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Cast aluminium alloys such as
A356 may experience various de-
fects such as segregation and
non-homogeneous material prop-
erties largely as a result of direct-
ional solidification during cast-
ing.

Determining the fatigue properties
of the material at different posi-
tions in a finished wheel is expen-
sive and time consuming. This pa-
per describes a comparison of vari-
ous prediction techniques to relate
actual fatigue data to monotonic
tensile material tests. It was found
that the original universal slopes
method proposed by Manson gave
the best first approximation of the
fatigue life as well as being the
most conservative of all the meth-
ods proposed. Furthermore, it was
noticed that the painting process
has a beneficial effect on the fa-
tigue properties.

Nomenclature
N, Cycles to failure using the
approximate methods, with

2 . N, the reversals to failure

Chemical Si Mg Ti Sr Fe Cu Na Al
element
Percentage | 7.0 - 0.23- |0.10 - 0.0161- | 0.13- |0.01- |[0.001- | Rest
of
element

7.68% | 0.27% | 0.137% | 0.0178% | 0.14% | 0.02% | 0.002%

Table 1. Typical chemical composition for A356 cast aluminium as used in this project
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Figure 1. Strain gauged wheel with Von Mises stress plot obtained with FEA

Nie Cycles to failure using the fatigue performed on the o., Equivalent stress, [MPa]
wheel, with 2. N,,, the reversals to failure G True fracture stress during a monotonic tensile test,
Yr Shear strain on xy-surface, [1/1] [MPa]
A€, Alternating total strain range for a zero mean strain, O, Ultimate tensile strength, [MPa]
[1/1] Oy Axial stress in x-direction, [MPa]
€.,  Engineeringstrainduringmonotonictensiletest,[1/1] O,  Yieldstrength, [MPa]
£, Equivalentstrain, [1/1] (o Axial stress in y-direction, [MPa]
g Fracture ductility or true fracture strain, [1/1] Tr Shear stress on xy-surface, [MPa]
€ Axialstraininx-direction,[1/1] Txy . Shearstress on xy-surface, [MPa]
€, Axial strainin y-direction, [1/1] Introduction
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The automotive industry uses cast aluminium in numerous
éomponents of which wheel rims are the most noticeable safety
critical component. Cast aluminium is prone to various defects
such as pores created by dissolved gasses, local hot spots in
the wheel and bad foundry practices that may also lead to
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Figure 2. Schematic drawing showing the position of monotonic tensile sample for removal

entrapped oxides. Exposed pores and entrapped oxides have
been shown to be the preferred crack initiation site."* The
fatigue testing of a wheel involves the complete wheel being
tested to crack initiation or to total destruction. This type of test
will in most cases capture the material properties in only one

position, in rare instances a second and
third position on the wheel will be cap-
tured. To establish a stress versus cycle
or S-N curve using the complete wheel is
therefore very expensive and time con-
suming. The aim is to find a method to
determine the fatigue properties in more
than one position. Such amethodis mono-
tonic tensile tests that are both cheap and
fast to do and can capture the fatigue
properties. Various author***$”% have
proposed approximate methods whereby
a simple monotonic test is used to deter-
mine the fatigue properties of a material.

In this project a numerical analysis
(Finite Element Analysis or FEA) was
performed on a wheel to determine the
position of highest stress as well as the
value of stress and strain at this position.
The numerical analysis was verified by
means of experimental analysis in the form
of strain gauging. The information ob-
tained from the numerical and experimen-
tal analysis was then used to remove a

monotonic tensile test sample from the
wheel for tensile testing.

The various approximate methods
to determine the fatigue life were then
implemented by utilising the mono-
tonic tensile test properties.

The various approximate methods
were then compared to fatigue tests
performed on a full wheel to see which
will yield the best first approximation.
Four wheel conditions were investi-
gated in this project:

O Non-heat treated, Unpainted: (ab-
breviatedas UU for futurereference)
O Non-heat treated, Painted: (abbre-
viated as UP for future reference)

O Heat treated, Unpainted: (abbrevi-
ated as HU for future reference)

1 Heat treated, Painted: (abbreviated
as HP for future reference)

The material used was A356 with chemi-
cal composition as indicated in Table
L

For this project the heat treatment con-
sisted of 540°C for 6hrs-solution treat-
ment with quenching in 80°C water for
20s after the solution treatment and
ageing at 160°C for Shrs. The painting
process consists of baking the paint
onthe wheel at 180°C for 15min, 190°C
for25min then finally for 200°C 30min.

Numerical and experimental evaluation.

The FEA was performed on half a wheel that coincides with the
plane in which the load is applied in, while the inside rim flange
is fixed to simulate the conditions showed in Figure 3. Figure 1
shows a typical FEA Von Mises stress plot with the strain-

Eccentric mass to
induce the
moment.

Load arm
attached to the
hub of wheel.

Inside rim flange
clamped in.

Base that is
mounted on
rubber feet for
damping.

Figure 3. Mechanical wheel fatigue testing machine showing the test set-up
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Condition, € ong G Fracture G Yield o, Tensile o, True fracture | K Strength n, Strain-hardning
averaged Elongation [%] | ductility [%] | stress [MPa] [ Tensile strength | stress [MPa] coefficient [MPa] | exponent

values [MPa]

uu 5.336 8.716 109.182 182.092 199.698 319.899 0.191

upr 5.089 9.126 110.292 182.288 200.406 314.531 0.186

HU 3.158 5.052 181.142 224118 236.340 347.285 0.130

HP 3.119 6.640 200.133 242.330 260.625 345.737 0.103

Table 2. Average monotonic tensile test results for all four conditions'™

gauged wheel next to it. The strain gauge results were found to
be within 8% of the FEA results.'° The position of the highest
stress can now be established, in order to remove the monotonic
tensile test sample from the correct position.

Monotonic tensile test set-up and results.

Monotonic tensile samples were removed from the wheel spoke
inthe same area as was predicted by the numerical analysis. This
is shown in Figure 2.

A total of 20 samples were used for every post treatment
condition to obtain the tensile properties. The samples were
tested on a Hounsfield 100K-C tensile test machine. The aver-
age values for each condition are given in Table 2. The elastic
modulus was determined by means of strain gauging and
applied load on the sample during tensile testing. The average
elastic modulus was calculated as 69.03 GPa'°.

Fatigue test setup and results

The fatigue test setup for the complete wheel mounted in
position on a wheel fatigue machine is shown in Figure 3.

Before mounting, the wheel’s surface was first painted with a
mixture of ZnO, and glycerin in the region of highest stress, to
indicate any crack initiation easily.

A digital camera was also mounted in such a way to capture
the fatigue process; this technique ensures repeatability and
the ability to do tests without the help of an operator. A total
of 46 wheels were tested. On average a test lasted 45 hours.

An example of the digital photos gathered from a typical test
is shown in Figure 4. The resolution achieved by this method
was 0.3mm.

The firstcrack (0.3mm—4.62mm with an average of 2.02mm)"°
noticed in this fashion using the digital camera ‘was used to
determine the crack initiation life. The wide scatter in crack
initiation lengths could be explained if crack initiation and
coalescing of pores and/or cracks should occur in between
photo shots.

The criterion used for determining the final fracture or point
of destruction was an increase in deflection of the load arm of
20%."" The test may also be stopped due to internal settings in
the fatigue test machine mainly to protect the machine. This was
then noted as the point of final fracture.

The results obtained for crack initiation life and total life are
showninFigure 5 and 6. Equivalent stress shown in Figure 5 and
6 is defined in Equation 1.

2 2 2 2
o, —-\/O'X —0y 0y +0, 431y,

Combining the fatigue and monotonic
tensile results.

Three approximate methods to relate actual fatigue data to
monotonic tensile material test results are compared here.
These methods are shown in Equation 2°,3” and 4%. Graphically
the results of the approximate methods are shown in Figures
7,8,9,10,11and 12.

Q Original universal slopes method by Manson

07, )
Ag, =35 _l_r::t; . Nf0.12 + g;.s : Nf0'6 o

U Modified universal slopes method by Muralidharan and
Manson

0.832 ~0.53
Ag,=1.17- (‘%) “N;"” +0.0266- £7'* ("?J N
©)
QU Uniform material law by Biumel and Seeger
Ag,
T =

N; is numerically solved by substituting €,, gas defined in

1.67.%.(2.1\(,)"‘0‘”+o.35.(2.N,)°‘69 @

Equation 5'* for AE; and using the values in Table 2'°.

2
Condition of Manson, Muralidharan | Baumel and
material and standard and Manson, | Seeger,
fatigue life type. | deviation | standard standard
[log deviation deviation
(cycles)] [log(cycles)] | [log
(cycles)]
UU, crack 0.306% 1.670 1.107
initiation
UP, crack initiation | 0.287% 1.315 0.769
UU, total life 0.6408 0.633 0.238
UP, total life 0.7315 0.576 0.249
HU, total life 0.407% 1.041 0.728
HP, total life 0.161% 1.084 0.888
Average 0.422 1.053 0.663

Table 3. Table showing the standard deviations for the approximation
methods.™
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The best first approximation was determined statistically by
calculating the standard deviation for each method compared
to the fatigue tests. Equation 6 shows the basis for this calcu-
lation".

> (log(W, )~ log(¥,.. )Y

i=1

& =
n—1

Table 3 lists the values calculated for every material condi-
tion and approximate method. The (§) superscript for the
calculated standard deviation indicates the most conservative
approximation of the fatigue life out of the approximation
methods used here.

Discussion of results

The approximate methods can be used as an alternative to full
fatigue testing of finished aluminium wheels. This is achieved
by removing a test sample from the area where the fatigue
properties are needed for monotonic tensile testing. Care is
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Figure 4. Collage of phbtos showing the crack initiati
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Figure 5. Graph showing the crack initiation life for non-heat treated
wheel samples

needed when the position and orientation of the tensile sample
is determined. This will ensure suitable fatigue/material proper-
ties being captured.

The universal slopes method by Manson could be used on
A356 cast aluminium wheels to obtain a first approximation of
the fatigue properties. This method also proved to be the most
conservative in the sense that it under estimates the fatigue life.

Comparing the total life with the
crack initiation life of wheels as
shown in Figure 13, it can also be
concluded that the painting of the
wheel used in the project or some
process associated therewith could
increase the crack initiation life of
the part.

The painting process is essen-
tially an aging process that will in-
crease the precipitation of fine
B’ (Mg,Si) particles, this will improve
the strength properties.'* The chemi-
cal or other possible secondary treat-
ment prior to the actual painting of
the wheel could also act upon the
surface of the wheel to increase its
fatigue properties. This should be
clear when the monotonic tensile
properties of the UU and UP samples
are compared with the crack initia-
tion life results that show virtually
no improvement on monotonic ten-
sile properties, but some improve-
ment in the crack initiation life re-
sults. This effect cannot be simu-
lated accurately on the monotonic
tensile sample due to its small size
and the risk of over aging.

It is therefore further proposed to
docrackinitiation fatigue testing on
various surface treatment condi-

30000 cycles |

A single 28.7mm
crack is formed.

1 80000 cycles

s 5 3
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tions. The results can be microscopically investigated to
distinguish between geometrical, chemical and secondary
treatment effects.
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Figure 6. Graph showing the total life for all four conditions
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approximation methods
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Figure 9. Total life for non-heat treated unpainted wheels with
approximation methods
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