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Abstract 

Mg and its alloys are drawing huge attention since the last two decades as a viable option for temporary implants applications. A com- 
mendable progress has already been made in the development of these alloys. The biodegradable nature of Mg, appreciable biocompatibility 
of elemental Mg, and its close resemblance to natural bone in terms of density and elastic modulus make them highly preferable option 
amongst other available alternatives in this field. This review article presents an overview covering the recent advancements made in the field 
of Mg-based biodegradable implants for orthopaedic implant applications. The paper focuses on alloy development and fabrication techniques, 
the state of the art of important Mg-based alloy systems in terms of their mechanical properties, in-vitro and in-vivo degradation behaviour 
and cytotoxicity. Further, the paper reviews the current progress achieved in the clinical transition of Mg-based alloys for orthopaedic fix- 
tures. The review also includes the degradation mechanisms of the alloys in physiological environment and highlights the mismatch existing 
between the rate of bone healing and alloy degradation due to rapid corrosion of the alloys in such environment, which has still restricted 
their widespread application. Finally, the surface coating techniques available for the alloys as an effective way to reduce the degradation 
rate are reviewed, followed by a discussion on the future research prospects. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Biomaterials are substances consisting of natural or syn- 
hetic materials, engineered in a predefined manner to obtain 

 form that alone or as a part of a multi-component complex 

tructure can interact with the biological system of a living 

eing. They serve as a replacement for a lost or disputed body 

art along with restoring the function of the same. Undoubt- 
dly, biomaterials play a vital role in uplifting the overall 
ifestyle and longevity of human life, and thus attracting a 
reat deal of attention in today’s era. Biomaterials find nu- 
erous applications in different parts of a human body such 

s neural prosthetics, pacemakers and artificial valves for the 
eart, cardiac stimulators used in the cardiovascular system 
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 1–6 ] , stents for unclogging blood vessels [ 3 , 7 , 8 ] , reconstruc-
ion of the urinary tract [ 9 ] , bone replacements in different 
arts of the body like wrist, shoulder, knee, ankle, hip, den- 
al, and spine [ 10–13 ] etc. Amongst the miscellaneous appli- 
ations of biomaterials, orthopaedic implants cover a signifi- 
ant share [ 6 , 14 ] . Over the last few decades, concurrent with
he enormous improvement in the field of medical sciences, 
he life expectancy and average life span of an individual 
ave increased globally, leading to an increase in the elderly 

opulation throughout the world, especially in the developed 

ountries. In 2019, the US Census Bureau projected that by 

he year 2034, the aged people population over the age of 
5 years (78.0 million) is expected to surpass the number of 
eople under the age 18 (76.7 million) [ 15–17 ] . According to 

 study published by Long and Rack [ 18 ] , about 90% of the
opulation over 40 year’s age are prone to suffer from various 
inds of degenerative diseases such as arthritis, osteoporosis, 
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Table 1 
Different fracture sites in human body requiring various temporary fixation devices [ 32 ] . 

Fracture sites Internal fixators 

Head Skull fracture Wires, pins, and plates 
Craniofacial fracture Wires, screws, and plates 

Trunk Clavicle fracture Intramedullary nails and plates 
Scapular fracture Screws and plates 
Pelvic fracture Screws, plates and external fixators 
Spinal fracture Fixation device consists of rods, pedicle screws and plates 

Upper limb fracture Humeral fracture Open reduction with plates and screws; close reduction with 
intramedullary nail 

Radius, ulnar fracture Open reduction with plates and screws; close reduction with 
intramedullary nail 

Metacarpal and phalangeal fracture Close reduction with external fixators; open reduction with 
intramedullary nail, screws, and plates 

Lower limb fracture Femoral fracture Open reduction with plates and screws; close reduction with 
intramedullary nail 

Tibial and fibular fracture Open reduction with plates, screws, and intramedullary nail 
Metatarsus fracture Open reduction with plates, screws, and intramedullary nail 
Calcaneal fracture Close reduction with screws and wires 
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nd trauma. One of the most prevalent health problems faced 

y these people is musculoskeletal disorders [ 19 , 20 ] , giving 

ise to a massive demand for orthopaedic implants worldwide. 
he market for orthopaedic implants, which accounted for 
5,901 million dollars in 2017, is predicted to touch 66,636 

illion dollars by the year 2025, thus recording a compound 

nnual growth rate of 4.7% [ 21 ] . Apart from orthopaedics, 
urrently the demand is also soaring for temporary implants 
ike cardiovascular stents [ 22–24 ] , cardiac stimulators [ 25 ] , 
nd scaffolds [ 26 , 27 ] . The ever-rising demand for the implants
ndicates a steep upswing in the implant manufacturing indus- 
ry in the near future and parallelly necessitates acceleration 

n research and developmental work concentrated over find- 
ng suitable materials for implant manufacturing, especially 

or orthopaedics. 
The permanent implants that act as a replacement of nat- 

ral bone by restoring its function, should possess enough 

trength to bear the load along with adequate ductility, bio- 
ompatibility, sufficient wear and corrosion resistance in phys- 
ological environment [ 28 , 29 ] . Most importantly, the implants 
hould be able to serve their purpose ideally until lifetime, 
ithout causing immature failure or any requirement for re- 
lacement through revision surgery [ 2 , 30 ] . However, there are 
any instances that need only temporary support until the tis- 

ue heals. The fixtures like screws, plates, micro-clips, stabi- 
izing devices etc. are used to join and fix the complex struc- 
ure of fractured bones or ligaments. They serve a completely 

ifferent purpose than that of permanent ones and are ideally 

eant to stay inside the body only until the fracture heals 
ompletely [ 31–33 ] . Table 1 highlights different fracture sites 
n human body requiring some sort of temporary fixation until 
hey heal. Most of the commercially used fixtures have tra- 
itionally been made of permanent metallic alloys, including 

itanium [ 34–37 ] , stainless steels [ 38–40 ] , and Co-Cr alloys
 41 , 42 ] . Despite their high mechanical strength, biocompati- 
ility, and sufficient corrosion-resistant properties, they impart 
tress shielding effect [ 43 , 44 ] due to a significant mismatch in
2 
lastic modulus between natural bone and those implant ma- 
erials [ 8 , 45 , 46 ] . Due to this, the bone needs to carry a much
esser load, thus gradually inducing re-fracture and implant 
oosening, along with significant compromise in bio-efficacy. 

oreover, it requires a second surgery to remove the fixture 
fter the fracture gets repaired [ 30 , 47 , 48 ] , causing tremen-
ous pain to the patient. Further, such surgery is extremely 

xpensive. Studies have found that these follow-up operations, 
arried out to remove the permanent implants, contribute to 

round 30% of all orthopaedic surgical procedures combined 

 49 ] . Failing to timely removal of these permanent fixtures 
ay give rise to severe allergic problems due to the accumu- 

ation of ions surrounding the fractured site causing osteoly- 
is, impeding the formation of new bone [ 47 , 48 ] . Biodegrad- 
ble polymers like polyglycolic acid (PGA), poly L -lactic acid 

PLLA), and their copolymers have been approved as poten- 
ial candidates in applications related to soft bone and tissue 
ngineering, where a high degree of formability is essential 
o form complex shapes along with alterable surface prop- 
rties [ 50–54 ] . However, their use is mostly limited to low 

oad-bearing fracture sites and carries a high risk of untimely 

ailure due to their insufficient load-bearing capacity [ 51 , 53 ] . 
urthermore, the by-products of polymers are prone to cause 
n inflammatory response for the long term and do not ac- 
ommodate for osseointegration [ 51 ] . All these limitations of 
iodegradable polymers have compelled the researchers to ex- 
lore some alternative biodegradable options. 

Extensive research is being carried out since the last two 

ecades on biodegradable Mg and Zn based alloys [ 55–58 ] , 
hich possess enormous potential to completely replace the 
ermanent metallic fixtures and revolutionize the implant in- 
ustry. In this context, Mg-based alloys are gaining remark- 
ble attention over other alternatives due to their several de- 
irable properties. Although Mg and Zn both come under the 
ist of essential elements required for a healthy body, Mg is a 
uch preferable option over Zn since the recommended daily 

onsumption of Mg for an adult (240–420 mg/day) is 52.5 
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imes higher than that of Zn (8–11 mg/day) [ 59 , 60 ] . Further-
ore, the elastic modulus (E) and density ( ρ) of Mg and 

ts alloys ( E = 41–45 GPa, ρ = 1.74–1.84 g/cc) are much 

loser to that of a natural bone ( E = 15–25 GPa, ρ = 1.8–
.1 g/cc), compared to any other biocompatible metallic ma- 
erials including Zn ( E ∼ 90 GPa, ρ∼ 7.13 g/cc) [ 61–64 ] . Mg,
eing an active element with low standard electrode potential 
 −2.372 V vs. SHE) [ 65 ] , has a high tendency to corrode
n aqueous solution and more aggressively in bodily fluid, 
n the presence of chloride ions. The intermediate products 
hat are formed due to its degradation are bioabsorbable, and 

he excess can be excreted through kidneys, unlike that of 
he permanent metallic implants which show a tendency to 

ccumulate inside the body. Additionally, magnesium-based 

mplants have shown to stimulate new bone formation in the 
hysiological environment when they are implanted as bone 
xtures [ 66–68 ] . The unique combinations of biodegradabil- 

ty, excellent biocompatibility, and adequate mechanical prop- 
rties of Mg-based alloys make them one of the most suitable 
andidates for temporary fixation devices. 

An extensive in-vitro and in-vivo investigations have been 

arried out on some Mg-Al and Mg-RE (rare-earth elements) 
ased alloys, including AZ31 [ 69-71 ] , AZ61 [ 72-74 ] , AZ91 

 75 , 76 ] , WE43 [ 77 ] , WE54 [ 78 ] , LAE442 [ 79 , 80 ] , JDBM
 81 , 82 ] , and ZM21 [ 83 , 84 ] to figure out their potential in
erms of bio-implants. It has been observed that these alloys 
xhibit good mechanical strength and adequate corrosion re- 
istance required for temporary orthopaedic implant applica- 
ions. However, several studies have revealed the elemental 
oxicity of Al, which might adversely affect the neurons and 

steoblast cells in body, leading to dementia or Alzheimer’s 
isease [ 85 , 86 ] . It has also been reported that some of the
are earth elements viz . Ce, Ho, Pr etc. have a tendency to 

ause severe hepatoxicity in body [ 87–90 ] . Therefore, Mg- 
ased implants containing Al and some of these rare earth 

lements carry a risk to induce moderate to severe toxic ef- 
ects in body and the toxic effect become prominent when 

he concentration of these alloying elements in body cross a 
ertain limit [ 85 , 88 ] . However, it is also important to mention
ere that one of the Mg-RE based alloy system (MgYREZr) 
as fulfilled the requirements of temporary implants and has 
ained the CE (Conformite Europeene) approval for commer- 
ial use in 2013 [ 91 ] . Therefore, the prospects of these alloy
ystems in temporary implant applications cannot be over- 
ooked. Alongside those alloy systems, the incorporation of 
ome body nutrient elements like Zn, Ca, Mn, Sr etc. in Mg 

as recently become quite popular for the fabrication of bio- 
ompatible temporary implants. It is due to the reason that 
hese alloying elements are considered as essential trace el- 
ments for body and therefore, regarded as non-toxic upto a 
onsiderable amount. In this regard, Mg-Zn, Mg-Ca, Mg-Zn- 
a alloys [ 92 , 93 ] and bulk metallic glasses [ 94 , 95 ] , Mg-Sr,
g-Zn-Mn [ 96 ] , Mg-Zn-Ca-Mn [ 97–99 ] , and Mg-Nd-Zn-Zr 

 81 ] alloys are gaining attention as potential biocompatible 
mplant materials. 

Despite possessing several desirable properties, the com- 
ercialization of Mg-based devices as temporary implants is 
3 
till limited due to their uncontrollable degradation rate in 

he physiological environment. The presence of a high con- 
entration of chloride ions ( ∼96–106 mEq/L) in bodily fluid 

 100 ] and a pH of around 7.4–7.6 [ 101 ] , makes the Mg-
ased implants to degrade much more aggressively compared 

o the typical aqueous solution. Moreover, the rapid rate of 
ormation of gas bubbles has a negative impact on the pa- 
ient’s health. In this degradation process, the implants lose 
dequate mechanical integrity to bear the load and become 
ighly prone to sudden untimely failure. Therefore, the devel- 
pment of Mg-based implants with a controlled degradation 

ate to sustain the required period of the bone healing process 
 ∼24–32 weeks) still stands as a challenge, and it compels 
he researchers and scientists to put more efforts in modify- 
ng bio-corrosion properties of Mg alloys by suitable means 
 101 , 102 ] . 

This review paper presents several aspects of Mg-based al- 
oys, which make them an ideal choice for temporary implant 
xtures. The article comprehensively discusses the properties 
f some important Mg-based alloy systems emphasizing on 

he alloys possessing favourable biocompatibility, the degra- 
ation process of the alloys, the current progress of their clini- 
al translation, the importance of bioactive surface coatings to 

vercome rapid degradation problem, and the future prospects 
hese alloys. 

. Suitability of Mg alloys as temporary implants 

There are some key attributes that a temporary implant 
ust serve. Mg-based alloys comply with most of these re- 

uirements. Based on the intended application, the require- 
ent of properties definitely varies. However, when we are 
ainly focusing on temporary orthopaedic fixtures, the most 

esirable properties include biocompatibility, adequate me- 
hanical properties, natural degradability, and osteogenesis. 
ig. 1 schematically represents the property requirements of 

emporary implants and their correlation with alloy designing, 
rocessing and surface modification techniques. These alloy 

esigning coupled with material processing and surface mod- 
fication techniques employed to improve the alloy properties 
ave been reviewed elaborately in the subsequent sections. 

.1. Biocompatibility 

Biocompatibility and nontoxicity stand as the first and 

oremost requirement of any implant material. As soon as 
 foreign material is implanted in human body, a set of re- 
ctions take place between the implant material and the host 
issues which decide the acceptability of the implant by the 
ody [ 103 ] . In case of permanent implants, biocompatibil- 
ty depends on how strongly the newly generated tissue in- 
egrates with implant surface. However, temporary implants 
re intended to work as support for fractured bone until it 
eals, and then it is supposed to degrade within the body at a 
ontrolled rate [ 5 , 104 ] . It is of great concern if the degrada-
ion product starts interacting with any physiological element 
n a negative manner. Therefore, the temporary implant ma- 
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Fig. 1. Correlation amongst the property requirements of temporary implants and the alloy designing techniques in terms of alloy development and surface 
modifications for Mg-based alloys required for orthopaedic applications. 

t
i

m
h
a
p
o  

a
i
m  

e
o  

M
n
d
m
i

f

c
b
p
f
u
f
b  

i
c
t
t
c
fl
e
l
b
d
P
t
f

erials should be non-toxic in nature and must not cause any 

nflammatory or allergic reactions within body. 
Mg being an integral part of bone structure and the fourth 

ost ample cation available in the human body, possesses 
igh biocompatibility which makes it as one of the most suit- 
ble choices for temporary implants. It is estimated that ap- 
roximately 21 to 35 g of Mg is stored in one healthy adult 
f 70 kg body weight [ 105 , 106 ] . Around 20% of the total
vailable Mg is stored within bones, whereas 35–40% of it 
s found in tissues and ligaments [ 107 ] , leaving around 1% 

ixed in body fluid [ 107 , 108 ] . Apart from this, around 300
nzyme related reactions depend either directly or indirectly 

f Mg availability [ 109 , 110 ] . The daily allowable limit of
g intake is second highest ( ∼420 mg) amongst all essential 

utritional elements [ 107 ] . Moreover, the products generated 

ue to degradation of Mg and its alloys can be absorbed by 

acrophages and excreted safely through urine without caus- 
ng any harm to physiological activity [ 109 , 111 ] . 

Several studies have been carried out to investigate the ef- 
ect of Mg-ions, generated through degradation process, on 
4 
ell viability. When we are considering Mg-based alloys for 
one implant applications, it is crucial to understand the im- 
act of Mg ions on stem cells. Stem cells are building blocks 
or different type of cells within human body, including nat- 
ral bones. The proliferation and differentiation of stem cells 
orm osteoblasts, which act as structural units to form new 

ones [ 112 , 113 ] . A study conducted by Abed et al. [ 114 ] has
ndicated that the presence of Mg ions in extracellular matrix 

an help in stimulating the gene expression of melastatin-type 
ransient receptor potential 7 (TRPM7) channels in MG-63 

ype osteoblast cells of human. Later, He et al. [ 115 ] have 
arried out a systematic investigation to understand the in- 
uence of Mg-ion concentration on human bone cells. They 

xamined the effect of Mg-ions on gap junction intercellu- 
ar communication (GJIC) within human osteoblast. It has 
een found out that Mg-ion concentration of 3 mM can in- 
uce significant increase in cell viability ( P < 0.05, where 
 indicates proliferation index) along with improving the ac- 

ivity of alkaline phosphates and osteocalcin levels. All these 
actors were observed to be simultaneously increased with in- 



D. Bairagi and S. Mandal Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; October 13, 2021;11:10 ] 

Table 2 
Comparison of mechanical properties of common implant materials [ 8 , 45 , 46 , 120 , 129 ] . 

Materials / Alloys Density (g/cc) Elastic modulus 
(GPa) 

YS (MPa) TS (MPa) Elongation 
(%) 

Natural bone 1.7–2.0 3–20 60–90 80–150 1–6 
Permanent implant 
materials 

SS-alloys 7.9–8.1 190–205 180–250 350–620 30–40 
Ti-alloys 4.4–4.5 110–117 270–400 460–900 8–15 
Co-Cr alloys 8.3–9.2 210–230 290–410 530–950 30–40 

Potential temporary 
implant materials 

Mg-based alloys 1.74–2.0 41–45 120–180 140–290 1–11 
Zn-based alloys 7.14–7.3 90–100 115–205 160–390 3–15 
Fe-based alloys 7.8–8.1 200–205 140–260 210–360 30–45 
DL-PLA _ 1.9 _ 27–41 3–10 
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rease in Mg-ion concentration and exposure time. They con- 
luded that Mg-ions can significantly enhance the GJIC be- 
ween bone cells. Since, the gap junctions play a crucial role 
n signal transmission, it can promote bone generation and 

emodelling. The osseous growth of Mg implants has been 

roven in many experimental trials on other animals with the 
id of computer tomography and fluorescent imaging. It is 
eported that the use of Mg implants can significantly en- 
ance the formation of new bone around the implanted bone 
f mice. According to a report published by Zhang et al. 
 116 ] , an intramedullary implantation of a pure Mg pin into 

he distal femur of rats resulted in formation of new bones at 
he peripheral sites of cortical bones. It is evident from their 
tudy that the Mg ions can help in mediating the Mg trans- 
orter 1 (MagT1) and TRPM7, which promote a substantial 
ncrease in calcitonin gene-related polypeptide α (CGRP) in 

he peripheral cortex of the Mg-pin implanted bone. The re- 
eased CGRP is proven to trigger the binding process of cyclic 
denosine monophosphate to its protein molecule. Thus, it 
eads to significant enhancement of osterix and consequently 

esults in abundant osteogenesis. A recent study conducted 

y Nie et al. [ 117 ] has shown that Mg 

2 + ions (concentration 

f 10 mM) with collagen-1 coating can regulate the activ- 
ty of MC3T3-E1 cells via different protein-coupled receptor 
athways. More detailed information regarding the effect of 
g-ions on cell viability can be obtained from several other 

tudies reported in literature [ 118 , 119 ] . 

.2. Mechanical integrity 

Mechanical properties are vital in deciding the suitabil- 
ty of a material to be used as an orthopaedic implant for 
n intended application. The properties which get prime im- 
ortance include elastic modulus, tensile strength, fatigue 
trength, hardness, and elongation. Ideally, the biomedical im- 
lants should have an elastic modulus value as close as pos- 
ible to that of natural bone to avoid ‘stress shielding effect’ 
 43 , 44 ] . The data provided in the Table 2 compares the elas-
ic modulus values of several bio-implant materials. These 
ata imply that Mg implants have the closest elastic modu- 
us to that of natural bone, and one of the most vital reasons 
ehind replacing commercial permanent implant materials by 

g-based alloys lies here. It has been reported in several lit- 
ratures that the combination of tensile strength and ductility 
5 
ecessary for a temporary implant should be > 200 MPa and 

 10%, respectively [ 120–122 ] . The fatigue strength of the im- 
lant material is a crucial factor since they are bound to bear 
epetitive loadings due to our regular activities. The cyclic 
oading combined with corrosive body fluid may also cause 
orrosion fatigue. The amount of repetitive loading, however, 
epends on type of implant and its function, the skeletal po- 
ition, and daily human activities. 

.3. Natural degradability 

In the case of temporary implants, the implant material 
s desired to be biodegradable in nature which means the 
aterial should degrade by itself when in contact with cor- 

osive body fluid. The whole idea of placing a temporary 

mplant is to fix the fractured bone in place and provide nec- 
ssary support until the regenerative process related to bone 
ealing is completed. The course of regenerative process can 

e roughly divided into 3 major phases namely, inflamma- 
ory phase (duration: 3–7 days; represents the response of the 
ody towards the foreign implanted device and proliferation 

f bone cells should lead to osseointegration), reparative phase 
duration: 3–4 months; in this phase integration of implanted 

evice with the associated bone initiates and bone regenera- 
ion starts), and remodelling phase (duration: several months; 
n this phase the implant should ideally start degrading grad- 
ally in a uniform and progressive manner, whereas osteoge- 
esis should promote structural modelling to fix the fracture 
ventually) [ 32 , 123–125 ] . However, the type of bone and its
ocation highly influence the duration of the phases and asso- 
iated processes. Therefore, the requirement is to curb the rate 
f degradation significantly until the initiation of remodelling 

hase and this duration is minimum 24–32 weeks [ 123 , 126 ] . 
ut, the degradation rate of Mg and its alloys is much higher 

n body than that of bone healing rate. Therefore, most of 
he research works are now orientated towards improving the 
n-vivo corrosion properties of the implants. 

.4. Osteogenesis 

Osteogenesis is a process of developing new tissues to 

epair a fractured bone. It is an essential requirement for 
emporary implants as the fractured bone should join with 

he aid of newly generated tissues and cells prior to implant 
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egradation [ 127 , 128 ] . This physiological process is highly 

nfluenced by various cellular, biochemical and pathological 
actors. Some bio-active materials (e.g., hydroxyapatite, Ca- 
hosphates, phosphate derivatives etc.) increase the probabil- 
ty of osteogenesis due to their close resemblance with hu- 
an bone composition [ 128–131 ] . This group of materials are 

referred for temporary implants. Osteogenesis is an inherent 
roperty of Mg and its alloys, which make them highly prefer- 
ble compared to any other bio-inert material. The osseous 
rowth of Mg implants has been proven in many experimen- 
al trials on animals with the aid of computer tomography and 

uorescent imaging [ 128 , 132 ] . 

. Fabrication techniques adopted for Mg-based implants 

The processing history of the alloys directly influence their 
tructure and hence dictate their properties and performance. 
he basis of producing a pre-determined set of desirable prop- 
rties lies in engineering the structure of the material through 

ppropriate processing steps. The progressive advancement 
n the field of materials engineering has enabled the fabri- 
ation of Mg-based alloy systems through several conven- 
ional processes such as casting, heat treatment of alloys, 
rought techniques (thermomechanical processing), powder 
etallurgy route etc. Alongside these conventional techniques, 

aser additive manufacturing has emerged as an advanced 

echnique for manufacturing Mg-based alloys. This section 

rovides a brief overview on the different processing tech- 
iques commonly adopted for attaining desirable properties 
n Mg-based alloys. 

.1. Casting 

Amongst the conventional processing techniques available 
or fabricating Mg-bone implants, casting is considered as 
he most convenient process which is widely employed. This 
s due to the fact that it is comparatively simpler and cost- 
ffective process which provides additional scope for further 
mprovement of properties through heat treatment and hot 
eformation. Moreover, the melting-casting route provides a 
ore convenient way to regulate the concentration of alloy- 

ng elements to be added to Mg and hence, imparts an easier 
ontrol on the overall alloy composition [ 133 , 134 ] . It can be
bserved from literature survey that majority of the Mg-based 

lloys are fabricated through casing route only. Sand cast- 
ng, squeeze casting, stir casting, high pressure gravity casting 

tc. are some of the variations commonly used for process- 
ng Mg-based alloys. However, it is challenging to achieve 
ound cast product due to high affinity of magnesium to- 
ards oxygen [ 135 ] . Protective flux-cover (20% KCl + 50% 

gCl 2 + 15%MgO + 15% CaF 2 in wt%) or inert gas mixture 
s used during melting to reduce tendency of oxidation [ 136 ] . 

oreover, the presence of unavoidable segregation and in- 
omogeneities in cast structure almost always necessitates a 
ollow-up processing through suitable heat treatment and/or 
ot deformation. 
6 
.2. Heat-treatment and thermomechanical processing 

Mg-based alloys in as cast condition have been extensively 

nvestigated by researchers. Most of the binary and ternary 

lloys in cast form consist of α-Mg matrix and one or more 
econd phase precipitates depending on alloying addition. In 

s-cast alloys, the second phase precipitates are preferentially 

istributed along the grain boundaries, which is not much 

seful in strengthening the alloys; rather it deteriorates the 
uctility and corrosion properties of the alloys [ 121 ] . 

Heat treatment is considered as an effective method 

hrough which the microstructure of the alloy can be altered 

esirably without changing the shape or chemical composition 

f the cast alloy [ 137–140 ] . T4 (solid solutionizing followed 

y natural ageing), T5 (artificial ageing), and T6 (solid solu- 
ionizing + artificial ageing) are the most commonly adopted 

eat treatments for Mg-based alloys and the treatment temper- 
ture depends on the change in solubility of the element with 

emperature. In general solution heat treatment (between 613 

nd 838 K) followed by ageing (between 423 and 533 K) has 
hown remarkable improvement in strength as well as degra- 
ation resistance of the alloys by altering the distribution, vol- 
me fraction, shape, size, type and coherency of the second 

hase precipitates [ 139 , 141 , 142 ] . Moreover, multi-stage solu- 
ionization treatment has been adopted for some Mg-based 

lloys instead of using conventional solutionization process, 
n order to avoid incipient melting of the alloys and to ensure 
aximum solubility of the alloying elements during solution- 

zation [ 143 , 144 ] . 
As mentioned above, an inherent problem associated with 

ost of the as-cast Mg-based alloys is their insufficient ductil- 
ty due to formation of secondary intermetallic phases during 

olidification along grain boundaries in an interconnected net- 
ork like manner. In this regard, appropriate thermomechan- 

cal processing, alone or often in combination with proper 
eat treatment schedule, has shown remarkable improvement 
n mechanical as well as in bio-corrosion properties of the 
lloys. Partial dissolution of interconnected network of sec- 
ndary phases and their redistribution [ 138 , 141 ] , increase in 

islocation density [ 145 ] , and grain refinement [ 146–149 ] are 
egarded as some of the major reasons behind improved al- 
oy properties achieved through thermomechanical processing. 
ot deformation techniques are essentially used for Mg-alloys 

o improve its formability by activating additional slip systems 
 150 , 151 ] . Extrusion [ 152–154 ] and rolling [ 155 , 156 ] are the
ost widely investigated techniques for deforming Mg-based 

lloys. Recently, hot forging techniques like hard plate hot 
orging (HPHF) [ 146 ] and impression die forging are also 

aining popularity. Severe plastic deformation (SPD) tech- 
iques [ 121 , 157 , 158 ] like equal channel angular processing 

ECAP) [ 99 ] , high pressure torsion (HPT) [ 159 , 160 ] , cyclic
xtrusion and compression (CEC) [ 161 , 162 ] , and multi di- 
ectional forging (MDF) [ 163 , 164 ] have also been used to 

ignificantly refine the grains (1–5 μm), much lower than 

hat is achieved through conventional hot deformations. Since 
hermomechanical processing is useful in breaking down the 
nterconnected second phase to much smaller and evenly dis- 
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ributed ones, they can significantly improve the strength and 

uctility of the alloy, making them appropriate for implant 
pplications. During thermomechanical processing, formation 

f new coherent precipitates take place at the interface of the 
atrix and already existing secondary phases which has been 

bserved to contribute towards further strengthening of the 
lloy [ 146 ] . Therefore, thermomechanical processing can be 
onsidered as an essential step in achieving a desired com- 
ination of strength and ductility for the alloys. However, 
he usefulness of thermomechanical techniques invariably de- 
ends on choosing appropriate hot deformation parameters 
or a particular alloy system. Table 3 summarizes the com- 
only used processing techniques, related deformation pa- 

ameters, and their role in improving mechanical properties 
f some important Mg-based alloys. The implications of the 
eat-treatment and plastic deformation techniques on mechan- 
cal properties for the different alloy systems are mentioned 

laborately later in Section 4.1 of this article. 

.3. Powder metallurgy route 

Powder metallurgy route allows to fabricate Mg-based al- 
oys or composites of high precision with generation of min- 
mum wastage. The process ensures production of near-net 
hape implant with complex geometries and thus eliminate 
he additional machining steps. The accuracy of design, cal- 
ulated control over porosities, ability of mass production, 
nd uniformity of products achieved through powder metal- 
urgy route is hardly attainable through casting [ 165 , 166 ] . All
hese advantages make this fabrication route a popular one for 
anufacturing Mg-based bone implants. 
Powder metallurgy is extensively utilized in manufactur- 

ng Mg-based bio-composites for implant applications. The 
ispersion of nanometric reinforcing agents in Mg matrix 

an significantly improve the strength and overall mechanical 
roperties of an Mg-based bio-composite. Phosphate based 

io-ceramics namely, hydroxyapatite and tricalcium phos- 
hates have gained huge attraction as reinforcements for Mg- 
ased bio-composites since they are biocompatible in na- 
ure. On the other hand, bio-inert reinforcements like alumina 
Al 2 O 3 ), zirconia (ZrO 2 ), and carbon nanotubes are also ex- 
ensively used in fabricating these composites. Khalajabadi 
t al. [ 167 ] have studied the effect of incorporating MgO 

n Mg-HAp nanocomposites formed through powder metal- 
urgy. They have reported that with incorporation of 10 wt% 

gO, the corrosion resistance of the composite increased 

rom 0.25 k Ω cm 

2 to 1.23 k Ω cm 

2 due to development of a
omplex surface layer over the substrate. The film was com- 
osed of several components like Mg(OH) 2 , HAp, Ca 3 (PO4) 2 , 
nd amorphous Ca-phosphate. Torabi et al. [ 168 ] have inves- 
igated the properties of Mg-HAp bio-nanocomposites (the 
oncentration of HAp was varied between 2 and 10 wt%) fab- 
icated through powder metallurgy route. They have reported 

hat the highest value of UTS was associated with the Mg- 
HAp composite and the mechanical properties deteriorated 

ith increasing the concentration of reinforcement above 5 

t%. Dubey et al. [ 169 ] fabricated Mg-Zn-HAp composites 
7 
hrough powder metallurgy route. They have concluded that 
n apatite layer can readily deposit on the bio-composite sur- 
ace which aids in restricting further corrosion. Kumar et al. 
 170 ] have recently published a comprehensive review cov- 
ring the latest developments achieved in the field of Mg- 
mplants developed through powder metallurgy route. 

Spark plasma sintering (SPS) is a comparatively advanced 

echnique in powder metallurgy which utilizes Joule heating 

o generate heat internally for densifying the powder com- 
acts [ 171 , 172 ] . Therefore, SPS can achieve a near theoret- 
cal density even at a lower sintering temperature compared 

o conventional sintering process [ 172 ] . Thus, the process is 
ery effective in limiting the grain growth during sintering. A 

imited number of studies have been carried out which partic- 
larly concentrate on fabricating Mg-based alloys/composites 
hrough SPS. Knapek et al. [ 173 ] have utilized this technique 
o fabricate a novel Mg-4Y-3Nd (wt%) alloy. It was observed 

hat both the mechanical and degradation properties were im- 
roved by sintering at ∼ 823 K and the microstructure of 
he alloy was also refined. Dutta et al. [ 174 ] have reported 

hat they have successfully fabricated Mg composite with bio- 
lass reinforcements using SPS technique. The cell viability 

ests also showed positive results in terms of interaction with 

G63 cells in this composite. 

.4. Laser based additive manufacturing technology 

Laser additive manufacturing (LAM) technology has 
volved as an advanced fabrication technique since the last 
hree decades. Although LAM has been widely utilized in 

abricating Ti and Fe based bio-implants for clinical use, the 
pplication of LAM in manufacturing Mg-implant is still at 
ts early stage of development. 

The fabrication process through LAM combines three dif- 
erent aspects, viz. computer aided design (CAD), laser pro- 
essing unit, and a computerized control system. In this fab- 
ication method, the 3D model of the desired product is first 
onverted into a digital STL (Standard Tessellation Language) 
le and then laser processor is utilized to build the product 

ayer-by-layer with the help of computer aided tomography. 
ince it is a fully automated technique, it has the capability to 

roduce near net shaped complex structures with high preci- 
ion. The rapid melting and solidification associated with laser 
echnology can effectively restrict the grain growth and hence 
esult in a refined microstructure [ 175 , 176 ] . The process also
nsures high product yield and significantly reduces the ma- 
erial wastage. Besides, LAM can be utilized for processing 

 wide range of materials (including polymers, metals, com- 
osites, and even ceramics) by properly tuning two important 
arameters related to laser viz., power density and interaction 

ime [ 177–179 ] . Most importantly, the technique can produce 
ustomized implants with specific need based on defect site 
nd size of the defect [ 104 ] . Such customized patient spe- 
ific implants can enhance the efficiency of the bone healing 

rocess significantly. 
Li et al. [ 180 ] have successfully fabricated a Mg scaffold 

ith interconnected pores employing additive manufacturing. 
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Table 3 
Influence of alloy composition (wt%) and processing history on mechanical properties of the Mg-based alloys. 

Mg and its alloys Processing history Grain size Mechanical properties Ref. 

Alloy composition (wt%) YS (MPa) TS (MPa) Elongation 
(%) 

Hardness 

AZ31 (Mg-3Al-1Zn-0.13Mn) As-cast 63 μm _ 163 4.3 _ [ 190 ] 
Homogenization at 673 K for 
6 h + Extrusion at 573 K, extrusion ratio 
9:1, speed 20 mm/s 

3.78 μm 198 259 15.6 _ [ 138 ] 

AZ31 + 1 Ca Homogenization at 673 K for 
6 h + Extrusion at 573 K, extrusion ratio 
9:1, speed 20 mm/s 

2.98 μm 274 ± 4 311 ± 5 20.8 ± 0.9 _ [ 138 ] 

AZ61 
(Mg-5.84Al-1.2Zn-0.17Mn) 

Repetitive upsetting extrusion (RUE) at 
613 K, 2 passes 

7 μm 130 240 14 _ [ 191 ] 

AZ91D (Mg-23Al-2 Zn) As-cast _ 145 275 6 65 Hv [ 192 ] 
Equal channel angular pressing (ECAP), 1 
pass 

_ 198 259 15.6 57 Hv [ 192 ] 

EW10 
(Mg-1.2Nd-0.5Y-0.5Zr) 

As-cast 43.7 ± 0.2 
μm 

77 ± 4 175 ± 11 12 ± 3 _ [ 201 ] 

EW10 + 0.4Ca As-cast 37.6 ± 0.1 
μm 

74 ± 5 135 ± 11 5 ± 1 _ [ 201 ] 

ZK60 (Mg-8Zn-1.5Y) As-cast and then twin rolled at 573 K 

(84% deformation) 
_ 390 445 8.3 69 Hv [ 202 ] 

Solution treated at 648 K for 3 h _ 278 342 18 64 Hv [ 202 ] 
T6 treatment (Solution treated at 648 K for 
3 h + ageing at 448 K for 10 h) 

6.8 μm 334 420 16.1 61 Hv [ 202 ] 

Mg-4.71Y-4.58Gd-0.31Zr T6 treated (Solutionizing at 783 K for 4 h, 
quenching + ageing at 473 K for 16 h) 

50 μm 255 330 15 1200 Hv (mi- 
crohardness) 

[ 205 ] 

High pressure torsion (HPT) at 473 K 20–90 nm 450 475 2.5 1340 Hv (mi- 
crohardness) 

[ 205 ] 

LAE442 
(Mg-4Li-3.6Al-2.4RE) 

As-cast 1 mm 220 280 0.4 _ [ 206 ] 
Extruded at 623 K, extrusion ratio 23, 
speed 1 mm/s 

21 μm 200 ± 3 250 ± 2 6 ± 0.1 _ [ 206 ] 

ECAP (12 passes, strain in each pass is 
1.15%) 

1.9 μm 192 ± 4 221 ± 4 9 ± 0.2 _ [ 206 ] 
(after 9 
passes) 

WE43 (Mg-4.38Y-2.72Nd- 
1.10Gd-0.56Zr) 

As cast and heat treated (solution treatment 
at 798 K for 8 h, quenching + ageing at 
473 K for 100 h) 

184 μm 145 ± 16 204 ± 6 6.9 ± 0.5 85 Hv [ 207 ] 

Cold impact forging (CIF), total strain 
15%, T3-predeformed condition 

23 μm 208 ± 35 259 ± 40 3.3 ± 0.5 74 Hv [ 207 ] 

JDBM 

(Mg-3.13Nd-0.16Zn-0.41Zr) 
Homogenised at 813 K for 
10 h + Extruded at 523 K, extrusion ratio 
25 + ageing at 473 K for 10 h in oil bath 

4 μm 189 ± 2 243 ± 3 21 ± 0.9 _ [ 208 ] 

Mg-5 Zn As-cast _ 68 ± 1.5 185 ± 5 9.2 ± 0.5 _ [ 210 ] 
Homogenised at 623 K for 
12 h + Extruded at 573 K, extrusion ratio 
12:1, speed 5 mm/s 

_ 125 ± 5 276 ± 5 29.7 ± 0.5 _ [ 210 ] 

Mg-4Zn-0.2 Ca As-cast 90 μm 58.1 ± 1.0 225 ± 5 17.5 ± 1.0 _ [ 216 ] 
Mg-6Zn-0.82 Ca Homogenised at 623 K for 

12 h + Extruded at 573 K, extrusion ratio 
12:1, speed 5 mm/s 

32 μm 230 ± 8 304 ± 1.0 15.3 ± 1.6 _ [ 216 ] 

Mg-Zn-Mn As-cast _ 78 ± 2 175 ± 3 12 68 Hv [ 218 ] 
Extruded at 573 K, extrusion ratio 10:1, 
speed 22 mm/s, bar diameter 15 mm 

_ 210 ± 4 233 ± 2 20 43 Hv [ 218 ] 

Mg-4Zn-0.5Ca-0.16Mn As-cast 79 μm 175 180 0.2 70 Hv [ 141 ] 
Homogenised at 633 K for 24 h 82 μm 110 185 8 63 Hv [ 141 ] 
Hard plate hot forging (HPHF) at 573 K 

(78% deformation) and then annealed at 
623 K for 5 min 

14 ± 2 
μm 

142 ± 8 241 ± 6 19 ± 1 _ [ 146 ] 

Mg-2Zr-2Sr As-cast 36 μm 80 (Com- 
pressive) 

290 (Com- 
pressive) 

15 _ [ 260 ] 

Mg-3Sn-2Sr-0.3Ti As-cast _ 100 160 6.5 68Hv [ 223 ] 

8 
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chieving such intricate design is quite impossible by using 

ther conventional techniques. Moreover, the scaffold exhib- 
ted only around 20% of volume loss after 4 weeks of im- 

ersion in the simulated body fluid (SBF) solution. It has 
een reported in some literatures that the size and distribu- 
ion of the pores can affect the rate of hydrogen evolution 

n Mg-implants. Since, additive manufacturing can effectively 

ontrol the pore size, it can be employed in fabrication of 
uch porous implants to achieve improved properties. Yang et 
l. [ 181 ] have reported that the volumetric energy density of 
aser has an important role in controlling the pore size in Mg 

mplants. They have reported that an optimized volumetric 
nergy density ( ∼185.19 J/mm 

3 ) can provide sufficient den- 
ification without forming any open pores or discontinuities 
n surface structure. In this study, a bioglass (BG) reinforced 

K60 (Mg-5.6Zn-0.5Zr) composite has been developed by the 
uthors through LAM. The introduction of BG is reported to 

ot only improve the corrosion resistance but also promote 
nhanced cell proliferation. Also, the fine columnar grains 
eveloped in the microstructure resulted in improved me- 
hanical properties (compressive strength ∼153 MPa, Young’s 
odulus ∼ 35.5 GPa). A different study conducted on meso- 

orous bioglass (MBG) reinforced Mg composite, fabricated 

hrough LAM, have indicated a deposition of dense apatite 
ayer on the substrate [ 182 ] . They have concluded that the 
patite layer could significantly improve the corrosion resis- 
ance (degradation rate ∼0.31 mm/year) of the composite. 

oreover, additive manufacturing is reported to induce ho- 
ogeneous dispersion of alloying elements within the Mg 

atrix. Most of the elements are dissolved in the matrix due 
o fast advancement of solid-liquid interface and high tem- 
erature gradient achieved through laser processing. This is 
alled as ‘solute capture effect’ [ 183 ] . Due to homogeneous 
istribution of alloying elements and reduced second phase 
recipitates, the galvanic corrosion is decreased remarkably 

n LAM fabricated products. Telang et al. [ 184 ] have recently 

onducted a review that focuses on advancements and future 
rospects of Mg bio-implants fabricated through LAM. 

Although LAM is regarded as a highly promising tech- 
ique for production of customized Mg-based bone implants, 
here are several challenges associated with it. Due to low 

oiling point and high vapour pressure of Mg [ 104 ] , it is
rone to get burnt during laser processing. Also, Mg has 
he tendency to get oxidized very easily in presence of air 
ince it is very active in nature. Therefore, a high vacuum 

hamber or protective environment is necessary for produc- 
ng Mg-implants using LAM. These are the reasons why the 
anufacturing of Mg-implants using LAM is still at its early 

tage and requires more attention in future to overcome the 
onstraints. 

. Current status of some common Mg-based alloy 

ystems in terms of their performance 

In this section, the mechanical properties, bio-degradation 

ehaviour, and cytotoxic nature of some important Mg-based 

lloy systems have been reviewed in order to understand their 
9 
urrent status as well as the future requirements in terms of 
lloy development, to realize their clinical transition potential 
n near future. Although Al and some RE elements have re- 
ortedly shown elemental cytotoxicity in body [ 85–90 ] , the 
lloys bear immense potential for temporary implant applica- 
ions since they exhibit good mechanical properties and suffi- 
ient corrosion resistance. Therefore, the properties of Mg-Al 
nd Mg-RE based alloy systems are included in this section. 
esides, the section also focuses on the properties of some 
otential alloy systems, which have gained huge popularity 

n recent time, as they contain nontoxic and body-essential 
utrient elements as primary alloying components. 

.1. Mechanical properties of Mg-based alloys 

Pure Mg in as-cast condition exhibits insufficient tensile 
trength ( ∼80–90 MPa) and very limited tensile elongation 

 ∼0.1–0.3%) [ 185-188 ] . This as-cast pure Mg when exposed 

o thermomechanical processing, results in reduced grain size 
as shown in Fig. 2 (a) ), leading to only marginal improve- 
ent in mechanical properties [ 189 ] . Since the mechanical 

roperties exhibited by pure Mg in either as-cast or thermo- 
echanically processed conditions are not adequate to meet 

he requirements of implant materials, the Mg-based alloys 
ade by incorporation of different alloying elements in ap- 

ropriate concentration carry major importance in this aspect 
 120 ] . Suitably adding the alloying elements can facilitate for- 
ation of different precipitate phases in the alloy. Evidently, 

he mechanical properties of an alloy is directly influenced 

y its microstructural features like the evolution of different 
econd phase precipitates, their distribution, precipitate mor- 
hology, average grain size [ 121 ] etc. In Fig. 2 (b)-(g) of this
rticle, the representative microstructures of some important 
g-based alloys are shown, marking the important intermetal- 

ic phases that form in them both under as-cast and different 
eformed conditions. The mechanical properties of those al- 
oys have been reviewed in details below. 

.1.1. Mg-Al based alloys 
Mg-Al based alloys are one of the most studied alloy sys- 

ems since the early stage of biodegradable orthopaedic im- 
lant development, due to their excellent castability, good 

echanical properties, and adequate corrosion resistance 
 138 , 190–195 ] . The maximum solubility limit of Al in Mg 

s much higher ( ≈12.7 wt%) compared to most other alloy- 
ng elements, resulting in sufficient solid solution strength- 
ning [ 120 ] . Also, adequate precipitation strengthening is at- 
ained by formation of γ -Mg 17 Al 12 along grain boundaries (as 
hown in Fig. 2 (b) ) in these alloys [ 192 , 196–198 ] . Zn, Mn,
r or some RE elements (Ce, Ca, Y, Nd) have often been 

dded in Mg in combination with Al in order to enhance the 
lloy properties. Several literatures have reported that subse- 
uent heat treatment and deformation processes like extrusion, 
epetitive upsetting-forging are quite successful in improving 

he alloy properties further by grain refinement through re- 
rystallization (as shown in Fig. 2 (b) ) [ 191 ] . The typical val-
es of yield strength, tensile strength, and ductility are re- 
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Fig. 2. Representative microstructures of some important Mg-based alloy systems in both as-cast and thermo-mechanically processed conditions: (a) pure Mg 
[ 189 ] , (b) Mg-Al based alloys [ 191 , 196 , 197 ] , (c) Mg-RE based alloys [ 205 ] , (d) Mg-Zn based alloys [ 141 , 146 , 211 , 212 , 218 , 221 , 224 , 226 , 243 ], (e) Mg-Ca based 
alloys [ 246 , 247 , 251 , 254 ] , (f) Mg-Sr based alloys [ 256 , 257 ] , and (g) Mg-Zr based alloys [ 260 ] . The compositions of the alloys shown in this figure are in wt%. 

10 
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orted as 145 MPa, 275 MPa and 6% respectively for an 

s cast AZ91 alloy [ 192 , 199 ] . Moreover, the properties were
ignificantly improved to 290 MPa, 417 MPa and 8.75%, re- 
pectively through subsequent deformation by ECAP [ 199 ] . 
owever, Al is a well-known neurotoxic element that causes 
lzheimer’s disease or dementia in patients if the daily intake 

rosses the maximum allowable limit [ 85 ] . Alloys containing 

l content more than 4 wt% like AZ91, AM61 have shown 

armful effects on neurons and osteoblast cells [ 28 , 85 ] . The
otential toxicity that arises from Mg-Al alloys has limited its 
se as a biocompatible implant and the focus is now shifting 

ore towards addition of essential nutritional elements. 

.1.2. Mg-RE based alloys 
Alloying of rare earth elements in Mg has resulted in the 

ighest mechanical strength amongst all the Mg-based alloy 

ystems [ 200–202 ] . These alloys can also provide substantial 
mprovement in corrosion resistance (discussed later in this 
rticle in Section 4.2.1 ) in combination with tensile strength. 
oreover, these alloys are very popular for their high tem- 

erature creep resistance property [ 203 , 204 ] . This is indeed 

ot an intended property for implants but it is utilized exten- 
ively in automotive powertrain components and aerospace 
ngine components. Y, Gd, Nd, and Ce are some of the most 
xtensively studied alloying elements for Mg-based biomate- 
ials [ 205–208 ] . Addition of some other alloying elements in 

g (like Zn and Zr) along with RE elements, have shown re- 
arkable improvement in mechanical properties. MgYREZr 

lloy (commercially known as WE43) has been reported to 

ossess tensile strength and elongation of 275 MPa and 10% 

espectively [ 77 , 207 ] , and gained an approval for commercial 
pplication in human by CE in 2013 [ 91 ] . Very high maxi-
um solid solubility limit of some of the RE elements have 

ed to formation of a good fraction of intermetallic phase in 

he cast and extruded Mg-RE based alloys [ 200 , 209 ] , leading 

o excellent mechanical properties. The Mg-4.7Y-4.6Gd-0.3Zr 
all in wt%) alloy in as-cast condition shows the presence of 
-Mg matrix and Mg 24 (Y,Gd) 5 precipitates (refer Fig. 2 (c) ) 
 205 ] . In the hot extruded condition, the microstructure con- 
isted of fine recrystallized grains and coarse deformed elon- 
ated grains elongated in the extrusion direction ( Fig. 2 (c) ) 
 205 ] . Further execution of high pressure torsion (HPT) at 
73 K followed by annealing treatment have resulted in very 

ood mechanical properties (UTS ∼375 MPa, YS ∼ 335 MPa, 
longation ∼5.5%) [ 205 ] . However, cytotoxicity tests have in- 
icated moderate to high risks associated with some of the 
E containing Mg alloys and the level of toxicity increases as 
 function of RE element concentration in the alloy [ 87 , 88 ] .
espite showing excellent properties, the Mg-RE based alloys 

lways carry certain health risks to be used as a biodegradable 
emporary implant, as favourable cytotoxicity is considered to 

e the first and foremost requirement for such implants. 

.1.3. Mg-Zn based alloys 
Binary Mg-Zn based alloys typically consist of α-Mg 

atrix and MgZn as second phase precipitates ( Fig. 2 (d)) 
 210–212 ] . Mg-4wt% Zn alloy is reported to show a UTS 
11 
alue of 219 MPa and elongation of ∼16% in as-cast condi- 
ion [ 210 ] . Increase in Zn content upto 5 wt% shows a linear
ncrease in the mechanical strength of the alloy. However, be- 
ond 5 wt%, Zn is reported to deteriorate the alloy properties 
rastically [ 210 ] . An effective way to improve mechanical 
roperties of as-cast Mg-Zn alloys is through heat treatment, 
hich utilizes high maximum solubility of Zn in Mg (6.2 

t%) [ 120 , 213 ] . Lotfabadi et al. [ 214 ] have reported that T4
reatment at 633 K for a duration of 6 h increases the strength 

s well as elongation of Mg-1.5 Zn alloy slightly. In contrast, 
 significant improvement in mechanical properties were ob- 
ained with the same treatment for Mg-9 Zn alloy due to pres- 
nce of residual second phases like Mg 51 Zn 20 and Mg 12 Zn 13 

t grain boundaries [ 214 , 215 ] . Ca, Mn, Zr, Sr, Ti, Mn and Y
re some of the alloying elements which have shown promis- 
ng results when added to Mg-Zn alloys to form ternary or 
uaternary alloy systems like Mg-Zn-Ca [ 92 , 93 , 216 , 217 ] , Mg-
n-Mn [ 218 ] , Mg-Zn-Ca-Mn [ 97 , 99 , 146 , 219-221 ] , Mg-Zn-Ti
 222 , 223 ] , Mg-Zn-Zr [ 224 ] , Mg-Zn-Y [ 225 , 226 ] etc. The mi-
rostructures of some of these alloys in both as-cast and hot 
eformed conditions are shown in Fig. 2 (d) , marking some 
f the important intermetallic phases formed in these alloys. 

.1.3.1. Mg-Zn-Ca alloy system. The ternary system of Mg- 
n-Ca alloys is attracting attentions amongst the researchers 
ince optimum addition of Zn and Ca to Mg are effective for 
mprovement of properties as Zn induces strength by solid 

olution and precipitation strengthening mechanisms whereas 
a improves the corrosion resistance [ 227 ] . Additionally, Ca 
cts as an effective grain refining element in Mg-Zn-Ca alloys 
 228 ] . Zhang et al. [ 210 ] have reported that addition of Ca of
oncentration greater than 0.2 wt% in Mg-4.0 Zn alloys de- 
eriorate the mechanical properties. The UTS and elongation 

alues of a Mg-4.0Zn-0.2Ca were reported as 225 ±5 MPa and 

7.5 ± 1.0% respectively, whereas for the Mg-4.0Zn-0.5Ca 
lloy the UTS and elongation have declined to 180 ±5 MPa 
nd 12.3 ± 1.5%, respectively [ 86 ] . It has been identified 

hat change in morphology of second phase is the reason be- 
ind exhibition of such characteristics. The polygonal shaped 

econd phase in Mg-4 Zn changed to spherical shape in Mg- 
Zn-0.2Ca alloy and consequently, improved the precipita- 
ion hardening. However, increase in Ca concentration be- 
ond 0.2% resulted in lamellar second phases, consequently 

eteriorating the tensile properties. It has been reported that 
oth as-cast and extruded Mg-5Zn-0.6Ca alloy shows pres- 
nce of α-Mg matrix and Ca 2 Mg 6 Zn 3 phase in microstruc- 
ure ( Fig. 2 (d) ) [ 86 , 87 ] . The average grain size of the as-cast
lloy was reported as 100–200 μm with presence of spheri- 
al second phases of diameter 1–2 μm, distributed within the 
rains. However, after extrusion (at 543 K with extrusion ra- 
io 16:1 and extrusion speed 2 mm/s), the average grain size 
f the alloy significantly decreased to 3–7 μm. The YS, UTS 

nd elongation after extrusion are reported to be 240 MPa, 
97 MPa and 21.3% respectively [ 229 ] . 

.1.3.2. Mg-Zn-Ca-Mn alloy system. After extensive inves- 
igation on Mg-Zn-Ca based alloys, it has been reasonably 
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Fig. 3. (a) SEM micrograph of as-cast Mg-4Zn-0.5Ca-0.16Mn alloy, (b) SEM micrograph of homogenized specimen at 633 K for 24 h (AH24) showing 
partial dissolution of continuous network of eutectic Ca 2 Mg 6 Zn 3 phase, (c) the presence of fine precipitates observed under TEM in the AH24 specimen, (d) 
enlarged portion from (d) showing the image of β ′ 

1 precipitates formed at the interface of Mg matrix and Mn particles [ 141 ] . 
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peculated that judicious addition of some non-toxic micro- 
lloying element, like Mn, can further improve the mechanical 
s well as the corrosion properties. The microstructure of as- 
ast Mg-2Zn-1Mn alloy reveals the presence of intermetallic 
gZn precipitate phases ( Fig. 2 (d) ) [ 230 ] . Increasing the Zn

ontent above 2 wt% is reported to induce higher fraction of 
g 7 Zn 3 phase in the alloy [ 218 , 230 ] . Although the as-cast

lloy cannot provide sufficient ductility, the hot deformation 

reatment can significantly refine the grains and improve the 
echanical properties appreciably. Addition of Mn in ternary 

g-Zn-Ca alloys does not form any additional intermetallic 
hase due to extremely limited solubility of Mn in Mg (max 

olubility ∼2 wt%) [ 120 ] . However, the volume fraction of 
a 2 Mg 6 Zn 3 phase continuously increases with increasing Mn 

ontent upto 0.8 wt% [ 97 ] . Experimental results have shown 

hat addition of Mn increases the amount of constitutional su- 
ercooling in the alloy, consequently resulting in a decrease in 

ritical size of nucleus during solidification, which ultimately 

esults in grain refining [ 97 ] . Addition of 0.8 wt% Mn in
g-4.0Zn-0.5Ca alloy has resulted in decrease in grain size 

rom 124 μm to 46 μm in as-cast condition of the alloy. 
uley et al. [ 141 ] have reported that homogenization treat- 
ent (at 633 K for 24 h) in Mg-4Zn-0.5Ca-0.16Mn alloy can 

artially dissolve the interconnected crack-initiating network 

f Ca 2 Mg 6 Zn 3 phase observed in the as-cast condition. The 
icrostructures of the as-cast and the homogenized alloy are 

hown in Fig. 3 (a) and 3(b), respectively [ 141 ] . The evolution 

f different phases through homogenization treatment of this 
articular alloy obtained through XRD analysis showed that 
he homogenization treatment induces the formation of addi- 
12 
ional β ′ (Mg 4 Zn 7 ) phase, which was not present in the as-cast 
tructure. They have also observed through TEM that the β ′ 

hase forms at the interface of Mg-matrix and Mn particles 
uring homogenization treatment (as shown in Fig. 3 (c)-(d) ). 
hey have reported an appreciable improvement in the duc- 

ility of the alloy ( e f ∼ 8%) compared to the as-cast condi- 
ion ( e f ∼ 1%) with marginal decrease in mechanical strength 

hrough this homogenization treatment. The improved ductil- 
ty following homogenization treatment was attributed to the 
issolution of interconnected eutectic network of Ca 2 Mg 6 Zn 3 . 
he authors further employed hard plate hot forging (HPHF) 
n the homogenized alloy of the similar composition [ 146 ] . 
hey have concluded that a forging temperature of 573 K 

romotes significant particle stimulated nucleation (PSN) ef- 
ect due to presence of higher Ca 2 Mg 6 Zn 3 phase fraction, 
hich leads in a higher fraction of DRX grains and thus re- 

ulted in improved mechanical properties (UTS ∼ 304 MPa, 
longation ∼ 6.5%). The ductility is reported to be further 
mproved (elongation ∼ 19%) by employing a short anneal- 
ng treatment for 5 min at 623 K (microstructure is shown 

n Fig. 2 (d) ), with a decrease in strength (UTS ∼ 241 MPa) 
 231 ] . Several works have also been reported on this similar 
lloy system with varying concentration of the alloying ele- 
ents. Zhang et al. [ 220 ] have reported that Mg-2Zn-1.1Ca- 

.3 Mn alloy shows optimum combination of strength, elon- 
ation and hardness (198 MPa, 5.6%, and 78 HV) when so- 
ution treated at 693 K for 24h According to Yandong et al. 
 219 ] , T4 heat treatment (solution treatment at 738 K for 12 h
ollowed by ageing at 448 K and WQ) of Mg-2Zn-0.5Ca-1.0 

n alloy provide the best combination of UTS and elonga- 



D. Bairagi and S. Mandal Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; October 13, 2021;11:10 ] 

t
4
t
i
m
c
a
9
d
a
i
a
f

4
e
g
t
c
t
a
m
o  

t
(
h
l
Y
p
t
m
t
f
l
t  

n

4
r
a
w
p
6
p
U
3
R
T
c  

t
u
o
W  

f
s
t

c
a

4
e
i
[  

m
M
o  

T
P  

e
p
o
0
o
c
t
p
t
t
H
1
i
(
t
e
i
T

4

h
i
i
a
e
t
a
a
p  

t
o
H
[  

f
g
[  

0
p
a
i
1
∼
o
r

ion (180 MPa, 7.5%). Tong et al. [ 99 ] have reported that 
 consecutive passes of ECAP refines the microstructure of 
he as-cast Mg-5Zn-0.5Ca-0.3Mn alloy significantly, result- 
ng in grain size of < 1 μm. It restricts the basal dislocation 

ovement and improve the mechanical properties of the alloy 

onsiderably. The UTS, elongation, and hardness of the alloy 

fter 4 passes of ECAP are reported as 252 MPa, 18.5%, and 

1 HV, respectively. It is important to mention here that ad- 
ition of Mn beyond 0.8 wt% in quaternary Mg-Zn-Ca-Mn 

lloy system has been identified to deteriorate alloy ductility 

n as-cast condition due to formation of network-like coarse 
nd brittle Mg-Zn phase along grain boundaries in higher 
raction [ 97 , 232 ] . 

.1.3.3. Mg-Zn-RE alloy system. Since the inclusion of RE 

lements as a primary alloying component (in concentration 

reater than 5 wt%) in Mg-based alloys has been observed 

o induce severe toxicity in human body, researchers have 
onsidered their addition in trace amounts as a secondary or 
ertiary alloy constituent in developing Mg alloys for implant 
pplications to utilize the strengthening potential of RE ele- 
ents [ 233–235 ] . Fig. 2 (d) shows the optical microstructure 

f Mg-8Zn-1.6Y in as-cast condition [ 225 , 226 ] . The inset of
his figure reveals the presence of Mg 7 Zn 3 and Mg 2 Zn 3 Y 3 

W-phase) in Mg-4Zn-1.6Y alloy, which is known to induce 
igh mechanical strength to these alloys. Mg 97 Zn 1 Y 2 (at%) al- 
oy is one of the strongest known Mg-based alloys so far with 

S 610 MPa and elongation 5% [ 236 ] , which is preferentially 

rocessed through powder metallurgy route. The strength of 
hese alloys is even higher than commercial Ti based per- 
anent orthopaedic implant alloys like Ti-6Al-4 V. The ex- 

remely high strength of these alloys essentially originates 
rom very fine grain size with widely dispersed hard lamel- 
ar phase and Long-Period Stacking-Ordered (LPSO) struc- 
ure [ 139 , 154 , 158 ] . However, this much of high strength is
ot required for common temporary implant applications. 

.1.3.4. Mg-Zn-Zr alloy system. Zr acts as dominant grain 

efiner in Mg-based alloys that contain Zn as a primary 

lloying element [ 237 , 238 ] . The addition of about 0.4–0.6 

t% of Zr in Mg-3 Zn and Mg-6 Zn alloys has shown 

romising results. The Mg-3Zn-0.6Zr (ZK30) [ 239 ] and Mg- 
Zn-0.6Zr (ZK60) [ 224 , 239 ] alloys showed significant im- 
rovement in mechanical properties (ZK30: YS-215 MPa, 
TS-300 MPa, elongation-9%; ZK60: YS-235 MPa, UTS- 
15 MPa, elongation- 8%) which are comparable to that of 
E element containing WE type Mg alloys (Mg-Y-RE-Zr). 
he optical microstructure of Mg-5Zn-0.6Zr alloy in as-cast 
ondition is shown in Fig. 2 (d) [ 224 ] . TEM analysis has fur-
her revealed that Zn 2 Zr 3 and Mg 4 Zn 7 are the main intergran- 
lar phases present in this system [ 224 ] . Moreover, inclusion 

f Nd and Y in this alloy results in formation of an additional 
-phase (Mg 2 Zn 3 Y 3 ) ( Fig. 2 (d) ) [ 224 ] , which is responsible

or further improving the mechanical properties of the alloy 

ignificantly. The excellent biocompatibility and osseointegra- 
ion properties of Zr observed in both in-vitro and in-vivo 
13 
onditions are capable of outperforming Ti, thus making it as 
 suitable alloying element for Mg based bio-implants. 

.1.3.5. Mg-Zn-Ti alloy system. Ti based alloys are consid- 
red as an ultimate choice for permanent implants due to 

ts favourable biocompatibility and osteogenesis properties 
 2 , 240 ] . Therefore, addition of Ti as a micro-alloying ele-
ent in Mg has been considered by many researchers for 
g-based temporary implant applications. As the solubility 

f Ti in Mg matrix is very low ( ∼0.02 wt% at 923 K) [ 241 ] ,
i shows a strong tendency of segregation, which results in 

SN [ 222 , 242 ] . Thus, Ti acts as an effective grain refining
lement for Mg-Zn-Ti alloys. Buha [ 222 ] has reported that in 

resence of Zn as the major alloying element, the solubility 

f Ti in Mg increases by an order of magnitude. Addition of 
.8 wt% Ti in Mg-0.4 Zn alloy did not show the formation 

f a new Ti containing precipitate; rather addition of Ti in- 
reased the volume fraction of already existing precipitates in 

he alloy and made them finer, thus improving the mechanical 
roperties of Mg-4.0Zn-0.8Ti alloys [ 222 ] . Heat treatment (T6 

reatment, 433 K) of this alloy led to homogeneous distribu- 
ion of precipitates resulting in an increase in hardness (100 

V). Chen et al. [ 243 ] have reported that Mg-0.4Zn-1.0Zr- 
.5Ca-0.8Ti alloy in as-cast condition (microstructure shown 

n Fig. 2 (d) ) exhibited the best set of mechanical properties 
UTS: 145 MPa, elongation: 3.5%, and hardness: 58 HV). Ex- 
ensive studies of these alloys are yet to be carried out due to 

xtremely challenging alloy processing through melting cast- 
ng route because of very high melting point of elemental 
i. 

.1.4. Mg-Ca based alloys 
Ca, the element with maximum daily intake limit for 

uman-body ( ∼1400 mg/day) [ 244 , 245 ] , is a primary element 
n forming teeth and bone and plays a crucial role in maintain- 
ng the structural as well as functional state of skeletal tissue 
nd in cell signalling. Presence of Ca ion has shown positive 
ffect in bone healing. Promising biocompatible characteris- 
ics of Ca has led to the development of Mg-Ca based binary 

lloys for temporary implant applications. The binary alloys 
re primarily composed of α-Mg matrix and Mg 2 Ca second 

hases ( Fig. 2 (e) ) [ 246 ] . The second phases essentially dis-
ribute along grain boundaries, thus improving the strength 

f the alloy by grain boundary pinning and grain refining. 
owever, due to limited solubility of Ca in Mg ( ∼1.34 wt%) 

 120 ] , addition of Ca in amount more than 1% has resulted in
ormation of coarser interconnected Mg 2 Ca precipitates along 

rain boundaries, which deteriorates the ductility of the alloy 

 247 , 248 ] . Therefore, the concentration of Ca is limited to
.5–1% in most of the Mg-Ca based alloys. The mechanical 
roperties shown by as-cast Mg-1Ca alloy (UTS: ∼71 MPa 
nd elongation ∼1.9%) [ 249 ] , are not satisfactory. However, 
t has sufficiently been improved through hot rolling (UTS: 
67 MPa, elongation: 3%) [ 249 , 250 ] and hot extrusion (UTS: 
240 MPa and elongation: ∼11%) [ 249 ] due to refinement 

f microstructure. Introduction of Zn in Mg-Ca based alloys 
esulted in further grain refining leading to more desirable 
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echanical properties [ 251 ] . Levi et al. [ 252 ] have reported
hat solution treatment and age hardening of Mg-Ca-Zn alloy 

as resulted in dissolution of coarse deleterious Mg 2 Ca phase 
nd led to the formation of Ca 2 Mg 6 Zn 3 ( Fig. 2 (e) ). In 2015,
orean government approved an alloy made of Mg-Ca-Zn for 
linical use [ 253 ] . Recently, addition of Sr in Mg-Ca alloys 
as shown improved mechanical properties as well as positive 
ffects on osteogenesis [ 254 ] . Fig. 2 (e) shows the microstruc- 
ure of Mg-1Ca-1Sr alloy in as-cast condition [ 254 ] . The inset 
f the figure shows the presence of Mg 2 Ca and Mg 17 Sr 2 as 
rimary intermetallic phases for Mg-0.5Ca-0.5Sr alloy [ 254 ] . 
oth these phases are helpful in improving the mechanical 

trength of the alloy. However, higher fraction of Mg 2 Ca is 
nown to deteriorate the degradation property of the alloy by 

nducing significant galvanic effect. 

.1.5. Mg-Sr based alloys 
Inclusion of Sr as an alloying element for Mg-based alloys 

as shown positive impact over osteoblast cell growth and 

ew bone generation along with decreasing tendency of bone 
esorption. In osteoporosis treatment, strontium ranelate (SR) 
s used to improve bone strength and bone mineral density 

 255 ] . The binary alloys of Mg-Sr in as-cast condition typi- 
ally form dendritic structure and consist of α-Mg matrix and 

g 17 Sr 2 intermetallic phase which primarily precipitate along 

he dendritic arms [ 256 , 257 ] . With increasing the concentra- 
ion of Sr, the mechanical properties improved due to dis- 
ersion strengthening by second phase precipitates. Sr is also 

nown for its grain refining ability. However, addition of Sr 
eyond 3 wt.% leads to deterioration of mechanical properties 
ue to formation of coarser interconnected Mg 17 Sr 2 precipi- 
ates along grain boundaries in as-cast alloys [ 257 ] . Fig. 2 (f)
hows the solution treated (homogenised and quenched) mi- 
rostructure of Mg-1.5Sr alloy [ 257 ] . Thermomechanical pro- 
essing has resulted in improvement of both mechanical prop- 
rties and corrosion resistance of this alloy by breaking down 

he interconnected network of eutectic phases and by refin- 
ng the grains considerably ( Fig. 2 (f) ) [ 256 ] . Mg-2Sr alloy
n as-rolled condition displayed the best set of mechanical 
roperties (UTS-213 MPa, elongation-3.2%) [ 256 ] . 

.1.6. Mg-Zr based alloys 
Zr is known for its low ionic cytotoxicity and excellent bio- 

ompatibility [ 120 ] . Zr shows osteogenesis properties equiva- 
ent to Ti [ 258 ] . The maximum solubility of Zr in Mg is lim-
ted to 3.8 wt% [ 6 , 120 , 209 ] . Addition of Zr in Mg leads to
ignificant grain refinement. The processing of Mg-Zr based 

lloys are difficult through conventional melting casting route 
s Zr has a very high melting point (2128 K) [ 259 ] . Fig. 2 (g)
hows the microstructure of Mg-5Zr alloy, which reveals the 
resence of some Zr particles [ 260 ] . It has been found out
hat the Mg-xZr-ySr alloy with the concentration of x and 

 ≤ 5% provides an excellent combination of properties in 

erms of both mechanical integrity and bio-corrosion resis- 
ance. The optical microstructure of this alloy is shown in 

ig. 2 (g) [ 260 ] . The Mg-1Zr-2Sr alloy has exhibited nearly 
14 
30 MPa of ultimate compressive strength and 31% compres- 
ive strain. The addition of 3 wt% of RE element holmium 

Ho) to the Mg-1Zr-2Sr alloy has shown to improve the ulti- 
ate compressive strength and compressive strain (250 MPa 

nd 32% respectively) [ 261 ] . The addition of Ho in the system
ed to formation of several intermetallic phases like MgHo 3 

nd Mg 2 Ho, in addition to Mg 17 Sr 2 . These phases are re- 
ponsible for enhanced mechanical properties of the afore- 
entioned alloy. Another Mg-Zr based system that has been 

xplored by researchers is Mg-Zr-Ca based alloys. Mg-1Zr- 
Ca alloy in as-cast condition has exhibited around 175 MPa 
f ultimate compressive strength, whereas after hot rolling the 
trength is approximately doubled ( ∼ 300 MPa) [ 262 ] . 

.2. Degradation behaviour of Mg-based alloys 

High rate of degradation is considered as the main ob- 
tacle behind commercialization of Mg-based alloys for or- 
hopaedic implant applications. Therefore, significant atten- 
ion is required in understanding the influence of different 
actors on degradation behaviour of the alloys. It has been 

eported in literature that the desired degradation rate should 

e ∼ 0.1–7 mm per year [ 28 ] . In this regard, the alloy design-
ng strategy is considered as an important aspect which can 

lter the degradation properties of Mg-based alloys. Incorpo- 
ation of different alloying elements in Mg can significantly 

odify the microstructure by changing the precipitates type, 
olume fraction of precipitates, their shape, size, and distri- 
ution within the alloy. All these factors can highly influence 
he mechanical properties as well as the corrosion behaviour 
f the alloy. Moreover, the presence of any impurity in the al- 
oy is known to induce accelerated galvanic corrosion. There- 
ore, the effect of alloy designing strategy and purification on 

egradation behaviour has been discussed in this section. 

.2.1. Effect of alloy design on degradation properties 
Incorporation of alloying elements into Mg can form dif- 

erent intermetallic phases within the Mg matrix. The corro- 
ion potential of intermetallic phases that form due to alloying 

enerally differs from that of Mg matrix, thus induces gal- 
anic corrosion in the alloy. The severity of galvanic corrosion 

epends on the difference in corrosion potential existing be- 
ween the matrix and the respective phase. The tendency of 
alvanic corrosion also increases with increasing the volume 
raction of second phase precipitates in alloy. Fig. 4 presents 
 compilation of polarization curves obtained in 0.1 M NaCl 
olution, revealing the corrosion behaviour of some important 
ntermetallic phases generally form in binary Mg-based alloys 
nd compare them with pure Mg [263] . It can be observed 

rom the figure that the intermetallic phases can be either an- 
dic or cathodic in nature with respect to pure magnesium and 

hus form a micro-galvanic couple, leading to galvanic corro- 
ion of the alloy. However, adoption of proper alloy designing 

trategy can tune the microstructure desirably to control the 
lloy degradation. An appreciable improvement in corrosion 

roperties of pure Mg has been observed through addition 
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Fig. 4. Representative potentiodynamic polarization curves obtained for some commonly formed intermetallic phases in Mg-based alloys in comparison to 
pure Mg [ 263 ] . 

Fig. 5. The influence of different alloying element concentrations on respec- 
tive binary Mg alloys in NaCl solution [ 264 ] . 
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f alloying elements in proper concentration. It has been re- 
orted that most of the alloying elements should be added 

pto a critical limit for improving corrosion resistance of the 
lloy, which is decided based on the solubility level of the 
lloying element in Mg [ 120 ] . Addition of any alloying ele- 
ent beyond their critical limit often results in deterioration 

f corrosion properties [ 187 ] . Fig. 5 shows the influence of 
ifferent alloying element concentration on the corrosion rate 
f the alloy [ 264 ] . Appropriate solid solution heat treatment 
ollowed by ageing and plastic deformation techniques have 
een able to significantly improve the corrosion resistance of 
he alloys by refining the microstructure with fine and well 
istributed precipitates. 
15 
Most of the Mg-based alloys that contain RE elements 
s the primary alloying element, have shown much better 
orrosion resistance compared to alloys containing nontoxic 
nd essential alloying elements like Zn and Ca as the major 
omponent. This is due to the fact that the second phases 
hose form in Mg-RE based alloys possess corrosion po- 
ential almost similar to that of α-Mg matrix, thus reduc- 
ng galvanic corrosion significantly [ 200 ] . Liu et al . [ 200 ]
ave summarized the degradation behaviour of as-cast and 

hermo-mechanically processed Mg-RE based alloys in 0.9% 

aCl, SBF, and Hank’s solution as well as under in-vivo con- 
itions. The as-extruded Mg-3Nd-0.2Zn-0.4Zr (JDBM) alloy 

 208 , 265 ] showed lowest corrosion rate in SBF solution while 
AE442 [ 266 ] and WE43 [ 267 ] exhibited best corrosion prop- 
rties under in-vivo condition. Even after 3 months of im- 
lantation, only ∼22% reduction in mechanical integrity was 
bserved for WE43. Wang et al. [ 268 ] have reported that the 
egradation rate of AZ31 could be significantly reduced by 

ot rolling and hot extrusion process compared to the as-cast 
ondition. The degradation behaviour of Mg-Al based alloys 
ave been discussed elaborately in several literatures [ 192 , 
69 ] , and thereby not emphasized here. 

Mg-Zn-Ca based alloys have recently been evolving as su- 
erior biocompatible alloys. However, extensive investigation 

s still going on to achieve an acceptable degradation rate. 
ddition of Zn in Mg-Ca based alloys is reported to syn- 

hronize the corrosion potential of constituting phases. Sev- 
ral literatures have mentioned that Mg-4Zn-0.5Ca alloy pro- 
ides the best corrosion properties under both in-vitro and 

n-vivo conditions [ 270–272 ] . Incorporation of Zn and Ca ju- 
icially in Mg (Zn = 4 wt%, Ca = 0.5 wt%) forms α-Mg and 

ernary Ca 2 Mg 6 Zn 3 phase [ 210 ] . However, the addition of 
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a in concentration more than 0.5 wt% is reported to form 

oarse Mg 2 Ca phase preferentially along the grain boundaries 
ithin α-Mg matrix. The standard electrode potential of the 

bove three constituent phases can be arranged in a sequence 
s Ca 2 Mg 6 Zn 3 > α-Mg > Mg 2 Ca [ 273 , 274 ] . The alloys with
a > 0.5 wt%, containing Mg 2 Ca as the major phase dis- 

ributed in α-Mg matrix, are observed to be highly prone 
o galvanic corrosion. It is due to the reason that the Mg 2 Ca 
recipitates act as anodes in the galvanic coupling formed be- 
ween these precipitates and α-Mg phase, as per their standard 

otential. Since the precipitate area fraction is always much 

ower than the matrix, it leads to unfavourable anode to cath- 
de area ratio. However, in Mg-4Zn-0.5Ca alloys, where Ca 
ontent is confined within 0.5 wt%, α-Mg matrix acts as an 

node between α-Mg and Ca 2 Mg 6 Zn 3 phase. As the anode 
o cathode ratio in this case is much higher, it suppresses the 
alvanic corrosion effectively. The corrosion rates of as-cast 
nd as-extruded Mg-4Zn-0.2Ca alloy in c-SBF solution has 
een reported as 2.67 × 10 

−4 A/cm 

2 and 2.43 × 10 

−4 A/cm 

2 

espectively [ 275 ] , which are much lower compared to pure 
g (3.715 × 10 

−4 A/cm 

2 ) [ 185 ] . The in-vivo and in-vitro 

egradation of Mg-4.0Zn-0.2Ca alloys has been conducted 

y several researchers [ 276–278 ] . After 3 months of implanta- 
ion, the implant changed its shape from rod to some irregular 
hape indicating in-vivo degradation of implant in presence of 
ody fluid. Approximately 35–38% degradation took place in 

 months [ 276 ] . A corrosion product consisting of Mg(OH) 2 , 
hosphates and hydroxiapatite (HAp) formed over the implant 
n presence of corrosive body fluid which covered the implant 
nd served as a protective layer against further corrosion. Su- 
erior osteoconductivity and biocompatibility of the Mg-Zn- 
a based alloys under in-vivo condition have been attributed 

o formation of protective HAp layer as a corrosion product. 
ho et al. [ 279 ] have investigated the effect of adding Mn as
 4th element in Mg-Zn-Ca alloy system. The authors have 
ompared the electrochemical properties of Mg-4Zn-0.5Ca al- 
oy with and without addition of Mn. Potentiodynamic po- 
arization test has revealed that the corrosion resistance of 

g-4Zn-0.5Ca alloys significantly improved through the ad- 
ition of 0.8 wt% Mn. The results obtained through elec- 
rochemical impedance spectroscopy (EIS) in Hank’s solu- 
ion ( Fig. 6 (a) ) revealed that the Mg-4Zn-0.5Ca-0.8Mn alloy 

hows the highest corrosion resistance. The mass spectrums of 
ifferent ions present in Mg-4Zn-0.5Ca-xMn alloys obtained 

hrough time-of-flight secondary ion mass spectroscopy (ToF- 
IMS) are shown in Fig. 6 (b)-(d) . It has been concluded that 
ith addition of Mn in concentration ∼0.8%, a stable and 

rotective layer of MnO and MnO 2 forms over the speci- 
ens ( Fig. 6 (e) ), which essentially inhibit the penetration of 

hloride ions and thus improve corrosion resistance. The cor- 
osion rate of as-cast Mg-4Zn-0.5Ca-0.8Mn alloy is reported 

s 2.85 μA/cm 

2 , which is much lower than ternary Mg-Zn-Ca 
ased alloys [ 279 ] . Heat treatment followed by hot deforma- 
ion has shown improved corrosion properties due to redistri- 
ution of finer precipitates within the grains homogeneously. 
g-4Zn-0.5Ca-0.75 Mn alloy exhibited a corrosion current 
16 
ensity of 0.12 mm/year in SBF solution when extruded at 
73 K [ 98 ] . 

Gu et al. [ 280 ] have studied the in-vivo degradation be- 
aviour of Mg-Zn-Zr based ZK60 alloys (Zn ∼ 4.8–6.0 wt% 

nd Zr ∼ 0.5 wt%) in several biologically equivalent fluids 
ike Dulbecco Modified Eagle’s Minimum Essential Medium 

DHEM), fetal Bovine Serum (FBS), and Hank’s solution. 
he highest rate of corrosion in this study was observed in 

HEM + FBS (0.53 mm/y) and the least in Hank’s solution. 
he authors observed that the corrosion rate of as-extruded 

K60 alloy (0.006 mg/cm 

2 /h) was comparable to that of com- 
ercial Mg-based alloys like as-cast AZ91D, extruded AZ31, 

nd even extruded WE43 alloy. The as-cast and as-extruded 

K60 alloy exhibited almost similar rate of corrosion till 24 h 

fter initiation of corrosion test. However, the corrosion rate 
f the as-extruded alloy dropped to a much lower value after 
rolonged immersion time while the alloy in as-cast condition 

ontinued to degrade at same pace. This is due to the for- 
ation of a stable HAp layer over the extruded alloy which 

educed the corrosion attack significantly [ 280 ]. Incorporation 

f Sr in Mg-1Zn-1Mn alloy system is effective in reducing the 
aximum depth of attack which essentially leads to a more 

omogeneous corrosion rate [ 281 ] . Increase in Sr content upto 

 wt% improves the stability of protective film, beyond which 

egradation rate increases due to dominance of galvanic cor- 
osion between matrix and second phase Mg 17 Sr 2 . Addition of 
r and Sn as micro-alloying elements in Mg-Zr-Ca alloy have 
esulted significant improvement in the corrosion resistance of 

g-Zr-Ca-Sr-Sn alloy ( i corr = 4.26 × 10 

−5 A/cm 

2 ) compared 

o ternary Mg-Zr-Ca alloy system ( i corr = 5.08 × 10 

−4 A/cm 

2 ) 
n SBF solution [ 282 ] . Simultaneous addition of Sr and Sn 

n Mg-Zr-Ca alloy is capable to replace deleterious Mg 2 Ca 
hase at grain boundaries with Mg 2 Sn. The standard elec- 
rode potential of Mg 2 Sn is much closer to α-Mg matrix than 

hat of Mg 2 Ca, thus reducing galvanic corrosion significantly 

 283 ] . 
Clearly, the alloy designing and fabrication technique can 

ighly influence the degradation property of the alloy. The 
rogress in alloy degradation, in turn, can impair the mechan- 
cal integrity of the alloys and lead to an early implant failure 
 284–287 ] . Therefore, the information regarding the deterio- 
ation of the mechanical properties of the Mg-based implants 
fter a certain period of implantation is crucial to decide their 
pplicability in practice. Table 4 enlists some data regarding 

he loss in mechanical integrity of the alloys after a certain 

eriod of implantation or immersion. 

.2.2. Effect of impurity on degradation behaviour 
Along with the adoption of proper alloy design and pro- 

essing technique, it is necessary to take strict control of the 
ommonly found impurity elements in Mg like Be (toler- 
nce limit: 2–4 ppm), Fe (tolerance limit: 30–50 ppm), Ni 
tolerance limit: 20–50 ppm), and Cu (tolerance limit: 100–
00 ppm) [ 263 , 288–291 ] . These elements act as active ca- 
hodic sites and increase the tendency of galvanic corrosion 

 263 ] . Moreover, Ni and Cu have shown toxic effects in body 
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Fig. 6. (a) Nyquist plots obtained for as-cast Mg-4Zn-0.5Ca-xMn alloys in Hank’s solution; time-of-flight secondary ion mass spectroscopy (ToF-SIMS) mass 
spectrums for different ions present in case of as-cast Mg-4Zn-0.5Ca-xMn alloys in Hank’s solution after 2 h immersion: (b) Cl −, (c) MnO 

−, (d) MnO 

−
2 ; (e) 

ToF-SIMS 3D imaging profile for chloride ion, MnO and MnO 2 film for as-cast alloys: 1. Mg-4Zn-0.5Ca, 2. Mg-4Zn-0.5Ca-0.4Mn, 3. Mg-4Zn-0.5Ca-0.8Mn 
[ 279 ]. 

17 
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Table 4 
Change in mechanical properties of Mg-based alloys after a certain period of implantation/ immersion. 

Alloy composition Processing history Implantation period/ Immersion time Loss in mechanical properties Ref 

Bare Mg As-cast Implantation period – 12 weeks (in rat) Loss of tensile strength ∼ 47.5% [ 284 ] 
HAp coated Mg As-cast Implantation period– 12 weeks (in rat) Loss of tensile strength ∼ 7.5% [ 284 ] 
Pure Mg scaffold (porous) Additive 

manufacturing 
Immersion time in SBF – 72 h Loss of Young’s modulus ∼ 70% [ 285 ] 

AZ31B screws Extruded Implantation period – 21 weeks (in rabbit 
model) 

Strength loss ∼ 42.4% (from bending load 
test) 

[ 286 ] 

AZ31B silicon coated Extruded Implantation period – 21 weeks (in rabbit 
model) 

Strength loss ∼ 29.9% (from bending load 
test) 

[ 286 ] 

Mg-0.8Ca Cast and extruded Implantation period – 6 months (in rabbit 
tibiae) 

Volume loss ∼ 33.33% [ 287 ] 

LAE442 (Mg-4Li-4Al-2RE) Cast and extruded Implantation period – 6 months (in rabbit 
tibiae) 

Volume loss ∼ 16.67% [ 287 ] 

WE43 (Mg-4Y-3RE) Cast and extruded Implantation period – 6 months (in rabbit 
tibiae) 

Volume loss ∼ 30% [ 287 ] 
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uring degradation. It is reported that these impurity elements 
hemically react with other alloying elements, thus reducing 

heir effective concentration in alloy as well form unwanted 

hases, leading to deterioration of corrosion resistance and 

verall mechanical integrity of the alloy [ 120 ] . Zone solidifi- 
ation has been identified as an effective technique to obtain 

igh purity alloys. Also, additions of some alloying elements 
ike Zn and Mn, which preferentially react with impurity el- 
ments (Fe and Ni), are proven to be helpful in reducing the 
evel of impurities [ 292 ] . 

Apart from proper alloy designing and alloy purification 

rocesses, surface coatings also have a positive influence in 

nhancing the corrosion resistance of Mg-alloys. This impor- 
ant aspect has been discussed in details separately in Sec- 
ion 7 of the manuscript. 

.3. Cytotoxicity of Mg-based alloys 

Cytotoxicity tests are essential to understand the poten- 
ial of clinical translation of Mg-based alloys in terms of 
iosafety. Desirable biosafety is the first and foremost re- 
uirement for any material to be used for implants [ 120 , 293 ] .
he ISO-10,993 standard (part 5 and part 12) are commonly 

ccepted documents in accessing the cytotoxicity levels of 
edical devices [ 120 , 253 ], and the inflammation score ∼ 1–

% is regarded as an acceptable value [ 28 ] . In this context, it
s important to mention that the microenvironments existing 

or in-vitro and in-vivo studies are not identical; therefore, 
he biocompatibility test results obtained in these two cases 
iffer from each other [ 294 , 295 ] . It has been reported that
ost of the Mg-based alloys show less than 75% of cell vi- 

bility in terms of ISO standards during in-vitro cytotoxicity 

est. However, under in-vivo condition, the ions that get re- 
eased from the implant during degradation are capable to 

et diluted promptly by mixing with body fluid and readily 

iffuse through the circulating system of body prior to excre- 
ion. Therefore, for accurate assessment under in-vitro con- 
ition, extracts of Mg-based implants are diluted to mimic 
n-vivo findings [ 111 , 296 ] . The biocompatibility of any alloy 

epends on the amount of released ions, which is related to 
18 
he degradation rate of the concerned alloy under the applica- 
ion environment. High rate of degradation of Mg-based alloys 
ssentially leads to a rapid change in pH and ionic concen- 
ration, which adversely affects cell viability. Each and every 

etallic ion has a definite regular intake limit, beyond which 

t might exhibit some adverse effects in human body [ 120 ] . In
ddition to that, Al and some rare earth elements (viz. Ce, La, 
r, Ho etc.) show inherent elemental toxicity, which further 
estricts their tolerance limit in body [ 85-90 ] . The toxicity lev- 
ls and pathophysiology of some relevant alloying elements 
re given in Table 5 . Mg, though a well-known biocompat- 
ble element for human body, results in muscular paralysis 
r hypertension in case the Mg ion level in serum exceeds 
.05 mmol/l [ 297 ] . The ionic release of any elements should 

e within daily tolerance limit. However, this requires a tight 
ontrol over the degradation rate of the alloy in human body. 
ccording to Feyerabend et al. [ 88 ] , in-vitro cytotoxicity of 
arious alloying elements like Y, Nd, Pr, Dy, Gd, Ce, La, Li, 
r is significantly influenced by their ionic radii. Drynda et 
l. [ 298 ] have developed trivalent chlorides of Ce, Nd, Y and 

b to assess their cytotoxicity levels in terms of metabolic 
ctivity of vascular muscle cells and concluded that the con- 
entration of these rare earth elements interrupt in metabolism 

dversely. As the cytotoxic behaviour of most of the RE ele- 
ents are still unknown to scientists, the use of these elements 

s the primary component in Mg based alloys is considered 

o be risky. On the other hand, Mg alloys containing nutrient 
lements are gaining considerable attention day by day due to 

heir negligible cytotoxicity factor. Conduction of cytotoxic- 
ty test for both as-cast and as-extruded Mg-4.0Zn-2.0Ca alloy 

as been done on L-929 cells [ 86 ] . A combination of DMEM 

nd 10% of FBS was used as cell culture medium. The cell 
orphology and cell spreading observed in the extracts after 
 days of incubation period were found to be in normal and 

ealthy condition. The cytotoxicity level of these extracts was 
ying within Grade 0–1 of ISO 10,993–5:1999 [ 120 ] , indicat- 
ng suitable biosafety of Mg-4.0Zn-2.0Ca alloys for cellular 
pplications. The cell lines cultured in extracts of Mg-1Ca, 
g-3Ca, Mg-6 Zn, Mg-1Zn-Mn, Mg-1Si, and Mg-2Sr have 

hown negligible cytotoxicity on both MG63 and L -929 type 
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Table 5 
A summary highlighting the pathophysiology and toxicology of Mg and major alloying elements used for processing Mg-based alloys [ 106 , 120 , 293 ] . 

Elements Blood serum 

level (mg/L) 
Daily allowance 
(mg) 

Pathophysiology Toxicology Solubility in Mg 
(wt%) 

Effect on Mg-based alloys 

Mg 17.7–25.8 400–700 Acts as activator for enzymes, 
co-regulator for protein synthesis 
and muscle contraction, helps 
generating DNA and RNA 

Mg overdose leads to nausea, 
breathing problem, and kidney 
failure 

_______ 

Essential 
elements for 
body 

Ca 36.8–39.7 1400 Ca is a primary element in forming 
teeth and bone; plays a crucial role 
in maintaining the structural as well 
as functional state of skeletal tissue 
and helps in cell signalling 

Excessive Ca leads to kidney 
stone, heart problems, and 
Hypoparathyroidism 

1.34 Improves mechanical properties by 
grain refinement; enhances 
corrosion resistance; deteriorates 
properties, specially ductility, over 1 
wt% 

Fe 5000–17,600 10–18 Acts as a component of 
metalloproteins; crucial in oxygen 
sensing and transport through blood 

Excess Fe causes liver damage 
and lesions in gastrointestinal 
track 

_ Increases galvanic corrosion 
rapidly- not suitable as an alloying 
element; considered as an impurity 
element 

Essential trace 
elements for 
body 

Zn 0.8–1.14 15 Zn as a trace element appears in 
different enzyme classes; helps 
forming muscles 

High Zn content leads to 
neurotoxicity, muscle crump, 
and hinders bone development 

6.2 Enhances strength through solid 
solution strengthening and 
precipitation hardening; deteriorates 
overall properties over 5 wt% 

Mn < 0.0008 3.5 Serves as enzyme-activators; 
deficiency in Mn leads to 
osteoporosis, atherosclerosis 

High Mn content causes 
psychiatric issues and 
neurotoxicity 

2.2 Mn improves mechanical properties 
in presence of Zn as the primary 
alloying element by precipitate 
formation 

Cu 4.51–8.32 6 A vital element for immune system; 
shows antibacterial property; helps 
in cell proliferation 

Excessive Cu leads to 
neurodegenerative diseases 

_ Presence of Cu even in very small 
content results in galvanic 
corrosion; treated as an impurity 
element 

( continued on next page ) 
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Table 5 ( continued ) 

Elements Blood serum 

level (mg/L) 
Daily allowance 
(mg) 

Pathophysiology Toxicology Solubility in Mg 
(wt%) 

Effect on Mg-based alloys 

Other elements RE Y _ ∼ 4.2 (combined) _ Highly toxic above tolerance 
limit; causes neurotoxicity, 
cardiovascular disease, affects 
blood pressure; toxicity level 
unknown for some rare-earths 

12.4 Significant improvement in 
mechanical properties with 
increasing element content; good 
creep resistance; however, above 2 
wt%, shows toxic effect 

Nd 3.6 
Gd 23.49 
Ce 0.74 

Al 0.0021–0.0048 14 _ Al is toxic to neurons, causes 
Alzheimer disease, decreases 
osteoblast viability, and 
damages muscle fibre 

12.7 Improves tensile strength by solid 
solution strengthening: provides 
sufficient elongation before failure 

Sr 0.17 mg (total) 5 99% of total Sr is located in bones; 
shows metabolic effects on bone; 
stimulate bone formation 

Sr in high doses result in 
hypocalcemia and skeletal 
abnormalities 

0.11 Improves strength and corrosion 
resistance upto 2 wt% 

Zr < 0.250 mg (total) 3.5 Shows low ionic toxicity and good 
biocompatibility 

Accumulates in bone and 
nervous system 

3.8 Acts as a powerful grain refiner 

Ti _ 2.4 Ti has high biocompatibility and 
considered as an ultimate choice for 
permanent implants 

_ 0.015 Very low solubility in Mg; in 
presence of Zn, solubility limit of 
Ti increases: improves mechanical 
properties by increasing precipitate 
fraction 

Si _ 24–33 _ High SiO 2 content leads to lung 
cancer gradually 

∼ 0 Improves tensile properties by 
precipitate formation; impairs 
ductility 

Sn _ 3.5 _ Causes skin and eye irritation 14.5 _ 
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ells [ 299–301 ] . Moreover, osteogenesis is an inherent prop- 
rty of Mg and its alloys, which makes the Mg-based alloys 
ore effective in clinical applications. The osseous growth 

f Mg implants has been proven in many experimental trials 
ver animals with the aid of computer tomography and flu- 
rescent imaging. It is reported that the use of Mg implants 
an significantly enhance the formation of new bone around 

he implanted bone of mice [ 116 ] . The level of cytotoxicity 

f any medical device not only depends on the type of the 
aterial but also on the location of device application inside 

uman body. For example, biomaterials which will be in close 
ontact with blood (like cardiovascular stents) are of higher 
oncern in terms of biocompatibility rather than the implants. 
able 6 summarizes the effect of alloy designing and their 
rocessing history on in-vivo and in-vitro bio-corrosion prop- 
rties as well as cytotoxic behaviour of the alloys. 

In addition to assessing in-vitro cytotoxicity of these al- 
oys, it is essential to investigate in-vivo biocompatibility to 

et the safety assurance prior to any clinical trial. In accor- 
ance to the ISO standards, numerous animal studies have 
een conducted to assess biological responses of Mg-based 

lloys. A series of Mg-based alloys have been tested so far 
n animal models mostly on Mg-RE and Mg-Al based alloys. 
he review published by Zhao et al. [ 109 ] discusses in details 
bout cytotoxicity tests conducted on animals. However, one 
hould be cautious about the discrepancy in results observed 

etween animal tests and clinical trial as in most of the cases 
nimal models are oversimplified in nature. 

. Current progress in clinical translation of Mg-based 

lloys as temporary devices 

The discovery and production of elemental Mg by Sir 
umphrey Davy dates back to more than two hundred years 

go, in around 1808 [ 302 ] . Though elemental magnesium was 
roduced around two centuries ago, the first clinical appli- 
ation of it has been reported in 1878 by Edward C. Huse 
 303 ] who used pure magnesium ligatures for stopping bleed- 
ng vessel. He reported about the in-vivo degradation of Mg 

nd mentioned about the dependency of degradation rate on 

he size of Mg implant. Following that, many researchers and 

linicians have put their best efforts in investigating the prop- 
rties of Mg and its alloys to understand their usefulness as 
io-implants and parallelly worked on enhancing their prop- 
rties. The brief evolutional history and gradual progress in 

evelopment of Mg-based alloys as biodegradable fixtures has 
een summarised in Fig. 7 [ 304 ] . The results of most of these
arly clinical trials were not so satisfying due to highly brittle 
ature of pure Mg, limited mechanical properties and high 

egradation rate. Consequently, the clinical applications of 
g implants were nearly ceased around 1950 [ 109 , 253 , 304 ] .

here has not been any significant clinical study reported 

n between 1950 and 2000. However, with technological ad- 
ancements in processing Mg alloys with better mechanical 
nd bio-corrosion properties, researchers regained interest in 

g implants following the work of Heublein et al. [ 305 ] in 

round 2000–2003. They explored degradation characteristics 
21 
f Mg to develop temporary biodegradable implants which 

adically change the aspects of Mg-implant research. After 
btaining desired results in terms of efficacy and bio-safety 

f using Mg-based implants through conduction of a large 
umber of studies on several animal models, more and more 
cientists and surgeons were inspired to reconsider the clini- 
al application of some Mg-based alloys. Recently, apprecia- 
le advancement has been achieved for some of the Mg-based 

lloys for clinical applications. It must be mentioned here that 
part from orthopaedic fixation devices like screws [ 306–311 ] , 
icroclips [ 312–314 ] , and plates [ 315 ] , some other Mg-based 

emporary devices like stents [ 316–318 ] , scaffolds [ 319–322 ] 
tc. are quite popular. Fig. 8 shows some of the devices that 
ave undergone clinical trial and some of the promising fix- 
ure devices which are at developmental stage. 

Amongst these temporary devices, screws are considered 

s one of the most important temporary orthopaedic implant 
r fixation device for healing a fractured bone or tissue by 

roviding temporary support. Several clinical trials of differ- 
nt Mg-based alloys have been conducted so far to under- 
tand their applicability. In a clinical trial conducted in China 
ChiCTR-TRC-13,003,238), biodegradable screws made up of 
igh purity Mg (99.99% pure) were used in 48 patients (of 
arying ages from 18 to 55 years) for treating osteonecrosis 
f femoral head [ 323 ] . With the help of computer-based to- 
ography, it was observed that the mineral density around the 

crews was increased at the initial stage. The rate of degrada- 
ion reported after 1, 3, 6 and 12 months are recorded as 3.7 ±
.4%, 9.3 ± 0.8%, 13.7 ± 0.4%, and 25.2 ± 1.8%, respec- 
ively. Only 2 patients suffered from femoral head collapse 
fter 6 months. Mg level in serum was reported to be un- 
er considerable limits. Recently, screws made of high purity 

g has been approved by Chinese authority for applications 
elated to femoral head and femoral neck fractures [ 253 , 323 ] . 

MgYREZr alloys (commercially known as MAGNEZIX®) 
ere studied for fixture applications for treating 26 patients 

uffering from mild hallux valgus [ 309 ] . The overall perfor- 
ance and bio-efficacy of MgYREZr alloy system was com- 

ared with conventional Ti screws using chevron osteotomy 

nd the results obtained after 6 months of follow-up revealed 

heir performance equivalence in terms of Range of Motion 

ROM) and painscale assessment for first metatarsophalangeal 
oint (MTPJ) [ 309 ] . In the year 2013, MAGNEZIX® received 

E mark due to its satisfactory clinical performance [ 91 ] . In 

015, the screws made of MgYREZr were in use for treating 

adelung deformity in Ireland [ 109 ] . 
The Mg-Ca-Zn system (commercial name RESOMET®) 

as first clinically tested in Korea for hand bone fracture 
reatment for 53 patients [ 324 ] . The screws were reported to 

e replaced completely by generation of new bone within 1 

ear of implantation ( Fig. 9 ). Moreover, no sign of pain or 
llergic reactions or decrease in ROM was reported in this 
tudy, clearly revealing the clinical benefits of using essential 
utritional elements like Zn and Ca in the alloy system. The 
mproved contact between bone and implant indicated higher 
evel of biocompatibility in cytotoxicity tests compared to 

AE442 and WE43. In 2016, Korean Food and Drug admin- 
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Table 6 
Effect of alloy designing and processing techniques on in-vitro, in-vivo , bio-corrosion properties and cytotoxicity of the alloys. 

Mg and its alloys Processing history In-vitro corrosion rate In-vivo corrosion Cytotoxicity Ref. 

Solution Electrochemical Immersion Testing 
animal 

Corrosion rate 

Pure Mg plate As-cast SBF 1.837 mm/yr 1.218 mm/yr (15 
d) 

Rabbit 
ulna 

0.40 ±
0.02 mm/yr (8 
weeks) 

Non-toxic, increases 
serum Mg level in blood 
to some extent 

[ 185 ] 

AZ31 (2.5–3.5 
Al) 

As-cast m-SBF 0.521 mm/yr 1.997 mm/yr (24 
d) 

Rabbit 
femora 

40% volume 
loss in 12 
weeks 

_ [ 269 ] 

AZ61 (5.8–7.2 
Al) 

As-cast m-SBF 0.507 mm/yr 1.299 mm/yr (24 
d) 

_ _ Test on human 
osteosarcoma cells 
(MG63) showed high 
toxicity (grade II) 
according to ISO 

standard 

[ 269 ] 

AZ91 (8.5–9.5 
Al) 

Gravity cast SBF 3.076 mm/yr 1.206 mm/yr 
(240 h) 

Guinea 
pig femora 

3.516 ×
10–4 mm/yr 
(18 weeks) 

_ [ 269 ] 

LAE442 (Mg- 
4Li-3.6Al-2.4RE) 

Gravity cast SBF 6.9 mm/yr 5.5 mm/yr 
(240 h) 

Guinea 
pig femora Approximately 

10% volume 
loss in 24 
weeks 

Minor cellular reactions [ 266 ] 

EW10 
(Mg-1.2Nd-0.5Y- 
0.5Zr) 

As-cast SBF 0.3 mm/yr 1.02 mm/yr (5 d) Wister 
male rat 
back 

0.16 mm/yr 
(12 weeks) 

_ [ 201 ] 

Mg-1.2Nd-0.5Y- 
0.5Zr-1Ca 

As-cast and rolled SBF 0.18 mm/yr 0.8 mm/yr (5 d) Wister 
male rat 
back 

0.14 mm/yr 
(12 weeks) 

80% cell viability after 5 
days of culture in L929 
cell line 

[ 201 ] 

Mg-2.5Zn-1Ca As-cast Hank’s 
solution 

_ 0.15 mm/yr (7 d) _ _ _ [ 275 ] 

Homogenised at 
683 K for 
24 h + Extruded 
at 633 K, 
extrusion ratio 
36:1, speed 
4 mm/s, rod 
diameter 12 mm 

Hank’s 
solution 

_ 0.18 mm/yr (7d) _ _ _ [ 275 ] 

ZX20 (Mg-1.5Zn- 
0.25Ca) 

Homogenised at 
623 K for 24 h 
and aged at 
523 K for 
105 h + extruded 

SBF 0.12 mm/yr _ 9 male 
Sprague 
Dawley 
rats 

225 ±
19 μm/yr (4 
weeks) 

Well tolerated by 
surrounding bone tissues 
- suitable for 
musculoskeletal 
condition 

[ 270 ] 

Mg-0.96Zn- 
0.75Mn 

As- 
cast + extruded 

Hank’s 
solution 

0.03 mm/yr 0.051 mm/yr (7d) Rats 54% 

degradation of 
the alloy after 
18 weeks 

Haemolysis rate 
59.3%,no inflammation 
was observed after 18 
weeks 

[ 319 ] 

Mg-1Zn-0.2Ca- 
0.1Mn 

As-cast m-SBF 5.02 mm/yr 6.33 mm/yr 
(120 h) 

Bone 
marrow 

cavity of 
rats 

Completely 
degrades 
within 16 
weeks after 
implantation 

Highly compatible, helps 
in osteointegration 

[ 301 ] 

Mg-2Zr-2Sr As-cast SBF _ 6.33 mm/yr 
(120 h) 

Male 
rabbit 

Degrades 
completely 
after 4 months 

Effectively induce bone 
formation, bone mineral 
content (BMC) and bone 
mineral density (BMD) 
values are significantly 
higher than those of 
control groups 

[ 260 ] 

Mg-1Zn-1Mn- 
0.5Sr 

As-cast Hank’s 
solution 

0.15 mm/yr 0.115 mm/yr (7 
d) 

_ _ Normal level of serum 

Mg in blood, signs of 
new bone formation 

[ 283 ] 
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Fig. 7. Chronological evolution of Mg-based alloys as temporary fixture devices (adopted from references [ 109 , 253 , 304 ] and subsequently modified). 

23 
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Fig. 8. Clinically trialled Mg-based temporary fixtures: (a) PROGRESS-AMS cardiovascular stents (BIOTRONIK, Germany) [ 321 ] , (b) Mg-based microclips 
for surgical use [ 314 ] , (c) MAGNEZIX® screws [ 306 ] , (d) temporary device for wound closure application [ 320 ] : 1) schematic of joining tissues with the help 
of rivet, 2) model of a wound closing rivet with biodegradable Mg-tip (WZ21); Mg-based fixtures at developmental stage: (e) Mg-based stent for neurological 
application [ 316 ] , (f) Mg-0.8 wt% Ca screw, ZEK-100 Plate [ 310 ] , (g) biodegradable clip made of Mg-0.2 at% Zn-0.1 at% Ca [ 313 ] , (h) bioabsorbable 
intramedullary nails of LAE442 alloy (length = 130 mm, shaft diameter = 9 mm) [ 312 ], (i) nasal stent made of Mg-2wt% Nd alloy and coated with MgF 2 
(the arrow denoting the balloon-dilated wings) [ 318 ] , (j) pure Mg screws (99% purity) for bone flap fixation (shaft diameter = 4.0 m, length = 40 mm) [ 323 ] . 

24 
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Fig. 9. Radiographs comparing the conventional stainless-steel screws and Mg-based RESOMET® screws for fixation of radius fracture. The Mg screw gets 
dissolved progressively within 12 months with appreciable bone regeneration and fracture healing [ 324 ] . 
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stration (KFDA) granted approval of the screws for clinical 
pplications [ 109 , 324 ] . Better biocompatibility and osseointe- 
ration property of this particular alloy system has inspired 

any researchers to formulate different variants of Mg-Zn-Ca 
lloy system in order to further improve the alloy properties. 

. Prime challenge in implementing biodegradable 
g-based alloys as temporary implants in extensive 

linical practice 

In spite of the remarkable advancement in the develop- 
ent of Mg-based alloys, the extensive clinical applications 

nd commercialization of most of the Mg-based implants are 
till limited due to their uncontrollable degradation rate. The 
apid degradation rate affects the mechanical integrity of the 
mplants adversely and subsequently results in untimely fail- 
re of the implant. Several theories have been established by 
25 
esearchers to explain the mechanism of degradation for Mg- 
ased alloys in different environments. 

Mg is an active metal that degrades quickly in an aqueous 
nvironment forming magnesium hydroxide (Mg(OH) 2 ) layer 
nd hydrogen gas bubbles. The representative reactions to de- 
cribe the basic degradation phenomenon of Mg-based alloys 
n the physiological environment are given below [ 263 , 325–
27 ] , 

 g → M g 

2+ + 2 e − (1) 

 H 2 O + 2 e − → 2O H 

− + H 2 ↑ (2) 

 g 

2+ + 2O H 

− = Mg ( OH ) 2 ↓ (3) 

 g + 2 H 2 O → M g ( OH ) + H 2 ↑ ( Overall reaction ) (4) 
2 
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After the formation of this partially protective hydroxide 
ayer, it helps to protect the implant from further degrada- 
ion. However, the degradation behaviour of Mg-implants is 
ntirely different in the physiological environment due to the 
resence of several corrosive anions, especially chloride ions 
 328 , 329 ] . The protective hydroxide layer is unstable in the
resence of chloride ions of concentration higher than 30 mM 

nd gets converted to highly soluble magnesium chloride 
MgCl 2 ), as shown below [ 263 , 325 , 327 ] . 

 g ( OH ) 2 + C l − → M gC l 2 + 2O H 

− (5) 

The body fluid contains around 150 mM of chloride ions 
 330 ] , which is much higher than the threshold limit and con-
equently results in rapid corrosion of implants. Some re- 
earchers have reported that the degradation process of Mg- 
ased alloys in NaCl/Na 2 SO 4 solutions takes place by forma- 
ion of a combined MgO and Mg(OH) 2 films over the speci- 
en surface [ 325 , 327 , 329 , 331 ] . The outer layer, composed of

orous and partially protective Mg(OH) 2 layer (thickness 20–
0 μm), allows easy penetration of aggressive anions present 
n the solution. The inner-protective film of MgO (thick- 
ess 1–10 nm) exist in equilibrium with Mg(OH) 2 as follows 
 325 , 326 , 329 ] , 

 g ( OH ) 2 ↔ M gO + H 2 O (6) 

The corrosion resistance of the alloy is dependant on the 
ompactness and uniformity of the film formed over the spec- 
men. A uniform film can significantly reduce the chances of 
ocalised attacks. Due to the presence of inherent defects in 

he surface film of the implanted material, the dissolution of 
he film can take place inhomogeneously in presence of body 

uid and increases the tendency of undesirable localized cor- 
osion [ 325 , 326 ] . Moreover, the presence of second phases, 
recipitates, impurities, and foreign elements on the implant 
urface profoundly influence the tendency of localized corro- 
ion, mostly galvanic corrosion [ 332–335 ] . The different types 
f corrosion generally observed in case of Mg implants in 

ody environment are schematically illustrated in Fig. 10 (a) 
 336 ] . 

The local pH in the vicinity of the specimen surface has 
n important role over the continuous precipitation and dis- 
olution of Mg(OH) 2 (brucite) film [ 337 ] . At the initial stage 
f immersion, the Mg(OH) 2 layer forms all over the spec- 
men uniformly as governed by Eq. (3) . The presence of 
igher number of OH 

−ions (local pH ∼ 13) generated through 

q. (2) at the initial stage results in precipitation of this 
g(OH) 2 layer readily over the entire surface. In literatures, 

his stage has been associated with higher nucleation and 

lower growth rates of the brucite crystals, ensuring the for- 
ation of a compact and uniform Mg(OH) 2 film composed 

f similar sized brucite crystals [ 263 , 337 ] . Such film is re-
orted to be able to restrict further diffusion of Mg 

2 + ions 
utward, thus limits the film growth. At this stage, the film is 
nown as a passive film. This stage is illustrated in Fig. 10 (b- 
) [ 337 ] . The drop in local pH accompanied by decrease in
H 

−ions post initial stage dissolves the brucite film partially 

ue to higher solubility of the film at this pH range (pH 
26 
9–10). The crystals of Mg(OH) 2 dissolves at high en- 
rgy regions, while the crystals at comparatively lower en- 
rgy regions of the surface grow, creating an inhomogeneous 
lm of Mg(OH) 2 . Local thinning of Mg(OH) 2 creates local 
node thus increasing the generation of Mg 

2 + ions, which 

gain facilitates rapid nucleation of brucites in presence of 
H 

−ions. Whereas, at the adjacent cathodes, the local pH in- 
reases keeping the film intact (as illustrated in Fig. 10 (b-ii) ) 
337] . Thus the precipitation-dissolution process of film con- 
inues over the specimen surface [ 325 , 337 ] . This precipitation- 
issolution mechanism of film formation during degradation 

f Mg-based alloys has been reported by many researchers. 
altesa et al. [ 337 ] have recently investigated the kinetics of 

he corrosion product film formation in relation to change in 

ocal pH using in-situ Raman spectroscopy technique. 
A significant part of the Mg 

2 + ions generated by the cor- 
osion process ( Eq. (1) ) is stored in surrounding bone tis- 
ues, while some interact with different physiological reac- 
ions to maintain necessary activities within the body. The 
xcess amount of these ions can be absorbed by macrophages 
nd excreted through urine [ 338 ] . It can be observed that 
long with magnesium ions, hydrogen gas is also released by 

he reactions. Moreover, Mg-based alloys are reported to ex- 
ibit an anomalous behaviour, which significantly increases 
he hydrogen evolution rate during corrosion of these alloys. 

hen a potential above the corrosion potential of the material 
s applied to the system, the volume of hydrogen evolution 

lso increases along with an increase in the anodic reaction 

ate. This phenomenon is termed as negative difference effect 
NDE) [ 325 , 329 , 339–342 ] . It has been shown schematically in
ig. 10 (c) [ 342 ] . There are many hypotheses provided by the 

esearchers to explain it, albeit this behaviour is not yet prop- 
rly understood. An excessive amount of hydrogen gas gener- 
tion may result in hydrogen embrittlement and thus leading 

o an uncertain failure of the implant. Moreover, it has been 

eported by Song et al. [ 343 ] that the tolerance limit of hy- 
rogen is lesser than 0.01 mol/cm 

2 per day and generation of 
ydrogen gas beyond the acceptable limit might form small 
ydrogen gas pockets surrounding the implants and in some 
orst cases can even lead to blood clotting and eventual death 

f the patient. Li et al. [ 344 ] have reported about an excessive 
volution rate of H 2 gas at the initial stage of implantation. If 
he volume of generated hydrogen gas exceeds the saturation 

evel of the body fluid, it leads to accumulation of gaseous hy- 
rogen within the surrounding tissues and consequently forms 
as pockets or gas cavities that adversely affects the forma- 
ion of new bone due to localised gas pressure. The volume 
f hydrogen evolved (with respect to immersion time in SBF 

nd Hank’s solution) for some important binary alloy systems 
n as-cast and as-rolled conditions are graphically shown in 

ig. 11 (a-d) [ 300 ] . It depicts that for all the as-rolled ma-
erial ( Fig. 11 (c) & (d) ), the volume of evolved hydrogen 

s comparatively lesser compared to their as-cast counterpart 
 Fig. 11 (a) & (b) ). This has been attributed to the improved 

icrostructural features obtained through the thermomechan- 
cal processing treatment. Moreover, the volume of evolved 

ydrogen also varies with the type of electrolytic solution 
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Fig. 10. (a) Schematic illustration of major types of corrosion processes observed for Mg implants under body fluid environment: 1. galvanic effect on implant, 
2. galvanic corrosion due to intermetallic compounds, 3. pitting corrosion, and 4. crevice corrosion [ 336 ] ; (b) The arrows shown in both (i) & (ii) signify 
different steps and the numbers associated with them denote the sequence of that step in the whole process. i. precipitation of Mg(OH) 2 layer by nucleation 
of brucite (Mg(OH) 2 ) crystals at around pH 13: 1) diffusion of Mg ions through the Mg(OH) 2 layer, ii. partial dissolution and reprecipitation of the film: 2) 
partial dissolution of Mg(OH) 2 film at high energy surface areas and growth of remaining brucite crystals at low energy surfaces when the pH is around 9, 
3) rapid nucleation at local anodes where Mg(OH) 2 film thinning has happened [ 337 ] ; (c) non-differential effect (NDE) observed in Mg-based alloys [ 342 ] . 
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eing used for immersion based on the concentration of ag- 
ressive anions present in it, as observed from Fig. 11 . 

Thus, the rapid degradation process in Mg-based alloys re- 
ults in a significant loss in the load-bearing capability of the 
mplants way earlier than intended. It is worth to mention here 
hat the clinical translation of Mg-based temporary implants 
s still restricted due to its uncontrollable degradation rate in 
27 
ody environment. The bone remodelling process in human 

refer Fig. 12 [ 32 ] ) takes a minimum of 24–32 weeks and 

he temporary implant material should be designed in a way 

o survive that duration [ 120 , 123 , 345 ] . Unfortunately, most of
he Mg based implants degrade completely within 6–12 weeks 
nd consequently lose required mechanical integrity at a much 

arly stage [ 123 , 346 ] . The schematic representation in Fig. 13 



D. Bairagi and S. Mandal Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; October 13, 2021;11:10 ] 

Fig. 11. Volume of hydrogen gas evolved for (a-b) as-cast, and (c-d) as-rolled binary alloys of Mg in (a, c) SBF solution and (b, d) Hank’s solution [ 300 ] . 
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ives a rough idea about the approximate difference between 

he desired and the actual degradation rate for most of the Mg 

ased alloys [ 109 ] . Therefore, most of the research works are 
ow orientated towards improving the in-vivo corrosion prop- 
rties of the implants. Surface modification by incorporating 

ppropriate surface coatings is explored as an efficient way 

o control the degradation rate of Mg-implants. 

. Surface modification: a strategy to improve 
egradation resistance of Mg-based alloys 

It is apparent from the discussions in above sections that 
lloying has been considered as one of the efficient ways to 

mprove the degradation behaviour of Mg-based alloys. Asso- 
iated processing techniques, subsequent heat treatment and 

eformation procedures are accounted as the main key factors 
hat can improve degradation property of the alloys to some 
28 
xtent. However, alloying alone is not sufficient to achieve a 
ontrolled degradation rate, especially when alloying of es- 
ential nutritional elements like Zn, Ca, Mn, Sr, Ti are con- 
idered. Moreover, it is indeed very difficult to predict the 
egradation behaviour of a multi-elemental alloy system due 
o formation of several new phases, intermetallic compounds 
r precipitates. Formation of numerous microgalvanic cells 
ue to existing potential difference between second phase and 

atrix is a common problem anticipated in most of the newly 

ormed alloys [ 120 , 291 , 347 ] . 
Recently, surface modification has emerged as the most 

romising means for elevating the performance characteris- 
ics of Mg based implants by considerable reduction in cor- 
osion [ 348–351 ] . Suitable surface coatings act as a barrier 
etween the metallic implant and the harsh body environ- 
ent, thus protecting the implants from degradation. Surface 

f the biomaterial clearly acts as the most influencing factor 
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Fig. 12. Schematic representation of bone healing stages in human and rodents [ 32 ] . 
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hat regulates the type of interaction taking place between the 
oreign implant and bodily atmosphere since it is the implant 
urface that gets in contact with surrounding body tissues first 
 129 , 352 ] . The chemical composition of the implant surface 
s well as the surface topography are considered to be im- 
ortant factors in determining the specific interactions at in- 
erface including absorption of ions, minerals, proteins, body 

ells etc. [ 121 , 352–354 ] . In order to provide adequate corro-
ion protection to the substrate material, the coating should 

deally be well adherent [ 355–359 ] and uniformly spread over 
he substrate surface without generation of pores and inhomo- 
eneities [ 357-359 ] . However, when biodegradable implants 
re under consideration, the coatings must be designed to 

orm a temporary surface over the implant which must possess 
ome additional qualities like adequate biocompatibility and 

sseointegration. Adequate osseointegration demands suitable 
urface topography in terms of surface roughness and surface 
nergy [ 360 , 361 ] . However, the highly chemically reactive na- 
ure of Mg makes it difficult to form a defect-free coating over 
he surface as pores and cracks form inevitably in the coatings 
uring coating preparation. Mg is prone to form an oxide or 
29 
ydroxide layer instantly in presence of air or water and this 
ayer imposes detrimental effect on adhesion and uniformity 

f the coatings. Thus, pre-cleaning of the surface and appro- 
riate surface engineering plays a vital role in cell adhesion 

nd regeneration, impacting the overall quality of coating. 

.1. Bio-inert coatings 

Numerous surface modification techniques for Mg-based 

iomaterials have come up over the years of extensive re- 
earch, each having their own set of advantages and disad- 
antages. A review published by Devgan et al. [ 362 ] dis- 
usses the evolution trend of various surface modification 

echniques for Mg-based implants. Electrochemical deposi- 
ion [ 363 , 364 ] , plasma spray [ 365 ] , micro-arc oxidation [ 366–
70 ] , physical vapour deposition [ 371 , 372 ] , chemical vapour 
eposition [ 373 ] , ion implantation [ 374 , 375 ] , conversion coat-
ngs [ 376 , 377 ] , laser treatments [ 378–381 ] are some of the ex-
ensively explored techniques in this regard. Bio-inert coatings 
ike TiO 2 , TiN, SS-based, Cr-based, ZrN, and DLC (diamond- 
ike carbon) coatings were in research in the early phase due 
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Fig. 13. The schematic showing the approximate difference existing between the desired rate and the actual rate of degradation of Mg-based implants in 
presence of body fluid (taken from [ 109 ] and subsequently modified). 
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o their superior corrosion properties [ 376 ] . However, these 
oatings are non-biodegradable in nature and they are prone 
o cause inflammation in human body during their stay in 

odily environment over a prolonged period. The principles 
ehind designing suitable surface coatings for biodegradable 
g-based implants have been thoroughly discussed by Wu et 

l. [ 382 ] . According to them, the coating should form a tem-
orary barrier over the implant surface, possessing adequate 
echanical properties, higher degradation resistance and good 

iocompatibility. Ideally, after completion of natural degrada- 
ion, those temporary barriers must not produce any deleteri- 
us or toxic effect in human body. Thus, gradually the focus 
hifted towards investigating bio-active coatings due to their 
avourable bone regeneration and bone regrowth capability 

long with superior biocompatibility. 

.2. Bio-active coatings 

Study by Furko et al. [383] describes thoroughly the prepa- 
ation and characterization techniques for various bioactive 
oatings. Lin et al. [ 384 ] have thoroughly studied the degra- 
ation behaviour of forsterite containing micro-arc oxidation 

MAO)-coated ZK60 alloy implants in physiological environ- 
ent and commented on the influence of higher coating volt- 

ge in effectively reducing the corrosion rate. Witte et al. 
 80 ] have investigated the in-vivo corrosion behaviour of ex- 
ruded LAE442 alloy coated with magnesium fluoride (MgF 2 ) 
o understand the behaviour of the coating. According to their 
bservation, both the coated and uncoated Mg alloy under- 
ent pitting corrosion. However, rate of corrosion is much 
30 
ower in the coated sample (0.13 mm/y after 12 weeks) com- 
ared to the bare alloy sample (0.31 mm/y after 12 weeks). 
i et al. [ 385 ] have reported that fluoridated hydroxyapatite 

FHA) coated Mg-6wt% Zn alloy shows improved interfa- 
ial bioactivity of the implant providing enhanced cellular 
roliferation as well as cell differentiation under in-vivo con- 
ition. They concluded that FHA coatings are able to regu- 
ate the main osteogenic genes just within 21 days of cul- 
ure and thus are favourable for more stable cell incubation. 

an et al. [ 353 ] have reported that electrodeposited coat- 
ngs, bio-mimetic coatings, and chemical conversion coat- 
ngs are capable to provide adequate anticorrosion properties, 
n addition to better biocompatibility. They have discussed 

n advantages of adding bioactive elements like Ca and P 

n the coating by micro-arc oxidation technique. The adhe- 
ion strength of these bioactive elements incorporated HAp 

oatings are reported to be sufficiently higher. Biomimetic 
oatings have gained attention over the years due to their 
bility to sense and response to internal and external stim- 
li of cell tissues like temperature, pH, and ionic concen- 
ration in body fluid etc. However, it is highly challenging 

o design biomaterials that can readily acquire the structural 
omplexity required to mimic the extracellular matrix (ECM) 
f the natural bone. Bone is a natural composite made up 

f organic collagen fibrils and inorganic hydroxyapatite crys- 
als [ 129 ] . Thus hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) coatings 
 352 , 386 , 387 ] and various calcium phosphate (CAp) based 

oatings [ 377 ] on Mg implants make them highly adaptable 
nder in-vivo condition. Therefore, these coatings are con- 
idered to be the most suitable ones to form biomimetic 
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Fig. 14. Coating morphologies obtained through SEM for (a) Mg-P, (b) Zn-P, (c) Ca-P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P, (g) ZnCaMg-P, and (h) bare 
AZ31 alloy; (i) potentiodynamic polarization curves, and (j) volume of hydrogen evolved for different phosphate-based conversion coatings obtained in Hank’s 
solution [ 377 ] . 
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oatings. HAp and CAp based coatings are currently un- 
er thorough investigation to understand their suitability for 
n-vivo tissue engineering. The osteoconductive features of 
hese ceramics come from close resemblance of their cal- 
ium to phosphate ratio with that of natural bone mineral 
hase [ 377 ] . Fig. 14 (a)-(h) shows the morphology of some 
f the important phosphate-based conversion coatings [ 377 ] . 
he corrosion properties of these coatings are compared with 

he help of potentiodynamic polarization curves ( Fig. 14 (i) ) 
nd hydrogen evolution rates ( Fig. 14 (j) ) in Hank’s solu- 
ion. It can be observed that the Ca-P coatings can provide 
 much-reduced corrosion rate along with lower hydrogen 

volution rate. Shadanbaz and Dias [ 388 ] have reported in 

etails about different types of calcium phosphate coatings 
xplored by researchers. They discussed on diverse coating 

echniques and potential applications of calcium phosphate di- 
ydrite (DCP), octacalcium phosphate (OCP), anhydrous cal- 
ium phosphate (ACP), tricalcium phosphate (TCP), and hy- 
roxyapatite (HAp) on Mg-implants and concluded that elec- 
rophoretic and biomimetic coating techniques are two prefer- 
ble routes in reducing degradation rate. Dorozhkin [ 389 ] has 
laborately discussed on calcium orthophosphate coatings de- 
osited on AZ91D alloy. His-publication lists down around 
31 
2 different deposition techniques along with mentioning the 
mportant pre and post-deposition treatments required for this 
ioactive coating. The coating crystallinity is highly influ- 
nced by post deposition annealing process which leads to 

ormation of crystalline HAp or Ca 2 P 2 O 7 from amorphous 
alcium phosphate phase depending on the Ca to phosphate 
atio present in the deposited coating. It has been reported 

hat coating crystallinity improves corrosion resistance and 

educes residual stress, thus enhancing overall coating char- 
cteristics [ 352 ] . Chemical treatments involving alkalis have 
lso been reported to be an effective post-deposition treat- 
ent. 
The surface roughness and number of porosities present 

n the coatings influence the surface topography as well as 
he surface energy and directly influence the osseogenesis or 
ell regeneration. Harun et al. [ 387 ] have recently written a 
omprehensive review from the perspective of adhesiveness of 
Ap based coatings formed using different deposition tech- 
iques. They have compared and listed the values of adhesion 

trength of HAp coated alloys based on deposition techniques 
nd have concluded that introduction of an oxide inter-layer 
with favourable topography in terms of surface energy, pore 
ize and distribution, roughness etc.) between the substrate 
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nd the final HAp coating significantly improves the adhe- 
ion strength of HAp layer. Ke et al. [ 390 ] have investigated 

he effect of strontium phosphate (SrP) as a biocompatible 
onversion coating on pure Mg implant under in-vitro condi- 
ion. Their work also revealed that a complex bi-layer con- 
isting of a magnesium oxide intermediate layer combined 

ith an outer SrP layer improves the coating characteristics 
ffectively in terms of electrochemical behaviour. Different 
aser-based surface modification techniques, especially pulsed 

aser deposition (PLD) and laser surface melting, are gaining 

ignificant attention now-a-days due to their ability to coat 
omplex bio-implant structure in a partially or fully automated 

ay along with providing desired surface composition [ 391–
93 ]. Singh and Harimkar [ 394 ] have reviewed several laser 
urface modification techniques suitable for coating Mg-based 

io-implants. Sankar et al. [ 395 ] have compared the charac- 
eristics of HAp layer over WE43 alloy coated using two 

ifferent techniques namely electrophoretic coating technique 
nd PLD. The electrochemical tests of the coated samples in 

ank’s Balanced Salt Solution (HBBS) at 37 ±2 °C tempera- 
ure have revealed that PLD coated HAp layer provides much 

igher corrosion resistance (0.073 mm/y) compared to both 

lectrophoretic deposition (EPD) coated sample (0.194 mm/y) 
nd bare sample (0.97 mm/y). The significant improvement in 

dhesion strength as well as ability to form a protective layer 
ith much lesser pores makes PLD as one of the potential 

echniques for coating Mg-implants. Santhanakrishnan et al. 
 391 ] have reported a significant improvement in corrosion 

ehaviour of HAp coated AZ31B alloy (48% lesser corrosion 

ate compared to bare sample) in SBF solution. Selection of 
uitable laser processing parameters like energy density of 
aser beam, beam scanning speed, diameter of laser beam, 
aser power, and working distance are of utmost importance 
o obtain a desirable HAp coating using lasers [ 391 , 392 ] . Rau
t al. [ 392 ] have recently reported a substantial improvement 
n corrosion behaviour of HAp coated Mg-Ca alloy deposited 

sing PLD. Their work revealed that during laser coating the 
ubstrate temperature plays an important role in deciding the 
oating crystallinity and an optimum substrate temperature of 
73–573 K has been suggested to obtain highest crystallinity 

f HAp coating. Fig. 15 provides a cumulative dataset show- 
ng the improved corrosion resistance of different Mg-based 

lloys obtained through incorporating bio-active surface coat- 
ngs in recent times. It can be observed from the graph that 
he incorporation of coatings over the alloys have reduced the 
orrosion rate in each case. However, the extent of improve- 
ent in corrosion property varies with the type of coatings 

pplied and also the process of incorporating those coatings 
ver the material, as emphasized in Fig. 15 . Moreover, it can 

e observed that the phosphate based biocompatible coatings 
re very effective in reducing the degradation rate signifi- 
antly. 

The above discussion provides a brief overview about the 
emarkable progress that has been made over the years of re- 
earch involving suitable coating materials as well as coating 

echnologies for Mg-based biodegradable implants. Many of 
he potential coating techniques are under investigation that 
32 
an make biodegradable Mg-based implants useful in com- 
ercial clinical application. 

. Future prospects of Mg-based alloys 

As evident from the above discussion, a large number of 
tudies carried out on Mg-based bio-implants have already 

hown encouraging outcomes in terms of their applicability 

s temporary fixation devices. These studies have shown huge 
otential to utilize Mg-based implants in clinical practice. De- 
pite all that, the widespread applications of Mg implants are 
till at halt due to high degradation rate of these implants, 
s pointed out in Section 6 . Therefore, extensive research is 
till required in near future to overcome this hurdle. Along- 
ide, diverse research directions can also be explored in future 
hich can enhance the overall applicability of these implants 

nd simultaneously impart a control over the degradation rate. 
ome of the future research prospects of Mg-based implants 
re discussed in this section. 

.1. Nanophased Mg-based alloys 

Over the last few years, the use of nanotechnology in the 
eld of medicine has begun to rise significantly. The idea 
f developing nanophased materials as bio-implants has been 

riven by the fact that the structure of natural bone is made up 

f organic collagen fibrils embedded with inorganic hydrox- 
apatite nano-crystals with length varying between 20 and 

0 nm and diameter of 2–3 nm [ 129 ] . Therefore, nanomate- 
ials are considered as highly promising candidates for future 
eneration implant materials due to their ability to mimic or 
eplicate the structure of natural bone effectively, thus serving 

s a smart material [ 336 , 396 ] . The key challenge is designing
 smart implant lies in attaining the high degree of complexity 

hat is required to replicate the cellular tissues. Nanophased 

aterials with higher surface energy and desirable topogra- 
hy is capable of achieving similar level of surface roughness 
o that of natural bones, leading to improved bio-chemical 
nteraction between the foreign implant and the host tissue 
 Fig. 16 ) [ 396 ] . Moreover, designing nanostructured materials 
nd formation of functionalised nanocoatings over Mg-based 

mplants will lead to desirable cellular response, stimuli re- 
ponsive behaviour, better cell adhesion and higher osteoin- 
egration rate. Mg-based temporary implants are expected to 

erve as a fixture to join fractured bones and are expected 

o degrade after sufficient bone healing. Thus, improved cell 
dhesion and osteointegration are two most important factors 
o increase the effectiveness of temporary implants. 

Nano-grained alloys made up of Ti-6Al-4 V, cobalt- 
hromium alloys, stainless steels etc. and some nanoceramic 
oatings of alumina, nano-hydroxyapatite etc. have exhibited 

ncreased cell adhesion and cell proliferation compared to 

onventional implant materials [ 2 , 396 ] . Moreover, a decrease 
n grain size from 167 nm to 24 nm has indicated 51% in- 
rease in osteoblast adhesion, resulting in faster rate of bone 
emodelling for the nano-grained Ti-alloys [ 2 ] . Apart from 

igh degree of compatibility with natural tissue, nanophased 
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Fig. 15. Reduction in degradation rate of different Mg-based alloys by incorporation of bio-active surface coatings (see above mentioned references for further 
information). 

Fig. 16. Schematic representation showing the advantages of nano-phased biomaterials over conventional biomaterials in bone regeneration process [ 396 ] . 
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mplants are expected to possess improved mechanical prop- 
rties due to presence of nano-sized grains. Nano-structured 

oatings formed on the surface of the implants are also 

xpected to resolve the issue related to uncontrolled rate 
f corrosion of Mg implants. Kumar et al. [ 396 ] have re- 
ently published an article that comprehensively discusses re- 
ent advances on nanotechnology driven next generation bio- 
mplants and their future prospects. Recently Mg-based nano- 
omposites are gaining attention in the field of temporary 

mplants. However, no research work has yet been reported 

egarding development of Mg-based nanophased alloys. The 
ajor challenge in formation of nanophased Mg alloys lies 

n designing advanced fabrication techniques. Moreover, ex- 
ensive study is still needed to examine the cell-implant in- 
eraction to identify the health risks associated with it before 
oming up with new generation nano-phased Mg alloys. 

.2. Development of functionalized Mg-bone implants 

The concept of designing functionalized Mg-based bone 
mplants can be realized through incorporation of some spe- 
ific alloying elements which bear certain bio-functionalities. 
or example, the elements like Cu and Ag are known to in- 
uce antibacterial effects [ 397 ] . Since bacterial infection is 
ne of the reasons which cause an early implant failure, the 
evelopment of such Mg-implants with antimicrobial feature 
an be highly beneficial. It is to be noted that the addition 

f Cu to stainless steel is known to promote in-stent resteno- 
is (ISR), inhibit inflammation, and even induce new bone 
ormation [ 398 ] . However, the precipitates that form due to 

ncorporation of Cu or Ag into Mg matrix has shown to ac- 
elerate the microgalvanic corrosion of the alloy and hence 
esult in much faster degradation of the alloy [ 399 ] . Regulat- 
ng the shape, size, and distribution of the precipitates through 

esigning a suitable thermomechanical processing might be 
elpful in reducing the adverse corrosion effects of Cu or Ag 

lloying to Mg. Significant effort is still required to study 

hese aspects in future. 
Sunai et al. [ 400 ] have recently reported to develop an 

g-La based implant with antitumor functionality which can 

ffectively eliminate tumour spreading bone cells. They have 
entioned that incorporation of 1.0 wt% La to ZK60 (Mg- 

Zn-0.5Zr) alloy has exhibited around 61.9% of tumour cell 
nhibition rate while increasing cell viability to 91.9% for 
ormal cells. However, the mechanism behind such charac- 
eristics have not been investigated in details by the authors. 

g-bone implants with in-built antitumor functionality is an 

nteresting topic and requires further investigation in future. 
Targeted drug delivery through medical devices is now a 

rending topic since it can facilitate controlled release of drug 

t a specific site of an organ. However, designing an implant 
or targeted drug delivery is quite a difficult task and very 

ittle progress is made in this aspect till now. Some authors 
ave reported to load anti-inflammatory drug (dexamethasone) 
ithin polymeric coatings of pure Mg to achieve controlled 

rug delivery [ 364 ] . The pore structure can control the ability 

f the implant to carry the drug and release it sustainably 
34 
 364 ] . However, thorough investigation is still required for in- 
epth understanding of the topic and to realize its applicability 

n near future. 

.3. Fabrication of Mg-based implants with tunable 
nterfaces 

Although surface coatings are known to remarkably im- 
rove the degradation resistance of the implant, the perme- 
tion of body fluid through the implant surface can swell the 
oating and initiate degradation of the substrate. Moreover, 
he presence of a small defect in the coating can accelerate 
he localized pitting corrosion, leading to a much faster degra- 
ation rate of the alloy. Hence, in such situation, the surface 
ettability can be regarded as a crucial factor that decides 

he extent of water attachment and permeation to the implant 
nterface [ 401 , 402 ] . Therefore, development of a hydropho- 
ic surface can help delaying the degradation of the implant 
o a large extent. Several studies have been carried out by 

he researchers which investigate the methods to tune the sur- 
ace wettability as per application requirement in diverse fron- 
iers of science and technology. Adjusting the surface rough- 
ess through chemical etching, application of laser, surface 
ithography etc. can significantly affect the surface wettabil- 
ty [ 403 , 404 ] . Also, adsorption or desorption of low energy 

olymeric monomer heptadecafluoro-1-decanethiol (HDFT) is 
eported to transform the hydrophilic CuO surface to superhy- 
rophobic state [ 405 ] . Shin et al. [ 406 ] have discussed about
he development of surfaces with extreme wettability (super- 
ydrophobic or superhydrophilic) for biomedical applications. 
owever, the development of such tunable surfaces for im- 
lants is still at its infancy. Therefore, the applicability of this 
spect with regard to Mg-based implants can be explored in 

uture since it can provide a new direction towards forming 

mart bio-implants with improved degradation resistance. 

.4. Mapping progressive degradation behaviour of implants 

A large fraction of research works related to Mg-based im- 
lants has primarily focused on the effect of alloy designing 

trategy and associated fabrication techniques on the mechan- 
cal and corrosion properties of the alloy. Undoubtedly, these 
spects are important for initial selection of a suitable alloy 

ystem and fabrication technique for the implant. However, in 

ractice, the ultimate success of the implant highly depends 
n the progressive degradation behaviour of the implant under 
n-vivo condition and its impact on mechanical integrity. The 
orphological and structural integrity of the alloy is affected 

y progressive degradation of the implant, which in turn, will 
mpact several other aspects like the adhesion of the implant 
o bone, its osteogenic properties, load bearing capability etc. 
herefore, the correlation between the dynamic implant degra- 
ation and the above factors must be mapped throughout the 
hole degradation process for in-depth understanding of the 
egradation phenomenon [ 407 ] . Different in-situ characteriza- 
ion techniques might be helpful in understanding the local- 
zed changes that take place during progress in degradation 
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f the implant under in-vivo condition. However, these in-situ 

echniques are quite difficult to perform and a very limited 

umber of works have been done till now on this aspect. 
Sanz-Herrera et al. [ 408 ] have tried to simulate the Mg 

mplant degradation with the help of a model that considers 
he important physio-chemical reactions during degradation 

rocess. Saad et al. [ 284 ] have adopted a computational ap- 
roach to understand the impact of morphological changes on 

he structural properties of a porous implant made of pure Mg 

purity 99.9%) through a dynamic immersion test. The speci- 
ens were initially subjected to dynamic immersion and then 

xamined using micro-CT, followed by reconstruction of the 
egraded samples into a 3D model using finite element anal- 
sis. They have concluded that the dynamic degradation can 

ignificantly affect the morphological aspects of the porous 
mplant and the mass loss data obtained through simulations 
s in agreement with the experimental results. However, the 
elevant research works in the field of Mg-based implants 
re still limited and demands more efforts in future to de- 
elop suitable computational models to understand the dy- 
amic degradation behaviour of the implants and to validate 
hem experimentally. 

Also, designing the implant geometry is an important as- 
ect since stress concentration at a particular point on the im- 
lant can locally induce accelerated stress corrosion cracking, 
hich lead to an early implant failure [ 409 ] . A few literatures

re available which tried to focus on modelling the implant 
eometry and mapping the distribution of stress throughout 
he structure [ 410 , 411 ] . This important aspect needs to be
urther explored for Mg-based implants. 

.5. Exploring potential hybrid coatings 

The term ‘hybrid coating’ comes from the fact that the 
oatings are developed by combining both organic and in- 
rganic components. Therefore, the advantages of both the 
ype of components can be availed in a hybrid coating. Sev- 
ral research works have already been carried out to under- 
tand the efficiency of such hybrid coatings formed on Mg- 
ased implants. Rahman et al. [ 412 ] , in a review article, have 
laborately discussed about several important studies carried 

ut on different bioactive hybrid coating systems recently. 
ingh et al. [ 413 ] have recently reported about development 
f a TiO 2 –HAp-PCL (polycaprolactone) based hybrid coat- 
ng. Here TiO 2 –HAp is the inorganic part while PCL is the 
rganic part of the hybrid coating. PCL is known to show 

oor adhesion and cell proliferation characteristics, although 

t is reported to decrease the degradation rate of the Mg-alloy. 
n the other hand, HAp is known to improve osteointegra- 

ion. Therefore, both the components can complement each 

ther. The hybrid coating is reported to exhibit high adhesion 

trength as well as improved osteogenesis. It also showed 

ignificant improvement in corrosion resistance due to forma- 
ion of a thick apatite layer over the substrate. Several other 
orks on hybrid coatings have recently been published which 

ave shown huge potential of such coatings in delaying the 
egradation of Mg alloys [ 413-415 ] . Further exploration in 
35 
his field might be helpful in selecting suitable components 
or developing a hybrid coating which can deliver exceptional 
roperties in terms of both degradation resistance and osteo- 
enesis. 

.6. Advancement of additive manufacturing technology for 
g-based implant production 

Laser based additive manufacturing has been identified 

s a highly promising technique since it can produce cus- 
omized implants with excellent efficiency based on specific 
eeds and provide extensive process flexibility. It can also 

recisely produce the intricate details associated with an im- 
lant design and form complex porous-interconnected scaf- 
olds easily which is not possible by using traditional tech- 
iques [ 180 ] . Besides, additive manufacturing is the most ap- 
ropriate technique to design innovative ‘functionally graded 

tructure’ [ 416 , 417 ] which can ensure good corrosion resis- 
ance along with enhanced osteogenesis. Numerous other ad- 
antages are also associated with this technique as pointed 

ut in Section 3.4 . However, there are several constraints as- 
ociated with this method in relation to fabrication of Mg- 
ased implants, such as burn out and oxidation. Moreover, 
he formability of the Mg parts produced through this pro- 
ess is much poorer. Surface balling and presence of internal 
ores are some typical defects associated with the Mg-based 

roducts developed through additive manufacturing which de- 
eriorate the properties of the alloy. To eliminate these con- 
traints, one crucial step is to acquire an in-depth understand- 
ng about the correlation between different laser processing 

arameters and the alloy properties. The power density, inter- 
ction time of laser with substrate, size of laser beam, type of 
aser etc. can be suitably regulated to thoroughly investigate 
heir effects on alloy characteristics. Moreover, the genera- 
ion of residual stress associated with this process is an issue 
hich needs to be minimized by exploring different post- 
rocessing heat treatments [ 184 ] . Suitably addressing these 
hallenges can definitely make laser based additive manufac- 
uring a major fabrication route for producing such implants 
n near future. 

. Conclusions 

The capability of Mg-based alloys to degrade naturally in 

he physiological environment advocates their use as a suit- 
ble temporary implant material. Since the last two decades, 
he Mg-based alloys have been subjected to continuous and 

rogressive modifications in terms of alloy composition and 

urface coatings to meet the target degradation rate in or- 
er to eliminate the existing mismatch between bone-healing 

nd alloy degradation period. Development of the desired mi- 
rostructure by tailoring the alloy design and processing met- 
llurgy has been the key to achieve favourable bulk metallic 
roperties whereas suitable surface coatings techniques have 
elped in restraining the bio-corrosion rate considerably. Re- 
ently, the field of attaining highly biocompatible and osteo- 
onductive Mg-based alloys by incorporating essential body- 



D. Bairagi and S. Mandal Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; October 13, 2021;11:10 ] 

f
t
r
m
a
b
S
r
p
o
t
e
i
i
r
d
o
i
g
t
l
b

D

fi
a

R

 

 

unctional nutrient elements has gained immense attention due 
o the requisition of bio-safer elements in the field of tempo- 
ary implants. Mg-Zn-Ca based alloys with addition of some 
icro-alloying elements have shown appreciable mechanical 

nd corrosion properties, and delivered superior biocompati- 
ility as compared to some Mg-Al or Mg-RE based alloys. 
ome of the stents and screws made of Mg alloys have al- 
eady passed the clinical trials. These successful clinical ap- 
lications have put forward the enormous potential and the 
bvious benefits of using biocompatible Mg-based alloys as 
emporary implants. Such progresses serve as an inspiration to 

ncourage many researchers and clinicians for further explor- 
ng different aspects related to the limitations of their clin- 
cal translation, and overcome them eventually. Substantial 
esearch is still necessary in this field to attain a desirable 
egradation rate along with adequate osseointegration. Some 
f the future prospects in the field of temporary Mg-based 

mplants have been discussed in this article. These investi- 
ations, in near-future, can meet the diverse requirements of 
emporary biodegradable implants to a large extent and might 
ead the researchers to a new dimension in the study of Mg- 
ased temporary implants. 
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