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Abstract: Today, parts made by additive manufacturing (AM) methods have found many appli-
cations in the medical industry, the main reasons for which are the ability to custom design and
manufacture complex structures, their short production cycle, their ease of utilization, and on-site
fabrication, leading to the fabrication of next-generation intricate patient-specific biomedical implants.
These parts should fulfill numerous requirements, such as having acceptable mechanical strength,
biocompatibility, satisfactory surface characteristics, and excellent corrosion and wear performance.
It was known that AM techniques may lead to some uncertainties influencing part properties and
causing significant evaluation conflicts in corrosion outcomes. Meanwhile, the corrosion and wear
behavior of additively manufactured materials are not comprehensively discussed. In this regard,
the present work is a review of the state-of-the-art knowledge dedicated to reviewing the actual
scientific knowledge about the corrosion and wear response of additively manufactured biomedical
components, elucidating the relevant mechanism and influential factors to enhance the performance
of AM-manufactured implants specifically for the physiological human body fluids. Furthermore,
there is a focus on the use of reinforced composites, surface engineering, and a preparation stage
that can considerably affect the tribocorrosion behavior of AM-produced parts. The improvement of
tribocorrosion performance can have a key role in the production of advanced AM implants and the
present study can pave the way toward facile production of high-throughput AM biomedical parts
that have very high resistance to corrosion and wear.

Keywords: 3D printing; additive manufacturing; tribocorrosion; wear; corrosion; biomedical im-

plants

1. Introduction

Recently, additive manufacturing (AM) technologies as an emerging and attractive
digital fabrication procedure have become a favorite option for biomedical applications and
implant design, mostly due to their many beneficial aspects in comparison to conventional
methods. These beneficial aspects of AM methods include a fast production process; on-
site fabrication; precise control over dimensions, shape, and texture; their exceptional
capability to produce intricate and complex-shaped structures; their ability to use pre-
designed computer models; and offering cost-effective customized solutions according
to patient’s needs [1,2]. As shown in Figure 1, numerous AM techniques also known as
three-dimensional (3D) printing methods with seven main categories that are classified
according to the material addition mode and a working mechanism were introduced and
implemented [3]. The suitable method for the fabrication of metallic bioimplants should
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be chosen considering the type of material (metal, plastic, alloys, ceramics, wax), the state
of the material (powder, liquid, wire, etc.), type of consolidation (sintering, polymerizing,
fusing, laser melting, UV curing, etc.), and printing speed [4]. For the specific case of
metallic bioimplants, powder bed fusion or melting techniques are usually utilized under
which electron beam melting (EBM) and selective laser melting (SLM) are the most favored
methods. During powder bed fusion techniques (SLS, EBM, polymer laser sintering,
direct metal laser sintering, and SLM), a thermal source (laser or electron beam) is used to
selectively melt/fuse the material that is held in a tray. Then, the melted /fused materials
are consecutively printed in a layer-by-layer manner [5,6]; Figure 2 schematically exhibits
the laser powder bed fusion device and process.

3D printing/Additive manufacturing methods for metallic materials

Figure 1. The main AM and 3D printing technologies for metallic materials are classified according

to the material addition mode and working mechanism.
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Figure 2. The laser powder bed fusion device and process. Reprinted with permission from Ref. [7].
Copyright 2017 Elsevier.
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It was reported that until 2019, close to 13% of annual AM revenues directly ar-
rived from the biomedical industry and now it is expanding at an increasing speed. The
utilization of AM techniques provides the possibility for experts in this field to design
customized patient-specific bioimplants and devices with exceptionally high resolutions
even up to nanometric ranges at an affordable cost; some of the different kinds of used
metallic implants and AM-manufactured metallic implants are shown in Figure 3. More-
over, AM products can easily undergo sterilization procedures during production and
post-production steps. Therefore, the AM-manufactured parts found numerous versatile
applications in the biomedical industry, including use as joint replacements, surgical im-
plants, artificial limbs, bone and dental implants, bone fixations, hearing aids, heart valves,
osteosynthesis devices, mid-facial fracture treatment, etc. [8-19]. Despite the mentioned
advantageous aspects of AM-produced parts, unfortunately, they also have some limita-
tions, such as shrinkage issues due to heat effects, thermal damages, cracks, microfractures,
voids, the presence of porosity, etc., and it should be noted that some of the AM methods
need post-processing stages limiting their utilization, some have low processing speed and
resolution, and some have a toxic nature [9,20-25]. Other issues with AM products are
related to their corrosion and wear performance, or in other words their tribocorrosion
behavior, that is induced by the tribological and electrochemical variation of the mate-
rial due to the presence of voids, pores, molten pool boundaries, surface roughness, and
anisotropy. These properties are of crucial importance in the biomedical field since the low
wear and corrosion performance may lead to the release of toxic/allergic elements and
particles in the periphery of the implant, bacterial inflammation, and finally the loosening
and failure of the implant that necessitates second surgeries, incurring a low quality of life
and economic costs for patients [26-33].

AM-manufactured metallic implants Metallic implants used in the human body
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Figure 3. The different kinds of used metallic implants and the AM-manufactured metallic implants.

It has been established that additive manufacturing can significantly change the elec-
trochemical and tribological responses of materials. Therefore, it is of utmost importance to
study the influence of different parameters and associated mechanisms. Meanwhile, the
microstructure also plays a key role, and its refinement due to fast melting and solidifi-
cation can change the electrochemical response and reduce the wear rate. In fact, many
variables should be considered to reach an in-depth and precise view of the role of AM
manufacturing and its effects on wear and corrosion. The study of the corrosion and wear
behavior of additively manufactured metal parts in biomedical applications is crucial for
the development of safe and reliable biomedical implants. While there have been several
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studies on the topic, there are still some critical comments and shortcomings that need to
be addressed. For instance, some studies have focused on the corrosion and wear behavior
of specific alloys [34,35], while others have provided a brief overview of the processes of
wear generation and corrosion [36-38]. However, there is a need for more comprehensive
studies that investigate the effects of different factors such as the manufacturing process,
surface finish, and environmental conditions on the corrosion and wear behavior of addi-
tively manufactured metal parts in biomedical applications. Additionally, some studies
have only focused on the corrosion or wear behavior of the materials, but not both [39].
Therefore, a more holistic approach that considers both corrosion and wear behavior is
necessary. Overall, the study of corrosion and wear behavior of additively manufactured
metal parts in biomedical applications is an important area of research that requires further
investigation to ensure the safety and reliability of biomedical implants. This study aims
to investigate the corrosion and wear behavior of additively manufactured metal parts
in the context of biomedical applications. Specifically, the research seeks to understand
the mechanisms of corrosion and wear in additively manufactured alloys, the influence of
processing conditions on microstructure and subsequent corrosion and wear resistance, and
the anisotropic behavior of corrosion and wear due to the layered structure of additively
manufactured alloys.

2. Factors That Influence Corrosion Performance and Wear Performance of
AM-Manufactured Biometals

2.1. Factors That Influence Corrosion Performance

The number of 3D printable metals is limited, including stainless steel, AlSil0Mg,
Fe-based, Ti-based, Co-based, Mg-based, and Ni-based alloys [40,41]. Moreover, high
cooling rates lead to some issues that may finally influence the wear and corrosion response
via the production of preferential corrosion zones, such as the generation of nonequilibrium
phases and compositions due to extreme cooling rates [42—44], creation of molten pool
boundaries [45], and the presence of cracks, pores, and rough surfaces [46-48]. For instance,
it was proved that the presence of pores in the additive manufactured (AM) parts decreases
the passivity of the material [49]. The porosity issue, whether as the trapped gas kind or
from unmelted powders, can be prevented by the optimization of AM and 3D printing
conditions (reduction in scanning rate, increasing the laser power) [50,51]. In addition to
printing conditions, surface engineering and post-processing can remove pores [52]. The
existence of pores may lead to the local acidification and depassivation of the material
from inside of the pores, which is expedited by cathodic activity from outside of pores [53].
Meanwhile, the size, geometry, and distribution of the pores also play a role in the overall
corrosion performance.

It was reported that molten pool boundaries (MPBs) are a common issue of SLMed
parts, which can cause thermal stress, elemental segregation, and generation of non-
equilibrium phases, finally inducing localized corrosion [45]. Moreover, the other issue
regarding the SLM method is the roughness due to the Marangoni force, improper pow-
der melting, the balling phenomenon, irregular and unstable melt pool, and evaporation
during the powder melting [54,55]. Broadly speaking, surface characteristics have a great
impact on the corrosion properties of materials due to their direct intervention in interfacial
reactions with the surrounding environment, pitting susceptibility, and finally corrosion
rate [56,57]. Numerous reports are showing that an increment in the roughness can lead
to an increase in cracking initiation, oxidation kinetics, corrosion rate, and pitting suscep-
tibility in stainless steel, copper, magnesium, etc. [58-64]. It should be noted that surface
treatment and the improvement of roughness on Amed parts is a very challenging task
especially for complex-shaped samples, so these should be considered before any printing
process and the suitable technique and optimized processing parameters should be chosen.
The difficulty of reaching an excellent surface finish in AM-produced parts comes back
to powder trapping inside the mesh structure during the 3D printing process, which is
very hard to remove because of the blind spots issue [65-69]. Among other problems of
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printed materials, anisotropy can be mentioned, which is mainly caused by the divergent
rates of solidification in various directions and heat conductivity, leading to an anisotropic
corrosion response and mechanical properties [70,71]. Additionally, the varied physical
structures in the different planes can lead to versatile corrosion behavior [72]. It was
observed that the effect of anisotropy became more significant in harsh conditions and
aggressive solutions.

Electrochemical Impedance Spectroscopy (EIS) is a technique used to measure the
corrosion rate and electrochemical behavior of materials, such as Ti and Mg alloys. EIS can
provide reliable and repeatable estimations of the instantaneous corrosion rate [73]. Some
studies have used EIS to investigate the corrosion behavior of various alloys manufactured
using different AM methods, such as laser powder bed fusion, direct energy deposition,
wire arc additive manufacturing, and binder jetting. In this regard, the similarities and
differences between the equivalent electrical circuits (EECs) obtained from EIS results
for alloys manufactured using different AM methods have been studied. A comparative
EIS study of the native oxide layer of selective laser-melted and wrought alloys has been
conducted, analyzing the EECs of these materials [74]. The electrochemical response linked
to the native oxide layer of the AM-manufactured materials was found to be best fitted
by the Young impedance model, which assumes that resistivity through the oxide layer
varies exponentially. In comparison to the SLM specimen, the wrought 316L stainless steel
sample’s passive layer capacitance was consistently higher (about 1.8 times higher). Conse-
quently, the oxide layer dielectric constant of the wrought material was greater (~1.8 times
higher) than the oxide film dielectric constant of the SLM 316L sample due to the roughly
constant oxide film thickness across all samples [74]. Furthermore, EECs have been used
for the impedance spectra analysis of various materials and plasma electrolytic oxidation
(PEO) coatings [75]. These studies provide insights into the unique EECs associated with
different AM methods and their respective materials.

Furthermore, the influence of process parameters on EECs for a stated AM method
can be significant. Factors such as the composition of the alloy, microstructure, and the
presence of protective coatings can impact the EECs obtained from EIS results. Additionally,
machine learning models have been employed to predict the impedance data of EIS, offering
a potential avenue to understand the influence of process parameters on EECs for a given
AM method [76]. The influence of process parameters on EECs for a stated AM method
is a complex area of study, with factors such as alloy composition, microstructure, and
protective coatings playing significant roles in shaping the EECs obtained from EIS results.

Anti-Corrosion Bioactive Coatings

Bioactive coatings with anti-corrosive properties are being developed for a variety of
applications, including metallic bone implants. These coatings aim to improve the corrosion
resistance of the implants and prevent implant failure. Several techniques and materials are
being explored for this purpose, such as sol-gel coatings, nanocomposites, and hybrid coat-
ings. For instance, a study discusses the use of a polymerized 3-aminopropyltriethoxysilane
(APTES) layer and PLGA mixed with SDS to create a bioactive coating with antibacterial
and anticorrosive properties on a specific alloy bone implant [77]. Another study high-
lights the effectiveness of hybrid anticorrosive bioactive PEO coatings for biomedical
products made from Mg and its alloys, assessing their corrosion-protection level using
various methods [78]. Additionally, nanocomposite coatings are being developed with
enhanced corrosion and wear resistance, as well as superior mechanical and tribological
properties [79]. These advancements in multifunctional bioactive coatings hold promise for
improving the performance and longevity of metallic implants, including bone implants.

A protective coating for Mg alloys can improve their corrosion resistance [80,81], and
additive manufacturing techniques, such as laser powder bed fusion (LPBF), have been
explored for this purpose [82,83]. One study developed a magnesium—aluminum alloy
(Mg-10.6A1-0.6Zn-0.3Mn) with a record low degradation rate among all magnesium alloys,
even withstanding seawater corrosion [82]. The alloy showed enhanced passivation with
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longer immersion periods. In addition to alloy development, different coating designs have
been explored to improve the degradation rate of magnesium alloys. The coating is an
effective way to enhance the degradation rate of MG alloys, as different coating designs
can form a protective film on the surface of the Mg alloy [84]. Various types of bioactive
coatings can be applied to Mg alloys via AM methods to improve their corrosion resistance.
These coatings can be categorized into conversion coatings and deposited coatings. One
study coated a mesoporous bioactive glass on biodegradable magnesium to improve its
corrosion resistance [85]. Another study proposed a bioactive coating system to slow down
the corrosion rate of magnesium alloys and accelerate the bone fracture healing process.
The coating system can be applied via conversion coatings or deposited coatings [86].

Furthermore, bioactive coatings can be deposited on Ti and its alloys using AM
methods to improve their corrosion resistance. One study found that the application of
a bioactive coating on a Ti alloy improved its corrosion resistance [87]. Another study
evaluated the effect of a biomimetic coating on a Ti substrate, which showed improved
bioactivity and corrosion resistance [88]. Additionally, recent research has focused on
developing novel smart coating systems that facilitate better corrosion protection and
longer service life [89].

2.2. Factors That Influence Wear Performance

Wear is the destruction/removal of material per unit of time happening due to friction
with another component via mechanical procedures such as relative movements between
two various components. Different factors such as material characteristics and mechanical
properties are able to reduce the wear value [90]. Wear occurs through some well-known
mechanisms, including adhesion wear, abrasion wear, erosion, fatigue, fretting, and oxida-
tive wear with the two different intensities of mild wear (~0.01-1 mm in debris particle
size) and severe wear (larger wear debris sizes ~20-200 mm) [91]. In addition, wear occurs
in three stages: the first stage has an unstable wear rate, while the middle stage usually has
a steady low wear rate, and the final stage exhibits a faster wear rate.

Wear resistance refers to a material’s ability to resist material loss due to mechanical
action such as abrasion, edge cutting, impact, and repeated rubbing or scraping. It is an
important property for materials used in applications involving contact. Wear-resistant
materials minimize friction between mating surfaces, allowing parts to retain their form
and integrity for longer. The key factors influencing wear are temperature, sliding speed,
hardness, modulus of elasticity, load, and composition of material. The wear mechanisms
include abrasive wear, adhesive wear, erosion wear, and cavitation erosion. The wear
process can change continuously in time or with changes in operational conditions. The
wear rate, also known as the K factor, is a measure of a material’s resistance to wear [92].

It should be noted that the wear rate depends upon the shape and geometry, the
kind of materials, hardness, and toughness of the surface, presence of abrasive resistant
phases and particles in the material, AM processing parameters (scanning speed, energy),
post-processing by heat treatments, working state, and the formation of tribofilms [93].
Generally, AM-manufactured metals exhibit an equal or higher wear resistance compared
to traditional composite materials. It was reported that the utilization of a 3D-printed
composite material with high filler content can considerably improve wear resistance, so it
was recommended for long-term uses [94]. In addition, it was proved that the right material
selection can impact two-body wear behavior [95]. The aging and processing condition of
the 3D-printed material was also shown to be an influential factor in the wear response [96].

3. Titanium and Its Alloys

Titanium alloys are among the best choices for applications in the biomedical industry
due to their numerous advantages, such as favorable biocompatibility, bioactivity, osseoin-
tegration, vascularization, low elastic modulus, high specific strength, etc. [97]. Moreover,
Ti alloys exhibit high corrosion performance despite the complex and harsh condition of
physiological body fluids containing attacking ions, such as C1~, Na*, Cu?*, and K*, and
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sulfates, bicarbonates, phosphates, lymph, plasma, glucose, and proteins [98]. Thus, Ti
alloys are used for biomedical applications such as orthopedic implants [99], dental im-
plants [100], cardiovascular devices [101], surgical instruments [102], spinal implants [103],
load-bearing biomedical devices, and implants [104]. It should be noted that despite the
excellent corrosion performance of Ti, there are several dangers, including tribocorrosion,
local corrosion, and ion precipitation in the body environment, and these lead to concerns
about the long-term utilization of Ti alloys, adversely altering surface properties and cor-
rosion performance of the Ti alloys. This issue cannot be ignored and neglected since
the corrosion of implant material may result in implant failure, reducing the lifetime of
implants, and serious physical harm as corrosion products enter the peripheral tissues and
surround the Ti implants [26].

Recently, modern Ti implants have been produced through SLM and EBM additive
manufacturing techniques and attracted much attention; however, the corrosion and wear
of these modern AM-produced Ti-based materials need to be thoroughly investigated. A
new class of these implants has been designed with porous structures because of their
exceptional mechanical properties, bioactivity, and biocompatibility specifically using the
o+ (3 Ti-6Al-4V alloy [105,106]. One of the significant features of these porous structures
is related to their high surface area leading to lower corrosion resistance. In addition, the
lower electrolyte flow arising from the special geometry of pores and their connectivity can
be regarded as another reason for the reduction in the corrosion resistance [107]. Contrary
to this claim, other studies have shown that 3D-printed porous structures have comparable
or even superior corrosion resistance [108,109]. Additionally, some researchers claim that
the corrosion response of AM-produced materials resembles crevice corrosion, considering
every pore as a crevice in which oxygen deficiency occurred, leading to the generation
of an oxygen concentration difference cell. Therefore, due to the autocatalytic effect, the
dissolution rate inside the pores is increased, and the passive films surrounding the interior
of the pores deteriorate, leading to the occurrence of localized corrosion in the porous
titanium alloys [110].

The electrochemical response of AM-produced porous Ti was investigated by Morris
etal. [111]. They claimed that porosity can positively affect biocompatibility and osseointe-
gration. They reported that increasing porosity levels led to reduced mechanical strength
and increased corrosion characteristics. They indicated that the electrochemical response of
porous AM-produced Ti samples experienced crevice corrosion and intergranular corrosion
mechanisms. They also concluded that the AM-manufactured Ti samples with larger poros-
ity showed increased corrosion values; the optimum range of porosity was revealed to be
between 40% and 60% [111]. In another study, Sharp et al. [112] investigated the corrosion
performance of AM-produced Ti6Al4V gyroid lattices with varied porosity values (60-80%).
It was shown that the structure with 60% gyroid was susceptible to pitting corrosion in
comparison to 80% gyroid and solid samples, mainly due to a higher lattice surface area to
void volume ratio. However, regardless of the earlier onset of pitting corrosion, both gyroid
samples had lower corrosion rates, confirming their less severe corrosion state. Figure 4a
indicates the corrosion rates of solid 60% and 80% gyroid samples calculated through
Tafel plots, manifesting the lower corrosion rate and corrosion severity of porous samples
compared to solid samples. Additionally, Figure 4b exhibits that all samples underwent
corrosion with high variability in the corrosion extent with the appearance of corrosion
byproducts. It can also be observed that corrosion attacks mainly initiate and focus on
special locations such as corners and raised edges. The solid sample manifested a very
interconnected form, while the porous samples had distinct and isolated patches [112].
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Figure 4. (a) The corrosion rate of solid and porous Ti-6Al-4V alloy, as calculated from the Tafel plots,
and (b) the corrosion coverage state of two faces of solid, nonporous, and porous gyroid specimens.
* Indicates 60% samples having statistical significance to solid samples (p < 0.05) whilst 80% porous
samples having p = 0.0532. Adapted from [112].

For the case of bulk 3D printed Ti samples, the corrosion behavior is mainly deter-
mined through its microstructure; for instance, the SLM’s higher cooling rates facilitate
the fabrication of the acicular o martensite and hinder the production of 8 phases that
finally affect corrosion resistance. Meanwhile, during the EBM procedure and due to the
preheating process before melt scanning, the colling rate is low because of the reduced
thermal gradients. Accordingly, the microstructure of the EBM-processed Ti alloys con-
sists of coarser « lamellae with narrow f interphase regions, hence the EBM-fabricated
Ti-6Al-4V sample that exhibited numerous finer lamellar a /8 phases compared to wrought
Ti-6Al-4V [113]. It is known that 3 phases improve the resistance of charge transfer and
decrease the metal dissolution rate. In addition, the finer lamellar a /8 structures hinder the
inconsistent distribution of alloying elements, decreasing the galvanic potential between
the o and (3 phases, leading to the superior corrosion resistance of the EBM-produced
Ti-6Al-4V sample in comparison to the wrought sample [114]. The corrosion response of
SLM-produced B, &, and « + § titanium alloys was investigated by Zhou et al. [115]. They
indicated that the Ti-13Nb-13Zr alloy with B phase and «’ acicular martensitic structure
had the highest corrosion potential and the highest corrosion resistance compared to the CP
Ti and Ti-6Al-4V alloy, mainly due to the existence of stable Nb,Os phases that maintain
the integrity of the passive oxide film. In this regard, Figure 5 shows the electrochemical
Tafel curves of the samples in Ringer’s solution. It can be seen that the Ti-6Al-4V sample
has the least corrosion current density, while Ti-13Nb-13Zr manifests the highest corrosion
potential. Therefore, the occurrence of passivation is very difficult for the SLMed Ti-13Nb-
13Zr sample but whenever the passivation has occurred, the generated film is the most
integrated and stable compared to the SLMed CP Ti and Ti-6Al-4V samples [115]. It was
revealed that the presence of Zr and Nb elements in the Ti matrix can substantially promote
the resistance toward localized corrosion due to the fabrication of ZrO, and Nb,O phases
in passive TiO; layers, leading to the reduction in the Cl~ ingress and increment of the
oxide film integrity [116].

Another study Pede et al. [117] investigated the corrosion response of SLM-produced
B-type Ti alloys (Ti-42Nb and Ti-20Nb-6Ta) and compared them with CP Ti and Ti-6Al-4V
alloys. They observed that CP Ti and Ti-6A1-4V samples only had a martensitic «’ phase,
while Ti-42Nb had B phase, and Ti-20Nb-6Ta consisted of orthorhombic martensitic a”
phase. The electrochemical evaluations proved that both B-type Ti alloys exhibited superior
corrosion resistance, especially the Ti-42Nb alloy. Moreover, it was confirmed by the mass
spectrometry that there is not any considerable release of Nb or Ta in the electrolytes, while
there was clear evidence of V and Al release as a result of corrosion [117]. Additionally, -
type Ti alloys did not show any pitting corrosion or disruption of the passive film that was
related to the fabrication of tantalum /niobium oxides leading to a more stable and sturdier
passive layer even under very high electrical potentials. The high-temperature corrosion
performance of AM-manufactured and cold-rolled Ti-6Al-4V alloy was investigated by
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Liang et al. [118] and it was shown that the 3D-printed sample had a considerably higher
corrosion rate, mainly due to the generation of the a’ phase during fast cooling of 3D-
printed Ti-6Al-4V. In this regard, Figure 6 demonstrates the weight gain of these samples at
600 °C for 200 h under air (Figure 6a) and air-SO, (Figure 6b) environments.

Sk
-6} ]
= — CP Ti
s —— Ti-6AL-4V
e ' T .
E Ti-13Nb-13Zr
-8}
9
[ RPN R SRR S SR R |

08 -0.7 -06 -05 -04 -03 -02 -0.1 0.0
Potential (V)

Figure 5. The polarization Tafel curves of SLM-produced Ti-13Nb-13Zr, Ti-6Al-4V, and CP Ti in Ringer’s
solution at room temperature. Reprinted with permission from Ref. [115]. Copyright 2019 Elsevier.
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Figure 6. The plots of weight gain of 3D-printed and cold-rolled Ti-6Al-4V alloy at 600 °C for 200 h in
different environments: (a) air and (b) air-SO;. Reprinted with permission from Ref. [118]. Copyright
2020 Elsevier. Note that TC4 stands for Ti-6Al-4V alloy.

A study of the fabrication of the passive film on EBMed Ti-6Al-4V alloys was per-
formed by Gai et al. [119] with a comparison to conventional wrought samples. It was
confirmed that the passive film of the EBMed sample was thinner and more compact,
which was related to finer grain sizes and a high density of grain boundaries in the EBMed
sample. The grain boundaries and fine grains were recognized as active sites that are able
to enhance the growth rate of the passive film based on the 3D progressive nucleation
mechanism, finally leading to the improved corrosion resistance of the EBM-processed
sample, schematically shown in Figure 7. As it is seen in Figure 7a, the microstructure of the
EBMed sample is composed of fine « lamellar phases produced due to a fast solidification
process along with prior 3 grains, while these & and  grains are coarse in the wrought
sample as shown in Figure 7e. In addition, the related mechanism for the growth of passive
film on EBMed and wrought samples is schematically presented in Figure 7b,f; during the
first stage, the surface of the metal is completely covered by a continuous layer mainly
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consisting of the ideal oxides TiO, and Al;O3 on the EBMed sample, while in this stage the
surface of the wrought sample has a discontinuous oxide film. Because the fabrication of
a passive film is a diffusion-controlled process (maintaining abridged ion diffusion chan-
nels) [120], the passive film was produced at a fast rate on the EBMed surface due to its finer
grain sizes and a high fraction of grain boundaries. In this regard, the diffusion processes
of preferential Ti, Al, and O occur at the grain boundaries, leading to the improvement
of the oxidation process and increment of active sites for the growth of the oxide layer.
Therefore, the content of TiO, was significantly higher in the passive film of the EBMed
sample [119]. It was reported that the high content of TiO, in a passive layer of Ti alloys
mainly has a crystalline character, enhancing the compactness and protective property of
the passive layer. The nucleation, growth, and mechanism of the passive film are of high
significance since they can directly influence the corrosion and electrochemical response
of the materials; they can also control the transmission speed of point defects inside the
passive film. Respectively, two types of models were recommended for the nucleation and
growth of the passive film on reactive metallic surfaces entitled two-dimensional (2D) and
three-dimensional (3D) growth models [121-126]. These models were determined based
on the current time plots measured by potentiostatic polarization experiments. The corre-
sponding current-time plots for EBMed and wrought samples are shown in Figure 7c,d,g h
in which Figure 7c,g shows the passivation current transient plots, where it is seen that the
current density greatly increases to a top value due to the initiation of the oxidation reaction,
soon after it was decreased during the passive film formation. Based on the maximum
current I, and maximum time tm values, passivation started earlier on the EBMed sample
and I, was reached fewer times. Consequently, the passivation rate is faster on the EBMed
sample compared to the wrought sample [119].

(©) (d)
1.0
tm=0.15s b —data
: - = P sive
% Im=4.86x1074 A 2 etantaneous
o9 06
t £
° T 04
02
SN—— 00
°
R T T E 00 05 10 15 20 25 30 35 40
t(s) tm
= 1
OE tm=0.18s o ;
% Iy=5.15:1074 A 0.8 /
° /
03 06{
£ 1!
04{ |
'
02
g\ ~
° ° 0.0 N e e
00 05 10 15 20 25 30 35 40

2 3
t(s)

wrought sample

Figure 7. (a,e) The SEM micrographs of EBM-produced and wrought Ti-6Al-4V alloys, (b,f) the
passive film growth mechanisms for EBMed and wrought samples, (c,g) the current-time curves for
estimation of maximum passive current (I,;) and passive time (t,;) for EBMed and wrought samples,
and (d,h) the comparison plots of the current-time curves (I/1;, — t/t;) with the instantaneous and
progressive nucleation model lines for EBMed and wrought samples. Reprinted with permission
from Ref. [119]. Copyright 2018 Elsevier.

In addition to passive film characteristics, the surface roughness, wettability, and mi-
crostructure can greatly influence the electrochemical reactions. In this regard, Casadebaigt
et al. [122] studied the effect of surface roughness and microstructure on the oxidation
kinetics of laser beam melting (LBM)-processed Ti-6Al-4V alloy at 500-600 °C. They also
investigated the post-processing of these samples through HIP (hot isostatic pressure)
treatment, rolling, and annealing. The microstructure of the LBMed sample includes «’
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acicular martensite and initial B grains elongated toward the building direction. During
isothermal oxidations at 500-600 °C it was deduced that the kinetics of oxidation followed
a parabolic law. Moreover, it was observed that the weight gain of LBM samples was twice
as much as grounded LBM samples, which was attributed to its larger specific area and the
oxidation of partially melted powder; this information can also be found in Figure 8.
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Figure 8. The microstructure and weight gain of LBM-manufactured Ti-6Al-4V specimens. Reprinted
with permission from Ref. [122]. Copyright 2018 Springer.

The wear performance of AM-manufactured Ti alloys for biomedical applications has
been the subject of significant research. Surface modification has emerged as a key approach
to enhancing the wear resistance of Ti alloy surfaces, with additive manufacturing being a
focus of attention [104]. Laser-engineered net shaping (LENS), an additive manufacturing
technology, is thought to be able to directly coat alloy surfaces. Implant surfaces that
are flat or curved can benefit from this line-of-sight process, which increases implant
surface resistance to corrosion and wear [104]. The inherent irregularities on the surface
of AM components that lead to poor wear performance are due to the solidification of the
melt pool, leading to partially melted powder particles on the component surface [127],
which are in the range of 10-60 pm in diameter for SLM powders and 50-150 pm for
EBM powders [128]. Furthermore, the layer-by-layer deposition in AM causes surface
defects such as the stair-step effect [129]. Heer et al. [130] directly coated the surface of
CP Ti with silica using LENS, and during the wear test, an in situ friction film formation
was seen, indicating the material’s self-healing capabilities. This material not only had a
good hardness of 1500 HV but also showed good electrochemical qualities without being
cytotoxic. SiC powder was injected into a Ti melt pool using a high-power laser to create
a SiC-reinforced Ti matrix composite (TMC) using the LENS technique. This composite
coating was applied to CP Ti implants, improving Ti’s resistance to corrosion and wear by
approximately 100 times [131].

4. Magnesium and Its Alloys

Magnesium and its alloys are among the greatest candidates for the production of
biodegradable implants due to their exceptional physical and chemical properties, such
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as low density, high specific strength, favorable damping performance, biocompatibility,
biodegradability, similar Young’s modulus with natural bone, nontoxicity, etc. These Mg-
based components and implants can be produced by the utilization of modern additive
manufacturing technologies [15,132,133]. Thus, Mg alloys are used for applications such as
orthopedic implants, cardiovascular stents, dental implants, surgical sutures, bone fixation
devices, and drug delivery systems [134,135]. One of the most widely used classes of Mg-
based alloys is the WE43 alloy (Mg-4Y-3RE-Zr), which contains rare earth elements, such as
Nd, Y, Dy, Gd, and Zr, exhibiting a combination of strength, plasticity, and enhanced corro-
sion performance [136]. Lovasiova et al. [137] investigated the electrochemical response of
SLM-produced WE43 magnesium alloy in simulated body fluid (SBF) and reported that the
3D-printed alloy had more positive corrosion potential values compared to the as-cast alloy.
This superior corrosion behavior is due to the existence of oxides with a nobler nature in
the SLM-produced alloy. It was also shown that the microstructure can greatly affect the
corrosion rate of material in the SBF solution. Furthermore, the presence of porosities and
yttrium oxide inclusions can generate active paths for the corrosion attack, which facilitates
the penetration of the corrosive agents. Figure 9 shows the corrosion products on the
surface of the 3D-printed alloy that mainly include mixed calcium-magnesium phosphates
and carbonates with P, O, Mg, and Ca elements.

Figure 9. The corrosion products on the surface of the 3D-printed WE43 alloy along with element
distribution maps (EDS); reprinted from [137].

In another study, Dong et al. [138] studied the corrosion performance of the 3D-
printed biodegradable Mg scaffolds with porous structures that could be utilized for bone
defects as temporary bone substitutes. They used an extrusion-based AM method and
a special process to design the porous structures with highly interconnected structures
along with using MgF,—CaP and MgF, coatings to promote corrosion resistance and
biocompatibility; this procedure is shown in Figure 10. It was proved that these coatings are
not only able to fully cover the struts but also, they can infiltrate the struts by micropores,
leading to a reduction in macro- and micro-porosity. Because of the highly interconnected
porous structure of the bare sample, it had low corrosion resistance while the MgF,—CaP
coatings considerably promoted the corrosion resistance and reduced the biodegradation
rate. Generally, it was proved that porosity can directly affect corrosion performance and
cell behavior.

In another study, Li et al. [139] utilized an SLM device to produce a topologically
ordered porous WE43 scaffold with the diamond unit cell structure and investigated the
in vitro biodegradation behavior. They observed an uncommon biodegradation mechanism
in these samples starting with uniform corrosion that was followed by localized corrosion
(specifically in the scaffolds’ center region). They proved that this ordered topological de-
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sign can be a great option for the design of multifunctional bone substituting implants with
adjustable biodegradation profiles. The increment in the immersion time in these samples
led to the production of white degradation products on the struts’ surface (Figure 11a), but
samples even after 28 days still maintained their structural integrity without considerable
detachment of degraded particles. In the early times, hydrogen gas evolution rapidly in-
creased, then it gradually slowed down, but after 4-6 days the slope of the hydrogen release
increased again as shown in Figure 11b. In addition, the Mg ion concentration increased,
while the concentrations of P and Ca ions decreased (Figure 11c). The pH changes have
different manners according to location as shown in Figure 11d,e. The electrochemical
measurements by Tafel plots confirmed the occurrence of a passivation stage in the anodic
polarization branches in all samples (Figure 11f). According to Figure 11g, the corrosion
current density increased from 3 x 107> to 6 x 107> A-cm~? during the first 24 h, then
it fell after 24 h, finally reducing to 2 x 107> A-cm~2 by day 14. The scanning electron
micrographs confirmed these results as presented in Figure 12a,b, indicating that WE43
(white) was replaced by degradation products of a gray color mainly concentrated at the
center of the scaffolds rather than at the periphery. In this regard, Figure 12c schematically
represents the suggested degradation mechanism. The biodegradation rate was estimated
to be about ~20% volume after 4 weeks.
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Figure 10. A schematic presentation of the steps in the additive manufacturing of porous Mg scaffolds
with highly interconnected structures: (a,b) porous magnesium scaffold design and (c) schematic
images of the scaffold fabrication and surface modification. Reprinted with permission from Ref. [138].
Copyright 2021 Royal Society of Chemistry.
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Figure 11. Results of in vitro degradation and corrosion tests on Mg specimens: (a) as-degraded
specimens, (b) hydrogen release, (c) P, Mg, and Ca release, (d,e) pH variation in short-term and long-
term conditions, (f) potentiodynamic polarization curves, and (g) variation of open circuit potential
(OCP) and corrosion current density (icorr) with specimen immersion. Reprinted with permission
from Ref. [139]. Copyright 2018 Elsevier.
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Figure 12. Micrographs of degraded Mg scaffolds after 7 days of immersion: (a) scanning electron
micrograph, (b) back-scattered electron micrograph, and (c) schematic presentation of the proposed
degradation mechanism at the center of the WE43 scaffolds; adapted with permission from Ref. [139].
Copyright 2018 Elsevier.
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A protective coating for magnesium alloys can improve their corrosion resistance [80,81],
and additive manufacturing techniques, such as laser powder bed fusion (LPBF), have been
explored for this purpose [82,83]. One study developed a magnesium—aluminum alloy
(Mg-10.6A1-0.6Zn-0.3Mn) with a record low degradation rate among all magnesium alloys,
even withstanding seawater corrosion [82]. The alloy showed enhanced passivation with
longer immersion periods. In addition to alloy development, different coating designs have
been explored to improve the degradation rate of magnesium alloys. The coating is an
effective way to enhance the degradation rate of MG alloys, as different coating designs
can form a protective film on the surface of the Mg alloy [84]. Various types of bioactive
coatings can be applied to Mg alloys via AM methods to improve their corrosion resistance.
These coatings can be categorized into conversion coatings and deposited coatings. One
study coated a mesoporous bioactive glass on biodegradable magnesium to improve its
corrosion resistance [85]. Another study proposed a bioactive coating system to slow down
the corrosion rate of magnesium alloys and accelerate the bone fracture healing process.
The coating system can be applied via conversion coatings or deposited coatings [86].

The wear performance of AM-manufactured Mg alloys for biomedical applications is
a critical aspect of their suitability for use in medical implants but unfortunately, it is rarely
studied. Research has shown that the wear performance of Mg alloys can be enhanced
through the use of specific alloying elements and design strategies. For example, the
addition of Al and Si has been found to improve the wear resistance of Mg alloys [34]. It
is known that the wear resistance of AM-manufactured Mg materials can be influenced
by factors such as material composition, porosity, and post-processing treatments. It is
important to consider the impact of the deposition angle, heat treatment, and printing
temperature on the mechanical properties and wear behavior of 3D-printed metal alloys,
including Mg-based alloys. Additionally, the presence of other elements such as zinc in Mg
alloys can influence their mechanical characteristics and degradation rate [140,141].

5. Ferrous Alloys

Stainless steel (SS) as an Fe-based alloy is regarded as one of the most well-known
biomaterials. It contains a Cr element that has high corrosion resistance. The most popular
stainless steel is 316L with the composition of 16-18.5% Cr, 10-14% Ni, 2-3% Mo, <2% Mn,
<1% Si, <0.045% P, <0.03% S <0.03% C, and balance Fe; this alloy can be successfully used
in biomedical implants, including artificial eardrums, cardiovascular implants, orthodontic
applications, and bone fixation devices [142]. By considering the above applications, the
utilization of AM methods to manufacture SS implants and biomedical devices is highly
favorable. In this regard, many investigations were focused on studying the corrosion
performance of additively manufactured stainless steels [143]. It was deduced that 3D
printing conditions such as any variation in laser power, scan speed, and the energy density
of the laser can influence the microstructure, grain size, and sample voids that considerably
affect the corrosion performance. It was also reported that the post-treatment influences the
passive film stability and its properties, its repassivation potential, and the composition of
oxide in AM-produced 316L SS. Moreover, heat treatment processes were considered one
of the most influential factors in the corrosion behavior of AM parts, including the solution
treatment, the heat treatment, and the aging treatment, which may have a significant impact
on corrosion resistance. Finally, it was concluded that the microstructure and the grain
size, the passive film, its porosity, surface roughness, and its other characteristics, the Cr
distribution, and the embedded parts can affect the corrosion response of the Fe-based
AM parts. In one study, Wang et al. [144] studied the tribocorrosion response of additively
manufactured 316 stainless steel, and they utilized a bronze-infiltrated binder jet to conduct
3D printing and then evaluate the corrosion response of the produced composite in the
seawater environment. They reported a significant improvement in the wear behavior of
this material due to the fabrication of a passive oxide film acting as a tribofilm, preventing
abrasive wear in conditions of high loading. The results of wear tests including wear rates
and average friction coefficients are shown in Figure 13. Unfortunately, they reported
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a lower corrosion resistance in AM composites compared to the traditional 316 SS alloy
in seawater, exhibiting a higher anodic activity. Figure 14 presents a schematic of the
suggested tribocorrosion mechanism, indicating that lower loads lead to a lower friction
coefficient due to the smeared soft Cu with a lower strength of shearing that maintains
the required lubrication. The increment in pressure during sliding can induce the abrasive
wear and facilitate the corrosion process, then the produced passive film due to corrosion
plays a lubricating film role that subsequently minimizes the abrasive wear [144].
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Figure 13. Wear performance of AM 316SS/bronze composite: (a,b) friction coefficients and (c,d) spe-

cific wear rates of the samples as a function of applied loads at a constant speed of 5 Hz and speeds
at a constant load of 10 N. Reprinted with permission from Ref. [144]. Copyright 2020 Elsevier.
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In another investigation, Candela et al. [145] analyzed the wear response of the highly
reinforced 316L/SiCy, that was manufactured by the laser-directed energy deposition (DED)
method. They studied the effect of SiC particles (SiCp) addition to 316 SS of different
magnitudes. They concluded that an increment in the SiC,, content promotes wear perfor-
mance (the reduction in composite mass loss). It was shown that a composite with 40 wt.%
SiCp has five-fold hardness and ten-fold wear resistance compared to bare 316L, while
an increment in the SiCp, content up to 60 wt.% led to a lower friction coefficient due to
the generation of the graphite. Finally, they reported that the SiC, addition significantly
transformed the wear mechanisms, changing it from adhesive type for unreinforced 316L
to delamination, abrasive, and oxidative types for reinforced composites as illustrated by
details in Figure 15 [145]. In another study, Tonolini et al. [146] reported the trio-corrosion
behavior of 18Ni-300 maraging steel, which was fabricated by a laser-based powder bed
fusion method. Their results showed insignificant variations in the wear rate between
forged and AM samples (less than 5%), while there were significant differences in the mi-
crostructure of these two types of samples. While the microstructure of the forged sample is
made up of blocks of lath-type martensite, the AM parts’ microstructure is a fully dense fine
cellular martensitic structure with the boundaries of the melt pools and scan tracks clearly
visible even after the aging treatment. In addition, AM samples indicated slightly better
corrosion resistance (Ioorr: ~1 HA/cm?) compared to forged ones (Igor: ~2 LA/ cm?) [146].
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The corrosion performance of additively manufactured (AM) ferrous alloys has been
the subject of significant research, with a focus on stainless steel alloys such as Type 316L.
Corrosion studies of AM-prepared Fe alloys have primarily been reported for Type 316L,
but a smaller number of studies have also investigated other steels. Environments con-
taining chloride ions are known to be detrimental to the durability of various alloys, with
some studies focusing on such electrolytes. The corrosion properties of AM-prepared
Fe alloys have been influenced by factors such as alloy composition and the pH of the
environment [147]. The large thermal gradients and rapid solidification inherent during
the AM process can provide an ideal environment for the formation of Austenitic stain-
less steels, which can experience stress corrosion cracking (SCC) and hydrogen-induced
cracking (HIC) [148]. In summary, the corrosion performance of AM ferrous alloys can be
influenced by various factors, including alloy composition, environmental pH, and AM
process parameters.

6. NiTi Shape Memory Alloys

Recently, shape memory alloys with near-equiatomic NiTi compositions (known
as Nitinol (NispgTig92)) found many biomedical applications due to their exceptional
in vitro/in vivo biocompatibility, superelasticity, shape memory effect, and excellent cor-
rosion performance. These beneficial NiTi alloys as the most extensively used Ti alloy in
biomedicine have the capability to be produced by 3D printing and AM technologies. Thus,
these alloys are used for applications such as orthodontic wires, endodontic files, dental
implants, orthopedic implants, vascular applications, neurological applications, surgical
instruments, and hard-tissue replacement materials [149-152]. In one study, Buciumeanu
et al. [153] investigated the synergistic effects of corrosion and wear on a NiTi alloy com-
pared to a Ti-6Al-4V alloy. They utilized a laser-engineered net shaping (LENS) method
to produce both NiTi and Ti-6Al-4V alloys. Both alloys demonstrated an improved wear
resistance, while the NiTi alloy showed a lower tendency to corrode and a lesser ion release
susceptibility compared to the Ti-6Al-4V alloy. In another study, Ma et al. [154] evaluated
the corrosion response of an SLMed NiTi alloy after its post-processing by femtosecond
laser shock peening (effect of scanning space). They reported that proper femtosecond
laser treatment with optimized parameters could significantly promote the surface strength
and corrosion resistance of the SLMed NiTi alloys. In this regard, Figure 16 presents the
electrochemical corrosion response of the SLMed NiTi alloy in 3.5 wt.% NaCl solution dur-
ing various processing parameters. It can be seen from the potentiodynamic polarization
curves in Figure 16a that the I, was the lowest under the condition of 10 pm (scanning
space of femtosecond laser shock peening) mainly due to the generation of TiO, that was
protecting the substrate. In addition, the extremely large remelting area can cause the
surface’s overburning and the formation of cracks and holes. Moreover, the impedance
measurements in Figure 16b—d reveal that the 10 pm sample has the largest Nyquist loop
and the highest | Z| value (low-frequency impedance modulus) along with the largest
phase angles in the medium frequency range compared to the others, confirming its su-
perior corrosion protection performance. In another study, Zhang et al. [155] investigated
the electrochemical response of the EBM-processed NiTi samples by varied speed function
and focus offset. These varied parameters led to different defect numbers and types, finally
influencing the corrosion behavior. They concluded that high numbers of cracks led to
poor corrosion resistance, while a low number of small pores with uniform distribution in
the EBMed NiTi alloy led to a superior corrosion resistance nearly similar to the wrought
NiTi alloy.

In addition to conducted studies about the electrochemical response of AM-manufactured
NiTi alloys, some studies were focused on the wear performance of these materials. For
instance, Lu et al. [156] investigated the LayO3; addition as a coating layer on the wear
response of NiTi alloy fabricated using the direct metal deposition (DMD) AM technique.
Their results indicated that the LayOs coating can substantially transform and refine the
microstructure of DMDed NiTi alloy, which finally affected the wear performance. They
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proved that the LayO3 coating layer considerably improved the wear resistance due to the
increment in the superelasticity and refinement of generated hard phases. Figure 17 briefly
presented the achieved results of the microstructure, friction coefficients, and wear mass
loss of DMD-produced NiTi alloy with and without LayO3 coating. It was seen that the
DMDed NiTi alloy Figure 17a,b contains a NiTi, phase with an fcc structure (shown as A)
and an austenite NiTi phase with a bcc structure (shown as B). It was also observed that
the austenite NiTi has the matrix phase including lath-like NiTi, phases that are randomly
dispersed in the matrix. For the case of DMDed NiTi samples with the addition of LayOs
shown in Figure 17¢,d, the primary phase was austenite NiTi along with small spherical
NiTi, phases distributed over the austenite NiTi matrix phase. Additionally, there were two
other phases named and shown as C and D in Figure 17¢,d in which C was an ellipsoidal
precipitated phase with a cubic structure and D was a spherical precipitated phase with an
orthogonal structure. It can be seen that these phases were in close relation and connection
to the NiTij phase. The friction coefficient results (Figure 17e) indicated different degrees
of fluctuation in various time ranges, while this quality is more serious for the case of
NiTi samples due to their inhomogeneous microstructure and the presence of coarse
NiTi; secondary phases. In addition, it can be observed that the La;O3 addition led to an
~18% reduction in wear rate (Figure 17f) [156]. In another investigation conducted by Liu
et al. [157] it was reported that NiTi samples produced by wire arc additive manufacturing
(WAAM) technology had a refined microstructure, including coarse columnar grains that
were gradually refined by the increment in the wall height, an equiaxed microstructure
in the upper regions, and dispersion of NiyTiz precipitates in the matrix. It was proved
that in this microstructure, the dominant form of wear was plastic deformation and wear-
induced work hardening that led to nucleation and the propagation of cracks, which
were considerably prevented by NiTi’s superelasticity. Finally, it was concluded that re-
orientation of residual martensite and stress-induced martensitic transformation play a key
role in NiTi’s wear performance [157].
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Figure 16. The electrochemical corrosion response of the SLMed NiTi alloy in 3.5 wt.% NaCl solution:
(a) potentiodynamic polarization curves, (b) Nyquist curves, (c) Bode phase, and (d) Bode impedance.
Adapted from [154].
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Figure 17. DMD-manufactured NiTi alloy with and without La,O3 addition: transmission electron mi-
crographs and selected area electron diffraction (SAED) micrographs. (a,b) NiTi specimens, (c,d) NiTi
+ LayO;3, (e) friction coefficients, and (f) wear mass loss. Adapted with permission from Ref. [156].
Copyright 2020 Elsevier. ((A): NiTi2 phase with an FCC structure; (B): austenite NiTi phase with a
BCC structure; (C): one ellipsoidal precipitated phase distributed on the austenite NiTi matrix phase;
(D): one spherical precipitated phase connected with NiTi2 phase).

7. Influence of AM Process Parameters, Post-Process Methods, and Test Parameters

The influence of AM process parameters, post-process methods, and test parameters
on AM-manufactured metallic biomaterials is a topic of significant research [158,159]. Sev-
eral studies have investigated the impact of process parameters on the characteristics of
additively manufactured parts, including the optimization of parameters, chamber envi-
ronment, and post-processing techniques. Additionally, the corrosion and wear behavior of
additively manufactured alloys, such as stainless steel, titanium, and aluminum alloys, has
been a focus of research, with factors such as laser power, laser scanning, heat treatment,
surface polishing, microstructure, porosity, and oxide layer thickness being identified as
influential parameters [148,160].

The best corrosion performance and wear performance of additively manufactured
(AM) alloys can be influenced by various parameters, including: (i) alloy composition: the
choice of alloying elements can significantly impact the corrosion and wear resistance of
the material. For example, the addition of Al and Si has been found to improve the wear
resistance of a Mg alloy [148]; (ii) AM process parameters: factors such as laser power,
laser scanning, and post-processing methods such as heat treatment and surface polishing
can influence the microstructure, porosity, and oxide layer thickness of the alloy, which in
turn affect corrosion and wear performance [148]; (iii) microstructure: the microstructure
of the alloy, including the presence of specific phases or structures, can impact corrosion
resistance. For example, the addition of Mn-5i nanoparticles in wrought 316L stainless steel
has been shown to reduce pitting susceptibility and improve microstructural anisotropy
in SLM-processed parts [160]; (iv) environmental conditions: the corrosion behavior of
AM alloys can be influenced by the pH and composition of the surrounding environment,
particularly in the presence of chloride ions, which can be detrimental to the durability of
various alloys [147]; (v) test parameters: the choice of test parameters, such as the type of
corrosion test (e.g., salt spray, immersion, or electrochemical) and the specific conditions
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of wear testing (e.g., sliding speed, load, and environment), can impact the assessment of
corrosion and wear performance [148].

8. Future Research Directions

Future research should be conducted on complex lattice materials such as triply
periodic minimal surfaces, especially on the lattices’ internal features and strut deviations
and dimensions. Hence, the post-processing surface treatments have a great impact on the
behavior and properties of AM parts, so they should be further investigated. Additionally,
special attention should be paid to the generation of oxides on alloys’ surfaces, sub-surface
porosity, roughness, and residual stresses. Although there are numerous studies on the
microstructure, grain boundary, and melt-pool boundaries, the effect of various heat
treatments and post-processing should still be carefully studied. In addition to the effect of
heat treatment, the exact effect of the formation of different phases, their distribution, and
morphology should also be carefully examined.

The study of new materials such as high-entropy alloys, multifunctional materials,
composites, and Scalma alloys can lead to a better understanding of the exact mechanisms
behind the corrosion and tribological behavior of AM parts. In addition to the direct effect
of defects, microstructural heterogeneities due to the presence of secondary phases, solute
segregation, secondary phase appearance, and grain size variations can change the oxide
state and properties and finally affect the tribocorrosion response of AM-manufactured ma-
terials. In AM-manufactured biomedical implants, the influence of lubrication mechanisms
on the generation and propagation of micro-cracks also needs to be surveyed. Generally,
it can be claimed that any non-equilibrium microstructure, secondary phases, etc. can
considerably influence the overall properties of AM parts. Hence, it is of crucial importance
to control AM variables, parameters, and characterization techniques to comprehend and
identify any structure—property mechanisms and relationships. Currently, the addition of
various reinforcements to AM materials is a research trend, hence any feature and condition
about these should be carefully understood, such as the reinforcement type (continuous,
chopped, fibers). Besides reinforcements, the generation of coatings on these alloys along
with their nature, morphology, chemical composition, and structure and their influence
on the duration and long-term life of biomedical parts also needs more investigation. In
brief, consideration of all these points paves the way for scientists to progress toward
the development and fabrication of novel biomaterials with various functionalities for
implants. Up to now, AM-manufactured titanium and its alloys are highly investigated in
the biomedical field since there is a considerable dependency on them, but unfortunately,
other metallic systems and alloys are not equally investigated as fully functional materials,
such as magnesium that has a unique feature of biodegradability. In this regard, numerous
studies should be focused on controlling their corrosion, wear, and biodegradability in
order to enhance their performance in the human natural environment, specifically for
bone replacements. Until now, no research has yet been reported on Mg powder ceramics
as a potential biomaterial for orthopedic applications, while these magnesium powders can
be the revolutionary option for lots of orthopedic applications such as bone screws. Finally,
it should be noted that the production of AM biomedical components with enhanced
corrosion and wear properties can be even more sophisticated through the use of state-
of-the-art computational methods, notably, artificial intelligence/deep learning/machine
learning/cloud computing. These technologies can be utilized specifically on SLMed and
EBMed parts as the most utilized AM methods in this field in order to attain a new gener-
ation of novel high-throughput AM-manufactured biomedical components with various
beneficial functionalities and enhanced performance.

9. Conclusions

This study concentrated on discussing the corrosion response and tribological behavior
of additively manufactured samples for biomedical applications. The AM-based technolo-
gies have great potential for dealing with complex geometries, which is very essential for
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biomedical implants with intricate and complex geometries and structures. It is certain that
the utilization of AM techniques and their related parameters can substantially influence
the performance, duration, quality, and functionality of the produced biomedical parts. It is
well documented that corrosion and wear still pose a threat to metallic AM-manufactured
alloys mainly due to innate process defects, pores, microstructural issues, and hetero-
geneities. In this regard, the biodegradability of the biomaterial including its corrosion
performance and wear behavior plays a key role in its overall performance, preventing any
need for secondary surgeries, which are a heavy burden for both the patient and health
system. It was reported that surface texturing using AM technologies can have a great
impact on the electrochemical response, wear, and tribological behavior, and influence the
hydrodynamic pressures. The literature review of the conducted investigations indicates
that anodic oxidation is beneficial in metallic components in order to reduce the corrosion
rate. There are differences and contradictions between the results obtained in various
studies, mainly due to different variables used during AM processing and post-processing,
characterization methods, microstructure variations, and defect uncertainties. It was also
shown that various surface treatments can lead to surface normalization, surface texture,
and a reduction in porosities, which, together may increase the life of a part through, for
example, increasing corrosion resistance, fatigue strength, and wear resistance. However,
there are limited studies on the impact of other surface treatments such as polishing, mag-
netic abrasive machining, drag-finishing, vibratory surface finishing, sandblasting, and
shot-peening on corrosion and wear performance.

The corrosion and wear performance of AM-manufactured metallic alloys is influenced
by various factors, including alloy composition, microstructure, AM process parameters,
environmental conditions, and test parameters. The microstructure of AM alloys can vary
from traditional techniques, which have an obvious effect on corrosion performance. The
choice of alloying elements can significantly impact the corrosion and wear resistance
of the material. The AM process parameters, such as laser power, laser scanning, and
post-processing methods such as heat treatment and surface polishing, can influence the
microstructure, porosity, and oxide layer thickness of the alloy, which in turn affect corrosion
and wear performance. The environmental conditions, such as pH and composition of
the surrounding environment, can also impact the corrosion behavior of AM alloys. The
choice of test parameters, such as the type of corrosion test and the specific conditions of
wear testing, can impact the assessment of corrosion and wear performance. In summary,
optimizing alloy composition, microstructure, AM process parameters, environmental
conditions, and test parameters can help achieve the best corrosion and wear performance
of AM metallic alloys for specific applications. Further research is needed to identify the
optimal conditions and parameters for each alloy system, taking into account the unique
properties and requirements of the application.
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