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Abstract: There is evidence that Additive Manufacturing plays a crucial role in the fourth industrial
revolution. The design freedom provided by this technology is disrupting limits and rules from the
past enabling engineers to have new products otherwise unfeasible. Recent developments in the
field of SLM have led to a renewed interest in lattice structures that can be produced non-
stochastically in previously unfeasible dimensional scales. One of the primary applications is
aerospace engineering where the need of lightweight and performance is urgent to reduce the
carbon footprint of civil transport around the globe. Of particular concern is fatigue strength. Being
able to predict fatigue life in both LCF (Low Cycle Fatigue) and HCF (High Cycle Fatigue) is crucial
for a safe and reliable design in aerospace systems and structures. In the present work, an
experimental evaluation of compressive-compressive fatigue behavior has been performed to
evaluate the fatigue curves of different cells, varying sizes and relative density. A Design of
Experiment approach has been adopted in order to maximize the information extractable in a
reliable form.
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1. Introduction

Additive Manufacturing (AM) has emerged as a game-changer in the field of
aerospace engineering, providing opportunities for the design and manufacture of
complex structures with improved mechanical properties[1]. One of the key challenges in
aerospace engineering is the development of effective anti-ice systems, which are essential
for ensuring safe and efficient operations in cold and icy conditions [2][3]. In recent years,
lattice structures made of AlSi10Mg alloy have emerged as a promising candidate for the
development of innovative anti-ice systems [4]-[6]. However, being able to predict the
fatigue strength under cyclic loading is one of the greatest challenges nowadays [7-9]. A
search of the literature revealed few studies, which experimentally evaluate the fatigue
curves of lattice structures made of AlSil0Mg fabricated by AM [10][11]. This paper
presents the results of an experimental study aimed at investigating the fatigue strength
of lattice structures made of AlSi10Mg alloy fabricated by AM and to provide insights into
the design and optimization of innovative anti-ice systems for aerospace applications [12].
Fatigue strength is a crucial parameter in the design of aerospace components, especially
those that are subjected to cyclic loading. Lattice structures, also known as cellular or
honeycomb structures, are highly desirable due to their lightweight nature and high
stiffness-to-weight ratio [13][14][15]. They have been used in various applications,
including heat exchangers, sandwich panels, and energy absorption systems [16-19].
AlSi10Mg is an aluminum alloy that has been extensively used in AM due to its excellent
mechanical properties and good weldability [20]. In the case of anti-ice systems, lattice
structures made of AlSi10Mg have been proposed as a potential solution due to their
ability to provide excellent anti-ice performance by allowing a continuous flow of hot air
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to pass through the structure, thus melting the ice on its surface [12][21]. However, the
fatigue strength of these structures is not well understood, which poses a significant
challenge in their design and optimization. The experimental study presented in this
paper involves the testing of AlSi10Mg lattice structures fabricated by AM under cyclic
loading to determine their fatigue strength. The results of this study will provide insights
into the behavior of these structures under cyclic loading and will help in understanding
their failure mechanisms. The findings of this study will also aid in the development of
design guidelines for lattice structures made of AlSi10Mg and will enable the optimization
of innovative anti-ice systems for aerospace applications [22]. In summary, the
experimental evaluation of the fatigue strength of lattice structures made of AlSi10Mg
fabricated by AM is of significant interest to the aerospace industry, especially in the
development of innovative anti-ice systems (Figure 1). This study aims to fill the
knowledge gap regarding the fatigue behavior of these structures and provide insights
into their design and optimization for aerospace applications.
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Figure 1 - Integrated Anti Ice Panel.

2. Materials and Methods
In this section, the Materials Adopted and the Methods selected will be presented.

2.1. Design of Experiment (DOE)

The fatigue tests on trabecular cores had the objective to experimentally characterize
fatigue life curve of different types of non-stochastic foams built in AlSil0Mg by AM. Data
for this study were collected using a DOE approach [23] in order to provide new insights
for what concerns the effects of design parameters on lattice fatigue performance [24].
Although some research has been carried out on fatigue with this approach [24], no
studies have reported this wide investigation for AlSi10Mg.

Three different trusses have been selected: Bccz, Octet truss and rhombic
dodecahedron. For each cell type two cells size, 5mm and 7mm have been adopted with
two relative densities: 25% and 30%. In order to contain the number of specimens and the
cost of the experimental campaign, the DOE with three factor and hybrid levels for each
factor was executed in fractional factorial form. Details of the specimens produced for the
fatigue test are reported in Table 1.
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Table 1. Factors selected to design specimens for fatigue tests.

Cell Type Cell Size [mm] Relative Density [%]

Bceez 5 25

Bceez 5 30

Bceez 7 30

Rhombic Dodecahedron 5 25
Rhombic Dodecahedron 5 30
Rhombic Dodecahedron 7 30
Octet Truss 5 25

Octet Truss 5 30

Octet Truss 7 30

2.2. Specimen Design

The trabecular specimens presented a double height compared to the base sides. Each
specimen has a square bottom composed by 4x4 cells and a vertical side of 8 cells to avoid
border effect, as shown in Figure 2. The nominal dimensions for 5mm cells are 20x20x40
mm? and 28x28x56 mm? for the 7mm specimens. All specimens present two skins of Imm
thick at the square bases. This skin distributes uniformly the stresses on the different cells
and avoid peak caused by manufacturing imperfections.

Figure 2. CAD Design of a Specimen.

2.3. Fatigue Test Setup

Compression-compression fatigue tests were carried out according to scientific
literature [25][26][27][28].

A variable maximum load of 80%, 60%, 40% and 20% of the static yield load has been
imposed in order to obtain the Wohler curves. The ratio of R=0.1 implies that the
compressive load on the specimens oscillates with a sinusoidal from 10% to 100% of the
imposed load 50 times per second (50 Hz). The maximum value of the oscillation is
defined as om and obtained from the Equation 1; the parameter x corresponds to the values
of 80%, 60%, 40% and 20% and oo is the average result of the uniaxial compression tests
on the corresponding trabecular specimens. This value has been separately calculated by
other experimental compressive test on analogues specimens. The minimum value of the
oscillation is reported as om, obtained from the Equation 2, where R is maintained at 0.1.
The median value between om and om is 0s, calculated with the Equation 3. To evaluate
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the Wohler curve it is then necessary to evaluate for each specimen the median load, o, e
and the number of cycles (N) corresponding to the specimen failure.

The chosen upper limit for the cycles is N equal to 1.5*107, suitable for airframes
structure and systems life limit computation.

Oy = X0gy (1)
Om = Roy ()
0q = (O — 0p)/2 3)

The values of oM, Om, 0a and N are listed in Appendix A. All specimens were
processed with an Instron machine, as shown in Figure 3, with three repetitions for each

type.

Figure 3. Instron Testing Equipment.

3. Results

In this section, the result obtained from the fatigue tests will be provided. All the
numerical evidences are reported in Appendix A subdivided by cells type. For each cell
type Wohler, curves will be provided and discussed. The Wohler curves correlates the
amplitude of the load, 0s, for each sample and the number of cycles at which the specimen
failure occurs. Subsequently images of broken specimens will be reported to provide
evidence on the failure mechanism.

3.1. Rhombic Dodecahedron

The graph in Figure 4 reports Wohler curves for all the rhombic specimens tested. At
equal oa (load amplitude) the longest fatigue life is that of specimens with lower cell size,
5mm and higher density, 30%. The second longest endurance is represented by cells with
7mm of cell size and 30% or relative density. The lowest fatigue life is witnessed by
specimens with 5mm of cell size and 25% of relative density. The most interesting aspect
of this graph is the effect of cell size. Increasing cell size, while maintaining fixed the
relative density of the specimen (i.e. same amount material per cubic centimetre), reduces
the fatigue life noticeably.
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Figure 4. Wohler curves for rhombic dodecahedron specimens.

The effect of relative density is less stable in all the stress amplitude tested. As
reported in Appendix B by the Main Effect graph in Figure 11, the effect of the relative
density is not monotonous. While at higher loads the increase of the relative density seems
to provide a higher fatigue life this is not true for lower loads (60% and 20% of the Yield
Stress). This aspect will require further dedicated analysis in the future.

The photos of the rhombic specimens after the fatigue test at different loads are re-
ported in Figure 5. The failure occurs along a 45° plane in respect to Z axis and often it
starts from a corner of the specimen. The deformation evidenced before the failure is
almost absent; the connections break one by one along the plane until the resistant section
becomes insufficient and causes the collapse of the specimen. From the images, it is
possible to see that the breaking of the specimens subjected to higher loads (80% and 60%
of o) is clearer and more similar to the one evidenced in the static compression tests. On
the other hand, the rupture of the specimens subjected to lower loads (40% and 20% of
on2) is more irregular and acts on several levels causing the final separation of the
specimen into more than two pieces. This difference is particularly marked for the 7mm
cells, as visible in the Figure 5. For cells with lower relative density, such as 5-25, irregular
fracture are already present for higher loads, such as 60% of ooz.
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Figure 5. Rhombic Cells subjected to fatigue: (a) Cell size 5mm Relative Density 25% Max Load 80%

ou; (b) Cell size 5mm Relative Density 25% Max Load 60% ooz; (c) Cell size 5mm Relative Density
25% Max Load 40% ow; (d) Cell size 5mm Relative Density 30% Max Load 80% oo; (e) Cell size 5Smm
Relative Density 30% Max Load 60% oo; (f) Cell size 5mm Relative Density 30% Max Load 40% oo;
(g) Cell size 7mm Relative Density 30% Max Load 80% ooz; (h) Cell size 7mm Relative Density 30%
Max Load 60% o; (i) Cell size 7mm Relative Density 30% Max Load 40% oo2.

3.2. Octet Truss

The graph in Figure 6 reports the Wohler curves for all the Octet-truss specimens
tested. In accordance with the present results, the longest fatigue life is that of the 5-30
specimens, followed by the specimens 7-30 and 5-25 with intersecting behavior.

Similarly, to the case of Rhombic also for Octet truss curves of 5-30 and 7-30 are
almost parallel to each other, with the 7-30 case shifted to the left at lower cycles. This fact
suggests a clear negative effect of the enhancing of the cell size at the same relative density.

For what concerns the 7-30 vs 5-25 trend, despite the magnitude of the load
(proportional to the yield stress) relative density plays a beneficial effect at higher load
(80% and 60% of 0onz) and report a dissimilar trend at lower load (40% and 20% of yield
stress). Also in this scenario further analysis are required to investigate deeply the effect
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of relative density. The specimens 5-30 and 5-25 reach the imposed fatigue limit (1.5 107
cycles) without breaking with a maximum load equal to the 20 % of yield stress.
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Figure 6. Wohler curves for Octet-truss specimens.

Figure 7 reports images of Octet specimens after the fatigue test at different loads.
The fracture of the specimen is in part similar to that seen during compression tests. The
failure occurs along a 45° plane in respect to Z axis and starts from a corner of the
specimen. The deformation before the failure is almost absent; the connections break one
by one along the plane until the resistant section becomes insufficient and causes the
collapse of the specimen. Failure mode of 5-25 specimens subjected to all loads is more
irregular compared to others and acts simultaneously on several planes causing the final
separation of the specimen into more than two pieces. Similarly, to what witnessed also
7-30 specimens subjected to higher loads (80% and 60% of o) fail in similar to that seen
for the compression tests; on the other hand, the same cells when subjected to lower loads
(40% and 20% of oo2) is more irregular and acts on several planes at the same time causing
final separation of the specimen into more than two pieces.
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Figure 7. Octet Cells subjected to fatigue: (a) Cell size 5mm Relative Density 25% Max Load 80% oo;
(b) Cell size 5mm Relative Density 25% Max Load 60% oo; (c) Cell size 5mm Relative Density 25%
Max Load 40% oo; (d) Cell size 5mm Relative Density 30% Max Load 80% oo2; (e) Cell size 5mm
Relative Density 30% Max Load 60% oo; (f) Cell size 5mm Relative Density 30% Max Load 40% oo;
(g) Cell size 7mm Relative Density 30% Max Load 80% ooz; (h) Cell size 7mm Relative Density 30%
Max Load 60% ou; (i) Cell size 7mm Relative Density 30% Max Load 40% oo

3.3. Beez

Fatigue Wohler curves on Bccz specimens, presented in Figure 8, remained partially
completed due to the different behavior found. The specimens reach the preset limit of 1.5
107 cycles already at 60% of the load for the 5mm cells and 40% for the 7mm cells; for this
reason, it was impossible to obtain complete Wohler curves. Further improvements will
be the evaluation of the performance between 80% and 100% of the Yield load. The
greatest fatigue resistance of Bccz specimens is given by the vertical struts. During the
static compression tests the vertical struts deformed and then broke for buckling.

o, [MPa]
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Figure 8. Wohler curves for Becz specimens.

In fatigue tests, the imposed load is not sufficient for the buckling of the vertical
struts. In fact, as visible from the Figure 9, the failure of the specimen, when it occurs, is
due to the breaking of the struts at the nodes, as seen for Rhombic and Octet. The fracture
follows the angle of 45° only in some points, but in most cases there is a sparse and
irregular separation of the cells for all cell sizes and for all solid volume fraction values.
Further analysis will be dedicated to higher amplitude load and higher owm.
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Figure 9. Bcez Cells subjected to fatigue: (a) Cell size 5mm Relative Density 25% Max Load 80% oo;
(b) Cell size 5mm Relative Density 30% Max Load 80% oo2; (c) Cell size 7mm Relative Density 30%
Max Load 80% ou; (d) Cell size 7mm Relative Density 30% Max Load 60% ooo.

4. Discussion

Several reports [29][30] have shown that different cell topology provide different
fatigue live behaviour. This section will provide a comparison of the three-architected
cells subjected to the same load path (proportional to each Yield strength, as reported in

Section 2.3).
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(c)
Figure 10. Wohler curves: (a) Cells 5mm of Cell Size and 25% of Relative Density; (b) Cells 5mm of

Cell Size and 30% of Relative Density; (c) Cells 7mm of Cell Size and 30% of Relative Density.

What is striking about the graphs reported in Figure 10 is the homogeneous trend
between all the specimens type. Becz, as commented above, is always the cells performing
better followed by octet cells and lastly rhombic cells. The last two cell’s topology presents
similar trend dissimilarly from the trend provided by Becz cells. A possible explanation
for this might be that Rhombic and Octet are bending dominated cells [31] while Becz is a
stretch dominated cells that provide enormous benefit when the compression load on the
vertical cells does not reach the buckling limit.

The results provided are significant in at least two major respects. They provide
reliable encouraging data on fatigue life of different cells with various cell size and
different relative density. In addition, they establish some useful correlation between
design parameters and fatigue life.

Despite these promising results, further work is required to establish the real fatigue
limit of Bccz cells and deeply evaluate the effect of relative density on the fatigue
performance for bending dominated cells type.

5. Conclusions

The purpose of the current study was to determine Wohler fatigue curves for
different type of trabecular structures. This study has identified clear trends for what
concerns cells type and cell size effect while further investigation is still needed for what
concerns the effect of the relative density. Overall, this study strengthens the idea that
lattice structures are a valid resource to exploit in system and structures for aerospace use
due to the lightweight, high specific structural performances and high thermal properties.
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In spite of its limitations, the study certainly adds to our understanding of the fatigue life
prediction

6. Patents

In this paper a research work on fatigue life of trabecular structures have been
performed. This work is part of the development of the patent of a novel anti-icing system
for aircraft use [3].
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Appendix A

AlSi10Mg specimens for fatigue test with Becz cell. The identification code of the
specimens is: Celle shape - Cell size - Solid volume fraction (nominal) -Serial number.

Table 2 - BCC-Z Fatigue Results.

Id Code om[MPa] om[MPa] o.[MPa] N
Becz-5-25-1 12.6 1.26 5.67 10178091
Beccz-5-25-2 12.6 1.26 5.67 12441038
Beccz-5-25-3 12.6 1.26 5.67 -
Becz-5-25-4 9.4 0.94 4.23 15000000
Bccz-5-25-5 9.4 0.94 4.23 15000000
Bccz-5-25-6 94 0.94 4.23 -
Bccz-5-25-7 6.3 0.63 2.84 15000000
Bccz-5-25-8 6.3 0.63 2.84 15000000
Bccz-5-25-9 6.3 0.63 2.84 -

Becz-5-25-10 3.1 0.31 1.40 15000000
Becz-5-25-11 3.1 0.31 1.40 15000000
Bccz-5-25-12 3.1 0.31 1.40 -
Beccz-5-30-1 20.3 2.03 9.14 654563
Beccz-5-30-2 20.3 2.03 9.14 762810
Beccz-5-30-3 20.3 2.03 9.14 -
Beccz-5-30-4 15.2 1.52 6.84 15000000
Bccz-5-30-5 15.2 1.52 6.84 15000000
Bccz-5-30-6 15.2 1.52 6.84 -
Bccz-5-30-7 10.2 1.02 4.59 15000000
Bccz-5-30-8 10.2 1.02 4.59 15000000
Bccz-5-30-9 10.2 1.02 4.59 -
Bccz-5-30-10 5.1 0.51 2.30 15000000
Becz-5-30-11 5.1 0.51 2.30 15000000
Bccz-5-30-12 5.1 0.51 2.30 -
Becz-7-30-1 19.5 1.95 8.78 326837
Becz-7-30-2 19.5 1.95 8.78 440166
Becz-7-30-3 19.5 1.95 8.78 326161
Becz-7-30-4 14.6 1.46 6.57 3362847
Bccz-7-30-5 14.6 1.46 6.57 3331678
Bccz-7-30-6 14.6 1.46 6.57 2249586
Becz-7-30-7 9.8 0.98 441 15000000
Bccz-7-30-8 9.8 0.98 441 15000000
Bccz-7-30-9 9.8 0.98 441 15000000
Becz-7-30-10 49 0.49 221 15000000
Becz-7-30-11 49 0.49 2.21 15000000

Bccz-7-30-12 49 0.49 2.21 15000000
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AlSi10Mg specimens for fatigue test with Rhombic dodecahedron cell.
The identification code of the specimens is: Celle shape - Cell size - Solid volume
fraction (nominal) - Serial number.

Table 3 - Rhombic Dodecahedron Fatigue Results.

Id Code om[MPa] om[MPa] o.[MPa] N
Rhom-5-25-1 12.1 1.21 5.45 9044
Rhom-5-25-2 12.1 1.21 5.45 6480
Rhom-5-25-3 12.1 1.21 5.45 -
Rhom-5-25-4 9 0.9 4.05 45544
Rhom-5-25-5 9 0.9 4.05 45031
Rhom-5-25-6 9 0.9 4.05 -
Rhom-5-25-7 6 0.6 2.70 291522
Rhom-5-25-8 6 0.6 2.70 274062
Rhom-5-25-9 6 0.6 2.70 -

Rhom-5-25-10 3 0.3 1.35 15000000
Rhom-5-25-11 3 0.3 1.35 15000000
Rhom-5-25-12 3 0.3 1.35 -
Rhom-5-30-1 17.1 1.71 7.70 12100
Rhom-5-30-2 17.1 1.71 7.70 10947
Rhom-5-30-3 17.1 1.71 7.70 -
Rhom-5-30-4 12.8 1.28 5.76 47132
Rhom-5-30-5 12.8 1.28 5.76 26329
Rhom-5-30-6 12.8 1.28 5.76 -
Rhom-5-30-7 8.6 0.86 3.87 327084
Rhom-5-30-8 8.6 0.86 3.87 307454
Rhom-5-30-9 8.6 0.86 3.87 -
Rhom-5-30-10 43 0.43 1.94 15000000
Rhom-5-30-11 4.3 0.43 1.94 3755825
Rhom-5-30-12 4.3 0.43 1.94 -
Rhom-7-30-1 17.7 1.77 7.97 4281
Rhom-7-30-2 17.7 1.77 7.97 3281
Rhom-7-30-3 17.7 1.77 7.97 3970
Rhom-7-30-4 13.3 1.33 5.99 14484
Rhom-7-30-5 13.3 1.33 5.99 12010
Rhom-7-30-6 13.3 1.33 5.99 10550
Rhom-7-30-7 8.9 0.89 4.01 53097
Rhom-7-30-8 8.9 0.89 4.01 46449
Rhom-7-30-9 8.9 0.89 4.01 46723
Rhom-7-30-10 44 0.44 1.98 1471143
Rhom-7-30-11 44 0.44 1.98 2004674

Rhom-7-30-12 44 0.44 1.98 -
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AlSi10Mg specimens for fatigue test with Octet-truss cell. The identification
code of the specimens is: Celle shape - Cell size - Solid volume fraction
(nominal) - Serial number.

Table 4 - Octet Truss Fatigue Results.

Id Code om[MPa] om[MPa] g.[MPa] N
Oct-5-25-1 18.5 1.85 8.33 18568
Oct-5-25-2 18.5 1.85 8.33 36394
Oct-5-25-3 18.5 1.85 8.33 -
Oct-5-25-4 13.9 1.39 6.26 128641
Oct-5-25-5 13.9 1.39 6.26 151236
Oct-5-25-6 13.9 1.39 6.26 -
Oct-5-25-7 9.3 0.93 4.19 971841
Oct-5-25-8 9.3 0.93 4.19 1119612
Oct-5-25-9 9.3 0.93 4.19 -
Oct-5-25-10 4.6 0.46 2.07 15000000
Oct-5-25-11 4.6 0.46 2.07 15000000
Oct-5-25-12 4.6 0.46 2.07 -
Oct-5-30-1 22.7 2.27 10.22 64099
Oct-5-30-2 22.7 2.27 10.22 52684
Oct-5-30-3 22.7 2.27 10.22 -
Oct-5-30-4 17 1.7 7.65 239878
Oct-5-30-5 17 1.7 7.65 234151
Oct-5-30-6 17 1.7 7.65 -
Oct-5-30-7 11.3 1.13 5.09 880174
Oct-5-30-8 11.3 1.13 5.09 645908
Oct-5-30-9 11.3 1.13 5.09 -
Oct-5-30-10 5.7 0.57 2.57 15000000
Oct-5-30-11 5.7 0.57 2.57 15000000
Oct-5-30-12 5.7 0.57 2.57 -
Oct-7-30-1 229 2.29 10.31 10607
Oct-7-30-2 229 2.29 10.31 9009
Oct-7-30-3 229 2.29 10.31 25343
Oct-7-30-4 17.2 1.72 7.74 42201
Oct-7-30-5 17.2 1.72 7.74 68178
Oct-7-30-6 17.2 1.72 7.74 35084
Oct-7-30-7 11.5 1.15 5.18 136536
Oct-7-30-8 11.5 1.15 5.18 86464
Oct-7-30-9 11.5 1.15 5.18 204722
Oct-7-30-10 5.7 0.57 2.57 3108586
Oct-7-30-11 5.7 0.57 2.57 -

Oct-7-30-12 5.7 0.57 2.57 -
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Appendix B

In this section are reported the quality analysis of the outcome provided by the

fatigue experiments.
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Figure 11 - Rhombic Dodecahedron Cells Statistical Analysis: (a) Normal probability Plot Max Load

80% o02; (b) Main Effect Plot Max Load 80% ooz; (c) Normal probability Plot Max Load 60% ooz; (d)
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Figure 12 Octet Truss Cells Statistical Analysis: (a) Normal probability Plot Max Load 80% ow; (b)
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Figure 13 Octet Truss Cells Statistical Analysis: (a) Normal probability Plot Max Load 80% oo; (b)
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