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Abstract: Lattice structures offer the possibility to obtain lightweight components with
additional functionalities, improving their shock absorption and thermal exchange prop-
erties. Recently, a body-centered cubic (BCC) lattice structure has been used to fabricate
metal lattice sandwich panels (MLSPs) for aerospace applications. MLSPs are made of two
external skins and a lattice core and can be produced thanks to laser powder bed fusion
technology (LPBF), which is characterized by its superior printing accuracy with respect
to other additive manufacturing processes for metals. Since few studies can be found
in the literature on Ti-6Al-4V MLSPs, further work is needed to evaluate the mechanical
response of these panels. Moreover, due to their design complexity and to avoid a costly
experimental campaign, numerical simulation could be used to encourage the industrial
application of these structures. In this paper, different cell configurations were printed and
tested in compression to study the influence of the cell’s geometrical parameters, i.e., the
cell size and beam radius, on the mechanical response of MLSPs. Numerical simulations of
the LPBF of these geometries were also carried out to understand how the residual stresses
can be varied by varying the cell configuration. A geometrical evaluation was carried out
to quantitatively express the influence of the beam radius and cell size on the resulting
volume fraction, which strongly influences the mechanical behavior and residual stress
profiles of MLSPs. From the analysis, we found that the C2-R0.35 sample resulted in the
configuration with the highest compressive strength, while C3-R0.25 showed the lowest
and most uniform residual stress profile.

Keywords: additive manufacturing; titanium alloys; lattice structures; compression

1. Introduction

The advent of additive manufacturing (AM) has provided new opportunities to design
lightweight structures with new functionalities [1-4]. Many industrial sectors, especially the
aerospace industry, are interested in manufacturing new components to reduce the weight
of structures and, at the same time, improve their performance [5-8]. Since lattice structures
are lightweight structures that allow for good thermal exchange and energy absorption
capabilities, several studies have been conducted on these structures by academics in the
last few years [9-13]. Lattice structures are porous materials that consist of the repetition
of an elementary unit cell, and they can be strut-based or defined using a mathematical
function. In the first case, the elementary cell is made with several beams that can be
oriented and combined differently. In the other case, the elementary cell is based on
triply periodic minimal surfaces (TPMSs) such that the mean surface curvature at each
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point is zero [14]. Many applications can be found in the literature regarding different
kinds of lattice structures, such as honeycomb and diamond structures, especially when
the 3D printing of polymers is considered [15,16]. Recently, lattice structures, especially
body-centered cubic (BCC) structures, have been studied for use as the core of metallic
lattice sandwich panels (MLSPs) for aerospace applications [17-19]. These panels consist
of two skins and a lattice core of the same material, and they can be produced with laser
powder bed fusion (LPBF) technology, characterized by its high accuracy [20]. Since
high mechanical strength and corrosion resistance properties are required for aerospace
applications, a Ti-6Al-4V alloy can be used [21]. So far, few studies regarding metal lattice
sandwich panels can be found in the literature. Wei et al. [19] analyzed the blast response of
additive-manufactured Ti-6Al-4V sandwich panels characterized by an auxetic honeycomb
lattice core. Numerical simulations were used to predict the mechanical response of MLSPs
and show their feasibility for aerospace applications. Aerodynamic loads were investigated
by Bici et al. [22] through FEM analysis, considering different design variables such as the
cell shape, cell size, beam radius, and shell thickness for Al7075 MLSPs. Unfortunately, no
samples were manufactured to validate the optimal results obtained after the individuation
of the Pareto front. In [23], Ferro et al. studied the mechanical response of AlSi10Mg lattice
sandwich panels manufactured via LPBE. Compressive tests were performed to evaluate
the influence of cell shapes (BCC structures with and without vertical struts, also known
as BCC-z structures), the cell size, and strut diameters. According to their results, the cell
shape and relative density (when the cell type is fixed) are the most influential factors
affecting the mechanical response of MLSPs. Guo et al. [24] used a finite element model
combined with the Gurson-Tvergaard—-Needleman (GTN) damage model to consider the
effect of pore defects due to the LPBF process on the compressive strength of AlSi10Mg
BCC lattice sandwich panels.

Other applications of lattice sandwich panels can be found in the literature for integra-
tion with polymers and composites. Mines et al. [25] addressed drop weight behavior with
carbon fiber-reinforced composite (CFRP) skins and a BCC lattice core made of Ti-6Al-4V
and 316L stainless steel, manufactured via LPBE. They demonstrated how Ti-6Al-4V is
preferred over stainless steel due to its higher specific strength and that it can compete with
traditional aluminum honeycomb structures in high-performance aerospace applications
when impact performances are considered. Hou et al. [26] compared the energy absorption
capacity of auxetic and non-auxetic lattice composites made of two unidirectional CFRP
skins and a 3D-printed polymeric core. Sandwich panels consisting of CFRP external face
sheets and a polypropylene (PP) honeycomb core were analyzed by Acanfora et al. [27]
to obtain efficient shock absorber devices. They showed a better absorption capability
compared to full-PP lattice sandwich panels. Wu et al. [28] developed a numerical model
to predict the mechanical behavior of polymeric sandwich panels with hierarchical lattice
cores when subjected to compression, shearing, and three-point bending.

Even if in the literature it is difficult to find applications of Ti-6Al-4V BCC lattice
structures as a core material for MLSPs, they have already been analyzed by academics.
Some studies are similar to that of Arputharaj et al. [29], where the authors studied the
compression behavior of Ti-6Al-4V manufactured via L-PBE. They analyzed the influence of
the beam radius and heat treatment on the compressive response of BCC lattice structures.
They emphasize the significance of the volume fraction in determining the mechanical
strength of BCC structures and the impact of heat treatment on increasing ductility due to
changes in the microstructure and relief from residual stress. It is important to state that
the samples’ dimensions were varied to have the same number of cells, while in MLSPs the
external dimensions should be fixed. Other studies instead focus on the residual stresses
and distortion of BCC lattice structures but without considering the numerical simulation
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of the L-PBF process. In [4], Tian et al. measure the distortion of a cantilever geometry
made of BCC unit cells to investigate the effect of the strut diameter and process parameters.
In detail, the laser power and scanning pattern showed little influence due to the small size
of the deposition area compared to its solid counterpart, while a bigger influence was had
by an increase in the strut diameter, which increased the vector length. Due to the long
processing time and difficulties in measuring residual stresses, it will be very convenient to
develop a numerical model for residual stress prediction. Moreover, the effect of the skin
has to be taken into consideration.

Considering the current body of research, further studies are needed to understand the
behavior of additive-manufactured metal lattice sandwich panels. In this study, Ti-6Al-4V
sandwich panels with a BCC lattice core were manufactured via LPBF to investigate the
influence of cell sizes and the beam radius on their mechanical response under compressive
load. Moreover, numerical simulations of the printing process were carried out to correlate
the mechanical response with the residual stress that can arise during the LPBF process.

2. Materials and Methods
2.1. LPBF of MLSPs for Compression Tests

Metal lattice sandwich panels consist of two solid skins and a lattice core. In this paper,
a BCC lattice unit cell was selected to fabricate Ti-6Al-4V lattice sandwich panels. A BCC
cell shape was used because it is one of the most analyzed in the literature for this kind of
application [17-19]. Moreover, it is easier to design and more customizable [30,31]. BCC
elementary unit cells are characterized by two main geometrical parameters, the cell size
(C) and beam radius (R). In order to study the influence of cells” geometrical characteristics
on the mechanical behavior of MLSPs, four different cases were considered by varying
the C and R. The values of C and R were chosen according to a literature review and are
reported as follows:

¢ (C=2mmor3mm;
e R=0.25mm or 0.35 mm.

In Table 1, the four cases obtained by combining the selected values for the cell size
and the beam radius are reported together with the resulting volume fraction. The samples
were named according to the cell dimensions and beam radius used; in other words, if
the sample was characterized by C = 2 mm and R = 0.25 mm, we would refer to it as
C2-R0.25. Three samples for each cell configuration were printed with external dimensions
of 12 mm x 12 mm X 13 mm, a lattice core region of 12 mm X 12 mm x 12 mm, and two
external skins of 12 mm X 12 mm X 0.5 mm, as shown in Figure 1a.

Compression samples were fabricated via LPBF with an SLM280HL (Nikon SLM Solu-
tions AG, Liibeck, Germany) 3D system machine. The build platform was preheated up to
200° to reduce the thermal gradient and residual stress [32], and the build chamber was
filled with Argon to lower the oxygen content to less than 0.1%. The process parameters
were kept the same for each cell configuration. The main process parameters, the laser
power (P), scan speed (v), hatch spacing (h), and layer thickness (t), were fixed at 350 W,
1400 mm/s, 120 um, and 30 pm, respectively. Ti-6Al-4V spherical powder with a Gaussian
distribution of 20-63 um and a density of 4.43 g/cm3 was adopted to guarantee great
corrosion resistance and mechanical strength. The samples were designed with Fusion 360
(Autodesk, San Francisco, CA, USA), while the entire print was designed with Magics (Ma-
terialise, Leuven, Belgium), which allow us to perform part orientation, support generation,
and all the necessary steps to prepare the slicing file. The parts were oriented so that the
skins formed a 90° angle with the titanium build platform in order to reduce distortions
due to the residual stresses that would result from the large solid area. The manufactured
samples are shown in Figure 1b.
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Table 1. Geometrical characteristics of the samples used for the compressive tests.

SampleID C(mm) R (mm) Vs Unit Cell 3D Sketch of the Sample
C2-R0.25 025  0.264 x
C2-R0.35 0.35 0.457 x
C3-R0.25 0.25 0.128 x
C3-R0.35 0.35 0.234 x
12
| C2-R0.25
|
‘ ':- S S
en
—

0.5

o

o~ 4

C3-R0.35

(b)

Figure 1. Samples for compression tests: (a) 2D sketch with dimensions of front view of C3-R0.25 cell
configuration. All units are expressed in mm. (b) Picture of 3D-printed samples.

To characterize the mechanical behavior of MLSPs, the printed samples underwent

compression tests (1 = 3 for each cell configuration) on a Quasar 600 (Galdabini, Varese,

Italy) universal testing machine with a 600 kN maximum load cell capacity. Compression
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tests were performed at a constant speed rate of 1 mm/s and using an acquisition rate of
65 Hz.

2.2. Numerical Simulations

In order to evaluate the residual stress generated during the LPBF process, numerical
simulations were carried out for each cell configuration. Different approaches can be used
when simulating LPBF, such as the microscale, mesoscale, and macroscale approaches. In
cases like this, where we want to obtain the residual stress of the entire component due to
the AM process, the macroscale approach is usually adopted [33]. Numerical simulations
were carried out on Netfabb (Autodesk, CA, USA), a commercial software package based
on a finite FEM multi-scale modeling approach which is extremely convenient. In detail, the
motion of the laser was predicted at the microscale level; thus, it was possible to predict the
local residual stress field at the mesoscale level and finally, using the mesoscale model, to
predict the residual stress at the part-scale level. From a practical point of view, the software
required the generation of a “parameter file” (PRM) in which all the information regarding
the mesoscale level was available for the part-scale simulation. The PRM file could be
created within the software, specifying the 3D printing system, deposition strategy (i.e.,
laser power, scan speed, etc.), and material properties. Using the PRM file as an input for
the macroscale simulation gave us a great advantage since it was unnecessary to calibrate
the model [34,35].

Temperature-dependent material properties such as the thermal conductivity (k) and
specific heat capacity (Cp) used for the thermal analysis are reported in Table 2. According
to the work of Sih et al. [36], powder properties can be scaled based on the bulk material
properties. In detail, the bulk thermal conductivity was scaled by 1 x 1072, the bulk elastic
modulus by 1 x 10~#, and the bulk thermal emissivity by 1.8.

Table 2. Thermal properties of Ti-6Al-4V.

T[°C] Cp (/kg) k (W/m/°C)

0 565 6.6
20 565 6.6
93 565 7.3
205 574 9.1
315 603 10.6
425 649 12.6
540 699 14.6
650 770 17.5
760 858 17.5
870 959 17.5

The temperature-dependent mechanical properties were also used to perform the
mechanical analysis and obtain residual stress distributions. In particular, the yield stress
(0y), Young’s modulus, (E), and the coefficient of thermal expansion (o) are shown in Table 3.
A constant Poisson’s ratio of 0.34 was selected, and the model assumed perfect plasticity.

Table 3. Mechanical properties of Ti-6Al-4V.

T [°C] oy (MPa) E (GPa) o (um/m°C)
0 777.15 105.00 8.60
20 768.15 103.95 8.64
250 664.65 91.81 9.20
500 552.15 78.63 9.70

800 417.15 62.80 9.70
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The governing equation used to solve the thermal problem, as well as the governing
stress equilibrium for the mechanical analysis, is well known and can be found in [35,37,38].
For the part-scale numerical simulation, the initial substrate (Tsypstrate) and build chamber
temperatures (Tchamper) Were set at 200 °C and 25 °C, respectively. Moreover, the conduction
to the powder was modeled artificially through a convective boundary condition on
the model surface by using a convection coefficient of h = 25 W/m?/°C. Regarding the
mechanical analysis, the build plate was fixed, and all the nodes in contact with the substrate
were constrained. The nodes were released only to consider the effect of removing the part
from the base. The principal boundary conditions are summarized in Table 4.

Table 4. Boundary conditions used for the part-scale simulation.

Boundary Conditions Description

Mechanical

fixed build plate, no translation or distortion of the substrate is allowed

Thermal

Tsubstrate = 200 °C
Tehamber =25 °C
heat loss to the powder is simulated by assigning a convection coefficient
value (h = 25 W/m?/°C) to the part surfaces

During the part-scale simulation, a voxel mesh characterized by 8-node hexahedral el-
ements was used for the element activation according to the deposition strategy. Usually, in
order to reduce the computational time, more real layers are grouped in the computational
layer. In this case, 10 real layers were included in each voxel mesh layer. The resulting
mesh is shown in Figure 2.
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Figure 2. Voxel mesh generated in the case of the C3-R0.25 cell configuration.
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3. Results and Discussion
3.1. Mechanical Behavior of MLSPs Under Compressive Load

Compression tests were carried out for each cell configuration to study the mechanical
response of the metal lattice sandwich panels. In Figure 3, the compressive strain—stress
curve for the C3R0.25 cell configuration shows the generic behavior of the tested samples
characterized by a lattice core region.

Compression test for C3-R0.25

0%

10%

20% 30% 40% 50% 60%
£ (%)

Figure 3. Stress—strain curve from the compression test carried out for the C3-R0.25 cell configuration.

It can be noted how these structures were mainly characterized by three phases when
subjected to a compressive load: (i) typical stress—strain curves for the compression test
until the first lattice structure collapsed; (ii) the alternating increasing and decreasing
of the load due to the continuous densification and collapse of the structure; (iii) only
densification, where the loads continuously increased and the structure had completely
collapsed. It is interesting to observe how the failure of the lattice structure occurred in
most cases along a 45° plane with respect to the loading direction due to the generation
of shear bands. These bands developed because of the localized severe deformation of
the struts in a specific plane. The occurrence of shear bands was reflected by the unstable
compressive stress, which reduced the lattice energy absorption capacity [31,39].

Even if compressive tests were conducted until the densification phenomena occurred,
only phase I on the stress—strain curves was considered to compare the mechanical response
of the samples by varying the cell configuration. Only phase I was taken into consideration
because, from a compressive strength point of view, the failure of the structure had already
occurred. After phase I, the increase and decrease in the compressive strength were due to
the continued collapsing and densification of the structure. The results for phase I of all the
tested samples are shown in Figure 4.
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Figure 4. Phase I on the stress—strain curve from the compression test carried out for the C2-R0.25,
C2-R0.35, C2-R0.25, and C3-R0.25 samples.

The compressive strength was calculated considering an apparent resisting area of
12 mm x 12 mm for all the samples. From Figure 4, it is clear that the cell size and beam
radius play a fundamental role in the compressive strength of MLSPs. Specifically, increas-
ing the beam radius led to an increase in the mechanical strength for both the C2 and C3
cell sizes. This was due to a higher volume fraction with an increasing beam radius. When
the beam radius was kept fixed and the cell size increased, a significant decrease in the
compressive strength was observed. To explain this, we can roughly visualize the single
beam as a small cylinder with a volume, v}, expressed as follows (Equation (1)):
vp « TR%h = #C‘/g (1)
where h = C1/3/2 is the length of the single beam, which corresponds to half of the cube
diagonal. So, an increase in both R and C leads to an increase in the single beam’s volume,
as reported in Table 5. On the other hand, an increase in the cell size results in a strong
reduction in the number of unit cells within the lattice region.
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Table 5. Information on the resulting unit cell volume, lattice region volume, and number of unit
cells for each sample. The sample volume and unit cell volume were measured from the CAD model.

Total Sample Skins’ Sample Lattice Region  Unit Cell Number of  Volume
ID Volume Volume Volume Volume Volume Unit Cells Fraction
(@) [mm®]  (vg) (mm’]  (v) [mm?] (@) [mm®] (o) [mm?] () (vp)
C2-R0.25 1872 144 599.398 455.398 2.108 216 0.264
C2-R0.35 1872 144 932.879 788.879 3.652 216 0.457
C3-R0.25 1872 144 365.995 221.995 3.469 64 0.128
C3-R0.35 1872 144 548.384 404.384 6.319 64 0.234

Ul(C3-R0.25) = <01(c2—Ro.25) (1 +

The number of unit cells (1) can be calculated as the ratio between the total volume
of the lattice region (v;;) and the total unit cell volume (vt = C3). The expression “total” is
used to refer to the volume which would be occupied if the considered region was fully
dense. Otherwise, we are referring to the effective volume occupied in the considered
region. Hence, the total volume of the lattice region (vj;) is the difference between the
total sample volume (v;) and the volume occupied by the skins (vs), as established in
Equation (2):

ne= %) _ tu @
Oct Oct

For this reason, if we keep C = 2 mm and change the beam radius from R = 0.25 mm
to R = 0.35 mm, we will have an increase in the unit cell volume and the corresponding
lattice volume of around 70%. If we keep the beam radius constant and increase the cell
size from C = 2 mm to C = 3 mm, we will have an increase in the unit cell volume of 65%,
but we will have less material because there will be space for only 64 cells instead of 216. In
detail, moving from C2 to C3 resulted in a 70% reduction in the number of cells. This means
that by knowing the C2-R0.25 lattice volume (v;(c;_ o 25)), we could obtain the C2-R0.35
lattice volume (v;(c2-Rro.35)) and the C3-R0.25 lattice volume (v;(c3-Ro.25)), as expressed in
Equations (3) and (4):

U¢(C2—R0.35) — Ue(C2—R0.25
i(C2-R035) = VI(C2—R0.25) (1 + - = (C)ZROCZ(S) )> (3)
Uc(C2—R0.35) — Uc(C2—-R0.25) 1_ Ne(c2—R0.35) — Me(C2—R0.25) @)
Uc(C2—R0.25) Me(C2—R0.25)

Overall, the best configuration in terms of the compressive strength was C2-R0.35
with a maximum compressive strength of 267 MPa, followed by C2-R0.25 with 83 MPa,
C3-R0.35 with 67 MPa, and C3-R0.25 with 20 MPa.

A two-way ANOVA allowed us to analyze not only the main effects of the two
independent factors, i.e., the effects of the size of the elementary cell and the beam radius
on the dependent variable, the compressive strength of the sandwich panel, but also how
these factors interacted with each other. An interaction between two factors meant that the
effect of one factor on the compression strength depended on the level of the other factor.
The interactions are shown in Figure 5, where in Figure 5a,b the means for each level of one
of the factors are displayed according to the levels of the other factor. The lines in Figure 5¢
are not parallel, indicating the presence of a simple (non-crossover) interaction between
the size of the unit cell and the beam radius and the dependent variable, the compressive
strength. Finally, both factors were significant because the means of their respective
categories were different. The analysis specifically indicated that the compressive strength
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of the panels showed a notable increase with the value of the beam radius, particularly
when the cell dimensions were smaller.

(a) = Mean| (b) | Mean

200 200 -
Lo
m R0.35 ™ Mean 175
T Mean 167 =¥
o i = i
g 150 = 150
|7
7z} Q
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o &
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T y T
R0.25 R0.35 c2 E3

Figure 5. ANOVA of the experimental results: (a,b) the means for each level of the beam radius and
cell size, respectively, and (c) the simple (non-crossover) interaction between the size of the unit cell
and the beam radius and the dependent variable, the compressive strength.

It has been shown that an increase in the compressive strength is mostly correlated
with an increase in the volume fraction, which strongly influences the stiffness of the entire
structure. Samples with a lower volume fraction have less material available to withstand
the applied load. As a consequence, the stress concentration at the nodes will be more
severe, reducing the mechanical strength of the entire structure [29]. Further considerations
can be made regarding the effect of the beam radius and cell size on the stiffness of an
MLSP. According to the Euler buckling theory [40], the critical load that will cause a column
(strut) to fail depends on the slenderness ratio (L./R), as established in Equation (5):
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T2E m2E
cr —

T(L/R? (c\@/zR)2

where L is equal to Cv/3/2, as established in Equation (1), if we consider the single strut

(5)

as a small cylinder whose length corresponds to half of the diagonal of the cube of length
C in which the unit cell is inscribed. A smaller slenderness ratio, i.e., a small cell size
or high beam radius, will increase the critical load that the cell can bear. This is in line
with the higher compressive strength obtained for the C2-R0.35 MLSPs, which presented
the smallest C value and the highest R among the analyzed cell configurations. This also
explains the increase in the compressive strength when R increased, while a decrease in the
mechanical strength was observed when increasing C.

3.2. Numerical Simulation and Residual Stress Prediction for MLSPs

Multi-step numerical simulations were carried out on Netfabb to predict the residual
stresses during the LPBF of MLSPs with changes in the cell configuration. The residual
stresses along the X-direction are shown in Figures 6 and 7. The samples were oriented as for
the printing process and the Cauchy stresses along the X-direction were considered because
they can affect the mechanical properties during compression tests. Since compressive tests
were performed by placing the sample skin perpendicular to the universal testing machine
axis, the X-residual stress component was in opposition to the compressive load, which
was oriented along the same axis.

It can be noticed how the residual stress profiles were more uniform for the C3 cell
configuration in comparison to the C2. Moreover, the residual stresses were increased by
increasing the beam radius for both the C2 and C3 cell configurations. This was due to the
increase in the sample volume, which increased the thermal modulus and created more
discrepancies along the z-axis. In detail, the material near the plate will cool rapidly, while
the material above will have more difficulty regarding thermal exchange. The numerical
simulations show that the C3-R0.25 cell configuration is the most adequate under thermal
exchange conditions and residual stresses. This is because, besides having the lowest
volume fraction, it has the greatest thermal exchange surface. Table 6 reports the maximum
and minimum values for the residual stresses along the X-direction for the simulated
samples. It can be observed that the highest tensile residual stress of 917 MPa was found
for the C2-R0.35 sample, which was the one with the highest volume fraction, while the
lowest value of 542 MPa was found for the C3-0.25 sample, which had the lowest volume
fraction. A correlation between the compressive strength and the residual stresses obtained
from the numerical simulation can be observed. In detail, when positive residual stresses
were more distributed throughout the specimen, higher compressive strength occurred, as
for the C2-R0.35 sample. When positive residual stresses were only distributed along the
extremities of the specimens, the compressive strength instead presented lower values, as
for C2-R0.25 and C3-R0.35. Finally, for a very low volume fraction, no significant residual
stress distribution was observed, as for C3-R0.25 (see Figures 6 and 7).

To assess the impact of residual stresses on the long-term performance of MLSPs, such
as their fatigue performance, a more systematic study should be carried out. It can be
assumed that, due to the higher probability of observing local stresses, residual stresses can
influence fatigue crack initiation and propagation [41]. Nevertheless, it has been shown
that the influence of the microstructure and defects is greater than that of residual stress for
solid samples when considering fatigue properties [42]. This implies that further studies
are needed to evaluate the influence of residual stresses on the fatigue performance of
lattice structures.
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Figure 6. Residual stresses along the X-direction at the end of the printing process obtained with

different unit cell configurations.
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Figure 7. Residual stresses along the X-direction after part removal from the build plate obtained
with different unit cell configurations.
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Table 6. Maximum and minimum values of residual stresses for the printed MLSPs after the LPBF
process and after the samples’ removal from the build plate, along the X-direction.

After the Printing Process After the Samples’ Removal

ID Maximum Maximum Maximum Minimum
[MPa] [MPal] [MPa] [MPa]
C2-R0.25 725 —498 593 —470
C2-R0.35 917 —559 737 —615
C3-R0.25 542 —328 338 —292
C3-R0.35 660 —446 722 —586

4. Conclusions

In this paper, Ti-6Al-4V MLSPs with different cell configurations were fabricated via
LPBF and tested under compressive load to study their mechanical behavior. Moreover,
numerical simulations of the printing process were carried out to assess the influence of the
cell configuration on the residual stresses. The main findings can be summarized as follows:

e  MLSPs, when subjected to compressive load, show three different phases in their
stress—strain curve: the initial elasto-plastic deformation of the lattice, followed by
the alternation of peaks and valleys due to the alternation of densification and strut
failure, and final densification, where the stress continuously increases.

o  The cell size and beam radius strongly affect the mechanical behavior of MLSPs. This
is due to their direct influence on the sample volume fraction. Specifically, when
a high beam radius and small cell size are used, as for the C2-R0.35 samples, high
compressive strength will be obtained.

e A mathematical formulation has been introduced to evaluate the volume variation
depending on the geometrical parameters of the unit cell.

e  The cell configuration also influences the residual stresses generated during the LPBF
process. The C3-R0.25 cell configuration had the lowest volume fraction, which
facilitated thermal exchange, resulting in a more uniform residual stress profile.

e In conclusion, a geometrical formulation has been provided to evaluate the effect
of the beam radius and cell size on the volume fraction, which is one of the most
influential factors in the compressive strength of TI-6Al-4V MLSPs. Moreover, an
efficient numerical model has been proposed to predict the residual stresses in this
kind of structure. These tools can be used by engineers in the design phase of MLSPs,
saving them time and costs incurred due to the usual experimental campaign.

5. Research Limitations and Future Developments

Even if numerical simulations were performed to analyze residual stresses and their
influence on the compression strength of MLSPs, other factors such as the surface roughness
and microscopic defects were not considered in this study. In the future, a more compre-
hensive study can be carried out to confirm the presented results. Also, a more structured
validation phase should be included to confirm the numerical results, which were assumed
to be reasonable due to the multi-step modeling nature of the Netfabb simulation software
and its proven accuracy in other studies in the literature. Finally, the effect of the process
parameters and loading rates on the mechanical response of MLSPs can be investigated in
future work.
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AM Additive manufacturing
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LPBF Laser powder bed fusion

MLSPs  Metal lattice sandwich panels
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