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1. Introduction
1.1 Background
Nowadays, the global consensus on establishing low-carbon economy and society has been
made for climate change mitigation. To meet the requirement for sustainable development, the
strategies of less material usage, appropriate material choice, and less energy consumption are
being promoted. The weights of many current industrial products can be significantly reduced
without sacrificing the safety or performance attributes [1]. Therefore, lightweight structures
should be optimally and extensively used in engineering and industrial applications. As a typical
category of the lightweight structures, cellular materials have attracted considerable interests
due to their beneficial properties such as high strength/stiffness-to-weight ratio, excellent
energy-absorbing capacity, strong thermal insulation, and superior sound proofing
characteristics [2]. Recent advances in additive manufacturing (AM) techniques enable the
production of cellular structures with complex geometries, controlled precision, and efficient
material use, which offer enormous potential for ultra-light cellular structures utilized in a broad
array of applications [3].

1.2 Cellular structures
In nature, cellular structures consisting of continuous solids and voids abundantly exist.
Such materials with a porosity are observed (Fig. 1-1) in woods [4], honeycombs [5], cork [6],
dragonfly wing [7], trabecular bone [8], deep sea sponge [9] and many other organisms. These
natural cellular structures possess delicate balance between weight and strength, and provide
extensive references of configurations in cellular structures for engineering designers. Basically,
human-made cellular structures with diverse topologies are categorized into two main types:
stochastic foams and periodic lattice (repeating architected unit cells) [10, 11] (Fig. 1-2).
Stochastic foams with random distribution of pores are typically divided into open-cell and
close-cell structures. These structures are lack in reproducibility and precision due to the
difficulty in controlling pore morphology during the fabrication process of stochastic foams. In
contrast, periodic lattice structures compose of repetitive arrangement of unit cells, including
strut-based, skeletal-based, and sheet/shell-based types depending on different components of
unit cell. Various types of unit cells enable many possibilities of structure–property relationships
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Fig. 1-1 Examples of natural cellular structures. (a) woods [4], (b) honeycombs [5], (c) cork
[6], (d) dragonfly wing [7], (e) trabecular bone [8], and (f) deep sea sponge [9]

Fig. 1-2 Human-made cellular structures divided into stochastic foams and periodic lattice
[10, 11].
of lattice structures.

1.2.1 Designs of unit cell
For strut-based lattice structures, the nodes and struts of unit cells are observed to be
analogous to the atom and atomic bond in metallurgical crystal structures. Many lattice
structures are designed by imitating crystal structures, for instance, the most common
2

Fig. 1-3 Examples of strut-based, skeletal-based, and sheet-based unit cells [12].
body-centered cubic (BCC), face-centered cubic (FCC), diamond along with their combinations
and variations (addition or subtraction of struts). Others from the comprehensive unit cell
library such as cubic, octet-truss, rhombic dodecahedron (RD) and truncated octahedron are
often found in literatures (Fig. 1-3) [12].
Maxwell established a stability criterion using algebraic rule for a three-dimensional frame
made up of s struts and n nodes [13], the Maxwell number is,
(1.1)
The deformation behavior of strut-based lattice structures can be roughly predicted according to
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the Maxwell stability criterion. As shown in Fig. 1-4 [14, 15], if M < 0, the bending of struts
dominantly contributes to the deformation of lattice structures, which is called the
bending-dominated behavior, because the nodes in lattice unit cells are constrained or locked
and insufficient struts equilibrate bending moments at nodes. If M = 0, the struts support tension
and compression to equilibrate external load. The deformation behavior of the just-stiff structure
becomes stretch-dominated. If M > 0, the structure exhibits over-stiff stretch-dominated
behavior. Although Maxwell’s stability criterion is limited to the strut-based lattice structures
under specific loading direction, its simplicity contributes to the design consideration by quickly
categorizing the basic deformation mode of bending- or stretch-dominated behavior.
The unit cells of skeletal- and sheet-based lattice structures are derived from the triply
periodic minimal surfaces (TPMS) (Fig. 1-3), which are created using mathematical formulae.
An example of level-set approximation function for TPMS is expressed as
(1.2)
where the variable t is the level set constant to control relative density. MSLattice software as a
design platform can conveniently create skeletal- and sheet-based lattice structures based on
TMPS, from the aspects of types, relative density, cell size, hybrid and gradation [16]. Simple
sheet-based lattice structures without curvature arranged along the closest-packed planes of
cubic crystal structures are also found in reported study [17].

Fig. 1-4 Illustration showing bending- (M < 0) and stretch- (M ≥ 0) dominated structures
[14, 15].
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Topology optimization is a powerful computational design tool to create optimal lattice
structures, which seeks the best distribution of solids and voids that exhibits prescribed
properties under given constraints. Lattice structures exhibiting maximum bulk modulus,
maximum isotropic thermal conductivity, and negative Poisson’s ratio have been designed using
the topology optimization. The unit cells of optimized lattice structures normally consist of
curved struts or sheets [18, 19].

1.2.2 Fabrication of metallic lattice structure
Metallic lattice structures can be manufactured through many kinds of methods, generally
divided into two: conventional machining processes and additive manufacturing. There are four
main conventional processing methods, including investment casting, deformation forming,
water jet cutting, metallic wire assembly, snap fit method [2]. Compared to additive
manufacturing, these conventional machining processes can effectively fabricate large-scale
lattice structures. However, there are many disadvantages and limitations when conventional
processes applied. For example, casting defects often forms in lattice structures by investment
casting method due to the high requirements for the fluidity of liquid metal [20]. The major
drawback of conventional processes is the difficulty in manufacturing the lattice structures with
high-level complexity and small-scale unit cells. Additionally, it might be impossible to produce
skeletal- and sheet-based lattice structure through the conventional processing methods.
Rapid development of additive manufacturing techniques significantly improves product
manufacturability and promotes design creativity, representing a breakthrough for lattice
structures with highly complex shape for many functionalities. Laser powder bed fusion (L-PBF)
is a common metal additive manufacturing which has been widely used. The system of L-PBF
manufacturing machine consists of vacuum chamber, powder dispensing apparatus, laser beam,
and powder bed preheating system. In the L-PBF process, metal raw powder is bedded in thin
layers (layer thickness < 100 μm) on a building platform, which is filled with inert gas like
argon to avoid oxidation. The layer of the powder is melted and fused by laser irradiation
following the exact geometry of computer-generated 3D pattern. The same process is applied
repetitively to all the layers of the component until the completion of fabrication. The L-PBF
manufacturing process has been utilized for many metal products, such as aluminum alloy,
titanium alloy, copper alloy, and stainless steel. It is reported that lattice structure samples
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manufactured by L-PBF exhibited good building quality with high relative density (> 97%) at
node and strut [21]. Without the limitation of geometry, lattice structures with abundant unit cell
topologies are L-PBF manufactured and their mechanical performances are investigated [22].
The L-PBF manufacturing process has disadvantages and limits. Heat-treatment may need to be
applied to improve the ductility, owing to the residual stress generated by rapid cooling during
manufacturing process. Post surface-treatment may be also required for the removal of
un-melted powder attached. L-PBF processing parameters applied for different raw materials
should be respectively optimized for the best building quality with high relative density and less
internal voids. These kind of drawbacks of L-PBF processing motivate many related
investigations to address the problems.

Fig. 1-5 Compressive stress–strain responses of bending-dominated and stretch-dominated
lattice structures [20, 22].

1.2.3 Mechanical property
The mechanical responses of lattice structures mainly depend on the properties of the raw
material, unit cell topology and relative density [23]. Figure 1-5 presents the examples of
compressive stress–strain response of lattice structures with bending- and stretch-dominated
deformation mechanism. It is evident that the deformation behaviors are divided into three
distinct stages. Firstly, the lattice structure initially exhibits linear elastic deformation. A plateau
region of nearly constant stress emerges after the yield point, as the structure undergoes
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non-recoverable plastic or brittle deformation behavior (depending on the ductility of material
used). For stretch-dominated lattice structure, a post-yield softening often occur due to fractured
or buckled struts. While bending-dominated lattice structure typically exhibits a moderate
deformation behavior with bended struts. Finally, the structure enters the densification stage
with rapidly increased stress when enough deformed struts contact with each other. Due to the
difference of deformation behavior, the elastic modulus and yield strength of stretch-dominated
structure are normally greater than those of bending-dominated structure when the relative
densities are kept constant, indicating that the former used as lightweight load-carrying
component is more weight-efficient and favorable. The existence of long plateau region makes
lattice structure desirable for the applications of energy absorber, whose capacity is estimated by
integrating the stress–strain curve before densification. The equation showing the absorbed
energy per unit volume (W) is given as follows.
(1.3)
∗
where, * is nominal stress, 𝜀 ∗ is nominal strain, and 𝜀𝑑𝑒𝑛
is the initial strain for

densification.
To estimate the dependency between the relative densities and the mechanical property of
cellular structure, a notable and commonly accepted theoretical model was established by Ashby
and Gibson [24]. As expressed in Eq. (1.3) and (1.4), the relative elastic modulus E*/Es and
relative yield strength *y/s of cellular structures have a positive power law relationship with
the relative density ρ*/ρs. Here, E* and Es are the elastic modulus of cellular and dense materials,
and *y and s are the yield strength of cellular and dense materials, respectively.
(1.4)

(1.5)
where C and n are coefficient and exponent derived from experimental results, respectively. The
exponent n values for modulus and strength as summarized in Table 1-1 depend on the stretchor bending-dominated deformation behavior of lattice structure. Based on extensive
experimental and analytical data of metallic cellular structures, the coefficients C are roughly
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within the range of 0.1~4.0 and 0.1~1.0 for E*/Es and *y/s, respectively [25]. Therefore, the
Gibson-Ashby plots are often used for the comparison between the predicted and tested results.
Some researches focus on reducing the value of exponent for the structure efficiency in a wide
range of density [15].

Table 1-1 Exponent value of Ashby and Gibson model for lattice structure with different
deformation pattern.

1.3 Literature review
The investigations on the AM fabricated lattice structures have been extensively conducted,
mainly focusing on the mechanical properties, deformation behaviors and designs. This section
is aimed to review the reported literatures for better understanding of state-of-art researches and
current issues of lattice structure.
The mechanical performances of lattice structure are generally evaluated by tensile, fatigue,
bending, static and dynamic compressive tests. Compression tests are most commonly carried
out due to their simplicity and practical load-carrying condition of lattice structures. Cao et al.
[26] presented an investigation on the quasi-static and dynamic mechanical property of RD
stainless steel lattice structures. The experimental and numerical results indicated that the
strength, plateau stress and specific energy absorption were enhanced with the increase of strain
rate. Another stainless steel lattice structure with octet truss units was found to exhibit the
dependence between strength and strain rate [27]. The study by Xiao et al. [28] suggested that
the yield stress of RD Ti6Al4V lattice structures exhibited hardly strain rate sensitivity for 5 mm
cell, but certain sensitivity for 3 mm cell. Therefore, the strain rate sensitivity for mechanical
properties of lattice structure may relate to the base material, and further investigation on the
unit cell dependence is also needed. For the mechanical properties obtained from the stress–
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strain responses of static compression tests, the elastic modulus and compressive (yield)
strength of lattice structures were evaluated from many aspects, such as load orientation [29],
boundary condition [30], layer, type and size variety of unit cell [31-33]. The compressive
strength, normally determined by initial peak stress or yield stress, is relevant to the stress level
the plateau region and critical for the energy-absorbing capacity of lattice structure. Based on
the reported metallic lattice structures with different unit cells made of common copper alloy

Fig. 1-6 The changes in (a) compressive strength and (b) energy per unit volume as a
function of bulk density of metallic lattice structures made of common copper alloy, stainless
steel, titanium alloy, aluminum alloy, and high strength steel, as reported in literatures.
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[34], stainless steel [35-38], titanium alloy [39-42], aluminum alloy [43-46], and high strength
steel [47], the changes in yield strength and energy absorption capacity as a function of bulk
density are plotted in Fig. 1-6. The compressive strength and energy per unit volume exhibiting
similar trends against bulk density reveal their close dependence. The high-strength metal
materials used or large density of lattice structure generally result in high energy absorption
capacity. The overlapping ranges existing in the plots suggest that the lattice structures made of
low-strength materials can also reach the capacity in the range of higher strength material. In
other words, the mechanical properties are not only dependent on base materials, but also
strongly related to unit cell types. Therefore, the methods, such as appropriately selected type
and modification of unit cell, to optimize the mechanical properties of lattice structures with
high energy absorption capacity and less material usage need to be explored. In addition, the
aluminum alloy lattice structures exhibit the relatively dispersed compressive strength compared
to energy absorption capacity. It indicates that the compressive strength of aluminum alloy
lattice structures is more sensitive to the unit cell types. However, the systematic investigations
on the relationships between unit cell types and mechanical properties of aluminum alloy lattice
structure are still insufficient. Especially, the influences of unit cell types on the plateau region
(related to strength, deformation and densification behavior) determining the energy absorption
capacity should be investigated.
The deformation behavior and failure mode of lattice structures are extensively researched
to understand and idealize the mechanism for high-stress and flat plateau. Carlton et al. [48]
experimentally and numerically evaluated the local strain and deformation behavior of different
unit cells in metal lattice structures. The predictive continuum model indicated failure behavior
evolved from buckling to yielding for stretch-dominated octet lattice structure with a relative
density range of 10-20%. Koehnen et al. [49] reported that f2cc,z lattice structures exhibited
stretching deformation behavior with higher elastic modulus, compressive strength and
absorbed energy in comparison to bending-dominated hollow spherical lattice structures. Amani
et al. [50] investigated the deformation behavior of FCC lattice structures using in- and ex-situ
X-ray tomography, which indicated that the progressive fracture was related to the initial
morphologic features. Liu et al. [51] presented a parametric investigation on the dependence
between geometry imperfection and compressive behaviors of lattice structures. The elastic
modulus and compressive strength were largely deteriorated by the imperfections, and a
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transition in deformation mode from diagonal shear failure to horizontal crushing was
characterized in octet lattice structures when horizontal struts were oversized. Li et al. [52]
explored the deformation process of BCC lattice structures using finite element method (FEM).
The plastic stress distributed around nodes formed plastic hinges in unit cells, whereas central
region of struts exhibited elastic behavior. The result also revealed that the structure
densification was attributed to self-contact interaction of struts. For the BCC-Z lattice structures
with the struts along loading direction, the localized buckling of the vertical struts led to the
occurrence of a diagonal 45° shear band [53, 54]. The formation of shear band, which could
lead to stress fluctuation and deterioration of energy absorption capacity, is commonly found in
the deformation behavior of various lattice structures [28, 55-57]. As the test appearance and
captured X-ray tomography cross-section of compressed lattice structure shown in Fig. 1-7 [56],
a shear band is developed as a result of highly localized deformation on specific planes with
defined directions. Although many studies have focused on the formation mechanism, the
formation process and preferential plane and direction of shear band in lattice structures are still
not well understood. Moreover, effective methods to suppress the shear band formation need to
be explored.

Fig. 1-7 (a) Test appearance and (b) X-ray tomography cross-section showing shear band
formation in lattice structure [56].
The studies related to the unit cell design are active and extensive, since comprehensive
understanding and desirable properties of lattice structure are often explored by varying the unit
cells. For instance, suppression of shear band formation may be achieved by modifying the
topology of unit cell or strut. Mazur et al. [40] investigated the mechanical and deformation
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behavior of SLM Ti-6Al-4V lattice structures with different type, size, and number of unit cells.
A design method considering tight spatial arrangement and manufacturing constraint was
proposed by Li et al. [58] to elucidate the effect of node freedom degree on compressive
property and energy absorption capacity of lattice structures. Zhou et al. [59] designed
self-supporting lattice structures based on multi-fold symmetry operation, which enable the
gradual transition from bending-dominated to stretching-dominated behavior. Truss lattice
structures exhibiting isotropic elasticity were explored by the topology constraints through
combining simple cubic (SC), BCC and FCC unit cells [60]. Modification of struts in lattice unit
cells was also adopted in reported studies for improvement of mechanical property. Qi et al. [61]
carried out node enforcement by tapering the struts of octet lattice structure, the modulus and
isotropy were therefore increased. Similar study on strut modification of RD lattice structure
with shape parameters revealed higher energy-absorbing capacity [37]. Anisotropy from the
point of view of macro-mechanical property is a common behavior for lattice structure. Cutolo
et al. [62] suggested that the unit cell orientation of Ti6Al4V diamond lattice structure
significantly affected its mechanical property and failure behavior. Gyroid lattice structures with
superior mechanical behavior also exhibited anisotropy of elastic modulus under different load
orientations [63]. Another type sheet-based lattice structure exhibited high stiffness and strength
reaching upper bound of Hashin-Shtrikman model [15, 64]. The method of topology

Fig. 1-8 Various reported designs of architected unit cells based on BCC and FCC crystal
structure.
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optimization is applied to design lattice structures with maximized the bulk or shear modulus,
isotropy [65], anisotropy [66], and desired Poisson's ratio [67]. Designs of strut-based lattice
structures by imitating crystal structures are also reported [68-71], but those are normally
limited to the inspiration from simple BCC and FCC crystal structures as shown in Fig. 1-8.
More possibilities of unique properties beneficial from creative designs should be explored for
lattice structures, for instance, imitating complex crystal structures and combination of different
unit cell types.

1.4 Objectives
The purpose of the present study is to understand the mechanical properties and
deformation behaviors of metallic lattice structure produced by L-PBF, and to develop desirable
lattice structures with high strength, stability and energy absorption for wide industrial
applications. In order to achieve this, the following main objectives have been defined:
1. Investigate the effect of unit cell types on the mechanical property and deformation
behavior of lattice structure (Chapter 2);
2. Understand the mechanism, process and preferential plane and direction of shear band
formation, and propose effective method to suppress the shear band formation (Chapter 3);
3. Develop new lattice structures with high energy absorption and unprecedented properties by
imitating crystal structures (Chapter 4);
4. Develop hybrid lattice structures with the combination of bending-dominated and
stretch-dominated unit cells to enhance the mechanical performance (Chapter 5).
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2. Effect of unit cell type on compressive behavior of lattice structures
2.1 Introduction
Lattice structures have displayed the huge potential in the application as impact energy
absorber. The energy absorption capacity benefits from high-stress, flat and long plateau region
of lattice structures as introduced in Chapter 1. The factors that affect the features of plateau
region need to be clarified. A high plateau stress is reported to be attributed to good building
quality with less geometric imperfections [1], small unit cell size [2, 3], stretch-dominated
deformation pattern [4], node reinforcement or tapered strut [5, 6]. Desirable flat plateau region
is normally related to the deformation behavior of lattice structures. Localized shear band often
forms during compression and leads to the fluctuations of stress–stain curves. Investigation by
Suzuki et al. [7] demonstrated that heat treatments on L-PBF produced AlSi10Mg alloy lattice
structures resulted in high ductility and relatively stable plateau region. Bonatti et al. [8]
investigated the large deformation behavior of solid and hollow octet truss lattice structures,
suggesting that the hollow octet truss with uniform deformation behavior exhibited flat plateau
region, whereas the solid octet truss with shear band exhibited oscillating stress–strain response.
Long plateau region indicating large initial strain for densification is also important for energy
absorption capacity. The study conducted by Han et al. [9] revealed that cracking free
nickel-based superalloy lattice structure exhibited early densification compared to the lattice
structure with cracking. Although the plateau stress was improved by tapering the struts, the
plateau region was shorter than the lattice structure with uniform strut [10]. Accordingly, the
influence of unit cell type on the plateau region dependent on the mechanical properties and
deformation behaviors of lattice structures has been insufficiently studied.
In this chapter, the three different AlSi10Mg lattice structures composed of body-centered
cubic (BCC), truncated octahedron (TO) and hexagon (Hexa) unit cells were manufactured via
L-PBF process, in order to examine the influence of unit cell type on the mechanical properties
and deformation behaviors. Quasi-static compression, static and high-speed indentation tests of
lattice structures were carried out. Numerical lattice models were established for FEM analysis.
X-ray computed tomography (CT) scanning was also conducted to characterize the interior
deformation behaviors of lattice structures.
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2.2 Materials and methods
2.2.1 Manufacture of lattice structures by L-PBF
In this study, a nitrogen gas-atomized AlSi10Mg alloy powder (Fig. 2-1) with the density
of 2.67 g·cm−3 was used as raw material for L-PBF fabrication of lattice structures. This
material was selected since it is one of the most common materials used for the L-PBF process,
and its microstructure and mechanical properties of bulk and lattice specimens were clarified in
detail [11-13]. In addition, appropriate heat treatments for improving the microstructural
homogeneity, isotropy of mechanical properties, and ductility were also clarified [7, 11], which
further make AlSi10Mg alloy an appropriate material for investigating the compressive behavior
of lattice structure. The chemical composition of the alloy is provided in detail elsewhere [11]. A
L-PBF manufacturing system EOSINT M 280 (EOS GmbH, KraillingCity, Germany) equipped
with Yb-fiber laser was applied. The used processing parameters were optimized and given in
Table 2-1. The scanning tracks of laser beam applied in this study is shown schematically in the
previous study [11]. The processing was under an argon atmosphere and the temperature of 25°.
It is reported that the as-fabricated lattice structure fractured and did not exhibit plateau region
under compression due to poor ductility [7]. Therefore, annealing treatment at 300 °C for 2 h
and subsequent slow furnace cooling were performed to improve the ductility of lattice
structures.

Fig. 2-1 AlSi10Mg gas-atomized powder used in this study
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Table 2-1 Applied L-PBF processing parameters

2.2.2 Designs of lattice structure
As shown in Fig. 2-2, the three type lattice structures including BCC, TO, and Hexa were
manufactured by building up continuous layers based on 3D computer-aided design (CAD)
models. The BCC and TO unit cells have same aspect ratio of 1, but Hexa unit has the aspect
ratio of 0.5. The diameter and height of the lattice structures with cylinder outline geometry
were 30 mm. The lattice structures with various relative densities (ρ*/ρs) were produced for each
type. The measured relative densities (ρ*/ρs) using the Archimedes’ method of all the lattice
structures 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.

2.2.3 Measurements
The compressive performances of the lattice structures were investigated through
quasi-static uniaxial compression experiments. The loading was applied by a hydraulic universal
testing machine (capacity: 4.9 × 105 N) along the building direction, according to ISO 13314
[14]. An initial strain rate of 2.2 × 10−3 s−1 was used. Nominal stress was defined as the force
divided by the original sectional area. Nominal strain was defined as the value of displacement
along the loading direction divided by the original height of lattice structures. When the lattice
structures were deformed at the approximately 20% compressive strain, X-ray CT scanning was
conducted to characterize the deformation behavior of interior struts. TOSCANER-32252μhd
(Toshiba, Tokyo, Japan) at 180 kV voltage and 45 μA current was used for scanning.
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Fig. 2-2 L-PBF produced body-centered cubic (BCC), truncated octahedron (TO), and
hexagon (Hexa) lattice structures and corresponding computer-aided design (CAD) lattice
models and unit cells.
Lattice structures have been considered to utilize as protection for absorbing impacting
energy during spacecrafts landing in the Smart Lander for Investigating Moon (SLIM) project,
conducted by Japan Aerospace Exploration Agency (JAXA) [15, 16]. In such case, lattice
structures are normally pushed-in by the components of spacecraft at high speed. In order to
accurately investigate the compressive behaviors of lattice structures under this loading
condition, static and high-speed indentation experiments were carried out. The schematic
diagram of the static indentation tests is illustrated in Fig. 2-3. Lattice structures with cylinder
geometry (diameter: 40 mm, height: 30 mm) were embedded in a die (outer diameter: 60 mm,
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inner diameter: 40 mm, height: 31 mm). The lattice structures including BCC, TO, and Hexa
types have the same relative density of 0.07. The indenter (diameter: 25 mm, height: 25 mm)
was pushed into lattice structures in an initial strain rate of 2.2 × 10−3 s−1. The interfaces
between the die and lattice structures were lubricated to decrease the friction, while the indenter
contacted lattice structure without lubricating. Figure 2-4 presents (a-d) the apparatus and
lattice structure applied for the high-speed indentation test and (e) illustration of the high-speed
indentation test. The lattice structures with cylinder outline (diameter: 40 mm, height: 30 mm)
were embedded in the crushable balls (Fig. 2-4a), which were ejected by the ballistic range and
crashed to the target concrete. The shooting speed of 27.0 m·s−1 was approximately 4.0 × 105
times faster than the static indentation tests (6.7 × 10−5 m·s−1). The high-speed impact between
the crushable ball and target imitated the hard landing of spacecraft on moon. The lattice
structures in the crushable ball were pushed-in by the payload to provide deformation resistance
for deceleration, whose value was record by an accelerometer.

Fig. 2-3 Schematic illustration of static indentation tests.

25

Fig. 2-4 (a-d) Photographs showing the apparatus and lattice structure used for high-speed
indentation test: (a) crushable ball, (b) ballistic range, (c) target, and (d) TO lattice structure
pushed-in by payload. (e) Schematic illustration of high-speed indentation test.
Assuming the lattice structures can exhibit constant mechanical properties under static and
high-speed static indentations, the value of deceleration of the payload can be assessed from the
static indentation test, using the motion-force equation for the payload as follows.
(2.1)
where, 𝑚𝑝 , 𝑎𝑝 , and 𝑆𝑝 are the mass, deceleration, and contact area of the payload. 𝜎𝐿 denotes
the nominal stress of lattice structures. The plateau stress obtained from static indentation test
was substituted into 𝜎𝐿 of Eq. (2.1) to estimate the deceleration of payload.
2.2.4 Finite element method
FEM analysis was conducted using Femtet 2019 (Murata Software, Tokyo, Japan). In order
to save the calculation cost, reduced lattice models with 45 unit cells (x×y×z=335) were
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established for elasto-plastic analysis (Fig. 2-5). The relative density of each model was
consistent with the corresponding lattice structure. The solid element of models was discretized
by tetrahedral meshes (size: 0.3 mm). The input material properties, as given in Table 2-2, were
obtained from the tensile tests of L-PBF manufactured AlSi10Mg bulk after annealing treatment
at 300 °C for 2 hours [11]. The forced displacement of 10% height of lattice models were
implemented on the top plane along Z direction. The top plane was fixed in X and Y direction,
and the bottom plane was constrained in all degree of freedoms, in order to simulate the
compressive experiments carried out with no lubrication.

Fig. 2-5 An example of BCC lattice model for FEM analysis.
Table 2-2 Material properties applied for FEM analysis. The input properties were obtained
from the tensile tests of L-PBF manufactured AlSi10Mg bulk after annealing treatment at
300 °C for 2 hours [11].
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2.3 Results
2.3.1 Mechanical property
Figure 2-6 presents stress–strain responses of representative BCC (ρ*/ρs = 0.16), TO (ρ*/ρs
= 0.17), and Hexa (ρ*/ρs = 0.18) lattice structures under quasi-static uniaxial compression.
Three different stages were characterized in the stress–strain curves: initial linear elastic
behavior, plateau region under larger deformation in plasticity, and densification region, as
suggested in Chapter 1 and other researches [17-19]. The stiffness and yield strength in
descending order of the three lattice structures were: TO, Hexa, and BCC. In the plateau regions,
the BCC and TO lattice structures displayed stress fluctuations, while the Hexa lattice structure
exhibited stable plateau stress. For the densification behavior, the Hexa lattice structure showed
earlier densification (initial strain: 36.9%) than BCC (52.5%) and TO (58.6%) lattice structures.
According to the ISO 13314 standard, the plateau stress of cellular structure is typically defined
as the average nominal stress in the stain range of 20%~30%; the initial strain for densification
is determined as the nominal strain at which the nominal stress is 1.3 times higher than the
plateau stress. However, the flow stress of BCC and TO lattice structures showed oscillation in
the stain range of 20%~30%, thus the average nominal stress in the stain range of 5%~10% is
defined as the plateau stress here in order to avoid underestimation. The calculated plateau
stress ( pl*) and initial strain for densification against the relative densities (ρ*/ρs) of BCC, TO,
and Hexa lattice structures are plotted in Fig. 2-7. With the increase of relative density, the
plateau stresses showed an increasing trend, whereas the initial strains for densification showed
decreasing trend. The power-law relationship between plateau stress and relative density can be
expressed in Gibson-Ashby equation, as follows:
(2.2)
Table 2-3 shows the derived coefficient C and exponent n. The range of 2.1~2.4 for
exponent was observed for the three lattice structures. Kitazono suggested that the TO lattice
structure exhibited the exponent value of 2.1 [16], which is in line with the results in this study.
Generally, the TO lattice structure with high plateau stress and large initial strain for
densification exhibits superior energy absorption capacity, compared to BCC and Hexa lattice
structures with close relative density.
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Fig. 2-6 Stress–strain responses of BCC (ρ*/ρs = 0.16), TO (ρ*/ρs = 0.17), and Hexa (ρ*/ρs =
0.18) lattice structures.

Fig. 2-7 Changes in (a) plateau stress and (b) initial strain for densification as a function of
relative density.
Table 2-3 Coefficient C and exponent n for the BCC, TO, and Hexa lattice structures in the
Gibson-Ashby equation.
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2.3.2 Deformation behavior
Figure 2-8 illustrates the photographs of lattice structures captured before compression and
during compression at 20%, 40%, and 60% nominal strains. The representative lattice structures
with close relative density (0.16 for BCC, 0.17 for TO, and 0.18 for Hexa) were presented. It is
clear that the deformation was localized in a diagonal plane, i.e. shear band formation, for BCC
and TO lattice structures at 20% nominal strain. This deformation behavior led to the fluctuation
of stress–strain curves shown in Fig. 2-6 as reported studies [7, 20]. Another shear band
generated at different locations accompanied by stress drops under continuous compression.
When the lattice structures were further compressed, the struts contacted with each other and
resulted in structure densification, meanwhile the nominal stress rapidly increased in a small
strain. For Hexa lattice structure, a barrel-like deformation behavior with expansion at middle
height was observed owing to the restraint of top and bottom surface by the friction. Noted that
shear band formation or distinct fracture did not appear before densification for Hexa lattice
structure during the compression process, indicating the uniform and successive deformation
behavior. In addition, similar deformation mode was characterized in the lattice structures with

Fig. 2-8 Test appearances of BCC (ρ*/ρs = 0.16), TO (ρ*/ρs = 0.17), and Hexa (ρ*/ρs = 0.18)
lattice structures before compression and compressed at different nominal strains.
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different relative density and same unit cell type. This revealed that the deformation behaviors
of lattice structures are more dependent on the types of unit cell, less dependent on the relative
densities.
When the lattice structures were compressed at 20% nominal strain, the tests were
interrupted to carried out X-ray CT scanning. Figure 2-9 presents the front view of the
reconstruction models and cross-sections perpendicular and parallel to Z direction. It is
observed that the diagonal shear bands were generated in BCC and TO lattice structures, and
Hexa lattice structure exhibited no shear band formation, from the front view of the three
models. This result coincides well with the deformation behavior shown in Fig. 2-8. As marked
by the square in the cross-sections of BCC and TO lattice structures, the occurrence of cracks or
fractures of struts were relevant to the shear band formation. The parallel results of crack
generation in BCC lattice structures were found in the literatures [7, 21]. For Hexa lattice
structure without shear band, both front view of model and cross-sections exhibited high
symmetry of the deformed structure, indicating the uniform deformation consistently. The
cracks in struts were not found within the capacity of the applied X-ray CT apparatus. Therefore,
the initiation of cracks in struts may be related to the shear band formation. As shown in Fig.

Fig. 2-9 X-ray computed tomography (CT) observations at 20% compressive strain.
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Fig. 2-10 X-ray CT images of undeformed and deformed unit cells in BCC and TO lattice
structures.
2-10, the detail insights into the deformation behaviors of interior struts are obtained from the
X-ray CT models of compressed and uncompressed BCC and TO lattice structures. It is shown
that the initiation of cracks in struts was observed at the region near node. The reported study
also suggested that the cracks generated near node in BCC lattice structure [7].

2.3.3 Static and high-speed indentation test
The comparison of stress–strain responses between static compression and indentation test
of BCC, TO, and Hexa lattice structures is shown in Fig. 2-11. The nominal stress level of
indentation tests was greater than that of static compression. The plateau regions of static
compression were more stable with less fluctuations compared to those of indentation tests. The
high and more frequently fluctuated flow stress is due to shear fracture of struts at the boundary
between deformed and undeformed regions. The indenter needs to not only deform the lattice
structure in the compressive direction but also fracture the struts at the boundary between the
deformed and undeformed regions, resulting in high flow stress. The fluctuations of stress–
strain curves led by shear fracture of struts in indentation tests were more frequent than those
led by shear band formation in static compressions. Generally, the similar tendencies of stress–
strain responses obtained by the two different tests are observed for each lattice structure.
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Fig. 2-11 Stress–strain curves obtained by static compression and indentation test of (a)
BCC, (b) TO and (c) Hexa lattice structures.
Figure 2-12 shows the relationships between the deceleration in the high-speed indentation
test and time for the three lattice structures. The deceleration showed a general tendency of
increase, constant, and decrease to 0 for all the lattice structures. The constant value of
deceleration that was provided by constant resistance force corresponds to the plateau region of
lattice structure. To compare the mechanical properties obtained from static and high-speed
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indentation tests, the decelerations were evaluated from the plateau stress of static indentation
test by Eq. (2.1), as shown in horizontal dotted lines. The calculated decelerations of TO and
Hexa lattice structures coincided well with the experimental decelerations. This result suggests
that the mechanical properties in the high-speed practical case, especially energy absorption
capacity, can be estimated by the static test for TO and Hexa lattice structures. However, the
calculated deceleration of BCC lattice structures exhibited low value compared to the

Fig. 2-12 Changes in deceleration obtained by the high-speed indentation test as a function
of time: (a) BCC, (b) TO and (c) Hexa lattice structures. The horizontal broken lines
indicate the deceleration estimated from the plateau stress in the stress–strain curves of
static indentation test shown in Fig. 2-11.
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experiment, indicating certain strain rate dependence. The sensitivity of the strain rate
dependence for lattice structures with different unit cell type needs to be investigated through
systematic investigations in the future.

2.4 Discussion
2.4.1 Compressive behavior
The differences of plateau stress and deformation behavior among the three different lattice
structures were investigated by FEM analysis. Figure 2-13 shows the stress–strain responses of
established lattice models. TO lattice model exhibited the highest compressive strength, and
BCC lattice model exhibited the lowest compressive strength. Compared to the experimental
results in Fig. 2-6, the similar tendency of the curves was obtained, indicating the reliable
simulation. Figure 2-14 shows (a-c) contour maps and (d-f) histograms showing the Mises
stress distribution in each lattice model at 10% nominal strain. The colors of bars in the
histograms correspond to those of the contour maps. The struts perpendicular to the loading
direction existed in TO and Hexa lattice model, where the most elements exhibited low stress
distribution (Fig. 2-14 bc). The inclined struts showed relatively high and uniform stress (Fig.
2-14 bc). In comparison to the TO and Hexa lattice model, BCC lattice model has inclined struts
with large aspect ratio and no strut perpendicular to the Z direction. In the elongated struts in the
BCC lattice model, high stresses were distributed at the regions near nodes, while the center
region of struts exhibited moderate stresses (Fig. 2-14 a). As illustrated in the histograms (Fig.
2-14 d-f), the Mises stresses were in the range of 0~600 MPa for the three lattice models. In the

Fig. 2-13 Stress–strain responses of BCC, TO and Hexa lattice models obtained by the FEM
analysis.
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Fig. 2-14 (a-c) Contour maps and (d-f) histograms showing the Mises stress distributions in
BCC, TO and Hexa models obtained by FEM analysis. The colors for bars in the histograms
correspond to the those of the contour maps.
BCC lattice model, the stress range of 200~400 MPa was frequently distributed. This stress
range was generally in correspondence with the stresses localized in the center region of struts
(Fig. 2-14 a). In the TO lattice model, the majority of the elements exhibited high stress of 300~
450 MPa. Similarly, the same range of Mises stress was frequently distributed in the Hexa
lattice structure. But the fraction of low Mises stress less than 250 MPa was also relatively high
compared to the other two models, because of more struts perpendicular to the loading direction
in Hexa lattice model. These findings suggested that the high strength and plateau stress of TO
lattice structure with thick and short struts and less struts perpendicular to the loading direction,
are attributed to the uniform distribution of high Mises stress. Therefore, the struts that oriented
not perpendicularly to the loading direction and exhibited small aspect ratio are desirable for the
design of unit cells, with the aim of improving the strength of lattice structures.
The Hexa lattice structure exhibited stable deformation behavior without the appearance of
shear band and consequential flat plateau region, which are distinct from the BCC or TO lattice
structure (Figs. 2-6 and 2-8). The investigations of previous studies suggested that the cracks
generated on the tension stress region of bended struts as a result of the shear band formation [7,
22]. Actually, the crack initiations near nodes were found in the tomography of compressed
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BCC and TO lattice structure (Figs. 2-9 and 2-10). Thus, it is considered that the shear band
formation is related to the crack generations owing to localized tensile stress. The maximum
principal stress distributions of the three lattice models are therefore compared and shown in
Fig. 2-15 a-c. The regions marked by arrows of BCC and TO lattice models indicated the high
maximum principal stress, which roughly corresponded to cracks generation regions in Fig.

Fig. 2-15 (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).
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2-10. Figure 2-15 d-i shows the (d-f) the enlarged maximum principal stress distributions, and
(g-i) the vector of the principal stress on the strut surfaces. The vectors in red color indicate the
principal stress in tension, and those in blue indicate the principal stress in compression. As for
the BCC and TO lattice models, arrow-marked regions in struts exhibited high tensile principal
stress (Fig. 2-15 d, e, g, h). This behavior demonstrated that the crack generation due to stress
concentration on the struts under tension lead to the shear band formation. In the case of Hexa
lattice model, the two regions ((i) and (ii)) in in the vicinity of nodes exhibiting high maximum
principal stress with positive values were arrow-marked (Fig. 2-15c). The relationships between
Mises stresses at the arrow-marked regions and the nominal strains of the three different lattice
models are shown in Fig. 2-15j. Both the regions (i) and (ii) of Hexa lattice model exhibited
lower Mises stress compared to the crack initiation positions of BCC and TO lattice models,
when the nominal strain was larger than 2%. This result is in accordance with the deformation
behavior of Hexa lattice structure without occurrence of cracks and shear band formation.
Therefore, the uniform and stable deformation of lattice structures under compression can be
achieved by low level of localized stress at tensile parts. Detailed formation sequence of shear
band formation is discussed in the Chapter 3.
The early densification with small initial strain was observed in Hexa lattice structure
compared to BCC and TO lattice structures (Figs. 2-6 and 2-7b). The densification of lattice
structures starts when many struts contact with each other, and gradually there is no space for
large deformation of struts in the compressive direction. Figure 2-16 presents the cross-sections
parallel to loading direction of the CAD lattice models. The cross-sections were selected to
show the most struts in a vertical plane. The numbers of dotted arrow-marked struts are 14, 13
and 22 for BCC, TO, and Hexa lattice structures, respectively. It is considered that the
densification initiates when the marked struts overlap. Thus, the predicted nominal strain for
strut contact were calculated on the basis of strut number and diameter in lattice structure, as
expressed in Eq. (2.3).
(2.3)
where h, t, and N are the height of lattice structures, the diameter of strut, and the number of
arrow-marked struts as shown in Fig. 2-16. The estimation values of the nominal strains for
strut contacts were generally in line with the initial strains for densification obtained from the
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experiments of representative lattice structures with close relative density, as shown in Table
2-4. Therefore, the reason of small initial strain for densification in Hexa lattice structure is due
to higher number density of struts overlapping in the loading direction than those in BCC and
TO lattice structures.

Fig. 2-16 Cross-sections of CAD models showing the BCC, TO and Hexa lattice structures.
These cross-sections include the most struts in each lattice structure.
Table 2-4 Comparison between estimated nominal strain for strut contact and experimental
initial strains for densification of representative BCC, TO, and Hexa lattice structures.

2.4.2 Energy absorption capacity
The energy absorption capacities of AlSi10Mg BCC, TO, and Hexa lattice structures in the
present study are compared with reported lattice structures made of Ti-6Al-4V titanium alloy
[23, 24], Al-12Si aluminum alloy [20], Cu-Cr-Zr copper alloy [25] and 316L stainless steel [26,
27]. Figure 2-17 presents the relationship between energy per unit volume and bulk density of
these lattice structures. Generally, aluminum alloy lattice structures exhibit lower energy
absorption capacities compared to titanium alloy lattice structures, but higher capacities than
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Fig. 2-17 Changes in energy absorption capacities of AlSi10Mg lattice structures in the
present study and other reported lattice structures made of various materials as a function of
the bulk density.
stainless steel and copper alloy lattice structures, when their bulk densities are close. For the
AlSi10Mg lattice structures in this study, the similar energy absorption capacities are observed
in BCC and Hexa lattice structures. In the case of TO lattice structures, obviously higher
capacities than the BCC and Hexa lattice structures are shown. In addition, the TO lattice
structure (ρ*/ρs = 0.27) exhibits the highest energy per unit volume of 11.4 MJ·m−3 in this study.
It is noted here the high capacity of AlSi10Mg TO lattice structure is in the range of titanium
alloy lattice structures. This demonstrates that the requirement of high energy absorption can be
met by aluminum alloy lattice structures with TO unit cells, instead of using expensive titanium
alloy. Furthermore, energy absorption capacity of the TO lattice structure (Fig. 2-17) 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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2.5 Conclusions
In this chapter, the AlSi10Mg lattice structures consisting of three different unit cells of
body-centered cubic (BCC), truncated octahedron (TO) and hexagon (Hexa) configurations
were manufactured by laser powder bed fusion (L-PBF). The compression experiments, X-ray
CT, and FEM analysis were applied to elucidated the influence of the unit cell type on the
mechanical properties and deformation behaviors of lattice structures. Based on the results, the
following conclusions were drawn:
(1) TO lattice structure exhibited higher yield strength and plateau stress than the BCC and
Hexa lattice structures. FEM results suggested that high Mises stress was distributed in the
most elements of TO lattice model, conversely the low Mises stress was frequently observed
in BCC lattice model.
(2) Shear band formation occurred in BCC and TO lattice structures during compression,
resulting in the fluctuation of stress–strain curves. Cracks and fractures of struts in
compressed lattice structures were found in X-ray CT observation. Continuous deformation
behavior was observed in Hexa lattice structure without struts cracking, which was
attributed to the FEM results that concentrated Mises stress at tensile stress part was lower.
(3) Hexa lattice structure exhibited small initial strain for densification. A larger number of
struts in compression direction led to the struts overlapping and early densification.
(4) High-speed indentation tests indicated that the practical energy absorption capacities of TO
and Hexa lattice structures can be estimated by static indentation tests.
(5) Aluminum alloy lattice structures exhibited higher energy absorption capacities in
comparison to the stainless steel and copper alloy lattice structures. The TO AlSi10Mg
lattice structure with superior energy absorption capacity reached the level of titanium alloy
lattice structures.
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3. Understanding and suppressing shear band formation
3.1 Introduction
The shear band in lattice structures is formed by localized deformation of struts or sheets
on a defined plane, which normally leads to the stress fluctuations in the plateau region, as
indicated by the compressive behaviors of BCC and TO lattice structures in Chapter 2 and other
reported studies [1-4]. However, the unstable stress due to shear band is detrimental to the
energy-absorbing performance of lattice structures. The occurrence of shear band needs to be
suppressed for a controllable stress level and good energy-absorbing capacity. The mechanical
properties of used raw materials can influence the shear band formation in lattice structure. Van
Hooreweder et al. [5] suggested that the Ti6Al4V lattice structures treated by stress relief and
hot isostatic press exhibited higher ductility and plateau stress stability in comparison to the
as-built lattice structure. Suzuki et al. [6] reported that the as-built AlSi10Mg alloy BCC lattice
structure did not have plateau region because of the low ductility. The lattice structures
heat-treated under different condition showed different frequency of shear bands and stress
drops in plateau region. Other reported BCC lattice structures made of stainless steel displayed
moderate deformation behavior without shear band formation [7-9]. Thus, the shear band
formation can be avoided by using suitable raw material and/or by post-treatment. However, for
the lattice structures without the occurrence of shear band regardless of used raw material, the
understanding of the mechanism and the method to suppress shear band formation are required.
Investigations on the deformation behaviors including shear band formations in lattice
structures have been reported. It is suggested that the diagonal bands in 45° direction to the
compressive direction were observed in lattice structures to be similar to the damage mode of
conventional solid materials subjected to uniaxial compression [10, 11]. Cutolo et al. [12]
investigated the mechanical behavior of Ti6Al4V diamond lattice structures with <001>, <111>
and <011> orientations, the shear bands plane inclined by 54°, 71° and 35° with respect to the
horizontal plane indicated that the different unit cell orientations led to different shear band
deformation patterns. Yang et al. [13] presented an analytic methodology to elucidate the
propagation of strut deformation patterns of sandwiched BCC lattice structures. The
experimental results validated the analytical calculations and indicated that the failure at the
interfaces of parts exhibiting distinct elastic modulus was prone to occur. Li et al. [14]
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investigated the influence of layer and cell number on the crushing behavior of sandwiched
BCCZ lattice structures, indicating that the failure mode with shear band was significantly
affected by the boundary constraint. Yang et al. [15] revealed that cracks were easy to initiate
and propagate at the regions in struts with strong tensile stress concentrations, according to the
experimental observation and FEA results of 316L Gyroid cellular structures. In Chapter 1, it is
also demonstrated that the cracks relevant to shear band formation were initiated by localized
tensile stress. Although the above-mentioned studies help to gain insights into shear band
formation, the further investigations on the development process and mechanism, and
preferential formation plane of shear band still need to be carried out.
The methods that can suppress the formation of shear band have been found in several
literatures. The investigation by Liu et al. [16] on compressive behaviors of octet lattice
structures demonstrated that the deformation of diagonal shear band was altered to horizontal
crushing by oversizing the horizontal struts. Cao et al. [17] modified the struts of rhombic
dodecahedron (RD) lattice structures by inducing a shape parameter. The increase in the shape
parameter resulted in a transition from “V” to “I” shaped shear bands. Al-Saedi et al. [18]
indicated that the graded F2BCC lattice structure exhibited higher energy absorption capacity
with a layer-wise deformation pattern, in comparison to the uniform lattice structures
accompanied by shear band occurrence. Pham et al. [19] suggested that the shear band in
architected lattice structure was analogous to the dislocation behavior in crystal structure. The
shear bands in lattice structures inspired by the hardening principles were restrained. The Hexa
lattice structures in Chapter 2 exhibited moderate stress concentration and therefore no shear
band occurred. However, these studies on suppressing shear band formation were limited to
specific lattice structures. Versatile methods that can suppress shear band formation in various
should be proposed.
In this chapter, the BCC lattice structure was selected to elucidate the process of shear band
evolution. The commonly used BCC unit cell in lattice structure has the geometry with high
simplicity and symmetry, which make it a suitable candidate to simply clarify the mechanism of
shear band. The preferential formation plane of shear band was also investigated by the lattice
structures with various types of unit cells. Furthermore, a simple method by modifying the struts
to suppress shear band formation was proposed. All the lattice structures were manufactured by
L-PBF processing using Al–12Si alloy powder. Their mechanical properties and deformation
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behaviors were systematically investigated through full and interrupted compression test, X-ray
CT scan, and FEM analysis.

3.2 Materials and methods
3.2.1 Design and manufacturing
A 3D Systems ProX DMP 200 (Rock Hill, USA) was used in this study for the L-PBF
processing of lattice structures. The optimal building parameters of laser power, scan speed,
layer thickness, and hatch distance were 191 W, 1.2 m/s, 30 μm, and 50 μm, respectively. The
rotation angle between the powder layers was 90°. The L-PBF process was performed under
argon gas atmosphere at room temperature. Gas-atomized Al–12Si alloy powder was served as a
base material, as shown in Fig. 3-1.
To investigate the formation process of shear bands, the lattice structures with the same
unit cell type and outline geometry to the BCC lattice structure in Chapter 2 were used here. The
lattice structures with more complex unit cell types compared to BCC unit cell were selected to
find out the preferential formation plane and direction of shear band. As shown in Fig. 3-2,
differently orientated lattice structures with unit cells of combined BCC-cubic (BC) and
FCC-cubic (FC), and octet truss (OT) were designed and fabricated. The difference between the
BC and BCC lattice structures are the presence or absence of vertical and horizontal struts that
make up the cubic. These lattice structures have cuboid geometry of approximately 35  35  42
mm3, unit cell size of 4.2 mm, and strut radius of 0.3 mm. The <001>, <110> and <111>

Fig. 3-1 SEM image showing Al–12Si gas-atomized powder for L-PBF manufacturing.
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orientations aimed to investigate the influence of various loading directions on the preferential
shear band plane and direction of lattice structures. For example, the lattice structure with
BCC-cubic unit cells and <110> orientation, referred to as BC-110, were compressed in the

Fig. 3-2 Fabricated BCC-Cubic (BC), FCC-Cubic (FC), and Octet truss (OT) lattice
structures with <001>, <110> and <111> oriented unit cells.
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<110> direction. The OT-110 lattice structure was not successfully fabricated.
Based on the understanding of shear band formation, the struts in BCC lattice structures
were modified with a parameter Rd (the ratio of the radius) for the suppression of shear band.
Figure 3-3 (a) shows the definition of Rd indicating the ratio of R1 to R2, where R1 is the strut
radius at the two ends and R2 is the strut radius at the center. Accordingly, the designed BCC
unit cells with Rd equal to 0.5, 1, 2, 3, and 4 along with the corresponding manufactured lattice
structures were shown in Fig. 3-3 (b-f). These lattice structures have the same outline geometry

Fig. 3-3 (a) Illustration showing the definition of Rd, and fabricated BCC lattice structures
with corresponding unit cell models of (b) Rd = 0.5, (c) Rd = 1, (d) Rd = 2, (e) Rd = 3, and (f)
Rd = 4.
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with the BCC lattice structure in Chapter 2, but different unit size of 6.3 mm due to the
allowable strut radius according to the precision of applied L-PBF machine. In addition, the
struts of BCC lattice structure for understanding shear band formation have Rd of approximately
2.3. The relative densities measured using the Archimedes’ method for all the lattice structures
used in this chapter were given in Table 3-1, in comparison to the designed values. The errors
between the designed and measured relative densities were less than 5.5%. For the elimination
of microstructural inhomogeneity and anisotropy generated in L-PBF fabricated specimens, a
heat treatment under the condition of 530 °C for 6 hours was carried out, following by water
quenching.

Table 3-1 Measured and designed relative density (the designed values are given in brackets) of
different lattice structures.

3.2.2 Mechanical tests and tomography
The compressive behaviors of lattice structures were investigated through quasi-static
uniaxial compression experiments. The loading was applied by an Electronic Universal Testing
Machine (capacity: 2.0×104 N) along the building direction. The interface between lattice
specimens and loading plates was not lubricated. An initial strain rate of 2.2 × 10−3 s−1 was used.
To characterize the step-by-step deformation behaviors of lattice specimens, the interrupted
compressions and X-ray CT scan were repeatedly conducted at several stages of the
compression process. A SKYSCAN 1275 (Bruker, Kontich, Belgium) with a voltage, current,
and voxel size of 96 kV, 103 μA, and 18 μm, was applied for X-ray CT scan. The 3D models of
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lattice specimens were established by reconstructing the two-dimensional (2D) projection
images using NRecon (Bruker, Kontich, Belgium) software.

3.2.3 FEM analysis
FEM was conducted using Femtet 2019 (Murata Software, Tokyo, Japan). In order to save
the calculation cost, reduced lattice models with 3  3  5 unit cells were established for
elasto-plastic analysis (Fig. 3-4). The relative density of each model was consistent with the
corresponding lattice structure. The solid element of models was discretized by 4-node
tetrahedron mesh. The mesh size of 0.2 mm was determined according to the convergence
analysis of Mises stress generated in the struts and compressive stress–strain responses of lattice
models. The input material properties, as given in Table 3-2, were obtained from the tensile
tests of L-PBF manufactured Al–12Si bulk heat-treated at 530 °C for 6 h [20]. The forced
displacement of 10% height of lattice models were implemented on the top plane along Z
direction. The boundary conditions were same to those used in Chapter 2.

Fig. 3-4 An example of lattice model and applied boundary conditions for FEM analysis.
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Table 3-2 Material properties applied for FEM analysis. These properties were obtained from
the tensile tests of L-PBF manufactured Al–12Si bulk after the heat treatment at 530 ºC for 6
hours.

3.3 Results and discussion
3.3.1 Formation process of shear band
Figure 3-5 (a) illustrates the X-ray CT observations showing the cross-sections of BCC
lattice structure prior to compression and during compression at several nominal strains. The
observed cross-section of (110) plane in BCC unit cell is illustrated in Fig. 3-6 (b). Fig. 3-6 (c)
shows the nominal stress–strain responses of the interrupted compressions. As the overall
images shown in Fig. 3-5 (a), the BCC lattice structure was generally deformed to a barrel
shape. At the nominal strains of 9.7% (before stress drop) and 12.3% (just after stress drop),
preferential deformation occurring at the central unit cells was observed. At the nominal strain
of 14.7% (during stress drop), obvious shear band generated diagonally throughout the lattice
structure as marked by the red broken lines in the overall image. After the appearance of shear
band, the fractured struts were still observed in the cross-sectional (110) plane, suggesting that
the shear band in BCC lattice structure was formed along the <111> direction as illustrated in
Fig. 3-6 (b). Therefore, the family of shear band in BCC lattice structure is {110} <111>, which
corresponds to one of the slip systems of the BCC crystal structure. It was reported in literatures
that the direction of shear band was the same to the maximum shear stress direction of 45º.
However, the angle between <111> direction and the loading axis is approximately 54.7º. The
{110} <111> shear band in BCC lattice structure indicates that the direction of shear band does
not always form at constant 45º diagonal direction. In the enlarged local images, a crack
initiated at the region of strut near node at 9.7% nominal strain. When the lattice structure was
compressed to 12.3%, more cracks were initiated and propagated, resulting in preferential
deformations of the cracked struts. At the nominal strain of 14.7%, preferentially propagated
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Fig. 3-5 (a) X-ray CT images showing cross-sections of lattice structure before compression
and compressed at different strains. (b) Schematic illustration showing the observed
cross-section and shear band plane and direction. (c) Interrupted compressive stress–strain
curves showing the stop and restart point in the observation of shear band formation process.
cracks were located on the diagonal plane including the position of the first generated crack.
These struts with cracks bended in S-shaped behavior, where the cracks present at the tensile
stressed region of the deformed struts. With further compression to 15.8% (just after stress rises
again), severe crack propagation and strut failure were observed. The upper and lower struts on
the shear band contacted each other, subsequently the nominal stress increased again. Thus, the
crack initiation in struts close to nodes triggered the shear band formation.
Figure 3-6 shows the experimental and numerical stress–strain curves of BCC lattice
structure. The elastic modulus and yield strength were overpredicted by the simulation results,
due to the established ideal model without geometry imperfection. The stress–strain curves of
experiment and simulation show similar variation tendency, indicating that the FEM results are
reliable to estimate the mechanical behavior of the BCC lattice structure at early plastic stage.

53

Fig. 3-6 Experimental and numerical stress–strain curves of BCC lattice structure.
Figure 3-7 (a-c) presents the von Mises stress distributions in the cross-sections of BCC
lattice model at the nominal strains of (a) 1%, (b) 5%, and (c) 10%. The lattice model exhibited
deformation of barrel shape, due to restrained X and Y in all degree of freedom on the top and
bottom planes. As a result, the central unit cells of the lattice model deformed preferentially. The
deformation behavior coincided well with cross-sectional images obtained by X-ray CT scan
(Fig. 3-5 (a)). The square-dotted region showing local Mises stress distribution in Fig. 3-7 (c) is
magnified and shown in Fig. 3-7 (d). The arrow marked regions in the struts close to nodes
suffered high stress concentration. Figure 3-7 (e) and (f) show the maximum-minimum
principal stress distribution in cross-sections and enlarged local region. The size of the vector
arrows indicates the relative value of the associated principal stress on strut surfaces. The
tension and compression are illustrated in red and blue arrows, respectively. As shown in Fig.
3-7 (f), the stress vectors on the struts were distributed in S-shaped behavior. High principal
stress in tension generated at the convex as arrow marked region (Fig. 3-7 (f)), where the Mises
stresses were also high (Fig. 3-7 (d)). This region exhibiting high Mises stress and principal
stress in tension correlated to the cracks initiation positions in Fig. 3-5 (a). Therefore, the
localized tensile stress on bended struts leads to the initiation of cracks. Parallel results have
also been found in literatures [6, 15, 21, 22].
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Fig. 3-7. Distributions of (a-d) von Mises stress and (e, f) principal stress in lattice model at
nominal strains of (a) 1%, (b) 5%, and (c-f) 10%. The stress distributions in dotted squares
in (c, e) are enlarged in (d, f).

Based on the above elucidation, the formation process of shear band of the BCC lattice
structure is given in the flow chart, as shown in Fig. 3-8. Under compression, the lattice
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structure exhibits a barrel-shaped deformation (Figs. 3-5 (a) and 3-7 (b)). The unit cells at the
center region preferentially experience large bending deformation (Figs. 3-5 (a) and 3-7 (c)),
which lead to the stress concentration at the bended struts in the vicinity of nodes (Fig. 3-7 (d)).
Consequently, the crack is first generated at the convex region with localized tensile stress in a
bended strut. Then, multiple cracks are initiated in the struts parallel to the initially cracked strut.
Many crack generations and propagations significantly degrade the deformation resistance of
the specific plane and direction ({110} <111> in BCC lattice structure), resulting in the shear
band formation (Fig. 3-5 (a) and (c)). After that, the upper unit cells near the shear band contact
the lower ones, and the lattice structure resumes to carry load (Fig. 3-5 (a) and (c)). It is
suggested that other strut-based lattice structures exhibiting the bending deformation of struts
may also have similar evolution process of shear band. In fact, cracks were observed in
strut-based Kelvin, octet-truss, and TO (in Chapter 2) lattice structures experiencing shear bands
under compression [23]. These results also indicate the shear band formation was related to the
crack initiations.

Fig. 3-8 Flow chart of shear band formation process.
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The shear band plane and direction were {110} <111> in the BCC lattice structure, which
can be attributed to less struts in this family capable to resist deformation. When the shear band
formation is on the {110} <111> family, external loads on BCC lattice structure need to fracture
two struts per unit cell. Assuming that shear band was formed in a 45º diagonal plane and
direction, that is the family of {110} <110>, four struts can resist deformation along this
direction, indicating less tendency of shear band formation compared to the {110} <111> family.
In the BCC crystal structure, the close-packed plane and direction of atoms present on {110}
<111>. For the architected BCC unit cell imitating BCC crystal structure, the first
nearest-neighbor lattice points are connected by struts, thus struts are present the most densely
on the {110} <111> family. This result implies a possibility that shear band would form in the
densest plane and direction of struts with the smallest deformation resistance. In that case, the
family of shear band in lattice structure may correspond to the slip system of the crystal
structure, although the investigation on other crystal-inspired lattice structures needs to be
conducted. For common lattice structures with various arrangement of struts, the preferential
formation plane and direction of shear band are investigated in the next section.

3.3.2 Preferential formation plane and direction of shear band
The interrupted compression tests and X-ray CT scan were alternatively carried out on the
BCC-cubic (BC) and FCC-cubic (FC), and octet truss (OT) lattice structures with <001>, <110>
and <111> orientations. The interrupted stress–strain curves and X-ray CT cross-sectional
images showing the deformation behaviors of all the lattice structures are presented in Figs.
9-11. The observed cross-sections parallel to the loading direction and shear band plane and
direction (if occurred) were also illustrated. In the case of BC lattice structures (Fig. 3-9), the
densest plane with the most struts is present on {110} in BC unit cell. It was clearly observed
that a diagonal shear band was formed on the (110) plane along the <110> direction in BC-001
(Fig. 3-9 (a)), which is the same as the shear band occurred in the BCC lattice structure. For the
BC-110 lattice structure, the densest (110) plane was parallel or perpendicular to the loading
direction, and no shear band was identified (Fig. 3-9 (b)). The first stress drops were due to the
failure of unit cells at bottom layer rather than the shear band formation. The BC-110 lattice
structure experienced crushing deformation behavior in a layer-by-layer manner. For the
BC-111 lattice structure, shear band was also formed on the densest (110) plane along the <110>
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Fig. 3-9 Cross-sectional images observed by X-ray CT scan showing deformation behavior
of BCC-cubic (BC) lattice structures with (a) <001>, (b) <110>, and (c) <111> orientation.
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Fig. 3-10 Cross-sectional images observed by X-ray CT scan showing deformation behavior
of FCC-cubic (FC) lattice structures with (a) <001>, (b) <110>, and (c) <111> orientation.
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direction (Fig. 3-9 (c)). It is worthy of being noted that the stress was slightly degraded and
relatively stable, compared to the drastic stress drop in BC-001 lattice structure with shear band
formation. As for the FC lattice structures shown in Fig. 3-10, the densest plane is {001}, where
shear band is prone to occur based on the results of BCC and BC lattice structures. In fact, the
shear bands were formed on the (100) plane along the <100> direction in FC-110 (Fig. 3-10 (b))
and FC-111 lattice structure (Fig. 3-10 (c)), at which this plane has the angle of neither 0 nor 90º
with respect to the loading axis. In the case of FC-001 lattice structure (Fig. 3-10 (a)) with the
densest (100) plane parallel to the loading direction, shear band was not formed and the
structure was deformed by successively buckling or crushing the unit cells.
For the crystal-imitated lattice structures, according to the design strategy using struts to
connect the first-nearest-neighbor lattice points, OT unit cell corresponds to the FCC crystal
structure. The slip system in FCC crystal structure is {111} <110>. In the OT-001 lattice
structure (Fig. 3-11), observed shear band plane and direction were also {111} <110>. This is
ascribed to the low capacity of deformation resistance in the <110> direction on (111) plane,
because shear deformation would be activated by fracturing the fewest struts (only 3 per unit
cell). Parallel results are also reported in the studies on the deformation behavior of octet-truss
lattice structure [23, 24]. This result supports the suggestion that shear band in architected
lattice structure is in accordance with the slip system of the corresponding crystal structure. In
addition, shear band was not observed in the OT-111 lattice structure because of the existence of
perpendicularly oriented densest planes to the loading direction. Based on the above results, the
densest plane of struts and shear band formations in differently oriented BC, FC, and OT lattice
structures were summarized in Table 3-3. It is confirmed that shear band is preferentially
formed on the densest plane including the most struts when the loading axis is not parallel or
perpendicular to this plane. The reason of the preferential formation directions of shear band in
BC and FC lattice structures is not clear, due to the strut variety in BC and FC unit cells with
distinct orientation angles and aspect ratios compared to the simple BCC and TO unit cells with
high symmetry. Additionally, the effect of loading orientations with various angles on the shear
band formation are not sufficiently understood. For instance, the transition angle between the
densest plane and loading axis determining appearance or absence of shear band needs to be
clarified.
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Fig. 3-11 Cross-sectional images observed by X-ray CT scan showing deformation behavior
of Octet truss (OT) lattice structures with (a) <001> and (b) <110> orientation.
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Table 3-3 The densest plane of struts and shear band formations in BC, FC, and OT lattice
structures with different orientations.

3.3.3 Suppression of shear band formation
To prevent the appearance of shear band formation, lattice structures can be oriented with
the densest plane of struts parallel or perpendicular to the loading direction. However, the
method to suppress shear band formation in a common case that the loading directions are not
parallel or perpendicular to the densest plane of struts still needs to be explored. This is because
a load may be applied from various directions in actual shock absorbing components. The
suppression of shear band can be achieved by hindering the occurrence of one of the steps
during the formation process shown in Fig. 3-8. For instance, the relief of localized tensile
stress on bended struts results in the restraint of crack initiations and propagations, which are
the critical cause of shear band formation. Appropriate selection of unit cell type for lattice
structures can realize relieved tensile stress. The investigation by Al-Ketan et al. suggested that
the lattice structures with skeletal-based gyroid unit cell experienced no shear band formation,
although shear bands were formed in the lattice structures with strut- and sheet-based unit cells.
Additionally, the results in Chapter 2 indicated that the hexagon lattice structure exhibited more
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moderate tensile stress concentration compared to the BCC and truncated octahedron lattice
structures, leading to a deformation behavior without shear band formation in the hexagon
lattice structure. Another possibly effect method to suppress shear band is strut shape
modification. It is reported that the energy absorption capacity was improved by tapering struts
of BCC lattice structure due to increased volume of plastically stressed region [25]. According
to the compression test of RD lattice structure with modified struts, Cao et al. indicated that the
struts modification offered different deformation behaviors and enhanced mechanical properties
[26]. Thus, the modification of struts could lead to the suppression or promotion of shear band
formation, because the stress in tension can be relaxed or further concentrated depending on
re-distributed material in struts. In this section, the influence of strut shape on the mechanical
property and deformation behavior (especially the shear band formation) of BCC lattice
structures is discussed.
The strut shape is modified with Rd equal to 0.5, 1, 2, 3, and 4 in the unit cells of BCC
lattice structures (Fig. 3-3). The nominal stress–strain responses of BCC lattice models with
different Rd values obtained by FEM are shown in Fig. 3-11. With an increase in the Rd value,
the compressive strength increased and then decreased when Rd value was 3. The lattice model
with Rd equal to 2 exhibits the highest strength. The tendency of the stress–strain curves is
consistent with the reported results [25].

Fig. 3-11 Stress–strain responses of BCC lattice models with different Rd obtained by FEM.
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Figure 3-12 shows Mises stress distribution in (110) cross-sections and unit cells in BCC
lattice models with different Rd at 10% nominal strain. For the lattice model with Rd equal to 0.5,
the Mises stresses are highly concentrated on nodes, and low Mises stresses are spread in struts.
With an increase in the Rd value, the node regions under high Mises stress are gradually shifted
to the struts, as a result of increased material volume of node region and decreased material
volume of strut region. In the lattice model with Rd equal to 2, the distributed Mises stresses are
more uniform compared to the other structures. The histograms showing the frequency of Mises
stress distributed in struts with different Rd value are present in Fig. 3-12. The colors in the
histograms correspond to those of the contour maps in lattice models and unit cells. When Rd is
equal to 2, almost all the Mises stresses are in the range of 150~250 MPa, indicating uniform
stress distribution. However, other lattice models show more dispersed stress distribution, and
relatively low Mises stress under 150 MPa have high frequency. Therefore, the lattice model
with Rd equal to 2 exhibits uniform and high stress distribution, which result in larger
compressive strength simulated by FEM analysis in Fig. 3-11.

Fig. 3-12 von Mises stress distribution in lattice models and unit cells with different Rd at
10% nominal strain.
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Figure 3-13 shows strut deformation behavior in lattice models with different Rd when
compressed at 5% and 20% nominal strains. When Rd is equal to 0.5 and 1, the struts deform in
a pin-joint like behavior, barely experience bending deformation. With an increase in the Rd
value, the struts in unit cells suffer more significant S-curved bending deformation behavior.
Typically, the lattice structures are compressively deformed by bending, stretching or buckling
the struts. Local buckling behavior normally occurs when the struts are consecutively oriented
in the loading direction (Figs. 3-9 (a, c) and 10 (a)). Maxwell's stability criterion is simply used
to characterize whether a lattice structure is under bending- or stretching-dominated
deformation behavior (as indicated in Chapter 1). In this section, in order to further distinguish
the different deformation behavior of the bending-dominated BCC lattice structures with
different Rd value, a concept of node- and strut-dominated deformation behavior is proposed.
When high Mises stress is concentrated on node region, the structure is denoted as
node-dominated. Conversely, when high Mises stress is concentrated on strut region rather than
node, the structure is denoted as strut-dominated.

Fig. 3-13 Strut deformation behavior in lattice models with different Rd at 5% and 20%
compression.
The cracks are prone to occur at the tensile stressed region in struts with high Mises stress
concentration. Figure 3-14 (a) presents the relationship between the maximum value of Mises
stress at the tensile stressed region in struts and the nominal strain, in order to compare the
tendency for crack initiation in the lattice models with different Rd. As the Rd increases, the
maximum values of Mises stresses at the arrow-marked region largely increase, the value with
Rd equal to 2 is approximately 1.8 times higher than that with Rd equal to 0.5. Therefore, the
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struts with smaller Rd value exhibit less potential for crack occurrence, which suggests that the
modified struts with smaller Rd value can suppress the shear band formation. Figure 3-14 (b)
shows the relationship between the maximum value of Mises stress at the tensile stressed region
in struts and Rd value at 10% nominal strain. The maximum Mises stress substantially increase

Fig. 3-14 Changes in maximum Mises stress at tensile stressed region in struts as a function
of (a) the nominal strain of lattice model and (b) ratio of diameter (Rd) at 10% compression.
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with the Rd from 0.5 to 1 and from 2 to 3. The lattice model with Rd equal to 0.5 exhibits
node-dominated deformation behavior and hardly bending behavior (Figs. 3-12 and 13), thus
the Mises stress at the tensile stress region in the struts is low. In the case of Rd equal to 3 and 4,
the struts in the lattice models are bended in a strut-dominated deformation behavior. The
severely bended struts lead to Mises stress concentration and high tendency for crack initiation
(Figs. 3-12 and 13).
Figure 3-15 illustrates (a) X-ray CT images showing local cross-sections of lattice
structures, and (b) the relationship between the relative diameters of struts with different

Fig. 3-15 (a) X-ray CT images of lattice structures with different Rd and (b) change in
relative diameter of strut as a function of normalized position. The normalized positions of 0
and 1 indicate node, and that of 0.5 indicates the center of strut. The relative diameter of
struts was defined as struts diameters divided by those at the normalized positions of 0.5.
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designed Rd and normalized position. The normalized positions of 0 and 1 mean node, and those
of 0.5 mean the center of strut. The diameters of struts are normalized by those at the
normalized positions of 0.5. The relative diameter at the normalized positions of 0 and 1 means
the actual Rd (denoted as Rdactual). For the designed Rd of 0.5, 1, 2, 3, and 4, the values of Rdactual
are 0.7, 1.1, 2.0, 2.7, and 3.3, respectively. The Rdactual is close to the designed value in the case
of Rd equal to 1 and 2. However, the Rdactual is obviously larger or smaller than the designed Rd,
in the case that Rd is equal to 0.5, 3 and 4 and the regions with small diameter exist in the unit
cells. This is caused by the accuracy of the applied L-PBF process.
Figure 3-16 presents the SEM images and optical micrographs of representative lattice
structures with Rdactual equal to 0.7 and 2.7. Both lattice structures have the thin parts at node or
struts. The relative densities were analyzed by measuring the area fraction of pores using binary
images converted from optical micrographs. The quantified relative densities of the L-PBF
produced lattice structures with Rdactual equal to 0.7 and 2.7 are above 98.8% and 99.3%,

Fig. 3-16 SEM images of the surface of unit cells and struts and optical micrographs of their
cross-sections showing building quality of representative lattice structures with Rd actual equal
to 0.7 and 2.7.
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respectively, indicating satisfied printing quality. In the SEM images, the surfaces of node
regions from the bottom view are smoother and larger compared to those from the top view. It is
attributed by the wire-electrode cutting used to remove the building panel from the bottom of
lattice structures. It has been observed that partially melted raw metal particles attached on the
strut surfaces, which may be the reason of the deviation between designed and measured actual
Rd values. As illustrated in cross-sectional images of the two lattice structures, the lower
surfaces of struts have more pores and rough boundaries than the upper ones, indicating the
different printing quality at upper and lower surface. The effects of printing qualities on the
compressive behavior of lattice structures are discussed later.
The nominal stress–strain responses of representative lattice structures with Rdactual equal to
0.7, 1.1, 2.0, 2.7, and 3.3 are shown in Fig. 3-17. The main mechanical properties including
elastic modulus, apparent 0.2% proof stress (related to the compressive strength), and energy
absorption capacity are derived from the stress–strain curves and summarized in Table 3-4. All
the stress–strain responses of the lattice structures exhibit initial linear elastic behavior,
subsequent plateau region up to approximately 60% strain, and densification region
accompanied by steep rise of nominal stress. The elastic modulus of the lattice structures
increases from 0.8 to 1.9 GPa with the increase of Rdactual from 0.7 to 2.0, and then remains
almost constant when the Rdactual becomes higher than 2.0. It is noteworthy that the stress–strain
curves in the plateau region are relatively flat with less fluctuations in the case of Rdactual equal to
0.7, 1.1, and 2.0. In contrast, the lattice structures with Rdactual equal to 2.7 and 3.3 exhibit

Fig. 3-17 Nominal stress–strain responses of BCC lattice structures with Rd actual equal to (a)
0.7, 1.1, 2.0, (b) 2.7 and 3.3.
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oscillating plateau region with many stress drops. Furthermore, the highest value of plateau
stress is achieved when Rdactual is equal to 2.0. Thus, the strut shape with Rdactual equal to 2.0
represents the optimized design of BCC unit cell and indicates high energy absorption capacity.

Table 3-4 Mechanical properties of BCC lattice structures with different Rd actual obtained from
compression tests.

Fig. 3-18 Test appearance of the lattice structures with Rd actual equal to 0.7, 1.1, 2.0, 2.7, and
3.3 at 0%, 10%, 25%, and 50% nominal compressive strains.
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Figure 3-18 shows the test appearance of lattice structures with Rdactual equal to 0.7, 1.1, 2.0,
2.7, and 3.3 at 0%, 10%, 25%, and 50% nominal compressive strains. When the nominal strain
is 10%, the lattice structures are steadily compressed without the observation of local or global
fracture. With further compression at 25%, the lattice structures with Rdactual equal to 0.7, 1.1,
and 2.0 display relatively uniform deformation behaviors without shear band formation,
corresponding to the stable plateaus in Fig. 3-17. And deformation of the struts seems to be
node-dominated behavior. For the lattice structures with Rdactual equal to 2.7 and 3.3, clear shear
bands are observed as the arrow-marked, and the bended struts exhibit strut-dominated
deformation behavior. At the nominal strain of 50%, the severely deformed struts contact with
each other and stack to densify at the Rdactual equal to 0.7, 1.1, and 2.0. While the lattice
structures with Rdactual equal to 2.7 and 3.3 exhibit the deformation pattern with the combination
of shear band formation and local fragmentation.
For a detailed insight into the deformation behavior with and without shear band
occurrence, the lattice structures with Rdactual equal to 0.7 and 2.7 are observed by X-ray CT and
the cross-sectional images are shown in Fig. 3-19. The two lattice structures are deformed in a
barrel shape. For the lattice structure with Rdactual equal to 0.7, the unit cells near center

Fig. 3-19 X-ray CT images showing cross-sections of lattice structures with Rd actual equal to
0.7 and 2.7.
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preferentially deform and the struts rotate around the nodes, indicating node-dominated behavior.
No cracks or fractures is observed within the resolution capacity of the applied X-ray CT
apparatus. For the lattice structure with Rdactual equal to 2.7, the fractures of struts are clearly
identified as a result of crack initiations and propagations, indicating strut-dominated behavior.
As illustrated in Fig. 3-5 (a), the cracks are often initiated at the lower surfaces of struts, which
are relatively rough because of the pores and bonded particles (Fig. 3-16). The printing quality
may lead to the cracks preferentially generated at the lower surface of the lattice structure with
Rdactual equal to 2.7. In contrast, cracks are not initiated in the lattice structure with Rdactual equal
to 0.7, even at the lower surface of struts where the printing quality is worse than that at Rdactual
equal to 2.7. It is suggested that the suppression of crack generations is strongly influenced by
the strut shape rather than the printing qualities. The printing qualities may also influence the
deformation behavior of lattice structures in the case of higher Rdactual value.
Based on the results above, shear band formation along with the fluctuation of stress–strain
response can be effectively suppressed by optimizing the struts shape (small Rd) (Figs. 3-17 and
18). This is because that the localized stress at tensile region can be relieved by enlarging the
diameter of struts at center, as suggested by FEM (Fig. 3-14). According to the compression
tests, cracks in the struts do not appear in the lattice structure with Rdactual equal to 0.7 (Fig. 3-19).
Additionally, shear band dose not form when Rdactual is 2.0, whereas shear band forms when
Rdactual is 2.7 (Figs. 3-17 and 18). It is demonstrated that high Mises stresses are localized on
nodes at low Rd and in struts at high Rd, based on the results of FEM analysis (Fig. 3-12). For
the lattice model with Rd equal to 0.5, high Mises stresses are mainly concentrated on the nodes
(node-dominated deformation) (Fig. 3-13). When Rd is equal to 1 and 2, both node and strut
region exhibit uniform and high Mises stress. When Rd is equal to 3 and 4, struts mainly suffer
Mises stress concentration, leading to the deformation behavior with bended struts
(strut-dominated deformation) (Fig. 3-13). As a result, the maximum values of Mises stress at
tensile stressed regions in the struts increase significantly as Rd increases from 2 to 3.
Furthermore, at the lower surface of struts with poor printing quality in the built lattice structure,
cracks led by localized tensile stress are prone to initiate. According to these results, in order to
avoid the formation of shear band, it is required to the Mises stresses dispersed on struts and
nodes to lower the tendency of bending behavior and decrease the tensile stress in struts. It is
believed that the modification of strut shape proposed to suppress shear band formation in the
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present study can be also effective for strut-based lattice structures with other types of unit cell,
such as octet truss, FCC, diamond, rhombic dodecahedron, etc. For the skeletal and sheet-based
lattice structures, shear band occurrence may be attributed to the localized stress on defined
planes [15, 27, 28]. The shape modification on curved struts or cell walls to rationalize the
material distribution may relieve the stress concentration and prevent shear band formation. In
addition, the optimization on strut shape is still required after applying the topology
optimization design, because the topologically optimized lattice structure with the objective
function of stiffness maximization may also experience shear bands. In such instance, the strut
shape should be optimized to relax the concentrated tensile stress for the suppression on shear
band formation.
The compressive strength and energy absorption capacity of the lattice structures with
different Rd are investigated. The compressive strength was estimated as the apparent 0.2%
proof stress. The relationships between the apparent 0.2% proof stress obtained by FEM and
experiments and Rd values are shown in Fig. 3-20. The lattice structure with Rd equal to 2
exhibits the highest the apparent 0.2% proof stress (compressive strength), as indicated in Figs.
3-11,17 and Table 3-4. The calculated apparent 0.2% proof stress agree well with the
experimental result, the similar changing trend of increasing with Rd up to 2 and decreasing with
Rd above 2 reveals the reliability of the FEA simulation. As demonstrated in Figs. 3-17 and 18,
the formation of shear band does not appear at Rd less than or equal to 2. In this range of Rd
from 0.7 to 2, the experimental apparent 0.2% proof stress increase from approximately 1.2 to
3.8 MPa. It is suggested that the apparent 0.2% proof stress correlating with the level of plateau
stress could be controlled in a wide range by altering strut shape alone in the lattice structure
without shear band formation. The energy absorption capacities, which are evaluated by the
integrating the experimental compressive stress–strain responses before the end of plateau
region or densification (appeared when the nominal stress is 1.3 times higher than the plateau
stress), are quantified and plotted in Fig. 3-20. The energy absorption capacities exhibit similar
changing trend with the apparent 0.2% proof stress. By decreasing Rd from 2.7 to 2.0, shear
band formation is suppressed in lattice structures and the cumulative energy per unit volume is
obviously improved, despite the fact that the experimental apparent 0.2% proof stress is slightly
enhanced. This insight demonstrates the importance of suppression on shear band formation
while remaining high plateau stress for the utilization of metallic lattice structures as energy
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absorber in wide engineering applications.

Fig. 3-20 Changes in apparent 0.2% proof stress and experimental energy per unit volume of
lattice structures with ratio of diameter of strut (Rd).

3.4 Conclusions
In this chapter, the Al–12Si alloy lattice structures consisting of the body-centered cubic
(BCC), BCC-cubic (BC), FCC-cubic (FC), and octet truss (OT) unit cells were fabricated by
L-PBF process. The evolution mechanism and preferential formation plane and direction of
shear band in lattice structures were clarified. A method altering the strut shape to suppress the
shear band formation was proposed and validated. Based on the results, the following
conclusions were drawn:
(1) The formation mechanism and process of shear band in BCC lattice structure were clarified.
The shear band is triggered by the crack initiation and propagation at the tensile stressed
regions in struts.
(2) The family of shear bands in crystal-inspired lattice structure corresponds to the slip system
of the crystal structure. Shear band was preferentially formed on the densest plane
including the most struts when the loading axis is not parallel or perpendicular to this
plane.
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(3) FEM results indicated that localized tensile stress in strut can be relieved by lower Rd (large
diameter at the strut center and small diameter near node), leading to a transition of
deformation mode from strut-dominated to node-dominated. This behavior predicted a low
tendency of shear band formation.
(4) The experimental results showed that the shear band was suppressed in the lattice
structures with Rdactual equal to 0.7, 1.1, and 2.0. Relaxation of concentrated stress in struts
and high Mises distributed on node contributed to the suppression of shear band.
(5) The compressive strength and energy absorption capacity of the BCC lattice structures
were substantially enhanced by optimized strut shape. The apparent 0.2% proof stress can
be controlled in a wide range of approximately 1.2~3.8 MPa without the shear band
formation in the plateau region.
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4. Lattice structures inspired by crystal structures
4.1 Introduction
The crystal structures represent an ordered array of atoms describing their arrangement.
The lattice structures with periodic pattern have been observed to be analogous to the crystal
structures. In the unit cells of lattice structure, the node is analogous to the atom and the strut is
equivalent to the atomic bond in crystal structure. Therefore, the designs for lattice structures
through mimicking the atomic crystallographic configurations have been proposed. For example,
the mechanical behaviors of the lattice structures with the body-centered cubic (BCC) and
face-centered cubic (FCC) unit cells, which are analogous to the BCC and FCC crystal
structures, have been studied in literatures [1]. Liu et al. suggested that a substantial
improvement in the strength and energy absorption capacity of BCC lattice structure was
achieved by reinforced node, which mimicked the atoms of crystal structures [2]. In Chapter 3,
it demonstrated that the formation plane and direction of shear bands in BCC and FCC (octet
truss) lattice structures correspond to the slip systems of the corresponding crystal structures.
This insight offers a possible method to suppress shear band formation in lattice structures
through mimicking complex crystal structures whose slip systems are difficult to act. Based on
the similarities between crystal structure and lattice structure, Pham et al. integrated the
hardening mechanisms found in crystalline materials into the architected lattice structures [3].
The metallurgical concepts enable the design of lattice structures with desired properties, such
as architected meta-materials mimicking geometrically close-packed (GCP) Ni3Al phase. Laves
phase is a common class of AB2-type intermetallic compounds with topologically close-packed
(TCP) structure (known as Frank-Kasper structure) [4]. The more common structures are the
cubic C15 and hexagonal C14 with a minor form of the hexagonal C36 type [5]. In the C15
Laves structure, sublattice site of A-atom forms the diamond crystal structure and sublattice site
of B-atom forms the connected tetrahedrons [5, 6]. The diamond-inspired lattice structure with
negative Maxwell stability criterion (M) exhibits bending-dominated deformation [7].
Tetrahedron architecture locally formed using struts to connect the B atoms has the M value of
zero and may exhibit stretch-dominated deformation. Therefore, architected lattice structure
inspired by C15 Laves structure can indicate unique mechanical behaviors, owing to the special
arrangement of C15 crystal structure with the combination of diamond structure and
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tetrahedron.
In this chapter, the lattice structures were designed by mimicked C15-type TCP structure as
well as diamond crystal structure for comparison. L-PBF process was applied for the fabrication
of Al–12Si lattice structure. The compressive properties of the lattice structures were
investigated by full and interrupted compression tests, X-ray CT observations and FEM analysis.
The deformation behaviors of the C15 lattice structures were charactered from the view of the
Gibson-Ashby equation [8].

4.2 Materials and methods
For the lattice structures inspired by common BCC or FCC crystal structure, it has been
reported that these lattice structures compose of distinct types of unit cells with same node
arrangement but various struts [2, 3, 9, 10], as indicated in Fig. 1-8 in Chapter 1. In order to
ensure the design consistency of the lattice structure based on the inspiration from crystal
structures, a design strategy for unit cell is proposed: the position of atoms in crystal structure is
considered as node, and struts are used to connect the first-nearest-neighbor nodes to form a unit
cell. Accordingly, the bending-dominated BCC and stretch-dominated octet truss lattice
structures are obtained on the basis of BCC and FCC crystal structures [11, 12], as shown in Fig.
4-1. In this chapter, the architected diamond and C15 unit cells were designed by mimicking the

Fig. 4-1 Architected unit cells designed via mimicking crystal structures.
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Table 4-1 The designed and measured relative densities of fabricated lattice specimens.

Fig. 4-2 L-PBF fabricated diamond lattice structure and C15 lattice structures with various
relative densities.
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Fig. 4-3 Reduced FEM C15 lattice model consisting of 8 unit cells.

Fig. 4-4 SEM images showing building quality of C15 and diamond lattice structures.
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corresponding crystal structures (Fig. 4-1). The L-PBF process using Al–12Si alloy raw powder
was applied to fabricate lattice structures. The detailed processing conditions and post-treatment
are the same as used in Chapter 3. The measured relative densities for the diamond (0.167) and
C15 (0.173⁓0.374) lattice structures are listed and compared with designed values in Table 4-1.
The errors of relative density between the design and fabrication are less than 5%. The photos of
fabricated lattice structures are present in Fig. 4-2. Scanning electron microscopy (SEM) was
used to observe the building quality of the lattice structures. Compression tests and X-ray CT
scan were carried out. FEM analysis was conducted by establishing a reduced C15 lattice model
consisting of 8 unit cells, as shown in Fig. 4-3. The input material property, mesh, boundary and
loading conditions have been also demonstrated in Chapter 3.

4.3 Results and discussion
Figure 4-4 presents the SEM images of the struts in C15 and diamond lattice structures. In
side view, it was found that partially melted raw metal particles attached on the lower surfaces
of struts. This phenomenon results in a relatively rougher surfaces and larger diameters of struts
in side view compared to those in the top view. In addition, the diamond lattice structure seems
to exhibit better surface condition than C15 lattice structures, owing to the larger designed struts
diameter of diamond lattice structure. Generally, the struts in all lattice structures were
well-printed, because no clear defects such as cracks or lack of materials was observed in the
SEM images.
Figure 4-5 shows the comparison of nominal stress–strain curves between C15 (ρ*/ρs =
0.20) and diamond (ρ*/ρs = 0.17) lattice structures under compression, along with the test
appearances at different nominal strain. The diamond lattice structure exhibited a typical
compressive stress–strain response of cellular structure. It was observed that the initial linear
elastic behavior was followed by plateau region, where stress fluctuations occurred due to the
localization deformation of struts (test appearance in Fig. 4-5). The structure finally entered
densification region with sharply increasing stress. As for the C15 lattice structure, the structure
did not densify at the end of plateau at the nominal strain of approximately 20%, but a 2nd
plateau region emerged from the nominal strain of approximately 30%. Therefore, the C15
lattice structure exhibits unique two plateau regions at different stress levels. In the test
appearance of C15 lattice structure shown in Fig. 4-5, it seems that the lattice structure
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Fig. 4-5 Compressive nominal stress–strain curves of C15 and diamond lattice structures
along with the test appearances at the compressive strains of 0%, 15%, 30%, and 60%.
underwent non-uniform deformation behavior, some struts at local regions deformed
preferentially and other struts deformed subsequently. This behavior may result in the two
plateau regions. Detailed step-by-step deformation behavior is charactered by X-ray CT
observation to investigate the cause of the two plateau regions, which will be addressed in
further discussion.
Figure 4-6 presents the stress–strain responses of C15 lattice structures with various
relative densities. For the lattice structures with the relative density in the range of 0.17⁓0.26,
two plateau regions appeared. However, the C15 lattice structure exhibited one plateau region
similar to the typical cellular structures when the relative density was 0.37. The mechanical
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Fig. 4-6 Stress–strain curves of C15 lattice structures with the relative density of
0.17⁓0.37.
Table 4-2 Mechanical properties of C15 lattice structures with the relative density of 0.17⁓0.37.

properties obtained from the compressive tests are given in Table 4-2. Apparent elastic modulus
(E*) and yield stress (*y) was quantified prior to the 1st plateau region. The apparent 0.2%
proof stress was served as yield stress here. The plateau start/end strains were determined by the
intersections of tangent lines between the adjacent segments with different slope (Fig. 4-6). The
plateau strain range was defined as the difference of plateau start and end strain. The plateau
stress was determined by the average stress in the plateau strain range, because of the fact that
the stress–strain curves in the plateau region were relatively smooth. As relative density
increases, the level of plateau stress increases while the strain range of plateau region decreases.
It is suggested that the stress and strain range of the two plateau regions can be adjusted by
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changing the relative density.
The C15 lattice structures can absorb energy in two graded plateau regions. The energy
absorption capacities provided by 1st plateau and 2nd plateau are quantified by integrating the
stress–strain curves from zero to the 1st plateau end strain and from the 1st plateau end strain to
the 2nd plateau end strain, respectively. The total energy absorption capacity is equal to the
summations of the energy of 1st plateau and 2nd plateau. The relationships between the energy
per unit volume and relative density of the C15 lattice structures are illustrated in Fig. 4-7. For
the 1st plateau region, the energy absorption capacity increases almost linearly with increasing
relative density, but the level of absorbed energy is relatively low. The energy per unit volume
of 2nd plateau is much higher than that of 1st plateau, and shows the similar tendency with the
total energy of C15 lattice structures. The peak value (5.0 MJ･m−3) of the total energy per unit
volume is achieved at the relative density of 0.22. This reaches the high level of
energy-absorbing capability among the reported aluminum alloy lattice structures, as compared
to Fig. 2-17 in Chapter 2. Therefore, the two plateaus appeared in C15 lattice structures can
provide high capacity of energy absorption through two graded stages. When the relative

Fig. 4-7 Relationships between the energy absorption capacities of the 1st plateau region, 2nd
plateau region, and 1st plateau region + 2nd plateau region of the C15 lattice structures and
relative densities.
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density is higher than 0.22, although the stresses in the two plateau regions were enhanced, the
plateau strain ranges were shortened, especially for the 2nd plateau region. In this case, short
plateau region affects the energy absorption capacity more significantly than the enhanced
plateau stress, resulting in substantial degeneration at high relative density. For the lattice
structure with the relative density of 0.37, the energy per unit volume is the lowest due to the
fact that only one plateau can absorb energy. This result indicates the significance of 2 nd plateau
region for the energy absorption capacity of C15 lattice structures.
Figure 4-8 (a) shows the von Mises stress distributions at 3% nominal strain of C15 lattice
model with the relative density of 0.20 simulated by FEM analysis. At this nominal strain, the
nominal stress obtained by FEM was approximately 4.2 MPa, while the experimental value was
3.6 MPa. The mechanical property of C15 lattice structure was slightly overpredicted, owing to
the established ideal model without geometry imperfection. Despite this, the calculated results
agree well with experimental results and show the validity of simulations. In the unit cells of
lattice model, the Mises stress is mainly localized on the corner struts, whereas the center struts
exhibited low Mises stress (lower than approximately 80MPa). It is caused by the unequal
distribution of struts at corner (small number of struts) and center (large number of struts)
region in unit cell. According to the distinct struts and associated stress distribution of corner
and center region in unit cell, the C15 lattice structure can be recognized as the repetition of two
separated units with graded local relative density: crisscross and interconnected deltahedron, as
illustrated in Fig. 4-8 (b). The local densities for the two units were determined by the value of

Fig. 4-8 von Mises stress distribution of C15 lattice model at 3% nominal strain. (b)
Schematic illustration showing C15 lattice structure distinguished by crisscross and
deltahedron units.
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Fig. 4-9 The relationships between the local relative density of crisscross and deltahedron
units and the overall relative density of C15 lattice structures.
material volume divided by the occupied space. The relationships between the local relative
density of crisscross and deltahedron units and the overall relative density of C15 lattice
structures are shown in Fig. 4-9.
Figure 4-10 (a) presents the (100) cross-sectional images observed by X-ray CT scan at
different compressive strains of C15 lattice structures with the relative density of 0.20. Four unit
cells in lattice structure are enlarged to show the detailed deformation of struts. The stress–strain
curves of interruptedly compressed C15 lattice structure are illustrated in Fig. 4-10 (b). At the
nominal strain of 9.0% in the 1st plateau region, one layer of crisscross units severely deformed
by bending the struts owing to the high Mises stress distribution (Figs. 4-10 (a) and 4-8 (a)).
Meanwhile, the deformation of the struts in the deltahedron unit was not distinct compared to
the struts in crisscross units. With further compression to the end of 1st plateau region at the
nominal strain of 19.1%, the rest layers of crisscross units perpendicular to the loading direction
successively collapsed in the same pattern as the initially deformed layer. However, the plastic
deformations of deltahedron units were still hardly noticeable, as a result of low stress
distribution (Fig. 4-8 (a)). The 1st plateau region exhibited smooth flow stress of approximately
3.9 MPa without fluctuation, because the struts in crisscross units deformed in a moderate
bending behavior rather than drastic deformations of brittle or shear failure, which normally
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lead to abrupt stress drops. After the densification of the crisscross unit layers, the upper struts
in deltahedron units contacted the low ones to bear higher loads, thus the stress increased again.
The 2nd plateau region emerged at the nominal strain of 32.8% and nominal stress of 10.8 MPa
in the C15 lattice structure. Large plastic deformations and generated cracks were observed in
the struts of deltahedron units. Finally, almost all the struts deformed by intersecting and
stacking with each other, which resulted in the structure densification. The deltahedron unit in
C15 lattice structure is analogous to the polyhedron in complex close-packed intermetallic [13].
The preferential deformation of low-density crisscross unit is similar to the deformation on the
less dense space of atoms between the polyhedrons, despite the fact that the preferential

Fig. 4-10 (a) X-ray CT images of C15 lattice structure with the relative density of 0.20
before compression and compressed at different nominal strains. (b) Stress–strain curves
obtained by interrupted compression test.
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deformation in C15 lattice structure was not shearing analogous to the slip deformation in
crystal structures. Therefore, the results reveal the possibility that the lattice structure with
various polyhedron units inspired by other TCP intermetallics may yield multi-plateau regions
with graded stress levels.
According to the Gibson-Ashby equation (Eq. (1.4) and (1.5) in Chapter 1), relative
densities ρ*/ρs exhibit power low relationships with the relative elastic modulus E*/Es and
relative yield strength *y/s of cellular structures. As indicated in Table 1-1 in Chapter 1, the
value of the exponent n determines the bending- or stretch-dominated deformation behavior.
The n ≥ 2 for relative elastic modulus and n ≥ 1.5 for the relative yield strength indicate
bending-dominated behavior, while n ≤ 1 for both of them indicate stretch-dominated
behavior. Figure 4-11 shows the relative elastic modulus and relative yield strength as functions
of overall relative density of the C15 lattice structures and local relative density of crisscross
units. The exponents n of E*/Es and *y/s against the overall relative density are 1.9 and 1.5,
respectively, which is an indicator of the bending-dominated mode for C15 lattice structure.
However, the deformation behavior predicted by the Maxwell stability criterion revealed
over-stiff stretch-dominated mode, due to the fact that the Maxwell number (M) of unit cell in
C15 lattice structure is 19 with 115 struts and 34 nodes (Eq. (1.1) in Chapter 1). The

Fig. 4-11 Changes in the relative elastic modulus and relative yield strength as functions of
overall relative density of C15 lattice structures and local relative density of crisscross units.
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contradictory results between experiments and predictions are due to the successive deformation
behaviors of the crisscross and deltahedron units with graded local relative densities in C15
lattice structures. The relative elastic modulus and yield strength were determined by the elastic
and early plastic regions, at which the deformation behaviors of C15 lattice structures were
dominated by the bended struts in crisscross units with low local relative density (Fig. 4-10 (a)).
In addition, the negative Maxwell number (M = -29) of the crisscross unit with 16 struts and 17
nodes agrees with the discussion above. E*/Es and *y/s scaling (ρ*/ρs)1.9 and (ρ*/ρs)1.5 for the
crisscross unit also revealed the bending-dominated mode of early deformed C15 lattice
structure, which was mainly attributed by the crisscross units.
The power law relationships between the plateau stress *pl and relative densities,
including the overall relative density of the C15 lattice structures and local relative density of
crisscross and deltahedron units, are plotted and shown in Fig. 4-12. The 1st plateau stress
changed with (ρ*/ρs)2.1 and (ρ*/ρs)2.2 for C15 lattice structures and crisscross units, respectively.
For the bending-dominated lattice structures in Chapter 2 and reported literature [14], the
exponent n is in the range of 2.1~2.4. These results consistently support that the crisscross units
deformed in a bending-dominated mode during the 1st plateau. The exponents of the 2nd plateau

Fig. 4-12 Changes in the plateau stress as functions of overall relative density of C15 lattice
structure and local relative density of crisscross and deltahedron units.
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stress for both lattice structure and deltahedron unit were obviously lower than those for the 1st
plateau stress. In the 2nd plateau region, the crisscross units perpendicular to the loading
direction were densified, while the deltahedron units mainly experienced plastically large
deformation. The deltahedron unit has 99 struts, 26 nodes, and positive Maxwell number value
of 27, suggesting the stretch-dominated deformation behavior. It is reported that
stretch-dominated lattice structures consisting of octet truss unit cells exhibited the relationship
of *pl ∝ (ρ*/ρs)1.3~1.7 [15, 16]. The exponent value of 1.6 for the 2nd plateau stress against the
local relative density of deltahedron units showed good agreement with reported octet lattice
structures, which indicate that the deltahedron units deformed in stretch-dominated mode during
the 2nd plateau region.
In order to further confirm the deformation mode in crisscross and deltahedron units, the
principal stress distributions on the surface of struts in C15 lattice model at the nominal strains
of 3% obtained by FEM are illustrated in Figure 4-13. The struts in crisscross and deltahedron
units in dotted squares are enlarged. The tension (T) and compression (C) are illustrated in red
and blue arrows, respectively. For the struts in crisscross units, it is observed that the regions in
tension and those in compression occur in pairs near nodes [17]. The same side of strut bears
tensile and compressive stress at the two ends, which indicates a S-curved bending deformation
behavior and demonstrates in Fig. 4-10. This phenomenon is similar to the deformation
behavior of the struts in bending-dominated BCC lattice structure as shown in Figs. 3-5 and 3-7
in Chapter 3. In contrast, tensile or compressive stress only is distributed on the representative
struts in deltahedron units magnified in Fig. 4-13. Almost all the stress vectors are along the
axial direction of struts, indicating the stretching behavior. Before entering the 2nd plateau
region, all the deltahedron units hardly deformed (Fig. 4-10 (a)). It is believed that the
deltahedron units at early stage of the 2nd plateau region exhibit similar principal stress
distribution but different stress level compared to the initial deformation stage, implying the
stretch-dominated deformation of deltahedron units at 2nd plateau region. Therefore, based on
the results by simulation of stress distribution and experiments according to the Gibson-Ashby
equation and Maxwell stability criterion, the designed C15 lattice structures can be considered
as a hybrid structure composed of two unit cell types of crisscross and deltahedron, which have
grade local relative densities and different deformation behaviors of bending- and
stretch-dominated modes.
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Fig. 4-13 Principal stress distributions on the surfaces of struts in C15 lattice model at the
nominal strains of 3%. The tension and compression are illustrated in red and blue arrows,
respectively. The struts in crisscross and deltahedron unit in squares are enlarged.
It has been reported that the multiple plateau regions appeared in the stress–strain
responses of density-graded [18] or layered-hybrid [19] lattice structures. However, the property
of multiple plateaus in these lattice structures is limited to the specific loading direction,
because of the anisotropic strut distribution and the graded relative density present in one
specific direction. On the contrary, the C15 lattice structures proposed here can display two
plateau regions under different compressive loading directions, as a result of the alternate
arrangement of crisscross and deltahedron unit in 3-dimensions. Furthermore, the two graded
plateau stresses can be also controlled by altering the strut diameters in the two different units
separately. The influences of loading directions and controlled strut diameters on the
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mechanical property and deformation behavior of the C15 lattice structures need to be further
clarified.

4.4 Conclusions
In this chapter, the lattice structures were designed by mimicking C15-type TCP structure
as well as diamond crystal structure for comparison, and manufactured via L-PBF process using
Al–12Si powder. The compression tests, X-ray CT scan and FEM analysis were carried out to
investigate mechanical properties and deformation behaviors of lattice structures. Based on the
results, the following conclusions were drawn:
(1) The diamond lattice structure displayed a common compressive behavior of cellular
structures. The C15-type TCP lattice structures with various relative densities exhibited two
plateau regions with graded stress level.
(2) The C15 lattice structure with the relative density of 0.22 exhibited high energy absorption
capacity of 5.0 MJ･m-3.
(3) The two plateau regions in C15 lattice structures were attributed to the two different units
of crisscross and deltahedron with graded relative densities.
(4) Crisscross units preferentially exhibited a bending-dominated deformation behavior in 1st
plateau, and subsequently deltahedron units exhibited a stretch-dominated deformation
behavior in 2nd plateau, suggesting the hybrid deformation mode of C15 lattice structures.
(5) The lattice structures with various polyhedron units inspired by other TCP intermetallics
would exhibit multi-plateau regions with controlled stress levels.
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5. Hybrid lattice structures composed of different unit cells
5.1 Introduction
The topologies and arrangements of unit cells are the key factors to control the mechanical
performances of lattice structures. The improved weight-to-strength efficiency and energy
absorption capacity as well as suppressed detrimental shear band formation can be achieved by
varying unit cell types and strut geometry. Nevertheless, new designs of lattice structure solely
relying on changing unit cell types limit the boundary of various mechanical responses.
Heterogeneous lattice structures consisting of different unit cells or grade relative densities have
been explored for the improvement of mechanical performances compared to homogeneous
lattice structures. Mirzaali et al. [1] reported that the patterned randomness of auxetic and
conventional unit cells was applied to yield high elastic modulus and negative Poisson's ratio.
Kang et al. [2] suggested that the multi-lattice structures with two unit cell types of BCC and
octet exhibit superior stiffness and strength than uniform lattice structures. Alberdi et al.
explored the multi-morphology lattice structures composed of different unit cells to enhance the
energy-absorbing property. Hybrid structures of auxetic-strut and honeycomb proposed by
Ingrole et al. exhibited better mechanical properties than the regular lattice structures [3]. Xue et
al. [4] designed the dual scale hybrid lattice structures consisting of three kinds of unit cells and
investigated their mechanical properties. The results of experiment and FEM revealed the
improved specific strength, stiffness and energy-absorbing capacity. Lei et al. [5] proposed the
heterogeneous lattice structures with hybrid arrangement patterns based on natural biology,
indicating that the arrangement patterns significantly influenced the load-bearing capacities and
deformation behaviors. The layered-hybrid lattice structures composed of octet-truss and
modified re-entrant hexagon unit cells exhibiting distinctive deformation mode demonstrated
the potential application as protective components [6]. Pham et al. [7] demonstrated the
possibilities to enhance the functionality and performance of lattice structures with the
combination of multiple unit cell architectures from the inspiration of crystal microstructure. In
Chapter 4, C15 lattice structure was identified as a hybrid consisting of crisscross and
deltahedron

units.

Under

compression,

crisscross

units

preferentially

exhibited

a

bending-dominated deformation behavior in 1st plateau, and subsequently deltahedron units
exhibited a stretch-dominated deformation behavior in 2nd plateau, demonstrating a combined
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deformation mode. More unique properties like the C15 lattice structure should be uncovered by
designing hybrid lattice structures. For the C15 lattice structure as a hybrid, the crisscross and
deltahedron units were alternately arranged in three dimensions. The influences of spatial
arrangement patterns on the mechanical property and deformation behavior are required to be
further investigated.
The lattice structures consisting of BCC unit cells (common bending-dominated
counterpart) normally exhibit stable post-yield plateau stress, but less mechanical efficiency
with lower strength compared to stretch-dominated lattice structure, such as octet truss (also
referred to as FCC according to the design strategy by connecting the first-nearest-neighbor
nodes). However, FCC stretch-dominated lattice structure often collapsed in an unfavorable
behavior with localized shear band along a specific plane, as indicated in Fig. 3-11 in Chapter 3.
It is believed that heterogeneous strut arrangement on the potential shear band plane may
restrain the shear band formation [7], which can be achieved by hybrid structure with
heterogeneous spatial layout of different unit cell. The hybrid lattice structure composed of
bending- and stretch-dominated unit cells may also guarantee the enhancement in stress level of
bending-dominated structure. Therefore, the hybrid lattice structure was proposed in this chapter
by combining bending-dominated BCC and stretch-dominated FCC unit cells to take advantage
and avoid disadvantage of each. The effect of four spatial distribution patterns of the different
unit cells on the mechanical property and deformation behavior in hybrid lattice structure were
investigated. L-PBF process was applied for the fabrication of Al–12Si lattice structure. Full and
interrupted compression tests, X-ray CT observations and FEM analysis were conducted.

5.2 Materials and methods
Figure 5-1 presents the schematic illustrations and photographs of L-PBF fabricated BCC
and FCC lattice structures as well as their hybrid lattice structures. These lattice structures were
manufactured and compression loaded along Z direction. The half pieces of both BCC and FCC
lattice structures were combined with the interface parallel to the Z direction, resulting in the
hybrid lattice structure referred to as Parallel hybrid 1. The second hybrid composed of layers of
BCC and FCC unit cells in an alternate and parallel arrangement patten, which was denoted as
Parallel hybrid 2. Similarly, the vertical arrangement of BCC and FCC unit cell layers revealed
the Vertical hybrid. The classic mixture rules for predicting the properties of composite
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Fig. 5-1 Schematic diagrams and photos of L-PBF fabricated lattice structures of parallel
hybrid 1, parallel hybrid 2, vertical hybrid, and 3-dimensional hybrid compared with BCC
and FCC control lattice structures.
materials including Voigt model (axial loading) [8] and Reuss model (transverse loading) [9]
corresponded to the parallel and vertical hybrid lattice structures. The 3-dimensonal hybrid has
the spatial patterns of BCC and FCC unit cells arranged alternately in three dimensions. The
mixing ratio of BCC to FCC unit cells was 1:1 for all hybrid lattice structures. The diameters of
struts in BCC and FCC unit cells were determined to be 0.46 mm and 0.28 mm, respectively, to
ensure the same relative density of BCC and FCC unit cell. The L-PBF process using Al–12Si
alloy raw powder was applied to fabricate lattice structures. These lattice structures have the
same cuboid geometry of 28×28×35 mm3. The detailed processing conditions and
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post-treatment are same as used in Chapter 3. The measured relative densities of built specimens
were approximately 0.19. Compression tests and X-ray CT scan were carried out, as the details
indicated in Chapter 3. FEM was conducted by establishing a reduced C15 lattice model
consisting of 96 unit cells (x×y×z=4×4×6), as shown in Fig. 5-2. The forced displacement
corresponding to 1% height of lattice models were applied on the top plane along the Z
direction. The input material properties, mesh, boundary conditions have been shown in Chapter
3.

Fig. 5-2 An example of hybrid lattice model for FEM and applied boundary conditions.

5.3 Results and discussion
Figure 5-3 presents the normalized stress–strain responses of homogeneous BCC and FCC
lattice structures, and heterogeneous hybrid lattice structures. Homogeneous BCC and FCC
lattice structures exhibited typical stress–strain responses of bending- and stretch-dominated
lattice structures [10]. The BCC lattice structure had a flat plateau region, while the FCC lattice
structures experienced post-yield softening after reaching the initial peak stress and subsequent
plateau region with stress fluctuations. In the four hybrid lattice structures, the distinct
difference in stress–strain curves indicates that the spatial arrangement patterns play an
important role in mechanical properties of hybrids. The stress levels of plateau regions for all
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the hybrids seem to be between the plateau stresses of BCC and FCC lattice structures. The
curves of both Parallel hybrid 1 and 2 experienced prominent stress drop, the overall trend of
them is similar to the FCC lattice structure. It is noteworthy that the Parallel hybrid 2 underwent
the decrease of stress only once and maintained almost constant stress level in the nominal
strain range of 16.5~43.3%. In the Vertical hybrid and 3-dimensional hybrid, the stress–strain
curves were relatively smooth, indicating more stable mechanical behavior in the plateau
regions.
The test appearances showing the deformation behavior of compressed lattice structures at
30% nominal compressive strain are illustrated in Fig. 5-4. The shear band-like localizations of

Fig. 5-3 Compressive stress–strain responses of BCC, FCC, and their hybrid lattice
structures.

101

Fig. 5-4 Test appearance of the lattice structures at 30% nominal strain.
struts were visible in FCC and the two Parallel hybrid lattice structures, which caused the stress
instability in plateau regions as shown in Fig. 5-3. BCC and 3-dimensonal hybrid lattice
structures slightly inclined as a result of ununiform but gentle deformation of struts. For the
Vertical hybrid, it seems that the deformation concentrated at the top layers of unit cells,
whereas the large deformation was less noticeable in lower layers. However, the test
appearances cannot provide comprehensive understanding of deformation behavior of lattice
structures, due to that the most struts are invisible inside the lattices. Further investigations by
performing X-ray CT scan on the lattice structures subjected to compression loading which was
interrupted at different strain levels were carried out and discussed later.
According to the rule-of-mixture of composite materials, the theoretical properties such as
elastic modulus and yield strength are given by Voigt upper bound and Reuss lower bound. The
performances of the hybrid lattice structures in this study composed of BCC and FCC unit cells
were predicted using the mixture rule. The Voigt upper bounds corresponding to the Parallel
hybrid lattice structures are expressed as follows.
E hybrid = E BCC · V BCC + E FCC · V FCC

(5.1)

 hybrid =  BCC · V BCC +  FCC · V FCC

(5.2)

The Reuss lower bounds corresponding to the Vertical hybrid lattice structures are given by
E hybrid = (V BCC / E BCC + V FCC / E FCC)-1

(5.3)

 hybrid = (V BCC /  BCC + V FCC /  FCC)-1

(5.4)
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where E and  represent the elastic modulus and yield strength of hybrid lattice structure and
homogeneous BCC and FCC lattice structures, and V denoted the volume fractions of BCC or
FCC unit cells in hybrid lattice structures. As the mixing ratio of BCC to FCC unit cells is 1:1,
the volume fraction for both BCC (V BCC) and FCC (V FCC) is 0.5.
The quantified elastic modulus and yield strength of all lattice structures obtained by
experiments are compared to the predicted values based on rule-of-mixture according to Eq.
5.1-4, as shown in Fig. 5-5. The yield strength is calculated by the apparent 0.2% proof stress. It
is apparent that the experimental elastic moduli of three hybrid lattice structures were generally
in the range of upper- and lower-bounds by the rule-of-mixture. However, the Parallel hybrid
lattice structures corresponding to the Voigt model exhibited lower elastic modulus than the

Fig. 5-5 Elastic modulus and yield strength compared with Voigt upper bound and Reuss
lower bound.
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upper-bound, especially the elastic modulus for the Parallel hybrid 1 met the Reuss lower-bound.
Additionally, Vertical hybrid corresponding to the Reuss model showed higher elastic modulus
than the lower-bound, and 3-dimensional hybrid had the elastic modulus reaching the
upper-bound. In terms of yield strength (Fig. 5-5 (b)), all the experimental values exceed the
upper-bound of prediction value, as also indicated by Alberdi et al. [11]. The yield strength of
Parallel hybrid 2 was approximately 17% higher than the upper-bound value. The discrepancy
between the experimental and predicted values demonstrates that the traditional rule-of-mixture
is not suitable for evaluating the mechanical properties of hybrid lattice structures. The parallel
result is found in reported study [5]. The reason attributed to the deviation by rule-of-mixture
needs to be further investigated.
The energy absorption capacity of lattice structure is usually quantified by integrating the
compressive stress–strain curve. Figure 5-6 shows the changes in energy per unit volume of
tested lattice structures with the nominal strain up to 50%. At the early compression stage with
the nominal strain less than 10%, the FCC lattice structure had the highest energy per unit
volume as a result of large elastic modulus and yield strength (Figs. 5-3 and 5-5). The hybrid

Fig. 5-6 Relationships between the energy absorption capacity and nominal strain of lattice
structures.
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lattice structures exhibited lower capacities than FCC but higher than BCC lattice structure.
With an increase in nominal strain, the energy absorption capacities of Vertical hybrid and
3-dimensonal hybrid gradually exceeded that of FCC lattice structure. While the two Parallel
hybrids still showed lower energy absorption capacity, especially for Parallel hybrid 1, although
their yield strengths were higher than those of Vertical hybrid and 3-dimensonal hybrid. This
phenomenon is due to that the unstable stress–strain curves with drops significantly deteriorated
the absorbing energy. The 3-dimensonal hybrid lattice structure with stable high plateau stress
exhibited the highest energy absorption capacity of 3.8 MJ･m-3 at the 50% nominal strain,
experiencing a 14% increase compared to the homogeneous FCC lattice structure. Therefore,
the designs of hybrid lattice structures are beneficial to energy absorption improvement by
maintaining high stress level and stable plateau region. The stable plateau region is achieved by
the moderate deformation behavior suppressing drastic shear band failure. Thus, the effect of
spatial arrangement patterns of BCC and FCC unit cells on the deformation behavior
contributing to the mechanical performance of hybrid lattice structure should be clarified.
Figure 5-7 shows the interrupted stress–strain responses and the X-ray CT cross-sectional
images of (a) BCC and (b) FCC lattice structures before compression and compressed at
different nominal strains, for a better understanding of detailed deformation behavior. The
observed cross-sections for BCC and FCC lattice structure were (110) and (010) planes,
respectively. In the cross-sectional images of BCC lattice structure (Fig. 5-7 (a)), the struts in
central unit cells suffered preferential bending deformation behavior. Shear band was not
formed due to the fact that significant crack initiations and propagations were not generated on
struts at large compressive strain, leading to steady plateau region ((Fig. 5-3). This result
corresponds to the BCC lattice structure with Rd equal to 1 in Chapter 3. In contrast, a distinct
shear band formation was identified on the (111) plane in the FCC lattice structure, which is the
densest plane of struts, as indicated in Fig. 3-10 (a) in Chapter 3.
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Fig. 5-7. Stress–strain curves derived from the interrupted compression tests and X-ray CT
cross-sectional images before compression and compressed at different nominal strains of (a)
BCC and (b) FCC lattice structures.
Figure 5-8 shows the X-ray CT images of interruptedly compressed Parallel hybrid 1
lattice structure observed on different cross-sections. The observed cross-sections 1 and 2
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included the most struts present in BCC and FCC unit cells, respectively. The struts in BCC unit
cells exhibited uniform deformation behavior, no crack or fracture was observed. However, the
shear band formation appeared on the FCC half part in the hybrid lattice structure as illustrated
in cross-section 2 images. The large deformation on the shear band plane led to the fracture of
red circle-marked regions by shearing the horizontal struts. Based on these images of Parallel
hybrid 1 lattice structure, it is clear that the shear band formation in FCC unit cells was not
suppressed by the presence of BCC unit cells and did not trigger the shear behavior in BCC unit
cells either at this compression stage.

Fig. 5-8 Stress–strain curves derived from the interrupted compression tests and X-ray CT
cross-sectional images of Parallel hybrid 1 lattice structure before compression and
compressed at different nominal strains.
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For Parallel hybrid 2 lattice structure, both cross-section 1 and 2 showing the BCC and
FCC struts exhibited obvious shear band formations (Fig. 5-9). The homogeneous BCC lattice
structure deformed without the occurrence of shear band. It can be deduced that the shear
behavior in BCC unit cells was caused by the deformation of FCC unit cells. In addition, the
plane shear band occurred in the X-ray CT images of cross-section 1 of this hybrid was not in
accordance with the potential shear band plane with the densest strut arrangement (Fig. 3-5 (a)
in Chapter 3), further suggesting that the shear band in BCC unit cell was not driven by itself. In

Fig. 5-9 Stress–strain curves derived from the interrupted compression tests and X-ray CT
cross-sectional images of Parallel hybrid 2 lattice structure before compression and
compressed at different nominal strains.
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comparison to the Parallel hybrid 1, the Parallel hybrid 2 lattice structure with alternate
arrangement pattern displayed stronger interactions between the BCC and FCC unit cells. As a
result, the stress drops were much significantly reduced in Parallel hybrid 2 (with higher energy
capacity) than the Parallel hybrid 1 lattice structure (Fig. 5-3), despite the fact that shear band
was induced in the BCC unit cells in Parallel hybrid 2 rather than Parallel hybrid 1 lattice
structure (Figs. 5-8 and 5-9).
For Vertical hybrid lattice structure, it is well recognized from the two cross-sections that
the struts deformed in a localized behavior but not in a shear band pattern (Fig. 5-10). When the
compression test was firstly interrupted at 6.1% nominal strain, the X-shaped struts

Fig. 5-10 Stress–strain curves derived from the interrupted compression tests and X-ray CT
cross-sectional images of Vertical hybrid lattice structure before compression and
compressed at different nominal strains.
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(square-marked) aligned in (100) or (010) plane in FCC unit cells were bended at the upper
layers of Vertical hybrid lattice structure. Because the applied loading transferred to FCC unit
cells through the nodes of BCC unit cells, which differed from the uniform load distribution on
FCC struts in (001) plane in the case of Parallel hybrid lattice structures. The moderate
deformation in BCC unit cells indicated that the BCC struts were more rigid than the X-shaped
struts in FCC unit cells. At the 13.5% nominal strain, X-shaped struts in FCC unit cells at the
upper center region in the hybrid suffered severe bending failure (cross-section 2). As a result,
the node of FCC struts in (001) plane contacted its upper central node of BCC unit cells
(cross-section 1). Meanwhile, the lower layers of BCC and FCC unit cells did not exhibit large

Fig. 5-11 Stress–strain curves derived from the interrupted compression test and X-ray CT
cross-sectional images of 3-dimensonal hybrid lattice structure before compression and
compressed at different nominal strains.
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deformation. Continuous compression rendered a gradual spread of concentrated deformation
from upper to lower layers (22.2% nominal strain). It is believed that the sequential
layer-by-layer collapse without shear band formation was of benefit to the stability of plateau
region and energy absorption capacity (Figs. 5-3 and 5-6).
In the case of 3-dimensonal hybrid lattice structure, a barrel-like deformation pattern was
observed (Fig. 5-11). The X-shaped struts aligned in (100) or (010) plane in FCC unit cells
displayed a preferential bending deformation behavior at the central region, as shown in the
cross-sectional 2 images, which were similar to the deformation mode of struts in BCC lattice
structure (Fig. 5-7 (a)) but different from the that in FCC lattice structure (Fig. 5-7 (b)). The
images of cross-sectional 1 showing the (110) plane in the 3-dimensonal hybrid also indicated
the contact between the BCC and FCC nodes at middle height region. Importantly, the
3-dimensonal hybrid lattice structure exhibited a relatively uniform global deformation behavior
without shear instability, which contributed to the high energy absorption capacity (Fig. 5-6).
According to the X-ray CT observations showing the deformation behaviors of lattice
structures in Figs. 5-(7-11), it is clear that the spatial arrangement pattern of FCC and BCC unit
cells affected the mechanical behaviors associated with distinct deformation modes. The most
noteworthy difference among the hybrid lattice structures is that the shear band localization
appeared in Parallel hybrid and did not appear in Vertical and 3-dimensional hybrid. This can be
ascribed to the parallel (or other) arrangement of FCC unit cells with higher (or lower) tendency
to initiate shear behavior. The Parallel hybrids have the diagonal plane in FCC parts
corresponding to the preferential shear band plane of homogeneous FCC lattice structure, and
has consecutive struts in the shear band direction. In contrast, the existence of BCC unit cells
arranged in Vertical and 3-dimensional hybrid obstructed the continuity of strut on the
preferential shear band plane of FCC, resulting in the difficulty in the shear band initiation and
propagation. Therefore, appropriate arrangement pattern of different unit cells can suppress the
shear band formation and simultaneously maintain high plateau stress level, which consequently
enhance the capacity of energy absorbing in hybrid lattice structure. In addition, the
3-dimensional hybrid lattice structure with the BCC and FCC unit cells arranged alternately in
three dimensions exhibited successive deformation behavior without struts localization and had
the highest energy capacity compared to the other lattice structures, indicating that optimized
arrangement in the hybrid lattice structure may render superior mechanical property.
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FEM analysis was carried out to quantify and visibly estimate the mechanical behavior of
the lattice structures. The Mises stress distributions of 8 unit cells located at the center of lattice
models with the nominal strain of 1% are illustrated in Fig. 5-12. The struts in the unit cells of
BCC lattice structure exhibited non-uniform stress distribution, where high stress was
concentrated near the node region and the low stress was distributed at the central region of strut.
This is in accordance with the result in Fig. 2-14 (a) in Chapter 2. The FCC lattice structure
displayed relatively uniform high stress distribution, thus resulting in higher strength compared
to the BCC lattice structure. In the case of Parallel hybrid 1 and 2 lattice structures, the stress in
BCC and FCC unit cells were not noticeably varied when comparing to that in the homogeneous
BCC and FCC lattice structure. The two different unit cells did not significantly affect each
other in the Parallel hybrid at the early compression. Differently, the BCC unit cells in Vertical
hybrid exhibited less stress concentration around the node region, and the X-shaped outside
struts in FCC unit cells showed increased stress. It is considered that the severely bended FCC
struts were attributed to the high distributed stress (Fig. 5-10). It is found that the FCC unit cells
in 3-dimensional hybrid lattice structure exhibited unique behavior with high stress located in

Fig. 5-12 Mises stress distribution of unit cells in lattice models at 1% compression strain.
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X-shaped outside struts and extremely low stress distributed in the inside struts. At early
compressive stage, the inside struts hardly contributed to the load-bearing of the hybrid lattice.
After the outside struts collapsed and the node of FCC contacted its upper central node of BCC
unit cells, the inside struts of FCC may start to carry high stress. This insight is thought to be the
reason that the plateau stress of 3-dimensional hybrid increased slightly from 23.8% nominal
strain (Fig. 5-3). It is noted that the result of increased stress during plateau derived from
sequentially loaded struts is similar to the compressive behavior of C15 lattice structure with
two plateau regions in Chapter 4. Furthermore, thickening the outside struts and pruning the
inside struts of FCC unit cells in 3-dimensional hybrid may lead to the improvement of yield
strength, and the converse may lead to the appearance of two plateau regions. The FCC unit cell
with diameter adjustment on the outside and inside struts is analogous to the L12 crystal
structure. The above deduction needs to be verified in the future through the compression
experiments on the hybrid lattice structures composed of BCC and L12-inspired unit cells.
It has been suggested that shear band occurred in lattice structure is triggered by the crack
initiation and propagation at the tensile stressed regions in struts (Fig. 3-7 in Chapter 3). To
compare the tendency of shear band initiation in hybrid lattice structure from the point of view

Fig. 5-13 Average Mises stress at the tensile stress localized parts in struts in (a) FCC and (b)
BCC unit cell at 1% nominal strain of lattice structures.
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of stress concentration, the average Mises stress around the tensile stress localized parts in struts
(corresponding to the crack initiation region in the case of FCC, Parallel hybrid 1 and 2 lattice
structures shown in Figs. 5-7 (a), 5-8, 5-9) in FCC and BCC unit cells at 1% nominal strain are
plotted in Fig. 5-13. The FCC lattice structure exhibited higher average Mises stress around the
tensile stress localized parts than the Vertical and 3-dimensioal hybrids, but lower value than the
Parallel hybrid lattice structures (Fig. 5-13 (a)). This result indicates that cracks related to shear
band formation has higher tendency to generate in Parallel hybrid and lower tendency in
Vertical and 3-dimensioal hybrid, compared to the FCC lattice structure with actual occurrence
of shear band. In fact, shear band formed in Parallel hybrids and did not form in Vertical and
3-dimensioal hybrid lattice structures according to the X-ray CT observation. For the struts in
BCC unit cell (Fig. 5-13 (b)), all the hybrid lattice structures have lower average Mises stress
around the tensile stress localized parts, i.e. lower tendency for shear band formation than the
BCC lattice structure, where the shear band did not occur. The shear band in BCC unit cells was
actually not observed in the hybrid lattice structures except Parallel hybrid 2. The occurrence of
shear band in Parallel hybrid 2 was driven by the shear behavior of FCC unit cells at large strain.
As discussed above, shear band formation can be suppressed in hybrid lattice structures with
appropriate arrangement pattern of different unit cells, as a result of reduced Mises stresses at
tensile stressed regions.

5.4 Conclusions
In this chapter, the hybrid lattice structure composed of bending-dominated BCC and
stretch-dominated FCC unit cells with four different arrangement patterns was designed and
fabricated by L-PBF process. The mechanical properties, deformation behaviors, and energy
absorption capacities of heterogeneous hybrids and homogeneous BCC and FCC lattice
structures were investigated. Full and interrupted compression tests, X-ray CT scan, and FEM
analysis were carried out. Based on the results, the following conclusions were drawn:
(1) The spatial arrangement patterns of BCC and FCC unit cells in hybrid lattice structures
significantly influenced the mechanical properties and deformation behavior.
(2) The experimental yield strengths of all hybrid lattice structures exceeded the upper-bound
of prediction value of the Voigt model. Traditional rule-of-mixture is not suitable for
evaluating the mechanical properties of hybrid lattice structures.
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(3) Shear bands associated with stress drops were formed in Parallel hybrids rather than
Vertical and 3-dimensioal hybrid lattice structures, due to higher concentrated Mises
stresses at tensile stressed regions in Parallel hybrids. The discontinuity of struts on the
preferential shear band plane caused by the presence of different unit cell contributed to
avoid shear band formation in hybrid lattice structures.
(4) Appropriate arrangement pattern of different unit cells can achieve high plateau stress level
without the stress loss by shear band formation. The 3-dimensioal hybrid lattice structure
with high level of mixture of BCC and FCC unit cells exhibited the highest energy capacity
of 3.8 MJ･m-3.
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6. Conclusions and future work
6.1 Conclusions
In the present study, the mechanical properties of additive-manufactured metallic lattice
structures, which were fabricated by laser powder bed fusion using aluminum alloy powders,
were investigated, and methods to enhance the mechanical performance of lattice structures
were proposed and evaluated through experimental and numerical approaches. First, the
AlSi10Mg lattice structures consisting of three different unit cell types were studied to elucidate
the effect of geometrical features the static and high-speed compressive properties, including
plateau stress, initial strain for densification, and deformation behavior. The energy absorption
capacities of the three kinds of lattice structures were compared with reported lattice structures
made of other metallic materials. The shear band formation often occurring in lattice structures,
which prompts an unstable stress–strain response and reduced energy absorption capacity, was
then focused on. The mechanism, evolution process and preferential formation planes and
directions of shear band were explored. Also, an approach by adjusting strut diameter ratios to
suppress the shear band formation was proposed on the basis of finite element analysis and
demonstrated numerically. The improvement in the compressive performance of lattice
structures was further attempted using novel design strategies. The mechanical responses of new
lattice structures designed by mimicking topologically close-packed structure of C15 Laves
phase were investigated. The deformation modes of C15 lattice structures were charactered
using Gibson-Ashby equation. Finally, the hybrid lattice structure was proposed by combining
bending-dominated BCC and stretch-dominated FCC unit cells. The effect of four spatial
arrangement patterns of the two kinds of unit cells on the mechanical properties and
deformation behavior of hybrid lattice structure were studied. The main conclusions in each
chapter of the present thesis are summarized separately as follows.

In Chapter 1, the significance of enhancement in the mechanical properties of lattice
structures for practical application were stated. The categorizations, designs, fabrication
processes, and mechanical properties of lattice structures were detailed. The reported literatures
were conducted for a better understanding of state-of-art researches and current issues of lattice
structures. Accordingly, the purpose of the present study was proposed and main objectives have
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been specified.

In Chapter 2, the effect of different unit cell morphology including body-centered cubic
(BCC), truncated octahedron (TO) and hexagon (Hexa) on the mechanical properties and
deformation behaviors of the AlSi10Mg lattice structures were elucidated. TO lattice structure
exhibited higher yield strength and plateau stress than the BCC and Hexa lattice structures.
Shear band formation occurred in BCC and TO lattice structures during compression, resulting
in the fluctuation of stress–strain curves. Continuous deformation behavior was observed in
Hexa lattice structure without cracking of struts, which could be attributed to the low distributed
Mises stress at tensile stress parts quantified by FEM analysis. Hexa lattice structure exhibited
small initial strain for densification. A large number of struts in compression direction led to the
struts overlapping and early densification. The TO lattice structure exhibited superior energy
absorption capacity reaching the level of previously reported titanium alloy lattice structures. In
addition, the results of high-speed indentation tests indicated that the practical energy absorption
properties of TO and Hexa lattice structures can be estimated by static indentation tests.

In Chapter 3, the formation mechanism and process of shear band based on BCC lattice
structure were clarified. It has been suggested that the shear band was triggered by the crack
initiation and propagation at the tensile stressed regions in struts. Shear bands were
preferentially formed on the densest plane including the most struts when the loading axis was
not parallel or perpendicular to this plane. The family of shear bands in BCC and FCC
(octet-truss) lattice structure were in accordance with the slip system of the corresponding
crystal lattices. Through the method by adjusting strut diameter ratios, the localized tensile
stress in struts can be relieved according to the FEM, suggesting a low tendency of shear band
formation. The effectiveness of this shear band suppression approach was demonstrated by the
experimental results. The compressive strength and energy absorption capacity of the BCC
lattice structures were substantially enhanced by optimized strut shape.

In Chapter 4, the lattice structures with a new configuration of C15 unit cell inspired by
topologically close-packed structure of C15 Laves phase were established, on the basis of the
consideration that the node and strut in lattice structure are analogous to the atom and atomic

118

bond in crystal structure. The C15 lattice structures with various relative densities exhibited two
plateau regions with graded stress level, enabling the structure to absorb high energy of 5.0 MJ･
m-3. The two plateau regions in C15 lattice structures were attributed to the two different units
of crisscross and deltahedron with graded relative density. Crisscross units preferentially
exhibited a bending-dominated deformation behavior in 1st plateau, and subsequently
deltahedron units exhibited a stretch-dominated deformation behavior in 2nd plateau, suggesting
the hybrid deformation mode of C15 lattice structures.

In Chapter 5, the hybrid lattice structure composed of differently arranged BCC and FCC
unit cells were examined with comparison to homogeneous BCC and FCC lattice structures.
The spatial arrangement patterns of BCC and FCC unit cells in hybrid lattice structures
significantly influenced the mechanical properties and deformation behavior. The experimental
yield strengths of all the hybrid lattice structures exceeded the upper-bound of prediction value
of the Voigt model. Shear bands associated with stress drops appeared in Parallel hybrids, due to
higher concentrated Mises stress at tensile stressed parts. The discontinuity of struts on the
preferential shear band plane caused by the presence of different unit cell contributed to avoid
shear band formation in Vertical and 3-dimensioal hybrid lattice structures. Therefore,
appropriate arrangement pattern of different unit cells can achieve high plateau stress level
without the stress loss by shear band formation, indicating high energy absorption capacity.

6.2 Future work
The changes in energy absorption capacities as a function of bulk density of all the
aluminum alloy lattice structures investigated in the present study are plotted in Fig. 6-1. A
continuous improvement in energy absorption capacity (approximate one order of magnitude in
the case of the lattice structures with close relative density) is achieved by the proposed design
strategies in Chapter 2 to 5. The strut shape optimizing in Chapter 3 leads to significant
enhancement in low capacity of BCC lattice structures. The novel C15 lattice structures in
Chapter 4 designed on the basis of the analogy with crystal structure further extend the level of
energy absorption capacity. The hybrid deformation mode of C15 lattice structures attributed to
the two different units opens up new opportunity for performance improvement using hybrids.
The BCC lattice structure hybridized by FCC unit cells with various arrangement patterns,
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indicating hybrid lattice structure in Chapter 5, has demonstrated obvious capacity enhancement.
The unit cell types exhibit remarkable effect on the performance of lattice structure, as fact that
the TO lattice structure shows the highest energy absorption capacity in this study compared to
the lattice structures with other unit cell types. The applicability of strut shape optimization and
hybrid approaches to various lattice structures implies potential mechanical improvement of TO
or other high-performance lattice structures, which should be demonstrated in the future work to
extend the boundary of used materials.

Fig. 6-1. The changes in energy absorption capacities as a function of bulk density of all
the aluminum alloy lattice structures investigated in the present study.

By integrating the presented approaches, a multi-scale lattice design strategy is put forward
to take advantage of functionality and performance of lattice structures, as shown in Fig. 6-2. In
the strut scale, the shape optimization contributes to both the strengthening and suppressing of
shear band formations. Adequate existing unit cells and those to be discovered offer the
possibilities to render high energy absorption, for lattice structures designed in unit cell scale.
The lattice structures with tailored arrangement and distributions of unit cells, relative densities,
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orientations, and mixture ratios can exhibit novel compressive behavior, such as C15 lattice
structure with characteristic features of two plateau regions and hybrid deformation mode. The
integration of multi-scale design strategies as future prospects and potential extension of the
current research, gives rise to the opportunities to maximize the mechanical properties and
broaden the functionalities of lattice structures.

Fig. 6-2. The multi-scale lattice design integrated on the basis of studied approaches.
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