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Abstract: Liquid butadiene rubber (LgBR) is used as a processing aid and plays a vital role in the manufacture of high-
performance tire tread compounds. In this study, center-functionalized LqBR (C-LgBR) was polymerized with different
vinyl content via anionic polymerization. The effects of the vinyl content on the properties of the compounds were inves-
tigated by partially replacing the treated distillate aromatic extract (TDAE) oil with C-LqBR in silica-filled rubber com-
pounds. C-LgBR compounds showed a low Payne effect and Mooney viscosity regardless of the vinyl content, because of
improved silica dispersion due to the ethoxysilyl group. As the vinyl content of C-LgBR increased, the optimum cure time
(too) increased owing to a decrease in the number of allylic hydrogen. Moreover, the glass transition temperature (T,) of
the compound increased, and snow traction and abrasion resistance performance decreased, whereas wet grip improved. The
energy loss characteristics revealed that the hysteresis attributed to the free chain ends of C-LqBR was dominant.

Keywords: liquid butadiene rubber, silica-filled compound, anionic polymerization, vulcanizate structure, rubber com-
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Introduction

At Ao 2 A ZH “liquid butadiene rubber (LqBR)”+= 1L
BAFof| A plasticizer, cure coagent, 18] 11 E}o]o] EF = 9]
A& 7MAske 8§22 ARSHh 53], Bho]o] 4kjie &
&t = A77F A 1087 2A F71HsEAET, o]« liquid
polymer T3l 53] 29 59 2 Z/EO R 318 % k!

1995 K€ 379 processing oil AJAIG A} Elo]o] A=
A EL 7|20 AFESFA highly aromatic oil (distilled
aromatic extract, DAE)©] A £2 21 polycyclic aromatic
hydrocarbons (PAHs)& 38313l 9lof, 0|2 tiA|sl7] ¢st
TR EAIE WESH] AlEFsEleh A A= 20108 EU REACH
(Registration, Evaluation, Authorization and Restriction of
Chemical) 7+7g o] w2} gfo]o] Ao A DAE oils & ARg-]
HA) =913, treated distillate aromatic extract (TDAE) oil 2}
Zro] PAHs &aFo| A& oilo] diA] 732 A2 AREEI
o}>* 3125 TDAE oilo] 285 7hFE-2 A|Zko] Aol w
2} TDAE oil ] migration ©] QFAY3}e] a2 EA4Jo] vuwh
e o] Tk olF BASE non-PAHs o]EA
migration ZA7F Qi W2 ABEA ] thEt BRAL A
A5F3e. o]l w2t liquid polymer of gt 4.9} 2lo]
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2 Z7ksb7) AlRehet

A2 liquid polymer+= F|o]Al Elolo] EF = HulE 9
RS e $E2 i 225 A8 EsT B
vinyl 32 ZF= liquid polymer+ base polymer 2 ARE-F
high vinyl styrene-butadiene rubber &} A-g4Jo] 9435}ta] A
T2E T, & S7H1R2H, o4 Bto]of 9] hysteresis & 5
7HA Al AsS Fdstetdnt. o Yozt 5828 Etol
o8] Az A= LgBRS 75 2A| 2 A-85t3 = thget Al
=9 A A& 7leo] HAAHom WA 53], 429
Kuraray Co. Ltd.] 4]+ non-functionalized LqBR] vinyl 3}
FE FAgste T, IA ¥5% 3, solid polymere} co-
vulcanization A|7J 2. 24 LgBR 2] migration©] 743 3}
Q13+ th® Sumitomo Rubber Industries (Japan) £} Continental
AG (Germany) = ¥ Efo]o] FHup=of -2 vinyl 32
LgBR & &]-83}o] #]-20]| 4 9] viscoelastic performance £} U]
np2 AL AT Hirata et al. 2 AY3tE non-func-
tionalized liquid rubbersZS 7}EZA|2A] carbon black-filled
NR Aupg-Eof 2§51, 754 74 H migration A7}
AAES FlstAnt’ Tt 582F Efojo] EoF UjofA
LgBR ] A8 G495 W3 717] l8liAl+= LqBR ¢ free chain
ends 27 7]Ql5k= hysteresis A sfdo] B2 ol it

Non-DAE plasticizers o] ot TH41 3} 5-A]of], 19930 Michelin
< 52 3 Eolo] ARUAISS A7 viE A 9
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stof 7|29 7HEEHS A5t A E7tE EAA| = ARgSt
£ ATES AYsAnt.” a4 o st EY T Fe|, At
= A W EACE Q) Avt AZSHAE AHESH
Elo]o] HuhL-E 9] traction I} rolling resistance & 7] A13}1H S
™, o]H3t filler technology 2] AE-2 polymer AF&¢] func-
tional group2 EsH= A7|7F H U

o] 3t 7]&EL 7|WMO R silane-functionalized LgBR-&
201785 483 B30 5 golo] ATl 28w
AEo] HuEcHS® Kim et al. 2 silane-functionalized
LgBR 9] ethoxysilyl group©] A2]7}¢] silanol group I} HH--
3} Wt o]} 7Fw A Q1 Zhof] 2)38) base polymer £} crosslink
reaction < O 2 HutLE Yo A At AHASHAL FAF
o QS FFT ¢ o BusEck” At silane-
functionalized LgBRZ processing 0ilZ} non-functionalized
LgBR-& t A& 7§, functional group o] 23t chain mobility
749} free chain ends 429] Z+A~2 hysteresis & A 74 A
Z 4= )T}, E3SF, Hogan et al.-2 alkoxy, amino, cyano, sulfonyl,
epoxy groups, halogen atoms 522 HAE LgqBRo| A&7}
FHo| EA5H= silanol group I} 3184 AehE 4T = A
7| Wge] E4o] B FErtE wusge

Ejoloje] 450] polymere] AATFEEAE, BAS BE
TEA A7 AR S)oh 0 TR (styrene T, vinyl TF
Syl 27 elzelEz Boloold £FEE Yo 45
A5 WEA7]7] 3 polymer o] BAE R The] BAZ of
3ot A2 tids] Fasith Ty, A thEE ] Aol
A A @4 Ao] ofd 483t LgBRE ARESHRAL,
olo]| walt EX}=F, vinyl 3+, functionalization ZZ&of 1]
A] LgBR 9] 27} wlj-£- g A o] ¢ict. o] = Qlsf LqBR o] &
o= ol 2Hgale wAYZT B4 Aael dhat 24
49l o] 98 M5 ket 53], LqBRe] functional
group2 E=YUst= FAAHS 159 7S A= 1, o]
HA 3AE functionalized LgBR (F-LgBR)%] mjA|Lz
(vinyl 3ol tigt A= A8 53 Aol

webA, 2 AFolA = 2ol& SRS o8t EAFES
SAFSEAL vinyl EEFo] A2 thZ center-functionalized LqBR
(C-LgBR, modified with ethoxysilyl group)S A3t T 1
2|3l o]& TDAE oil& HAIE 7I52A2 A-&ste d7t
Angsg Azsigon, Bolol EdE Huke
Sof Ao] e UL BHEL Bleke] C-LeBRY
vinyl @7 TIE BISGTE. ol714 BAE A7H LeBR
o] 43 Folo] EE A= Axo| Bag A9
LgBR A7 & A%< 7|9-E udsE Aol 7|

A g

Experimental

1. Materials

1.1. Polymerization

TH A ARES EEES BT da Ao §718
W 2 cyclohexane (99%, Samchun Chemical Co., Seoul, South
Korea), 290|2 7JAJAIZA] n-butyl lithium (2.0 mol/L in
cyclohexane, Sigma Aldrich Corp., Seoul, South Korea)2 A}
L3519 th. Monomer 24 1,3-butadiene (Kumho Petrochemical
Co., Daejeon, South Korea), vinyl S A3t 3|
N,N,N',N'-tetramethylethylenediamine (TMEDA, 99%, Sigma-
Aldrich Corp., Seoul, South Korea)2 polar modifier 2 AR&-
gkt 18]al LqBRE BIAAI717] $igt AERLARA
tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich Corp.,
Seoul, South Korea), £ZAA| 2 A] n-octyl alcohol (99%, Yakuri
Pure Chemicals Co. Ltd., Kyoto, Japan)& A3l T

1.2. Compounding

Solution styrene butadiene rubber (SSBR)Q1 SOL-5220M
(Kumho Petrochemical Co. Daejeon, South Korea, styrene
content: 26.5 wt%, vinyl content: 26 wt%, non-oil extended)
3} high-cis butadiene rubber (CB24, Lanxess Chemical Industry
Co., Ltd., Cologne, Germany; cis content: 96 wt%) ©] base
polymer 2 AR5 131, A 2]7HZEOSIL 195MP, Solvay Silica
Korea Co., Ltd., Gunsan, Korea)”7} filler2 AREE|QlOH,
X50-S (Evonik Industries AG, Essen, Germany; bis-[3-(tri-
ethoxysilyl)propyl]tetrasulfide (TESPT) 50%, carbon black
N330 50%)7F gk AZYA R ALH L 22l g 7}
F ZA|ZA treated distillate aromatic extracted (TDAE) oil
(Kukdong Oil & Chemicals Co., Yangsan, Korea)& A3}
ot SAZAR Zn0 2} AH|oF=AK(both from Sigma-Aldrich
Corp., Seoul, Korea), 2 ZHX A2 N-(1,3-dimethylbutyl)-N'-
phenyl-p-phenylenediamine (6PPD, Kumho Petrochemical
Co., Daejeon, Korea) ©] Ao ARRE[QiTh 183 71w
A2 2H(Daejung Chemicals & Metals Co., Siheung, Korea),
ZZA| 2 n-cyclohexyl benzothiazyl-2-sulfenamide (CBS, 98%,
Tokyo Chemical Industry Co. Ltd., Tokyo, Japan)Q} 1,3-
diphenylguanidine (DPG, 98%, Tokyo Chemical Industry Co.

Ltd., Tokyo, Japan)7} AF&-EQith
2. Measurements

2.1. Gel permeation chromatography (GPC)

B g BEXFESEE gel permeation chromatography
(GPC, Shimadzu, Kyoto, Japan)E ©]&3le ZA3}% o
GPC+ solvent delivery unit, refractive index detector 2} 3 &£
&9] Styragel column: HT 6E (10 um, 7.8 mm x 300 mm),
HMW 7 column (15-20 pm, 7.8 mm x 300 mm), HMW 6E
column (15-20 pm 7.8 mm x 300 mm) S 2 FAE] o] T,
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polystyrene 3*ZF sample (EasiCal PS-1 standard, Agilent
Technologies, Santa Clara USA)& ARE3te] BEXlef A4S
St

2.2. Proton nuclear magnetic resonance ("H NMR) spectro-
SCopy

;27 FH7]("H NMR; Varian, Unity Plus 300 spectro-
meter, Garden State Scientific, Morristown, NJ, USA)E o] &
sto] C-LqBR W9 vinyl ¥Hs &8ttt C-LgBR
deuterochloroform (CDCl;, Cambridge Isotope Laboratories,
Inc., Andover, MA, USA)S &1 2 5}4] 5 mm NMR tube o]
15 mg/mL =2 LAZ T AL acquisition time 3s,
relaxation time 2s, frequency 300 MHz, temperature 25°C &
AL R 64 AN

2.3. Differential scanning calorimetry (DSC)

C-LgBRs 9] 42| Ho] &%= (T,)= A2} FAF DA|(DSC-
Q10, TA Instruments, New Castle, DE, USA)E A}&3}o] =
Ak leh AE(3-6 mg)oll that thermogram & & 2~ o 7] 5}o]]
A £ 10°CY 7HE £ =2 HMES -120°Co 4] -20°C= 7}
gt At

2.4. Payne effect

Rubber processing analyzer (RPA2000, Alpha Technologies,
Hudson, Ohio, USA)E o]&3}e] Hu}2x9] filler-filler
interaction< H 7} . w715 A= 9] storage modulus
(G)= strain 0.28%-40% WA 60°C 22 A=)
S22 strain g o A= A 2|7} agglomerates 7} 9p] ] 2] Fok
G’ gfo] & Wi, 2 strain G Jo A= agglomerates 7} 3]
o] G Fho| FolAh AG' (G at 0.28%-G' at 40%) Fr=
Payne effect 23 5}, o]+= filler-filler interaction 2] A =&

olu] .

2.5. Mooney viscosity

Mooney viscometer (Vluchem IND Co., Seoul, Korea):=,
ASTM DI16469°]| w2}, n|7k8; 17 Huopez HYd 3t
2 2e7} WY we) B2 S| T FTHL B
7tk A o)tk ZE 9] S ALEE 2 rpm, LEE 100°C 2
kAl 1279 o E o|F 4727t 2 E IAAA By

275t

flo

2.6. Cure characteristics

Aue= 9] 718 EAL moving die rheometer (MDR,
Myung Ji Co., Seoul, Korea)S ©]-&35to] AF Zt= +1°, &
= 160°CE AR AHolAM 302 F¢ FAsAen,

minimum torque (Tpin) 2} maximum torque (Tpay), 222X A

(i) 232 A 7HF ATH(to)yE S73H

2.7. Solvent extraction and analysis of the vulcanizate
structure

M= 7HeE ol 7t o) 2 249t 7t
7F S71ekd ZFa g Afol o] EAbEe] Hastal, 7hu g
7h F713k BE Al olA 7Y Tt 250 Tt
i Akg Atolof gufjo] ETL o] AiFe s B
t} 10 mm x 10 mm x 2 mm 37| 9] 7}5& A|H FAE
A3}l tetrahydrofuran (THF, 99%, Samchun Chemical Co.,
Seoul, Korea)?} n-hexane (95%, Samchun Chemical Co.,
Seoul, Korea)ol| 22} 25°Cof|A 147 A AlA AlH W7
o] §7] H7HES AART. o]olA AJHE 25°CollA] 19%E
A2AN & T2 St 3289 /7] A7y 2R
28 AASt}. Total crosslink density & 2733517] ¢ §-7]
F7Feol AAR AN HY TS ST F 4204 143t =
ol gujoll A JA] Al7|aL BEH AHY BAE S
83l Flory-Rehner 4] (1)} Kraus 4] (4)& ©]|-&3}d

vulcanizate structure & 45} c} 202!

[

o 1o

d

I
S R

1 71n(livr)+vr+lv3

Y= —=

1
2M. 2pVS(v,]/37v,./2) o

<

: crosslink density (mol/g)

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

v, : the volume fraction of rubber in the swollen gel at
equilibrium

V, : the molar volume of solvent (cm*/mol)

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

x : the polymer-solvent interaction parameter in Equation

)

Wary~Willer

V.= Prubber ( 2)
-
wdryiwﬁller_,’_Wswalleniwdry

Prubber Psolvent

Way: the weight of dry sample

Wrier: the weight of filler in the dry sample
Wawollen: the weight of the swollen sample
Prubver- the density of the rubber

Psonvens- the density of the solvent

7=034+ I—}%@f@)z 3)

vy : the molar volume of solvent

0, : the solubility parameter of polymer
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Js : the solubility parameter of solvent

Vio (_ﬂ)

’, 1-m s @)

V0 . the volume fraction of rubber in the swollen unfilled
rubber

v, : the volume fraction of rubber in the swollen filled rubber

m : the slope which represents the filler-rubber interaction

@ : the volume fraction of filler

2.8. Mechanical properties

7HRES 7141 BRI, BRET L, gd Al dAE)
2 universal testing machine (UTM, KSU-05M-C, KSU Co.,
Ansan, Korea)& ©]-&35}o] ATSM D 4129] w2} AZ= 100
mm (Zo]) x 25 mm (A1) ] o} ABL o]§3te] 500
mm/min 9] £ 2 X35}t

2.9. Abrasion resistance

et A& Deutsche Industrie Normen (DIN) u}R2 A3 7]
£ ©o|-83to] DIN 535169 what S4stgich Al |2 27 16
mm, F7] § mmel A H 02 AZEIAT, 4041 rpm O 2
B AsE Sl UE P Edol #2HE Anpz ] ¥ SN
load & 7}5t0] AlBS 40 m %3 A7 gad WS =4

ahqict.

2.10. Viscoelastic properties

(o )

Aut =9 FAHE EAJ oA temperature sweep- strain-
controlled rheometer (ARES-G2, TA Instrument, New Castle,
DE, USA)E o] &3}9] strain 0.5%, 10 Hz frequency o] 4]
-60°C FE] 70°C 7}A] storage modulus (G'), loss modulus
(G"), tand & torsion mode & =43} Tt 18] 1L strain sweep
2 dynamic material thermal spectrometer (DMTS, Eplexor
500N, GABO GmbH & Co. KG, Germany)& ©]&3}o]
temperature 60°C, 10 Hz frequency o] 4] dynamic strain 0.5%
X ¥ 20%7}A] tension mode 2 A5} T}

3. Synthesis and functionalization of liquid butadiene
rubbers

Center-functionalized liquid BR (C-LgBR) 2] %%} mechanism
2 Figure 1) el Sith C-LqBRE A A2 235 stainless-
steel ¥H-3-7](2L) & ©]-&-51o] 50°C 27 oA Fol|& TH2=E
8Tt olnf vinyl 3Hgo] A2 thE C-LqBRs& 45t
7] 9J8l TMEDA ¢ %& 243}t o]% 1,3-butadiene &
A dEYSE o] g8l W7o Yt 2= C-LgBRs 9
FTHE YT 2N o]FojFom, 408 Bt ¥hE-
A7l & BR A& 2707} coupling® T2 H/Jst7] 9fsh
tetraethyl orthosilicate (TEOS, 0.5 molar ratio) & £ 3} 1t
09 ZAANHTHE 0]F vacuum evaporatorE ©]-83}e C-
LgBR solution WY cyclohexaneS $9A|A C-LgBRsS 5
3}t C-LqBRs 2] A Al 728} | Al 72+= GPC2} 'H NMR
& olgstel EAstaC.

Nucleophilic
addition &)
\/\CH? Li® \/\‘/\\, v CH,  Li
N-butyllithium 1,3-butadiene Living polybutadiene

A CH,  Li RO Si—__ —>
v \ °®  _RoLi

Living polybutadiene TEOS

s = polybutadiene chain

R = ethyl

(© e,ré @ ;

MJ\MSiM%

C-LgBR

Figure 1. Polymerization of center-functionalized liquid butadiene rubber (C-LgBR); (a) BRSi(OR)s, (b) BR,Si(OR),, (c) BR3Si(OR), and

(d) BR,Si.
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Table 1. Polymerization Recipe for Center-functionalized Liquid 2 248359k ZF TA19) wigo] Y 39 two-roll mill
Butadiene Rubbers (C-LgBRs) Polymerization 2 olgate] AWLEE A ES} 51T} o2 A AxE At
: V9 V27 Vs V70 ¥E=%+ moving die rheometer (MDR)2 ©|-&3}¢] 160°C o] A
o W w0 o AIRAUR AT R I60°C FmesoA 2 7}
yclohexane (g
SN 7= 0 7 7 A Z35+d
n-Butyllithium (mmol) 5.42 6.27 6.61 6.05 IS Fetel 7H722& Azl
TMEDA (mmol) - 134 402 644 . .
TEOS (mmol) 276 310 332 298 Results and Discussion
n-Octyl alcohol (mmol) 5.79 6.49 7.34 6.49
1. Polymerization of LgBR
4. Manufacture of compounds and vulcanizates %315 C-LgBRs 9] GPC%} 'H NMR £4] Z3}= Figure 2,

31} Table 4] YEFJRITE. Kim et al. 2 LgBR 9] EA}&Fo]
Aot E= Table 20] YeEbAH o E vl o2 Uy4] & 25,000 g/mol o]ArY AL B o] LqBR o] 3o 23] base
3}7](300cc, Mirae Scientific Instruments Inc., Gwangju, polymer©]| crosslink € 4 illi‘ril B3k v} gt afaka, 2
Korea) & o|-&35}to] A|=3FET). Fill factor= £%7] 259 Ao Al C-LgBR ] EAEEE 25,000 g/mol 3t -FA}3}HA
70%=2 AR o, EQ] T$)+= parts per hundred rubber AR 4Tt GPC iX“ A7E &3 C-LgBRso]
(phn) 2 IFZ 7|Eo 8 FAHU 7tutx 243 130 21,000-25,000 g/mol W9Je] BajeF @ Zo Bk Hy
100 phro] A7} g 2= A= vighstglen, 120 (1.12-1.19) & 2t= A2 Fskginh. 223 NMR spectra o
phre] Alej7} ke 2 Aukese] B4 B 2S A
Aasict. vig HAE Table 30] ebi R, 7 BHAl) 2
7] €=+ 100°C ¢} 50°C, HF2 == 150-155°C 2} 80-90°C

Table 2. Formulation of the Rubber/silica Compounds using C-
LgBRs (unit: parts per hundred rubber, phr)

Sample code TDAE V-9 V-27 V-51 V-70
SSBR 80 80 80 80 80
BR 20 20 20 20 20
Silica 120 120 120 120 120
X508 20 20 20 20 20
TDAE oil 40 30 30 30 30
C-LgBR 0 10 10 10 10 1,000 10,000 100,000
DPG 2 2 2 2 2
ZnO 3 3 3 3 3
Stearic acid 1 1 1 1 1
6PPD 2 2 2 2 2
Sulfur 13 1.3 1.3 1.3 1.3
CBS 1.6 1.6 1.6 1.6 1.6

Table 3. Mixing Procedures

Time, min:s Action
Ist 0:00-0:40 Rubber (initial temp.: 100°C)
stage  0:40”-1:40 Silica 1/2+X50S 1/2+DPG1/2+0il1/2+LqBR1/2
1:40-2:40  Silica 1/2+X50S 1/2+DPG1/2+0il1/2+LqBR1/2
2:40-5:00 ZnO, St/A, 6PPD

5:00 Ram up
5:00-7:40  Extra mixing and dump (dump temp.: 150°C-155°C)
2nd  0:00-0:20 Master batch from 1st stage (initial temp.: 50°C)
stage  (0:20-2:00  Curatives and dump (dump temp.: 80°C-90°C)

1,000 10,000 100,000

Molecular weight (g/mol)

Figure 2. GPC curves of C-LgBRs; (a) aliquot sample and (b)
final sample.
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Figure 3. 'H NMR spectra of C-LqBRs with different vinyl content, %Resonance peak of CDCl; at 1.57 and 7.26 ppm due to solvent

impurities and residual H.

Table 4. Characteristics of C-LqBRs

Sample code V-9 V-27 V-51 V-70
Aliquot sample® M, (g/mol) 11,800 11,200 10,600 11,300
Final sampleb M, (g/mol) 24,100 25400 21,500 24,800
Polydispersity index (PDI) 1.19 1.12 1.15 1.12
Vinyl content (% in BD) 9 27 51 70
T, (°C) -98 -87 -65 -50
Coupling number (CN) 2.05 2.28 1.99 2.19
Functionality (Si/Chain) 1.08 1.07 1.15 1.00

?Aliquot sample; LqBR sample before addition to TEOS
®Final sample; C-LgBR sample after addition to TEOS

A] butadiene 9] 1,4-addition +Z+= 5.37-5.50 ppm, 1,2-addition
(vinyl) F+Z+&= 5.50-5.602} 4.79-4.99 ppmolA] resonance
peaks & UERY =G, W2 9] B]-&& A4S A} C-LgBRs
9] vinyl §HgFo] 9, 27, 51, 70 wit% 2 Z}z} A=l
Alkoxysilyl goup o]l 23+ ethoxy groups &] 'H chemical shift
+ 1.19-1.26 ppm (SiO-CH,-CH3) 9] A] triplet, 3.75-3.85 ppm
(SiO-CH,-) 9| A] quartet-& R 9ith? C-LgBRs 2] coupling
% polybutadiene AF&2] 7§4E YE+= coupling number
(CN)+= coupling reaction 215 2] 4=~ H# EXFFM,) BE&=2

AAbE Ak

Coupling number (CN) =

Number average molecular weight after coupling
Number average molecular weight before couplint

C-LgBRs 9] coupling number 7} 1.9-2.3 342 71X =4) o|=
polybutadiene A& 27 (Figure 1(b))7} coupling H+= ¥H2-9]
Ao ee Lhehac.

"H NMR spectraoj| A} Z+z+2] Hof| t3t resonance peak 2]
WH o 2 Sk U oleld Yo g, C-
LaBR ARZo] EA5He
alityE vinyl group®] protoni} alkoxysilyl group 2] proton
peak W2 H&=2 AXlstAct?

ethoxy-silyl group 2] H]-&2] function-

— 2 X (R Vinyl) X (Mn/MB)

nAlkoxysilane xF

S Vinyl-H

SAlkoxysilanefH

Svim-H It Samonysitane-H vinyl group ¥+ alkoxysilyl group <]
proton peak H&S Yetdlict. Ry, vinyl 5, M2 C-
LgBR 9] =+ EX5F, M+ 1,3-butadiene monomer 2] £
A, Nagoysitane= alkoxysilane ] AR} 74, ie., -Si-
(OCH,CH),; “4” & Lrebdich. Fi= #4 8(Si/Chain), ThA] 2

| A; “1” & polybutadiene A& 277} coupling E o] F4] 9|
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Figure 4. Payne effect of the compounds with different vinyl
content of C-LgBRs.

A2 92 147F A& ekt
2. Payne effect

Figure 4, Table 59] AA|gt Payne effect= n|7}HES
filler-filler interaction& UERATH? 18]1L strain amplitude
Z7}o] WE storage modulus (G') @] ZH4= filler network 7}
g Eo] et datoln, AG gol 255 AT filler-
filler interaction< ERHTH.

C-LqBRsZ ethoxy group©] A&7} 2HE 7|2 A|Zof o
2} A7t £4bo] 3R E o] TDAE HubeE thH] ¥ AG’
(G’ at 0.28%-G’ at 40%, MPa) A1}-Z YeFH Tt ¥, vinyl
ol W& AG Y Aol= AL 17] Wzl A7t &
AF2] A9 C-LgBR 9] functional group ] & 3}7} *|ulj & o2t
TehE

3. Cure characteristics and Mooney viscosity of the
compounds

Hos9o 71gAT #Heo] Q= Mooney viscosity 2F
moving die theometer (MDR)E o] &3] 4-& 7}13} EA] Z1}
= Figure 59} Table 6] el lch. C-LqBRsS 2431 A
TEZ9Y Thin 42 TDAE Hup2E R T 22 713 e
%At} o] = Payne effect A}ko]| A &% v} ZHo] functional

group ©] silanization reaction& 3| A7} FHE 42443} A

Table 5. The AG’ Values of the Compounds with Different Vinyl
Content of C-LgBRs

Compound TDAE V-9 V-27 V-51 V-70

AG!
(0.28-40%, MPa)

5.9 4.74 4.57 4.62 4.84

3.5

Torque (N-m)
a v b ow

-

e
2]

0 10 20 30
Time (min)

Figure 5. Cure curves of the compounds according to the applied
processing aids.

Table 6. Mooney Viscosity and Cure Characteristics of the
Compounds

Compound TDAE V-9 V-27 V-51 V-70

Mooney viscosit

(MLMY@I 00° C)y 134 120 124 126 125
Timin (Nm) 0.75 0.66 0.69 0.69 0.64
Toax (N-m) 2.95 2.75 2.66 2.73 2.69
AT (N'm) 22 2.09 1.97 2.04 2.05
typ (min:s) 01:13  01:08 01:19 01:02 01:00
too (min:s) 09:37  11:06  11:13  12:11  12:18

Z o o] A7t E4tel iAol whet vehd Akt &
T 18] C-LqBRs2 A 2|7t 4 7|AA1Z #at of
Yz} base polymer A& Atolof A S8 IS 3] A&
nje o] 2 dojgof et C-LgBRs & &3t Ao =5
o] TDAE HoE= Rt} W2 Mooney viscosity 42 YEH)
ot

A7t Hute=2] 3¢, MDR curveo| A dE} EI(AT;
TnaTmin) 4£©] filler 2] morphology &} total crosslink density
o FFE WEThD oA Yok C-LgBRs S 94 4
7} BAFS =8 B ol base polymer AFo]9] 7tal At
off AHE-ElE 3 4%o}7] tEo] C-LqBRsE 43 A
S5 AT gro] TDAE Foheso] js) & 32 vyeh
Qith. o]zt Z#E XE total crosslink density ZF E3t
TDAE o2& Hr} g Zo 2 o4Hrt

A5 HuE 7tnA| 2 o] ARES o, 7t Fof
H(Se)> 8] 7F A L9 allylic hydrogen E+= o]F
A whgste] 748 ko] Yojdth’! 7kt ¥hg-2] active
site’ & A A3H= allylic hydrogen @] ~71 W= & 713+
AlZH(too)> ZobA A Erh. BRE mlA|FEzo] WE allylic
hydrogen atom 2] 7|4~& Figure 69 Yelict 183 C-
LqBR £ vinyl @fo] Z7Fgo] net C-LqBR Yol ZAfah=
total allylic hydrogen 7=7} ZH43} to,0] E7}8h= A S



Effect of Vinyl Group Content of the Functionalized Liquid Butadiene Rubber as a Processing Aid on the Properties... 159

_ - _ _
T H | 22 T
C C -
\\C/ \C/|\\ N
| H H |
H CH
CH”

4 from cis/trans 1 from vinyl

Figure 6. The number of allylic hydrogen atoms according to BR
microstructure.

bl

4. Solvent extraction and vulcanizate structures

7HeE Woll EAst= /7189 &= Altstr] 98l 257
O] 718 E o] &3t 7HRE A HCZRE f7ES 55
stk WA, wig Al £¥ TDAE oil f} A 2&F4] &4
o] THF o] 93} =ZE|ich. o]ojA THF & $ dojdl A
H O ZEE n-hexaneS ©]-835}4] soluble $F free LgBR& 3
ST 23 RY A7I8W=RE FEE FUEY T 5=
2k Figure 7(a)a}t Table 79l Lyebf it

7}5E A9 Yo A TDAE oil 40 phro] B]&-2 13.6 wt%
olw, 1 % 10 phr2 3.4 wi% | F3stct. TDAE Hu3=
9] 8§75 FE7F0] 16.2 wt% (TDAE oil 40 phr; 13.6 wt%
+ AR A7 2.6 wto) 2 7HE =2 gk UErlSl=T, ©l
= oilo] FIHLE YollA] e Azelel sit Aehe FAe
%) got 7180l A7 2257] vjEolct. whel Hxjo)
25,000 g/mol =2l C-LqBRs<2 13.8 wt% (TDAE oil 30 phr;
10.2 wt% + LE C-LgBR; 1 wi% + 4X H7}A|; 2.6 wt%)
7 FEE0] 70.6% =7 FEHA ¢ ARsHHET o=
functional group ©] silanization ¥+-3-2 Z3| 427} FHo|| 12
A= 4~ 9l 7}& A] base polymer2}2] co-vulcanization2
3} polymer network o]l 32 4= glo] TDAE A& o
H] 22 $5FS HA C-LqBR &) vinyl o] ohE 771
B FEFE FARLeH, o= vinyl ] #Agle] C-
LgBRs ©] base polymer ]| co-vulcanization & 4= 1 =& 2} 4
FLEE ty T 7HRF7] WZolth&, C-LqBRs &,

20.0
= (a)
2\i —-— TDAE
- . — .
S 16.0
=
] 13.8 13.8 13.8 13.8
-]
x
¥ 120
[
=
-
1
]
£ 80
[
[7]
o
£ 40
o
(7]
=

0.0

V-9 v-27 V-51 V-70
Compounds
2
(b) Filler-rubber interaction

Hl Chemical crosslink density

Crosslink density (10 mol/g)
o Y & 8 P

TDAE V-9 v-27 V-51 V70
Compounds

Figure 7. (a) Weight loss after the extraction and (b) crosslink
density of the vulcanizates.

29.4%).

7t FZE BEA37] Y3 7FRES] total crosslink density
£ Ag7P-AT®-a 7 FZof 23t filler-rubber interaction I}
2ol 9J%t chemical crosslink density 2 £E3}g o™, 7 &
& Figure 7(b)2} Table 76 LFehfgich. Lukz o= 7}
2= 77 Al, B2 base polymer 719} At A& W]
2ty AMEE|o] chemical crosslink density @} filler-rubber
interaction & Z7}A1ZIc" WA E]R] 9FS LqBRL 713 A],
35 Awste 71R5E9] chemical crosslink density @} filler-
rubber interaction< EFA|of| TAA|A o] &2 <l total

Table 7. Vulcanizate Structures and Weight Loss of the Vulcanizates After the Extraction

Compound TDAE V-9 V-27 V-51 V-70

Weight loss after the extraction (wt%) 16.2 13.8 13.8 13.8 13.8

Weight loss after the extraction in 10 phr of TDAE oil and C-LqBRs (%) 100 29.4 29.4 29.4 29.4
Total crosslink density (10 mol/g) 1.68 1.55 1.54 1.56 1.56

Filler-rubber interaction (10 mol/g) 1.05 1.03 1.03 1.05 1.04

Chemical crosslink density (10 mol/g) 0.63 0.52 0.51 0.51 0.52
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Figure 8. (a) Stress-strain curves and (b) DIN abrasion loss of
the vulcanizates according to the applied C-LgBRs.

crosslink density & ZF2A] 71t} 8FAHF C-LgBR 2 functional
group o] Al2]7} o 1Ag et ol 2} base polymer 2}
9] crosslink reactiono]] 23t 31612 ZAg-S FAsto] filler-
rubber interaction& Z7A|Z 4= QIth I A3}, vinyl 3kl
BAglo] BE C-LqBR HoSE oA TDAE HoeE ]
chemical crosslink density7} 0.1x107* mol/g ©]A} 743},
filler-rubber interaction2 -§-AFetH Zh-& YeERQIc).

5. Mechanical properties and DIN abrasion loss

71A1A E433} DIN abrasion loss &4 ZAi}= Figure 8 I}
Table 8of VEF @It} Stress-strain curves o] 4] 2] modulus at
300% elongation (M) gt total crosslink density 2 1}¢} =
& ATUAS AT T T A Aok Qe WAE R
22 LgBR-Z base polymer chain Afo]of|A] &8 9T st
of mjzmggo] & dojuA she, & 22FFo = QI3 total
crosslink density Zto] Zr43dte] modulus & ZAA7ItHY? 1
1 C-LgBR HI-E+= TDAE A& tH] total crosslink
density 7} F-Zoll= FARSE =29 M; #HS WERH I o]
+ C-LgBR 9] coupling reaction®]] 23] TDAE HuE= o
H] S-AR3} filler-rubber interactionS 7}& ®ut ofuz}, C-

Table 8. Mechanical Properties and DIN Abrasion Loss of the
Vulcanizates

Compound TDAE V-9 V=27 V=51 V-70
Mg (kgf/em?) 38 39 39 41 40
Msqo (kgf/em?) 143 142 142 145 145

Elongation at break (%) 416 378 376 383 380
Tensile strength (kgf/cm?) 205 184 183 191 189
DIN abrasion loss (mg) 111 94 104 107 111
Processing aid T, (°C) -48 -98 -87 -65 -50
Compound T, (°C) -395 431 416 -395 -382

LgBR 9] chain entanglement G322 213} modulus Fto] =
7F7] wjEolgt wbEth a8 vinyl gl wE C-
LgBR HIoL-T=9o] AL, FAFSE total crosslink density 2F
vulcanizate structure S 7}X] 7] T &0 Msg 3k GA] 53 5=
&= YeER

aukg o 2 Yol A2 polymer 2] T,} filler-rubber inter-
actionof] & FF& W=tk G A k> TDAE oilkch
e T,8 Z: CLGBRs & AWET T, A% ¥agl
o, C-LgBR 9] vinyl 30| F71ghe] wet Hah= 9 T,
A F7FeHe A Uit 2 23, V9 Ha =9
Wrk/gdo] 7 $-45H9aL, V-70 FuEE+= TDAES}
Az b e e et

6. Dynamic viscoelastic properties

IF HILEL JHY EAHS Boloj A5 dS5T o+
Ue APAZH ZA7koH, & Aol A7) vl =t
1 2 -10°C o]} A& I A9 storage modulus (G') Fk
L snow tractionS UJEF = A F 2 A, ZFo] B&42 snow
traction ©] FFAFETHT L&A U}V ol A2 2N A W
2 G' 3= 755 Eolo] EFEr 5 oA fA W
=) adhesion & 4= 917] wjEo]t}.*® Loss modulus (G") at
0°C gk Eholof o] wet grip 4%-S LERU X3olnl, 71 3
o FLHE wet grip o] SLHRGIL LA ot I
23 G” ZE-E effective filler volume fraction©] =242 &=
A bt Tand at 60°C ZH-2 €lo] o] 9] rolling resistance
(RR) & U= AREA, 1 Fho] F&45 dv] 450 &
A=t g3 A 9l o] 2% 0|4 2] main energy dissipation
2 filler-filler network &] 3] @ xjAYAJof| 7]¢1gtctar &
Z 9lth ! Kitamuras o] 2% G H o)A 2] hysteresis E4 0]
polymer €] free chain endso| = 7]¢18c}t B st 1
23 Salort= AEX}EF] butadiene rubber”} base polymer
of crosslink & 73-9-, dangling ends 2 13} hysteresis 7} T4y
HOT B3 Skt £ AT e 2 delelne oY
2| £A42 polymer 9] free chain ends = F QAR & F K

oz},
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Figure 9. (a) G' at -30°C, (b) G" at 0°C and (c) tand at 60°C of
the vulcanizates according to the applied processing aids.

Figure 93} Table 99]] TDAE oilZ} C-LqBRs©o] A-&% &
B9 3 AHEA 205 Uit W2 T,.5 2=
C-LgBRs2 Hu2E9] T, & W33, A2oA Hup=]
flexibility S Z7}A]7]7] Wj&o] TDAE Hu}- =R} 2o G
at -30°C gh& ekl siek. SRS C-LqBR 9] vinyl §o] %
7hetel et HubeE T, JA| S715te] G’ at -30°C gEo] 5
7ok Aae sl

C-LqBR Hh2E+= $FA Payne effect 2 bof| A 213 1}
9} Zro| Alg)7} BAlo| gFALE of whet effective filler volume
fraction ©] WolA TDAE Ht} W2 G” at 0°C gk UEFH L
o} 8tAgk C-LqBR 9| vinyl Shefo] Z7kgte] njet dujes
T,7h 87 S7}elo] V-51 HohLE R = TDAE A3hex
AR G at 0°C gh2 LehgIct.

Figure 9(c)oll tebdl uiel o] C-LgBR FAAYLEES
vinyl o]l #Aglo] TDAE HIEE thH| &2 tand at
60°C ZF2 YER QI ©]+= base polymero] Z3}3}e] dangling
% C-LgBRs AF&9] free chain ends 24 #53}o] hysteresis
£ F437] gZolzt watEn. 22 HeEY tand at
60°C 7k Z7}oll= C-LgBR &] vinyl g&F X t} dangling ends &
B} AujHole} Teket

7. Evaluation of C-LgBRs

C-LqBR & vinyl gHgo] g Huet o] 54 ¥3ke] 3
< Table 100 e It} o] 23 C-LqBR 9] S4E
224 9] high traction, long term flexibility & 8 F3}+=
e elo]ojof Aglsict. Dangling chain ends 375 A AT
2= 90 o2ttt functionalized LgBRE 283 ¢ tand at
60°C) gk ZA AND otk AToIH AAE At
LgBR o] Z-§H to]o] Ao a3t 22 9] LgBR 44 4

flo
2

Table 9. Viscoelastic Properties of the Compounds According to the Applied Processing Aids

Condition Properties TDAE V-9 V-27 V-51 V-70
Compound T, (°C) -39.5 -43.1 -41.6 -39.5 -38.2
Ter:ai:’;“re G’ at -30°C (MPa) 167 141 151 166 172
G" at 0°C (MPa) 11.7 10.7 10.9 11.8 11.6
Strain sweep Tan & at 60°C at 5% 0.177 0.188 0.190 0.190 0.188
Table 10. Effect of the Vinyl Content of C-LgBR on the Performance of Silica-filled Rubber Compounds
Types of Payne Extraction Abrasion Tan o G” G’
processing aids Effect Resistance Resistance at 60°C at 0°C at -30°C
TDAE oil M B M M M M
9% G E E B W E
27% G E G B B G
51% G E G B M M
70% G E M B M B

E: Excellent, G: Good, M: Moderate, B: Bad. W: Worst.
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AAel 7|Hke utdslE Aol 7IgiEct
Conclusions

H & 3Lof| A= silica filled rubber compounds o] 7152 A| 2
A 483t C-LgBR 9] vinyl o] 40l v|A= F3F= &
Q15+t

« Functional group< z2t= C-LqBRs2 7|A1% 249 312
8lo] Payne effectS 7 AA|FH Tt C-LgBR-E vinyl 3t
Z71sto] Wl C-LgBR o] ZA3}= total allylic
hydrogen 7|7} 4281 t990] S7Foh= B UEHH
ot}

C-LgBR 9] &% TDAE oil tjH] A 7} = . C-
LqBRZ 7} Al, 3H& 4 H3lo] TDAE AotLEHot &
2 AT, total crosslink density g2 UEF ATt sHX|qL C-
LgBRs-2 coupling reaction-2 £33 A2]7}2} base polymer
Atolefl BtehA AjE BTl et TDAE a9t
GAFSt filler-rubber interaction ZFS YER QT
C-LqBR 9] vinyl &e] @& HI2E=9| f71& F2%F
T} mechanical properties & AR 232 YeR ). wE
A, WotR A vinyl 9ol S7kgel wet Hupe=e
T,7b 27kl shetekch

Dynamic properties+= C-LqBR 2] vinyl §rgFo| =715k
et HuE 9] T,7F 578t snow traction-2 2] 3
o wet grip2 7|A= 2} Tand at 60°C FLe] A%,
C-LgqBRs©] base polymero] crosslink EHA 4=
dangling ends &3}7} vinyl $HFR T X H)& S E2lst

k.
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