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A B S T R A C T   

In the last years, additive manufacturing has widely adopted to enable lightweight design based on the topo-
logical optimization. In fact, this technology allows generation of lattice structures with complex geometries and 
small thicknesses. In this work, both the low-cycle-fatigue and high-cycle-fatigue behaviors of selective laser 
melted AISI 316L and AlSi10Mg were investigated. Fatigue samples were designed to characterize small parts 
and tested in the as-built condition since reticular structures are usually adopted without any finishing operation. 
Microstructural features were studied by light-optical microscopy and scanning-electron microscopy. Finally, 
fatigue failures were studied considering the fracture mechanics principles with the Kitagawa-Takahashi dia-
gram. The analysis of fracture surfaces revealed that crack nucleation mainly occurs close to the surface because 
of both poor surface quality and presence of near-surface defects. As expected, because of the face-centered cubic 
lattice, the final rupture of all the investigated alloys was characterized by micro-dimples confirming the pres-
ence of a ductile behavior.   

1. Introduction 

Additive manufacturing was established in the last decade and 
nowadays its use is still growing. A lot of alloys are available on the 
market, but their metallurgical and mechanical properties can change 
significantly according to the machine and process parameters, the 
building strategy and orientation and the powder size and morphology. 
In the as-built condition, AM components are characterized by textured 
tracks related to the scanning strategy [1]. Because of the high cooling 
rates, the microstructure shows very fine columnar dendrites and cell 
structures whose morphology and size strongly depend on the process 
parameters. Further modifications can be related to partial re-melting 
induced by layers deposition [2,3]. The high cooling rates are also 
responsible for a great difference between the inter-dendritic micro-
structure and chemical composition and the center-dendrite ones [4]. 
One of the most critical drawbacks of this technology is related to the 
residual porosity that almost always affect the produced parts. Such 
defects are mainly concentrated in the regions close to the outer surface 
rather than in the inner regions. Moreover, the poor surface roughness 
combined with the sub-surface porosity can decrease mechanical prop-
erties, in particular the fatigue resistance, significantly. 

This project aims at investigating the static and dynamic properties 
of two AM alloys, AISI 316L and AlSi10Mg. In particular, after the 
metallurgical characterization by metallography, hardness, micro- 
hardness and tensile tests, the high-cycle- (HCF) and the low-cycle- 
fatigue (LCF) behavior was studied by axial fatigue tests. The analysis 
of the fracture surfaces by scanning electron microscope (SEM) revealed 
the fatigue micro-mechanisms. 

AISI 316L is an austenitic chromium-nickel stainless steel, which 
combines good ductility with high corrosion resistance. It is adopted in 
several engineering applications, such as automotive, oil and gas, con-
struction, chemical and petrochemical industries [5,6]. The good me-
chanical strength in the as-built AM condition is determined by presence 
of refined microstructures and high dislocation densities [6–8]. 
Regarding fatigue performances, some authors [9–11] found a lower 
fatigue limit in the as-built AM condition with respect to the 
conventionally-manufactured material [12]. The authors attributed 
such loss to presence of defects and poor surface finishing in the as-built 
AM condition. 

The second material is an AlSi10Mg aluminum alloy. Al-Zn-Mg-Cu 
and Al-Cu-Mg-Si alloys offer large opportunities to achieve high me-
chanical performances after age hardening. However, regarding the AM 
technique, their processability is limited by hot-cracking phenomena 
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occurring because of really high cooling rates in such innovative 
manufacturing technique [13,14]. Al-Si-Mg alloys, instead, have better 
castability and good response to aging treatment. Inside this class of 
materials, AlSi10Mg is one of the most employed for lightweight AM 
structures. In fact, its solidification behavior is well known and its me-
chanical properties are adequate in both the as-built and the age hard-
ened conditions [14,15]. Solubilization and aging (T6-like treatment) 
were deeply investigated in the technical literature [16–19]. It was 
found that standard solution annealing, followed by fast quenching and 
artificial aging, transforms the fine α-Al cells and the Si segregation 
network into coarser grains and globular Si particles. Evidence of the 
laser tracks and the related heat-affected zones also disappeared during 

solubilization [16,18,20]. After solution treatment and aging, the per-
centage elongation significantly improves, but hardness, yield strength 
and ultimate tensile strength decrease significantly with respect to the 
as-built material. Tang et al. [21] and Beretta et al. [22] reported a large 
variability in the AlSi10Mg mechanical properties depending on sample 
orientation, process parameters and heat-treating conditions. The aging 
response of AlSi7Mg, an alloy similar to AlSi10Mg, was studied by 
Vedani et al., Yang et al. and Shi et al. using differential scanning 
calorimetry and micro-hardness tests [19,20,23]. They demonstrated 
that SLM-processed samples show the same precipitation sequence of 
the conventionally-cast material with formation of Mg-Mg, Si-Si and Mg- 
Si clusters, β′′, β′ and Mg2Si phases together with Si precipitation. 

2. Materials and methods 

AISI 316L powder was supplied by LGC (Product IARM-FE316LP- 
18), whereas AlSi10Mg powder was produced by Sandvik (Product 
Osprey AlSi10Mg). The chemical composition of each AM powder is 
reported in Table 1. The specimens adopted in this experimental work 
were produced with process parameters optimized by the supplier and 
delivered in the as-built condition. The build direction corresponds to 

Nomenclature 

Acronyms 
AM Additive Manufacturing 
FCC Face-Centered Cubic 
BCC Body-Centered Cubic 
SLM Selective Laser Melting 
BCT Body-Centered Tetragonal 
TCP Topologically Close Packed 
UTS Ultimate Tensile Strength 
YS Yield Strength 
LOM Light Optical Microscope 
SEM Scanning Electron Microscope 
K-T Kitagawa-Takahashi 
QS Quasi Static 
HCF High Cycle Fatigue 
LCF Low Cycle Fatigue 
EDS Energy-Dispersive Spectroscopy 
PM Permanent Mold 
HPVD High-Pressure Vacuum Die 
R-O Ramberg-Osgood 
BCM Basquin-Coffin-Manson 

Symbols 
β′ phase in aluminum alloys 
β″ phase in aluminum alloys 
R fatigue load ratio 
P defect perimeter 
A defect area 
Ra surface roughness parameter 
Rt surface roughness parameter 
Rz surface roughness parameter 
Rc surface roughness parameter 
Rv surface roughness parameter 
d defect size 
e surface distance of the defect 
HV Vickers Hardness 
ΔF force increment 
Δσ stress interval 
Δa crack extension 
Fi stair-case force level 

k Dixon factor 
xF stress level of the last stair-case test 
K Stress Intensity Factor 
̅̅̅̅̅̅̅̅̅
area

√
defect size parameter (equivalent micro-notch length) 

t defect depth 
ΔKth threshold stress-intensity range 
Δσf fatigue limit 
α constant 
σ applied stress 
Y constant 
a0 intrinsic El-Haddad crack length 
ΔKth,LC threshold ΔK for long cracks 
ΔKth,eff intrinsic (effective) ΔK threshold 
h Burgers vector component 
k Burgers vector component 
l Burgers vector component 
E elastic modulus 
b Burgers vector 
a edge length of the unit cell 
Δσth threshold fatigue stress range 
a′

o modified a0 parameter 
a* additional parameter 
ρ density 
σf fatigue limit (50 % failure probability) 
a crack length 
σf0 theoretical fatigue limit 
εa total strain amplitude 
εae elastic portion of the total strain amplitude 
εap plastic portion of the total strain amplitude 
σa stress amplitude 
K material constant 
n material constant 
Nf number of cycles at failure 
ε′

f fatigue ductility coefficient 

σ′
f fatigue strength coefficient 

2Nf number of reversals to failure 
b fatigue strength exponent 
c fatigue ductility exponent  

Table 1 
Chemical composition (wt. %) of the powders adopted in this work.   

Cr Ni Mo Mn Si N O 

AISI 316L 17.9 13.9 2.81 1.56 0.29 0.08 0.04  
Si Mg Fe Ti Mn Cu Ni 

AlSi10Mg 9–11 0.2–0.4 <0.55 <0.15 <0.45 <0.03 <0.04  
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the longitudinal axis of each specimen, while the scanning plane lies on 
the transversal plane. Regarding AlSi10Mg, the powder particles have a 
spherical morphology with size from 20 µm to 63 µm. For AISI 316L, a 
spherical powder was adopted with size ranging between 11 µm and 88 
µm. 

The mechanical performance of AM parts depends on several factors 
strongly related to the printing technique. In particular, the micro-
structural features and the defects amount, distribution and morphology 
have a huge influence on both the fatigue resistance and the fracture 
toughness. Moreover, the surface finishing has an outstanding effect on 
fatigue crack initiation. For these reasons, the authors planned a wide 
characterization of the considered alloys for quality assessment purposes 
and to compare a fatigue prediction tool, such as the Kitagawa- 
Takahashi diagram, with the experimental results. 

2.1. Determination of the surface roughness 

Since surface roughness has a great influence on fatigue crack 
nucleation, it was measured using a Taylor-Hobson contact profil-
ometer. Different roughness parameters (Ra,Rt ,Rz,Rv,Rc) were measured 
according to EN ISO 21920‑2:2022 standard [24] to characterize the 
surface in the as-built condition. 

2.2. Metallographic analysis 

From the vertically-printed specimens, metallographic sections were 
taken on planes parallel (longitudinal section) and perpendicular 
(transversal section) to the build direction. They were prepared ac-
cording to the conventional metallographic procedure and observed by 
light optical (LOM) and scanning electron (SEM) microscopes after 
etching. Mounting of specimens was performed using cold-setting resin. 
Using an image analysis software, the porosity fraction and the area, 
roundness and distribution of defects were determined for each mate-
rial. The roundness parameter was defined considering Equation (1). 

Roundness =
P2

4πA
(1)  

where A and P are the defect area and perimeter, respectively. 
Since such defects are detrimental to the fatigue resistance, they 

were classified into different classes, i. e. surface single, surface clusters, 
inner single and inner cluster defects. In the considered materials, most 
of the pores concentrate in sub-surface regions. So, it is possible to define 

three possible crack nucleation promoters: surface roughness, near- 
surface single and cluster pores, and inner single and cluster pores. 
About near-surface defects, the Murakami’s theory [25] points out the 
difference among shallow or deep flaws and all the others. The surface 
roughness can be converted into an equivalent micro-notch following 
the Murakami’s approach [25]. Being the roughness continuously 
distributed on the whole surface circumference, it was considered as a 
shallow defect with depth equal to the Rv parameter [22]. 

2.3. Determination of the static mechanical properties: hardness, micro- 
hardness and tensile tests 

Selective Laser Melting is a production technique really different 
from the conventional ones. For this reason, the mechanical properties 
(elastic modulus, yield strength, ultimate tensile strength and hardness) 
must be determined carefully. Hardness tests (HV2) were carried out on 
both transversal and longitudinal sections of all the considered materials 
to study possible anisotropic behavior. Moreover, micro-hardness pro-
files were performed from the outer surfaces till the specimen center to 
detect possible hardness variations able to influence the fatigue limit. 
Then, the room temperature tensile properties were determined by 
Quasi-Static (QS) tensile tests with crosshead speed equal to 0.1 mm/ 
min. The tensile specimen geometry is equal to that adopted for HCF 
tests, as shown in Fig. 1. 

2.4. High-cycle-fatigue (HCF) tests 

HCF tests with load ratio R = 0 were performed using a STEPLab- 
UD04 machine (maximum load 5 kN and maximum frequency 35 Hz), 
according to ASTM E466 standard [26–28]. The drawing of the cylin-
drical specimens is reported in Fig. 1. The choice of a load ratio R = 0 is 
very common in the technical literature for axial fatigue tests. Never-
theless, when the service application involves other loading conditions 
and stress ratios, tests should be planned to reproduce as much as 
possible the real situation. In fact, the technical literature [29–31] shows 
that both the load ratio R and the mean stress influence the fatigue 
resistance significantly. Similarly, the frequency of load application can 
affect the results, especially in the high or very high regime. In partic-
ular, the combination of test frequency and applied fatigue stress is 
important because the specimen temperature can increase a lot. 
Nevertheless, when the very-high-cycle fatigue behavior is investigated, 
higher frequencies are necessary to reduce the test time. In these cases, 
the experimental set-up must be properly designed to prevent or mini-
mize undesired effects, such as specimens overheating, as described in 
[29–31]. Considering the limited number of samples, the short staircase 
statistical approach was adopted to determine the fatigue limits 
[32–34]. Tests were conducted considering different load levels 
considering a stress increment equal to 10 MPa (force increment equal to 
50 N). 

A first test is conducted at the starting force level, F1. This value, 
which should be as close as possible to the fatigue limit, is estimated 
from literature for each tested material. If the specimen withstands the 
run-out condition, 5 × 106 cycles, a subsequent test is performed at a 
force level increased by the force increment, i. e. Fi+1 = Fi + ΔF. 
Conversely, if the test ends with a failure, the following one is conducted 
at a force decreased by the force increment, i. e. Fi+1 = Fi − ΔF. Five tests 
for each material were performed. In addition to the number of failures 
(X) and run-outs (O), their order is considered to determine the fatigue 
limit in each material. The short stair-case method [35] determines the 
fatigue limit through a coefficient k, called Dixon factor and tabulated in 
[35]. Its value depends on the sequence of failures and run-outs. Equa-
tion (2) describes the calculation of the fatigue limit and xF is the stress 
level of the last test. 

σf = xF + kΔσ (2) 

As said previously, surface roughness and sub-surface defects can 

Fig. 1. Drawing of HCF and QS specimens adopted in this research work.  
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affect the fatigue resistance greatly. Assuming such defects as a single 
equivalent flaw, fracture mechanics principles allows a deeper under-
standing of the fatigue life. Given the applied nominal stress σ, the 
Murakami’s approach [25] suggests Equation (3) to relate each defect to 
the applied stress-intensity factor K. 

K = σY
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π
̅̅̅̅̅̅̅̅̅
area

√
√

(3) 

Y is equal to 0.65 and 0.50 for surface and internal defects, respec-
tively. Regarding Equation (3), the difference between the Y values 
suggests that surface defects are more critical than inner ones. So, given 

a certain stress, in order to obtain the same K value, the size parameter 
̅̅̅̅̅̅̅̅̅
area

√
of an inner flaw must be 1.69 times higher than that of a surface 

defect. 
̅̅̅̅̅̅̅̅̅
area

√
is the effective length of the equivalent micro-notch 

calculated from the convex area of the defect determined according to 
the Murakami’s method [25], as shown in Fig. 2.a. This parameter is 
very important since it is related to the shape, dimension and position of 
each defect. If only a single defect is present, the area is calculated as the 
convex contour which envelopes the original irregular shape, as shown 
in Fig. 2.a. When multiple defects are present, interaction among them 
must be considered. A cluster is obtained when distances between 
adjacent defects are lower than the equivalent diameter of the smallest 
defect within the cluster, as shown in Fig. 2.b. The cluster is charac-
terized considering the convex area which circumscribes all the defects 
belonging to the cluster. Then, the Murakami’s approach considers the 
interaction of sub-surface defects with the surface [25]. Referring to 
Fig. 2.c, when the distance from the surface, e, is higher than the defect 
size, d, the defect-surface interaction is negligible. Other authors [36] 
suggested to consider the 

̅̅̅̅̅̅̅̅̅
area

√
parameter instead of the defect size to 

assess the presence of defect-surface interaction. 
Regarding surface shallow defects, such as the surface roughness and 

surface defects with length-to-width ratio higher than 10, the effective 
length of the equivalent flaw is no longer calculated through the 

̅̅̅̅̅̅̅̅̅
area

√

size parameter, but considering the defect depth, t, as described by the 
Murakami’s method [25]. So, in this case, calculation of the stress- 
intensity factor is performed considering Equations (4) and (5). 

K = σY
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
areashallow

√
√

(4)  

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
areashallow

√
=

̅̅̅̅̅
10

√
t (5) 

The correct and precise identification of the defect type (surface, sub- 
surface, inner and shallow) is one of the most important aspects for 
estimating the fatigue resistance on the base of the existing defects that 
can be identified by destructive (metallographic analysis) or non- 
destructive (X-ray tomography) tests. Such analysis is fundamental to 
accurately determine the K value of each defect and consequently also 
the fatigue behavior. For instance, Fig. 2 remarks that pores forming 
clusters behave like a larger defect with an equivalent size which is 
higher than that of the largest pore of the cluster. Moreover, the clas-
sification of a flaw as a surface defect involves an applied stress intensity 
factor which is 30 % (Ysurface/Yinner = 1.3) higher compared to that of an 
inner pore with the same size parameter. The stress-intensity factor K is 
very useful to study the fatigue behavior. Particularly, El-Haddad et al. 
[37] suggested a relation between the threshold ΔK (ΔKth) and the fa-
tigue limit (Δσf ) defining an intrinsic crack, a0, that considers the overall 
effect of existing defects, microstructure, non-metallic inclusions, micro- 
damages induced by the manufacturing process. The relation among 
fatigue stress, threshold ΔK and crack length is summarized by the 
Kitagawa-Takahashi diagram [38] shown in Fig. 3. 

Equation (6) defines the intrinsic El-Haddad crack. 

Fig. 2. Definition of the convex effective area of single defects (a) and cluster of defects (b) with and without presence of defect-surface interaction (c). Classification 
and analysis according to the Murakami’s method [25]. 

Fig. 3. Kitagawa-Takahashi diagram.  

Fig. 4. Comparison between the approaches of El-Haddad and Chapetti.  
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ao =
1
π

(
ΔKth,LC

YΔσf

)2

(6)  

where ΔKth,LC is the threshold ΔK for long cracks and Δσf represents the 
fatigue limit. 

However, when a crack is not associated to complete crack closure 
build-up, such as short cracks, the threshold ΔK is reduced with respect 
to that of long cracks [39,40]. Consequently, compared to the Chapetti’s 
approach [41], the El-Haddad model is non-conservative, as shown in 
Fig. 4. Different methods were proposed to describe the crack closure 
build-up through exponential functions or other models which tend to 
the long cracks ΔKth threshold asymptotically [41–43]. As a result, the 
R-curve shown in Fig. 5 relates the threshold stress intensity range to the 
crack extension. Furthermore, investigating the effects of pre-existing 

Fig. 5. Definition of the crack length, the initial crack and the crack extension (a); R-curve between the stress intensity range and the crack extension (b).  

Fig. 6. Drawing of LCF specimens adopted in this work.  

Table 2 
Roughness parameters measured on the investigated materials.  

AISI 316L Min [µm] Max [µm] Average [µm] AlSi10Mg Min 
[µm] 

Max [µm] Average [µm] 

Ra  6.3  12.7  9.2 Ra  4.5  10.4  7.2 
Rt  46.7  73.3  62.0 Rt  39.3  53.5  47.4 
Rz  43.2  71.1  58.9 Rz  35.3  46.1  41.1 
Rc  21.0  45.6  31.5 Rc  14.5  27.5  21.4 
Rv  19.8  37.4  28.9 Rv  15.0  18.7  17.2  

Table 3 
Surface roughness, inner and surface defects observed in AISI 316L specimens.  

Roughness 
Max Rv [µm] 

Micro-notch 
length Roughness 
[µm] 

Surface single 
and cluster 
defects [µm] 

Inner single and 
cluster defects 
[µm]  

37.4 118 142 (max.) 82 (max.)  

Table 4 
Surface roughness, inner and surface defects observed in AlSi10Mg specimens.  

Roughness 
Max Rv [µm] 

Micro-notch 
length Roughness 
[µm] 

Surface single 
and cluster 
defects [µm] 

Inner single and 
cluster defects 
[µm]  

18.7 59 226 (max.) 187 (max.)  

F. Concli et al.                                                                                                                                                                                                                                   
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flaws considered as sharp notches, Tanaka and Akiniwa [39] found that 
the region of non-propagating cracks gets smaller when the defect length 
increases. 

The intrinsic (effective) threshold, ΔKth,eff , does not depend neither 
on the microstructure nor the load ratio, but only on material physical 
properties. The scientific literature proposes different relations to 
determine its value. Li et al. [44] reported some models mainly based on 
the elastic modulus, as shown in Equation (7). 

ΔKth,eff = α
̅̅̅̅̅̅
|b|

√
E (7)  

where E is the elastic modulus, b is the Burgers vector and α is equal to 
0.75 according to Pippan et al. [45]. The Burgers vector, defined by 
Equation (8), is a function of the lattice parameters. 

|b| =
a
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(8)  

where a is the edge length of the unit cell, while h, k and l are the Burgers 
vector components. In the FCC lattice, the directions 〈1,1, 0〉 are the 
most prone to slide. For such directions, the Burgers vector is equal to 
|b| = a

2

̅̅̅
2

√
. 

To consider the ΔKth variation described by the R-curve, some au-
thors [41,46] suggested an expression slightly different from the El- 
Haddad one shown in Equation (9). This relation is reported in Equa-
tion (10). 

Δσth =
ΔKth,LC

Y
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(a + ao)

√ (9) 

Fig. 7. Microstructure observed in the transversal (a, b) and longitudinal directions (c). SEM image in the transversal plane (d).  

Fig. 8. Analysis of the observed defects. (a) Relation between roundness and micro-notch length; (b) Distribution of inner and surface porosity.  
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Δσth =
ΔKth(a)

Y
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(a + ao)

√ (10) 

The limit curve based on the intrinsic (effective) ΔKth,eff results in the 
non-propagating Chapetti region shown in Fig. 4. Replacing the El- 
Haddad parameter a0 with the modified value a′

0 (Equation (11), a 
new limit stress curve is obtained as shown in Equation (12). 

a′
o =

1
π

(
ΔKth(a)
YΔσf

)2

(11)  

Δσth =
ΔKth(a)

Y
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(a + a′

o)
√ (12)  

Fig. 9. Microstructure observed in the transversal (a, b) and longitudinal directions (c). SEM image in the transversal plane (d).  

Fig. 10. Analysis of the observed defects. (a) Relation between roundness and micro-notch length; (b) Distribution of inner and surface porosity.  

Fig. 11. Hardness values of the investigated alloys.  
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2.5. Low-cycle-fatigue (LCF) tests 

Low-cycle-fatigue (LCF) fully-reversed tensile-compression tests 
were performed on cylindrical specimens (Fig. 6) according to the 
standard ASTM E606 [47]. Because of the small specimen size, the LCF 
tests were performed in displacement control. The strain was calculated 
adjusting the imposed displacement with that related to the testing 
machine stiffness. The latter was determined experimentally before the 
LCF tests. Finally, the strain was obtained dividing such corrected 
displacement by the specimen cylindrical length. Because of the limited 
number of specimens, four samples per material were tested. 

The test frequency was set equal to the minimum value prescribed by 

the standard, i.e. 0.1 Hz [48]. This value was selected to prevent possible 
samples overheating that could affect the results. 

2.6. Determination of the fatigue micro-mechanisms 

The investigation of the influence of surface and the inner defects on 
fatigue crack nucleation and propagation requires a deep observation of 
the microscopic aspects of fracture surfaces. For such a reason, selected 
broken fatigue specimens of both HCF and LCF tests were investigated 
by SEM at different magnifications highlighting the nucleation and 
propagation zones as well as the killer defect/s. 

Fig. 12. Micro-hardness profiles varying the distance from the outer surface.  

Table 5 
Tensile properties of the investigated materials.  

Material YS [MPa] UTS [MPa] E [GPa] 

AISI 316L 465 540 180 
AlSi10Mg 233 352 70  

Fig. 13. Comparison among the specific strengths of the investigated materials.  

Fig. 14. Testing sequences for the investigated alloys.  

Table 6 
Fatigue limits of the investigated alloys.  

Material σf [MPa] σf

UTS  

AISI 316L 136  0.25 
AlSi10Mg 123  0.35  

Fig. 15. Wöhler diagram for the tested alloys.  

Fig. 16. Comparison among specific fatigue limits.  
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3. Surface roughness analysis and metallographic investigation 

3.1. Surface roughness tests 

Five measurements were carried out per each material. The obtained 
results, reported in Table 2, confirm the low surface quality. 

3.2. Metallographic investigation 

The metallographic observations revealed a large number of micro- 
and macro-porosities, especially close to the outer surface, in a zone with 
radial width of approximately 120 µm and 180 µm for the AISI 316L 
stainless steel and AlSi10Mg, respectively. The percentage porosity was 
evaluated by image analysis in the transversal section at 25X magnifi-
cation. It resulted equal to 0.7 % for AlSi10Mg and 0.2 % for AISI 316L. 
Porosity formation generally has two origins. The first one is related to 
the absorption of surrounding gases and/or the evaporation of alloying 
elements, the other is associated to the lack-of-fusion phenomenon, 
which depends on the building strategy [49,50]. All the as-built speci-
mens show an outer contour layer, where most of the pores are 
concentrated. 

In the transversal plane, the chemical etching revealed elongated 
tracks of melt pools with different orientations because of the layer- 
stacking technique. In the longitudinal plane, stacking of melt pools in 
the build direction is evident and characterized by an almost uniform 
orientation. They have a half-cylindrical shape, which is related to the 
Gaussian distribution of laser energy [51–56]. Melt pools are composed 
by fine dendrites surrounded by coarser traces among adjacent pools. 
SEM analysis revealed that the microstructure is characterized by 
presence of both cellular-shaped structures and elongated dendrites, 
whose growth occurred in different directions due to the heat flux 
orientation [51–56]. 

The characterization of the microstructural features in both the 
transversal and longitudinal sections is particularly important since AM 
components can be subjected in service to multi-directional loading. In 

Fig. 17. Comparison among the specific-strength-modified Wöhler curves.  

Table 7 
Calculated ΔKth,eff and ΔKth,LC for the investigated materials.  

Material ΔKth,eff [MPa
̅̅̅̅
m

√
] ΔKth,LC[MPa

̅̅̅̅
m

√
] 

AISI 316L  2.1  5.7 
AlSi10Mg  1.0  4.7  

Fig. 18. Influence of crack length on the threshold ΔK. a) AISI 316L; b) AlSi10Mg.  

Table 8 
Calculated theoretical fatigue limits (R = 0) for surface (a) and inner (b) defects.  

Material HV2 σf0(R = 0), Y ¼ 0.65 
[MPa] (a) 

σf0/UTS σf0(R = 0), Y ¼ 0.50 
[MPa] (b) 

σf0/UTS 

AISI 316L 224 339  0.628 341  0.631 
AlSi10Mg 129 172  0.489 172  0.489  

Fig. 19. Comparison among the limit curves for non-propagating cracks in the K-T diagram. a) AISI 316L; b) AlSi10Mg.  
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the scientific literature [29–31], it is known that the static mechanical 
properties, the fatigue resistance, the fracture toughness and the long 
crack threshold ΔKth,LC are deeply affected by the build direction and the 
powder size. For instance, Qian et al. [31] found a huge decrease of the 
fatigue limit when AM specimens are tested perpendicularly to the build 

direction. So, a careful microstructural investigation and a deep char-
acterization of the defects size and morphology can give important in-
formation about the service performance of an AM part in the considered 
loading condition. For this reason, the authors performed a wide 
microscopic analysis focusing the attention on the microstructural 

Fig. 20. Comparison among the limit curves varying the initial micro-notch length. a) AISI 316L; b) AlSi10Mg.  

Fig. 21. Determination of the equivalent micro-notch length for surface and inner defects. (a) AISI 316L, (b) AlSi10Mg.  

Table 9 
Summary of nucleation sites, total micro-notch lengths and fatigue stresses related to broken fatigue specimens. (a) Conversion of the roughness parameter Rv into the 
equivalent micro-notch length; (b) conversion of the observed defect into an equivalent micro-notch; (c)=(a)+(b).  

Material Nucleation site Surface Roughness 
Rv[µm] 

Micro-notch (roughness) 
[µm] (a) 

̅̅̅̅̅̅̅̅̅
area

√
(defect) 

[µm] (b) 
Micro-notch total length [µm] (c) Fatigue stress 

[MPa] 

AISI 316L Surface porosity 37.4 118 41 159 249 
Surface porosity 57 175 215 
Surface porosity 79 197 138 
Surface porosity 121 239 138 

AlSi10Mg Surface 18.7 59 — 59 160 
Surface porosity 26 85 138 
Surface porosity 42 101 129  

Fig. 22. K-T diagrams for the broken fatigue specimens summarized in Table 9. (a) AISI 316L; (b) AlSi10Mg.  
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features and the observed defects. They were classified into inner and 
surface flaws according to the Murakami’s theory [25]. They are re-
ported in Table 3 and Table 4 together with the surface roughness 
conversion into the equivalent micro-notch. Since crack nucleation is 
generally driven by the worst defect, the maximum Rv value was 
selected to represent the notch effect of the surface roughness [22]. The 
total length of each surface defect was obtained adding the length of the 
equivalent micro-notch to the roughness equivalent micro-notch. 

3.2.1. AISI 316L stainless steel 
Melt pools are clearly visible in both transversal (Fig. 7.a and Fig. 7. 

b) and longitudinal directions (Fig. 7.c). In the transversal direction, the 
elongated tracks of melt pools have different orientations, while, in the 
longitudinal building direction, an almost uniform shape and orienta-
tion is observed. The presence of a contour layer is visible too. As shown 
in Fig. 7.d, a cellular-shaped structure combined with elongated den-
drites is present, as described in the technical literature [57–60]. A large 
number of pores was observed as well, mainly concentrated in a sub- 
surface region, as shown in Fig. 7.a. 

The inner and surface defects are reported in Table 3. 
Defects detected by metallographic analysis were converted into 

equivalent micro-notches and classified according to their roundness 
and distribution within the section, as shown in Fig. 8. 

3.2.2. AlSi10Mg alloy 
Melt pools are clearly visible in both transversal (Fig. 9.a and Fig. 9. 

b) and longitudinal directions (Fig. 9.c). In the transversal direction, the 
elongated tracks of melt pools have different orientations, while, in the 
longitudinal building direction, they show an almost uniform shape and 
orientation. The melt pools within the surface contour layer show a clear 
V shape in the longitudinal building direction because of the different 
building parameters with respect to the inner zone. Moreover, SEM 
revealed a typical cellular-shaped structure made of a Si-rich network 
dispersed within the supersaturated aluminum matrix [51–53,56,57], as 
shown in Fig. 9.d. High number of pores are clearly visible in the whole 
section, especially in the surface contour zone. 

The inner and surface defects are reported in Table 4. 
Defects detected by metallographic analysis were converted into 

equivalent micro-notches and classified according to their roundness 
and distribution within the section, as shown in Fig. 10. 

4. Hardness, micro-hardness and tensile tests 

The hardness values of the investigated materials are compared in 
Fig. 11, whereas the micro-hardness profiles are reported in Fig. 12. No 
significant difference was found between the transversal and longitu-
dinal sections of the AlSi10Mg alloy, whereas a slight hardness anisot-
ropy was observed in AISI 316L. The micro-hardness profiles did not 
show any substantial difference between outer and inner zones. 

Bartolomeu et al. [61] compared AISI 316L stainless steels produced 

Fig. 23. Ramberg-Osgood cyclic curves compared to the quasi-static (QS) ones. (a) AISI 316L; (b) AlSi10Mg.  

Table 10 
Ramberg-Osgood parameters.   

K [MPa] n [-] E [GPa] 

AISI 316L 1020  0.2102 180 
AlSi10Mg 1005  0.2536 70  

Table 11 
Modified Basquin-Coffin-Manson parameters.   

σ′
f [MPa] b[-] ε′

f [-] c[-] εfatigue[-] 

AISI 316L 500  − 0.30  0.30  − 0.5  4.40•10-4 

AlSi10Mg 300  − 0.30  0.10  − 0.4  1.06•10-3  

Fig. 24. Modified Basquin-Coffin-Manson curves for each investigated material.  

Table 12 
Samples selected for SEM analysis of fracture surfaces and fatigue micro- 
mechanisms.  

Material Series Code ID Number of cycles to failure 

AISI 316L Low cycle fatigue LCF1 250 
AISI 316L High cycle fatigue HCF1 346,677 
AISI 316L High cycle fatigue HCF2 1,640,950 
AlSi10Mg Low cycle fatigue LCF1 13 
AlSi10Mg High cycle fatigue HCF1 392,097 
AlSi10Mg High cycle fatigue HCF2 853,349  
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by different manufacturing techniques: conventional cast, hot pressing 
and selective laser melting. They found average hardness values from 
150 HV to 230 HV. Liu et al. [62] investigated the mechanical properties 
of AlSi10Mg after permanent mold (PM) and high-pressure vacuum die 
(HPVD) casting in the T6 aging condition. They reported hardness 
values ranging from 110 HV to 120 HV. The previous data can be 
compared with those reported in Fig. 11 and Fig. 12. The average 
hardness of AISI 316L stainless steel is 224 HV and it is compatible with 
the literature data. Moreover, it is significantly higher than that of 
conventionally cast materials. For the AlSi10Mg alloy, the average 
hardness is equal to 129 HV, which is slightly higher than that reported 
by Liu et al. [62] for the T6 state. 

The tensile properties are summarized in Table 5. 
Except for the FCC lattice structure, the investigated materials are 

completely different. Particularly, density ρ [kg/m3] represents a really 
important property in engineering applications. In the technical litera-
ture, the density of AISI 316L and AlSi10Mg are 8000 kg/m3 and 2670 
kg/m3, respectively. The investigated alloys can be compared consid-
ering the specific strength, i.e. strength over density (YS/ρ and UTS/ρ). 
Fig. 13 shows that the aluminum alloy has the highest specific strength 
both in terms of UTS and YS. 

5. High-cycle-fatigue (HCF) tests 

For the AISI 316L stainless steel, the sequence of failures and run- 
outs is O-X-O-X-O, as shown in Fig. 14.a. The Dixon factor results 
equal to 0.701 leading to a fatigue limit of 136 MPa. For the AlSi10Mg 
alloy, the sequence of failures and run-outs is O-X-X-X-O, as reported in 

Fig. 25. Fracture surface analysis of specimen LCF1 - (a) fracture surface, (b) nucleation zone, (c) propagation zone, (d) final fracture. Multiple crack nucleation 
along the specimen gauge length, as shown in (e). 

F. Concli et al.                                                                                                                                                                                                                                   



International Journal of Fatigue 177 (2023) 107931

13

Fig. 14.b. The Dixon factor is equal to 1.288 leading to a fatigue limit of 
123 MPa. The fatigue limits, associated with 50 % failure probability, 
are summarized in Table 6. 

In addition to the fatigue limit zone, tests were conducted in the 
finite life region. The resulting Wöhler curves are shown in Fig. 15. 

Solberg et al. [9] studied the fatigue behavior of AM AISI 316L with 
load ratio R = 0.1, run-out condition equal to 2 × 106 cycles and surface 
roughness, Ra, equal to 10.1 µm. They found fatigue strength 20 % 
higher than that reported in Table 6. In the present paper, considering 
the similar surface roughness, the slightly lower load ratio and the 
higher run-out condition, the fatigue limit of 136 MPa can be considered 
comparable with that observed by Solberg et al. [9]. Moreover, 
considering the literature review reported by [63], the σf/UTS ratio for 
AM AISI 316L in the as-built condition is included between 0.26 and 
0.40 with conversion to R = 0. Such range for the σf/UTS ratio is 
referred to an average number of run-out cycles equal to 1.7 × 106 with 
standard deviation of 0.6 × 106 [63]. Since the run-out condition 
adopted in this work was higher and equal to 5 × 106 cycles, the pres-
ence of a ratio close to the lower extremity of the literature range is 
hence justified. 

Regarding AM AlSi10Mg, the σf/UTS ratio reported in Table 6 is 
compatible with the literature. In fact, as reported by [64], this ratio for 
AM AlSi10Mg in the as-built condition ranges from 0.18 to 0.49 when 
converted to R = 0. 

Then, the investigated alloys were compared considering the ratio 
between fatigue limit and density. The specific fatigue limits are re-
ported in Fig. 16, whereas the specific-strength-modified Wöhler curves 
are reported in Fig. 17. 

As already observed in the comparison among the tensile properties, 
AlSi10Mg provides the best specific fatigue behavior confirming its 
importance in several engineering applications. 

5.1. Kitagawa-Takahashi (K-T) diagram and limit curves 

As discussed previously, the R-curve can be estimated considering 
different models at given ΔKth,eff and ΔKth,LC values. In this work, the 
authors adopted the model defined by Zerbst et al. [43] and reported in 
Equation (13). 

ΔKth = ΔKth,LC

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δa + a*

Δa + a* + ao

√

(13)  

ΔKth,LC is the threshold ΔK for long cracks, a0 is the El-Haddad intrinsic 
crack and a* is an additional parameter adopted to make ΔKth = ΔKth,eff 

when Δa = 0. The a* parameter is defined by Equation (14). 

a* = ao

(
ΔKth,eff /ΔKth,LC

)2

1 −
(
ΔKth,eff /ΔKth,LC

)2 (14) 

The intrinsic (effective) ΔKth,eff threshold was determined for each 
material with Equation (7) considering the parameter α equal to 0.75 as 
suggested by Pippan [40,45,46,65]. The ΔKth,LC threshold depends on 
microstructure and process parameters. It was determined after a wide 
literature review. About AISI 316L stainless steel, values included be-
tween 2.4 MPa

̅̅̅̅
m

√
and 9.9 MPa

̅̅̅̅
m

√
are reported [66–68]. For AlSi10Mg, 

some authors [22,64,69] reported threshold data included between 1.3 
MPa

̅̅̅̅
m

√
and 6.9 MPa

̅̅̅̅
m

√
. The adopted ΔKth,eff and ΔKth,LC values are 

finally summarized in Table 7. Then, the influence of crack length on the 
threshold ΔK is reported in Fig. 18. 

The theoretical fatigue limit, σf0, is necessary to determine the K-T 
diagram. Such limit should be determined considering fatigue specimens 
with the same microstructural features of the investigated materials, but 
without surface and inner defects. For additively-manufactured parts, its 

Fig. 26. Fracture surface analysis of specimen HCF1 - (a) fracture surface, (b) nucleation zone, (c) propagation zone, (d) final fracture.  
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determination becomes critical since process-induced defects cannot be 
avoided completely. On the other hand, the same microstructural fea-
tures cannot be replicated by other manufacturing processes. According 
to the technical literature, the fatigue limit can be estimated as a fraction 
of UTS depending on the fatigue loading type. However, even though 
quasi-static tensile properties are less influenced by porosity, it is not 
possible to completely exclude a detrimental effect also on such prop-
erties. Among the mechanical parameters usually adopted to charac-
terize a material, hardness seems the most suitable to investigate the 
mechanical properties of the bulk material reducing as much as possible 
the porosity influence. In fact, the hardness test can be done sufficiently 
far from defects. When a flaw is located below the tested region, the 
imprint shape will be irregular and hence not acceptable. So, relating the 
hardness to the fatigue limit seems a promising way to estimate a value 
only dependent on the microstructure. In the technical literature 
[25,70], the fatigue limit at R = − 1 can be estimated as: 

σf 0 ≅ 1.6HV (15)  

where HV is the Vickers hardness. 
As reported in [25], such expression is obtained approximating the 

fatigue limit as σf0 = 0.5UTS and the ultimate tensile strength as UTS =

3.3HV. Such relation is more suitable for BCC materials since the ratio 
between fatigue limit and UTS is generally lower than 0.5 for FCC 
materials. 

Murakami and other authors [25,70,71] proposed Equation (16) to 
relate the fatigue limit, the hardness and the equivalent micro-notch 
length (

̅̅̅̅̅̅̅̅̅
area

√
) of an existing defect in [µm]. 

Δσw = 2
a(HV + b)
(

̅̅̅̅̅̅̅̅̅
area

√
)

1/6 (16)  

where Δσw is the fatigue limit stress range with R = − 1. The constant a 
is equal to 1.43 and 1.56 for surface and inner defects, respectively. In 
[25], the constant b is equal to 120. More recently, some authors [72,73] 
proposed the constant b equal to 75 for aluminum alloys. 

When a different load ratio is applied, Equation (16) is modified as 
reported in Equation (17). 

Δσw(R) = 2
a(HV + b)
(

̅̅̅̅̅̅̅̅̅
area

√
)

1/6

(
1 − R

2

)α

(17)  

α is a coefficient correlated to the hardness as shown in Equation (18). 

α = 0.226+ 10− 4HV (18) 

This model was tested considering many experimental data with a 
good agreement (±15 %) [25]. 

Considering the previous expressions, the authors calculated the 
theoretical (defect-free) fatigue limit replacing in Equation (17) the 
equivalent micro-notch defect length 

̅̅̅̅̅̅̅̅̅
area

√
with the El-Haddad intrinsic 

flaw calculated according to Equation (6). The combination of Equations 
(17) and (6) resulted in: 

Δσw(R) = 2
a(HV + b)

[
1
π

(
ΔKth,LC(R)
YΔσw(R)

)2
106

]1/6

(
1 − R

2

)α

(19) 

To find the fatigue limit Δσw(R), Equation (19) can be rearranged as 
shown in Equation (20). 

Δσw(R) =

[

2
a(HV + b)π1/6Y1/3

10
(
ΔKth,LC(R)

)1/3

(
1 − R

2

)α
]3/2

(20) 

Fig. 27. Fracture surface analysis of specimen HCF2 - (a) fracture surface, (b) nucleation zone characterized by the presence of an un-melted zone, (c) propagation 
zone, (d) final fracture. 
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Finally, the maximum fatigue stress can be calculated with Equation 
(21): 

σw,max(R) = σf 0(R) =
Δσw(R)
(1 − R)

(21) 

The estimated theoretical fatigue limits for the investigated alloys 
are summarized in Table 8. 

Regarding additively-manufactured samples, the identification of 
the theoretical fatigue limit by experimental tests is quite complicated 
since it would require polished and defect-free specimens. Moreover, 
being the microstructure strongly affected by the production technique, 
it is almost impossible to replicate it using conventional casting 
methods. So, the unique possibility to determine experimentally the 
theoretical fatigue limit is the complete removal of the AM process- 
induced defects. A very effective solution in closing pores is the Hot 
Isostatic Pressing (HIP) technique. Nevertheless, the presence of high 
temperatures strongly modifies both the microstructure and the me-
chanical properties. Laser remelting is an alternative method to reduce 
the defects content significantly. This technique requires the re-scanning 
of each powder layer twice before going to the next one. However, it 
involves microstructural modifications which result in different me-
chanical properties compared to those associated with the standard AM 
technique. Since these methods are very expensive, the authors decided 
to compare the estimated fatigue limits with the experimental data 
found in the scientific literature. Regarding AISI 316L, Rivolta et al. [63] 
reported many data for fatigue tests on wrought smooth specimens with 
load ratio R = − 1. The reported σf0/UTS ratio ranges between 0.35 and 
0.54. Such values can be converted to the load ratio R = 0 with the 
Goodman-Smith relation obtaining the interval from 0.52 to 0.70. So, 
the values presented in Table 8 are compatible with the literature data. 

Regarding AlSi10Mg, many data about cast aluminum alloys are 

present in the technical literature [64]. The reported σf0/UTS ratio in-
terval, converted to R = 0, ranges between 0.25 and 0.59. Considering 
only the data of the investment cast and HIP conditions (the ones with 
the highest quality), the interval becomes narrower, i.e. 0.44–0.59. 
Considering such data, the values shown in Table 8 are compatible with 
the available technical literature. 

Finally, the limit curves for non-propagating cracks calculated ac-
cording to Equations (9), (10) and (12), are compared in Fig. 19 for the 
investigated alloys. 

In the following analysis, Equation (12) is taken as the reference 
model for the limit curve of non-propagating cracks. The surface 
roughness and the surface/inner defects can be converted into equiva-
lent micro-notches considering the Murakami’s approach [25]. Their 
length influences the limit curves as reported in Fig. 20. 

Some of the broken fatigue specimens were observed by SEM, as 
shown in Section 7. The crack nucleations occurred at the surface 
because of the roughness notch effect or the combined effect of rough-
ness and near-surface pores. According to the Murakami’s approach 
[25], all the defects were converted into equivalent micro-notches. 
Considering surface roughness as a shallow defect, its conversion can 
be calculated as 

̅̅̅̅̅̅
10

√
Rv. For surface and inner defects, the same con-

version is done considering the 
̅̅̅̅̅̅̅̅̅
area

√
parameter, as shown in Fig. 21. 

The equivalent micro-notch lengths are summarized in Table 9. 
The broken fatigue specimens summarized in Table 9 were analysed 

using the K-T diagram referred to the corresponding material, as shown 
in Fig. 22. 

All the broken fatigue specimens lie in the propagating crack region 
if compared to the corresponding limit curves. The El-Haddad limit 
curve is confirmed non-conservative since some of the broken fatigue 
samples would fall into the safe zone. 

Fig. 28. Fracture surface analysis of specimen LCF1- (a) fracture surface, (b) propagation zone, (c) fracture zone. Macro- and micro-porosity is clearly visible.  
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6. Low-cycle-fatigue (LCF) 

Both the tested materials showed hysteresis curves. As shown in 
Fig. 23, each cyclic curve was fitted by the Ramberg-Osgood (R-O) 
model reported in Equation (22). 

εa = εae + εap =
σa

E
+
(σa

K

)1
n (22)  

where εa is the total strain amplitude, εae and εap are the elastic and 
plastic portions of the total strain amplitude, σa is the stress amplitude, E 
is the elastic modulus, K and n are material constants. The R-O param-
eters are reported in Table 10. 

The stabilized curves show a softening behavior for both the mate-
rials. LCF tests were carried out until rupture and the number of cycles at 
failure, Nf , was recorded in each test. Then, the LCF and HCF data were 
used to determine the coefficient of the modified Basquin-Coffin- 
Manson (BCM) relation shown in Equation (23). 

εa =
Δεa

2
=

σ′
f

E
(
2Nf

)b
+ ε′

f

(
2Nf

)c
+ εfatigue (23)  

ε′
f is the fatigue ductility coefficient, σ′

f is the fatigue strength coefficient, 
2Nf is the number of reversals to failure (Nf is the number of cycles to 
failure) b is the fatigue strength exponent, c is the fatigue ductility 
exponent and εfatigue is the strain associated to the fatigue limits reported 
in Table 6. Since the HCF tests were carried out at a different load ratio 
(R = 0), the fatigue limits were converted at load ratio R = − 1 by the 
Goodman-Smith relation. Since the HCF limits lie in the elastic field, the 
strains associated to the fatigue limits at load ratio R = − 1 were ob-
tained with Equation (24): 

εfatigue =
σf (R = − 1)

E
(24)  

where σf (R = − 1) is the fatigue limit converted at load ratio R = − 1 by 
the Goodman-Smith relation and E is the material elastic modulus. 
Finally, the modified BCM coefficients are summarized in Table 11 and 
the comparison among the data and the fitting curves is shown in 
Fig. 24. 

The comparison of the obtained results with those available in the 
technical literature is more complicated in the case of LCF rather than 
HCF. In the presence of high loads close to or above the yield strength, 
size and distribution of inner porosity become more and more impor-
tant. In fact, Solberg et al. [9] observed that crack nucleation is mainly 
driven by the surface condition in the case of HCF. Instead, inner defects 
become critical in the LCF field. The inner porosity of AM parts strongly 
depends on the alloy and the process type and parameters. In this work, 
the AISI 316L porosity is really different compared to that observed in 
the aluminum alloy. Nevertheless, the authors carried out a large liter-
ary review to find some experimental conditions compatible with those 
presented in this paper. 

For example, Shrestha et al. [74] tested AM AISI 316L stainless steel 
under symmetrical strain-control fatigue condition. YS and UTS resulted 
slightly higher than those presented in Table 5 (4 % and 17 %, respec-
tively). Nevertheless, the strain amplitude corresponding to an average 
number of reversals to failure equal to 1000 is close to that reported in 
Fig. 24. 

Romano et al. [75] performed strain-controlled fatigue tests on 
AlSi10Mg produced with different process parameters. They found YS 
and UTS values ranging from 225 MPa to 305 MPa and from 365 MPa to 
444 MPa, respectively. Porosity ranged between 0.02 % and 0.38 % 

Fig. 29. Fracture surface analysis of specimen HCF1 - (a) fracture surface, (b) nucleation zone, (c) propagation zone, (d) final fracture. Macro- and micro-porosity is 
clearly visible. 
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varying the process parameters. Fatigue tests, performed with strain 
ratio equal to − 1, resulted in a number of cycles to failure included 
between 102 and 107. Considering only the specimen series with the 
highest porosity, a strain amplitude included between 4 • 10− 3 and 6 •

10− 3 results in an average number of cycles to failure equal to 1000, 
similar to those reported in Fig. 24. 

7. Fracture surfaces investigation 

The analysis of LCF fracture surfaces was often complicated because 
high loads reduce the propagation areas and the typical fatigue marks 
are not as clear as those observed in HCF fatigue samples. Moreover, 
some damages were detected on the fracture surfaces, which were 
probably generated when the final fracture occurred. Nevertheless, 
crack propagation evidence was highlighted in the reported SEM mi-
crographs. In the HCF series, instead, nucleation, propagation and final 
fracture zones were clear. In these samples, cracks originated on the 
outer surface and no multiple nucleation was observed. For both LCF 
and HCF specimens, the final fracture is characterized by very small 
dimples associated with a micro-ductile mechanism. The analyzed 
samples are summarized in Table 12. 

7.1. AISI 316L stainless steel 

See Figs. 25, 26 and 27. 

7.2. AlSi10Mg alloy 

See Figs. 28, 29 and 30. Due to the high loads and some damaged 
zones, the LCF fracture surfaces show only few features of fatigue 

mechanisms. The crack seems to be originated from an inner pore, as 
remarked in Fig. 28a. 

8. Conclusions 

In this experimental study, two materials, AISI 316L and AlSi10Mg 
were produced, tested and characterized in terms of quasi-static, high- 
cycle-fatigue and low-cycle-fatigue. Since AM materials are often 
employed for small reticular structures without any surface finishing, 
specimens were tested in the as-built condition. The mechanical resis-
tance was determined by tensile and hardness tests resulting in better 
performance compared to conventional casting methods. Instead, the 
elastic modulus is similar to that of conventional alloys. Then, a com-
parison among the materials considering the specific YS and UTS 
remarked the highest performance of the AlSi10Mg alloy. 

Metallographic analysis revealed the main structural features of the 
considered alloys. In each investigated SLMed material, melt pools were 
clearly visible in both longitudinal and transversal sections. A surface 
contour layer was present as well. In this region, a really large number of 
pores was present, especially in the AlSi10Mg alloy where the average 
defect size was higher compared to that of AISI 316L. Melt pools were 
composed of very fine cellular-shaped structures and elongated den-
drites. Hardness values were significantly higher than those of conven-
tionally cast products. The hardness of as-built AlSi10Mg was close to 
that of die-cast alloys after T6 aging treatment. 

The high-cycle fatigue limit was determined using the short stair- 
case approach according to the Dixon method. The experimental 
values agree with the technical literature. As expected, they are strongly 
influenced by defects and surface condition. As for the static properties, 
the fatigue behavior was compared considering the specific fatigue 

Fig. 30. Fracture surface analysis of specimen HCF2 - (a) fracture surface, (b) nucleation zone, (c) propagation zone, (d) final fracture. Macro- and micro-porosity is 
clearly visible. 
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limits. Such analysis confirmed the outstanding behavior of the 
AlSi10Mg alloy. 

In the Kitagawa-Takahashi diagram, the limit curves for non- 
propagating cracks were determined for each material considering the 
total equivalent micro-notch of both the surface roughness and surface/ 
inner defects. The El-Haddad approach demonstrated non-conservative, 
as already observed in the literature. Instead, when the limit curve 
associated to the total equivalent micro-notch of both the surface 
roughness and killer defect is considered, the specimen failure is 
justified. 

Regarding the low-cycle fatigue, both the materials were character-
ized by an appreciable softening behavior. Successively, a modified 
Basquin-Coffin-Manson equation was employed to fit both the LCF and 
HCF data. 

The analysis of LCF and HCF fracture surfaces revealed that crack 
nucleation mainly occurs close to the surface because of both poor 
surface quality and presence of near-surface defects. As expected, 
because of the FCC lattice, the final rupture of all the investigated alloys 
was characterized by micro-dimples, confirming the presence of a 
ductile behavior. 

The analysis of the fracture surfaces revealed that most of the cracks 
nucleated from surface or sub-surface defects. This prevalent behavior is 
justified by the greater severity of surface defects which are associated to 
the highest Y coefficient in Equation (3). In only one case, the AlSi10Mg 
LCF1 specimen of Fig. 28, the fatigue failure originated from an inner 
pore. In this case, despite the lower Y value adopted for inner defects, 
the presence of a really large size parameter 

̅̅̅̅̅̅̅̅̅
area

√
was predominant in 

defining it as the most critical defect in terms of stress-intensity factor. 
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