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Abstract: The demand for truck bus radial (TBR) tires with enhanced fuel efficiency and wear resistance have grown in
recent years. In addition, as the issue of particulate matter and air pollution increases, efforts are being made to reduce the
generation of particulate matter. In this study, we investigated the effect of varying the content of butadiene rubber (BR)
on the properties of the rubber compounds and the amount of particulate matter in the TBR tire tread compound. Fur-
thermore, we utilized carbon black in the NR/BR blend compounds owing to its excellent compatibility, and we used silica
in the ENR-25/BR blend compounds because it can interact chemically with epoxide groups. The NR/BR blend compounds
and the ENR-25/BR blend compounds were evaluated by varying their BR content between 20 phr and 30 phr. The results
showed that the ENR-25/BR blend compounds had superior wear resistance than the NR/BR blend compounds. This was
caused by the interaction between silica and ENR. In addition, it was confirmed that the increased wear resistance as the
BR content increased. Furthermore, compared to the NR/BR blend compounds, ENR-25/BR blend compounds exhibited
a lower tan 0 value at 60°C because silica was used as filler. This indicates a higher fuel efficiency. The measurement results
for wear particulate matter showed that as increasing the BR content resulted in generation of less wear particulate matter.
This was caused by the increased wear resistance. Moreover, the ENR-25/BR blend compounds with excellent filler-rubber
interaction exhibited lower quantities of generated wear particulate matters as compared to the NR/BR blend compounds.

Keywords: TBR tire tread compound, BR contents, wear resistance, low rolling resistance, wear particulate matter
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Materials and Experimental Methods

1. Materials

H AF oA=& base rubber2 NR (Standard Vietnamese
Rubber SVR-10, dirty contents 0.1 wt%), ENR-25 (Epoxyprene
25, Muang Mai Guthrie Public Co., Ltd., Muang Phucket,
Thailand)yZ ARE-3}42 1, BR (NdBR-60, Kumho Petrochemical
Co., Daejeon, Korea)2 blend 3} AR5} t}. Silica (Ultrasil
7000 GR, Evonik Industries AG, Essen, Germany, Brunauer-
Emmett-Teller (BET) surface area: 160-175 m*g)@} carbon
black (N220, Iodine adsorption (IA): 121 g/kg, Oil adsorption
number (OAN): 115 cc/100g, N234, TA: 119 g/kg, OAN: 125
cc/100g, OCI Company Ltd, Seoul, Korea)Z filler2 A5}

o1, bis-[3-(triethoxysilyl)propyl]-tetrasulfide (TESPT, Si-
69, Evonik Korea Ltd., Korea)”} silane coupling agent® A&
E ]t} Activator2 ZnO%} stearic acid (both from Sigma-
Aldrich Corp., Seoul, Korea), AFSHFA A2 N-(1,3-dimethyl
butyl)-N'-phenyl-p-phenylenediamine (6PPD, Kumho Petro-
chemical Co., Daejeon, Korea)o| compounds®]] AME-E At}
2231 crosslinking agent® sulfur (Daejung Chemicals &
Metals Co., Siheung, Korea), cure accelerator= N-tert-butyl-
2-benzothiazyl sulfonamide (TBBS, Shandong Yanggu Huatai
Chemical Co., Ltd., Liaocheng, China)?} 1,3-diphenylguanidine
(DPG, 98%, Tokyo Chemical Industry Co. Ltd., Tokyo, Japan),
pre vulcanization inhibitor2 N-cyclohexylthio phthalimide
(PVL, Shandong Yanggu Huatai Chemical Co., Ltd., Liaocheng,

China) 7} AM&-E] Qi
2. Measurements

A= o] U A= =Mooney viscometer (Vluchem IND
Co., Seoul, Korea)Z ©]-&3l 435} t}. Rotor] 3| AL =
2 ipm, &= 100°CE A5t 1871 g o]F 487t
rotorE 3 AA|A torqueE A3}

A= 9] cure characteristics® moving die rheometer
(MDR, Myung Ji Co., Seoul, KoreayS 0|83} AF Z =
£1°, L5 150°CE §218 el A 308 59t AEage
™, minimum torque (Ty;,), maximum torque (Tphe), scorch
time (t;p) 123 optimal cure time (tyo)= SA3F Tt

7t U EE 713 AJES10 mm x 10 mm x 2 mmE FH]
3] tetrahydrofuran (THF, 99%, Samchun Chemical Co., Seoul,
Korea)®} n-Hexane (95%, Samchun Chemical Co., Seoul,

Korea)ol] ZH7} 25°Coll 4] 193t A7) XA Al y2e] $7]

FA7HeE AASAE. I 3, AlHY FAE ST $ 42
oA 197F EF4A ZufollA A Al7|aL BEH AJH 7
A& &4}, Flory-Rehner equation 4& £3) 7t d=S
Al Akt
2
VZZLM:_ln(l V)tV + 4V, M

2p,V(V OSV)

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)

pr: The density of the rubber sample (g/cm®)

y: The polymer-solvent interaction parameter

71AA EA &21-S €3} universal testing machine (UTM,
KSU-05M-C, KSU Co., Ansan, Korea)2 ©]-&35}o] ATSM D
4126] ek AZFE 100 mm (Zo]) x 25 mm (J1])2] o}
A]HE 500 mm/ming] £ 2 #3519}

Yol Al 52 Deutsche Industrie Normen (DIN) TF2A]E
712 o] @3}e] DIN 535160] whet ZA3heAth ABE 27
16 mm, F7 8 mmQ] AAEF O =2 A A5, 40+ 1 rpm
©° 2 A3} Q= YEF =2 B2} abrasive sheet E
Holl 5 N9 loadE 7Fet AJHE 40 m F3PA|7]2L e 2
e 24,

Vulcanizates®] Hed EA4S &lstz] 98 dynamic
mechanical analyzer (DMA Q800, TA Instrument, USA)E- 9|
£35}9] strain 0.2%, 10 Hz frequency©l| 4] -80°C 5-€] 100°C7}
A] temperature sweep 3} storage modulus (E'), loss modulus
(E"), tan 35 &7}t

Efolo] EA= A ulHEA] S EdE ABS vhe
A7) A] aerodynamic particle sizer (APS, TSI 3321, USA)YS
Al RS Ao, BT U YARTES S
o}, A9 A Figure 17} 20] Uehgict. obwAlg7)
2 AFgste] AR upmAlo] MASHE nl XS S5t
AR AR HES HEAT] Aol A AJH| Ao
20 N9 312 7512, A2 HIEE 20 m/min®] £%= 2 374
A7 AL ShRAR. A WEE R 802 AHgtech

Ao A= of|o] g (filtered air supply, TSI 3074B, USA)
oF £31ENULPAE olg3to] 2 9 YR 91 AR}
I AZSE 3715 A (flow meter, TSI 5300, USA)Z &34
st A (S Lmin) 22 ¥ W= F53tnth FF4 2
2 Ame] vhm A $AsH Bl HHAZAPSE ol 4ste] 3%
1 L/'min®.2 0.37~20 um {9 YRS =43}
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Figure 1. Schematic of the measurement of wear particulate
matters.

3. Preparation of compounds

A= WL Table 19 U Ik, WS vheo
2 dAu4] &317](300cc, Mirae Scientific Instruments Inc.,
Gwangju, Korea)s ©]-g&3to] AuE=E A X3}t Fill

Table 1. Formulation of the Compounds

Normal
Load
(20N)

Specimen Fix Jig

Abrasive Paper (#80)

==

Direction of moving
(20 m/min)

Figure 2. Schematic of the specimen set up.

factor= E317] 859 80%= AR oH, £ E9=
parts per hundred rubber (phr)Z rubberE 7|&2.2 £ E Q)
t}. gt A= Table 29 YeERHAT, 2+ stage?] initial
temperaturex= 100°C2} 50°C, dump temperaturex= 150~155°C

. NR / CB NR /BR / CB ENR-25 / BR / Silica
Unit: phr
Ref. NB20 NB30 EB20 EB30
NR 100 80 70 0 0
ENR-25 0 0 0 80 70
BR 0 20 30 20 30
Carbon black (N220) 55 0 0 0 0
Carbon black (N234) 0 55 55 0 0
Silica 0 0 0 55 55
TESPTY 0 0 0 44 44
DPG 0 0 0 1.056 1.056
TDAE oil 5 5 5 5 5
ZnO 4 4 4 4 4
Stearic acid 3 3 3 3 3
6PPD 2 2 2 2 2
TMQ 1 1 1 1 1
Sulfur 1.3 1.3 1.3 1.3 1.3
TBBS 1.1 1.1 1.1 1.1 1.1
PVI 0.3 0.3 0.3 0.3 0.3

Y The amount of silane coupling agents was calculated as 8 wt% of the weight of silica.

Table 2. Mixing Procedure

Time, min:s Action

0:00 - 1:30 Add Rubber (initial temp.: 100°C)

1:30 - 2:40 1/2 (Silica + silane) + 1/2 (Carbon black +oil)
It stage 2:40 - 3:40 1/2 (Silica + silane) + 1/2 (Carbon black +oil)

3:40 - 5:30 Zn0, St/A, 6PPD, TMQ

5:30 Ram up

5:30 - 7:30 Extra mixing and dump (dump temp.: 150-155°C)

0:00 - 0:30 Master batch from 1st stage (initial temp.: 50°C)
2nd stage .

0:30 - 2:30 Curatives and dump (dump temp.: 80-90°C)
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2} 80~90°CZ control 3} t}. Z+ stage®] mixing ©] ¢ &
o= two-roll milkE ©]-§-5te FH-LEE sheet 3} 51} ©]
27| A2 H &S E MDRE ©]-8-51¢] 150°Ce]|A] optimal
cure timeZ BRI 5 150°CY] {204 H A 745 A]
a2t 7HRste] 7HES Alxskth

Results and Discussion
1. Cure Characteristics and Mooney Viscosity

Mooney viscosity =74 A1}2} moving die theometer (MDR)
5 o] &3] 43t cure characteristics 23-= Figure 3, Table
30) YEl it} EB20, EB30 i} silica-ENR interaction
o o3 NB20, NB30 FTFL.E Mtk 28 AT g2 et

E3F A7t ogt SXA] S22 Qs 7HEES Huke
st} 22 oS Uehte). BRI S710] BebA s BRe)
=29 mechanical stability?} elasticitySA] 22 Q13| FYUHE
7} &7}=E%132, BR ©] NR 2t} &2 allylic hydrogen 5 7}
el whg} ty0] F7kstATh"

frIr

2. Mechanical Properties, Crosslink Density and DIN
Abrasion Loss

Mechanical properties 2 3}+= Figure 49} Table 4] LEM
?131, crosslink density Ai}+= Table 4] e ATt NB20,
NB30 Hu-&E = Ref. Fuke- 9} v uste] @rdH structure
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Figure 3. Compounds cure characteristics by MDR at 150°C.

Strain (%)

Figure 4. Stress-strain curves of the vulcanizates.

Table 3. Cure Characteristics and Mooney Viscosity of the Compounds

NR / CB NR /BR / CB ENR-25 / BR / Silica
Compounds
Ref. NB20 NB30 EB20 EB30
Mooney viscosity (ML;.4@100°C) 48.5 69.2 76.5 63.6 76.7
too (min:sec) 8:09 8:32 8:50 11:26 12:10
Tinin (N-m) 0.22 0.27 0.27 0.15 0.21
Tinax (N-m) 1.38 1.47 1.56 1.54 1.70
AT (N-m) 1.16 1.20 1.29 1.39 1.49
Table 4. Mechanical Properties of the Vulcanizates
NR / CB NR / BR / CB ENR-25 / BR / Silica
Compounds
Ref. NB20 NB30 EB20 EB30
Mioov (kgf/em?) 20.1 20.9 21.9 243 23.5
Migge (kgf/cm?) 108.6 112.6 113.1 100.2 93.5
Elongation at break (%) 580 570 570 630 660
Tensile strength (kgf/cm?) 266 270 269 274 266
Crosslink density (10° mol/g) 7.21 8.16 8.60 11.48 11.07
DIN abrasion loss (mg) 90.3 46.3 31.7 455 28.7
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ArE]9lch 415 EB20, EB30 ZHu}-$-E=+= silica-ENR interaction
of o3 ¥ 7t =S U GlaL, BR blend Hl& S7HA|
o= ENRO| 742 Ql8f| 7t W=7t 25 WA Uehydth W
2 A& AL Mg, B2 FIXES] 7t g Eof wet
Bt AEj7te) BAEA ] 7tEEdEY ©¥Y] i
silica filled ENR HI}2EL= =2 ylndLoxz B35t
Mooy, B0l RA| VrERStTE

DIN abrasion testE 3 A2 =9 YulrA5S Frlst
R, H7F A3t= Table 49 Yebth H7F 23} BR blend
7t 7V 4% Yok A 5S UEb )lo £33, EB20,
EB30 A u}-2-E L= silica-ENR interaction®] 2J&}] NB20, NB30
AmeE ) 0o 9 Yolr e et

3. Dynamic Viscoelastic Properties

Dynamic viscoelastic propertieso]| 4] tan & at 60°C F}-2 tire
9] rolling resistance (RR)E UEl= X F 2 A, 1 Fho| W
S42 fuel efficiency 7} SFAETT <A gk Loss

_ —— NB20 — EB20
Ref. - NB30 ---- EB30

0.8 A

0.6

Tan §

0.4

0.2

0.0 T T T T T T T T
-80 -60 -40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 5. Temperature dependences of tan & for vulcanizates.

Table 5. Viscoelastic Properties of Vulcanizates

modulus (E") at 0°C gr2 tire®] wet grip 5= YEIH= A
Fo|u], 11 gho] ¥&4F wet grip A5ol St &
@A sieh”

Figure 53} Table 59 HAI2=9] dynamic viscoelastic
properties 235 U GITE 17 Ho2EE T, FZolA
rubber chain®] hysteresis 2 {13 &2 tan § gt e
DMA 27 23, BR blend v} 0] Z7H4:8 BR) SHe T,
2 Q18] FIHLE T,7h ok WolAl A2 2Islsith. ENR
HIEEE ENRE £2 T,= ¢ NR HopEHT £2 T,
2 eI 1 23 wet grip A350] $abA] ekt &
3t AujAlS59 HrF X ®Ql tand at 60°C ZES rubber?]
hysteresis Xt} fillero] A-&-% U 3] of 2]3t hysteresise] 3
& 3A =t} SwabA silane coupling agentol] 2] 1T
9} 3}5hA A3E k= silicat= carbon blacke] B35l HE
OJ3t hysteresis& &Y 4~ o] ¢ AudeS HE =
Aoz A A It whabA silica filled ENR Aopecl =
2 T,& 7Fo| = carbon black filled NR FHua}&E R} w2
tan § at 60°CE 714 ¢43t dvjAdSS Vel

%, PM2.5
Bl rvio

Particle Mass (mg/m3)

Ref. NB20 NB30 EB20 EB30

Figure 6. Wear particulate matters generated by rubber
compounds abrasion.

NR / CB NR /BR / CB ENR-25 / BR / Silica
Compounds
Ref. NB20 NB30 EB20 EB30
T, (°C) -52.8 -55.5 -56.1 -344 -34.55
Peak of tan & 0.953 0.939 0.823 0.943 0.836
E” at 0°C (MPa) 4.01 3.84 3.04 22.81 17.38
Tan § at 60°C 0.114 0.109 0.110 0.067 0.063

Table 6. Wear Particulate Matters Generated by Rubber Compounds Abrasion

NR / CB NR /BR / CB ENR-25 / BR / Silica
Compounds
Ref. NB20 NB30 EB20 EB30
PM2.5 (mg/m®) 1.20 0.80 0.63 0.48 0.34
PMI0 (mg/m®) 3.81 1.92 1.28 1.14 0.89
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4. Wear particulate matters generated by rubber compounds
abrasion

Figure 63} Table 69 Hut-2-= w2t A] AYS}= w|AHA]
574 2345 vetlth AR SAgS Wt ds ) &
ARRE 7 8Fe YeEh 3L, PM 2.59] 33T PM109Y] B3FES 1+
AFeHA UrEFstth. BR blend 39| F7t= %t WokR A
o2 W uAHA BYS YEid Ao woE B3t
silica filled ENR HI-&EX silica?t ENR©] chemical
interactionS &3} 733t filler-rubber interactionS LFEFU 7] o
T2o]| carbon black filled NR A= R} 34 X2 n|AH
A S-S UElh

Conclusions

H A3Lo A& carbon black filled NR/BR blend A=
9} silica filled ENR-25/BR blend Z1}-2=2] BR blend &=F
o] w2}t TBR tread compound?] EA-S W] w3}t

Ao = ntE P71 A3, BR @] S7HeE 5 WrkEAy
o] M EE RS sttt =3 EB20, EB30 A=
= ENR-silica interaction®]] ]3] NB20, NB30 a2 =X}
$o3h Wobr g s-S e,

FAAREA 5427, EB20, EB30 HuE=+=ENRY &
2 T2 3} NB20, NB30 Hu}2 = Hr} wet grip 45°] %
ot Urebgar, AE7hE ARSSER7] wiEell $43t )
A= UEH

O AR WA £4 21}, BR o] F7gke]| wet fnkeAy
T NA SR 3| mAIHA] WA o] sttt =3 EB20,
EB30 A u}2- =X ENR-silica interaction®] 2J&}] NB20, NB30
AL Ho o7 A WrtE A5 24 F2 mAd
A WS UEith
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