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Abstract: Low molecular weight liquid butadiene rubber (LqBR) is a processing aid that can resolve the migration problem
of tire tread compounds. Various studies are being conducted to replace the petroleum-based processing oil with LgBR.
However, the effect of the loading time of LqBR in the compounding process on silica dispersion and vulcanizate properties
is not well known. In this study, we analyzed silica dispersion, vulcanizate properties, and viscoelastic properties of silica-
filled tire tread compound according to the processing aid type (TDAE oil, non-functional LgBR) and, silane terminated
LgBR) and input timing. In the non-functional LgBR compounds, the ‘with TESPT’ mixing procedure showed excellent
dynamic viscoelastic properties while silane-terminated LgBR compounds showed that the ‘after TESPT’ mixing procedure

was good for 300% modulus and abrasion resistance.
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Experimental
1. Materials

735 9] gl AFEH 31 F+= SSBR 5220M (Kumho Petro-
chemical Co., South Korea, styrene content 26.5%, vinyl content
26%, non-oil extend) o] AFEE QT & Ado) ARLH 72
ZA| Z+= TDAE oil, non-functional LgBRQ1 POLYVEST 110
(Evonik Industries, Germany, Vinyl content 1%, viscosity (20
C): 700-860 mPa-s)¥} silane terminated LqBRQl POLYVEST
EP ST-E60 (Evonik Industries, Germany, Vinyl content 22%,
viscosity (20C): 7,500-15,000 mPa-s)o] A& At

Al 8] 7H(Ultrasil 7000GR, Evonik Industries, Germany, BET:
175 m¥g)7} filler2 AME-E 9121, bis[3-(triethoxysilyl)prop-
yl]tetrasulfide (TESPT, Si-69)7} silane coupling agent=® AR
H}tt 7 SIA 2 zine oxide (ZnO), stearic acid (StA)
7} AFgEglew, ARSHIRIAZ N-(1,3-dimethyl-butyl)-N'-
phenyl-p-phenylenediamine (6PPD)7} ARE-E| 1Tt 7ln A=
normal sulfurZ7} AREEQICH, 7}18EAA+=  diphenyl
guanidine (DPG), n-cyclohexyl-2-benzothiazole sulfonamide
(CBS)7} AR&-= At

g & m|7kE L5 H&E9] bound rubber 3 E4]
2 ¢35} toluene (Samchun pure chemical, 99.8%), acetone
(Samchun pure chemical, 99.7%)0] AFEE QU 71 FE9] &+
71E FEF 9 /el e AL 93] tetrahydrofuran (THF,

Table 1. Compounding Formulation (Unit: phr)

Samchun pure chemical, 99.8%), n-hexane (Samchun pure
chemical, 95%)°] AME-E| 3T}

2. Preparation of the silica filled compounds according to
the processing aid type

A E+= Table 19 Uebd v E vl o= o4 &
3}7] (kneader, 300cc)E o|-&3te] AR5} TH wig ¢A=
Table 2] YEFSI T, dump temperature= 140~150C, fill
factor= 0.72 AA3G Tt

AzE SMB Hu2E+= 50To|A 2&27F o4 2d7&E
0]-&3}o] final masterbatch (FMB) 8] AA|SFE AL, two
roll millg o} 45) A|E3}akeitt. o] F FMBE 748154 2.4
& Bl 73 M4 7 A708 A8 SHAza 204 160
T 2122 7MRES A=sHAH

3. Characterization methods of un-vulcanized compounds
properties

Hjgto] &t5H & u|7tR ALEE A4 H7H= Mooney
viscosity (ML.4@1007C )2} bound rubber 3 2 A &4, 71
2] Pyrolysis-GC 242 AA|5F4 Tt Mooney viscosity+=
Mooney viscometerS ©]-235}o] ASTM D 1646°] w2} 100°C
20| A 127 A F3t F 4252 2 rpme] S 3| HA|A
& =43} th. Bound rubber H71= Elfpo] SMB 0.2g2
Y1, toluene 100 mlo] E0]9)+= vialo]] 647F BRIt L). o]
o 397 H= ol toluened ¥ W wAISHGCE 2 Fo
toluene?] A|A-E Y3l acetoneL 2 FuljE W A|5}o] 24A)7F

Unit T-1 T-2~4 T-5~7
(Code) (Oil ref) (Non-functional LgBR) (Silane terminated LqBR)
SSBR
(5220M) 100 100 100
Silica
(7000GR) 60 60 60
TESPT 4.8 48 48
Stage 1 TDAE oil 10 - -
(SMB POLYVEST 110 - 10 -
Mixing)
POLYVEST 0
ST-E60 ) )
ZnO 3 3 3
StA 1 1 1
6PPD 2 2 2
Stage 2 Sulfur 1.3 13 1.3
(FMB DPG 2 2 2
Mixing) CBS 1.6 1.6 1.6
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Table 2. Compounding Procedure for the T-1to T-7 Compounds

Start temperature Time Action rpm
T1 T2,5 T3,6 T4,7
(Oil ref.) (After TESPT) (With TESPT) (Before TESPT)

0:00 Add rubber 20

1200 040 | Add Sllfaotl TESPT  Add silica + TESPT A4 s‘ilci‘q;g ESPT Add silica + LqBR | 40

5:40 - Add LgBR - Add TESPT 50

7:40 Add ZnO + StA + 6PPD 50

10:00 Dump (140~150C) 0

B gt &, 105C LB oA 24X7F A=A A AFE 5
Astgct. oldf EAE FA= 4 (Dol HYste] bound
rubber®] RS A4S T} Pyrolysis-GC (Py-GC) £-4]4-
AZL El{rol SMB 0.2g2 Y3l toluene 100 mlo] E0{0=
vialol] 797F Bgt 3, 105C 224 24X17F ARA|A &
H]3}AL ref20 :=8of 7] &5 o] 9= B4 WO Z Pyrolysis-
GC B4& AABIgc. FAIH L RE Py-GC 4 A wAlsh
F9 953 HAE 4-Vinylcyclohexene 2 Styrene®] £-4]
é-l—]—g Curve fitting equation®]] T ¢Js}le] SBRY} BRe| A&
ulE =&k
We—Wlm/(m;+m,)]
Wilmg/(m;+m,)]

Ry(%) = x 100 @)
Rp: bound rubber content (%)

Wi, the weight of the filler and gel

W,: the weight of the sample before immersion

my: the weight fraction of the filler in the compound

m,: the weight fraction of rubber in the compound
4. Characterization methods of vulcanizate properties

FRE EA Bt VIEEA, AT 7tudE, 4718
F2H|, 7IAH B4, HrtA, - TE/ (temperature
sweep) A4S AA] o]—o:]E]-

71542 FMB A H-S oscillating disc rheometer (ODR)
AH|E o] 83t £1°9] ZtE R 160C 2EolA 30853 =
ot e, o5 Sl H B ghH(Tow), HA7FHFAI T (teo)
o

A 7}3’-“'5 4 {78 FE2F B2 RES 10
mm X 10 mm x 2 mm&] A|H Z7|2 A=231 A AE A
stk olF J1RE AW $71% AAS 918 25ColA
THFo| 48A]7F, n-hexane®]] 24X7F A A7t} 0] 5 40C o]l
Al 24X 759 Az § FAIBYE AT S3E F
A = A el ddste] =58 77189 A= E ALt
st

Sample weight before extraction (A) —
Sample weight after extraction (B)
Sample weight before extraction (A)

x 100 )

AZ7F AE5EH AJHE toluened] 24A)7Hs¢H FEA) 7)1,
Bed AHe] RACE 2R3 298 2AE 4 ()
off Thastol v, g AALBHATH o] F AE v, 2 4 (4,
Flory-Rehner equation)of] tjste] A4 7lud =g 5}
) 212325

WaWy
" g v .
Pr Ps
v,: the volume fraction of rubber in the swollen gel at
equilibrium
W, the weight of the dried sample (B)
W;: the weight of the filler in the sample
W;: the weight of the swollen sample (C)
ps: the density of solvent
pr: the density of rubber.

In(1-v,)+v,+xv’
= 1 — n( vr) Vi, TXV, (4)

c 1/3 Vr)
zprl/s(vr 72

v : crosslink density (mol/g)

Mc: 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?)

- the polymer-solvent interaction parameter (0.34)

71A1A EAJ(modulus, tensile strength, elongation at the

break)}> ASTM D 412 27 o] wg} o}FF 7175 AJHS A
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Z3}e 243Gt SA o= universal testing machine (UTM,
Daekyung T&T, Korea)7| AFEER1 2, 500 mm/mine] &%=
2 AHY 71AA E4L S48 Wrked $42 DIN
ul 2 A 7] (Withlab, Korea)2 DIN 53516 1+ 9] uja} =3
5}t DIN ohE AJ AJH-2 27 16 mm F7] § mme] A
2 Welo) ARz Axstae. dulEvt R 95 B
%¥9] DIN ok 18718 ol 83te] 10N8] 52 55 stollA
WS 40m BRAA ABe] Ao Wslks ZAsc

SAHEHEA H7F= dynamic mechanical analyzer (DMA
Q800, TA Instruments, USA)YS ©]-23}4] temperature sweep
23 zAo7 B3ttt Temperature sweep 2742 10Hz
ZA slo| A -80C~70C7HA] 37T /min, 0.2% strain KL=
S2A7|HA 7HFEQ] T, peak tan 8, tan § at 60C ZF T
shqict

Results and Discussion
1. Cure characteristics

LqBRo| 24 6%¢] Autese] 1E54S Figure 13
Table 39]] UeEbAth Oilo] £UH T-1 A& tjjH]| silane

terminated LqBRo] B4H T-5,6,7 HILEA 2 EF
22 Ukt o] silane terminated LqBRO] Aet #AZe

25

Torque (N-m)

Time (min)

Figure 1. Cure curves of the T-1 to T-7 compounds.

Table 3. Cure Characteristics Results of the T-1 to T-7 Compounds

A A ste] 7t w7} Stk Yeld Aatoltt. Non-
functional LqBRo| £¢]¥ T-2,3,4 A2t & T2 A2
oA B3 B& B3 kS Uehith Ak oz Aal) Zn
L= A maximum BT ZH(Tpe) 7F U =9} Ale)7} BAF
of ofsf FFS Wtk SAITEH B A ATtelA
olF NeT AHH AuUE AUE RHYL W, 7w

AR A UEho] A7t E4ate] Efs) yEhd
Avjet weksc

2. Mooney viscosity and bound rubber content and
composition of the T-1 to T-7 compounds

T-1~T-7 #HI-2=2] Mooney viscosity ZtZ} bound rubber
=2 A= Figure 23} Table 4°]] LFEFHTE. Mooney viscosity
9} bound rubber= FARSE S Ve o] =& FR
interaction®]] 2]3]] bound rubber7} gAJo] Wolx| L, bound
rubber7} B A glassyst S4-& b3 97] o Lyt
% ZA3to]t}. Bound rubber®] A B4& 9|3 Py-GC EA4]
2 AASFE 2 W, GC ChromatogramE Figure 39] LEFHTEH
Py-GC 4] A& Curve fitting equation®] t)J3}4] bound
rubber®] A& EA43t A1}, non-functional LgBRo] £%
T-2,3,4 Ao 29| o= AT AZHAZ A B2
2 bound rubber®] BR FAJo] Z7}3l= HbHo|, silane

100 80
=3
]
= g
e 6o ®
o
- =

® L ~ s

¥ 60+ oz N L% s
AT - L u 8
= | -
£ ° 40 5
2 2
2 40 2
Q
2 ./‘\. 2
2 3
>

I 20

g o] ® ML.,,, of T-1 =
<1 —m— ML, ofT234
= ——m—- ML, ofT-567

—@—— Bound rubber content
0

T T T T T T T
T T2 T3 T-4 T-5 T-6 T-7
Compounds

Figure 2. Mooney viscosity and bound rubber content of the T-
1 to T-7 compounds.

Unit T T-2 T-.3 T-4 T-5 T_.6 T-7

(After) (With) (Before) (After) (With) (Before)
to min 3.18 331 3.05 3.34 4.09 3.61 3.95
too min 8.51 11.18 8.94 9.34 11.03 8.61 10.05
Thnin N-m 0.305 0.360 0.311 0.293 0.425 0.391 0.332
Trnax N-m 1.603 1.733 1.445 1.469 2.036 1.921 1.846
Trmax-Tmin N-m 1.298 1.373 1.134 1.176 1.611 1.530 1.514
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Figure 3. GC chromatograms of the T-1 to T-7 compounds; (a) T-1, (b) T-2 to T-4, and (c) T-5 to T-7.

Table 4. Mooney Viscosity and Bound Rubber Content and Composition of the T-1 to T-7 Compounds

Unit T T2 T3 T4 T-5 T-6 T-7
(After) (With) (Before) (After) (With) (Before)
Mooney viscosity MU 83.5 55.0 64.5 52.6 67.4 68.2 56.1
Bound rubber content % 38.4 25.6 41.5 33.1 279 30.8 25.2
. SBR 86 SBR 96 SBR 96 SBR 97 SBR 96 SBR 89
0,
Bound rubber composition % SBR 100 BR14 BR 4 BR 4 BR 3 BR 4 BR 11

terminated LqBRo|] F£¢E T-5,6,7 HILE=9 ALo=
silane terminated LqBRo] A EU=E 4= bound rubber?)
BR 2/Jo| 713t

o] AZ|7tet BR affinityo]] 25t g3Foltt. etz oz
Ag|7kel BR affinity7} £ oot &=14 Sltt. Non-
functional LgBRe] £ % T-2,3,4 Hu}2=9] A9 Ag 7
E3A7E HA BdEo] gt HE 243} o] wEhA
43} BRa}e) affinity7} 271547, Anpa 0 2 2sstwrt &
o}# BR 2AJo| 713} t}. Silane terminated LqBRo] £¢
H T-5,6,7 AT-2E 9] 7L silane terminated LqBR E3F A

27} e} Aok 183 WSol 15, AnH e A
% AZYA R BA TP Aeks 15T W 7|
3|7} WolA BR 2/Jo] F7ste] Uehdt Zxfolh

ukA O 2 silane terminated LqgBRo] £ =W A7} 2
313 7] 9] gk o 2 7FEE oA 9] F-R interaction®] =7}
Stth. 3FX]9h, bound rubber:= H|7FEES] EAJo]H, silane
terminated LqBRo| £ € 7 T57]9 ko 2 A7t &
He 253 oo weba] AdEzt 21 Bl Fho R JFEE
ojof 8t SBR chain®] ZFHE]7] ©&9] bound rubber?] &tk
o] ZrastA "ot
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Figure 4. Crosslink density and organic material percent of the
T-1 to T-7 vulcanizates.

3. Crosslink density and organic material loss weight
percent after extraction

AFH 7M1l = W {718 5% vl&= Figure 49} Table
50 Urebitt. 7HR-E-2 THF, n-hexaneo]] X A|A AAE &
71ge] Wil S vmagct. Oit #§8 T1 7h5go] b
w2 718 F2HE UEh ol oilo] 38 A3k
FASHA %71 wizoll 7] &ufoll o A FE57] W&
ojt}. E3F, £YUE TDAE oil 3ol Bls] A vehd {71
E FETY olf+=, FY€ 10phr®] TDAE oilZ %= At
WS u) 9] 625% FUF A7} 7] TEo] e
Ai}olt}. Non-functional LqBRo] Z&H T-2~T4 7[&2
v A 3o G715 FE2H)E UERY 2, silane terminated
LBRO| Z8¥ T5-T7 1REL 718 % 718 23]
= Uebuit

Non-functional LgBRo] % T-2,3,4 7[RE A= free
sulfurE £3) SBR chaind} 7} 232 A5t T-1 7H7E
oiv] Bl A Fa {r7lE FEFS UERT E3, TDAE
0ilZ ARESHA] ko= AdaFe] non-functional LgBRO]
F71EE F28 olft= BATFY FoloA 7]Q1gt Aol
oh QurEeE s Aole) BARE 1gem UA 9
t}. 3}A|4t, non-functional LqBRe] EXHE M, 7|& <oF
260002 BxjeFo] wol 100% 7hiLe] Zelsh7) = oigh. ut
A, Zhaof| rofshx] Fekal kA AedE 33 non-
functional LqBRo| &% Z o & gt ch Silane terminated

LgBR HA] &AFFo] oF 3,200 2 SA|ut, of wehe] 2h8-7]
] 2oj] 7}l A gE ©]F 0] non-functional LqBRo] &= 7}
FE UH 32 4718 FEFS Ut

Silane terminated LqBRo] =4 T-5,6,7 7Fr-Eol| A+ free
sulfurg 53l SBR chain®} 7} 23S AT SAlo A
g7t U Heks I3 Aes} vkgo] 7Hsste] oF 5%
7V 7P EE R FEFS UEldh ol AA i A4
Aol 4 LgBRo] 2HA] 8= weight %} frARE 2 2tolct. e}
A, o]ZA| &o]E 5% silane terminated LqBRo] §7| &2
FEHA S AT 5 Qe A godEn £33
T-5,6,7 7kiE <A 2 7t Bt 52 o= A AET
Aol Tl Al7lof wet AEE WS A=Y Xpolz U3 v
Bt Aijo|t}.

4. Mechanical properties

g2 7148 B4 24 A2S Figure 52 Table 69] Lf
Bt 300% modulus= 7 U =9} =2 AHHAE 71
du g#HAYES LA O0Z non-functional LgBRETH
silane termianted LqBRo| £ 7[FE0| =& 7lnd=S
UERHAIL, coupling reactiono]] &3] TDAE oile] &% T-1 7}
FE djv] ] =3t filler-rubber interaction 7}A4 A1} o
2 300% modulus®E =38t A3+ el ol Non-functional
LgBRo] 9% T-2~T-4 7}FE2 LgBRO] sulfur®] A Hof 9]
o 22 Tt vl AQlo] Hol ¥ mEdAE UERiAIT

30

Stress (MPa)

T T T
0 150 300 450 600
Strain (%)

Figure 5. Stress-strain curves of the T-1 to T-7 vulcanizates.

Table 5. Crosslink Density and Organic Material Percent after Extraction of the T-1 to T-7 Vulcanizates

Unit T T2 T3 T-4 T-5 T-6 T-7

(After) (With) (Before) (After) (With) (Before)
Crosslink density 10 mol/g 11.9 9.7 9.6 9.8 14.2 13.5 13.1
Organic matter loss % 7.65 5.04 5.82 5.76 2.66 2.68 2.77
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Table 6. Mechanical Properties of the T-1 to T-7 Vulcanizates

Unit T T2 T_,3 T-4 T-5 T-'6 T-7

(After) (With) (Before) (After) (With) (Before)
100% modulus MPa 25 22 2.1 22 4.0 34 3.1
300% modulus MPa 12.0 9.8 10.1 10.1 15.5 143 133
Elongation at the break % 425 520 555 545 435 435 390
Tensile strength MPa 19.6 22.5 24.8 24.1 25.7 24.7 20.0

FYAI7I9E 71 AR B A Aol7t fle Aoz vEh
ot BH, T-5~T-7 7R FUAI7100 wet 71413 240
A 2pol= UEhith TS, T6, T-7 &A= A% 300%
modulus7} &8k31, o] LqBRE| F{IA|7]o] Higt 7t =
o] zto|2 ddtETh T5 7HRE9] B¢ AR ASZAY
LqBRo] | 2 BH3-3tef TESPTY| # & Hhg-o] gol ¥oj
UA "ot I 22 tu g Ert $obA| L BES A ol ¥
Al Yebdth T-6 7HR-2 9] 45 A7 A&E% A9 LaBRo| F
Aol EY = o] T-5 7Hr-2oll W3 TESPTE| # &7 Hh-3-o] 2]
A AT O3 A2 B aA W2 7taUES o|Fo BE
22 gho] WA yehydth T7 7729 4% A2 ASIA
7t w4l FU= T-5, T-6 7H-= o} TESPTE #AE3 Wt
50 A SR wEbA, 7P W2 7P ES o] Fo] B
B2 ol 7P WA yeRdth

5. DIN abrasion properties

2} 7}RE) DIN vhi £4% 27 Table 79 Liekich.
DIN 2 A2 7lud e, Ag7}e] BAF F-R interaction 5

Table 7. DIN Abrasion Weight Loss of the T-1 to T-7 Vulcanizates

of o3| FFE W=tk I A ok 2 A Aol A
&= A7t 7HREQ DIN miEF2 oM 71A 1% 54 2ot
ARG A2 R Yot &4 A1}, Non-functional LgBRoe] &
I T-2-T-4 7}5RES) DIN hR 2 vl wahe =4 Aj7]eh
£ TRt 2 ¢ 4 Uk ol U AnLE]
St Ailo|c). W 2 silane terminated LgBRo] £ % T-5~T-
774229 DIN nhmeke u|mshel 591470 e} b
L9 zolz QI3 & HAE YERC). Silane terminated
LgBRo| FQJ& T-5 7HrE 9] Z-¢ Agk AEFA9} LqBRo]
2 = Jhg-stal, T-6 7H=2] 5 At AERA$} LgBR
o] FAlof| ¥kgstaL, T-7 7HRE9 A9 Azt AESZAVE Y
Zoll ¥-&3tltt. T-5, 6, 79] <=A|2 TESPTY] AHEH ¥h&-
Ar7t daste] 7tnd =] FFE 71/, 1 AAE 2E

22 2 uprAo] zol7h et
6. Viscoelastic properties by temperature sweep
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Unit 1 T-2 T-3 T-4 T-5 T-6 T-7
(After) (With) (Before) (After) (With) (Before)
DIN abrasion loss mm? 112.1 102.5 103.8 104.2 104.0 108.7 111.7
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Figure 6. Tan & curves obtained for T-1 to T-7 vulcanizates, plotted as a function of temperature; (a) Tan 6 curves, and (b) Tan & curves

at 60°C.



136 Jinwoo Seo et al. / Elastomers and Composites Vol. 57, No. 4, pp. 129-137 (December 2022)

Table 8. Viscoelastic Properties of the T-1 to T-7 Vulcanizates According to the Temperature

Unit 1 T2 : T-4 T-5 T-.6 T-7
(After) (With) (Before) (After) (With) (Before)
T, C -36.7 -39.6 -41.0 -40.3 -40.9 -40.0
Peak tan 8 - 0.997 0.903 0.956 0.976 1.015 1.029
Tan & at 60°C - 0.073 0.105 0.092 0.097 0.079 0.080 0.082
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Conclusions
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