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Heat Aging Effects on the Material Property and
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Fatigue Life Prediction Equations
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When natural rubber is used for a long period of time, it becomes aged ; it usually becomes
hardened and loses its damping capability. This aging process affects not onty the material
property but also the (fatigue) life of natural rubber. In this paper the aging effects on the
material property and the fatigue life were experimentally investigated. In addition, several
fatigue life prediction equations for natural rubber were proposed. In order to investigate the
aging effects on the material property, the load-stretch ratio curves were plotted from the results
of the tensile test, the compression test and the simple shear test for virgin and heat-aged rubber
specimens, Rubber specimens were heat-aged in an oven at a temperature ranging from 50°C to
$0°C for a period ranging from 2 days to 16 days. In order to investigate the aging effects on the
fatigue life, fatigue tests were conducted for differently heat-aged hourglass-shaped and simple
shear specimens. Moreover, finite element simulations were conducted for the specimens to
calculate physical quantities occurring in the specimens such as the maximum value of the
effective stress, the strain energy density, the first invariant of the Cauchy-Green deformation
tensor and the maximum principal nominal strain. Then, four fatigue life prediction equations
based on one of the physical quantities could be obtained by fitting the equations to the test data,
Finally, the fatigue life of a rubber bush used in an automobile was predicted by using the
prediction equations, and it was compared with the test data of the bush to evaluate the
reliability of those equations.
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1. Introduction

Natural rubber has characteristics of large elas-
tic deformation with hysteretic loss and incompres-
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sibility. In addition, it can be readily manufac-
tured at a comparatively low cost. Because of
these characteristics, rubber is widely used in
numerous products such as automobiles, locomo-
tives and commodities {Treloar, 1975). However,
it is difficult to develop a design methodology for
rubber components because the material property
of rubber changes drastically depending on raw
materials {composition), manufacturing condi-
tions {mixing and curing conditions), loading
conditions (strain, strain rate, temperature} and
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even the period of usage. When rubber is used for
a long period of time, rubber becomes aged ; it
usually becomes hardened and loses its damping
capability. This aging process results mainly from
heat due to hysteretic loss, and it affects not only
the material property but also the (fatigue) life of
rubber,

In this paper the heat-aging effects on the ma-
terial property and the fatigue life of natural rub-
ber were experimentally investigated. In addition,
several fatigue life prediction equations were pro-
posed based on the fatigue test data and FEM
(Finite Element Method) simulation results. In
order to determine the material property, the
load-stretch ratic curves were plotted from the
results of the tensile test, the compression test, and
the simple shear test for virgin and heat-aged
rubber specimens. The aged specimens were heat—
aged in an oven set at a temperature ranging from
50°C to 90°C for a period ranging from 2 days to
16 days. When a specimen was aged in an oven, a
cylinder-shaped compression test specimen was
aged together. The hardness of the compression
test specimen was measured by using Durometer
type A (ASTM D2240), and it was assumed to be
the same as the hardness of the specimen. The
hardness was also regarded as an indicator of the
aging amount. The crosslink density would be a
better indicator, but it is more convenient to
measure the hardness not only of the specimens
but also of rubber components.

Fatigue tests were conducted for hourglass—
shaped specimens and for simple shear specimens.
All the specimens were aged in different amounts,
and the hardness of the specimens was measured.
In this way, the fatigue life of the aged specimens
could be represented as a function of hardness. In
addition, FE simulations were conducted on the
specimens to obtain the maximum value of the
effective stress, the strain energy density, the first
invariant of the Cauchy-Green deformation ten-
sor and the maximum principal nominal strain
occurring in the specimens. Then, four fatigue life
prediction equations based on one of those four
physical quantities could be obtained by fitting
the equations to the test data. Finally, a rubber
bush used in an automobile was aged, and fatigue
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test was conducted for the bush. An FE simula-
tion for the rubber bush was conducted, and the
maximum values of those four physical quantities
were obtained. By plugging the maximum values
inta the fatigue life prediction equations, the fa-
tigue life of the rubber bush was predicted. This
predicted fatigue life was compared with the fa-
tigue test data. All of the four prediction equa-
tions resulted in a reasonably good correlation
with the test data, and among the prediction equa-
tions, the strain energy density equation resulted
in a slightly better correlation. Therefore, it may
be concluded that the strain energy density is a
feasible controlling physical quantity in the fa-
tigue failure of natural rubber.

2. Material Tests

2.1 Tensile test

The material responses of rubber depend on the
composition, additives, and mixing and curing
processes. In this study, the rubber actually used

" in the rubber bushes of an automobile was chosen

as the test material. The dumbbell-shaped test
specimen with gage length of 20 mm and thick-
ness of 3 mm was used at the tensile test (ASTM
D412). The specimen was punched out from a
sheet, and was left at room temperature (237C)
for at least 3 hours before testing. The specimen
was loaded by a UTM at a speed of 500 mm/min,
and the deflection was measured by using an
extensometer {Findik, 2004} .

The deflection can be represented by a stretch
ratio, which is the ratio of the deformed length
to the undeformed length. The load-stretch ratio
curve of a vulcanized natural rubber changes
during first several repeated loadings, and this is
called the Mullins effect (Mullin, 1969). This
effect is due to gradual orientation of molecular
chains, Thus, the load-stretch ratio curve obtain-
ed at the first loading is not representative of the
material property, and mechanical conditioning
should be conducted before obtaining a repre-
sentative load-stretch ratio curve (Brown, 1986).
As shown in Fig. 1, there is a noticeable differ-
ence between the load-stretch ratio curves ob-
tained at the first and the second loadings. How-
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cver, there is a negligible difference after the third
loading, and it has heen decided to regard the
load-stretch ratio curve cobtained at the fourth
loading as the representative load-stretch ratio
curve. In order for the specimen to recover from
the previcus loading, the specimen was left un-
loaded for 10 min belere the next loading {Shen.
2001).

In Vig. 2, two load-streteh ratio curves obtain-
ed from different mechanical conditioning are
shown, One is the curve obtained {rom mechani-
cal conditioning up to the stretch ratio A=1.7.
and the other is the curve obtained from mec-
hanicul conditianing up fo the stretch ratio A=
30. Since the curve of a more mechanically

conditioned specimen is lower than the other one
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Fig. 2 The effect of amount of mechanical condi-

tioning on the lensile load-slretch ratio curve

due to strain soflening, it is important to specify
the maximum stretch ratio when the Joad-stretch
ratio curve of a vuleanized natural rubber is ob-
tained or shown. In this study, it was decided to
condugt mechanical conditioning with the stretch
ratio of 1.7 because the automobile rubber bush
under investigation scemed to have a stretch ratio

of [.7 according to an FH simulation.

2.2 Compresgsion test

A cylinder-shaped specimen with diameter of
28.8 mm and height of 12.5 mm was used at the
compression test, and the compression test was
conducted by & UTM at a speed of [2.5 mm/min
according to ASTM (ASTM 573). Since the effcet
of mechanical conditioning on the compression
specimen was comparatively small, a representa-
tive load-stretch ratio curve was obtained at the
third loading being almost the same as the load-
stretch ratic curve obtained at the second loading.
It is well known that barreling occurs at & com-
pression test due to friction between 2 specimen
and a loading plate. In order to prevent harreling,
a lubricant was applied on the top and bottom

surlaces of the speeimen.

2.3 Shear test

Shear tests were conducled on two dilferent
specimens ; simple shear specimen and pure shear
specimen. As shown in Fig. 3, the simple shear
specimen was designed to be in a dimension of
25 12.5>12.5 mm and te have {illets rounded by
3 mm to prevent stress concentration (Lee, 1988).
The rubber was injected against the end plates,
and it was cooled down with the end plates at-

el

Fig. 3 A simple shear specimen with fillets
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tached. This resulted in uniform attachment over
the contact area. The simple shear lest was con-
ducted on a UTM at a specd of 25 mm/min
according to 180 (1827}, and a load-stretch ratio
curve wasg obtained at the fourth loading as at the
tensile test.

As shown in Fig. 4, a pure shear specimen was
designed to have a rubber sheet glued between
two transparent plastic plates, and its dimension
was 100X 10%2 mm {Shin, 1998). The width was
designed to be 10 times the height in order to have
pure shear deformation. The pure shear specimen
was pulled by a UTM at the same speed as at the
simple shear test, and a load-sireich ratio curve
was obtained from the fourth loading. Of course,
the pure shear test was regarded successful only
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Fig. 4 A pure shear specimen with rubber glued
between two transparent plates
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Fig, 5 Comparison of simple shear test curve with

pure shear test curve

when the rubber sheet was not detached from the
plastic plates, which could be examined by naked
eves. Two load-stretch ratio curves are shown in
Fig. 5; one was oblained al the simple shear test,
and the other was obtained at the pure shear test.
Note that there is almost no difference at low
streteh ratios, but there is a noticeable difference
at high streich ratios.

3. Material Property Change
Due to Heat Aging

3.1 High and low temperature aging

Rubber becomes hardened as it experiences cy-
clic loading. During cycling loading, its tempera-
lure increases due to heat converted from hystere-
tic loss, and this causes aging (Brown, 1986}, The
aging process leads not only to mechanical prop-
erty change but also to chemical structure change
so called degradation. Among mechanical prop-
crty changes, a hardness change can be easily
detected, and 1t can be converted to the elastic
modulus change {ASTM D1415). Howcver, it
requires considerable amount of time to investi-
gate the aging effects at a2 nominal condition. In
order to speed up the aging process and to mea-
sure a hardness change in a reasonable time, a
rubber specimen can be heat-aged in an oven sct
at a certain temperature for a cerlain peried of
time.

Rubber usually becomes more hardened when
it is heated at a higher temperature or for a longer
time. ITowever, when the rubber was heat-aged at
a temperature over 90°C cven for a period of 48
heurs, it became so much hardencd that some
cracks occurred on the surlface. The heat aging in
this study was a process 1o accelerate the aging
process in normal operating conditions, which
hardly causes surface cracking. Thus, three tensile
specimens were heat-aged at 90°C for 48 hours, 96
hours, and 192 hours, respectively, and they were
left in the room temperature for a day belore
being tested. In Fig.0, the load-stretch ratio cur-
ves obtained from the tensile test are shown for
a virgin specimen and the three aged specimens.
Note that the rubber became more hardenced as
the heat-aging period increased, and especially
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Fig. 7 Load-stretch ratio curves obtained from the
tensile test for virgin rubber and once-trozen
rubber

the rubber specimen heat-aged for 192 hours
became hardened significantly.

In contrast, rubber does not show any noticea-
ble material property change after a long period
of freezing. Specimens were kept frozen at —307C
for 15 days, 30 days, and 45 days, respectively,
and they were left in room temperature tfor a day
before being tested. In Fig. 7, the load-stretch
ratio curves obtained from the tensile test are
shown, and they show no major difference be-
tween the once—frozen specimens and the virgin
speclmern.

32 High and low temperature environment
tests
In this study, rubber spceimens were also tested
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Fig. 8 Load-streich ratic curves obtained from the
tenstle test conducted in a temperaturc-con-
trolled chamber

in a temperature-controlled chamber. Before be-
ing tested, a specimen was kept in a chamber for
10 min to help it reach a uniform temperature.
Note that the trend of load-stretch ratio curve
change in this environment test was almost oppo-
site to that observed in the aging test. Figure 8
shows the load-stretch ratio curves obtained from
the tensile test, and rubber shows a stiffer re-
gponse at a low temperature than at room tem-
perature. The curve becomes higher as the tem-
perature drops from room temperature to —15C,
and to —30°C. However, rubber does not show
any noticeable difference at a high temperature
below the stretch ratio of 2.5 although it shows
slightly softer response over the stretch ratio of
2.5,

3.3 Hardness change due to heat aging

In this study the compression specimen was
heat-aged in an oven, and its hardnecss in TRHD
was measured by using Durometer type A ac-
cording to ASTM {ASTM D2240). The specimen
was heat-aged at a temperature between 50°C and
90°C for a period of between 48 hours and 384
hours, The test data of hardness change for the
specimens hcat-aged at different temperatures
are shown as symbeols in Fig. 9 as a function of
period. The hardness increases as the heat-aging
temperature and/or the heat-aging period in-
crease,

A material property change of a polymer due to
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Fig. 9 Hardness of rubbers aged at different tem-

peratures as a function of aging period

temperature is usually represented by Arrhenius
equation in which the [ogarithmic value of a ma-
terial property is assumed 1o be inversely propor-
tional 1o lemperature (Miller, 1966). However,
the hardness increases as the heat-aging tempera-
ture increases, and the hardness change is a fune-
tion of the heat-aging period as well as the tem-
perature. Thus, a hardness prediction equation
was proposed as [otlows, the effects both of the
temperature and of the period being taken into

account.
K - LOG(T/23)2%% 0
Fo={1/477.2) 0528 2
IRIID=062% EXP[K % ] )

Here, K and K arc the parameters that account
for the effect of temperature and the period, re-
spectively, and 7 is the heat-aging temperature
in T,
I’he constant 62 in Eq. {3) is the hardness of the

and / is the heat-aging period in hour.

virgin rubber with no aging, and the exponents
in Bgs. (1) and (2} were determined by using the
least square method. The hardness predicted by
Eg. (3) is shown as curves in Fig. 9 slong with
the test data. Note that the curves do not perfectly
fit to the test data but they follow the rend of the
data,

Next, the hardness change ol specimens heat-
aged subsequently at two different conditions was
investigated. Several specimens were heat-aged at
50T or 70°C for 384 hours first, and then they

Table 1 Compurison ol predicted hardness with
measured hardness for specimens heataged
tnitially at 50°C

[nitial . Final | Measured ; Predicied | Error

condition !condition RIID IRHD | (%)
90°CA8hr  67.22 67.06 | 0.23

Heat age all 9019610 | 6853 | o896 063

50C for 197 ——- P
384 houwrs 20 9!,9‘h1 7l __7_2____?_._.39””
90°C 384hr|  35.09 76.07 | 0.50

Table 2 Comparison of predicted hardness with

measured hardness for specimens heat-aged
initially at 70°C

Final  Mecusured | Predicted ! Error

Initial

condition |condition| IRIID IRHD (%%

90°C48hr 68.42 6714 1 1.87

Heatage allgniogen | 69.02 | 69.04 | 0.02
S0C for | - ) s
384 hours w0 lggy,,,, ,2 ji, . 71.88 0'99..

90°C 384hr| 7592 76.17 0.32

were heat-aged at 90°C for four differcnt periods,
In order to predict the hardness change in this
case, Gg. (3) had to be modified slightly as fol-

lows.
[RHD={62+ K+ K} » EXP[K{xK5] {4)

Here, K1 and K3 account for the damage duc to
the first heat aging process, and K and £ acc-
ount for the damage due to the second heat aging
process. Of course, the parameters could be easily
caleulated {rom Egs. (1) and (2), and the damage
due (o the first heat aging process was taken into
account as the increased initial hardness in Eq.
{4). 1n Table [ and Table 2, the test data on the
hardness of specimens heat-aged twice are com-
pared with the predicied hardness from Eq. (4).
Note that the predicted hardness values arc in a
good agreement with test data.

4. Coefficients of Strain
Energy Potentials

4.1 Toad-siretch ratio curves of heat-aged
specimens
As mentioned previously, the hardness change

has a trend ; it increases monotonically as the
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temperature and/or the period of the heat-aging
process increase. This implies that the hardness
can bc an indicator for the marerial behavior
change due to heat-aging. In order to investigate
the [easibility of using the hardness as an indica-
tor [or the material behavior of heat-aged rubber,
the tensile test and the compression test were con-
ducted [or specimens heat-aged at several condi-
tions ; they were heat-aged at 30T, 70T or 90°C
for 48, 96, 192 or 384 hours. The load-stretch
ratio curves are shown in Fig. 10 for specimens
with different IRHD's, and it is obvicus that the
rubber bacomes stiffcr over the wide range of the
extension ratio as the IRHD increases. In addi-
tion, the load-stretch ratio curves of two speci-
mens heat aged differently but in similar IRHIDs
are shown in Fig. 11, Note that the load-stretch

[MPal]

Nominal stress

Stretch rato
Fig. 10 Load stretch ratio curves for rubber spec-

imens heat-aged in dilferent amounts

TRIND = hdi?
TR

MPa|

Nominal stress

Stretch ratio
Fig. 11 Similar load-streteh ratio curves for rubber

specimens with simitar IRHDs

ratio curve for IRHD=064.3 15 shightly higher but
similar to that for IRHD=04.0. Thercfore, the
hardness can be regarded as an indicator for the
material hehavior of heat -aged rubber specimens.

4.2 Coefficients in Mooney-Rivlin model

Rubber is usvally assumed to be a hyperelastic
malerial, and its strain energy can be represcnted
by a function of invariants of the Cauchy-Green
deformation lensor or the principal stretches.
Among scveral strain energy functions, Mooney-
Rivlin model given in Eq. {5) and Ogden model
given in Eq. {6} are widely used {Rivlin, 1956 ;
Ogden, 1986).

W=Aulh—3) +Aa(E—3) (3)
— : 2/'51' @; o oy ;
ny;zlfag(/h“"/)\z""&’_}) (6:‘

Here, A, Ao, p2e, and @; arc material coetficients.

The Ogden model 1s better to fit the test data
over a stretch ratio of 2.5 than the Mooney-Rivlin
model. However, the cocfficients in the Ogden
medel are not unique (i.e. there cxist several sets
ol coefficients that fit a load-stretch ratio curve) ,
and they do not have similar valucs even for
simitar load stretch ratio curves. Thus, in this
study the Mooney-Rivlin model was decided to
be used mainly because in the rubber bush under
investigation the stretch ratio hardly reaches 2.5
and the cocllicients in the Mooncy-Rivelin model
are unique,

In order to investigate the change of the co-
cfficients in the Mooney ‘Rivlin model caused by
heat—aging, the tensile and compiression lests
were conducted for virgin and heal-aged rubbers,
and A and Ag were obtained by using the least
squarc method available in ABAQUS, a com-
mercial FEM code (ABAQUS, 2001} . Tn. lig. 12,
A and Ap are plotied as a function of IRHD.
Note that A and Ay remain almost constant
at 0.760 and —0.067, respectively, until IRFED
rcaches about 69, but they change significant-
ly over IRHD of about 69 and reach 1.707 and
—0.557, respectively. This implies that the mate-
rial behavior of the rubber changes significantly
around TRHID of 69.
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5. Fatigue Test

5.1 TFatigue test on specimens

Fatigue tests were conducted by using MTS
810, and the tests were displacement controlled at
a rate of 3 Mz with the minimum displacement
of 0 mm and the maximum displacement of 7, 9
or 12 mm (Takeuchi, 1993). During the tests, the
specimen was cooled by compressed air, and the
temperature around it was kept at 23£27C.

First, the fatigue test was conducted for the
simple shear specimen shown in Fig. 3, and the
fatigue life was determined to be the number of
cycles at which a crack at a size of about 3 mm
could be seen by naked eyes. This way of deter-
mining a fatigue {ife is oflen conducted in indus-
try because the load docs not drop noticeably
cven with a crack of about 3 mm long, and the
fatigue life may be overestimated if it is deter-
mined based on the load drop. In Fig. 13, the fa-
tigue lives ol virgin rubber specimens and heat-
aged specimens with IRHD of 72,5 are shown as
a function of the maximum displacement. As ex-
pected, the [atigue lifc decreases as the maximum
displacement increases. In addition, the decreas-
ing ratc of the fatigue lile seems to be similar for
the virgin and heat-aged specimens.

Next, the fatigue test was conducted for an
hourglass-shaped specimen designed by Takcuchi
et al.(1993). As shown in Fig. 14, the hourglass—
shaped specimen has an oval-shaped cross section
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Fig. 14 Hourglass—shaped [atigue test specimen
design by Takeuchi et al.{1993)

at the center, and the seam line is located at the
surface of the minor axis. Thus, during the test
the maximum tensile or compressive stress occurs
at the surface of the major axis, where a crack
usually occurs, Unlike the case of the simple shear
specimen, the fatigue life was determined to be the
number of cyeles at which the maximum vertical
load became half of the wvertical load at [0,000
cycles because a crack grew comparatively fast
once it was created and the load dropped accord-
ingly unlike the case of the simple shear specimen
(Takeuchi, 1993). As shown in Fig. 15, the fa-
tiguc life decreases as the maximwn displacement
increases, and the decreasing rate seems (o be
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Fig, 15 Fatigue life of virgin and heat-aged hourg-

lass—shaped specimens as a function of maxi-

mum displacement
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Fig. 16 Fatigue life of virgin and heat-aged simple

shear specimens at a maximum displacement
of 9 mm shown as a [unction of IRHD

similar for the virgin and heat-aged specimens.
Howeves, the difference of fatigue life between the
virgin rubber and the heat-aged rubber is not as
large as that at the simple shear fatigue test.

In order 1o investigate the effect of heat-aging
on the latigue life, the fatigue lest was conducted
for many differently heat-aged specimens at the
maximwmn displacement of 9 mm, which was the
median of the maximum displacements choscn
previously. The fatigue life is shown as a func-
tion of IRHD in Fig. 16 for the simple shear
specimen and in Fig. 17 for the hourglass—shaped
specimen. Notc that in both specimens the fa-
tigue life seems to remain almost the same below

80 pm e —
16+
o v
a5
& 68
04
61 .
10° 100 10¢ 10° 100 10°

Fatigue life [cycle]
Fig. 17 Fatigue life of virgin and heat-aged hourg-
lass—shaped specimens at a maximum dis-

placement of @ mm shown as a function of
IRHD

IRHD of about 70, but it decreases sharply over
IRHD of about 70.

5.2 TFatigue test on an automobile bush

Fatigue tlests were conducted for a rubber bush
used in a lower control arm by using Instron 8500
plus, and they were conducted under a sinuscidal
load from 0 to 600 kgf at a rate of 3 Hz. In order
to investigate the cffect of aging, the bush was also
heat-aged in different conditions, and it was fa-
tigue-tested. In addition, the tests were conducted
along two different loading directions as shown
in Fig. 18, and the bush was air-cocled through-
out the test. As in the casc of the simple shear
specimen, the fatigue life of the bush was deter
mined to be the number of cycles at which a crack

Fig. 18 Loading directions along which the fatigue

tests were conducted on a rubber bush
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at g size of about 3 mm could be seen by naked
cyes.

The hardness of the bush could not be mea-
surcd by using Durometer type A because the
surface of the bush was not flat enough. Instead,
the hardness was measured by using micro inden-
e (ASTM DI415), and it was converted 1o the
hardness that Durometer type A would measure
based on the following lincar relationship. i has
been known that there is a lincar relationship
between hardness measured by Durometer type A
and that measured by the micro indenter {Japa-
nese Chemical Products Examination Commit-
tee). Thus, in this study the hardness of heat-aged
compression specimens measured by Durometer
type A was compared with that measured by the
micro indenter, and the following relationship

was obtained.
£y=1.031, 897 (7}

Here, L2, is the hardness measued by Durometer
type A, and £, is the bardness measured by the
micro indenter.

The tatigue life is shown in Fig. 19 as a func-
tion of IRIID. l'or the loading diccction of 0°,
the specimens with 1IRHD below 70 did not fail
until 2.6 X 10° cyeles, which is double the dura-
bility requirement of the bush. TTowever, the fa-
tigue life decreased almost linearly over IRHEB of
70. In addition, for the loading direction of 307,

the (atigue life scemed to remain almost the same

hA]
76
e &
2 A
e
6 i)
M)
Ol
I} 10 1) 10
Fatigue life |evele|
g, 19 Fatigue life of a rubber bush Tor loading

directions ol 0° and 30°

below IRHD of 70, but it decreased over IRHID of
70. It is noteworthy that the fatigue lile is very
much dependent on the loading direction, and the
trend of the fatigue life of the rubber bush is
almost the same as that of the simple shear and
the hourglass-shaped specimens.

6. Fatigue Life Prediction
Fguations

6.1 Fatiguc life prediction cquations for
specimens

If the fatigue life of a rubber component can be
predicted based on a physical quantity ebtained
from an FEM simulation. it will be possible 1o
design the rubber component in a way that the
fatigue life ts maximized. For metals, the fatigue
life has been predicled by using physical quanti-
ties such as the cffective stress and the effective
strain (Coilins, 1993). However, for rubbers it
has been related to the maximum principal nomi-
nal strain (Takecuchi, 1993}, In this study, the
[easibility of using four physical quantities in the
prediction of the fatigue life of rubbers was in-
vestigated. The four physical quantities are the
cffective stress, the strain cnergy density, ithe first
invariant of the Cauchy-Green delormation ien-
sor and the maximum principal nominal strain.
Since the fatigue life seemed to decrcase cxponen-
tially as the maximum displacement increased
{rcfer to Pigs. 13 and 15, and pote that the log
lingar scale s used in the [igurcs), it can be

represented as follows.
J’VF TTEXD ( C]ZE - C‘g) (8)

[lere, Nf is the fatigue lifc in cycles, £ is one
of the physical guantities, and C; and C are
constants.

First, the values of the physical quantities cc-
curring in the hourglags-shaped specimen and
the simple shear specimen were determined from
I'E simulations using ABAQUS. The rubber was
modeled by using the Mooncy Rivlin material
model with Ay and /g, determined in the previ-
ous section. The coefficients Oy and Cs in Fq. (8)
could be determined in a way that Eq. (8) fit the

test data of the fatiguc life for virgin specimens
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shown in Figs. 13 and 15, and the test data ol the
fatigue life for hcat aged specimens of [RIID
below 70 shown in Figs, 16 and 17 {because there
is no noticcable difference in the fatigue life be-
tween virgin specimens and heat aged specimens
of IRHIY below 70). Plugging cach physical quan-
tity caleulated from the I'E simulations into Eq.
{8) und conducting the least square method, the
constants Cy and C» were determined as follows

in order for Eq. (8) 1o have the best 11t 10 the test

data.
NE=exp(—0.950+1583) (9)
NF—exp(—237w-14.55) (10
Nf=cap{—34871-+24.91} (s
Ni=cxp{ 5.62e+16.20) {12}
Fere, ¢ is the cffective stress in MPa, @ is the

energy density in MI/m?, I is the (irst invariant
ol the Cauchy Green deformation tensor, and &
is the maximum principal neminal strain.

Since the latigue life decreased almost exponen-
tially as IRMD increased over 70 (refer to Figs. 16
and 17}, s in Eq. (8) could be ussumed as a
lingar function ol IRHD as tollows.

Co=Co IRHD+ o 13

Then, the coefticients Cp and Cw in Eg.o (13)
could be determined in a way that Eqs. (8] and
(13} with €\ fixed it the test data of the fatigue
life for heat-aged specimens of [RHD over 70
shown in Figs. 16 and 7. Plugging each physical
gquantity caleulated from the I'E simulations for
the heat ‘aged specimens inte Fg. (§) and con-
ducting the least squarc method, the constants
oy and Cu were determined as lollows in order
for Bgs. (8) and (13) to have the best it to the

test data.
Nf—expl( 0955 -1156/RHD+97.24) {14}
Ni=cxp(—23w— 161 [TRHD+9595) (15
Nf=cxp{ 3480 —1.142IRHDH-106.49) {16)

Nf=mexp{—5.62e— L I69IRID+97.51 (17)

6.2 Comparison of the predicted fatigue life

with test data of the bush

An FEM mesh was built ag shown in Fig. 20,
and ABAQUS/Explicit was used with the rub-
ber modcled by using the Mooney—Rivlin strain
potential funciion. In addition, three dimensional
eight node elements were used along with the
hourglass control, and the contact between sur-
faces around the voids was defined by vsing the
surface-surface contact along with the penalty
contact algorithm. Note that the Mooncy-Rivlin
strain potential function was derived [rom the
malerial propertics obtained at the standard tests,
but the material properties ol natural rubber vary
duc Lo different strain rates. Thus, in order to
conduct the I'E simulation accurately for the
bush, the strain rates in the bush must be cal-
culated, and the malerial propertics should be
obtained at the strain rates. However, since there
arc many sets of material propertics available for
rubber conducted at the standard tests and the
strain rale in a rubber component is not unitorm,
it is easier 1o conduct an FE simulation for a
rubber compenent using the material properties
obtained at the standard tests.

From the TL simulation, the maximum values
ol the effective stress, the strain energy density,
the [irst invariant of the Cauchy-Green deforma-
tion tensor and the maximum principal nominal
strain were obtained. The maximum values were
plugged into the corresponding latigue life pre-
diction equations (Fgs. (93~ (12] for IRHD=
70 and Bqs. (14) ~ (17) for IRII><70), and the

Fig. 20 FEM model for the rubber bush
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Fig. 21 Compurison of predicted fatigue life with test data for loading direction of 67

fatigue life could be predicted. In Fig. 21{a)- (d),
the predicted life is plotted by lines, and the test
data are shown as symbols for the loading direc-
tion of 0°. All of the four prediction equations
predicted similar latigue life for IRHD over 70
although they slightly underestimated the test da-
ta. Especially, Eq. (11) using the first invariant
predicted the Teast fatigue life for IRHD below 70.
In [Fig. 22(ay (d}, the predicted life and the test
data arc shown for the loading direction of 30°.
Eqs. (9) and {14]) vsing the effective stress or Egs.
{10} and (15) using the energy density predicted
the fatigue life appropriately both for IRHD be-
low 70 and for IRIID over 70 ; in more detail, Eq.
{9) using the effective stress slightly underes-
timated the fatigue life for IRHID below 70, and
Eq. (15} using the energy density slightly overes-
timated the fatigue life for IRHLD over 70. In
addilion, Fq. (16} using the first invariant or Eq.

(17} using the maximum principal nominal strain
predicted the fatigue life appropriately for IRHD
over 70, but Bq. {11) using the first invariant or
Eq. (12) using the maximum principal nominaf
strain underestimated the fatigue life for IRHD
below 70,

Based on the comparison of the predicted fa-
tigue life with the test data lor the loading direc-
tions of 0° and 30°, it may be said that all the four
prediction equations resulted in a similar correla-
tion, but the prediction equation using the effec-
tive stress or the energy density resulted in a
slightly better correlation. Note that the effective
stress 1s zero under a pure hydrostatic stress. This
means that under a cyclic loading of hydrostatic
stress a rubber component is predicted o have
infinite fatigue life based on the prediction equa-
tion using the effective stress, which is not con-
ceptually acceptable. Therefore, the energy densi-
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Fig. 22 Comparison of predicted fatigue life with test data for loading direction of 30°

ty may be considered as the most appropriate
controlling physical quantity for the fatigue fail-
ure of natural rubber among those four quantitics
evaluated in this study.

7. Conclusions

Based on the results of this study, several con-
clusions could be made. First, mechanical condi-
tioning has to be conducted in order to obtain a
representative load-stretch ratio curve for natur-
al rubber. Since mechanical conditioning with a
dilferent amount of stretch results in a different
load-stretch ratio curve, mechanical conditioning
has to be conducted with a plausible and fixed
amount of stretch. Second, heat-aging usually
results in hardening of rubber, and it entails a
high lead-stretch ratio eurve. Inn contrast, an en-
vironment test at a high temperature hardly chan-

ges a load-stretch ratio curve. Rather, an envir-
onment test at a low temperature results in a high
load-stretch ratio curve. Third, the amount of
heat-aging was represented by a hardness increase
in this study, and the hardness prediction cqua-
tion proposed in this study resulted in a good
correlation with test data for rubber specimens
heat-aged subscquently in two different condi-
tions. Finally, four fatigue life prediction equa-
tions were proposed by fitting the cquations Lo
the test data for hourglass—shaped specimens and
simple shear specimens. The predicted fatigue life
for a rubber bush used in an automobile from
those equations was compared with the corre-
sponding test data. Although all of the four equa-
tions resulted in similar fatigue life, the equation
using the energy density resulted in the most
compatible (atigue life. Therefore, it may be said
that the energy density is the most appropriale
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controlling physical quantity in the fatigue failure
of natural rubber among those four physical
quantities evaluated in this study.
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