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Abstract  Unique characteristics such as biocompatibil-
ity, degradation capability, and mechanical properties have 
positioned magnesium alloys as highly favorable choices 
for use in various medical devices and implants. However, 
their rapid degradation and associated challenges have lim-
ited their widespread use. This study conducts a thorough 
analysis into the corrosion behavior of magnesium alloys 
when open to various coatings, using both in vitro and 
in vivo environments. The review focuses on understanding 
the degradation mechanisms, factors influencing corrosion, 
and the resulting consequences. Additionally, it explores the 
composition of coatings and metals as effective means to 
control degradation, along with surface treatment and corro-
sion management methods. To enhance the degrading behav-
ior, bioactivity, and biocompatibility of magnesium alloys, a 
multistep approach involving coating techniques such as HA 
coating, LDH, CaP, and titanium dioxide coating is recom-
mended. These coatings have shown significant potential in 
improving the exterior properties of Mg alloys. Furthermore, 
using multifunctional coatings is extremely effective in cre-
ating secure and bioactive substrates for the application of 
biodegradable implants, demonstrating significant potential 
in the field of biomedical engineering.

Keywords  Mg implants · Corrosion behaviors · Types of 
coatings · Bioactivity · Biodegradation

1  Introduction

Recently, there has been a developing curiosity in biode-
gradable metals as alternatives to traditional materials, viz. 
titanium alloy, steel grade alloys and cobalt alloys. Three 
types of biodegradable metal materials have emerged: zinc 
alloy, ferroalloy and magnesium alloy [1]. Magnesium (Mg), 
a naturally occurring lightweight metal found in bone tis-
sue, plays a vital role in human metabolism. Mg ions are 
deemed a vital component in the human body, with their 
toxicity levels falling within acceptable limits [21]. Mag-
nesium alloys are considered as a demanding material for 
implants due to the special features in terms of biocompat-
ibility and degradability [2–4]. Their remarkable mechani-
cal capabilities, high compatibility with biological systems, 
and optimal decay rate have sparked significant interest in 
the field of biometal materials. One notable aspect is that 
the magnesium alloys have a density of around 1.74 g/cm3, 
which closely resemble human bones that are compact with 
a density of 1.8 g/cm3. However, while the yield point of 
uncontaminated magnesium is 45 GPa, human bone has a 
yield point range of 40–57 GPa. This suggests that magne-
sium can greatly improve the yield stress effect in compari-
son with other metal materials like titanium and its alloys. 
As a result, alloys made from magnesium have emerged as 
an attractive option for implant materials [5, 6]. Currently, 
magnesium alloys like AZ91, AZ31, AM50, WE43, ZK60, 
are considered as deep rooted material for various biomedi-
cal applications (Table 1).

These applications include the fixation of bone fractures 
using osteosynthetic muscle-skeletal fracture fixation and 
the treatment of heart muscles and peripheral artery diseases 
through cardiovascular implants such as stents. These alloys 
are appealing to researchers due to their excellent biocom-
patibility, mechanical properties and proven ability to induce 
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bone development. Nevertheless, the presence of aluminum 
in magnesium alloys may render them inappropriate for a 
long time implantation, as the release of aluminum ions, 
which are thought to be neurotoxic, has been related to Alz-
heimer’s disease and other neurological disorders. Elevated 
levels of aluminum have also been associated with dialysis 
osteomalacia, encephalopathy, and certain types of anemia 
[7, 8]. Furthermore, the deterioration of Mg alloys leads 
to the generation of hydroxyl ions, elevating the pH in the 
vicinity and potentially impeding bone tissue formation. 
Moreover, magnesium exhibits susceptibility to localized 
corrosion [9]. Unfortunately, the significant corrosion that 
occurs to magnesium alloys in the body of humans limits 
their long-term usefulness, resulting in a rapid degrada-
tion of mechanical strength and limiting tissue regeneration 
[10–17].

The vital chemical characteristics of magnesium alloys 
make them susceptible to corrosion in physiological condi-
tions. As a result, hydrogen and magnesium hydroxide are 
formed. The corrosion by products of magnesium alloys are 
thought to be non-toxic, and the body can get rid of them 
through metabolism, unlike other types of metal implanta-
tion. However, the body’s high rate of magnesium corrosion 
might lead to premature deterioration, mechanical failure, 
and rejection of the implant before the healing process can 
take place. This poses significant challenges in develop-
ing magnesium alloys for biomedical applications. Surface 
modification methods, on the other hand, provide a quick 
and easy way to control the deterioration rate for magne-
sium alloys. These technologies include micro-arc oxida-
tion, electrodeposition, physical vapor deposition, chemi-
cal vapor deposition, anodic oxidation, electrospinning and 
ion implantation. These coatings exhibit similar crystalline 
structures, excellent bonding strength, resistance to wear, 
repeatability, and easy control of thickness [18].

To address this issue, several ways were developed to 
enhance the anti-corrosion properties of Mg alloys. The 
techniques include, coating technology and modifying the 

alloy composition through rigorous purification processes 
[19, 20]. Surface modification methods, such as mechanical 
approaches, have also been explored [21]. The advancement 
of surface treatment technology for biomedical magnesium 
alloys has classified into non-metallic inorganic, compos-
ite and metallic polymer coatings [22]. Major focus of this 
review is to provide insights into different methods to adapt 
for Mg alloys in order improve the corrosion properties and 
their compatibility with living organisms. To achieve this 
goal, we have suggested employing hybrid coatings that 
include bioactive, bioinert, and biomimetic features. Fig-
ure 1 shows that these coatings were specially developed to 
elicit favorable responses from bone tissue, making them 
appropriate for a variety of biological applications. Further-
more, by improving the creep resistance, fatigue, corrosion 
and wear of important engineering components, the lifespan 
of these components can be extended. This is made possible 
through the implementation of surface finishing techniques 
such as ball and roller burnishing. These techniques have 
been proven to enhance wear resistance, micro hardness, 
surface roughness, corrosion resistance and fatigue strength 
while also generating compressive residual stresses. Based 
on the observed outcomes, ball and roller burnishing tech-
niques have been extensively employed across diverse indus-
tries such as aerospace, automotive, medical and marine sec-
tors [23].

2 � Utilizing Magnesium Alloy Coatings 
in Biomedical Settings

2.1 � Hydroxyapatite Coating on Magnesium Alloy

Hydroxyapatite coating on magnesium alloy has been found 
to possess similar compositions to actual bone hard tissue. 
This coating shows impressed results such as enhanced 
resistance to corrosion, improved bioactivity, and increased 
biocompatibility [22]. When utilized as biomaterials, 

Table 1   Most prominent 
Mg alloys and their chemical 
composition

Alloy name Proportion Others

Mg Al Zn Si Mn

AZ31B 96 2.5–3.5 0.7–1.3  < 0.05 0.2
AZ81 91.07 8.11 0.64 – 0.18
AZ91 90.8 8.25 0.63 0.035 0.22 Cu—0.003; 

Fe—0.014; 
Be–0.002

AMCa602 91.5 6 0.1 – 0.35 2% Ca
AM50 93.5 4.4–5.4 0.22 0.1 0.2–0.6
WE43 93.6 – – – – Y 4%, Nd 

2.25%, 
0.15% Zr

ZK60 94 – 4.8–6.2 – – 0.56
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metallic implants with a hydroxyapatite (HA) coating exhibit 
superior bioactivity, osteoconductivity and more rapid inte-
gration with the supporting bone tissue. [24]. According to 
Jamesh et al. research, HA coating was successfully adapted 
to a pure Magnesium sample through an electrodeposition 
process. The process involved using a combination of elec-
trolytes consisting of 0.1 MCa(NO3)2, 0.06 M (NH4)3PO4 
and 10 ml/l of 30% Vol, H2O2, at 27 °C, pH value of 4. The 
process and its results are shown in Fig. 3 [25]. Alizadeh-
Osgouei et al. investigated hydroxyapatite (HA), an essen-
tial inorganic element found in bones from humans. Several 
studies have found that HA can be used as a biologically 
active coating for Mg alloys with a focus of biocompat-
ibility and resistance to corrosion [26]. Chaharmahali and 
colleagues investigated the PEO process to form composite 
coatings with hydroxyapatite (HAp) to use on magnesium-
based materials. [27]. Wang and colleagues were successful 
in creating a micro-arc oxidation coating infused with HAp 
on magnesium-based alloys by introducing HAp particles 

into Ca–P electrolytes. This resulted in the creation of a 
denser covering with increased durability against degrada-
tion [28].

Figure 2 depicts the investigations done to find the bio-
activity generated by the HA layer applied to the AZ31 mg 
alloy. These studies made use of EDS (Energy Dispersive 
Spectroscopy), FESEM (field emission scanning electron 
microscopy) and cross-sectional coating analysis. The goal 
of these tests was to evaluate the effectiveness and perfor-
mance provided by the HA coatings on the AZ31 Mg alloy 
[29].

2.2 � Titanium Dioxide Coating on Magnesium Alloy

Establishing a robust mechanical and biological interface 
between orthopedic implants and the surrounding bone tis-
sue remains a significant challenge. Orthopedic implants, 
such as joint replacements or fracture fixation devices, 
need to reliably integrate with the patient’s bone in order 

Fig. 1   Biodegradable Mg alloys’ physiochemical characteristics for biological applications
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Fig. 2   FESEM images (a), (b), (c), EDS spectra (d), (e), (f), and cross-sectional images of EPD coatings (g), (h), (i) as depicted in the study 
[29]

Fig. 3   SEM images of calcium phosphates made with a sol–gel process at high magnification and low magnification [37]
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to provide long-lasting stability and functionality. However, 
achieving optimal bonding between the implant surface and 
adjacent bone tissue is inherently difficult. The overarching 
goal of this research is to develop orthopedic implant materi-
als and surface modifications that can better encourage and 
facilitate the natural regeneration of bone tissue, resulting in 
enhanced biological and mechanical fixation of the implant 
within the body.

The biodegradability of implant materials must be 
combined with their osteoconductivity, as they need to be 
absorbed or biodegraded within the body to facilitate the 
development of new tissue and ensure adequate support. 
Calcium phosphates, particularly hydroxyapatite (HA), have 
been suggested as substances that can promote the Osseo 
integration of metal implants [30, 31]. Samiee, M. et al. used 
magnetic sputtering to deposit a TiO2/MgO double layer and 
a thin TiO2 layer on the exterior of the AZ91D alloy. These 
features encompass improved resistance to corrosion and 
enhanced biocompatibility, setting them apart from others. 
The use of XRD techniques and FESEM demonstrated that 
coating were equally and continually produced on the exter-
nal layer of the alloy [32]. Hernandez-Montes et al. per-
formed a study to collect data on the formation of titanium 
coating for increasing the rate of corrosion and biocompat-
ibility of magnesium in biological materials. Additionally, 
the authors emphasized the importance of sol–gel tech-
nologies in the development of biomedical coatings. [33]. 
Titanium dioxide coatings are widely recognized for their 
antibacterial features, and Guo et al. studied the biocidal 
effects of a porous coating combining Ag and TiO2 nanopar-
ticles synthesized using the sol–gel technique [34]. Fu et al. 
conducted investigations using sol–gel TiO2 nanoparticle 
coat layers on glass substrates, the biocidal effect of sol–gel 
TiO2 nanoparticle coatings [35]. Electrophoretic deposi-
tion (EPD) was used to apply ceramic coatings comprising 
organic substances and titanium dioxide nanoparticles such 
as alginate to the Mg AZ91D alloy, resulting in 3 min to 7 
times better corrosion resistance than uncoated magnesium. 
The researchers used electrochemical impedance spectros-
copy (EIS) to get their results [36].

2.3 � CaP Coating on Magnesium Alloy

Shadanbaz et al. worked with calcium phosphate (CaP) 
coatings and observed encounter of naturally occurring sub-
stance within a diverse range of biological environments 
including tissues and bone. Bone is made up of two com-
ponents: an inorganic part made up of living apatites (CaP) 
and a biological component made up mostly of water and 
collagen. Extensive evidence demonstrates that artificial 
hydroxyapatite closely mimics the inorganic composition 
of natural CaP found in bone, exhibiting remarkable simi-
larity in properties. As a result, CaP has been extensively 

researched and used as coatings on orthopedic devices to 
protect against corrosion, improve compatibility with the 
body, and promote biocompatibility [37]. The process of 
applying CaP coatings involves mimicking natural proce-
dures in a laboratory setting, using simulated body fluids 
(SBF) that closely resemble physiological conditions. In this 
process, calcium phosphate (CaP) phases are formed from 
the supersaturated ions present in the simulated body fluid 
(SBF) solution, which interact with the substrate surface to 
nucleate and grow the desired CaP phases. The resulting 
solution is allowed to form on the desired surface [38, 39]. 
The sol–gel synthesis coatings approach has been widely 
explored for its efficiency in coating magnesium and alloys 
in order to prevent corrosion and increase adhesion. Figure 3 
shows an illustration of calcium phosphate coatings created 
using this process. [37].

2.4 � LDH Coating on Magnesium Alloy

Bioengineering researchers are currently focusing on 
the captivating subject of biodegradable implants. These 
implants offer promising prospects for promoting cell growth 
and facilitating osseointegration. Additionally, they gradu-
ally disintegrate over time, eliminating the necessity for a 
subsequent surgical procedure [40, 41]. In electrochemical 
studies, through observation, it was noted that the implemen-
tation of a hydrothermally synthesized Mg–Al LDH coat-
ing significantly enhanced the corrosion resistance of the 
AZ91D magnesium alloy [42]. Peng et al. conducted further 
investigations into a novel hydrothermal treatment for Mg 
alloys [43]. Wu et al. used the contact angle (CA) measure-
ments to evaluate the surface wettability of different materi-
als. Figure 4 depicts the findings for CA. After etching, the 
metal substrate showed the contact angle of 68.4° ± 5.1°, 
representing it as hydrophilic. Water CA on the MgAl-LDH 
layer reduced considerably to 21.4° ± 1.8° due to higher 
surface roughness from LDH nanosheets of material. After 
PFOTMS modification of the LDH films, the LDH sample 
demonstrated superhydrophobic characteristics, with a CA 
greater than 150°. The 12 h–125 °C-LDHs-M had the great-
est water CA of 163.0° ± 1.1° and the roughest surface [44, 
45]. Table 2 provides the different coatings following the 
enhancement process of magnesium alloy.

3 � Absorbable Magnesium Alloy

Magnesium alloys, with a density ranging from 1.75 to 
1.85 g/cm3, are remarkably lightweight metals commonly 
used in structural applications. Their density is 1.75 g/cm3 
highly extreme in comparison with the cortical bone in the 
human body [46]. Compared to iron and zinc alloys, magne-
sium alloys are considered more suitable for bone implants 
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[47, 48]. As these implants decay, ions of magnesium are 
released, creating a pH balance that promotes new bone tis-
sue formation (osteogenesis). This method stimulates min-
eral deposition by osteoblasts while inhibiting osteoclast 
activity [49–51].

4 � Coating Methods

This section primarily investigated with multiple tech-
niques in order to improve the exterior of the Mg alloys, 
with a special emphasis on developing a bioactive coating. 
There are numerous options for adding bioactive inorganic 
compounds and organic to Mg alloys using a variety of 
processes. The techniques described include conversion 

coatings like micro-arc oxidation, biomimetic protective 
coatings, hydrothermal and alkali-heat treated coatings, 
as well as applied coatings like immersion and sol–gel, 
physical vapor deposition (PVD), and electrodeposition 
[51]. The chemical-based conversion coating works by 
dissolving and precipitating substances. In the realm of 
bioengineering, particularly in orthopedics, calcium phos-
phate is frequently employed as a type of chemical conver-
sion coating to form biocompatible and osteoconductive 
HA layers [52]. Alabbasi et al. explored the possibility of 
applying this coating after the MAO process to enhance 
its adhesion to the substrates. This helps seal the porous 
structure of the surfaces and reduces localized corrosion 
[53]. Kumar et al. used a sol–gel silica-based coating to 
enclose the porous framework of a magnesium alloy that 

Fig. 4   shows the shapes of 
water droplets on the surface 
of several substances, as well 
as the related water CA: A 
etched Mg substrate, B MgAl-
LDHs, C 6 h–125°C-LDHs-
M, D 18 h–125°C-LDHs-M, 
E 12 h–125°C-LDHs-M, F 
12 h–100°C-LDHs-M, and G 
12 h–150°C-LDHs-M Ref [44]

Table 2   Comparative analysis of different coatings following the enhancement process of magnesium alloy

Type of coating Application Method of coating References

HAp coating on magnesium alloy Applying an HA coating to magnesium-based 
degradable implant material enables a three-
fold improvement in corrosion resistance, 
while also enhancing its bioactive characteris-
tics and development

Electrodeposition coating method [22]

Titanium dioxide coating on magnesium alloy TiO2 coating on Mg Alloys resulted in a 10.6% 
increase in the strength of bonding as com-
pared to the uncoated group. Furthermore, 
the outer layer demonstrated remarkable 
antibacterial properties and strong adhesive 
characteristics

Sol–gel coating [30]

CaP coating on magnesium alloy Applying an CaP coating to magnesium alloy 
the coating enhances bioactivity by effectively 
guiding bone cell responses to promote tis-
sue regeneration. Moreover, it significantly 
reduces the Mg alloy rates of corrosion are 
higher than those of uncoated substrates

Magnetron sputtering coating [37]

LDH coating on magnesium alloy The process of applying of an LDH coating on 
magnesium alloy results in a more integrated 
and denser morphology, which improves cor-
rosion resistance

Micro-arc oxidation [40]
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has undergone MAO treatment. This specific coating pro-
ficiently impedes ion diffusion from the solution, augment-
ing the alloy’s corrosion resistance [54]. The fundamental 
aspects of each coating process are illustrated in Fig. 5 
[46].

5 � Absorbable Magnesium Implants

Swaminathan undertook research exploring the mechanisms 
involved in the absorption and elimination of magnesium 
within the human body. Their findings indicate that the 
body has the capacity to manage surplus magnesium ions 
by transporting them through the circulatory system and 
subsequently eliminating them via urine without detrimental 
effects [55]. Yang investigated the magnesium, an essential 
trace element in the human body, is the fourth most preva-
lent mineral and serves as a cofactor in over 325 enzymatic 
activities necessary for energy metabolism. Its presence is 
essential for the proper functioning of the heart, muscles, 
neurons, bones, and kidney. The WHO recommends a daily 

consumption of 280–300 mg for adults, 250 mg for children, 
and 80 mg for babies. The body regulates blood magnesium 
levels through a dynamic balance of absorption and excre-
tion via the gastrointestinal system and kidneys. Figure 6 
visually represents the equilibrium between magnesium 
absorption and excretion in the human body [14]. Mag-
nesium implants offer various benefits, such as enhanced 
radiographic imaging, mechanical durability, and absorption 
capabilities.

Ding (2016) and colleagues investigated the features of 
JDBM-2, highlighting its excellent ductility and moderate 
strength, which make it suitable for cardiovascular stents. 
Comprehensive testing, both in the laboratory and on ani-
mals, has demonstrated JDBM’s advantages over alterna-
tive materials in terms of degradation rate, mechanism, 
biocompatibility, and bioactivity, particularly in the context 
of orthopedic implants and cardiovascular stents. Further-
more, many orthopedic implants, such as magnesium-based 
devices, have been effectively used in clinical settings, as 
shown in Fig. 7 [56].

Fig. 5    Schematic illustration of coating process that may be useful for Mg alloys [46]
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6 � Distinctive Properties of Magnesium Alloys 
that Make Them Promising Candidates 
for Temporary Orthopedic Implants

The biodegradability feature of magnesium alloys makes 
them suitable for temporary orthopedic implants, in line 
with medical standards, encompass their biocompatibility, 
strong mechanical properties to maintain structural integrity 
during bone healing, degradability, and dynamic corrosion 
(sometimes referred to as flow rate) [57–59]. The efficacy 
of such implants in a biological setting can solely be ascer-
tained through in vivo experimentation on animals, subse-
quently followed by clinical trials. Additionally, assessments 
can be made regarding the development of new bone, the 
contact between bone and the implant, and inflammatory 
responses.

7 � Magnesium‑Based Alloy in Orthopedic 
Implants

Prakash Rout et al. conducted research to elucidate the sig-
nificance of magnesium, affirming its essential role for both 
mammals and humans. The daily requirement for humans 
is approximately 250–350 mg of Mg, with most of it being 
excreted through the gastrointestinal (GI) tract and kidneys. 
However, the human body absorbs around 70–180 mg of 
magnesium, which contributes to the well-being of the kid-
neys, cellular fluids, and bones. This element is both biode-
gradable and biocompatible, supporting molecular and cel-
lular responses within the human body. Orthopedic implants 
serve as replacements for vanished soft tissue or bone due to 
infections, cancers, inflammations, amputations and traumas. 
These implants can be used temporarily or permanently until 
the patient fully recovers. Each prosthesis can either promote 
bone generation (osteogenic) or bone removal (osteoclas-
tic) [60]. Magnesium is frequently combined with calcium, 
zinc, zirconium, manganese, silver, yttrium in the form of 
binary alloys: Mg–Zr, Mg–Zn, Mg–Ca, Mg–Y, Mg–Ag, and 
Mg-RE. This technique of alloying is frequently employed to 
improve the characteristics of pure magnesium. [61].

7.1 � Mg–RE‑, Zn‑, Ca‑, Zr‑, Ag‑, and Y‑Based Alloys

This segment presents a summary of the primary magnesium 
alloys investigated with a focus on orthopedic applications. 
It explores the biocompatibility, structural, mechanical, 
biodegradability behavior and chemical compositions of 
various Mg-based alloys. Magnesium–rare earth (RE) alloys 
demonstrate promising degradation characteristics. Magne-
sium–zinc alloys comprise a magnesium matrix with precip-
itates of MgZn [48]. Gu et al. carried out investigations into 
the cytotoxicity of several magnesium-based alloys, such 
as Mg–Y alloys, revealing that the inclusion of Y resulted 
in adverse effects on various cell lines [62]. Furthermore, 
Zhang et al. examined impact of zinc (Zn) concentration 
on the mechanical strength of magnesium, observed that 

Fig. 6   The magne-
sium dynamic absorption and 
excretion balance in the human 
body. The information was col-
lected from [14, 46, 55]

Fig. 7   The most prominent uses of Mg alloys a stents and b orthope-
dic implants [56]
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higher levels of Zn content leads to a significant reduction 
in mechanical strength [63]. In a study, Nanda et al. [64], 
examined how binary Mg–Zn alloys deteriorate and tested 
five alloys with varying concentrations of Zn (2, 4, 6, 8, and 
10). The results showed a clear connection between the Zn 
concentration and a higher corrosion potential. The acceler-
ated degradation of certain magnesium–zinc (Mg–Zn) alloys 
used for temporary orthopedic implants can be attributed 
to the formation of intermetallic Mg–Zn phases within 
the alloy microstructure, which hinder ionic transport and 
reduce the electrochemical interaction between the alloy and 
the physiological environment, thereby promoting overall 
corrosion and degradation; however, by carefully control-
ling the Zn content and solidification conditions during alloy 
processing, the Mg–Zn phase constitution can be tailored 
to optimize the degradation kinetics and meet the desired 
performance requirements for these temporary implant 
applications. Previous research suggests that Zn concentra-
tions exceeding 6 wt. percent can lead to the development of 
additional intermetallic segments in Mg–Zn alloys, further 
exacerbating the corrosion process in these alloys. Conven-
tional methods for bone repair and surgery involve the use 
of strong metal implants like stainless steel, titanium, or 
cobalt alloys in the form of bone screws and plates [65–72]. 
These traditional metallic implants are significantly stiffer 
than actual bones.

The variance in stiffness between the implants and the 
bones leads to a phenomenon known as stress shielding, 
which leads to various complications in clinical practice. 
These complications include premature loosening of the 
implant, impaired healing of the implant and surrounding 
tissues, thickening of the skeleton, and persistent inflamma-
tion [73–86]. Feser et al. conducted a study to examine how 
degradable Mg–Ca alloys with varying amounts of calcium 
(0.6%, 0.8%, 1.0%, and 1.2% by weight) affect the function 
of dendritic cells, which play a crucial role in represent-
ing the body’s cells. Their findings revealed that Mg–Ca 
alloys are quite compatible with living organisms, as well 
as the formation of calcium and magnesium ions during the 
decomposition of these alloys in a laboratory setting did 
not significantly disturb the activities of dendritic cells [87]. 
Thomann et al. conducted a study on MgCa0.8 implants and 
found evidence of pitting corrosion three months after the 
implants were placed. The corrosion process persisted for a 
duration of six months, with MgCa0.8 implants demonstrat-
ing an average decrease in cross-sectional area exceeding 
50% compared to their initial size after 12 months. Addi-
tionally, the volume of the implants was observed for 3, 6 
and 12 months to understand the percentage decrease, and 
11, 31, and 51% of decrease were observed after implan-
tation [88]. The corrosion process is crucial, particularly 
concerning the biomechanical characteristics of medical 
implants. Pitting corrosion is a recognized susceptibility of 

magnesium-based alloys, particularly exposed to chloride 
ions. On contrary, carbonate ion’s presence exerts a notable 
preventive effect on corrosion-related concerns. Addition-
ally, the incorporation of calcium into magnesium-based 
alloys significantly enhances their resistance to both gen-
eral and pitting corrosion. Mg–Ca alloys consist of up to 
0.8 wt% Ca and possess a homogeneous microstructure and 
uniformly dispersed corrosion. Calcium concentrations over 
a certain threshold cause irregular and extensive corrosion 
[89]. Corrosion of the implant components may shorten the 
lifespan or demand revision surgery. Moreover, an excessive 
release of metallic ions could pose a potential risk. Extensive 
research conducted by Tsutsumi [90] delved deep on Zr and 
its binary alloys to observe the corrosion. Notably, when 
performing potentiodynamic anodic polarization measure-
ments on commercially pure (CP) Zr immersed in Hanks’ 
solution, the emergence of pitting corrosion was observed. 
However, Zr demonstrates notably greater resistance to pit-
ting in comparison with 316L stainless steel, and this resist-
ance can be augmented by the incorporation of additional 
components [91]. In a separate study, Azizi et al. examined 
the deposition of thin films Zr–2.5Nb on untreated magne-
sium using magnetron sputtering. This approach effectively 
controls the degradation rate and enhances the mechani-
cal properties at nano-level. While the Zr–Nb thin films 
exhibited enhanced corrosion resistance for magnesium in 
simulated body environments, future research should prior-
itize assessing the bioactivity of these films. [92]. Li et al. 
investigated the degradation of Mg–xZr–ySr alloys, with x 
and y representing concentrations of 1%, 2%, or 5%. When 
compared all Mg alloy specimens, the specimen with 1% Zr 
and 5% Sr displayed the icorr value (3 × 10−3 A/cm2) at peak 
in SBF, whereas the specimen with 2% Sr resulted with very 
low icorr value 0.5 × 10−3 A/cm2. The alloys with varying Sr 
concentrations, specifically 2 and 5% Zr, displayed similar 
fluctuations. For instance, in SBF, the Mg–2Zr–ySr alloy had 
an icorr value of 2.5 × 10−3 A/cm2, while the Mg–5Zr–ySr 
alloy had an icorr value of 6 × 10−3 A/cm2, where y repre-
sents either 2% or 5% [71]. Zerankeshi M. M. has expressed 
an intense interest in enhancing the mechanical behavior 
of degradable magnesium alloys in order to extend their 
potential applications. The addition of silver (Ag) to these 
alloys might have a substantial impact on their characteris-
tics, endowing them with extraordinary abilities [93]. The 
insertion of Ag in biodegradable magnesium-based alloys 
produces modifications in their microstructure, primarily by 
reducing the grain size and forming new secondary phases 
containing Ag. These changes can potentially affect the cor-
rosion and mechanical properties [94]. Incorporating silver 
(Ag) into pure magnesium has been shown to significantly 
reduce particle size, resulting in enhanced mechanical char-
acteristics. The ultimate tensile strength of pure magnesium 
(108.3 MPa) practically doubled to 215.9 MPa when 6% 
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silver was added to the Mg–6Ag alloy [95]. Using antibac-
terial agents like silver (Ag) to coat degradable Mg-based 
alloys is an efficient way to improve their biodegradability 
and biological properties. This coating acts as a protective 
barrier, effectively limiting the passage of corrosive chemi-
cals while increasing the resistance to corrosion, but also 
allows for the continuous release of Ag + ions from the 
coated implant, providing long-term antibacterial effects 
[96].

8 � In vivo Corrosion Rates of Coated Magnesium 
Alloys

Biomedical research necessitates in vivo studies to com-
prehend the impact of drugs, therapies, or interventions 
on biological systems. These investigations provide vital 
information about the safety, efficacy, and mechanisms of 
numerous medications or treatments. The rate of corrosion 
for coated magnesium alloys varies depending on several 
factors, including coating type, ambient conditions, and 
alloy composition. Magnesium alloys are prone to corrosion; 
hence, the application of coatings is commonly employed to 
improve their corrosion resistance in in vivo studies. Table 3 
provides the details of the in vivo studies on corrosion rate 
of magnesium alloy. Moreover, Dorozhkin investigated the 
better corrosion behavior in in vivo studies on biodegradable 
magnesium alloys with various coating methods [97].

9 � In vitro Corrosion Rates of Coated Magnesium 
Alloys

A study conducted by Kumar, Singh et al. examined the appli-
cation of alumina-doped ceria and alumina coatings on AZ91 
alloy that underwent a solution treatment. The team conducted 
protein adsorption and potentiodynamic corrosion tests to 
assess the potential suitability of these coatings to use in bio-
implants. The addition of CeO2 to Al2O3 improves corrosion 
resistance by increasing localized melting while decreasing 
substrate element diffusion into the coating. By using ther-
mal spray method, the in vitro studies on corrosion rate of 
magnesium alloy AZ91 is Ecorr1.29 V and CR 0.0120 mpy. 
Figure 8 shows the Tafel plot for Al2O3-coated AZ91 cor-
rosion test [107]. Hanas et al. studied the manufacture of an 
extremely fine AZ31/HA composite material using frictional 
stirring processing. The integration of scattered HA inside the 
fine-grained substrate increases the specimen’s bioactivity. By 
subjecting the composite to acid treatment, the degradation 
rate is reduced, and biomineralization is fortified. By using 
anodizing method, the in vitro studies on corrosion rate of 
magnesium alloy is Icorr 2.2 × 10−6 [108]. Wang et al. investi-
gated the decomposition of magnesium and its AZ31 alloy in 
simulated bodily fluids. They investigated corrosion behavior 
with polarization curves and immersion testing. Both methods 
produced consistent results, indicating that using high-purity 
magnesium and alloying are effective approaches to reducing 
magnesium deterioration. Notably, both materials have much 
lower corrosion current densities than commercially pure 
magnesium [109]. Bobby Kannan et al. studied the impact of 
applying a hydroxyapatite coating onto the magnesium alloy 
AZ91 and its properties. The researchers employed a poten-
tiostatic method and alkaline treatment during the coating 

Table 3   In vivo studies on 
corrosion rate of magnesium 
alloy

Coating method Material Test In vivo corrosion studies References

Immersion Electro-
chemical

Chemical conversion MgZnYNd Yes – ECORR − 1.544(0.009)
ICORR 1.171(0.274)

[98]

PEO Mg–Zn–Ca Yes – 0.3 [99]
Sputter coating ZEWX Yes – 2.79 ± 0.03 mm/y [100]
Dip coating AZ31 – Yes ECORR − 1.415

ICORR 6.05E−06
[101]

MAO Mg–Ca Yes - Corrosion resistance, improved 
cell adhesion

[102]

Hydrothermal AZ31 Yes – (0.785 ± 0.029 μA/cm2 [108]
MAO/EPD AZ91 Yes – Corrosion resistance improved [103]
Spray coating AZ31 Yes – ICORR − 4.675 × 10−5

ECORR − 1.16
[104]

EPD AZ3B – Yes ECORR − 1.70
ICORR 1.53 × 10−3

[105]

MAO/hydrothermal AZ31B – Yes 3.87 × 10−7 [106]
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procedure. In vitro testing was used to evaluate the coated 
alloy’s mechanical strength. The outcomes demonstrated 
that the hydroxyapatite coating enhances the mechanical 
properties on the magnesium alloy in vitro by about 20%. 
Furthermore, the researchers noted that coatings with high 
cathodic voltage performed poorly, potentially due to exces-
sive hydrogen evolution, leading to the deterioration of the 
coating. [110]. Wang et al. studied a combination of cerium-
based coatings and hydrophobic properties of SA that were 
used to create anticorrosive coatings on AZ91D Mg alloy. 
The process involved applying cerium-based coatings to the 
surface and immersing it in an SA bath. The concentration 
of the SA bath affected the hydrophobicity of the surfaces, 
with an optimum concentration of 0.75 mmol/L SA resulting 
in a contact angle (CA) greater than 90°. This concentration 
also improved the corrosion resistance of the substrate [111]. 
Barberi, J and Saqib et al. studied the TA coating which failed 
to protect the AZ31 substrates from deterioration due to the 
Mg alloy’s highly reactive nature, resulting in a fractured and 
barely adhered TA-Mg oxide layer. Various coating protocols 
did not help the problem. Additionally, electrochemical exper-
iments demonstrated that the coating exacerbated the behavior 
of corrosion in both AZ31 and AZ91 metals. The result was 
due to the creation of galvanic cells between the coated scales 
and the exposed metallic substrate, which caused an increase 
in corrosion current and rate [112]. The study of Qiang Wang 
et al. examined the dynamic characteristics of an AZ31B 
magnesium alloy coated with Ca–P. The evaluation involved 
both in vivo and in vitro degradation tests, including assess-
ments of mechanical loading capacity, hemolysis and animal 
implantation. Based on the findings, it was illustrated that 
AZ31B alloys had improved resistance toward degradation 
due to Ca–P coating in simulated body fluid, which other-
wise would gradually deteriorate in laboratory conditions. The 
polarization curves demonstrate that the formation of Ca–P 

on the surface greatly increases the corrosion resistance of 
the AZ31B alloy. The rate of corrosion is Icorr 1.18 × 10−6 and 
Ecorr − 1.548 [111]. In their study, Makkar et al. explored the 
efficacy of Ca–Sr–P coatings on ZK60 alloy in both labora-
tory and in vivo settings for bone-related applications. The 
laboratory experiments revealed that the corrosion resistance 
of the Mg alloys was meaningfully bolstered by the coating 
process and also enhanced its biointeractivity with living tis-
sues. These findings indicated that the coating of Ca–Sr–P, 
with its degradation reduction and rise in compatibility with 
biological systems, holds promise for potential utilization in 
magnesium-based orthopedic implants [113]. Zohra Ben-
zarti et al. investigated how Zr was added to the Mg matrix to 
improve the corrosion resistance and mechanical properties of 
DCMS-deposited Mg coatings. Furthermore, they discovered 
that when submerged in plasma SBF, Mg–1.0Zr, Mg–2.0Zr, 
and Mg–3.4Zr coatings deteriorated rapidly. This was owing 
to optimal Zr doping and improved microstructure [114].

10 � Conclusions and Future Directions

Research has been extensively carried out in the realm of 
orthopedic implants to investigate the prospective benefits of 
magnesium and its related alloys. These materials have dem-
onstrated the ability to promote bone growth while gradually 
degrading under load-bearing conditions. However, a thor-
ough assessment of the benefits and limitations associated 
with magnesium ions is imperative. It is imperative to attain 
a thorough comprehension of the degradation mechanisms of 
magnesium alloys under varying conditions and stressors in 
order to advance our understanding in this domain. Moreover, 
attaining a delicate balance among the deterioration rate of 
magnesium alloys and their biocompatibility and safety is of 
utmost importance for better control. In recent developments, 

Fig. 8   Tafel plot for 
Al2O3-coated AZ91 corrosion 
test [107]
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the incorporation of surface coating technology has emerged 
as a highly promising approach for enhancing both the cor-
rosion resistance and mechanical properties of magnesium 
alloys. Coating applications on magnesium alloys hold signifi-
cant potential for improving surface characteristics, particu-
larly by creating stable and bioactive surfaces suitable for bio-
degradable implants. The development of efficient techniques 
to apply biocompatible coatings onto magnesium-based alloys 
has the potential to create biodegradable implant components 
suitable for the biomedical field. By devising suitable methods 
of fabricating biocompatible anti-corrosion coatings on Mg-
based alloys, considerable progress can be achieved in the 
medical sector concerning the utilization of biodegradable 
implants. This presents a significant opportunity for improv-
ing the medical utility of these materials. The discovery of 
biodegradable magnesium implantation has changed our 
knowledge of metal-based biomaterials. The prospective use 
of coated Mg alloys for biodegradable implants shows prom-
ise in enhancing the performance of implants for orthopedic 
and cardiovascular purposes in biomedical sectors.
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