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Abstract: Aluminum–silicon alloys are commonly used in die-cast and additively manufactured (AM)
light-weight components due to their good processability and high strength-to-weight ratio. As both
processing routes lead to the formation of defects such as gas and shrinkage porosity, a defect-sensitive
design of components is necessary for safe application. This study deals with the fatigue and crack
propagation behavior of die-cast alloy AlSi7Mg0.3 and additively manufactured alloy AlSi12 and its
relation to process-induced defects. The different porosities result in significant changes in the fatigue
stress-lifetime (S–N) curves. Therefore, the local stress intensity factors of crack-initiating defects
were determined in the high and very high cycle fatigue regime according to the fracture mechanics
approach of Murakami. Through correlation with fatigue lifetime, the relationship of stress intensity
factor (SIF) and fatigue lifetime (N) could be described by one power law (SIF–N curve) for all porosities.
The relationship between fatigue limit and defect size was further investigated by Kitagawa–Takahashi
(KT) diagrams. By using El Haddad’s intrinsic crack length, reliable differentiation between fracture
and run out of the cast and AM aluminum alloys could be realized. SIF–N curves and KT diagrams
enable a reliable fatigue design of cast and AM aluminum alloys for a finite and infinite lifetime.

Keywords: aluminum–silicon alloy; AlSi7Mg0.3; AlSi12; die casting; additive manufacturing; laser powder
bed fusion; high cycle fatigue (HCF); very high cycle fatigue (VHCF); defect-based lifetime calculation;
fracture mechanic approaches

1. Introduction

Aluminum alloys are promising candidates for light-weight applications in highly loaded
components like in the automotive or railway industries. The low density of 2.66 kg/dm3 and the
excellent strength-to-weight ratio enables a weight reduction of up to 35% in practical applications [1].
Hereby, casting and additive manufacturing (e.g., by laser powder bed fusion (L-PBF)) allow
near-net-shape manufacturing from large- to small-scale components. While cast aluminum alloys are
used for low-cost solutions with medium quantities, L-PBF aluminum alloys are high-cost solutions
for custom or individual components (e.g., internal cooling or heating channels, bionic structures) with
high-complexity and small-quantities down to single-item production.
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Aluminum cast alloys are grouped according to the major alloying element, the Si alloying element
is in group 4xx.x, and the Si–Mg alloying elements in group 3xx.x (wrought alloy 4xxx and 3xxx).
These alloys are very suitable for casting because Si increases the fluidity of the melt and reduces
the melting temperature. Si also has a low density of 2.34 kg/dm3, which provides the alloy with the
advantage of reducing weight. This is why this alloy group is used for automotive and aerospace
applications. Al–Si alloys are ideal for replacing high-density alloys due to their mechanical properties
and wearing resistance [2]. Figure 1 shows a section of the binary Al–Si phase diagram. Alloys can be
classified as hypoeutectic (<12 wt.% Si), eutectic (12–13 wt.% Si), and hypereutectic (14–25 wt.% Si).
Commercial Al–Si alloys that contain Fe form two types of intermetallic phases by eutectic reaction:
α-Al12Fe3Si (cubic crystal structure), and at higher Si levels, β-Al9Fe2Si will be formed [3].
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In cast components, hypoeutectic aluminum alloys with a silicon amount of 7–9 wt.% are most
commonly used due to their combination of good castability and ductility as well as the possibility of
precipitation hardening by alloying magnesium [4]. The fatigue performance in cast aluminum alloys
is primarily limited by process-induced shrinkage and gas porosity [5–7]. Modern cast processes and
hot isostatic pressure (HIP) treatment results in a reduced or even removed porosity [8,9]. Through a
reduction in pore size to 25–100 µm [8,10], the weakest link for fatigue crack initiation changes from
structural (e.g., porosity, oxides) to microstructural inhomogeneities (e.g., eutectic silicon particles,
intermetallic precipitates) [8,11–13]. The size and morphology of the eutectic silicon particles can be
controlled by the addition of Na or Sr refining and by increasing the cooling rates, leading to refinement
and spherodization of Si particles [9].

Selective laser melting of AlSi12 leads to the formation of a 3D interconnected network of Si
dendrites infiltrating an aluminum matrix resulting in a eutectic morphology. Anticipating gas porosity,
it was proposed to apply heat (200 ◦C) to the deposition platform to reduce heat gradient and thus
inflict more stable melt pools to enhance degassing. The result was coarsening of the structure and an
increase in the width of the dendrites [14]. The boundaries between melt pools were microstructurally
distinguishable as the microstructure coarsened there. This was a consequence of laser scan overlap
giving rise to more exposure to heat and lower cooling rate [15]. Such unique formation was a result
of heterogeneous nucleation conditions inflicted by the limitation of the solubility of Si in Al and
high cooling rates during the process. Due to limited solid solubility of Si in Al as temperature
drops (1.65 wt.% at 850 K, 0.06 wt.% at 300 ◦C), Si particles are rejected to the boundaries of the solid
solution. However, this limited solid solubility is extended in high cooling rates, giving way to a
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decreased solute concentration in the liquid and reduced constitutional undercooling. As a result,
α-Al solidifies in cellular morphology, while Si particles accumulate at the α-Al boundaries [16].
Such a microstructure of dispersed Si round particles in the α-Al matrix as they are rejected by
the Al lattice [15,17] properties provide the potential for microstructural coarsening and eventual
agglomeration of Si particles at sufficiently high temperatures and holding times. One more result of
annealing treatments (6 h, 200–450 ◦C), is an increase of dispersed Si round particles in the α-Al matrix
as they are rejected by Al lattice [15,17].

The effect of defects on the fatigue limit depends on the defect morphology and the notch
sensitivity of the material. By increasing the notch radius ρ of the specimens (notch depth t is constant),
Frost [18] found that the fatigue limit rapidly decreased with an increasing stress concentration factor
Kt, but beyond a critical value Kt,0, the fatigue limit remained constant. For this region, where the notch
radius has no effect on fatigue limit, Smith and Miller [19] demonstrated that all notched specimens
with a certain notch depth or length, respectively, behaved comparably to the cracked specimen with
the same crack length (crack-like notch), described by the following equation for the stress intensity
factor (SIF) range ∆K of the linear elastic fracture mechanics (LEFM) near fatigue limit:

∆σth =
∆Kth

Y·
√
πa

(1)

where ∆Kth is the threshold of SIF range for long-crack propagation; Y is the geometric factor; and ∆σth
is the fatigue limit for a specimen containing a crack or a defect of size a. This relation is illustrated in
Figure 2a as line in the Kitagawa–Takahashi diagram [20] (log–log ∆σth-a) and is limited by the intrinsic
material fatigue limit ∆σ0 of a defect-free specimen. The intersection at point B gives El Haddad’s
intrinsic crack length a0 [21], which can be calculated by the following equation (Y = 1):

a0 =
1
π

[
∆Kth
∆σ0

]2

(2)
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Figure 2. Fatigue strength σth dependent on defect size a, the intrinsic defect size a0, and threshold of
stress intensity factor range for long-crack propagation ∆Kth: (a) Schematic illustration [22] and (b)
experimental validation [23].

Experimental results on metallic materials have shown that there is a continuous transition
between section A–B and section B–C [21–23], as summarized by Sadananda and Sarkar in Figure 2b.
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The continuous transition from point A to C within the Kitagawa–Takahashi diagram (Figure 2a)
can be explained by El Haddad’s equation:

∆σth =
∆Kth√
π·(a + a0)

(3)

and allows for the estimation of fatigue limit ∆σth for materials with a specific defect length a.
Several investigations have proven that the effect of defects on the fatigue limit of aluminum alloys
can be described using the Kitagawa–Takahashi diagram under uniaxial and multiaxial loading,
especially for AlSi7Mg0.3-T6 [24–26], AlSi7Mg0.3-T7 [27], and AlSi8Cu3-T6 [28].

The effect of variations in defect and crack geometries (e.g., different positions (surface or volume)
or finite specimen size cannot be described within one traditional Kitagawa–Takahashi diagram,
as Equations (2) and (3) have to be modified by the geometric factor Y to avoid inconsistency between
the material fatigue limit (∆σ0), as shown in the following equations [29,30]:

a0 =
1
π

[
∆Kth

Y·∆σ0

]2

(4)

∆σth =
∆Kth

Y·
√
π·(a + a0)

(5)

As a result, a0 is affected by the defect or crack geometry and is no longer a material constant.
Atzori et al. [22] further modified Equation (5) by using a0 as the material constant (Equation (2)) and
related the geometric factor to a of Equation (5) in Equation (6). In the modified Kitagawa–Takahashi
diagram, ∆σth is then plotted against Y2

·a, which enables the comparison of fatigue datasets for different
defect and crack geometries within one unified Kitagawa–Takahashi diagram:

∆σth =
∆Kth√

π·(Y2·a + a0)
(6)

In materials with initial defects (e.g., process-induced gas and shrinkage porosity in the cast and
additively manufactured aluminum alloys), the “defect-free” intrinsic material fatigue limit (∆σ0) and
intrinsic crack length a0 mostly cannot be determined experimentally and can be estimated based on
the “defective” fatigue limit (∆σ′0) and “defective” intrinsic crack length a′0 by the initial defect length
ai, according to the equations of Tanaka et al. [31]:

a′0 =
1
π

[
∆Kth
∆σ′0

]2

(7)

a0 = a′0 − ai (8)

∆σ0 = ∆σ′0

√
a′0
a0

(9)

In industrial components, defects and cracks have a complex 3-dimensional crack geometry, and the
determination of crack length a is difficult and time-consuming. Due to this, Murakami et al. [32,33]
found out that Equation (1) can be modified to calculate the SIF range ∆K for a wide range of short
defects and cracks in the materials and components by using the square root of the projected defect or
crack area perpendicular to the load direction

√
A together with a geometric factor Y of 0.65 for surface

defects and 0.5 for internal defects:

∆K = Y·∆σ
√
π·
√

Ae f f (10)
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Here, the convex defect area is used as an effective area of the defect
√

Ae f f , instead of the real complex
cross-section as the interspaces of complex defects have a negligible bearing effect and further increase
the stress intensity factor. Sub-surface defects with a distance to the surface of equal or smaller than
half the square root of the defect area

√
A are defined as surface defects (cf. Mayer et al. [34]), where the

free area between the defect and specimen surface
√

A f ree is added to the effective surface defect area
√

Ae f f , according to Murakami [35].
The above equations enable us to study the effect of process-induced defects in various alloys

related to their specific crack sensitivity. For this purpose, the fatigue behavior for die-cast (DC) and
additively manufactured (AM) aluminum alloys were characterized related to fatigue lifetime and
limit as well as crack-initiating defects. The results were discussed in the S–N curves as well as SIF–N
curves by using the local stress intensity factor of a crack-initiating defect, according to Murakami et
al. [32,33]. Finally, the results were analyzed by the modified Kitagawa-Takahashi diagram for DC and
AM aluminum alloys. A normalized description of the Kitagawa-Takahashi diagram allows a unified
visualization of the effects of defects in aluminum alloys with variation in microstructure and defects.

2. Materials and Methods

2.1. Die-Cast Aluminum Alloy

Die-cast (DC) samples of aluminum alloy AlSi7Mg0.3 were manufactured by gravity die-casting.
The alloy was molten in an electric resistance furnace, including the alloying procedure with the
addition of AlTi5B1 for grain refinement and Strontium (Sr) for Si eutectic modification. The melt was
heated up to 730 ◦C and poured into a steel mold, which was pre-heated to 450 ◦C. To investigate the
effect of cast porosity, selected castings were given a melt cleaning by nitrogen releasing tablets for
improving the hydrogen-induced porosity, i.e., batch DC-1 without and batch DC-2 with melt cleaning.
Moreover, selected samples of batch B (incl. melt cleaning) were hot isostatically pressed (HIPed) by
Bodycote DensalTM process (Bodycote, Haag-Winden, Germany) to significantly reduce the casting
porosity compared to as-cast batch DC-1 and DC-2, named batch DC-3. Finally, cast batches DC-1 to
DC-3 got a T6 heat treatment, i.e., solution treatment at 545 ◦C for 1 h. in an air-circulated furnace,
water-quenched at room temperature, and artificially aged at 160 ◦C for 5 h Further details on the
casting process are described in Tenkamp et al. [26].

The chemical composition was analyzed by means of spark emission spectroscopy and is shown in
Table 1. Samples for microstructural characterization were cold-embedded, ground, and polished to a
grit size of 0.3 µm using oxide polishing suspension (OPS with colloidal SiO2). The secondary dendrite
arm spacing (SDAS) was determined by a linear intercept method based on a minimum of ten dendrites
at 50×magnification. Si particle morphology (e.g., size, shape) within the interdendritic Al-Si eutectic
has been quantified by binary greyscale analysis with image processing program ImageJ (Open source
software) on micrographs with 500× magnification on a minimum of five micrographs. Hereby,
mean values of area, major and minor dimension, as well as sphericity of Si particles, were determined
for each batch. The 2-dimensional sphericity Ψ2D was determined by the following equation

Ψ2D =
Pcircle(A = Areal)

Preal
=

2·
√
π·Areal

Preal
(11)

Using area Areal and perimeter Preal. The sphericity takes values between 0 and 1, whereby 0 is attributed
to an elongated ellipse and 1 to an ideal spherical particle. For each cast alloy batch, more than 1000 Si
particles were analyzed to determine representative values. Afterward, the grain size was determined
in Barker etched micrographs and quantified by the linear intercept method under polarized light
using a stereoscopic light microscope Zeiss Imager M1m (Carl Zeiss Microscopy, Jena, Germany).
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Table 1. Chemical composition of die-cast (DC) and additively manufactured (AM) alloy AlSi7Mg0.3
and AlSi12, all data in wt.%.

Process Alloy Si Mg Fe Mn Ti Al

DC AlSi7Mg0.3 7.5 0.288 0.094 0.0018 0.146 Bal.
AM AlSi12 11.0–13.0 0.10 0.6 0.15 n.a. Bal.

Hardness measurements were performed on Wolpert Dia-Testor 2 RC (Wilson Wolpert Instruments,
Aachen, Germany) using a force of 98.07 N (HV10) with a minimum of five indentations.

2.2. Additive Manufactured Aluminum Alloy

The additively manufactured (AM) specimens were processed on an SLM solutions SLM 250 HL
with manufacturer recommended L-PBF process parameter with a 400 W fiber laser in the vertical
direction. The base plate was heated up to 200 ◦C, and SLM-AutoFabCAM software (SLM Solutions,
Luebeck, Germany) was integrated into the machine system. Melt pools were shielded by Argon gas
in the build chamber, where scanning followed the so-called chessboard strategy. SLM-AutoFabCAM
is the laser vector orientation software, which, e.g., controls energy changes locally and avoid over
melting at a location where the direction changes by 180◦. It consisted of contour solidification followed
by island hatches. Contour hatches were perpendicular to each other while the vector orientation
plane was rotated by 79◦ per layer.

Cuboids were manufactured according to the above-mentioned strategy to be cold-embedded
and then ground and polished to a final grit size of 0.3 µm, at which point OPS was applied.
The sections were studied in the scanning electron microscope (SEM) Tescan Mira XMU (Tescan,
Brno, Czech Republic), which is equipped with an EDAX detector for composition analysis by
energy-dispersive X-ray (EDX/EDS).

2.3. Computed Tomography

Computed tomography (CT) investigations were carried out with Nikon XT H 160 (Nikon
Metrology, Alzenau, Germany) to quantify the statistical and 3-dimensional distribution of
process-induced porosity in the region of gage length. The CT system is equipped with a 160 kV/60 W
micro-focus X-ray tube. In DC investigations’ voxel sizes of approx. 11.5 µm were used together with
the following CT parameters: 130 kV, tube current 60 µA, exposure time 354 ms, 1583 projections, and
8-fold superimposition. For AM alloy voxel sizes of approx. 7 µm were used with comparable CT
parameters [36]. The pore size was quantified by the square root of the projected area perpendicular
to the load direction, according to Murakami et al. [32,33]. The 3-dimensional sphericity Ψ3D was
determined by the following equation according to Wadell [37]:

Ψ3D =
Ssphere(V = Vreal)

Sreal
=

3
√
π·(6·Vreal)

2

Sreal
(12)

using the real volume Vreal and surface area Sreal of each pore to calculate the ratio between the surface
area of an ideal spherical pore with the same volume as the real pore (Ssphere) and the surface area of the
real pore (Sreal). The 3-dimensional sphericity takes values between 0 and 1, whereby 0 is attributed to
an elongated, needle-like ellipsoid and 1 to an ideal sphere.

2.4. Quasi-Static Testing

The monotonic stress-strain behavior was characterized by quasi-static tensile tests using
servo-hydraulic testing machines Schenck PC63M (DC alloy) and Instron 8872 (AM alloy). For both
alloys, the strain was measured using tactile extensometer with a gauge length of 10 mm. Cast alloys
were tested strain-controlled at a strain rate of 0.07·10−3/s (elastic region) and 0.25·10−3/s (elastic-plastic
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region) according to DIN 6892-1. Tensile tests for AM alloys were performed at a displacement rate of
1 mm/min. The specimen geometries for DC and AM alloy are shown in Figure 3a.Metals 2020, 10, x FOR PEER REVIEW 7 of 17 
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2.5. Fatigue Testing

The fatigue behavior was characterized in HCF and VHCF tests at room temperature. For DC alloy,
HCF tests were carried out on resonant testing system Rumul Testronic (Russenberger Pruefmaschinen
AG, Neuhausen am Rheinfall, Schwitzerland) with a 20 kN load cell at a frequency of f = 70 ± 5 Hz.
The HCF tests were performed stress-controlled with a load ratio of R = −1 (fully-reversed loading) at
various constant stress amplitudesσa between 100 and 260 MPa. The fatigue progresses, and mechanisms
are monitored by stress-strain hysteresis analysis (extensometer), alternating current potential drop
(ACPD), and video microscopy (Figure 4). The number of cycles to crack initiation was defined as
a drop in the resonant frequency of 0.005 Hz for each DC batch to separate between fatigue crack
initiation and propagation lifetime. For AM alloy, HCF tests were performed on a servo-hydraulic
testing system Instron 8872 with a 10 kN load cell at f = 20 Hz and R = −1.

For the VHCF tests, an ultrasonic testing system Shimadzu USF-2000A (Shimadzu, Duisburg,
Germany) has been used (Figure 5). In this USF system, the mechanical oscillation is applied to
a piezoelectric crystal, which converts a sinusoidal (f ≈ 20.0 ± 0.5 kHz) electric power generated
by a frequency generator and amplifier into a mechanical oscillation. The oscillation is amplified
in its amplitude by a titanium horn and axially transferred into the screwed-in fatigue specimen.
The specimen is loaded by a cyclic push-pull loading at a stress ratio of R = −1 in the gauge length.
The test frequency of the fatigue specimen is monitored during the fatigue test as it changes due to
crack formation and growth as well as cyclic hardening or softening. A defined drop of test frequency
serves as a shut-off criterion for the ultrasonic fatigue system.
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When damage in the form of cracks accumulates, the machine, which runs at specific displacement
amplitude, detects a deviation in frequency due to damping behavior. When the threshold value for
frequency deviation is passed, a fracture is detected, and the test stops. This compares to analogous
failure detection mechanisms in [39,40]. Specimen heating is avoided by the pneumatic air-cooling
system and by performing the fatigue tests in pulse-pause mode (50:50), which reduces the effective
test frequency to 10.0 kHz. The specimen geometries used for HCF and VHCF tests are shown in
Figure 3b,c. The specimens were machined following DIN EN 6072:2011-06. With this, the gage sections
were ground and polished up to 1 µm diamond paste.

2.6. Crack-Propagation Testing

Crack propagation specimens were manufactured and machined according to ISO 12108:2012,
and tests were performed according to the same standard. For AM alloys, the test stress ratio and
frequency were set to R = 0.1 and f = 20 Hz, respectively, while the test run was performed at a pulsating
stress intensity factor. The tests were carried out on the servo-hydraulic testing system Instron 8801
with a 100 kN load cell. The crack length development was measured by crack opening displacement
(COD) gage with a 5 mm gauge length and 2 mm travel. To capture the fatigue driven crack growth,
a pre-cracking phase is carried out to detect the threshold region and Paris region. Comparable tests
were performed on DC alloys using a resonant fatigue system Rumul Cracktronic (R = 0.1; f = 65 Hz).
Further details can be found for AM alloys in [41] and for DC alloys in [26].

3. Results and Discussion

3.1. Microstructure

The chemical composition of DC and AM alloy are shown in Table 1. The microstructure analyses
of grain size, secondary dendrite arm spacing (sDAS) for DC, and dendrite width for AM alloy, as well
as Si particle analyses, are shown in Table 2. DC batches have a comparable grain and sDAS size,
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while the HIP treatment in DC-3 leads to some coarsening of Si particles compared to batch DC-2.
All DC batches show high and comparable sphericity of Si particles due to the high solution annealing
temperature in T6 heat treatment.

Table 2. Microstructural characteristics of die-cast (DC) and additively manufactured (AM) alloy
AlSi7Mg0.3 and AlSi12.

Batch Grain Size
[µm]

Dendrite Size
[µm]

Area
[µm2]

Major Axis
[µm]

Minor Axis
[µm]

Sphericity Ψ2D
[–]

DC-1 628 ± 312 34.1 ± 3.0 5.11 3.06 1.71 0.91
DC-2 660 ± 266 35.1 ± 5.0 4.10 2.75 1.61 0.85
DC-3 562 ± 300 35.3 ± 5.1 5.69 3.25 1.79 0.84
AM-1 - 0.31 ± 0.17 * - - - -
AM-2 - 0.46 ± 0.23 * - - - -

* Mean value for the z-plane (build direction) and xy-plane (the perpendicular direction).

In the L-PBF process, it can be evident that the cooling rate, which is 104–107 K/s, leads to significant
refinement of AlSi12 by two orders of magnitude. Furthermore, within AM batches, the application
of stress relief heat treatment allowed further dendritic width growth in AM-2 due to more thermal
energy to drive the segregation of Si particles from the Al matrix to the grain boundaries. Since the AM
microstructure is significantly finer, the available microscopy equipment was not certain to produce
highly accurate measurements for Si particles’ area, major and minor axes, and sphericity at such scale
with significant scatter of dimensional morphology.

3.2. Defect Distribution

Based on CT scans, the relative density, the pore or defect size
√

A, respectively, and its sphericity
Ψ3D distribution was quantified. Figure 6a,b show the defect size and shape of the detected porosity
within the specimens as well as the distribution of defect size within each batch. The relative density
was determined to ρrel = 99.91% for batch DC-1, 99.83% for batch DC-2, and approx. 100.00% for batch
DC-3. AM alloy had a relative density of 99.51% for AM-1 and 99.67% for AM-2. As-cast batches DC-1
and DC-2 show the largest pores with up to 600 µm. The porosity within the HIPed batch DC-3 is
significantly reduced to a maximum size up to 60 µm including an increase in shape factor to more
spherical pores. Batch AM-1 contains maximum pores of 160 µm with a more spherical shape than
as-cast batches DC-1 and DC-2. The total defect density of AM-1 and AM-2 is approx. 51.6 and 43.5
pores per mm3, respectively, and much higher than cast batches DC-1, DC-2, and DC-3 with approx.
4.6, 7.1, and <0.1 pores per mm3, respectively, which increases the possibility of a large pore at AM
specimen surface.

3.3. Monotonic Stress-Strain Properties

The monotonic stress-strain behavior for die-cast and additively manufactured alloys were
determined by a minimum of three tensile tests for each batch. The properties are summarized in
Table 3. Hereby, batch DC-3 (HIPed) has sufficiently increased yield and tensile strength as well as
fracture strain compared to DC-1 and DC-2 (non-HIPed). These differences in strength and ductility
can be attributed to the notch effect of large-volume porosity leading to significant plastic deformations
at decreased stresses. Batch DC-1 and DC-2 have comparable values for strength and fracture strain,
which means that nitrogen melt cleaning (batch DC-2) had no significant impact on tensile strength
and fracture strain. AM alloys have a comparable hardness and Young’s modulus to DC alloys.
The yield strength is in the same rage for “defective” DC batches DC-1 and DC-2, while DC-3 show a
significantly increased yield and ultimate tensile strength. This can be related to increased porosity
including large pore in DC-1 and DC-2 as the resulting stress concentration by large pores lead to the
formation of plastic deformation at lower nominal stresses compared to DC-3, as shown by Weiler and
Wood for porous magnesium alloys [42]. The ultimate tensile strength is significantly higher in AM
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alloys, which can be addressed to the Hall-Petch effect as the microstructure is finer by two orders
of magnitude.
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Table 3. Hardness and quasi-static properties of die-cast (DC) and additively manufactured (AM) alloy
AlSi7Mg0.3 and AlSi12.

Batch HV10 E [GPa] σy,0.02 [MPa] σy,0.2 [MPa] σUTS [MPa] εt

DC-1 96 ± 6 71.5 ± 3.2 153 ± 16 196 ± 18 253 ± 1 5.6 ± 2.2
DC-2 92 ± 3 73.0 ± 2.0 149 ± 22 192 ± 14 257 ± 20 5.6 ± 1.0
DC-3 108 ± 1 74.6 ± 2.5 185 ± 4 237 ± 3 308 ± 5 9.4 ± 1.5
AM-1 107 ± 3 76.7 ± 4.2 145 ± 4 218 ± 7 372 ± 7 3.4 ± 0.29
AM-2 100 ± 4 72.5 ± 4.3 126 ± 4 201 ± 4 361 ± 5 4.1 ± 0.15

3.4. Fatigue Lifetime Behavior

The results of fatigue experiments are plotted in Figure 7 as S-N (Woehler) curves for DC batches
(Figure 7a) and AM batches (Figure 7b). The specific S-N curves are described by Basquin equation

σa = σ′f ·
(
N f

)b
(13)

which were fitted by linear regression in log(S)-log(N)-diagram excluding run outs. The related
parameters are plotted in Table 4. Batches DC-1 and DC-2 have a significantly reduced fatigue strength
and lifetime compared to DC-3 due to the small porosity amount and the movement of large-volume
pores. In Figure 8a,b crack-initiating pores are shown for batch DC-2 and DC-3. The reduced porosity
in DC-3 leads to a fatigue lifetime magnification by a factor of around 5 (DC-1) to 9 (DC-2) at a stress
amplitude of 140 MPa. In the HCF regime at the resonant testing machine, first, run outs at 1·107

are determined at 100 MPa for DC-3 as well as 70 MPa and 60 MPa for DC-2 and DC-1, respectively.
Ultrasonic fatigue testing system determined at 100 MPa a lifetime of around 1·107 for DC-3. The S-N
slope is significantly decreased in the VHCF regime compared to the HCF regime by a factor of 4.
The first run out at 1E9 was determined at 80 MPa.

Batch AM-1 have a significantly reduced fatigue strength and lifetime compared to AM-2 due to
the increased gas porosity amount with low sphericity that acts as internal micro notches. In Figure 8c,d
crack-initiating pores are shown for batch AM-1. The defect size is three times larger with non-regular
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shape and internal notch morphology that leads to significantly less fatigue lifetime at a stress amplitude
of 70 MPa in comparison to the fatigue lifetime of the same batch where the defect is spherical without
crack-like shape. In the LCF regime, the fatigue strength difference is much less due to the interaction
between porosity and microstructure. In other words, porosity is not the main influencing factor
behind fatigue failure, such as in VHCF. It is rather the much finer microstructure of AM-1 in that resist
plastification at crack tips and hinders propagation from a higher amount of porosity in comparison to
AM-2. The finer microstructure of AM-1 resists fatigue crack initiation significantly higher, which leads
to delayed fracture.

Based on fractographic SEM investigations, crack-initiating defects or pores, respectively, could be
determined for selected specimens of each batch, and representative fractographic images are shown
in Figure 8. In DC alloys, the fatigue crack initiated at surface and sub-surface pores. Figure 8a is
a representative for DC-1 and DC-2, as crack initiated in botch batches from large-volume pores.
The differences in the crack-initiating pore of 301 µm to 106 µm result in a change of fatigue lifetime of
around factor 3 in the HCF regime. For batch AM-1, fatigue cracks initiate at surface and sub-surface
pores comparable to DC batches, as shown in Figure 8c,d. In batch AM-1, a reduced defect size of
276 µm (Figure 8c) and 116 µm (Figure 8d) results in an increase of lifetime by more than factor 10 in
HCF to VHCF regime.

Herewith, DC and AM alloy show significant sensitivity to the initial defect size, respectively,
and the reason will be discussed later based on SIF–N curves and Kitagawa-Takahashi-diagram.
No fatigue crack initiation from surface or sub-surface defects could be identified for batch AM-2,
as remnant gas porosity is reduced, and the fatigue crack initiation resistance becomes more dependent
on microstructure.
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(b) additively manufactured (AM) alloy AlSi12.

Table 4. S-N curve parameters of die-cast (DC) and additively manufactured (AM) alloy AlSi7Mg0.3
and AlSi12 related to Basquin.

Basquin DC-1 DC-2 DC-3a DC-3b AM-1a AM-1b AM-2a AM-2b

σ′f [MPa] 1382 1193 821 172 1107 87 212 144
b −0.201 −0.199 −0.137 −0.035 −0.193 −0.017 −0.048 −0.024
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Figure 8. Fractographic identification of crack initiation side for (a) DC-1 at 140 MPa and Nf = 1.1·105,
(b) DC-3 at 140 MPa and Nf = 2.8·105, (c) AM-1 at 70 MPa and Nf = 1.6·106 and (d) AM-1 at 70 MPa
and Nf = 3.2·108.

In Figure 9a, the SIF for each pore was determined based on stress amplitude (σa) and effective
defect size (

√
Ae f f ) for a surface and sub-surface defect related to Murakami et al. [32,33] with a

correction factor of 0.65 or 0.5, respectively, and plotted against fatigue lifetime (SIF-N diagram) for
DC batches and AM-1. The stress intensity factor shows a very good correlation with fatigue lifetime
for DC and AM alloy. DC batches show a comparable correlation between SIF and lifetime. Hereby,
batches with larger porosity DC-1 and DC-2 show a slightly increased fatigue lifetime at a certain stress
intensity factor level. In Figure 9b, the SIF is plotted against crack initiation lifetime for a specific drop
in resonant frequency, as explained in Chapter 2.5. At this crack initiation criterion, a total crack area A
of around 200 to 250 µm2 or crack length

√
A of around 400 to 500 µm in the gauge, the volume can

be estimated based on intermittent CT analysis by Tenkamp et al. [43] and includes related to Bang
et al. [44,45] a large amount of short crack propagation lifetime specified for short cracks to a crack
length less than 0.5 to 1.0 mm. The crack initiation lifetime correlates compared to total lifetime better
to the crack-initiating SIF, as batches DC-1 and DC-2 show no longer an increased lifetime compared to
DC-3. This means that the increased fatigue lifetime in Figure 9a can be related to the increased fatigue
propagation for batches with large pores, as the nominal stress amplitude is significantly reduced at
the same SIF level compared to batch DC-3 with small pores. Due to this, the local stress intensity
factor could be determined as a defect-sensitive parameter for the fatigue crack initiation phase in DC
aluminum alloys.



Metals 2020, 10, 943 13 of 18

Metals 2020, 10, x FOR PEER REVIEW 12 of 17 

 

fatigue crack initiation from surface or sub-surface defects could be identified for batch AM-2, as 

remnant gas porosity is reduced, and the fatigue crack initiation resistance becomes more dependent 

on microstructure. 

In Figure 9a, the SIF for each pore was determined based on stress amplitude (𝜎𝑎) and effective 

defect size (√𝐴𝑒𝑓𝑓) for a surface and sub-surface defect related to Murakami et al. [32,33] with a 

correction factor of 0.65 or 0.5, respectively, and plotted against fatigue lifetime (SIF-N diagram) for 

DC batches and AM-1. The stress intensity factor shows a very good correlation with fatigue lifetime 

for DC and AM alloy. DC batches show a comparable correlation between SIF and lifetime. Hereby, 

batches with larger porosity DC-1 and DC-2 show a slightly increased fatigue lifetime at a certain 

stress intensity factor level. In Figure 9b, the SIF is plotted against crack initiation lifetime for a specific 

drop-in resonant frequency, as explained in Chapter 2.5. At this crack initiation criterion, a total crack 

area 𝐴 of around 200 to 250 µm2 or crack length √𝐴 of around 400 to 500 µm in the gauge, the 

volume can be estimated based on intermittent CT analysis by Tenkamp et al. [43] and includes 

related to Bang et al. [44,45] a large amount of short crack propagation lifetime specified for short 

cracks to a crack length less than 0.5 to 1.0 mm. The crack initiation lifetime correlates compared to 

total lifetime better to the crack-initiating SIF, as batches DC-1 and DC-2 show no longer an increased 

lifetime compared to DC-3. This means that the increased fatigue lifetime in Figure 9a can be related 

to the increased fatigue propagation for batches with large pores, as the nominal stress amplitude is 

significantly reduced at the same SIF level compared to batch DC-3 with small pores. Due to this, the 

local stress intensity factor could be determined as a defect-sensitive parameter for the fatigue crack 

initiation phase in DC aluminum alloys. 

  

(a) (b) 

Figure 9. SIF–N curves for the (a) die-cast (DC) alloy AlSi7Mg0.3 and additively manufactured (AM-

1) alloy AlSi12 from the LCF to VHCF regime and (b) die-cast (DC) alloys related to crack initiation 

lifetime from the LCF to HCF regime. 

Through a comparison of the DC and AM alloy, AM-1 showed a different defect sensitivity, 

resulting in a decreased resistance in the LCF regime, a comparable resistance in the HCF regime 

around a fatigue lifetime of 106, and an increased resistance in the VHCF regime. The correlation 

between stress intensity factor and fatigue lifetime can be described by a power-law comparable to 

the Basquin equation, as shown in Figure 9a. The differences in defect sensitivity for DC and AM 

alloys led to a drop in the AM slope of around a factor 2.6. Here, the decreased slope of 0.078 fits well 

with the fatigue investigations of Shiozawa et al. [13] on the cast AlSi12CuNiMg alloy, where 

comparable curve parameters with a slope of −0.107 and a coefficient of 3.45 were determined in the 

SIF–N diagram. Therefore, the difference in slope could be related to the difference in chemical 

composition and the resulting reduction in ductility, as shown in Table 3 compared to DC-

Figure 9. SIF–N curves for the (a) die-cast (DC) alloy AlSi7Mg0.3 and additively manufactured (AM-1)
alloy AlSi12 from the LCF to VHCF regime and (b) die-cast (DC) alloys related to crack initiation
lifetime from the LCF to HCF regime.

Through a comparison of the DC and AM alloy, AM-1 showed a different defect sensitivity,
resulting in a decreased resistance in the LCF regime, a comparable resistance in the HCF regime
around a fatigue lifetime of 106, and an increased resistance in the VHCF regime. The correlation
between stress intensity factor and fatigue lifetime can be described by a power-law comparable to the
Basquin equation, as shown in Figure 9a. The differences in defect sensitivity for DC and AM alloys led
to a drop in the AM slope of around a factor 2.6. Here, the decreased slope of −0.078 fits well with the
fatigue investigations of Shiozawa et al. [13] on the cast AlSi12CuNiMg alloy, where comparable curve
parameters with a slope of −0.107 and a coefficient of 3.45 were determined in the SIF–N diagram.
Therefore, the difference in slope could be related to the difference in chemical composition and the
resulting reduction in ductility, as shown in Table 3 compared to DC-AlSi7Mg0.3. The reduced slope
further underlines the increased defect sensitivity of the AM alloy compared to the DC alloy and the
increased dependence of lifetime on the initial defect size for the AM alloy (Figure 8c,d, factor 10)
compared to the DC alloy (Figure 8a,b, factor 3). To summarize, it is interesting that no drop in the
slope from HCF to the VHCF regime could be determined for both alloys and processing routes in
the SIF–N diagram, which would dramatically simplify the fatigue design of defective components
in application.

3.5. Kitagawa–Takahashi diagram

For each batch, the threshold of SIF range Kth,R0.1 for R = 0.1, and the slope m of the Paris’ equation
was experimentally determined in crack propagation tests, as shown in Table 5. The threshold of SIF
range Kth,R−1 for R = −1 was converted based on Kth,R0.1 by the following equation [46]:

∆Kth,R = ∆Kth,R0·
m√

1−R (14)
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Table 5. Fatigue and crack propagation properties of die-cast (DC) and additively manufactured (AM)
alloy AlSi7Mg0.3 and AlSi12.

Batch m [–]
∆Kth,R0.1
[MPa

√
m]

∆Kth,R−1
[MPa

√
m]

∆σ
′

0
[MPa]

a
′

0
[µm]

√
Aeff,i

[µm]
a0

[µm]
∆σ0

[MPa]

DC-1 4.9 3.5 4.1 120 * 372 313 240 149
DC-2 5.2 4.3 5.0 140 * 406 338 263 174
DC-3 5.4 5.2 6.0 196 298 65 271 206
AM-1 2.7 3.2 4.3 134 328 279 210 167
AM-2 2.8 3.5 4.7 - - - 185 195

* Estimated based on run out stress amplitude.

The “defective” fatigue limit (∆σ′0) was used with Equation (7) to determine the “defective”
intrinsic crack length a′0. Afterward, the mean value of crack-initiating defect sizes around the fatigue
limit was calculated for each batch

√
Ae f f ,i and used by the following modification of Equation (8) to

determine the intrinsic crack length a0 of the specific batch:

a0 = a′0 −Y2
·

√

Ae f f ,i (15)

By comparison the intrinsic crack lengths a0 with a′0, it can be resumed that a′0 has a strong
dependence on porosity while a0 is negligibly affected by porosity. As a0 is a material constant, it should
only be affected by microstructure such as SDAS, Si eutectic, and intermetallic phases, but are not
affected by porosity or other defects. As these restrictions fit for DC batches 1 to 3 with a mean intrinsic
crack length a0 of approx. 258 ± 16 µm (approx. ± 6%), Equation (13) could be validated for the
determination of the intrinsic crack length a0 for “defective” and “defect-free” materials. For the AM
alloy, the reduction in a0 is characteristic of finer microstructures. For all batches and process routes,
a mean intrinsic crack length a0 of approx. 234 ± 36 µm (approx. ± 15%) could be determined.

The values for intrinsic fatigue limit and crack length as well as the threshold of SIF range for
R = −1 were further used to generate Kitagawa–Takahashi diagrams in Figure 10a,b. In Figure 10a,
the fractured specimens before 107 cycles were plotted for DC batches and AM-1 with their defect
parameter Y2

·
√

Ae f f and stress amplitude σa against the calculated El Haddad lines based on Equation
(6). The defect size of run out specimens (N f ≥ 107) were estimated based on the determined SIF–N
curves in Figure 8b and plotted as “run out” together with specimens with a lifetime N f lower than
107. Each fractured specimen lay above or on the El Haddad lines, while the run out specimens
are below. This underlines that the El Haddad equations are capable of differentiation between the
fractured and run out specimens in the HCF regime. Finally, all fatigue datasets were plotted in a
normalized Kitagawa–Takahashi diagram in Figure 10b, illustrating the high accuracy for determining
the fatigue limit at 107 for specific defect parameters as well as the independence on the process
route of the aluminum alloy. In comparison to the fracture mechanics-based approach presented
here, a plasticity-based approach that simulates stress build-up around the real pore morphology was
published in [47].
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manufactured (AM) alloy AlSi12 (a) for specific batches (∆σ/2 = σa) and (b) normalized to batch-specific
intrinsic material fatigue limit ∆σ0 and crack length a0.

4. Summary and Outlook

The effect of process-induced porosity on the fatigue lifetime and limit was investigated for
die-cast (DC) alloy AlSi7Mg0.3 and additively manufactured (AM) alloy AlSi12. Porosity resulted in a
decreased fatigue lifetime in the HCF and VHCF regime by a factor of 3 to 10. By determination of the
local stress intensity factor (SIF) at the crack-initiating pore according to the Murakami concept, a SIF–N
diagram can be determined, which shows that the pore size and fatigue stress can be correlated to
fatigue lifetime by using the local stress intensity factor. The effect of batch-specific porosity condition
is hereby negligible, and the relationship between SIF and the fatigue crack initiation lifetime can be
estimated by one SIF–N curve for material with local variation in porosity. The relationship between
porosity and fatigue limit can be plotted in the Kitagawa–Takahashi diagram by using El Haddad
intrinsic crack length a0. For DC and AM aluminum alloys, the defect-specific fatigue limit can be
determined accurately and validated by selected fractographic investigations. The mechanical fracture
assessment of defects in die-cast and additively manufactured aluminum–silicon alloys enables a
reliable fatigue lifetime and limit estimation for coarse cast and fine AM microstructures by taking the
specific pore distributions into account. Through this, variations in process and component geometries,
which both significantly affect the local porosity due to changes in solidification and cooling rates,
can be directly considered by local stress intensity factor. Finally, SIF-based fatigue design can derive
synthetic S–N curves for specific pore dimensions as well as component S–N curves based on local
porosity and loading profiles.

To further separate the effect of porosity on the fatigue crack initiation and propagation progress,
crack initiation lifetime will be determined for AM-AlSi12 alloy to quantify the impact of crack initiation,
and vice versa, crack propagation on the fatigue lifetime in HCF and VHCF regime comparable to the
DC-AlSi7Mg0.3 alloy. Moreover, VHCF tests on the die-cast alloy AlSi7Mg0.3 without HIP treatment
will be performed to further evaluate that there is one major SIF–N relationship from the HCF to the
VHCF regime independently of initial pore or defect size, respectively.
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