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Titanium-magnesium composites have gained increasing attention as a partially

degradable biomaterial recently. The titanium-magnesium composite

combines the bioactivity of magnesium and the good mechanical properties

of titanium. Here, we discuss the limitations of conventional mechanically

alloyed titanium-magnesium alloys for bioimplants, in addition we

summarize three suitable methods for the preparation of titanium-

magnesium composites for bioimplants by melt: infiltration casting, powder

metallurgy and hot rotary swaging, with a description of the advantages and

disadvantages of all threemethods. The titanium-magnesium composites were

comprehensively evaluated in terms of mechanical properties and degradation

behavior. The feasibility of titanium-magnesium composites as bio-implants

was reviewed. In addition, the possible future development of titanium-

magnesium composites was discussed. Thus, this review aims to build a

conceptual and practical toolkit for the design of titanium-magnesium

composites capable of local biodegradation.
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Introduction

Tissue injury is an unavoidable part of everyone’s existence. In some circumstances,

tissue injury cannot heal itself, which means hard tissue repair components must be

implanted to help the injured tissue heal (Zhang L. et al., 2019). Autologous bone grafts

are without a doubt the greatest material for restoration (Rodriguez-Merchan, 2022), with

no rejection and a high graft success rate. Nonetheless, due to the limited availability of

materials and the difficulty of adjusting shapes and properties, it is difficult to apply them

on a large scale. In order to overcome the limitations of self-bone grafting, research into

synthetic bone repair materials is gradually gaining attention. And with the help of

computer aided design and numerical simulations, synthetic bone repair materials have

been vigorously developed (Zach et al., 2014). Metals, ceramics and polymers are

commonly used as hard tissue replacement materials. Metallic materials play a role in
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most plastic surgery devices and dental implants, including

temporary implants and permanent implants (Taddei et al.,

2004; Chen and Liu, 2016). Nowadays many types of

industrial metals are available, however, since bio-implants are

implanted in the human body, only a few metals can meet the

requirements for development as bio-implants. Conventional

implants, which have been extensively used for orthopedic

applications and are constructed of Ti-based alloys (Liu et al.,

2019; Yan et al., 2019), stainless steel (Brooks et al., 2017; Teo

et al., 2021), and cobalt-based alloys (Mas Ayu et al., 2019), will

remain inside the body permanently after its implantation.

Magnesium (Maier et al., 2020; Wu et al., 2021; Zeller-

Plumhoff et al., 2021) are also classified as implants as

biodegradable materials, in addition to the metals indicated

above. In general, stainless steels and Co-based alloys suffer

from a major biological drawback. For example, these two

permanent alloys suffer from corrosion, which causes the

liberation of allergenic/toxic Ni and Cr ions into bodily fluids.

The release of these harmful ions will activate adverse

inflammatory and immune responses in vivo, which becomes

a primary shortcoming for long-term use in the biological

surroundings (Wong and Man, 2018). Low density and high

strength are advantages of titanium, and a dense oxide film will

form on the surface of titanium and titanium alloys when

titanium and titanium alloys come into contact with air or an

oxygen-containing medium (Tang et al., 2018). Titanium alloys

have been widely used in the field of biomedical applications due

to their excellent biocompatibility and mechanical properties

(Fan et al., 2021). Magnesium is a light metal with a density of

1.74 g/cm3, which is equal to the density of human bone (1.75 g/

cm3) (Zhou H. et al., 2021). Due to their superior mechanical

compatibility, biocompatibility, and degradability, magnesium

and magnesium alloys have a wide range of biomedical uses.

Magnesium is one of the body’s macronutrients and is involved

in a number of metabolic activities. The most important of these

is that it promotes calcium deposition, which is good for bone

formation (Makkar et al., 2018).

The respective shortcomings of titanium and magnesium

materials limit their widespread use. The disadvantage of

titanium is that its Young’s modulus (E), although lower than

that of other metals, is still somewhat different from that of

human bone, which inevitably leads to “stress shielding” (Chen

and Thouas, 2015). As a result, past studies have focused on

reducing the E of biomedical titanium materials. β-phase
titanium has been found to be a phase with a low E (Zhou L.

et al., 2021), so increasing the content of β-phase in titanium

alloys has become a significant focus of research (Koizumi et al.,

2018; Aguilar et al., 2019; Pellizzari et al., 2020). Titanium alloys

with E as low as 33 GPa have been developed (Hao et al., 2007).

In addition to increasing the content of the β-phase to reduce the
E, the introduction of a porous structure is also considered as an

excellent way to reduce the E (Khodaei et al., 2018). Due to its

unique pore design, porous titanium deforms more than bulk

materials when subjected to the same force. As β-phase titanium
alloys require the addition of a number of β-phase stabilizing

elements (Qazi et al., 2005), the addition of these heavy elements

increases the risk of cytotoxicity caused by release of metal ions

(Yu et al., 2015). Furthermore, titanium alloys enhance the

likelihood of a patient’s allergy after implantation (Fage et al.,

2016). Weighing the pros and cons, porous titanium is

considered to be an effective way to avoid the “stress

shielding” phenomenon. By altering the porosity of porous

titanium, the modulus of elasticity may be accurately

regulated, allowing it to conform exactly to that of human

bone tissue. The presence of a porous structure provides not

only a channel for the movement of nutrients, but also space for

tissue cell proliferation (Meenashisundaram et al., 2020).

However, as titanium is a biologically inert material, certain

surface modifications to the surface of the metal titanium are

required to enable it to induce the formation of human bone

tissue (Su et al., 2020). The surface modification treatment

would make the preparation process more complicated and

increase the production cost, which limits the wide

application of porous titanium. The main problem faced by

magnesium and magnesium alloys when implanted into the

human body is their rapid degradation rate (Bütev Öcal et al.,

2020), which can lead to an increase in pH in local areas of the

tissue and a series of problems caused by rapid hydrogen

precipitation. Rapid corrosion rates will eventually lead to

premature loss of mechanical properties of magnesium and

magnesium alloys. In this regard, reducing the degradation

rate in vivo is a major problem for Mg based materials. High

purity Mg alloy has a lower content of impurity elements, and

although the degradation rate is lower than that of commercially

pure Mg, the mechanical strength of high-purity magnesium is

so low that it is not suitable for biological implants. For

magnesium, alloying is an important step to improve its

corrosion resistance. Magnesium alloys such as AZ91D,

WE43 and ZK60 are considered to last longer than

commercially pure magnesium in the human body (Witte

et al., 2005; Asri et al., 2017).

In view of the inherent drawbacks of the Ti-based and Mg-

based materials, titanium-magnesium composites for partially

biodegradable implants have drawn the attention of researchers

in recent years, which might circumvent the disadvantages of the

permanent and non-permanent implants currently in use.

Initially, scholars began to research the feasibility of titanium-

magnesium composites as orthopedic load-bearing implants (Li

et al., 2015). Subsequently, the mechanical and fatigue properties

of titanium-magnesium composites have been shown to be

comparable to Grade 4 Ti (Balog et al., 2017). Therefore,

titanium-magnesium composites are also a viable option for

dental implants. In addition, titanium-magnesium composites

have also been developed for use in bioinspired fish scales (Liu X.

et al., 2021). In summary, titanium-magnesium composites have

a wide range of application prospects.
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This paper presents an overview of recent research and

developments of titanium-magnesium composites used as

biomedical materials. It can be divided into three main

sections, beginning with preparation of titanium-magnesium

composites, outlining three suitable methods for the

preparation of titanium-magnesium composites. This section

is followed by summarizing mechanical properties of various

titanium-magnesium composites and discussing the effects of all

phases and alloying elements in titanium-magnesium composites

on mechanical properties. The third section considers effect of

material ingredient, volume ratio, and other factors on corrosive

properties, describing the status of current titanium-magnesium

composites used as biomaterials and their limitations. Overall,

efforts have been made to reveal the latest scenario of biomedical

titanium-magnesium composites. The goal of this review is to

create a conceptual and practical toolset for the design of

titanium-magnesium composites that can degrade locally.

Processing methods

Alloying Ti with Mg is a common strategy for preparing

titanium-magnesium alloy. There are two inherent obstacles in

the traditional method of preparing titanium-magnesium alloys.

On the one hand, titanium is a high temperature resistant metal,

with a melting point of 1668°C, which is much higher than the

boiling point of magnesium (1070°C). On the other hand,

magnesium only acts as solute atoms in the titanium matrix.

It was reported that the solid solubility of magnesium in titanium

at room temperature is only 0.9 at. % and that of titanium in

magnesium is 0.02 at. % (Yao et al., 2022). Figure 1 shows the

phase diagram of titanium-magnesium binary alloy. As can be

seen obviously, titanium and magnesium cannot be mutually

soluble in the full composition range, and there are no eutectic

phases or stable intermetallic compounds in the temperature of

600–1000°C. Owing to the significant difficulty of alloying

between titanium and magnesium, producing titanium-

magnesium alloys by traditional melting processes is nearly

impossible. However mechanical alloying can extend the solid

solubility of solid atoms and is considered as an effective method

to increase the solid solubility of magnesium in titanium (Liang

and Schulz, 2003). Cai et al. (2018) carried out ball-milling tests

through titanium powder and magnesium powder for 50 h, and

then compacted in a cubic-anvil press under a pressure of 4 GPa

at RT. After annealed for 1 h, they prepared the Mg-1.5 at.% Ti

alloy. In addition, Liang et al. (2021) have also prepared titanium-

magnesium alloy with Mg content ranging from 0.312 wt.% to

2.5 wt.% by mechanical alloying method. According to their

study, when the Mg content is low, Mg could improve the

mechanical strength of Ti due to the co-strengthening effects

of precipitation and solid solution. When the Mg content reaches

1.25 wt.%, it will be detrimental to the mechanical properties of

FIGURE 1
Titanium-magnesium binary phase diagram.
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the material. As a consequence, mechanical alloying can

effectively enhance the solid solubility of magnesium in

titanium. Nevertheless, the magnesium content in titanium is

still too low to exert obvious influence on the titanium-

magnesium alloys. Due to the low solid solution of

magnesium in titanium, titanium-magnesium composites

prepared by infiltration casting, powder metallurgy and hot

press forging have drawn scholars’ attention.

Infiltration casting

Infiltration is a liquid-state fabrication method, in which

a porous preform is impregnated in a molten matrix metal to

fill the pores. Mechanical winding, powder metallurgy, 3D

printing and other techniques were used to prepare porous

titanium, and then molten magnesium was used to fill the

pores of the porous titanium, resulting in a titanium-

magnesium composite (Li et al., 2015; Esen et al., 2016;

Meenashisundaram et al., 2020). The schematic diagram of

preparing titanium-magnesium composites by infiltration

casting is shown in Figure 2. Li et al. (2015) twisted

titanium wire into a spiral form, which was then stretched

and woven into a 2D mesh. The mesh was formed into a 3D

material and pressed in a mold to make the cylindrical porous

titanium (p-Ti) preform. Subsequently, molten Mg was

infused into the porous titanium, and the titanium-

magnesium composite material was formed after cooling to

room temperature. According to their research, the stiffness

of p-Ti/Mg composites is greatly improved compared to

entangled titanium, but only comparable to that of pure

magnesium. The strength of p-Ti/Mg needs to be further

improved as a biomedical implant. However, its residual

strength after degradation is favorable for biomedical

applications. Esen et al. (2016) obtained porous structures

of Ti and Ti-6Al-4V skeletons by loose powder sintering and

obtained titanium-magnesium composites with better

mechanical properties by capillary penetration of molten

magnesium. Meenashisundaram et al. (2020) 3D inkjet

printing technology to mix titanium powder and polyvinyl

alcohol to prepare porous titanium parts, followed by

pressureless infiltration of molten magnesium to obtain

titanium-magnesium composites. 3D printing enables

faster and more cost-effective manufacture of net shapes

for biomedical implants that meet patient needs and

improves precision, fit and load distribution, and is also

considered an excellent technology for machining and

preparing titanium alloys (Yi et al., 2021). In summary,

the advantages of titanium-magnesium composites

prepared by infiltration casting method are simple

operation, low manufacturing cost, and large-scale

industrial production. The disadvantage is that the

bonding strength of the titanium-magnesium interface is

low, and the wettability and fluidity of the metal solution

need to be further improved.

Powder metallurgy

Powder metallurgy preparation of titanium-magnesium

composite materials is a technology that uses titanium

powder and magnesium powder as raw materials, which are

mixed, pressed and sintered by ball milling. The schematic

diagram of preparing titanium-magnesium composites by

powder metallurgy is shown in Figure 3. With relatively low

powder metallurgical sintering temperature, titanium-

magnesium composites are easy to operate, with low energy

consumption and high precision. Sintering is the most critical

part of powder metallurgy and has a direct impact on the

mechanical properties of the material. According to the

different sintering processes, powder metallurgy can be

divided into spark plasma sintering (SPS), microwave

sintering, atmosphere sintering, etc. SPS is a fast, low-

temperature, energy-saving and environmentally friendly

new material preparation technology (Hu et al., 2020).

Ouyang et al. (2020) prepared titanium-magnesium

composites by SPS technique through irregularly shaped

commercial titanium powders and x vol% (x = 10, 20 and

FIGURE 2
The schematic diagram of preparing titanium-magnesium composites by infiltration casting.
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30) Mg-3Zn powders as raw materials, and the relative density

values of titanium-magnesium composites are all higher than

98%. However, the content of Mg is low in the titanium-

magnesium composites prepared by SPS. Therefore, the

distribution of Ti phase in the prepared composites was

continuous, while the distribution of Mg-3Zn phase was

uniform rather than discontinuous, and these Mg-3Zn did

not form continuous channels but independent pores after

degradation. The MgO was also found according to XRD

analysis, while the effect of MgO on the properties of the

titanium-magnesium composites has not been investigated in

depth. In order to avoid generation of oxides during the

preparation process, Ibrahim et al. (2020) successfully

prepared Ti-xMg (x = 0, 12, 17 and 24 vol.%) at a

temperature below 450°C, and did not find the aggregation

of oxygen elements at the titanium-magnesium interface. The

powder metallurgy method can prepare titanium-magnesium

composites quickly and efficiently. However, powder

metallurgy also has many serious problems. For example, the

oxidation of raw materials during the sintering process and the

lack of metal compound phase formation at the interface

between titanium and magnesium phases lead to poor

interfacial bonding strength.

Hot rotary swaging

Hot rotary swaging is an incremental shaping process, which

is commonly used to modify the cross-sections of rotationally

symmetric metal objects such as rods, tubes, and wires, as well as

to link various materials or components. The hot rotary swaging

procedure reduces grain-size in metallic materials, and effectively

improves the mechanical properties of the material, and hot

rotary swaging has been used for various demanding materials

and alloys (Chi et al., 2019; Kunčická et al., 2020; Strunz et al.,

2020). The schematic diagram of preparing titanium-magnesium

composites by hot rotary swaging is shown in Figure 4. Esen et al.

(2013) used titanium and magnesium powder as raw materials,

the titanium-magnesium composites with Mg volume fractions

of 50, 60, 70 and 80% were prepared by hot rotary forging

technology, followed by a 1-h annealing treatment at 600°C

aiming at obtaining homogeneous microstructure of the

material. The SEM micrographs of titanium-magnesium

composites containing 80 vol% Mg are shown in Figure 5.

Figure 5A illustrates the presence of oxygen enrichment

between Mg-Mg, which indicated the presence of a very thin

oxide layer between Mg-Mg. As shown in Figure 5B, the

elemental oxygen content between titanium-magnesium was

FIGURE 3
The schematic diagram of preparing titanium-magnesium composites by powder metallurgy.

FIGURE 4
The schematic diagram of preparing titanium-magnesium composites by hot rotary swaging.
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only slightly increased because MgO was present only on the Mg

powder of the original material. The titanium-magnesium

composite prepared by hot press forging method has high

density and good plasticity, but it should pay attention to the

various reactions of magnesium powder with oxygen during the

processing.

As a consequence, it is challenging to produce titanium-

magnesium composite materials, and it is even harder to create

them using conventional techniques. The three processes listed

above had successfully prepared titanium-magnesium

composites and each method has its own advantages. The

titanium-magnesium composites prepared by powder

metallurgy method will inevitably encounter magnesium

volatilization during the preparation process, so the

manufactured titanium-magnesium composites may differ

from the initial design of the titanium-magnesium content.

The titanium-magnesium composites prepared by powder

metallurgy method often have low magnesium content, and

the volatilization of magnesium will result in the presence of

holes in the prepared composites. Hot rotary swaging technique

can produce titanium-magnesium composites with a high

magnesium content. However, its preparation process and

subsequent heat treatment process inevitably react with

oxygen to generate oxides such as MgO, which may adversely

affect the properties of the composites. Therefore, it is not the

best way to produce titanium-magnesium composites. The

infiltration casting method meets the requirements of mass

production, and can also control the total porosity, pore size

and pore distribution of porous titanium scaffolds through 3D

printing and other technologies to produce titanium-magnesium

composites with specific structures to replace bone in different

parts. In addition to the preparation techniques mentioned

above, various cutting-edge technologies have been applied to

the production of alloys with low miscibility. For instance, due to

the extremely quick cooling rate, laser rapid solidification is also

known as a potential method for creating metastable structures

and alloys with low miscibility.

Mechanical properties

Ti and Ti-6Al-4V are commonly used as support structures

for the preparation of titanium-magnesium composites (Wang

et al., 2011; Esen et al., 2020). Commercially-pure Ti (CP-Ti) as

an α titanium alloy, only the CP-Ti with grade 4 is used for dental

applications or forfabrication of porous coatings rather than joint

implants due to its low mechanical strength at room temperature

(Chen and Thouas, 2015). Ti-6Al-4V is the most widely used bio-

applicable Ti-based α+β alloy. The properties of Ti-6Al-4V can

be optimized by adjusting the volume fraction of the α and β
phases through different heat treatments due to the presence of

both, an α stabilizer (Al) and a β stabilizer (V) (Vrancken et al.,

2012). Compared with CP-Ti, Ti-6Al-4V exhibits better

mechanical properties. However, the V and Al elements added

in Ti-6Al-4V are considered to be cytotoxic, especially that Al

ions may depress bone growth and even exert a potential danger

of Alzheimer’s disease (Tamilselvi et al., 2006; Li et al., 2014).

Currently, research and development in the field of Ti-based

alloys is focused on two main objectives. The initial goal is to

change the chemical compositions of the alloys in order to

replace problematic components. The second goal is to create

alloys with characteristics that are as near to bone as possible

(Kunčická et al., 2017). The β-type titanium alloys containing

more β-phase stabilizers (Mo, Zr and Ta) possess lower modulus

of elasticity and higher toughness than Ti-6Al-4V bulk (Zhang Y.

S. et al., 2019). The corrosion resistance of β-type titanium alloys

in the human body is also higher than that of (α + β) titanium
alloys such as Ti-6Al-4V (Carman et al., 2011). The

FIGURE 5
SEM micrograph of titanium-magnesium composites containing 80 vol% Mg (A) MgO layers and EDS line scan taken along white line and (B)
titanium-magnesium interface and EDS line scan across titanium and magnesium (Esen et al., 2013).
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incorporation of these rare metal elements makes the preparation

of β-titanium alloys complex and increases the cost of raw

materials (Narita et al., 2012). The design of low-cost β-
titanium alloys has been in progress and will be used on a

large scale for biomedical applications in the foreseeable

future (Gepreel and Niinomi, 2013). Most titanium-

magnesium composites currently use pure titanium as the raw

material due to safety and cost-effectiveness considerations.

The mechanical properties of titanium and titanium alloys

with porous structures are greatly reduced compared to the bulk

titanium and titanium alloys. However, the mechanical

properties of the composite can be correspondingly improved

with magnesium completely filling the internal pores, while it is

still far less than that of bulk titanium and titanium alloys.

According to recent study, titanium-magnesium composites

with specific spatially aligned structures can promote effective

stress transfer, delocalize damage and arrest cracking, thereby

bestowing improved strength and ductility (Zhang et al., 2022).

In addition, extensive studies revealed that the mechanical

properties of the titanium-magnesium composite are sufficient

to meet the performance requirements of human implants. The

human skeleton mainly plays a load-bearing role in the human

body, so the study of ultimate compressive strength (UCS) is

more relevant compared to the ultimate tensile strength. Figure 6

shows the UCS of human bone and titanium-magnesium

composites as a function of Mg content prepared by different

preparation processes. It is noticed that the UCS for all titanium-

magnesium composites in Figure 6 is higher than that of human

bone. Since the mechanical properties of titanium are higher

than those of magnesium and the interface between titanium and

magnesium cannot be alloyed, the UCS of titanium-magnesium

composites prepared by the same preparation process decreases

with increasing Mg content. As the E of titanium is higher than

that of magnesium, Ti will be subjected to a higher force when

the titanium-magnesium composites withstand external forces.

Therefore, cracks preferentially appear in the Ti phase or at the

titanium-magnesium interface where the bond strength is not

high. It can also be found that Ti tends to exhibit a ductile

fracture mode, while magnesium exhibits a typical brittle

fracture (Ouyang et al., 2020). Ibrahim et al. (2020) compared

the mechanical properties of two composites prepared from the

same magnesium powder and different titanium powders, and

found that the titanium-magnesium composites prepared from

hydrogenated-dehydrogenated titanium powder showed an

improvement in yield strength and ultimate tensile strength

compared to that prepared from plasma atomized titanium

powder. This may be because the hydrogenated-

dehydrogenated titanium powder surface has a larger

concentration of TiO2, and the Ti-O solid solution may act as

a strengthening agent, resulting in stronger mechanical

characteristics. However, the load transfer from Ti to Mg

during straining, may be hampered by the presence of TiO2

dispersoids at the contact. Esen et al. (2016) prepared titanium-

magnesium composites using Ti and Ti-6Al-4V powders with

FIGURE 6
The UCS of human bone and titanium-magnesium composites as a function of Mg content prepared by different preparation processes.
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Mg, and the mechanical properties of the obtained Ti-6Al-4V/

Mg were superior to those of Ti/Mg composites. In addition,

according to the research of Jiang et al. (2018), the mechanical

properties of titanium-magnesium composites prepared with an

average diameter of 100 μmTi powders are better than those

prepared by 230 μm Ti powders. This is due to stress

concentration in the sintered neck region of Ti particles,

leading to pre-fracture. And smaller Ti particles means more

sintering neck in the same volume. Although the contribution of

magnesium to the composites is not very obvious, the

mechanical properties of titanium-magnesium composites

prepared with AZ91 and WE43 are higher than those

prepared with pure Mg (Esen et al., 2020). In addition to the

use of different raw materials to optimize the mechanical

properties of the titanium-magnesium composites, a unique

preparation process can also improve the mechanical

properties of the composites. Lai et al. (2022) obtained

titanium-magnesium composites by microwave sintering and

found that the UCS of the titanium-magnesium composites were

greatly improved compared with other preparation processes

under the same Mg content. Ouyang et al. prepared titanium-

magnesium composites by SPS, aiming at improving the

mechanical properties. Due to the influence of the nanograin

size microstructure produced by the SPS process, the UCS of the

titanium-magnesium composites was as high as 1346.3 MPa

(Ouyang et al., 2020).

Figure 7 shows the E of nature bone and titanium-

magnesium composites as a function of Mg content prepared

by different preparation processes. Overall, the E of the titanium-

magnesium composites showed a decrease tendency with the

increase of the volume fraction of Mg. According to the study

reported by Balog et al. (2019), if the Mg component (E =

45 GPa) is expected to contribute to elastic load transmission

following a simple mixing rule, the E of the Titanium-magnesium

composite should drop at a rate of 0.55 GPa per one vol% Mg.

Another boundary condition is that if Mg does not contribution

to elastic load transfer, the E of the titanium-magnesium

composite should theoretically drop at a rate of 0.99 GPa per

one vol% Mg. According to the results of their study show that

the volume share of Mg share decreases by 0.78 GPa for every one

vol% increase in the volume of Mg. This indicates that the

interface between titanium and magnesium is often not an

ideal metallurgical bonding and has a limited contribution to

the load transfer in the elastic region. Theoretically, the E of

titanium-magnesium composites should decrease with the

increase of Mg content between the E of pure titanium and

pure magnesium, but not lower than that of pure magnesium.

The volume percentage of Mg in the microwave sintered

titanium-magnesium composites is not very high, but its E is

as low as below 10 GPa (Lai et al., 2022). This phenomenon can

be attributed to the fact that the material prepared by microwave

sintering will volatilize part of the Mg during processing because

FIGURE 7
The E of nature bone and titanium-magnesium composites as a function of Mg content prepared by different preparation processes.
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of the faster heating temperature, which leads to more pores in

the composite. According to research of Rivera-Salinas et al.

(2020), the holes in the composite materials significantly reduce

the E of the overall material. The E of titanium-magnesium

composites should theoretically be between Ti (E = 110 GPa) and

Mg (E = 45 GPa), and decrease correspondingly with the increase

of Mg content. If the dense density of the composite is 100%, the

E of titanium-magnesium composites will not be lower than

45 GPa. However, the E of many titanium-magnesium

composites were found to be lower than 45 GPa. These

composites with low E may be due to the imperfect

preparation process, which leads to the existence of pores in

the composites and makes the material bonding not tight

enough, thus the E of titanium-magnesium composites may

be lower than that of pure magnesium. The composition of

titanium-magnesium composites can be varied, and the strength

and E can be adjusted in a wide range by selecting the appropriate

titanium-magnesium composition ratio according to different

parts of the skeleton.

Degradation performance

Degradation behavior

Since a dense oxide film forms on the surface of titanium and

titanium alloys, it effectively prevents further corrosion of the

material by the solution (Zhou X. et al., 2021). Mg is more active

and will degrade in human body. Therefore, the corrosion

behavior of titanium and magnesium composites in these

solutions, such as Hanks’ solution, Ringer’s solution and SBF

solution, is mainly dominated by the degradation of Mg. The pH,

electrolytes, amino acids and proteins of these solutions are as

close as possible to the actual human environment

(Bahraminasab et al., 2019; Heywood et al., 2019; Tiyyagura

et al., 2020). Ti plays an important role in the degradation process

of Mg. The electrochemical potential of the standard hydrogen

electrode of Mg is −2.37 V, and that of the standard hydrogen

electrode of Ti is −1.63 V. Because of the potential difference

between Ti and Mg, galvanic corrosion occurs when Ti and Mg

are in direct contact. Galvanic corrosion is an electrochemical

process in which the reduction potential of an ion usually

determines its ability to gain electrons and form a solid metal.

The “active” metal with the lower reduction potential of the two

metals will be corroded (anode). In comparison, the “noble”

metal with the higher reduction potential will be deposited

(cathode) (Koh et al., 2015). Thus, when metals with different

reduction potentials pair, micro-movement and pitting will

occur. The schematic diagram of the galvanic corrosion of the

titanium-magnesium composite is shown in Figure 8. The

galvanic corrosion reaction of titanium-magnesium

composites is as follows (Wu et al., 2013).

Anodic reaction : Mg → Mg2+ + 2e− (1)
Cathodic reaction : 2H2O + 2e− → H2 ↑ + 2OH− (2)

Overall reaction : Mg + 2H2O → Mg(OH)2 ↓ +H2 ↑ (3)

FIGURE 8
The schematic diagram of galvanic corrosion of titanium-magnesium composites.
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Li et al. (2015) compared the corrosion rates of p-Ti/Mg and

pure Mg in Hanks’ solution through hydrogen precipitation

experiments. It was found that the hydrogen evolution rates

of p-Ti/Mg with a duplex microstructure were much higher than

that of pure Mg. A maximum value of 1.49 ml/cm2 h was reached

at 52 h. Figure 9 shows the traces of galvanic corrosion observed

for titanium-magnesium in Hanks’ solution. It can be seen from

Figure 9 that the Mg near the Ti phase is preferentially corroded,

while the Mg farther away from the Ti corrodes to a lesser extent.

Although the electrochemical differences between titanium and

magnesium were minimal, the less electronegative magnesium

was sacrificed as the anode, thus accelerating the corrosion of

magnesium. The magnesium around the titanium wire was

rapidly corroded away, causing the magnesium substrate

further away from the wire to an “island structure”, thus

increasing the contact area between the magnesium and the

solution and further accelerating the corrosion of magnesium.

The electrocoupling corrosion will make the corrosion rate

greatly accelerated, so how to reduce or avoid the

electrocoupling corrosion in titanium-magnesium composites

has become the focus of the research scholars. According to

the study of Esen et al. (2013), it was found that the titanium-

magnesium area ratio on the surface of titanium-magnesium

composites will affect the degree of galvanic corrosion

occurrence. When the surface area of Mg phase in the

composite is smaller than that of Ti, a large cathode and

small anode corrosion type will occur, and this corrosion

mode will lead to the rapid transfer of electrons generated by

the reaction of Mg with the solution through the Ti phase and

generate hydrogen gas with the hydrogen ions in the reducing

solution. When the area of Mg phase is much larger than that of

Ti phase, a large anode and small cathode corrosion type will

occur. And this corrosion mode is thought to slow down the rate

of Mg corrosion rate, so the relatively small cathode area will lead

to saturation of electron transfer, electrons cannot pass through

the limited Ti timely reduction of hydrogen ions, so that the

anode magnesium corrosion is mitigated. In addition, Esen et al.

(2016) also found that reducing the potential difference between

the two metals by alloying can also significantly attenuate the

galvanic corrosion in titanium-magnesium composites. They

found that the corrosion rate of Ti-6Al-4V/Mg composites

was lower than that of Ti/Mg composites because Ti, by

alloying with Al and V, effectively changed the

electrochemical potential of Ti, thus alleviating the galvanic

corrosion between the two metals in the composites. Unlike

Ti, the alloying of Mg should be kept cautiously, because the

electrochemical potential between different phases and

impurities of Mg alloy also produces potential difference, and

unreasonable alloying may lead to the cathodic center of Mg alloy

itself, which in turn will accelerate the corrosion rate of Mg phase

(Song and Atrens, 2003). Truncating the electron transfer

between metals is considered to be the most effective method

to inhabit electrocoupling corrosion. During the preparation of

titanium-magnesium composites, a layer of MgO film will be

produced at the interface of titanium and magnesium, this may

adversely affect the bond strength of the material, but the

continuous MgO layer will make an insulating layer between

Ti and Mg, thus blocking the electron transfer channel, avoiding

the occurrence of galvanic coupling corrosion and changing the

corrosion response of the material, which can effectively reduce

the corrosion rate of composite materials (Esen et al., 2013;

Ouyang et al., 2020).

Galvanic corrosion is the main form of corrosion in the first

stage of titanium-magnesium composites, with the degradation

of Mg, a layer of Mg (OH)2 will be formed on the surface of the

composite. Theoretically, this layer of Mg (OH)2 can hinder the

further reaction between the internal Mg and the solution (Lai

et al., 2022), but it is found that Mg (OH)2 only has a protective

effect when the pH is higher than 11.5 (Tsakiris et al., 2021). And

as a human implant, it tends to induce inflammation in the

tissues around the implant at the early stage of implantation, thus

creating an acidic environment (Liu Y. et al., 2021), which is

unfavorable to magnesium hydroxide. In addition, it is found

that when the chloride ion in the solution exceeds 30 mmol/L,

magnesium hydroxide will be gradually eroded by chloride ion

and further transformed into the more soluble MgCl2 (Zhao

et al., 2016), and there is still abundant chloride ion in human

body fluid. It will gradually erode this protective film of

magnesium hydroxide, so that it can expose the Mg inside the

matrix and promote the further dissolution of Mg. The specific

reaction is as follows.

Mg(OH)2 + 2Cl− → MgCl2 + 2OH− (4)
Mg + 2Cl− → MgCl2 + 2e− (5)

Soluble MgCl2 is converted to magnesium phosphate by a

series of reactions in a human environment rich in various ions

FIGURE 9
Surface morphology of the p-Ti/Mg composite after
immersion in Hanks’ solution for 10 min (Li et al., 2015).
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or in a solution that mimics the human environment.

Magnesium phosphate is then further reacted to produce

hydroxyapatite. These insoluble apatite components are

predicted to act as nucleation sites for the inward growth of

new bone after the implantation process, thereby improving bio-

compatibility and osseointegration standards (Heywood et al.,

2019; Zhou H. et al., 2021). The reactions are follows.

HPO2−
4 +OH− → PO3−

4 +H2O (6)

3Mg2+ + 2PO3−
4 → Mg3(PO4)2 ↓ (7)

10Ca2+ + 6PO3−
4 + 2OH− → Ca10(PO4)6(OH)2 ↓ (8)

Dynamic potential polarization testing is considered to be the

most direct electrochemical method to evaluate in vitro corrosion

processes. The corrosion potential and corrosion current of the

material can be obtained by Tafer extrapolation. In Table 1, the

corrosion potentials and corrosion currents of titanium-

magnesium composites with different compositions are given.

It can be seen that the corrosion potential of titanium-

magnesium composites decreases with increasing Mg content,

and the corrosion current increases rapidly with increasing Mg

content. However, according to the research of Ouyang et al.

(2020), the corrosion rate of Ti-30 Mg in SBF solution is higher

than that of Ti-20 Mg. Since Mg agglomerates with increasing

content during SPS preparation, the aggregation of Mg reduces

the contact area between Mg and Ti phases, thus weakening the

galvanic corrosion between Ti and Mg. Mg2+ concentrations of

Ti-20 Mg grow quicker than those of Ti-10 Mg and Ti-30 Mg in

the first 3 days, according to a follow-up study by Ouyang et al.

(2020), Mg2+ concentrations are high in the cathode area,

generating an ion cloud that obstructs the electrode process.

Traditionally, the corrosion resistance of the materials is

evaluated according to the grades in Table 2. According to the

classification in Table 2, the corrosion resistance of titanium-

magnesium composites is within the class 0–3. For magnesium

and magnesium alloys, the poor corrosion resistance means that

the rate of degradation is too fast and may face rapid failure of the

implant, but for titanium-magnesium composites, due to the

stable presence of titanium, even if magnesium degrades rapidly

after implantation, it will not cause the titanium-magnesium

composite to lose its proper mechanical support. Therefore, it is

not comprehensive to evaluate whether titanium-magnesium

composites have the possibility of implantation into human

body only by the rate of degradation. The bone repair process

in human implants consists of three phases: the inflammatory

phase, the repair phase and the remodeling phase (Chae et al.,

2020). The ideal bone repair scaffold degradation and tissue

repair curve is shown in Figure 10A. As time increases, the

scaffold gradually degrades and the mechanical support curve

TABLE 1 Corrosion properties of titanium-magnesium composites in simulated body fluids.

Sample Solution Corrosion current density
(mA/cm2)

Corrosion potential (V) References

Ti-10 Mg SBF 0.00546 ± 0.00064 −0.499 ± 0.0232 Ouyang et al. (2020)

Ti-20 Mg SBF 0.00349 ± 0.00052 −0.4289 ± 0.0148 Ouyang et al. (2020)

Ti-30 Mg SBF 0.00359 ± 0.0036 −0.5046 ± 0.0126 Ouyang et al. (2020)

Ti-5Mg SBF 0.0125 −0.970 Ouyang et al. (2020)

Ti-10 Mg SBF 0.0258 −1.312 Lai et al. (2022)

Ti-20 Mg SBF 0.0581 −1.427 Lai et al. (2022)

Ti-30 Mg SBF 0.479 −1.469 Lai et al. (2022)

Ti6Al4V-Mg Ringer’s 0.429 ± 0.12 −1.47 ± 0.30 Esen et al. (2020)

Ti6Al4V-AZ91 Ringer’s 0.367 ± 0.09 −1.44 ± 0.30 Esen et al. (2020)

Ti6Al4V-WE43 Ringer’s 0.381 ± 0.08 −1.45 ± 0.36 Esen et al. (2020)

Ti-50 Mg Ringer’s 1.90 −1.472 Esen et al. (2013)

Ti-60 Mg Ringer’s 1.57 −1.493 Esen et al. (2013)

Ti-70 Mg Ringer’s 1.07 −1.490 Esen et al. (2013)

Ti-80 Mg Ringer’s 1.12 −1.512 Esen et al. (2013)

TABLE 2 Conventional scale for assessing corrosion resistance
(Tsakiris et al., 2021).

Resistance icorr (mA/cm2) Stability group

Completely stable <0.001 4

Very stable 0.001–0.01 3

Stable 0.01–0.1 2

Low stable 0.1–1 1

Unstable >1 0
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decreases with time, while the curve of new tissue formation

gradually increases with time, and the two complement each

other, thus maintaining the mechanical support strength during

the bone repair process. However, the majority of existing

scaffolds have a changing mechanical support strength curve

after implantation as shown in Figure 10B. On the one hand, the

scaffold degrades quickly resulting in insufficient mechanical

support for the healing tissue formed initially; on the other hand,

the scaffold does not degrade or degrades too slowly, resulting in

the growth of new bone tissue being impeded and a stress

masking effect, leading to difficulties in providing sufficient

mechanical support for the new bone once the mechanical

properties of the scaffold are insufficient at a later stage, as

shown in Figure 10C. As titanium-magnesium composites are

partially degradable materials, only the surface Mg will be rapidly

degraded after implantation into the body, the exposed porous

structure of the titanium will provide mechanical support in the

form of a skeleton. The degradation of Mg in vivo also serves to

induce the formation of bone tissue, and the voids formed by the

degraded Mg also provide space for bone tissue to grow. From

this point of view, titanium-magnesium composites have an

advantage over other human implants that cannot be matched.

Negative effects of corrosion and
mitigation measures

The degradation of Mg and Mg alloys increases the OH−

concentration in the environment (Atrens et al., 2013), which can

lead to an increase of pH around the local implant tissues and

increase the risk of alkalosis in the human body. Esen et al. (2020)

found that the pH of a variety of titanium-magnesium

composites soaked in physiological solutions for up to 48 h

increased dramatically to 10 or even higher. High pH can lead

to severe internal injuries, but as mentioned earlier, the implant

induces inflammation in the tissues surrounding the implant

during the pre-implantation phase, creating an acidic

environment where these acids may neutralize the OH−

produced by the titanium-magnesium composite, which is

helpful for the body and the implant. In addition to the high

pH associated with the degradation of Mg, Ti at the cathode

precipitates large amounts of hydrogen gas (Cao et al., 2013). The

accumulation of large amounts of this hydrogen in the patient’s

body causes local discomfort rather than being harmful to the

tissue. Over time, this hydrogenmay be eliminated from the body

or can be eliminated by a puncture procedure (Brooks et al.,

2016). Although large amounts of hydrogen are not harmful to

humans, they are extremely harmful to the properties and

structure of the material. It has been found that excessive

hydrogen pressure can exceed the self-strength of porous

materials, causing the composite to lose its mechanical

integrity and eventually face failure (Esen et al., 2013). The

rapid corrosion rate of titanium-magnesium composites is a

major factor limiting their use in human implants. Reducing

the degradation of magnesium in composites is a pressing issue.

Surface modification is considered to be the most widely used

method to reduce the degradation rate of Mg-containing

materials. Surface modification can be achieved by mechanical

or chemical treatment. Chemical pre-washing can eliminate Mg

from the composite surface in advance, thus exposing the porous

structure, and this gradient composite has less effect on force

properties (Jiang et al., 2015), but these surface pores can act as

deep pockets for post-implantation bacterial infection (Weber

and Cochran, 1998), and this method cannot be applied to mass

production. Subsequently, Ibrahim et al. (2021) obtained flat,

smooth and undamaged surfaces by mechanical treatment with

grinding and polishing, and found that the degradation rate of

mechanically treated titanium-magnesium composites was

reduced by a factor of five compared to untreated ones. In

addition, Xu et al. (2021) successfully generated a layer of

oxide film on the surface of titanium-magnesium composites

by micro-arc oxidation. Subsequently they found that the

hydrogen precipitation rate of the micro-arc-oxidized

titanium-magnesium composites was alleviated, and the

degradation rate of the composites was significantly reduced.

The microarc oxidation technique can not only reduce the

FIGURE 10
Schematic diagram of themechanical support match between bone repair scaffold and tissue; green: red curves of scaffold implantation in vivo
degradation, tissue repair at bone defect site; (A) ideal condition; (B) too rapid scaffold degradation; (C) too slow scaffold degradation.

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Wang et al. 10.3389/fbioe.2022.996195

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.996195


corrosion rate of Mg phase in composites, but also stimulate the

adhesion, value addition and differentiation of cells on Ti phase

(Chen et al., 2019). Taken together, micro-arc oxidation

technology has a positive effect on both Ti and Mg phases in

titanium-magnesium composites, and it is one of the

technologies with more outstanding advantages in the surface

modification scheme of titanium-magnesium composites. The

human body is a complex chemical environment, and factors

such as inorganic ions, amino acids and oxidative stress reactions

in the human body may affect the degradation behavior of

magnesium. The effect of this environmental factor on the

corrosion rate of titanium-magnesium composites has not

been studied in depth, and these studies are necessary before

titanium-magnesium composites are implanted into the human

body as bio-implants.

Conclusion and future perspectives

This work summarizes the recent progress of titanium-

magnesium composites. Titanium-magnesium composites

have shown significant promise for orthopedic applications.

The titanium-magnesium composites have the following

advantages:

1) The E of the composite may be modified across an extensive

range by adjusting the titanium and magnesium composition

ratios. In contrast, the inclusion of magnesium compensates

for porous titanium’s probable lack of strength.

2) The addition of magnesium to the composites also addresses

titanium’s lack of bioactivity.

3) Magnesium decomposition increases bone tissue formation

and offers space for it to expand. The porous titanium in the

composite can give long-term mechanical support for bone

tissue growth.

The fabrication of partially degradable titanium-

magnesium composites shows promise from a processing

standpoint because all three preparation techniques

successfully combined titanium and magnesium and

displayed favorable properties that are either difficult to

obtain or impractical through conventional melting or

deformation processing. The mechanical properties of the

currently prepared titanium-magnesium composites can

meet the performance requirements of human implants, but

researchers are still exploring the development of titanium-

magnesium composites with lower E and higher UCS.

Researchers are attempting to create titanium-magnesium

composites with lower degradation rates from the

perspective of composition selection, such as by lowering the

surface volume share of magnesium in the composites and

creating titanium-magnesium composites using either titanium

alloys or magnesium alloys. Nevertheless, the partial

degradability and post-degradation strength of Ti-Mg

composites are advantageous for biological applications.

However, research on titanium-magnesium composites is

still in its early stages compared to that of titanium alloys,

stainless steel, and cobalt-based alloys. Before titanium-

magnesium composites may be used in biomedical domains,

much more work needs to be done. In order to consistently and

easily produce high-quality samples, novel preparation

techniques should be investigated and implemented. Second,

the current studies on the mechanical characteristics of

titanium-magnesium composites primarily focus on the E

test and few works looking into the compressive and tensile

properties performance, while studies on fatigue testing have

been noted to be insufficient. In addition, corrosion fatigue, a

complicated relationship between mechanical and corrosion

features in a body fluid environment, is still absent. Finally, the

relationship of mechanical behavior-corrosive properties-

porosity is not to be established.

Author contributions

JW and ZB conceived and wrote the article; CW discussed

and edited its contents; SZ: discussed and edited its contents and

provided funding acquisition; NW: discussed and edited its

contents; QW: discussed and edited its contents and provided

funding acquisition. YZ: discussed and edited its contents and

provided funding acquisition.

Funding

This work was supported by the Key Research Project from

Shenyang Science and Technology Funded Project (Nos. 22-101-

0-16, 19-109-1-03), Science and Technology Project of Liaoning

Province (2018020205-101), the Key Research and Development

Projects of Liaoning Province (2020020184-JH2/103).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Wang et al. 10.3389/fbioe.2022.996195

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.996195


References

Aguilar, C., Arancibia, M., Alfonso, I., Sancy, M., Tello, K., Salinas, V., et al.
(2019). Influence of porosity on the elastic modulus of Ti-Zr-Ta-Nb foams with a
low Nb content. Metals 9, 176. doi:10.3390/met9020176

Asri, R. I. M., Harun, W. S. W., Samykano, M., Lah, N. A. C., Ghani, S. A. C.,
Tarlochan, F., et al. (2017). Corrosion and surface modification on biocompatible
metals: A review.Mater. Sci. Eng. C 77, 1261–1274. doi:10.1016/j.msec.2017.04.102

Atrens, A., Song, G. L., Cao, F., Shi, Z., and Bowen, P. K. (2013). Advances in Mg
corrosion and research suggestions. J. Magnesium Alloys 1, 177–200. doi:10.1016/j.
jma.2013.09.003

Bahraminasab, M., Bozorg, M., Ghaffari, S., and Kavakebian, F. (2019).
Electrochemical corrosion of Ti-Al2O3 biocomposites in Ringer’s solution.
J. Alloys Compd. 777, 34–43. doi:10.1016/j.jallcom.2018.09.313

Balog, M., Ibrahim, A. M. H., Krizik, P., Bajana, O., Klimova, A., Catic, A., et al.
(2019). Bioactive Ti +Mg composites fabricated by powder metallurgy: The relation
between the microstructure and mechanical properties. J. Mech. Behav. Biomed.
Mat. 90, 45–53. doi:10.1016/j.jmbbm.2018.10.008

Balog, M., Snajdar, M., Krizik, P., Schauperl, Z., Stanec, Z., and Catic, A. (2017).
“Titanium-magnesium composite for dental implants (BIACOM),” in TMS 2017 146th
Annual Meeting & Exhibition Supplemental Proceedings, San Diego, CA: Springer
International Publishing, 271–284. doi:10.1007/978-3-319-51493-2_26

Brooks, E. K., Brooks, R. P., and Ehrensberger, M. T. (2017). Effects of simulated
inflammation on the corrosion of 316L stainless steel. Mater. Sci. Eng. C 71,
200–205. doi:10.1016/j.msec.2016.10.012

Brooks, E. K., Der, S., and Ehrensberger, M. T. (2016). Corrosion and mechanical
performance of AZ91 exposed to simulated inflammatory conditions. Mater. Sci.
Eng. C 60, 427–436. doi:10.1016/j.msec.2015.11.059

Bütev Öcal, E., Esen, Z., Aydınol, K., and Dericioğlu, A. F. (2020). Comparison of
the short and long-term degradation behaviors of as-cast pure Mg, AZ91 and
WE43 alloys. Mat. Chem. Phys. 241, 122350. doi:10.1016/j.matchemphys.2019.
122350

Cai, X. C., Song, J., Yang, T. T., Peng, Q. M., Huang, J. Y., and Shen, T. D. (2018).
A bulk nanocrystalline Mg-Ti alloy with high thermal stability and strength. Mat.
Lett. 210, 121–123. doi:10.1016/j.matlet.2017.09.021

Cao, F., Shi, Z., Hofstetter, J., Uggowitzer, P. J., Song, G., Liu, M., et al. (2013).
Corrosion of ultra-high-purity Mg in 3.5% NaCl solution saturated with Mg(OH)2.
Corros. Sci. 75, 78–99. doi:10.1016/j.corsci.2013.05.018

Carman, A., Zhang, L. C., Ivasishin, O. M., Savvakin, D. G., Matviychuk, M. V.,
and Pereloma, E. V. (2011). Role of alloying elements in microstructure evolution
and alloying elements behaviour during sintering of a near-β titanium alloy.Mater.
Sci. Eng. A 528, 1686–1693. doi:10.1016/j.msea.2010.11.004

Chae, K., Jang, W. Y., Park, K., Lee, J., Kim, H., Lee, K., et al. (2020). Antibacterial
infection and immune-evasive coating for orthopedic implants. Sci. Adv. 6,
eabb0025. doi:10.1126/sciadv.abb0025

Chen, F. M., and Liu, X. (2016). Advancing biomaterials of human origin for
tissue engineering. Prog. Polym. Sci. 53, 86–168. doi:10.1016/j.progpolymsci.2015.
02.004

Chen, J., Li, J., Hu, F., Zou, Q., Mei, Q., Li, S., et al. (2019). Effect of microarc
oxidation-treated Ti6Al4V scaffold following low-intensity pulsed ultrasound
stimulation on osteogenic cells in vitro. ACS Biomater. Sci. Eng. 5, 572–581.
doi:10.1021/acsbiomaterials.8b01000

Chen, Q., and Thouas, G. A. (2015). Metallic implant biomaterials. Mater. Sci.
Eng. R Rep. 87, 1–57. doi:10.1016/j.mser.2014.10.001

Chi, F., Wießner, L., Gröb, T., Bruder, E., Sawatzki, S., Löwe, K., et al. (2019).
Towards manufacturing of Nd-Fe-B magnets by continuous rotary swaging of cast
alloy. J. Magn. Magn. Mat. 490, 165405. doi:10.1016/j.jmmm.2019.165405

Dutta, S., Gupta, S., and Roy, M. (2020). Recent developments in magnesium
metal-matrix composites for biomedical applications: A review. ACS Biomater. Sci.
Eng. 6, 4748–4773. doi:10.1021/acsbiomaterials.0c00678

Esen, Z., Butev, E., and Karakas, M. S. (2016). A comparative study on
biodegradation and mechanical properties of pressureless infiltrated Ti/Ti6Al4V-
Mg composites. J. Mech. Behav. Biomed. Mat. 63, 273–286. doi:10.1016/j.jmbbm.
2016.06.026

Esen, Z., Dikici, B., Duygulu, O., and Dericioglu, A. F. (2013). Titanium-
magnesium based composites: Mechanical properties and in-vitro corrosion
response in Ringer’s solution. Mater. Sci. Eng. A 573, 119–126. doi:10.1016/j.
msea.2013.02.040

Esen, Z., Öcal, E. B., Akkaya, A., Gürçay, B., Özcan, C., Özgümüş, B. A., et al.
(2020). Corrosion behaviours of Ti6Al4V-Mg/Mg-Alloy composites. Corros. Sci.
166, 108470. doi:10.1016/j.corsci.2020.108470

Fage, S. W., Muris, J., Jakobsen, S. S., and Thyssen, J. P. (2016). Titanium: A
review on exposure, release, penetration, allergy, epidemiology, and clinical
reactivity. Contact Dermat. 74, 323–345. doi:10.1111/cod.12565

Fan, D. Y., Yi, Z., Feng, X., Tian, W. Z., Xu, D. K., Cristino Valentino, A. M., et al.
(2021). Antibacterial property of a gradient Cu-bearing titanium alloy by laser
additive manufacturing. Rare Met. 41, 580–593. doi:10.1007/s12598-021-01826-w

Gepreel, M. A. H., and Niinomi, M. (2013). Biocompatibility of Ti-alloys for long-
term implantation. J. Mech. Behav. Biomed. Mat. 20, 407–415. doi:10.1016/j.jmbbm.
2012.11.014

Hao, Y. L., Li, S. J., Sun, S. Y., Zheng, C. Y., and Yang, R. (2007). Elastic
deformation behaviour of Ti-24Nb-4Zr-7.9Sn for biomedical applications. Acta
Biomater. 3, 277–286. doi:10.1016/j.actbio.2006.11.002

Heywood, M., Shi, Z., Li, Y., Wen, C., Kanwar, J., Xiao, Y., et al. (2019). Corrosion
of porous Ti35Zr28Nb in Hanks’ solution and 3.5 wt% NaCl. Mater. Corros. 70,
529–536. doi:10.1002/maco.201810423

Hu, Z. Y., Zhang, Z. H., Cheng, X. W., Wang, F. C., Zhang, Y. F., and Li, S. L.
(2020). A review of multi-physical fields induced phenomena and effects in spark
plasma sintering: Fundamentals and applications. Mat. Des. 191, 108662. doi:10.
1016/j.matdes.2020.108662

Ibrahim, A. M. H., Balog, M., Krizik, P., Novy, F., Cetin, Y., Svec, P., et al. (2020).
Partially biodegradable Ti-based composites for biomedical applications subjected
to intense and cyclic loading. J. Alloys Compd. 839, 155663. doi:10.1016/j.jallcom.
2020.155663

Ibrahim, A. M. H., Takacova, M., Jelenska, L., Csaderova, L., Balog, M., Kopacek,
J., et al. (2021). The effect of surface modification of TiMg composite on the in-vitro
degradation response, cell survival, adhesion, and proliferation. Mater. Sci. Eng. C
127, 112259. doi:10.1016/j.msec.2021.112259

Jiang, G., Li, Q., Wang, C., Dong, J., and He, G. (2015). Fabrication of graded
porous titanium-magnesium composite for load-bearing biomedical applications.
Mat. Des. 67, 354–359. doi:10.1016/j.matdes.2014.12.001

Jiang, S., Huang, L. J., An, Q., Geng, L., Wang, X. J., andWang, S. (2018). Study on
titanium-magnesium composites with bicontinuous structure fabricated by powder
metallurgy and ultrasonic infiltration. J. Mech. Behav. Biomed. Mat. 81, 10–15.
doi:10.1016/j.jmbbm.2018.02.017

Khodaei, M., Fathi, M., Meratian, M., and Savabi, O. (2018). The effect of porosity
on the mechanical properties of porous titanium scaffolds: Comparative study on
experimental and analytical values. Mat. Res. Express 5, 055401. doi:10.1088/2053-
1591/aabfa2

Koh, J., Berger, A., and Benhaim, P. (2015). An overview of internal fixation
implant metallurgy and galvanic corrosion effects. J. Hand Surg. Br. 40,
1703–1710.e4. doi:10.1016/j.jhsa.2015.03.030

Koizumi, H., Ishii, T., Okazaki, T., Kaketani, M., Matsumura, H., and Yoneyama,
T. (2018). Castability andmechanical properties of Ti-15Mo-5Zr-3Al alloy in dental
casting. J. Oral Sci. 60, 285–292. doi:10.2334/josnusd.17-0280

Kunčická, L., Kocich, R., and Lowe, T. C. (2017). Advances in metals and alloys
for joint replacement. Prog. Mat. Sci. 88, 232–280. doi:10.1016/j.pmatsci.2017.
04.002

Kunčická, L., Macháčková, A., Lavery, N. P., Kocich, R., Cullen, J. C. T., and
Hlaváč, L. M. (2020). Effect of thermomechanical processing via rotary swaging on
properties and residual stress within tungsten heavy alloy. Int. J. Refract. Met. Hard
Mat. 87, 105120. doi:10.1016/j.ijrmhm.2019.105120

Lai, T., Xu, J. L., Huang, J., Wang, Q., Zhang, J. P., and Luo, J. M. (2022). Partially
biodegradable Ti Mg composites prepared by microwave sintering for biomedical
application. Mat. Charact. 185, 111748. doi:10.1016/j.matchar.2022.111748

Li, Q., Jiang, G., Wang, C., Dong, J., and He, G. (2015). Mechanical degradation of
porous titanium with entangled structure filled with biodegradable magnesium in
Hanks’ solution. Mater. Sci. Eng. C 57, 349–354. doi:10.1016/j.msec.2015.08.008

Li, Y., Yang, C., Zhao, H., Qu, S., Li, X., and Li, Y. (2014). New developments of
Ti-based alloys for biomedical applications. Materials 7, 1709–1800. doi:10.3390/
ma7031709

Liang, G., and Schulz, R. (2003). Synthesis of Mg-Ti alloy by mechanical alloying.
J. Mat. Sci. 38, 1179–1184. doi:10.1023/A:1022889100360

Liang, L., Huang, Q., Wu, H., Ouyang, Z., Liu, T., He, H., et al. (2021). Stimulation
of in vitro and in vivo osteogenesis by Ti-Mg alloys with the sustained-release
function of magnesium ions. Colloids Surfaces B Biointerfaces 197, 111360. doi:10.
1016/j.colsurfb.2020.111360

Liu, W., Liu, S., andWang, L. (2019). Surface modification of biomedical titanium
alloy: Micromorphology, microstructure evolution and biomedical applications.
Coatings 9, 249. doi:10.3390/coatings9040249

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Wang et al. 10.3389/fbioe.2022.996195

https://doi.org/10.3390/met9020176
https://doi.org/10.1016/j.msec.2017.04.102
https://doi.org/10.1016/j.jma.2013.09.003
https://doi.org/10.1016/j.jma.2013.09.003
https://doi.org/10.1016/j.jallcom.2018.09.313
https://doi.org/10.1016/j.jmbbm.2018.10.008
https://doi.org/10.1007/978-3-319-51493-2_26
https://doi.org/10.1016/j.msec.2016.10.012
https://doi.org/10.1016/j.msec.2015.11.059
https://doi.org/10.1016/j.matchemphys.2019.122350
https://doi.org/10.1016/j.matchemphys.2019.122350
https://doi.org/10.1016/j.matlet.2017.09.021
https://doi.org/10.1016/j.corsci.2013.05.018
https://doi.org/10.1016/j.msea.2010.11.004
https://doi.org/10.1126/sciadv.abb0025
https://doi.org/10.1016/j.progpolymsci.2015.02.004
https://doi.org/10.1016/j.progpolymsci.2015.02.004
https://doi.org/10.1021/acsbiomaterials.8b01000
https://doi.org/10.1016/j.mser.2014.10.001
https://doi.org/10.1016/j.jmmm.2019.165405
https://doi.org/10.1021/acsbiomaterials.0c00678
https://doi.org/10.1016/j.jmbbm.2016.06.026
https://doi.org/10.1016/j.jmbbm.2016.06.026
https://doi.org/10.1016/j.msea.2013.02.040
https://doi.org/10.1016/j.msea.2013.02.040
https://doi.org/10.1016/j.corsci.2020.108470
https://doi.org/10.1111/cod.12565
https://doi.org/10.1007/s12598-021-01826-w
https://doi.org/10.1016/j.jmbbm.2012.11.014
https://doi.org/10.1016/j.jmbbm.2012.11.014
https://doi.org/10.1016/j.actbio.2006.11.002
https://doi.org/10.1002/maco.201810423
https://doi.org/10.1016/j.matdes.2020.108662
https://doi.org/10.1016/j.matdes.2020.108662
https://doi.org/10.1016/j.jallcom.2020.155663
https://doi.org/10.1016/j.jallcom.2020.155663
https://doi.org/10.1016/j.msec.2021.112259
https://doi.org/10.1016/j.matdes.2014.12.001
https://doi.org/10.1016/j.jmbbm.2018.02.017
https://doi.org/10.1088/2053-1591/aabfa2
https://doi.org/10.1088/2053-1591/aabfa2
https://doi.org/10.1016/j.jhsa.2015.03.030
https://doi.org/10.2334/josnusd.17-0280
https://doi.org/10.1016/j.pmatsci.2017.04.002
https://doi.org/10.1016/j.pmatsci.2017.04.002
https://doi.org/10.1016/j.ijrmhm.2019.105120
https://doi.org/10.1016/j.matchar.2022.111748
https://doi.org/10.1016/j.msec.2015.08.008
https://doi.org/10.3390/ma7031709
https://doi.org/10.3390/ma7031709
https://doi.org/10.1023/A:1022889100360
https://doi.org/10.1016/j.colsurfb.2020.111360
https://doi.org/10.1016/j.colsurfb.2020.111360
https://doi.org/10.3390/coatings9040249
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.996195


Liu, X., Yuan, W., Shen, D., Cheng, Y., Chen, D., and Zheng, Y. (2021). Exploring
the biodegradation of pure Zn under simulated inflammatory condition. Corros. Sci.
189, 109606. doi:10.1016/j.corsci.2021.109606

Liu, Y., Yu, Q., Tan, G., Zhang, M., Tang, E., Wang, S., et al. (2021). Bioinspired
fish-scale-like magnesium composites strengthened by contextures of continuous
titanium fibers: Lessons from nature. J. Magnes. Alloy. doi:10.1016/j.jma.2021.
06.023

Maier, H. J., Julmi, S., Behrens, S., Klose, C., Gartzke, A.-K., Wriggers, P., et al.
(2020). Magnesium alloys for open-pored bioresorbable implants. Jom 72,
1859–1869. doi:10.1007/s11837-020-04078-8

Makkar, P., Sarkar, S. K., Padalhin, A. R., Moon, B. G., Lee, Y. S., and Lee, B. T.
(2018). In vitro and in vivo assessment of biomedical Mg-Ca alloys for bone implant
applications. J. Appl. Biomater. Funct. Mat. 16, 126–136. doi:10.1177/
2280800017750359

Mas Ayu, H., Daud, R., Kurniawan, T., Alias, J., Izman, S., Shah, A., et al. (2019).
Improving biocompatibility of cobalt based alloy using chemical etching and
mechanical treatment. Materwiss. Werksttech. 50, 254–259. doi:10.1002/mawe.
201800210

Meenashisundaram, G. K., Wang, N., Maskomani, S., Lu, S., Anantharajan, S. K.,
Dheen, S. T., et al. (2020). Fabrication of Ti + Mg composites by three-dimensional
printing of porous Ti and subsequent pressureless infiltration of biodegradable Mg.
Mater. Sci. Eng. C 108, 110478. doi:10.1016/j.msec.2019.110478

Narita, K., Niinomi, M., Nakai, M., Hieda, J., and Oribe, K. (2012). Development
of thermo-mechanical processing for fabricating highly durable β-type
Ti–Nb–Ta–Zr rod for use in spinal fixation devices. J. Mech. Behav. Biomed.
Mat. 9, 207–216. doi:10.1016/j.jmbbm.2012.01.011

Ouyang, S., Liu, Y., Huang, Q., Gan, Z., and Tang, H. (2020). Effect of
composition on in vitro degradability of Ti-Mg metal-metal composites. Mater.
Sci. Eng. C 107, 110327. doi:10.1016/j.msec.2019.110327

Pellizzari, M., Jam, A., Tschon, M., Fini, M., Lora, C., and Benedetti, M. (2020). A
3D-printed ultra-low young’s modulus beta-Ti alloy for biomedical applications.
Materials 13, 2792. doi:10.3390/ma13122792

Qazi, J. I., Marquardt, B., Allard, L. F., and Rack, H. J. (2005). Phase
transformations in Ti–35Nb–7Zr–5Ta–(0.06–0.68)O alloys. Mater. Sci. Eng. C
25, 389–397. doi:10.1016/j.msec.2005.01.022

Rivera-Salinas, J. E., Gregorio-Jáuregui, K. M., Romero-Serrano, J. A., Cruz-
Ramírez, A., Hernández-Hernández, E., Miranda-Pérez, A., et al. (2020). Simulation
on the effect of porosity in the elastic modulus of SiC particle reinforced Al matrix
composites. Metals 10, 391. doi:10.3390/met10030391

Rodriguez-Merchan, E. C. (2022). Bone healing materials in the treatment of
recalcitrant nonunions and bone defects. Int. J. Mol. Sci. 23, 3352. doi:10.3390/
ijms23063352

Song, G., and Atrens, A. (2003). Understanding magnesium corrosion—a
framework for improved alloy performance. Adv. Eng. Mat. 5, 837–858. doi:10.
1002/adem.200310405

Strunz, P., Kocich, R., Canelo-Yubero, D., Machackova, A., Beran, P., and Kratka,
L. (2020). Texture and differential stress development in W/Ni-Co composite after
rotary swaging. Materials 13, 2869. doi:10.3390/ma13122869

Su, J. L., Teng, J., Xu, Z. L., and Li, Y. (2020). Biodegradable magnesium-matrix
composites: A review. Int. J. Min. Metall. Mat. 27, 724–744. doi:10.1007/s12613-
020-1987-2

Taddei, E. B., Henriques, V. A. R., Silva, C. R. M., and Cairo, C. A. A. (2004).
Production of new titanium alloy for orthopedic implants. Mater. Sci. Eng. C 24,
683–687. doi:10.1016/j.msec.2004.08.011

Tamilselvi, S., Raman, V., and Rajendran, N. (2006). Corrosion behaviour of Ti-
6Al-7Nb and Ti-6Al-4V ELI alloys in the simulated body fluid solution by
electrochemical impedance spectroscopy. Electrochim. Acta 52, 839–846. doi:10.
1016/j.electacta.2006.06.018

Tang, J., Luo, H., Qi, Y., Xu, P., Lv, J., Ma, Y., et al. (2018). Effect of nano-scale
martensite and β phase on the passive film formation and electrochemical
behaviour of Ti-10V-2Fe-3Al alloy in 3.5% NaCl solution. Electrochim. Acta
283, 1300–1312. doi:10.1016/j.electacta.2018.07.047

Teo, A. Q. A., Yan, L., Chaudhari, A., and O’Neill, G. K. (2021). Post-processing
and surface characterization of additively manufactured stainless steel 316L lattice:
Implications for BioMedical use. Materials 14, 1376. doi:10.3390/ma14061376

Tiyyagura, H. R., Puliyalil, H., Filipič, G., Kumar, K. C., Pottathara, Y. B., Rudolf,
R., et al. (2020). Corrosion studies of plasma modified magnesium alloy in
simulated body fluid (SBF) solutions. Surf. Coat. Technol. 385, 125434. doi:10.
1016/j.surfcoat.2020.125434

Tsakiris, V., Tardei, C., and Clicinschi, F. M. (2021). Biodegradable Mg alloys for
orthopedic implants — a review. J. Magnesium Alloys 9, 1884–1905. doi:10.1016/j.
jma.2021.06.024

Vrancken, B., Thijs, L., Kruth, J. P., and Van Humbeeck, J. (2012). Heat treatment
of Ti6Al4V produced by selective laser melting: Microstructure and mechanical
properties. J. Alloys Compd. 541, 177–185. doi:10.1016/j.jallcom.2012.07.022

Wang, Y. Q., Tao, J., Zhang, J. L., and Wang, T. (2011). Effects of addition of
NH4HCO3 on pore characteristics and compressive properties of porous Ti-10%
Mg composites. Trans. Nonferrous Metals Soc. China 21, 1074–1079. doi:10.1016/
S1003-6326(11)60824-8

Weber, H. P., and Cochran, D. L. (1998). The soft tissue response to
osseointegrated dental implants. J. Prosthet. Dent. 79, 79–89. doi:10.1016/S0022-
3913(98)70198-2

Witte, F., Kaese, V., Haferkamp, H., Switzer, E., Meyer-Lindenberg, A.,
Wirth, C. J., et al. (2005). In vivo corrosion of four magnesium alloys and the
associated bone response. Biomaterials 26, 3557–3563. doi:10.1016/j.
biomaterials.2004.09.049

Wong, M. H., and Man, H. C. (2018). Low-temperature fabrication of Ag-doped
HA coating on NiTi. Mat. Lett. 229, 229–231. doi:10.1016/j.matlet.2018.07.003

Wu, C. L., Zai, W., and Man, H. C. (2021). Additive manufacturing of
ZK60 magnesium alloy by selective laser melting: Parameter optimization,
microstructure and biodegradability. Mat. Today Commun. 26, 101922. doi:10.
1016/j.mtcomm.2020.101922

Wu, G., Ibrahim, J. M., and Chu, P. K. (2013). Surface design of biodegradable
magnesium alloys A review. Surf. Coat. Technol. 233, 2–12. doi:10.1016/j.surfcoat.
2012.10.009

Xu, J. L., Tang, J., Hu, J., Zhang, J. L., Luo, J. M., Hao, G. D., et al. (2021).
Microstructure, degradation properties and cytocompatibility of micro-arc
oxidation coatings on the microwave sintered Ti-15Mg metal-metal composite.
J. Mat. Res. Technol. 11, 1654–1664. doi:10.1016/j.jmrt.2021.02.004

Yan, X., Li, Q., Yin, S., Chen, Z., Jenkins, R., Chen, C., et al. (2019). Mechanical
and in vitro study of an isotropic Ti6Al4V lattice structure fabricated using selective
laser melting. J. Alloys Compd. 782, 209–223. doi:10.1016/j.jallcom.2018.12.220

Yao, F., You, G., Wang, L., Li, Q., Zeng, S., and Ming, Y. (2022). Design,
fabrication, microstructure, and mechanical properties of interlayer-free vacuum
diffusion bonding Mg/Ti composites. Vacuum 199, 110947. doi:10.1016/j.vacuum.
2022.110947

Yi, Z., Liu, Y., Ma, Y. D., Liu, Z. G., Sun, H., Zhou, X., et al. (2021). Surface
treatment of 3D printed Cu-bearing Ti alloy scaffolds for application in tissue
engineering. Mat. Des. 213, 110350. doi:10.1016/j.matdes.2021.110350

Yu, F., Addison, O., and Davenport, A. J. (2015). A synergistic effect of albumin
and H2O2 accelerates corrosion of Ti6Al4V. Acta Biomater. 26, 355–365. doi:10.
1016/j.actbio.2015.07.046

Zach, L., Kuncicka, L., Ruzicka, P., and Kocich, R. (2014). Design, analysis and
verification of a knee joint oncological prosthesis finite element model. Comput.
Biol. Med. 54, 53–60. doi:10.1016/j.compbiomed.2014.08.021

Zeller-Plumhoff, B., Tolnai, D., Wolff, M., Greving, I., Hort, N., and
Willumeit-Römer, R. (2021). Utilizing synchrotron radiation for the
characterization of biodegradable magnesium alloys—from alloy
development to the application as implant material. Adv. Eng. Mat. 23,
2100197. doi:10.1002/adem.202100197

Zhang, L., Yang, G., Johnson, B. N., and Jia, X. (2019). Three-dimensional (3D)
printed scaffold and material selection for bone repair. Acta Biomater. 84, 16–33.
doi:10.1016/j.actbio.2018.11.039

Zhang, M., Zhao, N., Yu, Q., Liu, Z., Qu, R., Zhang, J., et al. (2022). On the damage
tolerance of 3-D printed Mg-Ti interpenetrating-phase composites with bioinspired
architectures. Nat. Commun. 13, 3247. doi:10.1038/s41467-022-30873-9

Zhang, Y. S., Hu, J. J., Zhang, W., Yu, S., Yu, Z. T., Zhao, Y. Q., et al. (2019).
Discontinuous core-shell structured Ti-25Nb-3Mo-3Zr-2Sn alloy with high
strength and good plasticity. Mat. Charact. 147, 127–130. doi:10.1016/j.matchar.
2018.10.021

Zhao, C., Wu, H., Hou, P., Ni, J., Han, P., and Zhang, X. (2016). Enhanced
corrosion resistance and antibacterial property of Zn doped DCPD coating on
biodegradable Mg. Mat. Lett. 180, 42–46. doi:10.1016/j.matlet.2016.04.035

Zhou, H., Liang, B., Jiang, H., Deng, Z., and Yu, K. (2021). Magnesium-based
biomaterials as emerging agents for bone repair and regeneration: Frommechanism
to application. J. Magnesium Alloys 9, 779–804. doi:10.1016/j.jma.2021.03.004

Zhou, L., Chen, J., Huang, W., Ren, Y., Niu, Y., and Yuan, T. (2021). Effects of Ta
content on phase transformation in selective laser melting processed Ti-13Nb-13Zr
alloy and its correlation with elastic properties. Vacuum 183, 109798. doi:10.1016/j.
vacuum.2020.109798

Zhou, X., Xu, D., Geng, S., Fan, Y., Yang, C., Wang, Q., et al. (2021).
Microstructural evolution and corrosion behavior of Ti-6Al-4V alloy fabricated
by laser metal deposition for dental applications. J. Mat. Res. Technol. 14,
1459–1472. doi:10.1016/j.jmrt.2021.07.006

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Wang et al. 10.3389/fbioe.2022.996195

https://doi.org/10.1016/j.corsci.2021.109606
https://doi.org/10.1016/j.jma.2021.06.023
https://doi.org/10.1016/j.jma.2021.06.023
https://doi.org/10.1007/s11837-020-04078-8
https://doi.org/10.1177/2280800017750359
https://doi.org/10.1177/2280800017750359
https://doi.org/10.1002/mawe.201800210
https://doi.org/10.1002/mawe.201800210
https://doi.org/10.1016/j.msec.2019.110478
https://doi.org/10.1016/j.jmbbm.2012.01.011
https://doi.org/10.1016/j.msec.2019.110327
https://doi.org/10.3390/ma13122792
https://doi.org/10.1016/j.msec.2005.01.022
https://doi.org/10.3390/met10030391
https://doi.org/10.3390/ijms23063352
https://doi.org/10.3390/ijms23063352
https://doi.org/10.1002/adem.200310405
https://doi.org/10.1002/adem.200310405
https://doi.org/10.3390/ma13122869
https://doi.org/10.1007/s12613-020-1987-2
https://doi.org/10.1007/s12613-020-1987-2
https://doi.org/10.1016/j.msec.2004.08.011
https://doi.org/10.1016/j.electacta.2006.06.018
https://doi.org/10.1016/j.electacta.2006.06.018
https://doi.org/10.1016/j.electacta.2018.07.047
https://doi.org/10.3390/ma14061376
https://doi.org/10.1016/j.surfcoat.2020.125434
https://doi.org/10.1016/j.surfcoat.2020.125434
https://doi.org/10.1016/j.jma.2021.06.024
https://doi.org/10.1016/j.jma.2021.06.024
https://doi.org/10.1016/j.jallcom.2012.07.022
https://doi.org/10.1016/S1003-6326(11)60824-8
https://doi.org/10.1016/S1003-6326(11)60824-8
https://doi.org/10.1016/S0022-3913(98)70198-2
https://doi.org/10.1016/S0022-3913(98)70198-2
https://doi.org/10.1016/j.biomaterials.2004.09.049
https://doi.org/10.1016/j.biomaterials.2004.09.049
https://doi.org/10.1016/j.matlet.2018.07.003
https://doi.org/10.1016/j.mtcomm.2020.101922
https://doi.org/10.1016/j.mtcomm.2020.101922
https://doi.org/10.1016/j.surfcoat.2012.10.009
https://doi.org/10.1016/j.surfcoat.2012.10.009
https://doi.org/10.1016/j.jmrt.2021.02.004
https://doi.org/10.1016/j.jallcom.2018.12.220
https://doi.org/10.1016/j.vacuum.2022.110947
https://doi.org/10.1016/j.vacuum.2022.110947
https://doi.org/10.1016/j.matdes.2021.110350
https://doi.org/10.1016/j.actbio.2015.07.046
https://doi.org/10.1016/j.actbio.2015.07.046
https://doi.org/10.1016/j.compbiomed.2014.08.021
https://doi.org/10.1002/adem.202100197
https://doi.org/10.1016/j.actbio.2018.11.039
https://doi.org/10.1038/s41467-022-30873-9
https://doi.org/10.1016/j.matchar.2018.10.021
https://doi.org/10.1016/j.matchar.2018.10.021
https://doi.org/10.1016/j.matlet.2016.04.035
https://doi.org/10.1016/j.jma.2021.03.004
https://doi.org/10.1016/j.vacuum.2020.109798
https://doi.org/10.1016/j.vacuum.2020.109798
https://doi.org/10.1016/j.jmrt.2021.07.006
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.996195

	Progress in partially degradable titanium-magnesium composites used as biomedical implants
	Introduction
	Processing methods
	Infiltration casting
	Powder metallurgy
	Hot rotary swaging

	Mechanical properties
	Degradation performance
	Degradation behavior
	Negative effects of corrosion and mitigation measures

	Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


