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e Y& A= F stu XA o]l @8] 8% acrylonitrile styrene—butadiene rubber (AN-—
SBR)/silica 37} Efolo] EYE Ao 54 wX|= @&l sl A-skich A A3, 7huA 4
7hERIA o] o] SFEE Thal whgdo] SHlEe] tws e Bl Huke =] hw et Asstelvh EE ek
54 B ollet A, REe A 32 ﬁ%EJ ZIAA AL e 7t e 7|R1ste] B E QI 54 AR
S = 7t se STkl 3 freldol &% (T 7Fdsstel 0T dolelA9) tan 6 gkol FWH SN, 60T

FeelAe] tan & grol HAHUTE 27 7hL L5 (t)= 60T tan & @3 AP A IAE deblsith ol
ZhiAe] SO 7] 7Rl £ (1) 7F wEA 27]el 7kt AlFE 024 filler network 9] HEE AAIZ

Ao W& Zo 2 Pty D}. o]2]3t A¥+= AFM (atomic force microscopy)< 3t dxjg]d ALt

B HEAME FRlg 4= gt whebA], wE 27] 713 jEgell 71Q1sk A E]7He] re—agglomeration 4 60T
N9 tan & = AR WS 23 W2=elS oF 2= 9t}

ABSTRACT : In this study, effect of different amounts of sulfur and vulcanization accelerators in the acrylonitrile styr-
ene-butadiene rubber (AN-SBR)/silica compounds on the properties of tire tread compound were studied. As a result, cure
rate and degree of cross-linking of the compounds were increased due to enhanced cross-linking reactivity by the increased
amounts of sulfur and vulcanization accelerators. Also, abrasion resistance and the mechanical properties such as hardness
and modulus of the compounds were improved by enhanced degree of cross-linking of the compounds. For the dynamic
properties, tan & value at 0°C was increased due to the increase of glass transition temperature (Ty) by enhanced degree
of cross-linking of the compound, and tan & value at 60°C was decreased. Initial cure time (t;) showed the linear relationship
with tan & value at 60°C. This result is attributed that reduced initial cure time (t;) of compounds by applying increased
amount of curatives can form cross-linking in early stage of vulcanization that may suppress development of filler network.
This result is verified by observation on the surface of annealed compounds using AFM (atomic force microscopy).
Consequently, decreased initial cure time is considered a very important parameter to reduce tan & at 60°C through reduced
re-agglomeration of silica particles.
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AN © 7 7} (crosslinking density)”} 57F8hd, 115 3
TH-=0] BHJ 5] (elastic recovery)Z} 74 (stiffness)> 55k
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| olal 2 Ak EollA] M= S| AEH A A
DMTA (dynamic mechanical thermal analyzer)S ©]-8-3}{
o] 7Feslth W 2299 (220CT~0T)ollA 2 o]
(tan &) FHOEA AL oA o] AlE 54S o5
N, 12 P (50C~80T)oNA 2 tan & FOZA IR
A EAE SHEY 5 o] 17 AHgelA 71 2 vles
AHA| = Elolo] AFJo A% EU labeling ¥ 22 thekst €+7
TrAle] t-g3t7] 91gt TR3% FAIE tan & gto] EEH L
Uk

Hagen et. al < U] S8 A AT (natural rubber; NR)Z
o]-g-sto] vhekgt 7k W & (sulfur) 7hA] B 7k 31
A (N-Cyclohexyl-benzothiazole-2-sulfenamide) 2] H] &S 4
3Fo] Mooney-Rivlin 4] 0.2 A= 7l UEE 3131
37, DMA (dynamic mechanical analyzer)& ©]-8-3F 2|5 9]
2% (glass transition temperature; Ty) 2 A7 &3 A5 (B)E
T-ate] 7t oke] Aol thste] ATHEFATES Fan et.
al = 7] T NR EFopel, JHEEH o R FHE NR
Avkere] Aztex 9 Askxzs 22lsto] Flory-Rhener
Ao® 7t 5AS YERNGlAL, DMTA £ o] &3ste] A4 &
A (G = BEAF (@), tan & ©] el R AT
= 3L Lee et. al = ESBR (emulsion styrene-butadiene rub-
ber) ¥} 7h2E 2 (N234) 5 ©]-8-5t0] thakgt 71t Al 2~glef A
o] TR el Agtarte] kel whE 18] B
of et AT 3 v} QITE o) 9} Zo) Ttk I Py
o] ket EAel d3Fe 7 A= T3 wisfwolth
¥ ATelM= 71=9] ESBR tiR] -3t EAdS yER T,
71678712 ofaEEYEZ (acrylonitrile; AN)©] =¥
AN-SBR & A#|7}2 B7FE Eloo] EE T (tire
tread compound)°l] 2-4-3FA T}’ T3k, 7haef| gt gke] A
T2t QA o] FA = §17] flske] ZFuAl (sulfur
2phr) @ 7} =214 (TBBS; 1.5phr, DPG; 0.8phr) o] 33-&
Z|Fo® oF 25% FAsH THitEete] Auke=e 718
S8 7t s APESISI o] e} o] 718k £9) Tt
= 22|5h= AN-SBRésilica A =52 7HE 54 9l 717414
54 Bk ofue} glojol ] EYE Hul-ToM 7P Fo%

S el = o2

o M oX

QAT AAA = Wrk, Als 9 3]
Qtt o2l AWES nlgo 7 7t ko] o]} Efojo] E
A= Aoe=o] 56 ux= J T s Flsklon,
7t A ] ool T2 A A g Aol 7] ST
4 A 43 iAol diEsiA s

o«
1.1 2

B Ao Ayl 215k o2 A|lZ2E AN-SBR (B34
£-3}8, styrene & 35 wt%, acrylonitrile €% 7 wt%, aromatic
oil extended; 20 phr)o] AMS-EoH, BAAZE YAFO]
1520 nm ©]32 H]EHHO] 150~180 m¥g (BED A&7}
(Zeosil-175, Rhodia®)7} AHS-=Slch Agk AZHAE bis-[3-
(triethoxysilyl)-propyl]-tetrasulfide (TESPT, (C;H50)3Si-(CH,)3-Ss-
(CHy)-Si(OCHs)) 5 AHE-319d 0w, H7kA 2= Akslolad (Zn0),
2E|o}2AL (Stearic Acid, CHy(CH,)isCOOH), AFsHA] A=
N-(1,3-dimethylbutyl}-N'-phenyl-p-phenylenediamine (6PPD)S A}
gtk ZhaAls g B3E ARRSIaL THEESAlE
N-tert-butyl-2-benzothiazole sulfenamide (TBBS) 2! %713 ZX1A)|
41 1,3-diphenylguanidine (DPG) & A&-3}3it}.

2. CIE 7In =& 7HX|= AN-SBR/silica AIt2E2| M=

=4 -
&3] (kneader, 300 cc)E ©]-&-3to] AZATE T 21
7 UF 59 75%E A THER 48t R
T+ 128TE 3l T34 9 o] Ui &3 2%}
150~155C2 FA7F S =% 274 skelvh 18] £5719
2H $E= 40 ipm S & AAsto] 1, FAA|, H7HA o
2 29 39 B7F 2361901, ATLEY] dump L5 155C

=
o]
L

Table 1. Experimental Formulation of the T-1~T-3 Compounds
(unit; phr)

Materials T-1 T-2 T-3
AN-SBR 100
Silica (Zeosil-175) 60
A#2 oil 20
Si-69 4.8
Zinc oxide 3
Stearic acid 1
6PPD 1
Sulfur 1.500 2.000 2.500
TBBS 1.125 1.500 1.875
DPG 0.600 0.800 1.000
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ALZ FAAALE 1 2F E3HES2 ZF 8] (batch) T2
2&sh= A vehde WgEe] Add e 9Es 1
A A Al BF7] flete] BT HEE A E AR JdHEA
24 A|ZF 5RE Aol A AT 2 A ER o= & 19
2571 40C A% ¥+ 8 A two-roll mill (rotor speed ratio;
L14)olA 1 3F &8, 7 A=l 7n s g
sl7] flsto] 2 2 3 71A1€] 7]L & thH] (S; 2.0, TBBS; 1.5,
DPG; 0.8) 25%% 7 oS 7F Hake o 4 5 4
W sk A F T

~
El
R

9_,('
ol
S
o
i
~
oldt
£l
h~
Lo
N
El

2 = B7ke] §18ko]
YEEE SIS *a‘é W2 ASTM D 471 of) w2} Ao)

v mm ] 7k AEE
TW] ol 24 A3t &
b JAAZ F- 7 f\lEJ FAE S8kl 2ela 544
AR FAE t 22 A (1) ofl A8t WEE (wE
ARFaESA T

w,-my)/d,

000 ="

x100 1)

0 : Swelling ratio (%)

W, : Weight of the specimen before swelling
W, : Weight of the specimen after swelling
d; : Density of SBR (0.94 g/ml)

d> : Density of Toluene (0.87 g/ml)

7FaLA H el l £ AN-SBRssilica 7 -9} %71 4]
ol Ao Ag = FAA BAIES Hrlsl] Y At
e Mtk a4 S _?4:5]]/\1% 50 ™A

(mesh) o] Aol U]7]- IH AT 02 g S Fol, 200 ml
&1l (toluene)”} 01T Al el FAAIZ] $-30C2] 2o
A7 3k B o F o

LollA] 24 AZE s AFRAIA
()= ol&gate] Aatel T

A28k ts- 105 T2
el

W =W.m,/(m,—m,)] y

R, (%)= [
’ W,[m, [(m, +m,)]

Rp (%) : Bound rubber contents

W, : The weight of the filler and gel (dried sample after im-
mersion)

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

3-3. 7I& M (Oscillating Disk Rheometer; ODR)

22 A& A Alxzd HF FAIREEE ODR (MYUNGHT
Tech, Model; ODR-2000, Korea)E ©]-83}1 160CY % %
Ao 2= 1°2 7k} AF-A1HE] B4 ghs 30 #1F
SAst 549 dyE o ® HA, Hl B (T,
Tmw) #b2 T3FAIL, HA NN Hh7HA] e wjo] B

= WMEEE veho] HA ghelld EA7F 1% dsstis
wlo] AIE (4 271 7FFAIRY 9 BT} 90% “dsiols wle
AIZE (too: 2178 7F3AIZHS Fakolth 7HES160TC 2 5
A2 oA HE 7FATE (2 ) B1F 7FYERe] Az
skl

3-4. 7|HH E4

Ve 2] 71AA EAS 54357 135e] ASTM D 412 ©
w2} dumbbell & AE-E A 2HeFTE 57> UTM (Universal
Testing Machine, KSU-05M-C, KOREA)2 ©]4-3}51 2™, 500
N load cell & 500 mm/min ©] crosshead =2 3 7}5}3I T}
=7 A= 100%2)F 300% BEHA, AAHE, AGES 4
7} rsto] YERSITh

3-5. Ol2 §4

e =78 ASTM D 5963 o et 47 16 mm, 7
8 mm ¢ AAEY AJAL A=t 4041 pm 9] HE= 3|
she 9% SRl Falw Anfare] el AJEHS 40402

m VEEAIA A O] mhRL ZhagEs Aabskgith o] w) A

L

Hoz NS 49 vhiEo] 180220 g o] HE=AE &
Ql ¥ F RS S SISl 2 3)% o]t vhE e
Tasic
Am, xS,
A,=—" 3)

d xS

Ay : The abrasion (mm®)

Amy : Loss in mass (mg)

d, : Density of compound (g/cm’)

S : Abrasive grade (mg)

S, : Nominal abrasive grade (200 mg)
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3-6. X HE |4

A9 =0] T, (glass transition temperature) 2 52 H& 5
4 (A8 FEEE, & EE B tan 9 S flskod
Dynamic mechanical thermal analyzer (DMTA, GABO
Qualimeter's EPLEXOR® 150N, Germany)S AF&-3}3i T} H7}
718 3 (amplitude) 30 m, 25 (frequency) 10 Hz, ten-
sion mode, 52 %% 3C/min & Z7HCE -60CH-E 80T}
Aol RSl SASIGITE 18] Payne effect ©
Dynamic mechanical analyzer (DMA, METRAVIB R.D.S, VA
40000, France) & ©]-8-3F01 A=A 10%2] pre-strain T} 100
Hz ] 257 (frequency)E 4]-23+0] strain sweep (0.1%~50%)

o weh =4 st

3-7. Atomic force microscopy (AFM) ZH&t

AFM (Nanofocus, Inc., n-Tracer, Korea) = Z7] 7}l &5
2 A7+ 3% (flocculation) S T2H317] $15k0] AME-H
ATt 7EEA] 9 7k S0 9] ghgko] thEAl 8¢ T-1~T-3
ATREEE 160°CollA 303 7k Al A, 7huAl7E 445
A oFe - C = FU A D38 (annealed) 5}
7k ARES] BHS #HEEelth A3 tapping mode 1A sili-
con sensor = A|Z=¥ ©HE (point probe, resonance frequency;
204~497 kHz, force constant; 10~130 N/m)¥} 37| 1 Hz 2] scan
rate 2 10 gm x 10 m FIA T = ek

m. Zxf ¥ o0
1. AN-SBR/silica ZIt2E=2| 71E5Y 2M
7hA 9] oFo] thE A A8-%¥ AN-SBR/silica 7 9-&-=2] 7}

3 542 ODR < o]g3lo] 3715k] Figure 1 o T2 3k13]
ow, 7 AFE Table 2 ol YERAEE Add 3 7twA] 2

Torque (N-m)

T-1; S 1.5/ TBBS 1.125/ D 0.6
T-2; S 2.0/ TBBS 1.500/ D 0.8
ffffff T-3;S2.5/ TBBS 1.875/D 1.0

0 T T T T T

0 5 10 15 20 25 30
Time (min)
Figure 1. Cure characteristics of the T-1~T-3 compounds.

Table 2. Experimental Results of the T-1~T-3 Compounds for
Cure Characteristics

Items T-1 T-2 T-3

t; (min:sec) 5:01 4:17 3:32

tio (min:sec) 7:24 6:04 5:03

too (min:sec) 18:05 13:36 10:56
Timin (N-m) 1.01 0.98 0.99
Tiax (N-m) 3.68 4.26 4.72
Timax-Tmin (N-m) 2.67 3.28 3.73
Cure rate (N-m/min) 0.206 0.348 0.507

7FERA 9] Fhgo] S/ S Aukeo] 27] 718 ARk
(t), 2FA] AR (o) 2 #A] 7FE AIRE (1) ©] WEEA] VFERRE
AL, Aol B2 (Tow) #7 7S (IT; Toac Toin) 7F 78573
ot} AT/ 4t Q] ratio 24 7t ¥F8- £ 55 YERN+= cure rate
o] A% 7huA] Fel F7kek A T-1 (0.206) < T-2 (0.348)
< T-3 (0.507) HI2=0] A2 247 40% o1/ 715k
t} o= ANHARI 7FEFEA o 2 A, St HXA|9] w7 5
7hstel] wah Auk=o] 7k WH-gAdo] SulE A Wi 718k
ST (1), tg, 1T L teg) D =L TFLE (Tywe 4T) S 7HAA
W Qo7 A

2. AN-SBR/silica AIl2ES| Wgs H 7[A4AXH 24

7 Zbe]l <)%k AN-SBRisilica 792 =2] 71414 54
Figure 2 ol =21 8}soict. F& 50 Avh= i
o Tt A5 = k! Gt tuSsAA Y gt 3
7FekE= AN-SBRsilica 7 o2 =1 T-1 (194%) < T-2 (160%)
< T3 (139%)°] wAE B2 8 F&= HeRigien, o
T AR VR el 7191% Aol

AN-SBRsilica 9= 7| A4 SdeM = 445 F)

30

25 1

3
S
L

w
L

Stress (MPa)

T-1; S 1.5/ TBBS 1.125/ D 0.6
T-2; $ 2.0/ TBBS 1.500/ D 0.8
****** T-3; S 2.5/ TBBS 1.875/D 1.0

0 T T T
0 200 400 600 800
Elongation (%)
Figure 2. Stress-strain curves of the T-1~T-3 compounds.
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mDIN Abrasionloss A Boundrubber contents
100 40.0

80 | .
30.1 305 306
A A A I 30.0

2

549

200
40.3

DIN abrasion loss (mm?)
=

(%) SIURJU0D BQQNL PUNOY

20 A

0 : : 0.0
T-1 ™ T3

Figure 3. Bound rubber contents and DIN abrasion loss of the
T-1~T-3 compounds.

1.0

T-1; S 1.5/ TBBS 1.125/D 0.6
T-2; $ 2.0/ TBBS 1.500/ D 0.8
—————— T-3;$2.5/ TBBS 1.875/D 1.0

Tan &

Temperature (C)

Figure 4. Dynamic viscoelastic properties of the T-1~T-3 compounds.

74 FXA| 9 se7F SRS AES AAF stopA|
ZAEE T-1 (64) < T2 (66) < T-3 (68) HIR-= A=, 300%
REHAE T-1 (6.67) < T2 (10.16) < T-3 (14.18) I}
THE Gt ol A=l TRl Aol wE A
Folm, 53] Rge] A B9 A& Aael & AR

o,

2 7FwA| )&kl w2 AN-SBR/silica 7 9--=9]
=]
=l

e it 7haA] Felsrel] whE Aok Ee] At &
= 12% FE2] vlu|gk wigkuto] #EE Ik shARE 7
Tof s wlE Ad A= T-1 (549) < T-2 (484) < T-3 (40.3)
A= MR ZhaerE bl wheh vhiLgo] 1)
Atk A= FAA 9 o] Eel A, shekE A g
7118k F2 A=, kA o] FolEko] nX = JEFS
AL Gl Ao ® FRIFGIT URbA o R ntr 5442 11
- AARE] s Aol =AY ARl o] /i
g A5 g S dok M skARE A Aifell A vk
vke} o] ZhAaE mpR e &5 7t EA| 9] F F7t
7118t0] 7ot AsEtAl Ho] Hakeso v F

A 3ol T Wl e A¥E dddnh

pus

r

d
o:

o

4. AN-SBR/silica Hu2E=2| S8 HMEHY 54

7t %= 23k AN-SBR/silica =20 54 Hed &
S 543 AYE Figure 4 o] YERIQITE URbE oz s}
o T, & 7HE7t Fsdrs oA AEe vEr
T T-1~T-3 A2 E9] 54 ek SAAME 7taEe] 4
53 A HALEY T, & T-1 (-11.9C) < T2 (-7.7C) <
T3 (-5.7C) =X 2 S7F88lt) ol A= 7t 7}t
=715 glassy 9 olA] rubbery G 0% ol = 7
of| Al A} 5] AlekS Whol 1] =2 g oA Holrt
dojt How Pyt

Elolo] EYE AopeToA AL il Als SAS WE
W= 0C tan & oIFE T, o F7Fell 71918k T-1 (0.5251)
< T-2 (0.5757) < T-3 (0.5981) AI+E= A= tan & FO|
Feshe Aos YERITE o] gl ol T, 20T FellA g
tan & #4> 2 e SAA A AHS 7 9
o} wheha] Aol A At ake] wAlT RS s,
Ao A= ¢r (volume fraction of rubber)2] %= F71A]
7 T, G JollM 2] damping 545 2480 24 A2
A9 tan 6 S FIHAA 5 ATk

g 99 F 34 AT 595 UERE 60T ool
ol tan & FAAME?* Ao VtuE A5y A T-1
(0.1374) < T2 (0.1252) < T-3 (0.1127) HIL=2] =M 2 ke
tan 0 FS YERASILE o] 71EH o7 A9 Ttk
Feel 71Q18t0] a1 j oA el S| aHE A AT} FhaE A
o= e

T3 o] 7te) slgehs Aelgt A= tan & 3
filler-filler 7+2] & 22 (interaction)®l] Jall A Y& T
o 4R okt FAE nrkEES A% 9 27) 718
Zo| 4419 S (flocculation)©] 23 A Th” BOHM",
Mihara®® 78] 31 Robertson” 5 732 o]% 713k %7]
Al A 7Hal ] dell 93l (annealed) 3= U] F30A4) 2
Al 53 (re-agglomeration) o] dojuh= S A Ao
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1.8e+7

® T-1;S1.5 TBBS1.125/D 0.6
e { 289 ¢ T-2;$2.0/ TBBS 1.500/ D 0.8
o8 . A T-3;S2.5/ TBBS 1.875/D 1.0
1.4e+7 A & &
NN )
. 1.2e+7 A
g s, 0
10647 - 2 ®
A
8.0c+6 - Ao
A
g
6.0e+6 O O O
REE88Y
4.0e+6 T T T
0.001 0.01 0.1 1
Strain

Figure 5. The strain amplitude dependence of the dynamic storage
modulus E” of the T-1~T-3 compounds.

0.140

R>1

0.135 +

0.130

0.125 +

Tand at 60C

0.120

0.115 +

0.110 T T T T T
200 220 240 260 280 300

t, (sec)

Figure 6. A relationship between tan & at 60°C and the initial vulcan-
ization time (t;) of the T-1~T-3 compounds.

Sk =, 2710 7helxl doll o8l 1 EAke] 7E
o] F7kstal whebA FAA L] A o] Lolbr] wiiell
e H=9] final dispersion o] g8t &S 7] X1,
o2t TS Payne effect 2] PO E Aol 27] vj4 A
ol &8t Bl 2+ Fth W&ol &3 Ew &] 2ol o] 5F S
9] S A% (JE, the strength of filler network) #k . Z4-H
Z7] 7V Tl A E 2 2 -SH A (agglomeration) ] 2ol &
vl e 5= AtE? Figure 5 oAM= o2 7t R s 7= 713
=59 filler flocculation = % 7}}7] $13l4] Payne effect =
57sto] 1 AE vERITE A9 SRR (JE) =

7] 7} 57 e T-1 (11.00 MPa) < T-2 (9.90 MPa) <
T-3 (7.78 MPa) T4 442 vbA| Lpepsit. o) #Agke
o) 7] 7hw &g AErre] 3 el Wgd dA
= HojFE= Ayjolt}. 18] Al Figure 6 oX= 7] 7k AJ7F

ofje o

=)

l

O

PNf JIN

(¥ 60CNA ] tan & Fholl theh FAAAE =23} 3tk
7k A| o] FQiEko] 744*#‘:"1]*1‘_ Z7] 7HL £ (1)
7} WSS 60 C°1VH tan & #ro] FHAsh= AP A1 A
= Yehfith o= FAA7 $4 A= AE’)S] A o] A]
Vb A8 2o] 2719 ME 219 g S 2
W A7 A -SF (re-agglomeration) ¥ = S 7]
AAAZ = Q7] Wl oz FheE®

wp2hA, filler network &) B/do] A& HHE HEH o] u}E
filler-filler 7+2] interaction ©] SrobAq A Aup 2] 3|~ H F
MNAE ZAaA717] Wi, 60T FYollA S tan 6 =
UEl= Ao® doeEt)
5. Zfuwn|e] 20| CiEA MelE Hukl2E W SHNM2| AS

Z7] 7v8 Foll A= Aerkel SREdE Rl
flste] Zh A7y A2l E A ek AY Zhw A ] ghe] vhEA|
A9 n|713 Hilke=F 2] (annealed)$t & AFM O &
Ao ¥HS SIS Figure 7 9 (a) M= €A
“&_tell a1 EAke] FEAd o] S7kshod filler network 7} 4
st 72 g As gRIE 5 QAdnh o= ZhAle] FA)
2 A el 3 bt AEA Bae] et At
bkt 18] AL Figare 7 9 (b), (¢) 28]l (d) =41 2F 2ol
Z7] 7FE5 T wE A9 EdrS 7] Zhart Al AHE
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