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Abstract

Additively manufactured (AM) micro-architected biodegradable metals offer a unique
combination of properties that is ideal for bone regeneration including biocompatibility,
a fully interconnected porous structure, and the possibility to fully regenerate bony
defects with native tissue upon biodegradation. Currently, the mechanical properties of
AM biodegradable porous metals can only match the values of human trabecular bone,
hindering their applications for cortical bone regeneration. So far, different approaches
have been applied to improve the mechanical properties of AM biodegradable porous
metals. Here, we present the state-of-the-art in AM biodegradable porous metals with
a focus on the effects of the material composition, geometrical design, AM process, and
post-AM treatments on their mechanical properties. We also identify a number of
challenges encountered in adopting AM biodegradable porous metals for orthopedic
applications from the mechanical viewpoint and suggest some promising areas for

future research.



1. INTRODUCTION

Due to the growing and aging population, the world is experiencing rapidly increasing
demands for bone implants used in the treatment of osteoarthritis, osteoporotic fractures,
and after bone tumor resections or traffic accident-related trauma [1]. Implants for the
treatment of critical-sized bony defects are particularly sought after, as such bone
defects seriously affect the quality and length of patients’ lives. Indeed, the market of
bone grafts and substitutes is estimated to be worth $4.15 billion by 2026 [2]. In
addition to being biocompatible, an ideal bone substitute should have a fully
interconnected porous structure to allow for bone ingrowth, possess bone-mimetic
mechanical properties, and gradually degrade in the body after the complete of bone

regeneration process [3].

Additive manufacturing (AM) has provided an unprecedented opportunities to develop
such porous metallic biomaterials for the treatment of large bone defects [4]. AM can
not only customize the macroscale shape of the implants to match the specific anatomy
of every individual patient, it can also precisely control the micro-architecture of the
fabricated structures, also known as porous structures, so as to mimic the properties of
the natural human bone. The mechanical properties, permeability (i.e., mass transport
behavior), and the cell behavior can be adjusted by manipulating the design of micro-

architected structures [5].

Up till now, many AM porous metallic biomaterials have been investigated, including

such bio-inert metals as titanium alloys [6, 7], stainless steel [8], cobalt-chromium
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alloys [9], and tantalum [10]. However, these materials stay in the body forever,
creating a lifelong risk of complications including inflammation and implant-associated
infections. Moreover, the presence of a permanently present implant means that the
bony defects can never be fully regenerated. Biodegradable metals, such as magnesium,
zinc, and iron, have the potential to tackle such problems, as they can gradually degrade
in the body [11]. Recently, AM biodegradable porous metals have been developed with
fully interconnected porous structures, good biocompatibility, and appropriate
biodegradation rates [3]. However, as the research about AM biodegradable porous
metals just appeared recently, most of them used pure metal and bending-dominated
structures. Meanwhile, AM of magnesium and zinc still remains challenging because
of their lower melting points. Currently, the mechanical properties (e.g., yield strength
and stiffness) of AM biodegradable porous metals can only match those of the human
trabecular bone, which are much lower than the values reported for the human cortical
bone [12-14]. Trabecular bone has a compressive yield strength in a range of 2-12 MPa
and an elastic modulus value between 0.1 and 5 GPa, while cortical bone has a
compressive yield strength between 170 and 193 MPa and an elastic modulus that may
be as high as 20 GPa [15]. Moreover, the mechanical properties of AM biodegradable
porous metals must be retained at a level high enough to provide mechanical support
for 12-24 weeks [11], as biodegradation takes its course. In addition to quasi-static
mechanical properties, the fatigue behavior of AM biodegradable porous metals is of
particular importance, given the fact that load-bearing orthopedic implants experience

millions of loading cycles per year and that biodegradation can deteriorate their fatigue
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lives [16]. Corrosion fatigue behavior is especially relevant to biodegradable metals, as

biodegradation tends to shorten their fatigue lives [17-19].

Therefore, it is important to improve the mechanical properties of AM biodegradable
porous metals in order to broaden their applications. As such materials are usually
micro-architected, their mechanical properties can be improved both by optimizing the
microstructure of the bulk metal they are made of and through an optimized geometrical
design. Here, we review the approaches that have so far been applied to improve the
mechanical properties of AM micro-architected metallic biomaterials, including
alloying, composites, geometrical design, AM process optimization, and post-AM

treatment.

2. EFFECT OF MATERIAL’S COMPOSITION

2.1. MATERIAL TYPE

The yield strength and elastic modulus of an AM biodegradable porous metal can be
improved by improving the mechanical properties of the material itself. Naturally,
biodegradable magnesium, zinc, and iron possess very different mechanical properties.
AM pure iron has been reported to reach the highest yield strength (200 — 352 MPa)
and elastic modulus (188 — 215 GPa) (Figure 1) [20-22]. AM pure magnesium has a
lower yield strength (51 MPa) than the human cortical bone [23], but a similar elastic
modulus (27-35 GPa) [24, 25]. While conventionally manufactured pure zinc has an
elastic modulus (70-140 GPa) being higher than that of the human cortical bone [26],

the reported values of the yield strength and elastic modulus of current AM pure zinc
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are relatively low (43-150 MPa and 12-32 GPa, respectively) [22, 27-29], probably
due to the presence of AM processing defects. In conclusion, only AM pure iron has
sufficiently high mechanical properties to allow for the introduction of the appropriate
levels of porosity. Since introducing porosity decreases both strength and stiffness,
porous biomaterials made of AM pure magnesium and zinc are only appropriate for

trabecular bone substitution.

The fatigue behavior of an AM porous metal is largely dependent on the type of the
materials they are made of. With similar geometrical designs, AM porous pure iron and
zinc have been found to show higher fatigue strengths than the AM porous magnesium
alloy, WE43 [30-32]. Remarkably, AM pure iron and zinc do not exhibit catastrophic
failures, being similar to the AM porous WE43 magnesium alloy, during fatigue tests,

which can be attributed to their highly ductile mechanical behavior.

2.2. ALLOYING

Alloying improves the strength of AM biodegradable porous metals through three
mechanisms: solid solution strengthening, second-phase strengthening, and grain
refinement strengthening. In solid solution strengthening, considerable atomic size
differences between the alloying elements and the host result in lattice distortions and
thus lead to a strong strengthening effect. As for second phase strengthening, the degree
of hardening relies on the amount, shape, and distribution of the second phase, as well
as the interface with the matrix (i.e., coherent, semi-coherent and incoherent). Alloying-

induced grain refinement is another way to increase the mechanical properties of AM
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biodegradable metals and the correlation between the grain size and yield strength is
described by the well-known Hall-Petch relationship. The undercooling required for
second-phase nucleation and the growth-inhibiting factors are believed to be the critical
factors determining the final grain size of AM metals. Taking AM biodegradable
magnesium as an example, although the elastic modulus of a Mg-based alloy is
relatively insensitive to its chemical composition [33], its yield strength can be
significantly improved through proper alloying [34, 35]. For instance, SLM Mg-1Zn
has been found to exhibit mechanical properties (ultimate tensile strength: 148 MPa
and elongation: 119%) that are even better than the as-cast counterpart [36]. That is most
likely caused by the solid solution strengthening of zinc and the uniform distribution of
the granular Mg7Zns eutectic phase as a result of a large deviation from the Mg-Zn
phase diagram [36], indicating non-equilibrium solidification and subsequent cooling
involved in SLM. The SLM bulk WE43 magnesium alloy can even reach a yield
strength of 296.3 + 2.5 MPa [37], which is comparable to the human cortical bone. In
the case of zinc, alloying enables the adjustment of both elastic modulus and vyield
strength. For instance, SLM Zn-Mg alloys (1, 2, 3 and 4%Mg) have been found to
possess significantly increased elastic moduli and yield strengths, as compared to its
pure zinc counterpart [28], while the addition of aluminum (1, 3, and 5%) to zinc has
been found to decrease the Young’s modulus, but increase the yield strength [38], in
the case that the materials were in the as-hot-rolled state. AM Zn-Ce alloys (1, 2 and 3%
Ce) have been found to exhibit a considerably improved ultimate tensile strengths, as

Ce effectively interrupted the grain growth and caused the formation of stable
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intermetallics, contributing to grain refinement strengthening and Orowan
strengthening (Figure 2a) [39]. Similarly, an SLM Fe-Mn scaffold (25% Mn) offer
significantly higher yield strengths than the SLM pure iron scaffold (Table 1) [40, 41].
Of course, when choosing the alloying elements for AM biodegradable metals, one
should first consider their biocompatibility including elemental toxicity. The
degradation of AM biodegradable alloys should generate products that are non-toxic
and absorbable by the surrounding tissue or dissolvable for excretion via the kidney

renal system [33].

2.3. COMPOSITES

One of the attractions of composite materials is improved mechanical properties,
including both vyield strength and elastic modulus. Particle dispersion strengthening,
load transfer, and grain refinement are the key strengthening mechanisms of metal
matrix composites [42]. Uniformly distributed fine and hard reinforcing particles in the
matrix block the motion of dislocations and thus strengthen the material. Load transfer
is another very important strengthening mechanism. The applied stress can be
transferred from the matrix to the reinforcing particles, when the bonding between the
matrix and the reinforcement is strong enough. The metal matrix is protected due to the
higher strength of reinforcing particles. Reinforcing particles can also refine the grains
during the solidification process of a composite material by providing heterogeneous
nucleation sites, thereby contributing to the strength of the composite. Powder-bed-

fusion AM process, especially SLM, makes it convenient to fabricate metal matrix



composites by mixing a metal powder with a functional material [43]. For example,
reduced graphene oxide (RGO) has been used as the reinforcement to strengthen a Zn
scaffold via SLM [44]. Zn powder and RGO flakes were mixed using a ball mill under
the protection of argon gas. It was found that the homogeneously distributed RGO
contributed to the grain refinement and weakened texture. The RGO-induced grain
refinement and the efficient load transfer caused by the huge specific surface area of
RGO and the favorable interface bonding improved the mechanical strength of
biodegradable Zn (Figure 2b, c). In addition, RGO activated more slip systems in the
Zn matrix and thus improved the ductility of the composite. Mesoporous bioglass
(MBG) has been also incorporated into a Mg-Zn-Zr alloy (ZK60) through SLM [45].
Although the main purpose was to tailor the biodegradation behavior of the alloy, the
resultant SLM ZK60/MBG composite showed a significant improvement in tensile
properties, which could be attributed to the reinforcing effect of MBG nanoparticles as

well as the grain refinement.

3. EFFECT OF GEOMETRICAL DESIGN

The mechanical properties of micro-architected materials are strongly dependent on
their geometrical design, including their porosity and unit cell type. The yield strength
and elastic modulus of an AM biodegradable porous metal are directly related to its
relative density [46-48]. As for the unit cell type, there are three major types of designs,

namely beam-based (e.g., cubic, diamond and dodecahedron) ,sheet-based (e.g.,



minimal surface designs, including gyroid, Schwartz P (primitive), and Schwartz D
(diamond) [4]), and plate-based structures(Figure 3a).

3.1. BEAM-BASED STRUCTURES

Structures designed using beam-like structural elements can be further divided into
bending-dominated and stretch-dominated structures. Generally, bending-dominated
structure has higher energy absorption capacities, while a stretch-dominated structures
exhibit higher yield strengths [49, 50]. For example, Lietaert et al. [51] studied the
mechanical properties of AM porous zinc scaffolds based on the stretch-dominated (i.e.,
octet truss and kagome) and bending-dominated (i.e., diamond, dodecahedron, and
FCC) unit cells. Among those structures, the kagome scaffolds showed the highest
plateau stress (15-50 MPa) for the same value of the relative density (0.2-0.3).
Surprisingly, however, the strength of the octet truss scaffolds was found to be the
lowest (5-30 MPa, 0.3-0.5 relative density), which was explained by the lower
manufacturing quality of the octet truss scaffolds, especially the horizontal struts. All
the beams of many bending-dominated unit cells, such as those of the diamond unit cell,
are tilted at around 35° relative to the building direction. However, stretch-dominated
lattice structures usually have at least some struts whose orientation is perpendicular to
the building direction, reducing the manufacturing quality of those structures [52].
Moreover, the unit cell type not only determines the mechanical properties of AM
porous metals but also decides the failure mode of the scaffolds under compression. For

example, it has been shown that the abrupt diagonal shear of SLM Mg lattice can be
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changed to progressive layer deformation or barreling, depending on the unit cell type

[53].

3.2. SHEET-BASED STRUCTURES

Triply periodic minimal surface (TPMS) structure constitute an important class of
sheet-based structures and are known to possess excellent mechanical properties.
Morphologically, TPMS architectures can be categorized into two main types, namely
minimal surface network solids and minimal surface sheet solids (Figure 3a) [54]. Al-
Ketan et al. [55] investigated the mechanical properties of a wide range of structures,
including strut-based, skeletal-TPMS, and sheet-TPMS porous structures. They
concluded that sheet-TPMS structures exhibit superior mechanical properties in terms
of the elastic modulus. Sheet-based gyroid structures can also sustain relatively higher
peak stresses and have higher toughness in comparison with skeletal gyroid structures.
Wang et al. [56] used SLM to fabricate porous Mg alloys with different micro
architecture designs and found that the gyroid structure has almost two times higher
yield strength (16.25 MPa) and Young’s modulus (0.76 GPa) than the diamond one (9.4
MPa and 0.47 GPa) with the same porosity. TMPS structure also offer some advantages
in terms of AM manufacturability as compared to structures with sharp turns or straight-
edged pores and struts, eliminating the issue of thermal deformation caused by long
overhangs [57]. In addition, TPMS structures are reported to exhibit favorable fatigue
properties because of the continuity and curvature of their structural elements. These

removes some of the sources of stress concentrations [58].
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3.3. PLATE-BASED STRUCTURES

Another emerging category of micro-architected structure are plate-based lattices, due
to their potential to achieve the upper bounds for isotropic elasticity and strain energy
storage (i.e., the Hashin-Shtrikman upper bounds) [59]. However, its superior
mechanical property comes at the cost of the manufacturing feasibility, as their closed-
cell nature obstacles the use of powder-bed AM technique. Duan et al. [60] fabricated
the 316L stainless steel lattice from a novel plate-based unit cells with face-holes by

SLM, which shows exceptional mechanical performance.

3.4. FUNCTIONALLY GRADED STRUCTURES

Functionally graded materials (FGMs) are characterized by gradual transitions in
composition, microstructure, or porosity along at least one direction, leading to
functional changes associated with at least one of their properties [61]. AM provides
great opportunities for the fabrication of functionally graded porous structures with
varied porosity (Figure 3b). The mechanical properties of functionally graded structures
could be predicted, based on the weighted average of the mechanical properties of each
constituent using the Voight model [62]. It can then be imagined that the yield strength
and the elastic modulus of FGM fall within the values corresponding to the the highest
and lowest porosities present in the structure. Maskery et al. [63] found that graded
structures underwent collapse in a layer-by-layer sequence during compression test,
suppressing the formation of diagonal shear bands, which, makes the deformation and

energy absorption profiles of functionally graded structures more predictable than
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uniform ones with the same mean relative density. Functionally graded structures have
also been shown to improve the fatigue performance of AM biodegradable porous
metals. For example, for the diamond unit cell, fatigue cracks tend to initiate at the
junctions between the two struts where tensile stress concentration occurs under
compression [30-32]. Li et al. [32] found that graded structure designs could increase
the fatigue strength of SLM porous zinc. Similar results have been obtained for AM

functionally graded porous Ti-6Al-4V [64].

4. EFFECTS OF AM PROCESS PARAMETERS

4.1. DENSITY

The mechanical properties of porous metals are largely determined by the specific AM
process applied during their fabrication. SLM process parameters, such as laser power,
scanning speed, hatch spacing, and layer thickness, have significant impacts on the
resulting relative density of the as-built specimens [65]. Internal pores inside the struts
of a scaffold can not only deteriorate the static mechanical properties of AM porous
metals but also act as crack initiation sites, shortening their fatigue life as well [66]. The
most importance factors that affect the density of SLM porous metals can all be related

to the laser energy density:

Ev="P/(V °Hs ¢ Ds)Jmm?

where Ev is the laser energy density, P is the laser power, V is the scanning speed, Hs
is the hatching space, and Ds is the layer thickness. Initially, densification increases

with increasing laser energy density to melt all powder particles and then decreases
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because excessive laser energy leads to an unstable keyhole and too strong evaporation.
As observed in the case of SLM AZ91 [67], increasing the energy density from 66
Jimm?3 to 167 J/mm?® can improve the densification process during SLM, thereby
enhancing the mechanical properties of the resulting material. However, increasing the
energy density further to above 214 J/mm? caused very high temperatures in the molten
pool and serious evaporation, leading to a failed SLM process. A similar trend has been
reported for SLM Zn as well [27] (Figure 4a). In the case of porous structures, the
scanning strategy highly affects the densification of the struts. Demir et al. [68] found
that concentric scanning is more suitable for fabricating struts than linear hatching for
SLM CoCr stents. The AM process optimization should then be adapted according to

the different micro-architectures.

4.2. MICROSTRUCTURES

Due to rapid solidification, SLM biodegradable porous metals normally have much
finer grain sizes than the conventionally manufactured counterparts, which can improve
the strengths of those materials, according to the Hall-Patch relationship [12-14]. For
biodegradable alloys, segregation of alloying elements takes place within a small
melting pool. The chemical composition is then more uniform throughout the SLM
metals, resulting in higher strength than cast counterparts. Different AM process
parameters lead to different grain sizes and grain orientations, both of which can affect
the mechanical properties of AM biodegradable porous metals [69]. A lower laser

energy density during SLM typically results in a finer microstructure due to a high
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cooling rate. In contrast, a higher laser energy density can lead to relatively equivalent
cooling rates in each directions of melt pool during solidification and thus creating the
kinetic conditions for equiaxed growth of grains during SLM. A further increase in laser
energy density may cause the coarsening of grains. Qin et al. [70] found that increasing
the scanning speed from 300 to 700 mm/s resulted in finer grains, irregular grain
morphology, and a weaker grain texture, which enhanced the strength and ductility of
SLM pure Zn (Figure 4b). Owing to the layer-by-layer nature of fabrication process,
the building orientation of the specimens affects the resulting mechanical properties as
well. For example, vertically built SLM Zn tensile specimens showed higher strength
and ductility compared with horizontally built specimens, implying the strong
anisotropy of the mechanical properties [70]. As each design has a different set of the
orientation angles of structural elements, the effects of the anisotropic microstructure
within the micro-architected structures on the mechanical properties of AM porous

biodegradable metals need to be further studied

5. EFFECT OF POST-AM TREATMENTS

5.1. HEAT-TREATMENT

As discussed above, AM metals normally have anisotropic microstructures, internal
pores, and residual stresses, which can deteriorate their ductility and fatigue strength.
Heat treatment can be used to mitigate or eliminate such detrimental effects [66]. In
general, post-AM heat treatments that can increase the ductility of the AM material are

also beneficial in terms of the fatigue strength [71]. For example, hot isostatic pressing
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(HIP) is a powerful high pressure heat treatment aimed at closing internal pores and
improving the microstructure of parts [72]. HIP has been used to significantly improve
the ductility and fatigue resistance of SLM/EBM porous Ti-6Al-4V [52, 73]. It is then
interesting to study the effect of HIP on the mechanical properties of AM biodegradable
porous metals. Annealing is an effective heat treatment to eliminate residual stress in
AM metals. The compressive strength of SLM WEA43 scaffolds was shown to decrease
after annealing [74], while SLM iron scaffolds exhibited a higher yield strength after
vacuum annealing, as a result of grain refinement caused by the residual stress as the
driving force for recrystallization (Figure 5a) [20]. For some biodegradable alloys, the
solution treatment can be followed by an ageing treatment to promote precipitation
hardening and improve the mechanical properties. Chen et al. [75] reported that the
strength of the ZK60 alloy was improved by applying the T5 treatment due to the
formation of small and uniformly distributed MgZn phase particles. Thus, special heat
treatment procedures can be developed to improve the mechanical properties of AM

biodegradable porous metals.

5.2. SURFACE TREATMENT

Adherent powder particles are typically present on the surface of as-built AM
biodegradable porous metals. Such sources of surface roughness directly affect the
fatigue strength of AM porous metals, given that local roughness effectively acts similar
to notches promoting crack initiation [76]. Therefore, chemical etching or sandblasting

has been used to polish the surface of AM biodegradable scaffolds [13, 14, 27, 77].
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Chemical etching showed minimal detrimental effects on the yield strength or stiffness
of AM biodegradable scaffolds (Figure 5b) [13, 14]. Since sandblasting has been found
to improve the fatigue resistance of AM porous titanium because of eliminated surface
imperfections and induced favorable compressive stress [7], it could be applied to
improve the fatigue resistance of AM biodegradable porous metals as well. Although
coatings on porous biomaterials are normally not aimed for improving mechanical
properties, it is interesting to study the effect of bio-functional coating as well. Plasma
electrolytic oxidation (PEO) has been shown to increase the compressive strength of
SLM WEA43 scaffolds [74]. Electrodeposition of Zn on biodegradable porous Fe core
has also been found to increase the yield strength and modulus of the scaffold [78].

6. DISCUSSION AND FUTURE RESEARCH

To date, most AM biodegradable porous metals have shown lower mechanical
properties than human cortical bone, making them more suitable for trabecular bone
substitution. According to what was discussed above, there are several approaches that
can be adopted to improve the mechanical properties of AM biodegradable porous
metals to further broaden their scope of applications as bone substitutes.

First, from the material’s point of view, commonly used strengthening methods such as
alloying and the design of metal matrix composites can be used for increasing the
mechanical properties of the bulk material from which the micro-architected porous
structures are made. The strengthening mechanisms through alloying normally include
grain boundary strengthening, solid solution strengthening, precipitation strengthening,

and dispersion strengthening. According to the Hall-Petch relationship, the yield
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strength is inversely related to the grain size. In the case of SLM, the grain size of
biodegradable porous metals can be adjusted by controlling the thermal history of each
layer, alloying elements, and reinforcing particles. In solid solution strengthening,
alloying can be used to introduce solute atoms that can cause lattice distortions that
hinder dislocation motion. Precipitation strengthening happens when the concentration
of an alloying element is beyond its solid solubility, promoting the formation of second-
phase particles. Both second-phase particles and reinforcing particles can work as
pining points for dislocations. Via these rules, high-strength alloys or composites can
be designed to improve the mechanical properties of AM biodegradable porous metals.
Secondly, from a geometrical point of view, most of the current AM biodegradable
porous metals are designed using bending-dominated unit cells (e.g., the diamond unit
cell). Micro-architected structures based on stretch-dominated unit cells or minimal
surfaces or plate-based unit cells should be applied to improve the strength and stiffness
of AM biodegradable porous metals. Functionally graded structures that combine
different unit cell types and unit cell sizes could be developed to avoid abrupt failure
and achieve better fatigue performance. Considering the fact that it is very demanding
to replicate the complex structure of the human bone [79], it is important to build a
database for the mechanical properties of the different micro-architected structures and
apply machine learning techniques to relate the relevant aspects of the geometry design
and the mechanical properties of the resulting objects.

In addition to the abovementioned factors, it is important to minimize the

manufacturing defects present in the state-of-the-art AM biodegradable metals through
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AM process optimization, post-AM heat treatments, and post-AM surface treatments.
However, identifying the optimal process parameters remains a significant challenge
given that the quality of SLM biodegradable metals is very sensitive to many factors,
including the powder characteristics, the geometry of the object, and the laser
parameters [80]. Machine learning could be used in the future to predict the process-
property relationships and effectively identify the defects [81, 82].

Finally, AM biodegradable porous implants should be designed not only with the aim
of achieving initially bone-mimicking mechanical properties but also with a proper
consideration on how those properties change with time as the biodegradation and bone
regeneration processes progress. The mechanical design of AM biodegradable porous
metals, therefore, requires a much more sophisticated approach than simple mechanical
testing, according to the standard procedures that are often used in the development of
biomaterials. The studies addressing the corrosion fatigue behavior of AM
biodegradable porous metals are still limited in number and scope. As far as mechanical
testing is concerned, the creep and aging of AM biodegradable metals and their
relationship with the time-dependent performance of orthopedic implants need to be
further investigated. Moreover, different loading regimes, such as compression-tension,
tension-tension, bending, and torsion, should be applied to AM biodegradable porous
metals, depending on the loading condition during the practical use.
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FIGURE CAPTIONS

Figure 1. The mechanical properties of AM biodegradable metals [13, 14, 20-23, 27-
29, 34-37, 40, 41, 43, 46, 47, 56, 65, 67, 70, 74, 77, 83] (a) the yield strength and (b)
elastic modulus of bulk metals as well as (¢) the yield strength and (d) elastic modulus
of porous metals.

Figure 2. The microstructures of AM biodegradable porous alloys and composites (a)
the inverse pole figures of SLM Zn and Zn-Ce parts [39], (b) TEM images showing the
interface bonding of RGO in the Zn matrix [44], and (c) the possible strengthening
mechanisms of RGO, which could effectively limit crack propagation in the composite.
Reprinted with permission from reference [39].

Figure 3. Micro-architectured structures: (a) different types of unit cell, and (b) the
designs of AM functionally graded biodegradable porous iron [46].

Figure 4. The effects of processing parameters on the quality of AM biodegradable
metals (a) relationship between the density of AM pure zinc and the energy density
related to scanning speed and power input [27], and (b) the EBSD orientation maps of
SLM pure zinc corresponding to different scanning speeds [70]. Reprinted with
permission from reference [27] [70].

Figure 5. Post treatments for AM biodegradable metals: (a) optical microscope
observation from the side view and from the top view of the as-fabricated iron cubes (1

and 2) and of the annealed iron cubes (3 and 4) [20], and (b) the surface quality of AM
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biodegradable porous magnesium alloy WE43 before and after chemical polishing.

Reprinted with permission from reference [20].
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Table 1 The mechanical properties of AM biodegradable porous metals.

Material Composition Porosity Unit cell Yield strength Elastic Vitimate Ref.
modulus strength
% MPa GPa MPa
cortical 3-5 170-193 (L*) 7-19 (L) [15, 79]
131 (T) 10-11 (T)
20-27 (R)
trabecular up to 90 2-12 0.1-5
Mg WE43 76 lattice 15 [74]
WE43+PEO 70 31
WE43+PEO 76 23
WE43+PEO+HT 76 13
WEA43 67 diamond 23 0.8 27 [13]
JDBM 75 biomimetic 4.07 0.207 [56]
JDBM 75 diamond 9.4 0.466
JDBM 75 gyroid 16.25 0.76
Fe Fe 67 +2 cubic 70+4 135+5 [41]
Fe-25Mn 67£2 1378 222 +11
Fe-35Mn 42 surface 892 34+2 304 +7 [40]
Fe 85 diamond 11 1 [46]
70 29 1
70 31 2
59 54 3
Fe 73 diamond 24 2 [14]
Fe+tHA 110 1
Zn Zn 732 diamond 4 0.40 [47]
69 + 2 gradient 6 0.46
62+3 diamond 11 0.79
Zn 75.8 diamond 11.7 0.76 [44]
Zn+RGO 75.8 diamond 19.1 11
Zn+2WE43 67 diamond 50.9 1.9 [35]
Zn+5WE43 67 diamond 66.2 2.48
Zn+8WE43 67 diamond 50.9 2.54

*L, T, and R represent longitudinal, transverse, and random.
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