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Abstract: Styrene-butadiene rubber (SBR) is widely used in tire treads due to its excellent abrasion resistance, braking per-
formance, and reasonable cost. Depending on the polymerization method, SBR is classified into solution-polymerized SBR
(SSBR) and emulsion-polymerized SBR (ESBR). ESBR is less expensive and environmentally friendlier than SSBR
because it uses water as a solvent. A higher molecular weight is also easier to obtain in ESBR, which has advantages in
mechanical properties and tire performance. In ESBR polymerization, a surfactant is added to create an emulsion system
with a hydrophobic monomer in the water phase. However, some amount of surfactant remains in the ESBR during coag-
ulation, making the polymer chains in micelles clump together. As a result, it is well-known that residual surfactant
adversely affects the physical properties of silica-filled ESBR compounds. However, researches about the effect of residual
surfactant on the physical properties of ESBR are lacking. Therefore, in this study we compared the effects of remaining
surfactant in ESBR on the mechanical properties of silica-filled and carbon black-filled compounds. The crosslinking den-
sity and filler-rubber interaction are also analyzed by using the Flory-Rehner theory and Kraus equation. In addition, the
effects of surfactant on the mechanical properties and crosslinking density are compared with the effects of TDAE oil (a

conventional processing aid).
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Introduction

22 o] o] FAPol wret olo] H@AT WA
Eolo] %8 @2 Z7}akelr}. olo] ue} Eojo] Az
A= 7129 1145 Elo|o](High Performance Tire, HPT)o]|
A NGBS 2314 % Elo]o(Ultra High Performance Tire,
UHPT)2Q] 7fte] @ =& 7]&o| 1 Qict."” 2145 Eo]
ol Uut Elojoj} vl Al ARAFEAAR), AE8E,
1& FY A 2F AT WrtEAYS S0 TEESAIA Ok
sh=t ol& WEHAI7|= o8 7HA] B F 71EY 7HEEY
Al A7HE SAA 2 ARESHE WS Bol ARgST ¢l
B o] 3 AlF e Y HS Ak 5224,
AN 22 =T PS5 golo] Bt 2 TS 1A
oo waka gfolo] EF =g 1R Hupe Tl 7HE3 &
AAe "WE nsges o AseHo] T styrene-
butadiene rubber(SBR)YS Z-&35}o] W ALy} o]Fo|x|1L
9]} 1820

SBR-2 %3} "W of] w2} =7 emulsion polymerized styrene-
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butadiene rubber (ESBR)T} solution polymerized styrene-
butadiene rubber (SSBR)Z UHH, 2 {2 AEsl=
ESBR} §7] 4u}E AFgaH: SSBRE 27] T2 HAUZ
o2 FytErt. golojo] H5S 1] Bl e 3
& wHd) BAeo] §E4E 940 AFE BATH ESBR
© SSBRo u]3) Aol ABAHo| L B BAeke] nuA}
£ 53171 8ol3f 71413 2494 B3-S 7HIo. ESBR
Y Bf =5 8= ARESH] diEo] Al BFA
S +EH 59 =& A8t surfactantE AME-SH=H| ©]
o surfactant 2 oho]Ad YA Fk= oA LR FYsto] ARE-
gt o] mpoldl yjRofA Foko] WPE o] EA FEH=
ESBRZ ¥< = Ut} ¢tz o2 =g ofifof A mpo]d 2 A
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it



40 Kiwon Hwang et al. / Elastomers and Composites Vol. 53, No. 2, pp. 39-47 (June 2018)

231w = A= Efolo] W HEE= EEES EolY
EfE o AUt BAMA A Brolo] Qi3 JfAAE 5=
SUAE 7| AA B4 @ vhao] e Fi Aoz FHA
Ak Eot AEjrts SFAZ ARG i E Woll A F3
Ao] BALE AL = QAT ol2} EAJol 71414 B4
npitof oFFeFS FI w2 S| AH YA AE o7 gt &
A QT2

AR ALZ2AF Wofl FoSl= surfactantz} A 2]7F A=
oAl Hgs] oEt Q&S skl B4 A= FFE AT
o Anhe RET Agolth wehy £ Aol 1B 1
of Folsl= surfactantz} A 2715 S2A 2 AR B =Y
71AA &40 v A= FS 7HEEY S TAA 2 AR v
ST} v £43}a1, Flory-Rehner theory®?} Kraus equation
= 0|83t 7k Y =9} filler-rubber Ato] & A o] m| ]
L g3rs B3R} 3t T3 7|29 7FEEA Q) treated
distillate aromatic extracted (TDAE) oil I} ] .5} 7| A& &
4 7k Brof mls 9 9 7HERAIRA AUEEA
o} TDAE oile] slAU 58] 2ol & ulm 24317] $la) A3
& APelnA B},

Experimental
1. S

Raw polymer:= SSBR (Kumho Petrochemical Co., styrene
content : 26.5 wt%, vinyl content : 26 wt%, non-oil extended,
SBR-5220M)2 ARESHETH 2ZA|= Ag7}H(Ultrasil 7000
GR, Evonik)Q} 71253 (N330, Columbian Chemicals)& A}
83} t}. Silane coupling agentZ bis-(3-triethoxysilypropyl)
disulfide (TESPD)E AR&-3} 91T}, Surfactant= KOHZ Z3}%
fatty soap (AR )E AFESIH 2 oil2 TDAE oil& AR
3} th. Zine oxide (Zn0)9} stearic acid= 7 EAAA =2, (1,3-
dimethybutyl)-N’-phenyl-p-phenylenediamine (6PPD)E A3}

WX AR ARESEETE. 7TRA|AES sulfur, N-cyclohexyl
benzothiazyl sulfonamide (CBS), diphenyl guanidine (DPG)Z
A ARESEATE 7R 7o+ tetrahydrofuran (THF),
n-hexane, toluene (Daejung Chemicals & Metal)©] 202 A}
aabie

2. Anl2E M=

A& formulation2 Table 13} Table 20 UEl gl A
-2 == Banbury-type®] kneader (300 cc)S AME-SFe] A=
1 fill factorts 072 AA3ke] 2 Ao AAH AWt
CEAA = 120°CE E-E A& dump 2EF 150
~155CE g3o] & 78 40% 7+ T3 APt 2ot
= surfactant7} FI-LEO| w|X= FFS SRIsH7| 3]
surfactants 7)o L&} 37 T8, o] £ A7t}
Al E913}e] 28 7k, ZnO2} stearic acid, 6PPDS £ 35t
o]% S& 7k EHS T 194 E7lo] B o|F sulfure}
cure accelerators FIg & 28 7+ TSI AAAIGE 2+
< Table 30 Uetfiglch. 2E o] i o] {4 =3
25 o]gsto] 160T =ZoA A7 () T2 7HF
stol 18 Azstec

5]
ot
T

2.1. 7kt EM(cure characteristics) &H

Two-roll millo| A A|ZH HIFL-= 9] 7138 EA-LS moving
die rtheometer (RLR-3; rotorless rheometer, Toyoseiki, Japan)
2 ol g3te] 208 Fok EA £ 1° L 16008 SAT A
Bold B2 ghe ZAs}ct

2.2. Mooney viscosity &H

Mooney viscometer& ©]-&3}4] viscosityS =431 metal
diskE 3HA|7]=d BRI EIFS S5 32 59T
o 1 & E¢ dgd F 4 & 58 100To|A large disk
(¢ 38.10£0.05 mm, F7 5.5+0.05 mm)E 2 rppml =z %

Table 1. Formulations of Silica Filled SBR Compounds with Surfactant & TDAE Oil

(unit:phr) S40-Ref S60-Ref S40-S6 S60-S6 S40-06 S60-06
SSBR 100 100 100 100 100 100
Silica 40 60 40 60 40 60
TESPD 32 4.8 32 4.8 32 4.8
Step 1 Surfactan.t - - 6 6 - -
TDAE Oil - - - - 6 6
ZnO 3 3 3 3 3 3
S/A 2 2 2 2 2 2
6PPD 1 1 1 1 1 1
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5
Step 2 CBS 1.5 1.5 1.5 1.5 1.5 1.5
DPG 1.5 1.5 1.5 1.5 1.5 1.5
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Table 2. Formulations of Carbon Black Filled SBR Compounds with Surfactant & TDAE Oil

(unit:phr) C40-Ref C60-Ref C40-S6 C60-S6 C40-06 C60-06

SSBR 100 100 100 100 100 100

Carbon black 40 60 40 60 40 60

Surfactant - - 6 6 - -

Step 1 TDAE Oil - - - - 6 6
Zn0O 3 3 3 3 3 3

S/A 2 2 2 2 2 2

6PPD 1 1 1 1 1 1

Sulfur 1.5 1.5 1.5 1.5 1.5 1.5

Step 2 CBS 1.5 1.5 1.5 1.5 1.5 1.5
DPG 1.5 1.5 1.5 1.5 1.5 1.5

Table 3. A Compounding Procedure

Time Action RPM
0:00 — 0:40 (40 sec) rubber, surfactant or TDAE oil 20
0:40 — 1:40 (1 min) silica 1/2 + silane 1/2 40
Step 1 1:40 — 2:40 (1 min) silica 1/2 + silane 1/2 40
(120C) 2:40 — 4:40 (2 min) Zn0O, St/A, 6PPD 50
4:40 — 5:00 (20 sec) ram up and sweep 50
5:00 — 7:40 (2 min 40 sec) extra mix and dump 50
0:00 — 0:20 (20 sec) mix 1% MB 20
?;;p(j 0:20 — 1:00 (40 sec) sulfur, cure accelerator (CBS, DPG) 40
1:00 — 2:00 (1 min) extra mix and dump 40
AA S5k Atk &d A=z 3 /7] A7kl 28 AE 22 5
Azttt 183 o] MES toluene 30 mLoj| 24A17F Eot 3
2.3. Panye effect &H A XA HZFSt T Flory-Rehner equation ARE-3l AA| 7}aL
Payne effect= ASTM D 80595 ©|-&3}o] rubber process U E =A319c
analyzer (RPA 2000, Alpha Technologies, USA)Z =743} %t} 1 In(1-V)+V,+X V12
2.4. DSC &% M 2p,Vo(V}/°—Z‘)
& EAL AR FAFE FA (Instrument DSC Q20 V24.11
Build 124)2 A3 T & B4 A] A47HAE 50 mL/ming) X : polymer-solvent interaction parameter
£ g FE3H —40T~100C 2] L= QoA =435t v : crosslink density (mol/g)
M, : average molecular weight between crosslink points (g/mol)
2.5. 7|1AI™ &8 (mechanical properties) £ V) : volume fraction of rubber in the swollen gel at equilib-
71A1A B4 ASTM D 4129 @2} 100 mm(Zo]) x 25 rium
mm(tH]) x 2 mm(FA)e] AHE AZste] universal testing Vo : molar volume of solvent (cm3/mol)

machine (UTM; KSU-05M-C, KSU Co. Korea)Z ©]-&3}o] Al o, : density of the rubber sample (g/cm®).
ZAF53} oA 2 =T
FETL JAFAEE ST V2 The Ao|A] L3k,

2.6 7twl L= (crosslink structure) Z7} Wa— Wy
ZtaTEE 7tRUES 48] B7ketgh 10 mm x 10 v, = £

mm 7|2 7}3HE A HE A2t 1 3 THF (30 mL)2} n-
hexane (30 mL)E {u|2 Ztz} 2o, 197F MES XA A
AE WHY {71387 AAT § A4 193 AdxA] Wy :BE S AxE AHY A
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Wy NHo|A 8] Hejo] A%
W, BEE ANHY d=F

o 2Uje dxE

prn S W=

X+ polymere} £ 9] interaction parameter2 1159 £2
9 2R, gulo] 7, L&, ARPE Sol ueh Wa

14 2
=B + —=(5. —

X= B+ 2 (6,-5)

p 1034

Vo : molar volume of solvent (cm*/mol)
0, : solubility parameter of polymer

O : solubility parameter of solvent

2.7. Z@g 12 (bound rubber) =7}

2 AL E 02+0.05 g0 MES HAo] @ toluene
2 100 mLojl 6¥7F B3t} 34 H= Yol &uj
tH ZopEtt 2 5 FE-S 100 mL ofA| & 3HF &

o
=
=
=
Y=ot o] % MES A4 3FF e AXET T S
=
=

W =W, lmy/(mm,)]

R = = T g+ )]

100

Rp : bound rubber content (%)

Wy : weight of the filler and gel

W, . weight of the sample before immersion

my @ weight of fraction of the filler in the compound

m, : weight fraction of rubber in the compound

Results and Discussion

1. Cure characteristic & Mooney viscosity

7VE/d 1} Mooney H=2] Zh2 Table 40 UeRfSict.
Surfactant@} oilE &85t AL reference AIITE v
Mooney %= Zk3 torquegtd] T4 &l & 4= U8l &

25

(a)

20 4

Lo
,.""-__ — S ————— o ——— ———

e
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Figure 1. Cure characteristics of SBR compounds with (a) silica
filled and (b) carbon black filled.

3l = surfactant@} oile] HIF-EE Yol A 715 ZAIZH
g dto] Yehd 22 ddd. shR|T AEvE SXA
2 A3 F$ surfactantE &-8-3F Ao Eof A, FHEEY
= FAAZ AR A% oilx A3 FHIR oA Hh &
© Mooney HES} Ty, 2H& U 01 % 715 24
o] HlAYZE ApoloflA 7|1t Ao g watdr. 7|28 os
surfactant} 0ilS TR} AR& Alo|of| A n|EHS §HAZ
= Ut OikE AR ¢ Ag7tel 7125 Hubeto
delta torque?} Mooney =0 A] reference FHI}--E TjjH] H]

Table 4. Cure Characteristic and Mooney Viscosity of SBR Compounds

S60-Ref S60-S6 S60-06 C60-Ref C60-S6 C60-06
tyo (min) 02:43 03:06 02:57 01:11 01:03 01:17
too (min) 05:15 05:07 05:27 02:21 08:00 02:27
Cure rate (N-m/min) 1.034 1.123 0.874 2.651 1.228 1.904
Tomin (N-m) 0.524 0.230 0.444 0.320 0.346 0.271
Tnax (N-m) 2.357 1.873 2.034 2.202 2.040 1.904
AT (N-m) 1.833 1.643 1.590 1.882 1.694 1.633
MLy 139.2 105.8 120.3 115.7 112.7 94.4
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Table 5. Bound Rubber Contents of SBR Compounds

S60-Ref S60-S6

S60-06 C60-Ref C60-S6 C60-06

Bound rubber contents (%) 38.1 18.1

30.5 24.7 21.6 18.4

o

L

oN

ta AHE HoFQlal, I AR Alo]ofA] bl
t= Aol 8 wAYELE 7Hs A=A 9o
2 "t o]¢t 2 surfactant®] -9 A
EEA = 72 A=A F55] 98 sHAITE 7t
ALLEANA = 7HERAZH Y QTS 53] 514
Fotleh A7t k=0 A = surfactant 7} 1| E S FE
A7l At FAlo Aej7te] o F2tE o] Ag7ts &
A A BAbS 2o filler S HAAZ|H 7S 2A ZX
A4S ok AT 7HE S HuEA = surfactant7}
FHE S o S&EA] B3t FE3= surfactant = K*
o] o] tigF EA5}7| wj&o] & AFoA AHgH A
CBSZ Y E| & A &= mercaptobenzothiazole (MBT)2} HF-3-5}F
o 7 EXE AFAIIG 2 waks HAukd = Yol zE
st surfactantZ} EXA|Q}F 9h-g-38te] 7HR £31S Wsfista
marching @/ F46tH, 7HEES HutEolA 7524
22X qes oA Eakih

H

[o ot rok
ol l‘ll‘O
do
1
ol
rie

o
o
rie
pau)
|o

)

M o o
me L

2. Bound rubber contents

Bound rubber?] X A3}= Table 59 Vel 1t} Bound
rubber &4 A1}, 7t A7 FYE FHEE9 bound
rubber §ao] H¥HH o R Vol AT 4 Stk Yuhd
o7 Ag71e] AL 7HEEY giv] =2 filler-filler interaction
o= qlste] mr} Be Azrh Sl WAl o W
9] occluded rubber 7} A3t} o] 2 Qlsle] Ayl &4
Auesr AREd 33 Fese wwste] bound
rubber o] 7 25 9iek. kAR, A7t Ak = oA
sufactant® 7}ERAZ EASHLL i Aelrte] Erief
sufactanh BAEe] Aejrk $HE B & 9] G|
surfactants 283t S60-S6 A= 9] bound rubber g2
S60-RefL} S60-060] ]3] =LA 7tadt Aoz vehgc). 7}
2uds FAA R AR Hup=2] ¢ surfactant7} S
Aloll H2H5)7] gpol Thés] R AR Apol9] vjZYTHE
Festy 7H2AEA 98-S gt Oils 283 FAuLE
o] A9 oilo] FHEBee] FaEo] MRSt 2214 Ao
interaction& W8)|5}7] wW24)*? bound rubber gFefo] 7}AF W

ore.

Table 6. Payne Effect of SBR Compounds
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Figure 2. Payne effect of SBR compounds with (a) silica filled
and (b) carbon black filled.

3. Payne effect

Payne effect®] =% A3}5 Table 6] UEF AT} Surfactant
HABRAR BUR A delrer SHEBAS ST 7
o= B 2719 G go] 7 25| 714547} bound
rubber 274 47ke] A} WA or A vehpgict of
L E9J3} surfactant?] crystallizationo] Yl o &2 wdd
A-8-3F surfactantE ©]-8-3F DSC 74 A3} 20C~70C71A] |
2 5 ¢E peak/t FEEH =0, o= surfactant®] ©kgei AME

S60-Ref S60-S6 S60-06 C60-Ref C60-S6 C60-06
AG’ (KPa) (0~100%) 1969 2230 1731 2483 2631 2197
AG’ (KPa) (5~21%) 583 461 490 426 404 321
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Figure 3. DSC thermogram of surfactant.

7} 12~157] A}o]| & crystallization temperature (T,)7} 64C
AL &lst4ct. wekA Payne effects 60TCo|A S EHE
2 crystallizationo]] ©]3] W< strain oA =& G S
7= AL ER1E 4= Ut} Surfactanto]] 3 FAHE =2
G’ L 3% A9 strain®] 7} A A}elA| Al =1L, Payne
effect®] A1E| o] =2 5%~20% strain 744 AGS &
A A9 surfactantE 7HyRA 2 FYS A7t Hup 2o
A 7P 32 2k YE Sl o]= surfactantzt A7t &
A& E9F0] SHA Y B4 FHAE o A= &4

@ 4 grk

4. Mechanical properties

SBRY| 7|A|& AT} vt 52 Table 70 Ut ict.
AYEA © 2 M;g00~= filler-rubber interaction®] =g} &
A e 7y 2A7F H4EH FE 2 S veEliE A
= I = Utk SAA Y 2R TE A Z Msgw/Mioow
T BA B 7EEY Ao B A = 7 RA | o2 2
0|7} w5} g, Aej7t AT E AL surfactanizt F 5
A= ¢ W2 32 Y. ol surfactant7} 5
A 2= ol 7 2AZHN A8 st A0 A7t
FHo|A A Aot w35 A 7]7] wiZol F2A Y

Table 7. Mechanical Properties of SBR Compounds
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Figure 4. Mechanical properties of SBR compounds with (a)
silica filled and (b) carbon black filled.

27 5z A Dol =SS & 4= 9tk DIN vp e o4
WA Magn, 23H0F FYT B HoiFaL QA 7 24
7 AL 2 AL AR 27 &37F "ojX] 3 filler-rubber

g
interaction”} Z+AE-& Ve ar ot

5. Crosslink density and filler-rubber interaction

Swelling test& o] &35}to] AXLE 7FxUE=E Table 89 L+

S60-Ref S60-S6 S60-06 C60-Ref C60-S6 C60-06
Hardness (shore A) 71 67 65 69 68 66
Mg (kgf/cm?) 30.3 25.6 23.6 39.6 38.0 31.0
M0 (kgf/cm?) 131.6 89.1 97.5 179.1 168.3 143.5
M;00%/Migo% 4.34 3.48 4.13 4.52 4.43 4.62
Tensile strength (kgf/cm?) 165.9 156.3 196.2 226.8 222.7 203.0
Elongation (%) 347 442 482 377 397 409
DIN Abrasion (mg) 127.7 162.9 140.3 146.0 155.6 162.4
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Figure 5. Kraus plot (a) and crosslink density (b) of silica filled
SBR compounds.

BRItk Boonstra 9} Kraus ef al.of] w2378 rubbere} 735+

Al A5 2L & 4= = adhering fillerE rubber FI--=0f
Hashe A9, v 21 TROA TRe) Rl BE(VoT 3
Zl g aRoA RO Bul B (Ve H|(Vi/ Vs ZX1IA
of gHak(g)o] Z7hatol wek gttt Krausrh Agke Alo]
A 71&7](m) Fto] filler-rubber interaction®] A ¥ Z ARE-E T}
T3, swellingE 338l @izl V, gt A3 IAEHCER
Bl €2 Vi #t= Flory-Rehner {74} tj st 5 7k
w9} o] olat S3He JLYUES DL > ok A Hol
R % 7lauEe} Fo ofat shehy FLLUEL] 2ol filler
rubber interaction®] Z7]& UebdTH

Table 8. Crosslink Density of SBR Compounds.
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o = == C-Surfactant \'\
......... c-0il N
075 N

(b)
121 \

0.8

o e el
06 4 T ——-—

04

024 =@ Totalcrosslink density

Crosslink density (10 mol/g)

= == Chemical crosslink density
0.0 T T T
C60-Ref C60-S6 C60-06
Sample code

Figure 6. Kraus plot (a) and crosslink density (b) of carbon black
filled SBR compounds.

23} kol 7t
D=9 vt 7

= 3Ug 5 ok
Surfactant= 7HEE o) S2HE]R] k11 T F AR Alo]of A
) EHE ks 7HE A A S 5] fiiEe] 7k
Y9 o] & F3F2 Fotth A7t A= 3¢
ol = mechanical properties®] 82 ¢l Aulzlo] 7tu W =9}
L A18 AL Kol AL 3H01F 4= it} SurfactantE A}
€ A% surfactantz} A E]74o] ol F2EHA Aghe
A7t ZAE7] wof 7] aatz Helo shA|RE ¢4
71AA 49 Aitol|A XA BF Ayt Akl filler-

S60-Ref S60-S6 S60-06 C60-Ref C60-S6 C60-06

Total crosslink density (10~ mol/g) 1.1167 0.9581 0.9664 1.2409 1.1467 1.0419
Chemical crosslink density (107 mol/g) 0.8838 0.6879 0.8448 0.6917 0.6805 0.6225
Filler-rubber interaction (10 mol/g) 0.2329 0.2702 0.1216 0.5492 0.4662 0.4194
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rubber interaction®| 4%t AIE B G A Kraus ploto]] A
9 71&7] 7k, & 7t =9} ol o3t 3hshd 7t =9 gt
2 & uj filler-rubber interaction 7} <73t A © 2 Lelhdt}. o]
A7t F2HeE surfactant7} FHIEE YollA FAJgH
crystallization®] swellingZ A|3|3}7] W&ol 133} ulx A
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