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Abstract

Biodegradable metals such as magnesium (Mg) and its alloys have attracted extensive attention in biomedical research due to their
excellent mechanical properties and biodegradability. However, traditional casting, extrusion, and commercial processing have limitations
in manufacturing components with a complex shape/structure, and these processes may produce defects such as cavities and gas pores
which can degrade the properties and usefulness of the products. Compared to conventional techniques, additive manufacturing (AM) can
be used to precisely control the geometry of workpieces made of different Mg-based materials with multiple geometric scales and produce
desirable medical products for orthopedics, dentistry, and other fields. However, a detailed and thorough understanding of the raw materials,
manufacturing processes, properties, and applications is required to foster the production of commercial Mg-based biomedical components
by AM. This review summarizes recent advances and important issues pertaining to AM of Mg-based biomedical products and discusses
future development and application trends.
© 2023 Chongging University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction cobalt-based alloys [3], and titanium-based alloys [4], which
possess higher strength and better physical properties than
most medical polymers and ceramics, but can introduce risks
such as stress shielding and inflammation [5]. In fact, the
roles of surgical implants and devices such as internal fixation
plates, bone screws, intramedullary nails, surgical sutures, and

vascular stents are temporary, that is, until tissue recovery.

Bone trauma, bone tumors, and skeletal deformities are
becoming more prevalent as a result of the aging baby boomer
generation and consequently, demand for surgical implants is
on the rise globally. Although human bones can regrow, it
is difficult for some severe fractures and defects to heal on

their own and artificial intervention may be necessary [1].
The mainstream orthopedic implants are normally made of
non-degradable metallic materials such as stainless steels [2],
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In this respect, materials that degrade naturally in vivo offer
economic benefits and reduce patient trauma because a second
surgery to remove the implants can be obviated [6,7].

The ideal orthopedic implants should have mechanical
properties resembling those of natural bones in addition to
acceptable biocompatibility [8,9]. Furthermore, they must
provide sufficient mechanical support while avoiding stress
shielding and breaking down at acceptable rates during bone
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regeneration [10]. Magnesium (Mg) and Mg alloys are de-
sirable biodegradable materials for the following reasons: (1)
Safe degradation in vivo [11]; (2) Mechanical properties more
similar to those of human bones than nondegradable metals
such as stainless steels and titanium alloys; (3) Reduction of
stress shielding due to mismatch of elastic moduli [12]; (4)
Excellent biocompatibility because Mg is one of the essential
elements in bone tissues and activates many metabolic en-
zymes [13]; (5) Excellent osteoinductive and osteogenic prop-
erties [14,15].

Nowadays, products of Mg and Mg alloys are commonly
processed by casting, forging, and other traditional thermal
processing methods [16]. Although the specific strength of
the Mg products by traditional manufacturing techniques is
quite high, their yield limit are low making them inadequate
to support large loads, and casting can produce defects such as
cracks and shrinkage [17]. In addition, because of the poor
processing properties [18] and low forming efficiency [19],
it is difficult to produce complex Mg-based structural prod-
ucts using traditional manufacturing methods. Hence, better
manufacturing techniques are highly desirable. Additive man-
ufacturing (AM) of Mg products is of growing interest due
to the unique design capabilities AM offers as well as the
unknown properties of the materials. Compared to traditional
subtractive manufacturing or mold manufacturing, AM has the
following advantages: (1) Effective simplification of molding
processes and shortening of production cycles; (2) Materi-
als and energy saving, environmental friendliness, and reduc-
tion of manufacturing and labor costs; (3) Flexible compo-
nent structure and shape which would otherwise be difficult
by conventional methods [20]. For instance, complex porous
structures with both internal and external connectivity can be
fabricated using AM technology, which also promotes cell
adhesion, proliferation, and bone regeneration in biomedical
applications [21,22].

Nevertheless, research on the application of AM to Mg-
based products has been limited so far mainly due to the high
reactivity of Mg, which leads to uncontrollable oxidation in
its pure form and the products must be stored in an environ-
ment that prevents exposure to oxygen [23]. Both powders
and wires are common raw materials for AM but in these
forms, the surface energy is high, thus raising the risk of re-
acting with atmospheric oxygen and causing combustion. To
date, investigations of Mg-based AM products are insufficient.
This article provides a comprehensive review of Mg-based
AM products from the aspects of raw materials, processing
methods, properties, and applications, and future applications
and development are also discussed. Our aim is to provide
guidance and reference for the application of Mg-based AM
products to biomedicine.

2. Raw materials for Mg-based AM
2.1. Powders

Production of Mg powders poses a significant risk of ex-
plosion and there are only a few companies engaged in com-

Fig. 1. Schematic of gas atomization equipment: (a) VIGA and (B) EIGA
[30].

mercial production. Currently, the main products are pure Mg,
AZ91D, and WE43 powders. However, owing to the biologi-
cal toxicity of Al in the AZ91D alloy, only the pure Mg and
WEA43 powders are suitable for AM of biodegradable Mg-
based implants [24]. The preparation methods of Mg pow-
ders involve primarily mechanical crushing and atomization
techniques. As the optimal particle size range of biodegrad-
able metal implants produced by AM is between 20 um and
70 wm and the mechanical method produces powders with
larger particle sizes, most AM Mg-based powders are pro-
duced by gas atomization [25,26].

Gas atomization performed in a high-pressure air stream is
employed to break the molten metal stream into small droplets
and condense them into powders [27]. Common techniques
are vacuum induction melting gas atomization (VIGA) with
crucibles and electrode induction melting inert gas atomiza-
tion (EIGA) without crucibles [28,29]. As shown in Fig. 1,
the former is mainly utilized to produce stainless steel and
nickel-based alloy powders, while the latter is more suitable
for reactive metals such as Mg alloys[30]. Gas atomization
has advantages such as high purity, little oxidation, control-
lable powder size, good sphericity, low environmental impact,
and fast cooling, but the preparation process requires pro-
tection by argon thus increasing the cost [31,32]. Shanghai
Jiao Tong University, in collaboration with Tangshan Wei-
hao Mg Power Co., Ltd., has produced Mg-Nd-Zn-Zr alloy
(JDBM) powders by gas atomization. The powders have a
smooth surface, excellent roundness, and a particle size range
of 50~75 wm (Fig. 2) [24].

2.2. Wires

On account of the hexagonal close-packed structure, Mg
has the limited plastic deformation ability at room tempera-
ture. [33]. In order to improve the ductility of Mg-based ma-
terials, large plastic deformation is necessary [16,34]. It has
been shown that when the heat treatment temperature exceeds
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Fig. 2. JDBM powders produced by gas atomization [24].

Fig. 3. Hot extrusion device of Mg [37].

220 degrees, additional sliding surfaces will be generated,
leading to a brittle ductile transition that improves the plas-
tic deformability [35]. Therefore, Mg and its alloy wires are
generally produced by hot extrusion at 300~500 °C followed
by a second precision hot working process at 100~300 °C.
In addition, to produce high-quality and shiny wires, 1~2 die
cold drawing processes at room temperature are required [36].

Hot extrusion is a pressure forming process in which the
billet is heated to a certain temperature and forced into a die
to form the desired shape as shown in Fig. 3 [37]. The mate-
rials in the extrusion zone are subjected to triple compressive
stress, so that plastic deformation can be maximized. The con-
ditions in extrusion of metallic materials are not as stringent
as those for rolling and forging and hence, hot extrusion is a
more suitable for materials with poor plastic deformability at
room temperature [38,39]. To create fine Mg wires, drawing
processes are usually utilized, as illustrated in Fig. 4 [40,41].
The blank metal is mechanically drawn through a die hole to
reduce the cross-section and increase the length. The draw-
ing process has the advantages of high dimensional precision,
good surface quality, and simple operation. Some of the Mg
alloy wires produced by extrusion and drawing processes are
shown in Fig. 5 [42-44].

Mg wires have been used in arc additive manufacturing
(AAM) and stacking small quantities of products, welding
joints, and repair of large damage. However, the heating
source and metallurgical behavior of the materials produced
by wire stacking differ from multi-layer, multi-pass stacking
AAM thereby creating problems such as poor stacking, spat-
ter, and slagging. Hence, it is necessary to develop Mg wires
raw materials with good chemical composition and manufac-
turing stability for AAM.

3. Technologies for Mg-based AM

In principle, AM is feasible for industrial production of
different types of materials including metals, ceramics, and
polymers. Metal AM is considered one of the most difficult,
albeit promising areas [45] and current mainstream metal ad-
ditive manufacturing technologies for Mg-based metals are
described in this section.

3.1. Laser additive manufacturing (LAM)

LAM has been one of the most extensively researched
techniques for Mg alloy products. Because of the minimal di-
vergence and power loss of the laser beam, it can be focused
into a small spot (less than 60 pwm in diameter), enabling
high-precision parts to be produced [46]. LAM includes se-
lective laser melting (SLM, also known as laser powder bed
fusion) and laser direct forming (LDF). Due to the use of
high-energy direct powder delivery in LDF technology, the
melt pool is unstable and therefore, SLM has become one of
the widely used LAM technologies [47]. The SLM system is
depicted in Fig. 6 [48]. The process involves slicing a three-
dimensional model of the part into thin layers with a uniform
thickness, converting each layer into a computer numerical
code, and using a laser to melt each layer of the powders un-
til the target part is laminated. LAM combines precision and
high-performance forming, having the following features: (1)
Rapid melting and solidification by the laser, relatively nar-
row heat affected zone, and forming products with excellent
properties and (2) Forming of high-precision parts with pre-
cise control, continuous energy transfer, and other important
features in terms of space and time [49].

Despite existing reports [50-54] indicating that SLM is
an effective method to produce highly complex and high-
precision Mg alloy components, SLM of Mg still has the
following shortcomings: (1) For the laser heating sources, Mg
has low laser light absorption resulting in low energy utiliza-
tion and working efficiency; (2) Preparation of highly reactive
Mg powders is demanding and prone to contamination lead-
ing to explosion accidents and higher raw material costs; (3)
The inherent properties of Mg and Mg alloys such as the
low evaporation temperature, high vapor pressure, flammabil-
ity, and explosiveness render them susceptible to violet emis-
sion during AM, making it difficult to control the chemical
composition and morphology of Mg-based metal parts; (4)
Mg powders are easily oxidized and the high oxygen content
may degrade the mechanical properties of the products if the
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Fig. 4. Schematic illustration of the drawing process of Mg alloy wires: (a) Cross-sectional view of the drawing die [40] and (b) Continuous drawing process

[41].

Fig. 5. Mg alloy wires: (a) Mg-6.0%2Zn-1.0%Y-0.6%Ce-0.6%Zr wires pre-
pared by the forward extrusion process [42], (b) AZ31 and AZ91 wires pre-
pared by the hot extrusion process [43], and (c) Wires prepared by drawing
of MgCa0.8 in a heated die [44].

LAM process such as SLM is not carried out correctly. There-
fore, it is important to mitigate oxidation of Mg powders and
understand the corresponding relationship.

3.2. Electron beam additive manufacturing (EBAM)

In EBAM, a high-energy electron beam melts the metal
(powders or wires) under vacuum conditions and constructs
the predetermined structure layer-by-layer aided by soft-
ware. EBAM can be divided into selective electron beam
melting (SEBM) and electron beam freeform fabrication
(EBF®) [55].

The forming process of SEBM is basically similar to that
of SLM as shown in Fig. 7 [56]. To eliminate contamination
from oxygen and other gases, SEBM must be conducted in a
vacuum [57]. During the SEBM process, there is almost no
reflection of the electron beam from the metal powders, and
so energy utilization is higher than that in LAM, resulting in
higher forming efficiency and recycling of un-used powders
around the parts. However, the powder blowing phenomenon
in which the pre-positioned metal powders are subjected to
the impact of the electron beam and abrasion can affect the
forming accuracy, leading to formation of pores and defects
and possible failure of the forming process [57]. Moreover,
owing to rapid melting and cooling by the high-energy elec-
tron beam, solidification shrinkage stress and structural stress
may be introduced giving rise to deformation and cracking.
In addition, since Mg powders are susceptible to burn-out and
oxidation if the heat input from the electron beam is too high,
production of Mg-based products by SEBM need further ex-
ploration.

Fig. 6. Schematic of the SLM system [48].
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Fig. 7. Schematic diagram of SEBM [56].

Fig. 8. Schematic diagram of EBF® [58].

Metal wires are the usual raw materials in EBF3. As shown
in Fig. 8 [58], the metal surface is melted by the electron
beam in an inert environment followed by rapid solidifica-
tion of the wire. The process proceeds layer-by-layer until
the entire component is produced [59]. EBF® has high laser
power and fused wire deposition efficiency and generally pro-
duces nearly formed parts but requires further machining. The
additive process is carried out in an inert environment thus
preventing air and other contamination to improve the quality
[60].

Luo [61] have studied the effects of droplet transition on
the forming of workpieces in EBF® and combined with the
results obtained by Zhao et al. [62], a droplet transition height

greater than 10 mm is shown to produce poor component
appearance and instability in the additive process, as the recoil
pressure of the vapor generated during metal melting affects
droplet transition and stability of the welded joints. Zhang
et al. [63] have used EBF® to prepare single-pass and multi-
pass AZ31 Mg alloys with a high density (up to 99.2%) and
changed the heat input by controlling the beam size and wire
feeding speed in order to study the influence on the formation
of the printing parts. In the range of 18~30 mA, a larger beam
current results in the larger relative burn loss of Mg and the
larger proportion of Al, the larger is the grain size. In the
range of 1.75~2.50 m/min, the higher the wire feeding speed,
the finer is the microstructure of the printed part and the closer
the chemical composition to the original wire materials.

EBAM requires special vacuum and preheating equipment
which is costly and limits the product size. EBAM is mainly
used for high-strength steels, high-temperature alloys, and ti-
tanium alloys. The main research direction is to improve the
precision, control the internal porosity, and solve the problem
that the substrate blocks heat build-up with increasing printed
layers, leading to increased element diffusion in the melted
pool and melt pool instability during subsequent printing. As
for Mg-based materials, development of EBAM is still in the
infancy stage and there are insufficient practical experience
and theoretical investigation.

3.3. Wire and arc additive manufacturing (WAAM)

WAAM is a rapid AM technique using an electric arc gen-
erated by welding techniques such as gas metal arc welding
(GMAW) and gas tungsten arc welding (GTAW) as the en-
ergy source in conjunction with layer manufacturing in which
a wire is fed through a wire feeding system for layer stacking
[64,65]. The schematic illustration of GMAW-WAAM [66] is
shown in Fig. 9. Welding grade argon (99.995% pure) is
the shielding gas and the robot offers accurate motion for
the welding torch to fabricate the components [66]. WAAM
boasts high deposition efficiency and by using wires as the
raw materials, eliminates the need to recycle the powders at
the periphery of the parts to improve the safety. WAAM is the
preferred method to prepare metallurgically bonded materials
with a uniform composition, dense structure, high strength,
and good toughness compared to the traditional castings and
forgings [67,68]. Relative to other forming processes, WAAM
has advantages such as the low cost, high efficiency, and fast
near net forming of large and complex components [68].

GMAW is a welding method that uses a metal wire as
the filler metal to form a welded joint in an inert gas such as
argon or carbon dioxide. The arc between the wire and weld is
the heating source and the wire carries a high welding current
to transfer the molten wire droplets into the molten pool for
rapid forming [69,70]. GTAW is also a welding process in
which an arc is generated between the tungsten electrode or
other non-melting electrode and base materials in an inert
gas to melt the wire and form a welded joint. GTAW uses
tungsten as the electrode and the high current may cause the
tungsten electrode to burn, so that the forming efficiency is
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Fig. 9. Schematic diagram of GMAW-WAAM.

lower than that of GMAW. However, the arc generated during
GTAW is more stable and there is generally no spattering
of the melt droplets [71]. Therefore, GTAW-WAAM offers
higher surface accuracy and forming quality, while GMAW-
WAAM offers higher forming efficiency [71,72].

The study of AZ31 and AZ91 Mg alloys fabricated by
WAAM demonstrates that reducing the heat input per unit
length of the weld path without affecting the predetermined
wire formability parameters allows grain refinement, improves
the mechanical properties, and optimizes the forming accuracy
[73-75]. Guo et al. [76] have studied the effects of different
pulse frequencies (1, 2, 5, 10, 100, and 500 Hz) on the macro-
scopic morphology, microstructure, and tensile properties of
the AZ31 Mg alloy and the results show that the pulsing
frequency changes the molten pool oscillation, cooling rate,
grain size, grain shape, and tensile properties. Yang et al.
[77] have fabricated the AZ31 alloy with thin-wall compo-
nents by WAAM by cold metal transfer (CMT). In the CMT-
WAAM process, the CMT characteristics are chosen to de-
posit a wide and shallow weld bead with good wettability and
low equivalent heat input. Compared to the conventional cast
Mg alloy, the components prepared by CMT-WAAM have
better mechanical properties [77,78]. Li et al. [66] have ap-
plied WAAM to prepare the single AZ31 membrane and the
WAAM AZ31 exhibits distinct grain refinement with similar
phase composition as the as-cast AZ31. The corrosion proper-
ties of the WAAM AZ31 and as-cast AZ31 are characterized
by intergranular corrosion and micro galvanic corrosion, re-
spectively.

In addition to the two main WAAM techniques mentioned
above, plasma arc additive manufacturing (PAAM) has also
been investigated [79]. PAAM with a higher arc compression,
higher current density, and smaller heat affected zone is cur-
rently being used for AM of relatively small parts [80]. Since

the principles and applications of PAAM are similar to those
of these two processes, they are not described in this paper.

3.4. Solid-state additive manufacturing (SSAM)

SSAM is a new AM method based on friction stir welding
(FSW) [81]. The friction heat between the hard metal head
and workpiece and stirring action of the hard metal head
introduce violent plastic deformation and the materials are
thermo-plasticized as a result of hard metal head stirring and
top forging. The schematic diagram of three SSAM processes
are displayed in Fig. 10. Compared to traditional melt AM,
FSW-SSAM involves no actual melting and solidification of
the materials thus reduces the heat input to the part and elimi-
nates metallurgical defects such as thermal cracks and residual
stress. The grains in the materials are broken and refined by
the action of the hard-metal head and the forming process
does not require vacuum or inert gases [81,82]. These are
major advantages for AM of large parts made of light alloys
such as Mg and Al alloys.

Palanivel et al. [84] have prepared a multilayered stack of
WE43 alloy using FSW-SSAM using different welding pa-
rameters and observed the grain orientation at the binding
interface by electron backscattered diffraction. Defect forma-
tion is sensitive to the heat input and dynamic recrystallization
under fragmentation of the stirring head leads to a finer grain
size (2~3 wm) and superior mechanical properties (tensile
strength: 400 MPa and ductility: 17%). The maximum hard-
ness of 115 HV is obtained in the as-fabricated state. Wlo-
darsk et al. [85] have reported that the Mg alloy components
manufactured by FSW-SSAM can lose some strength (tensile
strength decreasing from 298 MPa to 117 MPa) compared
to rolled sheets due to the heat introduced by the additive
cladding process that reduces cold-working strengthening. No
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Fig. 10. Schematic diagram of three kinds of SSAM: (a) Friction stir AM (FSAM), (b) Additive friction stir deposition (AFSD), and (c) Friction surfacing

deposition AM (FSD-AM) [83].

welding defects are found from the fracture interface and the
mode is ductile fracture similar to that of the deformed AZ31
Mg alloy [86,87] caused by repeated stirring. The average
grain size of each layer (4.5~7.8 uwm) is less than that of the
initial AZ31 (8.5 wm). Ho et al. [88,89] have fabricated Mg-
hydroxyapatite (HA) composites by FSW-SSAM and studied
the effects of HA contents (5, 10, and 20 wt%) into AZ31
on the corrosion behavior and biocompatibility. The HA par-
ticles in the Mg-HA composites have the micro/nanometer
scales after the friction stir treatment and the larger HA con-
centration improves the wettability and biocompatibility of
the composites and refines the grains. However, owing to lo-
calized micro/nano-galvanic couples, incremental addition of
HA has opposite effects on corrosion and the Mg-5 wt% HA
composite has the best corrosion resistance.

4. Properties and applications of AM Mg-based
biodegradable implants

4.1. Brief history of biodegradable Mg implants

The first surgical implants manufactured by AM are arti-
ficial acetabular cups, interbody fusion cages, skulls, clavi-
cles, pelvis, dental implants, and orthopedic prostheses made
of titanium and its alloys. In 2007, the first titanium alloy
Delta-TT acetabular cup produced by electron beam powder
3D printing was implanted into a patient. So far, there have
been more than 100,000 acetabular cups produced by AM
worldwide [90]. Many studies and clinical applications are
related to powder AM of titanium and its alloy, porous tanta-
lum, titanium-nickel, cobalt-chrome, stainless steels, and other
medical metals.

Similar to titanium, Mg has a low density, high specific
strength, low modulus of elasticity, and good biocompatibil-
ity in addition to the unique biodegradability. Mg and its al-
loys have been studied as orthopedic materials for more than
100 years. In 2005, Witte et al. used Mg alloys in bone repair
and found that the amount of new bone tissues was more than
those around polylactic acid parts indicating higher osteoin-
ductivity of Mg [91]. In 2013, the first Mg-Y-RE-Zr hollow

bone screw (Magnezix®) developed in Germany received the
CE product certification [92]. The Korea Food and Drug Ad-
ministration (KFDA) has approved the Mg-Zn-Ca alloy screw
(K-MET) for internal fixation of metacarpal fractures [93]. In
2016, Biotronik developed the first CE-marked Mg-alloyed in-
tracoronary stent (Magmaris®) [94]. The Mg-Nd-Mn21 Mg
alloy balloon-expandable biliary stent, Mg alloy vascular clo-
sure clip, and high-purity Mg oral shielding film or GBR have
received CE certification. In 2020, Dongguan Eontec Co., Ltd.
in China obtained CE approval for high-purity (99.99 wt%)
Mg bone plates. The representative Mg-based products are
described in Fig. 11.

Since 2010, a series of Mg-based biodegradable metal bone
tissue engineering porous scaffolds and vascular scaffolds
have been prepared by AM. Ng et al. [95] have adopted the
SLM technology to fabricate pure Mg scaffolds in a protec-
tive atmosphere and revealed that it is a promising technique
to fabricate Mg substitutes for orthopedic applications. Jauer
et al. [96] have prepared AZ91 Mg alloy porous scaffolds
using laser powder additive technology and confirmed that
it is feasible to prepare porous biodegradable Mg alloy im-
plants with a complex shape by SLM. WE43 Mg alloy porous
mandibular prostheses have been produced by SLM based on
CT scanning of the patient’s jaw and the mechanical prop-
erties, in vitro degradation behavior, and biocompatibility of
the AM WE43 Mg alloy porous scaffold have been assessed
[97]. The porous 3D-printed Mg-Nd-Zn-Zr implant prepared
by SLM exhibits excellent cytocompatibility, osteoinductivity,
and antibacterial activity [98]. Although LAM of Mg surgical
implants still poses risks of safety and quality, exploration is
on-going and new advances are being made.

4.2. Properties of AM biodegradable Mg products

4.2.1. Microstructure and mechanical properties of AM
biodegradable Mg products

The Mg alloy products prepared by powder or wire print-
ing methods often contain dendrites and equiaxial crystals.
It is generally accepted that the mechanical properties of
equiaxed crystals are better than those of columnar crystals
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Fig. 11. Common Mg-based metal medical devices.

or dendrite crystals and hence, it is desirable to obtain small
equiaxed crystals by metal solidification while reducing the
percentage of columnar crystals/dendrite crystals as much as
possible. Thermal-induced microcracks often exist in the mi-
crostructures of Mg-based AM products. This is due to the
specific loss of heat flow direction in the printing process,
supercooled and columnar dendrites at the solid-liquid inter-
face, as well as volume shrinkage and heat shrinkage form-
ing microcracks along the dendrite boundaries. However, the
equiaxed crystal can undergo grain rotation and deformation
to absorb strain and inhibit microcracks [99]. Therefore, the
formation of equiaxed microstructures is of great significance
in order to optimize the microstructures and mechanical prop-
erties of AM-Mg-based products. In addition, research on the
laser powder printed MgZn alloy show that a higher zinc con-
centration has an adverse effect on densification of the alloy
and the deposited layer produces solidification cracks and mi-
crocracks when the concentration exceeds 1 wt% [100].
Compared to traditional casting processes, the cooling rate
in laser powder printing is faster, resulting in finer grain
size and better mechanical strength of the formed specimens.
Additionally, due to the maximum thermal gradient in the
direction perpendicular to the substrate, the specimen’s mi-
crostructure also exhibit anisotropy [26,101-103]. The pre-
ferred growth direction of the Mg-based metal powder with
a close-packed hexagonal crystal is <1010> in laser printing
and there is an increased mechanical strength in the forming
direction [104]. As shown in Table 1, power-based additive-
manufactured bulk Mg alloys have higher hardness and ulti-
mate tensile strength (UTS) than those prepared by the con-
ventional process but they have lower elongations than those
of the rolled and extruded ones [105]. The improved mechan-
ical strength can be attributed to the high compactness and
refined grains in the laser powder printed specimens and can
be explained by the classic Hall-Petch relationship [105,106].
The microstructures of wire-based AM products are af-
fected by the processing conditions. Both columnar and
equiaxed grains are observed and the grain sizes are slightly

larger than those of the powder-based AM products [46]. Ta-
ble 2 shows the mechanical properties of Mg-based products
fabricated by WAAM, indicating that Mg alloys fabricated
by this method exhibit significantly higher ductility than those
fabricated by powder-based AM methods. For instance, SLM-
AZ91 has a total elongation of less than 2% (as shown in Ta-
ble 2), whereas WAAM-AZ91 has a total elongation of 16%
[116].

4.2.2. Degradation properties of AM biomedical Mg
products

The degradable metal orthopedic implants or devices need
to maintain the mechanical properties for 12~24 weeks de-
pending on clinical requirements [118]. For bone plates and
screws, a corrosion rate of less than 0.5 mm/y is usually re-
quired. With regard to biodegradable metal materials such as
dense Mg, addition of alloying elements usually reduces the
grain size and the fine-grained microstructure may reduce the
corrosion rate [105] which is also related to the passivation
properties of the surface [119]. Galvanic corrosion between
the precipitated second phase and matrix also affects the cor-
rosion rate of AM degradable metals [120,121].

In vitro investigations of SLM porous Mg show that the
corrosion properties are related to the location. After immer-
sion in revised simulated body fluid (r-SBF) for 4 weeks, the
center of the porous WE43 scaffold with a diamond struc-
ture degrades faster than the edge. However, the degradation
behavior of porous pure iron scaffolds under the same con-
ditions is opposite [122]. The weight losses of porous WE43
Mg alloy and porous pure zinc prepared by SLM after immer-
sion in simulated body fluids for 28 days are 20% and 8%,
respectively, which are consistent with the bulk degradable
metals produced by traditional smelting methods [123-125]

Shuai et al. [126] have prepared hydroxyapatite (HA)-
reinforced MgZn composites by SLM and the grain size of the
products decreases continuously with HA contents attributable
to heterogeneous nucleation and more nucleation during so-
lidification. The degradation rate in SBF is slowed due to the
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Table 1

Mechanical properties of common Mg alloy products prepared by SLM.

Composition Yield strength uTs Elastic modulus Hardness Elongation Ref.
(MPa) (MPa) (GPa) (HV) (%)

Pure-Mg / / 27~33 60~95 / [107]
AZ91D 253 / / 90~108 2 [108]
274 296 / 85 1.2
Az 237 254 / 100 1.8 [109]
AZ91 308 345 / / 1 [110]
219 273 / / 33
233 287 / / 31
AZ61 225 261 / / 2.8 [111]
216 239 / / 21

ZK60 132 / / 81 /
ZK60-0.2Cu 144 / / 88 /
ZK60-0.4Cu 158 / / 95 / [112]
ZK60-0.6Cu 155 / / 101 /
ZK60-0.8Cu 148 / / 105 /
Mg-1Zn 148 / / 50 11
Mg-2Zn 71 / / 46 25
Mg-4Zn 60 / / 58 2.8
Mg-6Zn 45 / / 65 15 [100]
Mg-8Zn 44 / / 78 21
Mg-10Zn 63 / / 76 2.2
Mg-12Zn 74 / / 80 3.3
Mg-1Sn / 60 / 49 /
Mg-3Sn / 75 / 53 /
Mg-58n / 80 / 62 / [113]
Mg-7Sn / 75 / 65 /
WE43 296 308 / / 12.2 [26]
Mg-Gd-Zr 180 228 / 80 2.2 [114]
Porous-JDBM / 4.07~16.25 0.2~0.76 / / [24]
Porous-WE43 / 12.5~31 / / / [115]
Porous-WE43 / / 0.7~0.8 / / [97]
Table 2
Mechanical properties of typical Mg-based materials prepared by WAAM.
Composition Yield strength (MPa) UTS (MPa) Elongation (%) Refs.
AZ31B 143 (Transverse) 183 (Transverse) 5.5 (Transverse) [74]
160 (Transverse) 196 (Transverse) 6.0 (Transverse)
163 (Transverse) 201(Transverse) 6.8 (Transverse)
165 (Transverse) 214 (Transverse) 7.2 (Transverse)
189 (Transverse) 193 (Transverse) 4.5 (Transverse)
AZ31 104 263 23 [76]
AZ31 71 (Transverse) 210 (Transverse) 7.6 (Transverse) [77]
132 (Vertical) 150 (Vertical) 10.6 (Vertical)
AZ31 85 (Transverse) 225 (Transverse) [78]
126 (Vertical) 211 (Vertical)
AZ80M 150 (Transverse) 310 (Transverse) 15.4 (Transverse) [117]
120 (Vertical) 240 (Vertical) 12.2 (Vertical)
AZ91 245 16 [116]

reduced grain size and formation of a protective bone-like
apatite layer. Hence, bioceramic materials incorporated into
Mg-based alloys by AM can retard the degradation rates, al-
though there have been limited reports on AM of Mg-based
metal bioceramic composites and the corresponding degrada-
tion properties.

4.2.3. Biocompatibility of AM biodegradable Mg products
As AM Mg-based products are among the most promis-
ing biodegradable implant materials, their biocompatibility is
a critical issue. Nonetheless, there have been few results re-
lated to the in vitro and in vivo biocompatibility of AM porous

biodegradable Mg implants and evaluation of biocompatibility
is mostly in vitro [90]. The factors affecting the biocompati-
bility of degradable metals are the chemical composition and
degradation products. Therefore, it is essential to study the in-
teraction and impact of these degradation products and their
metabolic products on tissues to guide the design and de-
velopment of Mg-based orthopedic repair products [127]. In
the future, the material composition design of raw materials
(whether powders or wires) for 3D printing of biodegradable
Mg must adhere to the fundamental principles of biocompati-
bility and biodegradability requirements for design and appli-
cation. The grain structure of AM bulk biodegradable metal
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materials is finer and may have texture compared to those
of traditional materials. The influence of these factors on the
biocompatibility of the materials is currently under research
and evaluation, and no definitive conclusion has been reached
yet. However, when compared to bulk biodegradable metal
products manufactured by traditional processes, AM prod-
ucts should exhibit similar macroscopic cell biocompatibility
[105,128,129].

The advantages of AM porous biodegradable metal im-
plants are that the three-dimensional pores can provide chan-
nels for nutrient transportation and metabolite excretion to
facilitate ingrowth of new bone tissues [130,131]. The ge-
ometry and microstructure of porous materials are different
from those of conventional bulk materials, leading to differ-
ent biodegradation properties and cell response. The biocom-
patibility of scaffolds can be improved by modulating the
porous structure of scaffolds [132] and scaffolds with a di-
amond structure have comparable mechanical properties as
trabecular bones even after immersion in SBF for 4 weeks.
The volume loss after soaking for 4 weeks is about 20% and
the in vitro cytotoxicity to MG63 cells is less than 25% [97].

The surface morphology of AM products also affect the
biological response [133]. A nanoscale surface topology in-
duces osteogenic differentiation in mesenchymal stem cells
(MSCs) and promotes adhesion of osteoblasts, and the rates
of bone tissue generation increase with the curvature of the
porous scaffolds. Adhesion is faster on the concave surface
than convex and flat surfaces. This provides a promising de-
sign and research idea for future surface topographical design
of AM degradable Mg biomedical devices [134-136].

4.3. Factors affecting the properties of AM Mg-based
products

4.3.1. Raw materials

4.3.1.1. Spherical powders. The quality of medical devices
depends on the physical and chemical properties of spher-
ical metal powders [137]. Mg is reactive and reacts easily
with oxygen, nitrogen, and other gaseous elements and the
exothermic reaction between Mg powders and oxygen can be
violent. Therefore, a large oxygen content in the Mg powders
affects the AM process and the higher energy required to melt
an oxide layer produces a higher melt pool temperature and
increases evaporation of Mg powders spurring formation of
defects such as balling,micropores and inclusions [88]. The
size of the Mg powders also affects the quality of the 3D
printed products. For the same energy input, the melt pool
temperature is higher for pure Mg powders due to oxidation
and spheroidization, and the relative density of the spherical
Mg powders also varies depending on the size [138]. In ad-
dition, the amounts of alloying elements in the Mg powders
impact the quality of the printed products [100].

Spherical metal powders for 3D printing must meet the re-
quirements of high purity, good sphericity, small particle size
and narrow distribution, high bulk density, no porosity, and
good flowability and plasticity [137,139,140]. Guangzhou Sai-
long AM Co., Ltd. has produced high-quality WE43 Mg alloy

Fig. 12. WE43 Mg alloy spherical powders prepared by PREP.

spherical powders containing rare earth elements by plasma
rotating electrode processing (PREP) with the chemical com-
position (wt%) of Y 4.01, Re 3.04, Zr 0.51, Fe 0.007, Cu
0.004, N 0.004, O 0.005, and Si 0.004 (Fig. 12).

4.3.1.2. Round wires. Mg has a lower melting point, boiling
point, higher chemical activity, and thermal expansion coef-
ficient, which not only increase the manufacturing cost and
safety hazards, but also brings technical challenges for accu-
rate forming and quality control of AM products. Therefore,
with the advent of EBAM in 2002 [141] and subsequent de-
velopment of WAAM, the metal wire printing technology has
become increasingly popular on account of the low manufac-
turing cost, high deposition efficiency, and ability to produce
larger products than powder 3D printing. As a result, there
have been growing attention and research on the wire-fed AM
technology, which has become an important direction for ad-
vanced manufacturing.

Initially, WAAM using metal wires as raw materials is
mainly used for welding connections with repair of large-
scale equipment. However, the heating source and metallur-
gical properties created by welding wire accumulation are
quite different from those of WAAM of multi-layer and multi-
pass accumulation, resulting in substandard metal composi-
tion, splashing, and slag inclusion in WAAM. Therefore, it
is necessary to develop special Mg wire raw materials for
WAAM with good chemical composition and stability.

4.3.2. AM processes

4.3.2.1. Powder printing. Mg powders with different compo-
sitions and AM products with complex geometry require high
powder quality as well as printing processes and equipment.
In addition to the chemical composition, the treatment pro-
cess and morphological characteristics of the powders influ-
ence the AM process. Good fluidity and powder quality are
vital to printing.

Compared to conventional manufacturing processes, pow-
der printing has different features: (1) Evaporation of powders
can change the specimen composition; (2) The fast cooling
rate refines the grains and forms a non-equilibrium structure
to reduce segregation and second phase precipitation; (3) The
large temperature gradient stimulates grain-oriented growth to
form a certain texture [142]. At present, the heating sources
used in powder printing are mainly electron beams and lasers.
EBAM can be applied to coarse powders (60~100 pm),
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whereas LAM powders are smaller (10~60 wm). In LAM,
the laser spot is smaller, heating is more accurate, cooling
is faster, forming accuracy is higher, and the equipment and
maintenance costs are lower. Furthermore, it does not require
a vacuum like EBAM requiring only an inert gas for protec-
tion [104,143]. Owing to the high activity, flammability, and
explosiveness of Mg powders, LAM is the primary method
used in the research and development of Mg-based products
both domestically and abroad.

Previous studies have confirmed that a number of process-
ing parameters affect the laser powder printing process and
product quality, among which the laser power and scanning
rate have significant effects on the powder bed melting pool,
evaporation, and deposition, which are reflected in the inter-
nal density and surface roughness of the products [139]. The
density of 3D printed products is determined by the powder
melting behavior caused by the interactions between the laser
and powders and the quality of products with good density
is quite good [105]. A high energy density can evaporate the
powders causing local vapor pressure in the molten pool and
splashing of the molten substance resulting in the formation
of defects such as keyholes and low-density structures and
changes in the chemical composition of the specimens and
dimensions. On the other hand, a low energy density pro-
duces insufficient melting of powders. For example, Esmaily
et al. [144] have found that a low energy input during the for-
mation of WE43 alloy produces a large number of pores and
un-melted powders, resulting in reduced density and mechan-
ical strength. Therefore, an optimal balance must be struck
in order to obtain the appropriate molten pool temperature
and wettability to ensure good dimensional accuracy and high
density of more than 98% [139]. Zhang et al. [145] have
found that when the laser energy density is increased from
7.5 Jmm~2 to 15 J-mm~3, the porosity of AZ91 decreases
from 25.5% to 18% but when the laser energy density is in-
creased from 15 J.-mm~2 to 20 J-mm~3, the porosity increases.
It is notes that the interactions between Mg and the gases in
the AM chamber causes oxidation and nitridation on the sur-
face of the products. Therefore, to obtain uniform chemical
composition and tissue properties, as well as high dimensional
accuracy in the design of medical Mg-based medical devices,
further research is needed to deepen the powder AM process.

4.3.2.2. Wire printing. Although LAM is mainly used in pre-
cision and rapid prototyping of complex parts, some metals
have high laser reflectivity thus reducing the efficiency. In
WAAM, the formation accuracy is difficult to control but in
processing of large and complex components, it has the ad-
vantages of low cost, high efficiency, fast forming, and high
deposition rate. However, the slower cooling rate and longer
intergranular liquid phase filling time compared to LAM can
reduce the tendency of thermally induced cracks in light met-
als such as Mg and Al [146].

At present, although WAAM using metal wires as the
raw materials has process simplicity, high deposition rate,
and energy utilization rate for Mg, there are still problems
such as poor controllability and insufficient accuracy thus re-

quiring subsequent mechanical processing. Processing control
for WAAM determines the forming quality and efficiency
of deposited metals. Nowadays, research of process control
of WAAM involves three aspects, namely parameter control,
real-time automation control, and path planning. The main pa-
rameters to control the process are the current, voltage, wire
feeding rate, heat input, deposition rate, and interlayer tem-
perature. The proper parameters are needed for good form-
ing quality and minimal internal defects. Real-time automa-
tion control improves the forming accuracy and intelligence
of WAAM. Path planning consists of the component slicing
method, path filling method, and planning for each slice. In
view of the shortcomings of low dimensional accuracy and
large surface roughness of arc printing products, strict control
of the arc welding power, droplet transition, wire feeding rate,
and starting and stopping points of the arc are the key factors.
Since the thermal diffusivity decreases with the accumulation
layer, which leads to the accumulation of interlayer temper-
ature. Hence, it is also necessary to consider the parameters
of the printed wires, deposition process for different number
of layers, and the optimization design of temperature control
between each layer. The width of the cladding layer increases
linearly with bead welding currents and decreases with scan-
ning rates. The deposition height decreases with increasing
scanning rates and the influence of the welding current is
more complicated. In different path manufacturing processes,
the parameters need to be adjusted to maintain dimensional
accuracy of the products [147].

Compared to LAM and WAAM, EBAM has the char-
acteristics of high energy density and high utilization rate
[148]. An electron beam possesses strong penetration ability
and deep melting pool and can re-melt additive manufactured
parts to reduce interlayer unfusion and porous defects in AM.
It has advantages in integrated rapid prototyping of large and
complex structural parts of light metals and AM repair of
high-precision damaged workpieces [141]. However, because
Mg powders used in EBAM produce a large amount of smoke
when melted by a high-energy electron beam, it is easy to pol-
lute the vacuum environment and not suitable for processing
of Mg metal products which normally use laser powder AM
for processing [142]. Nevertheless, it has been demonstrated
that non-vacuum electron beams are suitable for wire weld-
ing of Mg alloys such as wrought AZ31 Mg alloy, AM50A,
and AZ91D cast Mg alloys. It is expected that non-vacuum
electron beam wire printing boasting high speed, efficiency,
and high automation will spur the development of large-scale
production of AM Mg-based products in the future.

4.3.3. Heating systems

Since Mg powders are emitted violently by a high-energy
laser beam, the metal vapor blocks and scatters the laser beam
consequently affecting the forming quality and therefore, a
gas circulation system is utilized to remove the metal vapor.
In addition, real-time in situ monitoring of the molten pool
and powder bed can be implemented to perform imaging and
defect identification aided by machine learning. Meanwhile,
the theoretical understanding of the forming process should be
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enhanced so that the interactions between the heating source
and powders, powder transfer and flow of the molten pool,
temperature distribution of the molten pool, and cooling rate
can be optimized to improve both the hardware and product
quality [149,150].

WAAM has undergone rapid development in the past
decade and is used in manufacturing high-performance metal
components. However, owing to the complexity of WAAM,
the equipment, process, and raw materials affect the form-
ing quality and sustainability of the manufacturing process.
Various WAAM systems have been developed to incorporate
arc control (such as laser-constrained WAAM system), im-
prove the forming efficiency (such as the WAAM equipment
at Huazhong University of Science and Technology consist-
ing of 5 arc guns), etc. Although WAAM can fabricate large
components, because the arc is a flexible conductor, arc in-
stability occurs due to external factors to degrade the forming
quality due to formation of pores.

In order to improve the quality of AM products, novel sys-
tems and processes combining additive and subtractive man-
ufacturing have been proposed to improve the dimensional
precision and production efficiency. For example, since plastic
processing after AM can eliminate defects in the components,
an integrated heat source equipment system has been devel-
oped for WAAM [151]. By considering heat accumulation in
WAAM, Lu et al. [152] have proposed the annealing after
additive processing and timely subtractive cutting to reduce
the large stress caused by repeated additive heating and sub-
tractive cooling and shorten the cooling time. Additionally,
the subtractive process can improve the metal cutting perfor-
mance, refine the surface grains in the cutting layer, and pro-
tect the cutter bits from abrasion. With regard to the surface
morphology, stress transmission and cutting mechanism of the
components under residual heating after integrated additive
and subtractive processing need to be studied thoroughly in
the future [152,153].

4.3.4. Structural design

Common biomedical AM products can be divided into
dense and porous ones according to the structure and func-
tionality. In terms of the structure design, dense components
are relatively simple and the dimensions and surface struc-
ture can often be improved by secondary machining, whereas
porous products are difficult to modify by subsequent process-
ing. Owing to dynamic degradation, the properties of porous
products change with time and so materials and process de-
sign is more complicated. It is necessary to consider four
aspects including in vivo degradation, mechanical properties,
biological characteristics, as well as physiological functions.
Before designing the porous structure, additional aging effects
associated with degradation that compromise the mechanical
integrity and cell growth must be assessed.

The desirable implant must have sufficient mechanical
strength and be compatible with surrounding bone tissues, so
that sufficient mechanical support and stress conduction are
provided during healing [154]. According to the book “Basic
Orthopedic Biomechanics and Mechano-Biology”, the basic

mechanical properties of the hard femur and cortical bone
in adults should have tensile strength of 51~133 MPa, com-
pressive strength of 133~193 MPa, and elastic modulus of
11.5~17.0 GPa [155]. Previous studies has shown that the
yield strength of pure Mg dense blocks produced by AM
is 51 MPa and the elastic modulus is between 27~35 GPa,
which are comparable to those of human cortical bone [156].
Wei et al. [109] has achieved yield strength of 254 MPa from
AZ91D alloy produced by SLM by exploiting solid solution
strengthening, grain refinement, and second phase strengthen-
ing. It is superior to human cortical bone and meets the design
requirements for yield strength of degradable metal bone fix-
ation devices [129]. The mechanical strength of the porous
AM Mg-based specimens is inferior to that of the compact
components, and it depends heavily on the structural design
and porosity [24,115]. Porous 3D printing metal biomaterials
mainly adopted structural design based on beams and sheets,
while the units for degradable porous metals such as Mg in-
clude the diamond type, gyroid, and bone biomimetic struc-
ture (Fig. 13) in order to optimize the mechanical properties,
degradation rates, and biocompatibility. Yuan et al. [24] have
conducted a comparative analysis of the mechanical prop-
erties of three structural AM Mg alloy scaffolds mentioned
above. The mechanical properties of 3-type scaffolds are in
the range of the cancellous bone strength. Meanwhile, the
scaffold with the biomimetic structure has relatively lower
mechanical strength compared to the other two scaffolds due
to the higher failure tendency of the partly thin strut. The
pores can cause stress concentration thus compromising the
mechanical properties of 3D-printed Mg alloys. Therefore, as
the porosity increases, the mechanical properties of Mg alloys
worsen [157]. Furthermore, the geometry affects the corrosion
and fatigue behavior of porous AM Mg products [158].

Porous Mg-based bone repair materials have tradition-
ally been prepared by powder metallurgy based on an inter-
nal porous design achieved by adding a biodegradable pore-
forming agent (foaming agent) beforehand. With the advent
of advanced AM technology, it is nhow more convenient to
use this method to prepare Mg-based metal porous materials
and Mg-based metal-bioceramic porous composite materials,
with the internal porous structure pre-designed in one step
by computer-aided design (CAD). Although powder AM can
produce different types of porous Mg-based bone repair ma-
terials in one process, the CAD design for irregular three-
dimensional connected pores is difficult, and the manufactur-
ing process is complex, time-consuming, and inefficient as
well. In this respect, our research team has designed Mg-
based bioceramic bone repair materials with an internal three-
dimensional porous structure by using Mg-based composite
filaments containing the bioceramic and pore-forming agents
[159]. This method has the advantages of being convenient,
efficient, practical, and economical.

4.3.5. Post-treatment

The porosity and surface roughness of AM Mg products
affect the mechanical properties, degradation rates, and bi-
ological interactions in the human body after implantation.
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Fig. 13. CAD design models of three different scaffolds: (a) Biomimetic, (b) Diamond, and (c) Gyroid [24].

Table 3

Comparison of AM techniques for Mg-based materials.

Technology SLM EBF WAAM/PAM FSAM
Heat source Laser Electron beam Arc/Plasma arc Friction
Raw materials Powder Wire Wire Sheet/bar
Environment Inert gas atmosphere Vacuum Inert gas/open /
Dimensional precision High Low Low Medium
Forming efficiency Low High High Medium
Size limitation Medium Medium Large Large
Residual stress High Medium High Low
Post processing Less More More More

The surface of LAM Mg products contains residual parti-
cles which not only increase the risk of bacterial coloniza-
tion, but also adversely affect the biocompatibility [160]. For
degradable porous components, the common sand blasting
and chemical erosion treatments cannot produce uniform and
smooth surfaces and the inhomogeneity may produce differ-
ent degradation behavior at different locations of the products
and cause premature loss of mechanical integrity [123,125].
In addition, the residual stress caused by sand blasting may
affect degradation as well.

Heat treatment, hot isostatic pressing (HIP), and surface
modification are usually used to improve the properties of
AM products. To maximize the benefits of Mg-based prod-
ucts by WAAM, Guo et al. have investigated the effects of
different heat treatment procedures on the microstructures and
mechanical properties of the WAAM AZ80M alloy. Alloy-
ing micro-segregation is improved as the eutectic structure
dissolves, but although the strength and ductility can be im-
proved by the hot treatment, the micropores in the interlayer
region restrict the improvement of the mechanical properties
[161]. After HIP treatment of the WE43 Mg alloy by SLM,
HIP was demonstrated to be an effective mean to eliminate
defects and obtain samples with high densification [144]. HIP
can densify SLM WE43 Mg alloys with high porosity but
cannot improve densification of products with smaller poros-
ity [25]. The cooling rate of SLM is significantly higher than
that of the traditional cast, but the rapid cooling rate is not
conducive to precipitation of the strengthening phase. More-
over, the residual stress, texture, and mechanical anisotropy
caused by fast cooling rate can also be eliminated by post-
heat treatments [162]. Alexander et al. have reported that the
surface of porous WE43 Mg alloy scaffolds produced by SLM
can be post-treated by plasma electrolytic oxidation that can

mitigate degradation during early immersion in SBF. How-
ever, the influence of the coating on the biocompatibility of
the SLM WE43 has not been studied [115]. In summary, al-
though researchers have employed different post-processing
methods to improve the performance of 3D printed Mg-based
products, more studies are necessary to determine the surface
characteristics and overall functionality of porous Mg-based
products by AM.

4.4. Development and applications of new AM
biodegradable Mg products

As an advanced rapid prototyping technology developed
in the late 1980s, AM can realize rapid manufacturing of
products without molds and provide a feasible way for effi-
cient preparation of high-performance products with a com-
plex structure. It has been widely used in the aerospace, ma-
rine, biomedical, and rail transportation industries. By using
Mg powders or wires as raw materials and choosing laser,
electron beam, and arc as the heating mechanism, differ-
ent AM protocols have their own advantages and disadvan-
tages as shown in Table 3. In practice, the most economical
and straightforward methods that can satisfy the requirements
should be adopted.

Because of the good dimensional precision and non-dense
characteristics of the products, LAM is currently being de-
veloped for small and precise surgical implants such as or-
thopedic and dental implants as well as other medical pre-
cision structural components. The development of LAM for
biomedical Mg-based products has mostly focused on improv-
ing the density to obtain better mechanical properties. In re-
cent years, the clinical application of porous degradable Mg-
based surgical implants in the fields of orthopedic repair and
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Fig. 14. “Ink” 3D printing of Mg-based composites.

tissue engineering has been increasing, and how to achieve
reasonable material selection and optimize AM processes to
meet the high demand requires further exploration [163,164].
Traffic-related injuries, sports injuries, and bone tumors re-
sult in bone defects with various size and shape. Although
traditional bone cement and porous ceramic fillers have cer-
tain therapeutic effects in the treatment of large bone defects,
bone cement can produce complications such as high pressure
in the bone marrow cavity after curing. It is not degradable
and ceramic bone restorative fillers are easy to break. There-
fore, the development of personalized Mg-based bio-ceramic
porous bone repair materials is expected to be the focus of
future research. Besides improving the strength and toughness
of bone prostheses, the weak alkaline environment formed by
the degradation of Mg can improve the osteogenic effects of
the defect sites. Furthermore, internal three-dimensional per-
forated structures are conducive to bone growth.

Since the role of many surgical implants is temporary in
vivo, Mg-based materials with biodegradable properties will
continue to be developed to cater to different medical appli-
cations. AM of Mg-based composites containing active in-
gredients such as poly (L-lactic acid) (PLLA), poly (lactic-
co-glycolic acid) (PLGA), hydroxyapatite (HA), B-tricalcium
phosphate (8-TCP), hydrogels, bioactive ceramics, and bioac-
tive glass is becoming an emerging research area (Fig. 14),
because they can better adapt to human cancellous bones.
Therefore, the use of porous bone repair scaffolds will con-
tinue to expand in the future.

With the advent of AM, it is more convenient to prepare
Mg porous materials and Mg-based metal bio-ceramic porous
composite materials with predesigned internal porous struc-
tures. The authors have desighed Mg-based bio-ceramic bone-
repair implants with a three-dimensional through-hole porous
structure with self-made Mg-based composite powder core
wires containing bio-ceramics (HA, B-TCP, etc.) and a pore-
forming agent (MgCO3, NH4HCOg, etc.) for bone restora-
tive billets with different shape by WAAMZL. The internal
porosity of the billet is controlled by the subsequent sinter-

ing pore-forming process, so that the degradable metal-based
bioceramic porous bone restoration devices can be prepared
quickly, efficiently, and at a low cost.

5. Development trend and prospective of AM biomedical
Mg

Mg and Mg alloys are advanced structural and functional
materials with excellent attributes such as the light weight,
non-magnetic properties, high specific strength and stiffness,
good biosafety, as well as biodegradability in vivo, rendering
them suitable for surgical implants and orthopedic devices.
China has the world’s largest reserve of Mg and strong pro-
duction capacities. On the heels of the rapid development and
widespread application of AM technology in the military and
civilian fields, AM of Mg-based materials has garnered in-
creasing attention and is expected to become a new high-tech
industry due to the high efficiency, added value, and sus-
tainability. The prospects for the development of biomedical
Mg-based AM technology are broad, and future research and
development trends and prospects are discussed from the fol-
lowing different perspectives.

5.1. Standardization of raw materials and consumable items
with high quality and low cost

The quality of AM products depends on the chemical com-
position, morphology, as well as physical and chemical prop-
erties of the raw materials. The manufacturing process also
impacts the strength, modulus, and elasticity of the prod-
ucts [46]. Due to the high activity of Mg, it oxidizes and
evaporates easily especially at a high temperature. A high-
temperature heating source can cause large deviations in the
chemical composition of the printed parts and original pow-
der. In addition, owing to repeated melting and rapid solidi-
fication of the powder and other physical metallurgical pro-
cesses, the printed products have different microstructure and
mechanical properties compared to those produced by con-
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ventional manufacturing [165]. Therefore, the development of
special consumables for AM such as high-quality spherical
powders is crucial.

The development and production history of Mg-based
metal spherical powders for 3D printing is relatively short, es-
pecially in China, and only a few professional enterprises can
pass the quality verification for commercial Mg powders. The
commercialization and standardization of Mg powders raw
materials have become critical factors limiting the research
and application of AM. On the heels of continuous advance of
electron beam, arc, and plasma AM technologies, the demand
for AM products for better quality and lower cost is increas-
ing. Compared to Mg powders, Mg wires have advantages
such as a short processing cycle, simple and green process,
as well as chemical composition-microstructure-mechanical
properties that are easy to regulate at a low cost [78]. Hence,
wire AM technology is attracting more attention. With the
emergence of various new materials such as nanomaterials,
bioglass, polymers, and Mg matrix composite materials, the
development of special Mg-based composite wires that meet
the requirements of 3D printing, as well as the establish-
ment of standardized production and testing technical specifi-
cations, have high scientific significance and economic value,
thus spurring the study and development of high-performance,
multifunctional (antibacterial, bone-promoting, etc.), compos-
ite, porous, and cost-effective new Mg-based biomedical de-
vices.

With the continuous development and increasing clinical
demand for biomedical Mg 3D printing products in the field
of personalized and precision therapy, the traditional produc-
tion mode of mainly metallurgical production and material
subtractive processing is expected to be replaced partially
by the wire fusion AM technology [26], because its devel-
opment will effectively promote green and low-energy con-
sumption together with a short production cycle [166]. It is
expected to become another area of technological innova-
tion besides powder printing. Therefore, increasing research
and investment in high-quality consumable products such as
spherical powders and round wires for 3D printing is of great
significance.

5.2. Integration and intelligent development of special
equipment for AM of Mg biodegradable metals

The AM forming process of Mg-based materials still has
technical problems such as inconsistent product composition,
poor controllability, lack of precisely formed products, and
need for secondary processing, the future AM frontier of
biomedical Mg-based metals should focus on the “multi-
energy fields, multi-materials, high efficiency, high precision,
high performance, and large size range” [167]. Specifically,
according to the characteristics of the powder and wire con-
sumables and the product shape and performance require-
ments, a variety of heating sources such as “laser-arc hybrid
AM” combining the high deposition rate of arc heat source
and the dimensional accuracy of laser heating sources have
been studied [168,169], or based on the arc AM equipment

containing industrial robots and arc heating sources, compos-
ite embedded laser systems, multi-signal sensing and monitor-
ing devices, as well as process database and machine learn-
ing systems can learn from each other to complement each
other’s strengths to improve the integration and intelligence
level of AM of Mg-based metal materials [170,171]. Although
there have been some researches and innovations on the di-
mensional accuracy of small thin-walled, cylindrical and other
simple structural parts made of arc fused AM Mg [156], there
are still many challenges in improving the dimensional accu-
racy of large complex structural parts as well as chemical
composition and defect control of products containing gradi-
ent materials and composites. On the one hand, the R&D of
multi-channel wire feeding, wire-powder mixing technology,
and supporting composite printing process is required [172],
and on the other hand, the method and process of additive and
subtraction composite manufacturing should be investigated
in-depth. Auxiliary optimization schemes such as secondary
plastic processing and heat treatment should also be explored
[160]. After the process is mature and stable, an integrated,
intelligent, and continuous operation equipment with arc AM
as the core should be developed.

5.3. Exploration and innovation of proprietary AM
technology for biodegradable Mg products

Compared to other bioinert metals such as titanium al-
loys, AM of degradable Mg materials is more complex [24].
If the AM process is not proper, the mechanical proper-
ties and degradation behaviors will be compromised. AM of
Mg-based materials is mainly based on layer-by-layer laser
melting of powder materials involving metallurgical processes
such as material melting, evaporation, solidification, and solid
phase transformation, which inevitably cause drastic changes
in the materials composition, microstructure, and properties
[54,166]. The AM process is not suitable for mixed different
materials and the technological innovation of composite ma-
terials and products with gradient structures is limited. There-
fore, it is necessary to develop more advanced AM technology
with high reliability, high precision, high flexibility, and low
cost. Firstly, based on the advantages of laser powder AM
in processing of dense parts with relatively mature precision
and compactness control, the processing parameters such as
the laser beam density and scanning rate as well as chem-
ical composition, microstructure, and mechanical properties
of the printed products require personalization, miniaturiza-
tion, precision, and low cost [46]. In addition to Mg vascular
stents, Mg-based surgical implants with porous structures and
degradability are expected to spur development of the ortho-
pedic market [130]. In order to attain satisfactory compres-
sion and moderate degradation, powder AM technology still
faces many challenges in terms of the processing parameters,
chemical composition, porous structure, microstructure, and
mechanical properties [24]. Secondly, in view of the process-
ing characteristics that arc fuse wire AM can produce large
and complex products, the appropriate slicing methods and
in-slice path planning strategies can be formulated to prepare
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different structural products and specific wire materials. A
database can be formed and automatic software can be de-
signed based on the database [173]. The process can be op-
timized continuously in real time by controlling the droplet
transition, temperature distribution, molten pool morphology,
heat dissipation, and other actual conditions in the AM pro-
cess. Subsequently, based on a large number of experiments
and experiences, the correlation model of process parameters
and forming size can be established for reference [174,175].
Computer software should be used to simulate and predict the
manufacturing process and a dynamic response mechanism
of “material property-manufacturing process-microstructure-
mechanical properties” can be established to improve the
accuracy and efficiency of the products. Finally, develop-
ment of high-quality and defect-free 3D printing products
are required and exploring the superposition and comple-
mentarity of non-vacuum electron beam and arc fuse print-
ing is conducive to the development of Mg AM products
[176].

5.4. Structural optimization of the design and efficacy of AM
biodegradable Mg-based products

The major advantages of AM are the high efficiency and
precision for products with individualized and complex geo-
metric structures, especially orthopedic surgical implants such
as acetabular cups and bone defect repair patches with three-
dimensional porous structures. However, the current design
principles and methods for surgical implants are based on
the traditional structures made of titanium alloys and cobalt-
chromium alloys, without considering the influence of poros-
ity and degradation, thus precluding the full potential of AM
and degradable metals from wide adoption. As for degrad-
able metals, the dynamic mechanical properties of Mg im-
plants change constant during degradation and bone growth.
Furthermore, degradation is a chemical reaction from the sur-
face to the bulk and the geometry plays a key role in the
degradation behavior. In theory, a porous structure has a large
surface area and undergoes fast degradation that affects the
inherent mechanical properties and biocompatibility. There-
fore, optimization of the structural optimization design and
efficacy of Mg-based metal surgical implants is necessary in
order to fully exploit the design flexibility of AM and inves-
tigate the impact of materials degradation on the structural
integrity, mechanical bearing capacity, and biocompatibility
of orthopedic repair products in order to accomplish compre-
hensive performance control and adaptation of different parts
of the product in the future. Firstly, Since the physical and
chemical properties of 3D printed Mg-based medical devices
are interrelated, each property is influenced and controlled
by multiple factors and it is difficult and time consuming to
quantify the connection between these factors by traditional
methods. The proper models can be established by neural net-
works, big data, artificial intelligence, machine learning, and
other computational methods to optimize the product struc-
ture. Secondly, customized, porous, and functional gradient
bionic design and efficacy evaluation must be carried out to

meet the clinical needs and a comprehensive database based
on experimental data and artificial intelligence should be es-
tablished to aid future design.

5.5. Degradation and biocompatibility study of biomedical
AM Mg-based products

Regardless of which AM process is implemented to pro-
duce Mg-based metal surgical implants, the microstructures,
mechanical properties, degradation rate, biocompatibility, and
other properties are bound to be different from those of prod-
ucts prepared by conventional processes [174]. At present,
there are still many unsolved questions about the safety and
in vivo absorption and metabolism of the AM products, espe-
cially the genotoxicity, carcinogenicity, and reproductive tox-
icity during the service lifetime of the implants in vivo [20].
The latest standard “Qualitative and quantitative degradation
products of metals and alloys” (ISO 10,993.15:2019), which
is being revised and will be promulgated soon in China,
clearly states: “The available electrochemical methods may
not be able to accurately reflect the degradation behaviors of
the degradable implants in the biological environment, and
do not provide the detailed requirements regarding accept-
able levels of degradation products. The new immersion tests
added to the standard also point out that the different elec-
trolytes chosen for degradable metals will significantly affect
their degradation rates and degradation products, and that fac-
tors affecting corrosion results include the volume of solution
to specimen specific surface area (V/S), flow rate, immersion
time, and corrosion rate evaluation methods, of which the se-
lection of appropriate simulated solutions and V/S ratios is
particularly critical.”

In the actual evaluation of the degradation characteristics
of Mg alloy medical devices, the pH, dissolved gas, fluid
flow rate, mass loss, degradation products, and hydrogen re-
lease should be considered [177]. Compared to compact 3D
printed products, the in vivo data of porous AM Mg-based
metals and composites are inadequate, and more evaluation
is needed concerning the safety, efficiency, and cost in or-
der to be commercially competitive. Therefore, there is an
urgent need to devise systematic, comprehensive, accurate,
effective, and reliable tests and evaluation methods to moni-
tor the degradation, absorption, and metabolism of degradable
Mg alloy surgical implants in vivo prior to clinical applica-
tion.

5.6. Surface modification and protection of biomedical AM
Mg-based products

The key to achieving personalized biodegradable Mg sur-
gical implants is to regulate the rate of degradation to be
compatible with tissue repair. Mg-based materials degrade
more swiftly than other metals such as zinc alloys and iron.
Although multi-component Mg alloy systems and supporting
manufacturing processes have been developed, most of them
are applicable only to traditional manufacturing of Mg-based
block materials and there have been few systematic studies
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on surface modification and degradation of porous Mg-based
implants.

Although the dimensional accuracy of powder laser AM
products is relatively high, there are inevitable dimensional
errors between the porous printed molded parts and design
parameters. A rougher surface created by surface powder ad-
hesion can impact the degradation behavior and there are
similar problems with wire arc printed products. Therefore,
in addition to optimizing the alloy composition, improving
the quality of the printing powders and wires, enhancing the
design of the product structure, and improving the AM pro-
cess by surface modification is also essential [178]. Surface
modification or surface treatment such as sand blasting, me-
chanical and chemical polishing, surface alloying, and surface
coating or plating can effectively improve the surface quality
of the products, including mechanical, degradable, antibacte-
rial and anti-inflammatory characteristics [110,179]. Hence, it
is necessary to investigate the influence of the geometry of
the porous Mg-based implants and the surface modification
on the mechanical properties, degradation properties, and bi-
ological functions to fully reveal the degradation behavior in
vivo and influence mechanisms on cell adhesion, proliferation,
and growth.

5.7. Clinical applications of AM Mg-based materials

Biodegradable Mg alloy implants such as vascular stents,
bone plates, and bone screws have been shown to produce en-
couraging clinical results [180,181]. However, clinical adop-
tion of AM biomedical Mg-based products has just started and
no actual products are available on the market. However, it
is foreseeable that utilizing powder laser AM to manufacture
personalized porous structures for surgical implants such as
rods, nails, and blocks, will be promising in order to achieve
clinical breakthroughs pertaining to the repair and treatment
of localized bone defects caused by orthopedic trauma such
as bone tumors resection and comminuted fractures [23].

Although AAM is mainly used for efficient and high-
quality forming of industrial parts with simple structure,
AAM shows large potential in rapid prototyping of products
with fine and high complexity [68,174]. In addition, since
the raw materials for AAM are wires, multi-strand wires or
multi-component wires can be used to print 3D products with
different chemical compositions and tissue properties for dif-
ferent stacking parts in order to achieve holistic manufacturing
of heterogeneous materials and multifunctional gradient com-
ponents [78]. Hence, in the future, it is possible to produce
high-end medical devices with complex structures and special
functions such as artificial femurs, artificial joints, and spines
made from Mg-based bioceramic composites for human bone
tissue replacement.

The degradation rates of Mg-based implants should match
the regeneration and reconstruction rates of bone tissues
thus requiring specific designs based on actual clinical
needs [172,182]. During the design process, materials se-
lection, structures design, manufacturing process control, and
biosafety assessment will pose a formidable interdisciplinary

challenge demanding the cooperation and expertise of re-
searchers in various fields including materials science, me-
chanical engineering, surface science, information technology,
equipment engineering, biology, medicine, and imaging. All
in all, it is undeniable that the future clinical application of
additively manufactured biodegradable Mg-based metallic im-
plants has immense potential.

6. Conclusions

The preparation of raw materials, manufacturing process,
properties, applications, and future prospects of AM Mg-
based biomedical materials are reviewed and discussed in this
paper and the conclusions are as follows:

(1) The primary raw materials for Mg-based AM products
are Mg powders and wires. Mg powders necessitate
consistent sizing, with an optimal particle range of ap-
proximately 20~70 pm, whereas Mg wires processing
typically involve large plastic deformation such as hot
extrusion, cold drawing, etc. The quality of AM Mg-
based products is contingent upon the quality of the raw
materials (Mg powders and wires). Owing to the high
activity and surface energy, there is room for improve-
ment in the development of high-grade raw materials
for Mg-based AM.

(2) LAM, EBAM, WAAM, and SSAM are common AM
techniques to produce Mg-based products. LAM has the
advantages of high dimensional tolerance and satisfac-
tory strength, but limited ductility, while EBAM mold-
ing is akin to LAM. However, the fast heating and cool-
ing effects of high-energy electron beams may produce
inherent flaws in the printed components. WAAM pro-
duces moderate strength and appreciable ductility, and
SSAM shows a higher tool force and velocity leading
to an elevated cladding temperature, consequently re-
sulting in higher porosity in the components.

(3) Our present comprehension of the mechanical charac-
teristics, degradation traits, and biocompatibility of Mg-
based 3D printed components for biomedical purposes
as well as the variables that impact these features is
insufficient and further research is required.

(4) Following are the areas requiring future research and
development: (i) Standard preparation of high-quality
raw materials, (ii) Development of special equipment,
(iii) Innovative manufacturing technology, (iv) Optimal
structural design, (v) In-depth study of the properties
and performance, (vi) Surface modification, and (vii)
Clinical applications.
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