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Abstract: The vulcanizate structure of silica-filled compounds is affected by the filler-rubber interaction (FRI) due to the
silica-rubber coupling reaction and the chemical crosslink density (CCD) of the matrix rubber. In this study, the vulcanizate
structure changes of silica-filled compounds according to the silane and sulfur variation were quantitatively analyzed using
the Flory-Rehner and Kraus equations. In efficiency vulcanization (EV) conditions with low sulfur content, FRI increased
when the bis-[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) content increased, and the CCD clearly decreased. By contrast,
in semi-EV conditions with high sulfur content, as TESPT content increased, the FRI increased the same way EV con-
ditions, but the CCD was unchanged. Based on these results, it was confirmed that FRI of the silica-filled compounds
increased as TESPT content increased, but CCD decreased or retained similar values according to the vulcanization system,
indicating that the formation reaction of FRI was preferred over CCD.

Keywords: filler-rubber interaction, silica-filled compound, vulcanizate structure, sulfide-silane
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A7} (silica) A WEL 7S PH(carbon black)2 %
Z3A (fillen2 AME-8t= A-52 % E & vighEo] B3 ¢
4%t RR, wet traction 455 UE o] 5838 Bto|ojo] E
= wigEel FEeA HE= 9ot

Aert 4 RS 7Pg 2 SRS AZIA coupling
agenty5 Wi7)A| = A 2|72 7t 3lehy Ao] FAE 5
AA| -5 A5 22 (filler-rubber interaction; FRI)o| o}z th
L Ao|th 10 kg o 2 FRIZF £S48 2HA-SAA A
S 28 (filler-filler interaction; FFI)o] Z+A %11 S A o] EAF
AL PAdETt T A Qe ol o] &4 SH g 1
g ), >0 FHA ol ot oA £A 712 RR GG o)A
9] 3| 2H| 2| A £ (hysteresis)E Al A EFo]o] 2] RR 55
FAAAZICH T3 FAA o Qe BF SHE e o,
FRU7} =248 2E# A (modulus), X (wear) 531 22
7|AR EASS FdET L €A ok TEbA], FRI= vy
Eg A (matrix) 1159 3}8H4 7} W% (chemical crosslink
density; CCD)?} Bl &0 A7t S wig=9 4= 2%
she 7V 2 A o) shetn @ 4 olck 212, 4
Y7} 234 vjgEQ 7l FEZ(vulcanizate structure)= -2
(swelling) A 8-S E3} Flory-Rehner ¥ Kraus 4]-& 0]-83}¢]
AR oz BAEQTHS of 7|4, & 7}a U= (total cross-
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Figure 1. Vulcanizate structure of silica-filled compounds.

link density; TCD)= Figure 13} Zro] CCDQ} Alg]7}-1F

AZg o) 71918 FRIZ FAHTH S &3k, FRI= Za]H
(polymer)®] ¥4 §-F, Hzj7} 9 AHh(silane)?] 7 %

o, 715 Al A" Fol| wet STEE AL ZHag o] ERIE S
T} 518

At AZSHGA Y F7F 2 g2 A7 3 iFEY FRI
£ WS 7]E F 9F Akt Bis(triethoxysilylpropyl)-
disulfide (TESPD)®} bis(triethoxysilylpropyl)tetrasulfide (TESPT)
= A7t 54 wigEel AME-El= 7P tEA Q1 bifunctional
e o] Huto| = (sulfide) Ao 2 M, 2 E5} thA o] A Az
7t ®HO| AL (silanol) TFI ¥R GFAAUL
(alkoxysilyl) 152 743} Ao A L7 Absd ASE ¥he
L2728 0wt Zam vheA] 93¢l (polymer-reactive site)

Rubber molecules
Silica

Silica-rubber coupling
(Filler-rubber interaction)

Chemical crosslinks of matrix rubber

Hufo|= 1§02 T H

&9 Zolt ABY W3NS

714, dutol= IF W & A
A % G AAR 2§
sh] 3 Al ol7t A48 AZY B FoHlntn Ba
Stk 2 g vigel] B2 Ut $4 wEEe n
Fzo| tigt A At & Fgo] Sl wEk TCDE &

7¥5F93L o]+ CCD, FRI B.52] Z7}o] 7|15} t}. Figure
= 718 BAol M 2] CCD, FRI B4 uj7 &S Hojzc)
A HA 2 3} g5Fo] Z7]= active sulfurizing agents (a)2] &
AL Z7HA 71t = AR R o|F A Z71H active sulfurizing
agents= Wl EZ 2 1179] 713 (b)T} A7t 8 AEH (o)
o] W% 7]ojsle] CCDE} FRIE= Z71E Aoz FlH it
=, B2 713 dAlA CCD, FRI 4o 257 7|o9%a &

=, 76
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Figure 2. Suggested mechanisms of vulcanization and silica—rubber coupling.
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A TA & Ao Z Tt ST, A F7HA] AEgt &
7 wigtEe A CCD, FRI ¥4 w-g-9] A4 Ao digt &
F2Q AT Axb= HuE v gick

wrebA, 2 Ao A Ayt 4 sigEe FRI g4
715H= A3t CCD, FRI 4 B5Fof 7]osh= 3
T IAZE AA3HA, o] 5 Wste] w2 CCD, FRI g4 ¥
o] A FAE FFH R ISR} gt AT A
Hh-S-AJo] 2423} bifunctional FE| 2] TESPTE &85}
g Wste] w2 sta 2 HEE skt st 3 W
2 efficiency vulcanization (EV; ZZIA|/3} H]& >2.5),
semi-EV (ZZA)/8 8] & 0.7-2.5) 2AN AP 7ta 1= ¥3}
£ Elstas gt} ol5 B3l 3 ko] AFHom w2
EV 243} A o2 =2 semi-EV ZA0||A Z}z} TESPT
e Wste] w2 CCD, FRI ¥3tE g}lsti, 1 His 5
3| o] T ¥h-3-o] A B/AE Felsta} gt =3, CCD,
FRI §izto] m2 7|42 9 F2& 54 Biste gelstust
Fi=

e ez N oo
(4 ot oo of 2

)

Experimental
1. Materials

H AFoxE= uw|HA Solution-SBR (SLR4630, styrene
content 25%, vinyl content in butadiene 63%, 37.5 phr oil
extended, Trinseo Korea Ltd., Korea)Z F 1 FZ A5

. ZAAEL BET H|EHZA o] 170 m*/g¢l Alg)7}(Ultrasil
7000GR, Evonik Korea Ltd., Korea)E AFE-3} 00, gt A
Z A= bifunctional eS| Hulo|= A2 bis(triethoxy-
silylpropyl) tetrasulfide (TESPT, Si-69, Evonik Korea Ltd.,
Korea)& AHE-SFATH 7hal B4 3HA 2= Abgo} 4 (zine oxide)
1} A g oFH Ak(stearic acid)E ARE-3} TH(Sigma-Aldrich Co.,
Seoul, Korea). 7}3HA| 2+ 3H(Daejung Chemicals & Metals
Co., Ltd., Siheung, Korea)@} A#lo}n|= (sulfonamide)d] &
ZAQ] N-cyclohexyl-2-benzothiazyl sulfonamide (CBS, 98%,
Tokyo Chemical Industry Co. Ltd., Tokyo, Japan), diphenyl
guanidine (DPG, 98%, Tokyo Chemical Industry Co. Ltd.,
Tokyo, Japan), 18]31 ZZA|Ql zinc dibenzyl dithiocarba-
mate (ZBEC, Performance Additives Co., Milano, Italy)& A}
2319t 7l FE EA4S 9%t 89 tetrahydrofuran
(THF, 99%, Samchun Chemical Co., Seoul, Korea), n-hexane
(95%, Samchun Chemical Co., Seoul, Korea), 18] 3 toluene
(99.5%, Samchun Chemical Co., Seoul, Koreay2 AR5} 4 T

2. Measurement

o] 74 v RhE o] S 3A-S A A=A (filler-filler inter-

action; FFI) @ A&7} BALS §213}7] 3l rubber process-
ing analyzer (RPA2000, Alpha Technologies Co., Ohio, USA)
o Argateh W3 (strain) Z7H0.07-100%, 60°C)e]| T A
A} &8 A (storage modulus; G'YE &A3le] 11 HYP(HY-
H| & FH)olA Y G g A HP(HF-YIE FH)elA Y
G’ Zk9] A}o]2l AG’ (Payne effectyS ©]-83}o] FFI 2 Al
s} Ba A2 Telstgrt.

u] 7}a wjgtE o) 7h B2 skelaly] HA8lAl oscillation
disk rheometer (ODR; ODR 2000, Myung Ji Co., Seoul, Korea)
2 A3t Et. ODR &4 24L& +£1°9] vibration angle,
160°C 21& &3k, 7] 7hL A7 (o), A 7He ARt
(too)T Atorque gk ST 7HEAI= 71A1A 4 54 &
A B7HE A8l o] 1.281 F<t 160°Co| A ZH A5 ARE-SL
o FH|s3ih

AzH 7HA Y 71A1A B4 1S $30 universal testing
machine (UTM; KSU-05M-C, KSU Co., Ansan, Korea)& A}
&ttt BEg s, A E, 23 qilE 5 A 5
A 2R AL ASTM D412 (500 mm/min®] A& &%, 500
NY 3E cel) AF 2AS wgth A ntmA
(abrasion resistance)2 &2135}7] 93l DIN 535169] w} A
& 16 mm, F7 8 mme| YFF A|HZ AxstL 27| AF
223t & Deutsche Industrie Normen (DIN) B2 A E 7] &
ahof 5 N2 315 1ol 40 pme] FER 40 m St A

AulAz) & Aake 2ol A BATFS T}

20 = 0 W-+-9%=

tlo

o]

&
o
=
o}

A

AgAle] HeH B4L Stelely] A8 B4 71AH 9
.4 7] (dynamic mechanical thermal analyzer; DMTA, EPLEXOR
500 N, GABO, Germany)2 AR5} 2™, 30 ume] ZE, 10
Hzo| Fube, QI BE, 02%9] §4 ¥F, 181 & &
H(sweep) (-80-70°C) =12 283ttt

&9 upE(wet friction) EAL &913}7] 3 rotational
traction measuring system (RTMS; FR-7225, Ueshima, Kobe,
Japany& AMEBle] &g el ERT T8 A|H Apole] 1
9] uhE A% (friction coefficient) k& SHISHATH &g vk
I ASE 9 WA 80 mm)e) T AR vl Ew
o HEAZ T wW} T2 AR 7he] SUliprE Fol =
Attt RTMSS] &4 212 A4F2(25°C), 7T0N9| 315, 5
min/Le] -5, 30 km/ho] £&, 95%9] o} £9&, 19
3l ofAZE(asphalt) =S -85t

3. Preparation of the vulcanizates

A% W g vl e Aeish 34 wEEe) E
AGLE At wigE9) vl 2 A (formulation)y2 Table 1¢f L
Sfgich. AP bifunctional FeHe] Asfol= Algkel
TESPTS H851@.o0], TESPT Wk 9ja) A2l7} 60 phr
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Table 1. Formulation of Compounds (unit: phr)

Step Materials EV-S8 EV-S10 EV-S12 SEV-S8 SEV-S10 SEV-S12
S-SBR 137.5 137.5 137.5 137.5 137.5 137.5
Silica 60 60 60 60 60 60
Stage 1 TESPT 4.8 6.0 7.2 4.8 6.0 7.2
Zinc oxide 2 2 2 2
Stearic acid 3 3 3 3
Sulfur 0.9 0.9 0.9 1.5 1.5 1.5
Stage 2 CBS 1 1 1
DPG 2 2 2 2 2 2
ZBEC 0.2 0.2 0.2 0.2 0.2 0.2
Table 2. Mixing Procedure
Step Time (min:sec) Revolutions per minute (RPM) Action
0:00-0:30 15 Rubber
0:30-1:30 30 Silica and chemicals
1:30-1:40 30 Sweep
Stage 1 1:40-5:30 Variable Mixi.ng and 'Silanization
(during 3 min at 155C)
5:30 Variable Dump at 1557 after silanization reaction
Sheeting - Two roll mill
0:00-0:20 15 Compounds of stage 1
0:20-1:00 30 Add sulfur, cure accelerator
Stage 2 1:00-2:00 30 Extra mix and dump
(under 100TC)
Sheeting - Two roll mill

9] 8 wt%, 10 wt%, 12 wt%= #-&3}o] Z+z} S8, S10, S122

wo\5hct. 3 e
3} H]& > 2.5), semi-EV (&

23te] 0.9 phr, 1.5 phr Z-835t¢1 2+ EV, SEVE #7] 9

St o,

H AEe A
2 efficiency vulcanization (EV; ZR1A]/ sttt
A/ vl 0.7-25) 24L& 1 713 5
3]
A7)0 QA WFe B U YT WS A Rehner'

s17] 3l HMSHAZIA] Tk ke A% wid=e wiAl .
(batch) 532 intermesh mixer 32| 55%2 XA 3} tt.

Table 20]= & AT A A
ot &3 94 12 S-SBRZ

7}, TESPT 9 HE58 H7ket &

30% 9 ALA &5t Al v, =
155°Coj| A 3&

=3 ZEAAE YER Y

A5 A
% Yo A (S o] &ale] AAE o]—‘ﬁJ_ Flory-
Ayet

25°0)004 19 5% AxT F FAS
o]-23}a] tolueneo]] 24 A7t =

2R3tk o9 718

2)__ o] g5l & 7w W=l TC

Wdrz_wyller
Prubber

b
Wdry_w/iller + Wewollen™ wdry

U AH

3} Wk-&(silanization reactiony& A|7]1 ¥ discharge 3}t & Pt
o 2 2= =3 9A 19 WiEE A B ZHEHAIE X Way + AH FA|
ANE H71ste] 2& Fet T3 T 100°Cof|A] discharge Al Winer - AZRE A HEY 1A 74
At Wawollen © BaH A FA|
Pruvber © LT L
4. Analysis of vulcanizate structure DOsotven - S0 U=
7ln 2 BAE 93 71EE AES 10 mm x 10 mm x V= 1 —w,

2 mm 272 ZuEknh Z01E ARS §7] BY 252
A& &2 THF (tetrahydrofuran) 30 mL, n-hexane 30 mL

€ R8s 2442 48 hr ¢t Ak 771 28] & v

ily)
Zper(vr >

: 7Fa W= (mol/g)

=]
T

M

@
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M.: 7¥aL%] Apol o] Ht EAF(g/mol)
vt BE AEiolA Y BR

V,: 0 £ B -L](cm3/mol)

A4y aF o 28

T3t u] 24 vjetEoA 9 7t Wx (chemical crosslink
density; CCD)E YEHHE v, ZH2 Kraus equation®? (3)Z 0]
&5to] Aitsttt. 2FH o g SHA-ILF A (filler-
rubber interaction; FRI}Z 2] (2)o]|4] €2 TCD2} 4] (3)o]| 4]
¥ CCD Aol & o-g3te] AL AT

Yoy (P

2= 1on(; ). ®
@ 1% ﬂ ‘r-"] -r—’g

vo: B& A Y v S 1R B

Hm E
ﬂ.ﬂO HE

A
v %E A Y FH 1Fe Ho
Results and Discussion

1. Fillerfiller interactions

TESPT @ 3 wiol w2 o] 71 Wigee] 34424
A A& A& (filler-filler interaction; FFI) 2912 $]3] RPAS
o]&3lo] Payne effects &3t Ak ZEZ|A(shear
modulus; G*)8] HE-2|& A5 FHAA -SHAY = 7]
oI5}, W E-H| 9| E A EL 2 AA|-TLE AFS 2L (filler-rubber
interaction; FRI), & WEZLZ ZHA|9 hydrodynamic
effect S5 7]Q18c}. 133334 Table 3 2 Figure 3o YRt v}
of Zro] Hy-o& JAH MF)olA G (0.07% ¥F) gk
I HEY F7to| mE FAA SHA gyof 71Qlsk= AG gk
2 TESPT 31-1“*0] ZI714E T 7H4E o] A7) BAbo)
Ae FRIstAtt. ol= TESPT & 57t w=t A

Fe A
Y 2580} Z7h5 0] Aert-delst 4EAgol

27t

Table 3. Storage Modulus of Unvulcanized Compounds

700
600 | @
A ° u - -~
a 2 ° ® | -
500 2 4 D e W o
A g .
400 A 9
= - B
& L
O 300 ]
mEV-S8 B
200 ®EV-S10
AEV-SI2
SEV-S8
100 SEV-S10
SEV-S12
0 .
0 1 10 100

Log Strain [%]

Figure 3. Storage modulus trend by increasing strain.

obF7] wiEel Aoz wokEnh E3F, My -n| e o
) oM G (100% W) g2 TESPT 2 g =fo] &
& o2 W2 EV-S8 ulighEat A& 02 &2 SEV-S12 Hj
el B fARE FFE dESl )= G (100% ¥
3) ol FFe F= aclo] BF FUsithe ujEH, 2

B Erx, SA4A g5l ¢Jgt hydrodynamic effect7} &
i gHE ol A FUsk7] Well FRI EF Wk grgtche 9w
ojct. wabA, u] 7Hat wighEoll A TESPT 9 & &aFol 37t
steiEte FRE= WShEA] of9k7] wigof FRIO| G WAl
= *‘W}—ﬂ“ 54—‘—‘—3 Hhe-2 E9F dAllA F7h= dyst
A At 2e A 5 A

2. Cure characteristics

TESPT ¥ & Wk 2 715+ A5 ODR H71= &3l
I5t¢iTt. Table 40f Led HEel ZHo] TESPT g2 Y
3tA| gk 3} 3teFo] th2 EV/SEV-S8, EV/SEV-S10, EV/SEV-
S12 152 3 o] 371l whet te AN o2 Zof

Compound EV-S8 EV-S10 EV-S12 SEV-S8 SEV-S10 SEV-S12

G’ at 0.07% strain (Pa) 586 563 545 585 561 541

G’ at 100% strain (Pa) 120 119 119 120 119 119

AG’, Goom—Gioow (Pa) 467 444 426 466 442 422

Table 4. Cure Characteristics of Compounds
Compound EV-S8 EV-S10 EV-S12 SEV-S8 SEV-S10 SEV-S12

Cure time 10% vulcanization (t;o) min 5.7 5.4 53 5.5 5.4 52
Cure time 90% vulcanization (too) min 16.4 16.8 17.3 17.1 17.8 18.9
Torque [AT], TimaxTmin N'm 2.034 2.102 2.181 2.327 2.395 2.486
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A= %= Ueti it 53], TESPT gHgo] R EV/SEV-
S8 viRE ol Al = o] SRl wet 0] Brobxl AR
74k ¥kg-9] £7kA|Q1 active sulfurizing agents A34Jo] J-2
37 L2 PRET ol I Wgo] 42 sl P2 d
35 A3 Han'e] Axvkel & dx|etgich. 2F 7ha Azk
o el el 3 o] 271E) Tt BE Zojxli
A%E dekel of £ Ha'e) Anie} & A stsict. =,
3} glgko] Z71ghe|| w2t active sulfurizing agents A o] &
A 74 vEg3 TCD7} 574 917] w20l to SFTHA
Aol e A vetd Ao 2 gaEh B3, 3 gF2 F
As}A9F TESPT &&Fo] o= EV-S8/S10/S12, SEV-S8/S10/
S12 52 TESPT o] F71gtoll mha} tp BoFRIAL to
o of7v ZoiA g B F7het BUT ARS e
t}. o] TCD 7}l |3 v|X|= FRIZ}F TESPT @Hgo] &
7Vgbol| whet S7HE97] W2l Ao R dgE. &, Azt
AR A2 Wgo] FrhE0l A 27] Ble] £3 57}
WAt oA AL, S7HE AR AEY W 9
2 TCD 2712 <13t ZojA = AS Uepil Ao o
ETh AT (torquey= TESPT % & 3ol F71gtol wat
25 S7lehe Hee etk shae A Al vt
20| B A AHEof &JsHH TCD= CCD2} FRIC| 4
& o] 1F )23 CCD, FRI Al © 3ol ola] 33
S W Ao FIFYTH 0 B3], Fe CCD, FRI 34
o 7|5t F 9F AAY 22 TESPT b= WHste] ot
£ CCD, FRI 49| 7oz £%3] thE 2R didd
o} webAl, TESPT 9 3 Fafo] Z7hatol wjet 57k8l TCD
7} CCD, FRI & oJ" ®3}o]| & 34 7|ARE=AE &<lst
7] SliME 7hm ol i Aol eelo] Bash.

3. Analysis of vulcanizate structure

TESPT ¥ & ¥izfeo] 2 A7t S4 vigEe] 7ta +
ZE 3g AYL 53 Flory-Rehner’ ¥ Kraus™ 2]-& o] &
st A= Tk A 2|7F-a 7 o] AEE vhg-ofl 71Q18k= FRI
L Kraus 412 o §5to] Qoj7l u] 7 jgEe] /lw B%
¢l CCD (v0)2t 54 vigE2] TCDLLE| 2ol & o8-8t A
AP STt o 7] A, CCD 3 Al4st7] ¢l A 2|7} 80phr v

TS FU G 2Y 02 27} Azstel Yot By 2

Table 5. Vulcanizate Structure of Various Vulcanizates

Crosslink density (10 mol/g)

EV-S8 EV-S10 EV-S12 SEV-S8
Compounds

SEV-S10 SEV-S12

Figure 4. Vulcanizate structures by the amount of silane and
curing systems.

& (p)oll T2 B& deolAY 7HA o & #eks &
Qlakgict

Table 5 ¥ Figure 49]l&= TESPT 4 3} WigFo]| u}-2 Alg]7}
27 Wj3HE 9] TCD, CCD, FRI ¥13+2 Uehiglct. TESPT
AFS FYstaL & FFo] o2 EV/SEV-S8, EV/SEV-S10,
EV/SEV-S12 1&¢& 3} ggF =7} wig} CCD, FRIZ}F =%
S7Fte AFE Uetoltt. ol Han'e] Ao}l 2 Ux]&}
.om, 94 Figure 20141 BeIat uhe} o] 8 @] 27}
tol| w2} 718k TA|o| Al active sulfurizing agents gAJo] =
7}l o] 2 QI8 CCD, FRIE & F7Hd AL 2 HHE gl
t}. vk | 3} 3leFo] £3kal TESPT 3FeFo] th2 EV-S8/S10/
S12, SEV-S8/S10/S12 18- TESPT glFo] Z7}gto| ul=}
TCDE 25 %7181 A9k CCD, FRIE= EV, SEVo 4] 4zt ot
£ A% woiglch. o] AL vl Fr)2e Aol 9]
s, CCD, FRI B/4dol thigt 9] 7]oj=7} FRI 4 &
2121 TESPT gHegoll whet @et4l7| wi&eltt. &, & 3ol
ddH e g ¢ EV 7ol A= TESPT d=fo] F7}ste] ot
2} FRI= S71E AR, CCDE YA Hases FdFS
et gict. ol 718 vk Aejzh-a it AEY vkl of
3l active sulfurizing agents®] §H-3-4] z}o]o] 7]Qlst Ao 2
AFEet. CCD7L FAH7] A7 718 ¥k active sul-
furizing agents7} WJEZ A 1F 9] allylic hydrogenZ A|#

Crosslink density

(10 mol/e) EV-S8 EV-S10 EV-S12 SEV-S88 SEV-S10 SEV-S12
TCD?* 1.12 1.16 1.22 1.33 1.40 1.48
CcCcDP 0.57 0.54 0.53 0.68 0.68 0.67

FRI° (= a-b) 0.55 0.62 0.69 0.65 0.72 0.81

*Total crosslink density; "Chemical crosslink density by vulcanization reactions between vulcanization agents and matrix rubber; “Crosslink density
by filler-rubber interactions (FRI) in a silica-silane system (silica-rubber coupling).
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(allylic C-H 23} dflg] oz 372 KI/mol)**3}1 3 AFS
4 9slok sct. SHAEk, FRIH GAE7] Slgt Aeloh-as A
Z3 9] ZL-ofl+= active sulfurizing agents7} Ae3lE A&7}
W A ez A sfg] ovx]7t %2 dujo]= 2F(-SS-
SS- A% sflE] ollv=] 177-202 KJ/mol)**z} ¥H-8-3}7] wj &
A5 ihe woh whg o] BE AOR diEch AnHoz
71 AN TR Fo] FFEHA EITHH, active
sulfurizing agentsi= Al 2|7}F-115 AEH | gk vh-g/do] ¢
7] wjol CCD ¥4 =r} FRI 94 whgo] o ABHD
CCDi= 7k, FRIE 3718 23he vehil 0.2 wakeict.
o]2 3k, active sulfurizing agents®] HF-g-AJ o] 3l oA 3}
o] Ao ® &2 SEV IFA thA] Z1E o= U
t}. &, SEV 1504 TESPT dFo| F7kgtol| mwat CCD
= Zawx) g3 7o) fASIACD, FRIE S7kshe A
& Yl ol 74 whgat A g7kt AEY v 2
=0 active sulfurizing agents7} 53] g% o] CCD= Z+
2E ] g3 vhgAdo] =& FRI B4 vEST S71E317] of
9 Aoz gokdc

FgHo2, TESPT 9 3 Wafo] B 7w 72 o] o
S A B4 A 715 dA oA BA v BAIQl CCD,
FRI 4 9hg-& FRI 34 ¥H3o] o AEds Eelstith

rir o

N

I

4. Mechanical properties

Table 6 & Figure 59]l&= TESPT ¥ 3} WHzFo] u}-2 Alg]7}
A W= 71AA E4S UEUIYE B e, RERae
TESPT W & §afo] Z7keto] weh 1 H=o) Aol I
Ak B F7Mebe AFE eIt s A HPodA
o] A (stiffnessyE Su]stn] SHA g L BAF Aot
TCDO] SJ&Rkek ™ hebd, 3= 37} ol TCD 371l
Zlelgkch & 4 9ick. sl TESPT 9 3 gafo] 571
gl Wt FRIE 25 F7151517] & A2zt g3l 9
44 B AL Wk B 4 itk BEUAE 37
Ale] ©7-4 9 TCDo] elEalmz g ggo] Z7hatol mat
o 24 F7eke BEFS e doh dAlE 9 I3 T
= BV, SEV T§of the} 217} ohe Aere vehliich =
3], EV 152 TESPT o] S713to| wet TCD7} F7}st
Peol= Eratal mhalg g2 St A% e

Table 6. Mechanical Properties of the Vulcanizates
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Figure 5. Stress—strain curves of the vulcanizates.
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Figure 6. Abrasion weight loss of the vulcanizates.

o

. ol& 3 o] Azl o2 W EV 1594 & TESPT
Fepo] Z7kaol wek TCDE Z7FSHEAEF CCD7F A
97] Hj2oltt &, CCD Zat 7tag Ato|o] B ek
(Mo)E Z7HA A Aol 23t A} 34 (extension) 338 =
7M7) Aoz wekEch vhE, CCD 77t 9d SEV 1

Compound EV-S8 EV-S10 EV-S12 SEV-S8 SEV-S10 SEV-S12
Hardness (Shore A) 53 54 55 56 57 57
M;s, (MPa) 0.96 0.99 0.99 1.11 1.11 1.20
M;q0 (MPa) 7.26 7.58 7.82 9.19 9.25 10.06
Tensile strength (MPa) 14.7 16.2 17.4 15.7 15.1 15.5
Elongation at break (%) 470 490 510 430 410 410
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FolA TESPT Gapo] Z7heto] wheh mebalg ghe 74
H A Ueliglon ol TCD 71 712% Aes
werE,

Figure 69l DIN wh2 %7} 2742 Uehigich. $44) =
740} HEQl thmAake’ TESPT 2 3 gkl S7hatel
wheh B A ATHE HelRth. o714, FR oo} &
BEO 7w 3Lx B4 A CCD7F 44 E W EV-S8/S10/S12
Wi EFE ol A = mhm A gto] SRRl Sirk golt). o Alejrt
4 WY ntEAY 54 P 99 FRUL 9 S8
o e 2919 AR

5. Viscoelastic properties

EfE vieEY 54 EA4S dSstet ol 718 W
g 27 ol Q] x| &4 B2 uj$- o JEE A
S8tk A-2(0°C) G4 o] &4 E4Ql tan § gk
I &4 mEFHA(loss modulus; E”) g2 ERo]o]Q] wet
traction d5 AFo] F2 AMEEM, 1 Fro] SFF wet
traction 52 FAETHL LA ot Egh 1 Fd
(50-80°C)ol| A 9] o 2] &4 B4 Efo]o]9] RR A5 IS
off AMgE, 11 gho] HEE fajsiet wabA, golo
9] T w8S FEA717] fsiA = wet traction G H ol A 2]
AN £ 542 S7HA71AL RR GHolA 9] | ] &4
EA4L A7 HigE AA 7lso] Basitt

Table 7 ¥ Figure 7= TESPT ¥ 3} Wgfof u}.2 Alzgj7} &
A iES o v x| &4 EAS BoE) TESPT &) &
A3}t 3+ 3HFo] T2 EV/SEV-S8, EV/SEV-S8, EV/SEV-
S10 152 & gFel S71el wet tan § @0°C, E” @0°C
T2 S7HE AL tan § @60°C FL2 HaH = A U
t}. o] 3 gk Z7lo] w2 CCD, FRI 719 7]¢13 Ao
2 woEn gytd e g FRUVF $7F 5 SHA Y #4t
AL AT 1R fu) 282 ZrtE gebA, FRIS &
SAA 9t o A] £4-& A tan § @60°C g
2 5 Hu] Bgof 71915k fElHol2 = (Ty)
o A9 tan s g F7HAIA tan § @0°C Frol ol A
=2 H, & 3ol 53kl TESPT §go] o

EV-S8/S10/S12, SEV-S8/S10/S12 18- TESPT 30|
7¥ekel wet & g SThlA e 22 woll Zol= HEd
4 W= UEtlA gtk 53], EV 250049 tans

)
d
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i)
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Table 7. Viscoelastic Properties of the Vulcanizates
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Figure 7. Tan & curves of the vulcanizates.

@60°C Fr2 EV-S8, EV-S10, EV-S12 vj3& 2% Ao 59
g ATE Uttt ol = A ZhaL 2 A Aol A g
1%t Hie} o] CCD o] 71013 AL g wetH &,
TESPT 3= F71o] @2 FRI $71H= SAA ol g3t oA
S A2 AL R A EY, CCD s EYS 31
9 oA £4E SV AR QAEERE HA oY
A &4 ¥i3}= A2 trade-off E o n|u]3t WIS vEbd A
o2 gekHch

6. Wet friction coefficient of vulcanizates using RTMS

TESPT 9 & Wiz wE A7t 4 vidEY wet
traction 45 BIZHE dZ3}7] 93] RTMS A|@7]E o] &3}
of MRt 48wl TH Abo] 9] 48 o2 A% (wet friction
coefficient; p) ZHS SA st LUuta o0 2 €lo] 9] traction®]
et upg B4 F 7HA wjAY ST B E o] ok A
HAl= EFE 1871 = WL 8 3(roughness) Y& 1]
nEAZ W EdE RN wARE sladeNs
(hysteresis) S4olch % WAl Sd= Lol 1wl W A}
olof A ErAS}= FZH(adhesion) EA S ZH, o= EA}7F <1
2 (van der Waals force)ol 9J&f 2=t ulela], Elo]o] 9]
traction AJ52 EFE = =H FHA YAHE=
S| AH| P A 29 H&F 40 G e, o] F HAYE

5 i

Property EV-S8 EV-S10 EV-S12 SEV-S8 SEV-S10 SEV-S12
T, [°C] 9.1 9.1 9.1 76 75 7.6
E” at 0°C [MPa] 18 19 21 23 23 24
tan & at 0°C 0.921 0.932 0.940 0.996 1.014 1.024
tan & at 60°C 0.109 0.108 0.109 0.098 0.094 0.091
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Table 8. Peak Values of Friction Coefficient p for the Vulcanizates from the Rotational Traction Measuring System

Compound EV-S8 EV-S10

EV-S12

SEV-S8 SEV-S10 SEV-S12

n peak average

(higher is better) 0.442 0.445

0.446 0.452 0.452 0.454

off &gt A &4do] 245 traction 52 F3HA
o0 olabA 0 2 S| A 2 Al A A4S DMTAS o|-§-5to]
Z4E ouA &4 EAQ B, tan § PO 2 9 755,
A& 549 A5 ol ol

Table 8¢f] TESPT 9 & Wwko] whE wet p gk 34 2=
UERH ATk TESPT @o] sdstal & o] & EV/
SEV-S8, EV/SEV-S8, EV/SEV-S10 152 3 §Ho| 715t
off wheh wet p g2 S7Fke B3-S HEHUIY- ol= A"
g BANA 7 uhe} o] g ko] Skl wht 9
2HEAI A E49 E” @0°C 343} tan § @0°C gho] &% &
7HE 7] Wi Zolth. Whd, &) ehFo] FYskal TESPT gHgol
THE EV-S8/S10/S12, SEV-S8/S10/S12 12 TESPT &0l
S7Hel wet & 3 S7rlA S Z2 ol Eol= wet 1
L sk yehlA] gtk ol EV, SEV 5 vzl o
A 54 2aet & dAske S Hoet 5. 4
27F T4 uigdE] wet p g F= HsiA= CCD, FRI &
7holl 7]118k= wet traction g H A9 | AH A A EA
(E” @0C, tand @0TC)& &L & e WidE 24 71e0l
et Aoz ddd

Conclusions

Abshsich.

Payne effects= TESPT §Ho] 71 wat G (] HE)
I AG gho| HaEo] FHA-SHA dEAgo] dad
spelsioict. Egh, 0] 749 22e) PRI PAT o W3
(100%)914 9] G gr& TESPT ¥ 3 g ZF7lo|= B3}
T AR g Uehiel Aleit-ng AZG e £ Aol
A Z7hz wrgEla) ke o] IS 1Y AFL
TESPT W 3} 3teko] Z7}3to| ulg} active sulfurizing agents
ol REAA o2 AE o2 sl AL Yehye
.t F 7 AR $712 <ls) BE doiRE A
UEH AT AT (torque}= TESPT & oF S7hof whah
RE Z71sHIch TESPT 9 3 Wi w2 7ha 72 W3}
Wl$ Frl2e A7HE BelZglch TESPT Wee] St
g gFo] 271 A9 CCD, FRIE 25 Z7}Ele 23}
Uehi itk W, 3 geFo] AjHoR W efficient

M ko

vulcanization®} A& 02 =2 semi-efficient vulcanization
ol Ali= TESPT 3 S7hol| w2t FRIE =& F71H8FR AT,
CCDE 27} the ATHS Uehy itk TESPT go] 2713t
o] wlg} efficient vulcanizationof]A] CCDE ZAE QoL
semi-efficient vulcanizationof]A] CCD: A9 §A}SE A2
et o= 718 @A ol CCD W FRI /ol tigt
active sulfurizing agents®] ¥H-3-A] o]0 7]21%t Ao =2 Ht
=, I ¥4 FRI 34 ¥hgo] o A5dES Eelsta
. =, AgetE Ael U dufolt 18 AYHos
2 A% g oYX Z 23] active sulfurizing agents £}2] =t
s40] o AR RAoE AGEHL AE, BEYHAE
TESPT 9 = 3Hgo] S713tol wet S57He TCDZ <lsf 1
Mol Aol glglon} mE ZrhEgich kA, Tehl g
£ efficient vulcanization¥} semi-efficient vulcanization A}©]
o Aro|3k AFS ER It} £3], efficient vulcanizationd]]
Al TESPT ggo] F7igtel weh TCD= F7Fst A,
CCD7} o] wdilEe F7HE= AdFS Usith
R A CCD Hao|% 181l FRI F71 A] 25 34}
w0, FRIZ} mpE A3} 32 A3t 58 Aol SlE 3
ot 53 5702 TESPT Hri= & ¥igko|| & FF=7} o
A Yetgth. &, TESPT §o] Fdstar & o] F7}
H HigEolA RR ¥ wet traction d5-& FEHIUL ol=
CCD, FRI 2% 9] Z7}o] 7|18} t}. T3, RTMS Z 3o A
= 34 B4 Aot Y3 e UEhdo] 3 3 St
Al wet p gk EokAl = A S UEhl o] wet traction /5]
NAde skt

Aedoz, et 37 WErEe) 7l AL TESPT 4
3 wisol weh WabElglon, o= Q) WigEe 7144 2
£74 54 SE AsEc £2, 718 gA0lA CCD, FRI
o B4 WHe-e M= 27 BA0|AIT FRI B4 ¥Ho] CCD
FA vk 2ok o AsES Skl

(SAe!
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