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Abstract: There is an increasing demand for the rolling resistance reduction in truck bus radial (TBR) tires in the tire indus-
try. In TBR tires, natural rubber is used as a base polymer to prevent wear and satisfy required physical properties (cut and
chip). A binary filler system (silica and carbon black) is used to balance the durability of the tire and rolling resistance per-
formance. In this study, natural rubber (NR) compounds applied with a binary filler system were manufactured at different
cure temperatures for vulcanizate structure analysis. The vulcanizate structures were categorized into carbon black bound
rubber, silica silane rubber network, and chemical crosslink density by sulfur. Regardless of the cure temperature, the cross-
link density per unit content of carbon black had a greater effect on the properties than silica due to affinity with NR. The
relationship analysis between the mechanical, viscoelastic properties with vulcanizate structure could be a guideline for

manufacturing practical TBR compounds.
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: crosslink density (mol/g)

M.: average molecular weight between crosslink points
(mol/g)

V1 : volume fraction of rubber in the swollen gel at
equilibrium

Vo : molar volume of solvent (cm*/mol)

p : density of the rubber sample (g/cm®)

x : polymer-solvent interaction parameter.

Kraus®*¢} Boonstra®= filled vulcanizateo]| 4] carbon black
1} 72 adhering filler7} swelling behaviorE- A|$HA] 7] 3L total
crosslink densityo] 932 n|Zch= AL EQlstgct 18|
o] filler®] volume fractiono] W]&|sle] YEFES Equation
(2)9] Kraus equation®. 2 A]35}5}g ).

Vo g (_2_)
v, 1-m 0 )
V0 - volume fraction of rubber in the swollen unfilled rubber
v, . volume fraction of rubber in the swollen filled rubber
m : the slope which represents the filler-rubber interaction

¢ : the volume fraction of filler.
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Figure 1. Vulcanizate structures of carbon black and silica binary filler system.
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Materials and Experimental Methods

1. Materials

H o] A= natural rubber (Cis-1,4-polyisoprene, Standard

Indonesian Rubber SIR-20, dirty contents 0.2 wt%)S base
rubber2 ARE3} T Carbon black (N110, OCI Company
Ltd., Seoul, South Korea, iodine adsorption: 135-145 g/kg,
dibutyl phthalate absorption: 125-135 cm®100 g)a} silica
(Ultrasil 7000 GR, Evonik Industries AG, Essen, Germany,
Brunauer—Emmett—Teller (BET) surface area: 160-175 m%/g)S
filler2 A2-3}9 2., silane coupling agent2 carbon black}
bis-[3-(triethoxysilyl)propyl]tetrasulfide (TESPT)2| 1:1 &gt
&9 X50-S (Evonik Industries AG, Essen, Germany, silane
50%, carbon black N330 50%)2 AREstET HigdAEZ=2
treated distillate aromatic extract (TDAE) oil (Kukdong Oil &
Chemicals Co., Ltd., Yangsan, South Korea)S AME-3}5.0H,
7ta BASHA|Z Zn0O, stearic acid (all from Sigma-Aldrich
Corp. )2 ARESIETE =3PX|A|Z  N-(1,3-dimethylbutyl)-
N’-phenyl-p-phenylenediamine (6PPD, Kumho Petrochemical
Co., Ltd., Seoul, South Korea)i} 2,2 4-trimethyl-1,2-dihydro-
quinoline (TMQ, Sinopec Corp., Beijing, China)E AM-3}%
t}. 7}uA| 2= sulfur (Daejung Chemicals & Metals Co., Ltd.,
Siheung, South Korea)E AF&-3}151 2w ZZIA| 2 N-tert-butyl-
2-benzothiazyl sulfonamide (TBBS, Shandong Yanggu Huatai
Chemical Co., Ltd., Liaocheng, China)®} 1,3-diphenyl guanidine
(DPG, Merck KGaA, Darmstadt, Germany)S ARE-3}%T}.
Scorch HFX| & ¢35t 7} X| A (pre-vulcanization inhibitor)
2 N-(cyclohexylthio)phthalimide (Shandong Yanggu Huatai
Chemical Co., Ltd., Liaocheng, China)& AR5} th.

2. Preparation of compound
Vulcanizate structure 42 9|3}o] fillers: £HHE HF

3l AL EE A 2319 2™ B3 formulatione Table 19

UERH ITE Table 19 YeRH formulation®] Wt kneader

Table 1. Experimental Formulations for Compounds with Carbon Black and Silica Binary Fillers (unit : phr)

Compound code T-1 T-2 T-3 T-4 T-5 T-6 T-7
Natural Rubber 100 100 100 100 100 100 100
Carbon black (N110) 15 45 60 60 60 30 40
Silica (7000GR) 30 30 30 15 45 15 20
X50-S* 4.8 4.8 4.8 2.4 7.2 2.4 3.2
Stage 1 TDAE oil 133 13.3 133 133 13.3 13.3 13.3
Zinc oxide 3 3 3 3 3 3 3
Stearic acid 2 2 2 2 2 2 2
6PPD 2 2 2 2 2 2 2
T™Q 2 2 2 2 2 2 2
Stage 1 masterbatch 200 200 200 200 200 200 200
Sulfur 1.6 1.6 1.6 1.6 1.6 1.6 1.6
Stage 2 DPG 0.5 0.5 0.5 0.5 0.5 0.5 0.5
TBBS 2.6 2.6 2.6 2.6 2.6 2.6 2.6
PVI 0.2 0.2 0.2 0.2 0.2 0.2 0.2
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Table 2. Compounding Procedures for the NR Binary Filler
Compounds

Stage 1
0— 20" Rubbers (initial temperature : 110°C)

20" — 1' 00 1/2 filler (carbon black)
1' 00" — 1' 40" 1/2 filler (carbon black)
1' 40" — 2' 40" Oil
2' 40" — 3' 40" 1/2 filler (silica), 1/2 silane
3' 40" — 4' 40" 1/2 filler (silica), 1/2 silane
4' 40" — 5' 40" ZnO, Stearic acid, 6PPD, TMQ

5" 40" — 10' 40" Extra mix and dump (dump temperature: 150-155°C)
Stage 2

0 - 20" Compounds of stage 1 (initial temperature : 50°C)
20" - 1' Sulfur, cure accelerators (TBBS, DPG, PVI)
-2 Extra mix and dump (dump temperature : 100°C)

(MSI-IRM 300, 300 cc, Mirae SI Co. Ltd., Gwangju, Korea)
E o]&3sle] v AA|S}E). Silane coupling agentQl
TESPTE silica 9ol 8 wieg AAISHTh A4 AL
X50-S%= 50%2] TESPTE $Ho-311 9lo] AA] 16 wi%= A
|35}tk E3 X50-S= YR} =Z7)7F & N3302 50% 235}
I o, 2 Aol A ARE-E carbon black> YA} Z7]|7F
ZFe N110& AH51 7] 9] AA| carbon blackd} silica®] H]&
At A= Al Lstant. Ha-EE+E kneaderoll A 70%9] fill
factor2 108 402 ¢ vigat et 19 stage} 2™ stageo] A
mixing 27| == Z}Z} 110°C, 50°CZ A3} 1 mixing
9E T dump 2EL ZH7F 150-155°C 9} 100°C 2 A|o}5}%
t}. 1% stageol| A] silica?} silane coupling agent= Z}Z} 50%2
HEaslo] TSt ol mixerd §3Fo] o} silica?}
silane coupling agent®] £41-& 2431317 Qto|c). AHASH
mixing $=A]+= Table 2¢f YEF) 1Tt

3. Measurements

B $HE-2 moving die rheometer (MDR)E- ©]-23}4] + 1°9]
vibration angle 2 150°C, 160°C, 170°Col| A u|7}8F 115 A
A9 torquezkt A 7HE AZHL)S SH3AT olF
150°C, 160°C, L8] T 170°CS] 8-9F 1L T A0 A] to A]
7+ 52t 7145k vulcanizatesE A 23}F T A 2H vulcani-
zates<- universal testing machine (UTM, KSU-05M-C, KSU
Co., Ansan, Korea)S o|&3te] Huo2r o] <z EA
(Modulus, 1% 7=, QX&) SASHA. I 84 2%
=77 39 248 T Bags Assianh A% ARe
ASTM D412 AP H-E AFE-5FE 21 500 N9 load cell2 500
mm/ming} $E8 4835t £4 ARAE 247 St
o] ARES-G2 (TA instruments, Delaware, USA)S A3} 2
™ XY AL 0.5% strain, 10 Hz frequency, torsion mode ~1

B3 2EE -60°CHE 60°CE AAste] St
4. Analysis of vulcanizate structure

7}aE AJHE 10 mm x 10 mm x 2 mm size2 ZH|8}$ T}
AlH W] 571EE AASH7] 915te] 30 ml THFS} n-hexane
= ARt Z47F 29 B3 Aol A IR T f71E0] Al
A= AJHL 40°C vacuum ovenol| A 3U7F AXRA|FHT A%
AlHE toluened]] FA|A|A 25°Cof|A] 2447t F¢t H s}
G AZAT}. total crosslink densityS AAFsH7] $J5te] H&
A, 39 FAE 45t BaE 179 R E&S Atst
St Swelling Test (3)2} Flory-Rehner equation (1)¥} Kraus

equation (2)& ©]-&3}] vulcanizate structureE E-A45}¢ ).

Wary~Willer
vo= Prubber (3)

5
Wary=Wiilier +Wswollen_wdry

Prubber Psolvent

Wy, : the weight of dry sample

Whner - the weight of filler in dry sample
Wawollen - the weight of swollen sample
Pruvber - the density of rubber

Psowvens - the density of solvent.
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interaction®] X}o|of 2|3 BoH|7} 2akr| 7] R o|c}. wat
A Kraus 4] (2)°]|4] m Zko] filler-rubber interaction2 YEFH
. & 4 Qlth. ESH Flory-Rehnerdl oA v, ZFO 2 total
crosslink densityS 22l & 4 Q1o v,i& £3}4 unfilled
vulcanizates®] crosslink densityES 7+ 4= It} wahA total
crosslink densityo]| ] filler-rubber interaction} chemical
crosslink densityS A& o2 FLES 4= It} Lee?] Ao
Al swelling test®} Equations (1)} (2)& ©]|-83}¢] silica ==
carbon blacko] filled vulcanizateso]| 4] 9] total crosslink density
@} filler-rubber interaction 18] 3 chemical crosslink density
£ FESAT AthrE Kime] o] - @tof| Al carbon black
1} silicaZ} binary filler2 %1% ESBR HI-2E=0)| A swell-
ing test®} Equations (1)1} (2)& ©]-83}4] carbon black bound
rubber (CBBR)Z} silica silane rubber network (SSRN) 12|31
chemical crosslink density of sulfur (CCDS)E FE3}%2H
o]& Figure 2¢] YERHITH?Y & AFo A& Kime] o]H
A9} =Yk HFH © 2 vulcanizate structureS 2413519 2w

7lnl =& WAoo wE vulcanizate structure 242 712
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Figure 2. Flowchart of the analysis on vulcanizate structures using the swelling test and Flory—Rehner equation.
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Results and Discussion

1. Cure characteristics

Carbon black 60phr, silica 30phro] =5 T-3 compound?]
7ta &5 742} 150°C, 160°C, 170°C 2 M| A A2 cure
curves@} 718 EAJ-S Figure 31} Table 3¢f Y QI 712
2&7} 150°Cof| A 170°C 2 A5l wha} 7F AZE (to)©]
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Aol A1 9] scorch WA A &S 4= QlaL, 7k FA A
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Figure 3. Cure curve of T-3 compound at different cure
temperature; 150, 160 and 170°C.
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% torque 3] A3}IE]E= reversion @AYo] B T3 L

Table 3. Cure Characteristics of the T-3 Compound at Different Cure Temperature

Cure temperature 150C 160°C 170C
Filler contents (C.B/Silica) 60/30
to/top (min:sec) 01:34 / 05:45 00:58 / 02:04 00:45 / 01:24
Tonin/ Trmax (N-m) 0.440 / 2.707 0.456 / 2.582 0.446 / 2.430
AT (Tax—Tmin, N-m) 2.267 2.126 1.984
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Figure 4. Cure characteristics of compounds with carbon black and silica binary filler system. (a) carbon black contents; 60phr, silica
contents; 15, 30, and 45phr, (b) silica contents; 30phr, carbon black contents; 15, 45, and 60phr.
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o total crosslink density 7} 7+4-3}97] W&o =2 HFE ot}.

Vulcanizate structure®¥ crosslink densityo]] tajA]+= section
32004 ¢ RAIF] hREEE st} E3t silica = 2 carbon
black % Z7boll uleh AT ghe Z7HSHE0H o] totl
crosslink density2] Z7}o] 7]21%t Ao 2 #ehE ) 150°C 7}

2. Analysis of vulcanizates

Vulcanizate structureS

E4317] $lake] filler Fapo] ThE

A 2HNA=

At 160°C 7k A e
Tk, 170°C 7ha A E

marching @4Fo] Sl ek AT7} At
plateau cure curvessE LE X
polysulfide group o] 3] = H A|

AIEEE o] 83} total crosslink density oA HZFSH
fillero]] 2%} filler-rubber interaction®} H&F }A] -2 fillero]

95t filler-rubber interaction 2 sulfuro]] 2]3F chemical cross-

Table 4. Vulcanizates Structure of the NR Binary Compound (T-3; Carbon Black 60phr, silica 30phr) at Different Cure Temperature

Crosslink density

Decrease rate

(10—5 mol/g) ISOOC 160°C 17000 (1075 mol/goC)
6.40 5.90 (-0.50) 532 (-0.58)
CBBR [41.0%] [40.7%] [40.4%] -0.054
3.08 2.78 (-0.30) 2.48 (-0.30)
SSRN [19.7%] [19.2%] [18.6%] -0.030
6.12 5.82 (-0.30) 5.55 (:0.27)
CCDS [39.2%] [40.1%] [41.6%] -0.029
Total 15.60 14.50 (-1.10) 13.35 (-1.15) -0.113
* mBy Control Materials 150°C * 160°C * 170°C

@By Variable Filler

® 5 >

Crosslink density (10 mol/g)
IS

Carbon Black
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Silica

Binary Filler
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Figure 5. Analysis of vulcanizate structures of the T-3 compound according to filler variates at different cure temperature; 150, 160, and

170°C.
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SEE 150°Co| A 7t ko] AlXkE CBBR 3k(6.40 x 107
mol/g)T} carbon black -2 60phr=Z A5}l silica TFS
WIS T-3, T4, T-5 ATLEE 150°Co|A| 7t gt A4k
= SSRN Zk(3.08 x 107 mol/g)2] &}o] silica®} carbon black
2 EAo YHEFS T3, T-6, T-70)|4 AAE filler-rubber
interaction®] 7k(9.48 x 107° mol/g)x} LX|FFHTh wabA,
ESBR (emulsion styrene butadiene rubber) binary filler system ©|
ol NR binary filler systemo| 4= CBBR, SSRN, CCDS &
vulcanizate structureE FET 4 22 =T 4 Ak
160°C, 170°Co| A &= =3t v © 2 vulcanizate structureS
FE23 a1, T-3 HAu-2-E 9] vulcanizate structure®d crosslink
density?} 71 #3182 Table 49} Figure 6] e SITH

AA, 7t =7} AH43Ho] wel CBBR, SSRN, CCDS 2
T A= AES YER 2 total crosslink density TE$F
Aste AL 015ttt £3], NR binary filler system o]
A 9] decrease rate (—0.113 x 10~ mol/g°C)7} ESBR binary
filler system (=0.101 x 107 mol/g°C) tjH] 2F ¢ & 2 1}
ER QT o] ESBR thH] NRQ| W2 HbgA o= Q3]
crosslink density 7} Z+48}%1 7] wj&o|c}.

E4), ESBR binary filler systemo]]A]+== CBBR©] —0.05 x
107 mol/g°C 9] decrease rate S L} o] —0.027 x 107> mol/
g°C 1} —0.024 x 1075 mol/g°C 2] decrease rate = L}EPH SSRN,
CCDS tjH] ¢k 2uj¢] decrease rate x}o]S HGr}® NR
binary filler system <JX] CBBR©] —0.054 x 10~ mol/g°C &
decrease rate2 LEFH o] —0.030 x 10~ mol/g°C I+ —0.029 x
107 mol/g°C 2] decrease rateS L}EFH SSRN I} CCDS thH]
oF 21l 9] decrease rate X}o]S H Gt} o]= SSRNI} CCDS
9] chemical network”} CBBR2] physical network 2t} ZAgH
Ho| 735t 7ln 2% F7}o) wWE crosslink density?] 74
7} 59l7] tRolet Heket.

AlA, ESBR binary filler systemof| A= 7}a &% 150°C,
160°C 1831 170°Coj|A] SSRNQ] Zka} v]Lo] Z+2 3.35 x
105 mol/g°C (20.0%), 3.17 x 1075 mol/g°C (19.9%), 2.82 x
107 mol/g°C (19.1%)2] Z+e LFEF o1t NR binary filler
systemo]| A= Z+zt 3.08 x 107° mol/g°C (19.7%), 2.78 x 107
mol/g°C (19.2%), 2.48 x 105 mol/g°C (18.6%)2] Z+-& LFER
itt. thA] H3, NR binary filler systemo]| 4] €] SSRNo| ESBR
binary filler system thH] 2F 0.3 x 10 mol/g WY& A& & ¢
Rt} o]= NRO| Ttz A2 213} silanization 0] &

Z

8
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Figure 6. Decrease rate of crosslink density of the NR binary filler
compounds (T-3) according to the cure temperature.

ofx o] whet silica-silane-NR 7+2] coupling E}7} 2ol 7]

Holzg} gerEh’ vhH, CBBRY -9, NR binary filler
systemo| A 6.40 x 107 mol/g (41.0%), 5.90 x 10 mol/g
(40.7%), 5.32 x 107> mol/g (39.9%) %<& 7}#|, ESBR binary
filler systemo]A2] 6.21 x 10~ mol/g (37.0%), 5.82 x 107
mol/g (36.5%), 5.21 x 10~ mol/g (35.2%) 9} GAFH ZHS U+
el it o] Tl w} 2] 2l o] hydrophobic gt carbon black
3} rubber AFo] 9] physical network o] = 2 IS FX| £}
7] " Folgt FAFE o} E3F, NR binary filler systemo]| A= 7}
o 2% 150°C, 160°C, 170°Co)| A CCDS7} 6.12 x 10> mol/
g, 5.82 x 107° mol/g, 5.55 x 107> mol/g Z+-& 7}A], ESBR binary
filler systemoj| 412} 7.22 x 107> mol/g, 6.95 x 10~ mol/g, 6.75
%107 mol/g ThH] 2F 1.1 x 107 mol/g A= XL ZHS By}
o]&= NR Yol 235 o] 9= T a, 214 o] silanizationg ¥
afj5toq silica Aol ZXA|7F A F2F ol w2k CCDS 7+
wolRtha wetEh E3 7t 2% Aol et CBBRY
ZH4-8(-0.054 x 1075 mol/g°C)o] CCDSO] ZH28(-0.029 x
107° mol/g°C) TjH] =1 total crosslink density Wo| A CCDS
7} 2R BH= H]-&0] 39.2%00| A 41.6%= 2.4% Z7H3HS & 4=
it}

Binary filler system U] vulcanizate structureof]A] CBBRI}
SSRN-&- carbon blacki} silica g0 2 U0 21249 filler
Iphro] crosslink densityo]] 7]o3}= S ARG oS
Table 59| e} ¢ich NR binary filler system o A= 7hal 2
Tof AMtglo], carbon black 1phro] Z7}A]7]+= CBBR2
silica 1phro] Z£7}AX]7]+= SSRN Xt} © 3o, o]= ESBR

Table 5. Crosslink Density Per One phr of Filler by Different Cure
Temperature

Description 5 5 5 Decrease rate

(1076 mol/g) lSOC 1600 17OC (10—6 mol/g"C)
CBBR/phr 1.17 1.05 0.93 -0.0117
SSRN/phr 1.03 0.97 0.87 -0.0083
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Table 6. Mechanical Properties Per One phr of Filler by Different Cure Temperature

Mo per CBBR or SSRN

M3000 per CBBR or SSRN
(10* kef g-phr/cm?-mol)

Description (10* kef g-phr/cm?-mol)
Cure Temperature 150C 160°C 170C
CBBR 823 88.6 102.9
SSRN 86.8 107.5 141.9

RoC” 150C 160 170C RoC”
1.027 244.6 271.8 347.6 5.150
2.754 104.3 125.7 199.2 4.746

*RoC : Rate of Change; 10* kgf-g-phr/cm? molC

binary filler system 7ok whjEl Zaolth ¥ ol NR
3} silica AFe] 9] coupling reaction E-89] ESBR binary filler
system TH] Robx 7| wjFo|et HE Tt B3 rtu 2= F
7to W2 CBBR/phre] #H4aE& —0.0117 x 10°° mol/g°C&
SSRN/phre] 748 —0.0083 x 106 mol/g°C ¥t} Fom, o]
L oA A3l =o] SSRNQ] 733t chemical network 2 <1
8} 7h 2 2710l T2 SSRNE] 247} Hei] fole
TeE

3. Mechanical properties

Section 32004 7}n 2% W3lo| wal filler 1phro]
crosslink densityo] 71013H= ghe AAFSHET 7l £ ¥
3o w2} filler 1phre] crosslink density 7]¢]= CBBR/phri}
SSRN/phre| modulus at 100% elongation (Mg, )l B X]+= &
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Figure 7. Change of mechanical properties change of the NR
binary filler compounds by different cure temperature; (a) 100%
modulus and (b) 300% modulus.

32 Table 69} Figure 7(a)o]] YERH AT 7 &0 &
vulcanizates®] stress-strain curves+= Figure 8of UEMQict
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Figure 8. Stress—strain curves of the vulcanizates by different
cure temperature; (a) T-1,2,3, (b) T-3,4,5, and (c) T-3,6,7.
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53] A4 FHoAA Y stress gEQ Mool BIA = W
7ba 2= of A ¢lo] SSRN/phro] CBBR/phrEth 2 A& &
4= Qltt. o= SSRNY| AAlA; G ol A <] 733t filler-rubber
interaction®] 2|3+ Ao 2 ATt E£3} Ftu L&) As
2ol w2k SSRN/phr 2} CBBR/phro] Mggy0ll B2 3ol
7kt =T, A section 3.20 4 AFE 7k &7} A5
gl Wk CBBR, SSRN, CCDS R ZF4xdt= 73k} vith
e 23 Uetielt ol 7t =71 st ot
filler-rubber interaction (CBBR+SSRN)©| 2}A]3}+= H|E0]
150°C 9| A= 60.7%F 21 170°C o A= 58.6%2 2.1% 74
slg o, CCDSE= 150°Co|A 39.2%F o}t 170°Co| A=
41.6%2 ¢k 2.4% Z7}51917] fRolat doEh Jlw &%
5ol W& Mgy 2] H18H-(RoC)Z SSRN©| CBBR tH| =
Al UEbT). o] silica®?} silane?] silanization 0] NR1}-2]
coupling §h-g-0] oj 24|, 7}l 2 =& ¥ 9] coupling ¥t
< Z7}9) 9%t SSRNQ] 733t filler-rubber interaction &4 o]
71R1% Ao 2 wekdr.

7ta &z wg} filler 1phre crosslink density 7]o| %=
CBBR/phri} SSRN/phro] modulus at 300% elongation (M3ggy,)
o #]R]= P& Table 69} Figure 7(b)oll e it 214l
& Y Migoll HX = FF=E 7 2=0f A §lo]
CBBR/phro| SSRN/phr 2.t} 2uf] o]A} & AL & 4= glt}. o]
L DA FYo| A silica-silica network 7} 23 E]= whg 3!
carbon black®] 79 1A FHoA 1FL} 7335t physical
interactiong FA3}7| Wj&olch? 7ha =7} Aol ut
2} SSRN/phrat CBBR/phr®] IF=7} F716l= A2 & 4
QL ol = M, 2 FLE ZAE 7t =7} Al w
2} filler-rubber interaction (CBBR+SSRN)©o| ZA| Z+A3d}o
CCDS 7} total crosslink densityo]] 1] X]+= F3Fo] S7151497]
i Zolth I 7k & Asol TWE Miwd ¥HIE
(RoC)Z CBBRe©] SSRN tjjv] =4 UElyttt. o]= CBBR9]
SSRN®|| B|8l| Msp0ll P1Al= SF=7F 27] wfjiZolzt ot
Hoh? 177} silicaot AEH §H-S 53l 3t 2 st
2= 100% o449 strainof A= 3FeF A7e] @3Fo] oFsfzl
t}. 3}A]9F carbon blackel E2F3t 31+ physical bondE &
313l Q131 glassy$t bound rubbere]] ]85t T =2 crosslink
densityS U EFHAT}. £3| Fukahori®] interface modele] w2

H, bound rubberi= glassy state?] W5 polymer layer@} o] &
= @ g3t 98 polymer layer?] o] layer 22 14
S0} QIch?’ ufebAl, 1A GLAAE 1% polymer layer

— 2,500
o

E @ e °
- R

=

‘O_ 1,500

o

% 1,000

~ | aernenese g nssasnsnsssnsneensanns .
o . ‘

8 500

- e CBBR .

= 0

s

145 150 155 160 165 170 175

Cure temperature (°C)

25

1.5

0.5

e CBBR A SSRN

G" 0°C / A(CD) (10" Pa-g-phr/mol)

145 150 155 160 165 170 175

Cure temperature (°C)

= 25
[=]

£ (c)

-

i 2

< F TS A e eeeeerysimsrvesiny

:01 A

& 15

° °

5

o »

= 05 o

Y T @

2 e CBBR A SSRN

! 0

*

o 145 150 155 160 165 170 175

Cure temperature (°C)

Figure 9. Change of viscoelasticity properties of the NR binary
filler compounds by different cure temperature; (a) tan & at 60°C,
(b) G” at 0°C, and (c) G* at —20°C

Table 7. Viscoelasticity Properties Per One phr of Filler by Different Cure Temperature

Cure temperature 150C 160°C 170C RoC

Tan & at 60°C per CBBR or SSRN Carbon black variate (CBBR) 1671.8 2020.9 2266.2 29.72
(10* g-phr/mol) Silica variate (SSRN) 731.8 746.1 784.5 2.64

G” at 0C per CBBR or SSRN Carbon black variate (CBBR) 1.184 0.615 0.379 -0.40
(10" Pa-g-phr/mol) Silica variate (SSRN) 1.937 1.890 1.768 -0.08

G* at -20C per CBBR or SSRN Carbon black variate (CBBR) 1.232 0.530 0.357 -4.41
(10" Pa-gphr/mol) Silica variate (SSRN) 1.924 1.875 1.830 0.47
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Table 8. Effect of Silica-silane—rubber Network (SSRN) or Carbon Black Bound Rubber (CBBR) on the Performance Change of Rubber

Compounds with Increasing Cure Temperature

Increase of CB Low (150°C) G B M B B M
ratio High (170°C) M G E \\ W G
Increase of Silica Low (150°C) G G M E M B
ratio High (170°C) M E G G M B

E: Excellent, G: Good, M: Moderate, B: Bad. W: Worst.

9] rubber molecules7} G141 HI8F o 2 E2} strand”} B 3FE] o]
e w7 BTE Yed & o

3. Dynamic viscoelasticity

Elo]o] EFE Y] A5 A9 dynamic viscoelasticity

L4351 AAAAE 7T E3], complex modulus (G¥)
at —20°C, loss modulus (G”) at 0°C, 12]3! tan § at 60°C
Z+Z} snow traction, wet traction, 12| 3L rolling resistance2]
indicator2 Y] AFEEI ¢t} B3¢ NR vulcanizates with
binary filler systemo]| A 7} &%= Alof whet filler 1phro]
crosslink density 7]J&= CBBR/phrZ} SSRN/phr¢] snow
traction, wet traction, ZL&] 3L rolling resistance®] 1| X|+= F3F
< 243t en o|F Table 73 Figure 9o YeRHich
Rolling resistanceZ YEFY = tan § at 60°C G2 F24= RR
o fEisitha &=l A ok 7k 2= of Ahglo] SSRN/
phro]] 23t tan § at 60°C k2] ¥sl= A 131, CBBR/phr Tj
H], RRo| B 32 9= Uehiih shxut 7t &=
7} £7184=E CBBR/phro]] 2J§t tan § at 60C 72 AA} =
7ksto] RRof| E8]8 F3FS UeR it o]&= section 3.2
Al AFSHE, 7H 2=7F A5l @k CBBR, SSRN,
CCDS 25 ZFA3}4] total crosslink density7} 2443} 7] )
Role} BokElc B3] /b &% A<l whek CBBRE] tan b
at 60C H3&-0] SSRNQ] tan § at 60C W3} 8] & A
& 4= Qlth. ©]&= carbon blackd} rubber AF0] 2] physical network
21 CBBR©9| chemical network@l SSRNI} CCDS tjju]s}o]
0.5% strain, 10 Hz9] ZA|A 71 £xo) 93t A3t bty
7 o 27] HRolt}.

Wet tractionS o|&& 4= = G at 0°Co]| oSt filler 1phr
9] crosslink density 7|9 =2} L2 7ln 2% uet &
N5t 7k 2ol Arelo] SSRN/phro] CBBR/phr o)
G” at at 0°C groll A &2 & Uehi ek Hed 544 67
at 0°C Z}o| =24-F wet traction®]] £-23lctal &4 A 9lo
W B2 A3 A3} filler 1phr  crosslink density®] 7]oj &=
(contribution of crosslink density per unit content of filler)x=
SSRN/phr©] CBBR/phr Xt} wet tractiono] & 2 F&-2 H|

=
El
=)
L

Z Hoh 7k 2= wak SSRNOJ| &JgF G” at 0°C
FHFE=E Fastg ot 1 Hakgo] Al 12| 7 CBBRO
oJgh G” at 0°C Y A ok ATkE Lehhgic
o) 7lal &% o W= carbon blackd} silicao]] 2]t vulcanizate
structure®] FAZIE T} fillere] /o) 2 F3fo| F AR &
e

G* at —20°C 72 F24E snow tractiono]] {-2]5}ct &
HA Qlth. 7l 9o AAgle] SSRN/phro] CBBR/phr T
H =& G* at -20°C ZFS YeErgl e, filler 1phrgd
crosslink density®] 7]¢J=+ SSRN/phro| CBBR/phr Rt}
snow tractiono] © & g3 u|Xcty Hot=Edh 181 v}
2% 5ol whek SSRNof| 93t G* at -20°C FF== &
= Zaskn 7 Mkl A9kt sHAEE CBBRO 9 G
at -20°C FF== A FLst= 275 YT NR
binary filler systemo]| 4]+ fillero]] 2]t wet tractioni} snow
traction®]] "|X|= G332 SSRNo] CBBR tjH] =H, ol=
Kim ef al.2] ©]A ¥ ESBR binary filler system®] &5 2
3o} 7]ah Ho|c. 2

Conclusions

H & ILof A= NR binary filler systemo] 4] 2] 7}1 =0
w2} A= 9] vulcanizate structureS CBBR, SSRN 18]
T CCDSZ $8sky s} sk w3 7w Lo njet
Z}z}+9] vulcanizate structure”} E4Jo] m|2]& Gk B A5}
At}. CBBR-2 carbon black®} rubber A}o] 2] physical network
2 o|F0o]A] 9o, SSRNI} CCDSE chemical network 2
o] o]#] Qlt}. vulcanizate structure ¥4 A3}, 7ln =7}
Z7}sto] whe} CBBR, SSRN, CCDS B& ZFAdhs AL
el 21, o]+= ESBR binary filler system¥} 53t A1}
olck. ShATH NRE ESBR dfu] we debgies ol
crosslink density®] 7F4~8-°] NR binary systemol|A ZA 4
EbtT}. 3 NR binary filler systemo]| 4 2] CBBRY] ZH4-&
o] SSRNZ} CCDSe| |3t 7H4-& thu] 2] ZHol2 Liekhs)
o n o]= SSRNO| 3187 ZAgto] CBBRE] physical network
¢] bound rubber?] ZAFE R} 73317 WEolth. EF] NR
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binary systemo]| 4] 2] SSRN Z}to] ESBR binary filler system T
H) We ghe Ueh gt ol NRe) EA0] mE silani-
zation T} coupling&-&2] Ao o3t A o= wtEr. o]
w2} filler 1phro] filler-rubber interaction®] "] X]= FgFEof
A= silica (SSRN/phr) thH] carbon black (CBBR/phr)o] &
Zr& YeEY1 2™ o]+= ESBR binary filler system i}= gt
UhE Aaolch P A B4 B4 Ak fillers] SR 4
Bglo] 7H 2% Aol ke AT} ZHa3h A0S veh
21t}. o]+= NR binary filler systemof|A] 7} &% 9] Al<0
w2} CBBR, SSRN, CCDS 2% 743} total crosslink
density 7} ZH2s14 7] W2 o2 wtEn. 71448 E4 H7t
A3}, 100% modulus= SSRN2] H3Fo] 331, 300% modulus
& CBBRY| g & A2 Yepidth E3 7ha =714
%30 whet 100% modulus, 300% modulus 25 SSRN/phr
T CBBR/phre] 9gw7} 27kt ol 7k w7 4
%%ho] whet filler-rubber interaction (CBBR+SSRN) ©] =7
Z+43}e] CCDS 7} total crosslink densityo]] U] 2] = % gFo| &
7¥etl7] o)t Hed 4 Al tan § at 60°Ce] 1]
= Adi#Ql F7FE SSRNo| CBBR tfB] 95} 3]t} shA|Rt
7t L5 =713t Wk filler-rubber interaction?] 7;AE
o] SSRN tjjH] CBBRo| Z7] &) CBBR 9] tan § at 60C
Zre o 3A F7HXFH LS9 o]= ESBR binary filler system
T =A% dF Aato]th NR binary filler systemo]| A=
fillero]] 23t wet traction®} snow tractiono] ©|X|= G3F
SSRN©| CBBR tfHv] 35 o]& silica filler®] 11§ E4J o] 9]
gt Az dgEd geb & AtoA NR binary filler
system (carbon black/silica)of| A 7}l &% 9] w2 vulcanizate
structure 4] ZA1}E £35}¢] ESBR binary filler system¥} X}
o]H-& 15l 2™, NR binary filler systemo]|A4] crosslink
densityS BIH O 2 F7HA7|2L @F5H= A 24 2 A
e el 7] 918t guideE AR gt b 2ot
carbon black/silica®] v]-&9] W& Hul&r o] 54 H3le A
= Table 8o YeRiTh. o2 A AAIE Ak AR Hat
<& formulation’dA] A] filler®] AFEF U £55 AA3
7t 27 Ao Fa% AFer &8E 4 U Aot
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