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Abstract

Magnesium-based biodegradable composites offer significant advantages over
nondegradable materials for biomedical implants. These materials degrade gradu-
ally in physiological environments, thereby reducing stress shielding and eliminat-
ing the need for secondary implant removal surgeries. This review explores how
alloying elements (e.g., Zn, Ca, Sr) in the magnesium matrix and reinforcing phases
(e.g., hydroxyapatite, SiC, TiC) in metal matrix composites influence degradation
kinetics, mechanical integrity, and ion release behaviour. Proper regulation of the
degradation rate is critical for maintaining mechanical support during the healing
phase while ensuring biocompatibility. This study expands the use of magne-
sium composites in implantable medical devices. Some examples are orthopaedic
implants, circulatory stents, bone fixation devices, and soft tissue scaffolds. The
above uses demonstrate the ability of magnesium composites to improve patient
outcomes and reduce implant-related procedures through gradual breakdown
and tissue regeneration. The review also reports the biodegradation control,
biocompatibility, manufacturing scale-up, and regulatory requirements for clini-
cal translation. Successful commercialisation depends on balancing the degrada-
tion rate with mechanical support, limiting cytotoxicity, and meeting regulatory
standards. In conclusion, magnesium-based biodegradable composites have
the potential to revolutionise biomedical implants. The unique combination of
mechanical properties, biocompatibility, and regulated biodegradation improves
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patient outcomes and therapy efficacy. Medical device design and regenerative
medicine will benefit from magnesium composites as researchers improve syn-
thesis methods, material properties, and overcome barriers.
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Biodegradable, alloying elements, reinforcement, osteogenesis, corrosion, cytotoxicity

Introduction

Biodegradable magnesium-based metal matrix composites (Mg-MMCs) represent a
paradigm shift in temporary implant design for bone fractures, bone defects, and
cardiovascular applications, addressing key limitations of traditional permanent
implants such as stress shielding, chronic inflammation, and the need for revision
surgeries (Chandra & Pandey, 2020; Kim et al., 2020; Tsakiris et al., 2021; Zhang
et al.,, 2021). Unlike nondegradable metals (e.g., titanium and stainless steel),
Mg-MMCs degrade progressively in physiological environments, ideally matching
the rate of tissue healing while providing temporary mechanical support (Choudhary
& Singh Raman, 2015; Fu et al., 2011; Seetharaman et al., 2023; Sheikh et al.,
2015). This review critically synthesises recent advances in synthesis, reinforce-
ment strategies, degradation control, and clinical translation of Mg-MMCs (Bairagi
& Mandal, 2022; Bommala et al., 2019; Haghshenas, 2017; Zhao et al., 2017).

Temporary implants are widely used in bone fixation, tissue scaffolding, and
stent implantation. Orthopaedic implants play a critical role in treating bone frac-
tures and defects by providing temporary support and stability during the healing
process. The bone plate is the most common internal fixation device, secured to
bone fragments with screws (Kim et al., 2020). Magnesium alloys and Mg-MMCs
are highly attractive for biomedical applications due to their low density, high
specific strength, and excellent biocompatibility, making them suitable for use in
aerospace, automotive, and medical fields (Bairagi & Mandal, 2022; Choudhary
& Singh Raman, 2015; Zhao et al., 2017).

The capacity of biodegradable materials to undergo slow degradation and subse-
quent resorption by the human body is in accordance with the inherent tissue repair
mechanism, hence facilitating enhanced integration and remodelling of the sur-
rounding tissues. Large bone defect repair and regeneration are still significant
clinical issues, and bioactive glass scaffolds are emerging as a promising solution.
Due to their lack of mechanical strength and fracture toughness, these scaffolds are
often not suitable for use in load-bearing bone defects. Recent advancements in both
the manufacturing process and the mechanical qualities of bioactive glass scaffolds
have demonstrated that the mechanical strength of these scaffolds is not a signifi-
cant barrier to their use in the field of bone repair. Using a number of methods,
researchers have created a scaffold with compressive strengths on par with trabecu-
lar and cortical bone. In spite of these advancements, the literature still highlights
limitations of current bioactive glass-based scaffolds. These drawbacks include the
low fracture toughness of these scaffolds (Fu et al., 2011; Sheikh et al., 2015).
Because the use of current medical implants made with biodegradable biomaterials



Mahto et al. 167

removes the need for eventual surgical removal, this aspect of their design and use
is of the utmost importance. This not only promotes patient comfort but also miti-
gates the potential risks of problems (Seetharaman et al., 2023).

Magnesium possesses favourable characteristics that render it a compelling
contender for biomedical applications, primarily owing to its biocompatible
nature and its likeness to the composition of real bone material. Magnesium
implants have these qualities, which aid in their natural integration with the body.
The usage of temporary orthopaedic implants made from magnesium-based alloys
has gained a lot of attention in recent years due to the biocompatibility, biodegrad-
ability, and outstanding mechanical properties of these materials. However,
because magnesium alloys corrode at such a high rate in physiological conditions,
their clinical application in load-bearing components is limited (Bairagi &
Mandal, 2022; Zhao et al., 2017). Magnesium-based composites provide various
benefits in biomedical applications. They are biocompatible, which implies that
they are well-tolerated by the body and do not cause any negative reactions.
Furthermore, these biodegradable materials gradually decompose and assimilate
into the body with time. These composites have advantageous mechanical quali-
ties, such as high strength and good ductility, which make them suitable for load-
bearing applications. Techniques for altering the surfaces of the composites may
increase their resistance to corrosion. In addition, magnesium-based composites
may have tailored qualities that allow for application optimisation in response to
specific needs. To summarize, these advantages make magnesium-based compos-
ites a hopeful prospect for multiple biomedical applications. However, degrada-
tion rate of pure magnesium is often considered insufficient for specific
applications, and it may not meet the desired level of mechanical strength
(Bommala et al., 2019; Haghshenas, 2017). The manipulation of the rate of deg-
radation and enhancement of mechanical characteristics can be achieved by inte-
grating other materials, such as ceramics or polymers, into the magnesium matrix.
Biodegradable Mg-MMCs can have their degradation rate regulated and their
mechanical qualities improved by including ceramics or polymers in the magne-
sium matrix. Incorporating hydroxyapatite (HA) particles into a magnesium alloy
matrix, for instance, enables one to regulate both the rate of corrosion and the
mechanical strength of a composite material. Assimilation of reinforcement mate-
rials such as HA, tricalcium phosphate (TCP), SiC, Al,Os, TiC, and biodegradable
polymers (e.g., polycaprolactone or poly(lactic-co-glycolic acid) [PLGA]) into
the magnesium matrix presents a potentially effective technique for regulating the
degradation rate and enhancing the mechanical properties of Mg-MMCs
(Bommala et al., 2019; Cerqueira et al., 2021; Khorashadizade et al., 2021;
Krishnan et al., 2022; Kusnierczyk & Basista, 2017; Mohanasundaram et al.,
2023; Nie et al., 2021; Nirala et al., 2021; Ratna Sunil et al., 2014; Su et al., 2020).
For instance, bioactive ceramics such as HA and TCP improve osseointegration
and the implant-bone interface, biodegradable polymers (e.g., PCL/PLGA) help
regulate corrosion and ion release, and ceramic particles such as SiC and TiC
enhance strength, stiffness, and wear resistance. This approach allows tailoring of
composites for specific biomedical implant requirements, including orthopaedic
fixation devices and cardiovascular stents.
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Anodic reaction : Metal —» Metal™ + n(e’)
Cathodic reaction : 2H,0 +2e"—> H, + 20H-
Cathodic reaction : 2H,0 + O, + 4e- > 40H-
Product formation : Metal™ + n(OH") - Metal(OH),

. Product dissolution : Metal(OH), + 2CI' - Metal(Cl), + 20H"

Figure |. The Mechanism of Biodegradation of Metals.

Source: Han et al. (2019).

A sequence of anodic (oxidation) and cathodic (reduction) events is responsible
for the biodegradation of biodegradable metals that occurs within the body. These
are primarily a form of corrosion. Usually, this degradation entails the metal being
converted into more stable ions. As seen in Figure 1, oxidation occurs in the metal
whenever it comes into touch with body fluids. The cathodic reactions employ the
resulting electrons. These reactions, which entail the emission of hydrogen gas and
hydroxide ions, result in the formation of a thin layer of metal oxide on the surface
of the object, which acts as a protective barrier against further chemical reactions.
The presence of large concentrations of chloride ions in human fluids causes the
protective oxide layer in magnesium alloys to become weakened, which in turn
speeds up the process of degradation. As the process continues, the calcium and
phosphate ions that are present in biological fluids, along with the alkalinity of the
surrounding environment, cause the accumulation of calcium phosphate on the
metal oxide layer. This buildup facilitates the attachment of cells to the interface,
leading to the eventual formation of tissue (Han et al., 2019).

Biodegradable Magnesium Alloys

Properties and Characteristics of Pure Magnesium

The key properties and characteristics of pure magnesium as a base material for
biodegradable alloys and composites are summarized in Figure 2. Magnesium,
with a density of approximately 1.74 g/cm?, closely matches that of human
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Figure 2. Properties and Characteristics of Pure Magnesium as a Base Material for
Biodegradable Alloys and Composites.

Source: Li et al. (2020) and Liu et al. (2018).

cortical bone (1.8-2.1 g/cm?), enabling effective load distribution and minimising
stress shielding effects (Li et al., 2020; Liu et al., 2018). Its elastic modulus (40—
45 GPa) is also comparable to natural bone, further reducing the risk of bone
resorption (Li et al., 2020). Magnesium exhibits excellent biocompatibility and
supports tissue integration without eliciting detrimental responses (Ding et al.,
2014; Liu et al., 2018). However, pure magnesium undergoes rapid degradation in
chloride-rich physiological fluids (pH 7.4-7.6), releasing hydrogen gas and lead-
ing to localised pH changes (Agarwal et al., 2016; Persaud-Sharma & McGoron,
2012; Virtanen, 2011; Witte, 2010).

Benefits and Challenges of Pure Magnesium as a Biodegradable
Material

Figure 3 outlines the principal benefits and challenges of pure magnesium as a
biodegradable implant material and highlights the need for alloying and



170 Sustainable Manufacturing and Foundry Practices [(2)

Challenges of Pure Magnesium
as a biologically degradable
material

Benefits of Pure Magnesium as a
biologically degradable material

Chloride ions, which are prevalent
in the body, rapidly breakdown
magnesium, reducing implant
longevity.
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ratio.
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Magnesium is capable of y
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Figure 3. Benefits and Challenges of Pure Magnesium as a Biodegradable Material,
Highlighting the Need for Alloying and Reinforcement to Overcome Limitations.

Source: Amukarimi and Mozafari (2021), Chandra and Pandey (2022) and Wang et al. (2022).

reinforcement to overcome its limitations. One notable benefit of pure magne-
sium lies in its capacity to undergo slow degradation over time, aligning with the
healing pace of surrounding tissue (Sezer et al., 2021). This process eliminates the
need for secondary surgery to remove the implant, thereby reducing patient dis-
comfort and associated complications (Liu et al., 2018). Moreover, the inherent
degradation of magnesium facilitates bone remodelling and tissue regeneration,
leading to improved long-term outcomes (Shan et al., 2022).

However, the rapid degradation of pure magnesium poses significant challenges
for many applications, necessitating alloying and composite reinforcement strate-
gies to control degradation rates and enhance mechanical properties (Amukarimi &
Mozafari, 2021; Chandra & Pandey, 2022; Wang et al., 2022). Localised release of
magnesium ions may also influence cellular responses and potentially cause cyto-
toxicity or inflammation if not properly managed (Abdalla et al., 2020; Ben Amara
et al., 2023; Venkateswarlu et al., 2024; Zhang et al., 2009).

The Effect of Alloying on Deterioration

The addition of alloying elements such as zinc (Zn), calcium (Ca), strontium (Sr),
and manganese (Mn) to magnesium significantly improves both corrosion resis-
tance (stability) and mechanical strength, making magnesium alloys and Mg-MMCs
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Figure 4. Major Magnesium Alloy Systems Commonly Investigated for Biomedical
Applications.

suitable for load-bearing biomedical applications that require structural integrity
during the healing period (Aikin et al., 2025; Chen et al., 2019; Kumar & Katyal,
2022; Li et al., 2021; Sharma et al., 2022; Tian & Liu, 2015). For example, Zn and
Ca additions refine grain structure, enhance tensile and compressive strength, and
slow degradation rates, while Sr at about 3 wt % further refines grains and supports
bioactivity, thereby providing adequate mechanical support while minimising pre-
mature failure. Careful selection of alloying elements is essential, as some may
introduce cytotoxicity concerns or alter degradation behaviour unfavorably.
Therefore, a balanced approach is required to optimize these materials for specific
implant applications such as bone fixation devices and cardiovascular stents. The
major magnesium alloy systems commonly investigated for biomedical applica-
tions are illustrated in Figure 4. The influence of common alloying elements on the
mechanical properties of biodegradable magnesium alloys and magnesium-based
metal matrix composites is summarized in Table 1.

Magnesium-based Metal Matrix Composite Synthesis and
Reinforcement Materials

The production of Mg-MMCs can be accomplished through various processing
routes. These methods are generally classified into liquid-phase, solid-phase, in
situ, deposition, and liquid-solid two-phase techniques (Dash et al., 2018). These
metallurgical processing routes are schematically illustrated in Figure 8. Among
these, powder metallurgy, friction stir processing, and in situ synthesis are the
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Table I. Effect of Common Alloying Elements on the Mechanical Properties of
Biodegradable Magnesium Alloys and Magnesium-based Metal Matrix Composites.

SI. No.  Elements Role in Improving Mechanical Properties
I Calcium (Ca) Enhances grain refinement; increases tensile strength
and creep resistance; promotes formation of protective
intermetallic phases
2 Lithium (Li) Improves ductility while reducing tensile strength;
enhances formability in Mg-Li alloys
3 Zinc (Zn) Strengthens the composite with optimal enhancement
up to 5 wt %; improves tensile and compressive
strength
4 Strontium (Sr) Improves strength and refines grain size at ~3 wt %
addition; enhances bioactivity
Manganese (Mn) Improves grain fineness and tensile strength
Tin (Sn) Improves both tensile and compressive strength
Zirconium (Zr) Provides high damping capacity, tensile strength, and
ductility.
8 Aluminium (Al) Increases hardness and tensile strength
(commonly used in AZ series)
9 Titanium (Ti) Improves elongation
10 Copper (Cu) Reduces ductility
I Silicon (Si) Enhances fluidity during casting
12 Iron (Fe) Not suitable for corrosion resistance; generally avoided
13 Neodymium (Nd)  Enhances strength (rare earth element)
14 Molybdenum (Mo)  Increases hardness, Young’s modulus, and elongation
I5 Cerium (Ce) Reduces yield strength

Source: Agarwal et al. (2016), Aikin et al. (2025), Chen et al. (2019), Kumar and Katyal (2022),
Li et al. (2021), and Sharma et al. (2022).

most commonly used for biomedical Mg-MMCs due to their ability to provide
good microstructural control and interfacial bonding.

Powder Metallurgy Techniques

Powder metallurgy is a widely used solid-state method for producing Mg-MMC:s.
It involves blending magnesium powder with reinforcements (e.g., TiB-, SiC,
HA), followed by compaction and sintering. This technique enables uniform dis-
tribution of reinforcements and minimizes contamination (Anbuchezhiyan et al.,
2015; Dinesh Kumar et al., 2020; Jayasathyakawin et al., 2020; Jiang et al., 2005;
Liu et al., 1994; Purohit et al., 2018; Saxena et al., 2023; Wang et al., 2004).

Figure 5 shows scanning electron micrographs of TiB,/Mg composites. Minor
microporosity increases with higher reinforcement volume fractions, with the 20
vol % composite showing the lowest porosity under optimized conditions (Dinesh
Kumar et al., 2020).
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Figure 5. Scanning Electron Micrographs of Powder Metallurgy-fabricated TiB,/Mg
Composites at: (a) 10, (b) 20, and (c) 30 vol % TiB,.

Source: Wang et al. (2004).

Friction Stir Processing Techniques

Friction stir processing is a solid-state technique that offers superior microstructural
uniformity and strong interfacial bonding without melting the matrix. The friction
stir processing technique is cost-effective and environmentally sustainable because
it eliminates the need for supplementary binders or consumable materials, which
reduces waste generation and energy usage. The lack of molten material throughout
the processing phase also mitigates the potential for flaws or inclusions in the ulti-
mate composite. These benefits make friction stir processing an attractive choice for
producing magnesium composites with microstructural uniformity for biological
and engineering applications. Additional research is still needed to optimize pro-
cessing settings and to understand how different reinforcements affect friction-stir-
processed magnesium composites for biomedical Mg-MMCs (Arokiasamy &
Anand Ronald, 2018; Bajakke et al., 2019; Balakrishnan et al., 2015; Dinaharan &
Akinlabi, 2018; Kumar et al., 2021; Kundurti et al., 2022; Qiao et al., 2021; Ratna
Sunil et al., 2014; Sunil et al., 2016; Vedabouriswaran & Aravindan, 2018).

In Situ Fabrication Methods

In situ synthesis involves direct formation of reinforcements during processing,
leading to excellent interfacial bonding and improved corrosion resistance. These
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methods produce composites with excellent interfacial bonding between the mag-
nesium matrix and the reinforcement phase, including interpenetrating networks
formed by reactive infiltration. One common in situ technique is in situ powder
metallurgy, where precursor powders of magnesium and reinforcement materials
are combined and then processed under controlled conditions to create the com-
posite. Another approach is the in situ solidification method, where the reinforce-
ment materials are introduced to the molten magnesium alloy, and the composite
is formed upon cooling. Because in situ fabrication procedures lead to greater
bonding between the phases, corrosion resistance and mechanical properties are
both improved. However, precise control of the in situ process and potential chal-
lenges associated with the inhomogeneous distribution of reinforcement materials
require careful consideration during fabrication (Chen et al., 2005; Dong et al.,
2004; Meher et al., 2021; Shakil et al., 2020; Shamekh et al., 2012; Wang et al.,
2003; Zhou et al., 2022).

Figure 6 shows the scanning electron micrographs of in situ synthesized Mg
matrix composites via reactive infiltration at different temperatures (Dong et al.,
2004). The figures demonstrate that reaction completeness and microstructure
compactness depend strongly on processing temperature and reactant particle
size. Lower porosity and better TiC formation are achieved at optimal tempera-
tures (e.g., 1,023 K), highlighting the importance of process control for biomedi-
cal applications.

A comparison of these methods reveals that powder metallurgy offers good
scalability, friction stir processing provides excellent grain refinement, and in situ
routes yield superior bonding. Selection depends on the target reinforcement type
and desired implant performance.

Reinforcement Materials

Ceramics, polymers, and others: Reinforcement materials are critical for improv-
ing the mechanical performance and biodegradation behaviour of composites
with a magnesium metal matrix (Nie et al., 2021; Su et al., 2020). Commonly used
reinforcement materials include ceramics (e.g., calcium phosphate, HA) and poly-
mers (e.g., polycaprolactone, PLGA) (Bommala et al., 2019; Khorashadizade
et al., 2021; Kusnierczyk & Basista, 2017; Mohanasundaram et al., 2023; Ratna
Sunil et al., 2014). Ceramics provide excellent biocompatibility and help promote
bone regeneration, while polymers offer better toughness and flexibility. In order
to ensure that the materials are suitable for the intended implant applications,
biocompatibility, rate of degradation, and mechanical qualities are taken into con-
sideration (Cerqueira et al., 2021; Kim et al., 2020). The integration of reinforcing
materials leads to enhanced mechanical characteristics, including wear resistance,
increased strength, and modulus, thereby rendering the metal matrix composites
(MMCs) acceptable for applications involving load-bearing implants. In spite of
this, it is essential to optimize the volume fraction and distribution of reinforce-
ment materials in order to prevent agglomeration and keep the composite’s
intended attributes (Khorashadizade et al., 2021; Krishnan et al., 2022; Nirala
et al., 2021; Ratna Sunil et al., 2014; Su et al., 2020).
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Figure 6. Scanning Electron Micrographs of In Situ Synthesized Mg Matrix Composites
Through Reactive Infiltration for System |. Low Magnification: (a) 1,073 K; (c) 1,023 K;
(e) 973 K. High Magnification: (b) 1,073 K; (d) 1,023 K; (f) 973 K.

Source: Dong et al. (2004).

Table 2 summarises commonly used reinforcement materials and their effects on
mechanical properties, corrosion resistance, and biocompatibility. Dispersed fibres
or particles. Reinforcement materials are typically classified into four main catego-
ries: continuous fibres, discontinuous fibers, whiskers, and particulates (Figure 7).
The choice of reinforcement materials in MMCs depends on the intended composite
properties. The way in which the reinforcement and matrix phases interact is essen-
tial for optimizing features such as load transfer, wetting behaviour, reactions, and
electrical conductivity. MMCs include reinforcement materials such as ceramics
(e.g., SiC and Al,O;), graphite, CNT, graphene, carbon, diamond, cubic boron
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Figure 7. Metal Matrix Composites (MMCs) Categorized Into (a) Continuous Fibres,
(b) Discontinuous Fibres, (c) Whiskers, and (d) Particles as Reinforcement.

Source: Kumar and Soren (2020).

nitride, and fly ash. Continuous fibres and whiskers are used as uninterrupted rein-
forcements, whereas discontinuous fibres and particulates act as fragmented rein-
forcements. In order to obtain the desired outcomes with MMCs, it is necessary to
match and blend the reinforcement material with the matrix material in an effective
manner (N. Kumar & Soren, 2020).

Surface Modification Techniques for Enhanced Biocompatibility

Increasing the biocompatibility and bioactivity of Mg-MMCs can be accom-
plished through the application of surface modification techniques (Delavar et
al., 2023). In order to promote cell adhesion and aid osseointegration, the sur-
face of the composite may be modified or coated with bioactive compounds
such as HA or biodegradable polymers (Buck et al., 2020). Surface modification
has a dual role in improving the initial cellular response and mitigating the
release of corrosion by-products, hence minimising potential harmful effects on
the surrounding tissues. In addition, the application of surface modification
techniques can accomplish effective control of the rate of degradation of com-
posites and make it possible for the regulated release of magnesium ions. This
approach serves to mitigate the potential cytotoxic effects associated with the
material. Surface modification is frequently performed using techniques such as
sol-gel coating, plasma electrolytic oxidation (PEO), plasma spraying, and elec-
trospinning to support controlled ion release and to delay excessive hydrogen
gas evolution. Optimizing surface characteristics in magnesium composites is
crucial to enhance biocompatibility and ensure the long-term success of implants
for biomedical applications (da Conceicao et al., 2010; Daroonparvar et al.,
2022; Yang et al., 2011).



Mahto et al. 177

Table 2. Reinforcement Materials, Effect on Mechanical Properties, Corrosion and
Biocompatibility.

Reinforcement Effect on Mechanical Effect on Corrosion
Material Characteristics Resistance Biocompatibility
SiC Increases the strength as  Improves corrosion Good
well as the stiffness and resistance biocompatibility
resistance to wear
Al,O, Increases the strength as  Improves corrosion Good
well as the stiffness and resistance biocompatibility
resistance to wear
TiC Increases the strength as Improves corrosion Good
well as the stiffness and resistance biocompatibility
resistance to wear
BN Increases the strength as  Poor corrosion Good
well as the stiffness and resistance biocompatibility
resistance to wear
ZrO, Increases the strength as Improves corrosion Good
well as the stiffness and resistance biocompatibility
resistance to wear
Hydroxyapatite  Improves bone-bonding Poor corrosion Excellent
(HA) properties resistance biocompatibility
Tricalcium Improves bone-bonding Poor corrosion Excellent
phosphate (TCP) properties resistance biocompatibility

Source: Cerqueira et al. (2021), Khorashadizade et al. (2021), Krishnan et al. (2022), Ku$nierczyk
and Basista (2017), Mohanasundaram et al. (2023), Nie et al. (2021), and Su et al. (2020).

Mechanical Performance of Magnesium Composites

Strength in Tension, Strength in Yield, and Ductility

Parameters such as tensile strength, ductility, and yield strength are vital when
determining whether magnesium composites are suitable for use as biomedical
implants. The mechanical performance of magnesium composites is characterised
by parameters such as these. Tensile strength denotes the highest stress that a
material can withstand without breaking under tension. The yield strength indi-
cates the stress value at which plastic deformation commences, providing insight
into the material’s capacity to resist permanent deformation. Ductility describes
the degree to which a substance can deform plastically before it fractures. The
mechanical properties of magnesium composites are susceptible to being signifi-
cantly influenced by the reinforcement materials used. It is crucial to keep in mind
that the addition of ceramics or polymers, for example, has the potential to raise
both the tensile strength and the yield strength of the material; nevertheless, it is
important to keep in mind that this may come at the expense of decreased ductility
in the final product. The attainment of a harmonious equilibrium among these
characteristics is of utmost importance in order to guarantee the composite’s
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Source: Khorashadizade et al. (2021).

ability to endure mechanical stresses without untimely breakdown, while simulta-
neously permitting sufficient flexibility to accommodate physiological motions
(Haghshenas, 2017; Khorashadizade et al., 2021; Krishnan et al., 2022; Li et al.,
2014; Venugopal et al., 2023; Zhang et al., 2009).

Figure 9 illustrates the tensile strength and elongation of Mg—Zn—Mn alloys in
their respective as-cast and extruded forms. When looking at the tensile strengths
of the material, such as the yield strength and ultimate tensile strength (UTS),
Figure 9(a) demonstrates that the tensile strength (both yield strength and ultimate
tensile strength) of Mg—Zn—Mn alloys increases with increasing Zn content. The
extrusion process results in a substantial enhancement in tensile properties com-
pared to the as-cast condition. For instance, the yield strength of the Mg—1Zn—
1Mn alloy increased from 44 MPa (as-cast) to 246 MPa after extrusion (a 459%
improvement), while the ultimate tensile strength rose from 174 MPa to 280 MPa
(a 60% improvement) (Zhang et al., 2009).

Figure 9(b) shows the elongation behaviour of Mg—Zn—Mn alloys. Although
increasing Zn content slightly improves elongation in the as-cast alloys, the elon-
gation of extruded alloys decreases significantly at higher Zn levels. For the
Mg-Zn-Mn alloy, the elongation drops to approximately 10% after extrusion,
which is lower than that of the corresponding as-cast alloy (Zhang et al., 2009).
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Source: Zhang et al. (2009).

This trade-off between strength and ductility must be carefully considered when
designing load-bearing biomedical implants.

Hardness and Wear Resistance

Magnesium composites’ mechanical properties, particularly their hardness and
wear resistance, are critical in determining the longevity and effectiveness of
these materials when applied as biomedical implants. The term “hardness” per-
tains to the capacity of a material to resist deformation and penetration, whereas
“wear resistance” denotes its ability to endure abrasion and surface degradation
caused by frictional forces. The inclusion of reinforcement materials, such as
ceramics, has the prospective to greatly improve hardness and wear resistance,
hence rendering the composite more suited for applications that bear loads.
Nevertheless, the utilization of an implant that is too rigid might result in height-
ened abrasion on surfaces that come into contact with it. This necessitates the
need for a meticulous equilibrium to be established, in order to attain ideal perfor-
mance in terms of wear, while simultaneously avoiding excessive wear on natural
tissues. To establish which applications are best suited for composites and to
assure the continuous success of implants, it is critically necessary to have a full
understanding of the hardness and wear parameters of composites (Alahelisten
et al., 1993; Madhusudhan Reddy et al., 2013; Soorya Prakash et al., 2016; Wang
et al., 2004, 2006).

Figure 10a illustrates how the Vickers hardness varies with depth in the graded
coatings. It demonstrates a steady drop in average hardness from the top layer
(856.5 HV) to the substrate (67.8 HV) over the course of the coating. Because WC
particle doping had good effects on the Ni-WC composite coatings, the top lay-
er’s hardness was noticeably approximately 12.6 times larger than that of the sub-
strate. This doping increases hardness by dispersing and strengthening the fine
grain. Figure 10b illustrates the potentiodynamic polarisation curves for both the
coating and the substrate, respectively. The results show that the coating has a
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Source: Wang et al. (2023).

higher corrosion potential and lower corrosion current density than the substrate.
This indicates improved corrosion resistance. Figure 10c and 10d illustrates the
coefficient of friction (COF) and wear behaviour, respectively. The coatings had
a higher COF than the Mg alloy because of the rough surface of the coating. The
top layer’s matrix was worn away first, leaving robust WC particles on the surface
during wear testing. This resulted in a rough coating surface and an elevated COF.
Despite that, the coating showed a substantial decrease of 87.4% and 80.0% in
wear volumes under dry and NaCl circumstances, showing about five to eight
times higher wear resistance compared to the Mg alloy (Wang et al., 2023).

Behaviour Caused by Fatigue and Breaking Toughness

The investigation of fatigue characteristics and fracture toughness is of utmost
importance when considering the mechanical dependability and safety of magne-
sium composites in dynamic load-bearing circumstances. The term “fatigue
behaviour” refers to the way a composite material behaves when subjected to
the influence of cyclic loading and unloading, which has the potential to cause the
material to fail due to fatigue over the course of some amount of time. The inclu-
sion of reinforcement materials has the potential to improve the fatigue resistance
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Source: Liu et al. (2014).

of a material by increasing the material’s resistance to cracking and reducing the
amount of stress concentrated in certain areas of the material. This enhancement
is possible as a result of the addition of materials that provide reinforcement to the
structure. The fracture toughness parameter quantifies the material’s capacity to
resist the propagation of cracks, hence reflecting its capability to endure abrupt
impacts or stress concentrations without experiencing catastrophic collapse. A
composite material possessing a high fracture toughness exhibits enhanced resis-
tance to unanticipated mechanical stresses encountered during the utilization of
implants. The comprehension of fatigue characteristics and fracture toughness of
magnesium composites enables researchers and engineers to develop implants
capable of withstanding physiological loads for prolonged durations while simul-
taneously reducing the likelihood of abrupt failure and related consequences. The
accurate evaluation and optimisation of the mechanical characteristics of magne-
sium composites are crucial in guaranteeing the sustained performance and
dependability of these materials in biomedical implant applications (Garcia-
Romero et al., 2010; Hack et al., 1984; Qi et al., 2017; Shin & Bae, 2018; Vaidya
& Lewandowski, 1996; Xia et al., 2020; Zhu & lizuka, 2003).

The S—N curves for sand-cast and sand-cast-T6 Mg—10Gd-3Y—0.5Zr alloys
that were subjected to rotating beam loading (with a stress ratio of —1) at about
100 Hz in an air environment are displayed in Figure 11. These alloys were loaded
with a stress ratio of —1, and the frequency of the rotating beam loading was
approximately 100 Hz. The resistance to fatigue of these alloys is under
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examination. The fatigue strength of the sand-cast Mg—10Gd—3Y-0.5Zr alloy was
found to be 95 MPa after 107 cycles, but the sand-cast-T6 Mg—10Gd-3Y-0.5Zr
alloy demonstrated a fatigue strength of 120 MPa for the same cycle count. This
was established after comparing the two alloys’ fatigue strengths. The application
of the T6 thermal treatment process resulted in a 26% increase in the end prod-
uct’s fatigue strength (Liu et al., 2014).

Corrosion Behaviour of Magnesium-based Composites

Magnesium Degradation Mechanisms in Physiological Environments

The comprehension of the corrosion characteristics exhibited by magnesium-based
composites is of utmost importance in order to effectively utilize them as biodegrad-
able materials for biomedical implants. Magnesium degrades through electrochemi-
cal mechanisms upon exposure to the physiological environment. This degradation
is mostly attributed to the relationship between magnesium and water, as well as the
presence of ions in bodily fluids. One of the stages of deterioration is the dissolution
of magnesium, which leads to the creation of magnesium ions and ultimately ends
in the emission of hydrogen gas. The aforementioned procedure has the capability
to induce localised alterations in pH levels, which may result in either alkalisation
or acidification in the immediate area of the implant. These changes have the capac-
ity to impact the surrounding tissues and cells. In addition, the liberation of magne-
sium ions could potentially exert physiological influences on cellular mechanisms
and tissue reactions. Several factors, including alloy composition, microstructure,
surface area, and exposure circumstances, contribute to the deterioration rate.
Understanding these degradation mechanisms comprehensively is extremely impor-
tant to accurately forecast the performance of the material and customise its degra-
dation rate in line with the healing process for specific biomedical implant
applications (Bakhsheshi-Rad et al., 2014, 2016; Eliezer & Witte, 2010; Neves
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Figure 12. Corrosion Performance of Alloys with Mg—3.0Nd-0.2Zn—xAg—0.4Zr Alloys;
(a) Hydrogen Evolution Curves and (b) Corrosion Rate.

Source: Zhang et al. (2013).



Mahto et al. 183

etal., 2021; Pulido-Gonzalez et al., 2020; Razavi et al., 2010; Torne et al., 2017; Xu
et al., 2022; Zhang et al., 2013).

The results of studies on hydrogen evolution and mass loss are depicted in
Figure 12, which includes hydrogen evolution curves (Figure 12a) and corrosion
rates of alloys (Figure 12b). These results reveal distinct corrosion behaviours.
After 120 h of immersion, Alloy A’s hydrogen evolution volume aligns with Alloy
B’s, while Alloy C displays elevated hydrogen evolution, and Alloy D’s mean
volume surpasses those of Alloys A and B by sixfold. The results of mass loss
testing indicate that Alloy B has a slightly lower corrosion rate than Alloy A.
However, Alloy C and Alloy D have corrosion rates that are 32% and 437%
higher, respectively, than Alloy A. Despite the fact that the rates acquired using
this approach are slightly lower than those obtained using the mass loss tests, the
findings of the hydrogen evolution tests support these findings and reveal a trend
that is comparable. This is the case despite the fact that the rates obtained using
this method are lower than those obtained using the mass loss tests. This is due to
the fact that during the process of simulated body fluids (SBF) renewal, there is a
chance that hydrogen may be released into the air and then dissolved into SBF.
Remarkably, Figure 12 showcases a direct relationship between Ag content and
corrosion rate increase, notably with Alloy B (0.2 wt% Ag) mirroring the rate of
Ag-free alloy. These corrosion behaviours are influenced by grain size, second-
phase characteristics, distribution, and the presence of the MgZr compound, with
finer grains generally improving corrosion resistance while discontinuous second
phases enhance microgalvanic-driven corrosion effects (Zhang et al., 2013).

Corrosion Protection Strategies

The topics of interest include alloying, coatings, and surface treatments. In order
to mitigate the issues arising from the quick deterioration of pure magnesium,
many solutions for corrosion protection are implemented in magnesium-based
composites. Alloying is a frequently used technique that involves introducing spe-
cific elements into the magnesium matrix to modify its corrosion characteristics
and regulate the rate of degradation (Abdalla et al., 2020; Heimann, 2021). The
addition of alloying metals such as aluminium, calcium, or zinc has the potential
to generate protective corrosion layers or compounds. This, in turn, can effec-
tively decrease the rate at which magnesium ions are released and enhance the
overall resistance to corrosion (Agarwal et al., 2016; Aikin et al., 2025; Delavar
et al., 2023; Virtanen, 2011). A further approach entails the application of protec-
tive coatings or surface treatments to the composite material. Coatings composed
of bioceramic materials, such as HA, or biodegradable polymers have the ability
to establish a protective barrier between the composite material and the surround-
ing physiological environment. This barrier serves to decelerate the pace of deg-
radation and improve the biocompatibility of the composite (Ratna Sunil et al.,
2014). In addition, the application of surface treatments such as anodization or
PEO can result in the manufacture of coatings on the surface of the composite
material that are long-lasting and resistant to corrosion. These coatings can be
advantageous in a variety of applications. The comprehension and enhancement
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Source: Pulido-Gonzilez et al. (2020).

of these corrosion mitigation approaches are of utmost importance in guarantee-
ing the enduring stability and efficacy of magnesium-based composites employed
in biomedical implantation contexts (Allavikutty et al., 2021; Heimann, 2021; Li
& Zheng, 2013; Narayanan et al., 2015; Yang et al., 2010).

Figure 13 depicts the mechanism of corrosion that takes place in the Mg—Zn—
Ca alloy after it has been cast. This mechanism of corrosion takes place when the
resulting alloy is immersed in Hank’s solution. The first steps in the process
involve the creation of a protective layer and the breakdown of the alloy in a man-
ner that is consistent throughout (Figure 13a), but local disruption of the layer by
chlorine ions and hydrogen bubbles leads to the formation of small pits that
expose alloy portions to the electrolyte (Figure 13b). The galvanic interaction
between the a-Mg matrix and the intermetallic secondary phases also contributes
to the acceleration of this process. The presence of the continuous phase at the
grain boundary slows corrosion advancement (Figure 13c), even though the
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intermetallic phase itself does not disintegrate. As dissolution continues, corro-
sion progresses through the network of secondary phases (Figure 13d) and finally
through the a-Mg matrix via localised corrosion (Figure 13c¢), exacerbating the
overall corrosion. The production of HA is triggered on the residual protective
Mg(OH), layer as a result of the interaction between free Mg?* and Ca?" cations
and solution phosphates (Figure 13d). This formation is made easier by the rise in
pH that results from the presence of OH— in the solution (Pulido-Gonzalez et al.,
2020).

In Vitro and In Vivo Corrosion Studies

Comprehensive corrosion investigations are carried out both in the laboratory (in
the form of in vitro testing) and inside living creatures (in the form of in vivo test-
ing) in order to evaluate the corrosion properties and biocompatibility of magne-
sium-based composites. In vitro investigations entail submerging the composite
specimens in simulated bodily fluid or cell culture conditions to replicate the
physiological milieu and evaluate the rate of degradation and kinetics of ion
release (Hussein et al., 2022). These findings offer significant insights into the
first corrosion behaviour of the material and its possible implications for adjacent
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cells and tissues (Sommer et al., 2022; Tahriri et al., 2018). The process of in vivo
corrosion investigations entails the insertion of composites into animal models for
the purpose of assessing their degradation characteristics, tissue reaction, and
suitability for biological applications in a setting that closely mimics real-life bio-
logical conditions (Sommer et al., 2022). These studies make it possible to moni-
tor the continuously degrading performance of the implanted composite as well as
the host’s reaction to the composite. Understanding the biodegradation kinetics,
biocompatibility, and safety features of magnesium-based composites requires the
combined use of in vitro and in vivo corrosion research. This is of the utmost
importance. These researches provide valuable insights that aid in the refinement
of these composites, ensuring their secure and efficient utilization across diverse
biomedical implant applications (Cho et al., 2022; Chou et al., 2013; Sanchez
etal., 2015; Wen et al., 2021).

Corrosion media used in in vitro testing, such as Earle’s balanced salt solution
(EBSS), SBF, Hanks’ balanced salt solution (HBSS), minimum essential media
(MEM), and MEM supplemented with bovine serum albumin (BSA), all have
distinct effects on the test specimens, as shown in Figure 14. Importantly, the cor-
rosion factors determined for a given corrosion solution show considerable simi-
larity, with only a few exceptions. In general, the corrosion factors for EBSS and
SBF are below 3, while MEM exhibits higher values, which range from 1.5 to 3.5.
Upon introduction of proteins, the values increase to 4—7. In contrast, the corro-
sion factors yielded by Hanks’ solution differ significantly; yet definitive correla-
tion assessment is hindered due to limited statistical data (Sanchez et al., 2015).

Biocompatibility and Biological Response

Interaction of Magnesium Composites with Cells and Tissues

The assessment of biocompatibility in magnesium composites plays a pivotal role
in determining their appropriateness for utilization in biomedical implant applica-
tions (Huan et al., 2010; Zhang et al., 2009). Upon being inserted into the human
body, these composite materials engage in interactions with cells and tissues,
thereby beginning biological reactions that have an impact on their integration
and overall functionality. The initial stage of the interaction involves the surface
of the composite material, where proteins from the surrounding environment
adhere and promote the attachment of cells. Various types of cells, including
osteoblasts and fibroblasts, engage in interactions with the composite surface,
thereby facilitating the processes of tissue growth and remodelling. The degrada-
tion products of the composite material, which encompass magnesium ions, are
additionally implicated in biological responses. The concentration of magnesium
ions can elicit either stimulatory or inhibitory effects on several cellular processes,
including proliferation, differentiation, and apoptosis. Gaining a comprehensive
understanding of the interplay between magnesium composites and cellular and
tissue components is of paramount importance in facilitating desirable tissue reac-
tions and guaranteeing successful incorporation of the implant within the host
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Figure 15. Magnesium Composites’ Effects on Cells and Tissues.

milieu (Al-Shalawi, Azmah Hanim, et al., 2023; Castro et al., 2019; Huan et al.,
2010; Shunmugasamy et al., 2023). Figure 15 summarises the effects of represen-
tative magnesium composites on cells and tissues.

Inflammatory Response and Host Reactions

When introduced into the human body, magnesium composites have the potential
to elicit an inflammatory response, which is an inherent component of the
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physiological wound healing process (Al-Shalawi, Azmah Hanim, et al., 2023;
Castro et al., 2019; Huan et al., 2010; Li et al., 2022; Shunmugasamy et al., 2023).
It is possible to identify the beginning stages of inflammation by the movement of
immune cells to the site of implantation. These immune cells may include neutro-
phils and macrophages. The immune system’s cells perform an essential part in
the removal of waste from cells and the regulation of the local microenvironment
in the tissue that surrounds them. On the other hand, inflammation that is exces-
sive or persists for an extended period of time can have negative effects on the
host, such as the development of chronic inflammation or the production of
fibrous encapsulation surrounding the implant. The composite’s rate of degrada-
tion can be affected by the inflammatory response, which impacts the local elec-
trolyte balance and pH. The management of degradation rate and the manipulation
of surface qualities of composites are crucial factors in mitigating the inflamma-
tory response and facilitating a controlled and positive host reaction towards the
implant (Avery et al., 2023; Bakhsheshi-Rad et al., 2017; Hotchkiss et al., 2018;
Hua et al., 2023; Huan et al., 2010; Jurczyk et al., 2020; Martinez et al., 2023;
Prestat & Thierry, 2021; Saha et al., 2022; Selders et al., 2017; Velnar et al., 2016).
Figure 16 summarises magnesium-composite-induced inflammation and the asso-
ciated host reactions.

Immunomodulatory Effects and Osteogenesis

Magnesium composites possess immunomodulatory properties that can exert an
influence on the immune response and subsequent tissue healing processes (He et
al., 2023). The composite material has the ability to regulate immune cell activity
and cytokine production through the release of magnesium ions. This has an
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impact on the equilibrium between anti-inflammatory and pro-inflammatory
responses (Zhou et al., 2021). The appropriate modulation of the immune system
can effectively facilitate the process of tissue repair and regeneration, while con-
currently mitigating the occurrence of unfavourable reactions. Moreover, magne-
sium composites have demonstrated potential in facilitating osteogenesis, which
is the biological process responsible for bone formation (He et al., 2023).
Magnesium ions released during degradation can promote osteogenic differentia-
tion of mesenchymal stem cells, which supports bone regeneration and stronger
bonding between the implant and adjacent bone tissue (He et al., 2023; Zhou
et al., 2021). Additionally, the similarity between magnesium and natural bone
minerals can create a conducive microenvironment for the functioning of osteo-
blasts and the creation of the extracellular matrix (He et al., 2023). Figure 17
schematically presents the immunomodulatory effects and osteogenic potential of
magnesium composites. It is of utmost importance to comprehend the immuno-
modulatory effects and osteogenic capacity of magnesium composites in order to
enhance their biocompatibility and guarantee the successful integration and use-
fulness of these materials in biomedical implant applications connected to bone
(Loi et al., 2016; Medhat et al., 2019; Xue et al., 2022; Zhao et al., 2022).

Preclinical and Clinical Studies
Preclinical Evaluation of Magnesium-based Implants

Prior to conducting human trials, magnesium-based implants undergo thorough
preclinical examination in laboratory settings. This stage evaluates implant
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biocompatibility, mechanical characteristics, and degradation patterns in vitro and
ex vivo (Chagnon et al., 2019). In vitro investigations encompass the exposure of
implants to simulated bodily fluids or cell cultures, enabling the examination of
their interactions with biological constituents (Hua et al., 2023; Huan et al., 2010;
Loi et al., 2016). The degradation rate, release of magnesium ions, and cellular
reactions of the implants are meticulously examined in order to comprehend their
behaviour within a controlled setting (Chen et al., 2019; Li et al., 2014; Nene
et al., 2016; Shan et al., 2022). Furthermore, ex vivo tests may encompass the
transplantation of the composites into animal models’ tissues or organs that exhibit
a high degree of similarity to human physiology (Bakhsheshi-Rad et al., 2017; Li
et al., 2022; Martinez et al., 2023; Sanchez et al., 2015; Sommer et al., 2022).
These experiments offer significant insights into the early biological reaction and
degrading behaviour of the implants within a scenario that closely resembles real-
world conditions. The preclinical assessment is a critical step in identifying poten-
tial problems, improving implant designs, and predicting their performance before
proceeding to animal testing and clinical trials (Chagnon et al., 2019; Mathew
et al., 2023; Sekar et al., 2021).

Animal Studies: Efficacy and Safety Assessment

The examination of animals is an essential component in the assessment of the
effectiveness and safety of magnesium-based implants within living beings. These
investigations entail the insertion of the composites into animal models, com-
monly including rabbits or pigs, in order to evaluate their efficacy inside a func-
tioning biological system (Sun et al., 2021). Table 3 summarises the outcomes of
an initial minipig study of magnesium implants, organised by implantation site,
together with the associated safety evaluations (Imwinkelried et al., 2020). The
present investigation examines implant biocompatibility, deterioration, tissue
integration, and host reactions (Rahim et al., 2020; Sun et al., 2021). The implants
were monitored over a prolonged duration in order to evaluate the enduring con-
sequences and possible problems. Imaging modalities, histopathological exami-
nation, and biomechanical assessment are often employed methodologies for the
evaluation of implant efficacy and tissue reactions (Griin et al., 2018). Animal
research plays a crucial role in gathering essential information on the biological
processes, tissue regeneration, and possible negative effects of implants. The
aforementioned findings provide valuable insights for enhancing the design and
safety of implants prior to embarking on human clinical trials (Griin et al., 2018;
Rahim et al., 2020; Sekar et al., 2021; Sun et al., 2021).

Clinical Trials and Case Studies of Magnesium-based
Implants

Clinical studies provide the final assessment of magnesium-based implants’ safety
and efficacy in humans (Zhao et al., 2017). The trials encompass meticulously
planned investigations wherein human subjects are administered implants within
controlled environments (Sekar et al., 2021). The primary objectives of clinical
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trials include assessing the implants’ biocompatibility, degradation kinetics,
mechanical performance, and long-term outcomes in real-world scenarios (Prestat
& Thierry, 2021). The trials are typically conducted in phases, starting with small
groups to evaluate safety, followed by larger groups to assess efficacy and gather
statistical data. Case studies may also be conducted to report individual patient
experiences and outcomes with magnesium-based implants. The data from clini-
cal trials and case studies help establish the safety profile and effectiveness of the
implants in human patients. Positive results from clinical trials pave the way for
regulatory approval and widespread clinical use of magnesium-based implants in
specific medical applications (Albaraghtheh et al., 2022; Espiritu et al., 2021,
2022; Garimella et al., 2026; Jurczyk et al., 2020; Prestat & Thierry, 2021; Sekar
et al., 2021; Stiirznickel et al., 2021; Suljevic et al., 2022; Venkateswarlu et al.,
2023; Zhao et al., 2017).

Applications of Magnesium Metal Matrix Composites in
Biomedical Implants

Bone Fixation Devices and Osteosynthesis

Mg-MMCs find application in bone fixation devices and osteosynthesis, where
they play a crucial role in stabilizing fractured bones and supporting the healing
process (Xue et al., 2022). These implants are used in orthopaedic surgeries to
immobilise fractured bones and facilitate bone fusion. The biodegradability of
magnesium composites is particularly helpful in this context because, as they
gradually disintegrate over time, they lower the risk of implant-associated prob-
lems and eliminate the requirement for a further operation for removal (Medhat
et al., 2019; Xue et al., 2022; Zhao et al., 2022). Furthermore, the mechanical
properties of magnesium composites are remarkably close to those of genuine
bone. This promotes load transfer throughout the healing process and lessens the
effects of stress shielding. The controlled degradation of magnesium composites
in bone fixation devices can stimulate bone formation and remodelling, leading to
improved long-term outcomes. In order to ensure an adequate level of implant
integrity during the entire healing period, the rate of deterioration and the mechan-
ical properties of the composite are carefully examined. Bone fixation devices and
osteosynthesis with magnesium composites represent a promising area for
enhancing patient outcomes and reducing the burden of implant-related surgeries
(Cerqueira etal., 2021; Espiritu et al., 2022; Fu et al., 2011; Garimella et al., 2026;
Kim et al., 2020; Munir et al., 2023; Putra et al., 2020; Tahriri et al., 2018; Zhang
etal., 2021; Zhou et al., 2021).

Cardiovascular Stents and Vascular Applications

The investigation of magnesium-based composites for cardiovascular stents
and vascular applications is now underway (Walker et al., 2014). Stents are
cylindrical instruments employed for the management of coronary artery
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disease and various vascular blockages (Ahadi et al., 2023). The utilization of
magnesium composites in stents presents numerous benefits, including the
provision of temporary scaffolding support throughout the healing process
and slow degradation, thereby obviating the necessity for permanent implants
(Erbel et al., 2007). Ensuring the biocompatibility of magnesium composites
is of utmost importance in mitigating the potential for inflammation and
thrombosis commonly associated with conventional stents (Ahadi et al.,
2023). Magnesium composites, when intentionally degraded for use in vascu-
lar applications, may be able to solve the problem of in-stent restenosis that
plagues conventional metal stents (Ma et al., 2016). Nevertheless, it is crucial
to optimize the degradation kinetics, mechanical strength, and surface quali-
ties in order to guarantee the stent’s mechanical support throughout the heal-
ing process and mitigate the risk of premature stent failure. Ongoing research
in this domain demonstrates the potential of magnesium composites to signifi-
cantly transform the field of cardiovascular treatments by providing enhanced
biocompatibility and patient-centric solutions (Erbel et al., 2007; Ma et al.,
2016; Walker et al., 2014).

Orthopaedic Implants and Soft Tissue Scaffolds

Mg-MMCs exhibit considerable potential for application in diverse orthopaedic
implant and soft tissue scaffold designs (He et al., 2023). Within the field of
orthopaedics, these composite materials find application in several types of
implants, including spinal cages, interbody fusion devices, and craniomaxillofa-
cial plates (Kim et al., 2018; Schaller, Saulacic, Imwinkelried, et al., 2016; Shen
et al., 2019). The favourable nature of magnesium composites lies in their biode-
gradability, which proves beneficial in various applications. Specifically, these
implants offer support during the healing process while concurrently undergoing
slow degradation as bone tissue undergoes regeneration (Medhat et al., 2019). It
is possible to tailor the composite material’s mechanical properties to meet the
specific requirements of orthopaedic applications; this results in a solution that is
both adaptable and individualized for patients (Chandra & Pandey, 2020; Tsakiris
et al., 2021; Walker et al., 2014). In addition to this, magnesium composites have
the potential to function as scaffolds in the field of tissue engineering and regen-
erative medicine (Sheikh et al., 2015; Xue et al., 2022). Temporary frameworks
are utilized to facilitate tissue growth and remodelling processes by stimulating
the development of new tissue (Adetunla et al., 2022; Cerqueira et al., 2021;
Huang et al., 2014; Persaud-Sharma & McGoron, 2012). The progressive deterio-
ration of the composite material facilitates the development of a functional tissue
architecture, leading to the eventual replacement of the implant by native tissue.
However, in order to guarantee the efficiency and safety of these implants and
scaffolds in the context of orthopaedic and tissue engineering activities, it is abso-
lutely necessary to conduct a comprehensive analysis of the rate of degradation,
the mechanical features, and the biocompatibility of the material (Adetunla et al.,
2022; Huang et al., 2014; Radha & Sreekanth, 2017; Rahman et al., 2020).
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Challenges and Future Perspectives
Biodegradation Control and Implant Longevity

The management of the biodegradation rate of magnesium-based composites is
one of the key challenges that arises in the process of utilizing these materials for
the manufacture of biomedical implants (Rahman et al., 2020). The progressive
deterioration of implants is advantageous in reducing the necessity for implant
extraction procedures. However, it is crucial to strike a balance that guarantees
adequate mechanical reinforcement during the entirety of the healing phase
(Adetunla et al., 2022; Zhao et al., 2017). Rapid deterioration can cause premature
implant failure and excessive hydrogen evolution, while second-phase particles
and reinforcements may accelerate attack through microgalvanic coupling;
delayed degradation may impede tissue repair (Zhao et al., 2017). The attainment
of an optimal degradation rate is contingent upon the meticulous choice of alloy-
ing components, composite composition, and surface changes (Aikin et al., 2025).
Moreover, the degrading behaviour of implants might be influenced by changes in
physiological settings among individuals, necessitating the implementation of
individualized approaches in implant design. The maintenance of suitable biodeg-
radation management is of utmost importance in order to attain optimal longevity
of implants and favourable outcomes for patients (Adetunla et al., 2022; Zhao
etal., 2017).

Cytotoxicity and Biocompatibility Concerns

The release of magnesium ions during the degradation process of magnesium
composites has the potential to have an effect on both cytotoxicity and biological
responses (Xin et al., 2011). Magnesium ions, when present in low concentra-
tions, have been shown to encourage the growth of new cells and the repair of
damaged tissue; however, magnesium ions present in high concentrations have
been shown to have the opposite effect, leading to cell death and inflammation
(Zhao et al., 2017). Properly tuning the degradation rate and ion release kinetics
is essential to minimize cytotoxicity and ensure biocompatibility. Additionally,
variations in individual responses to magnesium ions must be considered, as some
patients may be more sensitive to their presence. In order to address cytotoxicity
and biocompatibility concerns before moving on to clinical applications, it is
absolutely necessary to carry out complete biocompatibility assessments. These
assessments should include both in vitro and in vivo research (Chagnon et al.,
2019; Sezer et al., 2018; Xin et al., 2011).

Translation to Commercial Products and Regulatory Aspects

Despite significant research advancements, the translation of magnesium-based
composites into commercial products for widespread clinical use involves vari-
ous challenges (Walker et al., 2014). Manufacturing scalability, consistent qual-
ity control, and process reproducibility remain significant concerns (Wang
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et al., 2022). Additionally, regulatory aspects related to biodegradable materials
and medical devices must be thoroughly addressed to meet safety and efficacy
standards for clinical applications. Obtaining regulatory approvals can be a
lengthy and resource-intensive process. Collaborations between academic
researchers, medical device companies, and regulatory bodies are crucial for
navigating these challenges and bringing magnesium-based composites to mar-
ket. Moreover, long-term post-market surveillance is essential to monitor the
performance and safety of these implants in real-world scenarios. In order to
realize the full potential of magnesium-based composites as novel and patient-
friendly solutions in the field of biomedical implants, it is essential to overcome
these hurdles and handle regulatory considerations (Al-Shalawi, Azmah Hanim,
et al., 2023; Al-Shalawi, Mohamed Ariff, et al., 2023; Chagnon et al., 2019;
Chandra & Pandey, 2020; Drelich et al., 2020; Hung et al., 2019; Prakasam
et al., 2017; Sezer et al., 2018; Wang et al., 2022; Wu et al., 2015; Zhao et al.,
2017; Zhu et al., 2022).

Conclusion

Because of properties such as biocompatibility, mechanical qualities that are similar
to natural bone, and controlled biodegradation, magnesium-based composites pro-
vide a compelling alternative to standard nondegradable implants. The properties
and characteristics of magnesium, including its lightweight nature and biocompati-
bility, make it an attractive material for medical applications. Alloying with specific
elements allows for the optimisation of degradation kinetics and mechanical perfor-
mance, tailoring the composites to specific implant requirements. The corrosion
behaviour of magnesium composites was explored in this article. The article also
emphasized the need for biodegradation control to ensure optimal implant longevity
and prevent premature failure. Biocompatibility work continues to flag risks linked
to magnesium ion release, so careful material design and thorough biocompatibility
evaluation remain necessary. The review article contained a complete analysis of
the many applications of magnesium composites in the realm of biomedical implants
as well as other applications. These applications cover a wide variety of medical
devices, including stents for the circulatory system, orthopaedic implants, bone
fixation devices, and scaffolds for soft tissue. The exhibited applications have show-
cased the potential of magnesium composites in improving patient outcomes and
minimising the necessity for subsequent surgeries through the facilitation of pro-
gressive degradation and tissue regeneration. When considering the future, the out-
look for the utilization of biodegradable magnesium-based composites in biomedical
implants is highly favourable. Current research endeavors are focused on tackling
the obstacles associated with degradation control, biocompatibility, and regulatory
considerations in order to facilitate the successful transition of these innovations
into commercially viable products. The establishment of collaborations among aca-
demia, industry, and regulatory agencies is of utmost importance in effectively navi-
gating the intricate journey from preclinical assessment to clinical trials and eventual
market acceptance. In short, biodegradable magnesium composites remain
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promising temporary implant materials when mechanical support, biocompatibility,
and degradation rate are jointly managed. Continued progress in processing, surface
engineering, and clinical evaluation will determine how widely they enter routine
medical device practice.
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