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a b s t r a c t

Magnesium (Mg) and its alloys are potential metals for biodegradable implants because

of several benefits, including a reduction of stress shielding effect in the implant for

orthopedic application and the elimination of the step of a second surgery to remove the

implant. On the other hand, unexpected degradation can cause the Mg to collapse, and

the implant fails; thus, many studies have been done to control the rate of degradation of

Mg alloys. Heterogeneous corrosion of these implants leads to rapid mechanical prop-

erties loss, limiting the clinical applications. Adding ceramic reinforcements to the Mg

matrix as so-called Mg nanocomposites is one method to enhance the ductility and also

mechanical properties of the Mg alloys without a noticeable weight cost. Good corrosion

resistance and noticeable mechanical properties of the Mg-based nanocomposites have

developed their applications. However, it is difficult to uniformly disperse the ceramic-

based nanoparticles as reinforcements in the Mg matrix and attain desired character-

istics. As a result, selecting Mg-ceramic composite production methods and reinforcing

types to overcome Mg restriction and increase the favorable material features based on

their applications is critical. As a result, this review study focus on the different fabri-

cation techniques and reinforcement material types and their influence on Mg-ceramic

composites’ mechanical characteristics, in vitro corrosion performance and biocom-

patibility. The potential applications, and future research ideas of Mg matrix nano-

composite are investigated. The existing successes in this field are discussed, and future
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investigation areas are identified in order to boost the usage of degradable Mg-based

composites.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many people nowadays suffer from bone defects as a result of

natural diseases or accidental accidents, rendering bone im-

plants a major clinical procedure [1]. Internal fixation medical

devices are needed for about one-third of all broken bones

reported each year [2]. Artificial bone implants produced of

biomaterials have recently been developed as a useful way of

dealing with bone defects [3e5]. Artificial bone implants are

mostly used to replace and repair damaged bones in order to

return them to their natural physiological functions [3,6,7]. In

the last five decades, biotechnology made many radical

changes in the development of novel biomaterials that are

primarily developed as implants to help, substitute, or

improve the function of a body organ [8,9]. Biomaterials have

been commonly utilized as medical implants (e.g. stent, bone

graft, and heart valve), dental caring (e.g. implant and tissue),

biosensor, bioelectrode, skin substitute, and drug delivery sets

[10e12]. These materials must have good mechanical and

physical properties, as well as being nontoxic, bio-functional,

bio-adhesive, osteoconductive, corrosion resistant and wear

resistant [12,13]. These properties are found in a variety of

materials, which can be categorized into fourmajor categories

[14,15] including metals [16], polymers [17,18], ceramics

[19,20], and composite materials [21,22]. Because of the better

strength, fracture toughness and fatigue resistance ofmetallic

biomaterial implants are favored for load-bearing applications

over polymer-based or ceramic-based bioimplants [2,23]. 316L

stainless steel (SS), cobalt-chromium (CoeCr) alloys,

commercially pure titanium (CpeTi), and Tie6Ale4V are

biocompatible and used as artificial organs in fracture surgi-

cal. The challenge with these metals is that they are not

biodegradable; thus, in many of these cases, the second sur-

gery is performed to remove the implants from the body after

the recovery [24,25]. The development of biodegradable and

biocompatible materials has revolutionized ceramics, poly-

mers, metals, and biocomposite materials applications in

healthcare applications [8,9].

Mg is a solitary macromineral found in the human body.

Actually, 320e420 mg of Mg minerals are required by the

human body each day [25]. Because of Mg's natural degrad-

ability, excellent biocompatibility, and high specific strength,

it is a useful material in engineering applications and is often

used as an important biomaterial [26,27]. Mg has one of the

best biocompatibilities with human biology and the me-

chanical integrity with bone tissue, among other metal alloys

[28]. So, Mg-based composites are widely used in trans-

portation, aerospace, and especially the medical industry [29].

However, the high degradation rate of pure Mg with excessive

H2 gas releasing at the surrounding site of the implant limits

the wide range of applications for Mg-based alloys [30,31]. In

this regard, it was reported [25e28] that the high degradation

rate of Mg alloys led to a loss of mechanical strength prior to
the completion of bone healing, which is also indicated as

another major impediment to its possible applications. In

clinical applications, composites development is a reliable

solution to improve the corrosion andmechanical behavior of

Mg. Biodegradable Mg-based composites with different com-

pounds have been studied and showed significant achieve-

ments. Suitable choice of the reinforcement can improve the

Mg's resistance of the degradation and its mechanical

behavior without reducing the biocompatibility of these

composites [30]. For example, the reinforcements in these

composites are calcium phosphate-based ceramics, calcium

polyphosphate (CPP) [32,33], hydroxyapatite (HAp) [34e37],

and tricalcium phosphate (TCP) [38,39]. Bio-ceramics classify

into bio-inert, bioactive, and bioabsorbable materials. Even in

the human body, bio-inert ceramic compounds retain their

mechanical and physical characteristics. One of the most

important benefits of bio-inert ceramics is their low chemical

interaction, which makes them completely inert and

biocompatible. When bioactive ceramics come into contact

with fluids of the body, a chemical reaction occurs that causes

the formation of newly created bone. These ceramics have

good hardness and wear-resistant [40]. Yang et al. [41]

demonstrated that reinforcement materials with high bioac-

tivity operate as an apatite nucleus and cause an apatite

deposition. The deposited layer on the Mg alloy surface is

composed of Mg(OH)2, apatite, and another Mg-substituted

apatite. This layer has the ability to fill corrosion pits and

affect the rate of degradation in the human body. CaeP

compounds and partial Mg(OH)2 precipitate on the surface of

a Mg-based composite with a bioactive glass (ZK30/10BG)

improved the composite's corrosion resistance [42]. In this

perspective, another study depicted that CaeP compounds

could operate as a barrier to the diffusion of corrosive solution

[43]. In this context, various fabrication procedures are uti-

lized to produce degradable Mg-based composites for biolog-

ical purposes. These routes are divided into two main

methods: (1) powder metallurgy processing and (2) casting

procedure. Powder metallurgy is a conventional and afford-

able method to produce Mg-based composites resulting in

uniform reinforcement distribution in the Mg matrix. Powder

metallurgy is made up of three steps: the blending of powder,

preparation of green compact, and sintering [23]. Casting is

the most common and cheapest procedure for producing Mg

alloys and Mg-based composites. In this method, first, this

metal is heated to more than 750 �C in an inert atmosphere

furnace to prevent oxidation, then pouring the melt into the

mold and allowing it to solidify. The condition of the proced-

ure has a significant impact on the microstructure, biocom-

patible and mechanical properties [40]. Zhou et al. [44]

exhibited that numerous investigations have been conducted

in recent decades regarding the wide range of Mg-based bio-

materials for biomedical applications, including Mg/Mg alloys

and bioceramics [2,7], bioglasses [8,9] reinforcements, and
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polymers [10,25]. Many researchers [25,44,45] have made sig-

nificant contributions to the advancement of production

methods. The purpose of this review paper is to outline the

most recent significant breakthroughs in the Mg-based com-

posites encapsulated with ceramic reinforcements and the

progress of their processing methods. Moreover, the biocom-

patibility and degradation behavior of Mg matrix composites

for orthopedic applications are also discussed. Also, the main

challenges and problems in the promising study on Mg-based

materials for biomedical applications are stated.
2. Use of Mg in biological devices: historical
overview

Mg has a long history of research as a biodegradable material.

Mg was first used in biomedical applications by physicians in

the late 1800s. Until the mid-twentieth century, experimental

research proceeded with varying degrees of success [42]. The

use of Mg bone fixation devices in medical applications goes

back to the early 20th century, as evidenced by the case re-

ports shown in Fig. 1 [41]. Edward C. House used Mg as a wire

ligature to avoid bloodshed during surgery inmany humans in

1878 [42,43]. Seelig was considering Mg for ligatures in 1924

and He used the results of Payr, Chlumsky, Lespinasse, and

Andrews's research [46]. Gotthard Gossrau of I.G. Farbe-

nindustrie AG developed anMg rope in 1935 that wasmade up

of a mesh of thin wires (less than 0.1 mm) wrapped around a

thicker inner wire bundle or intertwined wire bundle [47].

McBride in 1938 and Maier in 1940 also conducted additional

research on Mg as an implant, including compatibility and

corrosion problems [48]. In 1917, Andrews first suggested the

easily absorbed metal clips as a ligature and deep suture

substitute [49], and later in 1986, Richard Jorgensen obtained a

patent for an innovative haemostatic clip layout [50]. The

study on the application of Mgmetal in biomedical proceeded

on a small scale all across the twentieth century and the new

phase of Mg research has been began in the early 2000s [51]. In

the current research, Mgmetal has been used to improve bone

strength and interfacial potency as orthopedic implants [52].
Fig. 1 e Typical human case reports on Mg bone fix
Mg metals can be found in a variety of orthopedic surgery

fascination instruments, such as screws, and plates. Mg alloy

can give appropriate support to the bone during the healing

process and eventually degrades [25,53]. For cardiovascular

applications, Conformit�e Europ€eenne (CE)-approved biode-

gradable Mg-based vascular closure device, called “Velox CD”,

has been produced through transluminal technologies [53].

Mg-based materials also have other applications (e.g., coro-

nary scaffolds and ureteral stents) in medical [54]. For the

treatment of esophageal cancer, Wang et al. [55] have utilized

an Mg alloy (MgeZneYeNd) stent. The Mg alloys have pre-

vented the growth of esophageal cancer cells and had a better

biodegradability and lower hardness than 317 L stainless steel.

Wu et al. [56] have investigated the possibility of biodegrad-

able Mg alloys to be used in tracheal stents.
3. Requirement for Mg composite
development

Mg is an important nutrient for human survival and the fourth

most plentiful element in the human body [25]. Previously,

pure Mg has been used to create degradable metallic bio-

materials [23]. Recently, the biomaterial society has paid close

attention to the production of Mg-based alloys with improved

corrosion resistance and mechanical properties for biomed-

ical applications [23]. Many studies have shown that produc-

ing Mg alloys with controllable degradation rates is in high

demand. To satisfy this demand, the development of new

composites based on Mg alloys in conjunction may be a good

option [57,58]. Because of the toxicity of many alloying com-

ponents, researchers have developed the idea of special

bioactive particle reinforced Mg-based metal matrix compos-

ites (MMCs) as degradable metallic biomaterials for medical

application [59,60]. The incorporation of particles as re-

inforcements into the Mg matrix has been shown to enhance

mechanical properties [61,62]. The composites' increased

strength can be due to the influences of the following points:

(i) Orowanmechanism: The presence of dispersed small-sized

particles in the matrix inhibits dislocation penetration,
ation devices since the early 20th century [41].
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resulting in dislocation bowing. Usually, when the particle

density in the material is low, dislocation bowing is more

probable to appear. (ii) Due to the strong interfacial bonding

between the matrix and the particles, the material has

adequate load-bearing ability. (iii) Internal thermal stresses

are made as a result of the big variation in thermal expansion

coefficients between the matrix and the particles, (iv) The

work hardeningmechanism is caused by amismatch between

reinforcement particles and thematrix. (v) When the particles

have a wide surface region, more dislocations are formed.

Furthermore, a high density of the particles leads to disloca-

tion accumulation [63,64]. In addition, as compared to other

metallic-based composites, Mg composites had superior

biocompatibility, so it is a good choice for biomedical appli-

cations. Mg is the fourthmost commonmineral in the human

body, and it is so vital for the formation of bone and soft tissue

in the human body [25]. A normal adult needs 21e28 gr of Mg

to maintain his activities. The introduced daily allowance of

Mg is 250e350 mg for an adult [41,65e68]. It is worth noting

that extra Mg ions will be carried by the blood vessels and

quickly eliminated by the urinary system; thus, it does not

harm the body. Figure 2 depicts the process of selecting ma-

terials, manufacturing them into semi-products, designing

and developing devices, and producing the device to its final

performance as an implant, as well as a variety of common

biomedical applications for designed biodegradable Mg alloys

[24,41]. Orthopedic fixation systems, such as bone screws,

bone pins, and bone plates, are used to fix during bone heal-

ing, stent, and some devices for final medical devices [41,69].
4. Commonly used reinforcement materials:
ceramic reinforcement

The composite reinforcements are used to improve the

properties of the composites according to their application. In

other words, the selection of reinforcement is so critical in the

composite [13,25,41,70], and the important issue in producing

degradable MMCs for medical applications is the selection of

biocompatible, biodegradable, and nontoxic particles as a

reinforcement [23,35,58,71e73]. Mg composites are being used

to improve mechanical properties and the rate of degradation

in the biological environment. Incorporation of bioactive

ceramic particles to Mg-based improve corrosion properties,
Fig. 2 e Reinforcement types, advantages and biomedic
bioactivity, and tissue interactions is a great way to use

composite biomaterials to provide innovative characteristics

for medical purposes [9,13,31]. A category of materials with

properties similar to the mineral sections of bone appears to

be useful for hard tissue [58,63]. Mg composites have been

produced using a variety of reinforcement materials to use in

themedical applications. Themain ceramic reinforcements of

Mg-based composites such as titanium dioxide (TiO2), zirco-

nium oxide (ZrO2), hydroxyapatite (HAp), beta-tricalcium

phosphate (b-TCP), calcium polyphosphate (CPP), fluo-

rapatite (FAp), bioactive glass (BG), bredigite (Bre), zinc oxide

(ZnO), andmagnesium oxide (MgO) have been reviewed in the

following sections.
4.1. Hydroxyapatite and Mg/HAp composites

HAp is a calcium phosphate mineral, and its chemical

composition is Ca5(PO4)3(OH) [74]. The good bioactivity of HAp

allows it tomake a direct chemical bondwith bone thatmakes

it useful [57]. In a physiological environment, HAp has excel-

lent bioactivity and biocompatibility. Furthermore, it has a

low level of solubility. When compared to natural bone, its

toughness and compressive yield strength are both higher

[25,36]. As compared to other types of reinforcement, HAp has

been widely used in Mg implant-bone. A lot of studies have

shown that adding HAp into the Mg matrix can improve

biocompatibility, corrosion, and the mechanical resistance

[23,34,35,75]. Jaiswal et al. [76] evaluated mechanical, corro-

sion, and biological performance of the Mge3Zn/HAp com-

posite. Figure 3 shows FESEM images of immersed samples for

different periods [76]. The images clearly show that HAp

content aids in the formation of apatite layers. It is also

affected by the duration of immersion. With increasing im-

mersion time,more apatite layerwas observed. The formation

of apatite layers on 5 wt% HAp composite was higher (Fig. 3),

which explains why the degradation rate of 5 wt% HAp com-

posite was lower than bare Mg. Detachment of the apatite

layer due to the high corrosion rate can be seen on the surface

of the 10 wt% HAp composite after 28 and 56 days of immer-

sion [76]. In comparison to other phosphate groups, the HAp

has a special function of biocompatibility. In comparison to b-

TCP, hydroxyapatite particles have very poor solubility in

human body fluid [74,75].
al applications of biodegradable Mg alloys [24,41].
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Fig. 3 e SEMmicrograph of Mge3Zn/xHAp composite structures immersed for (a, b, c) 3 days (d, e, f) 7 days (g, h, i) 14 days (j,

k, l) 28 days and (m, n, B) 56 days [76].
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Nakahata et al. [77] employed a spark plasma sintering

technique to prepare Mg/HAp composites with varying

compositions and grain sizes. Their findings demonstrated

that the presence of HAp increased both mechanical char-

acteristics and corrosion resistance. The findings also

revealed that a finer grain size improved the majority of the

qualities required in material for an orthopedic implant. Ac-

cording to Khalil et al. [78] the decrease in relative density

and microhardness of nanocomposites with increasing HAp

content can be due to clustering of HAp nanoparticles or too

low sintering temperature, which for pure HAp reaches

approximately 1000 �C. They discovered that composites

containing Mg/1 to 3 wt.% HAp had the best mechanical

characteristics. Mechanical characteristics of a Mg/HAp/MgO

nanocomposite for biomedical applications were investigated

by Khalajabadi et al. [79]. Their results showed that the UTS

of the composite decreased due to the addition of MgO and

the reduction of HAp from 27.5 to 5 wt. %; nevertheless, the

compressive failure strain dramatically improved, which

could be attributed to a decrease in HAp particle
agglomeration. In this regard, Razavi et al. [59] reported that

grain boundary ledges formed by the agglomeration of mul-

tiple glide planes under applied compressive stress acted as

obstacles to the movement of dislocations, resulting in pile-

ups and thus an increase in the samples' ultimate

compressive strength and a decrease in their compressive

failure strain. Furthermore, the presence of hard HAp par-

ticles along the matrix particle surfaces may reduce matrix

particle deformation induced by dislocation movement and

twining. Nevertheless, the interfacial bonding between the

matrix and the filler particles, as well as the content of

reinforcement, influences the efficiency of constraining

particle deformation. Even though a greater amount of HAp

as reinforcement may increase the material's strength, the

compressive failure strain may degrade due to HAp particle

agglomeration. Microvoids can also be created between the

matrix and the agglomerates of the HAp particles, which

may propagate cracks during mechanical testing and, as a

result, reduce the compressive failure strain of the spec-

imen [63].
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4.2. b-tricalcium phosphate and Mg/b-TCP composites

Another calcium phosphate used in the body is b-TCP with

the chemical formula Ca3(PO4)2 [58]. The orthopedic in-

dustry has paid much attention to b-TCP since Albee and

Morrison reported it in 1920 for bone tissue [80]. The b-TCP

is bioresorbable in biological environments in comparison

to HAp, and it has osteoinductive properties. Its crystallo-

graphic structure and chemical formula, which are similar

to bone mineral components, result in the preferred bio-

logical characteristics [57]. Despite the fact that Mg and b-

TCP are quickly dissolved, Mg/b-TCP composites demon-

strated a desirable rate of degradation [58]. Wang et al. [38]

reported that the MgeZneZr/b-TCP composite had better

corrosion behavior than the MgeZneMn alloy. On the sur-

face of the composite, the corrosion products had been

favorable compounds for bone growth [38]. The mechanical

behavior of MgeZneZr/b-TCP composite was investigated

by Zheng et al. [81]. Because of the low wettability between

MgeZneZr and reinforcements, they have improved b-TCP

with MgO to disperse the b-TCP in the Mg crystal core

properly to prevent agglomeration of nanoparticles [82]. He

et al. [39] have reported that Mge3Zn-0.8Zr composites

reinforced by b-TCP composites have a better ultimate

tensile strength than MgeZneZr matrix. Because of more

dislocation accumulation and the fine grain size. The

incorporation of b-TCP to matrix improves corrosion resis-

tance, which may be due to the microstructure modifica-

tion [39]. Cui et al. [32] investigated the mechanical

characteristics of b-TCP reinforced ZK61 Mg alloy composite

via spark plasma sintering. The average Vickers values of

ZK61/b-TCP composite shift from 74.02 to 94.81 HV0.1, and

the hardness value increases as the b-TCP content in-

creases as shown in Fig. 4a [32]. The results revealed that

by adding b-TCP to the ZK61 alloy matrix, the hardness of

the matrix could be enhanced since the presence of harder

b-TCP particles in the matrix would have stronger limita-

tions on the matrix's local deformation. As indicated in

Fig. 4b [32], the compressive strength of the ZK61 sample is

271 ± 6 MPa, while composites containing 5 wt%, and 15 wt

% b-TCP have higher compressive strengths of 338 ± 13, and
Fig. 4 e (a) Average hardness and (b) compressive stresses
402 ± 9 MPa, respectively. This is because the use of b-TCP

as reinforcements reduces the grain size of the matrix in

the composite, and fine grain hinders dislocation move-

ment [32].
4.3. Bioactive glass (BG) and Mg/BG composites

Bioactive materials such as fluorapatite, HAp, and BG are

primarily studied as reinforcements because of their inherent

osteogenic properties. BG has a significant advantage over

these reinforcements in terms of solubility and biocompatible

degradation products [83]. Hench [84] suggested BG as a

bioactive and biodegradable material for medical use in the

human body in 1970. BG is a ceramic with a silicate base that

consists of phosphorus pentoxide (P2O5), sodium oxide (Na2O),

silicon dioxide (SiO2), and calcium oxide (CaO) [84]. Huan et al.

[83]. Utilized extrusion to produce a ZK30-BG composite and

have reported that adding BG to ZK30 matrix improved

corrosion resistance in comparison to ZK30 alloys [83]. In

another study, Dutta et al. [85] fabricated Mg/BG composites

by spark plasma sintering method. They have reported that

BG particles have distributed uniformly. The authors also

claimed this Mg-based composite with highmodulus could be

used as a bone fracture fixation layer [85]. Generally, according

to the conclusions of many studies, the rate of degradation,

bioactivity, and tensile strength of Mg implants can all be

enhanced by using nano BG reinforcement [36,40]. Among the

reinforcements, BG reinforcements have great benefit over

other particles due to better solvability and biodegradable

products [57,71,84e86]. Over the years, many changes to the

original 45S5 BG have been applied to enhance the ability to

biodegrade and bond with the bone. BG has the ability to form

a favorable physical bonds with the bone, stimulating bone

growth far away from the implant place [86,87]. Dutta et al.

[88] demonstrated that 10wt.% BG addition increased the

corrosion resistance of Mg-10BG composites when compared

to pure Mg (Fig. 5i). The fluorescence images of MG-63 cells

after 1 and 3 days of culture are shown in Fig. 5ii [88]. All of the

composites had nearly identical cell attachments on day 1. For

Mg-10BG samples, highly confluent live cells were observed on
train curves of ZK61 and ZK61/b-TCP composites [32].
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day 3. For Mg-15BG samples, only a few dead cells (indicated

by red) were found.

Yang et al. [89] used an enhanced solegel process to create

mesoporous bioglass (MBG) with a high pore volume (0.59 cc/

g) and a large specific surface area (110.78 m2/g), which they

then incorporated into a Mg-based composite via laser addi-

tive manufacturing. The results showed that MBG caused in-

situ apatite layer deposition, which significantly reduced the

corrosion rate of the Mg matrix. Furthermore, the MBG as

reinforcing particles were homogeneously dispersed inside

the Mg matrix, limiting grain development during laser pow-

der bed fusion. The mechanical properties of Mg-based com-

posites were improved owing to the strengthening influence

of nanoparticles and fine grain strengthening. Yin et al. [90]

created ZK30/xBG composites with varying amounts of BG

particles (5, 10, and 15wt %) that were uniformly distributed in

the ZK30 alloy matrix. The addition of BG particles increased

the microhardness of the composites. Furthermore, they

discovered that encapsulating BG in the ZK30 alloy improves

the apatite production ability and corrosion resistance of the

Mg-based matrix. Cell viability assays revealed that ZK30/

10BG was more compatible than ZK30 without BG. In this

aspect, ZK30 having 10% BG demonstrated greater bioactivity,

cell viability, and a lower corrosion rate than other samples. In

another study, Yang et al. [91] employed MBG as a carrier of

copper (Cu) ions to produce Cu-doped MBG (Cu-MBG), which
Fig. 5 e (i) Variation of the solution pH as a function of time for

potentiodynamic polarization curves (Tafel Plot) of Mg-BG compo

(red) MG-63 cells after day 1 (a1ea5) and day 3 (b1eb5) [88].
was then inserted into a Mg-based scaffold constructed using

laser additive manufacturing. Cu-MBG with high bioactivity

successfully promoted in situ apatite deposition, which

functioned as a protective layer and thereby decreased the

degradation rate of the Mgmatrix. Cu-MBG also increased cell

response, including cell growth and adhesion. They presented

a new technique based on these findings to simultaneously

increase the biomedical Mg-basedmaterial's antifungal effect,
degradation behavior, and cell response.

4.4. Calcium polyphosphate (CPP) and Mg/CPP
composites

Calcium polyphosphate (CPP) is an important inorganic

component of the human body's hard tissues, such as bone

and teeth [92,93]. CPP is a dense calcium phosphate with a

calcium: phosphorus ratio of 1:2. It is composed of linear

regular tetrahedral groups (PO4) [94]. Although calcium poly-

phosphate has low solubility in water, CPP is also sensitive to

hydrolytic degradation due to phosphate group scission [95].

The product of degradation (calcium orthophosphate) is pro-

duced naturally, and it is capable of beingmetabolized. In vivo

investigations have revealed that porous calcium poly-

phosphate promotes fast growth of bone and can be degraded

at a specific rate in vivo by selecting the favorable particle size

at the beginning [25,33,96]. Feng et al. [33] investigated the
Mg-BG composites immersed in PBS at 37 �C (a), and

sites (b), and (ii) Fluorescent images of live (green) and dead
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mechanical properties and degradation behavior of Mg/CPP

composites in vitro and have concluded that composite

strength increased as the grain became finer by addition CPP

[33]. In addition, other studies have shown that the Mg/CPP

composite is steady in vivo conditions and does not disinte-

grate in humid or dry air at temperatures up to 1200 �C
[25,33,96]. ZK60A/CPP composites have good mechanical

properties and controllable degradation rates, according to

Feng et al. [33], and thus have the potential to be used as load-

bearing bone implants. SEM images of the tensile fracture

surfaces of ZK60A alloy and composites with 5 and 10 wt.%

CPP are shown in Fig. 6 [33]. On the fracture surfaces of all the

specimens, there are numerous ductile dimples. It is worth

noting that the 10 wt% CPP-containing composite also has

interfacial detachment between CPP and matrix, which re-

sults in large pores on the fracture surface [33].

4.5. Fluoroapatite (FA) and Mg/FA composites

Fluorapatite (FA) is also known as calcium fluorophosphate.

Ca5(PO4)3F is the formula for this phosphate mineral [63]. In

comparison with HAp, fluorapatite has a lower rate of

dissolution and higher cell adherence [93,97] that greatly

boosts phosphate activity, resulting in increased osteo-

conductivity [73,98,99]. FA particles facilitate forming bone-

like apatite and mineralize and crystallize calcium phos-

phate by adjusting the amount of fluoride [23,99]. So, FA has

the potential to be a viable candidate for the production of

Mg-based composite [23]. Razavi et al. [73] developed an Mg/

FA composite using a blendingepressingesintering process,

and after 72 h of immersion in SBF, a bone-like apatite layer

was formed on the surface of the AZ91-20wt.% FA nano-

composite. According to the results of the study, adding FA
Fig. 6 e SEMmicrographs of the tensile fracture surfaces of (a) ZK6
reinforcement into the Mg matrix could enhance mechanical

properties, decrease the rate of corrosion and facilitate the

formation of the apatite layer on the surface providing more

protection of the AZ91 alloy. These bone-like apatite pre-

cipitations can prevent corrosion and improve the compos-

ite's biocompatibility and bioactivity that is so important for

medical applications [73].

4.6. Zinc oxide (ZnO) and Mg/ZnO composites

ZnO reinforcement is widely used in biomedical applications

like biomedicine and bioimaging. According to recent

research, nano-ZnO can facilitate osteoblast proliferation and

bone development, as well as has significant antimicrobial

activity [100,101]. Lei et al. [102] produced the MgeZnO

nanocomposite via in situ powder metallurgy method. The

results of this study showed that as compared to pure Mg,

adding ZnO to the pure Mg matrix increases tensile strength

and hardness. Adding 20 wt.% of the ZnO particles to the Mg

matrix reduced the ductility of the MgeZnO composite by

1.43%. Furthermore, in comparison to pure Mg, the Mg-xZnO

composites showed better corrosion resistance [102]. Selvam

et al. [103] investigated the dry sliding wear test of the Mg-

based composite reinforced with ZnO particles. They have

reported that the wear rate of these composites was

increased by increasing the load and sliding velocity [103].

According to Tun et al. [104] the improved ultimate tensile

strength in Mg/ZnO composites can be due to the strength-

ening effect of ZnO particles in the Mg matrix. The authors

have stated that the reason for the increased, ultimate

compressive strength in Mg/ZnO composites is the difficulty

in twinning and slip-dominated flow as a result of grain

refinement [104].
0A alloy, (b) 5 and (c) 10wt.% CPP-containing composites [33].
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Fig. 7 e Ultimate compressive strength (a) and micro-hardness (b) of the composites as a function of immersion time in

DMEM [70].
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4.7. Bredigite (Bre) and mg/Bre composites

Bredigite (Ca7MgSi4O16) is a CaOeSiO2eMgO bioceramic with

high biocompatibility and cytocompatibility [105,106]. In

physiological solution, Bre can form HAp, which is the main

component of the bone [106]. Many studies have shown that

Bre can be used as a reinforcement material in medical ap-

plications. Wu et al. [107] stated that they used Bre in an Mg

matrix to improve its biocompatibility and mechanical prop-

erties,making it appropriate for load bearing application [107].

Dezfuli et al. [70] produced the Mg-Bre composite with the

presence of 20 vol% Bre reinforcements in the Mg matrix

showed 67% higher ultimate compressive strength and 111%

improved ductility. In vitro degradation rate of this composite

was reported 24 times less than pureMg. Consequently, due to

the reported properties of the Mg-Bre composite even after

288 h of immersion in the culturemedium is suitable for use in

medical applications [70]. For bone implant applications,

Dezfuli et al. [70] investigated Mg-matrix composites con-

taining various amounts of Bre. Their findings revealed that

adding bredigite to Mg improved the composite's degradation

behavior, bioactivity, and biocompatibility. According to their

findings, there were no significant differences in micro-

hardness values before and after immersion in DMEM as

shown in Fig. 7a [70]. The mechanical behavior of the com-

posites in DMEM was affected by degradation, causing the

UCS to gradually decrease from 190 to 130 MPa over the

duration of 12 days as presented in Fig. 7b [70].

4.8. Magnesium oxide (MgO) and Mg/MgO composites

MgO is biodegradable in vivo, and Mg(OH)2 is its degradation

product. MgO also has antibacterial properties as well as

good thermal, and mechanical properties [108]. Several

studies have shown that the presence of MgO particles in the

Mg composite improves its mechanical and biological prop-

erties. For example, Goh et al. [109] have produced an Mg/

xMgO composite using the disintegrated melt deposition

method. The results of mechanical tests showed that the

addition of 1vol% nano-sized MgO enhanced the yield tensile

strength, ultimate tensile strength and microhardness of the
Mg/xMgO composite. Lin et al. [110] stated in another study

that the as-cast Mge3Zne0.2Ca/xMgO composite had finer

grain than the matrix alloy. Furthermore, the interfacial

bonding between MgO and a-Mg seemed greatly effective

[110]. The mechanical and degradation properties of AZ61-

RGO/MgO composite are shown in Fig. 8 [111]. Shuai et al.

[111] prepared AZ61-RGO/MgO composites by SLM method,

and their result showed AZ61-RGO/MgO composite had

higher compressive strength and hardness with 241.2 MPa

and 108 HV, respectively, than AZ61-RGO composite (Fig. 8a).

Furthermore, AZ61-RGO/MgO composite had a lower corro-

sion rate of 1.05 mm/y compared to the AZ61-RGO composite

(1.32 mm/y) in a weight loss test (Fig. 8b). At the same time,

the pH of the AZ61-RGO composite in SBF rose rapidly at first,

and then slowed down after ~3 days. On the other hand, the

pH variation of the AZ61-RGO/MgO composite in SBF was

much slower throughout the immersion period (Fig. 8c). In

comparison to the AZ61-RGO composite, the above findings

showed that AZ61-RGO/MgO composite had better corrosion

resistance. The potentiodynamic polarization curves of the

AZ61-RGO/MgO composite showed a lower corrosion rate,

which was further supported by the potentiodynamic po-

larization curves (Fig. 8d) [111].

4.9. Titanium dioxide (TiO2) and Mg/TiO2 composites

TiO2 has received a great deal of coverage in recent studies

[64,72,112]. TiO2 particles are usually utilized to enhance the

bioactivity and corrosion resistance of the matrix. Aeroxide

TiO2 P25 particles have a specific composition of 25% rutile

and 75% anatase phase [64,112,113]. Since the pure Mg and

TiO2 are both bio-inert and biocompatible, investigating the

characteristics of the Mg/TiO2 composite is useful for

biomedical applications [113,114]. Khosroshahi et al. [115]

produced an AZ80-1 wt.% TiO2 nanocomposite. They have

claimed as compared to AZ80 alloy, the addition of 1 wt. %

nano TiO2 has caused a substantial reduction in grain size and

an improvement in microhardness and ultimate tensile

strength [115]. In another research, Meenashisundaram et al.

[113] found that by adding TiO2 (2.5 vol.%) as a reinforcement,

the fracture strain, proof stress and ultimate tensile strength
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Fig. 8 e The mechanical and degradation properties of AZ61-RGO/MgO and AZ61-RGO composites: (a) compressive strength

and hardness, (b) corrosion rates and (c) pH variations measured by weight loss test, (d) polarization curves [111].
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of pure Mg enhanced by 31%, 37%, and 9%, respectively [113].

Bolokang et al. [72] fabricated MgeSneTiO2 composites for

biomedical application. Figure 9ae9d shows SEM images of

Mg, MgeTiO2, andMgeSneTiO2 after nitridation at 650 �C [72].

The surface morphology of Mg powder after annealing in an

O2/N2 gas mixture is shown in Fig. 9a. The SEM surface
Fig. 9 e SEM images of (a) MgON (b) unmilled and nitridedMg TiO
morphology proves a two-phase structure, with small

cuboidal type particles and strides-type with steps pattern.

The surface morphology of the unmilled-nitrided MgeTiO2

powder is shown in Fig. 9b. The agglomeration of particles is

still visible after nitridation. Figure 9c shows a 30 hmilled and

nitrided MgeTiO2 powder at 650 �C. It is clear that the ball
2, (c) 30 h-milled MgeTiO2 and (d) MgeSneTiO2 powders [72].
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milling and annealing have caused a phase transformation, as

illustrated by the appearance of a new particle network. The

particles appear to be interconnected, welded, and grouped

into large and small pores, as shown in Fig. 9d. These pores are

irregular in shape and range in size from ~200 mm (small

pores) to about 800 mm (large pores) [72].

4.10. Zirconium oxide (ZrO2) and Mg/ZrO2 composites

In recent years, there has been an increase in the demand for

the development of Mg-based composite materials with high

specific mechanical characteristics. So far, many reinforcing

particles, such as ZrO2, have been added to the Mg matrix to

enhance the mechanical properties of the alloys [116]. ZrO2

has high mechanical and fracture toughness, giving it a wide

range of applications as a biomaterial. ZrO2 has an advantage

over other ceramics due to the transformation toughening

property of its microstructure. The same property can be seen

in the components made of ZrO2 [44]. According to studies,

adding ZrO2 particles to a Mgmatrix improves themechanical

characteristics and biocompatibility of the material [117,118].

For example, Navazani and Dehghani [117] introduced ZrO2

particles to AZ31 Mg plates using FSP and discovered that the

particles increase the grain refinement and improve the me-

chanical properties of composites. FSP was used by Vignesh

et al. [118] to develop AZ91D- ZrO2 surface composites. The

combination of FSP and ZrO2 was reported to reduce grain

size, as well as break and disperse secondary particles. The

dispersion of ZrO2 particles can raise the accumulated surface

potential, boosting composite corrosion resistance [116].

Hassan et al. [119] used a disintegrated melt deposition
Fig. 10 e Bubble chart showing yield strength versus ductility f

disintegrated melt deposition (DMD), microwave sintering (MW

(Cast-HE) techniques [126].
approach followed by hot extrusion to strengthen Mg with

nano-ZrO2 particulates. Their findings demonstrated that the

addition of nano-ZrO2 particulates in the Mg matrix improved

hardness, 0.2% YS, and UTS but decreased ductility. Another

study used the blend press sinter hot extrusion approach to

develop [120] nano-ZrO2 particles containing Mg nano-

composites. The presence of nano-ZrO2 particulates in the Mg

matrix increased microhardness and 0.2% YS, with no change

in UTS and a considerable increase in ductility and work of

fracture. The increase in ductility of a Mg matrix as a result of

grain refinement, the presence of sufficiently uniformly

dispersed reinforcing particles, and slip on an extra non-basal

slip system [121]. Rahmani et al. [122] used hot pressing to

develop MgeZrO2 nanocomposites, and their results show

that increasing the volume fraction of ZrO2 increases the

composite's UCS compared to pure Mg. The hardness of the

nanoparticles is assumed to be responsible for the improve-

ment, as is a layer of MgO that surrounds the grains and

operates as a reinforcement phase. Furthermore, some

strengthening mechanisms, such as Orowan and thermal

mismatch, cause the generation of dislocations, which leads

to greater strength.

Friction stir processing (FSP) was employed to create AZ31/

ZrO2 nanocomposites by Qiao et al. [116]. The addition of ZrO2

particles enhanced the microhardness and tensile strength of

FSP-ZrO2 composites. The composites' strengthening mecha-

nisms are primarily grain refinement strengthening and

Orowan strengthening.When compared to the basemetal, the

presence of ZrO2 particles increases brittleness while

decreasing elongation. Besides, grain refinement and the

barrier effect of ZrO2 improve Mg alloy corrosion resistance in
or various types of Mg nanocomposites made using

) assisted powder metallurgy (PM), and cast and hipped
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simulated bodily fluid [116]. Rahmani et al. [123] producedMg-

based nanocomposites containing 1.5, 3, and 5 vol.% ZrO2

nanoparticles by a hot compaction method. According to the

findings, there is a linear relationship between tensile

strength and reinforcement phase composition, and it is

inversely proportional to reinforcement particle size. Mg

composites boosted with 5 vol.% ZrO2 nanoparticles had ten-

sile strengths that were 2.5 times higher than unreinforced

Mg. The presence of nano-size reinforcements [124,125] would

improve the Mg matrix's ductility and mechanical properties,

as seen in Fig. 10 [126]. Ceramic reinforcements enable the

best results in terms of ductility. Grain refining (due to the

pinning effect of reinforcements), crystallographic direction

variation, and non-basal slip system activity are some of the

important reasons that increase the ductility of the compos-

ites compared to the matrix (e.g., Mg and/or Mg alloys).

Metallic reinforcements can improve mechanical properties

such as yield strength because of proper wettability and

appropriate bonding between matrix and nanoparticles [126].

Also, solid solution hardening improves the strength of metal

matrix composites [124]. Adding nanoparticles to the Mg

matrix led to an increase in the mechanical properties of the

Mg-based nanocomposite. Its reasons are several mecha-

nisms such as the HallePetch theory, Orowan strengthening,

load transfer efficiency, strain hardening, locking of disloca-

tions mechanism, and mismatch strain between the Mg and

the nanoparticles [124,126].
5. Fabrication methods for Mg bone implants

There are a few popular manufacturing methods used to

produce Mg-based composites. Powder metallurgy (PM),

casting, wrought techniques, and laser additive

manufacturing are the most commonly used methods, as

described here. It must be noticed that the manufacturing

method used can influence the applicability of Mg-based

composites, and the manufacturing method has a direct ef-

fect on the microstructure and resultant properties, such as

the degradation rate, mechanical properties, and biological

behavior [9,41,127].

5.1. Powder metallurgy (PM)

One of the most common processing methods for producing

composites is PM. The main benefit of this method is particle

distribution uniformly in the matrix and a lower

manufacturing temperature than the conventional casting

method. In addition, PM is a low-cost method for producing

Mg metal matrix composites (MMCs). Powder mixing, green

compact preparing, and sintering are the three primary steps

of the PMmethod [9,88]. One of the most serious issues is the

agglomeration of the particles, which can be affected by

particle size and manufacturing techniques. The limited

wettability of ceramic nano-particles with the molten metal

matrix is another main challenge in the manufacturing of

metal matrix nanocomposites (MMnCs), which prevents the

use of normal casting techniques for the production of

MMnCs. But on the other hand, small powder aggregates are
prone to agglomeration, reducing their capacity to be ho-

mogeneously dispersed throughout the matrix for effective

utilization of the strengthening potential. Furthermore,

when the volume fraction of nanoparticles is high,

dispersing them becomes much more challenging due to the

increased possibility of colliding and creating clusters. As a

result, uniformly dispersing a high volume proportion of

nanoparticles in molten metal has never been accomplished

or even assumed possible. PM is the most extensively used

solid-state processing technology for producing MMnCs.

Shahin et al. [128] exhibited that poor wettability of rein-

forcement, such as TCP, with the Mg matrix might result in

uneven and quicker corrosion in the biological environment.

Zheng et al. [81] modified the surfaces of b-TCP nanoparticles

with MgO to obtain homogeneous dispersion in the

MgeZneZr matrix. The mechanical characteristics of the

composites were improved by uniformly dispersed b-TCP

nanoparticles via a grain refinement strengthening mecha-

nism. Several different potential techniques have been pre-

sented to address this issue. When the volume fraction of

nanoparticles is high, dispersing them becomes significantly

more challenging due to the increased possibility of colliding

and creating clusters. As a result, uniformly dispersing a high

volume fraction of nanoparticles in molten metal has never

been realized or even considered feasible [1]. However,

compared to casting techniques, PM appears to be an

appropriate route to distribute particles in the metal matrix

uniformly. The initial powder is pressed into the desired

form under extreme pressure and then sintered in the

controlled atmosphere furnaces. The chemical and physical

proceedings like recrystallization, diffusion, fusion welding,

dissolution and combination occur during the sintering step,

resulting in sintering densification [33,41,57]. PM also facili-

tates alloy design flexibility for various elemental or main

alloy powder to achieve improved mechanical properties.

Essentially, studies have shown that PM is competitive with

casting, forging, or machining methods [127]. PM method is

one of themost appropriatemethods formanufacturing high

melting point materials because it is the most cost-effective

and energy-efficient method [129]. PM is an appropriate

method for incorporating various types and volume fractions

of reinforcements [61]. Many researchers have published the

specifications of Mg-based composites, e.g., hardness, yield

tensile strength, ultimate tensile strength, compressive

strength, density, wear resistance, impact and corrosion

resistance, manufactured using the PM method for biomed-

ical applications [27]. The following are some of these

studies. Li et al. [130] announced that PM was used to suc-

cessfully manufacture ZK60e0.05 wt% diamond [130]. Xiong

et al. [26] used ball milling to mix Mg powder and HAp

powder for 4 h. This mixture was compressed using a cy-

lindrical die made of steel at a pressure of 50 MPa. They have

stated that Mg/HAp composites were produced by micro-

wave sintering process for 10min and these composites have

higher density and better mechanical and biological prop-

erties than pure Mg [26]. In another study, PM was used to

fabricate monolithic Mg and Mg-based nanocomposites with

2.0 and 0.5 wt% of Y2O3 reinforcement, and microstructural

characterization showed a relative distribution of yttria

https://doi.org/10.1016/j.jmrt.2021.10.141
https://doi.org/10.1016/j.jmrt.2021.10.141


Fig. 11 e Schematic principle of porosities and reaction products formation during microwave sintering [132].
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particles uniformly and the existence of nanopores. Tun

et al. [131] reported that the composite containing 2.0 wt.% of

Y2O3 achieved the acceptable combination of mechanical

properties by PM method [131]. Ghasali et al. [132] have

created Mg/Al2O3 and Mg/Si3N4 MMC with a porosity of

roughly 50% by microwave sintering technique at 650 �C. As
shown in Fig. 11 [132]. The main steps during fast microwave

heating are: 1) the initial heating stage is influenced by the

type of the absorber particles, and ethylene glycol vapor-

ization occurs, 2) the second stage heating process is in

charge of forming bonds between Mg-particles densified at

high temperatures. The interfacial interactions, which are

accelerated by high local temperatures caused by high local

heat sites, cause to proceed the reactions from (1) to (4) in the

second stage [132].

3 Mg(s) þ Al2O3 / MgO(s) þ Al(s) (1)

2 Mg(s) þ 3Al(s) / Mg2Al3(s) (2)

6 Mg(s) þ Si3N4(s) / 2Mg3N2(s) þ 3 Si(s) (3)

2 Mg(s) þ Si(s) / Mg2Si(s) (4)

5.2. Casting

Casting is the most common method to fabricate the com-

posite. The matrix has been melted and particles are distrib-

uted in the matrix's molten state during the casting method.

Mechanical or induction stirring is often used to facilitate the

distribution of the reinforcements. That is why the stirring

step is so important in this technique [9]. To produce special

Mg-based composites, an appropriate casting method is

required that provides uniform dispersion of reinforcements

in themeltedMg, and using the ultrasonic vibration is helpful.

Powerful impact coupling combined with local high temper-

atures has the potential to prevent agglomeration [61]. After

adequate stirring, the molten material is poured into a pre-

heated die of the desired form and begins to solidify [23]. The

casting technique is themost widely used in the production of

Mg-based implants since it facilitates the controlling of the

alloy components [41]. Khanra et al. [75] manufactured
biodegradable Mg/HAp composites using extrusion after the

casting method. Wang et al. [38] used suction casting to pro-

duce anMgeZneMn/C composite. This composite had a close-

cell and compact structure. No cracks or holes were observed

in the interface between the carbon scaffold and matrix. The

results of mechanical tests revealed that the composite's ul-

timate compressive strength was higher than that of the

original scaffold. Because Mg is so sensitive to oxygen, a

neutral environment (such as Ar and SF6) is provided in the

casting process [41]. Furthermore, in order to provide

biomedical equipment, Mg bone implants must have special

forms. Bone fixation systems typically need nail-shape

structures and flat plates, while scaffolding of the bone re-

quires the structure with pores. The casting process isn't
appropriate to produce the final forms, but this method is

useful for generating the basic material for subsequent pro-

cedures (such as wrought, extrusion, forging methods) [133].

However, the casting process is a suitable procedure for

fabricating large volumes of Mg bone implants.

5.3. Wrought techniques

Due to the wrought Mg alloys’ homogeneous microstructure

and improved mechanical properties over as-cast alloys,

wrought Mg alloys have attracted a lot of attention as light-

weight structural materials. In the last decade, there has

been significant progress in the field of wrought Mg alloys

with suitable mechanical properties. Rolling, forging, and

extrusion are some of the most popular wrought procedures

used in the manufacture of Mg bone implants. Figure 12

shows all of these processing techniques [134e136]. Cao

et al. [137] used hot rolling to develop a Mg-based alloy to

homogenize the microstructure and reduce the secondary

phase. Their result revealed that fine-grained hot-rolled

samples possess uniform microstructure and fewer and

smaller second phase particles, which reduces the corrosion

rate. Khanra et al. [75] stated the existence of MgO in these

composites is due to the reaction that occurs between Mg

and HA in the melting step. Wu et al. [138] produced AZ91-

SiCp composites using a step that combines extrusion and

hot forging after stir casting. They have investigated the in-

fluences of these processes on the mechanical behavior and

the microstructure and have reported that: a) the step
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Fig. 12 e Different metallurgical methods for fabricating composites: (a) powder metallurgy [134,135], (b) hot press sintering,

(c) hot-extrusion, (d) hot rolling, (e) spark-plasma sintering (SPS), (f) stir casting (SC), (g) disintegrated melt deposition (DMD)

[135,136] and (h) high-pressure die casting [134,135].
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combining extrusion and hot forging has been used for grain

refinement in AZ91-SiCp composite, b) another advantage of

using the step that combines extrusion and hot forging was

the uniform distribution of reinforcements, c) the ultimate

tensile strength and the yield strength of the AZ91 alloy

reinforced by SiCp were significantly increased by using two-

step processing, d) the plasticity of the AZ91-SiCp composite

was enhanced using the extrusion method after forging step

and e) the uniform distribution of the reinforcements and

grain refinement led to an evident improvement in rate of

work hardening in the extruded sample in comparison with

the forged sample during tensile deformation at room

temperature.

5.4. Laser additive manufacturing

Nowadays, the digitization and analysis of patient data have

significantly advanced over the last few years. Laser additive

manufacturing (LAM) is an important method of the ad-

vances in additive manufacturing (AM) technology. This

method enables the layer-by-layer fabrication of prosthetics

and implants with specific anatomic surface shapes made of
a wide range of biocompatible or load bearing materials. Due

to the digital process chain, it is possible to use specific and

custom-made designs to handle the medical requirements

[139]. Typically, the LAM process consists of the following

[41]: 1) the data of the 3D model be prepared by computer; on

the cylinder, 2) a layer ofmetal powder is sprayed, 3) the laser

beam is adjusted by computer to scan the powder layer

carefully and obtain a single layer, 4) the cylinder's height is

reduced by one layer, and the roller created a new layer. Then

the next layer is constructed on top of the previous layer till

the requested design is produced. As previously stated, LAM

is a modern production method that facilitates the direct

production of desired products for small batches with spe-

cific structures or complicated shapes, and has recently been

used for medical production [140,141]. It has been claimed

that the thin matrixereinforcement interface fabricated via

laser processingmethods canmodify interfacial bonding and

stress transfer. This causes various distortion mechanisms

between matrix and particles to be modified during me-

chanical loading [142]. In medical science, the primary pur-

pose of the process chain is the fabrication of personalized

prosthetics and implants to fulfill the patient's needs [143].
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The primary efforts to analyze the reactive material via the

LAM method were made by melting the pure Mg [140,144].

Several papers [140e145] referring to the LAMprocess for Mg-

based bone scaffold applications have been published

recently. Li et al. [146] used the LAM method to produce

interconnected porous Mg scaffolds based on the unit cell of

diamond. This Mg scaffolds demonstrated appropriate me-

chanical supports and suitable degradation rates after one

month in simulated body fluid. In comparison to other bio-

materials, such as iron or titanium, Mg's melting point is so

close to its boiling point, so Mg is rapidly oxidized, making a

significant challenge for the laser forming process. However,

among the AM technologies, selective laser melting (SLM)

has been preferred to fabricate biodegradable Mg-matrix

composites in a lot of studies. It seems that SLM is a suc-

cessful method for producing biodegradable Mg-matrix

composites [147e150]. Table 1 shows the manufacturing

methods and properties of several Mg-based composites in

comparison to their matrix by addition the various re-

inforcements. The information about the mechanical
Table 1 e Production methods and mechanical and corrosion

Author Matrix Reinforcement

Meenashisundarama

et al. [113]

Pure Mg TiO2 Synth

melt d

follow

Cui et al. [32] ZK61 b-TCP Spark

Razavi et al. [73] AZ91 Fluorapatite Blendi

Feng et al. [33] ZK60 CPP Powde

Dutta et al. [88] Pure Mg Bioglass Hot pr

Kumar et al. [151] AZ31 Al2O3 Innov

depos

by hot

Cao et al. [152] Pure Mg ZnO Spark

Khanra et al. [75] Pure Mg HAP Meltin

Xiong et al. [26] Pure Mg HAP Microw

Ghasali et al. [29] Pure Mg B4C Powde

(Comp

and sp

Campo et al. [35] Pure Mg HAP Powde

consis

and co

Deng et al. [153] AZ91 SiCp Stir ca

combi

extrus

Zhong et al. [154] Pure Mg Alp Powde

Habibnejad-Korayem

et al. [155]

AZ31/Pure Mg Alumina

Al2O3

Stir-ca
properties of the Mg based composites is summarized in

Table 2. Li et al. [146] fabricated biodegradable porous Mg by

SLM. Figure 13a depicts the surface morphology, micro-

structure, and composition of WE43 scaffolds [146]. The

surface of the samples on the circumference became rela-

tively smooth after chemical polishing, but the roughness of

the struts in the center remained high. On the surface of the

as-polished specimens, flake-shaped, homogeneously

distributed white second-phase particles were discovered

(Fig. 13a). The stacking of melt pools in the build direction

can be seen in all struts (Fig. 13b). In the as-built specimens,

two distinct microstructural features: rose-like grains and

cellular morphology were observed [146].
6. Strengthening mechanism of composite

The direct strengthening process in particulate reinforced

MMCs is a development of the traditional composite

strengthening processes. Load is transferred from the matrix
properties of magnesium-ceramic composites.

Production method Changing Properties in
comparison to the matrix by
addition the reinforcements

esized using disintegrated

eposition technique

ed by hot extrusion

Mechanical properties increased

plasma sintering Hardness, compressive strength

and corrosion resistance increased

ngepressingesintering Mechanical properties increased,

the corrosion rate decreased

r metallurgy The ultimate strength and yield

strength decreased and the

corrosion resistance increased

ess sintering Corrosion resistance and

cytocompatibility increased

ative disintegrated melt

ition (DMD) process followed

extrusion

The corrosion resistance and

in vitro biocompatibility improved

plasma sintering The corrosion rate decreased

g and extrusion route Compressive strength increased,

tensile strength decreased

ave sintering method Mechanical and biological

properties enhanced

r metallurgy route

arison between microwave

ark plasma sintering)

Bending strength and

microhardness improved (bending

strength and microhardness of SPS

samples rather than microwave

samples)

r metallurgy route that

ts of mixing raw powders

nsolidation by extrusion

The resistance to corrosion in PBS

solution and the microhardness of

the composites increased, the yield

strength under compression

slightly decreased

sting technology then

nation of forging and

ion process

Tensile strength increased,

plasticity at elevated temperatures

improved

r metallurgy technique Hardness, yield strength and

ultimate tensile strength

increased. The average ductility

first decreased then increased

sting method Yield stress and tensile strength

increased the ductility decreased
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Table 2 e Mechanical properties of magnesium-ceramic composites.

Sample Processing route Young's
Modulus
(GPa)

Tensile Properties Compressive Properties Grain
size
(mm)

Hardness
(Hv)

Ref.

0.2%TYS
(MPa)

UTS
(MPa)

Ductility or
Elongation (%)

CYS
(MPa)

UCS
(MPa)

Failure
strain
(%)

Mg Disintegrated melt

deposition technique

followed by hot extrusion

_ 92 ± 5 156 ± 6 8.2 ± 0.2 57 ± 3 332 ± 10 18 45 ± 2.4 52 ± 1.5 [113]

Mge0.58TiO2 _ 80 ± 2 128 ± 3 10 ± 0.5 78 ± 5 285 ± 13 22.6 ± 1 37 ± 3.6 58 ± 2

Mge0.97TiO2 _ 97 ± 3 154 ± 7 10.8 ± 1 85.5 ± 2 278.4 ± 8 22.5 ± 1.5 29 ± 2 61 ± 2

Mge1.98TiO2 _ 102 ± 3 165.5 ± 3 11.5 ± 1 88.3 ± 1 297 ± 1 21.9 ± 1 23 ± 5.5 64 ± 3

Mge2.5TiO2 _ 124 ± 8.8 170 ± 6 10 ± 1 101 ± 9 305.5 ± 11 22 ± 2 21 ± 4 68 ± 1.5

AZ91 Semi-solid stir casting _ _ 165 4.4 _ _ _ 112.4 62 (HBW) [156]

AZ91e1.0TiB2 _ _ 181 5.1 _ _ _ 88.3 66 (HBW)

AZ91e1.5TiB2 _ _ 197 5.9 _ _ _ 73.6 68 (HBW)

AZ91e2.50TiB2 _ _ 213 6.8 _ _ _ 58.4 73 (HBW)

ZK61 Spark plasma sintering 10.85 _ _ _ _ 271 ± 6 13.6 ± 0.2 _ 74.02 [32]

ZK61e5beTCP 10.51 _ _ _ _ 338 ± 13 19.5 ± 0.6 _ 83.54

ZK61e10beTCP 10.18 _ _ _ _ 368 ± 5 18.3 ± 0.5 _ 92.76

ZK61e15beTCP 10.67 _ _ _ _ 402 ± 9 17.8 ± 0.3 _ 94.81

ZK60A Powder metallurgy 37.1 245 279 _ _ e _ _ _ [33]

ZK60Ae�2.5CCP 41.9 264 285 _ _ e _ _ _

ZK60Ae�5CCP 45.6 322 340 _ _ e _ _ _

ZK60Ae7.5CPP 44.1 267 305 _ _ e _ _ _

AZ91eSiCp (As-cast) Stir casting _ 200 207 0.67 _ _ _ 37.6 _ [138]

AZ91eSiCp as-forged Stir casting, then forging _ 243 282 1.06 _ _ _ 9 _

AZ91eSiCp (extruded) Stir casting, then forging

and extrusion

_ 292 389 2.05 _ _ _ 2.7 _

Mg Chemical synthesis

process

_ 124,1 187,9 _ _ _ _ 27.5 31 [75]

Mge5HAp _ 122,3 171,1 _ _ _ _ �16.1 42

Mge10HAp _ 137,0 146,4 _ _ _ _ � 14.9 55

Mge15HAp _ 129,6 136,7 _ _ _ _ � 13.5 60

Mg Powder metallurgy _ 134 ± 7 193 ± 1 7.5 ± 2.5 _ _ _ 20 ± 3 37 ± 2.0 [131]

Mge0.5Y2O3 _ 144 ± 2 214 ± 4 8.0 ± 2.8 _ _ _ 19 ± 3 38 ± 0.4

Mge2.0Y2O3 _ 244 ± 1 244 ± 1 8.6 ± 1.2 _ _ _ 18 ± 3 45 ± 2.0

AZ91 Ultrasonic vibration _ 70 130 2.1 _ _ _ _ _

AZ91e1 vol% SiCp _ 88 222 8.1 _ _ _ _ _ [157]

AZ91 Remelting and dilution (RD)

technique

45 ± 2 82 ± F3 233 ± 0 6.0 ± 0.5 _ _ _ _ _ [158]

Mge3.9 vol.% (TiB2þTiC) 53 ± 2 95 ± F2 298 ± 2 2.4 ± 0.4 _ _ _ _ _

AZ91 Semisolid stirring assisted

ultrasonic vibration

_ 70 125 1.9 _ _ _ _ _ [159]

AZ91eSiCp stirring time:5 min _ 85 180 5.2 _ _ _ _ _

AZ91eSiCp stirring time:10 min _ 107 162 2.2 _ _ _ _ _

AZ91eSiCp stirring time:25 min _ 90 141 1.9 _ _ _ _ _

AZ31Be1 vol.% SiCp Semisolid stirring assisted

ultrasonic vibration

followed by hot extrusion

_ 225 300 8.5 _ _ _ 22 _ [160]

AZ31Be2 vol.% SiCp _ 275 340 6.5 _ _ _ 12 _

AZ31Be3 vol.% SiCp _ 320 385 6.0 _ _ _ 4.5 _

(continued on next page)

jo
u
r
n
a
l
o
f
m
a
t
e
r
ia

l
s

r
e
s
e
a
r
c
h

a
n
d

t
e
c
h
n
o
l
o
g
y

2
0
2
1
;1

5
:6

0
3
4
e
6
0
6
6

6
0
4
9

https://doi.org/10.1016/j.jmrt.2021.10.141
https://doi.org/10.1016/j.jmrt.2021.10.141


Table 2 e (continued )

Sample Processing route Young's
Modulus
(GPa)

Tensile Properties Compressive Properties Grain
size
(mm)

Hardness
(Hv)

Ref.

0.2%TYS
(MPa)

UTS
(MPa)

Ductility or
Elongation (%)

CYS
(MPa)

UCS
(MPa)

Failure
strain
(%)

Mg Melting and extrusion

process

_ 121.4 187.9 9.5 65.8 277.8 _ _ 32 [161]

Mge5% HAp _ _ _ _ _ _ _ _ 42

Mge10% HAp _ _ _ _ _ _ _ _ 58

Mge15% HAp _ 129.6 136.7 0.3 147.1 298.2 _ _ 67

ZM61 _ 195.7 301 14.7 141.2 355.6 _ _ 68

ZM61e5% HAp _ _ _ _ _ _ _ _ 78

ZM61e10% HAp _ _ _ _ _ _ _ _ 89

ZM61e15% HAp _ 225.5 225.5 0.3 245.3 388.3 _ _ 94

Mg Powder metallurgy _ 134 ± 11 190 ± 10 4.6 ± 0.6 _ _ _ 23 ± 6 46 ± 3

15HRT

[154]

Mge0.25Alp _ 181 ± 14 221 ± 15 4.8 ± 0.4 _ _ _ 17 ± 5 54 ± 1

15HRT

Mge0.50Alp _ 218 ± 16 271 ± 11 6.2 ± 0.9 _ _ _ 17 ± 8 57 ± 1

15HRT

Mge0.75Alp _ 202 ± 7 261 ± 10 5.0 ± 1.6 _ _ _ 16 ± 7 60 ± 1

15HRT

Mge1.00Alp _ 185 ± 9 226 ± 12 3.3 ± 1.0 _ _ _ 16 ± 6 61 ± 1

15HRT

Pure Mg Melting and ultrasonic

processing

_ 20.0 89.6 14.0 _ _ _ _ _ [162]

Mge0.5% SiC _ 28.3 120.7 15.5 _ _ _ _ _

Mge1% SiC _ 30.3 124.1 14.2 _ _ _ _ _

Mge2% SiC _ 35.9 131.0 12.6 _ _ _ _ _

Mge4% SiC _ 47.6 106.9 5.5 _ _ _ _ _

Mg Powder metallurgy, and

conventional extrusion

_ e e e 189 296 0.09 37 ± 17 Hv(T):523 ± 5 (MPa) [36]

Mge5HAp _ e e e 202 329 0.10 30 ± 16 Hv(T):543 ± 7 (MPa)

Mge10HAp _ e e e 205 334 0.13 41 ± 23 Hv(T):559 ± 7 (MPa)

Mge15HAp _ e e e 207 348 0.14 27 ± 17 Hv(T):585 ± 8 (MPa)

Mg Powder metallurgy route

that consists of mixing raw

powders and consolidation

by extrusion

_ _ _ _ 224 340 0.131 _ Hv(L):490±10MPa Hv(T):519±5MPa

[35]

Mge5HAp _ _ _ _ 222 452 0.185 _ Hv(L):530±10MPa Hv(T):560±10MPa

Mge10HAp _ _ _ _ 219 415 0.175 _ Hv(L):580±10MPa Hv(T):593±7 MPa

Mge15HAp _ _ _ _ 216 371 0.223 _ HV(L):610 ± 10 (MPa)

HV(T):623 ± 9 (MPa)

Mge3Zn Powder processing route,

using conventional

sintering process

_ _ _ _ 80 ± 1 130 ± 4 15 ± 1 _ 340 (MPa) [76]

Mge3Zne2HAp _ _ _ _ 92 ± 3 131 ± 6 14 ± 1 _ 350 (MPa)

Mge3Zne5HAp _ _ _ _ 98 ± 4 134 ± 3 16 ± 1 _ 370 (MPa)

Mge3Zne10HAp _ _ _ _ 90 ± 2 116 ± 5 17 ± 1 _ 480 (MPa)

Mg Disintegrated Melt

Deposition technique

followed by hot extrusion

37.5 92 ± 5 157 ± 5 8.2 ± 0.2 57 ± 3 332 ± 10 18 45 ± 2.4 52 ± 1.5 [163]

Mge1 vol% Ti 39.17 135 ± 3 197 ± 8 8.3 ± 0.6 130 ± 8 413 ± 15 18.5 2.5 ± 1.5 58 ± 1.5

Mge1vol% TiB2 38.06 110 ± 3 173 ± 8 16 ± 0.5 75 ± 7 333 ± 9 21 ± 1 28 ± 3.6 69 ± 2

WZ73 Stir Casting Method _ 126 ± 13 172 ± 9 9 ± 1 _ _ _ 143 77 ± 3 [164]

WZ73e1.5 vol% SiC _ 160 ± 1 223 ± 8 6 ± 2 _ _ _ 118 81 ± 9

WZ73e2.5 vol% SiC _ 154 ± 9 238 ± 9 7 ± 1 _ _ _ 114 79 ± 5

Mg Microwave sintering route 28 _ 125 _ _ 80 _ _ 37.5 [165]

Mge5 wt% BG 36 _ 190 _ _ 100 _ _ 44

Mge10 wt% BG 39 _ 225 _ _ 122 _ _ 47.5

Mge15 wt%BG 34 _ 180 _ _ 110 _ _ 49

Note- TYS: Tensile yield strength, UTS: Ultimate tensile strength, CYS: Compressive yield strength, UCS: Ultimate compressive strength.
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Fig. 13 e Surface morphology, microstructure and composition analyses: (a) surface morphology on the periphery of WE43

scaffolds, (b) SEM image of melt pool [146].
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to the reinforcements via the interface of matrix reinforce-

ment, and the strengthening happens because of the re-

inforcement's load transferring ability. Nevertheless, indirect

strengthening occurs, whereas dislocations are produced in

the MMCs by strain under external loads or because of a

mismatch in the thermal expansion coefficient between ma-

trix and particles. Furthermore, indirect strengthening occurs

as a result of the Orowan mechanism and grain refinement

process [23]. It was exhibited that under load, the matrix

elongates, and the load is transmitted from the matrix to the

particles via shear stress at the interface of the matrix rein-

forcement. The different coefficients of thermal expansion

generate dislocations at the interface. The dislocation en-

hances themechanical strength ofMMCs. In such composites,

Orowan strengthening is an effective strengthening mecha-

nism [166]. Because of that, the Orowan looping can bypass

the reinforcements. Therefore, the Orowan strengthening

mechanism is more desirable in Mg-based composites with

highly-dispersed nano-size reinforcements (smaller than

100 nm) even in the case of aminor volume fraction (<1%). For

these composites, the increase in the yield stress as a result of

Orowan looping is stated as follow [167]:

DsOrowan ¼ 0:13Gb
m

dp

h�
1=2vp

�1=3 � 1
i ln

�
dp

2b

�
(5)

where vp and dp are the volume fraction and diameter of the

nano reinforcement, respectively, b and G are the Burgers

vector and shear modulus of the matrix, respectively [61].

Furthermore, nanoparticles may obstruct glides of dislocation

according to the Orowan effect, resulting in a significant

improvement in strength [168]. Grain refinement is an

important reason for improving the corrosion andmechanical

characteristics. Thewell-knownHallePetch relation describes

grain refinement strengthening, which is stated as follow:

s¼s0 þ kd�1=2 (6)

where s is the yield strength, s0 a material constant, k is the

coefficient of strengthening and d is the average diameter of

grain [40]. In this regard, Yang et al. [67] proposed grain
refinement as another viable counteraction to enhance the

toughness and strength because the grain boundaries are a

strong barrier against slipping of the dislocation. Similarly, it

was reported that grain refinement and precipitation of sec-

ondary phases in Mg matrix play an important role in

enhancing the mechanical properties. The degradation and

mechanical properties of Mg-based composites are directly

influenced by the alloying components, type of reinforcement,

and manufacturing processes [40]. The appropriate alloying-

reinforcement of Mg-based biocomposites for suitable ortho-

pedic implants must be determined [40]. The research con-

ducted by Deng et al. [169] demonstrated that a combination of

micron and submicron particles had a considerable favorable

effect on grain refinement and increasing mechanical char-

acteristics. Furthermore, they revealed the method of

strengthening micron and submicron particles reinforced Mg-

based composite [62,170]. As previously stated, a reduction in

grain size and increase in volume fraction can significantly

increase the Orowan effect and dislocation strengthening.

Because of the low volume fraction of nanoparticles supplied,

the load transfer mechanism contributes little. Therefore, to

enhance nanocomposites' operation, a high amount of nano-

size reinforcement with further secondary deformation can

be added. This could enhance the Orowan looping effect, load-

bearingmechanism, and grain refinement strengthening if the

added reinforcements are dispersed uniformly in the Mg ma-

trix [61]. For example, the adding of nano alumina re-

inforcements increased the AZ31B alloy's yield strength

through the Orowan strengthening effect and the precipitation

hardening strengtheningmechanism. Furthermore,MMCwith

reinforcing particles of Al2O3, ZrO2, calcium phosphate

Ca3(PO4)2, or yttria (Y2O3) are suitable options to improve the

mechanical properties of Mg matrix [40,171]. Cui et al. [37] re-

ported adding the amount of hard ceramic particles-HA in the

Mg-5.5Zn/HAp composite improved mechanical characteris-

tics, which might be attributable to two mechanisms. Firstly,

geometrically necessary dislocations (GNDs): incompatibility

in plastic deformation might increase mechanical character-

istics ofMMCs. Themismatch in thermal expansion coefficient

and shear modulus (G) between Mg matrix and HAp

https://doi.org/10.1016/j.jmrt.2021.10.141
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reinforcements is the reason behind this. Therefore, residual

stresses caused by heating appear between Mg and HAp and

lead to form a substantial amount of GNDs in the Mg-5.5Zn/

HAp composite. The formation of the dislocation enhances

the composite's tensile strength [76,172]. Secondly, there is a

work hardening mechanism because of the generation of dis-

locations and strainmismatch between the nanofillers and the

matrix [32]. The addition of HAp to the Mge3Zn/HAp com-

posite enhances its hardness. The increment in composite

hardness in comparison with Mge3Zn alloy could be attribut-

able to the cumulative effect of strain hardening caused by the

existence of reinforcements of varied sizes and phases in the

Mge3Zn/HAp composite. They also discovered that the incor-

poration of HAp particles into the matrix helped to the limi-

tation of dislocation movement. Dislocations are the principal

species responsible for work hardening. These reinforcements

serve as pinning points, preventing dislocation movement.

The uniform distribution of HAp particles provides pinning

action that prevents the twinning phenomena. This could

illustrate why the MgeZn/HAp composites have a higher yield

strength [76]. Similarly, due to the reinforcing influence of

inorganic fillers, a BG-10/Mg composite will have better me-

chanical properties than a pure Mg. However, the decreased

ductility of Mg/BG composites in comparison with the pure Mg

is mostly due to the existence of inorganic fillers in the matrix

that caused the limitation of plastic deformation [165]. So, the

grain refinement, the secondary phases, incorporating the re-

inforcements into the matrix, and the manufacturing process

are themain reasons to improvemechanical properties [13]. In

conclusion,manufacturing conditions such as casting, powder

metallurgy, and other severe plastic deformation processes

have a major impact on grain refinement and matrix

strengthening [40].

The presence of hard particles in a metallic matrix in-

creases strength while decreasing ductility. Construction of

bi-modal grain microstructures by adding coarse grains to

the matrix is one technique for increasing the ductility of

composites. Because of their considerably higher strain

hardening capability, coarse grains enable deformation

ability. Randomly distributed zones, on the other hand,

have little effectiveness in preventing crack propagation

and can even promote strain localization [173]. Zan et al.

[174] proposed a heterogeneous structural strategy for

composites with good strength and ductility synergy.

Among the heterogeneous structures, the lamella structure,

which consists of lamellar soft zones embedded in a hard

matrix, is projected to provide more efficient ductility

improvement with high strength. They reported that the

composite with the lamella structure improved both

strength and ductility compared to composites with the

uniform ultrafine grained (UFG) structure or the random bi-

modal grain structure. Sankaranarayanan et al. [175]

demonstrated the effects of nano-B4C addition and heat

treatment on the mechanical characteristics of Mg-

(5.6Tiþ3Al) systems, claiming that the addition of nano-B4C

particulates to Mg-(5.6Tiþ3Al) provided improved ductility

and strength retention, which was attributed to the com-

bined presence of nano-B4C and Al3Ti intermetallic phases

in Mg matrix. The interfacial stress reduction between the

matrix and the other secondary phases/reinforcements
were attributable to the significant improvement in

ductility. Furthermore, the presence of uniformly dispersed

nanoparticles metallic oxide would improve ductility via

grain boundary pinning [125]. Rashad et al. [176] claimed

that refined grain size and uniformly dispersed reinforcing

particles increased the ductility of tested Mg nano-

composite. Hassan et al. [177] summarized the other reason

that contributes to the rise of ductility of reinforced Mg

nanocomposites at high thermal-activation of non-basal

slip systems. The intensity of texture changed at

increasing temperatures as some of the crystallites with

<1010> direction rotated away from the compressive axis

due to the slip of second-order pyramidal slip systems.

When this slip is restricted due to the presence of nano

reinforcements, prismatic and basal slip systems are acti-

vated [125,178].
7. In vitro corrosion behavior

To simulate the corrosion properties of biodegradable metals

in vivo, several in vitro corrosion tests have been developed.

The conditions must be as similar to in vivo as possible.

In vivo, the corrosive environment includes a 0.14 M NaCl

solution with low concentrations of other inorganic com-

pounds such as Ca2þ, PO4
3�, and HCO3

�. In most cases, the ex-

istence of Cl� ions speeds up corrosion, while PO4
3� and HCO3

�

ions can form the corrosion product as a protective layer.

Furthermore, temperature, pH, amino acids, cells, or protein

may affect corrosion reactions. The temperature in the

human body and blood pH are 37 �C and 7.4, respectively. The

researchers have reported that Mg(OH)2 is the important

corrosion product ofMg implants in vitro and in vivo. Figure 14

[69] illustrates the various interactions with the corroding Mg

alloy surface. The chemical reactions that occur during the

corrosion process are as follows [179,180]:

Mg / Mg2þ þ 2e� (7)

2H2O þ 2e / H2[þ 2OH� (8)

Mg2þ þ 2OH� / Mg(OH)2Y (9)

The high amount of Cl� ion in body fluid lessens this pro-

tective oxide layer and accelerates the degradation rate of Mg

alloys. As the process continues, calcium phosphate deposi-

tion on the metal oxide layer is caused by saturated calcium

and phosphate in the body fluid and local alkalization, which

allows cells to attach to the surface and form tissues [69].

Corrosion in vitro simulates an in vivo degradable process via

a collection of in vitro techniques such as weight-loss anal-

ysis, hydrogen evolution testing and electrochemical analysis

[181]. To design an appropriate simulated in vitro method

[182]; a) as an electrolyte solution, buffered SBF with compo-

nents similar to those found in human blood must be used, b)

surface roughness of the specimens should be similar to im-

plants to minimize the error, c) due to the in vivo condition

following the cell adhesion, immersion time should be

decreased and d) surface area to volume ratio of the solution

https://doi.org/10.1016/j.jmrt.2021.10.141
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Fig. 14 e Corrosion/degradation behavior in physiological environment with production of various corrosion products [69].
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and the rate of fluid flow must be close to the in vivo

conditions.

The studies [25,128,183,184] have revealed that there is an

optimal content of each type of ceramic reinforcement for

improving corrosion characteristics. For example, less than

10 wt. % HAp is recommended for use in the matrix because

higher concentrations of HAp tend to form large clusters or

agglomeration in metal matrices, resulting in non-uniform

degradation, and studies have shown that the presence of

more than 10 wt. % HAp in this composite showed non-

uniform HAp distribution, leading to uneven corrosion in the

composite. When compared to HAp, TCP reinforcement has a

faster degradation rate.However, excessiveaggregation ofTCP

particlesdue to their lowwettabilitywith thematrixmight lead

to unequal and faster corrosion in biological conditions. Ac-

cording to Zheng et al. [185], the corrosion resistance of the

composite decreases as the Ca particle content increases.

Furthermore, corrosion resistance increased considerably

during the initial immersion stage and remained steady after

that. After 12 h of immersion, the surface film composition of

the threeMg/Ca composite samples remainednearly constant.

The surface treatment can also be used to provide a physical

barrier to separate the underlying Mg matrix from corrosive

fluidandassist in themechanical integrityofMg implantsprior

to complete healing. Surface treatment is a viable strategy for

controlling the deterioration rate of Mg-based implants. Su

et al. [186] used a simple conversion coating technique to

fabricate biocompatible dicalcium phosphate dihydrate

(DCPD) and HAp coatings on homemade HAp/Mg composites

in an attempt to improve the corrosion resistance and surface

biocompatibility of the composites in order tomeet the desired

requirements of biomedical applications. Electrochemical and

immersion experiments revealed that the optimal coatings,

particularly theHApcoating, greatlydecreased thecomposites'
degradation rate in SBF.
Since each method of calculating corrosion rates has ad-

vantages and disadvantages, they can complete each other.

Studies have reported that the corrosion rate of a Mg implant

in vitro condition (immersion test) is comparable to in vivo

studies (implantation into rat femurs), because their rate of

degradation was nearly identical [187,188]. It has been found

that the presence of reinforcing nanoparticles in the Mg ma-

trix improves corrosion resistance [61]. Dutta et al. [88] have

produced Mg/xBG (x ¼ 0, 5, 10 and 15 wt%) composites via a

hot-press sintering procedure. In vitro corrosion studies of

Mg/xBG composites revealed that Mg/10% BG had the best

corrosion behavior. Feng et al. [33] used hot extrusion after hot

pressing to create ZK60A-CPP composites. In vitro results

demonstrated that incorporating calcium polyphosphate into

the ZK60A matrix increased the composite's corrosion resis-

tance. The existence of Ca2þ ion in the product of degradation

and stable Mg(OH)2 on the specimen surface caused the

improved corrosion properties of ZK60A-CPP composites [33].

Also, another study of in vitro corrosion on the AZ91/fluo-

rapatite nanocomposite represented that, altering the

composition lead to facilitate the creation of a protective

apatite layer on the sample surface [59]. Ye et al. [189] studied

the biocompatibility and in vitro corrosion resistance and of

the Mg composites reinforced with nano HAp and discovered

that Mg-HAp nanocomposites had better corrosion behavior

than MgZrZn alloys.

Razavi et al. [73] produced an Mg/FAp nanocomposite via

blendingepressingesintering method. The electrochemical

polarization curves of the AZ91 alloy and AZ91/FA composites

in Ringer solution at 37 �C and the pure Mg and Mg-BG com-

posites in PBS at 37 �C. The existence of the ceramics nano-

particles with better corrosion resistance at the Mg matrix

grain boundary led to the corrosion resistance of the com-

posites improved [59,73,76,88]. Also, the rate of apatite layer

formation can be accelerated by adding reinforcements into

https://doi.org/10.1016/j.jmrt.2021.10.141
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the composites. On the other hand, the anodic behavior of Mg

and creation of the galvanic coupling between the reinforce-

ment andmatrix or interfacial reaction products cause a slight

decrease in corrosion resistance [76,88,180].

Bakhsheshi rad et al. [190] developed MgeCaeTiO2

(MCT) composite scaffolds with porosities and pore sizes

ranging from 65 to 67% and 600e800 mm, respectively. The

bioactivity results revealed the production of apatite on the

MCT scaffold surface. The formation of bone-like apatite

on the surface of the scaffolds is a crucial component of

bone-biomaterial integration, causing the scaffolds to

remain in place after implantation [191]. Increased porosity

promotes cell attachment, proliferation, differentiation,

and tissue ingrowth, resulting in improved bone regener-

ation [191,192] but it compromises corrosion resistance and

mechanical characteristics. Porous scaffolds with a typical

pore size greater than 300 mm can provide a superior

physiological environment for cell proliferation and tissue

growth [26,27].

For the first time, Lespinasse [193] stated a difference be-

tween in vivo and in vitro corrosion of Mg and they noted that

the corrosion of Mg-based implant in sodium chloride rich

solution would be faster than in water [47]. Recent Mg corro-

sion studies have found that, due to a lack of knowledge of Mg

bio-corrosion, the rate of corrosion evaluated in vitro is higher

than the rate of corrosionmeasured in vivo [13]. Lin et al. [194]

exhibited that an in vitro and in vivo correlation (IVIVC) has a

crucial function in developing novel materials to aid in the

protection of animals and to shorten the time process of

in vivo studies. However, the IVIVC requires further study by

the researchers. For the comparison of in vitro and in vivo

study results, a standard technique is required to specify how

certain parameters affect the in vitro corrosion of the speci-

mens [195,196]. Generally, many studies have reported that

the existence of the different reinforcements can change the

corrosion rate of Mg-ceramic composites. Depending on the

manufacturing procedure, the composites and type of the

matrix and reinforcements material, the corrosion rate can

increase or decrease. The corrosion rate with various fabri-

cation methods, corrosion medium and the properties of the

measurement process reported in various studies are

collected in Table 3. In summary, Fig. 15 demonstrates the

corrosion behavior of Mg in all of the previously stated media

[197]. NaCl solution could be utilized for preliminary screening

tests for alloy choice and corrosion behavior. In comparison to

conventional NaCl solution, the corrosion resistance of

metallic substrates in simulated body fluids (e.g., SBF, HBSS,

EBSS) is lower. SBF can also be utilized as a primary screening

test. Cell culture medium including MEM, DMEM, and M199,

whereas a protein-containing solution is a proper choice to

study the corrosion behavior of biomaterial. This solution is so

close to the blood plasma environment and can also be uti-

lized to study corrosion behavior for the development of im-

plants [197].
8. In vitro biocompatibility

According to studies, due to the reaction of bone cells to pure

Mg and lost mechanical integrity of the pure Mg in a
physiological environment, the pureMg implant application is

limited. As a result, bioactive particle reinforced Mg compos-

ites are being developed. The widespread use of Mg-ceramic

composites in medical applications such as the used stents

in the heart and orthopedic applications shows in vitro

biocompatibility of these composites is so considerable. Many

studies have demonstrated that Mg composites have superior

biocompatibility when compared to other metallic metal

composites [85]. All composite components in Mg implants

must be nontoxic and biocompatible in the physiological

condition [25]. The metallic ions produced by the corrosion of

biodegradable Mg implants can cause toxicity in the human

body [13]. In general, if each element used exceeds its

threshold limit, it can cause toxicity in the body [199,200]. As a

result, choosing the element plays an important role in

increasing biocompatibility in biological conditions. Further-

more, the selection of solution volume and pH is so important

factor in determining in vitro biocompatibility. In vitro

methods used to analyze the biocompatibility of biomaterials

are a critical step in evaluating the potential safety of the

implants formedical application [42]. Coagulation and platelet

aggregation are evaluated in vitro biocompatibility of Mg-

ceramic composites for cardiovascular applications like

stents [201], and cell culture is used for orthopedic implants in

accordance with ISO 10993e5 and ISO 10993-12 standards to

study in vitro biocompatibility of Mg-ceramic composites

[202,203]. According to studies, there is an indirect technique

that the cultured cells are exposed to a material extract for

various periods of time, and in the second technique, the

material and the cultured cells are in direct contact [42]. Both

of these techniques are used to test the viability of cells. Due to

the excellent biocompatibility and non-toxicity of Mg, it has

emerged as a suitable choice for degradable load-bearing or-

thopedic implants [204]. The studies have shown that the

biocompatibility of Mg-based implants is related to corrosion

resistance [83,201,205]. Mostly during the degradation of Mg-

based composites, particular particles or cations from the

reinforcement are being released, enhancing bioactivity

[206e210]. Kumar et al. [151] have produced AZ31-Al2O3

nanocomposites via an advanced disintegrated melt deposi-

tion (DMD) process followed by hot extrusion to increase the

corrosion resistance and in vitro biocompatibility in simulated

body fluid (SBF). According to the reports of the in vitro

biocompatibility tests, the corrosion layer includes an amor-

phous Mg(OH)2, MgAl2O4, and apatite-like layer, which im-

proves the bioactivity of the AZ31/Al2O3 nanocomposite.

Several researchers have asserted that incorporation of the

reinforcements into the matrix increased cell proliferation

and viability of the cell while decreasing corrosion rates [206].

Jaiswal et al. [76] reported that HAp reinforcements facilitate

the growth of the apatite layer. In this regard, they found by

increasing immersion time, more apatite layer was noticed in

the Mge3Zn-HA biodegradable composites. They have stated

that the Mg-HAp composite is an excellent choice for ortho-

pedic fracture fixing products [76]. The in vitro cytotoxic re-

sults indicated improved cell growth, cell proliferation, and

well-formed spindle shape cell morphology, as shown in

Fig. 16 [180].

A 0.14 M NaCl solution with small concentrations of other

inorganic components such as Ca2þ, PO4
3�, and HCO3

� makes
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Table 3 e Corrosion properties of magnesium-ceramic composites.

matrix Reinforcement Processing Route Corrosion Medium icorr
(mA.cm2)

Ecorr
(V vs. SCE)

Corrosion Rate (mm/year) Rp Ref.

Non Polarized Polarized

Immersion
Time (h)

HE or
WL

PDP

AZ31 e Innovative disintegrated

melt deposition (DMD)

process followed by hot

extrusion

SBF 9.470 �1.545 1 2.176 e e [151]

4.422 �1.441 24 1.016 e e

21.345 �1.402 336 4.906 e e

AZ31 Al2O3 2.552 �1.472 1 0.586 e e

0.786 �1.402 24 0.180 e e

1.863 �1.392 336 0.428 e e

1.742 �1.408 24 0.400 e e

0.933 �1.373 336 0.214 e e

Mg e Powder metallurgy route

that consists of mixing raw

powders and consolidation

by extrusion

PBS e e 100 23 e e [35]

HAp (5wt.%) e e 15 e e

HAp (10wt.%) e e 24 e e

HAp (15wt.%) e e 60 e e

Mg e Spark plasma sintering

method

Hank's 27 �1.63 e e e e [152]

ZnO (10 wt %) 3.0 �1.50 e e e e

ZnO (20 wt %) 30 �1.59 e e e e

ZnO (10 wt %) Sintering in Vacuum

Furnace before spark

plasma sintering method

2.2 �1.47 e e e e

ZnO (20 wt %) 8 �1.57 e e e e

Mg e Hot press sintering PBS 167 �1527 168 19.35 3.82 e [88]

BG (5% wt) 13.28 �1.47 3.44 0.30 e

BG (10% wt) 5.71 �1.37 2.84 0.13 e

BG (15% wt) 27.84 �1.42 12.30 0.64 e

Mg e Microwave sintering route SBF e e 4 0.016 ml/mm2/h e e [165]

BG (5% wt) e e 0.004 ml/mm2/h e e

BG (10% wt) e e 0.01 ml/mm2/h e e

BG (15% wt) e e 0.005 ml/mm2/h e e

e e e 8 0.06 ml/mm2/h e e

BG (5% wt) e e 0.054 ml/mm2/h e e

BG (10% wt) e e 0.045 ml/mm2/h e e

BG (15% wt) e e 0.025 ml/mm2/h e e

e e e 16 0.065 ml/mm2/h e e

BG (5% wt) e e 0.055 ml/mm2/h e e

BG (10% wt) e e 0.050 ml/mm2/h e e

BG (15% wt) e e 0.040 ml/mm2/h e e

ZK60A e Powder metallurgy SBF 0.116 �1.60 e e e e [33]

CPP (10%wt) 0.092 �1.58 e e e e

CPP (20%wt) 0.088 �1.56 e e e e

CPP (30%wt) 0.077 �1.52 e e e e

MgeZneZr e Casting followed by

extrosion

SBF e �1.630 480 1.64 e 1630 U [189]

HA e �1.615 0.75 e 2560 U

(continued on next page)
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the corrosive media of the human body. The normal pH of

blood is 7.4, which is buffered by the CO2/HCO3
� system. The

presence of organic components such as biomolecules, pro-

teins, cells, or bacteria, in addition to the variety of inorganic

species found in body fluids, can influence corrosion re-

actions. The Mg surface attracts cells and proteins, and cells

on the surface generate lactic acid. Mg2þ cations can be

complexed by proteins in solution [180].
9. In vivo degradation and compatibility

In vivo implantation is required to characterize the corrosion

behavior of MMnCs in physiological settings properly. The

procedures used to assess Mg corrosion after in vivo im-

plantation is linked withmeasuring the physical reduction in

the size of the materials caused by corrosion that happened

during the implantation period. The most prevalent of these

procedures is micro-computed tomography analysis of the

remaining volume of the implanted material. The assess-

ment of the implant's weight loss is another method used to

analyze the corrosion of Mg materials in vivo. The examina-

tion of the residual cross-sectional area of the implants in

two-dimensional parts is the only other quantitative method

utilized to assess Mg corrosion in vivo [211e213].

Zhou et al. [212] investigated the in vivo degradation and

compatibility of a 5-TCP/Mge3Zn scaffold with poly-

dopamine/gelatin (PDA/G) composite coatings. This sam-

ple's electrochemical tests when compared to bare 5-TCP/

Mge3Zn alloy, the corrosion current density (icorr) decreased

from 5.24 � 10�3 to 1.41 � 10�3 A/cm2, suggesting superior

anti-corrosion capabilities. The in vivo tests revealed that the

materials and coatings were harmless to muscle and other

critical organs such as the heart, liver, kidney, and muscle.

The in vivo release of Mg2þ was identified because it is one of

the methods used to assess degradation and cytotoxicity.

From pre-surgery to 2 months after implantation, the serum

concentration of Mg ion was greater in the bare sample than

in the PDA/G coated sample, attributed to the rapid degra-

dation of the Mg substrate. In-vivo biodegradation findings

demonstrated normal morphology with no cell degeneration

or necrosis and no inflammatory cell infiltration in the tissue,

showing that the alloy, composite coating, and degradation

products were highly biocompatible.

Yu et al. [213] used PM to manufacture a Mg-6% Zne15%

Ca3(PO4)2 composite. Metal ion concentrations in rabbit blood

were measured, and liver, heart, kidney, and muscle tissues

were examined for morphological analysis. The results

demonstrated that the Ca2þ, Zn2þ, and Mg2þ ions in the ani-

mal's blood were within normal limits throughout the

experiment. All of the tissues remained normal during the

composite degradation procedure, indicating that the com-

posite was biocompatible with the sevisceral organs.

To increase corrosion resistance and bone response, Chen

et al. [211] developed composite coatings with HAp, octacal-

cium phosphate (OCP) in electrochemical deposition (ED)

layers and MgO, Mg3(PO4)2 in micro-arc oxidation (MAO)

layers on MgeZneCa alloy by ED and MAO. In vivo testing

revealed that the coated samples degraded far more slowly

than the substrates. In the pathological evaluation, the

https://doi.org/10.1016/j.jmrt.2021.10.141
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Fig. 16 e Schematic of the interactions between a corroding magnesium alloy and a biological environment [180].

Fig. 15 e Schematic illustration of the corrosion behavior of Mg in the commonly used media [197].
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composite coatings stopped the Mg substrates from rapidly

degrading and presented good bioactivity.

Besides, scientists around the world are becoming

increasingly concerned about the toxicity of nano additions

in vivo [194,212,213]. The toxicity of nanoparticles is debatable

and depends on the susceptibility of the cell type, route of

exposure, and condition, and the features of the nano-

particles. Mahmoud et al. [214] investigated the toxicity of

MgO nanoparticles from the liver (HepG2), kidney (NRK-52E),

intestine (Caco-2), and lung (A549) cell lines. They discovered

that whereas MgO nanoparticles generated apoptotic effects

on the cells, apoptosis was not the primary cause of cell death.

The effects of MgO nanoparticles on DNA damage, cell death,

and oxidative damage should raise concerns regarding the
safety of their use in consumer products. Zhao et al. [215]

evaluated the feasibility of using pure Mg screws for the fix-

ation of vascularized bone grafts in patients with osteonec-

rosis of the femoral head (ONFH). According to the findings,

the Mg screw is biocompatible and efficient in bone flap sta-

bilization. Its degradation rate is acceptable in comparison to

the rate of tissue repair, and the released Mg ions promote

new bone production. Wu et al. [56] investigated the possi-

bility of biodegradable Mg alloys for use in tracheal stents. The

researchers discovered that Mg alloys (magnesium-

aluminum-zinc-calcium-manganese (AZXM)) had

outstanding cytocompatibility and that AZXM is a promising

candidate for tracheal stent applications. According to Gu

et al. [216] the as-rolled Mge2Sr alloy exhibited Grade I

https://doi.org/10.1016/j.jmrt.2021.10.141
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cytotoxicity and produced more alkaline phosphatase activity

than the other alloys. They observed steady degradation of the

as-rolled Mge2Sr alloy inside a bone tunnel over a 4-week

period of implantation [216]. Microcomputer tomography

and histological examination revealed increased mineral

density and thicker cortical bone around the experimental

implants. However, more research will be required before Mg-

based composites can be used as orthopedic implants, such as

illustrating the absence of systemic toxicity (e.g., organ pa-

thology), particularly after long-term implantation, as well as

improving mechanical characteristics and further lessening

the corrosion rate.
10. Conclusions

Due to thewidespread use ofmagnesium-ceramic composites

for orthopedic implants, their properties and applications,

with a focus on the requirements for Mg composite develop-

ment, commonly used reinforcement materials, fabrication

methods, in vitro corrosion, and in vitro biocompatibility,

were reviewed. The importance of Mg and its alloys and

composites as bone implants has been confirmed. The ad-

vantages of Mg-ceramic composites are the inherent biode-

gradability, favorable mechanical properties, and

biocompatibility. Recent studies have shown that the appro-

priate selection of ceramic reinforcements such as hydroxy-

apatite (HAp), fluorapatite (FAp), Zirconium oxide (ZrO2),

titanium dioxide (TiO2), magnesium oxide (MgO), zinc oxide

(ZnO), bioactive glass (BG), calcium polyphosphate particles

(CPP), bredigite (Bre), and aluminium oxide (Al2O3) and their

inherent biocompatible nature is so important as these re-

inforcements can have a significant effect on the properties

and applications of Mg-based biocomposites. Various studies

on the fabrication techniques of these implants, including

powder metallurgy, casting, wrought techniques, and laser

additive manufacturing were expressed. Laser additive

manufacturing facilitates the rapid production of complicated

porous structures or customized shapes compared with

traditional fabricating methods. Several studies results have

shown that the presence of reinforcements usually improves

mechanical performance, in vitro corrosion resistance and

biocompatibility of Mg composites. Selecting the most effi-

cient process for in vitro corrosion and in vitro biocompati-

bility of Mg composites is critical, and more investigation is

necessary in this area.

Several methods [217e222] have been developed to over-

come the issues of corrosion and the low yield strength of

pure Mg. This review focuses on recent advances in Mg-

based composites with bioactive reinforcements for biolog-

ical applications. Controlled degradation with appropriate

mechanical integrity, on the other hand, is a significant dif-

ficulty for these materials. Researchers [35,83,85,90,99] used

bioactive and biodegradable additions such as calcium pol-

yphosphate, bioactive glass, and fluorapatite to achieve

controlled degradation. A considerable number of works

[31,35,152,183,212] in the literature demonstrated that

including these additions in Mg composites could modify

their corrosion resistance and give good biocompatibility for
use as metallic biomaterials in bone tissue engineering ap-

plications. The size and distribution of reinforcements

significantly affect the modulation of the composite's
corrosion resistance and mechanical characteristics. Addi-

tionally, a study on biodegradable Mg-based composites for

fracture repair implants has resulted in significantly inno-

vative product manufacturing. Mg composites with specific

mechanical and corrosion properties can be created using

advanced methods, including hot press sintering, spark

plasma sintering, disintegrated melt deposition, and laser

additive manufacturing. In general, improvements in Mg

alloy manufacturing techniques, as well as the selection of

appropriate reinforcement are vital for extending the

biomedical uses of Mg-based composites. Degradable Mg

composites with a good combination of mechanical charac-

teristics and degradation rate could be the focus of future

research. Immersion and electrochemical experiments were

used to study the degradation of Mg composites in vitro. It

was expected that homogeneous reinforcement distribution

would increase the composite's corrosion resistance

[57,62,163]. Nondestructive micro-computed tomography

(CT) should be used to investigate the distribution of re-

inforcements in the matrix, as well as their influence on

electrochemical corrosion and in vitro degradation. With the

aid of CT analysis, the corrosion pit depth on the sample

surface can be accurately measured, and it represents an

appropriate evaluation of corrosion resistance. CT research

can provide shed light on the corrosion mechanism of

biodegradable composites. An orthopedic device is subjected

to both tensile and compressive loading during use, requiring

sufficient tensile strength and ductility. The majority of the

existing literature [32,35,76] on degradable Mg composites

has reported the compressive strength of composites. Only a

few have reported on the composites' tensile strength and

ductility. Mg has an HCP crystal structure with a low slip

system and thus limited ductility. The ductility of the Mg

matrix is further reducedwhen reinforcements are added. To

properly realize the benefits of these newly established Mg

composites, it is crucial to evaluate their tensile properties.

Recent research on Mg-based degradable composites

[44,83,88,90,152,185,205] has been limited to in vitro degra-

dation and cytocompatibility tests. The study of in vivo

degradation behavior may lead to a new field of research.

In vitro investigations of degradable Mg composites show an

increased immunogenic response, which has to be

confirmed in vivo. Furthermore, new research frontiers

should be truly tested. In this regard, it is worth noting that

the majority of in vivo investigations involving Mg-based

biomaterials were carried out in small animal models, and

the findings are difficult to interpret for human applications.

In this regard, it is worth noting that the majority of in vivo

investigations involving Mg-based biomaterials were carried

out in small animal models, and the findings are difficult to

interpret for human applications. To thoroughly study the

potential of eMg-based biomaterials (MBs) as orthopedic

devices and better understand their long-term in-vivo per-

formance, more experimental investigation in large animal

models, particularly at load-bearing application sites, is

required before preclinical and clinical trials.
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Abbreviations

MMCs Metal matrix composites

MMnCs Metal matrix nanocomposites

Mg Magnesium

SS Stainless steel

HAp Hydroxyapatite

CPP Calcium polyphosphate

Bre Bredigite

BG Bioactive glass

MBG mesoporous bioglass

b-TCP Beta-tricalcium phosphate

FA Fluorapatite

LAM Laser additive manufacturing

AM Additive manufacturing

SBF Simulated body fluid

BG Bioglass

PM Powder metallurgy

DMD Disintegrated melt deposition

SPM Semi-powder metallurgy

SLM Selective laser melting

UTS Ultimate tensile strength

TS Tensile strength

TYS Tensile yield strength

E Elastic modulus

UCS Ultimate compressive strength

CYS Compressive yield strength

CTE Coefficient of thermal expansion

SPS Spark plasma sintering

DMEM Dulbecco's Modified Eagle's Medium

Icorr Corrosion current density

Ecorr Corrosion potentials

HE Hydrogen evolution

WL Weight loss

PDP Potentio-dynamic polarization

Rp Polarization resistance

MW microwave sintering

GNDs geometrically necessary dislocations

HBSS Hank's Balanced Salt Solution

EBSS Earle's Balanced Salt Solution

MEM Minimum Essential Medium

DMEM Dulbecco's Modified Eagle Medium

a-MEM Minimum Essential Medium a

M199 Medium 199
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