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ABSTRACT

prediction of a stress softening behavior (Mullins effect) in carbon black-

filled rubber compounds. A new equation was suggested for the calculation
of the damage variable in the classical Ogden-Roxburgh model based on a previously
developed kinetic equation. The parameters of the new model were assumed dependent
on the first principal strain. The developed model was verified by comparison of the
model predictions with experimental data.
Methods: Four rubber compounds based on S-SBR and E-SBR reinforced by 40
and 60 phr carbon blacks were prepared and cured into rubber sheets. The rubber
test specimens (ASTM D412 C) were cut and subjected to cyclic tensile tests at an
extension rate of 500 mm/min. In order to show the stress softening behavior, three
cycles were selected in a way that the maximum stretch at each cycle was increased

consecutively. The volumetric tests were also carried out to determine the bulk

modulus and Poisson's ratio. The finite element models of the mentioned tests were

l l ypothesis: The aim of this study was to propose a modified model for the

rub.ber, created for Abaqus code. The new model was implemented into Abaqus through a

e I user-defined subroutine developed specifically for this research. An optimization

stress softening, algorithm developed in Isight code was employed to determine the parameters of the
Mullins effectt, model for the prepared compounds.

Findings: Comparing the predicted force versus time and force versus displacement
with their corresponding experimentally measured data and goodness of fitting for
new model and classical Ogden-Roxburgh model revealed that the developed model
has higher capability and accuracy in prediction of the mechanical behavior of the
rubber compounds. Comparing the ratio of the computed errors between two models
showed that the new model has higher accuracy with an average of 38%. Moreover,
it is found that there are good correlations between variation of the model parameters
with rubber grades and filler contents.

finite element method
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strains (Mullins effect).
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Fig. 6. Distribution of the damage function at the end of first
loading step.
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Fig. 7. Distribution of the damage function at the end of

second loading step.
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Fig. 8. Distribution of the damage function at the end of third
loading step.
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Table 1. Compounds formulations.

Ingredient Compound code (phr) Chemical/Trade name Supplier
SS40 | SS60 | SE40 | SE60
S-SBR 137.5 | 137.5 - - | Solution polymerized SBR (SOL 6450SL, Oil extended | Kumbho, S. Korea
- - - - with 37.5 phr aromatic oil)
E-SBR - - 137.5 | 137.5 Emulsion SBR 1712 (Oil extended Bandar Imam, Iran
- - - - with 37.5 phr aromatic oil)
ZnO 5 5 5 5 Zinc oxide (ZnO) Pars Oxide, Iran
St. Acid 2 2 2 2 Stearic acid (St. Acid) Rhein Chemie
6PPD 2 2 2 2 N-(1,3-dimthylbutyl)-N-phenylenediamine (Dusantox) Duslo, Slovakia
T™Q 1 1 1 1 Poly(1,2-dihydro-2,2,4-trimethyl-quinoline) Duslo, Slovakia
TBBS 1.5 1.5 1.5 1.5 N-tert.-butyl-2-benzothiazyl sulphenamide Henan Kailun
TMTD 0.5 0.5 0.5 0.5 Tetramethylthiuram disulfide Henan Kailun
Sulfur 2 2 2 2 Sulfur Tesdak, Iran
Black filler 40 60 40 60 Carbon black (N-330) Iran Carbon Co.
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Fig. 10. Finite element model of volumetric test.

ok Sl il (o
OlcS ol e sla el )y L3 (slacand s sdbansS Clas bl
oeal Sl Sl el s 035331 dydr (25 Slip 5 ke O 4 &S
e Soledig Srgy eslaal b tags ol s sddaallas Sl
[Y#] Isight )\Jﬁk:f 03 ol 4 2 38 o rl}r_" SlpLas
OLas Sl a)se anmlome sl 1) 0L 2 laged 4 S S oz

/E\
l Dumbbell D412 | Data matchlng

Volumetrlc

e sla bl s (sl (latingr 45 2 OL o Sl 503 -4 JSCo
Fig. 9. Work flow diagram designed of the optimization cycle

for the determination of the model parameters.
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Fig.11. Predicted force vs. time (predicted and experimental data) for different compounds: (a) SS40, (b) SE40, (c) SS60, and (d) SE60.

&R\ iy 3913339993 ) 0 jlasds (ezxigg w0 JUw sl SI9)9ISS 9 pole «sole dlxo



e 5100 10T HS i 5 Sl 3 D) (s yinsg 5122 Ogden-Roxburgh Joo daly p3 3333 %o dsuwgs

SS40

36 1 © o Experimental
— Simulation

Force (N)
[}
(e

&5 © °
0 20 40 60 80 100 120 140 160 180
Extension (mm)

(a)

SS60

45 4 o o Experimental
—— Simulation

Force (N)
[N}
n

0 20 40 60 80 100 120 140 160
Extension (mm)

(©)

SE40

40 - o o Experimental
— Simulation

Force (N)

0 20 40 60 80 100 120 140
Extension (mm)

(b)

SE60

40 A © o Experimental
— Simulation

Force (N)

140

Extension (mm)

(d)

(c) SEA40 (b) SS40 (a) ;s L;LMJ-.:J Sz (s slaesls 5 auds Jde Lol s ) abrals a5 0 Sl is VY IS5

SE60 (d) 5 SS60

Fig. 12. Predicted force vs. displacement (predicted and experimental data) for different compounds: (a) SS40, (b) SE40, (c) SS60,

and (d) SE60.

@VY B @)Y s IS5 3 szl €505 5lemr sl 30 alrals
o b GU 0555 s sdalin oS 5 sboles Llold el OLES
5l s opel Sl sl s sbaels b e s
Slasls oolgniny dde 2y Sobl 03150L 5 4l ) shaea
s vf,\,ip} Jb L Ll Yeoh Olis of Jue Oles L G5
e e ) A ST (V) 4sles) Ogden-Roxburgh
Jde 3l sdelmsay glas s &gt last o (Jde o
S i a5 Ogden-Roxburgh Jue U edldiaciles glast 4 Ay
S B3 53 48 BB et (1) Wslan 3 eslinl | Lallast o
MR & s Jue s Lt Dl e ¢ s Sl eddainlne slallex

R W ICS polie ¥ dsde e sl Jie s O alin

S S S0l 5 S e R e bss a5 (S
Jde sl eyl e 5 355 aule LS Bl gla el )L Tl
aﬂigu;s))o\;)w)QNM&;.J;J@M;@&;;;,\.:M
3 e (Sade ) e G o el 5 33 5 s
5 ol sl 5 sl Ogden-Roxburgh S Jue b o 4l
s A Ol S8 s Gl glace w53 Jde e
w\dﬂﬂ%youmpebgmm)\_m;\‘wl
[VYFOT 355 035330 Ol a0 50 OLuiS 5,501 S caslie Jo SC L
SIS Saas Sld lages @V B @) sla K2
Ol 1y Ol (S Joes Je (555 31 el s fe
s Sk b alie sba imes s s

V&) iy 313339993 ) 0 )lasds (pzmigg o Jw sl $I9)9IS5 9 pole (sole dlxo



(V) 5 (V) laadsles) Yeoh Jue sl oo i (sla el )L =Y J i
Table 3. Predicted parameters of the Yeoh model (Egs. 2 and 7).

Compound Parameter
code C,(MPa) | C,/(MPa) | C, (MPa) n
SS40 0.635 8.10x10% | 1.43x10% | 0.485
SE40 0.504 7.01x10% | 1.02x10% | 0.490
SS60 0.755 5.42x10% | 9.03x10% | 0.474
SE60 0.742 5.10x10% | 7.58x10% | 0.477
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Table 2. Reduction of error ratios of predicted parameters of
the stress softening behavior by new model to Ogden-Rox-

burgh model (Eq. 16).
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Table. Predicted parameters of the new model for stress softening phenomenon (Eq. 18).

Parameter
Compound code
k, k, m (mJ) b, b,
SS40 1.144 0.072 0.733 2.109 0.074 -0.047
SE40 1.346 0.253 0.658 2.726 0.297 -0.073
SS60 0.943 0.071 0.731 1.941 0.013 -0.014
SE60 1.022 0.049 0.792 1.194 0.043 -0.017
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