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Abstract

Magnesium alloys are considered to be the third generation of biomaterials used in biomed-
ical applications to promote bone tissue regeneration. Due to their Young’s modulus being
similar to that of human bone and their release of magnesium ions that are antimicrobial
and osteoinductive, these biomaterials not only promote bone regeneration, minimize
the effects of stress shielding and reduce the risk of infection, but also their exceptional
biocompatibility and bioresorbability eliminate the need for a second surgery to remove
the implant. However, because magnesium has poor corrosion resistance, without different
coatings and surface treatments, the implant can be compromised before the bone is fully
healed. With additive manufacturing (AM) as a revolutionary technology, the one-size-fits-
all approach can be replaced by fully personalized medicine, in which complex shapes can
be created, designed, and processed with unique parameters for each patient. However, 3D
printing of Mg-based devices remains particularly challenging due to magnesium’s high
chemical reactivity, combustion risk, and low vaporization temperature, challenges that
are further compounded when alloying elements are introduced. This review addresses
this gap by critically examining the properties, corrosion behavior, and bio-medical perfor-
mance of Mg and its alloys, with a focused analysis of selective laser melting (SLM) and
wire arc additive manufacturing (WAAM) as key fabrication methods. The influence of pro-

cessing parameters, microstructural defects, and alloy composition on the final properties
W) Check for updates . ) ) . . .
of AM-fabricated Mg components is systematically discussed, alongside current limitations
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the newly formed tissue [1,2]. The healing process of regeneration and repair of bones after
injury is a complex mechanism [3,4]. This process is divided into three phases: hematoma
mechanization—0-2 weeks; bone scab formation—6-8 weeks; and bone scab remodeling
and shaping phase—8-12 weeks [5,6].

Magnesium and its alloys are biodegradable materials with a wide range of applica-
tions, including orthopedics, dentistry, and cardiovascular devices [3,7-11]. In comparison
with other metallic implant materials, magnesium is biodegradable, and during the heal-
ing process, magnesium continues to degrade, thereby eliminating the need for a second
surgical intervention. Mg and its alloys offer mechanical properties similar to those of
human bone, which can prevent stress shielding [12-14]. Furthermore, the magnesium ions
released during degradation are osteoconductive and antimicrobial, enhancing new bone
formation and reducing the risk of infection. One of the main drawbacks of magnesium is
its rapid corrosion rate in the physiological environment. Therefore, facilitating an ideal
result where the corrosion rate and the degradation process match the healing time of bone
tissue remains a challenge [15,16]. Heat treatment is considered one of the most effective
strategies to improve both the corrosion rate and the mechanical properties of Mg alloys
without compromising their composition or geometry [17-19]. The specific methods (T4, T5,
and T6) and their effects are discussed in detail in Section 5.1 [20]. For different types of Mg
alloys fabricated via additive manufacturing techniques, e.g., AZ80M, AZ91D, and WE43,
the effect of heat treatment was studied, with results showing significant improvements in
microstructure, mechanical properties, and corrosion resistance compared to samples that
did not undergo post-processing treatment [10,21-23].

Additive manufacturing (AM) offers a completely new perspective in guided bone
regeneration (GBR) through its capability to create complex and fully personalized devices
tailored to meet each patient’s specific needs. With the aid of 3D printing techniques,
the paradigm of one size fits all shifts toward personalized medicine, with a focus on
creating devices that are specifically designed and manufactured to address each individual
clinical case [24,25]. Conventional techniques deliver limited options, where features such
as customization, microstructure or porosity often cannot be tailored, both representing
critical aspects in bone healing and integration [7,26,27]. Among AM methods, SLM and
WAAM are particularly suited for Mg alloys and are discussed in detail in Section 3.

However, 3D printing using magnesium alloys is a particularly challenging process
due to the high chemical reactivity of magnesium, which can lead to combustion risk [27].
Several key methods can be employed to minimize and control the flammability of magne-
sium, including microstructure management through the reduction of low-melting-point
eutectic phases via heat treatment; the formation of protective surface films through the
addition of specific alloying elements that generate a dense, compact oxide layer; and
alloying with rare earth elements (REE). The addition of yttrium (Y), gadolinium (Gd), and
neodymium (Nd) significantly increases the ignition temperature through the formation of
a protective surface film. A 5 wt.% addition of Y, Gd, or Nd has been reported to increase
ignition resistance during flame testing. Calcium (Ca) additions of up to 3 wt.% improve
oxidation resistance, while beryllium (Be) is highly effective in reducing oxidation during
melting [28]. Control of environmental conditions through strict handling protocols and
the use of shielding gas atmospheres, such as SFg, Ny, or inert gas covers, is also employed
to prevent ignition [29].

This work reviews magnesium and magnesium alloys from two complementary
perspectives. First, it provides a general overview of the fundamental properties and
characteristics of magnesium. Second, it presents an in-depth analysis of magnesium
and its alloys produced through additive manufacturing techniques, particularly selective
laser melting (SLM) and wire arc additive manufacturing (WAAM). The review discusses
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the fabrication of magnesium-based materials using SLM and WAAM, with emphasis on
the influence of processing parameters on microstructural evolution, mechanical perfor-
mance, and defect formation. In addition, a brief overview of the potential applications of
additively manufactured magnesium alloys is provided.

2. Properties of Additively Manufactured Mg and Mg Alloys
2.1. Mechanical Properties

Medical implants should be able to support anatomic loads [30]. Therefore, mechanical
properties such as ductility, hardness, compressive and tensile strength, elastic modulus
and toughness require thorough investigation prior to clinical application. A discrepancy
between the elastic modulus of the implant and that of the surrounding tissue can cause
stress shielding, a phenomenon that occurs when the implant bears mechanical load instead
the bone, potentially leading to bone resorption and implant failure.

Pure Mg generally exhibits low tensile strength and medium ductility, which renders
it insufficient as a standalone material for applications demanding high mechanical perfor-
mance. For this reason, alloying is widely employed as an effective strategy to enhance
the mechanical properties of Mg, making it a more suitable candidate across a broad range
of biomedical applications. The most commonly used non-rare earth element (non-REE)
and rare earth element (REE) alloying additions include: Al, Ca, Zn, Mn, Y, Nd, Gd and
La. Together with Mg, these alloys can be processed via AM techniques such as SLM,
WAAM, binder jetting, extrusion-based deposition to fabricate a wide range of patient-
specific medical devices, including orthopedic screws, scaffolds, stents, and surgical staples,
across numerous medical fields [31-33]. Table 1 highlights and summarizes the mechanical
properties of several SLMed and WAAMed Mg alloys [34,35]. Alloying Mg with non-REE
and REE elements significantly enhances its mechanical and corrosion performance [36].
For instance, Mg-Nd and Mg-Er, alloys are noteworthy for their elevated high-temperature
mechanical properties. However, their corrosion resistance is not an intrinsic characteris-
tic but rather a context-dependent outcome strongly influenced by alloy microstructure,
second-phase distribution, grain boundary chemistry, and the specific AM processing
parameters employed [37-40]. For Mg-Ca alloy, the mechanical properties are strongly
dependent on Ca content; specifically, the addition of 1 wt.% Ca has been reported to yield
the most thermodynamically stable inter-metallic phase, resulting in optimal mechanical
performance [41,42]; However, increasing the content of Ca can lead to negative effects on
the tensile properties.

Table 1. Mechanical properties of different Mg alloys fabricated via SLM and WAAM—a summary.

Alloy Hardness (HV) YS (MPa) UTS (MPa) Elongation (%) Ref.
Selective Laser Melting (SLM)

Pure Mg 60-89 [43]

AZ31B 64 183 212 7.9 [44]

AZ61 216 239 2.1 [45]
233 287 3.1

AZ91D 85 237 254 2 [46]
100 274 296 1.8

AZ91D 265 298 2.0 [47]

AZ91D 242 361 8.9 [48]

AZX912 253 332 3.2 [49]
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Table 1. Cont.

Alloy Hardness (HV) YS (MPa) UTS (MPa) Elongation (%) Ref.
Mg-9Al 66-85 [50]
WE43 194 312 14
WE43 215 251 2.6 [51]
WE43 296 308 11.9 [52]
WE43 236 313 9.6 [53]
275 337 10.5
ZK60 70.1-85 [54]
GZ112K 332 351 8.6 [55]
GWZ1031K 310 347 4.1 [56]
T4 255 328 10.3
T6 316 400 2.2
G10K 79.8 180 228 2.2 [57]
G10K-FSP 86.2 202 272 7.5
Wire arc additive manufacturing (WAAM)
AZ31-GT 94 190 13 [58]
109 222 20
AZ31-CMT 131 210 10 [59]
71 151 7
AZ31-CMT 85 225 28 [60]
125 210 17
AZ31-GT 104 263 23 [61]
AZ31B-MIG 95 239 21 [62]
AZ31-UFP 203 20 [63]
211 22
ATZM31-CMT 119 211 17.9 [64]
94 207.7 13.9
AZ61A-CMT 99 256 15 [65]
104 264 15
AZ8OM-GT 119 237 12 [66]
146 308 15
AZ80OM-GT 230 13 [10]
280 15
AZ91-CMT 250 17 [67]
245 16
AZ61A 275 16.8 [68]
272 17.2
AEX11-CMT 243 45
233 5.2
GW63K-UFP 151 237 8.9 [69]
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Table 1. Cont.

Alloy Hardness (HV) YS (MPa) UTS (MPa) Elongation (%) Ref.
150 232 8.3
GWZ1031K 150 247 3.3 [70]
154 271 8.7
T6 214 337
215 331
GWZ421K 121 224 11.4 [71]
123 224 12.7
T4 114 229 16
116 234 17.7
T6 157 285 16.2
157 288 17.1

For SLM-processed Mg alloys, mechanical properties are strongly governed by grain
size, solute concentration and second-phase distribution, microstructural features that
are directly influenced by the applied volumetric energy density. Optimizing the energy
density promotes grain refinement, solid solution strengthening, and precipitate strength-
ening, collectively resulting in improved yield strength and ultimate tensile strength. Pure
Mg processed by SLM has been reported to reach hardness values of 60-89 HV [43],
demonstrating the capability of this AM technique to enhance the hardness of Mg-based
components. Furthermore, SLM-processed Mg devices exhibit lower fracture elongation
compared to conventionally manufactured counterparts, typically below 10% [44,45,47], a
limitation attributable to a combination of factors, including elevated residual stress levels,
formation of intermetallic compounds along grain boundaries, process-induced porosity
arising from gas entrapment or incomplete powder melting, crystallographic anisotropy
resulting from the preferential columnar grain growth along the building direction, and
lack-of-fusion defects caused by insufficient overlap between successive melt pools or scan
tracks [72]. In contrast to SLM, which can produce devices with high surface quality and
high yield strength but involves inherent safety hazards associated with the use of reactive
Mg powder as feedstock, WAAM utilizes wire-based raw material, thereby significantly
reducing combustion and explosion risks. The mechanical properties and overall quality
of WAAM-processed Mg alloys are strongly dependent on welding parameters and torch
feed speed, which must be carefully optimized to minimize porosity, thermal distortion,
and microstructural anisotropy.

For both SLM and WAAM mechanical properties that meet the requirements of the
intended clinical application, careful selection of alloying elements and process input
parameters is essential. Furthermore, post-processing operations, discussed in detail in a
subsequent chapter, play an essential role in enhancing the overall quality and performance
of AM-fabricated medical devices.

2.2. Corrosion

Corrosion rate is a key factor in determining the performance of a biodegradable
implant under physiological conditions. There are two main methods used to evaluate the
corrosion rate: in vivo and in vitro. In vitro testing refers to replicating the physiological
environment outside a living organism, either through immersion tests, in which the
medical device is submerged in a simulated body fluid (SBF), or through electrochemical
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testing, in which electrical techniques are used to determine the corrosion behavior [36].
In vivo testing, on the other hand, requires the direct implantation of the device in a living
organism, followed by measurement of mass loss over a defined period of time. In order
to obtain valid and comprehensive results, both methods should be employed, as neither
in vitro nor in vivo testing alone accurately captures the full corrosion behavior of Mg
and its alloys. Significant differences between in vivo and in vitro corrosion behavior of
Mg-based alloys have been widely reported, with in vitro conditions generally yielding
higher corrosion rates, influenced by factors such as immersion medium composition,
pH stability, absence of serum proteins, and static rather than dynamic flow conditions,
none of which fully replicate the complex physiological environment in vivo. A notable
exception to this trend has been reported for Mg-6Zn alloys [36,73,74]. Current density,
potential, and electrochemical impedance are key electro-chemical parameters governing
the corrosion behavior of Mg alloys; materials exhibiting a more positive corrosion potential
generally demonstrate higher corrosion resistance [75,76]. The corrosion process typically
initiates at surfaces and edges before propagating into the bulk material and affecting the
microstructure. Surface treatment represents an effective strategy to improve corrosion
resistance and thereby extend the functional lifetime of the implanted device [77,78].

This section highlights and summarizes the influence of both REE and non-REE
alloying elements on the corrosion resistance of magnesium. Although the Mg-Al system
is one of the most widely used alloy families, aluminum offers effective solid solution
and precipitation strengthening in magnesium [79-82]. In Mg-Al alloys, Al promotes
the formation of the intermetallic phase Mgi7Al,, which is typically distributed along
grain boundaries or dissolved within the magnesium matrix, depending on the processing
and heat treatment conditions. The effect of Mg;7Al;; on corrosion resistance is highly
dependent on its morphology and distribution: a fine and homogeneous dispersion of this
phase can contribute to improved corrosion resistance by reducing micro-galvanic coupling
and promoting the formation of a more stable protective surface film. However, a coarse or
continuous distribution along grain boundaries can accelerate localized corrosion through
micro-galvanic effects [83,84]. Magnesium and its alloys are highly sensitive to impurities,
which represent one of the primary sources of corrosion [85]. The addition of manganese
(Mn) to magnesium has been shown to effectively reduce impurity levels through the
formation of new intermetallic phases with iron (Fe) and other heavy metal elements,
thereby improving corrosion resistance [86,87]. Rare earth elements (REE) enhance the
microstructure and mechanical properties of Mg alloys and also improve their corrosion
resistance, attributed to their unique extranuclear electron configuration [88,89]. For Mg-
xNd alloy (x =0, 0.5, 2, 5 wt%), Zhang et al. [36,90] studied the degradation process in an
SBE. An initial increase in corrosion rate was reported, followed by subsequent reduction,
with this trend being most pronounced at a Nd content of 2 wt.%. This behavior can be
attributed to the formation of Mgs1Nd5 intermetallic particles at higher Nd concentrations,
which promote micro-galvanic corrosion. The presence of yttrium (Y) in magnesium alloys
promotes the refinement of x-Mg grains and purifies the Mg melt, leading to a reduction
in the intensity of galvanic corrosion. Furthermore, for Mg-Zn-Ca-Y alloys, corrosion
resistance was observed to improve continuously with increasing Y content, as evaluated
in Hank’s Balanced Salt Solution [91].

Due to the rapid solidification characteristic of SLM, the microstructure is significantly
refined and second phases are largely dissolved into the matrix. Furthermore, the dominant
corrosion mechanism can shift from pitting corrosion, typical of conventionally processed
Mg-Al alloys, to a more uniform overall corrosion [92]. In a study performed by Izumi
et al. [93], the cooling rate has a major influence on the corrosion behavior of magnesium
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alloys, thus increasing the cooling rate delays, the appearance of filamentous corrosion due

to grain refinement. Table 2 highlights the corrosion resistance of SLMed Mg alloys [94].

Table 2. Biodegradability of SLMed Mg alloys.

Alloy Powder Shape Particle Size (um) Processing Biodegradation Rate Ref.
AZ61 spherical 70 SLM 12.26 mg/ cm 2 [95]
ZK60 spherical 50 SLM 0.006 mL cm~2 h~! [96]
ZK30-xAl spherical ZK30—45-74; Al—5-15 SLM 0.17 + 0.02mg cm 2 day ! [97]
Mg irregular 75-150 SLM Fail [98]
WE43 spherical 25-60 SLM 0.17 mL/cm? [99]
ZK60-Cu spherical ZK30: 50; Cu: 80 nm SLM Close to 1.01 rnrny_1 [100]
For WAAMed Mg alloys, corrosion resistance is strongly microstructure-dependent.
The strategies for its optimization through process parameter control and heat treatment
are discussed in detail in Section 3.2. Table 3 shows the corrosion properties for some
WAAMed Mg alloys.
Table 3. Corrosion properties of WAAMed Mg Alloys.
Type of . . .
Alloy WAAM Process Processing Parameters Corrosion Properties Ref.
Current—75 A; _ o).
wire feeding speed —2500 mm/min; S:gf(s)(l)}{iii;r? ft‘;vc;[o/; temperature;
AZ31 GTAW travel speed—250 mm/min; Eo = 16 Ven: P 7 [58]
pulse frequency—200 Hz; arc length—3 mm; Corr__3 3 AS/C};Z
argon flow rate—20 L/min corr = 9.8 HA/C
Current—105 A;
arc voltage—14.2 V; _ o .
wire feeding speed—7404 mm/min; g:glr Ol}llti._r?'ast‘ft /(;1 temperature:
AZ31 CMT-GMAW travel speed—600 mm /min; E _So_‘i ;Ov 0o IEMpErature; 1]
distance from substrate to torch Jeorm = 0 VSCE
nozzle—10-12 mm; icorr = 1.373uA/ e
argon flow rate—20 L/min
grlir‘tf)?%jiéé 5V Electrolyte = Hanks’ solution
. > - . at 37 °C;
AZ31 CMT-GMAw  Wire feeding speed—800 mm /min; Ecorr = —1.48 Vgcg; [102]
travel speed—500 mm/min; distance from icorr = 3.8 1A /cm? (middle
substrate to torch nozzle -12 mm; Crorr S t'un)
argon flow rate—18 L/min (r0ss sectio
Current—160 A; Electrolyte = 3.5 wt%; NaCl solution
Mg-10Gd-4Y- arc voltage—13 V; at room temperature;
27n-0.5Zr CMT-GMAW wire feeding speed—1400 mm/min; Ecorr = —1.65 Vg(E; [103]
(GWZ1042K) travel speed—900 mm/min; icorr = 76.6 pA/cm?, after 1 h
argon flow rate—25 L/min of immersion
Wire feeding speed—5500-7000 mm/min; Eaegf:(l)}flziiZI? ':tvlj]oto/(r); temperature;
AZ31 CMT-GMAW travel speed—400-600 mm /min; p 7 [104]

argon flow rate—20 L/min

Ecorr = —1.52 VSCE}
icorr = 47.04 pA/cm?

Both SLM and WAAM improve the corrosion resistance of Mg alloys through rapid

solidification and refined microstructures, making careful process parameter selection

essential for meeting specific implant performance requirements.
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2.3. Biocompatibility

Biocompatibility and non-toxicity are the primary and most critical requirements for
any implant material. Following implantation into the human body, biological reactions
are initiated between the implanted device and the host tissue, and it is this interaction that
determines whether the medical device is accepted or rejected [105]. Temporary implants
function as mechanical support for the fractured bone and must maintain this function
until the injury is fully healed, after which the degradation process should occur within the
body at a controlled rate [106,107]. Upon interaction with the physiological environment,
temporary implants must be non-toxic and must not cause any adverse biological reaction.
Magnesium is naturally present in bone tissue and its high biocompatibility makes mag-
nesium alloys an excellent candidate for temporary implant applications. Approximately
21 to 35 g of magnesium can be stored in the body of a healthy adult [108,109], of which
approximately 20% is found in bone, 35—40% is sorted into tissue and ligaments, and 1% is
present in body fluids [110]. The recommended daily intake of Mg is approximately 420 mg,
making magnesium the second most consumed essential nutritional element. Further-
more, the degradation products generated during the corrosion process can be absorbed
or excreted through urine without causing any harm to the body [111,112]. In the case of
Mg-Al alloys, given that aluminum is a neurotoxic element, studies show that Al content
exceeding 5 wt % can cause damage to neurons and osteoblast cells. It is therefore essential
to consider regulatory guidelines and biocompatibility requirements prior to the clinical
implantation of any medical device [113]. For RE-Mg alloys, results are very promising.
In combination with magnesium, these alloys deliver excellent cell survival rates, with
cell viability exceeding 100% after one day of culture [114]. Moreover, certain rare earth
elements exhibit higher cell viability compared with pure Mg, suggesting that the risk of
cytotoxicity associated with their addition is not significant. Mg-Nd alloys in combination
with Zn, and Zr have been shown to further enhance cell proliferation and differentiation.
However, in the case of Yb and Tm, it is assumed that some cytotoxic effects may occur
due to the low cell viability that has been observed. This limitation can be mitigated by
adjusting the concertation of Yb and Tm or by developing multi-element RE systems that
achieve lower cytotoxicity while preserving their advantageous biological properties.

2.4. Osteogenesis and Angiogenesis

Osteogenesis is defined as the biological process by which new bone tissue forms in
order to repair a fractured bone. An important consideration is that, during the healing
of a fractured bone, osseous union should be achieved before the temporary implant
fully degrades in order to ensure a satisfactory clinical outcome. As a physiological
process, osteogenesis is highly influenced by cellular, biochemical and pathological factors.
Magnesium and its alloys possess inherent osteogenic properties, making them more
advantageous for temporary implants compared to bioinert materials. Feng et al. [115]
investigated the osteogenic performance together with the degradation behavior and
antimicrobial properties of a ZK60 Mg alloy coated with Ga. They used Ga as a coating
with the aim to improve the degradation rate and ensure the mechanical strength of the
implant, as well as to promote osteogenesis and inhibit osteoclast in order to maintain bone
stability [115,116]. After coating MgCal alloy with Zn and Ga, it was observed that the
number of cells attached to Ga (6.3 x 10* cells/cm?) was significantly higher in comparison
with Zn (2.6 x 10* cells/cm?) [117]. The obtained results show that co-culturing with
human bone marrow-derived mesenchymal stem cells (hBMSCs) in alloy extracts revealed
that a longer alloying time for Mg-Ga led to an enhancement of the spreading, proliferation
and differentiation of these cells. Moreover Ga, inhibited the osteoclast differentiation, and
the released ions of Mg, Zn and Ga promoted the osteogenesis performance overall.
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Rear earth-Mg alloys are another category that stands out for their capability to pro-
mote bone formation. RE ions are able to stimulate the sensory nerve ending, which leads
to a release of neurotransmitters, a process that ultimately enhances the differentiation
of stem cells towards an osteogenic lineage [118,119]. Due to their chemical similarity to
calcium (Ca), RE ions represent promising candidates for promoting bone regeneration and
the treatment of bone diseases. The osteogenic effects of RE-Mg alloys can be attributed to
two mechanisms: the first is pro-osteogenesis, whereby bone cell proliferation and differ-
entiation are stimulated through the activation of relevant signaling pathways [36]. For
instance, lanthanum (La) is able to activate Wnt/ 3-catenin or TGF-f3 pathways, ultimately
inducing elevated expression of osteogenic genes responsible for bone formation [120].
Even though in comparison with RE-Mg alloys, ceramics can provide and improve stem
cell proliferation and enhance bone regeneration, they show some limitations due to their
brittleness and high Young’s modulus. In contrast, RE elements are a remarkable choice
for temporary implants. They offer excellent biocompatibility and capacity to enhance
osteogenesis together with Mg. Additionally, studies show that when adding RE elements,
mechanical properties and processing characteristics are substantial improved.

For successful tissue regeneration, early formation of a sturdy network of blood vessels,
a phenomenon known as angiogenesis, is mandatory. The newly formed network of vessels
is a key factor in delivering nutrients, growth factors, and oxygen. Without this process,
supporting cellular activity and the growth of new tissue would not be possible [121].
Mg alloys, in a recent study, showed great ability to positively influence angiogenesis.
For Mg-Li-Al-RE alloys, a high survival rate of human umbilical vein endothelial cells
(HUVECs) was observed [122]. Therefore, managing to control the degradation behavior
of Mg alloys represents a promising starting point in enhancing endothelization and
angiogenesis performance.

3. Additive Manufacturing of Magnesium Alloys

Three-dimensional (3D) printing technology is becoming increasingly relevant in the
biomedical field. Together with biomaterials and tissue engineering, it has gained popular-
ity as a preferred alternative in the healing of bones, teeth or organs. The overall purpose
of creating temporary devices designed and fabricated via additive manufacturing using
biomaterials is to eliminate the need for a second removal surgery and to create specific
shapes tailored to the various requirements of each patient [123]. Table 4 summarizes the
advantages, disadvantages and applications of different 3D printing techniques [36,124].
This paper will focus on SLM and WAAM.

Table 4. Advantages, disadvantages and applications of AM methods for Mg alloys—a summary.

Method

Advantages Disadvantages Applications

Selective Laser
Melting (SLM)

-Dimensional accuracy and excellent
surface finish
-Superior mechanical performance

-Biomedical field
(cardiovascular stent,

-Removal of some post- -Increased residual stress bone implants
processing methods -Expensive bone scaI;fol ds;
-Near-full-density parts achievable under -Instability of the molten pool -Automobile industr
optimized process parameters (laser -Sensitive to corrosion -Aerospace industr y
power, scanning speed, hatch spacing, De fenIs)e industr y
and layer thickness) y

-Low surface roughness
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Table 4. Cont.

Method

Advantages

Disadvantages

Applications

Selective Laser

-High dimensional accuracy

-Good mechanical properties

-Low anisotropy

-Removal of any post-curing treatment
-Reduced need for support structures

-Poor surface quality
-Warping and shrinkage caused by
thermal distortion

-Biomedical field (bone
implants, bone scaffolds)
-Automotive industry

Sintering (SLS) ~ compared to other powder bed fusion Low tensile streneth -Aerospace industry
processes, although support may still be & -Military industry
: -Poor surface roughness oo
required for complex -Electronics industry
overhanging geometries
-No need for support structures
-Limited options for compatible Mg
alloy wires/feedstock
-Increased deposition rate and -ngh oxidation durmg DED process,
material efficiency which leads to a negative effect on the -Aerospace industry
Directed Energy : material properties .
. -Allows the creation of large and . . -Defense industry
Deposition complex parts -Porosity and microstructural defects Automotive industry
(DED) -Minimizes the need for ;ael;fssrilfl?cgeﬂilsszgs -Oil and gas industry
post-processing operations -Specialized equipment is needed for
safe operation due to
magnesium reactivity
“Inexpensive method -Rgmoymg the binder completely is ' ' '
_Fast process an intricate process -Biomedical fields
Wi d(fran o of materials -Elaborated components are brittle (implants, scaffolds)
Binder Jetting -Able to f fnction at low due to the glued particles, thus -Food industry
temperature and pressures limiting the mechanical performance -Molds and sand casting
No I;ee d for pos f rocessin -Post-processing is needed -Construction industry
postp & -Low precision
-Removes explosive Mg powder and is . _Clinical fields, such as
. - much safer -Restricted to macro-scale features -
Indirect Additive L. . ) . scaffolds implants,
. -Alternative in developing Mg -Inconsistency between design and .
Manufacturing nasal prothesis

components by avoiding the safety risks
-Excellent surface quality

finished part

-Microvascular networks

Laser Powder

-A large field of applications
-Dimensional accuracy and
good densification

-Processing parameters can cause into
chemical composition and mechanical

-Medical and dental
(artificial hips/
bones, crowns)

Fusioie&PBF) -Fine-grained microstructures, good properties of the finished part -Automotive and
mechanical properties due to -Limited availability of Mg feedstock  motorsport industry
rapid solidification -Oil and gas industry

. -No limitation regarding part size “Low dl.m ensional stability in
Wire Arc A ) comparison to LPBF
o -Alternative in developing Mg . IR S
Additive s . -Limited availability of custom alloys  -Transportation industry
. components by avoiding the safety risks . . .
Manufacturing Low cost -Coarser grains -Biomedical industry
(WAAM) -Geometrical limitation due to the

-High deposition rates and efficiency

surface tension

Friction Stir
Additive
Manufacturing
(FSAM)

-Capable of creating large parts

-Usage of a variety of materials

-Ability to produce variable
microstructures for different applications

-Scale and speed production are
limited by the machine dimensions
-Issue in clamping the material

-Railway industry
-Aerospace industry
-Medical and defense
industry

-Renewable industry

Compared to other AM processes, devices fabricated via SLM and WAAM offer several
notable advantages. In SLM, high dimensional accuracy (0.04-0.2 mm) and low surface
roughness (2-20 um) can be achieved. However, manufacturing efficiency is relatively
constrained (180 cm®/h), as it is limited by scanning speed and laser power, which, when
not properly optimized, can cause insufficient fusion, evaporation and pore formation [46].
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In contrast, WAAM offers a significantly higher deposition rate (1000 cm®/h), although it is
associated with comparatively lower dimensional accuracy (1-5 mm) and higher surface
roughness (40-200 pm).

3.1. Selective Laser Melting (SLM) of Mg Alloys

Selective laser melting is a widely used method for the 3D printing magnesium alloys,
owing to its utilization of a focused heat flux that enables precise energy delivery to the
powder bed [24,31]. Key processing parameters, including scanning speed, laser power
and layer thickness, must be carefully optimized in order to obtain dense, defect-free
structures. The most commonly used feedstock materials in SLM of Mg include pure
Mg, AZ-series alloys, and Mg alloys containing rare earth elements in powder form. The
primary challenge associated with SLM of Mg alloys is achieving adequate densification,
which directly governs the mechanical integrity of the fabricated components, as parts
manufactured by SLM are inherently prone to pore formation. Table 5 summarizes the
main parameters of SLM process.

Table 5. Main parameters of SLM process.

Parameters SLM
Power Laser: 0.1-1 kW
Raw materials: size Powder: 5-80 um
Temperature gradient 10°-107 K/m
Cooling rate 10°-10” K/s
Built efficiency 180 cm3/h
Part size 6003 mm?
Part accuracy 0.04-0.2 mm
Part roughness 2-20 um

The laser beam melts and fuses the powders to form a solid part, followed by irra-
diation with a laser beam to cause melting and solidification [125-127]. The key steps
describing the SLM process begin with the design phase, where the part is designed using
Computer-Aided Design (CAD) software. The most commonly used software programs
are SolidWORKS, CATIA, Autodesk Fusion and Creo, which focus on creating complex
geometries. The model is then converted into a STL file. In the pre-processing phase, the
3D model is sliced into thin 2D layers, and support structures are added to manage thermal
stresses and overhanging features. After this, the SLM machine is prepared by filling the
powder bed with metal powder, and an inert atmosphere is created in order to prevent
oxidation and ignition. A thin layer of powder is then spread over the build platform. Then,
a laser selectively melts the powder according to the sliced design, and the build platform
is lowered by one layer thickness. The melted material solidifies rapidly, and due to the
fact that the chamber is preheated, residual stress and excessive distortion is prevented.
The final step involves post-processing operations, including heat treatments, Hot Isostatic
Pressing (HIP), aimed at minimizing porosity and enhancing surface finishing [128,129].
Figure 1 shows the schematic representation of the SLM system.

The relative density of an SLMed part is an important factor in determining its quality.
This can be defined as the ratio between the density of the SLMed material and the theoret-
ical density of the bulk material [130]. Laser energy density is a key factor in producing
optimal Mg alloy medical devices and in determining the relative density of the part. Mg
alloy relative density typically ranges from 73% to 99%. The relative density of the alloys
increases with increasing energy density across a wide range of alloys, including AZ91,
ZK series, Mg-Gd-Zn-Zr, and Mg-9Al. For example, increasing the laser energy density
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from 7.5 to 15 J/mm?3 raised the density from 74.5% to 82%. Table 6 highlights the relative
density for several SLMed Mg alloys together with the corresponding laser energy density.
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Figure 1. Schematic representation of SLM system.
Table 6. Relative density and laser energy density of SMLed Mg alloys.
Alloy Laser Energy Density J/mm> Relative Density % Ref.
Pure Mg 300 96.13 [131]
Mg-9Al 187.5 82 [50]
Mg-1Zn 183.67 99.35 [132]
AZ61 156.25 99.4 [45]
AZ91D 166.7 99.52 [46]
WE43 55.55 99.48 [133]

Porosity forms at low energy densities due to incomplete melting, which leads to large
balling particles and a discontinuous trajectory. Therefore, using a higher laser energy
density results in better melting of the powder, allowing it to sink between the voids of the
particles and produce a smooth surface.

Hatch spacing and scanning speed are other important parameters that determine the
densification of a part. Hatch spacing is the distance from the center of one beam to the
center of the next beam [134]. This parameter effects not only the surface morphology but
also the porosity. Studies done on AZ61 Mg alloy show that decreasing the hatch spacing
from 0.1 mm to 0.06 mm, using a constant speed of 400 mm/s and a laser power of 150 W,
led to a relative density was 99.4%. In contrast, at a speed of 350 mm/s, the result was
unsatisfactory: the relative density was lower due to the formation of thermal stress in
the samples, which led to microcracks. In conclusion, it was determined that the hatch
spacing and scanning speed play a crucial role in pore size and pore shape [135,136]. Layer
thickness is another parameter that optimizes the porosity and reinforces layer bonding and
densification; it also affects dimensional accuracy, tensile strength and elongation [137]. It
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was observed [137] that preheating and using a layer of 0.15-0.25 mm, a flatter surface with
no holes or pores was achieved. In contrast, using a layer thickness of 0.3 mm, with and
without preheating, caused disrupted and irregular specimens. At a low layer thickness,
when the same amount of energy was applied, the result showed less dense parts with voids
and pores, since the laser energy density was insufficient to completely melt the powders.

Mg has low oxidation resistance at a temperature above 400 °C, which remains a
challenge and restricts its applications. Magnesium alloys in the form of powders, dust,
or fine chips are highly susceptible to ignition upon contact with an electric spark or
open flame. To improve ignition resistance and oxidation stability, alloying Mg with
calcium (Ca) and rare earth elements including Y, Gd, Ce, and Nd represents an effective
strategy [138,139]. Mg-RE alloys enhance oxidation resistance through improvements in
the plasticity of the oxide film and changes in microstructure. Calcium is able to suppress
the continuous oxidation of Mg alloys at high temperatures. This effect is explained by
microstructural changes that transform the oxide layer from porous to compact. For the
formation of an effective protective oxide film, a Ca content exceeding 1 wt.% is required in
Mg alloys; however, increasing the Ca content beyond this threshold is associated with a
deterioration in mechanical properties. When Y is added to Mg-Ca, a flexible protective
film forms, and with a content of Y above 10 wt%, the powder did not burn even at
temperatures exceeding 900 °C [140]. Beryllium can improve the oxidation resistance of Mg
because it acts as a surface-active element in molten magnesium. The improved oxidation
resistance can be explained by the fact that the outer layer contains MgO, while the inner
layer contains a mixture of MgO and BeO, which acts as a diffusion barrier.

Densification of SLMed Mg parts is the process of obtaining a dense structure with
excellent properties, free of defects such as balling or loss of structural integrity, through
fully melted and solidified powders. Densification increases the bonding strength between
layers and minimizes gas impurities. The literature reports that achieving dense parts
during the SLM process requires a higher laser energy density. For Mg-9Al, researchers
concluded that higher scanning speed combined with lower laser energy density led to
incomplete melting of the material, pores and balling, whereas increasing the laser en-
ergy density reduced pores and produced a smoother surface [141-143]. When selecting
printing parameters, it is crucial to consider the requirements and intended purpose of the
application and to select appropriate alloying elements in order to achieve dense parts.
SLMed alloys are characterized by a uniform microstructure and refined grain structure
compared with those produced by traditional methods. These advantages, which provide
components with excellent mechanical properties, result from controllable process parame-
ters, such as cooling /heating rate, orientation and the ability to manipulate input features,
including rapid cooling rate, heating rate, directional solidification, and temperature. An
increased scanning speed combined with decreased laser power results in lower surface
energy, leading to a higher cooling rate and, ultimately, a finer microstructure in SLMed
Mg alloys. Conversely, high laser power and low scanning speed result in coarser grains
and a lower cooling rate.

Mechanical properties, such as hardness, tensile strength, Young’s module, elongation,
fatigue and fracture behavior, are all parameters that determine the appropriate application
for a material. Magnesium is a biocompatible material with an elastic modulus (3—20 GPa)
similar to that of human bone. This feature is also valid for SLMed Mg alloys, which
have an elastic modulus of (20.8-38.2 GPa), values that are close to that of human bone.
Powder thickness and properties, as well as laser energy density, all directly affect the
elastic modulus of SLMed Mg alloys. Via SLM, the average grains size is 1-15 um, which is
considerably lower than in traditional processing methods, such as casting. Microhardness
in different regions is directly affected by microstructure refinement; as a result, the central

https://doi.org/10.3390/ma19132890


https://doi.org/10.3390/ma19132890

Materials 2026, 19, 2890

14 of 30

region of the molten pool has higher microhardness than the edge area [144]. Studies
show that direction/orientation has a major impact on mechanical properties, particularly
tensile strength, highlighting the anisotropy of Mg alloys during the SLM process. Samples
fabricated parallel to the building direction showed higher values than those fabricated
perpendicular to it.

Post-processing and treatment of AM Mg implants and scaffold represent an impor-
tant step toward enhancing overall mechanical performance and achieving the optimal
requirements for their intended application. Considerable internal stress accumulates in the
structure due to the layer-by-layer process and the high cooling rate of AM. Post-processing
is used to reduce thermal stress and to refine the microstructure. Post-treatments fall into
two categories: heat treatment and surface treatment [145]. Heat treatment, on the one
hand, enhances the performance of a printed device by modifying the microstructure, and
on the other hand, reduces microstructural defects and thermal stress. In SLM, the tem-
perature distribution varies significantly from the inner area to the outer regions, resulting
in different temperature gradients and, ultimately, anisotropic microstructures. Porous
magnesium scaffolds are prone to early loss of mechanical integrity; this drawback was
studied by Kopp et al. [146], who applied two post-processing methods to an SLM-printed
Mg scaffold, plasma electrolytic oxidation (PEO) and Hot Isostatic Pressing (HIP). PEO
treatment helped to reduce the degradation rate and enhance mechanical performance,
whereas HIP had a detrimental effect. Although HIP initially helped densify the high
porosity regions, its effect on small pores was insignificant. Obtaining a smooth surface
enhances the corrosion resistance and prevents fatigue failure [147]. Roughness is a pa-
rameter that directly influences the interaction between scaffold and cell; thus, surface
treatment can enhance the overall performance of the printed device. There is a wide range
of surface treatment methods, such as plasma spray, physical/chemical vapor deposition,
ion implantation, electrochemical oxidation, sol-gel etc. For scaffolds, particularly due to
their porous structure, two approaches can deliver optimal results: chemical etching and
anodization treatments, which are chemical processes, and coating the scaffold surface with
bioactive ceramics [145].

3.2. Wire Arc Additive Manufacturing (WAAM) of Mg Alloys

Compared to other 3D printing methods, wire arc additive manufacturing (WAAM)
uses metal wires and has higher deposition rates and lower manufacturing costs. This
method is also able to print large-size components, and, in terms of process stability, is
more reliable [148-150]. Table 7 summarizes the main characteristic parameters of the
WAAM process.

Table 7. Main parameters of WAAM process.

Parameters WAAM
Power Arc: 1-5 kW
Raw materials: size Wire: @ 1-5 mm
Temperature gradient 103-10* K/m
Cooling rate 103-102 K/s
Built efficiency 1000 cm3/h
Part size 3000° mm?
Part accuracy 1-5 mm
Part roughness 40-200 pm

Printing Al alloys via WAAM has been well researched, and its feasibility has been
proven. However, there is a lack of research and studies on Mg alloys in combination
with WAAM. Cold metal transfer (CMT) is a better alternative to WAAM due to its ability
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to reduce heat input. At the same time, Mg alloys tend to exhibit better forming and
mechanical properties through CMT-WAAM. A schematic representation of the WAAM
system can be observed in Figure 2.
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Figure 2. Schematic representation of the WAAM system.

The WAAM process can be split into three categories based on the arc welding tech-
nology used for melting the wire feedstock: plasma arc welding (PAW), gas metal arc
welding (GMAW) and gas tungsten arc welding (GTAW) [124,151]. GTAW is also known
as TIG (tungsten inert gas). An electric arc is formed between a tungsten electrode and
the substrate below, and an inert atmosphere protects the weld pool from oxidation and
contamination. PAW operates similarly to GTAW, but a nozzle constricts the arc, and the
feedstock is melted by the plasma. In GMAW, also known as MIG (metal inert gas), the
electric arc is generated between a filler metal and the substrate.

WAAM presets a complex physical process, and its success depends on a number of
factors such as heat transmission to the wire, welding technique, wire melting and forma-
tion of the droplets that collide with the previous substrate [152]. The most common defects
observed on WAAM printed parts are usually, cracks, oxidation, roughness, delamination
and porosity. Therefore, in order to obtain high-quality parts, current, voltage, torch travel
speed, wire speed, gas composition and flow rate, heat input, and diameter of the welding
electrode are parameters that need to be taken into consideration [151]. Heat input plays a
major role in achieving a smooth surface finish, a fine microstructure and good mechanical
properties. Heat input is defined in Equation (1), where 1 is the efficiency, U is voltage, I is
the current and TS is the travel speed.

n Ul

HI =
TS

1)

In recent years, the use of WAAM Mg alloys has attracted interest due to their limited
plasticity, a challenge that cannot be overcome by traditional deformation-based techniques,
such as forging or rolling, as well as shrinkage and internal porosity caused by casting.
Currently, the majority of studies on WAAM Mg alloys focus on Mg-Al-Zn and AZ series
alloys [153,154]. WAAM wires are produced via continuous casting, hot extrusion or
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drawing. They must provide a smooth surface, free of cracks, oxide pits or twists, and
their composition should be homogeneous and free of segregation. Defects in WAAM Mg
parts can be divided into two groups: process-related defects, which include roughness
and residual stress, and material-related defects, which include porosity and cracks.

The corrosion resistance of WAAM-processed Mg alloys is strongly dependent on the
microstructure. This challenge can be addressed from two main directions: the first involves
controlling the WAAM parameters and examining how they affect grain size, and the
composition and distribution of precipitates within the x-Mg matrix, the second involves
post-processing steps, particularly heat treatment, intended to refine the microstructure.
In a study by Li et al. [155], an AZ31 alloy prepared via CMT-WAAM with unmodified
parameters was compared to an as-cast part. The grain structure of the WAAM part strongly
influenced its corrosion resistance, which was found to be higher than that of the cast alloy.
A high density of grain boundaries promotes the formation of an oxide film, which, due to
grain refinement, leads to passivation and a decrease in corrosion rate. Conversely, when
an oxide film does not form, the corrosion rate increases due to the high reactivity of the
refined microstructures. In addition to grain size, crystallographic texture and secondary
phases are factors that strongly influence the corrosion behavior of WA AM-processed parts.

The use of post-processing methods to improve specific microstructural features can
enhance the overall corrosion resistance of WAAM-processed parts. The effect of heat
treatment on the corrosion resistance of PAW-WAAM Mg-Gd-Y-Zr was investigated [156]
in a 3.5 wt% NaCl solution. After the WAAM process, the obtained part was annealed and
artificially aged. Following the aging process, the microstructure exhibited an «-Mg matrix
and a small content of 3-Mg»4(Gd,Y)s precipitate. The heat treatment eliminated residual
stress and also improved the corrosion resistance.

In summary, in order to obtain SLM- or WAAM-manufactured components with
minimal defects, the key factor is the optimization of process parameters, a fundamental
step in achieving superior performance in AM medical devices.

4. Main Defects in SLMed and WAAMed Mg Alloys

SLM and WAAM processing parameters are difficult to control and represent the
main cause of spheroidization, porosity, poor fusion, loss of alloying elements, cracks, and
oxide inclusions.

Spheroidization is characterized by the shrinkage of the molten pool into spheres and
indicates inadequate heat input. This phenomenon is caused by the surface tension of the
molten pool being greater than that of the powder. In order to minimize spheroidization,
two methods can be applied. The first involves controlling the oxygen content, which
decreases the production of oxides and the formation of oxide films, leading to improved
wetting behavior [157]. The second involves increasing the quantity of metal powder
to improve fluidity, allowing the molten metal to spread over the substrate surface and
thereby inhibiting spheroidization [158].

Porosity is a common defect of the SLM process. This issue usually arises from rapid
solidification, where overflow of the gas is slow and the solubility of the gas decreases
while the temperature drops, thus inhibiting gas evacuation. Two methods can be used to
inhibit the formation of porosity. First, controlling the amount of gas elements and choosing
appropriate processing parameters, and second, closely analyzing the gas escape process
with consideration of thermodynamics and dynamics [159].

Poor fusion appears when the cohesion of the melting powder/wire is incomplete
during the liquid-state AM process. In SLM, this defect is caused by insufficient energy
from the heat source: when the thickness of the overlapping area does not reach the metal
powder, some powder remains incompletely melted, resulting in poor fusion. Choosing
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appropriate parameters to obtain suitable energy input can successfully suppress this defect.
Also, the WAAM process is also susceptible to poor fusion due to insufficient energy input
and warping of the wire. Using feedstock with good formability and selecting appropriate
parameters are essential to achieving accuracy and avoiding poor fusion.

Cracks represent a detrimental defect in the liquid-state AM process, decreasing the
overall performance of a part. Cracks are mainly caused by residual and thermal stress,
microstructure stress and constraint stress [160,161]. Solidification shrinkage of the material
is also a related cause of cracking. Several methods can be used to reduce the occurrence
of cracks in AM parts, including using raw materials with good plasticity, decreasing the
energy input and preheating the substrate to reduce temperature.

Oxide inclusions are thin films on the surface of the part during the welding process,
originating from the surface of the raw materials. These defects cause spheroidization, lack
of bonding between layers and microstructure disruptions, which lead to poor mechanical
properties [130,162]. Although Mg itself oxidize easily, and oxidation is difficult to avoid
completely, choosing appropriate manufacturing parameters, such as a higher heat input,
can minimize the formation of oxide films.

All these defects have a negative impact on the overall performance of AM Mg alloys.
Therefore, from the beginning of the manufacturing process, close attention to the input
parameters, the quality of the feedstock, and appropriate post-processing operations is
necessary to obtain devices with excellent mechanical, physical and chemical properties.

5. Post-Processing of AM Mg Alloys

Medical devices manufactured by AM are prone to various defects, including but
not limited to pores, residual stress, microstructural defects and mechanical anisotropy.
Therefore, in order to create parts that are suited to and meet the requirements of their intended
application, post-processing methods such as HIP, heat treatment and mechanical processing,
among others, are needed, in addition to choosing input parameters that can reduce some of
these defects. Table 8 summarizes the effect of heat treatment of AM Mg alloys [125].

Table 8. Summary of heat treatment for SLMed and WAAMed Mg alloys.

Mg Alloy AM Method Heat Treatment Results Ref.
Solutionizing at 536 °C for 24 h After. the heat tree.atment, the strength
WE43 SLM . o remained approximately the same and an [51]
followed by aging at 536 °C for48 h . . . .
improvement in tensile strain was observed.
Decrease in mechanical properties and
Mg-Al-Zn with 1. Solutionizing at 420 °C for 6-8 h ~ improvement in corrosion resistance after
different content SLM followed by aging at 200 °C for 10 h  solutionizing. Improvement in mechanical [163]
of Ag 2. Solutionizing at 420 °C for 6-8 h  properties and corrosion resistance after
solutionizing followed by aging.
1. Aging at 200 °C Excellent mechanical behavior after FSP
Mg-10Gd-0.2Zr SLM 2. FSP followed by aging at 200 °C treatment followed by aging in comparison [57]
to only aging.
Grain coarsening, removal of non-basal
AZ91 WAAM  Solution annealing at 415 °C for gy Orientation and dissolution of Mgi7 Al [164]
and increased corrosion resistance
after annealing
Improvement in strength and ductility,
1. Solutionizing at 410 °C for 1.5 h elimination of anisotropy after solutionizing
AZSOM WAAM 2. Aging at 180 °C for 25 h followed by aging. The highest ductility [10]

3. Solutionizing at 410 °C for 1.5 h
followed by aging at 180 °C for 25 h

was obtained after solutionizing followed
by aging and uniform distribution of
hardness in comparison to aging.
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5.1. Heat Treatment (HT)

Even though in an AM Mg alloys, some defects such as porosity, poor fusion, cracks
or inhomogeneity are inevitable, post-processing techniques can be used to minimize
them. Heat treatment can effectively relieve residual stress, refine the microstructure
and facilitate the formation of precipitates, thus significantly improving mechanical and
corrosion properties. Common heat treatment used for AM Mg alloys are solution heat
treatment (T4), solid solution followed by aging heat treatment (T6) and direct aging
treatment (T5). During this process, alloys are heated to the single-phase region and held
there until the second phase is fully dissolved. Next, rapid quenching is employed in
order to obtain a saturated solid solution and refine microstructure. The final step is aging
heat treatment. Once the heat treatment is complete, the results show the formation of
fine precipitates of the second phase along with an improvement in the mechanical and
corrosion properties. In a study performed by Guo et al. [10], the effect of HT on the
microstructure and mechanical behavior of a WAAMed AZ80M part was investigated. The
AZ80M Mg alloy underwent a series of HTs, including solution HT at a temperature of
410 °C for 1.5 h, direct aging at 180 °C for 25 h, and solution HT followed by aging at
410 °C for 1.5 h followed by 180 °C for 25 h. After the T4 treatment, the majority of the
dendritic second phase, characterized by low thermal stability fully dissolved; however, the
second phase containing Ca and Y remained undissolved due to its high thermal stability.
T5 heat treatment resulted in the formation of additional precipitates within the existing
second phase. For T6 treatment, the solution heat treatment led to the dissolution of the
majority of the second phase, while aging contributed to the formation of fine, continuous
precipitates. Moreover, T4 heat treatment showed a significant increase in elongation due
to the dissolution of the secondary phases, while T5 and T6 improved the strength of the
WAAM-processed AZ8OM.

Heat treatment remains the most widely employed post-processing method for addi-
tively manufactured (AM) magnesium alloys because of its versatility and effectiveness
in alleviating defects such as residual stresses and microstructural inhomogeneity. Never-
theless, despite its demonstrated benefits, heat treatment also presents several challenges,
including process parameter optimization, dimensional distortion, surface quality degrada-
tion, material compatibility issues, treatment non-uniformity, and increased processing cost
and time. Achieving optimal heat-treatment performance therefore requires careful consid-
eration of these factors in conjunction with material composition, component geometry,
and the targeted properties. This highlights the need for comprehensive process planning
and precise execution throughout AM production.

5.2. Hot Isostatic Pressing (HIP)

Porosity is an inherent characteristic of as-built additively manufactured (AM) mag-
nesium alloys, negatively affecting their mechanical and corrosion performance. Among
the available post-processing methods, hot isostatic pressing (HIP) is one of the most
widely adopted techniques for porosity reduction. During HIP, the material is subjected to
elevated temperature and high isostatic pressure within an inert atmosphere, promoting
pore deformation and collapse, which ultimately leads to material densification [165,166].
In addition to reducing porosity, HIP is effective in reducing residual stresses, homoge-
nizing the microstructure, and improving ductility and strength. The technique has been
extensively applied to enhance the properties of additively manufactured SS316L [167],
aluminum alloys [168], titanium alloys [169], and nickel-based alloys [170]. Nevertheless,
its application as a post-processing strategy for AM magnesium alloys remains relatively
limited. Gangireddy et al. investigated [171] the effect of HIP treatment on WE43 alloy
with different degrees of porosity. HIP was performed at 350 °C and pressure of 104 MPa
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for 2 h. The results showed a significant reduction in porosity from 12.4% to 2.7% after HIP
treatment. Additionally, due to the combined effect of temperature and pressure, HIP also
influenced the microstructure of the parts: dissolution of the Y phase, precipitation of the
Zr phase and a transformation in the shape of Nd precipitates were observed.

Hot isostatic pressing (HIP) has demonstrated considerable effectiveness in promoting
pore closure and material densification, thereby offering significant potential for improving
the mechanical performance of additively manufactured (AM) magnesium alloys. Despite
its numerous advantages, HIP is associated with several limitations: grain coarsening and
the presence of collapsed pores that may act as crack initiation sites. Furthermore, HIP re-
quires substantial energy input and specialized equipment, leading to increased operational
costs and extended processing times. Achieving uniform densification in components with
complex geometries or large dimensions also remains a significant challenge, which may
result in inconsistent mechanical properties throughout the fabricated part.

5.3. Friction Stir Processing (FSP)

Post-processing techniques, such as heat treatment and hot isostatic pressing, share a
common limitation, namely the formation of abnormal grain growth at high temperatures,
which can lead to a reduction in the tensile strength of the material. In addition, the fine and
heterogeneous grain structures characteristic of as-built alloys, formed under rapid solidifi-
cation conditions, exhibit greater susceptibility to grain coarsening than conventionally cast
materials subjected to comparable temperatures and holding times [172]. Consequently,
the development of innovative post-processing methods is essential to minimize defects
and homogenize the microstructure while improving ductility without compromising
material strength.

Friction stir processing (FSP), a severe plastic deformation technique derived from
friction stir welding (FSW), has emerged as a promising alternative. FSP utilizes elevated
temperatures in combination with high strain and strain rates to induce intense plastic de-
formation, thereby promoting grain refinement, microstructural homogenization, fragmen-
tation of secondary phases, and elimination of defects such as porosity [173]. Numerous
studies have demonstrated the effectiveness of FSP in producing refined and homoge-
neous microstructures in as-cast magnesium alloys, leading to significant improvements in
mechanical performance [174].

However, the application of FSP as a post-processing technique for additively manu-
factured alloys remains largely restricted to flat geometries. Previous investigations have
explored the feasibility of FSP for post-processing additively manufactured titanium al-
loys [175] and aluminum alloys. More recently, several studies have also examined the use
of FSP as a post-processing approach for AM magnesium alloys [176,177].

6. Applications of Mg Alloys

The outstanding qualities of magnesium alloys, especially their light weight, mechani-
cal properties and controllable biodegradability, make them a great choice for a number
medical fields. Together with 3D printing methods, custom devices with specific properties
and requirements can be achieved in order to meet the individual needs of every patient.

6.1. Orthopedic Implants

Traditional orthopedic implants are commonly made from stainless steel, Ti and Co-Cr
alloys. Due to their non-degradability, they can cause stress shielding, and a second surgery
is often needed for removal [178]. Mg alloys, particularly in combination with La or Ce,
can provide excellent results for orthopedic implants, where the degradation rate matches
the time, it takes for bones to fully heal. This reinforces the capability of Mg alloys to offer
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sufficient mechanical support during the healing process. Furthermore, their excellent
biocompatibility can facilitate a more successful recovery [179]. Pure Mg, Mg-Y-RE-Zr and
Mg-Ca-Zn alloys have achieved regulatory approval in several countries, such as China,
Germany and South Korea [180].

Mg-based metals in orthopedy can be divided in two categories. The first is bone
fixation devices, which are used in the early stages of fracture healing to provide support
as the fracture heals and remodels, while the implant gradually degrades [181]. The second
category is bone tissue engineering scaffolds, which are used in combination with cells into
the affected area. During the degradation process, these scaffolds guide cell proliferation
and differentiation, thereby stimulating bone formation and the regeneration of bone
tissue [106,182].

6.2. Stomatology

Traditional dental implants often cause biocompatibility problems and exhibit long-
term resistance in the oral environment.

Alveolar bone defects can lead to tooth extraction or implant failure. Therefore, in order
to minimize these issues, Guided Tissue Regeneration (GTR) was introduced [183]. This
method focuses on placing a physical barrier to separate periodontal tissues, preventing
the ingrowth of connective tissue, while promoting tissue regeneration with the help of
guiding cells.

For example, Mg-RE alloys can provide excellent biocompatibility and corrosion
resistance, meaning that the risk of inflammation or rejection is significantly lower. Another
important aspect is the ability of the scaffold used for bone regeneration to be tailored to
the patient’s unique healing process [184]; therefore, the dental recovery process will be
more efficient and less intrusive [179].

6.3. Cardiovascular Applications

Currently, most stents are composed of permanent materials, such as Co-Cr or stainless
steel. These materials have to remain in the body for a long period of time and can
occasionally cause difficulties. When designing a vascular stent, requirements including
mechanical performance, controlled degradation and vascular biocompatibility should be
primarily taken into consideration. From a mechanical standpoint, stents should resist
recoil and shrinkage while maintaining structural integrity for 3-6 months in order to
provide vessel patency [180]. In terms of biodegradation, an optimal degradation rate
for a stent should not exceed 0.02 mm-y~!, with complete degradation occurring within
12-24 months to allow for vessel remodeling. Moreover, the implant should not cause
toxicity or an inflammatory response [185]. In a study performed by Chen et al. [186] an
Mg-Nd-Zn-Zr alloy stent was investigated. The material was optimized using a surface
coating and then implanted in a New Zealand white rabbit. CT and optical coherence
tomography (OCT) images revealed no signs of thrombosis or restenosis at 5 months post-
implantation, thus demonstrating that the stent successfully supported the vessel prior to
biodegradation and also enabled arterial healing.

7. Challenges and Future Research Directions

Regenerative medicine has gained a lot of interest in recent year, and continuous
development has provided a better understanding of the design process and material
requirements for various applications. Even though 3D printing methods are able to create
complex shapes for many applications, many challenges have arisen. Various fields of
tissue engineering require scaffolds with varying properties and structures. These scaffolds
should mimic natural tissue while providing good biocompatibility and the capacity to
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support new bone formation and the recovery of new cells. 3D printing is able to save a
large number of resources, but industrial production remains a challenge. Another aspect
is that creating personalized medical devices takes a lot of time; however, automating
parameter selection via artificial intelligence can be a solution [187-190]. Future research
should focus on increasing the functionality and diversity of applications for scaffolds as
technology progresses [191-193].

Mg-based alloy powders exhibit high flammability, chemical reactivity, and a tendency
to evaporate due to the low boiling point of Mg [194,195]. Other challenges regarding 3D
printing of Mg alloys include low vaporization temperatures, high vapor pressure, and
high tendency toward oxidation. However, powders of WE43, AZ91D alloys and pure Mg
are commonly available [196].

Health and safety are major concerns with Mg alloys. Therefore, ensuring safety
in the mass production of AM Mg alloy applications is a key priority. These measures
include production in a well-controlled environment, use of minimal powder volumes, safe
storage of the feedstock away from any ignition source, and a permanently controlled and
monitored environment. In general, resolving these relevant challenges in the development
of AM Mg alloy parts will contribute to creating higher-performance and more accurate
biodegradable Mg-based alloys for the biomedical field.

To improve the additive manufacturing of biomedical magnesium alloys, several
important challenges need to be addressed. Process stability remains essential due to
magnesium’s high reactivity, flammability, and low vaporization temperature, which
require stricter parameter control. Future research should focus on developing real-time
process monitoring systems and leveraging machine learning to optimize parameters,
reducing reliance on trial-and-error methods. Designing AM-specific magnesium alloy
compositions is equally vital, as most current alloys were developed for conventional
manufacturing and are not suited for the rapid solidification inherent to the SLM and
WAAM processes.

Corrosion behavior under physiological conditions, especially in complex porous
structures, is still not well understood. Promising areas for research include multifunc-
tional surface coatings that offer controlled biodegradation along with antibacterial and
osteoinductive properties, and predictive degradation models that that account for mi-
crostructural heterogeneity and residual stresses. Post-processing methods also require
improvement; current techniques such as heat treatment and HIP produce uneven results in
complex geometries, and applying friction stir processing to non-planar AM parts deserves
further exploration.

From a clinical and regulatory perspective, long-term in vivo studies and controlled
clinical trials are necessary to validate the safety and effectiveness of AM magnesium
implants across various anatomical applications. To improve scalability and economic fea-
sibility, safer feedstock handling, more efficient enclosed AM equipment, and streamlined
post-processing workflows are needed. Progress in these interconnected areas is expected
to accelerate the clinical adoption of personalized AM magnesium-based medical devices.

8. Conclusions

In recent decades, the demand for lightweight structures has increased substantially
across biomedical, automotive, aerospace, and electronic applications. Magnesium and
its alloys have emerged as promising candidates owing to their low density, favorable
mechanical properties, excellent thermal conductivity, thermal stability, and good machin-
ability. In particular, the biocompatibility and biodegradability of magnesium make it
highly attractive for the development of next-generation medical devices and implants.
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Additive manufacturing (AM) has transformed the design and fabrication of com-
plex and patient-specific medical devices by enabling high geometric freedom, reduced
material waste, and customizable processing conditions. Among the available AM tech-
nologies, selective laser melting (SLM) and wire arc additive manufacturing (WAAM) have
shown considerable potential for processing magnesium alloys. SLM generally enables the
fabrication of components with finer microstructures, higher dimensional accuracy, and
superior mechanical strength due to the rapid solidification. In contrast, WAAM offers
higher deposition rates, lower production costs, and greater suitability for manufacturing
large-scale components, although it is often associated with coarser microstructures and
lower surface quality.

Despite these advantages, the additive manufacturing of magnesium alloys remains
challenging because of their high oxidation tendency, flammability, and chemical reac-
tivity during processing. Nevertheless, recent studies have demonstrated significant
improvements in the mechanical performance of AM Mg alloys through process opti-
mization and post-processing treatments, leading to enhanced strength, ductility, and
microstructural homogeneity.

This review highlights recent advances in the additive manufacturing of magne-
sium alloys, with particular emphasis on SLM and WAAM technologies, their processing
characteristics, mechanical behavior, and potential applications. Future research should
focus on improving process stability, minimizing defects such as porosity and cracking,
developing new magnesium alloy compositions tailored for AM, and optimizing post-
processing strategies to further enhance the mechanical and corrosion performance of
fabricated components.
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