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Abstract

The laser powder bed fusion process enables the manufacturing of intricate shapes,
including lattice structure metamaterials. These lattice structures consist of repeating
unit cells, formed by nodes connected by struts within space. In this study, various
unit cell designs were fabricated in Ti6Al4V, maintaining consistent relative density,
and subsequently were tested under uniaxial compression loading. The results high-
light differences in mechanical responses and failure mechanisms between the lat-
tice designs. The findings reveal that face-centered cubic exhibits better mechanical
properties, including yield stress, elastic modulus, peak stress, and absorbed energy,
in comparison to body-centered cubic structures. This study provides valuable in-
sights into optimizing lattice structure design for enhanced mechanical performance
in LPBF-fabricated Ti6Al4V components.
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1 Introduction

Laser powder bed fusion (LPBF) process represents a revolutionary paradigm in ad-
ditive manufacturing, distinguished by its ability to produce intricate geometries with
unparalleled precision [1]. This method requires the selective fusion of powdered ma-
terials, utilizing a high-energy laser beam layer-by-layer. LPBF process facilitates the
fabrication of intricate structures boasting extraordinary detail and accuracy by con-
trolling the laser’s trajectory and intensity. Initially conceived for rapid prototyping
and limited-scale production, LPBF process has undergone a transformative evolution,
emerging as a versatile manufacturing technique with widespread applications across
diverse industries, including aerospace, automotive, healthcare, and electronics [2].
Given its ability to produce complex-shaped parts, LPBF process offers many advan-
tages when producing complex-shaped metamaterials. Metamaterials are engineered
materials offering substantial mechanical properties and advantages, potentially trans-
forming engineering applications. They can be engineered with customized elasticity,
unique auxetic behavior, gradient mechanical properties, and adaptable responses to
external stimuli [3]. Metamaterials achieve exceptional strength-to-weight ratios by
optimizing microstructure and composition, rendering them suitable for lightweight
yet durable structures. In metamaterials, a lattice structure refers to a repeating geo-
metric pattern formed by interconnected structural elements in the 3D space. [4] The
lattice structure in metamaterials is often characterized by its periodicity, symmetry,
and unit cell geometry. Different types of lattice structures, such as cubic, hexago-
nal, or diamond, can be employed depending on the desired mechanical properties of
the metamaterial. Metamaterials can be broadly distinguished topologically based on
whether they undergo stretching or bending under the influence of external force [5].
Bending-dominated and stretching-dominated deformation mechanisms represent dis-
tinct modes of deformation exhibited by 3D-printed metal lattice structures when sub-
jected to external loads. Bending-dominated lattice structures exhibit inferior me-
chanical strength yet demonstrate superior energy absorption properties [6]. The elas-
tic strain energy stored within these bending struts is comparatively minimal upon
the initiation of plasticity or failure [6]. With an increase in the relative density of
bending-dominated lattices, deformation transitions from pure bending to a combina-
tion of bending, stretching, and shear [6]. This transition towards increased stretch-
ing and shear deformation may induce post-yield softening (PYS) behavior. Con-
versely, stretching-dominated lattice configurations manifest higher modulus and yield
strength than their bending-dominated counterparts [7]. Within stretching-dominated
lattices, deformation occurs primarily through axial stretching or compression of lat-
tice struts. The elastic strain energy stored within these stretching struts is significantly
more pronounced upon the onset of plasticity or failure [7]. The abrupt release of this
stored elastic strain energy during plastic deformation can engender post-yield soften-
ing (PYS) behavior within stretching-dominated lattices [8].

The research proposed in this study aims to study the mechanical response of dif-
ferent lattice structures presenting stretching-dominated and bending-dominated be-
haviors, printed in Ti6Al4V by LPBF under quasi-static compression loading. The



lattices’ yield stress, elastic modulus, energy absorption, and the study of their failure
mode were studied and compared.

2 Methods

This section briefly discusses the materials, the lattice structure design, manufacturing,
and the testing carried out in this study.

2.1 Materials and Manufacturing Process

The material chosen for this study was Ti6Al4V ELI provided by Carpenter Additive®
with a powder size distribution ranging from 14.9 um (D10) to 53.6 um (D90). The
lattice structures were produced via LPBF process using an Aconity Mini® equipped
with a 400 W laser. A laser power of 129 W, scan speed of 1001 mm/s, hatch spacing
of 74 pm and a spot size of 80 pm were chosen to manufacture the lattices. A contour-
hatch scan strategy applying a rotation of 67°each layer was used. These processing
parameters ensure that fully dense (< 99.5%) struts are produced based on previous
studies.

2.2 Lattice Structure Design

As part of this study, six different types of strut-based lattice structures (3x3x4 unit
cells) were selected for testing. These include Cubic (cubic), Face-centered cubic
(FCC), Diamond (diam), Body-centered cubic (BCC), Graded BCC 1 (Grl), and
Graded BCC 2 (Gr2) lattice structures, illustrated in Figure 1.
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Figure 1: Schematic representation of the lattice structures considered for this analy-
sis. Six different unit cells were considered: Diam, Grl, Gr2, BCC, cubic,
FCC.

To achieve a target relative density of 20%, a fixed diameter of 1 mm was main-
tained for Cubic, FCC, Diam, and BCC lattice structures, while the unit cell size was
varied. Conversely, for Grl and Gr2 structures, the same unit cell size as BCC was
retained, and the strut diameter was adjusted. Two distinct patterns were employed to



modify the diameter, as illustrated in Figure 2. Grl and Gr2 alternative lattice designs
were implemented to assess the influence of different strut diameter configurations on
the mechanical response and failure mode compared to conventional BCC designs.
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Figure 2: Schematic representation of the Grl and Gr2 designs considered for this
analysis. Different thickening patterns of strut diameters were implemented.

2.3 Mechanical Testing and Characterization

Uniaxial compression tests were performed on a universal servo-hydraulic test ma-
chine equipped with a 100 kN load cell. The compression test was conducted at a
constant strain rate of 10721/s. The strain was measured by DIC software (Digital
Imaging Correlation). For each test, the yield stress (YS), peak strength (PS) calcu-
lated as the first peak after the elastic phase, elastic modulus (E), and the absorbed
energy (AE) per unit volume were calculated.

3 Results

This section highlights the mechanical properties of the lattices obtained after uni-
axial compression testing and assesses their failure modes. It aims to compare and
rationalize their different responses.



According to Maxwell’s stability criterion, all the lattices investigated in this study
pertain to the bending-dominated topology category [9], however, previous studies
have shown that cubic and FCC lattices may behave as stretching-dominated struc-
tures under uniaxial compression load [10, 11]. To facilitate a comprehensive analy-
sis, lattices exhibiting bending-dominated behavior were studied separately from those
demonstrating stretching-dominated behavior. At the end of this section, a comparison
of the responses of all the lattices was presented.

The stress-strain curves of lattice structures subjected to quasi-static compression
tests can be divided into three main regions: i) a linear elastic regime, ii) an inelas-
tic regime, and iii) a densification phase [12, 13]. As part of this study, only the
stress-strain curves up to the first stress drop were analyzed. This decision was made
because the densification phase lies beyond the scope of this study. Furthermore,
the intended applications for these lattices primarily involve operations within the
elastic region. The nominal stress-strain curves of the lattice structures presenting a
bending-dominated behavior are reported in Figures 3. All the curves shown in Figure
3 exhibit similar elastic behavior, with minor discrepancies appearing in the inelastic
region after reaching the yield stress. Specifically, BCC, Grl, and Gr2 lattices display
a longer stress plateau, whereas the diamond unit cell lattice shows a consistent stress
decrease. These stress plateaus are characteristic of bending-dominated structures, a
well-documented phenomenon documented in literature [10, 12, 13].

The failure mode of the bending-dominated lattices is illustrated in Figure 4, depict-
ing a comparison of each lattice before deformation and after the stress drop. Despite
the different arrangements of the connection in the diamond lattice structure compared
to the BCC one, and the different strut aspect ratio used in Grl and Gr2, the same fail-
ure mechanism was observed across the lattices: after an initial homogeneous defor-
mation during the elastic region, strain localization occurs following the yield stress,
leading to failure by forming 45°shear bands. Zhong et al. [6] have observed that this
phenomenon is prevalent in bending-dominated lattices when printed at high relative
densities. At such densities, the stretching and the shear contributions to deformation
increase, resulting in oriented crushing at approximately 45°angles [6]. This finding,
combined with the results obtained by testing different unit cells with the same rela-
tive densities, suggests that the relative density is the driving factor of such a failure
mechanism independently of the unit cell design.

The nominal stress-strain curves of cubic and FCC lattices are depicted in Figure
5. These structures exhibit higher stiffness and yield stress compared to their bending-
dominated counterparts. In the case of cubic lattices, the elastic region is followed by
a sharp post-yield softening, resulting in a rapid decrease in mechanical properties.
Conversely, FCC lattices display a smoother post-yield softening compared to cubic
ones, albeit still sharper than observed in bending-dominated lattices.

The different behavior between the two unit cells is observed in the deformed
frames of the lattices represented in Figure 6. Within the inelastic region of Cubic
cell lattices, the deformation occurs layer-by-layer due to the buckling of the vertical
struts. This layer crush results in a sudden release of elastic strain, translating into a
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Figure 3: Stress-strain curves of the bending-dominated lattice structures a) BCC, b)
Grl, ¢) Diam, d) Gr2 tested under compression.

steep post-yield softening [6, 12]. On the other hand, FCC structures present a mixed
post-yielding behavior that can be observed in Figure 6 b. Both layer-by-layer crush-
ing and shear band formation at 45°are observed during deformation. Similar behavior
was observed by Banait et al. [11] when testing a FCC structure in Inconel718, result-
ing in a stress peak phenomenon after yielding followed by a stress plateau character-
istic of the bending-dominated behavior lattices. This phenomenon may be attributed
to the coupling of different deformation mechanisms such as plastic hinging at the
nodes and buckling of the struts simultaneously [11].

The main mechanical properties extracted from the compression tests, namely yield
stress, PS, Elastic Modulus, and absorbed energy are reported in Figure 7. As expected
and previously reported [12, 13], the structures with a stretching-dominated behavior,
namely Cubic and FCC, have overall higher yield stress, stiffness, and PS than their
bending-dominated counterparts. In particular, Cubic structures present an increase
of 282%, 672%, and 180% in yield stress, Elastic Modulus, and Peak stress, respec-
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Figure 4: The undeformed and deformed configuration of the lattices including a)
BCC, b) Grl, c) diam, d) Gr2 ere examined during quasi-static compres-
sion testing. 45°shear bands (in red) is the main failure mechanism for all
the tested lattices.
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Figure 5: Stress-strain curves of the lattice structures a) Cubic, b) FCC tested under

compression. Both lattices present a stretching-dominated behavior despite
being classified as bending-dominated according to Maxwell stability crite-
rion.



Figure 6: The undeformed and deformed configurations of the lattice structures, in-
cluding (a) FCC and (b) Cubic, were examined during quasi-static compres-
sion testing. Notably, 45°shear bands, depicted in red, emerged in the de-
formed structures, indicating localized strain. The layer-by-layer deforma-
tion caused by buckling is highlighted in white, emphasizing the structural
response to compression forces.

tively, compared to BCC structures, while only a 6% decrease in Absorbed energy
was registered. The elevated mechanical properties of the Cubic cell are attributed to
the ability of the vertical strut to withstand the axial load during compression, which
is different from the bending load experienced by the diagonal struts in BCC. Only a
marginal increase in the mechanical properties was observed for Grl and Gr2 com-
pared to BCC, with the former outperforming Gr2. This change may be attributed to
the different mechanical properties of the strut at different dimensions [14, 15]. This
difference in the mechanical properties may lead to a different macro-response in the
lattice. Finally, FCC structures exhibit higher yield stress, plastic strain, and elastic
modulus, compared to BCC ones. Additionally, they demonstrate a two-fold increase
in absorbed energy. This finding suggests that the FCC unit cell design is well-suited
for energy absorption applications, despite its partially stretching-dominated behav-
ior. This is particularly significant as the low yield stress of bending-dominated lattice
structures may limit their ability to absorb energy effectively.



Q) IO ) o e

[ 1Bending-dom. [ ]Bending-dom.

604 [Z Stretching-dom. L 60 | [ZZ Stretching-dom. |
~50 - o 50 - L
g T
240 /{ T

- - (0] 40 _ -
s o
g 304 o g 304 L
Q2
> 20 T . F 20 - L
i
104 = 104 L
0 T T T T f f 0 T T T T f T
BCC  Diam Gr2 Gr1 Cubic FCC BCC Diam Gr2 Gr1 Cubic FCC
Lattice Type Lattice Type
C) d) yp
7 1 1 1 1 1 1 5 1 1 1 1 1 1
[ Bending-dom. N
¢ | EZZ] Stretching-dom. / L
- 24
® 5 | L
o
S 5
g4- - 3%
Z, ;
o 827
g 5
] 21 r 2
< <14
14 = B L
0 04

T T T T
BCC Diam Gr2 Gr1 Cubic FCC BCC Gr2 Gr1
Lattice Type Lattice Type

Figure 7: Comparison of the uniaxial compression mechanical properties of the differ-
ent lattice structures tested. a) yield stress, b) peak stress, ¢) elastic modulus,
and absorbed energy .

4 Concluding remarks

This study investigated the mechanical properties under uniaxial compression loading
of different Ti6Al4V lattice structures printed using various unit cell designs and strut
diameters while maintaining the same relative density. All the lattices were printed
without any visible defects. From the mechanical properties and the failure mode
analysis the following conclusions can be drawn:

* BCC, diamond, Grl, and Gr2 lattice structures exhibited bending-dominated
behavior, with similar values of yield stress, peak stress, elastic modulus, and
absorbed energy.

* Despite being classified as bending-dominated by Maxwell’s criterion, Cubic
lattices behaved as stretching-dominated structures, showing elevated stiffness
and yield stress but experiencing a sharp drop in mechanical properties after
yielding.

* FCC lattices displayed mixed properties from both stretching and bending-dominated



lattices, with a mixed failure mechanism observed, allowing them to maintain
elevated stiffness and yield stress while improving energy absorption compared
to other bending-dominated lattices.

Overall, FCC lattices were identified as the most suitable unit cell design among those
studied due to their mixed properties and improved energy absorption capabilities.
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