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WORAWAT PUANGCHA-UM : THE ANALYSIS OF DYNAMIC
CORNERING FATIGUE OF ALUMINUM ALLOY WHEEL USING
FINITE ELEMENT SIMULATION. THESIS ADVISOR : ASST. PROF.

SUPAKIT ROOPPAKHUN, Ph.D., 114 PP.

DYNAMIC CORNERING FATIGUE/ FINITE ELEMENT METHOD/ REVERSE

ENGINEER/ FATIGUE LIFE/ PARAMETRIC DESIGN

According to the development process of alloy wheel, the design procedure related to
the standard testing. In Thailand, many manufacturers are referred Japan Light Alloy Wheel
Standard (JWL) mechanical testing standard that is recognized in the manufacturing alloy
wheel industry and the cormering fatigue test is the one of standard used. The objective is to test
and assure the strength of the products based on the standard before reach the consumer. The
testing is going to stimulate conditions of the usage while the wheel turning corer instantly.
However, the testing of the wheel during the production process is time consuming and costly.
In this research concept is using Finite Element Method (FEM) simulate dynamic cornering
fatigue test analysis for increase performance in design phase and test. The alloy wheel case
study used spoke wheel type and diameter equal 13 inch. The geometry produces with reverse
engineer technique and simulation of comering fatigue test with computer aided engineering.
Including, study the result parametric design effect to sensitivity of maximum stress and fatigue
life. The result represented that maximum principal stress value equal 156.45 MPa occur on
spoke area of alloy wheel while receiving cyclic load. The considering found that the fatigue
result more than 1x10° cycles that pass according to standard test criteria. In addition, Thickness
and width variable effect to sensitivity of maximum stress and fatigue life significantly. The

parametric design result shown that parameter of thickness width and radius equal 60.5, 18 and



15 mm. respectively, the result can achieve standard test criteria. Finally, the analysis result of

the comparative test be close to experiment kit result shown that similar trend.
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ECER-129 = United Nations Economic Commission for Europe Regulation-129
JWL = Japan Light Alloy Wheel

SAE = Society of Automotive Engineers

5,5, = Factor of Safety

F.F, = Maximum Load Capacity of Wheel

L = Dynamic Radius of Largest Type Recommended for Wheel
d = Inset

2] = Coefficient of Friction

oz = Stress

o = Mean Stress

U = Total Strain Energy

U, = Volume Energy

U, = Distortion Energy
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Steel - =0.5S, for S, <200 kpsi (1400 MPa) (2.350)
" |=100kpsi (700MPa) for S, >200kpsi (1400MPa)
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c I =0.4S,, for S, <40kpsi (280 MPa) (2.350)
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Jd Y o
ulmaeiudusanszai - K,

1 bending
Kooy =10.85  axial (2.37)
0.59 torsion

urlnpesufving - K,
wrhaanay
for d<0.3 in (8 mm.) K =1
for 0.3<d <10 in k,,, =0.869d % (2.38)
for 8mm.<d <250 mm. K, =1.189d

Y
a a

Y o A I A A S I o Y o =} @ ~
nuUIAdU 9 WA UNUNFI 95 uJEJ‘Jmmmmmum%zm'lﬂmﬂumeJmi‘w 2.38

dequiv = O('?;SGG (2.39)

d
unlmmesunii - kg,

b
ksurf = aSut (2.40)
Tagf S, Ao mAnuAIUIsIAIaEINA a nay b wldnnasei 2.3

{ 1 4 a
A5 190N 2.3 FI"ILLWﬂm@iLLfQ{N’J auaz b

T d J
n e aunnames a ausznou
NI
S, (MPa) S, (kpsi) b
LA 1.58 1.34 -0.085
2 < E
msvugigutazyugniena 4.51 2.70 -0.265
mssadou 57.7 14.4 -0.718
=3
msnvugl 272 39.9 -0.995




unmaoSudgamgd - Ky,
for T <450°C (840°F):
for 450°C <T <550°C:
for 840°F <T <1020°F:

d v ) A A k
!!V‘Iﬂ!ﬂ@ﬁ!!ﬂi%ﬂﬂﬂ)n»l!‘]f@ﬂﬂ- reliab

v A A o Y A
izusmummmwaaaTﬂstﬁstau“aﬂlumiNﬂ 2.4

A d 9 ] A A
A5 197 2.4 NN OTUNTZAVANUTDND

=1-0.0058(T —850)
=1-0.0032(T —840)
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(2.40)

Reliability % C,

50 1
90 0.897
96 0.868
99 0.814
99.9 0.753
99.99 0.702
99.999 0.659
99.9999 0.620

2.5.2.3 351101gMIA1INANUIATEATFU (Strain Life Method)
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aumsveuduanussoalunmslaeunlasgliiauun1is (Plastic Deformation) A
Agp _ ' (ON)
T—«?F( ) (2.42)

Y = A 1 A 1 . . =
ﬁ'iJﬂ'lﬁGU’éJfllﬁ'uﬂ’J'liJlﬂﬁﬂﬂaluﬂ'lﬁlﬂaﬂullﬂﬁﬂgﬂﬁNl!UUﬂﬂWq@ (Elastic Deformation) A9

Ag, O b
=N (2.43)
& fio FnlsyAnsanumilondn (Fatigue Ductility Coefficient)
o, Ao dnlszans AU umunsén (Fatigue Strength Coeficient)
C Av AenmaenumHeId (Fatigue Ductility Component)
b An MENMAIANNAIUNIUMTAT (Fatigue Strength Component)
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Strain amplitude
™

Plastic
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Reversals to failure (log scale)
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Design of Experiment

FUAVDINITAUUUNT

(Design Type)

- Full factorial

- Fractional factorial
- 2-Level designs

- Foldover

- Plackett-Burman

- Box-Behnken

- Box-Wilson

- Taguchi

- Nested design

- Central Comnosite

A
A

NANAFIAUUUNT

(Technique)

A A aaa ya 4
TN NADAN 1FUATIZH

(Statistical Tools)

- One factor ANOVA

- Two factor ANOVA

- Simple linear regression
- Polynomial regression

- Multiple regression

- T-Test

A

- Blocking

- Screening

- Graphical plot

- Replication / Repeat

- Curvature analysis

Y o Ao o
Vomruano iy

(Fundamental procedure)

- Sample size

Model adequacy analysis

- Randomly experiment
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VMMECHO026: Fatigue Analysis of a Rectangular Plate Subjected to Edge Moment

Overview

Reference: Any standard Machine Design and Strength of Materials book
Analysls Fatigue Analysis

Typels):

Element Shell

Typels):

Test Case

A plate of length L, width W, and thickness T is fixed along the width on one edge and a moment M
is applied on the opposite edge about the Z-axis.

Find the maximum Bending Stress (Normal X Stress) and maximum Total Deformation of the plate. Also
find the part life and the factor of safety using Goodman, Soderberg, & Gerber criteria. Use the x-stress
component. Consider load type as fully reversed and a Design Life of 1e6 cycles, Fatigue Strength factor
of 1,and 5cale factor of 1.

Figure 32: Schematic
Fooed Sopport
W

B

Material Properties
E=2ell Pa
v=100
Ultimate tensile strength =
1.2929 Pa
Endurance strength = 1.38e8 Pa
Yield Strenth = 2.5e8 Pa

No. of Cycles Alternating 5tresses
(Pa)

1000 11.08e0

le6 1.38e8

Geometric Properties Loading

Length L = 12e- Moment M = 0.15
im Nm (counterclock-
Width W = 1e-3 wise @ z-axis)

m

REleaze 150~ 0 SAS TP IC AN Qs Feserved. - CONIaiG Propvielary and Comaentio irermanon
of INSYS) inc. and s subsidiaries and affilates. a7




VMMECHO026

Geometric Propertles | Loading

Thickness T =1
e-3im

Results Comparison

Results Target |Mechan- | Er-

Ical ror

(%)
Maximum normal x-stress (Pa) Qa8 Qa8 0.000
Maximum total deformation (m) 648e-4 |64981e- |0.279

4

SN-Goodman Safety factor 0.1533  [0.15333  |0.020
Life 18443 1844.4 |0.005
5N-Soderberg Safety factor 0.1533 0.15333  |0.020
Life 18443 1844.4  |0.005
SN-Gerber Safety Factor 0.1533 0.15333  |0.020
Life 18443 | 18444 |0.005

FElemse 15,0 - © SAS 1P Tc. Al TTQNES TEServed. - CONEQIS Proprienary and Contgenig o Teian
&8 of ANSYS, inc.and its subsidianies and affiliates.
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From materials properties

O = 1290 GPa

ul

O = 250 MPa

Solving for Maximum Stress

(0.15)(0.5X10 ")
= = 900 MPa

(5X107)

Solving for Deflection

2
ML

2FEI

max

(0.15)(0.012°) cy
= =6.48X10 " m.

202X10" ) (L X10" %)

99



From S-N Properties

10000

1000

Stress (MPa)
S
(=]

\

100

1000 10000 100000 1000000

Cycle to Failure (N)

O =4aN’,
G] —_— NI
o \n

Solving for B give

logO —logO,  1og(1080) —log(138)
B= =

log NV, —log N,

=—0.2978

1og(103)—log(106)

Find A, can be calculate from either point:

(o) 1 1080
A = B = —0.2978
N 1 1000
Also
B=—0.2978

A=38,449.4 MPa

=8,449.7 MPa

100



O =A4aN"’

—0.2978

O =8449.4N

From modify Goodman’s theory

O O
e
S A\
O +0
o =ZutO.
2
O —O
o =%
2

Find O and O ' from maximum stress and minimum stress 900 MPa

900 + (—900)
O =—— =0MPa
2
900 —(—900)
=——=900 MPa
2
Modify Goodman :
900 0
—+—=1 S =900 MPa
S 1290

Find N, Amplitude Stress 900 MPa

G —1/0.2978 900 —1/0.2978
N=| — = — =1844.56 cycles
8449.4 8449.4

101
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Abstract

This study proposes a parameine design  and
optimization techmaque for alloy wheels based on a dynamie
cornermg fafigue test. A case study of 13-inch diameter alloy
wheels was considered based on the standard dynapue
comnermg test. The effect of the width and thickness of the
wheel rim on the principal stress and fatizue bfe based on
mummizing the weight 15 described for each scenano. A total
of twenty-seven desizn of expermment are created and
expanded m response surface and sensitivety analysis using
Fmite Element Analysiz (FEA) software. The geomefnc
parameter of allov wheel reveal the surface respense to
principal stress and fitigue hifs. The nm width sgnificantly
displayved lugher sensitmvity than the thickness of allow
wheel, The conclusion can be draw that the magnitude of
maxitmun prineipal stress should not exceed as 145 MPa for
passed the standard fahpme life of 100000 cvcles. The
advantage of this parametric optimization technique is that 1t
allows for an muproved shape and size design process for
alloy wheels.

Keywords: Paramefric Deszizn, Alloy Wheel Dhmamue
Comnering Test, Fatrgue hife

1. Introduction

Automohle parts are comfmmously desizned and
developed to satisfy customer requirements m quality,
comfort, reliability, safetv and hfe cyele. To meet standards,
mprovements have to underge experimental desizn and
product analysis. Currently, computer sivmlzhon 15 wadely
nsed for the mprovement and development of automotive
components, as well as to save tme'™.

DOL 10.127009ciae017.035

According mamifachumg process, they start from
stwvlmg design department to desizn topolozy of wheel, the
process developmg safe. fiel efficient and hghiweight to
meet governmental regulations and mdusty standards. To
meet these regulations and condiions, determination of the
mechanical behavior of the wheel 15 important However,
testing and mspechion of the wheel dunng the production
process is time consuming and costly. For these reasons, i &=
important fo reduce the development time and testmg phase
of a2 mew model wheel As stress analysis of the wheel
mvolves comphcated geomety, Finte Element Analysis
(FEA) 1s generally used in the design stage of production
development fo mepect the mechamical performance of
wheel. FEA simmlation of the wheel tests can significantly
reduce the time and cost requmed to fimsh the wheel design.

Wheels are one of the main components of a car which
are adjzcent to tires and support vehicle loads. Lightweizht
alloy wheels sipmificantly differ from normal steel wheels
becamse in that thev are specifically designed for the
improvement of steering, speed and fuel consumption.
Generally, a passenzer car wheel mmst undergo three
standard tests before going to production: (1) the dynamuc
cornering fatigue test; (2) the dynanue radial fatizue test; and
(3) the mpact test. Various kinds of alloy wheel take a lonz
time for fatizue destuctive testing and the cost is high
Doing anginesring analysis before testing therefore becomes
important fo reduce cost and get a fatgue hie cycle estimate
before testing

There has been some research paying special attention
to fatizue prediction and weight reduction m alumimim alloy
wheels. Liangmo Wang et al, ™ studied the effect of fatigzue
strength under static load condswons for varous shapes of
alloy wheel using a commercial finite element analysis

& 2017 The Istirare of ndusmial Applicatons Engimeers, Tapan.
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package The results of this research sugpested that a
modified shape lead to a stress reduction m the alloy wheel
and an increase in the fatizue hife The use of a computer
suecessfillly aided to help in the analysis m order to reduce
the cost and shorten development time B. anusha et al ™
presented results of a strength analysis for 2 fowr wheeler
using fowr different wheel shapes consisting of staught,
meclned, y-shape and honey conp-shape. The study analyzed
the model with variables including different matermls and
different load Yeh Liang Hsu and Ming Sho Heu®
enphasized weight reduction in a dise type wheel This study
used a sequenfial newzl network approxmation method to
evaluate the discretevaniable engineerins optinzation The
algorithm searched for the optimal point in the feasible
domam fatipue constramts From these studies, the
parametnc vanable was necessary to find the optmmal
geometric design of the alloy wheel.

In this study, paremetnc desizn and optmuzation was
performed under dynamic comering fatizue constramts
mehided the objective of mmimize weight. FE models of
alummum alloy wheels were constructed to analyze the
wheel behavior based on the standard dynamue comermg
fatizue test. Based on Goodmans fatizue cnteron, the
analysis was used to predict the fatigue hfe of the wheel as
well as the response swrface sensitvity.

1. Dynamic Cornering Farigue Analysis

The dynamic comenng fatizne test smmilates the load
condition of 2 wheel during a tum while driving. Fig 1 shows
a typical setup loading method for evaluatmes comermgz
fatigue, according to TWL™. In Fig 1, the downside flange of
the mm is clamped for the test, and a load am shaft =
attached to the mounting surface of the wheel A test load
applies a constant cychical rotation bendmng on the arm shaft
end The test will be passed if at least 1.0 10" rotations occur
without a crack failhure m the wheel The bending moment of
testing can be caleulated from eq. 1.

Table 1. Chemical meredients of Al Alloy A356.

5i 6575
Fa

Mg

Ti 01015
Sr 0.005-0.0155%

152

Fiz 1 Contour setup of dynamie comermg fatizue
testing machine.

M,_ =5Fur, +d) ik}

Where 5 & the safety factor, F, is the mecnmmm load that
wheel can support (1), @ 15 the fiiction coefficient between
the tire and road 15 equal to 0.7, ryw is the maxmmm rotation
radms that tire act on wheel (mp, d 15 the offset distance from
the cenfer aliFnment of wheel (m).

1. Material properties and FE modeling

3.1 Material Properties

In alloy wheel mdustnes, Alloy A356 is usually used
which has diffevent chemical mzvedients depending on each
producer. The particular ingredients used m thes research are
shown m Table 1

Material properties of the wheel were tested using a

tensile test on a standard test prece by using a2 unmaversal
testing machme and collecting data fom the test piece. The

caleulated average vahies for these properties are shown in
Table 2.

Table 2. Matenial Meckameal Properties

Yield strenzth Py el

Ultimate Temsile MPay 265
Elangation (=) 3
lodubus of Elasticty oGP Ta
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Stress (MPa)
SEEB B

2z

o°

01 ’1 IO
Kl (Cycle) -
Fig 2 Stress-hife curve of Alloy A356

The standard test piece was further tested under a
fatizue resistance test, and the testing data collected in order
to find a relationship between the stress and life cycle SN
curve) for mput to dynamic comermg fatizue model The
results of this test are shown m Figure 2.

01 001

3.2 Finite element modeling

The finite element modeling and analysis was camed
out using ANSYS. The meshing focussed on the spoke and
Mounting swrface, having a smaller element size m these
regions than on the rim_ with an element =ize of 3 mm Both
regions affect the stress, which in tum affects the fangue hife
time. A tetrzhedron znd with refinements i the curved area
was used, as shown m Fig. 3. A spacer with a thickness of 50
mm was used to replace the shaft m order to reduce the
number of elements and save time in the analyssis. The
analysis used boundary conditions and bending moments
similar to the comenng fatizue test. The static results used fo
compute the fahgue analysis and display the results are
presented m the next section.

3.3 Boundary condition

In the dynamic comermz fatizue test simmlation. the
downside outboard flangze of rim of the wheel was clamped
securely to the test device. and a nzid load arm shaft was
attached to the mountmg swrface of the wheel ac chownm
Figure 1. Atestload was appliad to the arm shaft to provide
a constant cyclical rotzhon bending moment.

Fmite element modeling requires us to specify the
boundary condrtions and load, wiich were set similar to
Dynamic Comenng Fatigue test, with a fixed support at the
flange nm The dynamic cyclical load was represented by 24
discrete loads, 15” apart like the cycle load shown m fz.4.
The simulation perform load at 0 degree, by the remote force
to apply from back surface of spacer to point B. For each
node, the maximum and minmum principal stress during the
load cycle were extracted to determme the mean stress c.
and amplitude stress o, of node, as defined below -

(b spoke and nm.
Fiz. 3 finite element modeling of the alloy

o =1(c,_+0.) (&)}

—C,.) 3)

Several different crteria are commonly used
predicting fatigue fathuwre. In this study, Goodman's critena
was used, which can be wnitten as -

-f_a_"--"_o_'l_l O]
\S,mn) |
Where S, 1 the endurance lmut, S, 15 ultimate strength of the
material and » 15 the design factor

Fig. 4 boundary condition set-up 0° loading

18¢
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Fig5 An example of a 3D response surface™

34  Parametric opfimization

Design of experiment (DOE) 15 a techmuque ongmally
developed for model fittmg with experimental data In design
optmmization. DOE can be uszed to fit the sommlated responsa
data to mwthematical equations. These equations, also
referred to as response swrface equations, serve as models to
predict the response for any combination of design varable
vahes® An example is shown m Fig. 5.

The design experument to find the optonal parameter
to mprove the peometry used face-central composite designs
{CCDs, also known as Box Wilson™™ desigms, These are
approprate for calbratme fll quadratic models.

For wheels that ave predicted te pass the comenng
fatizue test, the parameters that need to be considered are
thickness o and width (W) of the spoke allov whaeel It then
becomes a struchwal optmmzation problem: to minmize the
weight of wheel subject to geometry and fatizue constraints
of more than 1x10° cyveles, and a constrained maxinmm
principal stress less than or equal to 150 MPa This problem
can be formmlated as follows:

Minmmmweizht (), suchthat goo, (5)

where x 15 the desizn vamable, such as the thickness and
width of spoke whesl; and g are constraints of fatizue and
principal stress. The model will be 3 prototypes at the fillet at
the end of the rod spoke wheel of radnes®2 10, 125 and 15
respectively. In sach prototype bas 9 scenario, shown m fiz.
6.

Fiz 6 parameter design of optimization

4. Results and discussion

In thes study, the results of static shuchural and fatigue
analysis of alloy wheels with different thickness and width
of spoke allov wheel were mwvestizated for a total of 3
prototypes. In the analysis, maxinmm principal stress theory
was wsed to compute for support usability all prototypes of
alloy wheel Fiz. 7 graphically displaws the relahonship
between maxawum prineipal stress m each scenarwo. The
maxmmum prineipal shess m each case ocowrs at a different
value, but the area that the maximmim stress ocours at is m the
same location, as shown m fiz 10 In desipn pomt no. 4 for
each prototype K10, R12.5, R13), it was found that the value
of the maommm primeipal stress 15 14929, 1475 and 14529
MPa m prototype 1 (R10), 2(R12.5) and 3(R15) respectmvely.
In desizn pomnts five to nine, the parameter modified was the
theckness, which was decrezsed with mereasmg design
pumber. It was found that the mexdmmm prmeipal stress
mereased with decreasing thickness.

The effect of the parameter changes m the scenanos
on the fahgne life and weight, shown m fiz. & and 9. In the
fatipue amalysis, only the desizn point 4 of prototvpe JE15
passed the comermg fatizue test, with the hfe of wheel bemg
102x10° eveles at all spokes area of alloy wheel, as shown
m fig 11.
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Stres (MPa)
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3

Fig 7 Maxitmum Prineipal Stress each design pomt

g §

Fatigue life (N)

465 -
4.60 -
435 4
450 4
445 4
440 4
435 4
430

435 4

Woelght (k)

Fig. 9 Weight at each desizn pomt

ORI1LE

Fig. § Fatizne lifs each design pomt

mRls

The resuls can be used m the Design of Expermments
by fithng them to a response swrface, which can quickly
provade the approrxamated values of the oulput parameters.
Fig 12 displavs response swrfaces for the principal stress,
fatizne hfe and weight reduction of design point 4 of the
prototype 3F.15) Fig. 12a shows the relabonship between the
width, theckness and prineipal stress, and 15 2 parabolic
surface The v axas of mraph 15 the parameter of the width, and
the x axas 15 the parameter of the thickness If the parameter
of x axis 15 increased the value affect to theckness of the
spokes wheel will be reduced Finally, the z awms 5 the
principal stress. It was found that when the thickness
mereases affect to prmempal shess have lugh value of any
parameter width, After that prinepal stress reduce when
parameter thickness decrease The thickness and wadth
parameter over which the optimal value of the primcipal
stress does not exceed 150 MPA 15 approxmately 60 561 mm
and 18mm respectrvaly.

14529 Max
12664

10E

49153
0.0y
32.065

EER

14076
-89
-22.513 Min

()  Fromt view

14529 Max
12664

10E

49,153
J0.04

i L]

EER

4076
-3.0698
-22.513 Min

i back view

Fiz. 10 Maxumum Principal stress of design pomt no.4
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Fig. 11 fatizue life of desizn point no 4

Fig. 12b shows the relationship between the width,
thickness and fatigue hfe. The thickness and wadth
parameters grving the optimal value for fatizue hife are over
a simular range with the principal stress. Out of this range the
fatizue kife 15 reduced sigmficantly.

Fig. 12¢ shows the impact that changing the width and
thickness haz on the weight The thickness and width
parameter that provide an optmmal value for weight is smmlar
both response surface before. However, the optmmm range
15 out of the parameter range for which the model will pass
comermg fatizue test.

Fig. 13 shows the relationship between sensifivity
and the results of the principal stress, fatizue life and weight
analysis of prototype 3. It was found that the thickness
parameter affects the results of prncipal stress and weight
more greatly than the wadth parameter, but for the weight the
sensitivity of both parameters does not migmificantly differ.
In fatigue sensitivity. the parameter width affects the hfe of
the fatizue gr than the p thickness, if the width
parameter increasing to pass the comering fatizue test will
affect the weight 15 extremely lugh.

. o aviom s Erimciond S |

Pancipal stress (MPa)

oas

0as

Fatigue life (cycle)

z
y x
() ogeelife
Le:
[H2%
1% I
<
__? 45
: . e 3
z -
3 o
= san

dal

«© Weight reduction

Fig. 12 response surface of desizn pomt no 4, prototype 3
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Fiz. 13 result sensitivity of prototype 3

Conclusions

This study has presented a techmaque of parametric
desizn and optimization of alloy wheels under the cormering
fatizue test condition The maxinmun prineipal stress and
fatizue Life were considered as the constramed parameters
bazed on mam objectre of mimmizing weight The
geometric parameters of wadth and thickness of the wheal
ron were analyzed to determuine the sensitmaty of response.
The design of expeniment based on fice-cential conposite
critera using finrte element anahysis soffware were analyzed.
The results revealed that the alloy wheel rim was the crifical
area, displaving lugh damage stess distnbution under the
comermg fatizue test For the response analyzis, the rim
width sigmficantly displayed hugher sensitivity than the
thickness of the allow wheel The magmtude of prmeipal
stress should not excead of 143 MPa based on the standard
fatizue hfe of 100,000 cyeles. The parametnc desizn eould
mprove the optomal shape and size of alloy wheel for meet
the standard of dynamic cornenng fatizue test
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