2 600°C
of| 9] XA (char yield)t 2|t} S &4 2% (maximum
weight loss temperature, T, S Table 30] 2 2F5}ct B5
3t o FA2HE 3 VEE= BEFo] ¢li= VEo| H|5ho
600°Cof|A] iAo ® & IR dshs Ko oj= ¢
5] Bl =R oot a2 FolA ez HgAQl g
3t ARES AT Yriitt o] At w2 ©I Y
o] A FAoll(=2> LOI gh) Fefdtth= o A+ 2
kel AXJgict(17]. BE3tE VE= Ut VEo| vlste] o W
2 T A= HolH, & E5j7}F o B2 2Eo4] dojif=
AL oJulgitt. BokE FedAd B7F A FY sl &
AlZ YEA] A|a=(statistic heat resistant index, T 5% S5F
S (Tsy) R 30% S S (T 00)0041 9] 220 T #|
#2A A3t A A9 d M-S Bk Tl
de] ARETH18. 4] (2)F ol-85to] ALk T, 4= Table
30 f.oFs}qlrt.

T, = 0.49[T 4, + 0.6(T 500 — Toss))] @)

24727 vk VEo| vjsle] HESHE VES) die) £
7 Apashgle Wk ohet T, ¢ w slgict ol

S

H
2o 27} g5l FA4S Bsto] IS A7

TFC Heating

Hot-melt impregnation VER/CF prepreg

Fig. 7. Manufacturing of the VEB/CF by a hot-melt impregna-
tion process

Table 4. Summary of mechanical properties of the cured VE
resins synthesized from the epoxy precursors having
various mixing ratios of BER/ER

Fiber volume content (%) 51.0+ 1.3
Young’s modulus (MPa) 7859.7 + 183.0

Tensile strength (MPa) 92.0+4.8
Elongation at break (mm/mm) 0.028 + 0.005
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Hol&r}H17,19,20]. &9 A
'%}0% CF ZgZg1&5 A
. : Z%¥ CFE Fig. 70 A% 8t
AE 3 7AS *}%o}@l VE/CF 2|2 715 A 23}3]
t}. A|Z23%F VE/CF Z2|Zg| 15 2 ply= HE3le &%=
150°Coj| A 2|25 o]-g-5to] st & AlxH 549 7]
A% =742 B7Fsko] Table 4o g.oFsk3ith. W4 VE &=
) 71 AE e AEAQ o BA] Loy TRy
xﬂzg Jg'_%‘l-xH_O,] 7]74]7& AN 7L3r,} _ﬁ_/\}ﬂouq o]: H o
ol A A A gE hel 4 VE S 2 o] B d ghagol
71 &8 ol FA| ez Lo it Mgk A Q) tiete] E
& e & tehfolZ21,22).

4. 4 =2

B Ao e Bt o) B4 FFo| 22t 187.3g/eq B
404.4 gleqq] - 7P| TR Bzpe] v 2wi-A o EA], ER
% BERZ AHg3o] VEB 424 LE-S A 23t{c}. ER/BER
o] &3} H|8-2 xATo Z R VEB £=X|0] Ax 4 Wi &
WS At 5 9900, BERY ST} £S5 4
A VEB 79 A 9 BAeke o EolHeh o] 24
o] HErt &5 o ZA] Y MAAS] 0] 54 01 dstol
o2} ML Est AaTE ¢ 5 AN o
|21 ZH O] 7S BER/ERS] 27 Eu)|7} 3:19]
& A VEBL] AzHAo] 713 Ao 1 =% =28 g
qict Bgo] F4E A VE 44 v Hgst o
FA)of| Hl3}o] 2 25 ehelETl LOI 3he Btk 4]
o & 71 24 (E)T Tg gh& R ek o2 Fof B
o) EA A9 dAS 27 FAZ B ohet
AR B ST % o 4= 9k 2y A %

B AT FANH 7GR A Yok FARRE TS
=5 4y

T st A A 9
2 (A WHE: P0016063).
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