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a b s t r a c t
Lightweight Al-Si alloys are used in the automotive and railway industry due to their excellent strength-to-weight
ratio and near-net-shape manufacturing. In additive manufacturing and casting, the near-net-shape manufacturing results in a non-homogenous solidiﬁcation and cooling of the parts, leading to signiﬁcant local gradient in
microstructural and defect features as well as deformation behavior. In this paper, a uniform damage tolerance
√
assessment was developed based on fracture mechanical approaches of Murakami ( area) and Shiozawa for a reliable defect-based mechanical design of fatigue-loaded structures. The linear-elastic fracture mechanical (LEFM)
approaches of Murakami and Shiozawa were used to calculate defect-based lifetime curves, where the cyclic stress
√
intensity factor (ΔK) at the failure-initiating defect ( area) was used to describe the local stress concentration
conditions, called K-N curves, instead of nominal stress-based S-N curves. The LEFM-based K-N curves did not
allow to describe the fatigue behavior in terms of a uniﬁed fatigue design of AM and casting material. Therefore,
the cyclic stress-strain (CSS) behavior was used for a plasticity-modiﬁcation of the LEFM approach by calculating
the eﬀective cyclic J integral (ΔJeﬀ ) to plot J-based K-N curves, called Kj-N curves. This elastic-plastic fracture
mechanical (EPFM) approach allowed a uniform fatigue damage tolerance (FDT) assessment of AM and cast Al-Si
alloys for the HCF regime by FDT law and fatigue limit by FDT limit. Exemplarily, the FDT limit could be used
to predict synthetic Haigh diagrams for speciﬁc AM and cast batches and derive process- and service-relevant
knowledge on the eﬀect of tensile or compressive mean stress.

Introduction
Additive manufacturing (AM) and casting enables near-net-shape
manufacturing of large- to small-scale parts and is suitable for the precise production of complex external and internal geometries and stiﬀnesses adapted to the local load ﬂow [1]. In practice, the low density
of aluminum alloys in combination with the excellent strength-to-mass
ratio allows a weight reduction of up to 35% compared to steel structures [2]. While aluminum casting alloys are used for low-cost solutions
for medium to high volumes, additively manufactured aluminum alloys
are cost-intensive solutions for customized parts (e.g. bionic structures)
with high complexity and small volumes up to one-oﬀ production [3].
Aluminum-Silicon (Al-Si) alloys are commonly used in automotive
or railway industries due to their great castability and low density of
2.66 kg/dm3 . Al-Si alloys can also be processed by AM and are classiﬁed
in hypoeutectic (<12 wt.% Si), eutectic (12–13 wt.% Si) and hypereutectic (14–25 wt.% Si) alloys. A binary Al-Si phase diagram is shown in
Error! Reference source not found.a [4].
Age-hardenable Al-Si alloys contain magnesium and/or copper [6].
The investigated alloys AlSi7Mg and AlSi10Mg belong to the class of hy-
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poeutectic Al-Si alloys. A representative micrograph of a hypoeutectic
Al-Si alloy is shown in Error! Reference source not found.b containing
primary dendritic 𝛼-Al solid solution (bright gray) and interdendritic AlSi eutectic (dark gray: Al-Si eutectic) consisting of secondary 𝛼-Al solid
solution and Si precipitates (black). The Al dendrites can be characterized by the primary (PDAS) and secondary dendrite arm spacing (SDAS)
[5]. Hereby, SDAS is the important dendritic feature and depends on the
solidiﬁcation time ts and an alloy-speciﬁc exponent n in Eq. (1) [7].
( )𝒏
𝑺 𝑫 𝑨 𝑺 = 2 = 𝒂 ⋅ 𝒕𝒔
(1)
A solution annealing at 540–550 °C can be used for spheroidization
of the eutectic Si precipitates, whereby a time of 15–30 min leads to
reﬁnement and 6–18 hrs to coarsening [7]. For age hardening, the material has to be quenched directly after solution annealing to reach a
supersaturation of Mg and Si in the 𝛼-Al solid solution. Hereby, artiﬁcial age hardening at 150–240 °C for 2–16 hrs leads to a formation of
ultraﬁne coherent 𝛽’-phase Mg5 Si6 (peak hardening, T6 heat treatment)
[8]. Depending on the heat treatment parameters, a hardness increase
up to 40–60% can be realized [9–11].
Besides DAS and eutectic Si precipitates, the (local) mechanical loading capability depends on the process-induced defects, such as poros-
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ity, oxides and intermetallic precipitates [12–14]. Although the AM
and casting processes were improved over the last decades, the number of process-induced defects can only be reduced, but not completely
avoided. By hot isostatic pressing (HIP), porosity can be further decreased, however this process route increases the manufacturing time
and cost of Al-Si parts [15,16]. Consequently, process-induced defects
have to be considered in an appropriate way for a safe design of highly
loaded parts [17], as it could already be shown for AM AlSi12 [18,19],
AM AlSi10Mg [20] and cast AlSi7Mg [21–24].
The inﬂuence of defects on the fatigue strength (σ∗aL ) can be described
with the approach of Murakami [25] and the common modiﬁcation for
light metal alloys according to Noguchi et al. [26] as given in Eq. (2) as
Murakami-Noguchi approach. Murakami [27] and Ueno et al. [28] validated, that the fatigue limit increases proportional to sixth root of defect
size for Al alloys.
σ∗aL =

C ⋅ (HV + 120 ⋅ E∕ESt ) Surfacedefect ∶ C = 1.43
( )1∕6
Volumedefect ∶ C = 1.56
ai

AlTi5 B1 and Strontium were added to the melt. For DC, the melt was
cast oﬀ into a pre-heated steel mold (450 °C). The cylindrical DC samples had dimensions of ∅19 mm × 200 mm. The SC melt was cast oﬀ
into a step wedge mold of oil sand including a copper ground plate to
realize three diﬀerent DAS conﬁgurations SC1 to SC3. The step wedge of
SC1 to SC3 had a total length of 240 mm, where each step had a length
of 80 mm (equal to longitudinal axis of SC samples), and a width of
190 mm. The height of each step was 21 mm (SC1), 31 mm (SC2) and
42 mm (SC3). Hereby, SC1 and DC have comparable DAS and due to
this the DC batches are called DC1. Most casting samples were densiﬁed
by the patented hot isostatic pressing (HIP) DentalTM process (Bodycote, Haag-Winden, Germany). Selected DC1 batches got no HIP densiﬁcation, called DC1p due to increased “porosity”. DC1p2 got no melt
cleaning compared to DC1p1, DC1 and DC1s. Finally, casting samples
received a T6 heat treatment with the listed process parameters in Error! Reference source not found.. For DC1s, the solution annealing was
modiﬁed to 530 °C for 1 h to investigate the eﬀect of eutectic Si precipitates.
After AM and cast processing, respectively, the samples were turned
to the ﬁnal geometries of tensile specimens, low cycle (LCF) and high
cycle fatigue (HCF) specimens (see Error! Reference source not found.).
The gage section of each sample was ground and polished to 1 μm diamond suspension to minimize the inﬂuence of surface topography.

(2)

For this Murakami-Noguchi approach, the Vickers hardness (HV),
the Young’s moduli of light metal (E) and steel (ESt = 206 GPa), and the
root of the convex projected cross section
√ of the defect perpendicular to
√
the loading direction (ai or area or Ai ) have to be determined [26].
For crack propagation dominated fatigue behavior of defective materials (Nf ≈ Np ), the Shiozawa approach [29] can be used for a modiﬁed
representation and interpretation of defect-inﬂuenced fatigue results.
Hereby, the Paris-Erdogan law is integrated from the initial defect size
ai to the failure crack length af and transformed to Eq. (3). The main
assumptions for Eq. (3) are af ≫ ai and Nf ≈ Np . [29]
( )d′
[
]−1∕m ( )−1∕m
Nf
Nf
C(m − 2)
ΔKi =
⋅
= K′f ⋅
(3)
2
ai
ai

Microstructure, hardness and fractographic analyses
Analysis of the microstructure was performed on cold-embedded
specimens, which were ground and polished until oxide polishing suspension (OPS with colloidal SiO2 , grit size 0.3 μm). The size of Al cell
size for AM material was determined on additionally etched microstructural sections (NaOH) by using a scanning electron microscope (SEM,
Tescan MIRA3 XMU). For casting, DAS of Al dendrites was measured by
optical microscope (OM, Zeiss Axio Imager.M1m). The defect size was
characterized by failure-initiating defect size ai according to MurakamiNoguchi approach and was measured in SEM fractographs. The Vickers
hardness HV10 was determined by Wolpert Dia-Testor 2 RC.

The Paris coeﬃcient C and exponent m in Eq. (3) can be determined
via power law ﬁt by plotting the cyclic stress intensity factor (SIF) at
the failure-initiating defect ΔKi (y axis) over the quotient of number of
cycles to failure Nf and failure-initiating defect size ai , so-called defectrelated number of cycles to failure Nf ∕ai (x axis). By using a log-log plot,
the fatigue results can be described as a straight line (K-N curve) analogous to the common S-N curve according to Woehler. ΔKi is calculated
by using the Murakami approach [25] in Eq. (4).
ΔKi = Δ𝜎 ⋅

√

π ⋅ ai ⋅ Y

Surfacedefect ∶ Y = 0.65
Volumedefect ∶ Y = 0.50

Mechanical testing
The strain-controlled tensile tests (TT) were performed on a universal testing system (Instron 3369 with 50 kN load cell) at a strain rate of
2.5⋅10−4 s− 1 . TT were used to determine the quasi-static stress-strain
(QSS) curves and properties. The low cycle fatigue (LCF) tests including incremental step tests (IST) for cyclic stress-strain curves according to [30] were performed on a servo-hydraulic fatigue testing system
(Schenck PC63M with 63 kN load cell incl. Instron 8800 controller).
The LCF tests were carried out total strain-controlled at a strain ratio
of R𝜀 = -1 and a frequency of f = 0.05 Hz. IST and constant amplitude
tests (CAT) were conducted to determine the cyclic stress-strain (CSS)
curves and properties. Within the IST, the total strain amplitude 𝜀a,t was
increased each cycle by ∆𝜀a,t = 0.01%, starting from 𝜀a,t,min = 0.05% until reaching 𝜀a,t,max = 0.7% for DC specimens and 0.5% for SC and AM
material, followed by a decrease of total strain amplitude of ∆𝜀a,t until reaching 𝜀a,t,min . These blocks of increasing and decreasing loadings
were repeated until failure and the last block before failure was used
to determine the CSS curve. High cycle fatigue (HCF) tests were carried
out on a resonant fatigue testing system (Rumul Testronic with 20 kN
load cell) at around 70 ± 10 Hz. The HCF behavior was characterized
in stress-controlled CAT at two diﬀerent load ratios R𝜎 = −1 and 0.1.

(4)

In this study, the inﬂuence of AM and casting process on the microstructure, defect distribution, cyclic stress-strain (CSS) and the fatigue behavior was characterized for process-speciﬁc standard Al-Si alloys AlSi10Mg (AM) and AlSi7Mg (cast). The utilization of modern approaches for damage tolerance assessment (e.g. Murakami) was evaluated to identify their restrictions. Finally, the results were linked with
novel elastic-plastic fracture mechanical approaches to overcome these
restrictions and enable a uniﬁed fatigue damage tolerance assessment
of AM and cast Al-Si alloys.
Experimental methodology
Materials and process routes
The additively manufactured AlSi10Mg samples (Cylinder:
∅20 mm × 120 mm) were processed vertically (perpendicular to
the building plate) by powder bed fusion with laser beam (PBF-LB)
at an EOS system M290 at the Fraunhofer Research Institution for
Additive Manufacturing Technologies (IAPT, Germany, Hamburg). The
PBF-LB parameters are listed in Table 1. No additional heat treatment
was performed (as-built conﬁguration).
The cast AlSi7Mg samples were manufactured by die-casting (DC)
and sand-casting (SC) at the Institute of Materials Design and Structural Integrity of the University of Applied Sciences Osnabrück (Germany, Osnabrück). For grain reﬁnement and Si eutectic modiﬁcation,

Results and discussion
Microstructure, hardness and defects
The microstructure exhibits Al cells (AM) or Al dendrites (cast) containing primary 𝛼-Al solid solution and interdendritic or intercellular Al2
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Table 1
PBF-LB scanning parameters for AlSi10Mg on the EOS system M290.
Laser power

Scanning speed

Hatch distance

Layer thickness

Beam diameter

Scanning rotation angle

Pre-heating temperature

370 W

2000 mm/s

90 μm

60 μm

100 μm

67°

180 °C

Table 2
T6 heat treatment parameters for DC and SC of AlSi10Mg and AlSi7Mg.
Solution annealing

Quenching

Temperature

Duration

Medium

Temperature

Temperature

Duration

545 °C

1h

Water

≈ 25 °C (AT)

160 °C

5h

The hardness properties of the diﬀerent batches are listed in Error!
Reference source not found.. AM and cast material show a comparable
macro hardness. For cast material, the T6 treatment leads to comparable
age hardening regardless of the process, solution annealing and cooling
rate.
AM and cast materials contain defects which lead to crack initiation
and failure under fatigue loading, as shown in Error! Reference source
not found. (right) by representative fractographs of cast and AM material. Only the failure-initiating defects in the form of gas, shrinkage and
compressed HIP pores as well as especially for AM lack of fusion defects were characterized by measuring the defects’ size found by SEM.
Hereby, the mean defect size and standard deviation for each batch was
determined based on the total number of tested specimens as given in
Error! Reference source not found.. The AM batch shows comparable
failure-initiating defect sizes as DC1p2 and SC batches (240–320 μm).
For the AM material, the stress ratio had no eﬀect on the mean failureinitiating defect size while the standard deviation seems to be dependent
on the total number of analysed defects. The batches DC1 and DC1s have
a signiﬁcantly reduced defects size with around 110 μm while the batch
DC1p1 has the biggest defects with 420 μm.

Age hardening

Table 3
Microstructure and defect characteristics of AM alloy AlSi10Mg and cast alloy
AlSi7Mg.

Batch

AM (R = −1)
AM (R = 0.1)
DC1
DC1s
DC1p1
DC1p2
SC1
SC2
SC3

𝛼-Al
size[μm]

HV10[kgf/mm2 ]

0.46

106 ± 3

35 ± 5
35 ± 5
34 ± 3
35 ± 5
39 ± 7
67 ± 8
78 ± 9

107 ± 2
103 ± 4
106 ± 4
97 ± 3
105 ± 4
103 ± 4
101 ± 3

Failure-initiating defects (by
SEM)
√
Size 𝒂𝐢 = 𝑨𝐢
Total
[μm]
number n
256 ± 152
257 ± 72
113 ± 34
119 ± 19
422 ± 98
316 ± 86
244 ± 100
275 ± 55
304 ± 90

14
7
15
7
11
18
11
4
11

Quasi-static and cyclic deformation behavior
The eﬀects of processes (AM vs cast), defects (D1 vs. D1p) and cooling rates (S1 to S3) on the quasi-static and cyclic deformation behavior
was characterized by means of QSS and CSS curves (Error! Reference
source not found.a + b) and corresponding properties (Error! Reference
source not found.). Hereby, the yield strength (YS) at 0.02% σ(′)
and
y0.02

Si eutectic consisting of secondary 𝛼-Al solid solution and secondary Si
precipitates. In Error! Reference source not found. (left) the microstructure of DC1, SC for diﬀerent DAS named SC1 to SC3 and AM material is
compared against one another.
For a better comparison, all OM micrographs have the same magniﬁcation. Due the ﬁne AM microstructure, a further SEM micrograph is
shown. For each batch, the Al cell size (AM) and DAS (cast) was determined and listed in Error! Reference source not found.. All DC batches
have a comparable DAS. The eﬀect of HIP treatment (DC1p) and solution
annealing (DC1s) on the SDAS is negligible. The SDAS of DC1 and SC1
are comparable, which means that both batches were cast with similar
cooling rates. As expected, the SDAS increases with decreasing cooling
rate from batch SC1 to batch SC3.

0.2% plastic strain σ(′)
for quasi-static and cyclic loading as well as
y0.2
ultimate tensile strength σuts and fracture strain εf for quasi-static loading were determined. All batches showed a Masing behavior, which is
shown exemplarily for the cyclically saturated IST block of batch DC1
in Error! Reference source not found.c by plotting the relative stresses
σr and total strains εr,t of selected stress-strain hystereses. Hereby, the
loading curve follows one major stress-strain curve independently of the
total strain amplitude εa,t .
The eﬀect of defects was characterized using three diﬀerent porosity
conﬁgurations of DC, for which the QSS and CSS curves are shown in
Error! Reference source not found.a + b. The corresponding properties

Table 4
Quasi-static (QSS) and cyclic stress-strain (CSS) properties of AM and cast materials.
Batch
QSS

CSS

∗

AM
DC1
DC1s
DC1p1
DC1p2
SC1
SC2
SC3
AM
DC1
DC1s
DC1p1
DC1p2
SC1
SC2
SC3

E [GPa]

𝝈 (’) y 0.02 [MPa]

𝝈 (’) y 0.2 [MPa]

𝝈 𝐮𝐭𝐬 [MPa]

K(’) [MPa]

n(’) [-]

70.8
70.6
72.3
70.7
71.6
75.7
72.9
75.1
76.6
73.7
71.2
71.9
72.1
75.6
73.9
73.6

116
195
185
153
154
178
185
166
156
256
246
248
260
273
256
241

211
238
221
194
196
225
228
214
218
291
281
287
298
307∗
293∗
285∗

383
309
303
259
254
279
260
249
–
–
–
–
–
–
–
–

1008
374
374
337
350
378
391
390
818
399
412
410
412
392
395
419

0.253
0.073
0.086
0.088
0.094
0.081
0.087
0.096
0.212
0.051
0.061
0.057
0.052
0.039
0.048
0.062

Estimated based on IST.
3
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Table 5
S-N parameters and properties of AM alloy AlSi10Mg and DC/SC alloy AlSi7Mg.
properties

AM

R
𝝈 ′𝐟 [MPa]
b
r2
𝝈 𝐚𝐋,1𝐄6 [MPa]
HV10
𝐚̄ 𝐢 [μm]
𝝈 ∗𝐚𝐋 [MPa]

−1
624
−0.161
0.70
67.5
106
256
85.5

0.1
834
−0.214
0.92
43.4
106
257
85.4

DC1

DC1s

DC1p1

DC1p2

SC1

SC3

−1
851
−0.139
0.85
125.0
107
113
97.2

−1
1510
−0.194
0.89
103.2
103
119
93.7

−1
1177
−0.195
0.92
79.3
96
422
72.3

−1
1218
−0.189
0.90
89.0
106
316
80.8

−1
1902
−0.216
0.91
95.7
105
244
85.4

−1
1221
−0.183
0.86
97.1
101
304
79.5

The eﬀect of manufacturing process can be quantiﬁed by comparing AM with DC1p2 and SC1 due to the already mentioned comparable
failure-initiating defect sizes found by SEM (see Error! Reference source
not found.). AM has a comparable quasi-static 0.2%-YS to the selected
DC and SC batches, while the 0.02%-YS is reduced and the ultimate tensile strength is signiﬁcantly increased. The fracture strain is comparable
to SC but extremely reduced with regard to DC. All in all, the AM material shows a diﬀerent quasi-static hardening behavior to cast materials,
which can be quantiﬁed by the quasi-static Morrow parameters K and
n. The CSS behavior of the selected DC and SC batches is comparable.
The cyclic YS of cast materials is signiﬁcantly increased compared to
the AM material. That means cast and AM materials with comparable
macro hardness properties can have a signiﬁcant gap in the quasi-static
and cyclic deformation behavior and performance.
Fig. 1. (a) Binary Al-Si phase diagram and (a) representative micrograph of
hypoeutectic Al-Si alloy containing dendritic 𝛼-Al solid solution (light areas)
and interdendritic Al-Si eutectic (dark areas) [5].

Fatigue behavior and damage tolerant assessment
The defect distribution and the maximum defect size especially at
the surface are among the structural features of age-hardenable Al-Si alloys that determine the service life [32–34]. The higher the cooling rate
in cast process, the lower the porosity and DAS. In order to compare different porosities at constant DAS, HIP densiﬁcation was used in analogy
to Boileau et al. [35,36] for cast materials. The HIP-treated batch DC1
serves as the reference batch. The batches without HIP treatment DC1p1
and DC1p2 as well as the AM material exhibited pronounced porosity.
The results from the CAT of DC material compared to the AM material are plotted as symbols and the corresponding S-N curves as dashed
lines in Error! Reference source not found.a according to Basquin. The
empty symbols mark broken samples, while pointed empty symbols represent run-outs and are additionally marked by arrows in Error! Reference source not found.a + b. The S-N parameters and selected properties
are listed in Error! Reference source not found.. A signiﬁcant eﬀect of
defects on the fatigue strength and lifetime could be determined by comparing DC1 (HIP) and DC1p1/p2 (no HIP). Since all DC batches have
a comparable microstructure with respect to grain size, DAS, eutectic
Si precipitates and hardness, diﬀerences can be related to porosity and
failure-initiating defects. By relativizing of the stress amplitude 𝜎 a to the
estimated fatigue limit σ∗aL according to Murakami-Noguchi (Eq. (2)),
so-called “Murakami-Noguchi curves” in Error! Reference source not
found.b can be determined.
For DC alloys, the fatigue limit could be correctly determined by
Murakami-Noguchi and the diﬀerences in S-N curves could be related
to the batch- and specimen-speciﬁc failure-initiating defect sizes ai . The
mean failure-initiation defect size ā i is listed in Error! Reference source
not found..
The AM material shows a signiﬁcantly decreased fatigue defect tolerance as the fatigue limit and lifetime is signiﬁcantly lower than the cast
materials (DC1p2, SC1) with comparable failure-initiating defect sizes
(Error! Reference source not found.a). The reduced defect or damage
tolerance, respectively, could be underlined by Error! Reference source
not found.b, as the fatigue limit of AM material was signiﬁcantly overestimated by the Murakami-Noguchi approach (Eq. (2)). Due to this, the
macro hardness does not seem to be a valid parameter for the “intrinsic”

are listed in Error! Reference source not found.. The cyclic Young’s moduli of 71.9 to 73.7 GPa are at the level of the quasi-static tensile tests
and show no defect inﬂuence.
The cyclic YS for batch DC1p1/p2 is at the same level as for the HIPtreated batch DC1 and DC1s. Compared to the QSS behavior, the cyclic
hardening leads to a signiﬁcant increase of σ′y0.2 of approx. +22% for
DC1 and DC1s as well as +48% for DC1p1/p2. The cyclic strengthening
shows no signiﬁcant defect inﬂuence similar to the Young’s modulus.
The cyclic hardening causes signiﬁcant changes in the hardening coeﬃcient and exponent especially in batches DC1p1/p2. Exemplarily, the
strain hardening coeﬃcients of the QSS curves of DC1p2 is reduced by
up to 10%. The cyclic strain hardening coeﬃcient increases by 22%
for DC1p2 and 7% for DC1 until both batches show a comparable CSS
curve in cyclic saturation state (diﬀerence less than 3%). All in all, the
CSS curves result in comparable strain hardening exponents for all DC
batches and the cyclic hardening leads to a ﬂattening of the stress-strain
curves.
The eﬀect of cooling rate on the QSS and CSS behavior is characterized for the SC batches (Error! Reference source not found., Error!
Reference source not found.). The Young’s moduli of 73.6 to 75.6 GPa
are similar to the results of the quasi-static tensile tests and show no dependency on the cooling rate. As a result of the cyclic hardening, there
is a signiﬁcant increase in the cyclic yield stress σ′y0.2 of 36% for SC1,
28% for SC2 and 33% for SC3, when compared to the quasi-static tests.
In contrast to the quasi-static YS, the cyclic YS further show a signiﬁcant dependency on the cooling rate, i.e., with increasing cooling
rate the cyclic YS in the saturation state increases. The YS of SC1 ultimately even exceeds that of DC1 by 5% (307 MPa to 291 MPa). The
trend of the cyclic strain hardening coeﬃcient is qualitatively similar to
the QSS hardening coeﬃcient, with cyclic strain hardening coeﬃcients
being 30% to 52% lower depending on the batch. All in all, the increased
cooling rate results in a stronger cyclic hardening and decreasing of the
associated strain hardening exponent.
4
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Fig. 2. Geometries: (a) Strain-controlled tensile and LCF
tests; (b) stress-controlled HCF tests.

Fig. 3. Representative OM and SEM micrographs (left) as well as SEM fractographs (right) of DC and SC AlSi7Mg alloy (top) and AM AlSi10Mg alloy (bottom).

or “microstructural” strength of Al-Si alloys and, in future, the replacement e.g. by quasi-static or cyclic yield strength according to Benedetti
et al. [37] should be evaluated in detail.
The fatigue damage tolerance (FDT) of AM and cast Al-Si alloys was
further quantiﬁed by Shiozawa (K-N) curves in Error! Reference source
not found.a. Hereby, the K-N curves are dependent on the crack propagation behavior of the speciﬁc Al-Si microstructure. Since all DC batches
have negligible diﬀerences in microstructure but signiﬁcant diﬀerences
in failure-initiating defect size, all DC K-N behavior can be characterized by one curve for diﬀerent defect conﬁgurations. Due to this, the
eﬀect of microstructure on fatigue behavior and especially FDT can be
understood. Figs. 1–7
The SC material shows a similar FDT when compared to DC. However, the AM material has a signiﬁcantly reduced FDT compared to the
DC and SC material. Based on literature, the diﬀerences between AM
and cast materials could indicate a reduced barrier eﬀect against crack
growth of the ultra-ﬁne eutectic Si precipitates in AM batches (cf. Lados
[38]) or of ﬁne microstructures related to 𝛼-Al solid solution side (cf.
Tanaka [39]). Both mechanisms are manifested by a reduced threshold
of SIF against technical crack growth and an accelerated crack propagation behavior. Since the crack propagation behavior is decisive, especially for short cracks at low stress amplitudes, the number of cycles to failure of cast material – coarser Si precipitates and increased
barrier eﬀect against short crack propagation – results in the increased
FDT compared to AM material. The eﬀect of stress ratio on Shiozawa
curves is plotted in Error! Reference source not found.b for the AM
material. The FDT is signiﬁcantly decreased at R = 0.1 compared to
R = −1. Hereby, failure-initiating defect size is not inﬂuenced as shown

in Error! Reference source not found.. All in all, there is a signiﬁcant effect of process-induced microstructure and stress-strain behavior (Error!
Reference source not found.a) and stress ratio (Error! Reference source
not found.b). That means, that cast and AM materials with comparable
macro hardness properties can not only have a signiﬁcant gap in the
quasi-static and cyclic deformation behavior but also in the HCF properties and HCF damage tolerance.
To include the microstructural and plasticity eﬀect, the LEFM approach of Murakami was exchanged by the elastic plastic fracture mechanical (EPFM) approach of Heitmann et al. [40] based on the eﬀective
J integral parameter in(Eq.) 5:
[
ΔJef f,i = PHe ⋅ ai = 2.9 ⋅

(

Δσef f

Semi − circularsurfacedefect

2E

)2
+ 2.5 ⋅

Δσ ⋅ Δεp
1 + n′

]
⋅ ai
(5)

The eﬀective stress range Δσef f is calculated by Schijve approach
[41] in Eq. (6):
Δσef f = Δσ ⋅

3.72
(3 − 𝑅)1.74

(6)

Finally, the eﬀective J integral was transformed to a ΔK-equivalent
dimension by Eq. (7) named J-based SIF or J-SIF (short):
√
ΔKJ,i = E ⋅ ΔJef f ,i
(7)
This enhanced FDT parameter includes the loading condition (stress
range Δ𝜎, stress ratio R), the local defect condition (defect size ai ) and
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Fig. 4. Eﬀect of process, defects and cooling rate on (a) quasi-static and (b) cyclic stress-strain curves for AM and cast materials. [31] (c) Masing behavior of DC1
batch during cyclic saturation.
Fig. 5. Comparison of S-N performance between AM and
cast materials by means of (a) S-N curves and [21] (b) S-N
curves related to the estimated fatigue limit 𝝈 ∗𝒂𝑳 according
to Murakami-Noguchi.

Fig. 6. Shiozawa curves for FDT characterization: (a)
Eﬀect of additive manufacturing, die-casting and sandcasting process; (b) eﬀect of stress ratio for AM material.

cyclic deformation behavior (Young’s modulus E, cyclic hardening coefﬁcient K′ and parameter n′ including Δεp = f (K′, n′)). The J-based Shiozawa diagram (Kj-N) is plotted in Error! Reference source not found.a.
The data points of all materials and batches lead to a single Kj-N curve
independent of processing route, stress ratio or alloy. By that, the Kj-N
diagram allows a uniform FDT assessment and the determination of a

uniform fatigue lifetime law (HCF regime) as well as a uniform fatigue
limit law (threshold regime). Based on the determined threshold of ef√
fective J-SIF ΔKJ,th = 0.90 MPa m, the FDT limit, and the Eq. (5) to
Eq. (7), the inﬂuence of defect size, process-speciﬁc CSS behavior and
stress ratio on the fatigue limit σaL was quantiﬁed and plotted in a Haigh
diagram in Error! Reference source not found.b for representative AM

6

J. Tenkamp, F. Stern and F. Walther

Additive Manufacturing Letters 3 (2022) 100054

Fig. 7. Uniform FDT behavior by means of plasticity- and
R-enhanced (a) Kj-N curves as well as (b) Haigh diagrams
for diﬀerent stress ratios and CSS curves.

and cast material (batch AM vs DC1) and service-relevant stress ratios
from compression-tension loading at R = −2 to tension-tension loading
at R = 0.9.
The fatigue limit of AM alloy is signiﬁcantly reduced for
compression-tension loading, especially for increased ratio of compressive loading (R = −2). Moreover, at R = −1 the stress sensitivity increases with decreasing defect size. At positive R values (tension-tension
loading) AM and cast material show a comparable fatigue performance.
Due to this, the fatigue performance of the investigated Al alloys under tensile mean stress is signiﬁcantly inﬂuenced by the CSS behavior
and cannot be estimated based on common fatigue testing at fully reversed loading at R = −1. As compressive mean stresses or the induction
of compressive residual stresses are of great importance for fatigue improving surface treatments (e.g. shot peening), the CSS behavior and
therefore the process route have to be considered for a reliable fatigue
design. In comparison to cast Al-Si alloys it is expected that the same
compressive residual stresses will not lead to the same fatigue limit improvement in AM alloys. Therefore, AM material should be tested at a
service-relevant stress ratio to estimate their fatigue performance and
to estimate the service-speciﬁc lightweight potential.

and cast process, so that in the end no uniform fatigue damage tolerance (FDT) assessment was possible by modern fracture mechanical approaches whether by Murakami-Noguchi nor by Shiozawa.
Due to this, Shiozawa approach was modiﬁed within this work based
on the elastic-plastic fracture mechanical approach of Heitmann using
the eﬀective cyclic J integral at failure-initiating defect. The J integral
was ﬁnally transformed to the SIF dimension, called J-SIF or Kj, and
used in J-based Shiozawa diagram by means of Kj-N curves. This modiﬁcation allowed the uniﬁed and reliable FDT assessment independently
of all process-speciﬁc microstructure, porosity or plasticity characteristics. Due to this, a uniform FDT law could be found for the HCF regime
and for the fatigue limit or FDT limit, respectively. The uniform FDT
law and the uniform FDT limit can be used for determine synthetic SN curves and Haigh diagrams for Al-Si alloys using the speciﬁc defect
distribution, cyclic stress-strain behavior and stress ratio.
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Conclusions
The eﬀect of process-induced microstructure, porosity, defects and
stress-strain behavior on the fatigue as well as fatigue damage tolerant
behavior was analyzed for additively manufactured and cast Al-Si material. The AM AlSi10Mg material was processed by power bed fusion
with laser beam (PBF/LB) and the cast AlSi7Mg materials by die-casting
(DC) and sand-casting (SC). The AM material was investigated as-built,
while the cast materials were modiﬁed related to porosity, dendrite arm
spacing, eutectic Si precipitates and cooling rate still resulting in a comparable macro hardness. The quasi-static (QSS) and cyclic stress-strain
(CSS) behavior was determined by tensile and incremental step tests,
respectively. Herby, AM material had an increased quasi-static strength
to cast materials but a reduced cyclic strength while the cast material
showed an increased cyclic strength related to the strong cyclic hardening behavior.
The fatigue behavior was described with classical and modern approaches such as (i) S-N curves according to Woehler and (ii) relativized S-N curves according to estimated defect- and hardness-based
fatigue limit by Murakami-Noguchi. Hereby, the fatigue limit of cast
materials could be predicted correctly by Murakami-Noguchi while the
fatigue limit of AM material was signiﬁcantly overestimated. By using
the cyclic SIF at failure-initiating defect (determined by SEM) instead
of nominal stress amplitude and the quotient of number of cycles to
failure to failure-initiating defect size according to Shiozawa approach
(K-N curves), a defect-based lifetime assessment could be realized for
each process (AM, cast) independently of microstructural or porosity
features. However, the K-N curves still diﬀerentiated between the AM
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