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16.1 Introduction

Foam-like porous structures have been widely used in the past to design load-bearing
cellular materials (both open- and closed-cell). These foam-like materials have been
traditionally fabricated using conventional manufacturing techniques, including
liquid-state processes (e.g., direct forming, spray forming) and solid-state processes
(e.g., powder metallurgy, sintering of powders and fibers), or through electro- or
vapor-deposition (Ryan et al., 2006; Banhart, 2001; Mirzaali et al., 2016a, 2017c¢).
Although the statistical distribution of the sizes and the shape of the pores can be
adjusted to some extent by changing the processing parameters of conventional tech-
niques, such fabrication techniques suffer from multiple inherent limitations, the most
important of which is the lack of form-freedom. Additive manufacturing (AM)
processes, on the other hand, offer the freedom to precisely control the sizes and archi-
tecture of pores at the microscale (Bose et al., 2013; Murr et al., 2010; Zadpoor, 2017).
AM processes also provide the opportunity to design organic geometries with complex
internal architectures and passages that are otherwise impossible to create or control by
using conventional manufacturing techniques, such as casting or molding (Gokuldoss
et al., 2017).

In this chapter, we are primarily concerned with metallic lattice structures. Powder
bed fusion processes are perhaps the most widely used AM techniques for the fabrica-
tion of such structures. Even though the energy source may be either an electron beam
or a laser beam, we will focus on the laser beam—based powder bed fusion (L-PBF)
process. The L-PBF technique allows for creating porous structures made of metals,
polymers, or ceramics with complex microarchitectures at high resolutions (Frazier,
2014; Mirzaali et al., 2019a).

Although the L-PBF technique is generally considered to offer form-freedom, there
are still some design constraints that need to be taken into account. Several guidelines
(Kranz et al., 2015) have been proposed in the past to deal with the limitations of the
L-PBF process and to define the processibility windows. The relevant topics in this
regard include the minimum feature size (e.g., wall thickness, edges, and corners),
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the orientation of the lattice with respect to the build direction, the sizes of the over-
hangs, and the requirements regarding the design of support structures and their
removal (Wang et al., 2016). Overhangs are one of the most important aspects that
need to be carefully considered, as they can create undesired defects in lattices (Su
et al., 2012; Calignano, 2014). In this context, overhangs refer to the parts of lattice
structures that are not self-supporting. As the manufacturing process progresses, there
are no solidified sections from the previous layers that support overhangs, making
them susceptible to defect formation. Successful fabrication of overhangs is, therefore,
often dependent on the proper choice of the fabrication angle (Su et al., 2012). For
overhangs exceeding a specific size and having a smaller angle with the power bed
than a specific threshold, support structures need to be used. These support structures
need to be removed during post-processing, which can damage the AM parts.

16.2 Geometrical design

The development of lattice structures starts with geometrical design. Lattice structures
can be categorized as being either open-cell or closed-cell. Only open-cell lattices can
be fabricated using AM techniques, as it is impossible to remove the entrapped powder
particles in fully closed-cell lattices. Several principles have been proposed for the
geometrical design of lattice structures, which we will briefly review hereafter.

16.2.1 Library-based designs

Traditional design strategies include computer-aided design (CAD), implicit surfaces,
and image-based design (Giannitelli et al., 2014). CAD-based design can be obtained
using open-source or commercial CAD software. The CAD design may be trans-
formed into the standard tessellation language (STL) format to facilitate the
manufacturing processes. In addition to STL files, a vector-based approach (Ahmadi
et al., 2017) can also be implemented to create laser scanning lines for 3D printing.
There are several advantages to the vector-based approach as compared to STL files,
including the easier manipulation of the files due to a smaller size of the geometry file,
which may facilitate the design of more complex structures (see Chapter 5 for more
information).

The final lattice structure may have either a regular or an irregular microarchitec-
ture. Regular lattices are usually made by repeating one or more types of unit cells
in different spatial directions. Several types of unit cells have been proposed in the
past, such as cubic or prismatic unit cells. The unit cells can be categorized into two
main types, namely strut-based (beam-based) or sheet-based. In irregular or random
lattices, no specific repeating unit cells can be found.

16.2.1.1 Strut-based unit cells

Most metallic lattices studied to date are the beam-based ones, where beam-like struc-
tural elements (i.e., struts) are spatially arranged to create the basic unit cell
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(Fig. 16.1a,b,e,f). The dimensions and spatial arrangement of the struts determine the
geometry and topology (e.g., connectivity) of the repeating unit cell, the morpholog-
ical parameters of the lattice structures (e.g., pore size, relative density), and the overall
physical properties of the resulting porous materials (Maconachie et al., 2019). Some
examples of strut-based unit cells are body centered cubic (BCC), face centered cubic
(FCC) (Maskery et al., 2017; Zadpoor, 2019), cubic, diamond, and octet-truss (Yavari
et al., 2015).
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Figure 16.1 There are several strategies for the design of the microarchitectures of AM lattices.
Examples include strut-based (a, b) and sheet-based (c, d, and g, h) CAD designs (Callens

et al., 2020). These strut-based lattices can be fabricated by the L-PBF technique, for example,
using Ti-alloys (e.g., Ti6AI4V (de Jonge et al., 2019) (e, f)). Another approach to the design of
the microarchitecture of AM lattices is to apply optimization methods, which can result in
functionally graded porous structures (i, j). The geometry of lattices can also be based

on computed tomography (CT) images of spongy bone which allow for the fabrication of
patient-specific implants (Zadpoor, 2017) (k).

(i, j) Reprinted from Garner et al., 2019. Copyright (2020), with permission from Elsevier.
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From a mechanical viewpoint, lattice structures may be classified as being either
bending-dominated or stretch-dominated. The elastic properties of stretch-dominated
unit cells are higher than bending-dominated unit cells (Deshpande et al., 2001b).
However, pure stretching or pure bending lattices can hardly be achieved, as there
is usually a combination of bending and stretching in a unit cell. For a beam-based
unit cell with s struts and »n joints (i.e., strut intersections), the Maxwell number
(ie., M =5 —3n + 6) can be used to determine whether the unit cell is bending-
dominated (M < 0) or stretch-dominated (M > 0) (Deshpande et al., 2001a).

16.2.1.2 Sheet-based unit cells

The structural elements constituting sheet-based unit cells are the surfaces (shells) that
may be defined using mathematical equations. One class of sheet-based unit cells is the
triply periodic minimal surfaces (TPMS) that offer a high level of flexibility in
the design of lattice structures. In TPMS, pores are fully interconnected, making
them suitable for tissue engineering applications (Kapfer et al., 2011; Yoo, 2011a,b;
Bobbert et al., 2017). Another unique property of TPMS-based porous structures is
that they exhibit a mean surface curvature of zero (Zadpoor, 2015; Bobbert et al.,
2017). AM of high-quality TPMS geometries may be challenging due to the
difficulties in achieving parts with high surface quality. Some examples of TPMS
are primitive, I-WP, gyroid, Neovius, and diamond (Fig. 16.1c,g, and h).

16.2.1.3 Nonuniform designs

Both the type and dimensions of unit cells can be changed to create nonuniform lattice
structures, such as those incorporating functional gradients. AM of porous structures
with functional gradients has recently gained much attention (Choy et al., 2017,
Loh et al., 2018), particularly for biomedical applications (Han et al., 2018; Monzon
et al., 2018). Such graded designs can reduce stress concentrations and make it
possible to satisfy contradictory design requirements. AM of functionally graded lat-
tice structures is, however, challenging due to their geometrical complexity, particu-
larly if stochastic or disordered design features are included.

Disordered lattice structures (Fig. 16.1d) may have some advantages over ordered
lattices. First, random lattices offer a broader range of properties than the ordered ones,
making it possible to change the properties more smoothly. For example, independent
tuning of the elastic modulus and Poisson’s ratio can be more easily achieved using
random networks (Mirzaali et al., 2017b). Second, due to their inherently irregular
design, random networks are less susceptible to local defects resulting from the AM
process. Finally, the design of random networks is simpler than ordered networks,
particularly when several types of unit cells (e.g., stretch-dominated and bending-
dominated) need to be combined.
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16.2.1.4 Isotropylanisotropy

The theoretical upper and lower bounds (i.e., C; and C,) of isotropic porous
structure in 3D can be defined in terms of their elastic modulus (£) and Poisson’s ratio

E E
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E}, and v}, are, respectively, the elastic modulus and Poisson’s ratio of the base ma-
terial, and ¢ is defined as the volume fraction of the lattice structure.

Anisotropic lattices may, however, be used to increase the load transfer efficiency
of the lattice structures in specific directions. Such anisotropic lattices can exceed those
limits in selected directions (Berger et al., 2017).

16.2.2 Topology optimization

Topology optimization can be used to computationally design optimal lattices. Several
optimization approaches have been developed (Bendsoe and Sigmund, 2013), partic-
ularly using “inverse homogenization” techniques (Sanchez-Palencia, 1980; Bensous-
san et al., 2011) that allow for finding a spatial arrangement of unit cells and material
distribution, thereby giving rise to the desired (unusual) properties, such as a negative
thermal expansion coefficient (Sigmund and Torquato, 1997).

Different objective functions can be used for the design of AM lattices. One such
objective function is maximizing the specific stiffness (stiffness to mass ratio), which
may result in lattices with trabecular bone-like microarchitectures (Garner et al., 2019;
Wu et al., 2017a). There are optimization models based on bone tissue adaptation
processes (Zadpoor et al., 2013; Zadpoor, 2013, 2017), which are useful for the design
of bone substitutes (Fraldi et al., 2010; Chuah et al., 2010; Hollister et al., 2002)
(Fig. 16.11,j). Other objective functions, such as strain energy, can be used as well.
Multi-physics topology optimization algorithms can optimize multiple objective
functions simultaneously (Zhou et al., 2009), for example, to combine maximum
bulk modulus or elastic modulus with specific values of permeability (Guest and
Prévost, 2006; Ryan et al., 2006). There are several optimization techniques involved
in finding the optimized topology of lattice structures with multifunctional properties,
including evolutionary structural optimization (ESO) (Xie and Steven, 1993, 1997),
solid isotropic material with penalization (SIMP) (Zhou and Rozvany, 1991; Bendsge,
1989), bidirectional evolutionary structural optimization (BESO) (Huang et al., 2009;
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Huang and Xie, 2007), and level-set algorithms (Wang et al. 2003). An increasing
number of optimization tools (e.g., TOSCA, Pareto works, and PLATO (Blacker
et al., 2015)) and freely available codes (Blacker et al., 2015) can be used for
such design purposes. Integrating the specific requirements of AM processes into
(topology) optimization algorithms is an active area of research (Challis et al., 2010;
Xiao et al., 2013). An example of such integrations is the algorithms that deal with
optimizing the arrangements of support materials during AM processes (e.g., see
Langelaar (2018) and Krol et al. (2012)).

16.2.3 Metamaterials

“Batch-size-indifference” and “complexity-for-free” are the two essential features
offered by AM that could be exploited to develop novel types of “designer” materials
(Zadpoor, 2017, 2018). Such types of designer materials, which are also referred to as
metamaterials, are architected and often lattice-based structures that may exhibit
unusual properties originating from their small-scale shape (Zadpoor, 2016). One of
these remarkable properties is the possibility for a negative Poisson’s ratio (auxeticity)
(Kolken and Zadpoor, 2017), which leads to lateral expansion upon longitudinal
stretching. A wide range of other properties can be also achieved through the rational
design of metamaterials, such as shape morphing (Mirzaali et al., 2018a; van Manen
et al., 2018; Janbaz et al., 2016), strain rate dependency (Janbaz et al., 2019, 2020),
crumpling (Mirzaali et al., 2017a), and action-at-a-distance (Hedayati et al., 2018c).
Metamaterials may also be useful for biomedical applications, in which case they
are referred to as “meta-biomaterials.” For example, auxetic behavior has been
reported in skeletal tissues, such as tendons (Gatt et al., 2015) and trabecular bone.
Evidence shows that scaffolds with auxetic behavior may promote neural differentia-
tion by providing mechanical cues to pluripotent stem cells (Yan et al., 2017).
Although there is not much evidence as to the advantages of auxetic behavior for
improving bone tissue regeneration, a hybrid design of meta-biomaterials (i.e., the
rational combination of unit cells with positive and negative values of the Poisson’s
ratio) may enhance the longevity of orthopedic implants (Kolken et al., 2018).
Meta-biomaterials need to have fully open and interconnected pores to ensure
the transportation of nutrients and oxygen to the cells (Bobbert and Zadpoor, 2017;
Karageorgiou and Kaplan, 2005; Zadpoor, 2015). Lattice structures exhibit
lower elastic moduli than the bulk material they are made of, which allows them to
match the properties of native tissues, even if they are made from metals.
Meta-biomaterials can also be designed using TPMS-based geometries (Bobbert
et al.,, 2017; Al-Ketan et al., 2018; Ataee et al., 2018; Mohammed and Gibson,
2018; Yanez et al., 2018). AM strut-based and sheet-based meta-biomaterials are
currently being intensively researched and are believed to hold great promise.

16.2.4 Bio-inspired design

Bio-inspired design is another approach in the design of lattice structures (see
Chapter 17 for more information on Bio-inspired Design). Natural cellular materials,
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such as bone, cork, and wood enrich the scaffold design libraries (Nam et al., 2004;
Bucklen et al., 2008). There are several key design elements in the structures of natural
materials. These design elements can be translated into bio-inspired porous materials.
An example of natural cellular materials is the cancellous (or trabecular) bone, which is
a porous biological material made of hydroxyapatite crystals and collagen molecules
formed at several hierarchical levels. The cellular structure of the cancellous bone
consists of a connected network of trabeculae in the form of rods and plates (Ding
et al., 2018). Trabecular bone can be also seen as a functionally graded material
because its porosity distribution exhibits clear spatial patterns. These features can be
used for the design of bio-inspired lattice structures.

The bio-inspired aspect is important, particularly in the design of orthopedic
implants. When bone defects exceed a critical size, external intervention is necessary
to facilitate the healing processes (Bose et al., 2013). The repair of such a critical-size
bone defect can be challenging. The current treatment options are the use of either an
autograft (patient’s own tissue) or an allograft (donated tissue) (Parthasarathy, 2014).
However, the application of autografts and allografts is associated with limited
availability and medical challenges. The alternative solution is to design biomimetic
materials and structures, such as AM lattices. One way to create the geometry of
biomimetic lattice structures is to use imaging modalities, such as computed tomogra-
phy (CT) and magnetic resonance imaging (MRI). Such image-based designs have
been widely used for the design of biomaterials aimed for tissue reconstructions
(Hollister et al., 2000; Van FEijnatten et al., 2018). Patient-specific implants
(Fig. 16.1k), where the implant geometry and dimensions are matched to the anatomy
of the patient are also relevant in this regard (Dérand et al., 2012; Jardini et al., 2014;
Mohammed et al., 2016).

16.3 Materials

An ever-increasing list of metals can nowadays be processed using the L-PBF tech-
nique. In this section, we will review some key categories of materials relevant for
the fabrication of metallic lattices.

16.3.1 Biomedical metals and alloys

To be used in biomedical applications, materials need to exhibit good biocompatibility
(Gepreel and Niinomi, 2013). Examples of biocompatible metals are titanium (T1) and
its alloys, stainless steels, cobalt-based alloys (e.g., CoCrMo), zirconium (Zr), niobium
(Nb), and tantalum (Ta). These materials exhibit good biocompatibility as well as high
corrosion resistance and good mechanical properties (Long and Rack, 1998).

Ti and its alloys (e.g., Ti6Al4V) are perhaps the most commonly used biomaterials.
Ti6Al4V is very strong and relatively inexpensive, but it exhibits lower ductility than
pure Ti (Wauthle et al., 2015a). Ti6Al4V has been widely applied and is approved for
medical use. However, there are concerns regarding its biocompatibility because of the
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presence of Al and V (Gepreel and Niinomi, 2013). Pure Ti, on the other hand, has
lower mechanical properties but higher ductility and is very biocompatible. Stainless
steel is also biocompatible, has a lower price than others, and can be easily fabricated
by the L-PBF process, but its elastic modulus is higher than Ti6Al4V (Zadpoor, 2019).
Ti6Al4V exhibits sufficiently high fatigue strength. However, its fatigue strength is,
for example, lower than that of some CoCr alloys (Ahmadi et al., 2018).

The elastic moduli of solid metals are significantly higher than those of bone. To
put this into perspective, the range of elastic moduli of cortical and trabecular bones
vary between 3 and 30 GPa (Mirzaali et al., 2016b; Rho et al., 1998) and between
0.02 and 2 GPa (Mirzaali et al., 2018b; Goldstein, 1987), respectively. The elastic
moduli of Ti6Al6V and CoCrMo are 110 and 210 GPa, respectively (Niinomi,
2003; Long and Rack, 1998). The elastic moduli of metallic biomaterials need to
be adjusted to prevent stress-shielding at the bone-implant interface. Introducing
porosity and using lattice structures is an effective approach to creating metallic
biomaterials with bone-mimicking elastic moduli. Another approach to reducing
the elastic modulus of porous structures is the addition of certain elements to the
alloys. For example, B-type Ti alloys can be developed by adding B-stabilizing ele-
ments (e.g., Ta, Nb, Zr, and Mo), which offer lower elastic moduli. Examples of such
alloys are Til3Nb13Zr (elastic modulus = 79 GPa) (Davidson et al., 1994) and
Ti29Nb13Ta4.6Zr (elastic modulus = 55—65 GPa) (Kuroda et al., 1998).

16.3.2 Biodegradable metals

Biodegradable metals are intended to be present in the body only temporarily to sup-
port the healing process. AM lattice structures made of biodegradable metals have
been recently developed (Li et al., 2020b), including L-PBF porous iron (Li et al.,
2018a), L-PBF porous magnesium (WE43) (Li et al., 2018b), and L-PBF porous
zinc (Li et al., 2020a). Different types of medical devices can be fabricated from these
biodegradable metals. Mg alloys, as an example, have been used in cardiovascular
stents (Erbel et al., 2007), bone fixation, and bone screws (Windhagen et al., 2013).

The in vitro rates of biodegradation of pure zinc and its alloys are around
20—300 pwm/year (Wen et al., 2018; Hou et al., 2018; Vojtech et al., 2011; Katarivas
Levy et al., 2017). For Fe- and Mg-based biomaterials, the rates may be, respectively,
lower than 50 pm/year and higher than 300 pm/year (Li et al. 2014a; Zheng et al.
2014), which are either too low (Fe) or too high (Mg). Mg-based biomaterials may
also produce hydrogen gas at a higher rate than can be dealt with inside the host
body. Alloying may be used to adjust the rate of biodegradation of biodegradable
metals. For instance, Mg-based alloys with elements, such as Y, Sr, Zn, Zr, and Ca
have significantly lower biodegradation rates, as compared to pure Mg (Wang et al.,
2016). These alloys also exhibit higher strengths, making them suitable for the fabri-
cation of load-bearing parts (Yuan et al., 2019a). Increasing the surface area can tune
the biodegradation rate as well. Given that lattice structures have a much larger surface
area than corresponding solid parts, they could be used to increase the biodegradation
rates of slow-degrading metals, such as iron. AM of biodegradable metals is quite
challenging, particularly in the case of magnesium and its alloys, because they are
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extremely inflammable and require special safety measures. The biodegradation pro-
cess may cause cytotoxicity (Li et al., 2015) against human cells, which is why
the cytocompatibility of all biodegradable metals should be thoroughly investigated
(Zadpoor, 2019).

16.3.3 Shape memory alloys

Shape memory alloys (SMAs) can switch between two permanent shapes when stim-
ulated by external stimuli (Andani et al., 2014). The shape memory effects originate
from the temperature-driven phase transformation of SMAs. SMAs have recently
made their way to biomedical applications. Typical SMAs include nitinol (NiTi),
which contains approximately 50% Ni and 50% Ti by atomic composition. The shape
memory behavior of NiTi originates from the change from the austenite phase to the
martensite phase in high and low temperatures, respectively (Buehler et al. 1963;
Elahinia et al., 2012). The austenitic elastic modulus of bulk nitinol is = 48 GPa,
which is significantly lower than that of Ti alloys. Nitinol can also recover relatively
large deformations of up to 8%. NiTi SMAs can undergo large strains while maintain-
ing constant stress (Haberland et al., 2014; Morgan, 2004). These characteristics make
nitinol an appropriate candidate for medical devices, including surgical guides, stents,
orthodontic wires, plates, and staples for bone fracture.

The lattice structures of near equiatomic Ni-Ti alloys are also promising materials
for application in the development of bio-implants and biological microelectrome-
chanical systems (bio-MEMS) due to their unique combination of thermal and
mechanical shape memories, high corrosion resistance, superelasticity, and biocom-
patibility (Elahinia et al., 2012; Mitchell et al., 2018). The presence of Ni in NiTi
SMAs, however, may raise concerns in biomedical applications, as Ni ranks high
in metallic allergy tests (Biesiekierski et al., 2012; Koster et al., 2000). Therefore,
surface modification techniques and alternative alloying elements have been pro-
posed (Obbard et al., 2010). For example, TiNb and related alloys (i.e., TiNbX,
where X = Zr, Ta, Hf) have been developed, which exhibit recoverable strains of
up to = 4.2% (Miyazaki et al., 2006). Ti(C, N) barrier coatings have been applied
to NiCr alloys by means of magnetron sputtering to reduce the amounts of nickel
and chromium ions released to biologically relevant environments (Banaszek and
Klimek, 2019).

Due to high reactivity, low workability, and the strong dependence of their proper-
ties on microstructure (Bormann et al., 2014; Van Humbeeck, 2018), manufacturing of
parts from SMAs could be quite difficult. AM in general and the L-PBF technique in
particular are the promising approaches for the fabrication of lattice structures of
SMAs (Speirs et al., 2017; Wang et al., 2018a). The L-PBF technique has been
recently used to fabricate lattice structures of NiTi SMAs, particularly for biomedical
applications (Hoffmann et al., 2014; Habijan et al., 2013; Haberland et al., 2014;
Bernard et al., 2012; Gorgin Karaji et al., 2017). The mechanical properties of
L-PBF NiTi SMA parts have been shown to be similar to cast NiTi SMA counterparts
(Haberland et al., 2014).
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16.3.4 Superalloys

Superalloys are the specific types of alloys, including Co-, Fe-, and Ni-based alloys,
that have superior resistance against surface degradation and are able to maintain their
mechanical properties at high temperatures and are, thus, attractive options for
aerospace, automotive, and energy industries (Kataria et al., 2020). Similar to
SMAs, superalloys may also exhibit unusual properties, such as superelasticity (i.e.,
recover large deformations). Inconel alloys, such as Inconel 100, 625, 718, and 825,
are the typical examples of Ni-based superalloys that show superior creep and oxida-
tion resistance, as well as retained mechanical properties at elevated temperatures (Han
et al., 2019; Juillet et al., 2018). The L-PBF process provides the opportunity to build
lattice structures of superalloys with complex geometries to offer a combination of
tailored mechanical properties, light weight, and heat resistance (Leary et al., 2018).

16.3.5 In-situ alloying and composites

In-situ alloying refers to the processes that combine several feedstocks with various
compositions and simultaneously feed them into the melt pool. Such a compositional
mixture can achieve tailored properties and functionalities (Bourell et al., 2017).
Examples of such materials include the L-PBF-processed in-situ Ti-26Nb alloys for
biomedical applications (Fischer et al., 2016), biofunctionalized Cu-containing tita-
nium alloys (Krakhmalev et al., 2017; Vilardell et al., 2020), and the anchorless
L-PBF AlSil2 in-situ alloy that has been developed to mitigate the residual stresses
developed during the L-PBF process (Vora et al., 2015).

Generally, reinforcing particles (mostly ceramics) or in-situ alloying elements can
be added to metal matrices to enhance the mechanical properties of the processed
materials including their hardness, stiffness, and strength, while benefiting from
the intrinsic properties of the matrix materials, such as high toughness and/or electri-
cal/thermal conductivity. Reinforcing particles can be added through ex-situ mixing
methods, such as ball milling, or be formed in-situ during the AM processes by
combining the metal matrix with the alloying elements. The processing parameters
used in the L-PBF processes, such as laser power, must be adjusted to ensure the
complete melting of the metal matrix and the alloying elements, to improve the inter-
action with the surrounding ex-situ added particles, or to achieve the maximum
reaction between the matrix and the alloying elements. For instance, Ti-TiB porous
composites have been fabricated through in-situ reaction between the Ti matrix and
TiB2 reinforcing particles (Attar et al., 2015). The concept of porous metal-matrix
composites is not restricted to ex-situ or in-situ metal-ceramic composites. It is
also possible to fabricate porous metallic glass composites through the L-PBF pro-
cess. The reinforcing agents in such composites are the crystalline phases distributed
in the porous amorphous matrix (Liang et al., 2020). The capabilities of the L-PBF
process to fabricate various metal matrix composites has been demonstrated in the
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literature (Zhang and Attar, 2016; Zhao et al., 2019; Mandal et al., 2020; Attar et al.,
2014), indicating the excellent opportunity to take advantage of both abilities of these
processes (i.e., compositing and lattice structure formation) to build lattice structures
that are reinforced by composite elements. Functionally graded lattice structures with
a gradient of chemical composition can be also created.

16.4 Process-related effects

While AM processes, particularly the L-PBF process, are capable of fabricating
lattices with complex geometries, the quality of the resulting structures significantly
depends on the processing parameters (Wang et al., 2013). Some of the important
processing parameters include laser beam power density, laser spot size, laser
scanning speed, focal offset distance, scanning strategy, and build-plate preheat
temperature (Gokuldoss et al., 2017; Wang et al., 2016) (see Chapter 3 for more
information). In order to manufacture uniform, reproducible, and reliable AM
lattices, these parameters should be controlled and adjusted. Therefore, several
design maps have been proposed in the past to help in the proper identification
and selection of AM-related processing parameters (Beuth et al., 2013; Beuth and
Klingbeil, 2001; Gockel and Beuth, 2013).

16.4.1 Effects of processing parameters on internal porosity and
microstructure

Inappropriate selection of the processing parameters can create defects, such as micro-
porosities, during the AM processes (Fig. 16.2a—e). The formation of microporosities
highly depends on the density of the energy transferred to the melting material,
because it directly affects gas/flow interactions and temperature evolution during the
AM process (see Chapter 6 for more information). It should, however, be noted that
the energy density alone cannot explain all the effects of the processing parameters
and the processing parameters should be individually optimized. When using the
L-PBF process, there are multiple processing windows within which a minimum num-
ber of pores can be achieved in lattice structures (Cosma et al., 2020; Du Plessis et al.,
2020; Salem et al., 2019; Sing et al., 2018), see Chapter 3. As a rule of thumb, low
power densities increase the microporosities due to insufficient melting. On the other
hand, at high laser power densities keyhole pore formation happens, and it may make
the melt pool more turbulent, with intensive spattering, evaporate alloying elements,
entrap inert gas, and form gas bubbles that become entrapped as the material resolidi-
fies. Moreover, increasing the hatch spacing and thickening the powder layer result in
unwanted porosities, especially in the case of thick struts (due to insufficient melting
and bonding) (Zhang et al., 2019). Such undesired porosities influence the function-
ality of the struts and may adversely affect their mechanical performance. Moreover,
unmolten particles and spatter melts increase the surface roughness of struts, which
may also deteriorate their mechanical performance, particularly their fatigue life.
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" Xeray energy (koV)
Figure 16.2 AM processing parameters affect the formation of geometrical irregularities (a) or
the micro-porosities present in the struts of lattice structures (b, ¢). Nondestructive imaging
techniques, such as CT can be used to quantify the morphological variations (d, ). Various
post-AM surface treatments can be used to introduce additional functionalities to lattice
structures (e.g., biofunctionalities). The post-AM treatments can be through layer-by-layer
approaches (Yavari et al., 2020) (f—k) or adding specific agents (e.g., silver and copper
nanoparticles) to activate self-defending abilities of AM lattice-structured biomaterials

(van Hengel et al., 2020) (1).

(a) Reprinted from Campoli et al., 2013. Copyright (2020), with permission from Elsevier.
(b—e) Reprinted from Du Plessis et al., 2020. Copyright (2020), with permission from Elsevier.
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For instance, it has been observed that for laser powers between 170 and 350 W, en-
ergy densities higher than 8 J/mm? worsen the surface quality of struts in AlSil0Mg
lattice structures while energy densities below 2 J/mm? bring about unmolten particles
and internal porosities to the extent that they prevent the successful manufacturing of
such structures (Grofmann et al., 2019). Even for a constant value of the energy den-
sity, changes in other individual processing parameters can influence the print quality
(Ghouse et al., 2017). That is why energy densities alone without specifying other pro-
cess parameters cannot be a process indicator and are unable to capture the complex
physics of the melt pool (see Chapters 3 and 4).

The actual strut thickness depends on the processing parameters too. Moreover, any
changes in the processing parameters affect the thermal history of the melt pools, and,
thus, the microstructure of lattice structures. The volume fraction of each phase highly
depends on the processing routes and process parameters (Chapter 8). Since micro-
structure is one of the most important factors determining the mechanical properties
of lattice structures, the specification of the applied L-PBF process strongly affects
the microstructure and functional properties of lattice structures (Ghouse et al., 2017).

16.4.2 Effects of strut orientation

The manufacturing quality of the struts within a lattice structure is dependent on their
orientation with respect to the building direction. Horizontal or near horizontal struts
may be associated with some difficulties, including uneven distribution of material
during layer deposition, overhang of accumulated molten material, and, thus, localized
waviness within the struts (Wauthle et al., 2015¢; Campoli et al., 2013). Such an inho-
mogeneous distribution of material can generate sharp notches on the struts, which are
prone to failure and decrease the fatigue life of the lattice structures (Dallago et al.,
2019). The orientation of struts can also introduce anisotropy into the mechanical
behavior of metallic lattices (Kok et al., 2018).

The orientation of struts or unit cells with respect to the direction, along which the
mechanical load is applied (defined by the parameter ¢) influences the fatigue proper-
ties of the porous structures, because the apparent relative density of such structures is
determined by this structural parameter. This influence has been studied in the case of
Ti6Al4V octahedral structures. In these structures, the optimized fatigue life per unit
density is obtained when 6 = 43° (Bai et al., 2020). The mechanical properties of
the lattice structure can, therefore, be adjusted by changing the orientation of unit cells.

16.4.3 Chemical composition

The chemical composition of the powder material governs the possible phase transfor-
mations during the AM process as well as the final microstructure and mechanical
properties of the resulting lattices. The presence or absence of any alloying elements
may also influence the outcome. For instance, the addition of Nb or V to Ti enhances
the stability of the 3 phase and restricts the  to o’ (martensite) transformation (Wang
et al., 2017a). As a result, the final lattice structure may show better ductility. More-
over, adding large amounts of interstitial atoms, such as O, N, and C, causes some
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titanium-based cellular structures to behave like brittle materials with no plateau
regions in their stress-strain curves. Such impurities may arise from the initial powder
bed or be due to oxygen pickup during the AM process. As a result, it is necessary to
control the amounts of such impurities, for example, by using an inert atmosphere with
high purity. The addition of pore-inducing agents to the chemical composition of raw
powders can also enhance the pore formation during the AM processes and lead to
lighter porous parts. Therefore, this effect should also be kept in mind in the design
process. To date, most of the research on the chemical compositions of the materials
fabricated by the L-PBF process has been restricted to bulk specimens.

16.5 Morphological properties

One of the requirements of a successful AM process is that the geometry of the 3D
printed part should match the CAD design (geometrical fidelity). Geometrical imper-
fections can drastically reduce the mechanical properties (e.g., fatigue properties) of
AM lattice structures. Statistical quantification of the discrepancies between the
as-designed and as-built geometries is of critical importance (Brajlih et al., 2011).
There are (at least) two types of defects in AM parts, including irregularities on the
cross-section of the struts (Fig. 16.2a) and the formation of microdefects (Campoli
etal., 2013) (Fig. 16.2b and c). The factors that influence the morphological variations
are: (a) the complexity of the geometry, (b) the processing parameters, and (c) the local
variations of the thermal properties of the system (El Elmi et al., 2020; Li et al., 2017).
There are several methods that can be used for nondestructive measurement of the
morphological properties of lattices, including optical and confocal microscopies,
scanning electron microscopy (SEM), and microcomputed tomography (uCT)
(Fig. 16.2d and e).

In order to quantify the morphological characteristics of lattice structures, nonde-
structive imaging techniques can be used. The spatial resolution of the images
(i.e., voxel size) should be equal or better than the minimum feature size that the
imaging technique needs to capture. Several steps, including image reconstruction,
image filtering (noise removal), and image segmentation, are necessary for image anal-
ysis. There are various tools and software (e.g., Image] (Abramoff et al. 2004) and
BonelJ plugin (Doube et al., 2010)) that can be used to extract this morphological
information from images.

16.5.1 Porosity

There are two types of porosities in AM lattice structures. The first type (microporos-
ities) refers to the microporosities formed within the material. The second type refers to
the porosity of the lattice structure (porous structure) as a whole. Microporosities may
be in the range of 10—50 pm (Vilaro et al. 2011), while the pores of AM lattices are
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usually >100 pum. Microporosities can act as stress concentration zones and can pro-
mote crack propagation, thereby reducing the mechanical properties of AM lattices
(Azarniya et al., 2019; Ahmed et al., 2019).

16.5.2 Pore characteristics

Pores are some of the most important morphological features of lattice structures and
are described using a host of qualitative and quantitative factors, including pore shape,
pore size, strut thickness, pore spacing, connectivity of the unit cell, and the connec-
tivity of the overall lattice structure. The pore size and distribution are among the main
indices describing the geometry of lattice structures. The morphology and microstruc-
tural characteristics of pores can be measured using optical microscope, SEM, trans-
mission electron microscope (TEM), and atomic force microscopy (AFM) (see
Chapter 6 for more details). The 3D shape of pores can be measured using uCT (in
addition to the above-mentioned characteristics). Controlling the geometrical features
of lattice structures allows one to achieve specific mechanical and physical properties.
For example, by controlling the shape, distribution, and interconnectivity of the pores
of a lattice structure (or other porous materials), it is possible to adjust the mass
transport properties (e.g., permeability) of tissue engineering scaffolds (Bobbert and
Zadpoor, 2017; Bobbert et al., 2017; Van Bael et al., 2012; Zadpoor, 2015) and in-
crease their surface area-to-volume ratio (Ahmadi et al., 2014).

16.6 Post-processing

The as-built AM lattice structures often contain defects in the form of microcavities in
individual struts, for example, due to lack of fusion (LOF) or other pore types (see
Chapter 6 for more details). The presence of these process-induced defects may intro-
duce considerable variations into the mechanical properties of AM lattices structures.
Several post-processing treatments, such as heat treatments at high temperatures com-
bined with increased pressures, can be used to eliminate or modify such (microstruc-
tural) imperfections. Post-processing can also reduce the residual stresses present in
the as-built L-PBF parts (see Chapters 9 and 12).

16.6.1 Residual stress relieving

Due to the thermal gradients experienced during AM, residual stresses develop in lat-
tice structures (Hussein et al., 2013). The amount of residual stresses depends on the
thermal history experienced during the AM process. These residual stresses can
adversely affect the mechanical performance and geometrical fidelity of AM (Macona-
chie et al., 2019). Post-processing can reduce the thermal stresses in AM parts. For
example, stress relief treatments may be used to transform the microstructure of AM
Ti6Al4V lattice structures from acicular martensite o to the alpha phase (Huang
et al., 2020). This phenomenon is concurrent with the elimination of printing-
induced residual stresses and a reduction in the cracking tendency, resulting in a sig-
nificant improvement in the fatigue behavior of post-processed AM materials (Huang
et al., 2020).
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16.6.2 Heat treatments

Heat treatments are used for improving the microstructures resulting from the L-PBF
process (Chapter 8). These treatments can influence the grain size and precipitates
(Brandl and Greitemeier, 2012; Song et al., 2014). As an example, post-AM heat treat-
ment of Ti6Al4V parts at temperatures higher than the B transus temperature (i.e.,
T = 995 °C) can thoroughly dissolve the a-phase while coarsening the prior-3 grains
(Vrancken et al., 2012). A successful heat-treatment process can also improve the
mechanical properties of AM lattice structures, such as L-PBF Ti6Al4V (Thone
et al., 2012). Such improvements in the mechanical properties are a direct consequence
of microstructural changes and the elimination of thermal stresses.

16.6.3 Hot isostatic pressing (HIP)

HIP is a common post-processing treatment that combines high temperatures with high
pressures to decrease or eliminate the internal pores present inside AM parts (Ahmadi
et al., 2019; Tammas-Williams et al., 2016; Van Hooreweder et al., 2017). Implement-
ing the HIP process can improve the ductility of AM materials (Zadpoor, 2019),
increase the quasi-static mechanical properties of AM meta-biomaterials (Ahmadi
et al., 2019), and decrease the degree of anisotropy present in metallic lattices (Wu
and Lai, 2016).

However, the role of the HIP treatment in influencing the fatigue behavior of AM
lattice structures remains controversial. Some studies have reported no improvement
of the fatigue life for AM lattice structures made of Ti6Al4V (Dallago et al., 2018)
and CoCr alloy (Cutolo et al., 2018). This can be explained by the fact that HIP treat-
ment cannot fix the defects (e.g., strut thickness variations, strut waviness) presented
on top surfaces (Dallago et al., 2018). These defects are the preferred zones for
crack initiation. In the case of Ti6Al4V lattice structure, it is shown that HIP at
1000°C/150 MPa decreases the microhardness by 20%, the yield strength by 30%,
and increases the fatigue endurance ratio at 10° cycles by 83% through removing
the pores present in the struts and the phase transformation of brittle o-martensite
to tough o + B mixed phases. The coarser o + 3 mixture can blunt the fatigue cracks,
thereby decelerating their propagation and improving the fatigue performance of the
material (Wu et al., 2017b; Huang et al., 2020).

16.6.4 Surface treatments

Several types of surface treatment processes have been proposed for (metallic) lattice
structures. One approach to smoothen the external surface of struts is physical erosion
by using abrasive materials. An example of such techniques is sandblasting, which can
remove the excess powder particles adhered to the surface of struts, introduce
compressive residual stresses to their superficial regions, and form a nanocrystalline
thin film covering the outer regions of the struts. These changes can enhance the endur-
ance limit of AM lattices (Yang et al., 2019). However, the abrasive materials may not
reach the internal struts of lattice structures. Another method to modify the surface
roughness of struts is chemical etching, which can better reach the internal struts.
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However, chemical etching may not always improve the fatigue performance of lattice
structures. For example, while chemical etching is reported to improve the
fatigue behavior of Ti6Al4V lattices, the opposite has been reported for CoCr (Van
Hooreweder and Kruth, 2017). One of the reasons is that too much material may be
removed during such a process.

Chemical surface treatments can have different influences on the fatigue proper-
ties of AM lattices. In general, there are two types of chemical surface treatments:
light chemical surface treatments that are used to remove the unmolten powders
from the strut surfaces, and chemical surface treatments for inducing specific
(bio-)functionalities (Fig. 16.2f—I). Some chemical surface treatments applied for
biofunctionalization (Fig. 16.2f—I) have been shown to improve the fatigue proper-
ties of the materials as well (Cutolo et al., 2018). There is also some evidence that
certain biofunctionalizing surface treatments, such as alkali-acid heat treatment
(Yavari et al., 2014a) and plasma electrolytic oxidation (Karaji et al., 2017), do
not affect the fatigue lives of AM lattices. Combining HIP with surface treatments,
such as sandblasting and chemical etching, however, has been shown to further
improve the fatigue lives of AM lattices (Ahmadi et al., 2019).

In the case of AM meta-biomaterials, those include surface bio-functionalization
processes that enhance the tissue regeneration performance of such materials (Yavari
et al., 2014b; Nune et al., 2018; Van Der Stok et al., 2015b; Nouri-Goushki et al.,
2019) and prevent implant-associated infections (Geng et al., 2017; Amin Yavari
et al.,, 2016; van Hengel et al., 2017; Ganjian et al., 2020). This can be achieved
through chemical and electrochemical surface treatments and coatings. Some of those
surface treatment processes may, however, decrease the mechanical properties of AM
lattices as they erode struts and make them rougher.

16.7 Physical properties

16.7.1 Density

The relative density (p) of AM lattice structures refers to the amount of solid constit-
uent that fills the nominal volume of the porous body. The relative density or porosity
(= 1—p) is among the key parameters determining the mechanical and physical prop-
erties of lattice structures. The relative density of a porous structure can be measured
using the Archimedes’ principle or through the analysis of microscopic or nCT images
(see Chapter 10 for more details). The relative density of a designed object can also be
calculated from the CAD design. The mismatches between the “designed” and
“measured” densities can be due to the formation of (geometrical) defects and the ir-
regularities caused by the AM process.

16.7.2 Surface roughness

Surface roughness is one of the most important features affecting the quality of AM
lattices. Several factors can influence the surface roughness of AM lattice structures,



Lattice structures made by laser powder bed fusion 441

including the quality of the feedstock material (Tang et al., 2015a). Moreover, unmol-
ten powder particles and the occurrence of the balling effect during the L-PBF process
can increase the surface roughness (Gu and Shen, 2009; Niu and Chang, 1999).
Unmolten particles, which may result from an inadequate level of energy input, stick
to the surface of the struts of lattice structures and roughen the surface. The third
parameter influencing the surface quality is the build rate, with higher build rates lead-
ing to poorer surface quality, which may necessitate post-AM treatments, such as
chemical polishing, shot peening, or HIP (Lyczkowska et al., 2014; Alghamdi et al.,
2019). Nondestructive imaging techniques, such as SEM and surface profilometry,
can be used to assess the surface roughness (Strano et al., 2013).

16.8 Maechanical properties

A wide variety of materials, process type, process parameters, and design factors
significantly influence the quasi-static mechanical properties and fatigue properties
of the lattice structures made through L-PBF. Whether the microstructure of the
material constituting the struts is isotropic or anisotropic may also considerably affect
the mechanical properties. In order to establish a reliable relationship between the
design of the repeating unit cell and the “effective” mechanical properties of a lattice
structure, the lattice structure should contain a minimum number of unit cells (i.e., the
minimum number of unit cells is 10 unit cells, as proposed in ISO13314). The mechan-
ical properties of functionally graded porous structures are, as expected, strongly
size-dependent. Comparing the mechanical properties of graded designs with those
of uniform structures has shown higher elastic moduli (Wang et al., 2018b) and energy
absorption capacities (Choy et al., 2017) of functionally graded lattice structures.

16.8.1 Quasi-static mechanical properties

The mechanical properties of lattices (i.e., the elastic modulus, E, and yield strength,
oy) depend on their geometrical and physical features and follow a power-law relation-
ship E = ap®, where p is the relative density (Ashby, 2006; Gibson and Ashby, 1999)
(Fig. 16.3a and b). The coefficients of the power-law (i.e., a and b) depend on the ge-
ometry of lattice structures (Hedayati et al., 2016c, d). For example, b is close to 1 for
stretch-dominated unit cells, while it tends to be closer to 2 for bending-dominated unit
cells (Ashby, 2006; Deshpande et al., 2001b).

The differences between the estimated mechanical properties (i.e., using computa-
tional modeling) and those predicted by the power-law relationship often originate
from the presence of the residual stresses created during the L-PBF process (Wang
etal., 2017b; Yan et al., 2014), uncertainties in the exact geometry of the struts (Zhang
et al., 2018), and the overestimation of the relative density when using the Archimedes
technique (Yakout et al. 2019). One of the possible reasons for such an overestimation
is the presence of unmolten powder particles on the surface of the struts.
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Figure 16.3 The mechanical properties (elastic modulus (a) and compressive strength (b)) of
L-PBF lattice structures as a function of their relative densities. The data were collected for
CoCr (Hedayati et al., 2018a; Cutolo et al., 2018), Ti-6Al-4V (Ahmadi et al., 2014; Ge et al.,
2020; Yan et al., 2015), pure titanium (Ti) (Wauthle et al., 2015a), tantalum (Ta) (Wauthle
et al., 2015b), iron (Fe) (Li et al., 2018a), and magnesium (Mg) (Li et al., 2018b). The specific
mechanical properties (i.e., the ratio of the elastic properties to the density of porous structures)
are compared with those of natural materials (e.g., cortical (Carter and Spengler 1978; Mirzaali
et al., 2016b; Mirzaali et al., 2015) and trabecular (Goldstein 1987; Mirzaali et al., 2018b;
Mirzaali et al., 2017c; Mirzaali et al., 2020) bone) and aluminum foams (Andrews et al. 1999;
Miyoshi et al., 2000; Mirzaali et al., 2016a). The endurance limit values at 10° cycles versus
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To exclude the effects of the material type, the mechanical properties can be
normalized with respect to the mechanical properties of the bulk material from which
the struts are made. However, it has been recently shown that these normalized values
of the elastic modulus and yield stress can significantly change with the type of the
material (Hedayati et al., 2018a) (Fig. 16.3a and b). Moreover, different metals have
different ductility levels and, thus, different post-yield behaviors. For example, chang-
ing the bulk material may influence the plateau stress and densification behavior at the
start of the self-contact of struts in lattice structures (Hedayati et al., 2018a). Despite
the presence of such effects, the normalized values of the quasi-static mechanical prop-
erties of AM lattices are more strongly affected by the geometrical design of the lattice
structures than the material type (Hedayati et al., 2018a; Zadpoor, 2019).

Microscale measurements of the full field strain during the mechanical testing of
AM lattices have shown that the failure of AM lattices is caused by strain concentra-
tions in the weak spots formed during the AM process (Genovese et al., 2017). The
strain concentrations intensify as the loading progresses and lead to premature
failure. While the microscale failure mechanism of AM metallic lattices seems to
be independent of their geometrical design (Genovese et al., 2017), the geometrical
design significantly influences the macroscale failure mechanisms of AM lattices
(Kadkhodapour et al., 2015; Ahmadi et al., 2014). In particular, the failure mecha-
nisms of stretch-dominated unit cells differ from those of bending-dominated unit
cells (Kadkhodapour et al., 2015). In stretch-dominated unit cells, entire rows of
unit cells collapse as the struts and joints in stretch-dominated structures are highly
stiff and do not bend under axial loads (Deshpande et al., 2001b). In contrast,
the struts of bending-dominated structures can easily rotate at their joints under
macroscopically applied loads, leading to their overall collapse (Bauer et al.,
2014). Therefore, in bending-dominated unit cells, 45° shearing bands and the conse-
quent propagation of cracks are responsible for the failure of lattice structures
(Kadkhodapour et al., 2015). The local buckling of individual struts is another failure
mechanism involved in the overall failure of AM lattices, and may lead to a more
brittle mechanical behavior (Li et al., 2014b).

There are some distinct differences between the typical stress-strain curves of
bending-dominated and stretch-dominated lattice structures. Bending-dominated
cellular structures exhibit a linear elastic behavior up until the end of their elastic
region, where the walls or edges of the unit cells start to yield, buckle, or fracture, after
which the integrity of the lattice structure is compromised around the plateau stress,
oy, and densification strain, eg4. In contrast, stretch-dominated lattice structures

<
the porosities of the LPBF-lattice structures made of Ti-6Al-4V (Yavari et al., 2015) and CoCr
(Ahmadi et al., 2018; Van Hooreweder and Kruth, 2017) and Ti (Zargarian et al., 2016; Kelly
etal., 2019) (D). Wherever possible, the data for different beam-based unit cells types, such as
diamond (D), rhombic dodecahedron (RD), and truncated cuboctahedron (TCO) and sheet-
based unit cells, including TPMS-gyroid and TPMS-diamond, were added.
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benefit from a higher strength and elastic modulus, but undergo post-yield softening.
As expected, the biodegradation process can reduce the mechanical properties of AM
lattice structures in the case of biodegradable metals. This effect has been observed to
be more severe for the yield stress than for the elastic modulus (Li et al., 2018a, b).

16.8.2 Fatigue life

The fatigue life of AM lattices is an important consideration for most of load-bearing
applications, including orthopedic implants that are often subjected to repetitive
loading due to the physical activities of the human body. Given the importance of
the biomedical applications of AM lattices, compression-compression fatigue is one
of the most well-studied types of the fatigue loading modes applied to AM lattices.
However, the other types of fatigue loading, such as tension and bending, are also
highly consequential. A macroscopically applied compression-compression load
may lead to the development of tensile stresses in the struts of AM lattice structures,
thereby promoting crack initiation and eventual strut failure. Several studies on the
compression-compression fatigue behavior of AM lattices made from different metals
have in recent years appeared in the literature (Ahmadi et al., 2018; Van Hooreweder
etal., 2017; Yavari et al., 2013, 2015; Speirs et al., 2017). The S-N curves determined
in such studies show the number of cycles to failure for different levels of the applied
stress. The endurance limit or fatigue strength is defined as the stress at which the num-
ber of loading cycles exceeds a specific threshold (e.g., 10° cycles). The fatigue
strengths of lattice structures increase with the fatigue strength of the bulk materials
of the same composition (Zargarian et al., 2019) (Fig. 16.3d).

Geometrical variables, such as the relative density and unit cell type, are also impor-
tant in this regard (Fig. 16.3d). The fatigue strength of lattice structures decreases as
the porosity increases (Yavari et al. 2013, 2015). Several normalization approaches
have been proposed in the past to eliminate the effects of the quasi-static mechanical
properties from the dynamic properties and define the so-called “normalized S-N
curves.” One of those approaches is to divide the stress levels by the yield or plateau
stress of the lattice structure. For Ti6Al4V, the S-N curves of lattice structures with
different values of the relative density but the same type of unit cell tend to collapse
into one curve once they are normalized with respect to the their quasi-static mechan-
ical properties (Yavari et al., 2013). This observation seems to be approximately
(but not exactly) valid for some other alloys as well (Ahmadi et al., 2018). The use
of a single normalized S-N curve is a powerful idea that has a huge time- and cost-
saving potential. That is because to apply a normalized S-N curve to a new lattice
structure (of the same unit cell type), one only needs to determine the plateau or yield
stress by conducting a limited number of quasi-static mechanical tests.

The tensile fatigue behavior of AM lattice structures has been also studied
(Dallago et al., 2018; Lietaert et al., 2018). The fatigue performance of AM lattices
decreases under tension-tension as compared to compression-compression loading
(Lietaert et al., 2018). The tension-compression loading, however, tends to increase
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the fatigue lives of AM lattices because, as opposed to tension-tension and
compression-compression loading modes, a smaller number of struts experience
local tensile stresses.

The geometrical design of AM lattice structures (i.e., unit cell types) significantly
influences their fatigue behavior (Yavari et al, 2015; Zhao et al., 2016) (see
Fig. 16.3d for comparison). In compression-compression fatigue, the geometry of
the unit cell determines how much of the macroscopically applied compressive loading
is experienced as tensile stresses by the struts. Sheet-based lattice structures tend to
outperform strut-based lattices in terms of their fatigue resistance (Bobbert et al.,
2017). This is due to two reasons. First, sheet-based lattices are less sensitive to the
defects and irregularities caused by the AM process. Second, due to the continuity
of their unit cells, no stress concentration points exist in sheet-based lattice structures
(Lietaert et al., 2018). The fatigue behavior of AM lattices with disordered geometries
needs to be further investigated. As for functionally graded lattice structures, they have
been found to cause a continuous redistribution of stresses due to their inhomogeneous
microstructural arrangements (Zhao et al., 2018).

In addition to geometrical design, the material type plays an important role in deter-
mining the fatigue life of AM lattices, particularly in the high cycle regime (see
Fig. 16.3d for comparison). Depending on the geometrical design and material type,
the fatigue strengths of most (strut-based) AM metallic lattices range between 20%
and 60% of their yield strengths (Ahmadi et al., 2018). Examples of the related prop-
erties that could improve the fatigue strength of AM lattices are ductile mechanical
properties (e.g., the relatively high ductility of pure titanium (Wauthle et al., 2015a)
and superelasticity (e.g., of B-type titanium alloys (Liu et al., 2017)). The L-PBF pro-
cess can also create anisotropy in the fatigue behavior and other mechanical properties
of lattice structures (Kajima et al., 2016). Further studies are, therefore, needed to
determine the relationship between the fatigue behavior and build orientation of AM
lattice structures. A recent review of fatigue performance of lattice structures is found
in (Benedetti et al., 2021).

16.9 Computational modeling and analytical solutions

Predictive models in the form of computational models (Campoli et al., 2013; Hedayati
et al., 2016¢; Du Plessis et al., 2018a) and analytical solutions (Zadpoor and Hedayati,
2016; Hedayati et al., 2017; Hedayati et al., 2016d) can be used to better understand
the roles of geometrical design, microstructure, and manufacturing defects in deter-
mining the effective properties of lattice structures. Such models can also be used in
heuristic algorithms that determine the optimal design of lattices to achieve the desired
properties under a specific loading scenario.

The analytical solutions for strut-based unit cells are usually based on the Euler-
Bernoulli or Timoshenko beam theories. The relationships between the geometrical
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design and mechanical properties for various unit cell types have been established.
One of the limitations of the analytical solutions based on the Euler-Bernoulli beam
theory is that they are only valid for unit cells with slender struts (i.e., low relative den-
sities) and deviate from experimental results and the results obtained from computa-
tional models for the higher values of the relative density (Zadpoor and Hedayati,
2016). The Timoshenko beam theory offers a better performance for thick struts.
However, exact solutions based on the Timoshenko theory are only available for a
few geometries. One of the limitations of analytical solutions is that they cannot
take the geometrical imperfections of the strut shapes into account. To improve the
accuracy of analytical solutions, the relative density of the lattice structures should
be accurately calculated taking account of the 3D shape of the struts at the junctions
(Lozanovski et al., 2020). Ignoring the 3D shapes of the struts and junctions leads
to mass multiple counting in the traditional models of lattice structures that model
the struts as two-dimensional (2D) lines (Hedayati et al., 2016b; Zadpoor and
Hedayati, 2016). Despite their lack of accuracy, analytical solutions offer unique
insights into the mechanical behavior of AM lattices and the effects of various design
parameters on mechanical properties.

Computational models can also be used to predict the geometry-property relation-
ships of AM lattices. Computational models based on high-fidelity finite element (FE)
models can offer more accurate results than analytical models (Campoli et al., 2013).
Different elements, such as solid, shell, and beam (based on the Euler-Bernoulli or
Timoshenko formulations) elements can be employed in the FE modeling of lattice
structures. The idealized geometry, as well as the actual geometry that includes the
imperfection and defects imposed during the AM processes, can be used in such FE
models. An example of the actual geometry can be constructed from the segmented
nCT images (Cho et al., 2015; Youssef et al., 2005; Du Plessis et al., 2017). Compu-
tational models can be combined with optimization algorithms to optimize the design
of lattice structures for specific applications (e.g., patient-specific implants) under a
specific set of loading conditions. One example of such optimization algorithms is
the models based on bone tissue adaptation (Arabnejad Khanoki and Pasini, 2012;
Lin et al., 2007; Wang et al., 2016).

Computational models could also predict the fatigue behavior of AM lattices. This
is important as collecting the data required for establishing experimental S-N curves of
lattice structures is extremely expensive and time-consuming. The computational
models proposed to date usually use the S-N curves of the base materials, damage
evolution laws, and iterative solutions to predict the fatigue lives of lattice structures
(Hedayati et al., 2016a, 2018b; Zargarian et al., 2016). These models can be combined
with other characterization techniques, such as digital image correlation (DIC)
(de Krijger et al., 2017) or in-situ imaging (Du Plessis et al., 2018b), to validate the
predicted strain distributions and to explore the mechanisms responsible for the local
or global failure of lattice structures.
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16.10 Applications

16.10.1 Light-weight and load-bearing structures

The high porosity and tailored mechanical properties of AM lattice structures make
them attractive options for the design of light-weight and load-bearing structures in
various industries, including the automotive, civil, energy, and aerospace industries
(Fig. 16.4a). Some examples are fairings, payload adapters, and space telescopes in
aerospace engineering, submarine bodies in maritime engineering, and sandwich
composites in civil engineering (Nagesha et al., 2020). A more specific example is
the lattice sandwich structures fabricated by L-PBF, whose application as light-
weight thermal controllers has been shown to increase the thermal capacity by up
to 50%. Such controllers are used in spacecraft to control the temperature of various
electronics (Zhou et al., 2004).

In the automotive industry, light-weight lattice structures are used for noise reduc-
tion, better recyclability, and reduced fuel consumption. A 10% decrease in the weight
of the structural parts of an automobile delivers a 6%—8% of saving in fuel consump-
tion (Nagesha et al., 2020) (partially due to the snowball effect). Moreover, the natural
frequencies of lattice structures increase with their stiffnesses, making them suitable
for application in fast motors and vibratory components. Moreover, due to the low
weight and good mechanical properties of strut-based lattice structures, they can be

Figure 16.4 AM lattices have several applications in load-bearing lightweight structures
particularly for aerospace engineering. This example is an optimized bracket designed by
Materialise 3-Matic (reprinted with permission) which exhibits 63% weight reduction (a).
Other examples of AM lattice structures include hybrid meta-implants (Kolken et al., 2018)
(b) and a patient-specific mandible implant (c).

Reprinted from Nickels, L., 2012. World’s first patient-specific jaw implant. Met. Powder Rep.
67, 12—14, Copyright (2020), with permission from Elsevier.
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used for the construction of structures located in earthquake-prone areas to prevent
subsequent damages, such as fracture, support failure, and local and global buckling
(Nagesha et al., 2020).

The relatively high specific stiffness as well as the extended stress plateau of AM
lattice structures make them attractive candidates for energy absorption, load-
bearing, and impact alleviation applications. The form-freedom offered by the
L-PBF process means that it is possible to use novel geometries and periodic patterns
that considerably enhance the energy absorption capacity of AM lattices as compared
to traditionally fabricated cellular materials (e.g., foams). It has been shown, for
example, that auxetic metamaterials offer superior energy absorption capabilities
(Yuan et al., 2019b). Moreover, stretch-dominated lattices are known for being
able to store more energy than their bending-dominated counterparts (Sun et al.,
2020). Using the AM technologies, it is also possible to optimize the internal geom-
etry of parts at several length scales to further enhance their load-bearing capacity
(Wang et al., 2018a,b).

In addition to the abovementioned applications, lattice structures can be used in
many other areas, such as the design of heat exchangers for chemical processing,
waste treatment, thermal management (Maloney et al., 2012), digital signal process-
ing (DSP), digital filtering, spectral estimation, and adaptive signal processing
(Roy, 2014).

16.10.2 Biomedical

AM parts in general and AM lattices in particular have found many biomedical appli-
cations, particularly in orthopedic (Fig. 16.4b), maxillofacial, and trauma surgeries.
Examples include the AM patient-specific mandible implants coated with hydroxyap-
atite and implanted in a patient in 2012 (Nickels, 2012) (Fig. 16.4c). AM parts have
been also applied for the reconstruction of class III cranial defects (Mertens et al.,
2013). In addition to porous implants, the L-PBF process can be used to fabricate
multifunctional porous medical devices (Bartolo and Bidanda, 2008), controlled
drug delivery systems (Burton et al., 2019), and engineered tissues (Putra et al.,
2020; Stevens et al., 2008; Gibson et al. 2014).

As extensively discussed elsewhere (Bejarano et al., 2017; Zadpoor, 2019, 2020),
there are four main advantages to the use of AM lattice structures as porous biomate-
rials. First, it is possible to adjust the elastic properties, yield stress, fatigue strength,
permeability, diffusivity, and the rate of biodegradation of lattice structures through
rational design of their geometries. All these properties of porous biomaterials play
important roles in determining the in vivo performance of the relevant medical devices.
Second, the macroscale shape and microscale architecture of AM lattices can be
designed to match the specific anatomy and loading conditions of a specific patient.
Third, the surface area of AM lattice structures is much larger than that of a corre-
sponding solid material. The increased surface area of such porous biomaterials could
be used for amplifying the effects of surface bio-functionalization treatments,
such as those aimed at inducing antibacterial (van Hengel et al., 2017) and osteogenic
(Zadpoor, 2019) properties. Finally, the pore space of AM lattices not only allows for
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unhindered bony ingrowth but can also be used to accommodate drug delivery vehicles
(e.g., those loaded with growth factors (van der Stok et al., 2013, 2015a) and/or
antibiotics (Bakhshandeh et al., 2017; Croes et al., 2018; Yavari et al., 2020)) to further
enhance the performance of the resulting implants. In addition to these four advan-
tages, researchers continue to develop other innovative ways to exploit the benefits
of AM processes.

16.11 Conclusions

To summarize, we reviewed the fundamental aspects of applying the L-PBF process
for the fabrication of (metallic) lattice structures as a reference for students and
researchers who intend to use this technique. In order to have reliable and reproducible
AM lattice structures, special attention must be paid to choosing proper parameters
starting from the design steps to the fabrication process and during the post-
processing actions.

The design of the geometry of lattice structures is the first step, which determines
their overall physical (e.g., permeability) and mechanical properties. There are several
classes of geometries that can help designers to make a proper selection. Each of these
design classes can provide specific properties.

The L-PBF process parameters have a great influence on the quality of the final
parts (e.g., surface roughness, anisotropy, and geometrical fidelity) as well as the for-
mation of defects, all of which can subsequently influence the mechanical performance
of AM lattices. The proper selection and adjustment of such processing parameters can
minimize unwanted microstructural defects at macro and micro levels.

Several post-processing methods, such as HIP, heat, surface, and chemical treat-
ments can be used to reduce or eliminate some of those defects created during the
L-PBF process. Those post-treatments can also introduce multifunctionalities to AM
lattice structures (e.g., biofunctionalization) and may strongly influence their (quasi-
static or fatigue) mechanical properties. The proper selection of the processing and
post-processing parameters highly depend on the material type.

L-PBF lattice structures have found their ways to high-tech industries, such as
automotive, aerospace, and biomedical. The research into the development of process-
ing windows and the use of various kinds of materials are some of the active fields
expected to grow in the near future.

16.12 Questions

e What are the differences in geometrical and mechanical properties between bending-
dominated and stretch-dominated lattice structures?

*  What are the important morphological parameters of AM lattice structures?

e  What are the most common defects formed during the L-PBF process to fabricate lattice
structures?
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* How do the L-PBF process parameters influence the morphological and mechanical proper-
ties of AM lattice structures?

* How can the post-AM treatment processes (i.e., HIP, heat treatments, surface treatments,
chemical treatments) affect the quasi-static and fatigue properties of AM lattice structures?

*  What are the main benefits of using disordered AM lattice structures over ordered AM lattice
structures?

e What are the main advantages of in-situ alloying in the fabrication of AM lattice structures?
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