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Abstract
The aim of this study is to analyze how the fatigue behavior of AlSi10Mg by laser powder bed fusion is affected by build 
orientation, heat, and surface treatments. A three-by-three factorial plan has been arranged for this purpose. Particularly, 
regarding the heat treatment, three levels were considered (as built, age hardening, and stress relief); whereas, for the surface 
treatment, three levels were investigated (micro-shot-peening, micro-shot-peening plus fine blasting, and machining and 
lapping following laser powder bed fusion). Regarding the build orientation, the specimens were manufactured using three 
different build orientations (0°, 45°, and 90°). The obtained data have been statistically analyzed by a three-factor ANOVA-
based method. The results, supported by fractographic and micrographic microscopy analyses, indicate that the age-hardening 
treatment yields the maximum benefits, whereas stress relief may even have a detrimental effect. As for surface treatments, 
a positive influence of shot-peening has been found.

Keywords  Fatigue strength · Aluminum alloy · Additive manufacturing · Laser powder bed fusion · Heat treatment · 
Surface treatment

Abbreviations
AM	� Additive manufacturing
ANOVA	� Analysis of variance
b0, b1	� S–N curve coefficients according to standard
DMLS	� Direct metal laser sintering
LPBF	� Laser powder bed fusion
N	� Lifecycles (for S–N curve)
PBF	� Powder bed fusion
PBO	� Part build orientation
R	� Stress ratio (fatigue tests)
Ra	� Roughness average (μm)
SLM	� Selective laser melting
S	� Maximum bending stress (for S–N curve), cor-

responding also to the stress amplitude.
SSBR	� Sum of squares between rows (for ANOVA 

computations)
SSBC	� Sum of squares between columns (for ANOVA 

computations)
SSBP	� Sum of squares between profundities (for 

ANOVA computations)

SSI	� Sum of squares interaction (for ANOVA 
computations)

SSE	� Sum of squares error (for ANOVA 
computations)

S	� Overall mean (for ANOVA computations)
S–N	� Fatigue curve in the finite life domain

1  Introduction

Modern additive manufacturing (AM) processes enable the 
fabrication of metal parts with very complex geometries, 
which are often difficult to obtain (as a monolithic compo-
nent) by machining or through conventional subtractive pro-
cesses. It is also possible to optimize the component design 
for lightness purposes, obtaining parts with high strength/
weight or stiffness/weight ratios. Furthermore, additive pro-
cesses are often faster than conventional ones (and some-
times even cheaper) when manufacturing a small number of 
components [1]. The raising interest in additive manufactur-
ing is helping with the advancement of numerous numerical 
and artificial intelligence based tools tailored to enhance the 
quality of AM components [2, 3].The most applied addi-
tive manufacturing processes for metal parts are based on 
powder bed fusion (PBF). Specifically, laser powder bed 
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fusion (LPBF) covers the overwhelming majority of applica-
tions [4–6]. In this process, the 3D model of the part is first 
sliced in layers. At the beginning of the process, a recoater 
deposits a layer of powder on a building plate. Then, a laser 
driven by galvo-mirrors selectively fuses the cross section 
of the first layer. Once scanning is completed, the build plate 
moves downward by the height of the molten layer. Then, a 
further powder layer is spread again over the previous one, 
and the next section is transformed. These steps are repeated 
until part completion [7–11]. At the end of the process, the 
unmelted powder is removed and the parts are cut from the 
build plate by means of Electrical Discharge Machining 
(EDM) or bandsaw [12].

Static and dynamic mechanical properties of compo-
nents made in AM are often different from those of parts 
made of wrought material. This outcome arises from AM 
processes being often affected by defects, such as porosity, 
internal voids, and oxides, as well as poor surface finish-
ing. Furthermore, the heterogeneous temperature variations 
components undergo during fabrication are likely to trigger 
residual stresses due to very high material melting and cool-
ing rates. The high energy concentration of the laser spot 
results in the rapid melting of the material and the formation 
of a Heat Affected Zone (HAZ) in the surrounding regions. 
Heat exchange with the unmelted powder and the environ-
ment contributes to the rapid cooling of the molten mate-
rial to the bed temperature, as demonstrated by [13]. The 
high thermal gradient usually results high residual stresses 
[14]. Another important issue concerns surface finishing: 
in fact, components made by LPBF exhibit a very high sur-
face roughness (even more than Ra = 20 µm). These features 
were found to detrimentally affect the fatigue response for 
many materials, namely AlSi10Mg aluminum alloy [15–17], 
TiAl6V4 titanium alloy [18], maraging steel [19, 20], 316L 
stainless steel [21] and nickel based alloy 718 [22]. Heat and 
surface treatments are expected to improve the performance 
as an effect of microstructure enhancement [23, 24], residual 
stress drop, or surface roughness decrease. Machining may 
improve surface finishing, also removing the surface layer, 
in particular surface contours, where defects are generally 
more concentrated [25]. A further factor that is likely to 
affect the performance of additively processed parts is post-
process surface treatment. Particularly, shot-peening is a 
widely used surface treatment that generally has a positive 
effect against fatigue and can be applied to several materi-
als, including stainless steel and metal alloys [26]. Its main 
capabilities include the reduction of porosity and the genera-
tion of a beneficial compressive residual stress state at the 
surface and just beneath it. Previous studies on additively 
manufactured Ti6Al4V have highlighted fatigue strength 
enhancement [27] in pre-heat-treated samples that have 
been fatigued under four-point rotary bending. The fatigue 
response improvement arises from the induced negative 

residual stresses that have the capability of retarding both 
surface crack initiation and propagation [28–30]. This mech-
anism relies on cracks needing greater cyclic stress levels to 
grow up to final breakage, even though the surface is made 
more irregular than in the ground state. In addition, the scat-
ter affecting fatigue strength and S–N curves is also reduced 
[31]. However, sometimes, surface damage due to the treat-
ment may promote the initiation of a few surface cracks. 
The beneficial impact of shot-peening is also highlighted in 
O'Brien JM et al. [32], where a numerical analysis involving 
an additively processed stainless steel has been run. Their 
results indicate that heat treatment and shot-peening have the 
capability of relaxing the stacking process-induced tensile 
residual stresses and, in addition, generating a significantly 
compressed layer at the surface. Some authors have also 
observed an effect of grain refinement [33, 34]. Process 
parameters, such as Part Build Orientation (PBO), are also 
important, as highlighted in Todai [35]. Both the overall 
number of layers needed to manufacture a part and the time 
for scanning a layer are highly dependent on part orienta-
tion on the build platform [15, 36]. For example, when fab-
ricating a cylindrical sample lying on the plate, a reduced 
number of layers is needed, but laser scans of each section 
are remarkably long and take a longer time with respect to 
a vertically oriented specimen. Moreover, due to the widely 
extended layer in the first case, it may be hard to maintain 
the perfect perpendicularity between the laser direction and 
the impacted surface, which may deteriorate material prop-
erties. The number of simultaneously manufactured compo-
nents on the build platform is also likely to affect the final 
microstructure. The higher the number of components to 
be fabricated together, the higher the elapsed time between 
two subsequent depositions of powder layers. Consequently, 
a different thermal cycle may be induced, which is likely to 
result in different microstructures and, as a consequence, 
mechanical properties.

Among the most widespread alloys for AM processes, 
AlSi10Mg is of particular interest in the industrial field. 
In fact, it is widely used to manufacture lightweight parts 
(such as frames, motorbike swingarms, and pistons) with 
good mechanical performance. Its weldability makes it 
suitable for additive processes and for thin component 
fabrication. Many studies are available in the literature 
[37–39] regarding the static properties of the aforemen-
tioned alloy. In addition, further data are often provided 
by powder supplier datasheets. On the other hand, very 
few studies have been dedicated to additively manufac-
tured AlSi10Mg fatigue properties [40, 41]. Therefore, 
the present study focused on the fatigue behavior of this 
alloy. The static properties of AlSi10Mg provided by the 
powder supplier (EOS GmbH [42]) for machined samples 
without heat treatment for both vertically and horizon-
tally oriented specimens exhibit relevant differences. In 
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fact, additively manufactured parts are generally sensitive 
to the build orientation, especially if no heat treatment 
is performed after the process. In this case, the observed 
microstructure is not homogeneous, as it is affected by the 
heating transfer and, consequently, in turn, by the build 
orientation. Therefore, heat treatment has a relevant role 
in strengthening the microstructure or making it more uni-
form among the available post-manufacture treatments. 
A frequently recommended one for this specific Al alloy 
is the T6 heat treatment [43, 44], consisting of solution 
annealing, quenching, and subsequent artificial aging. 
The solution annealing is conducted to dissolve soluble 
phases containing Mg or other trace elements, homogenize 
the composition, and spheroidize the Si phase, whereas 
quenching maintains the solution phase that formed at 
high temperature, while bringing the material to low 
temperature (generally room temperature). After aging, 
a uniform distribution of precipitates that strengthen the 
treated material can be achieved. Another possible heat 
treatment for aluminum alloys is stress relief (SR). In gen-
eral, the differences in microstructure, as well as the dif-
ferences in achievable mechanical properties for different 
build orientations in as-built samples can be potentially 
reduced by stress relief [45, 46]. Therefore, this paper aims 
to assess the fatigue properties of additive manufactured 
AlSi10Mg and study the influence of build orientation, 

heat and surface treatments on fatigue. The study is also 
completed by (stereoscopic, optical, scanning electron) 
microscopy analyses for result interpretation.

2 � Materials and methods

2.1 � Design of experiment and manufacturing 
of samples

The specimens were designed with a smooth cylindrical 
geometry according to Standard ISO 1143 [47] for rotat-
ing bending fatigue testing, as indicated in Fig. 1.Due to 
production costs, the minimum diameter recommended by 
the Standard was chosen. The powder was supplied by EOS 
GmbH. The given chemical composition is listed in.

Table 1, whereas the given particle size distribution 
is 25–70 µm. All the specimens were manufactured by 
EOSINT M290 device equipped with Ytterbium fiber laser 
with 400W power, with working space 250 mm wide and 
250 mm long. The layer thickness was 30 µm, the volume 
rate was 5.1 mm3/s, and the build platform temperature was 
35 °C, as suggested by EOS GmbH [42]. A nominal hatch 
distance of 160 µm was set, following suggestions found in 
literature [41, 48]. All the samples have been manufactured 
by an external supplier.

The experimental design for the fatigue campaign 
involved three factors: build orientation, heat treatment, and 
surface treatment. Each factor was considered over three lev-
els, as reported in Table 2. A five-character alphanumeric 
code was used as specimen ID (e.g., ADG01). The coding 
reference is reported in Fig. 2.

The three levels for the build orientation consisted of 0° 
(horizontally built samples, Axx sets, with supports), 45° 
(slanted samples, Bxx sets, with supports just under the grip 
areas), and 90° (vertically built samples, Cxx sets, without 
supports). Regarding the heat treatment, the studied lev-
els were untreated (xDx sets), processed by T6 (xEx sets), 
and by stress relief (xFx sets). These two treatments were 

Fig. 1   Sample geometry specification, inspired by ISO 1143

Table 1   AlSi10Mg chemical 
composition (wt%) [42]

Al (%) Si (%) Fe (%) Cu (%) Mn (%) Mg (%) Ni (%) Zn (%) Pb (%) Sn (%) Ti (%)

87.5–90 9–11  ≤ 0.55  ≤ 0.05  ≤ 0.45 0.25–0.45  ≤ 0.05  ≤ 0.1  ≤ 0.05  ≤ 0.05  ≤ 0.15

Table 2   AlSi10Mg fatigue 
experimental plan

Levels

Factors Build orientation 0° (A) 45° (B) 90° (C)
Heat treatment No H.T. (D) T6 (E) Stress relief (F)
Surface treatment Micro-shot-peening. (G) Micro-shot-

peening + fine 
blasting(H)

Machining + Lapping (I)
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performed after fabrication. T6 age hardening (xEx sets) 
entailed initial heating up to 520 °C; this temperature was 
kept constant for one hour. Afterward, water quenching was 
performed (water at 25 °C). Eventually, the samples were 
heated again and kept at 160 °C for six hours (as suggested 
by EOS [42]), and a final water quenching was performed. 
More in-depth insights into this treatment can be found in 
[49, 50]. The stress relief treatment (xFx sets) was carried 
out by heating the specimens at 300 °C for two hours and 
then gradually cooling them in fresh air. Performing heat 
treatments indeed entails additional costs affecting the pro-
duction process. Therefore, the untreated level (xDx) was 
also considered and taken as a reference to quantify the ben-
efit produced by these treatments and to evaluate their use-
fulness. As for surface treatments, three different conditions 
were considered: shot-peened (xxG sets), shot-peened and 
sand-blasted (xxH sets), and, lastly, machined and lapped 
(xxI sets). Following machining and lapping, the surface 
roughness sharply drops down, thus also removing most 
of the surface and sub-surface defects that often promote 
crack initiation and propagation. Theoretically, this treat-
ment was expected to increase the fatigue strength. However, 
it indeed adds costs to the production cycle. Furthermore, 
complex geometries could be difficult to machine. Thus, a 
widely used surface treatment, i.e., micro-shot-peening fol-
lowed by fine blasting, was added to the experiment. The 
only micro-shot-peening level was set as a benchmark to 
quantify the improvements arising from the other treatments. 
Shot-peening was performed by ceramic beads Z300. A 33 
experimental plan was designed, accounting for 27 sample 
sets corresponding to each different combination. When both 
heat and surface treatment were applied, the surface treat-
ment was performed first. A total amount of ten specimens 
per type (270 samples) was tested. The experimental proce-
dure can be summarized as follows:

1.	 Diameter and roughness measurements (Ra).
2.	 Misalignment measurements.
3.	 Determination of the mechanical properties by static 

tests.
4.	 Execution of 4-point rotating bending fatigue tests.
5.	 Density measurements.
6.	 Fractographic analyses.
7.	 Micrographic analyses by field emission gun scanning 

electron microscope (SEM-FEG).

2.2 � Dimensional and surface measurements

Diameter and roughness measurements were performed to 
check the compliance with design specifications. The dimen-
sional checks were carried out by an electronic micrometer 
(resolution of 0.001 mm). Six diameter measurements were 
taken at the gage and four at each head. Roughness meas-
urements were carried out both at the gage and at the heads 
by a portable surface roughness tester with a resolution of 
0.001 μm (RT25, SM Metrology System, Torino, Italy). 
Roughness measurements were averaged over 4 mm runs 
along the specimen longitudinal axis at 90° angled spots, 
considering two replications per spot for a total number of 8 
replications. Actual diameter dimensions were used to accu-
rately evaluate the static strengths and to calculate the load 
to be applied during the fatigue tests. Sample misalignment 
at gage was checked by a centesimal comparator applied to 
the 4-point bending machine before every fatigue trial.

2.3 � Density measurements

Density measurements were carried out by the immer-
sion method. The procedure consists of two weight meas-
urements: in the first one, the sample’s weight in the air 
(wsample_in_air) is measured, whereas, in the second one, the 

Fig. 2   Coding system for the 
fatigue samples
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sample’s weight, upon complete immersion in distilled water 
(wsample_in_liquid) is determined. The difference between these 
two terms yields the Archimedes force (SArchim).

Dividing the Archimedes force by the gravity accelera-
tion and by the liquid density (ρ), which is calculated by the 
machine as a function of temperature, the specimen’s overall 
volume (Vsample) is obtained.

The specimen’s density (ρsample) is finally calculated by 
dividing the specimen mass by its volume.

The density evaluation made it possible to get insights 
about the internal porosity level because specimens with 
high porosity levels exhibit a lower density. In additively 
manufactured components, porosity does not only depend on 
the used fabrication process parameters but is also affected 
by the application of post-process heat treatments. In fact, 
the heat treatment thermal cycles can also increase the 
dimensions of the pores, causing a decrease in density. The 
density of all samples was measured with three replications.

2.4 � Static testing

Static tensile tests were initially performed involving speci-
mens manufactured along the three different build orienta-
tions (0°, 45° and 90°). Five samples per build orientation 
were manufactured, according to ISO 6892-1 [51] (Fig. 3). 
Specimens were shot-peened and no heat treatment was 

(1)SArchim = wsample_in_air − wsample_in_liquid.

(2)Vsample =
SArchim

� ⋅ g
.

(3)�sample =
wsample_in_air∕g

Vsample

.

applied in order to get data that could be compared to those 
by the supplier [42]. For the static tests, a servo-hydraulic 
testing machine equipped with a 100 kN load cell was used. 
The heads of the specimens were threaded to be coupled to 
the machine fixtures. For the elongation measurements, an 
HBM DD1 Extensometer (with initial length l0 = 25 mm) 
was used. Tests were carried out in the displacement-con-
trolled mode (1 mm/min) for a stress rate ranging from 7 
to 14 MPa/s, in agreement with ISO 6892-1 [51], which 
recommends a value between 2 and 20 MPa/s for metallic 
materials with Young’s modulus lower than 150 GPa.

2.5 � Fatigue testing

For fatigue testing, a four-point rotating bending machine 
was used (frequency of 60 Hz and stress ratio R =  − 1). The 
samples were fatigued until failure or up to 106 cycles, with 
the aim of determining the fatigue curve in the finite life 
domain (between 103 and 106 cycles), thus also working out 
the fatigue strength at 1 million cycles by interpolation. The 
stress amplitude, corresponding to the maximum bending 
stress, varied between 200 and 20 MPa.

2.6 � Fracture, microstructure, and chemical 
composition analysis

After the fatigue tests, fracture surfaces were analyzed by 
a stereographic microscope (Zeiss Stemi 305) to detect 
the crack initiation point and assess the fracture mode. To 
determine the fracture behavior, the microstructure and the 
chemical composition, micrographics, and high magnifica-
tion images were captured by an optical microscope (Nikon 
Optiphot 100) and a Tescan Mira 3 SEM-FEG. The main 
steps that were followed to obtain the micrographies are 
provided below:

Fig. 3   Tensile tests sample 
drawing
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•	 Two sections of the sample’s gage were cut: one parallel 
and the other one perpendicular with respect to the base 
plate.

•	 The cut sections were embedded in a resin. Considering 
that electrochemical tests were not needed, insulating 
resin was used.

•	 Polishing of the resin-incorporated specimens. They were 
sanded by increasingly fine-grained papers (grain from 
P60 to P2500) and subsequently polished by cloth disks 
wetted by alumina powder dissolved in water (0.01 µm 
grain of alumina powder).

•	 Surface chemical etching. The chemical reagent used is 
Keller's reagent. It was applied at room temperature for 
27 s. The specimens were then washed with water and 
dried.

3 � Results

3.1 � Diameter and roughness results

The mean measured values for gage diameter and gage 
roughness are reported in Table 3 with reference to the 
specimens involved in the static tensile tests.

The “AT” group refers to the horizontally built samples, 
“BT” to the slanted oriented samples, and “CT” to the verti-
cally built samples. As described above, six diameter meas-
urements and eight roughness measurements were carried 
out per sample. Regarding gage diameters, values differing 

by a few hundredths of a mm from the designed value were 
found. Considering the specimens were in the unmachined 
state and dimensions were close to the recommended ones, 
they were considered acceptable, provided that actual 
dimensions were considered for further processing. As for 
roughness, related values were found to be consistent with 
the performed process and the post-process treatments. The 
roughness exhibits higher values and standard deviations 
in horizontally built samples rather than in vertically built 
ones. A worse roughness for horizontal specimens was due 
to a poor finishing that mainly affects the lower faces (those 
on the supports). For this set, a mean value of 10.9 µm was 
calculated, but values up to 22 µm were measured. Never-
theless, for horizontal samples (AT), surface finishing was 
greater than those in the powder supplier datasheets [42, 52], 
whereas for the vertically built set (CT), comparable values 
were obtained.

The same procedure was used to check the gage diameter 
and roughness of samples used in fatigue tests. Results are 
listed in Tables 4 and 5.

It is interesting to observe that the standard deviation in 
the case of micro-shot-peened and sand-blasted (xxH) sam-
ples is generally lower than that for only shot-peened ones 
(xxG), which indicates slightly better dimensional repeat-
ability. Machining indeed improves surface finishing (xxI); 
however, a slightly higher roughness than expected, which 
is likely to affect fatigue properties, was found in ADI, BDI, 
and CDI families. After a polishing treatment, such as that 
planned for the “xxI” series, the expected roughness is nor-
mally in the order of 0.8 µm. No significant differences were 
observed between shot-peened and fine-blasted samples.

3.2 � Static tests results

A representative static test curve relating stress (σ) and strain 
(ε) is shown in Fig. 4. The noise shown in the plastic part of 
the graph is due to the PLC-effect.

The experimental results are also collected in the bar 
graph in Fig. 5. The obtained yield strength (Rp0.2) and 
Young’s modulus (E) were consistent with those declared 

Table 3   Gage diameters (in mm) and gage roughness (in µm)

Mean value and standard deviation for sample families used for static 
tensile tests

Gage diamenter Gage roughness

Mean value St. dev. Mean value St. dev.

AT 6.041 0.074 AT 10.929 5.186
BT 6.048 0.044 BT 8.387 1.378
CT 5.978 0.018 CT 7.651 0.936

Table 4   Gage diameters

Mean value and standard deviation for sample families used in fatigue tests (all dimensions in mm)

Mean value St. dev. Mean value St. dev. Mean value St. dev.

A  D  H 5.818 0.061 B  D  H 6.040 0.060 C  D  H 5.977 0.016
A  D  I 6.037 0.052 B  D  I 6.009 0.007 C  D  I 6.011 0.004
A  E  G 5.877 0.146 B  E  G 6.008 0.038 C  E  G 5.983 0.027
A  E  H 5.915 0.111 B  E  H 6.000 0.036 C  E  H 5.991 0.022
A  E  I 6.016 0.006 B  E  I 5.989 0.006 C  E  I 6.016 0.005
A  F  G 6.038 0.096 B  F  G 6.076 0.074 C  F  G 5.994 0.025
A  F  H 6.044 0.075 B  F  H 6.054 0.056 C  F  H 5.988 0.021
A  F  I 6.008 0.004 B  F  I 5.988 0.009 C  F  I 6.008 0.006
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in the EOS datasheet that was available as of 2019 [52]. 
This datasheet has been regarded as a valid reference, con-
sidering that Young’s modulus values are not available in 
the last published one [42]. The static strengths reported in 
[42, 52] are also consistent apart from a few minor differ-
ences. Differences due to the build orientations, affecting 
the yield strengths and elastic modulus, are not significant 
(analyses of variance with subsequent Fisher Tests were 
carried out on the Rp0.2 and E results for this purpose).

Conversely, unexpected results were found for the ulti-
mate tensile strengths (UTS). Lower values, even by 20%, 
were observed (Fig. 6). Furthermore, the ultimate tensile 
strength was found to be significantly affected by the build 
orientation. Regarding this point, a higher UTS was found 
for vertically oriented samples rather than for horizontally 
built ones. Cracks and consequent failures were observed 
in correspondence of the supported regions. Thus, defects 
induced by support detachment and geometrical errors (see 
analyses below on fatigue samples), with reference to hori-
zontally fabricated samples, are likely to have led to lower 
ultimate strengths than those declared by the supplier.

3.3 � Fatigue tests results

As for fatigue tests, the results were processed by the 
linear model according to Eqs. (4) and (5). Complying 
with the recommendations in [ISO 12107], the general 
linear test (GLT) was applied to assess if the improvements 
yielded by the adoption of a higher-order model were sig-
nificant. A Fisher test proved that a quadratic model could 
provide just a negligible improvement, and this outcome 
was the same for all the datasets; therefore, a linear model 
was applied for all of them.

The analyzed S–N curves are discussed in the next 
section.

(4)Log(N) = b0 + b1 ⋅ Log(S),

(5)S = 10
b0

b1 ⋅ N
−

1

b1 .

Table 5   Gage roughness

Mean value and standard deviation for sample families used in fatigue tests (all dimensions in µm)

Mean value St. dev. Mean value St. dev. Mean value St. dev.

A  D  G 5.668 1.945 B  D  G 4.964 1.530 C  D  G 5.569 1.361
A  D  H 3.772 1.266 B  D  H   5.152 1.708 C  D  H 6.113 1.495
A  D  J 1.217 0.272 B    D  I 2.722 0.522 C  D  I 1.357 0.126
A  E  G 6.877 1.821 B  E  G 7.354 2.547 C  E  G 5.901 0.936
A  E  H 8.314 3.287 B  E  H 6.868 1.665 C  E  H 6.423 1.786
A  E  J 0.609 0.077 B    E    I 0.368 0.060 C  E  I 0.567 0.061
A  F  G 5.103 2.275 B  F  G 8.167 2.935 C  F  G 7.344 1.330
A  F  H 7.326 3.231 B  F  H 9.242 3.520 C  F  H 7.158 1.356
A  F  I 0.758 0.027 B  F  I 0.977 0.154 C  F  I 1.049 0.071

Fig. 4   σ–ε graph for a vertically 
built sample
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3.4 � Density tests results

The density measurement results are resumed in Fig. 7 in 
terms of set grand mean. No significant differences were 
found among the sets. For comparison, the data sheet density 
is also indicated by a red dotted line.

3.5 � Geometrical errors

A particular issue occurred for horizontally built samples, 
which compromised the results of some fatigue tests. Before 
the tests, two types of geometric errors affecting the ADG, 
ADH, AEG, and AEH sets were found. The first one is a 
circularity error: specimens exhibited an oval section with a 
measurement difference between two orthogonal diameters 
up to 0.4 mm. The second error was related to misalignment 
upon rotation: Table 6 shows the average values and maxi-
mum values found in the mentioned sets.

Horizontally built samples require supports at the gage 
diameter. After their removal, residual stress is usually 
released: in this case, this led to specimens' significant 
bending. Furthermore, if the removal operation is not care-
fully carried out, the external surface may get damaged by 
the excessive material removal. As a consequence, the gage 
diameter is smaller than expected, and the cross section is 
made oval.

The non-circularity of most of the horizontally manufac-
tured specimens (Axx sets) is shown in Fig. 8.

As highlighted in the pictures, the actual specimen pro-
file was far away from the theoretical circular one. The 
fracture surfaces are oriented with the crack initiation 

Fig. 5   Experimental results of static tensile tests

Fig. 6   Experimental static 
properties compared with those 
given by the powder datasheet 
[52]

Experimental EOS datasheet
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area in the upward position. Moreover, in these sets, the 
upper part of the image corresponds to the area where 
supports were removed. An irregular geometry is likely 
to have led to an irregular stress distribution, and surface 
defects acted as crack triggers. Furthermore, if the geom-
etry is significantly damaged, the gravity center of the 
sample shifts from the longitudinal axis, thus inducing 

vibrations during fatigue tests. Consequently, results 
have indeed been affected by these geometrical errors, 
which led to a worsening of the fatigue performance. 
Similar irregular shapes were also observed for ADG, 
ADH, AEG, and AEH sets, which actually proved to 
have a fatigue performance being far less than expected. 
Although AFG and AFH sets were manufactured with the 
same orientation and surface finishing, a regular shape 
was also found for them. This outcome indicates that the 
geometric errors were due to a careless removal of the 
supports, which occurred only for some specific sample 
sets. All the specimens involved in this experiment were 
manufactured by an external company, making it impos-
sible to control the production phases. Furthermore, the 
samples were delivered in different batches, which could 
mean that supports were removed by different opera-
tors. A regular shape was found in samples with slanted 

eos = 2,67 kg/dm3

a) b) c)

Fig. 7   Density measurements for all the studied sample sets

Table 6   Misalignment errors in horizontally built samples

Set Mean misalignment (mm) Maximum meas-
ured value (mm)

A  D  G 2.13 2.65
A  D  H 4.42 5.10
A  E  G 1.91 2.90
A  E  H 2.34 3.75

Fig. 8   Stereoscopic images of 
fracture surfaces in horizontally 
built samples for shot-peened 
(ADG01) and shot-peened and 
fine-blasted (AEH04) surface 
finishing

AEG01

1 mm
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orientation, as shown in Fig. 9. In machined samples, 
no geometrical errors were found for either horizontal or 
slanted orientations.

A section with remarkable circularity errors was also 
highlighted by stereoscopic microscope (Fig. 10a) obser-
vations. The optical microscope was then used to take pic-
tures at higher magnification. Figure 10b shows the last 
manufactured layer, where melting pools, which are found 
to have 245 mm depth, are clearly visible. Figure 10c 
shows many porosities in the areas close to the supports. 
Geometric non-uniformities combined with high porosity 
caused stress intensification that led to premature fatigue 
failure.

These results indicate that, when fabricating parts 
lying horizontally on the build plane, support shaping and 
removal are critical issues that may significantly affect 
the mechanical performance.

4 � Discussion

4.1 � Statistical assessment

An ANOVA-based extended statistical method was adopted to 
properly compare the S–N curves. This method was success-
fully adopted for two-factor experiments [19, 53–55] and was 
here upgraded for this three-factor design in order to assess 
whether the differences among the curves are significant when 
compared to the observed scatter affecting the interpolated 
data. The curve trends were compared, averaging their differ-
ences over the lifespan ranging from 103 to 106 cycles, which 
corresponds to the observed lifespan.

The first step of the analysis is the computation of the gran 
mean curve S, as reported in Eq. (6).

(6)S =

∑C

i=A

∑F

j=D

∑I

k=G
Sijk

ntot
,

Fig. 9   Stereoscopic images of 
fracture surfaces in slanted built 
and shot-peened samples

Fig. 10   Cross section in a 
horizontally as-built sample 
observed by a stereoscope (a). 
Details of the melting pools (b) 
and the supported area (c) cap-
tured by the optical microscope
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where Sijk indicates the 10-base logarithm of the stress cor-
responding to generic fatigue life, whereas the subscript cor-
responds to the previously described sample families. The 
usual symbol for summations was used here, but with refer-
ence to the alphabet letters: thus, “i” can vary between A, B 
and C; “j” can vary between D, E and F; “k” varies between 
G, H and I (Fig. 11). ntot represents the overall number of 
combinations between the factors, in this case, 27. The sum-
mation is the sum of all the fatigue curves of the 27 families. 
The second step of the analysis consists in the computation 
of the row mean (Si..), the column mean (S.j.), and the profun-
dity mean (S..k), where the symbol “i..” in “Si..” refers to the 
i-th row, all the columns and all the depths. Similar mean-
ings have S.j. and S..k. The np term symbolizes the number 
of families considered for the evaluation of the mean terms. 
In this experiment, it is the same for all the three considered 
factors, and it is equal to 9.

To evaluate the effect of each factor, it is necessary to cal-
culate the three terms SSBR (sum of square between rows, 
Eq. 10), SSBC (sum of square between columns, Eq. 11), 

(7)Si.. =

∑F

y=D

∑I

z=G
Siyz

np
,

(8)S.j. =

∑C

x=A

∑I

z=G
Sxjz

np
,

(9)S..k =

∑C

x=A

∑F

j=D
Sxjk

np
.

and SSBP (sum of square between profundities, Eq. 12), 
therefore considering the three different factors: build ori-
entation (rows), heat treatments (columns), and surface treat-
ments (profundities), respectively.

The last sets of terms needed are related to the interaction 
between the three factors (SSI, Sum of Square Interaction):

where

The number of families considered for the mean computa-
tion n1 was 3. The interactions between pairs of factors were 
also taken into account through the terms:

The aforementioned terms were computed over the 
entire lifespan with a sufficiently refined step using an 
Excel sheet. Afterward, they were turned into scalars, tak-
ing the respective integral means over the entire life range 

(10)SSBR = np ⋅

C
∑

i=A

(

Si.. − S
)2

,

(11)SSBC = np ⋅

F
∑

j=D

(

S.j. − S
)2

,

(12)SSBP = np ⋅

I
∑

k=G

(S..k − S)2.

(13)

SSI =

C
∑

i=A

F
∑

j=D

I
∑

k=G

(Sijk − Sij. − Si.k − S.jk + Si.. + S.j. + S..k − S)2,

(14)Sij. =

∑I

k=G
Sijk

n1
,

(15)Si.k =

∑F

J=D
Sijk

n1
,

(16)S.jk =

∑C

i=A
Sijk

n1
.

(17)SSI(RC) = n1 ⋅

C
∑

i=A

F
∑

j=D

(

Sij. − Si.. − S.j. + S
)2

,

(18)SSI(CP) = n1 ⋅

F
∑

j=D

I
∑

k=G

(

S.jk − S.j. − S..k + S
)2

,

(19)SSI(RP) = n1 ⋅

C
∑

i=A

I
∑

k=G

(

Si.k − Si.. − S..k + S
)2

.

Fig. 11   Representation of the 33 experimental plan



	 Progress in Additive Manufacturing

to have reliable global indicators of the average impact of 
main factors and related interactions over the investigated 
life domain. The last term to be computed was the error-
related term SSE. It can be regarded as the sum of the 
squares of the residuals between the experimental data 
distributions and the retrieved S–N curves. This term may 
be estimated based on Eq. 20, where Sexp represents the 
logarithm of the stress level corresponding to an observed 
life and Scalc indicates the same stress level in the loga-
rithm scale, based on the interpolated S–N curve for the 
same life extent (based on Eq. 4). In this formula, the 
subscripts “i”, “j”, and “k” retain the same meanings as 
above, indicating the row, the column and the profundity 
of the experimental design in Fig. 11, whereas “l” identi-
fies the l-th experimental point and nijk is the number of 
available points for the family i, j, k.

A final step was needed to make the determined yields 
comparable to one another and to process them in a con-
ventional two-factor ANOVA: the aforementioned terms 
were scaled, rationalizing them by the related degree 
of freedom. The outcome of the statistical assessment 
is reported in Table 7. Results highlight the significant 
effect of all the factors (with a 95% confidence level). 
Furthermore, all the interaction terms were found to be 
significant.

Despite the complex procedure, the results of the 
3-way ANOVA analysis did not allow to derive detailed 
conclusions, as all the factors proved to be significant. 
However, it was a needed preliminary step before fur-
ther processing. Afterward, the analyses were focused on 
smaller groups of tests in order to investigate the most 
significant effects and the most beneficial treatments in 
some specific conditions with design applications. Due to 
the observed geometrical criticalities, the aforementioned 
sample sets were excluded from further processing.

(20)SSE =

C
∑

i=A

F
∑

j=D

I
∑

k=G

ni,j,k
∑

l=1

(

Sexpi,j,k,l − Scalci,j,k,l

)2

.

4.2 � Influence of the parameters on the fatigue life

To exclude the geometrical errors found in the horizontally 
built samples, machined samples only were considered first 
to assess the effects of build orientation and heat treatment. 
Figure 12 shows the S–N curves for machined samples. 
Colors refer to the heat treatment (black for as-built, red for 
T6 heat treatment, light blue for stress relief), whereas the 
type of line refers to the build orientation (continuous lines 
for horizontally built samples, dashed lines for slanted built 
samples, dotted line for vertically built samples). Table 8 
is the related ANOVA table that was determined following 
the rules of a two-factor (32) experiment to be regarded as 
a subset of the previously described 33 campaign. The heat 
treatment significantly affects the fatigue curves (high and 
significant SSBR term). Particularly, a detrimental contribu-
tion of the stress relief treatment is highlighted in Fig. 12. 
Conversely, the T6 heat treatment seems to ensure better 
fatigue properties.

On the other hand, build orientation does not significantly 
affect the fatigue properties.

Another comparison was carried out among the samples 
that had undergone T6, which appears to ensure the best 
fatigue performance, with the aim of highlighting the effects 
of build orientation and surface finishing. The curves and 
the results of the ANOVA analysis are listed in Fig. 13 and 
Table 9.

Due to the mentioned geometrical errors, which were 
likely to alter the results, only machined and heat-treated 
horizontally built samples were considered (AEI set) 
together with slanted and vertically built specimens. The 
surface finishing was considered as a row factor: the SSBR 
term highlights a significant influence of the surface treat-
ment on the fatigue response of the AlSi10Mg heat treated. 
However, this influence turns out to be not significant at the 
1% significance level and appears to be controversial when 
comparing the curves. At high cycles, the best fatigue per-
formance was achieved for shot-peened and, shot-peened and 
fine-blasted samples. At low cycles, conversely, machining 
leads to higher fatigue life. Based on the ANOVA analysis, 

Table 7   ANOVA results of the 
33 experimental plan: SSBR 
refers to the build orientation, 
SSBC refers to the heat 
treatment, SSBP refers to the 
surface treatment

SSQ DoF MSQ Fcalc p value Significant?

SSBR 0.3757 2 0.1878 19.85 1.42E−08 YES
SSBC 0.8447 2 0.4223 44.64 1.09E−16 YES
SSBP 0.3275 2 0.1637 17.31 1.21E−07 YES
SSI(RC) 0.1433 4 0.0358 3.78 5.47E−03 YES
SSI(RP) 0.2589 4 0.0647 6.84 3.57E−05 YES
SSI(CP) 0.1556 4 0.0389 4.11 3.20E−03 YES
SSI 0.1975 8 0.0247 2.61 9.84E−03 YES
Error 1.8451 195 0.0095
Total 4.1483 221
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build orientation does not significantly affect the results. As 
highlighted in Fig. 13, curves of the same surface treatment 
are partially overlapped. These outcomes indicate that using 
machined and/or T6-treated samples steers a uniform fatigue 
behavior.

4.3 � Fracture surface analysis

Fracture surface analysis showed that for not machined spec-
imens, fracture initiated from the surface and was promoted 

by surface roughness and defects. For horizontally built 
specimens (Axx sets), the initiating point was found to be 
mostly located in the neighborhood of the areas where sup-
ports had been applied. Regarding slanted specimens (Bxx 
sets), cracks were found to mostly initiate in the gage area, 
on the side facing down during manufacturing. This occur-
rence is probably due to the higher roughness at this side 
of specimens if compared to that at the upper face. In turn, 
this was due to the stacking process, considering that no 
supports were acting under the gage upon slanted sample 

Fig. 12   Stress amplitude–N 
curves for machined samples

Table 8   ANOVA analysis for 
machined samples: SSBR refers 
to the heat treatment, SSBC 
refers to the build orientation 
and SSI refers to the interaction 
between the former parameters

SSQ DoF MSQ Fcalc p value Significant?

SSBR 0.2043 2 0.1021 43.84 5.16E−13 YES
SSBC 0.0107 2 0.0053 2.29 1.09E−01 NO
SSI 0.0090 4 0.0022 0.96 4.33E−01 NO
Error 0.1608 69 0.0023
Total 0.3847 77

Fig. 13   Stress amplitude–N 
curves for heat-treated samples
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fabrication. As for machined samples (xxI sets), the initi-
ating points were located at both surface defects and sub-
surface porosities, regardless of build orientation. Different 
crack initiation sources observed by SEM-FEG are shown 
in Figs. 14, 15, and 16.

The actual hatch spacing was found to range from 150 
to 180 µm. This value is likely to affect the number and the 
dimensions of porosities and defects that, in turn, have an 
influence on the fatigue life: in [41, 48], where the hatch 
spacing is greater, up to 220 µm, a lower fatigue strength 
was found. Thus, the measured value in the present study 
is in a range that should ensure good fatigue behavior. The 
contour thickness was found to be equal to 250 µm, aligned 
with the values from the literature.

4.4 � Heat treatment strengthening effect

The effect of the heat treatment on the microstructure is vis-
ible in Fig. 17 and Fig. 18. From both stereoscopic and opti-
cal microscope observations, no differences between the as-
built condition and the stress relief condition were found: in 
these cases, the microstructure is composed by α-Al colum-
nar grains and a fibrous Si network (Fig. 17a and c).

This type of microstructure is a consequence of the 
fast cooling rate that is experienced during the process, 
as also confirmed by literature [23, 45, 56]. Moreover, 

the optical microscope micrographies highlight a smaller 
grain size within the scan and a larger one in the overlap 
area between two adjacent hatches (Fig. 18b and f).

T6 heat-treated specimens showed a radically different 
microstructure instead. Stereoscopic images highlight a 
homogeneous section with not easily distinguishable laser 
scans (Fig. 18c). A microstructure that remains the same 
regardless of the build orientation was revealed by the 
optical microscope Fig. 18d). High-magnification SEM-
FEG images (Fig. 17b) highlight that after age harden-
ing, Si appears to be concentrated in particles (light gray 
in the picture, mean width of 3 µm). Thus, the different 
microstructure can be regarded as the primary reason for 
the better fatigue strength of the samples treated by T6. 
On the other hand, the same analysis confirms that stress 
relief is ineffective, as microstructure is left unchanged 
with respect to untreated parts.

As for the chemical composition of the considered 
area, the analyses was conducted through the same SEM 
equipment, by using the images of a very limited area and 
averaging the results over the same area (10 µm x 10 µm). 
The analysis highlighted a higher concentration of Silicon 
than that declared by the powder supplier (15.9% aver-
age against the expected 9–11%; see Table 10). However, 
it must be highlighted that this type of result refers to a 

Table 9   ANOVA analysis for 
T6 heat-treated samples: SSBR 
refers to the surface treatment, 
SSBC refers to the build 
orientation

SSQ DoF MSQ Fcalc p value Significant?

SSBR 0.0189 2 0.0095 4.88 1.23E−02 YES
SSBC 0.0008 1 0.0008 0.42 5.22E−01 NO
SSI 0.0006 2 0.0003 0.15 8.65E−01 NO
Error 0.0833 43 0.0019
Total 0.1035 48

Fig. 14   Crack initiation source 
due to superficial and sub-
superficial defects (sample 
AEG05, horizontally built, T6 
heat treated and micro-shot-
peened)
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portion of the samples and cannot be representative of the 
chemical composition of the entire sample.

4.5 � Fracture behavior

A last stage of SEM-FEG analysis was carried out to accu-
rately investigate the fracture behavior of the specimens 

Fig. 15   Crack initiating source 
from a superficial defect (sam-
ple BEG05, slanted built, T6 
heat treated, micro-shot-peened)

Fig. 16   Crack initiation source 
from superficial imperfection 
and a detail of unmelted powder 
(sample ADG10, horizontally 
built, T6 heat treated and micro-
shot-peened)

Fig. 17   High magnification 
SEM-FEG images. Microstruc-
ture in as-built samples (a), 
after T6 heat treatment (b), after 
stress relief (c)
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(Fig. 19) as an effect of different heat treatments.
As-built specimens (xDx sets) and stress-relieved 

specimens (xFx sets) display a mixed (ductile and brittle) 
fracture behavior, as dimples and cleavage facets are not 
clearly visible, whereas T6 heat-treated specimens (xEx 
sets) highlight a high amount of dimples (Fig. 20) on the 
final fracture zone (OFZ), which indicates a completely 
ductile fracture behavior following this treatment.

5 � Conclusions

In this study, the fatigue performance of additively manu-
factured AlSi10Mg aluminum alloy was evaluated, deter-
mining the effects of building orientation, heat treatment 
and surface treatment. All the considered factors were 
found to affect fatigue strength. However, the effect of 

Fig. 18   Stereoscopic images (a, 
c, e) and optical microscopic 
images (b, d, f) of chemically 
etched surfaces for samples as 
built (a, b), T6 heat-treated (c, 
d) and stress relieved (e, f)

Table 10   Chemical compounds 
for the analyzed sets

Al si Fe Cu Mn Mg Ni Zn Pb Sn Ti

ref Ba 9–11 0.55 0.05 0.45 0.25–0.45 0.05 0.1 0.05 0.05 0.15
ADG 86.70 15.00 0.26 0.02 0 0.14 0.01 0 0.04 0.05 0
AEG 80.10 17.24 0.08 0.64 0 0.8 0.43 0.55 0.05 0 0.11
AFG 84.12 15.52 0.15 0 0.03 0.15 0 0 0 0 0.03
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each one is affected by the level of the other two (which 
indicates a high interaction between the factors).

Regarding the heat treatments, it has been highlighted 
that the stress relief treatment did not lead to improve-
ments, and it even led to worse fatigue strength in many 
cases.

The T6 heat treatment had a remarkably positive effect 
on fatigue life, which arises from an increase in ductility 
(supported by the SEM analyses that have been conducted) 
and complete microstructure enhancement as a result of the 
generation of uniform size Si particles. No differences in 
terms of fatigue strength were found for all the considered 
build orientations in T6 heat-treated samples, meaning that 
it was significantly beneficial regardless of the part build 
orientation.

Regarding surface treatments, machining was found to be 
the least performing in terms of fatigue life at a high number 
of cycles. The best results were obtained for shot-peened 
families. In fact, residual compressive stresses, which are 
beneficial from the point of view of fatigue strength, are 
induced in the specimen's outer layer. Conversely, following 
machining, the outer layers are removed, thus eliminating 
the beneficial effect of shot-peening.

On the other hand, machining allows the removal of 
the defects located on the outer layers, mainly at the inter-
face between contours and internal scans, which improves 
strength under high loads and for reduced lifespan. In fact, 
the fatigue response differences between the machined series 
were very small and appeared to be essentially dependent on 
the carried-out heat treatment and independent of the build 
orientation. Furthermore, machined specimens led to less 
scattered fatigue data.

Finally, the highest fatigue limit was observed for slanted, 
T6 heat-treated and shot-peened samples (BEG series). 
However, also in this case, the observed fatigue strength was 
under expectations. The calculated fatigue limit (in terms 
of stress amplitude) at 106 cycles was 62.8 MPa, whereas 
the supplier provided a limit of 110 MPa at 2·107 cycles for 
machined and non-heat-treated specimens [42].

Static tensile tests also highlighted lower performance 
than that declared by the powder supplier: the achieved 
yield strength and elastic modulus were aligned with those 

Fig. 19   High-magnification SEM images of the overload fracture 
zone (OFZ) for specimens in the as-built condition (samples with 
IDs ADG10 and CDG04), T6 heat-treated samples (IDs AEG05 and 
BEG05), and stress-relieved samples (IDs AFG07 and BFG04)

AEG05

Fig. 20   Particular of the overload fracture zone (OFZ) for T6 heat-
treated samples (AEG05), with clearly visible dimples
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expected, whereas the ultimate tensile strength was even 
20% lower than the declared.

The analysis of the alloy compound showed a Silicon 
percentage outside the imposed limits (15% against a range 
of 9–11%), which could further explain the performance 
differences.
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