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Abstract: Emulsion styrene-butadiene rubber silica wet masterbatch (ESBR silica WMB) technology was studied to
develop highly filled and highly dispersed silica compounds, involving the preparation of a composite by co-coagulating
the modified silica and the rubber latex in a liquid phase. Previous studies have shown that when manufacturing ESBR silica
WMB/Butadiene silica dry masterbatch (BR silica DMB) blend compounds, preparing BR silica dry masterbatch and mix-
ing it with ESBR silica WMB gave excellent results. However, WMB still has the problem of lower crosslink density due
to residual surfactants. Therefore, in this study, tetrabenzylthiuram disulfide (TBzTD) was added instead of diphenyl guan-
idine (DPQG) in the ESBR silica WMB/BR silica DMB blend compounds and sulfur/CBS contents were increased to eval-
uate their cure characteristics, crosslink densities, mechanical properties, and dynamic viscoelastic properties. TBzTD was
found to be more effective in increasing the crosslink density and to produce superior properties compared to DPG. In addi-
tion, with increasing sulfur/CBS contents, mechanical properties and rolling resistance were enhanced due to high crosslink

density, but the abrasion resistance was not significantly changed because of the toughness.
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Figure 1. Chemical structure of cure accelerators: (a) cyclohexyl
benzothiazyl sulfenamide (CBS), (b) diphenyl guanidine (DPG),
(c) tetrabenzylthiuram disulfide (TBzTD).

2 g8 A it kAR TBZTDE 7|2 DMB "o 28
S B mEke Ae AEIA FReS doA FXA Y
2492 golienis o] ZATTHY Teit WMBo] A
€ A A U nihE At ASZAE EASHA &
7] W&o TBZTD®| a&o] Stistd Zolz} o FHrt

wEka] 2 H3Lof| A= ESBR silica WMB/BR silica DMB
blend Au-=0f 33} CBS ¥ DPGE ZF Z} 1.5 phr Z-83
Aut-E= tiH] DPGE 0.1 phr2 733}l TBZTDE 0.25 phr
g3 A E4e SAskHeH, nte A5 A
QA A 7tnd=E gQlstaA}; gt CBSE 1.0 phroj|A]
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Experimental

1. A8 =2

i

ESBR silica WMB A|ZE 3] SBR-1712 (Kumho Petro-
chemical Co., styrene content: 23.5%, non-oil extend)?} BR
silica DMB A|ZZE $]3] NdBR40 (Kumho Petrochemical Co.,
cis 1,4 content: > 97%), treated distillate aromatic extracted oil
(TDAE oi)E AMEstgon FEZOZ 8 wit%e bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPT)7} £ ¥ E
HIN A A7} NK136 (Mirae SI Inc., BET surface area: 126
m¥/gy& ARE3ST) Zine 2-ethylhexanoate (ZEH)Y= 71224,
40 MSF (Struktol Co.)= 0] 31 F Z3A| 2 AR5} 3L, zine
oxide (ZnO)&} stearic acid= 7} 44 A, (1,3-dimethybutyl)-
N’-phenyl-p-phenylenediamine (6PPD)2 AMSHIX| A2 ALE
sttt 7k AlAEe FLaAlel B3t 3 13 ZHAR N-
cyclohexyl benzothiazyl sulfenamide (CBS), 22} ZZA|=2
diphenyl guanidine (DPG) Y tetrabenzylthiuram disulfide
(TBZTD)E AFg-319ith 7l dE H7}oll= tetrahydrofuran
(THF, Daejung Chemicals & Metal), n-hexane (Daejung
Chemicals & Metal), toluene (Daejung Chemicals & Metal y2-

gul= AHEsITt
2. ESBR silica WMB2| M=

Al2]7} dje] 8 wi%2] TESPTZ &9 7§25 412]7} 81 phr
& 75 1L A7FskaL 70°Col A 1527 wuket 7 75 phr

OC,Hs 0C,Hs
HsC,0 Sy 0C,Hs
OC,Hs 0C,Hs

Figure 2. Chemcal structure of bis[3-(triethoxysilyl)propyl]tetra-
sulfide (TESPT).
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Table 1. Recipe of ESBR Silica WMB

Unit: phr Content
1712 ESBR 75
Modified silica (NK136) 81
Total 156

oF 2712 wHstgT). o]% 2 wi% CaCl, =89 300 ml
£ AR AFESe] WMBE &a15t9 o 2315 ESBR
silica WMBE =42 43] A|A3F & convection oveno]| Al
S0°Coll A 24A17t Bt ARAIFTE AAGE A= recipes
Table 1o el it

o] 317 ESBRE §H-8-5}= SBR-1712 latex9} E3Fs}to] 305
(e}

3. BR silica DMBL| XM=

BR silica DMBE Wd4] Z3}7](MiraeSI Inc., kneader,
300cc)S AR5t A Z5HATH 27 EE 110°CE AA s}
&) NdBR40 25 phrZ} TDAE oil 20 phr, 8% TESPT modified
silica 27 phr& &Yt & 58 40x7F v A3t BR
silica DMBZE A %3}t

4. Hul2E9| M=

Table 3. Compounding Procedure for the ESBR Silica WMB/BR
Silica DMB Blend Compounds

Time

. Action RPM
(min)
ESBR silica WMB, BR silica DMB,

0:00 ZEH, 40MSF 20
Step 1 449 RPM up 40
(120°C)

5:40 ZnO, St/A, 6PPD 50

12:00 Dump 50

0:00 Mix 1¥ MB 20
Step 2 0:20 Sulfur, cure accelerator 50
(50°C) ’ (CBS, DPG, TBzTD)

2:00 Dump 50

4.1. 7/2¥EM(cure characteristics) &%

A7 daE HoL2s 9] 718EAL moving die rheo-
meter (RLR-3; rotorless rheometer, Toyoseiki, Japan)E X5
Zh+1°, &% 160°C 2402 3087+ A|Ho] 7lejA = B2
4k, scorch time (tjo) 2 FZ713A 7 o) SA3FT

4.2. 7L (crosslink density) &8

10 mm x 10 mm Z7|2 7}nH A|HE AEc}. THF (30
mL), n-hexane (30 mL)2 |ujZ z} Z} 243} 147 AR A]
A R771 A7 AASL A2oA 197 A2AIIT =

AT L1 BR silica DMBS} nP7HA 2 Wn)4] E37]18  7F 929 AZo] S 24T 5 toluene (30 mL)o| 242]
AHgSt] A 2E QAL 2 Ao AA 2Tt 1TA oA ZF & WA o] FEH HEY 71(3]%1:“% &7 staL of
= E37]9 &5 5 120°CE AA3AT dump =5 150°CZ 2 2] Flory-Rehner equationS ©]-&3] AA| 7fud =& AAt
grzo] 128 B visks Mg o, 284 o = 27 = Sk}
£ S0C2 Ageto] 28 4 WS AASHACE AT :
p = 1 In(I-V)+V,+
A2 9] formulationd B A& Table 2, Table 39 Z+ = v
2 Uyep gic “ 2pn(1-3)
Table 2. Formulations of ESBR Silica WMB/BR Silica DMB Blend Compounds.
Unit: phr T-1 T2 T-3 T-4 T-5 T-6 T-7
ESBR silica WMB 1564
BR silica DMB 728
40 MSF 3
Step 1 ZEH 3
ZnO 3
Stearic acid 2
6PPD 1
DPG 1.5 0.1 0.1 0.1 0.1 0.1 0.1
TBzTD 0 0 0.25 0.25 0.25 0.25 0.25
Step 2
Sulfur 1.50 1.50 1.0 1.25 1.50 1.75 2.0
CBS 1.50 1.50 1.0 1.25 1.50 1.75 2.0

A156 phr = ESBR 75 phr, 8 wt% TESPT modified silica 81 phr

B72 phr = NdBR40 25 phr, 8 wt% TESPT modified silica 27 phr, TDAE oil 20 phr
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7 : polymer-solvent interaction parameter (0.34)

v : crosslink density (mol/g)

M, : average molecular weight between crosslink points (g/mol)
V1 : volume fraction of rubber in thr swollen gel at equilibrium
Vo : molar volume of solvent (cm*/mol)

p, : density of the rubber sample (g/cm?).

4.3. 7|AI™ EX(mechanical properties) &

ALY 7|A1A E4- ASTM D4129] whet 453
ok 100 mm (Z°]) x 25 mm (HH]) x 2 mm (F7A)2] ot
& AHLS AZSE T universal testing machine (UTM, KSU-
05M-C, KSU Co., Korea) o]&3sl dAlE, AAAE 9

modulusZ}S A5t Th.

4.4. OpR EXM(abrasion properties) &

Aot o] nfr EXJ2 ASTM D59639] wha} DIN mpA|
H7](KST, DIN abrasion tester)& o]-83t &3ttt 2|7
16 mm, =7 8 mme] UG HES A=, dAnfx
7} B2E A% moFe] =YL SN £=37] 515 sfofl A 40+ 1
rpme] X2 IHAIA vt & AW ATF e 5

sty

4.5. X HEEM(dynamic viscoelastic properties) &X

A E9 53 HAEHEAL dynamic mechanical analyzer
(DMA, Q800, TA instrument, USA)S o©]&3}ls] ASTM
D4065 271 0% 2= WE tan § g ST S4E
tan & FFOLREE 7FFEQ tan§ at 60°C (rolling resistance
index) ¥t sttt

Results and Discussion

1. ESBR silica WMB/BR silica DMB blend ZHut2E2]
DPG/TBzTD &g =H

1.1. DPG/TBZTD g =X ZulEso| 7IEEN & Znt

T-1, T-2, T-5 HuE9 71354 42435 Figure 31}
Table 40] Uelsict. 27) ool ZRAE ALET A, salt 3
g2l complexS F43h=Hl ©| complex= SRAE 42 A
£ fEg Z4E BAcks A7 ZIrt ARG o]
we} DPG7} 71ekEl T2 HoheE Zhaukg o] Fdo] Wol
Al cure rate, Tha-Tmin 25¢] 732423} marching @AFo| 2HAY
shsick. o] wha) T5 AmeEe] 29 DPGE Zelele
o= B3t TBZITDE AWsle] wE cure rate E UE}
WO £& TraTmin 0] YERETH ©]= thiuram AE
ZZA|9l TBzTDE 7}13HHES £  dithiocarbamate radical
(R,N(C=S)S*)} persulfenyl radical (R,N(C=S)SS,’)o] HF-S-A]

30

—
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Figure 3. Cure characteristics of the compounds by controlling
DPG/TBzTD content.

Table 4. Cure Characteristics of the Compounds by Controlling
DPG/TBzTD Content

T-1 T-2 T-5

to (min) 2:01 1:36 2:11

tgo (min) 6:57 14:29 7:12

Cure rate (N-m/min) 0.43 0.14 0.49
Trin (N-m) 0.56 0.55 0.58

Tinax (N-m) 2.17 2.08 2.64
Tiax-Tmin (N-m) 1.61 1.53 2.07

At B T80 FHE AL R 4= =], o]
BzTD7} CBS&} TBzTD/amine = TBzTD/benzothio-
zole BEAS FAFHe] 71grS0] WA REEo] Aol

7] wjgolct?

1.2. DPG/TBZTD &2 =X mIRC9| 7lnls =X Zn}

7t =] JFH 57 AIE Table 5o Uepwlich. Aat
£ 7FEAY ToacToin 48 AL FARBH] Uehdt
DPGE Zst T-2 A2 E9 H ¢ X149 &/do] WobA
T-1 A& tjy] W2 7w =7t Yepte= vHd, T-5 Hat
2E9] Z%ol= TBZTD7} DPG th4l 23t ZXIA 22X AT
< Yot 22 7tudEE vetd AR gdh

1.3. DPG/TBZzTD &f =& HulRco| 7|AIM EM &1

Table 5. Crosslink Densities of the Compounds by Controlling
DPG/TBzTD Content

T-1 T2 T-5
Crosslink density (10 mol/g)  0.876 0.778 1.340




Optimization of Cure System for the ESBR Silica WMB and BR Silica DMB Blend Compounds 101

250

Ve
F Ve
l, -~
’ s
200 4 ' //
s
r/ 4
—_ 7 Vd
& / 7
£ 150 A P s
5 /4
= / 7
- / 7
2100 A e ,.-"
4= e
(7] s ’d
"/ //
Py
50 1 -~ T1
. ~
- —_ T2
o T5
0 T T T T T T
0 100 200 300 400 500 600 700
Strain (%)

Figure 4. Mechanical properties of the compounds by controlling
DPG/TBzTD content.

Table 6. Mechanical Properties of the Compounds by Controlling
DPG/TBzTD Content

T-1 T-2 T-5

Hardness (Shore A) 67 66 71
M09, (kgf/cm?) 96.6 87.9 1343
Elongation at break (%) 558 615 440
Tensile strength (kgf/cm?) 239 244 230
Toughness (kgf*%/cm?) 56,000 65,200 43,200

7|AA EA A1+ Figure 49+ Table 60] Vel T DPG
£ 7kt T2 A== 7kl =7} Yol hardness@t 300%
modulus”7} 74T T-5 Au}2 =X TBZTDY $4=3F &4
o 93 =& 7twUEE e o] hardness® 300% modulus
7 2A S Ae Felg 4 Aok
1.4. DPG/TBZTD &€2f =™ T7ie| ojm EM =X ZAn}
DIN u} 2 A| & oA 2218 4= §)= ul® mechanism 37
= 74R7} glek R s uhEsl AeEs EholA e
cracko] A=, AYAFHE cracko] HFxHoR HutE=
mechanical fatigueo| ™, ©]2]3F mechanism2 72U =0 3
A EFE et F HAZ = AJH| 71| A= npEkE ol 9f
3 2 o2 A|Ho| FhE| = direct tearing®] 101, o] uj
9] mechanism 7IRWE7} ES4E ofE Ao AsHE
27} 1o, toughness?} Z-2 AJA o) FF H=ttr &
A At Table 70| YERd DIN vpid 2% ZAxlof w2
9, 71A4 EA4dol Yehd toughness giik= BA glol 7k
Le7t 22 T-5, T-1, T2 AR vk 50| £8 A

Table 7. DIN abrasion Loss of the Compounds by Controlling
DPG/TBZTD Content

T-1 T2 T-5
DIN abrasion loss (mg) 104.5 113.8 80.5

Tans

Temperature (°C)

Figure 5. Tan & curves of the compounds by controlling DPG/
TBzZTD content as a function of temperature.

Table 8. Dynamic viscoelastic Properties of the Compounds by
Controlling DPG/TBzTD Content

T1 T-2 T5
Tan & at 60°C 0.1109 0.1237 0.0992
3Holg 4= gl om, o]l B AF o] A mechanical fatigue7} X
& Q] ut® mechanismQ] Ao Z HHECH
1.5. DPG/TBZTD &2t =X HnjRco| EX MEIEM =X

-

24 HeE4 2% AT Figure 59 Table 89 Lhech
DMA £4& Foto] 2= wE tan § ghZ 5783 24,
rolling resistance®] Z =2l tan § at 60°C Fko] T-5, T-1, T-2 &
A2 A Jebth Ao = 9] hysteresises TEA} ARE
9] mobilityo]] 2Jsf WAt o]2{Et mobilitys= 7l 4
ol 2zl AlgkE = ok mets ZtndEst B
45 RIS tn 5 40] YA LR Ol AU
24E rolling resistance”} 7| A H = AS ou|sic}.

2. ESBR silica WMB/BR silica DMB Zut2E2| £/CBS
M Gt

2.1. E/CBS gk Zuteso| 7128 58 Zn

T3~T-7 HAHLES] 7154 54 2IE Figure 63
Table 99| YRRt Bt CBSY| FAFo| sold+5 7t
Y=7t S7Ft tioll 2 T Toin 262 UEFATH 12} 5
A9 CBS: Hut-gEof| ZA5H Zn?* o] &3} u-g-3ho] 7}
FRHSE S ool whE}, CBSE A S AW
£ cure rate o] 27t AL ¢ 4= 9t T3 Ages
CBS9] FY=Fe] A oA marching @4}o] UEbtar, o] o
2t B9 7hgRkgo] dolits Zlolet ddHh
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Figure 6. Cure characteristics of the compounds by changing
sulfur/CBS content.

Table 9. Cure Characteristics of the Compounds by Changing
Sulfur/CBS Content
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Figure 7. Mechanical properties of the compounds by changing
sulfur/CBS content.

Table 11. Mechanical Properties of the Compounds by Changing
Sulfur/CBS Content

T-3 T-4 T-5 T-6 T-7

to (min) 1:38 2:01 2:11 2:23 2:29

tgo (min) 9:57 8:25 7:12 6:43 6:04

Cure rate (N-m/min) 0.26 0.36 0.49 0.59 0.77
Tinin (N-m) 0.56 0.60 0.58 0.56 0.58

Tinax (N-m) 2.34 2.50 2.64 2.79 2.88
Tiax-Tmin (N-m) 1.78 1.90 2.07 2.23 2.30

Table 10. Crosslink Densities of the Compounds by Changing
Sulfur/CBS Content

Crosslink density

(10" mol/g) 1.04 1.20 1.34 1.48 1.65

2.2. &/CBS HZ¥ ZHujco| 7iwlx =X Zn}
e Baka 2% AT Table 10 ek B3
CBSE 5385 7Huhgof Zrojsh= o] WolA|az & 1t
$43€ e gl e g H om Ztehe, 7}
FEANA Y Toa-Trnin T2 ] LR3I
23. $HCBS W2t Zmecol J|AY 54 58
7|1AIA £/ Z3E Figure 73 Table 119 Yebiich. &
CBSE 2% Aol wet 1mURsE MR H 22 Sletel
hardness, 300% modulus 3} GA] Z7Fel= A2 & 4+ 91,
Z10] dbs)| elongation at break Zro] HAXAOZ 7Fasle

toughness 2k SA] aske A2 & 5 gir.

24. @/CBS HZ} ZmRLCo| 0tz 5 &%
DIN u}2 24 A5 Table 12¢] Yebdlct. T3 ot
9] A L-o= marching FAto] EAstY] 7w A =7} ol &

T3 T-4 T-5 T-6 T-7

Hardness (Shore A) 69 70 71 72 73

Moy, (kgf/em?) 90.8
Elongation at break (%) 560 500 440 410 370
Tensile strength (kgf/em?) 240 240 230 240 230

Toughness (kgf*%/cm?) 55,300 51,100 43,200 41,400 35,900

1153 1343 1549 170.7

23 435 Yeblloh T4~ T-7 o2 Ex FARE ke 4
=2 yErdich oA Ag% vhel Zo], R mechanism
mechanical fatigue®} direct tearing®. =2 I A F 7}X|7} £
Btk T3, T4 Fohes e vk A Folt St Ed 7]
QG & 4 Uk, SHAEE T4~ T-7 AL ES vl wafn
7t A =7 74t = vk el 2 Wehh eS8
o8t 4= Ql+=d], o]+= "2 mechanism®] mechanical fatigue
oA direct tearing® 2 H3}E= F7to|7] wiFEo|t}. Iu}
CBS9] gteFo] =& AL EU4= vl mechanism®]| direct
tearingol] 7F7H 3L, o] of] Wt & 7t Y E Yol = E-5}
11 toughness gho| 7H4As}7| mj&o uti AJ5o] SFAFE ] ¢
L ATE BT X o YorhA, 3 9 CBSE T7 ke
=9 £ 20pheg Z3sto] FYTTHE vk 5ol
3} Zrashs 77t AR Aol dE,

25. /CBS ¥ ZOIRCo| SX HESY 53

2k W tan § T2 7 T4 HAEEAL S 2LE

Table 12. DIN abrasion Loss of the Compounds by Changing
Sulfur/CBS Content

T-3 T-4 T-5 T-6 T-7

DIN abrasion loss

85.3 80.5 79.8 79.5 78.5
(mg)
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Figure 8. Tan & curves of the compounds by changing sulfur/
CBS content.

Table 13. Dynamic viscoelastic Properties of the Compounds by
Changing Sulfur/CBS Content

T3 T4 T-5 T-6 T-7
Tan5at60°C 0.1261  0.1166  0.0990  0.0942  0.0833

Figure 83} Table 130] LFEbsich. oA olgeh ufel 2o,
B2} A& T9] mobilityZ} hysteresisES -§-@Hstchal &4
Sich. wWebd SaUEst Sobdss e Al W
mobility7} AghgEs 228 ok Aztel upRl7lA R tan § at
60°C Zkol Wobmth B AT I CBSE FFUSE
rolling resistance’} 7| A th= AL oju|gtch.

Conclusion

=H o] &rE dE7hE AHESk= WMB= DMBek=
Ze] DPG7} silanization Y82 X% Zavt gl7] g
7129] DMB A& =9} The 71 Al2ES Heafofae.
olo] wet DPGE AT 224 SAA=ZE= CBS2 & Al
scorch safety7} EREH WMB Huo-2E Ax A] o]eh-g
TESPT}O] Ruk-g-2 dozd $87} gl TBZTDE AWst
o] DPGE A3 7129] 7han A 29e A 83t Aokeset
H3 B7hsTt. 1 A3k TBAIDS) 949 wg 402 ol
7VFEA o A W cure rate, -2 £ W3l 9 2431 7}
HAEES P 5 qlgiet ool wet /A B4, vhw B4
9 rolling resistance ZH| A 243+ ATE AL 4= 9t

Tt sl UE] Z7lo] e B4 Wl elal] 5
7t A ¢l Bt 12 Z22A¢1 CBSE 1.0 phritg] 2.0 phr7hA]
0.25 phr S92 Wepstel B4 B7HS Aastelct. 1 A,
g3} CBS7} Zoo] B4 WHE JIHE4S Y a Tha
U7t AgHe 2 Frlste] 7|44 E4, rolling resistance
Zo]4 94a ATk ebich shAak ohe 452 g}

CBS7} 1.0 phrof| A 125 phr2 € wjol= A=At
toughness®] #42 Q3| 1.25 phr o] £ A 45 W3t
olE| 3t
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