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Abstract

* Rubber materials, which are widely used as anti-vibration products for vehicles, exhibit complex non-linear

material behavior unlike general metal materials. Therefore, it is difficult to predict the fatigue life of rubber materials
through finite element analysis(FEA), which is a virtual engineering technique. In particular, using the conventional SN
diagram in fatigue life analysis, it is difficult to obtain reliable results because there are many variables affecting the level of
the SN diagram. In this paper, fatigue life endurance analysis was performed using commercial software ABAQUS and
FE-SAFE/RUBBER based on tear energy for rubber bushes for automobiles subjected to complex load conditions.
Reliability was verified by comparing the results of the analysis with the test results. Also, in order to confirm the effect of
strain crystallization on the durability of rubber bushings, the results obtained from the analysis and the test were compared.
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Nomenclature
W : strain energy density, MPa
G : parameters of yeoh model, MPa
I : first strain invariant
n : softening function
T : tearing energy, J/m’
F : thomas law curve Slope
T, : critical tearing energy, kJ/m’
re : critical crack growth rate, mm/cyc
Co : initial crack flaw length, mm

Cr : end-life crack flaw length, mm

1.LM2

. Fatigue(¥] &), Rubber(31+), Tearing energy(2 7! o\ A]), Crack growth(=Z = “d-d), Finite element
3l Q 43} A7), Strain crystallization(*] & 2 4 3})

Z]-2] NVH(Noise, Vibration, Harshness)’d ‘5ol & 42
F7] el 54 2 UlT A% 5 $e A 5ol
mf-9- F skt et g Alss bl 55 AR
o} g Bsku]dE AQlm As o= e /-3 24 3l
21 (Finite Element Analysis, FEA)S &%t 5+ dSo] o
Hot 53] I &2 - iAol M= e sfiof sk W)

Wi sAde et o] 92 1 HAE(S-N Curve,
E-N Curve)°ll thalt dlo]E] s|o]~(DB)& 17} o e 9] 21
8} utet Ax= 277} 8= Aol Ao}

A debd o Wy ‘é‘o] 100 ~ 500 % ol*u ol

s
oA vt M E oA dis 5"“7} *P%Edﬁ‘r

=t =) 1 i S m o 2.4
SR Beeo] $4ea AF AA4o] Foh A HEA S Wol ALgEHE T 4 ()7 2L Yeoh™
SE = [e] 2.5 o =
o W AE ARE Bol ALGELE ol R AL AT i A Q% L Ogden R LE 2 5 5 3
Corresponding author, E-mail: cackim@knu.ac.kr
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/licenses/by-nc/3.0) which
permits unrestricted non-commercial use, distribution, and reproduction in any medium provided the original work is properly cited.

71


https://crossmark.crossref.org/dialog/?doi=10.7467/KSAE.2023.31.1.071&domain=http://journal.ksae.org/&uri_scheme=http:&cm_version=v1.5

YT - OB - YZB - HYY - JAN - YHA

w= ijlciﬂ(ll_3)i (1)
3
W= Zm:—f(li“ +25 +25"—3) )

}—\J' (2)g )‘la )\27 >\3

4 () L& B Feroln,
&2 wens Ague sl a4 O
21(2)4] Cio, u, a7 Al = olu| 3},

9 el 2 5 Wri 2 3 (Mullins
Effect)E 5 4 21t} o] Bel2 &3l 3 Aol 8%
151 (Loading) 2 Al 3H(Unloading) 2 ¥H2-81= 77 o 4]

743 0] €8k Softening) ¥ = FAHS el o] 23k A%
£ Ogden-Roxburgh . &*9 2 M o] 7}53)t},

S = (W, Wiax)So 3)
1 Winax—W

nm= 1= ;erf (m+,BWmax) (4)

A7)A ni= 8 et )2 ol gk MY o) g S

FE o\ =] " (Strain Energy Density, W)7} 71 & 4k
A Won= 2 8H5 58 Al W=Wo 2 p=10] 5]o] &
2 ¢kslr} gl WhA, A8t Aloll= W<Wo = n<1©] 5]
o] 71z g (sgol 17} Hal7 S8 93} A B0l A

AT i A @2k o] A m, B o LA
erf(x)& o]-&3to] AL 5 Ut
erf (x) = ‘/Z—Efox exp(—t?) dt (5)
ol g FrAE o] g8kl a9 A5g o 5sto]
£ W CACIE 3 Al 80 5 3
o AE AR Ui a4 2 Wohler”o] A5 7]k
2 932 2 WAEY £ BAS ol S5k Aol
o

o
o} dbA o 2 Al 5+ ¥ 3 E(Maximum Principal Strain)
YA A% 58 @ol o] gatn, Al Afet
31 o] & F° oSl o] &
HE AA A Al A 7P
Zol /\]'*9“5]5’— A WY F shdel) 3 Ve
3 A Cylindrical Specimen)¥} o] H] 14
ag Yakow o 8% 2NN ARS WA
Mg g8l 9> HEE ah H]JLO}C'% J]f'r— T A=

at

72 EARASA3EE =232 A3AH AL, 2023

WA BesAL, ke 2710 td S A% DB}

THEC = Ae-E e A= el 1 A
w2 5] 9= 98 s 204 AP 3

of 3, A shF} A HEe

TninReratioyol] whel v A} gepd 4

a0 Wy mE weh ey Ao depd
t}lo g 21y) mio 4 3ksl pRE ?fo}ﬂ HSHH

H] Q1 -3-=H](Stress

o

ratio =

Fo _&iﬁ

0 Grifih®E 35 ARE A A E(Enerey
Release Rate, G)oll A3} v}3| H&hx] w07 v 2 1Y
TE S8tk Aol 2= e] 7l A = A vl
g 8y oA sL 2H s, wedo] 44 Hel theh
% oA} TR A ek 4 6 A
ey
G=T=-3 (6)
A=A S-E2 R3] ol X|(Tearing Energy, T)EF1L
Lok, U v S S8l s s dA g =l
2 A, A Tde] WAE ofn] gtk Rivlin?} Thomas™
= olelek /S A= S AIZATE Thomas'= A4
off x| el A2 A7 £1=eke] 71 E A3k Fig. 1(a)
3} o] YER St Lake®} Lindley'= Thomas?] S &
FAIA BE olUA] el 23 oluA| &F A At
Sieeke] PAE Argstr] S8 Aol dojub= 3
< Fig. 1(b)¢} 2ol 477F o= o] AW slgich

o=

L AT —T) L STST) (7a)

de

F
Loy, (Tl) (T, <T<T,) (7b)

2 (1)e] A A EE(de/dN)E A (8) o] A

T, /_‘—"JF

Te

Crack Growth Rate, de/dN
el
Crack Growth Rate, de/dN

Tearing Energy, T Tearing Energy. T

(a) (b)
Fig. 1 Typical fatigue crack growth rate curve(FCGR curve);
(a) Thomas model, (b) Lake-lindley model



2 oHAE

o] 271 A dol(Cyet HZF

A2 Foll AE FHN) S T

A% Aoy A elate]
Fehed FEH0

_ (¢r_1
Ny = Jo) 2am de ®

Mars$} Fatemi'?= $-211] 7} go] o} 3152 Z Aol A]
I A5 e] EAF AEe] AEE AdEdA 3] &2
A el A E o= s A ] S Welste] v=
Frgo] e} WE A A 3K(Strain Crystallization) 7} &
1‘/_]—]:]—3 Htﬂ—g}o:h:lr o] a] 3) sq/wg .Q.Eﬂ]j]p/] tt]_a}oﬂ
uje} W7 A E(FCGR Curve)®] 7]&7]7F debxw, 1
Apelell sHF e xRy 4 (9)s 2ol Aelste] st
93\]—;17.18)

2 A

log(T)—log(Teq)
(R) = -

™ 10g(T0)~10g(Teq) ©

Fig. 29} o] W& A48 2L 2850w Sulol
w2} 87 Axe] 719717} 2 2ol 7k v wh, A4
shA] @& 45 s vl ek Adaglol shte] R4l vt
e 22 218 4 gk,

A7 U A2 o] 8 VT 1A 3 7EH 0] Al A
d& E8l 24 e E #5225 3lolx] &4 DB
S ohA] B2 AHlM L s o] Tkt AR &
& S2alrhs g3l Qlok 1%7) wie] H ge o
7oA SR W oS e tiAlskaL vk A7
g3} A 3%= Thomas7h A et RS 7|uko = #]
AU 42 Asetgla, 2EY 50 4458 A
A ouA 4 AEAHe wE nheEd 1 gatel 4%

1 1
—R=0 —R=0
10t —+—R=0.09, Crystallizing 10-! { —=—R=0.09, Non-Crystallizing
== R=0.18, Crystallizig —&—R=0.18, Non-Crystallizing
% 10-2 % 10-2
E 10-3 é 10-
= T ot
£ 104 £ 104
4 4
% 100 tos(Tlog Ty £ 104
S 10-6 5 10-5
7] T Ty 7
1o- log(T)-log(Teg) 7, 10-
10-8 1 | 10-8

10 102 10° 104 10 102 10° 104
Tearing Energy. J/m?

(a) (b)
Fig. 2 Non-relaxing fatigue crack growth behavior of rubber
materials; (a) Strain-crystallization material, (b) Non-strain
crystallization material'?

Tearing Energy, J/m?

olg® 1%

BA YT 4F 34

sholek. s W A4 @9 wedahAe ehelnk

B R 57 o Fo] ofelg AEAE 1T
Aol tise] 27 AUAE Flwkew @ 5% g o)A
A @

2 AEAAT, ol el u% A% Aol s
ABAQUS™ ¢} 2171 /dE

o] T Al S &k 2=
Sisich. A, A7 B4 RS B nel A S )
ER Ml U4 W Bet U BAS b
= FCGR(Fatigue Crack Growth Rate) T}&}v] |, ¥ 2
AstE U= 3 xRS F=ok3lh 123, 549
A tlelBE A8 Al A AL Foajol 288

o W 573 A2 R aslelan, A Q Avksh HnE
o AEAL AFFh B8, 03 0 2191 % A1g

%3 G el o Al Al shedeh

2. A= =4 Al

B mRol e 37 A Ee) AR b

Jo] Ag5h

ﬂ—‘?“(NR)7]— A5 g FE AFESIG o, B4
A2 u]=-2] Axle ProductsAFoll A =333} o}

AP R ol upe} thE Ao ek
471 HH%OH ke OJJ, Ol% A, = A 5 374
L ggste] HAste B4 vy
o] IukA otk 7F Al o] ] 9 AJH
g iEwe] 271 10 mmo]th
3| H%ﬂ Al £2Z0.01
gaE st sk
0 %, 100 %= 47}4] 710
1‘?3}9} ABHE WHESe] A
A dlolE A 7} ¥9] &
9] A AA Bl 34 QA% F 4, 7 w9 sk
o] npA et gt FA 47HAE B a3 TR F
Z3lo] ABAQUSOIA] I HoJE & &-8al3ith & =
T E BEE uA HE T4 gx 5 sl
Yeoh® &3} E~ @7o] AsS Yehle 5
Ogden-Roxburgh ™ &1 2] A} & -5 FFak3lom, A3}
= Fig. 49} Table 13} 74t}

ol
38
o
&
ofl,
>
=2
ol
|\
ol J

Transactions of the Korean Society of Automotive Engineers, Vol. 31, No. 1, 2023 73



Jeonghun Choi « Changwon Lee « Junho Cha ¢ Youngsik Jeon ¢ Jinjae Kim ¢ Youngsuk Kim

o Test

n
L
i
n

Stress [MPa]
LF¥]

Stress [MPa]

(3] LF%) =

—

o Test
———FEA

Stress [MPa]
¥ e Lh

2

0 '..3_. 1 1 1

0 o
0 0.3 0.6 0.9 1.2 0 0.3
Strain
(a)

Strain
()

09 12

Fig. 4 Comparison of test data and material fitting data, (a) Uniaxial test, (b) Biaxial test, (c) Planar test

Fig. 3 Material test machine® and specimen, (a) Uniaxial
test, (b) Biaxial test, (c) Planar test

Table 1 Yeoh model & mullins effect material parameter

Primary curve Mullins effect curve

Cio Cy Cyo r m B
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2.3.2 Non-Relaxing Condition
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