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Abstract

The automotive wheel is a critical safety component in the vehicle and, for such a reason, it has also to meet strict requirements
about technological properties. Aluminum wheels are produced by low pressure die casting technique and the casting defects related
to the process have to be properly considered having a high effect in decreasing both static and cyclic resistance of the component.
Effectively, casting defects as porosities influence the fatigue crack initiation and strongly affect the fatigue life too. One of the
most common problem in the real component is the mismatch between the experimental and literature data about fatigue life. In
fact, many scientific researches are usually carried out on small samples produced in a controlled condition and therefore it is
difficult to direct transfer the laboratory results to a real cast component with a well-defined shape and different thicknesses.

In the present study, an aluminum alloy A356-T6 wheel was analyzed in order to assess its fatigue performance, taking into account
the casting defects.

The fatigue limit of the component was calculated by rotating bending fatigue tests executed on the whole wheels.
Microfractographic analyses on the broken wheels were carried out on the fracture surfaces using a Scanning Electron Microscope
in order to identify the crack initiation zone: it was recognized that the crack always started from shrinkage porosities. The statistical
population of these defects was therefore investigated on samples taken from the wheel in crack nucleation positions of the spoke
and the maximum expected defect size on the component was estimated by the statistics of extreme values. The experimental
fatigue limit was finally compared with the theoretical value predicted with the Murakami’s method.
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1. Introduction

The wheel represents an engineering component playing an important role for the safety and comfort of a vehicle.
It represents the fundamental unsprung rotating component and, for this reason, lightweight wheel is required both to
reduce the fuel consumption (Li P. et al, 2007) and the emissions, and to improve the car performance. As a safety
part, very strictly properties in terms of tensile, impact and fatigue resistance are therefore required for the wheel. At
the same time, the aesthetic appearance is very important because the wheel is also a design element. In order to certify
technological performances (e.g. impact resistance and fatigue endurance) peculiar tests are carried out on the real
components with the aim of simulating different kinds of applied stress to the wheel during its standard use.

A356 alloy is the most common alloy used for wheel manufacturing due to its good castability, high corrosion
resistance, good mechanical and fatigue resistance (Dwivedi S. P. et al, 2014) in order to fulfill the costumers’
requirements.

The typical cycle process to produce a wheel is characterized by the sequence of low pressure die casting (LPDC),
T6 heat treatment, machining, and painting. Each step of the manufacturing process can heavily influences the wheel’s
in-service performance. In fact, during the solidification the initial microstructure of the wheel in terms of the
Secondary Dendrite Arm Spacing (SDAS), size and distribution of the casting defects is defined (Li P. et al, 2007).
Furthermore, the T6 heat treatment is responsible of the precipitation kinetics and therefore it is strongly related with
the final mechanical properties of the material. In fact T6 heat treatment, which is the sequence of solution treatment,
quenching and artificial aging, is involving diffusion phenomena due to the quite high holding temperatures and fast
cooling during the quenching. For such a reason the heat treatment, along with the design of the wheel, is considered
responsible for the residual stress distribution partially relieved during the artificial aging and redistributed by the
machining. LPDC process is widely used to produce this engineering cast because of the advantages in productivity,
mechanical performance and good surface finishing. It is important to consider that, using a traditional LPDC casting,
defects like shrinkage or gas porosities, and oxide inclusions are inevitable in an industrial cast process.

Many published works on casting fatigue behavior point out the influence of the casting defects as the origin of
the failure (Wang Q. G. et al 2001, Roy M.J. et al 2011, Nicoletto G. et al 2012) whereas other microstructural
characteristics like SDAS, size and morphology of secondary eutectic phase are considered have smaller effect (Roy
M.J. etal 2011).

The fatigue life estimation of defective materials has already been studied (Murakami Y. 1999, Wang Q. G. et al
2001, Roy M. J. et al 2011, Nicoletto G. et al 2012, Nadot Y. 2015, Le V. 2016) using different approaches: the Linear
Elastic Fracture Mechanics (LEFM) used only in presence of long cracks (homogeneous stress distribution and local
plasticity negligible); the Murakami’s relationship applied to estimate the fatigue limit considering the < area
parameter as the defect size and the hardness measurements to obtain a local plasticity assessment; the Critical Distance
Method (CDM) and the Gradient Criterion (GR) that represent advanced computational and analytical procedures able
to determine the effective stress distribution around a defect.

However, in the published papers considering the fatigue behavior of cast parts the Authors did not carried out the
fatigue testing on the real component, but, on the contrary, implemented fatigue test on samples cut from the casting
dictating “simple” stress configuration e. g. tension or torsion.

Starting from these considerations the present research was focused on the fatigue behavior of an A356-T6
automotive car wheel in order to investigate the fatigue life of the real component related to the size and position of
casting defects through bending fatigue test. The main goals of the activity were the estimation of the maximum defect
size in order to evaluate the theoretical fatigue limit, the measurement of the fatigue endurance limit, and the
investigation, from the microstructural point of view, of the fatigue crack initiation point.

The wheel was tested using a multiaxial stress condition, simulating the standard loading state. The use of the whole
wheel allows taking into account the production process in terms of microstructure, casting defects, mechanical
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properties and residual stress distribution in different stressed area of the component. The final goal of the research
work is therefore to outline a procedure useful to analyze the cast component in terms of fatigue endurance considering
the defect sensitivity as a parameter directly transferable to the design step of the wheel to improve its quality.

2. Experimental investigation

2.1. Material and methods

The A356-T6 wheels used in this research were sourced by Cromodora Wheels S.p.A.
The nominal chemical composition (wt. %) of the tested alloy is given in Table 1.

Table 1: Chemical composition of the tested Sr-modified A356 alloy.

Alloy Si Mg Sr Ti Fe Cu, Zn, Mn Al
A356 6.840 0.273 0.015 0.118 0.088 <0.01 Bal.

Fig. 1 shows the results of a Finite Element Analysis (FEA) of the wheel simulating the bending fatigue test and
the three positions of the sections A, B, C defined in the back of the spoke and chosen for the mechanical and
microstructural evaluations. The most stressed areas are the spoke-hub junction, close to the stress diverter that
represents section A and the section in correspondence of the edge radius (position B). The third area (position C) is
in the middle of the spoke where, for this particular wheel design, the stress is lower. Therefore, only in presence of
quite large defects position C can be considered critical.

Fig. 1. (a) FEA output (Von Mises stress map), with the position of the sections A, B and C; (b) wheel design with the profile of the sections A, B
and C.

For the experimental activities, a batch of this particular wheel design was cast in order to have a large number of
wheels with the same chemical composition and produced in the same process condition. Statistical analyses of
porosity population for the positions A, B and C were performed by extracting specimens from wheels of this batch
in the sections (Fig. 1b) above defined and the estimation of the fatigue endurance limit was made by means of bending
fatigue tests executed on the whole wheels.

2.2. Statistical analysis of porosities

Statistical analysis of porosities of the cast sections were analysed with the purpose of estimating the maximum defect
size in three different area of the wheel’s spoke. Standard metallographic techniques, according to the ASTM E 3-11
standard (2003) were used for the preparation of the samples. Quantitative metallographic evaluations were performed
on the polish sections by an optical microscope using an image analysis software package (Axiovision Zeiss software)
which allow to calculate the geometrical parameters e.g. Maximum Feret Diameter or the + area. The magnification
was chosen with the aim of being able to distinguish the different kinds of casting defects (e.g. shrinkage porosities,
gas porosities and oxide films) and include whole porosity cluster in each micrograph. For each sample one hundred
micrographs were made in random direction covering an inspection area, S of 500 mm? according to ASTM E 2283-
03 standard and the maximum Feret diameter was measured. The analysis of the casting defects in the wheel outlined
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that the most widespread defect is shrinkage porosity. Shrinkage porosity consists in interdendritic cavities with
branches that can show complexity forms in a metallographic section. For this reason in all micrograph the Feret
Diameter was considerably larger than the corresponding + area value. The study showed that the estimated critical
pore size according to the Feret Diameter has a better correlation with the experimental long life fatigue strength than
+/ area parameter.

Fig. 2: metallographic analysis. Comparison between Feret diameter and Varea for the same shrinkage porosity cluster.

Gumbel’s extreme value distribution was used to obtain a statistical description of the largest pore size measured
by metallographic 2D inspection as defined in Standard procedure (ASTM E 2283-03). The experimental values
obtained considering the sections A, B and C respectively, were analyzed using the maximum likelihood method
together with approximate 95% confidence intervals.

2.3. Fatigue tests

Fatigue tests of the wheel were performed by subjecting them to a rotating moment to simulate the process of
turning corner. All fatigue tests were carried out in load controlled mode and fully reverse load (R=-1) using a
cornering fatigue test machine following SAEJ 328 standard. The wheel is fixedly constrained on the frame, while an
eccentric element linked to a rotary support causes a bending moment depending on the rotating speed. Taking into
account the Finite Elements Analysis of the wheel, a relationship between bending moment and applied stress on the
most stressed region was determined. The stress levels were applied to the 15 wheels according to the stair-case
method (UNI 3964 standard) in order to obtain the endurance limit. The gap d between each level was chosen equal
to 5 MPa. The required duration was set to 500,000 cycles; this value was chosen by considering the most restrictive
specification of the costumers. The failure criterion was the appearance of a macro cracks, visible by eye. For this
aim, the casting wheels were prepared in advance by applying in their critical zones a coating based on a mixture of
zinc oxide and glycerol, that is useful to highlight the crack presence. The mean value of the endurance limit (50% of
probability of failure) and the corresponding standard deviation were then determined according to the test method.

Microfractographics were performed on the fracture surface of all wheels failed before the required target of
500,000 cycles, using a scanning electron microscope in order to investigate the fatigue crack nucleation points.

3. Results
3.1. Statistical analysis of porosities

Fig. 3 shows the population of the defects, with the corresponding interpolation distribution for the sections A, B
and C, well described by the double exponential Gumbel’s law (1958). The results are summarized in Table 2.

The period of return (T=A/A,) was considered. Where A is the area of the metallographic investigation, whereas
regarding the quantity A, different proposals have been adopted in the past, Beretta et al. (1999, 2001). In a general
case of non-uniform stress distribution, the basic principle is to consider only the most stressed area of the component,
where fatigue cracks can initiate. This most stressed area has been often defined as that subjected to level of stresses
between the 90% and 100% of the maximum stress evaluated in the component, Beretta and Donzella et al. (2013,
2011). Nevertheless, if this area is too small with respect to the area of control Ay, some authors suggested considering
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wider regions of the specimen where the stress is lower than 0.9 omax. Following the “most stressed area” method, the
identification of A was realized analysing the FEA results performed on the three sections of interest with CATIA
solver. The FEA simulation of the bending fatigue test shows that the area where the stress ranges from 0.96max to
Omax 18 very limited, so also 0.80max and 0.76max Were considered as lower limits. In Table 2 the largest defect size
estimation detected for these considered area is summarized.
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Fig. 3: statistical defect population for the position A, B and C.

Table 2: Statistical parameters, larger defect size estimation and fatigue limit evaluation.

LIKELIHOOD METHOD
Statistical Largest defect estimation Fatigue limit estimation
parameters
Feretyqy o’ 6’
LYS dar T y= lTL(T) [/‘m] (1) (2)
(19)
S”Z’i‘(’)lgo/“)’e” 3576 | 3.57 886 71 78
0
A 80 % 113.012 | 482.065 0.1458 -1.92 264 87 95
70 % 1.256 0.228 507 78 85
S“Z’i%lgo/“;e“ 26.3 327 364 68 74
0
Bl 500, | 173895631036 o T 1703 | 334 84 92
70 % 0.9164| -0.087 615 76 83
Sample area
C (100%) 76.907 |392.776 22.08 309 630 7 84
90 % 1.428 0.356 420 83 90

3.2. Fatigue limit prediction

Considering the material hardness values (94 HV, 95 HV and 97 HV for the position A, B and C respectively) and
the maximum Feret diameter predicted by the extreme value analysis (Table 2) it is possible to predict the fatigue limit
of the A356 alloy using equation (1) proposed by Noguchi (2007) and equation (2) presented by Ueno and reported
by Tajiri et al. (2014).

Murakami modified: 1.43 (Hy + 120 x @)
o, = 1/6 B @
(Varea)"

Surface defects
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. 143 (Hy +75)
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Ueno: Feret < 1400pum ( M)M (2)

Table 2 shows the results of the fatigue limit estimation for the position A, B and C. It is comprised between 70
and 90 MPa, according to the results available in literature, relating to the S-N of specimens machined from a A356-
T6 spoke wheel, obtained by Ramamurty Raju et al. (2007).

3.3. A356-T6 wheel fatigue behavior. Stair-case method

The fatigue endurance limit is reported in Table 3. Using equations (5) and (6) it is possible to estimate the
endurance limit with the 10% and the 90% of probability, which ranges between 99 and 118 MPa.

Table 3: results of fatigue endurance limit.

A
Eq.(3) [ opeun =0 +d (5 £05) | ovson = 1175 MPa
NB — A?
Eq.(4) | s =162d (~——7—+0029 s =14.12 MPa
Eq. (5) Op(10%) = Op(sow) + 1,28's Op(10%) = 135.27 MPa
Eq. (6) Op(o0%) = Op(so) — 1,28's Opoow) = 99.42 MPa

The difference of values obtained by the “short Cracks” approach and the “stair case” method can be justified
considering that the stair case refers to the condition of “no crack presence” and to a relatively low number of cycles
(500,000). A comparison of the two approaches appears more effective if superimposed, as reported in Fig. 4, to the
experimental results the S-N curve of Ramamurty Raju et al. (2007), obtained testing 43 samples machined from
spokes of A356-T6 wheels (comparable applications and same cast alloy and heat treatment with respect to the present

research work).
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Fig. 4: Comparison with the S-N curve founded in literature, the stair case result referred to initiation and the fatigue threshold foreseen by the
fracture mechanics approach.

3.4. Microfractographic observation

Table 4 reports the characteristics of six wheels failed before 500,000 cycles: applied stress, position of the crack
and the number of cycles to crack initiation. Five wheels failed in zone A and one wheel failed in zone B.
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Table 4: crack position and number of cycles to crack initiation of the wheels that failed before 500,000 cycles.

Wheels failed INITIATION ZONE
Ne Ga [MPa] A B C

3 120 X 380,000 | X

115 120,000 X X

11 130 50,000 X X

12 120 360,000 X X

13 125 45,000 X X

14 115 40,000 X X

SEM microfractographic analyses allowed to explore the fracture surface of these wheels, and to find the crack
initiation point. Fig. 5 represents some significant fracture surfaces useful to understand the scattering about the
number of cycles considering the same stress applied condition.

Fig. 5: SEM micrographic of fracture initiation area; (a) wheel n.3 failed in position B; (b) wheel n.12; (c) wheel n. 4; (d) wheel n.14; (e) wheel n.
14 magnification of the initiation area.

Fig. 5a and Fig. 5b represent wheels N° 3 and N° 12 respectively, characterized by an applied stress in the most
stressed area around 120 MPa. Wheel 3 failed in B position after 380,000 cycles while wheel N° 12 failed in A after
360,000 cycles, having therefore a comparable performance. The micrographs show the fatigue fractured area, which
in both cases presents clear fatigue marks. In the initiation area of wheel N° 3 there were not casting defects, while in
the wheel N° 12, the crack initiation is related to a porosity with Feret diameter approximately of 800 pm.

Fig. 5c is related to wheel N° 4 while either Fig. 5d and Fig. Se correspond to the fractured surface of wheel N° 14.
Both wheels were tested with an applied stress of 115 MPa but the endurance were clearly different, in fact in wheel
N° 4 the crack nucleation appeared after 120,000 cycles, while in the wheel N°14 after 40,000. SEM analysis for
wheel N° 4 highlights that the crack initiation is a porosity located near the surface, the casting defect size being
approximately 550 pm. Fig. 5d represents a fractography of the fatigue area and Fig. Se shows the defect individuated
as the crack initiation point. The chemical composition obtained by means of EDS spectra shows the presence of a
cluster in form of non-metallic inclusions (alumina oxide) and the dimension of such a defect was around 150 um.

Comparing the performance of wheels N° 12 and N° 4, both failed in A position; bending fatigue test indicated a
higher endurance in wheel N° 12 although the applied stress was higher and the fractography analysis showed a larger
porosity than that in the wheel N° 4. The main differences of the casting defects are related to their distance from the
free surface and their morphology. Fig. 5¢ shows a shrinkage porosity with complex shape and very close to the
surface (approximately 20 pm) whereas Fig. 5b shows a larger porosity characterized by a rounder shape and 250 pm
far from the surface.
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4. Conclusions

The main goal of the research activity was a better understanding of the fatigue behavior and the influence of
casting defects on the fatigue strength of an A356-T6 wheel, in terms of their type, morphology and distance from the
surface. The expected result of the research is to check a procedure useful for industrial application, able to predict
the fatigue limit of wheels having different design, based on FEA analyses and the statistical analyses of defects.

For this aim, a statistical analysis of porosity population was performed in the most critical regions of the wheel
and the maximum defect was estimated with the likelihood method. Fatigue limit with the Murakami and Ueno
methods were then determined. Bending fatigue tests were also carried out following stair case procedure in order to
evaluate the fatigue strength at 500,000 cycles. The results obtained with the two approaches are in agreement
considering the short life target and failure condition of the stair case tests.

Fractured surface of the wheels that failed before this target life were analyzed using SEM, usually showed the
presence of sup-superficial porosities; only one fracture surface highlight the presence of oxide at the crack nucleation
point. Therefore further investigations have to be carried out to better understanding the effect of this casting defects
on the fatigue behaviour.
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