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A B S T R A C T

This paper investigates the fatigue strength of two cast aluminium alloys, EN AC-45500 and 46200, dealing with
the influence of microporosity and the statistical size effect. Small-scale round specimens are extracted from
cylinder heads and crank cases as typical cast components in automotive industry. Uniaxial fatigue tests under
alternating tension/compression loading are performed. Local microstructural properties, such as second den-
drite arm spacing and microporosity, are characterized by means of metallography, fracture surface analysis
utilizing scanning electron microscopy, and X-ray computed tomography. The measurements reveal significant
differences in microporosity and microstructure depending on the extraction position and specimen type. These
findings are reflected by the experimental test results showing that the microporosity majorly affects the fatigue
behaviour with a maximum difference in fatigue resistance at ten million load-cycles of up to 39% in case of the
EN AC-45500 specimens. Additional experiments involving two different EN AC-46200 specimen types ex-
hibiting unequal highly-stressed volumes demonstrate a reduction of the high-cycle fatigue strength by 8%
caused by the statistical size effect. Fatigue strength assessment incorporates the application of the model by
Tiryakioğlu based on the extreme value distribution of the micropore sizes by Gumbel, as well as the √area
approach by Murakami. The evaluated results agree well to the fatigue tests enabling a local fatigue strength
assessment under consideration of manufacturing process dependent material characteristics.

1. Introduction

Casted Al-Si-Mg alloys are widely utilized for high-performance,
lightweight parts within mobility sectors [1], and especially in auto-
motive industry [2] due to their advantageous castability and com-
parably beneficial strength to weight ratio. Although advanced casting
technologies [3] are facilitated, the resulting microstructural and me-
chanical material properties strongly depend on casting process para-
meters as well as specific material compositions [4]. Such material
discontinuities strongly affect the fatigue life of cyclically-loaded parts
causing failure by microporosity-induced defects [5–7] and micro-
structural inhomogeneities [8–10]. Focus of this work is laid on the
effect by micropores as primary influence factor on the fatigue strength
of casted Al-Si-Mg alloys [11] utilized in complexly-shaped lightweight
automotive components, such as internal combustion engine EN AC-
45500 cylinder heads and EN AC-46200 crank cases, see Fig. 1.

A study in [12] investigating Al-Si cast alloys concludes that var-
iations in fatigue strength may be obtained even by testing an increased
number of specimens, which is mainly caused by the statistically

distributed occurrence of micropores. Hence, a comparably huge
number of samples are essential to obtain a meaningful mean value and
scatter index of manufacturing process dependent fatigue strength
characteristics. Such a testing scheme is basically a rather time-con-
suming and expensive process. In order to cover the statistical dis-
tribution of casting defects, an incorporation of Weibull statistics [13]
and microstructural parameters [14] within the fatigue analysis of Al-Si
cast alloys is suggested in [12]. Furthermore, a weakest link concept
based on a Weibull distribution function in [15] concludes that the
fatigue strength distribution of weak links is different from the micro-
pore size distribution, though fatigue crack initiation is predominantly
associated with pores. Another work [16] presents that a log-normal
distribution model may act as best fit to the statistical distribution of
fatigue initiator sizes enabling a quantitatively correlation with the
fatigue life of the experiments. However, a comparison of different
statistical distributions for fatigue strength assessment is provided in
[17]. Among them, one well suitable model for Al-castings [18] is based
on an extreme value distribution of the micropore sizes introduced by
Gumbel [19]. Thereby, the cumulative probability P for a certain
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equivalent defect diameter dequ is given in Eq. (1) involving a micropore
size distribution depended location λ and scale parameter δ.
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A study in [20] investigating the relationship between defect size
and fatigue life distributions of Al-Si castings based on numerous ex-
perimental data sets shows that the equivalent diameter dequ is well
suited to statistically analyze fatigue-initiating defects. It equals the
diameter of a circle, which features the same area as the corresponding
defect, see Eq. (2).

= ⋅d area
π

4
equ (2)

Fig. 2 represents a typical crack-initiating shrinkage pore at a
scanning-electron-microscopy (SEM)-analyzed fracture surface of a
tested EN AC-46200 specimen as well as the corresponding depiction of

the area-value. In addition to this method, micropore sizes can be
characterized on the basis of X-ray computed tomography and me-
tallography [21]. Especially X-ray computed tomography, as non-de-
structive technique, experiences an increasing practicability due to
developments regarding scan quality, such as improved resolution to
properly measure complexly-shaped shrinkage pores, and efficiency
[22]. Applying such elaborated methods facilitates a fatigue strength
assessment involving a three-dimensional evaluation of microporosity
[23] and enables an enhanced damage tolerant design of casted com-
ponents [24].

Based on the extreme value distribution by Gumbel [19], a fatigue
model to assess the limit value of failure probability Pf for a certain
lifetime until burst fracture N is presented by Tiryakioğlu [20], see Eq.
(3).
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Nomenclature

area projected area of micropore
B, m1 parameters of fatigue life model by Tiryakioğlu
C0, k0 constants for crack initiation model
C1, C2, m2 parameters of fatigue approach by Murakami
DAS second dendrite arm spacing
dequ equivalent defect diameter
HV Vicker's Hardness
k constant for crack initiation model and Weibull parameter
k1, k2 slopes of S/N-curve
kσ stress concentration factor at micropore
N number of load-cycles until burst fracture
Ni number of load-cycles until crack initiation

NT number of load-cycles at transition knee point of S/N-
curve

P cumulative probability
Pf probability of failure
PS probability of survival
R stress ratio
TS stress-based scatter index
UTS ultimate tensile strength
V highly-stressed volume
α, β constants for crack initiation model
δ scale parameter of extreme value distribution
εequp equivalent plastic strain
σa nominal stress amplitude
σR alternating fatigue resistance at ten million load-cycles
λ location parameter of extreme value distribution

Fig. 1. Cylinder head manufactured of cast aluminium EN AC-
45500 (a) and crank case made of EN AC-46200 (b).

Fig. 2. SEM analysis of micropore at fractured surface of EN AC-
46200 specimen (a) and evaluation of corresponding micropore
area (b) according to [25].
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Herein, λ and δ are the previously introduced parameters of the
extreme value distribution, Ni is the lifetime until crack initiation, σa is
the nominal stress amplitude, and B and m1 are material dependent
parameters. An experimental study for casted aluminium alloys in [26]
reveals that the number of load-cycles until crack initiation Ni can ex-
hibit values up to about 30–40% of the total lifetime N. In [27] a cal-
culation procedure to estimate the crack initiation lifetime Ni based on
a micro-cell model in [28] is presented. Herein, the stress amplitude σa
is computed by the equivalent plastic strain εequ

p, a grain size dependent
parameter k, and a constant β, see Eq. (4).

= ⋅σ k εa equ
p β (4)

The parameter k is evaluated on the basis of the second dendrite
arm spacing DAS by a Hall-Petch [29,30] type relationship involving
the constants k0 and α, see Eq. (5).

= +k k α
DAS0 (5)

Further on, the fatigue life until crack initiation Ni can be de-
termined by Eq. (6) involving the constant C0, whereby the crack in-
itiation from a microcell is strongly influenced by the mechanism of
local plastic strain accumulation [31,32].

⋅ = ⋅N ε C
DAS

1
i equ

p 2
0 (6)

Combining Eqs. (4)–(6) leads to an estimation of the crack initiation
lifetime Ni according to Eq. (7). As the local stress at the micropore is
mostly fatigue-relevant, a supplementary stress concentration factor kσ
is multiplied with the nominal stress amplitude σa. Extensive numerical
analyses in [33] show that kσ depends on the specimen diameter, the
equivalent pore size, and the pore location, and suggests simplified
formulae to estimate this factor.
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An application of Eqs. (3) and (7) enables a fatigue life assessment
in the finite life region incorporating the extreme value distribution of
the micropore sizes as well as microstructural parameters, such as the
second dendrite arm spacing. As not only the finite life, but also the
high-cycle fatigue region is of great interest for a proper fatigue design,
the √area model by Murakami [34] is additionally applied, see Eq. (8).

= ⋅
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area
( )

( )R m1
2
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Herein, the alternating high-cycle fatigue resistance σR at a specified
number of ten million load-cycles is affected by the Vicker's Hardness
HV and the square root of the defect area √area, which is evaluated
perpendicular to the principle load stress direction [35]. This method
bases on the definition of a material-dependent threshold value of the
linear-elastic stress intensity factor ΔKth for small cracks, which is va-
lidated by numerous experimental data including steel and aluminium
alloys in [36]. The constant C1 bases on the defect location and can be
defined as 1.43 for surface and 1.56 for subsurface cracks, and the
constant C2 as well as the exponent m2 are material parameters [35]. A
study in [37] shows the applicability of this method for a casted alu-
minium alloy and presents a method for the combination of pore-
clusters to one fatigue-effective defect. In the course of the micropore
analysis within this paper, a common recommendation [38] is applied,
which suggests a combination to a pore-cluster if single pores are less
distant as the equivalent diameter of the smallest pore. Utilizing this
recommendation and the √area concept, an assessment of the high-cycle
fatigue strength is enabled. However, it is well known that for load-
cycles above ten million, which is usually known as the very high-cycle
fatigue region, a further decrease of the fatigue resistance may occur
especially in case of defected materials, like aluminium castings

including microporosity or steels exhibiting defects like non-metallic
inclusions [39].

Thereby, small fatigue crack initiation and crack growth [40] at the
defects, which is majorly influenced by microstructural properties [41],
need to be considered within the fatigue design. Fatigue strength
characteristics are mostly evaluated experimentally on the basis of
small-scale specimen, which may lead to differences in relation to a
large-scale component [42]. In order to ensure a proper transfer of
small-scale specimen results to large-scale aluminium cast structures, a
consideration of size effects is of utmost importance [43]. Besides
geometrical, technological, and surface-induced size effects, the so-
called statistical size effect significantly influences the fatigue strength
[44]. An overview of current state-of-the-art models to cover this effect
for aluminium alloys is given in [45]. Among them, a comparably
simple and feasible calculation method [46] based on the Weibull dis-
tribution [13] is capable to describe the fatigue resistance ratio of two
components with different sizes σR,1 and σR,2 incorporating their cor-
responding highly-stressed volumes V1 and V2 by Eq. (9).
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Herein, the parameter k acts as Weibull parameter and is defined as
k = 10 for aluminium castings according to a common guideline [47].
It indicates that an increase of the highly-stressed volume leads to a
decrease of the fatigue strength, which needs to be taken into account
for an accurate fatigue design of large-scale components. This beha-
viour can be explained as the probability for an occurrence of extremely
large defects increases for greater volumes and hence facilitating a re-
duction of the fatigue resistance according to the presented fatigue
assessment concepts. As defect sizes majorly affect the fatigue strength
of casted aluminium parts, one effective post-treatment method to en-
hance the fatigue resistance is hot isostatic pressing (HIP) [48].
Thereby, casting defects, such as shrinkage or gas pores, are dis-
tinctively reduced [49] leading to a significant increase of the fatigue
behaviour [50]. Summarized, this paper investigates the fatigue
strength of aluminium castings incorporating microporosity and statistical
size effects. Fatigue tests with small-scale specimens manufactured of the
cast aluminium alloys EN AC-45500 and 46200, which are commonly uti-
lized for automotive lightweight components, are carried out. In addition,
the effect of HIP on the fatigue strength is representatively shown for one
selected test series. An extensive analysis of the micropore size distribution
based on microscopical fracture surface analysis and X-ray computed to-
mography acts as basis for the fatigue assessment. In addition, focus is laid
on the statistical size effect to ensure a proper transfer of small-scale spe-
cimen results to large-scale casted components.

2. Experimental work

2.1. Specimen geometries and manufacturing

The fatigue tests are conducted utilizing three different small-scale
specimen types. For the investigation of the effect by the microporosity
and HIP as post-treatment process, the round specimen geometry #1
shown in Fig. 3 is employed. The samples are extracted from casted

Fig. 3. Geometry of specimen #1 (EN AC-45500 and 46200).
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aluminium alloy EN AC-45500 cylinder heads and EN AC-46200 crank
cases with a T6 heat treatment at four different positions, denoted as
position #1 to #4. Further information regarding the manufacturing
procedure as well as material analysis is given in [51].

For the analysis of the statistical size effect, the round specimen
geometries #2 and #3 are used, which are again manufactured from
aluminium cast alloy EN AC-46200 crank cases, see Fig. 4. In order to
examine the statistical size effect and not additional influences, only the
length of the specimens is majorly different and the general shape at the
clamping areas is kept similar.

A linear-elastic finite-element analysis at uniaxial tension loading
incorporating hexahedral elements with quadratic shape functions is
performed to evaluate the highly-stressed volumes of specimen type #2
and #3. The numerical results are depicted in Fig. 5 showing the dis-
tribution of the maximum principal stress. According to [52], the
highly-stressed volume may be defined as value, which is loaded down
to 90% of the peak stress. However, this value is common for steel
components, but for aluminium castings exhibiting distinctive micro-
porosity, a consideration of lower threshold values may be preferable as
crack initiation can occur also within regions of reduced stresses.
Hence, both highly-stressed volumes Vspec#2 and Vspec#3 are computed
for a value of 60%, which is similar to a characteristic value given in
[53], leading to a highly-stressed volume ratio of 2.58.

In order to ensure no additional affects by different microstructural
properties an analysis of the secondary dendrite arm spacing DAS is
performed. The normalized distribution as well as a representative
microstructure of this crank case extraction position is presented in
Fig. 6. The results indicate that the DAS is quite similar for both spe-
cimens with a minor deviation of 5%. Based on a calculation procedure
in [54] it can be concluded that such a variation does not significantly
affect the fatigue strength and therefore, the statistical size effect is
predominantly investigated within this work.

An overview of the mechanical properties, such as ultimate ten-
sile strength UTS, Young's modulus E, and Vicker's hardness values
HV as well as microstructural properties including the secondary
dendrite arm spacing DAS for the investigated samples is provided in
Table 1. For each test series a minimum number of three specimens
are analyzed and a strain rate of 3.6·10−3 mm/s is applied in the
course of the quasi-static tensile tests. The relationship between UTS
and HV correlates well to a suggestion given in [55] for casted Al-Si
alloys.

2.2. Fatigue test results

2.2.1. Influence of extraction of position
At first, the effect of the specimen extraction position on the fatigue

strength is experimentally investigated utilizing a resonance test rig
with a testing frequency of about 70–100 Hz. Therefore, the presented
specimen #1 is manufactured from casted aluminium alloy EN AC-
45500 cylinder heads at the extraction positions #1 to #3. As the
specimens are produced from different positions, the local micro-
structure incorporating different micropore size distributions is varying.
An evaluation of these parameters on the basis of fracture surface
analyses and X-ray computed tomography is subsequently presented.
The results of the uniaxial tension/compression fatigue tests under fully
reversed loading for a survival probability of PS = 50% are shown in
Fig. 7, whereby the values are normalized with the statistically eval-
uated high-cycle fatigue strength at ten million load-cycles of position
#1. A statistical analysis based on the ASTM E 739 standard [56] is
performed in the finite life region and utilizing the Arcsine√P-procedure
[57] for the high-cycle fatigue regime. Above the fatigue life of the
transition knee point NT, a second slope k2 = 5·k1 is assumed in ac-
cordance to preliminary investigations with similar cast aluminium
alloys in [58].

Table 2 summarizes the statistically evaluated S/N-curve para-
meters. The scattering is represented by the stress-based scatter index
TS, which equals the ratio of the high-cycle fatigue resistance σR at the
survival probabilities of PS = 90% to 10%. The results reveal a major
effect on the fatigue strength characteristics due to the extraction

Fig. 4. Geometry specimen #2 (a) and #3 (b) (EN AC-46200).

Fig. 5. Numerical analysis of highly-stressed volume V for spe-
cimen #2 and #3.

Fig. 6. Distribution of normalized secondary dendrite arm spa-
cing DASnorm (a) and representative sample of microstructure (b)
according to [25].

Table 1
Mechanical and microstructural properties.

Material and extraction
position

UTS E HV DAS
[MPa] [MPa] [HV] [µm]

EN AC-45500 – Position #1 334±2.2 74,100± 670 117±3.7 28±6.6
EN AC-45500 – Position #2 307±10.6 71,600± 550 114±3.3 56±13.6
EN AC-45500 – Position #3 290±5.7 71,000± 800 117±4.7 67±13.1
EN AC-46200 – Position #4 327±5.1 76,300± 600 121±2.0 31±5.3
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position. Thereby, the high-cycle fatigue resistance σR at ten million
load-cycles shows a maximum difference of 39% between position #1
and #3. Furthermore, the number of load-cycles at the transition knee
point NT increases by a factor of over four for the same positions, which
additionally diminishes the fatigue behaviour. The evaluated slopes k1
and k2 fit quite well to a suggestion in regard to component design and
safety given in [59].

2.2.2. Statistical size effect
At second, the statistical size effect based on the presented geome-

tries of casted aluminium alloy EN AC-46200 specimen geometry #2
and #3 is experimentally researched. Both specimen types are extracted
from crank cases at position #4 and again tested under an alternating
uniaxial tension/compression load. The resulting S/N-curves for a
survival probability of PS = 50% are depicted in Fig. 8, whereby all
data points are normalized with the high-cycle fatigue strength of
specimen #3 at ten million load-cycles. A comparison of the evaluated
S/N-curve parameters in Table 3 maintains that the slopes k1 and k2 as
well as the transition knee points NT are similar for both testing con-
ditions. However, in case of the fatigue resistance σR a decrease of 8%
due to the increase of the highly-stressed volume for specimen #2
compared to type #3 is observed. As previously described, this decrease
in fatigue strength can be majorly drawn to the statistical size effect,
whereby a distinctive difference in regard to the micropore size dis-
tributions for both specimen geometries is subsequently presented.

2.2.3. Fatigue strength increase by HIP process
At third, the effect of HIP on the fatigue strength behaviour is in-

vestigated on the basis of EN AC-46200 specimen #1 extracted at crank
case position #4. Fig. 9 depicts the fatigue test results before and after
performing HIP as post-treatment process, whereat the data is nor-
malized with the fatigue strength of the condition after HIP at ten
million load-cycles.

The statistically analyzed S/N-curve parameters are summarized in
Table 4. Thereby, a major increase of the high-cycle fatigue resistance
σR by 31% is reached by the HIP process. In addition, the slopes k1 and
k2 are raised by 78% and the transition knee point NT elevates by almost

a factor of two. These beneficial effects are in accordance to the
aforementioned studies [48,49] and confirm the effectiveness of this
post-treatment technique.

2.3. Characterization of micropore size distribution

In order to perform a proper fatigue assessment of aluminium
castings the knowledge of the micropore size distribution for each in-
vestigated aluminium alloy and extraction position is needed. The
characterization can be performed destructively on the basis of fracture

Fig. 7. S/N-curves of EN AC-45500 specimen #1 at positions #1 to #3.

Table 2
S/N-curve parameters of EN AC-45500 specimen #1 at positions #1 to #3.

Test series σR TS NT k1 k2
[MPa] [-] [-] [-] [-]

Position #1 1.00 1:1.06 9.11e5 5.85 29.25
Position #2 0.75 1:1.15 1.12e6 3.52 17.60
Position #3 0.61 1:1.29 3.82e6 5.07 25.35

Fig. 8. S/N-curves of EN AC-46200 specimen #2 and #3 at position #4.

Table 3
S/N-curve parameters of EN AC-46200 specimen #2 and #3 at position #4.

Test series σR TS NT k1 k2
[MPa] [-] [-] [-] [-]

Specimen #2 0.92 1:1.17 2.66e6 5.87 29.35
Specimen #3 1.00 1:1.16 2.77e6 6.05 30.25

Fig. 9. S/N-curves of EN AC-46200 specimen #1 at position #4 before and after HIP.

Table 4
S/N-curve parameters of EN AC-46200 specimen #1 at position #4 before and after HIP.

Test series σR TS NT k1 k2
[MPa] [-] [-] [-] [-]

Position #4 – Before HIP 0.69 1:1.10 4.45e5 3.58 17.90
Position #4 – After HIP 1.00 1:1.14 8.76e5 6.39 31.95
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surface analysis or non-destructively by X-ray computed tomography.
Both methods are applied within this work and the results are used to
evaluate the location λ and scale parameter δ of the extreme value
distribution introduced by Gumbel [19]. A preliminary study [60]
shows details in regard to X-ray computed tomography of the in-
vestigated specimens and validates the accuracy of this method. Fig. 10
demonstrates a X-ray tomography scan result of the highly-stressed
mid-region of a EN AC-45500 specimen geometry #1 and a re-
presentation of a typical shrinkage pore exhibiting a maximum elon-
gation of around 525 µm. For the analyzed specimens in this work, a
scan resolution of 3 µm voxel size is utilized, which leads to a maximum
scan volume of about 200 mm3. A voxel equals a value in three-di-
mensional space, which is located on a regular grid with a lattice size
defining the resolution of X-ray computed tomography scans. A com-
parison of different scan resolutions is presented in [60].

In order to validate the results of the X-ray computed tomography
scans, a fracture surface analysis by scanning electron microscopy is
performed for each tested specimen. Fig. 11 shows a comparison of a
shrinkage micropore analyzed by SEM at a fractured surface and the
corresponding result of the X-ray tomography scan. In case of specimen
#1 at extraction position #1 a maximum pore size of 48.8±26.6 µm is
evaluated by the fracture surface analysis and a value of
52.4±30.6 µm in the course of the X-ray tomography scanning [51]. It
shows that both methods agree quite well, which basically enables the
applicability of non-destructive X-ray computed tomography scanning
to properly evaluate micropore sizes.

Using the measured area of each micropore, the location λ and scale
parameter δ of the Gumbel distribution [19] on the basis of the
equivalent diameter dequ as well as the √area parameter for the appli-
cation of the fatigue assessment model by Murakami [34] are defined.
Additionally, the exponent m1 to evaluate the fatigue behaviour on the
basis of the method by Tiryakioğlu [20], as shown in Eq. (3), and m2 for

the √area model are evaluated by a best-fit approach. In the same way
the incorporated material constants B and C1 are appraised. The con-
stant C2 is defined as value for subsurface crack initiation according to
[34]. The resulting parameters are summarized for the EN AC-45500
specimen #1 at the positions #1 to #3 in Table 5 and for the of EN AC-
46200 specimen #2 and #3 at the position #4 in Table 6. These values
are employed for the fatigue strength assessment in the subsequent
section.

The aforementioned parameters are valid for the specimens without
HIP as post-treatment involving preferential crack initiation at micro-
pores. A detailed fracture surface analysis of the tested EN AC-46200
specimen #1 at position #4 after HIP indicates a distinctive change of
the failure mechanism. The microporosity is significantly reduced due
to the HIP process, thus leading to a crack initiation at other dis-
continuities within the material. Fig. 12 depicts two fractured surfaces
of EN AC-46200 specimens after performing HIP as post-treatment
process. It is clearly shown that the failure origin does not take place at
a micropore, but occurs at other material inhomogeneities, such as Si-
or Fe-phases. This certain change of the failure mechanism is also ob-
served in other studies investigating the effect of HIP on the fatigue
strength of casted aluminium alloys, see [61,62]. However, as the focus
of this paper is laid on the microporosity and its influence on the fatigue
behaviour, the specimens tested in HIP condition are not considered in
the following fatigue assessment. A fatigue design of casted aluminium
components after HIP is set as prospective working topic.

3. Fatigue strength assessment

This section illustrates the fatigue strength assessment of the in-
vestigated specimens before HIP by the presented fatigue models in-
volving the evaluated microstructural parameters. At first, the EN AC-
45500 specimen #1 at the positions #1 to #3 are assessed. An appli-
cation of the design model by Tiryakioğlu [20] at a normalized nominal
stress amplitude of σa = 1.10, which is located in the finite lifetime
region for all three test series, is demonstrated in Fig. 13. Thereby, the

Fig. 10. X-ray tomography scan of EN AC-45500 specimen #1 (a) and representation of
typical shrinkage pore (b).

Fig. 11. SEM analysis of micropore at fractured surface of EN AC-
45500 specimen (a) and corresponding result of X-ray tomo-
graphy scan (b).

Table 5
Parameters for fatigue assessment of EN AC-45500 specimen #1 at positions #1 to #3.

Test series λ [µm] δ [µm] m1 [-] √area [µm] m2 [-]

Position #1 49.2 22.9 3.9 28.4
2.1Position #2 72.9 21.5 2.8 59.3

Position #3 170.8 39.6 4.7 143.8

Table 6
Parameters for fatigue assessment of EN AC-46200 specimen #2 and #3 at position #4.

Test series λ [µm] δ [µm] m1 [-] √area [µm] m2 [-]

Specimen #2 195.1 94.9 4.1 161.4 3.0
Specimen #3 184.1 64.1 253.7
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failure probability Pf over the number of load-cycles until burst fracture
N is calculated in accordance to Eq. (3). Incorporating the approach
given in [27] to estimate the crack initiation lifetime Ni it is shown that

in case of position #1, Ni is about 30% of the total lifetime, and for
position #2 and #3, Ni is about zero. Herein, the parameters are defined
as k0 = 103, a = 798, b = 0.1, and C0 = 70.4 in accordance to a
similar cast aluminium alloy in [63]. Based on extensive numerical
analyses in [34], the stress concentration factor at the pore is estimated
towards a value of kσ = 2.60. The results crack initiation lifetime Ni are
in sound accordance to [26] by specifying values of about 30–40% of
the total lifetime N.

In addition to the fatigue assessment in the finite lifetime region, the
presented √area model by Murakami [34] is applied to assess the fa-
tigue resistance in the high-cycle fatigue regime at ten million load-
cycles. A comparison of the results for the EN AC-45500 specimen #1 at
the positions #1 to #3 by both models to the experimental fatigue
strength values for a survival probability of PS = 50% is shown in
Table 7. It is observed that the estimated numbers generally agree well
to the fatigue test results. In case of the model by Tiryakioğlu [20], all
fatigue life results N are conservatively underestimated with a max-
imum deviation of less than 9%. For the Murakami approach [34],
again a conservative assessment of the fatigue resistance σR with a
maximum deviation of 14% is detected.

At second, Fig. 14 depicts the results of the model by Tiryakioğlu
[20] applied for the EN AC-46200 specimen #2 and #3 at position #4
at a normalized nominal stress amplitude of σa = 1.31. As both test
series exhibit the same material properties, only the statistical size ef-
fect is investigated. Due to an increased highly-stressed volume in case
of specimen #2 compared to type #3, additionally the location λ and
scale parameter δ of the extreme value distribution based on the eval-
uated micropore sizes are enhancing. These values are reflected in the
assessed failure probability Pf of both test series, whereby the specimen
#3 demonstrates an enhanced fatigue life compared to specimen #2,
which can be directly drawn to the statistical size effect. However, as
both parameters λ and δ are increased, not only a shift of the dis-
tribution, but additionally a change of the shape occurs. Hence, an
increase of the highly-stressed volume does not only affect the mean
fatigue life, but ancillary enhances the scatter index, which can be also
monitored at the fatigue test results.

A comparison of the results for the EN AC-46200 specimen #2 and
#3 at the position #4 by both models to the experimental fatigue
strength value at a survival probability of PS = 50% is shown in
Table 8. Again both fatigue assessment concepts agree well to the ex-
periments, where at the model by Tiryakioğlu [20] shows a minor
overestimation by less than 5% for specimen #2 and a conservative
underestimation by about 4% in case of specimen #3. For the

Fig. 13. Failure probability over load-cycles at a nominal stress amplitude of σa = 1.10 of
EN AC-45500 specimen #1 at positions #1 to #3.

Table 7
Fatigue assessment results of EN AC-45500 specimen #1 at positions #1 to #3.

Test series Load-cycles Nσa=1.10 [-] Fatigue resistance σR [-]

Experiment Model [20] Experiment Model [34]

Position #1 845,000 835,000 1.00 0.86
Position #2 450,000 435,000 0.75 0.69
Position #3 225,000 205,000 0.61 0.58

Fig. 14. Failure probability over load-cycles at a nominal stress amplitude of σa = 1.31 of
EN AC-46200 specimen #2 and #3 at position #4.

Table 8
Fatigue assessment results of EN AC-46200 specimen #2 and #3 at position #4.

Test series Load-cycles Nσa=1.31 [-] Fatigue resistance σR [-]

Experiment Model [20] Experiment Model [34]

Specimen #2 430,000 450,000 0.92 0.93
Specimen #3 745,000 720,000 1.00 0.99

Fig. 12. SEM analysis of fractured surfaces of EN AC-46200 spe-
cimens after HIP with crack initiation at Si-phase (a) and at Fe-
phase (b).
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Murakami approach [34], a the fatigue resistance σR is overestimated
by just 1% for specimen #2 and underestimated by only 1% in case of
specimen #3. Summarized, an application of both models incorporating
the evaluated parameters of the extreme value distribution by Gumbel
[19] is able to properly cover the statistical size effect.

As introduced, another feasible approach [46] to assess the statis-
tical size effect based on the Weibull distribution [13] is presented in
Eq. (9). Utilizing the numerically computed ratio of the highly-stressed
volumes of 2.58 in combination with the recommended Weibull para-
meter for aluminium castings [47] of k = 10, a fatigue resistance ratio
σR,spec#2/σR,spec#3 of 0.91 is estimated. This value is in sound agreement
to the experimental results exhibiting a ratio of 0.92. Hence, also the
more simplified approach [46] is sufficiently capable to estimate the
statistical size effect. However, manufacturing conditions, such as
casting parameters or component geometry, significantly affect the
local microstructural properties, like the second dendrite arm spacing
and the micropore size distribution. Therefore, an incorporation of
these local characteristics within the presented elaborated fatigue as-
sessment procedures is suggested, as such manufacturing process de-
pendent effects may have a fundamental impact on the local fatigue
strength of casted aluminium components. As within this study the
mean fatigue strength of the fatigue test results acts for comparison,
prospective work will focus on the evaluation of accurate design values
for higher survival probabilities PS. Therefore, additional fatigue tests
incorporating majorly enhanced sample batch sizes are scheduled to
achieve more statistically substantiated findings, which are properly
applicable to mass production in the automotive industry [64]. In ad-
dition, further influences on the fatigue strength, such as multiaxiality
[65], complex load scenarios including variations in stress ratio [66] or
variable amplitude loading [67], or elevated temperatures [68] are
defined as future topics in this field of research.

4. Conclusions

This paper investigates the fatigue strength of the cast aluminium
alloys EN AC-45500 and 46200 incorporating the influence of micro-
porosity and the statistical size effect. Fatigue tests under uniaxial
tension/compression loading at an alternating stress ratio reveal that
the microporosity majorly affects the fatigue behaviour with a max-
imum difference in fatigue resistance σR at ten million load-cycles of up
to 39% in case of the EN AC-45500 specimens. This influence can be
majorly drawn to the different extraction positions exhibiting varying
microstructural properties, such as second dendrite arm spacing and
micropore size distributions. An extensive analysis of the local micro-
structure by metallographic analysis, scanning electron microscopy of
fractured surfaces as well as X-ray computed tomography proof these
variations. The statistical size effect is investigated with two different
EN AC-46200 specimen types manufactured from the same extraction
position, but featuring a dissimilar specimen length, which primarily
leads to an unequal highly-stressed volume. The uniaxial experiments
demonstrate that the specimen type exhibiting an increased highly-
stressed volume shows a reduction in fatigue resistance σR at ten million
load-cycles by 8%, which can be directly drawn to the statistical size
effect. A concluding fatigue strength assessment based on the model by
Tiryakioğlu [20] utilizing the extreme value distribution of the micro-
pore sizes by Gumbel [19], and the √area approach by Murakami [34]
is performed. The results highlight a sound accordance to the experi-
ments enabling a local fatigue strength assessment, which incorporates
manufacturing process dependent material characteristics.
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