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Abstract. This paper deals with the prediction of the mechanical behaviour of lattice
structures made by selective laser melting (SLM). The work was divided into two stages
where the first was aimed on evaluation of the material model for finite element analysis
(FEA) from proposed tensile test specimens. The second stage was using previously evaluated
material model for more complex structures composed of periodical truss cells. It was found
that the major issue was the real geometry of additively produced specimens. For evaluation,
stress-strain diagrams were used. All manufactured parts were made of aluminium alloy
AlSil0Mg.

Introduction

Selective laser melting (SLM) is layer by layer additive manufacturing (AM) method which
allows creating objects with a complex shape that are very difficult to produce by
conventional technologies. There are many great examples in nature, e.g. bone tissue
composition - trabecular bone and osteons in compact bone, both oriented in the direction of
principal stresses [1] or internal structure of plants such as bamboo.

The general shape such as bone or bamboo is very difficult to create in 3D software, therefore
general shape is replaced by the lattice structure with periodically repeating unit shape in
engineering [2]. Due to high strength to weight ratio and good energy absorption capacity,
Body Centred Cubic (BCC) shape of lattice structure is very popular [3].

Mechanical properties of the SLM parts are strongly dependent on used laser process
parameters of the technology. It is clearly shown in the articles [3, 4, 5], where authors
present influence of three main parameters — laser speed (LS), laser power (LP) and laser
hatch distance (HD) on material and mechanical properties of aluminium alloys. Many
authors describe mechanical properties of a bulk material in tension, e.g. Kempen et. al. [6]
describes different mechanical properties in XY and Z direction due to elongation at break
which is caused by porosity close to the part surface. If we consider a lattice structure formed
by thin trusses, this close to surface porosity can greatly decrease the mechanical properties of
each truss in the structure. The other authors also found out that the shape of parts and then
also mechanical properties in lattice structure are dependent on building direction and surface
roughness [7, 8].

Based on these studies, the methodology for obtaining a material model of BCC lattice
structure material for FEA analysis was created.
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Materials and methods

Additive manufacturing. All samples were made of aluminum powder AlSil0Mg by the
SLM 280H"L the metal additive technology machine with building space 280x280x350 mm?.
The device allows producing parts from many types of metal powder materials (aluminum
alloys, titanium alloys, stainless steel, etc.). The metal powder is melted by YLR-Laser with a
power of 400W [9]. During the production, there is the inert atmosphere N2 and Ar inside the
build chamber. Therefore, the device can be used even for very reactive materials.

Tensile Specimens. All tensile specimens were produced with a default setting for the
AlISi10Mg material and added with a cooling delay of each layer (15 seconds) before
production of next layer. Samples were not further modified (heat treatment or surface
finishing). To capture the effect of size (truss diameter: 0.45 mm, 1 mm) and different
building angle (90°, 45°) [3], four groups of five pieces were made. Samples of different
groups have the same total area of cross-section for the purpose of comparison the mechanical
parameters.

a) b)

Fig. 1(a) Specimens for tensile tests on the platform after manufacturing by SLM 280HL;
(b) CAD models of the tensile specimens

Compression Specimens. All compression samples were sandwich blocks 20x20x20 mm? of
BCC lattice structure with the bottom and upper plate (t = 0.3 mm). A unit cell was composed
of eight trusses with nominal diameter d = 0.5 mm and its dimensions were 4x4x4 mm?. It
results that every layer was created by 5x5 unit cells. All compression samples were also
manufactured with the default setting for A1Sil0Mg material and not further modified (heat
treatment or surface finishing).
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Fig. 2 (a) Specimens for compression tests manufactured by SLM 280HL; (b) CAD model
of the BCC unit cell
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Quality and surface roughness. The tensile samples were digitized in the as-built state on
the ATOS Triple Scan. The acquired 3D geometry of the real trusses was analyzed in the
GOM Inspect software, to find the difference between design and real geometry. For better
quality of measurement, the surface of the samples was mated with titan powder [10].
Mechanical testing. In order to get an information about the mechanical behavior of the
manufactured structures, a tensile and compressive test were performed. For the mechanical
testing universal testing machine, ZWICK Z020 was used.

FEA. For the purpose of the further design of 3D printed lattice structures, the computational
model was made. Ideal geometry was first considered and further corrected for the deviation
of the real trusses delivered from the 3D scanner. To simulate the behavior of the tensile test
in the elastic-plastic region, nonlinear model of material needs to be involved in FEA. The
bilinear behavior was chosen. The parameters of the bilinear model of material were
iteratively modified to ultimately match the tensile test stress-strain diagram.

Results and analysis

Tensile experiments. The tensile test results show the different deformation behavior of the
produced samples (Fig. 3a), when design dimensions were used for evaluation. The results are
divided into the two regions according to the diameter of the trusses. Due to the same nominal
area of the cross-section, this division should not have occurred. To eliminate this effect, real
diameters obtained by optical measurement were applied. There were significant differences
between design and real diameter and between 45° and 90° manufacturing orientation. For the
design diameter di = 0.45 mm with manufacturing orientation 90°, the real diameter
di” = 0.64 mm were evaluated. For orientation 45°, the real diameter was d2” = 0.66 mm. The
same effect with smaller deviation was observed for design diameter d3 = 1.00 mm. The real
diameter d3” = 1.04 mm for 90° and d4" = 1.05 mm for 45° orientation were evaluated. The
results after the correction are more consistent and the differences in the linear region of the
stress-strain diagram are small (Fig.3b).
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Fig. 3 (a) Tensile test evaluation with design diameters; (b) Tensile test evaluation with
real diameters

Tensile simulations. Based on the experimental data, the bilinear model of material was
evaluated for trusses with nominal diameter 0.45 mm and orientation 45°. Such set up is the
closest to the dimensions and building orientation for BCC lattice structure which was
planned to be tested afterward. Geometry was discretized by the tetrahedral quadratic
elements. The model of material parameters was at this stage: Young modulus E = 49 GPa,
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yield strength Rpo2 =211 MPa, tangent modulus Er= 12.1 GPa (evaluated according to
equations 1-4) and Poisson’s ratio p = 0.33. The simulation set up was following the tensile
testing with the correction on real beams geometry. After nonlinear solution, the stress-strain
diagram was compared with experimental data (fig.4).
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Fig. 4 (a) Stress-strain diagram after non-linear solution; (b) The results of the non-linear
solution compared to real failure

The difference is probably caused by other uncertainties which are typical for the SLM
technology. It is mainly high surface roughness due to the partial melting of the surrounding
metal powder. This rough surface can easily initiate the crack. The second main uncertainty is
the porosity and it’s weakening of the cross-section area [6]. To correct the difference in
stress-strain dependencies, Young modulus and tangent modulus were modified (fig.4a): E =
60 GPa, Er= 9.4 GPa. All other measured mechanical properties are shown in fig. 5 (default
settings for boxplots were used in Minitab software).

Compression experiments. During the compression, the individual layers are gradually
deformed and densification of lattice structure material occurs. Such behavior is seen on the
force-deformation dependency, where the compression load rapidly decreases and then
increases after the first collapse (fig. 6a). The main objective of our study is to predict the
mechanical behavior of lattice structure made of AISilOMg up to the first irreversible
collapse, by setting up correctly the model of material in our FEA analysis.
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Fig. 5 Box plots of the measured mechanical parameters

5000
4500
4000
3500
3000
__ 2500
Z. 2000
1500
1000
500

b)

[mm]

Fig. 6 (a) Force — deformation compression test data with design diameters; (b) Real
deformation of the lattice structure

Compression simulations. To validate the obtained material model, a static load simulation
of the lattice structure was performed. As before, in the case of tensile specimens, the surface
of samples was optically digitized to obtain real dimensions. Based on dimensional analysis,
the diameters were corrected from d = 0.5 mm to d” = 0.72 mm. With these diameters, the
volumetric geometry of the structure was imported to ANSYS Workbench. Geometry was
discretized by the tetrahedral quadratic elements. The size of the elements has been chosen so
that there are at least three elements across the cross-section area. The simulation set up was
following the compression testing with the correction on real beams geometry, with the same
clamping and loading. Fig 7.
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Fig. 7 (a) Force — deformation compression test data with design diameters and boundary
conditions; (b) discretization of the geometry

Conclusion

Mechanical testing and computational modelling were used for the evaluation of the material
behavior of lattice structures made by SLM machine SLM 280T. The main outputs of the
work are: 1) material parameters (Young’s modulus, strength, yielding stress, tangent
modulus); 2) geometric correction for the deviation between the designed and real beams.
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