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Abstract: The rapid development of the automobile industry is an important factor that led to the dramatic development
of synthetic rubber. The tread part of tire that comes in direct contact with the road surface is related to the service life of
the tire. Rubber compounds used in tire treads are often blended with SBR (styrene-butadiene rubber) and BR (butadiene
rubber) to satisfy physical property requirements. However, when two or more kinds of rubber are blended, phase separation
and silica dispersion problems may occur due to non-uniform mixing of the rubber. Therefore, in this study, we synthesized
an SBR copolymer with the same composition as that of a typical SBR/BR blend compound by controlling butadiene con-
tent during ESBR (emulsion styrene-butadiene rubber) synthesis. Subsequently, silica filled compounds were manufactured
using the synthesized ESBR, and their mechanical properties, dynamic viscoelasticity, and crosslinking density were com-
pared with those of the SBR/BR blended compound. When the content of butadiene was increased in the silica filled com-
pound, the cure rate accelerated due to an increased number of allylic positions, which typically exhibit higher reactivity.
However, the T-2 compound with increased butadiene content by synthesis less likely to show an increase in crosslink den-
sity due to poor silica dispersion. In addition, the T-3 compound containing high cis BR content showed high crosslink den-
sity due to its monosulfide crosslinking structure. Because of the phase separation, SBR/BR blend compounds were easily
broken and showed similar Mogy, and M3, Values as those of other compounds despite their high crosslink density. How-
ever, the developed blend showed excellent abrasion resistance due to the high cis-1,4 butadiene content and low rolling

resistance due to the high crosslink density.
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copolymer® gHJsto] SjZat izt ahalct. olo] met g
ESBR copolymerE ©]-83}] SBR/BR blend HI-2- =9} 59
3t butadiene ZAS 74 Aelrt ALEE A zdte] 7]
A4 547 54 Wet 24 U AaUE 5o B4 W
w7tstect.

Experimental
1. AExE

1.1. ESBR &4 1=

H A3 A styrene (99.5%)> SAMCHUN Chemicalso]] 4]
offate] A45H. 0.0 13-butadienesh A HEA A (fatty soap,
rosin soap), Tfo]Al <QFASIA|(KOH), 7JA]A|Q] p-methane
hydroperoxide= F3 47310 Al Algtol HE=o] HA
glo] Arg3tHTt A1 sodium hydrosulfite, activation
solution ( 2,2',2",2"-(ethane-1,2-diyldinitrilo)tetraacetic acid,
ferrous sulfate heptahydrate, sodium formaldehyde sulfoxylate),
chain transfer agent?l fert-dodecyl mercaptan, shortstop agent
Q1 diethylhydroxylamine(98%)2 Merch ol 4] Ftufjste] AR
SRt 21 A| 2 calcium chlorideS SAMCHUN Chemicals
oA Fufste] ARSI

12, ZAo2E M= ¥ 7l X ot 2

Raw polymer= NdBR-40 (ultra high cis BR, cis content>
97%, 22 AR-38HH)S AFE-31 1L, filler= silica (Ultrasil
7000GR, Evonik)E AR5}t Silane coupling agentZ bis-
(3-triethoxysilypropyl) disulfide (TESPD)E AF&-3} Tt ZnO
@} stearic acid= 7t A A2, (1,3-dimethybutyl)-N’-phenyl-
p-phenylenediamine (6PPD)E AR AR ARESIE AL,
sulfur, N-cyclohexyl benzothiazyl sulfenamide (CBS), diphenyl
guanidine (DPG)E 7} A| 2 A3 th. SilaneS Z3FsE 7
TEE Az A FY EH J7HAIES Merch ol A Fufjste] AL
23}t 7t Z FH7to)l= DAEJUNG Chemicals & Metal
o 5] 3%t THF, n-hexane, toluene& £H]Z, propane-2-
thiol, piperidine, n-heptane &2] Aulo|& 7tw L BX

golo= ArgE gl
2. ESBR &

2 L ¥F-8-7] 9] styrene, water, rosin soap, fatty soap, electrolyte,
sodium hydrosulfite, activate solution& A 3Fs}o] @11 A4AZ
ARG 1 ANAE £UetT £ chambero] A2
3= 1,3-butadieneS ¥WH3-7]2] gas lineo]| AZ5}to] 3 bar] &
& gelg o)g) FYUstgh whe7]e] LEE 0°CE £4
AZIHA FAE APt AT AXE A% $F =&

Table 1. Formulation for the ESBR Polymerization [gr]

Sample Code

Materials ESBR-1 ESBR-2
Styrene 26%  Styrene 18%
Styrene 112 72
Monomer .
1,3-Butadiene 288 328
Water 640
Rosin soap 26
Surfactant Fatty soap 66
Electrolyte 20
Sodium hydrosulfite 0.169
Initiator -
p-Methane 0.457
hydroperoxide
Chain transfer Tert-dodecyl 1032
agent mercaptan ’

(total solid contents; TSC) %2 $~E A Z7|(MB45, OHAUS,
USAYE ARg3stgoH, AEgo] 65%0] =23tH shortstop
agents FY5te] WhgZ FTAAIZ T AAE A4 recipe=

Table 1o WERH ST

3. Anl2E M=

Au}-2-E formulationE Table 20| UelYQict Aot =
)& Z3}7](Kneader, 300cc, Gu] 2 of| 2~0}0], Korea)S A}
43t AZE YL fill factor= 0.72 A3} 2 dAof 4
A ZgPstct. 1A oA = 120°CE S AJ&Fste] dump

Table 2. Formulation of the Compounds [phr]

Sample Code
T-1 T-2 T-3
Materials Co-polymer Co-polymer  Blend
Styrene Styrene Styrene
26% 18% 18%
ESBR-1 100 - 70
Rubber ESBR-2 - 100 -
Composition
NdBR-40 - - 30
Total 100 100 100
Filler Silica 60
Silane TESPD 4.8
S.M.B ZnO 3
Mixing
Addictive St/A
6PPD
Cure Sulfur 1.5
FMB  chemical
Mixing CBS 1.5
Accelerator
DPG 1.5
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Table 3. Mixing Procedure of the Silica Filled Compounds

Time

Step [mm:sec] °C] Action
00:00 — 00:40 20 add rubbers
00:40 — 01:40 40 silica 1/2 + TESPD 1/2
S.MB 01:40 — 02:40 120 40 silica 1/2 + TESPD 1/2
mixing  02:40 — 04:40 50 add ZnO, stearic acid, 6PPD
04:40 — 05:00 50 ram up
05:00 — 12:00 50 dump
00:00 — 00:20 20 add MB
nlijl]r?g 00:20 — 01:00 50 40 add sulfur, CBS, DPG
01:00 — 02:00 40 dump

SRS 150°C-15°CR B0l % 128 7 EAL AP} o
A 3+A3E ESBR-13} ESBR-2 copolymerE ARESto] T-13} T-
2 [T EE AR T-2 Hub =9 5 U3 styrene
ZFS 7FA =Z ESBR-1 70phri} NdBR-40 30phr& blends}<
T-3 AL EE Al xsth 17 £ o] 3 AE7}e} silane
2 EQJ3lo] 28 7F, ZnOg} stearic acid, 6PPDE £ Q31 o]
T 0% 202 7t EAS|FUL. 1A E7o] E o] F sulfur
2} cure acceleratorE £{J3F & 28 7F £ 5 ch. ALA|SE 1}
& Table 30 YEPQITE. BE E7lo] ¢ o]F {9F =
A o] 83t 160°C =7 ofA HA7FFAIZ (1) F<F 7F
7ot 7HES AlEs

4. 2

oK!

7t

4.1. Gel Permeation Chromatography (GPC) &H

Solvent delivery unit, refractive index detector 12|31 Stryagel
column (HT 6E, 10 um, ® 7.8 mm x 6300 mm, HMW 7, 15-
20 pm, @ 7.8 mm x 300 mm, HMW 6E, 15-20 um, ® 7.8 mm
x 300 mm)2. 2 FAE GPC (DGU 20A 3R, Simazu, Japan)
2 A8t o] 71718 ol gale] BAHM,)T BAw
X = (PDDE &H3FH 2, polystyrene standards AHE-35}1o]
A B ANse

4.2. Nuclear Magnetic Resonance Spectroscopy (NMR)
=

& 2}7] 24 7] ("H NMR; Varian, Unity Plus 300 spectrometer,
Garden State Scientific, USA)YE ARZ3}4] raw polymer2]

micro structure S ZQ15}% T

4.3. Differential Scanning Calorimetry (DSC) &4

A A 7FAE 50 mL/ming] £5 2 FF5 2= HE 40
~100°Cof| A A2} AL A (Instrument DSC Q20 V24.11
Build 124)5 AFE3}o] raw polymer?] & EXS &35}
At

4.4, 71&t EM(Cure Characteristics) &3

Moving die rheometer (RLR-3; rotorless rheometer, Toyoseiki,
Japan)y& 0]-&3to] 2= 160°C, 5 2+ £1° 27 oA 30 3F
£33+ Z4a9ich

4.5. 2L| M (Mooney Viscosity) &M

3| A A A=A o] Y221 Moony viscometer (Mooney visco-
meter, Vulchem IND Co., Korea) & ©]-83}% metal diskE 3]
AA7)=d 28t B3 2 S35t ASTM D 1646 =
Aol wet 1&23F A Ger F 425 100°Coll A large disk
(38.10+£0.05 mm, 57| 5.5+0.05 mm)E 2 rpm o2 ZEA|HA

=4shsnt

4.6. 7|AI™ EM(Mechanical Properties) &

ASTM D412¢] 2] @} 100 mm (Zo]) x 25 mm (4
H)) x2 mm (FA) F49 o F AlHS Az} A=
= AJES UTM (UTM; KSU-05M-C, KSU Co. KoreayZ 9|
&olo] A EL BB EE S 7= A=
ASTM D 22409¢] w2} shore A type ZE=A =2 A|HS 9F2Kg
(196N)2] Fo 2 U ZHstel Bazte Askaich

4.7. Oz & (Abrasion Loss) &H
ot EX-2 ASTM D 59639] 2t A]& 16 mm, =°] 8 mm

Jl YEF 22 AlHE A=A DIN vfEAIH7| 2 A 7
23S S5k

4.8. 7km = (crosslink structure) 7t

713E AEE 10mm x 10 mm 7|2 &2t THF (tetra-
hydrofuran) 30 mL, n-hexane 30 mLE Su|& Z}z} 48X]7¢
sampled BRI, A7l Ak F AH URo] $7]37}
B AAT T A20A 197 A2 A FT S 2 5 &
7] A7bEo| 22 H sampled] ZFL 23R, o] AHL
tolucnes] 24X]7F <k %] A1 thAl $AE Z4sieAct. of
A4to 2 2% 2A g2 o9 4], Flory-Rehner equation
< AHgE AA 7t HEE A4S

_ 1 In(1=V)+ Vgl

- 1
3 ﬁ)
2p, VO(VI >

2M,

c

. polymer - solvent interaction parameter

v : crosslink density (molg)

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

o density of the rubber sample (g/cm®).
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Vi the 42 olgdtel atgic.

WW;
V = #
Y W—w, W—W,
d f + s d
e Oy

Wa B& & Azxd AHY A7
W Al A o] F2jo] A7
W BgH AlEo A

ps &S} M=

pr O] A

= polymer2} €ul| 9 interaction parameterz 150 £
9 BA, g0 £, L&, FLTE Sol ue vk,

Vi 2
X= ﬂl+ﬁ(§p_5s)

S 0.34
V,: molar volume of solvent (cm*/mol)
0, solubility parameter of polymer

O solubility parameter of solvent

Z71H 02 710 FZ AL 93) propane-2-thiol (0.4 M),
piperidine (0.4 M) 4]¢] n-heptane (50 mL) 892 A=
o} o] EHE A F71ES AAT AlH YL A20)A] 16
AIZE T BEg o] F MES AW HRAIZ F toleune
of 24X7t Fet BN W& A T FF Zo|E 0|85t
o] duto|=of 93t 7tu AdE SR

o

®

4.9. SX HEl EM(Dynamic properties) &8

FherEe) fel ol Lot B2 HE 54 A% 30 um, 2
=24 10 Hz, tension mode, =% ¢ —80°C~80°C ZAof A
dynamic mechanical thermal analyzer (DMTA, EPLEXOR
S00N, GABO, Germany) & ©]&3t AAIsItt. Al HS
15.0 mm (Z9]) x 5.0 mm (44]) x 2.0 mm (FHA)Z2 A|Z35}
o] ZA3hr.

Table 4. Characteristics of Raw Polymers

Raw Polymers

ESBR-1 ESBR-2 NdBR-40
M, [g/mol] 120,000 116,000 153,000
M,, [g/mol] 420,000 420,000 520,000
PDI 3.5 3.6 34
Styrene [%] 26 18 0
Vinyl [% in BD] 19 21 2
Cis [% in BD] 23 25 > 97
T, [°C] -53 -63 < -80

Results and Discussion

1. Characteristics of raw polymers

ESBR-13} ESBR-2 copolymer®] B2}k M,, 7|& 420,000
o2 TSy BA 2R oA 359 3602 ARG 2L
GPCE &3] glstsint

'H NMR 242 E3}e] ESBR-1, ESBR-2 copolymer2}
NdBR-402] microstructureZ 215} th. 1,2-vinyl7| = 4.6~
5.0 ppmoJ| Al peakE YEFJ I butadiene?] 1,4-addition, 1,2-
addition2 5.0~5.75 ppm, styrene> 6.7~7.3 ppmo||A] peakE
UeldAT}. Butadiene?] 1,4 addition = cis-1,4 addition& 5.3~
5.4 ppmo]| A, trans-1,4 addition 5.4~5.5 ppmo]| A peakE L}t
Ebditt. Monomer®] EAF} ZF peake] HZ S a12{ste] g
A%t ESBR copolymer®} NdBR-402] microstructure A4S
Ak}t

ESEDSCE 0]-83}9] ESBR-1, ESBR-2 copolymer?} NdBR-
409 FE|dol2 =5 £4% 23} butadiene?] FFo| E25
£ polymer chaino] g4 F2 Y 4= Q17| "ol -2 H ol
T} Yolx= AL 8915ttt Butadiene 11591 NdBR-40
o Ao 24 L& Gel 80°C Hrf e G Ho L
Hetlio] & 71712 3740 E7Hsstth AAIE 2=
Table 4¢f YE 3Tt

2. Cure characteristic & Mooney viscosity

Cure characteristics?} Mooney viscosity 7% Z 1= Figure
1 & Table 59 YJeFAtt. Butadiene gFo| =718t T-2, T-3
Hup2= o H9 T-1 Hu+E X1} cure rate?} Wtz = 2
= Y=t ©]= allylic position®] F7t=2 <18l 7kal ¥k
5o FAT 5= Q= active site7} SO B 7] 2ol YRS 2

25

/’——-"--"‘v-_—-q-.-c-u-_q-n

2.0 -

Torque (N-m)

T-1 (reference)
T-2 (high BD)
—————— T-3 (BR blend)

0.0

Time (min)

Figure 1. Cure characteristics of silica compounds.
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Table 5. Cure Characteristics of Silica Compounds

Sample Code

T-1 T-2 T3

(reference) (high BD) (BR blend)
tjo [mm:sec] 04:42 04:04 04:21
tog [mm:sec] 08:03 06:22 07:21
Cure rate [N'm/min] 0.76 0.99 0.97
Tmin [N'm] 0.291 0.349 0.383
Thnax [N'm] 1.851 1.983 2.194
Tmax-Tmin [N'm] 1.56 1.63 1.81
ML 44 110 118 123

B2 BoE £a T 45keS tu] Mooney 4=t At
29l =3 3to] A FAE A Butadiene Feko] F7he:
Z styrene®] TF2 A SHA E=H), styrene®] aromatic ring
2 AR} FR5E silica?t 43285 silica B4R A
A2 = QUER? ool ek syrene Fako] A& T2 AuheE
= silica #4t0] A £ Toin, Toax EZ F4& HEHH
AL g wEh NdBRo| 2He T-3 k-2 E+= blend A] A}
€4 BRY £AgFo| 27| 2o Yo e} tE &
gt A7t 4k w2 7he xR st P w2 B2
e UEE Ao mekEr.

3. Crosslink density

Swelling tests ©]|-83}o] AAFE crosslink densityS Table
60l et §itt. Butadiene®| gHegFo| S71atpS 7hal W39
active site€l allylic positiono] o}A 7}l L2 Ao &2
SHAH T-2 Aot = 9] 4 silica £Ato] £ o} 7k
= A% a3 nju)slgth T-3 Ho-2 =92 49 high cis BR
S blends}o] XM 7] W&o trans-1,4 butadieneo] W& T-
2 #H9}-2 & H T} mono sulfide 23S A7) Hoh332 gur
o2 mono sulfide A3to] B2 HIL=9 ¢ poly
sulfide Agto] @2 AL E W} £ 7t I =& vepdth
T G AP o]0 wet high cis BRE blenddt T-3
et T2 Ao Enn AR AoR B B UL
Uehy= Aoz g

Table 6. TotaL Crosslink Density of Silica Compounds

250

200

150 A

100 A

Stress (kgf/c mz)

50
T-1 (reference)
T-2 (high BD)

—————— T-3 (BR blend)

0 100 200 300 400 500 600
Strain (%)

Figure 2. Stress-strain curves of silica compounds.

4. Mechanical properties & DIN abrasion loss

71A1A EA AIE Figure 29} Table 7¢f, DIN of2 &4
A5 Table 8o Yelith T-1-T-3 HILET7F Mgoet
Moo Ol A FAFEE 3h& UFEF LA 9L, butadiene®] $Hgo] &
7}t T-2¢} T-3 o2 E=2] L -2 elongation at break (&,)
of] 71913 X2 tensile strengthS ¢l NdBRES Z35h
T-3 Hup2= o] H-$ 5 Y% butadiene FHS 7HA= T-2 A
TEE Hoh g4 £ 275 eI ol 7k
7 wolA et Bate R weEa nesh EuE A%
copolymer®] 7Z$-Et} polymer phaseZ} ATZA OS2 hetero-
geneousdto] ©-S 417 shto] Yojibs F o2 gt 6
DIN abrasion lossg £33 0t 2 A5-& H| 2 43t A1}, high
cis BRAF AHEE T3 Hoh2 7} A1 4t e 548

Ueh e

Table 7. Mechanical Properties of Silica Compounds

Sample Code

T-1 T2 T-3

(reference)  (high BD) (BR blend)
Hardness 61 62 65
Migoe [kgdem?] 19 20 21
M0, [kgdem?] 90 91 93
Elongation at break (&) [%] 503 465 447
Tensile strength [kgg/cm?] 216 189 181
DIN abrasion loss [mg] 119 96 76

Sample Code
T-1 T2 T3
(reference) (high BD) (BR blend)

Total crosslink density
[107* mol/g]

Di + mono crosslink density
[107* mol/g]

1.10 1.12 1.23

0.55 0.59 0.64

Table 8. DIN Abrasion Loss of Silica Compounds

Sample Code

T-1 T2 T-3
(reference)  (high BD) (BR blend)
DIN abrasion loss [mg] 119 96 76
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T-1 (reference) ’
T-2 (high BD)
—————— T-3 (BRblend) o=

Tan &

Temperature (°C)

Figure 3. Tan 0 curves as a function of temperature.

Table 9. Viscoelastic Properties of Silica Compounds

Sample Code
T-1 (reference) T-2 (high BD) T-3 (BR blend)
T, [C] -33.6 —44.8 —45.2, < -80
tan & at 0°C 0.202 0.169 0.155
tan & at 60°C 0.128 0.126 0.111

5. Dynamic properties

& Het EY £4 A= Figure 3 9 Table 99f LERY
}. Styre ne 3ol 2 T-1 Ao E7F 7MY & 8- o]
25 YEMY R cis-1,4 butadiene o] =2 T-3 Al
b 7P 22 fEAol=E UEUSlt gutdes A
2 =¥ A/ AEQ tan § at 0°C oA 9] tan § FH2 24
ol & FFE 7| "o AL =¥ AT AESQ
tand at 0°C T1 HIRLTol A 714 & 22 Lhehygie
2 Ao A &2l tan § at 60°C ] ALo= 7fnd =7}
=S24Z free polymer chaino]] 23t energy loss7} £ 57|
2, =2 7FU =S 7HA= T-3 AL S04 7P W2
ZrS e QITE S ek 9l tan § curves S B o T-3
AEE7 & F A= H|8) tan § peak Fro] WL
—80°C F-Lof|A] tan 87} A58k= two peak FEHE HEH S
=g, o= T3 ATYLEE=2] polymer?l ESBR-13} NdBRO]
partial miscible 3}7] W&ol Yehd Atz gaEct 7 o
o wrz} ESRB-19] NdBRo|] FEZ O Z blend ¥ polymer
phase:= 2F —45°Cof| A, blend H|A] &2 NdBR2] 79 —80°C
o]3}o| A TgE el o] ESBRI} BR Alo]o]| phase separation
& BT 4 Yok Ea §2 80 L= 4 9 tan b peak
A], phase separationo]] 2]3}o] BR phase®] energy dissipation
o] S0 olsfol A olol ) ol T-134 T2 Gk
of W& B tan s peak S e How wErHt

Conclusions

A2 Yo butadience] THo] Z7HehH B3 o] 9
3t allylic position®] Z7}3}] cure rate7} WetA]= AL &
Q15}F ATt copolymerS AFESE T-2 A= 2] AL silica
BAto] EEste] 7h 99| Ao ALz mn|skqith
olo ukal high cis BRo|] blend® T-3 HAI}-EEXE mono
sulfide 292 7 A4 = 3171 "2l poly sulfide 2t
o] B T2 HuLE Hrp L3 7k 9=E Yehfgith

71AA E/0A 7h W=7} Fobdlo] wet g0] BobA
tensile strength7} "“O}X]L‘— A2 YeH Gt £3] high cis
BRo| blend¥ T-3 Huh-& =2 cis-1,4 butadiene TS
2 stol P S ok B4 eRiRch T3 A
+E9] phase separation F2] g 5‘3 Ao A gl &
4> 9] on, phase separationo]] 2]} Z-2 tan § peak ZF< L+
EFct T35 T-3 Hu-2=90] AL ESBREIP NdBRY] partial
partial miscibility2 ¢l5}o] T 7o) S| Aol & el
o1, high cis NdBR®] blend®l T-3 AT L= oA o] =& 7}
TUEE Qlste] 9t T8 AAHS Lehpsich

u}2kA] SBR/BR blend H1H-2-E 9} 5 U3 butadiene TS
TR =S ?ﬂ”*“ 3t ESBR copolymers AR5l Aut=E A
%% % high cis NdBRXt} copolymer W] BRO] cis-1,4
butadience] H-20] ot oz} AHLAE, T AT
o] E3 415 Uit

rlr
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