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ABSTRACT

reducing global warming and CO, emissions. Consequently, the prediction

of energy dissipation in tyre tread compounds has received increasing interest
from tyre manufacturers to design low dissipative compounds. In the present work, a
triple model based on the Ogden hyperelastic equation, Bergstrom-Boyce nonlinear
viscoelastic relationship in conjunction with a stress softening equation was proposed
for the prediction of the force-displacement behavior of tread compounds.
Methods: Two series of rubber blends compounds based on SBR/BR solution and
SBR/BR emulation reinforced by two carbon black (CB) grades and a surface-modified
silica were prepared. Each series was comprised of three blends with different filler
contents. The total part of filler in each compound was kept constant as 80 phr. The
first compound contained 80 phr of CB without any silica, while the second and third

compounds were prepared using 20 and 40 phr silica as replacement. The mechanical

behavior of the cured compounds was determined using a tensile test carried out on

l l ypothesis: Reduction of rolling resistance in tyres plays a crucial role in

SBR, a ribbon type sample with 2X11 cm dimension and ATM D412 C test specimens. An
BR, optimization loop was designed in Isight code using three Abaqus, data matching and
silica, optimization components. The developed algorithm was used for the determination of

the parameters of the mentioned model.

Findings: It is shown that the proposed material model and the developed numerical

finite element method algorithm can predict the mechanical behavior of the compounds during a loading/
unloading cycle. The trends of the variations of the predicted parameters are in
reasonable agreement with macro- and micro- structure of the SBR and filler type (CB
or silica). It is also found that the addition of silica to rubber compound has 25-35%
decreasing effect on energy dissipation. Moreover, solution SBR has approximately
50% more reduction effect on energy dissipation compared to emulsion SBR at equal
filler type and content.

hyper-viscoelastic,
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Table 1. Compounding ingredients.

kel slse Dlasiin =) Jgd

Ingredient Chemical/Trade name Supplier
S-SBR Solution styrene butadiene rubber 6360 SL Kumho, South Korea
E-SBR Emulsion styrene butadiene rubber 1500 Bandar Imam, Iran

BR Butadiene rubber 1220 Arak Petrochemcal Co., Iran
Oil Aromatic oil Behran, Iran
Black filler Carbon black (N-330, N-550) Iran Carbon Co.
Silica Coupsil 8113 Degussa
Sulfur Sulfur Tesdak, Iran
CBS (Accelerator) N-Cyclohexyl-2-benzothiazole sulfenamide Bayer
DPG (Accelerator) Diphenyl guanidine Bayer
6PPD N-(1,3-dimthylbutyl)-N-phenylenediamine (Dusantox) Duslo, Slovakia
Activator Stearic acid (St. Acid) Rhein Chemie
Activator Zinc oxide (ZnO) Pars Oxide, Iran

S8 SN sn 035 e 1z PL-gel mixed Oy V) e
sl il e py b eslid sl 5 s sl SBR
sbe 5 J= Olsbaodeal 5 D 53 oS Sl B2 L il
okl Jo sla sy (gilulir sl 05 SOl Ll Gl Lol
Gl g ois Oyt 4 eddCilo lous s LS ol

Table 2. Compounds formulation.

sskieas LAE e p 23S pscdy 4t s O mm/min
S 33 53 IS Oge3l ek I ol Gla el i
plomil 228 5 g 4 o )3 DS gl sesl s plowil ks
) 5 (S ety S8 g s ) LU S
S Agilent Jus dsl 3 3 d)l.{}l}.d oK 3l (emad L3 g

(o 58 dls Ao (g3l 4 o) Lao el (glud 50 3 =Y Ul

Ingredient Compound code (phr)
SSBSO SSBS20 SSBS40 ESBS0 ESBS20 ESBS40

S-SBR 100 100 100 - - -
E-SBR - - - 75 75 75
BR 27 27 27 25 25 25

0Oil 0 0 0 30 30 30
ZnO 4 4 4 4 4 4

St. Acid 2 2 2 2 2 2
6PPD 1.5 1.5 1.5 1.5 1.5 1.5
CB (N-330) 55 41 27 55 41 27
CB (N-550) 25 19 13 25 19 13
Silica - 20 40 - 20 40

Sulfur 2 2 2 2 2 2
CBS 2.5 2.5 2.5 2.5 25 2.5
DPG - 0.35 0.75 - 0.35 0.75
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Fig. 1. ASTM D412 and rubber strip test samples cut from

cured rubber sheet.
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Table 3. Molecular weight and MWD of solution and emul-
sion SBR.

Rubber type Molecular weight
of SBR M M, PDI
Emulsion 156000 465000 2.98
Solution 319000 807000 2.53
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Fig. 2. A schematic diagram of parallel rheological frame-

work (PRF) model [13].
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Fig. 3. Finite element model of the rubber strip under tensile.
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Table 4. Parameters of Ogden hyperelastic model (Eq. 1)

Parameters
Compound
K u, P D, D, D,
code a, a, a,
(MPa) (MPa™)
SSBSO -93.46 35.75 61.80 -1.39 -0.26 | -2.68 | 0.25 -1.85E-02 3.45E-06
SSBS20 -70.21 29.38 44.30 -0.14 -0.76 | -1.22 | 0.20 6.9E-04 -1.19E-06
SSBS40 -49.31 19.72 32.11 -2.01 -0.95 | -3.17 | 0.17 7.92E-04 -1.74E-05
ESBSO -33.49 15.58 20.65 -2.00 -0.86 -3.2 0.23 3.32E-04 -7.45E-07
ESBS20 -30.90 14.3 17.72 -2.6 -0.12 | -2.75 | 0.18 -1.89E-04 2.18E-07
ESBS40 -22.11 9.90 15 -1.14 -0.15 | -2.25 | 0.14 2.06E-03 2.82E-06
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Fig. 5. Force-displacement of the 2 cm sample at 500 mm/min

extension rate for SSBSO compound.
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Fig. 4. Developed optimization loop in Isight code.
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Fig. 9. Force-displacement of the 2 cm sample at 500 mm/min

extension rate for ESBS20 compound.
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Table 5. Parameters of nonlinear Bergstrom-Boyce viscolastic model (Eq. 4).

Parameters
Compound code

s A (MPa™s™) m ¢

SSBSO 0.3 0.22 6 -1
SSBS20 0.23 0.32 5 -1
SSBS40 0.15 0.49 4 -1
ESBSO0 0.57 0.11 7 -1
ESBS20 0.44 0.18 6 -1
ESBS40 0.33 0.27 5 -1
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Table 6. Parameters of stress softening model (Eq. 10).

Compound Parameters

code g a (MPa) b
SSBSO 2.1 0.12 0.08
SSBS20 2.7 0.52 0.11
SSBS40 32 0.6 0.16
ESBSO 1.08 0.08 0.01
ESBS20 1.5 0.22 0.07
ESBS40 1.9 0.3 0.1
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Fig. 14. Force-displacement of the 2 cm sample at 100 mm/min

extension rate for ESBS0O compound.
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Fig. 15. Force-displacement of the 2 cm sample at 100 mm/min

extension rate for ESBS20 compound.

300
ESBS40-100
250 )
e Experimental
200 - - Bergstrom-Boyce
Z/ ---- Bergstrom-Boyce+Stress Softening
3 150 2
8 P i &
= 7
1001 e /
- ‘—)‘:” x »
4 S e = oo
50 i - e ) ,‘___._..!---"” o
== PRSI B
0 . ot ; ; .
0 20 40 60 80 100 120 140 160
Displacement (mm)
pYem (ool dgs 5o dsb Gl cas 50 -V SG

ESBS40 s3] (g, )+ mm/min iiS o e

Fig. 16. Force-displacement of the 2 cm sample at 100 mm/min

extension rate for ESBS40 compound.
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Fig. 11. Force-displacement of the 2 cm sample at 100 mm/min

extension rate for SSBSO compound.
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Fig. 12. Force-displacment of the 2 cm sample at 100 mm/min

extension rate for SSBS20 compound.
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Fig. 13. Force-displacement of the 2 cm sample at 100 mm/min

extension rate for SSBS40 compound.
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