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1 Introduction

AM allows you to build unique and complex structures. Additionally, computer-
aided design and direct linking to digital scans enable direct reproducible products.
However, choosing the right biomaterials and related AM procedures can be diffi-
cult, but it is a vital aspect of success. The aging population, as well as the high
prevalence of cardiovascular and orthopedic illnesses, have raised the demand for
biological materials [1]. In this chapter, a concise materials’ selection guidance has
been provided that will be beneficial for the biomedical AM discipline [2]. Following
a general description of biomaterial classes (bio resistant, bio-inert, bioactive, and
biodegradable), an overview of common ceramic, polymer, and metal biomaterials
is discussed along with their implications, as well as their biomedical and mechan-
ical properties. Since the topic of metal implants is rapidly growing, we devote the
major portion of review to this area and present some important directions for future
research. The present article delivers a summary of the topic under consideration
and also consists of corrosion performance of various biomaterials, their applica-
tions, and various AM techniques and resources, so there is also the potential to
deepen your knowledge of specific aspects [3].
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2 Literature Review

Human bones have excellent mechanical and structural properties that are suitable
for bearing the load of the human body. Despite these characteristics, the human
body is prone to fractures caused by injury or sudden accident, fractures caused by
fatigue or stress caused by repeated loading conditions, pathological fractures caused
by bone infection or tumor, etc. Choosing a specific biological material to replace
human bone is a very difficult task [4]. Composed of 30% by weight of matrix, 60%
by weight of minerals, and 10% by weight of water, human bones often break due
to trauma, pathology, erosion, and other reasons. Subsequent surgery and associated
medical expenses are required. Apart from that, various health problems have been
observed due to previously used non-magnesium permanent metal implants. Table 1
shows the problems encountered with non-degradable implants in the human body

[5].

2.1 Magnesium Alloys

Magnesium (Mg) alloys have developed as encouraging biodegradable materials to
be used in orthopedics [6], cardiac [7], respiratory [8], and urology [9]. The major
benefit of Mg is that it destroys the organ completely, thus minimizing or preventing
long-term complications. Another major benefit in orthopedics is that magnesium
has an elastic modulus comparable to bone, by which dangerous effects of stress
shielding are reduced. Three firms have so far obtained trial success and regulatory
approval. Syntellix got the CE mark for the Magnezix® compression screw in 2013,
after selling over 50,000 units [10]. U&i got regulatory approval from the Korean
Ministry in 2015 for Resomet, an orthopedic bone screw made of an absorbable
MgCa alloy [11]. Biotronik got the CE mark for Magmaris in cardiovascular health
in June 2016, making it the first clinically proven bioresorbable magnesium scaffold.
[12].

Because of its biocompatibility, magnesium in pure form, a biodegradable and
biocompatible metallic substance, has been introduced as a viable material for
biodegradable stents. The surrounding environment exposes implants to many corro-
sive attacks inside the human body, including amino acids in addition to blood,

Table 1 Problems related to non-biodegradable implant [5]

S. no Problems Causes

1 Allergic reactions Patient’s specific allergic reaction

2 Inflammatory response | Liberation of metallic ions or wear

3 Implant loosening Inadequate bonding between bone tissue and implant
4 Bacterial infection Subjected to further surgery
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Table 2 Diversified applications of Magnesium and its alloys [15]

S. no | Field Applications

1 General uses | Aircraft, Automotive, Armaments, Electronic, Textile, Sports, Medical,
and Building industries

2 Medical Biomedical implants such as bone, plates, screws, cardiovascular stents
hip and knee joint implants, etc

3 Aircraft Gearbox and engine components, gearbox casts, wings, fuselage skin,
door, wheels, undercarriage, dashboard panels, and seat components

4 Automobile | Engine and body components, cylinder head covers, frames of seats and
sunroofs, pedal brackets, driving wheels,

sodium, chlorine, proteins, blood plasma, and mucins in the case of saliva. A wide
base of medical fields including various fields like dentistry, orthopedics, plastic
surgery, experimental surgery, and veterinary medicine [13, 14].

Table 2 summarizes the uses of Mg in different fields. A new ternary magnesium
alloy (Mg—4Li—1Ca (LC41)) adds two elements, Li and Ca, to magnesium to make
it more biodegradable and lightweight for hip and knee applications. This alloy was
invented by [15]. Using FEM simulations to compare commercial titanium alloys
with Mg—REE alloys and by fabricating them as dynamic compression plates (DCPs)
in the condition of distal fractures, the analytical results show that Mg—REE justifies
the importance of alloys, due to its lightweight and biodegradability [16, 17].

2.1.1 Corrosion Performance of Mg Alloys

According to Wong et al. [18], magnesium and its alloys exhibit increased corrosion
rates and H2 gas accumulation, which is irrefutable in terms of biomedical implant
performance. They establish that coating a polymer film on the outer surface of a
biomaterial (Mg alloy) processed with polycaprolactone and dichloromethane mini-
mized the corrosion rate and also enhanced the mechanical properties. Kuahetal. [19]
conducted a study to know how MgO inclusions affected the corrosion performance
of additively produced Mg alloys. Results of this study show a significant difference
in corrosion rate of binder jet printing (BJP) samples produced by using AM method
in comparison with denser Mg sample that are fabricated by using casting. This is
because a greater surface area in a porous structure is inadequate to account for the
increased corrosion rate of the additively manufactured samples. Liu et al. [20] used
the enhanced passivation effect caused by the inclusion of rare earth (RE) elements to
design a high-temperature oxidation treatment to improve the corrosion resistance of
WEA43 alloy manufactured by additive manufacturing. After 30 days of immersion,
the oxidation sample lost just 6.87% of its weight after being heated at 525 °C for
4 h. The greater passivation effect of the inclusive RE elements resulted in improved
corrosion resistance due to protection from the dense oxide layer as well as the tran-
sition layer, where galvanic reactions were prevented due to the lack of precipitates.
Hayashi et al. [21] examined silicate electrolyte (MAO)-based micro-arc oxidation
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treatment on the surface of ZK60 magnesium alloy and discovered that it increased
corrosion resistance. Gu et al. [22] examined the MAO behavior of Mg—Ca alloys,
which showed significant improvement effects on corrosion resistance. It has been
determined that the corrosion resistance is improved in the order of 300 V MAO <
400 VMAO < 360 V MAO. Trinidad [23] studied the corrosion patterns of commer-
cial magnesium alloys (AZ31B, WE43, and ZM21) in phosphate-buffered saline and
showed the improvement in fluoride environments. In conclusion, it can be said that
corrosion rate increases with the immersion time for these three-phase alloys. For
AZ31B and ZM 21 alloys, the coating thickness increases with enhanced fluoride
treatment time.

2.2 Titanium Alloys

Alloys of titanium are considered favorable implants due to their small elastic
modulus and ability to create pathways for bone development. AM technology is
now effectively used in the manufacture of porous alloys of titanium due to the
advantages of manageable and accurate manufacturing. For long-term uses in the
human body, it is critical to understand the corrosion of porous titanium alloys and
the underlying mechanisms [24-27]. These alloys have piqued the interest of biomed-
ical researchers because of their great biocompatibility, high specific strength, and
low elastic modulus [28, 29]. Titanium alloys show very good corrosion resistance.
Nevertheless, the risk of tribo-corrosion, ion deposition, and localized corrosion in
physical environments is still high in long-term use, which not only alters the surface
properties of titanium alloys but also significantly increases the penetration of corro-
sive materials into the tissue to give because physical harm around titanium alloy
implants [30]. In addition, implant failure inevitably occurs under corrosion fatigue
[31], which leads to reduced implant service performance and lifespan, and even
requires a second surgery.

2.2.1 Corrosion Performance of Titanium Alloys

The sample with isolated pores in the porous CP-Ti, which has a lower electro-
chemical potential, is more susceptible to corrosion compared to the sample with
interconnected pores. To enhance the corrosion resistance of porous CP-Ti, it might
be necessary to optimize the powder metallurgy techniques to ensure a more inter-
connected pore structure, leading to improved electrochemical behavior and better
resistance to corrosion [30]. In summary, the confinement of electrolyte and the
limited escape of oxygen in the isolated pores of porous CP-Ti contribute to a higher
dissolution rate and reduced formation of the protective passivation film, resulting
in increased corrosion susceptibility. Moreover, the porosity and pore size of porous
materials are critical factors in determining their biocompatibility, making it impor-
tant to optimize these characteristics for specific applications, especially in the field
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of biomedicine. In conclusion, higher porosity and larger pore size are generally more
favorable for bone growth and tissue integration in porous titanium alloys. Moreover,
these characteristics might enhance corrosion resistance by promoting better elec-
trolyte penetration and reducing the likelihood of localized oxygen concentration,
which can lead to improved performance in certain environments [32, 33].

The study conducted by Seo and Lee [34] focused on analyzing the corrosion resis-
tance of a heat-treated Ti—-6Al-4 V alloy fabricated using additive manufacturing
(AM) techniques. The researchers employed various electrochemical techniques,
including potentiodynamic polarization, electrochemical impedance spectroscopy,
and critical pitting temperature measurements, to evaluate the corrosion behavior
of the AM Ti-6Al-4 V alloy at different stages of heat treatment. The findings of
the study indicated that the corrosion resistance of the AM Ti—-6Al-4 V alloy was
significantly reduced compared to the untreated material. This reduction in corro-
sion resistance is likely attributed to the changes in the alloy’s microstructure and
composition resulting from the heat treatment process.

The study conducted by Ettefagh et al. [35] focused on evaluating the corro-
sion behavior of Ti-6Al-4 V alloy parts produced through laser-based powder bed
fusion AM. The researchers aimed to investigate the effect of post-annealing heat
treatment on the corrosion resistance of the AM parts by comparing them with
cold-rolled commercial titanium alloy samples. The study highlights that the as-
fabricated AM parts of Ti—-6Al—4 V alloy exhibited significantly worse corrosion
resistance compared to cold-rolled commercial titanium alloy samples due to the
presence of non-equilibrium phases. However, a proper post-annealing heat treat-
ment process at 800 °C for 2 h ameliorated the corrosion behavior. In summary,
the corrosion properties of porous titanium alloys are influenced by a combination
of factors, including phase structure, pore morphology, porosity, alloy composition,
and surface treatments. The inherent corrosion resistance of titanium alloys, coupled
with their favorable properties in biomedical applications, makes them attractive
materials for various uses. To thoroughly assess the corrosion behavior of porous
titanium alloys, researchers subject them to accelerated corrosion tests, which help
predict their long-term performance in challenging environments [33].

2.3 Stainless Steel Alloys

Stainless steel (SS) alloys are widely used in various industrial applications due to
their excellent combination of mechanical properties, corrosion resistance, and versa-
tility. Different types of stainless steel alloys, classified based on their microstructure,
include austenitic, martensitic, ferritic, and duplex (austenoferritic) stainless steels
[31]. The microstructure of stainless steel is determined by its chemical composi-
tion, particularly the levels of chromium, nickel, carbon, and other alloying elements
[36]. By carefully controlling the composition and content of these alloying elements,
stainless steel manufacturers can tailor the properties of the alloy to meet specific
application requirements [37]. Stainless steel, particularly grade 316L stainless steel,



132 D. Singh et al.

has gained significant popularity in the medical field for various reasons, including its
excellent mechanical properties, wide availability, and outstanding corrosion resis-
tance at a reasonable cost. Due to these favorable attributes, 316L stainless steel is
widely used in various medical implant devices, such as orthopedic implants (e.g.,
hip and knee replacements), vascular stents, bone fixation plates, dental implants, and
surgical instruments [38, 39]. Indeed, the electrochemical reactions that occur inside
the human body can lead to corrosion of metallic parts, including medical implants
and devices. Corrosion is a critical concern in biological applications because it can
have several significant implications [40]. For example, Stents made from SS 316L
can release metal ions, including molybdenum (Mo), chromium (Cr), and nickel
(Ni), into the surrounding tissues due to the electrochemical reactions and corrosion
processes. The release of these metal ions can lead to limited immune and inflamma-
tory responses in some individuals [41]. All of these can affect the quality of life of
the transplant recipient, and failure can lead to severe pain and postoperative surgery
[42].

2.3.1 Corrosion Performance of SS Alloys

In general, pores are a favorable location for corrosive attack, especially pitting. AM
as a powder-based manufacturing method involves the inevitable presence of porosity
in fabricated parts, which can affect mechanical properties and corrosion performance
[33, 43]. Pores usually appear around unmelted powder particles or are created by
gases trapped in the powder or molten pool during primary processing such as gas
atomization or laser melting processes. In the context of AM parts, elemental mapping
of voids involves analyzing the composition of the voids or pores present in the mate-
rial [44]. Austenitic stainless steels, such as 316L and 304L, are susceptible to pitting
corrosion, and the presence of unwanted inclusions, particularly manganese sulfide
(MnS), can significantly influence their corrosion performance. These inclusions act
as a second phase within the austenitic matrix and play a critical role in initiating
and promoting pitting corrosion. By minimizing the presence of MnS inclusions or
adjusting their size, the susceptibility to pitting corrosion and other localized forms
of corrosion can be reduced [45, 46]. Surface roughness is a critical parameter that
significantly influences the corrosion behavior of AM components. As an inherent
characteristic of AM processes, the surface roughness of the printed parts can vary
based on the printing method, material, and processing parameters. The presence
of rough surfaces can accelerate electrochemical reactions between the component’s
surface and the surrounding environment, leading to both general and localized corro-
sion [47, 48]. Grain size is also an essential factor that can significantly affect the
corrosion performance of SS, and its influence depends on the specific corrosive
environment. The size of the grains in the microstructure of stainless steel can influ-
ence the stability of the passive film and the susceptibility to corrosion [49, 50]. At
the same time, some studies demonstrate that while reducing the grain size to the
nanoscale range can enhance some properties of stainless steel, including mechanical
strength and certain types of corrosion resistance, there are also potential challenges
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associated with nanocrystalline structures, particularly concerning the stability of
the passive film. [51]. The effect of grain size on the corrosion performance of addi-
tively manufactured SS can indeed be a topic of controversy in the literature. The
conflicting results are often attributed to the complexity of the interactions between
various factors that influence corrosion behavior in AM SS materials.

3 Conclusions

This chapter reviews the additive manufacturing techniques used for printing magne-
sium, titanium and stainless steel. The primary emphasis is on biodegradable implants
made from magnesium, as well as the challenges associated with its reactivity, high
surface energy of the powder, and the rapid corrosion observed in the human body due
to the alloy’s high electronegativity. For magnesium implant alloys to be viable, they
must possess sufficient mechanical strength, biocompatibility, and corrosion resis-
tance, along with consistent rates of tissue healing. While these challenges initially
hindered the development of biodegradable magnesium implants, the field of AM
is steadily overcoming these obstacles through various approaches. Regarding tita-
nium alloys, the chapter highlights the significance of additives in influencing their
preparation and corrosion properties. The corrosion behavior of biomedical titanium
alloys is complex and influenced by several factors, including alloy composition,
surface properties, and pore properties. These factors must be carefully considered
when designing medical metal implants to ensure optimal performance and long-
term functionality. At present, the corrosion performance of titanium alloys is still
poor. In addition, stainless steel components are developed with a focus on corrosion
performance in a wide range of applications where high corrosion considerations
are required, such as the biomedical, nuclear, and fuel cell industries. In summary,
the development of metallic biomaterial implants is an area with much room for
exploration and innovation.
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