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Abstract: Currently, peroxide cure is a widely used cure system for rubber materials. To improve its effectivity, co-agents
are used to enhance the peroxide efficiency and mechanical properties of rubber materials. Co-agents are multifunctional
organic compounds that are highly reactive towards free radicals. These co-agents provide higher cross-link densities for
a given peroxide concentration and improve the mechanical properties of peroxide-cured rubber composites. In this study,
trimethylolpropane trimethacrylate (TMPTMA) and high vinyl 1,2-polybutadiene (HVPBD) were used as co-agents. In
order to obtain a concentration that achieves a favorable balance between mechanical properties and co-agent concentration,
this research investigated the effects of co-agent content on the curing characteristics, chemical structures, and mechanical
properties of HNBR composites. Additionally, the heat aging properties and compression sets of HNBR composites were
investigated. Based on the results, we found that the HNBR composites with TMPTMA co-agents exhibited higher Shore
A hardness and 10% modulus and better heat aging resistance and compression set than that of the HVPBD co-agent. The
heat aging resistance and compression set deteriorated with increasing HVPBD content.
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Figure 1. Chemical structure of co-agents; (a) trimethylolpropane
trimethacrylate (TMPTMA) and (b) high vinyl 1,2-polybutadiene
(HVPBD).
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Table 1. Formulation of HNBR Composite with Co-agent Type
and Content

. HNBR/co- HNBR/TMPTMA HNBR/HVPBD
Ingredients

agent 0 5~20 5~20
LT 2157 100 100 100
Carbon black

(FEF) 20 20 20
Stearic acid 1 1 1
TMPTMA 0 5~20 0

HVPBD 0 0 5~20
DCP 3 3 3

(unit: phr)

3. Al HI=f

71AR B4 £ $I% HNBR E34A9] 7t AlgH
2 80 ton GAZHAE ARSI} 170T o4 ODR (Kunhaw
engineering, Model, KHR-200) 27-& £3}o] dojR AA 7}
FATH T2 2 mm A2 71 AES AzHshac.
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2 6Rom s AME oA AR EEE tehhs
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of A BEEES LEPASITh 10% AFE UL te] See
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B B A7) AR A 3087 W T AHe] £AS &3
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Results and Discussion
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Figure 2. Rheo-curve of the HNBR composite (left) and magnified initial rheo-curve (right) with different concentrations of co-agent; (a)
trimethylolpropane trimethacrylate (TMPTMA) and (b) high vinyl 1,2-polybutadiene (HVPBD).
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Figure 3. Bond strength of various types of C-H bond and order of hydrogen lability.
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Table 2. Curing Characteristics of the HNBR Composite with Co-
agent Type

TS] 2 TCgob) CRIC) MHd) M]_c) AMD
HNBR/co-agent 0 42 404 028 4.09 1.14 295
HNBR/TMPTMA 5 20 371 028 457 1.06  3.51
HNBR/TMPTMA 10 19 381 0.28  5.06 1.01 4.05
HNBR/TMPTMA 15 20 343 031 579 097 482
HNBR/TMPTMA 20 19 342 0.31 6.57 090 5.67
HNBR/HVPBD 5 33 399 027 4.65 1.08  3.57
HNBR/HVPBD 10 34 423 026  5.08 1.08  3.99
HNBR/HVPBD 15 31 411 026 582 099 483
HNBR/HVPBD 20 28 407 026 6.15 095 521
9Scorch time
YOptimum cure time
9Cure rate index
YMaximum torque value
9Minimum torque value
Difference of maximum and minimum torque (My-M,)

Before vulcanization of HNBR/co-agent 0

3500 3600 2560 2060 15Ioo 1o'oo 500
Wavenumber cm-1
(a)
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(Terminal =CHyp)

3500 3000 2500 2000 1500 1000 500
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(b)
Before vulcanization of HNBR/HVPBD 20
3500 3000 2500 2000 1500 1000 500
Wavenumber cm™
(c)

W3tEE Al 132 =9 32 HVPBDE =4 (side chain)o]
A v 7] (vinyl group)oll 23t 2ht]Z B4 Hrt TMPTMA
ko] AR A>3t B FAol LAl eE
AH o] yehd @402 ddE g7 9] C-H 2o
L 464 kJ/molo]H, <& 7] 9] AR 368 kl/molo] T},
wtz}A] TMPTMAZ} HVPBDo] H|5}to] THAFSHE 7} mA] 28
oA 7haRt-g-g o WEA AAAGE & 4 Atk Myl 3
% TMPTMAZ} 347Hel HNBR E3kazjeh o274 Ty, o] %
HA4% B3 A5 72 UEhA gisken, HVPBD %
o] 7Kgl et AN&Hog Zrpste AL Ueho,
HNBR/HVPBD 209] 7% 6.15 NmS Uehf ek AM E§
My S7F2 Ql8te] 295004 5.672 S8t 7tnd =g
Yetfl= CRIS 74 HVPBD ¥ F7ho] w& HNBR/
HVPBD 347 ¢] CRI gt W 8h= YEA] 43t sttt
HNBR/TMPTMA E-3t44) 9] 7% TMPTMA $F 10 phr o]
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Figure 4. FTIR-ATR spectrum of the HNBR composite before vulcanization (left) and after vulcanization (right); (a) HNBR/co-agent O,

(b) HNBR/TMPTMA 20 and (c) HNBR/HVPBD 20.
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Btk 2 AF0) AHEE HNBR TEAe] 29 AL 54
& 98l ar|Zot2rdr)rt 28 Saolt 1727 4
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t}. HNBR/co-agent 09] %% 7} A Fo 43 A8Ew
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Figure 5. Mechanical properties of HNBR composite before thermal aging (left) and after thermal aging at 135°C for 70 hours (right);
(a) Shore A hardness, (b) tensile strength at break and (c) elongation at break.
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TMPTMA 20 Egt2A)¢] 7} A 3 FTIR-ATR AH = 1
312 wo] ok HNBR/TMPTMA 209 A< 1637 2 812
em'9] 35 7ha & #F S gllek 1637 em ') 92
£ TMPTMAS] C=C A4l ¥ 7]Q1gt Zlo]n, 812 cm™
2 4 =CHollA] 7] %te}! whebA] TMPTMA Eehe] =CH,
7} apatsiol elgh 7 whgol Tolsto] WetHiic @
=t} Figure 4(cy= HNBR/HVPBD 209] 7} A 9] &
HEd WH3E Ro3F0, HNBR/co-agent 03} Zo] FTIR-
ATR 230l 7hio] The Wshe Bael7)i ol=igot.

3. 7|AI™ M (mechanical properties)

S7A| 9] F7} FHegoll 2 HNBR B34 9] 71414
B4 2 yWEAHsE 15t et WE =3 A, $9
Shore A =, 10% Z&2|A X whilE&-S S751aL Figure
50 UetWiqlct. Shore A H= W 10% REHAO HL ¥
7taA o] 7 FE AFH R Aodte e Y
el glom, 37tnA 9] FFel weta = Sk A=l 2
o2 yehfgich. HNBR/TMPTM 23474 TMPTMA
ZFo| 5 phr £7} &<E Shore A BAE+= 2F 9 point¥] Ar53}
9o, HNBR/TMPTMA 202] 10% 2E& A% 0.52 MPao]
Al 29F 1048 =7} o] 543 MPaE ER¢itt. HNBR/
HVPBD 23}44)]= HVPBD 3}&Fo] 5 phr 27} <=2 Shore
A HEZEE 9F 4 point¥] A53tRoH, 10% BREHA] 9
HNBR/HVPBD 200¢] 1.82 MPaZS U}l o] HNBR/co-agent 0
E3raA ol Hgte 358 F7b S AAE YERHUCH
HNBR/TMPTMA E344] 9] opehAl&-2 g7t A7t H 7t
A ¢k-& HNBR/co-agent 0 S5 9] BphAl-&-2 435%5 1
el o, F7tA| deFo] 7l met A&Ho 2 7
43l9] HNBR/TMPTMA 200] 66%, HNBR/HVPBD 200]
276%% 242 Yep it o]2f st @A 7t A 7F 2hitE)
Eo oz FA49 oz a8 FAAAI7|L TEA A
7+ 7taL o} (cross-link bridge)s BFAIA Ustt= @42
2, TMPTMAZ} HVPBDET} 7} &-& Akl 7] A 2 24 of
B v|A e FET taEE A o 2 7|98 5] o
o Yehd= d44e s addn & TMPTMAZF HVPBD
of u]3] HNBROJ A FUgt 7hRA] ol Al o @2 7ta o
2 g NS AT = Ao LREFLA Y - 7h
1=7t 371 &8 e 9 BEYAE JUI6HL A8 3
43H= Aog IA Qi

WE =3} A, 2] Shore A F= E 10% ZEHA FH2 H|
W3l 2 HVPBDY] §Hefo| Z7)3ho|| we} HNBR/HVPBD
E3tAR) 9] Shore A AE I 10% REHA Z7FZ0] HNBR/
TMPTMA E3t2Ao]| H|8te] A Uebgth. HNBR/TMPTMA
209] Shore A FAZ+& =3} Ao H]5}te] 2 pointZ} 4453+
ow, 10% EEHAE 12% AH53tgh. ¥hHo| HNBR/

HVPBD 202 ZH =7} 6 point 713} 10% Z-E2 271 73%
Z7kete 23S byt olgd 2719 Fagele
ZF 7R Aste] JFE F7HA| 9 £33} P57 (unsaturated
functional group)7 Fol] &J3] AbstE| WA 2714 7L ¥
AAA et @z Atz EY, 5719 Ajole JRE ¥
7k o] 323} Hs7] 9 FdAteldf 7]Q1% Ao = weE
th. HVPBDE] ¢ TMPTMA Xt} itz Hhg/do] W2 ¢
9717} ok hgElolgli HhE TMPTMAS] 45 2]z u
$40] & FY/E 1 B2 F 34 Feetn ik 1RE
P2 g o R Wdest A LREGLA ] FFE 7
A H F ARGl o8 714 7t vl E FAAIA 7t
nI=7} F7FeHA Hr

—

4. Ud=HAESE(compression set)

BrhaA|e) F5o} Bl U2 HNBR Hgtan)e] 2
TE2& HSE Figure 6] YEIHGTH S5 T1E582
sgade] AwUEe] dFE W AoR A It
HNBR Egtaz|e] 7tuEA % 7|AZHEY =4 ZAF
TMPTMA 2 HVPBD 3o Z7}3to| whe} 7t st =
7t #48 @ & Qo s dETESe 53 2
HNBR/HVPBD 5347419] 49 /hn e 371t e 4%
2 Uehjgich. HNBR/TMPTMA E3tA7) 2] A< TMPTMA
ol S/l met GEATE LRl ALGHOR Fast
&) HNBR/TMPTMA 20¢] HNBR/co-agent 0 £33t o] H]
sto] 7.5% Fadshs A4S UeERgith HhEo] HNBR/
HVPBD E32:79] 79 HVPBD 35 5 phr o] S5E 4=
JFESgo| Z715t9on], HNBR/HVPBD 209 #<$
HNBR/co-agent 0 B3}+47)] tjv] 2.7% Z7}5t= 21=E 2
o} o]t SV A2 ASHE oA FAE M2 7
A o7t 7|Eof FAE 7ha v ol o3t BHE A3t

20

18.5
0

18

16 -

14 1

12 1

10

Compression Set (%)

—— HNBR/TMPTMA with different content
6 1| O+ HNBR/HVPBD with different content

Ophr 5phr 10phr 15phr 20 phr
Co-agent content in HNBR composite

Figure 6. The compression set of HNBR composite with different
types and concentrations of co-agents.
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;
&

ekt @40 2 BetEth A2e 7h thele] g4 Y
w3} 59 7| A28 Watel A Uik ufs Zo] Bgo
H7hE FhwAL BT 7)) 7)AG AR 24 T 4

. oo e s19] oja) 38 2744 7Hckels HNBR
Bgade 4T GHGTES RS AFANUS & 4

1t

Conclusions

2 JFojA TMPTMA % HVPBD i7}mx1]94 3eFo)
HNBR 53 o] 7t A, 7|AA 84, WEEAL 4 4=
FTrEeE vA = FFE A5t 7S/ TMPTMA
4 HVPBD 37} A 9] ghego] F7}ste] uhat HNBR &34
A AME F7tste] F7taA| H7tE QI Ztud® 4t
2 3}9] st AF A7+ HNBR/TMPTMAZ} HNBR/
HVPBD E3tazfo] H|ste] Zobxl Aut 3hE Ueidof
TMPTMA~”} HVPBD 37} A Bt} T2 Q3] FA4=
ozl WEA vheEHE & 5 Atk 71418 E42 371
A 7t g 7tudE 72 1ste] Shore A H= 4
10% REHA7} 27161428, HNBR/TMPTMA”ZF HNBR/
HVPBD EgaA o vlste] o w2 S71 HetWoh W
IAL TrlwA o] 27} s~ HNBR/TMPTMA £3}
AZH°ﬂ H| 5} HNBR/HVPBD o] yadigo] A5t

2 FolElath. GEYTE LS TMPTMAY] 3Hefo] 27}
g x]-=-4 7w\é ufE}q{ L uhy HNBR/HVPBD E3t 4
€] 7 HVPBD 5 phr 3 o] S5 ¥ A5t 424E &
¢15k¢ict. webA HNBR 53479 7tnag 9 7|44 &
S $13 TMPTMA 37} A7 HVPBD 3 7FaLA| o) H]
st o &t AUS & 5 Ah
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