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Abstract: In the present study, in order to elucidate geometrical features dominating deformation
behaviors and their associated compressive properties of lattice structures, A1Si10Mg lattice structures
with three different unit cells were fabricated by laser powder bed fusion. Compressive properties
were examined by compression and indentation tests, micro X-ray computed tomography (CT),
together with finite element analysis. The truncated octahedron- unit cell (TO) lattice structures
exhibited highest stiffness and plateau stress among the studied lattice structures. The body centered
cubic-unit cell (BCC) and TO lattice structures experienced the formation of shear bands with stress
drops, while the hexagon-unit cell (Hexa) lattice structure behaved in a continuous deformation
and flat plateau region. The Hexa lattice structure densified at a smaller strain than the BCC and
TO lattice structures, due to high density of the struts in the compressive direction. Static and
high-speed indentation tests revealed that the TO and Hexa exhibited slight strain rate dependence of
the compressive strength, whereas the BCC lattice structure showed a large strain rate dependence.
Among the lattice structures in the present study, the TO lattice exhibited the highest energy absorption
capacity comparable to previously reported titanium alloy lattice structures.

Keywords: powder bed fusion; lattice structure; AlSi10Mg alloy; mechanical property; finite
element method

1. Introduction

Cellular lattice structures, consisting of a periodic arrangement of strut-based unit cells, exhibit
numerous high-performance features, including ultra-light weight, high specific stiffness, thermal
insulation and good energy absorption capability. These structures are of interest for the application in
biomedical, automobile and aerospace fields [1-3]. For instance, Vilardell et al. reported Ti-6Al-4V
lattice structures designed for implant applications with stiffness and density close to the host bone [4].
Cuadrado et al. [5] and Ahmadi et al. [6] studied the mechanical properties of cellular structures with
different unit cells used for biomedical implant. Farzinazar et al. suggested that cellular structures
offer promising candidates for thermal metamaterials based on the research findings [7]. Al-Saedi et al.
investigated the mechanical behaviors of functionally graded lattice structures under compression loads,
and highlighted their good energy absorption capability and potential for protective applications [8].
Recently, the Japan Aerospace Exploration Agency (JAXA) have proceeded with the Smart Lander for
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Investigating Moon (SLIM) project [9]. In the SLIM project, the lattice structures will be used as impact
energy absorbers for landing of spacecrafts [10].

In the last decades, additive manufacturing (AM) technology has emerged as a frontier in the metal
manufacturing process, owing to the great geometrical freedom for manufacturing specific structure
(such as foams, honeycombs and lattices) with achievable complexity [11,12]. Laser powder bed fusion
(LPBE), as one of the AM processes applicable to manufacturing metal products, can fabricate metallic
lattice structures conveniently and effectively [13]. Nevertheless, lattice structures produced by the AM
processes are expected to maximize their mechanical properties, while minimizing their weight in order
to satisfy consumer-level requirements. The features affecting mechanical performance, including unit
cell type, bulk material property, manufacturing process parameters, loading and boundary conditions,
have drawn considerable attentions [14]. Leary et al. experimentally investigated the mechanical
properties of stretch-dominated and bending-dominated lattice structures. It was found that the lattice
structures with a high Maxwell number and struts parallel to the loading direction show high energy
absorption and stiffness [15]. Suzuki et al. studied the effects of heat treatments on the compressive
behaviors of the lattice structure of AlSi10Mg alloy, suggesting that the heat-treated lattice structures
exhibit lower flow stress, but better ductility compared to the as-fabricated one [16]. Tsopanos et al.
revealed the elastic modulus and yield strength of selective laser melted microlattice structures
change linearly with laser power and laser exposure time. The linear correlations demonstrated that
desired mechanical properties can be tailored via specific processing parameters [17]. The research
findings by Choy et al. suggested that the different orientation of cubic and honeycomb cellular units
also shows a significant effect on compressive and deformation behavior of lattice structures [18].
Several researches reported the investigation on characteristics of lattice structures under various
applied loading conditions, such as drop weight [19], low-velocity impact [20], tensile loading [21],
quasi-static and blast loading [22]. However, the effect of unit cell type on mechanical response of the
lattice structures has been not sufficiently investigated for wide utilization as impact energy absorbers.

The present study aims to investigate the effect of unit cell type on compressive behavior of
lattice structures. AlSi10Mg lattice structures with three different unit cells were fabricated by laser
powder bed fusion. Mechanical properties and deformation behaviors were examined by compression
experiment and FEM analysis. Additionally, the energy absorption properties of each lattice structure
under practical conditions, assuming that spacecraft will land on the moon, were also studied.

2. Materials and Methods

2.1. Powder Characteristics and Fabrication Process

In the present study, an AlSi10Mg alloy (density: 2.67 g-cm~2) powder, fabricated by nitrogen
gas atomization was selected for LPBF manufacturing, because the microstructure in bulk and lattice
structures and bulk mechanical properties were clarified previously [23-25]. The microstructural
inhomogeneity and anisotropy can be eliminated by a heat treatment. This alloy is appropriate
for investigating the effect of unit cell type on the compressive properties of lattice structures.
The compositions and morphology of the alloy powder are given in the previous report [23]. The lattice
specimens used in this study were fabricated with EOSINT M 280 additive manufacturing system
(EOS GmbH, Krailling, Germany), equipped with Yb-fiber laser, under an argon atmosphere and
ambient temperature. The detailed processing parameters applied here were as follows: the laser
power was 380 W, the bedded-powder layer thickness was 30 um, the hatch distance was approximately
100 pm, and the rotation angle between layers was 67°. The schematic diagram of laser-scanning
track used is given in the previous study [23]. The as-fabricated lattice specimen has a low ductility
and hardly exhibits energy absorption properties [16]. To improve the ductility, the fabricated lattice
specimens were annealed under a temperature of 300 °C, and for a period of 2 h, followed by slow
furnace cooling.
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2.2. Designs of Lattice Structure

Prior to manufacturing process, the computer-aided design (CAD) models with cylinder geometry
were created by repeating unit cells. Figure 1 shows the appearance of fabricated lattice structures
and the CAD models of the corresponding three different unit cells, including body-centered cubic
(BCQ), truncated octahedron (TO) and hexagon (Hexa) types. The diameter and height of specimens
were 30 mm. Each type of lattice structures with different values of relative density (p*) were prepared.
The relative densities (p*) of fabricated lattice specimens were measured by the Archimedes” method.
The measured relative densities (p*/ps) of all test specimens were as follows: 0.06, 0.16, 0.27 for the
BCC type; 0.07, 0.17, 0.27 for the TO type; and 0.07, 0.18, 0.29 for the Hexa type.

Body-Centered Cubic Truncated Octahedron Hexagon

~
»
"3
g Py 1
=) aa%
54 4%,
= 4‘; S
7] L 3
® ) @
&) ’,‘ 4 S
5 9 )
L P g
: z
)
(&)
=
=)
height: 4.2 mm height: 4.7 mm height: 2.5 mm
width: 4.2 mm width: 4.7 mm width: 5.0 mm

Figure 1. Photography images showing appearance of lattice structures and corresponding
computer-aided design (CAD) models of body-centered cubic (BCC), truncated octahedron (TO),
and hexagon (Hexa) unit cells.

2.3. Measurements

Quasi-static uniaxial compression tests were carried out on lattice specimens by a hydraulic
universal testing machine (maximum load: 4.9 x 10° N). According to ISO 13314 [26], compressive
loading with an initial strain rate (2.2 x 1073-s7!) was applied parallel to the building direction
(Z direction), as shown in Figure 1. Nominal stress was obtained by the value of load divided by
cross-section area, and nominal strain was obtained by the value of displacement divided by the
height of lattice specimens. In order to capture the deformation behavior of compressed specimens,
the compression test of the lattice structure specimens was interrupted at a compressive strain
of approximately 20%, and then the deformed specimens were characterized by X-ray computed
tomography (CT) using a TOSCANER-32252hd (Toshiba, Tokyo, Japan) at a voltage of 180 kV and
a current of 45 pA.

When the lattice structures are applied as impact energy absorbers for spacecrafts, it is assumed
that they are pushed-in by components of the spacecrafts at a high-speed. In order to obtain the
mechanical properties of lattice structures in such a case, static and high-speed indentation tests
were performed. Figure 2 presents the schematic illustrations showing the static indentation tests.
The cylindrical lattice specimens with 30 mm in a height and 40 mm in a diameter set in a die
(outer diameter: 60 mm, inner diameter: 40 mm, and height: 31 mm). The relative densities of the BCC,
TO and Hexa lattice structures were 0.07. The indenter with 30 mm in a diameter was pushed into the
lattice specimens in an initial strain rate of 2.2 x 10~3:s7!. The friction between the inner wall of the die
and the lattice specimen was reduced by coating the inner wall with a lubricant, while the interface
between the indenter and lattice specimen was not lubricated. Figure 3 shows (a—d) photography
images showing apparatuses and lattice specimens used for the high-speed indentation tests and
(e) schematic illustrations of the high-speed indentation tests. The cylindrical lattice specimens with
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30 mm in a height and 40 mm in a diameter were set into the crushable balls (Figure 3a) and shot by
the ballistic range (Figure 3b). The crushable ball was crashed to the target imitating the moon surface
(Figure 3c) at a speed of approximately 27.0 m-s~!, which was approximately 4 x 10° times faster than
the static indentation tests (6.7 X 107> m-s~!). In the crushable ball, the payload was pushed into the
lattice specimen (Figure 3d) by inertia and decelerated by the force received from the lattice specimen.
The deceleration of the payload was measured with an accelerometer. Additionally, the deceleration
of the payload was estimated from the static indentation properties, using the following equation of
motion for the payload.

mpyay = 0LSp , @D

where my,, ap, and Sy, are the mass, deceleration, and bottom surface of the payload and oy, is nominal
stress loaded to the lattice specimen. The plateau stress obtained by the static indentation tests were
substituted into Equation (1) to estimate the deceleration.
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Figure 2. Schematic illustrations showing static indentation tests for lattice specimens.
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Figure 3. (a—d) Photography images showing the apparatuses and lattice specimen used for high-speed
indentation tests: (a) crushable ball, (b) ballistic range, (c) target, and (d) TO lattice specimen pushed-in
by payload. (e) Schematic illustration of the high-speed indentation tests.
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2.4. Finite Element Method

Elasto-plastic FEM analysis was carried out using a FEM software Femtet 2019. As shown in
Figure 4, lattice models consisting of 3 X 3 X 5 unit cells were established, in view of the balance
between the accuracy of the analysis and the computing time consumption. Tensile properties of the
AlSi10Mg alloy, which is fabricated by the laser powder bed fusion and subsequently heat-treated at
300 °C for 2 h were used [23], and summarized in Table 1. A 4-node tetrahedron mesh with the element
size of 0.3 mm was utilized. The top surfaces on each model were constrained in X and Y directions,
bottom surfaces were fully constrained in all direction. Compressive displacements corresponding to
10% of heights of each model were applied on the top planes in the Z direction.

Top plane: X=Y=0, Z=10%

Bottom plane: X=Y=2Z=0

Figure 4. An example of FEM model (BCC lattice model) showing boundary conditions.

Table 1. Material properties used for FEM analysis. The properties were determined based on the
tensile properties of the AlSil0Mg alloy, which is fabricated by the laser powder bed fusion and
subsequently heat-treated at 300 °C for 2 h [23].

Young’s modulus, E/GPa 60
Poisson’s ratio, v 0.3

Yield stress, 6ys/MPa 200
Work hardening coefficient, n 0.2

3. Results

3.1. Mechanical Behavior

Figure 5 shows representative stress-strain curves of the lattice structures consisting of the BCC
(p*/ps = 0.16), TO (p*/ps = 0.17), and Hexa (p*/ps = 0.18) unit cells obtained by quasi-static uniaxial
compression tests. The strain-stress curves of the lattice structures exhibited three distinct stages:
elastic deformation with high linearity, plastic deformation and densification, as reported in several
researches [4,27,28]. The TO lattice specimen exhibited the highest stiffness and yield strength, while the
BCC lattice specimen did the lowest values. The strain-stress curves of BCC and TO lattice specimens
exhibited stress fluctuation, whereas the flow curve of Hexa specimen show a steady plateau region.
The Hexa lattice specimen was densified at a smaller strain (37%) than the BCC (53%) and TO (59%)
lattice specimens. In accordance with ISO 13314 [26], the plateau stress is generally defined as
an average value of the nominal stress in nominal strains ranging from 20% to 30%, and the initial
strain for densification is defined as a nominal strain at which the flow stress rises to 1.3 times higher
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than the plateau stress. In this study, the measured average value of the nominal stress at a range of
5-10% in nominal strain, instead of 20-30%, was regarded as the plateau stress, because of the stress
fluctuation observed at 20-30% in nominal strain for BCC and TO lattice specimens. Figure 6 shows
changes in the (a) plateau stress and (b) initial strain for densification of all specimens as a function of
the relative density. As relative density increases, the plateau stress increases almost linearly while the
initial strain for densification decreases. The change in the plateau stress (0},*) as a function of the
relative density (p*/ps) was regressed by the following Gibson-Ashby equation.

*\ 1
w=clz)
where C and 7 are constants. The values of C and n were summarized in Table 2. The power indexes (1)
were in the range of 2.1~2.4. Kitazono reported that the power index of the TO lattice structure with
a semi-spherical shape was approximately 2.1 [10]. The power indexes obtained in the present study
almost coincided with the previous report. When comparing different types of specimens with similar

relative densities, the TO lattice specimen (with higher plateau stress and initial strain for densification)
rather than BCC and Hexa lattice specimens is favorable in terms of the energy absorption capacity.
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Figure 5. Nominal stress-strain curves of lattice structures consisting of the BCC (p*/ps = 0.16), TO (p*/ps
=0.17), and Hexa (p*/ps = 0.18) unit cells.
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Table 2. Constants for the BCC, TO, and Hexa lattice specimens in the Gibson-Ashby equation.

C/MPa n

BCC 257 2.1
TO 345 2.3
Hexa 633 24

3.2. Deformation Behavior

Figure 7 presents photography images showing the compressive deformation behaviors of the
BCC (p*/ps = 0.16), TO (p*/ps = 0.17), and Hexa (p*/ps = 0.18) lattice specimens during compression
tests at different nominal strains of 0%, 20%, 40%, and 60%. The BCC and TO lattice specimens
exhibited similar deformation behaviors and locally deformed in a direction of approximately 45°
from the compressive axis. The local deformation corresponds to the formation of shear bands [8,16]
leading to the first stress drop as shown in Figure 5. Another shear band occurred at the other
local region in the further compressed specimens, resulting in the second stress drop. After that,
the lattice structure specimens were continuously compressed into the densification. In the case of
the Hexa lattice specimen, any shear band formations or localized fracture was not observed under
the compression. An appearance of the compressed specimen showed a barrel-like shape, due to the
friction between the lattice specimen and upper/lower plates for compression. Furthermore, the similar
deformation behaviors were observed in each type of lattice specimens with various relative densities,
suggesting that the deformation mechanism is strongly relevant to the unit cell type, rather than the
relative density.

BCC

TO

Hexa

0 20 % 40 % 60 %

Figure 7. Photography images showing compression deformation behaviors of the lattice structures
consisting of the BCC (p*/ps = 0.16), TO (p*/ps = 0.17), and Hexa (p*/ps = 0.18) unit cells at 0%, 20%,
40%, and 60% nominal strains.

The X-ray CT reconstruction models and the extracted cross-section images of 20% compressed
lattice structures are shown in Figure 8. As shown in the front views of the three models, one shear
band was formed in the BCC and TO lattice specimens at the strain, while the Hexa lattice specimen
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did not exhibit the shear band formation, which corresponded well to the compressive deformation
behaviors shown in Figure 7. In the BCC and TO lattice specimens, which exhibited the shear band
formations, cracks were generated in the struts on the same plane before compression, as shown by
the square in the cross-sections. The crack initiation in the BCC lattice specimen was also reported in
the previous study [16,29]. In the case of the Hexa lattice specimen without shear band formations,
the cross-sectional geometries of the compressed Hexa lattice specimen (no shear band) appeared
symmetric. No cracks were observed in the struts in a resolution level of the used X-ray CT. Thus,
the observed initiated cracks were relevant to the shear band formations. To characterize the fractures
of struts in BCC and TO lattice specimens, the inside unit cells were extracted from untested and tested
X-ray CT models. The result is shown in Figure 9. It is clear that the cracks were initiated in the vicinity
of nodes. The cracks in the vicinity of nodes in the BCC lattice structure were also observed in the
previous study [16].
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Figure 8. X-ray computed tomography (CT) reconstruction models and cross-section images of 20%
compressed lattice structures.

Before compression After compression

BCC

TO

Figure 9. X-ray CT images of unit cells of BCC and TO lattice specimens, before and after compression.
3.3. Static and High-Speed Indentation Tests

Figure 10 shows the nominal stress-strain curves of the (a) BCC, (b) TO and (c) Hexa lattice
specimens evaluated by the static compression and indentation tests. The indentation strengths of each
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lattice structure were higher than the compressive strength. The flow stress in the plateau regions in the
indentation stress-strain curves fluctuated more frequently than that in the compressive stress-strain
curves. This is because the indenter needs to shear fracture the struts between the compressed and
uncompressed regions. The stress fluctuations were caused by the shear band formation and its
associated shear fracture of the struts. Except for the above, the indentation properties of each lattice
structures exhibited similar trend to the compressive properties.
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Figure 10. Nominal stress-strain curves measured by static compression and indentation tests of
(a) BCC, (b) TO and (c) Hexa lattice specimens.

Figure 11 presents change in the deceleration during the high-speed indentation tests of the
(a) BCC, (b) TO and (c) Hexa lattice specimens as a function of time. The deceleration increased with
time and became roughly constant after approximately 0.5 ms. After certain periods, the decelerations
decreased to 0 km-s™2. Based on Equation (1), the constant decelerations indicate that the lattice
structures deformed under constant stresses (plateau region). The horizontal broken lines in the figures
indicate the decelerations estimated from the plateau stresses of each lattice structures obtained by
static indentation tests (Figure 10), using Equation (1). Although the experimental deceleration in
the case of the BCC lattice specimen was higher than estimated value, the estimated decelerations
in the case of TO and Hexa lattice specimens were in good agreement with the experimental values.
These results indicate that the energy absorption properties of the TO and Hexa lattice specimens in
practical conditions could be predicted based on the results of static tests. However, the reason for
different strain rate dependence depending on the unit cell morphology remains unclear. Systematical
compressive tests under various strain rates need to be carried out in the future.
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Figure 11. Change in acceleration measured by the high-speed indentation tests as a function of time:
(a) BCC, (b) TO and (c) Hexa lattice specimens. The horizontal broken lines indicate the acceleration
estimated from the plateau stress in the stress-strain curves of static indentation tests shown in Figure 10.

4. Discussion

4.1. Compressive Behavior

The plateau stress of the TO lattice specimen was the highest in the lattice structures in this study
(Figures 5 and 6a). In order to elucidate the reason for the higher plateau stress, the FEM analysis was
conducted. Figure 12 presents the calculated stress-strain curves for the lattice models consisting of the
BCC, TO, and Hexa unit cells simulated by the FEM analysis. The compressive strength of the TO
lattice model was higher than the BCC and Hexa lattice models, which is in good agreement with the
experimental results (Figures 5 and 6a). Figure 13 presents (a—c) contour maps and (d—f) histograms
showing the Mises stress distribution in each lattice structure at a nominal strain of 10%. The colors
of the bars in the histograms correspond to those of the contour maps. In the TO and Hexa lattice
models, the struts oriented perpendicular to Z direction showed low level of stress (Figure 13b,c).
The stresses of the oriented struts (not perpendicular to Z direction) were high and relatively uniform
(Figure 13b,c). The BCC lattice model does not have such struts perpendicular to Z direction, but has
elongated struts with a high aspect ratio comparted with the TO and Hexa models. In the struts,
highly stressed regions were often localized at the parts in the vicinity of nodes rather than the center
parts (Figure 13a). Mises stresses of the BCC, TO and Hexa lattice models varied from 0 to 600 MPa.
Mises stress in the range of 200400 MPa dominated in the BCC model. The stress of 200400 MPa
corresponded the stress generated in the center parts of the struts shown in Figure 13a. Most elements
in the TO model showed high Mises stress of 300-450 MPa. Additionally, in the case of the Hexa model,
the fraction of the Mises stress in 300-450 MPa was high, but the Mises stress below 250 MPa was also
frequently observed. This is because the Hexa lattice model has more struts oriented perpendicular to
the Z direction than the BCC and TO lattice models. The results indicated that the TO specimen can
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bear high stress uniformly, resulting in high stiffness and plateau stress, as shown in Figures 5 and 12.
In order to enhance the compressive strength of the lattice structures, the design of unit cells consisting
of many low aspect ratio struts not oriented perpendicularly to the compressive direction is required.
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Figure 12. Stress-strain curves for lattice models consisting of the BCC, TO and Hexa unit cells
calculated by the FEM analysis.
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Figure 13. (a—c) Contour maps and (d—f) histograms showing the Mises stress distributions in BCC,
TO and Hexa models obtained by of FEM analysis. The colors for bars in the histograms correspond to
the those of the contour maps.

The Hexa lattice specimens exhibit no stress drops caused by the shear band formation
(Figures 5 and 7). It is reported that the shear band formation in the BCC lattice structure induced
bending deformation of struts, resulting in crack initiations on tensile stress parts [16,30]. In fact,
the cracks were observed in X-ray CT images of the BCC and TO lattice specimens (Figures 8 and 9).
These results suggest that the shear band formation was relevant to crack initiations, due to local stress
concentrations. Figure 14a—c shows the maximum principal stress distribution in the (a) BCC, (b) TO
and (c) Hexa unit cells. In the BCC and TO lattice model, high maximum principal stresses with positive
values arose at the arrow-marked positions (Figure 14a,b). The positions almost corresponded to the
crack initiation positions shown in Figure 9. Additionally, Figure 14d-i presents the (d—f) magnified
maximum principal stress distribution and (g—i) surface vectors of the principal stresses in the struts
of the (d,g) BCC, (e,h) TO and (f,i) Hexa unit cells marked by the arrows. The maximum principal
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stress in the struts in the BCC and TO models had tensile directions along the struts (Figure 14d,e,gh).
It is considered that such high tensile stress generated cracks in the struts, resulting in the shear band
deformation. In the case of the Hexa lattice model (Figure 14c), high maximum principal stress with
positive values arose in the struts near nodes, as marked by the arrows (regions (i) and (ii)). At the
positions, the maximum principal stress had tensile directions along struts (Figure 14f,i). Figure 14j
shows the relationship between the Mises stress at the arrow-marked positions and nominal strain.
The Mises stresses concentrated at regions (i) and (ii) in the Hexa model were lower than those of
the crack initiation regions in BCC and TO models, which is in agreement with the less tendency of
crack initiations in the Hexa lattice structure. It is considered that the moderate stress concentration
suppressed the shear band formation, as shown in Figure 7. However, in order to essentially elucidate
the reason why the Hexa lattice structures did not exhibit the shear band formation, it is required to
identify the process of the shear band formation in the future.
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Figure 14. (a—f) Maximum principal stress distributions and (g-i) surface vectors of principal stresses
in the (a,d,g) BCC, (b,e,h) TO and (c,f,i) Hexa lattice models. (j) Change in the Mises stress at the
positions marked by arrows in (a—c).

The initial strain for densification of the Hexa lattice specimen was the smallest among the lattice
structures in this study (Figures 5 and 6b). The densification is initiated by overlapping adjacent
struts in the loading direction. Figure 15 illustrates the CAD models showing the cross-sections of the
three specimens. The cross-section includes the most struts in each lattice structure. The numbers of
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struts on the broken arrows in the BCC, TO and Hexa lattice specimens are 14, 13 and 22, respectively.
Densifications are expected to start from contacts between struts. Therefore, the nominal strains for
strut contacts (£*,y) in each lattice structure were geometrically estimated using the following equation.

i =1, €)

where t is the diameter of the struts, N is the number of struts on the dotted arrows in Figure 15, and
is the height of the lattice specimens. The estimated the nominal strains for strut contacts were 59% for
the BCC (p*/ps = 0.16) lattice specimen, 66% for the TO (p*/ps = 0.17) lattice specimen, and 34% for the
Hexa (p*/ps = 0.18) lattice specimen, which was in good agreement with experimental initial strains
for densification (53% for the BCC, 59% for the TO, and 37% for the Hexa) shown in Figure 6b. Thus,
the contact of struts in Hexa lattice specimen would happen earlier under compression, due to the
larger amount of struts in Z direction, resulting in early densification.
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Figure 15. Cross-sections of CAD models showing the BCC, TO and Hexa lattice structures.
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These cross-sections include the most struts in each lattice structure.

4.2. Energy Absorption Capacity

The energy absorption capacities of lattice structures in this study are discussed. Figure 16
shows changes in energy absorption capacities of lattice structures consisting of different materials
as a function of the bulk density. The AlSi10Mg lattice structures with the BCC, TO, and Hexa unit
cells were shown together with various lattice structures made of 316L stainless steel [22,31], Cu-Cr-Zr
copper alloy [32], Ti-6Al-4V alloy [2,33] and Al-12Si alloy [8]. Aluminum alloy lattice structures exhibit
a lower energy absorption capacity compared to titanium alloy lattice structures, but a higher capacity
than stainless steel and copper alloy lattice structures. The AlSi10Mg lattice structures with the BCC
and Hexa unit cells exhibited almost the same capacity of the Al-12Si lattice structure [8]. On the other
hand, the maximum value of energy absorption capacity in this study is 11.4 MJ-m~3, achieved by the
TO lattice structure with the relative density of 0.27, which significantly exceeds the energy absorption
capacity of the BCC and Hexa lattice structures. The performance of AlSi10Mg TO lattice structure
reaches the level of titanium alloy lattice structures, indicating that the AISi10Mg lattice structures with
the TO-type unit cell could serve as substitute for expensive titanium alloy lattice structures, without
sacrificing the energy absorption capacity. The superior energy absorption capacity of the TO lattice
structure (Figure 16) would be applied to the other materials, indicating the potential improvement of
the performance of the titanium alloy lattice structure with the TO-type unit cell.
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Figure 16. Relationship between energy per unit volume and bulk density of AlSi10Mg lattice structures.
For comparison, the results of various lattice structures consisting of different materials are also shown
in the Figure.

5. Conclusions

In this study, AlSi10Mg lattice structures with different unit-cell types consisting of body-centered

cubic (BCC), truncated octahedron (TO) and hexagon (Hexa) geometry were fabricated via laser powder
bed fusion (LPBF). The effects of unit cell type on mechanical properties and deformation behaviors of
lattice structures were investigated and analyzed by compression tests, X-ray CT observation and FEM
analysis. Accordingly, the main conclusions can be drawn as follows.

1.

Experimental results reveal that TO lattice specimen exhibited higher stiffness and plateau stress
in comparison to BCC and Hexa lattice specimen. Based on the stress distribution from FEM
analysis, most elements in the TO model showed high Mises stress, while low Mises stress
dominated in the BCC model.

During the compression test, two sequential diagonal shear bands were observed in the BCC
and TO specimen, along with the fluctuation of abrupt stress drops. Cracks and fracture of
struts in severely deformed unit cells were found in X-ray CT images. However, Hexa specimen
experienced continuous deformation behavior, and inside struts remained intact. The low
concentrated Mises stress in Hexa lattice model contributed to the deformation behavior without
shear band formation.

The Hexa lattice specimen densified at a smaller strain. Multiple struts in loading direction in the
Hexa lattice specimen resulted in struts overlapping and early densification.

High-speed indentation tests revealed that the energy absorption properties of the TO and Hexa
lattice specimens under practical conditions could be predicted by static indentation tests.
Aluminum alloy lattice structures exhibited higher energy absorption capacity compared to
the stainless steel and copper alloy lattice structures. The AlSi10Mg lattice structures with the
TO unit cell showed their superiority in absorbing energy reaching the level of titanium alloy
lattice structures.

Author Contributions: Conceptualization, M.K.; methodology, A.S., K.S., T.Y. and X.L.; validation, N.T.,, M.K.,
and A.S,; formal analysis, A.S., K.S. and X.L.; investigation, A.S., K.S. and X.L.; resources, M.K., T.Y. and A.S;
data curation, K.S. and X.L.; writing—original draft preparation, X.L.; writing—review and editing, N.T., A.S.,
and M.K,; visualization, A.S., K.S. and X.L.; supervision, M.K. and A.S.; project administration, M.K.; funding
acquisition, M.K. All authors have read and agreed to the published version of the manuscript.



Materials 2020, 13, 2902 15 of 16

Funding: This research received no external funding.

Acknowledgments: The supports of the “Knowledge Hub Aichi”, a Priority Research Project of Aichi Prefectural
Government, Japan are gratefully acknowledged. Xiaoyang Liu would also like to acknowledge the fellowship of
China Scholarship Council (No. 201908050220).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Nazir, A.; Abate, KM.; Kumar, A.; Jeng, J.Y. A state-of-the-art review on types, design, optimization,
and additive manufacturing of cellular structures. Int. J. Adv. Manuf. Technol. 2019, 104, 3489-3510.
[CrossRef]

Mazur, M.; Leary, M.; Sun, S.; Vcelka, M.; Shidid, D.; Brandt, M. Deformation and failure behaviour of
Ti-6Al-4V lattice structures manufactured by selective laser melting (SLM). Int. |. Adv. Manuf. Technol.
2016, 84, 1391-1411. [CrossRef]

Rashed, M.G.; Ashraf, M.; Mines, R.A.W.; Hazell, P.J. Metallic microlattice materials: A current state of the
art on manufacturing, mechanical properties and applications. Mater. Des. 2016, 95, 518-533. [CrossRef]
Vilardell, A.M.; Takezawa, A.; du Plessis, A.; Takata, N.; Krakhmalev, P; Kobashi, M.; Yadroitsava, I.;
Yadroitsev, I. Topology optimization and characterization of Ti6Al4V ELI cellular lattice structures by laser
powder bed fusion for biomedical applications. Mater. Sci. Eng. A 2019, 766, 138330. [CrossRef]
Cuadrado, A.; Yanez, A.; Martel, O.; Deviaene, S.; Monopoli, D. Influence of load orientation and of types
of loads on the mechanical properties of porous Ti6Al4V biomaterials. Mater. Des. 2017, 135, 309-318.
[CrossRef]

Ahmadi, S.M.; Yavari, S.A.; Wauthle, R.; Pouran, B.; Schrooten, J.; Weinans, H.; Zadpoor, A.A. Additively
manufactured open-cell porous biomaterials made from six different space-filling unit cells: The mechanical
and morphological properties. Materials 2015, 8, 1871-1896. [CrossRef] [PubMed]

Farzinazar, S.; Schaedler, T.; Valdevit, L.; Lee, J. Thermal transport in hollow metallic microlattices. APL Mater.
2019, 7, 101108. [CrossRef]

Al-Saedi, D.S.; Masood, S.H.; Faizan-Ur-Rab, M.; Alomarah, A.; Ponnusamy, P. Mechanical properties and
energy absorption capability of functionally graded F2BCC lattice fabricated by SLM. Mater. Des. 2018, 144,
32-44. [CrossRef]

Haruyama, J.; Sawai, S.; Mizuno, T.; Yoshimitsu, T.; Fukuda, S.; Nakatani, I. Exploration of lunar holes,
possible skylights of underlying lava tubes, by smart lander for investigating moon (slim). Trans. [SASS
Aerosp. Technol. Jpn. 2012, 10, 7-10. [CrossRef]

Kitazono, K. Design of impact energy absorbing system based on porous aluminum. J. Jpn. Inst. Light Met.
2017, 67, 559-563. [CrossRef]

Zhao, X.; Li, S.; Zhang, M.; Liu, Y.; Sercombe, T.B.; Wang, S.; Hao, Y.; Yang, R.; Murr, L.E. Comparison of the
microstructures and mechanical properties of Ti-6Al-4V fabricated by selective laser melting and electron
beam melting. Mater. Des. 2016, 95, 21-31. [CrossRef]

Bonatti, C.; Mohr, D. Smooth-shell metamaterials of cubic symmetry: Anisotropic elasticity, yield strength
and specific energy absorption. Acta. Mater. 2019, 164, 301-321. [CrossRef]

Zhou, H.; Zhao, M.; Ma, Z.; Zhang, D.Z.; Fu, G. Sheet and network based functionally graded lattice
structures manufactured by selective laser melting: Design, mechanical properties, and simulation. Int. |.
Mech. Sci. 2020, 175, 105480. [CrossRef]

Gibson, L.J.; Ashby, M.E. Cellular Solids: Structure and Properties, 2nd ed.; Cambridge University Press:
Cambridge, UK, 1999.

Leary, M.; Mazur, M.; Elambasseril, J.; McMillan, M.; Chirent, T.; Sun, Y.; Qian, M.; Easton, M.; Brandt, M.
Selective laser melting (SLM) of AlSi12Mg lattice structures. Mater. Des. 2016, 98, 344-357. [CrossRef]
Suzuki, A.; Sekizawa, K.; Liu, M.; Takata, N.; Kobashi, M. Effect of heat treatments on compressive deformation
behaviors of lattice-structured AlSi10Mg alloy fabricated by selective laser melting. Adv. Eng. Mater. 2019,
21,1900571. [CrossRef]

Tsopanos, S.; Mines, R.A.W.; McKown, S.; Shen, Y.; Cantwell, W.]J.; Brooks, W.; Sutcliffe, C.J. The influence of
processing parameters on the mechanical properties of selectively laser melted stainless steel microlattice
structures. J. Manuf. Sci. Eng. 2010, 132, 041011. [CrossRef]


http://dx.doi.org/10.1007/s00170-019-04085-3
http://dx.doi.org/10.1007/s00170-015-7655-4
http://dx.doi.org/10.1016/j.matdes.2016.01.146
http://dx.doi.org/10.1016/j.msea.2019.138330
http://dx.doi.org/10.1016/j.matdes.2017.09.045
http://dx.doi.org/10.3390/ma8041871
http://www.ncbi.nlm.nih.gov/pubmed/28788037
http://dx.doi.org/10.1063/1.5114955
http://dx.doi.org/10.1016/j.matdes.2018.01.059
http://dx.doi.org/10.2322/tastj.10.Pk_7
http://dx.doi.org/10.2464/jilm.67.559
http://dx.doi.org/10.1016/j.matdes.2015.12.135
http://dx.doi.org/10.1016/j.actamat.2018.10.034
http://dx.doi.org/10.1016/j.ijmecsci.2020.105480
http://dx.doi.org/10.1016/j.matdes.2016.02.127
http://dx.doi.org/10.1002/adem.201900571
http://dx.doi.org/10.1115/1.4001743

Materials 2020, 13, 2902 16 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Choy, S.Y,; Sun, C.N.; Leong, K.E,; Wei, ]. Compressive properties of Ti-6Al-4V lattice structures fabricated by
selective laser melting: Design, orientation and density. Addit. Manuf. 2017, 16, 213-224. [CrossRef]
Mines, R.A.W,; Tsopanos, S.; Shen, Y.; Hasan, R.; McKown, S.T. Drop weight impact behaviour of sandwich
panels with metallic micro lattice cores. Int. J. Impact. Eng. 2013, 60, 120-132. [CrossRef]

Shen, Y.; Cantwell, W.; Mines, R.; Li, Y. Low-velocity impact performance of lattice structure core based
sandwich panels. J. Compos. Mater. 2014, 48, 3153-3167. [CrossRef]

Geng, X.; Lu, Y.; Liu, C; Li, W.; Yue, Z. Fracture characteristic analysis of cellular lattice structures under
tensile load. Int. J. Solids. Struct. 2019, 163, 170-177. [CrossRef]

McKown, S.; Shen, Y.; Brookes, W.K.; Sutcliffe, C.J.; Cantwell, W.J.; Langdon, G.S.; Nurick, G.N.; Theobald, M.D.
The quasi-static and blast loading response of lattice structures. Int. J. Impact. Eng. 2008, 35, 795-810.
[CrossRef]

Takata, N.; Kodaira, H.; Sekizawa, K.; Suzuki, A.; Kobashi, M. Change in microstructure of selectively laser
melted AlSi10Mg alloy with heat treatments. Mater. Sci. Eng. A 2017, 704, 218-228. [CrossRef]

Liu, M.; Takata, N.; Suzuki, A.; Kobashi, M. Development of gradient microstructure in the lattice structure
of AlSi10Mg alloy fabricated by selective laser melting. J. Mater. Sci. Technol. 2020, 36, 106-107. [CrossRef]
Liu, M.; Takata, N.; Suzuki, A.; Kobashi, M. Effect of heat treatment on gradient microstructure of AlSil0Mg
lattice structure manufactured by laser powder bed fusion. Materials 2020, 13, 2487. [CrossRef]
International Organization for Standardization. ISO 13314 Metallic Materials-Ductility Testing-Compression
Test for Porous and Cellular Metals; ISO: Geneva, Switzerland, 2011.

Al-Ketan, O.; Rowshan, R.; Al-Rub, R.K.A. Topology-mechanical property relationship of 3D printed strut,
skeletal, and sheet based periodic metallic cellular materials. Addit. Manuf. 2018, 19, 167-183. [CrossRef]
Zhao, M.; Zhang, D.Z.; Liu, F,; Li, Z.; Ma, Z.; Ren, Z. Mechanical and energy absorption characteristics of
additively manufactured functionally graded sheet lattice structures with minimal surfaces. Int. ]. Mech. Sci.
2020, 167, 105262. [CrossRef]

Amani, Y.;; Dancette, S.; Delroisse, P.; Simar, A.; Maire, E. Compression behavior of lattice structures produced
by selective laser melting: X-ray tomography based experimental and finite element approaches. Acta. Mater.
2018, 159, 395-407. [CrossRef]

Yang, L.; Yan, C.; Cao, W.; Liu, Z.; Song, B.; Wen, S.; Zhang, C.; Shi, Y.; Yang, S. Compression—-compression
fatigue behaviour of gyroid-type triply periodic minimal surface porous structures fabricated by selective
laser melting. Acta. Mater. 2019, 181, 49-66. [CrossRef]

Zhong, T.; He, K; Li, H.; Yang, L. Mechanical properties of lightweight 316L stainless steel lattice structures
fabricated by selective laser melting. Mater. Des. 2019, 181, 108076. [CrossRef]

Ma, Z.; Zhang, D.Z,; Liu, F; Jiang, J.; Zhao, M.; Zhang, T. Lattice structures of Cu-Cr-Zr copper alloy by
selective laser melting: Microstructures, mechanical properties and energy absorption. Mater. Des. 2020,
187, 108406. [CrossRef]

Xiao, L.; Song, W.; Wang, C.; Liu, H.; Tang, H.; Wang, J. Mechanical behavior of open-cell rhombic
dodecahedron Ti-6Al-4V lattice structure. Mater. Sci. Eng. A 2015, 640, 375-384. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.addma.2017.06.012
http://dx.doi.org/10.1016/j.ijimpeng.2013.04.007
http://dx.doi.org/10.1177/0021998313507616
http://dx.doi.org/10.1016/j.ijsolstr.2019.01.006
http://dx.doi.org/10.1016/j.ijimpeng.2007.10.005
http://dx.doi.org/10.1016/j.msea.2017.08.029
http://dx.doi.org/10.1016/j.jmst.2019.06.015
http://dx.doi.org/10.3390/ma13112487
http://dx.doi.org/10.1016/j.addma.2017.12.006
http://dx.doi.org/10.1016/j.ijmecsci.2019.105262
http://dx.doi.org/10.1016/j.actamat.2018.08.030
http://dx.doi.org/10.1016/j.actamat.2019.09.042
http://dx.doi.org/10.1016/j.matdes.2019.108076
http://dx.doi.org/10.1016/j.matdes.2019.108406
http://dx.doi.org/10.1016/j.msea.2015.06.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Powder Characteristics and Fabrication Process 
	Designs of Lattice Structure 
	Measurements 
	Finite Element Method 

	Results 
	Mechanical Behavior 
	Deformation Behavior 
	Static and High-Speed Indentation Tests 

	Discussion 
	Compressive Behavior 
	Energy Absorption Capacity 

	Conclusions 
	References

