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Abstract: This work aims to study the fatigue behavior of thin-walled structures and the possi-
ble influence of post-process treatments. Specimens with novel geometry were manufactured in
AlSi10Mg with different inner diameter values using selective laser melting (SLM) technology and
then treated. The different processes applied to the specimens were T6 quenching, microshot peening,
and controlled roughness machining. The fracture data were analyzed to obtain the fatigue strength
values at 2 x 10° cycles. The results showed that the mechanical treatments and the T6 quenching
improved the fatigue strength by over 55% and over 80%, respectively. Relative density and per
cent porosity were measured, and microscopic observations by electron microscope, metallographic
microscope, and scanning electron microscope (SEM) were performed. It was possible to conclude
that thickness did not affect fatigue life in the studied cases.

Keywords: fatigue strength; AlSi10Mg; aluminium alloy; additive manufacturing; heat treatment;
surface treatment; thin-walled structures; porosity; density

1. Introduction

Interest in additive manufacturing has grown exponentially in recent years. This
technology makes it possible to 3D print various metals, which then find applications in
the automotive, aerospace, and biomedical fields. However, using parts produced through
additive technology requires high mechanical properties comparable to those of cast ma-
terials. The strength of the resulting parts must be studied both in the static case and in
the case of cyclic stress, particularly regarding fatigue behavior at a high number of cycles.
The main advantage of manufacturing metals by SLM 3D printing is the possibility of
obtaining very complex shapes, produced layer by layer by a laser that can selectively
melt the powder used. This characteristic allows the manufacturing of non-standard speci-
mens of specific shapes, suitable for investigating less familiar aspects of fatigue behavior.
Numerous studies [1-3] have focused on static mechanical properties, such as yield and
ultimate tensile strengths, and high cycle fatigue life, especially concerning steel. The au-
thors concluded that the limit value obtained by this manufacturing methodology is lower
than that obtained by classical machining methods but that subsequent surface or thermal
treatments can improve the component’s useful life. SLM stainless steel and titanium
alloys are currently employed in lightweight biomechanical applications characterized
by thin lattice structures, whose fatigue behavior was studied in [4,5]. As reported in
the literature for other materials [6], the laser power has to be appropriately adjusted to
obtain optimal microstructures. However, not only steel and titanium components can
be produced with SLM 3D printing, but also light aluminium alloys can be made with
this process. These alloys find use in numerous industries due to their high mechanical
properties and low density.

Research has been conducted in the literature on AlSil0OMg aluminium regarding its
properties and their modification with the printing parameters. By changing the energy
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density values, scanning speed, and spacing required by the printing machine, the proper-
ties of aluminium could be determined. Additionally, in these studies, the best mechanical
characteristics were obtained in specimens that had undergone heat treatment, as well as
in a given build orientation and position [7-9], which is very important when considering
lattice structures characterized by structural elements with different orientations. Moreover,
the effect of process parameters on surface roughness and surface defects was studied
in [10] because of their generally known high importance on fatigue strength. In [11], the in-
fluence of hatch spacing and build direction on the porosity of the specimen was analyzed,
and the correlation between the defect size and the energy used was studied. Several
studies have been conducted on the microstructure and properties of this material made
by selective laser melting (SLM) [12,13]. In some, the durability with a high number of
cycles has also been highlighted [14]. One option to increase the cyclic stress resistance is to
perform post-process treatments that improve the surface quality or reduce the amount of
defects present, such as microshot peening and heat treatments. Numerous studies consider
the microstructural changes and mechanical properties of the AlSi10Mg alloy, following
heat treatments for quenching [15-17]. In other investigations, differences in fatigue life
between as-built, surface-treated, and heat-treated specimens were highlighted [18,19]. Test-
ing materials according to the international normative [20] do not allow for the evaluation
of the possible effect of the thickness on the fatigue behavior of thin-walled components.
On the other side, from the pioneering work of Peterson [21], it is known that the material’s
volume can affect the fatigue properties. One of the most advanced applications of additive
manufacturing is the development of optimized thin-walled lightweight structures [22-24].

This consideration identified the need to study the fatigue strength of the AlSil0Mg
aluminium alloy, considering the effect of post-process treatments and the wall thickness.
To achieve that goal, new custom-made specimens were designed and manufactured.

2. Materials and Methods
2.1. Samples” Geometry

To analyze the influence of wall thickness on fatigue life, an ad hoc design of specimens
was made, as shown in Figure 1. Commonly, the specimens used in other studies [1-3]
are those with the basic “dog-bone” geometry, while for standard specimens, the typical
geometry is solid in this work, and 12 mm diameter cylindrical hollow specimens were used.
Internally, a cavity was manufactured, allowing for the resistant section to be modified,
which is helpful for investigating the strength at different wall thicknesses. In general,
when studying fatigue in classical machined specimens, the failure mechanism consists
of the nucleation of a crack frequently on the external surface of the component or in
correspondence with an inner defect, which, once propagated, leads to breakage. Thanks
to layer-by-layer deposition and selective powder melting, the additive manufacturing
process allows for the fabrication of internally hollow components without subsequent
cutting machining. This can also lead to the presence of defects on the internal surface of
the component, which cannot be eliminated and can therefore affect fatigue life. In addition,
considering different wall thicknesses and, consequently, a lower amount of material can
lead to a smaller absolute number of defects and a subsequent influence on the number of
cycles the material can withstand . The overall dimensions of the specimen were considered
based on the geometry of the testing machine used. The wall thicknesses studied were
2.4 mm, 1.2 mm, and 0.6 mm, slightly above the minimum value achievable with SLM
technology. Figure 1 shows the specimen with a wall thickness in the central part of 0.6 mm.

As in the case of the standard samples, fillets were added to avoid possible stress
concentrations between the investigated area and the gripping sections characterized by
the small-diameter hole required to release the powder used for printing. These features
were then verified through FEM analysis. By placing one end of the specimen as a fixed
constraint and applying a bending moment on the opposite side, the stresses and possible
singularities of the fittings were verified.
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Figure 1. Geometry of samples [mm] made for experimental tests.

2.2. Production of Specimens through Additive Manufacturing

The EOSM280 (EOS GmbH Electro Optical Systems, Krailling/Munich, Germany)
machine with SLM printing technology was used for production. The parameters entered
for manufacturing included a laser power of 320 W and an energy density of 41.025 J/mm?3.
It is well known that SLM components may show anisotropy as regards strength properties.
The worst case is to have the build direction perpendicular to the load, so the samples
were printed vertically, with the build axis along Z. After fabrication, all of the specimens
were subjected to stress-relief treatment. In contrast, only a few series were subjected to
post-processing treatments, as follows: T6 hardening heat treatment, micro-shot peening,
and controlled roughness machining. Microshot peening was performed using 0.2 mm
glass balls with a pressure of 4 bar, while the controlled roughness process consisted
of machining the surface of the cylinders to improve their roughness to the same level
obtained by microshot peening, which is around 6 pm [25]. Finally, the T6 tempering heat
treatment performed included:

1.  Solubilization at 520 °C;
2. Quenching in water;
3. Artificial aging at 160 °C for 6 h.

2.3. Testing Machine and Test Methods

The failure data allowed for the calculation of the fatigue strength of the considered
specimens using the staircase method [26] according to ISO 12017 [27]. The standard was
applied by considering 15 specimens for the series with stress-relief treatment and 6-8
specimens for the remaining groups. In addition, a step of 5 MPa was considered between
two consecutive stress values. The specimens were stressed cyclically until failure or until
the run-out value, which was set at 2 x 10° cycles. The lower limit of the fatigue strength is
calculated for a probability of failure of 10% and at a confidence level of 90%. The fatigue
life was determined for the various series used, as shown in the test plan in Table 1.

Table 1. Test plan.

Treatment B, Treatment C,
Wall Thickness Treatment.A, Micro Shot Controlled Treatment D,
Stress Relief . T6 Temper
Peening Roughness
0.6 mm 1A 1B 1C 1D
1.2.mm 2A /17 /17 2D
2.4 mm Not Calculateed /// /// 3D

Experimental tests were conducted on an Italsigma 2 TM 831 rotary bending machine
(ITALSIGMA, Forli, Italy), with a stress ratio of R = —1 and a frequency of 60 Hz . A
weighing scale was used to determine the density of the specimens, which, by exploiting
Archimedes’ principle and measuring the mass of the specimen in air and water, can
return the value sought. Preliminary fracture surface analyses were performed using a
Zeiss Stemi 305 stereomicroscope (Zeiss, Oberkochen, Germany) equipped with Axiocam
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105 colour (Zeiss, Oberkochen, Germany) cameras with available zooms of 0.8, 1, 2, 3,
and 4. The observations were enhanced by using a scanning electron microscope (SEM)
(Zeiss, Oberkochen, Germany), which enabled a detailed study of the fracture surface,
its microstructure, and its peculiarities. To study the melt pool typical of the additive
manufacturing process, the samples were polished, treated with Keller’s reagent (Antec
Inc., Louisville, KY, USA) for about 35 s, and then immersed in hot water for a few seconds.
Images were then captured with a Nikon Optiphot-100 (NIKON CORPORATION, Tokyo,
Japan) metallographic microscope with 5x, 10x, 20x, and 50x zoom, equipped with a
3Mpx Moticam 3 (MoticEurope, Barcelona, Spain) camera. The same instrument was used
to capture the images needed for porosity percentage calculation, which was performed
with Image] software (1.53k, NIH, Bethesda, MD, USA).

3. Results

Information obtained from the experimental tests included fatigue strength at 2 x 10°
cycles, density, and porosity values. The density values obtained a result from averaging
various measures on each sample set. Considering the powder data sheet provided by the
manufacturer, it was possible to calculate the relative density value in percentage terms.
Finally, with regard to the porosity, data were obtained from the analysis of photographs
taken under a metallographic microscope, averaging the results corresponding to the cross-
section of the specimen and the longitudinal section. For specimens with a wall thickness
equivalent to 2.4 mm, with a larger resistant cross-section, the results are given in Table 2.

Table 2. Characteristics of the samples with a thickness of 2.4 mm.

Wall Thickness Fatigue Strength at

2.4 mm 2 % 106 Cycles Relative Density Porosity
1A 25.6 MPa 95.3% 2.1%
Stress Relief
1B
Micro Shot 41.6 MPa 94% /17
Peening
1C
Controlled 41.1 MPa 95.3% 3.07%
Roughness
1D 47.8 MPa 96.5% 3.97%
T6 Temper

The results show numerous microporosities in the material that influence the density
and the percentage of porosity present.

For the specimens with a thickness of 1.2 mm, the data obtained from the tests are
shown in Table 3.

Table 3. Characteristics of the samples with a thickness of 1.4 mm.

Wall Thickness Fatigue Strength at . . .
24 mm 2 % 106 Cycles Relative Density Porosity
2A 28.4 MPa 95.6% 1.14%
Stress Relief
2D 51.7 MPa 96.0% 3.3%
Temper

Finally, the experimental data obtained for the 0.6 mm wall thickness samples are
given in Table 4. As it can be noted, it was impossible to determine the fatigue strength for
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the 3A set of specimens, which presented premature failures due to the combined effect of
torsion, bending, and defectivity.

Table 4. Characteristics of the samples with a thickness of 0.6 mm.

Wall Thickness Fatigue Strength at . . .
24 mm 2 % 10° Cycles Relative Density Porosity
3A /17 96.4% 1.73%
Stress Relief
3D 37.8 MPa 94.5% 4.35%
T6 Temper

4. Discussion

The measured values show that the specimens have a low fatigue strength when
compared to cast aluminium alloys [28], which increases in case treatments are performed.
In particular, it can be seen that the best in terms of fatigue life is the T6 thermal treatment.
This treatment led to a percentage increase of 81% for the 2.4 mm thickness, while it led to
an increase of 82% in the 1.2 mm specimens. The standard deviation value was the main
factor that influenced the increase in fatigue strength. The highest dispersion was recorded
in the specimens with only the stress relief treatment. Figure 2 shows just this by indicating
how the failure data are distributed for the 2.4 mm and 1.2 mm thickness series. However,
this parameter was grown by the treatments performed, obtaining the minimum value and,
thus, the best condition found when performing the heat treatment.

Fallure plot of specimens with wall thickness of 2.4 mm Fallure plod of specimens with wall thickness of 1.2 mm
i " ran F o

& S & ety
P e b ” Vg b

PMumber of cycles

Figure 2. The failure trends recorded for stress-relief-treated specimens for the 2.4-mm and 1.2-mm-
thick series.

The increase was also found through the performance of surface treatments. Micro
shot peening resulted in +57%, while the increase gained from increasing cylinder surface
quality through controlled roughness machining was 55%. The extension of fatigue life
was achieved through increased maximum allowable stress due to the treatments and
a lower standard deviation present. The surface treatments performed allowed for an
increase in surface quality that can also be observed through SEM analysis, as in Figure 3.
In particular, the difference between the inner and the outer shot-peened surface is evident.
The improvement of the surface’s quality can be better appreciated in Figure 4 This decrease
in roughness led to increased fatigue life due to the lower presence of defects on the
specimen surface. This investigation showed that there are no significant differences in
fatigue life considering the different thicknesses. In fact, with the same treatment carried
out, the thicknesses of 2.4 mm and 1.2 mm presented very similar fatigue strength values,
so the difference can be neglected. In the case of treatment A (As-built), the ratio between
the difference of the fatigue strength values for the two thicknesses and their average is
around 7%, while in the case of the heat treatment (T6), it was around 8%. In both cases,
the fatigue strength values are slightly higher for the higher thickness.
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Figure 4. Close-up of shot-peened the external surface.

The case of the 0.6 mm thick samples was not taken into consideration for this analysis
due to their specific characteristics in relation to the dimensions of the defects. Since less
material was present in the thinner specimens, the defects that could have led to subsequent
cracking of the specimen should be statically less. Due to the high porosity of the material,
however, it was possible to observe that the defects were of a large size. For this reason, no
difference between the various thicknesses was noticed. This behavior is more highlighted
for the 0.6 mm thick samples. In this series, as can be seen from the SEM in Figure 5,
the defects present extended along the specimen’s entire wall, leading to a drastic drop in
the fatigue strength value. A similar feature appears in the 1.2 mm thick specimens’ SEM
observations, as seen in Figure 6.

= 1R2K
Mg W= 28Smm  Paots Mo, = T Tiewn 1101 00 E

Figure 5. Defect extending through the entire thickness of a 0.6 mm walled specimen.
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Figure 6. Defect extending through the entire thickness of a 1.2 mm walled specimen.

The general fracture surface appearance involves a smooth area around the initial
propagation site, for example, in Figures 7 and 8, where the presence of defects and fracture
triggers of very significant size was also noted. These are mainly present on the outer
surface of the specimen, as in Figure 7. In Figure 8, multiple fatigue crack origin sites can

be identified due to a higher material resistance.

20pm EHT=2000kV  SignalA=SE1  Date:13 Sep 2022

Mag= 770X ZEISS
WD =300mm Photo No. = 2680 Time 10:50:35 MetBio

Figure 7. Fatigue crack origin on the surface of a shot-peened specimen.

L I
S

200 pm Mag= 64X EHT=2000kV  SignalA=SE1  Date:13 Sep 2022 f—_—
WD=300mm PhotoNo = 2673 Time 104158 Hetiio

Figure 8. Multiple crack starters on Té6-treated specimen.

The final propagation part of the section is similar in the case of the as-built, shot-
peened, and controlled rugosity treatment, and it looks brittle, like, for example, in
Figures 9 and 10. On the contrary, failure surfaces in the T6-treated specimens show
evident plastic dimples, as can be seen in Figures 11 and 12. After the fatigue failure tests,
analyses were performed to detect the actual density of the specimens. From the values
found and reported in the Tables 2—4, it could be observed that these were also affected by

the treatment performed.
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Figure 12. Final fracture surface of a 1.2 mm thick specimen T6 treated.

As expected from the previous porosity calculations, the defects in the specimens
turned out to be varied and significant in size. The presence of high-porosity values
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is probably due to the use of low energy density [22]. Comparing the values used in
the studies proposed by Ahmed H. Maamoun et al. for the same energy, the cavities in
the sample were found to be the same size. In particular, the cavities in the specimen
were, in many cases, due to a lack of powder or improper melting of the powder. This
phenomenon was later observed through metallographic microscope investigations. As can
be seen in Figure 13, depicting the whole section of a 1.2 mm thickness specimen, pores
larger than 100 um are surrounded in many cases by trails of micropores due precisely to
the insufficient melting energy of the powders.

In Figure 14, the longitudinal section of the same specimen is shown. It is possible
to see that the porosity distribution is quite uneven. As a consequence, the density of
the specimen is weakly related to its fatigue resistance, which is more dependent on
the locally measured porosity. Moreover, the unmelted powder trapped in the material
contributes to the density but is removed in the polishing operations needed to perform
the metallographic analysis [29].

Figure 13. Porosity in a 1.2 specimen transversal section due to low energy density.

Figure 14. Porosity in a 1.2 specimen longitudinal section due to low energy density.

A deeper analysis of the pores described above was later made by images obtained
from the metallographic microscope. By the acid attack of the sample with Keller’s reagent,
the defects in the edges of the melt pools typical of the additive manufacturing process were
recorded, as in Figures 15 and 16. In fact, observing the common shapes of the additive
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process, there is a grain difference between the inside of the melt pool and the edge. Due
to a different solidification rate, you get a coarser grain in the outermost part than in the
interior. This difference in the solidification process is one of the causes of the emergence of
pores, together with the presence of unmelted powder. While the effect of the pores shown
in Figure 15 is minimal as regards the fatigue life, the cavities similar to the one shown
in Figure 16, depicting a transversal section, may act as a pre-existing intergranular crack,
which is mainly detrimental.

Figure 16. Porosity in a longitudinal section.

The future directions of this study will include the effect of the manufacturing param-
eters, such as laser power and build orientation, on the fatigue strength in relation to the
effect of the wall thickness, particularly regarding the lower values.

5. Conclusions

In this paper, the fatigue strength value for an aluminium alloy, AlSi10Mg, was
investigated by means of non-standard tubular specimens fabricated by selective laser
melting. The results show that the fatigue strength is independent of the thickness of
the component analyzed. This result can be associated with the presence of porosity of a
significant size. However, an increase in fatigue strengths was achieved by performing
subsequent post-processing treatments that markedly improved the reference stress and
dispersion of values. The number of defects observed in the specimen correlated with the
printing parameters chosen during the production process, which led to improperly fused
powder within the specimen. The best improvement of fatigue strength was obtained by
performing a T6 heat treatment.
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