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Abstract: Biomedical devices made from high-modulus and hardness materials play a critical role in enhancing
the quality of life for individuals with bone-related ailments. While these materials have been successfully used
in orthopedic applications, concerns including stress-shielding have necessitated the exploration of alternative
solutions. An ideal biomedical implant requires a delicate balance of mechanical performance, corrosion
resistance, tissue biocompatibility, and other properties such as tribological performance and osseointegration.
This review explores the suitability of biodegradable magnesium (Mg) alloys as a promising material for
biomedical implants. It delves into the essential properties of biomedical implants, emphasizing the importance
of matching mechanical characteristics with human bone properties to mitigate stress shielding. The corrosion
properties of implant materials are discussed, highlighting the need for controlled degradation to ensure the
safety and longevity of implants. The focus then shifts to the potential of magnesium alloys as biomedical
implants, examining their benefits, limitations, and the challenges associated with their high degradation rates
and less-than-satisfactory mechanical properties. Alloying with elements such as aluminum, zinc, and others
is explored to improve magnesium alloys' mechanical performance and corrosion resistance. Furthermore, this
review discusses surface modification techniques, including chemical conversion coatings and biomimetic
deposition, as effective strategies to enhance the corrosion resistance and biocompatibility of magnesium and
its alloys. These modifications offer opportunities to improve the long-term performance of magnesium-based
biomedical implants. This paper provides a comprehensive overview of the properties, challenges, and
potential solutions associated with biodegradable magnesium alloys as a promising material for biomedical
implants. It underscores the importance of addressing issues related to mechanical performance, corrosion
resistance, and biocompatibility to advance the development of safe and effective biomedical implant
materials.

Keywords: magnesium alloys; biomaterials; biomedical implants

1. Introduction

Many biomedical devices are constructed from natural or synthetic materials characterized by
high modulus and hardness, often serving as implants to enhance the well-being of individuals
afflicted with damaged or missing bone structures [1,2]. These sturdy materials find potential
applications elsewhere in the human body, such as heart valves and intravascular stents, depending
on the specific medical needs [3-7]. Elderly individuals are more likely to encounter orthopedic
health issues like arthritis, often necessitating the use of implanted devices to replace compromised
biological structures [8]. Conditions such as osteoporosis, osteoarthritis, and trauma further
compound the challenges older patients face, potentially leading to localized pain and physical
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deterioration in the functionality of hard tissues [9]. Addressing this issue has involved substantial
time and effort invested over several decades in the development of various orthopedic implants [10].
Metal-based implants crafted from materials like titanium-based, cobalt-based, or stainless-steel
alloys have emerged as prominent choices in load-bearing orthopedic applications due to their high-
modulus mechanical properties. However, research has revealed that these implant materials are
susceptible to stress-shielding, a side-effect wherein a high-modulus orthopedic implant bears such
a substantial load that the adjacent bone, lacking its typical load, undergoes deterioration [11]. Ideal
biomedical implants must possess three fundamental characteristics: mechanical performance,
corrosion resistance, and tissue biocompatibility, alongside other essential attributes, including
tribological behavior, osseointegration, and non-toxicity [12].

Introducing a biomedical implant into the body involves multiple interactions at the tissue-
implant interface. These interactions define the biocompatibility of an implant, significantly
impacting its biological and mechanical performance [13-15]. For instance, if an orthopedic material
releases toxic elements, it cannot be considered biocompatible. Therefore, selecting materials for
biomedical implants necessitates a paramount focus on non-toxic, biocompatible substances that
closely mimic the elastic modulus and strength of human bone [16-21].

Apart from materials designed for permanent implants, there is a growing interest in durable
biomaterials that can gradually biodegrade over time, allowing for the regeneration of bone or other
tissues to fulfill their original functions. Materials such as stainless steel, titanium, and cobalt alloys
remain non-degradable throughout the implant's lifespan. In contrast, certain magnesium alloys can
be engineered to degrade safely and under controlled conditions within the body. This review
examines biodegradable magnesium (Mg) alloys as a promising material for biomedical implants,
scrutinizing their bulk and surface properties and their overall performance.

¢ 1.1 Main Properties of Biodegradable and Biomedical Implants:

Generally, implants serve as medical devices that facilitate interaction with biological systems
[22]. Their proximity to bodily tissues holds both medical applications and implications. As
previously mentioned, an ideal implant material must exhibit requisite mechanical properties,
excellent biocompatibility, and a low corrosion rate suitable for the mechanical and biological
demands of the application at hand. For example, titanium alloys find use in joint replacements due
to their lower elastic stiffness and excellent compatibility with bone [10]. Consequently, the design of
a safe and dependable implant material necessitates a meticulous blending of mechanical, chemical,
physical, and biological properties to ensure prolonged functionality without the need for
replacement surgeries. A more comprehensive exploration of desirable properties in medical
implants and biomaterials, in general, is presented below.

e 1.2 Mechanical Properties:

A critical requirement for any load-bearing implant material is aligning its mechanical
characteristics with those of human bone. Whether composed of metal, ceramic, polymer, or their
combinations, the material's mechanical performance must be tailored based on tissue characteristics
and load requirements at the specific implantation site [23]. To this end, some very general and
exemplary mechanical and durability prerequisites are summarized in Tables 1 and 2.

Table 1. Mechanical and durability requirements for general biomedical material design [24].

Mechanical performance

Biomaterial Mechanical Characteristics
Hip prosthesis Strong and rigid
Tendon material Strong and flexible
Heart valve leaflet Flexible and tough

Articular cartilage Soft and elastomeric
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Table 2. Durability condition for biomedical implant design [24].

Mechanical performance

Biomaterial Durability
Bone plate Six months or longer
Hip joint Ten years or longer under heavy loads
Heart valve leaflet Able to fully flex 60 times/min without

undergoing failure for several decades

The key mechanical properties essential for evaluating an implant include tensile modulus, yield
strength, hardness, compressive and shear strength, toughness, fatigue strength, and elongation [28].
These mechanical characteristics should closely match those of human bone to withstand decades of
use and minimize the phenomenon of stress shielding. The choice of materials for implants is often
guided by their specific mechanical properties, tailored to their intended applications within the
human body. For instance, Titanium-based alloys are commonly employed in bone fixation devices
and high-load scenarios like hip prosthetics, whereas cobalt-based alloys are preferred for joint
replacement [25,26]. An implant material must exhibit an adequate modulus and yield strength to
fulfill its intended function. Furthermore, for implants like hip and knee replacements, robust fatigue
resistance under substantial loads is imperative [27]. Additionally, implant materials should exhibit
outstanding wear resistance, especially for articulating surfaces such as hip and knee prostheses,
often associated with surface hardness. Minimizing the formation and propagation of cracks is also
vital in high-load applications [29].

As previously mentioned, an elevation in the mechanical properties of the implant, particularly
the modulus, in comparison to the surrounding human bone, frequently results in stress reduction
within the neighboring bone, which typically would bear the full load [30]. Consequently, regions
experiencing reduced loading may suffer from atrophic bone density and mass loss. This bone mass
and strength decline can lead to implant loosening or even fracture, necessitating premature revision
surgery [31]. The phenomenon of stress shielding is visually depicted in Figure 1. To mitigate the
impact of stress shielding, innovative implant design approaches that consider material stiffness,
geometry, and shape adjustments become imperative [32].
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Figure 1. (a) Normal distribution of load in human bone; (b) region of alteration of load on a bone due

to stress shielding by a high modulus implant.

2. Corrosion properties

As one of the critical properties of Mg alloys is controlled degradation through corrosion, we
present a brief overview of corrosion principles. Programmed degradation, often referred to as
controlled biodegradation, serves to meet temporary load-bearing requirements without interfering
with the healing and regeneration of local tissues. However, once local wound healing has occurred,
the implant gradually degrades, transferring the load to the adjacent bone tissue, as illustrated in
Figure 2 [34]. Conversely, undesired but often normal degradation of any alloy can be manifest in the
form of surface corrosion, oxidation, and mechanical wear of the implant material. Such undesirable
degradation can compromise the structural integrity of the implant, release potentially toxic metallic
ions, and generate wear debris particles, resulting in unfavorable biological reactions in neighboring
tissues or in mechanical impediment of articulating joints. The preferred model for biodegradable
implants within the body involves the degradation or corrosion of metals that are non- to minimally
harmful, or that can be rapidly eliminated from the body through physiological processes without
local concentrations exceeding any toxic thresholds during the corrosion process [35]. A critical
consideration when designing biodegradable implants is achieving a controlled degradation rate that
aligns with the timeline of tissue restoration, as depicted in Figure 3. Magnesium (Mg) alloys are
among the materials employed for biodegradable purposes. This is particularly relevant in hard
material prostheses because Mg?* ions are non-toxic at normal concentrations, and the corrosion rate
can be controlled [36].
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Figure 2. Degradation process for biodegradable Mg implant.

From a toxicological standpoint, an implant material should not release toxic ions into the body
unless such release is intentionally desired. Thus, the implant material should exhibit controlled
chemical stability in the complex chemical environment of the human body [50]. Nevertheless,
released toxic elements entering body tissues are virtually inevitable, even if implant materials are
believed to possess robust corrosion resistance [51,52]. Studies have demonstrated that the release of
metal ions due to implant wear in the human body is a leading cause of toxic effects related to implant
materials, including tissue sensitization, damage to local blood vessels supplying the bone, bone
necrosis, and more [53,54]. The deposition of non-matching metallic ions at the implantation site can
trigger allergic and toxic responses, leading to inflammatory reactions and tissue damage [55].
Generally, the Mg? ion is naturally present throughout the body and plays a crucial role in numerous
biochemical reactions. More than half of the magnesium in the human body is in the bones.
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Incorporating magnesium as a significant metallic element in the design of biomaterial alloys can aid
in achieving favorable degradation of a biodegradable implant, as demonstrated in Figure 3, and
contribute to bone healing through cellular repair mechanisms [37]. Typically, Mg is not a cause for
concern; however, pure Mg lacks adequate mechanical properties and thus is frequently alloyed with
other elements to enhance strength and modulus and reduce brittleness. Biodegradable alloys are
generally considered safe, biocompatible, and non-cytotoxic when the viability of cells adjacent to
corroding metals surpasses 70% compared to a control group. For instance, the Mg-Zr-Sr-Sc alloy is
considered biocompatible because cell viability remains at least 83% [57]. Toxicity is typically

attributed to released ions other than Mg?".
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Figure 3. The mechanism for biodegradable implants [1].

When Mg is inserted into the biological environment, Mg?* ions are produced on the Mg surface
due to the anodic reaction of the metal. Simultaneously, H2and OH- ions are produced by the cathodic
reaction occurring on other nearby surfaces, and the OH- ions react with the Mg? to form Mg(OH)2
film. The reaction produces a Mg(OH): film covering the magnesium alloy surface. In a biological
setting, chloride ions are always present, which react with magnesium hydroxide to form soluble
MgClz, exposing fresh Mg surface for further corrosion [24]. These reactions are summarized below.

Anode: Mg —» Mg?t + 2e~ 1)
Cathode: 2H,0 + 2e~ - 20H™ + H, ()
Product formation: Mg?* + 20H~ - Mg(0H), (3)

Product formation: Mg(OH), + 2Cl™ - MgCl, + 20H™ (4)
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Undesired degradation of certain implants could be dangerous when placed in the human body
if the ions being released are toxic; they could cause the discoloration of the implant or the adjacent
tissue [39,40]. Furthermore, unwanted corrosion may compromise the mechanical properties of the
implant. Types of unwanted corrosive behavior in implants include galvanic, pitting, crevice, and
fatigue corrosion. In one such example from a fractured stainless-steel implant inside a patient's
thigh, Farzad et al. found extensive structural damage, including crack initiation from pitting,
intergranular surface cracking inside the crevice, and more [41]. Galvanic corrosion has been
observed in dental implants when two metal elements (like Co-Cr alloy) are combined to
manufacture implants [42]. In orthopedic applications, crevice corrosion has been observed in bone
fixation implants at the contact interface between bone plates or between screws and bone tissue.
Studies have shown that a larger crevice size leads to a higher implant corrosion rate [43]. Due to the
adverse effects of toxic products on patients leading to implant restriction or denial, there is a growing
need for corrosion-resistance materials to ensure the longevity of implant materials in physiological
conditions.

As mentioned, for controlled degradation to be safe, the metal ions released from corrosion need
to be either non-toxic; but an acceptable alternate is that they are released at a slow enough rate that
the local concentration in the adjacent tissues never exceeds the safe toxic limit. Yet, this may create
conflicting objectives since often one of the objectives is to degrade at the same rate as tissue is
restored in vivo [38].

3. Magnesium alloys for biomedical implants

Magnesium (Mg) alloys, which are generally biodegradable, have garnered considerable
attention in the biomedical field in recent years. In addition to mechanical characteristics like human
bone, Mg shows excellent biocompatibility. Mg is a vital supplement for keeping the human body
healthy and promoting osteo-growth [58-60]. Additionally, during corrosion in the biological
environment, Mg?" is released, creating non-toxic magnesium hydroxide, hydroxyl ions, and
hydrogen gas (as shown above), which are removed from the body via the kidneys [61-64]. On the
other hand, the main disadvantages of using Mg alloys are the rapid degradation rates, and loss of
mechanical properties, which may produce implant failure faster than the healing process [65].
Moreover, hydrogen gas emitted from corrosion may create gas pockets that cause the adjacent
tissues to separate, and the OH- ions cause surface alkalization and potential cell damage [66,67].
Additionally, the mechanical properties of Mg need improvement. Thus there are various challenges
to tackle in developing Mg alloys. The advantages and disadvantages of Mg material are summarized
in Table 3 and Table 4.

Even though Mg has many benefits as an implant material, pure Mg is not recommended for
biomedical applications due to its higher corrosion rate and insufficient mechanical properties.
Moreover, Mg shows low ductility because of the lack of slip characteristic in its hexagonal closest
packed (HCP) structure. These problems are averted by alloying, which creates microstructural
changes and adjust surface potential between phases, improving mechanical properties and
corrosion resistance [70,71]. Common alloying elements for Mg are aluminum (Al) and zinc (Zn), as
they contribute to hardness, strength, and castability [68]. Lithium provides low density and high
solid solubility to Mg alloys. Moreover, Li can change the formability of Mg alloys by changing the
crystal structure of Mg from HCP to the body-centered cube (BCC) [69]. Alloying elements refine
grains and optimize the type, size, and distribution of the second phase, which reduces the corrosion
rate of Mg alloys. Furthermore, alloying elements create passive films to prevent further corrosion.
Presently, aluminum (Al), zinc (Zn), manganese (Mn), calcium (Ca), strontium (Sr), zirconium (Zr),
and neodymium (Nd) are commonly used as alloying elements. The influence of these elements on
the Mg alloys is shown in Table 5.
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Table 3. Benefits of Mg alloys in medical implants [24].
Advantages Description
Reduced density and elastic stiffness Density and elastic stiffness are like human bone.
Higher specific strength Strength to weight ratio is roughly 35-260
KNm/kg.
Machinability Mg has good machining capability, achieving
accurate dimensions and processing into complex
shapes.
Stress shielding effect The elastic stiffness of Mg is very close to bone.
Biocompatibility Mg is shown to have osteogenic functions.
Degradability Mg naturally degrades in the body, which is
favorable to the patients.
Table 4. Limitations of Mg alloys in medical implants [24]
Disadvantages Description
Low mechanical properties Implants must be able to endure specific loads
and deformation. It is difficult for Mg to meet
medical demands in strength and plasticity.
High degradation rate It leads to premature loss of mechanical integrity
and implant supports.
Hydrogen generation Hydrogen release creates air bubbles in the

surrounding tissues.

Magnesium alloys have attracted substantial attention in the biomedical field owing to their
impressive attributes, including remarkable strength, low density, and outstanding osteogenic
biocompatibility, as highlighted in Table 3. Nonetheless, a notable challenge arises due to its
considerable vulnerability to corrosion, originating from its remarkably low standard electrode
potential of -2.37 V. Among the concerns in the domain of biomedical implants, the corrosion
behavior of Mg implants plays a preeminent role. When Mg is immersed in an aqueous milieu, a
pivotal electrochemical process occurs, as highlighted in equations (1) through (3) and underscores
the significance of managing corrosion dynamics associated with Mg alloy implants for biomedical

applications.
Table 5. Effect of alloying elements on Mg alloy performance [24].
Alloying Biocompatibility Corrosion resistance Mechanical performance
elements
Al Al is neurotoxic. It can cause It is beneficial in ~ Increases strength and plasticity.
Alzheimer's disease and providing corrosion
damage muscle fibers. resistance.
Zn Non-cytotoxic and good Corrosion resistance Zn participates in solid solution
biocompatibility. decreases with higher strengthening, increasing
Zn content. strength with increasing Zn
content.
Mn Cytotoxic and neurotoxic Provide good It gives higher yield strength and
corrosion resistance.  reduces tensile strength and
ductility.
Ca An essential component of ~ Corrosion resistance ~ With increasing Ca content,
human bone decreases with strength increases, and plasticity

increasing Ca content decreases.
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Sr Sris a vital component of =~ Corrosion resistance of ~ The strength of the alloy
human bone. It also aidsin =~ Mg alloy drops with ~ increases with increasing Sr
bone formation increasing Sr content content
Zr Good biocompatibility and ~ Corrosion resistance ~ Grains undergo refinement,
bone-bonding ability decreases with  increasing strength and plasticity
increasing Zr content
Nd Cytotoxic at high Improves corrosion Forms new phases, grain
concentrations but has good resistance refinement, and improvement in
biosafety at low concentrations. mechanical performance

Adding aluminum (Al) in commercial magnesium (Mg) alloys is the most prominent strategy,
contributing to the overall corrosion resistance of Mg alloys. AE21, AZ32, and AZ91, are some
examples of Al-enriched Mg alloys with remarkable mechanical and corrosion resistance properties
that are used for biomedical applications. However, Al's potential in the development of Alzheimer’s
disease raises concerns and underscores the requirement of intricate equilibrium in biomedical
applications. Zinc (Zn), on the other hand, is vital for the human body and enhances the material
strength of Mg-Al alloys. Mg-Zn alloys are highly biocompatible. Moreover, it forms protective layers
that effectively slow down degradation. Mn is an essential trace element for the human body with
the potential to form a protective Mn-containing oxide film that inhibits Cl-ion infiltration, rendering
it a commonly employed element in Mg alloys for biomedical applications. Mg-Ca alloys favor bone
implantation, reducing potential differences and improving corrosion resistance. Furthermore,
Strontium (Sr) also shares chemical properties with Mg and Ca; it is found in bones and promotes
bone formation. Other elements found in Mg alloys for biomedical applications include Zirconium
(Zr), Silicon (Si), and Lithium (Li), which foster bone bonding, and corrosion resistance and add
ductility to vascular stents in biomedical applications, respectively.

4. Surface modification used for Mg alloys

In addition to tweaking the bulk alloy chemistry to avoid toxicity and manipulate mechanical
properties, the toxicity can be reduced by forming coatings on the surface, which impedes the release
of toxic ions, so the local ion concentration can be kept low and the corrosion rate inhibited. Coatings
allow the use of alloys with excellent mechanical properties, even if they contain some toxic ions.
Such modifications may also enhance the bioactivity of these biodegradable materials [74,75]. Two
types of surface modification are used for Mg alloys: (a) surface coating preparation and (b) surface
microstructure modification.

e  Surface coating preparation:

The oxide film formed on the Mg alloy surface is generally weak, which cannot chemically or
mechanically protect the alloy for long exposures. Hence, there is a need to make a protective film on
the surface utilizing chemical, physical, mechanical, and biological or biomimetic techniques [76].

¢  Chemical conversion coatings:

These coatings are formed by electrochemical or chemical reactions of Mg-based alloys, within
an electrochemical bath to form a layer that often contains fluoride, phosphates, carbonate, or
chromate groups [77,78]. An insoluble compound film with reasonable adhesion formed on the Mg
surface can protect the Mg alloy from light mechanical stress and harsh aqueous environments; these
initial layers can improve the adhesion of further coatings. These methods are easy to execute and
are often used in biomedical applications. Fluoride and phosphates coatings are used for biomedical
Mg alloy surfaces [79-81]. Normally, fluoride coatings are produced in hydrofluoric acid (HF) by
reaction with Mg alloys [82,83]. The main component of fluorine coating is magnesium fluoride
(MgF2), which is water-insoluble and spontaneously deposited on the Mg surface. MgF: films
increase corrosion resistance and improve cellular response and biocompatibility [84]. For phosphate
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coatings, zinc phosphate and calcium phosphate are used for Mg alloys because of water insolubility,
high-temperature resistance, corrosion resistance, and excellent biocompatibility [85,86].

e  Biomimetic deposition

This process simulates physiological apatite mineralization in nature and deposits bio-ceramic
membranes on the substrate surface, as shown in Figure 4. The benefits of this technique are (a) ease
of adjusting coating composition, phase, and crystallinity, (b) capability of coating on porous or
complex-shaped implants, and (c) having a simplified method of incorporating biologically active
agents or drugs into apatite coatings through coprecipitation. Hence, the biomimetic method is
widely used for metallic biomaterials [87]. Biomimetic deposition can effectively enhance corrosion
resistance and biocompatibility. Dong et al. give an example of forming a biomimetic calcium
phosphate film on a Mg alloy [88].

OH
DA M Ca2 PO+ GO
— — —
Self- deposition Spin-
Mg alloy Mg/PDA Mg/PDA/CaP . Mg/PDA/CaP/GO
polymerize coating

Figure 4. Biomimetic deposition of CaP on the surface of a poly(dopamine) (PDA) film in addition to
subsequent graphene oxide coating [88].

e  Micro-arc oxidation coating

Micro-arc oxidation (MAO), otherwise known as plasma electrolytic oxidation (PEO), is a high-
voltage plasma-assisted anodic oxidation process developed from traditional anodizing to create
ceramic-like coatings [89]. The details of MAO are summarized in Figure 5. MAO has been explored
in a variety of fields due to its high efficiency, increased bonding strength between coating and
substrate, and minimal restrictions on the surface shape of the workpiece [90,91]. The main limitation
of MAQO is its inability to provide long-term surface protection [89]. For biocompatibility and
biological activity, MAO exhibits higher bonding strength with the substrate due to its dense interior;
this porous outer layer is useful in protein adsorption, osteoblast adhesion, and bone tissue
regeneration, which is often desirable for biological applications [24].
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Figure 5. (A) MAO device, (B) growth model of MAO coating, (C) thin coating with through pores,
(D) thicker coating with complex pores.
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e  Sol-gel coating

The sol-gel process, also known as chemical solution deposition, has been used widely in
material science and ceramic engineering. This technique initially uses a chemical solution as a
precursor to produce an integrated network of discrete particles or network polymers [92]. Generally,
the sol-gel process involves four steps: (1) hydrolysis, (2) condensation and polymerization of
monomers for the formation of chains and particles, (3) growth of particles, and (4) accumulation of
polymer structures followed by a continuous network formation in a liquid medium which increases
viscosity for gel formation [93]. The schematics of preparation for sol-gel coatings are shown in Figure
6. The technique has the benefits of low cost, low processing temperature, and the ability to coat
different materials that have complex shapes [94].

e  Jonimplantation:

It is a surface modification technique in which target materials are converted to an ion beam in
a vacuum, which is later sputtered onto a modified material. Finally, a layer with a specific
composition and structure is formed on the surface of the substrate [95]. Implanting specific ions onto
the Mg substrate can increase the corrosion rate and improve mechanical performance and
biocompatibility. For the biodegradable material (Mg alloy), metal ions from iron, cerium, zinc,
zirconium, and strontium, and non-metallic ions, for instance, carbon, oxygen, and nitrogen are
currently used for ion implantation [96-98]. The advantages of this technique include convenience,
controllability, and flexibility. In addition to improving physical and chemical properties, ion
implantation improves alloys' biological and antibacterial abilities [24].

Monomers
Hydrolysis
Polymerisaion  Oligomers Polymers
Network Solvent
formation S Extraction
BES Porosity
Precursor —p —_— removal
Solution /
Sal formation Gelation Aerogel
Eleetro Deposition Dip Coating Spin Coating Dense
}—l ceramic
L i )
[l J
Coating of complex Coating of 3D Ultrathin flat Xerogel
objects objects coating

Figure 6. Sol-gel coating process. For Mg alloy implants, the object would be subjected to dip coating
or electro-deposition.

. Surface microstructural modification:

This technique involves the deformation of the metal surface through mechanical processing so
that the surface acquires a microstructure and mechanical performance different from the bulk matrix
material. The mechanical processing increases the mechanical characteristics, surface hardness, and
corrosion resistance of Mg alloys by processes that lead to grain refinement and change in the
distribution of second phases or intermetallic compounds [100]. The process usually does not involve
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chemical reactions. Below are the details of microstructural modification techniques used for Mg
alloys.

Surface mechanical grinding treatment, also known as surface mechanical attrition treatment
(SMAT), is a surface nano-crystallization technique that refines grains in the nanoscale and forms
gradient nanostructures without changing material composition. It has a noteworthy effect of
improving the corrosion resistance of Mg alloys. After the SMAT process, the microstructure of Mg
alloys is fine and uniform, the surface is comparatively smoother, and the corrosion rate is
considerably lower [101]. The main problem of SMAT is reduced degradation resistance due to the
crystal defect density caused by attrition balls [102,103]. So, SMAT is less effective in improving the
biomedical Mg alloy performance [24].

Shot peening is a surface modification technique that introduces compressive residual stress on
the Mg surface, like the SMAT technique. The shot peening process creates a plastically deformed
zone with an extended and refined grain structure [104]. Mhaede et al. [105] discovered that
microhardness and degradation resistance could be improved through shot peening by refining
grains and increasing coating density. Peral et al. [106] proved that higher surface roughness
developed from shot peening favors rapid degradation. Like SMAT, shot peening is limited in
improving the biological function of Mg alloys.

e  Laser surface modification

This technique is a productive method for modifying material surface by melting the surface by
scanning with a high-intensity laser beam. The advantages are high treatment efficiency, no
pollution, and low material consumption [107,108]. Currently, laser surface melting, laser cladding,
and laser surface alloying are extensively used in surface engineering [109-111]. For the Mg alloys,
laser surface melting is currently used to improve the alloys' mechanical performance and corrosion
resistance [112]. In addition, laser modification increases the cytocompatibility and corrosion
resistance of Mg alloys by modifying the substrate's surface microstructure [24].
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Figure 7. Laser surface modification process.

e  Friction stir processing

Friction stir processing (FSP) is a technique that is similar to friction stir welding, developed by
Mishra [113], and is used for mechanical property improvement and surface composite fabrication of
light alloys such as Mg alloys [114-116]. FSP uses a non-deformable tool that is forcibly inserted into
the workpiece and revolved in a stirring motion as the device is pushed laterally to the alloy. FSP is
a technique that can produce refined grains and uniform microstructures and enhance mechanical
performances in base materials. FSP is also used to improve the corrosion resistance of Mg alloys by
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optimizing surface microstructure or creating a composite layer on the metal surface in biomedical
applications [117,118]. ESP creates severe plastic deformation, making grains refined and eliminating
surface defects. Moreover, combining FSP with other technologies or reinforcement materials
enhances mechanical and biological properties [24].

5. Summary

The field of biomedical materials and implants is a multifaceted domain that plays a pivotal role
in improving the well-being of individuals with damaged or missing bone structures and addressing
various other orthopedic health issues. Over the years, extensive research and development efforts
have created a diverse array of materials, each with distinct properties and applications. One of the
fundamental considerations in the design of biomedical implants is the necessity to balance
mechanical performance, corrosion resistance, and tissue biocompatibility. These three core
characteristics are vital for ensuring the long-term effectiveness of implants and minimizing adverse
effects on the human body. Additionally, other attributes such as tribological properties,
osseointegration, and non-toxicity further contribute to the success of these implants.

Understanding the complex interactions at the tissue-implant interface is crucial for assessing
biocompatibility. Implants that release toxic elements are deemed unsuitable for medical use,
underlining the importance of focusing on non-toxic, biocompatible materials with mechanical
properties akin to those of human bone. While traditional metal-based implants have shown promise,
they often produce stress-shielding, which can lead to bone deterioration and necessitate revision
surgery. Innovative implant designs that consider material stiffness, geometry, and shape are
required to mitigate these challenges.

The emergence of biodegradable materials, such as Mg alloys, presents an exciting avenue for
metallic biomedical implants. These materials offer the advantage of controlled degradation, which
allows them to temporarily support load-bearing requirements while facilitating the healing and
regeneration of local tissues. Moreover, Mg alloys can corrode in a manner that is not harmful, and
the resulting byproducts are naturally eliminated from the body. Nonetheless, Mg alloys face
challenges related to their rapid degradation rates and the loss of mechanical properties over time.
Alloying with elements like aluminum (Al), zinc (Zn), manganese (Mn), calcium (Ca), strontium (Sr),
zirconium (Zr), and neodymium (Nd) can enhance both mechanical performance and corrosion
resistance, making them suitable candidates for biomedical applications. Surface modification
techniques, including chemical conversion coatings and biomimetic deposition, further improve the
corrosion resistance and biocompatibility of Mg alloys. These techniques play a pivotal role in
enhancing the longevity and effectiveness of Mg-based implants.

The development of biomedical implants is a dynamic and evolving field that continues to drive
advancements in materials science and engineering. The pursuit of materials with superior
mechanical properties, corrosion resistance, and biocompatibility, combined with innovative implant
designs, holds the promise of improving the quality of life for individuals in need of orthopedic
interventions. As research and technology progress, the future of biomedical implants will likely
witness even more groundbreaking developments that will benefit patients and healthcare
professionals alike.
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