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Abstract

Magnesium (Mg) alloys have gained recognition as revolutionary biomaterials, owing to their
inherent degradability, favorable biocompatibility and mechanical properties. Additive
manufacturing (AM) provides high design flexibility and enables the creation of implants with
personalized complex shapes and internal porous structures tailored to individual anatomical
and functional needs. Particularly, laser powder bed fusion (LPBF), one prevalent AM
technique, utilizes a fine laser beam as heat source and results in tiny molten pool with
extremely fast cooling rate, which effectively restricts grain growth, inter-metallic precipitation
and macroscopic segregation, thus facilitating the fabrication of high-performance metal parts.
This review critically assesses the significance of biodegradable Mg alloys and investigates the
feasibility of utilizing LPBF for Mg alloys applications in biomedical field. Detailed discussions
on LPBF-processed biomedical Mg alloys parts cover process parameters, microstructure,
metallurgical defects, and properties like mechanical performance, corrosion behavior, and
biological response in both as-built and post-processed states. Additionally, suggestions for
advancing knowledge in LPBF of biodegradable Mg alloys for biomedical applications are
highlighted to propel further research and development in this field.
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mechanical performance, biological properties
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1. Introduction

Recently, biodegradable metals including magnesium (Mg),
zinc (Zn) and iron (Fe), have garnered significant interest in
biomedical field owing to their distinctive degradability, excel-
lent biocompatibility, and high mechanical strength [1-10].
These biodegradable metals can gradually dissolve and be
safely absorbed in vivo through a self-corrosion pattern [11].
This unique characteristic eliminates the necessity for addi-
tional removal surgeries after tissue healing, reducing the risk
of potentially long-term complications [12, 13]. Mg alloys,
in particular, are accepted as a potentially revolutionary bio-
metal for potential orthopedic and cardiovascular applications
[2, 6, 14—16]. With a density of 1.79-2.0 g cm™ and a Young’s
elastic modulus of 35-45 GPa, Mg alloys closely match the
characteristics of natural bone (15-30 GPa), effectively alle-
viating stress shielding effects at the interface of implant
between bone [17]. The biodegradation product, mainly Mg+
ions, is essential nutrient for bone tissue, and is able to pro-
mote bone regeneration and differentiation, whereas excess-
ive Mgt would be easily excreted through human metabolic
processes [18, 19].

The use of Mg alloys in biomaterials can be traced back
to 1878, when Edward and Hughes first used pure Mg wire
to suture wounds and blood vessels [20]. Early clinical tri-
als of Mg-based implants faced significant challenges, par-
ticularly their rapid degradation rates, resulting in an almost
complete halt of clinical applications in the mid-20th century.
With the technological advances in developing new Mg alloy
series with enhanced corrosion resistance, renewed interest
in medical applications began [2]. In 2000, Heublein et al
utilized the biodegradability of Mg alloys for the develop-
ment of cardiovascular stents [21]. In 2013, a milestone was
reached with the successful development of the first com-
mercially produced Mg-Y-RE-Zr bone screws, MAGNEZIX®,
by Syntellix AG [22]. In 2016, the Korean Food and Drug
Administration (KFDA) certified an Mg—Zn—Ca alloy screw
(K-MET) for internal fixation of metacarpal fractures [23].
At the same year, high-purity Mg screws (99.99%) were
approved for therapeutic applications related to the femoral
head and neck fracture in China [24]. After that, Shanghai
Jiao Tong University designed a novel biodegradable Mg alloy
named JiaoDa BioMg (JDBM), an Mg—Nd-Zn—Zr alloy with
controlled degradation behavior and exceptional antibacterial
properties suitable for cardiovascular stents [25]. Currently,
Aap implantate AG and MeKo laser material processing eK in
Germany are prominent producers offering both standard and
customized biodegradable Mg-based implants. After extens-
ive research and advancements in this field, a variety of small-
sized biodegradable commercial Mg implants, like Mg-based
screws, pins, suture anchors, and plates, are being researched
for various applications such as orthopedic implantation, bone
fixation devices, surgical instruments [3, 26-28].

Nowadays, the most common manufacturing techniques
for Mg alloys include casting, die-casting, forging, and sub-
sequent machining [29, 30]. However, the production of
intricate Mg-based implants remains challenging due to its

hexagonal close-packed crystal structure, which limits form-
ability at room temperature. However, it is well-known that
the shape of the biodegradable implant usually needs to be
customized according to the specific defect morphology of
the patient, in order to enhance the morphological adaptabil-
ity during the implantation surgery. Thus, some scholars have
addressed this challenge by increasing the deformation tem-
perature to enable super plastic forming. Nonetheless, this
method comes with limitations on part sizes and configur-
ations. Moreover, the implanted material not only needs to
have a suitable degradation rate and biomechanical proper-
ties, but also requires an interconnected porous structure with
mimic shapes and distributions for cell growth and nutrient
transport, especially for cardiovascular stent, tissue engineer-
ing scaffolds [31-33]. Taking bone tissue engineering scaffold
as an example, the pore size should be in the range of 100—
600 pm, with a porosity of >70%, to facilitate cell adhesion,
oxygen and nutrient entry, and metabolic waste removal [34].
Recently, additive manufacturing (AM), also known as
3D printing, has revolutionized fabrication processes [35—
41]. This innovative technique constructs objects layer by
layer using 3D model data, freeing designers from the con-
straints of geometric intricacies [42, 43]. AM methods can
be categorized into seven families, including vat polymeriz-
ation, material jetting, material extrusion, powder bed fusion,
binder jetting, sheet lamination, and direct energy deposition,
in accordance with the ASTM F2792-12a [44]. Among them,
powder bed fusion and direct energy deposition technologies
are the two main AM processes for metal parts [45, 46]. Direct
energy deposition technology is primarily utilized for creat-
ing large, rough-shaped components, while powder bed fusion
technology excels in the manufacture of complex parts with
high dimensional accuracy [47]. Particularly, laser powder bed
fusion (LPBF) shows significant advantages in manufacturing
biodegradable Mg alloys device with internal porous structure
and outer personalized shape [48, 49]. As a typical AM tech-
nique, it can be deeply integrated with modern medical ima-
ging such as computed tomography, magnetic resonance ima-
ging and computer-aided design technology [50]. Thus, it can
accurately replicate the complex external anatomical morpho-
logy of defective tissue, and finely design the internal structure
based on biological functional requirements [51, 52].
Notably, the LPBF of Mg alloys faces great challenges as
compared to other metals, since Mg metal has a lower melting
point and higher chemical reactivity [53]. Besides, the high
saturated vapor pressure of Mg metal makes it prone to intense
evaporation under laser irradiation, leading to changes in the
chemical composition of the as-build parts and the formation
of defects such as cracking, porosity and keyholes. In 2015,
Wei et al firstly adopted LPBF to prepare ZK60 parts, demon-
strating the application potential of LPBF in preparing Mg
implants [54]. It was also demonstrated that the evaporation
of metal powder led to low densification rate, thereby affect-
ing the mechanical properties. Recently, with the significant
improvement of AM equipment and the quality of special-
ized Mg alloy powders, the densification rate and dimensional
accuracy of LPBF-processed Mg alloy parts have been greatly
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improved [50]. Relevant experts have begun to explore the pre-
paration of fine porous structures using LPBF. In 2015, Jauer
et al first used LPBF to fabricate porous AZ91 part, proving
that it was feasible to fabricate porous degradable Mg alloys
with complex shape [55]. In 2022, Liu et al evaluated the bio-
logical performance of WE43 scaffolds prepared by LPBF,
and found that the integrity of the scaffold was compromised
after implantation, but exhibited good osteoconductive effects
[56].

There is no doubt that the use of LPBF to fabricate Mg
alloy medical devices with adaptable structures for the tissue
repair and functional reconstruction has become the current
mainstream development direction. Currently, a large num-
ber of researchers have been conducting cutting-edge research
on LPBF of biomedical Mg alloys, and have achieved some
substantial progress in process optimization, microstructure,
and performance [2-4, 7, 26, 57-67]. However, there is a
noticeable lack of reviews specifically addressing the pro-
gress and challenges specific to LPBF of biodegradable Mg
alloys, particularly regarding the correlation criteria between
microstructure evolution, degradation behavior, and biocom-
patibility. In this paper, it is aiming to fill these gaps by
presenting a thorough review covering LPBF of biodegradable
Mg alloys. The forming mechanism, microstructure feature,
mechanical properties, degradation behavior and biocompat-
ibility, are systematically discussed. Furthermore, the current
challenges and prospects are summarized to provide some
guidelines to drive the innovation, upgrade, and development
of high-performance biomedical devices.

2. LPBF of Mg alloys

2.1. LPBF characteristics

LPBF technology, as previously called as selective laser melt-
ing (SLM), was first proposed by the Fraunhofer Institute in
Germany around 1995 [60]. It is based on the development
of selective laser sintering (SLS) technology. SLS techno-
logy uses a laser beam to locally heat powder materials below
their melting point to bond them together, while SLM further
increases the temperature above the melting point to achieve
complete fusion between powder particles [68]. By 2002, the
Fraunhofer Institute announced significant success in SLM
technology, enabling the direct production of fully dense metal
components in one step [59]. This breakthrough marked the
transition of LPBF technology from the experimental stage to
practical applications, showing potential in aerospace, med-
ical, automotive and other fields [69]. With the continuous
advancement of laser technology, powder material preparation
technology, computer-aided design and manufacturing soft-
ware, and control system technology, as well as the perform-
ance, stability, and cost-effectiveness of LPBF equipment have
gradually improved, promoting its wide application in indus-
trial production [70].

As shown in figure 1, the specific steps involved in LPBF
process are described as below [64, 71]: (i) creating a 3D
model using digital data from medical professionals for cus-
tom or standard implants, converting it to a stereo-lithography

(STL) file, and slicing it into uniform thin layers to obtain
initial prototype segment data. (ii) Directing a precise laser
beam to scan the top layer of powder bed in a selective cross-
sectional pattern, applying heat to melt and form a single layer
based on the prototype information. (iii) Lowering the powder
bed by the thickness of one layer and adding a new powder
layer over the melted section. This layer-by-layer process con-
tinues until the desired 3D geometry is achieved. Due to the
distinctive physical and chemical properties, Mg powders are
easily contaminated, leading to deterioration of mechanical
properties for final parts. Usually, a protective environment
within the processing chamber is maintained by using inert
gas like argon, so as to prevent oxidation of Mg metal powder
[60]. In particular, considering that Mg metal is prone to pro-
ducing evaporation and smoke under the action of high-energy
laser beam, a device for removing smoke and dust is usually
installed in the processing chamber [58]. For example, Qin
et al have specially set up an airflow field above the powder
bed to timely remove the smoke and dust with suitable air-
flow, thereby reducing the negative interference of smoke on
the laser molten pool [72].

The characteristics of LPBF and other AM methods adop-
ted for processing Mg alloys are described in table 1. Overall,
LPBF integrates high-precision and high-performance manu-
facturing of metal parts, which is primarily attributed to sev-
eral following factors [4]: (i) the smaller laser spot (50-80 pm)
makes the heating process more accurate, which brings about
small molten pool, and resultant high forming accuracy with
surface roughness below 30-50 pm. (ii) During LPBF, the
ultrafast cooling rate (10°~10% K-s~!) can be achieved through
interfacial heat transfer of tiny molten pools, which is able
to reduce the segregation of composition and precipitation of
second phases, forming the non-equilibrium structure with fine
grains. (iii) LPBF is particularly suitable for manufacturing
parts with complex shapes and internal features such as irreg-
ular structures, especially intricate biomimetic porous struc-
tures that are often difficult or even impossible to achieve
through traditional manufacturing processes. Therefore, LPBF
has emerged as a highly effective approach for producing per-
sonalized metal parts with exceptional precision, reproducible
intricate geometries, fine-grained microstructures, and super-
ior comprehensive performance. This positions them well to
meet the growing demand for high-performance, customized
biodegradable Mg alloy implants tailored for orthopedic and
cardiovascular surgeries [60].

2.2. Process parameters optimization

2.2.1. Laser parameters. In LPBF of biodegradable Mg
alloys, a variety of parameters are involved, mainly including
laser power, scanning speed, hatch space and layer thickness
[71, 86]. The laser power determines the energy density of
the laser beam interacting with the underling powder bed,
while the scanning speed tailors the duration of laser-material
interaction [72, 87-90]. Insufficient power or excessive scan-
ning speed results in unmelted defects like pores, comprom-
ising structural integrity. Conversely, excessive power or slow
scanning rates lead to over-melting issues such as splashing or
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Figure 1. Schematic diagram of LPBF-processed counterparts: (a) creating CAD model, (b) obtaining initial prototype segment data, (c)
applying laser heat to melt and form a single layer, (d) the relationship of the laser and power bed, (e) the desired 3D geometry, and (f) the
final cubic counterparts.

Table 1. The characteristics of AM methods adopted for processing Mg alloys.

Methods Advantages Disadvantages References

LPBF Ability for complex geometries or
interconnected network structure with
high dimensional accuracy and
precision

Excellent mechanical properties

High powder recyclability

High costs

Less material flexibility

Low forming efficiency
Inability for larger components

[49, 55, 58, 61-65, 67, 73, 74]

SLS Support free Porosity and shrinkage [64, 73, 75]
Isotropic final products Poor surface quality
Complex geometries Post-processing for final
appearance
Direct energy deposition ~ Minimizes waste Insufficient precision [76,77]

Wire arc AM

Binder jetting

Sheet lamination

Material extrusion

Part repair and modification
Efficiency for larger components
Low cost

High material utilization rate
Efficiency for larger components

Exceptional resolution and details
Multi-material and full-color
Wide array of materials

Low geometric distortion

Good surface finish

Ability to produce large structures
Low cost

Speed efficiency

Low maintenance

Ability to produce porous structure

Poor formation quality

Low cooling rate

Large deformation

Insufficient precision

Inability for complex geometries
High costs

Restricted build volume

Low printing speed

Inadequate mechanical properties
Poor tensile and sheer properties
Swelling effect

Weak bonding at the interface

Requires high temperatures
Requires supports
Inability for certain geometries

[61, 62, 64, 65, 67, 74, 78]

[64, 65,73, 74,79, 80]

[64, 65, 67, 74, 81, 82]

[83-85]
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Figure 2. Optical micrographs showing specific molten pool shapes observed during a single-track experiment: (a) 150 W at 800 mm s!,
(b) 75 W at 200 mm s, (c) 75 W at 50 mm s~', (d) 125 W at 200 mm s™', and (e) 125 W at 50 mm s, respectively. (f)—(h) The depth and
width as function of the laser energy input or scanning speed. Reprinted from [91], © 2020 Elsevier B.V. All rights reserved.

burning, especially for Mg alloys with low boiling point. As a
result, the depth and shape of molten pools along the building
direction vary significantly with processing parameters [91,
92], as shown in figure 2. The results showed that the depth
varied linearly with laser power input, as shown in figure 2(f),
while the width varied parabolically with laser power input, as
shown in figure 2(g). In contrast, the dimensions of the mol-
ten pool showed a decrease as the scanning speed increased,
as shown in figure 2(h). Meanwhile, pores observed at low
power levels were unfused-pores, while those at high power
levels were primarily keyhole-pores formed by premature Mg
vapor escape into the molten pool. Wang et al investigated the
effect of different laser power levels on the surface quality of
LPBF-processed AZ61 parts [93]. At low laser power, sur-
face imperfections were observed due to crater accumulation,
while excessively high-power levels resulted in rough, irreg-
ular surfaces with notable alloy element loss and decreased
densification rates. Similarly, Wei et al also observed that low
scanning speeds caused notable element evaporation, result-
ing in ablated pits on sample surfaces [54]. Optimal scan-
ning speeds reduced element evaporation, yielding defect-free
parts. However, too fast scanning speeds led to incomplete

powder melting, reducing relative density to 82.25% and form-
ing internal pores in the samples.

Hatch space refers to the distance between the midpoints of
consecutive laser beams, a crucial factor for ensuring proper
adhesion between adjacent tracks in laser processing. The
adjustment directly influences the overlap rates of neighbor-
ing tracks, which in turn affects the heat transfer behavi-
ors and surface qualities [94]. Usually, smaller hatch dis-
tances result in smoother surfaces by creating more continuous
transitions between melt pools, reducing distinct pool traces
[87]. However, too small hatch space with large overlap scale
between molten pools will cause serious element burning and
grain growth [95]. When the hatch space increases, the gradual
lack of heat input increases the dislocation density, residual
stress and composition fluctuations [96]. Therefore, excess-
ive hatch space can lead to interference between melt pools,
resulting in a rippled surface [97]. Moreover, a larger hatch
space increases the likelihood of insufficient melting, which
can result in the formation of defects such as discontinuities
and porosities.

Layer thickness is another important parameter that needs
optimization to reduce porosity, enhance layer bonding, and
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Figure 3. Formation qualities of LPBF-processed WE43 counterparts at various parameters. (a) Densification rate map. (b) Top surface. (c)

Cross-section obtained at various input energy densities (28.6, 53.6, and 119 J mm™). (d) The diagram of molten pool with keyhole feature.
Reproduced from [103]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

create dense components [98, 99]. A thinner powder layer
thickness offers higher resolution, enabling accurate reproduc-
tion of intricate object details like sharp corners and narrow
grooves. Conversely, thicker layer thickness can decrease res-
olution, affecting object accuracy and surface quality [100]. It
should be noted that the layer thickness is interdependent on
various factors. In general, maintaining a minimal layer thick-
ness enhances metallurgical bonding between layers by facil-
itating deeper penetration of molten pools, promoting mul-
tiple remelting cycles, and improving wetting characteristics.
However, reducing layer thickness below the minimum limit
can pose challenges in achieving uniform powder spreading
[100].

In fact, the quality of laser forming is comprehensively
influenced by above factors. Thus, laser energy density
(Ey = P/vst) is usually adopted to estimate combination effects
of these factors, where P, v, s, and ¢ are laser power, scanning
speed, hatching space and layer thickness, respectively [45].
Till now, there have been several studies that have reported
the influence of laser energy density on the formation qual-
ity of LPBF-processed Mg alloys [89, 101, 102]. Similar to
other metals, the appropriate energy density helps to accur-
ately control the size and shape of the melt pool, thus achiev-
ing high-precision dimensional control. For instance, the

formation quality of the as-built WE43 was conducted in our
previous study [103], as shown in figure 3. An optimal range
of 60 W < P < 80 W and 600 mm s~} < v < 800 mm s~} was
identified for producing nearly fully dense (>99.5%) coun-
terparts. In other words, the suitable energy density ranged
from 53.6 to 95.2 J mm™. Excessive or insufficient energy
density can lead to an oversized melt pool or inadequate
melting, causing dimensional deviations, warping, or deform-
ation of the parts [63, 104]. Meanwhile, the laser energy
density affects the cooling rate and solidification process of
the melt pool, thereby influencing the microstructure (such
as grain size, morphology, and distribution). Rapid cool-
ing typically produces fine and uniform grains, which is
beneficial for enhancing the material’s mechanical properties
[60]. Notably, Mg alloys are more prone to burn damage
and thermal cracks than other metals at relatively high laser
energy densities, mainly due to their low saturation vapor
pressure and poor deformability [53]. Nevertheless, the above
research results only provide a qualitative reference, since
determining the optimal process parameters is highly depend-
ent on the specific experimental setup, hardware, and other
factors. Thus, achieving the right combination of parameters
for producing fully dense Mg-based parts remains a significant
challenge.
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2.2.2. Scanning strategy.  The spatial movement pattern of
the laser beam, namely scanning strategy, also significantly
influences the microstructure and performance of as-built parts
due to variations in local heat distribution [105]. By combin-
ing factors such as scanning direction, sequence, vector length
and rotation angle, different scanning strategies can be cre-
ated. Currently, LPBF-processed Mg alloys primarily employ
a back-and-forth scanning strategy, with the scan direction
of neighboring layers shifted by 45°, 67°, or 90° to achieve
optimal density [66]. Ouyang et al explored the impact of dif-
ferent laser scanning patterns on the microstructure evolution
of Mg alloy, including a standard raster pattern (R1), a modi-
fied raster pattern with an altered line order (R2), and a default
zigzag pattern (Z1) [106]. The relative density of the produced
porous scaffolds exceeded 99.5%, and the geometrical devi-
ation was reduced to less than 10%. Wang et al used various
layer rotation angles (0°, 37°, 67°, and 90°) along with dif-
ferent island sizes to fabricate Mg alloy samples [107]. The
sample produced with a layer rotation angle of 67° and an
island size of 4 mm X 4 mm exhibited the highest relative
density (98.53%) and microhardness (95.64 HV).

Currently, there is a notable absence of research compar-
ing the effects of different scanning strategies on the quality
of LPBF-processed Mg alloys. Nevertheless, valuable insights
can be drawn from LPBF of other metal alloys. Zhang et al
investigated the effects of varying scanning strategies, includ-
ing parallel, bi-directional, island, and re-melting scans, on
the shape of molten pool, microstructure, residual stress, and
mechanical properties of Al-Mg alloys processed through
LPBF [108]. The sample produced using re-melting scan-
ning strategy exhibited a relatively flat surface with the low-
est roughness measuring (10.2 + 0.9) pm and minimal stress
of 0.195, primarily attributed to the reduced temperature
gradient. Moreover, the tensile strength declined from 500 to
473 MPa, while the elongation (EL) also decreased from 15%
to 7% following the re-melting scan. The phenomenon may be
attributed to the enlargement of precipitation particles, lead-
ing to a shift in the strengthening mechanism from precipitate
shearing to the Orowan dislocation looping mechanism.

3. Forming defects and related mechanisms

3.1. Alloying elements vaporization

During LPBF, the swift changes in temperature, from high
heat to rapid cooling, along with high temperature gradients,
lead to small molten pool dimensions and increased surface-
to-volume ratios, which in turn raises the molten pool temper-
ature, boosts vapor pressure, and triggers the transformation
of vaporized particles/elements into the gaseous phase [109,
110], as depicted in figure 4(a). This occurrence is particularly
notable in Mg alloys and Zn alloys, attributed to their low boil-
ing point and intense vapor pressure, known as either alloying
element vaporization or burnt alloying elements [111, 112].
Essentially, the evaporation of alloying elements is chiefly
impacted by overheating and the extensive volatilization of
elements like Mg and Zn in the molten pool. Subsequently, the

surrounding powder of the molten pool is scattered, as illus-
trated in figure 4(b), leading to the emergence of the second
type of spherical formation. When Mg and Zn are compared
with Al and Cu, it can be observed that Mg and Zn have lower
boiling points than Al and Cu (Mg 1 090 °C, Zn 907 °C, Al 2
467 °C, Cu 2 567 °C), leading to Mg and Zn exhibiting signi-
ficantly reduced vapor pressures (5—10 orders of magnitude)
compared to Cu in the temperature range of 2000-2600 K
[110], as illustrated in figure 4(c).

According to the Langmuir model, the elements vaporiza-
tion rate of Mg is 4.2 x 10*-3.5 x 10'°, 5.4-160, 2.3 x 10°—
1.2 x 10° times of the elements vaporization of Al, Zn,
and Mn, respectively, emphasizing that Mg is more prone to
vaporization [109]. But it is worth mentioning that the weight
percentage of the Mg element is much higher than that of the
Zn element in Mg alloys. Besides, the diffusivity rate of vapor-
ized Zn surpasses that of vaporized Mg in an argon atmo-
sphere according to the Chapman—Enskog model [54]. As a
result, more recondensed Mg tends to deposit immediately
around the laser-irradiated zone, where it can melt again and
partially compensate for the loss of Mg. Consequently, the
final products exhibit a higher Mg/Zn ratio after processing,
even though the overall amounts of both Mg and Zn decline
due to the contraction of the molten pool and the evaporation
of the elements [54]. Wei et al found that the relative mass
fraction variation of Mg loss for the LPBF-processed AZ91D
alloy exceeded 3 wt.% [109]. Furthermore, the impact of ele-
ment vaporization on formability, microscopic characterist-
ics, and mechanical properties of Mg—Zn—Zr samples were
investigated [54]. Generally, within the temperature range of
1000-2600 K, the evaporation rate for Mg and Zn, which have
lower melting points, exceeds that of Cu, which has a higher
melting point, indicating that Mg and Zn are more likely to
evaporate [110], as illustrated in figure 4(d). Overall, enhan-
cing energy input or reducing scanning speed can prolong the
molten pool’s lifespan, potentially resulting in inadequate con-
vection and increased loss of alloy elements. Encouragingly,
Gieseke et al implemented an increased process pressure by
0.3 MPa to elevate the boiling point of Mg, prevent its evap-
oration, and decrease the loss of elements during the LPBF
process [113].

3.2. Gas pores

Densification rate is a critical indicator of forming quality
for parts produced through LPBF. Pores within LPBF-formed
parts can be classified into different types based on their
formation mechanisms: lack-of-fusion pores, keyhole pores,
entrapment pores, and adsorption pores [114—116]. Lack-of-
fusion pores arise from inadequate fusion between consecut-
ive layers or passes during LPBF, resulting in voids or gaps
in as-built part [63, 71]. Keyhole pores form when a spoon-
shaped depression (keyhole) above the molten pool allows gas
expulsion; however, instability can cause sudden closure, trap-
ping gas and leading to gas pore formation post-solidification
[117-120]. Entrapment pores occur when gases from the
powder bed or shielding gas are not effectively expelled dur-
ing laser processing, becoming trapped in the molten pool and
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solidifying as variously shaped pores [121]. Adsorption pores
emerge from gases absorbed on powder or substrate surfaces,
releasing into the molten pool during laser heating and form-
ing small bubbles upon solidification.

In LPBF of Mg alloys, the primary pore types are lack-
of-fusion pores and keyhole pores, intricately linked to laser
parameters as indicated in previous research [62]. Low E,
levels result in incomplete melting of the powder bed, lead-
ing to insufficient liquid for stable molten pool formation.
This causes the molten pool to exhibit high viscosity, imped-
ing smooth flow and spread, ultimately giving rise to lack-
of-fusion pores [122, 123]. Higher E, levels ensure complete
melting of the powder bed by the high-energy laser beam, pro-
moting molten pool evaporation [124]. As discussed above,
the depth-to-width ratio of the molten pool increases gradu-
ally withrising E, [125]. Once a certain threshold is surpassed,
the heat conduction mode of the molten pool transitions from
conduction mode (shallow and semicircular) to keyhole mode
(deep and narrow) [125, 126]. In conduction mode, the cool-
ing rate of the molten pool is relatively slow, which helps
gases escape from the molten pool and reduces the formation
of pores. In keyhole mode, the cooling rate of the melt pool

is extremely fast and the internal flow is unstable. Keyhole
depressions form under high energy density conditions where
a large recoil pressure is generated resulting in the drilling of
a deep depression in the melted metal, forming a high-aspect-
ratio metal vapor filled cavity [127]. The presence of the vapor
channel creates a high-pressure environment within the melt
pool, causing gases to become trapped and unable to escape in
time. At the same time, the metal vapor recoil effect induces
typical keyhole defect characteristics, enhancing Marangoni
convection and facilitating heat and mass transfer. Upon laser
beam departure, keyholes gradually seal due to surface ten-
sion, achieving complete densification. Excessive E, levels,
however, intensify keyhole formation, causing severe evapora-
tion during solidification [117]. Interestingly, keyhole-induced
pores in high E, settings are smaller than those from insuf-
ficient fusion at low E,, owing to differing pore formation
mechanisms [128]. Mg alloys’ lower boiling points and higher
vapor pressure pose challenges in balancing keyhole forma-
tion during LPBF due to rapid Mg evaporation. Nevertheless,
adjusting process parameters can effectively mitigate adverse
effects of excessive Mg vapor on formability, enabling high-
density Mg alloy components production.
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3.3. Balling phenomenon

In the LPBF process, the balling phenomenon occurs when
molten metal on the surface transforms into a spherical shape,
driven by factors such as gravity, gas interactions, and the
surrounding solid environment. This transformation aims to
minimize the difference in surface energy between the molten
metal and its environment [129]. This occurrence is charac-
terized by the aggregation of particles into spherical or ball-
shaped structures, which is mainly attributed to inadequate
process parameters and powder characteristics [56, 87, 89,
123, 129]. Liu et al investigated the influence of laser energy
densities, ranging between 20.83 and 78.14 J mm~>, on spher-
oidization process of AZ61 alloy [87]. The macro-surface
exhibits four typical topographies: a strong surface balling
pore region, weak surface balling pore region, rough scan track
region, and flat smooth region. Generally, an insufficient laser
energy is absorbed by the powder, which is frequently attrib-
uted to low laser power, high scanning speed, and thick lay-
ers, numerous powder particles will remain unmelted and keep
their original shapes [89, 123].

As the molten pool appears, a mixture of fine particles and
vapor gradually envelops it. The surface tension of the molten
pool exceeds the binding force with the surrounding powders,
leading the pool surface to shrink into a series of spherical
shapes [102]. This contraction reduces surface energy and res-
ults in significant spheroidization phenomenon. Consequently,

the particles surrounding the liquid phase will be assimilated
and gather together to form a large metal ball due to the inad-
equate wetting between the liquid metal and solid surfaces
[102], as illustrated in figure 5(a). In general, shrinkage-
induced spheroidization is distinguished by the presence of
large, irregular spheroids [130]. On the other hand, higher
energy density from increased laser power and reduced scan-
ning speed will also result in vigorous vaporization and splash-
ing inside the liquid metal pool. This excessive energy can cre-
ate a strong recoil pressure, leading to the fragmentation of
the liquid melt into tiny droplets that descend back onto the
material surface, forming spherical particles [102, 129, 131].
Moreover, due to the Gaussian distribution of laser power,
powders located closer to the center of the laser beam, receiv-
ing higher energy, may undergo complete melting or vaporiz-
ation, while those situated farther away may remain partially
unmelted. The unmelted powders near the molten pool can be
dispersed sideways by metal vapor, contributing to the form-
ation of spherical particles [102], as illustrated in figure 5(b).
In general, splash-induced spheroidization is characterized by
small, nearly spherical spheroids [130].

Balling phenomenon in LPBF process can cause discon-
tinuous metal balls on the substrate or previously solidified
layers, affecting the microstructural characteristics of sub-
sequent layers as well as the bonding strength between layers.
To reduce spheroidization, it is vital to carefully select laser
parameters for powder deposition [117]. By increasing the
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quantity of molten metal powders, especially those with uni-
form, fine, and regular-shaped particles with high bulk dens-
ity, a larger molten pool size can be achieved, improving the
fluidity of the molten metal. This facilitates easier spreading
on the substrate surface and helps in suppressing spheroid-
ization. Hu et al noted that the 400 mesh powder specimens
displayed a rough surface containing numerous unmelted and
round particles, whereas the 250 mesh specimens exhibited
enhanced compaction [132]. The higher particle quantity in
the 400-mesh powder resulted in an increased splashing of
droplets from the melted pool due to the low surface energy
in small-scale melts, leading to a more prominent balling phe-
nomenon. Moreover, the distinctive physical and chemical
characteristics of Mg may result in the generation of white
oxides or oxide films when it reacts with oxygen in a high-
temperature melted pool. These oxides float on the surface
of the melted pool, diminishing the wetting capability and
bonding efficiency. As a result, controlling the oxygen con-
tent or eliminating oxide films becomes crucial in prevent-
ing spheroidization. Currently, the profound understanding of
the intrinsic impacts of processing parameters on balling phe-
nomenon remains limited.

3.4. Crack

Cracks are highly destructive defects in LPBF, resulting
from the interaction of material characteristics and resid-
ual stress deposition [133, 134]. Residual stress consists of
thermal, microstructure, and constraint stress, where thermal
stress stems from temperature variations among materials
with different thermal expansion coefficients and elastic mod-
ule, microstructure stress arises from phase transformations,
and constraint stress occurs when surrounding materials or
matrices restrict the expansion of the material being heated
[135]. When these stresses exceed the material’s strength limit,
cracks form and propagate. During LPBF, the quick melting
and rapid cooling of powder particles through localized laser
energy input create a sharp temperature gradient (~10° K s™1),
leading to increased thermal stress that remain in the final
fabricated component [136]. Consequently, hot cracks, such
as those arising from solidification and liquation cracks, as
well as cold cracks, are prevalent in the microstructures of
Mg-based products, significantly compromising component
quality [112, 124, 137, 138].

The occurrence of hot cracking is closely associated with
the creation of eutectic phases with low-melting-point or
liquid films. Additionally, columnar crystals, developed under
conditions of low constitutional supercooling and high tem-
perature gradient, are particularly susceptible to hot crack-
ing along boundaries between dendrites. Among them, solid-
ification cracks typically emerge in the final stage of solid-
ification and are impacted by various factors, such as the
distribution and quantity of liquid phases, initial solidifica-
tion phase, liquid phase’s surface tension at grain boundaries,
grain structure (fine equiaxed or coarse columnar crystals),
metal plasticity, shrinkage tendency, and level of shrinkage

obstruction [102], as depicted in figure 6(a). Liquation cracks
appear in the heat-affected area, propagating along grain
boundaries, predominant at moderate energy levels during the
AM process [102], as illustrated in figure 6(b). Solidification
and liquation cracks can combine, manifesting as extended,
unbroken fissures [102]. Enhancing grain structure and form-
ing strengthening phases along grain boundaries can reduce
the occurrence of hot cracks. Generally, the refinement of
grains and the precipitation of grain-boundary strengthening
phases are beneficial for reducing the occurrence of hot cracks
[139].

Cold cracks result from the build-up of thermal stress,
which intensifies until it exceeds a critical threshold, caus-
ing the solidified microstructure to fracture and form cold
cracks. Typically, these cracks appear in the middle of a sample
rather than at the top or bottom due to the specific stress
distribution [92]. In the research conducted by Deng et al,
a notable macroscopic cold crack developed vertically in the
printing stack direction, with the initial crack appearing around
4 mm in an LPBF-processed GZ151K sample [92]. The high
temperature gradient and rapid temperature changes in the
LPBF process generate substantial thermal stress from the
molten pool’s solidification shrinkage and subsequent cooling
stage. As printing advances vertically, stress accumulates and
strengthens [135]. Once thermal stress exceeds the material’s
tensile strength at current temperature, cold cracks form [135].
While some stress is relieved, it builds up again with increas-
ing component height, leading to a repetitive cycle of thermal
stress exceeding the material’s tensile strength and causing
cold crack formation at specific heights throughout the print-
ing process [112].

LPBF of crack-free Mg-based parts is a significant chal-
lenge due to the complex thermal cycles and variations in
powder characteristics caused by Mg evaporation. While the
precise cause of crack formation remains uncertain, it is likely
associated with powder splatter, as the likelihood of cracks
decreases with decreased powder splatter under lower energy
input. Several approaches have been suggested to tackle the
issue of cracks [112, 140]: (i) modifying the material composi-
tion to improve ductility and resilience; (ii) optimizing process
parameters such as minimizing energy input and optimizing
scanning strategy; (iii) preheating the base material or employ-
ing laser re-melting to narrow temperature gradient and min-
imize the impact of thermal stress. It should be noted that vary-
ing localized heating may also result in diverse microstruc-
tures, potentially affecting the final mechanical characteristics
of the fabricated component.

3.5. Oxide inclusions

Mg is easily prone to oxidation, even at room temperat-
ure and low oxygen pressure, making it extremely difficult
from a thermodynamic perspective to prevent Mg oxidation.
Therefore, oxide inclusions are a type of structural defect
found among nonmetallic inclusions, typically situated on the
surface layer and distributed as a thin film. Generally, the
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presence of oxide inclusions during the printing process can
be explained by two primary causes: the natural oxide film or
particles on the surface of the initial powder particles [63] and
the absorption of oxygen from the protective gas during the
LPBF process [141, 142], resulting in the creation of oxide
films on the preceding layer. Salehi et al reported that at tem-
peratures above 400 °C and with minimal oxygen content,
MgO oxide film had the capacity to nucleate and grow on
powder particles in the presence of oxygen impurities found
in Ar gas [143]. It is hypothesized that the presence of oxy-
gen in the powder may lead to the formation of voids and a
decrease in the sample’s mechanical properties. Deng et al
observed evenly dispersed thin white oxide layers of Gd,O3
in the LPBF-processed G10K alloy, which stemmed from the
oxides present in the initial powder and a slight amount of
oxygen in the printing environment [112, 144], as shown in
figure 7.

Generally, these oxidized inclusions can hinder interlayer
bonding, impede the densification process, induce balling
effects due to poor wettability, and initiate cracks under high
temperature difference and pressure, significantly weakening
the structural integrity of components. To minimize the pres-
ence of oxygen in the chamber, high-purity protective gas and
appropriate process parameters are necessary, although com-
plete elimination of oxygen is not achievable [145]. In addi-
tion, by incorporating active ingredients, passivation agents,
and RE elements, it is also possible to reduce the content of
oxides in Mg alloy powders [60]. Moreover, the Marangoni
flow, also known as Gibbs—Marangoni effect, resulted by the
increased energy density, can help minimize them by par-
tially breaking the oxide films. However, the oxide film at the

1

edges may remain undisturbed, forming an oxide ‘wall’ [145].
Besides, increased energy supply could also boost vapor pres-
sure, thereby accelerating the elemental burning process sim-
ultaneously, and the crushed oxides could be encapsulated in
the melted pool, impeding the diffusion and wetting of the sur-
rounding materials, leading to the generation of micro-cracks
and negative impacts on the mechanical characteristics of the
final component.

4. Microstructure features

4.1. As-built

In LPBF, the key features are rapid solidification and
layer-by-layer manufacturing. The fast-cooling rate cre-
ates non-equilibrium metallurgical structures with nano-scale
grains, supersaturated solid solutions, and possibly amorph-
ous phases. It also results in fine microstructures with varied
precipitates compared to conventionally processed Mg alloys
of the same composition. Fine precipitates tend to accumulate
at grain boundaries, showcasing the unique characteristics of
the melt pool. Besides, the as-built parts exhibit a high density
of dislocations within each grain, likely due to thermal distor-
tions influenced by melt pool constraints and thermal cycling.
In terms of layer-by-layer construction, LPBF-prepared Mg
alloys show anisotropy because of inconsistent thermal his-
tories in different regions, or different directions. Currently, a
series of Mg alloys, including RE-Mg, Mg—Zn, Mg—Al, Mg—
Li, Mg—Ca have been reported for potential biomedical applic-
ation. In general, their microstructure feature mainly includes
fine grains and precipitates, anisotropy, high dislocation
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Figure 7. The SEM characterizations of the GWZ1031K unmixed powder: (a) the general appearance, (b) image captured by SE-SEM, and
(c) image captured by BSE-SEM. Reprinted from [112], © 2021 Elsevier B.V. All rights reserved. (d)—(f) The BSE-SEM micrographs
showing oxides formed in the as-built GWE1031 alloy. Reprinted from [144], © 2021 Elsevier B.V. All rights reserved.

density, and even non-equilibrium structure, which will be fur-
ther discussed in upcoming chapter.

4.11. Fine grains. Compared to those fabricated through tra-
ditional methods, LPBF-processed Mg alloys typically exhibit
uniform and fine microstructures [146, 147]. Zumdick et al
found that the as-built WE43 alloy exhibited refined and
almost uniformly distributed equiaxed grains (1-3 pm), in
stark contrast to the largest grains (approximately 44.3 pm)
presented in the as-cast WE43 alloy [146]. Similarly, the
rapid solidification rate also resulted in a significantly smal-
ler average grain size in LPBF-processed ZK60 (7.3 pm)
[102, 123] and AZ91D (1.2 pum) [89], compared to cast ZK60
(56.4 pm) and AZ91D (57 pm), respectively. Interestingly,
both equiaxed and columnar grains were observed in LPBF-
processed Mg alloys, in contrast to other metals like Ti-based
and Ni-based alloys manufactured through LPBF process,
which typically show epitaxial to columnar grain growth [101,
102, 148, 149]. In the research conducted by Liang et al,
three distinct microstructure regions are observed in the LPBF-
processed ZK60 alloy, including a central equiaxed zone with
an average grain size of 8 ym, a perpendicular lamellar zone
with a width of 20 pym along the melt pool’s boundary, and
a heat-affected zone (HAZ) displaying an average grain size
of 10 pum outside the molten pool [102]. Notably, a columnar
to equiaxed transition phenomenon was also observed in the
‘last melt pool’ of LPBF-processed WE43 alloy, with colum-
nar grains in region I growing from pool edges towards the
center, while equiaxed grains in region II nucleated ahead of
the columnar grain zone [148]. Hence, the bulk counterparts
contain two distinct types of particles: small grains averaging

(1.4 £ 0.6) pm and large irregular-shaped grains with an aver-
age size of (20.4 £ 6.3) pum.

Undoubtedly, cooling rate is one of the key factors influ-
encing grain size in LPBF process. Besides, the final grain
morphology is determined by two key factors: the temperat-
ure gradient (G) and solidification rate (R). In general, higher
cooling rates (G-R) result in greater undercooling (AT) at the
solid-liquid interface, which is beneficial for the formation
of new grains and the ratio of G to R (G/R) determines the
microstructure morphology, such as equiaxed, cellular, and
columnar) after solidification [131]. In other words, when
the freezing conditions near the solid-liquid interface do not
provide adequate AT to form new nucleation points, columnar
grains will be the dominant microstructure. At the melt pool’s
bottom, extremely high G combined with the smallest R will
promote the growth of columnar grains more effectively due to
the lack of sufficient AT, thereby suppressing heterogeneous
nucleation occurs. Conversely, as the molten pool continues to
cool and solidify, G decreases while R increases. In the upper
part of the deposition, the minimum value G/R ratio results in
significant AT and a high likelihood of nucleation, facilitating
the CET (columnar to equiaxed transition) and the formation
of equiaxed grains [102, 148]. In addition, it is noticed that
the variation of chemical composition (such as the addition of
Al, Mn, Cu, Zn, Zr, and RE) also plays a crucial role in the
grain refinement for the LPBF-processed Mg alloys by gener-
ating the constitutional AT and providing extra heterogeneous
nucleation sites through the precipitation of a second phase
[138, 150-155]. This is another main reason for the forma-
tion of equiaxed-grain structure in additive manufactured Mg
alloys. For instance, Shuai er al discovered that incorporat-
ing 1% Al into LPBF-processed Mg-3Zn alloy resulted in a
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significant reduction in grain size, reducing it from
(21.6 £+ 2.6) to (10.5 4+ 1.9) pum [155]. Furthermore, with
the increase of Al content to 7%, the grain size was further
minimized to (6.8 & 1.5) ym. Based on the CET (columnar to
equiaxed transition) theory mentioned above, it is anticipated
that pure Mg manufactured by LPBF would predominantly
comprise columnar grains, due to the insufficient AT for CET
occurrence during the solidification process. However, it is
interesting to note that the LPBF-processed pure Mg exhibits
equiaxed grains [156]. Some scholars attributed this deviation
to the dynamic recrystallization induced by thermal accumu-
lation or high thermal stress caused by the ‘layer-by-layer
deposition’ feature [62]. In general, the formation mechanism
of equiaxed to columnar grains growth in LPBF-processed
pure Mg and Mg alloys remains a subject of debate, under-
scoring the need for further research to elucidate the specific
mechanisms governing grain formation.

Besides, the laser parameters also play a crucial role in
defining the grains during LPBF of Mg alloys. It is widely

acknowledged that grain size tends to increase as energy dens-
ity rises, due to the resulting decrease in cooling rate. The
decrease in cooling rate reduces the number of possible nuc-
leation sites at the solid—liquid interface and provides more
time for grains growth, leading to coarser grains. Interestingly,
an opposite linear relationship that grain size is decreased
with laser energy density for LPBF-processed Mg-3Nd-0.2Zn-
0.4Zr alloy (NZ30K) has been reported by Xu et al [88], as
shown in figure 8. The results demonstrated that the micro-
structure evolved from large grains (approximately 8.99 pm)
with a lamellar structure under low laser energy density
(V800-HS90, 2.79 J mm™2) to a combination of large grains
(approximately 3.51 pum) with a lamellar structure, equiaxed,
and columnar grains at moderate energy density (V400-HS90,
5.56 J mm7), and finally to fine equiaxed and columnar
grains (approximately 0.93 pm) at high energy density (V100-
HS90, 11.11 ] mm‘z). Besides, the discovery of a lamellar
structure within the large grain represents a novel character-
istic in the LPBF-processed NZ30K alloy. They ascribed this
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abnormal phenomenon to the excellent grain refinement and
high grain growth restrictive effect of the Zr element in the
NZ30K alloy. According to the heterogeneous nucleation the-
ory, the Zr particles formed during the crystallization of the
dissolved Zr element must reach a critical size to serve as het-
erogeneous nucleation cores for a-Mg grains, thereby refining
the grains. While the high cooling rate under low laser energy
density inhibits the growth of the Zr particles, preventing them
from achieving the critical size needed for heterogeneous nuc-
leation, resulting in the formation of the larger grains with a
lamellar structure. Conversely, the low cooling rate under high
laser energy density promotes the growth of the Zr particles,
allowing a greater number to reach the critical size necessary
for heterogeneous nucleation, which leads to the formation of
finer equiaxed grains.

4.12. Dispersed precipitate phase.  Generally, the dis-
persed precipitate phase constituents of LPBF-processed Mg
alloys are greatly influenced by their chemical composition.
Among Mg-RE-based alloys, oxide formation is inevitable
even if in an atmosphere with extreme low oxygen content
and different combinations of RE elements could bring dif-
ferent phase constituents [91, 101, 144, 146, 157]. Besides,
the oxides in LPBF-processed Mg—RE alloys, such as Y,03
and Gd, 03, always with flaky shape will inhibit the appear-
ance of secondary phase precipitation during the subsequent
heat treatment (HT). In the research conducted by Esmaily
et al, strong-basal-textured grains structure was identified with
oxide particles, inter-metallic precipitates, and RE elements
was observed near melt pool boundaries [101]. By analyz-
ing with x-ray diffraction, the existence of inter-metallic like
Mg;Gd, Mg4;Gds, Mgr4Gds, as well as oxygen-rich com-
pounds including MgO and Y,Oj3 was identified in the as-built
WEA43 alloy. Li et al found irregular oxide particles contain-
ing Y, along with inter-metallic precipitates abundant in Nd,
Gd, and Y elements in the Mg matrix of the LPBF-processed
WEA43 porous scaffolds [157]. Besides, three types of inter-
metallic precipitates were identified based on size, shape, and
distribution relative to melt pool boundaries, including wavy
fibrous patterns, aligned spherical precipitates arranged above
the boundary, and horizontal structures below it, as shown in
figure 9(a).

Among Mg—Zn-based alloys, a big obstacle lies in their
poor printability, because they have a low eutectic temperat-
ure of approximately 325 °C and a broad solidification range
[102, 123, 158]. In general, alloys with higher Zn content
display two phases: primary «-phases and secondary inter-
metallic phases. The microstructures of cast ZK60 and LPBF-
processed ZK60 were compared by Wu et al, revealing that
both samples had a matrix with equiaxed grains and precip-
itated phases [123]. Due to the suppression of the eutect-
oid reaction Mg;Zn; — a-Mg + MgZn at 325 °C during
LPBF process, distinct precipitated phases were observed
around the matrix in the two samples: MgZn in cast ZK60
and Mg;Zn; eutectic phase with an orthorhombic structure in
LPBF-processed ZK60, respectively. Moreover, the incorpor-
ation of Zn can greatly boost the amount of Mg;Znj; eutectic

structure and transform its appearance, shifting from a granu-
lar form to an almost mesh-like configuration gradually [158].
In the study conducted by Liang et al, three distinct micro-
structure regions were observed LPBF-processed ZK60 alloy,
including a central equiaxed zone, a perpendicular lamellar
zone along the melt pool’s boundary, and a HAZ outside the
molten pool [102], as illustrated in figure 9(b). Notably, nano-
scale precipitates are distributed inside the grains. The further
research showed that the nano-scale precipitates are rich in Zn
and Zr, consisting of Zn-Zr inter-metallic surrounded by a Zn-
rich region, as illustrated in figure 9(c).

Amongst Mg—Al based alloys [87, 89, 138, 159, 160], the
majority of LPBF-processed Mg—Al alloys contain high levels
of Al, due to the ability of Al to enhance strength through solid
solution and the formation of Mg;7Al,;, inter-metallic phase,
as well as its positive impact on printability. According to the
Mg-Al phase diagram, the maximum solubility of Al in Mg
is 12.5 wt% of at 450 °C, but this solubility decreases to less
than 1 wt% at room temperature. Thus, any alloy with an Al
content exceeding 1 wt% will result in the formation of the
a-Mg phase and the precipitation of Mg;7Al;, inter-metallic
phase with an irregular shape [87, 89]. There exist two forms
of Mgy7Al;, inter-metallic phases, one that aligns with the
grain boundaries, while the other manifests as nano-particles
in spherical shape, ranging from 100 to 300 nanometers in dia-
meter. Moreover, the content of initial Al element and the laser
processing parameters could induce change in the Mg;7Al;,
phase morphology. With the increase in Al or the decrease in
scanning speed, the volume fraction of Mg;;7Al;, precipitates
increases due to the more pronounced evaporation of the Mg
element. Moreover, the isolated inter-granular Mg;;Al;, pre-
cipitates can merge and form a network when the volume frac-
tion reaches a sufficiently high level [138].

4.1.3. High dislocation density. ~ Generally, components pro-
duced by LPBF method have a higher geometrically dislo-
cation density than those made by traditional casting meth-
ods. Due to the thermal distortions during printing, high dislo-
cation density was possibly generated and primarily dictated
by constraints surrounding the melt pool and thermal cycling
[161-164]. In previous research [162], a generally higher
density of dislocations was detected both in grain interiors
and across grain boundaries in the LPBF-processed AZ91D
alloys, compared to that in the extruded samples, as shown
in figure 10. Recently, several mechanisms have been pro-
posed to explain the formation of these dislocation structures
[165]: (i) fine crystal structure. The rapid cooling observed in
the LPBF process results in a refined grain structure, which
increases the number of grain boundaries. Compared to the as-
extruded counterparts, the LPBF-processed samples possessed
an impressive uniformity in their microstructures or grain
structures. At these boundaries, dislocations tend to accu-
mulate and interact, consequently elevating the dislocation
density, as shown in figure 10(b). (ii) Complex thermal his-
tory. Recent studies suggest that dislocation formation can be
primarily driven by residual stresses resulting from the com-
plex thermal cycles in the LPBF process. In the AM process,
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Figure 9. Various dispersed precipitate phases in the LPBF-processed Mg alloys. (a) Three different precipitate structures in the
LPBF-processed WE43 scaffolds. Reprinted from [102], © 2022 Elsevier B.V. All rights reserved. (b) The microstructure of the
LPBF-processed ZK60 alloy at different cross section. (c) The HAADF images of the nano-scale precipitates and the related elements’
distribution. Reprinted from [157], © 2020 Elsevier B.V. All rights reserved.

molten metal solidifies rapidly within milliseconds due to the
movement of heat sources. As deposition continues, the mater-
ial undergoes multiple thermal cycles in the solid state, charac-
terized by varying temperature rates and amplitudes. The sub-
stantial thermal gradient during the forming process creates
a tension-compression cycle each time the laser beam scans
the surface of the part. This cycle induces a unique disloca-
tion structure as the material experiences repeated tensile and
compressive stresses [166]. It was obvious that the lattice dis-
tortion in LPBF-processed samples was generally higher than
that in the extruded samples, as illustrated in the figure 10(c).
Besides, it can be observed that dislocations are distributed
along defects, as stress concentration tends to occur at defect
sites based on the Kernel average misorientation (KAM) maps,
as shown in figure 10(a). Generally, the thermal expansion
and shrinkage during rapid re-melting and solidification are
considered to be the primary causes of dislocation structure
formation [49]. (iii)) Alloying element distribution. During
rapid cooling, alloying elements may not have sufficient time
to diffuse and distribute uniformly. This incomplete distri-
bution enhances the solution strengthening effect, as these

elements can instigate dislocation formation and hinder their
movement, further increasing dislocation density.

As well known, dislocations are an important type of defect
in crystals, and their presence and density directly affect
the material’s strength, plastic deformation ability, fatigue
characteristics, and corrosion resistance [163, 167, 168]. For
instance, a high entropy alloy with high density dislocation
network structure and high volume fraction toughness nano-
precipitation has been synthesized by laser based AM tech-
nology, which shows excellent strength and tensile ductility
by forming a unique dislocation-precipitated phase skeleton
(DPS) structure [167]. Likewise, a high density of stacking
fault distribution was also found in the Mg-Li alloys processed
with LPBF in Dobkowska et al’s research [163]. The findings
indicated that the dense stacking fault distribution can neg-
atively impact the enhancement of the microscopic hardness
of the Mg-Li materials manufactured through LPBF method.
Besides, Bian et al proposed that the dislocation density will
also affect the corrosion resistance of Mg alloys because the
area with high density dislocation may become the preferred
site for corrosion due to its higher chemical reactivity [162].
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Figure 10. Accelerated corrosion mechanisms related to the unique LPBF-processed counterparts. (a) The kernel average misorientation
(KAM) maps. (b) Inverse pole figures, pole figures and grain size distributions. (c) Geometric phase analysis (GPA) results and the typical
distribution of second phase-based TEM images showing. (d) Potential difference on the sample surface of the extruded samples and
LPBF-processed samples, respectively. Reprinted from [162], © 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal

of Materials Science & Technology.

Even though both the samples possessed the same constitu-
ent phases, the related microstructures were totally different.
Fine Al;;Mg;7 phases (<30 nm) in LPBF-processed counter-
parts tend to be arranged at grain boundaries, forming the reg-
ular honeycomb-type microstructure and a great deal of Mn-
rich precipitates (<100 nm) evenly dispersed in the matrix,
forming the regularly spherical shapes. While, heterogeneous
Al;;Mg7 phases in extruded samples are much bigger (nano
to 20 pms), and they are randomly distributed. Either disloca-
tions or high local strain sites existed in the x-Mg matrix were
in a high energy state, which could be preferentially attacked,
as shown in figure 10(d). That is to say, the high dislocation
density derived from LPBF process resulted in significantly
accelerated micro-galvanic corrosion behaviors.

4.14. Quasicrystalline and amorphous Mg alloys.

Amorphous Mg alloy, especially Mg—Zn—Ca amorphous
alloy, has attracted close attention in biomedical field [169—
173]. Amorphous alloys, also known as metallic glasses,
refer to metal alloys with short-range order and long-range

disorder in atomic arrangement in the solid state. Due to the
lack of grain boundaries, dislocations, and other crystal struc-
tural defects, amorphous Mg alloys generally exhibit superior
corrosion resistance compared to their corresponding poly-
crystalline counterparts. In general, the microstructures of
amorphous Mg alloys produced through LPBF are typically
complex and heterogeneous. This complexity arises from the
intricate thermal history involved in the laser multi-layer print-
ing process.

A laser-printed component generally comprises two dis-
tinct regions: the molten pool zone (MP) and the HAZ [174],
as shown in figures 11(a) and (b). These two regions undergo
different thermal treatments, resulting in distinct microstruc-
tures consequently. In the molten pool zone, a rapid cooling
rate is essential during the cooling process to prevent crys-
tallization. As a result, the amorphous melt within the mol-
ten pool zone can solidify into a fully amorphous structure.
Distinctively, the HAZ partially crystallized, composed of the
glass and crystalline phase. Theoretically, in the HAZ, the
temperature remains below the melting point (7',) and does
not enter the liquid phase. While, it is worth noting that the
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Figure 11. LPBF-processed quasicrystalline and amorphous Mg alloy: (a) the schematic diagram of laser powder bed fusion process, (b) the
hierarchical microstructure of the as-built counterparts, and (c)—(e) the TEM, SEM and, HR-TEM maps showing the cross-section
microstructure of LPBF-processed MgeoZn35sCas alloys, respectively. Reprinted from [169], © 2023 The Authors. Published by Elsevier

B.V.

temperature in the HAZ still exceeds the crystallization tem-
perature, which induced the transformation of the amorph-
ous structure into crystalline structure during both the heating
and cooling processes, consequently. Our team firstly utilized
LPBF to fabricated amorphous Mg—Zn—Ca scaffold for bio-
medical application [169]. It was discovered that the as-built
scaffold consisted of amorphous phase and a small amount of
Cap,MgsZn,; crystalline phase, as illustrated in figures 11(c)—
(e). A close investigation revealed that the molten pool areas
are mainly amorphous, with a few nano-crystals appearing
in the HAZ. One reasonable explanation was that atoms in
the HAZ above the crystallization temperature region will
orderly arrange to nucleate into nano-crystals. Meanwhile, the
melt pool experiences cyclic thermal accumulation during the
layer-by-layer progress, promoting structural relaxation and
further inducing crystallization.

In addition, some studies have indicated that the design of
compositions can result in the formation of Mg alloys that con-
tain quasicrystalline phases. For instance, Chen et al found
out that incorporating the Y into LPBF-processed Mg—Zn—Zr
led to the creation of a nano-scale and uniformly distributed
quasicrystal I-phase (MgszZngY), characterized by strip-like
and partially dot-like features [175]. This quasicrystal I-phase,
due to the reduced potential difference, can act as a weak cath-
ode, helping to reduce the risk of micro-galvanic corrosion in
the Mg matrix. Additionally, the formation of rare earth oxide
(Y,03) on the surface of the I-phase enhances the density of
the corrosion product layer, providing effective protection for
the substrate and improving corrosion resistance. Notably, the

quasicrystal I-phase, featuring a specialized icosahedral struc-
ture, maintains a specific orientation relationship with the Mg
matrix, which results in a stable interfacial bond and initiates
the Orowan strengthening effect. In addition, dislocation lines
in the I-phase were anchored to prevent the sliding of dislo-
cations, which resulted in increased mechanical strength. As a
result of these combined effects, the LPBF-processed ZW61
component exhibited enhanced mechanical properties along
with excellent biocompatibility.

4.1.5. Nano composites. ~ Combining the high stiffness and
high strength properties of magnesium matrix composites
(MMCs) and the technical advantages of AM forming com-
plex structural parts with high performance, the LPBF-
processed Mg-based composite materials offer great poten-
tial for fulfilling the requirements of lightweight, strong, and
stiff materials in various fields like aerospace, defense, elec-
tronics, and biomedicine industries [176—180]. However, the
poor dispersion and agglomeration of the reinforcement due
to the strong van der Waals force between the nanoparticles
and the very poor wettability with the Mg matrix will lead to
stress concentration and crack initiation [181]. Besides, low
interfacial bonding ability between the reinforcement and Mg
matrix will contribute to the poor interfacial bonding strength.
Therefore, ensuring the even distribution of reinforcements
and optimizing the interface between reinforcement and Mg
matrix are crucial for enhancing the overall properties of Mg-
based composites [179].
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To overcome poor wettability, Yuan et al utilized the semi-
coherent interfacial bonding between Mg and MgO to increase
the interfacial bonding strength, ensuring the effective transfer
of load from the matrix to the carbon nanotubes and producing
AZ91 alloys reinforced with carbon nanotubes coated with
MgO [178]. Besides, employing in-situ reduction techniques
is being explored as a viable approach to tackling interface
challenges. Shuai et al devised a hydrothermal reaction/in-
situ reduction method to enhance the interfacial compatibil-
ity of graphene oxide (GO) with AZ61 alloys, fabricating the
TiO,/GO-AZ61 composites successfully [182]. TiO, under-
went in-situ reduction via a magnesiothermic reaction, with
the resulting Ti combining with Al in the AZ61 matrix to pro-
duce TiAl,. Simultaneously, Ti reacted with GO to generate
TiC at the AZ61-GO interface. Due to formation of the inter-
metallic compounds at the GO/AZ61 interface, the reinforced
interfacial bonding in turn led to a 12.5% reduction in the
degradation rate and a 10.1% increase in compressive strength
for AZ61-TiO,/GO compared to AZ61-GO.

4.2. Post-processing treatment

As previously mentioned, the printability of Mg alloys poses
a significant obstacle due to their high rates of oxidation,
quick vaporization, and vulnerability to gas entrapment. These
factors result in a range of defects in the final manufac-
tured components, such as cracking, delamination, porosity,
incomplete fusion, residual stress, deformations, non-uniform
microstructure, and anisotropic mechanical properties. Studies
indicate that the subsequent techniques like solution and aging
HT, hot isostatic pressing (HIP), and surface modification can
address issues like micro-segregation, reduce residual thermal
stress, and enhance mechanical properties while keeping the
original shape of LPBF-produced parts [26, 61]. Table 2 sum-
marizes the microstructure evolution of the LPBF-processed
Mg alloys before and after post treatment.

4.2.1. HT  Among the various post-processing treatments,
HT have been recognized as a cost-effective method to adjust
microstructural heterogeneity and eliminate defects that are
inherently induced by rapid solidification or layer-by-layer
building processes [91, 112, 144, 189, 191]. Usually, homo-
genization treatment is employed to dissolve undesirable
phases, followed by aging treatment to enhance final strength
through precipitation strengthening. In previous research, the
impact of HT performed by heating to a temperature of 536 °C
for a duration of 24 h, followed by subsequent aging at 205 °C
for 48 h, on the microstructures and mechanical character-
istics of LPBF-processed WE43 alloy were explored [91].
The globular 51-MgzNd precipitates initially dissolved and
then re-precipitated into plate-like MgzNd phase within a-
Mg (hcp) matrix. Moreover, a flake-shaped structure contain-
ing dense nano-scale Mg and Y,O3 dispersoids agglomerates
was uniformly distributed throughout the WE43 alloy. As a
result, the maximum tensile strain at fracture of the LPBF-
processed WE43 alloy increased significantly from 2.6% to

4.3%. Similar results were also discovered for the LPBF-
processed porous Mg—Zn—Gd counterparts in our previous
work [189]. During the HT, the precipitated 5-(Mg,Zn);Gd
phase dissolved in a-Mg firstly and transformed into plate-
shaped long period stacking ordered (LPSO) phases by redu-
cing the energy threshold of stacking faults on basal plane, as
shown in figures 12(a) and (b). Compared to 5-(Mg,Zn);Gd
phase, the randomly distributed LPSO phases owned minor
potential difference with a-Mg, thus causing less micro-
galvanic corrosion.

In general, the HTs can improve various properties of
the LPBF-processed counterparts. Deng et al investigated
the influences of various solution treatment and aging HTs,
including T4, T5, and T6 treatment, on the microstructure of
LPBF-processed GZ112K alloy and GWZ1031K [112, 144],
as illustrated in figure 12(c). As for GZ112K alloy, with
suitable solution HT (400 °C for 12 h), the rigid and fra-
gile 8-(Mg, Zn);Gd eutectic phase underwent a transformed
into a comparatively softer lamellar 14 H type long period
stacking order structure, which precipitated from o-Mg mat-
rix with composition of Mg-9.7Gd-5.6Zn at.% inside grains,
along with the formation of the X phase, which derived
from eutectic phase with composition of Mg-9.8Gd-4.9Zn
at.% along grain boundaries, resulting in improved ductility
of LPBF-T4 alloy. Moreover, aging HT could enhance the
ductility of LPBF-T6 alloy by refining grains, precipitation
of prismatic /3’ precipitates, secondary phases of the 14H-
LPSO structure, as well as strengthening from a combina-
tion of basal 7/ and prismatic 3’ precipitates. The impact
of T4 and T6 processes on LPBF-processed GWZ1031K is
similar to that of LPBF-processed GZ112K alloy. LPBF-
T4 achieved the best EL (10.3 + 0.5)%, while LPBF-T6
showed the best yield strength (YS) (316 £ 5) MPa and ulti-
mate tensile strength (UTS) (400 £ 7) MPa. In contrast to
T4 and T6, the LPBF-TS GWZ1031Kalloy showed remark-
ably high YS (365 + 12) MPa but exceptionally low EL
(0.8 £ 0.3)%.

4.2.2. HIP  As well-known, porosity poses a significant
challenge in the LPBF process, leading to notable changes
in the mechanical properties of the as-built counterparts. In
fact, HIP, a commonly employed thermal-mechanical pro-
cessing technique, which is carried out at elevated temperat-
ures ranging from 1 000 to 2 000 °C and intense pressures
of 200 MPa, can enhance the mechanical characteristics of
the as-built components by reducing porosity and alleviating
residual stresses [101, 183, 190, 192, 193]. Gangireddy er al
studied the microstructure evolution during the HIP (350 °C
under 15 ksi for 2 h) process for the LPBF-processed WE43
alloy [183]. The results showed that the previously identi-
fied Nd-rich precipitates, initially resembling long ribbons in
the as-built states, fragmented into shorter but thicker plate-
shaped structures measuring around 100-500 nm in diameter,
as shown in figure 13(a). After HIP treatment, densification
and EL of LPBF-processed Mg alloys can be significantly
enhanced. This enhancement is more pronounced in alloys
with higher initial porosities when the scanning speed is set at
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Table 2. Summary of the microstructure evolutions of the LPBF-processed Mg alloys before and after post treatment.

Materials

State

Microstructures

References

WE43

LPBF

T4

T6

HIP

HIP + T4

HTO

DCT

PEO

Nd-rich precipitates (platelet-shaped Mgs;Nds and
globular MgzNd) and various oxygen-rich phases exist
in the Mg matrix

Precipitate of fine and nano-scaled rectangular Mgz Y's
particles

The Mg»4 Y5 particles turned into Mgs; Nds and formed
a network structure. Globular precipitates 3’ -Mgj2 YNd
decorates the grain boundaries and the plate-shaped
precipitates 51-Mg3RE grows parallel to the prismatic
planes of the Mg hcp lattice

Nearly all AM-induced microscopic pores are
removed. Plate-like thicker Nd-rich precipitates, small
globular Zr-rich precipitates, and Zr-Y-O rich oxides
along with a large oxide exist in Mg matrix
Dissolution of the minuscule Nd-rich and Y-rich
particles

A dense oxidation layer composed of Y,03 and Nd,O3
and a transition layer contained few Mg-RE
precipitates as well as similar a-Mg grains and Y, O3
oxides to those of the matrix

Smaller grain size. Lattice shrinkage, micro and
compressive stress exist

Form protective composite
inhibitor-and-polymer-containing layers

[56,91, 101, 148, 183]

[103]

(103, 157]

[101, 183]

[101]

[184-186]

[187]

[188]

Mg-Zn-Gd

LPBF

T4

Primarily composed of a-Mg, 3-(Mg,Zn)3Gd and
MgZn; phases and exhibited nearly continuous
distribution at grain boundaries of x-Mg

The precipitated 5-(Mg,Zn)3Gd phase dissolved in
a-Mg and transformed into plate-shaped LPSO phases

[189]

[189]

GZ112K

LPBF

T4

T6

Hard and brittle 5-(Mg,Zn)3Gd eutectic phase and high
solid solubility of Gd and Zn elements exist in a-Mg
matrix

Hard and brittle 5-(Mg,Zn);Gd eutectic phase
transforms into a relatively softer lamellar 14 H type
LPSO structure inside grains and X phase at grain
boundaries

Basal ' precipitates or lamellar 14 H-LPSO structure
and dense prismatic elliptical B’ precipitates coexist

[117, 144]

[144]

[144]

AZ61

LPBF

HIP

Brittle-hard 3-Mg;7Alj,continuous precipitation exists
along the grain boundary

Partial dissolution of brittle-hard 5-Mg;7Al;> along
grain boundaries and reduction of pores

[190]

[190]

ZK60

LPBF

T4

T6

Three types of precipitated phases were distributed
inside the grains: Zn-rich precipitated phase with
Zr-rich core, Zn-rich precipitated phase without Zr, and
Zr-rich particle

The Mg7Zn;3 phase at the grain boundary melted and
merged into the matrix. The precipitated phases in the
grain mainly evolved into Zn-rich phase with Zn,Zr
core

The rod-shaped 31’-MgZn precipitated phase
separated out from the a-Mg matrix

[191]

[191]

[191]
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Figure 12. The schematics illustrate the microstructure evolution of the LPBF-processed parts and LPBF-T4 parts of Mg—Zn—Gd alloy: (a)
bright-field images of as-built counterparts and (b) the formation of 14H-LPSO phase after heat treatment. Reprinted from [144], © 2022
Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &#38; Technology. (c) The microstructure
evolution of the LPBF-processed GZ112K under different heat treatment conditions. Reprinted from [189], © 2021 Elsevier B.V. All rights

reserved.

1200 mm s~', as shown in figure 13(b). However, the improve-
ment is limited for alloys with lower porosity levels at a scan-
ning speed of 800 mm s~', as the porosity level increases
with the scanning speed, as shown in figure 13(c). Besides,
the reduced strength can also be attributed to the breakup of
Nd-rich ribbon-like precipitates. Similarity, the influence of
HIP (450 °C under 103 MPa for 3 h) on the microstructure
of LPBF-processed AZ61 alloy was also studied [190]. Partial
dissolution of brittle-hard 5-Mgi7Al;, along grain boundar-
ies and reduction of pores resulted in increased densification
and improved EL, with a slight decrease in micro-hardness and
yield stress.

Generally, the improvement in the properties of as-built
parts by HIP might insufficient, thus the combination of the
HIP and HT has been indicated as a more effective method
to improve the comprehensive mechanical properties of the
LPBF-processed counterparts. Esmaily er al evaluated the
effects of HIP (520 °C under 15 ksi for 4 h) and HT (525 °C
for 8 h) on the microstructure and corrosion behavior of
LPBF-processed WE43 specimens [101], as illustrated in
figure 14(d). Minimal grain growth was observed in LPBF-
processed WE43 after HIP, attributed to solute drag effects and
the pinning effect of flake-shaped oxide particles. Following
HIP + HT treatment, the enhanced corrosion resistance in
WEA43 could be explained to the dissolution of the minus-
cule Nd-rich and Y-rich particles and the elimination of micro-
scopic pores. Sorkhi et al explored how the microstructure and
mechanical characteristics of LPBF-processed WE43 samples
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were influenced by HIP and T6 treatments [192]. The find-
ings indicated that HIP was effective in decreasing the poros-
ity of WE43 samples to less than 0.1%, whereas T6 could
dissolve and precipitate the hard and brittle phase along the
grain boundaries, resulting in an 8% enhancement in the EL of
WEA43. Overall, the specimens treated with HIP and T4 or T6
together demonstrated the most favorable balance of strength
and ductility.

4.2.3. Surface modification.  Moreover, several of surface
modifications have also been used to improve the struc-
ture and surface quality of manufactured products, enhancing
their mechanical strength, degradability, biocompatibility,
antibacterial properties, and anti-inflammatory characteristics.
Among them, utilizing high-temperature oxidation (HTO) as
an efficient technique for passivation could potentially slow
down the degradation process of Mg alloys [184—186, 194].
Liu et al investigated the impact of HTO on the microstructure,
mechanical characteristics, and biocompatibility of LPBF-
processed WE43 alloy [184—-186]. Following HTO treatment,
the transformation of the metastable 3 phase in the as-built
sample to a stable phase Mgy4REs was observed, alongside
the presence of a-Mg and Y,0O3 oxides. Besides, a continuous
oxide layer (OT) measuring approximately (2.04 £ 0.51) ym
in thickness, along with a transition layer (TL) measur-
ing around (74.38 & 4.77) um thick, was observed on the
matrix’s surface, as shown in figures 14(a)—(e). The enhanced
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Figure 13. Microstructure evolutions before and after HIP process. (a) Microstructure of the LPBF-processed WE43 at as-built states and
HIP states. (b)—(c) Dynamic stress strain curves and the obtained porosity contents at scanning speeds of 1200 mm s~! and 800 mm s".
Reprinted from [101], © 2020 Elsevier B.V. All rights reserved. (d) The microstructure of the LPBF-processed WE43 at as-built states, HIP
states, and HIP + HP states. Reprinted from [183], © 2018 Published by Elsevier B.V.

corrosion resistance is due to the dense oxide layer’s improved
passivation effect and the transition layer’s inhibition of gal-
vanic reactions, as illustrated in figure 14(f). Besides, the oxide
layer could enhance surface smoothness, hydrophilicity, and
wettability. In general, the lower degradation rate of the HTO
sample contributes to its improved biocompatibility, enhan-
cing cell viability, osteogenesis, and reducing hemolysis.

Inherently, deep cryogenic treatment (DCT) also can
demonstrate the beneficial effects on the performance of the
LPBF-processed Mg alloys [187]. Li et al explored the influ-
ence of the DCT on the microstructure evolution, mechanical
properties, and the related mechanism of the LPBF-processed
WEA43 alloy [187]. The micro-stress storage strain energy
attributed to the lattice shrinkage during the DCT process
could reduce the driving force of the precipitation, which fur-
ther enhanced the hardness strengthening phases’ precipita-
tion without destroying the initial metastable phases, includ-
ing the 5'-Mg,NdY and 3"/-Mg3(Y, Nd) phases, as shown in
figure 14(g). Besides, the growth of subgrain boundaries in the
DCT alloy inhibits the movement of partial dislocations, such
as slipping and climbing, leading to a combined enhancement
in strength and toughness. And the mechanical properties of
the LPBF-processed WE43 alloy were improved effectively
after the DCT process.

Despite the comparatively high dimensional accuracy of
LPBF-processed porous Mg-based scaffold, inevitable dimen-
sional discrepancies exist between the porous molded parts
and design specifications. Hence, chemical or electrochemical
polishing through immersion is highly preferable. Besides,
the deposition of protective coatings by plasma electrolytic
oxidation (PEO) is another way to enhance the corrosion
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resistance [188, 195]. Kopp et al proposed that the LPBF-
processed WE43 porous scaffold’s degradation rate during
the early immersion in SBF could be reduced by PEO [188].
Gnedenkov et al revealed that the formed protective compos-
ite inhibitor-and-polymer-containing layers effectively reduce
the corrosion current density of Mg alloys by three orders of
magnitude in a 3 wt.% NaCl solution [195]. Therefore, these
protective layers show great potential in lowering the risk of
implant-related infections.

5. Properties of Mg-based implants

The mechanical characteristics and biological performance of
the final implant are significantly affected by various factors,
including the internal structure, design geometry, dimensional
accuracy, and formation quality. This section offers a com-
prehensive review and analysis of the mechanical perform-
ance, biodegradation performance, and biological properties.
By shining a light on these essential factors, a deeper under-
standing of how they collectively influence the overall per-
formance and successful integration of the device could be
obtained.

5.1. Mechanical performance

The microstructure of LPBF-processed Mg alloys differs sig-
nificantly from that of Mg alloys produced using traditional
manufacturing processes, which results in significant variation
in their mechanical properties. The mechanical performances
of LPBF-processed Mg alloys are summarized in table 3.
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provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. CC BY-NC-ND 4.0 (g) The microstructure evolution during the
DCT process. Reprinted from [187], © 2023 Elsevier B.V. All rights reserved.

5.1.1. Mechanical strength.  The primary purpose of any bio-
medical implants or scaffolds lies in stabilizing or bolster-
ing fractured bones to withstand specific anatomical pressures
during the healing period. That is, the ideal orthopedic implant
must possess adequate mechanical strength and compatibility
with the surrounding bone tissue, providing essential mechan-
ical support during the healing process of the bone and exhib-
iting excellent stress conductivity. This necessitates that the
mechanical characteristics, including hardness, ability to with-
stand compression and tension, fracture toughness, stiffness or
flexibility, ductility, and fatigue meet the requisite criteria for
clinical applications [201]. Generally, the tensile YS of human
cortical bone is approximately 53 MPa when measured per-
pendicular to the bone axis, and ranges from 124 to 174 MPa
when measured parallel to the bone axis and the compressive
YS varies from 1 to 20 MPa, while the compressive strength
is between 103 and 140 MPa [202, 203]. The elastic modu-
lus of cortical bone spans from 1 to 35 GPa. In contrast, the
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compressive YS of trabecular bone ranges from 2 to 12 MPa,
with an elastic modulus between 0.1 and 5 GPa [202, 203]. It
is crucial to recognize that the mechanical properties of human
bones are significantly influenced by factors such as age, bone
health, and bone type.

Unlike conventional biomaterials such as Ti-based alloys,
stainless steel, and Co—Cr alloys, Mg-based materials exhibit
distinct mechanical features that render them better suited
for implantation. Firstly, they offer a superior strength-to-
weight ratio, which is advantageous for lightweight implant
designs; secondly, their hardness and elastic modulus are
much closer to those of human bone, thereby mitigating the
risks of ‘stress-shielding’ effects and bone loss [48, 57, 63,
64, 133, 177]. Moreover, products manufactured through AM
techniques tend to demonstrate superior mechanical charac-
teristics such as hardness and tensile strength when com-
pared to those made though conventional approaches with the
same chemical composition, mainly attributing to the high
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Table 3. Mechanical performances of LPBF-processed Mg alloys.

Alloy State YS/MPa UTS/MPa EL/% References
As-built 276 292 6.1 [116]
As-built 215 251 2.6 [91]
WE43 T6 219 251 43
As-built 296 308 11.9 [146]
As-built 236 313 9.6
DCT 275 337 10.5 [187]
As-built 254 296 1.83 [89]
AZ91D As-built 265 298 2.0 [159]
As-built 225 317 6.8 [196]
AZ91D + SiC As-built 308 345 1.1 [159]
AZ91D + TiCN As-built 242 361 8.9 [196]
AZ31B As-built 183 212 7.9 [197]
As-built 233 287 3.1 [87]
AZ61 T4 124 240 59 [198]
HIPed 126 274 8.2 [190]
As-built 137 246 15.5
ZK60 T4 107 224 16.7 [191]
T6 191 287 14.1
As-built 332 351 8.6
GZ112K T4 281 311 11.4 [144]
T6 343 371 4.0
As-built 203 271 10.3
GI0K T5 285 360 29 [161]
As-built 310 347 4.1
T4 255 328 10.3
GWZ1031K TS 65 381 0.8 [112]
T6 316 400 22
As-built 315 340 2.7
T4 247 304 6.9
GWZI1221M T5 342 356 14 [199]
T6 320 395 2.1
As-built 345 368 3.0
GZISIK T5 410 428 34 [200]

densification and the combined effects of refining grains,
dislocation, grain boundaries strengthening, precipitation
strengthening, solution strengthening, and hetero-deformation
induced (HDI) strengthening [116, 204-206]. Deng et al ana-
lyzed the grain boundary strengthening effect by compar-
ing the mechanical performance of parts fabricated by LPBF
method and those manufactured by casting for Mg—Gd—Zn—Zr
alloy [117]. The results indicated that the enhancement from
the grain boundary strengthening could boost the strength
by 138-196 MPa, accounting for 42.5%—-60% of the total
strength in the LPBF-processed counterparts. According to
the Hall-Petch equation, the strength is inversely proportional
to the grain size. Moreover, as discussed above, components
produced by LPBF method also have a higher geometric-
ally dislocation density, thus dislocation strengthening is also
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an important strengthening mechanism in AMed Mg alloys
[163, 167, 168, 207]. Chang et al found that the dislocation
strengthening contribution in the LPBF-processed Mg alloys
could reach 55.9 MPa, occupying 18.7% of the overall YS
[207]. Generally, the hardness of LPBF-processed bulk Mg
alloys ranged from 0.4 to 1.2 GPa, the elastic modulus is
27-35 GPa, and the YS is typically higher than 200 MPa,
with some even achieving 350 MPa, making them suitable
for a wide range of structural uses. Besides, through the
design of the porosity, the stiffness of the regulated por-
ous LPBF-processed Mg alloys is closer to the level of
human bone [208]. Generally, the elastic modulus, compress-
ive YS, and compressive strength of porous LPBF-processed
Mg-based scaffold range 0.207-0.8 GPa, 4.07-23 MPa, and
13-31 MPa, respectively [133].
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Besides, it is worth to note that the mechanical proper-
ties of the LPBF-processed Mg alloys were different in dif-
ferent directions, indicating that the AMed counterparts had
significant anisotropy. As discussed above, the microstruc-
ture of the AMed specimen exhibited anisotropy due to the
significant temperature gradient along the building direction
[45]. Thus, the LPBF-processed hcp structural metals, such
as Mg alloys or Zn alloys, tended to grow in the <10170>
direction, resulting in higher strength along the building dir-
ection and significant anisotropy of the material properties.
Currently, AMed Mg alloys tested for mechanical properties
are all sampled in the transverse direction (TD), and data in
the longitudinal direction (LD) are limited. Besides, it is worth
noting that the changing tendencies of tensile strength and EL.
in vertical direction and horizontal direction are different in
different investigations. Pawlak et al found that the average
strength and EL of LPBF-processed AZ31B in horizontal dir-
ection (UTS = (212 £ 34) MPa, EL = (7.9 &+ 2.9)%) were
superior to those at a45-degree angle (UTS = (207 &+ 54) MPa,
EL = (7.7 £ 6.0)%) to the processing platform plane [197].

5.1.2. Ductility. = However, it should be noted that LPBF-
processed Mg-based materials possessed relatively lower
ductility, mainly attributing to the existence of defects,
including very small gas pores and thermal cracks, and the
enhanced stress sensitivity caused by the introduction of oxide
impurities and high residue stress during the formation pro-
cess. Generally, a tradeoff between ductility and strength is
encountered during the LPBF process. For instance, the tensile
strength and YS of LPBF-processed AZ91 were roughly 30%
and 50% higher than those of traditionally cast AZ91 alloys,
while the ductility of the LPBF-processed specimens (1.24%—
1.83%) was approximately 40% lower compared to the cast
samples (3%) [54, 89]. Moreover, in Mg alloys like AZ91,
WEA43, and Mg—Gd alloys, the excessive alloy elements tend to
form brittle inter-metallic compounds along the grain bound-
aries. This brittleness is the key factor leading to localized
failures by impeding plastic deformation mechanisms such as
grain boundary sliding, slip, and twin transmission. The last
but not the least, the sputtered powder or vapor would re-
deposit on the sample surface, as evidenced by the cauliflower-
like appearance on the fractured surface, causing inadequate
consolidation or weak bonding in the related part. The EL rates
of LPBF-processed AZ91D alloy [87, 89] and AZ61 alloy [87]
range from 1.24% to 1.83% and 2.14% to 3.28%, respectively,
which are comparatively lower than the EL rates of 3% and
5.2% observed in the die-cast state, respectively.

Wei et al studied the fracture patterns of LPBF-processed
AZ91D Mg alloy [89]. The fractures displayed a mixed
of ductile and brittle characteristics, with dimples, tearing
edges, and quasi-cleavage planes observed. Dimples indic-
ate a certain level of plastic deformation prior to fracture.
This fracture mode is mainly related to the heterogeneous
microstructure and micropores in the alloy. The incompatible
crystal structures of the a-Mg matrix (with a close-packed
hexagonal structure) and the 5-Mgy7Al;, eutectic phase (fea-
turing a cubic crystal structure) led to the brittleness of the

24

a-Mg/p3-Mg;7Al;, interface. Furthermore, the presence of
micropores, high levels of dislocation, and localized stress
concentrations at the interface initiated and propagated cracks
along the phase boundary. The softer a-Mg matrix favors
ductile fractures, while the brittle 3-Mg;;7Al;, eutectic phase
and micropores cause stress concentration, reducing plasti-
city and promoting cleavage brittleness. Therefore, restricting
the precipitation of Mg;7Al;, phases is crucial to achieving
good plasticity in LPBF-processed Mg—Al alloys. Generally,
most AMed Mg alloys exhibit ductility below 5%, with certain
alloys lacking any EL capability, which limits their application
in situations with high cyclic load-bearing requirements.

However, Xu et al discovered that different laser energy
densities could result in varied SEM morphologies of the
tensile cross-section fracture, as illustrated in figure 15(a)
[116]. When the E, reached 88 J mm™>, the fracture exhibited
numerous microcracks (approximately 80 pm in length) and
cleavage steps, indicating a typical brittle fracture. With the
increase of E,, there was a slight rise in gas pore defects res-
ulting from intense evaporation. However, the material’s prop-
erties showed gradual improvement, as demonstrated by the
tensile curves revealing the emergence of numerous equiaxed
dimples of various sizes. Notably, samples with an E, of
138 J mm™ displayed multi-scale dimples of sizes ranging
around 50 pm and 2 pum, showcasing a mixed fracture mode
combines brittleness and ductility. These dimples primarily
resulted from stress concentration around nano-precipitates
at the bottom during tensile testing, playing a crucial role in
absorbing fracture energy, retarding fracture initiation and bol-
stering the alloy’s ductility.

5.13. Fatigue. In addition, human body is not only an
aqueous environment but also a severe environment with com-
plex cyclic loading, thus fatigue is also one of the current
failure mechanisms that can happen for biomedical implants
or scaffolds due to the cyclic stress [209]. As is well-known,
fatigue is a progressive, localized, and permanent change in the
structure of materials, resulting in the formation of cracks and
eventually fractures when subjected to sufficient cyclic load-
ing, which determines the suitability of a material for structural
purposes. And the stresses applied typically involve tension or
a blend of tension and compression. Theoretically, the absence
of any porosity or surface flaws, material failure from fatigue
unfolds dramatically as voids emerge from dislocation accu-
mulation and extend until complete rupture. Therefore, vari-
ous factors may influence the fatigue resistance of the AMed
components, including surface properties, like toughness and
cleanliness, the morphology, location, dimensions and volume
fraction of internal flaws (such as porosity, voids and lack of
fusion), defects in the microstructure (e.g. grain boundaries,
twinning, and dislocations), grain size, distribution, and mor-
phology of secondary phases, loading profile, and topological
design [45, 64, 210, 211]. As a whole, the introduction of any
stress concentrators like surface or internal defects can sig-
nificantly reduce the number of cycles needed for specimen
fracture, thereby diminishing fatigue life the LPBF-processed
implants or scaffolds. For instance, elongated voids with large,
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Figure 15. The mechanical properties of the LPBF-processed WE43 alloy. (a) Tensile fracture morphologies at different laser energy
densities. (b) Schematic illustration of hetero-deformation induced strengthening mechanism. (c) Stress versus strain curves, and (d)
stress-strain curve, and comparison of calculated and experimental values of the yield strength. Reproduced with permission from [116]. ©
2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.CC BY-NC-ND 4.0.

irregular, and sharp corners, particularly those situated close
the surface of counterparts, are the most detrimental type of
internal flaws in shortening the fatigue lives of specimens due
to the higher stress concentration at the tip of the cracks and the
reduced load-bearing capacity [45]. Besides, brittle second-
ary phases, encompassing the oxides and intermetallic com-
pounds, may serve as the nucleation sites where cracks ini-
tiate, leading to their easy propagation into the main mat-
rix phases, particularly when these phases possess irregular
morphologies [45].

Unluckily, the dynamic loading in human body, along
with the corrosive body fluid, may cause premature loss of
mechanical integrity of biodegradable Mg-based implants.
Corrosion fatigue is defined as the simultaneous occurrence
of an aggressive environment and cyclic stress, which results
in the early failure of metals due to cracking [212]. Up to
now, only a few fatigue studies on the biodegradation-affected
fatigue behavior of bulk Mg alloy counterparts in the simulated
body fluid (SBF) [213-215]. In comparison, cracks initiated
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at microstructural defects or deformation twinning boundar-
ies in bulk pure Mg or Mg alloys when exposed to air, while
cracks originated from localized sites or pits in fatigue speci-
mens immersed in SBF [213, 214]. Moreover, Li et al pion-
eered the study on how biodegradation affects the fatigue per-
formance of AMed porous WE43 alloy through the compar-
ative study on fatigue behaviors in air and in a revised SBF
(r-SBF) [216]. The study revealed that cracks tended to initi-
ate from tiny degradation pits on the edges of the specimens
where tensile stress was concentrated, especially at the struc-
tural joints. Subsequently, the cracks propagated through the
material, while the dislocations showed increased complexity
following the fatigue tests. Under cross action, biodegradation
decreased the fatigue strength of the porous material from 30%
to 20% of its YS and cyclic loading significantly increased its
biodegradation rate. Therefore, to enhance the fatigue proper-
ties of LPBF-processed Mg-based counterparts, it is crucial to
eliminate the process defects such as pores, oxides formation,
and other surface defects.
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5.1.4. Regulation of mechanical performance. To tailor the
mechanical characteristics of Mg alloys for specific applica-
tions, three main methods are commonly used, liking micro-
alloying, incorporation of nano-particles, and post-HT pro-
cedures. Generally, micro-alloying can significantly improve
the mechanical performance of Mg alloys by grain refinement
strengthening, precipitation strengthening via the formation of
inter-metallic phases along grain boundaries, and solid solu-
tion strengthening [152, 217-222]. Shuai et al observed that
the hardness and compressive strength of Mg alloys increased
from (66.7 £ 3.5) HV and (105.3 £ 5.6) MPa in ZK30 alloy to
(101.3 £ 6.3) HV and (130.4 + 8.3) MPa in ZK30-1.0Ag, and
from (80.5 £ 1.9) HV and (131.6 & 3.5) MPa in ZK60 alloy to
(105.2 £ 1.9) HV in ZK60-0.8Cu alloy and (158.3 £ 5.1) MPa
in ZK60-0.4Cu alloy, respectively [220, 221]. The improve-
ment in compressive strength was credited to the grain refine-
ment strengthening and the precipitated phase strengthening.
Nevertheless, the overabundant incorporation of Ag or Cu
elements tends to generate a coarser precipitate phase with
reduced binding ability at the interface between the mag-
nesium matrix and the precipitated phase, thereby impairing
the compressive YS. Besides, it is well-known that the atomic
radii of Al and Zn are of the order of 0.11 nm, a value lower
than the Mg radius of 0.13 nm. Thus, a lattice distoration
occurs when these alloying elements are dissolved into the Mg
matrix. For instance, by incorporating a small quantity of Zn,
Mg-1Zn alloy achieved its highest tensile strength at 148 MPa
and an EL rate of 11% due to the solid solution strengthening
effect [152]. While, further addition of Zn content may lead to
a reduction in mechanical properties attributed to the deteri-
oration of densification degree and increased defects within
the samples. Therefore, a meticulous balance of alloying ele-
ments is essential to customize the mechanical characterist-
ics, ensuring the structural integrity and performance of Mg
alloys in practical applications. Recently, with the rapid devel-
opment of artificial intelligence (AI), using machine learning
(ML) methods such as Bayesian optimization, generative deep
learning, active learning, and inverse design approaches to
find the optimal alloy compositions to meet specific perform-
ance requirements has become a new focus of research today
[223-227].

Moreover, extensive research has been focused on RE-Mg
alloys. Most RE elements exhibit high solid solubility in Mg,
and the lattice distortion caused by the variance in atomic radii
between RE and Mg boosts the strength of Mg matrix. This
strengthening mechanism does not necessitate intricate micro-
structures but elevates the mechanical properties through inter-
actions at the atomic level [116]. In a recent research conduc-
ted by Xu et al, the LPBF-processed WE43 alloy demonstrated
a remarkable combination of strength and ductility under the
optimal process parameters (E, = 138 J mm™), outperform-
ing traditional casting methods and other magnesium alloys
[116]. The alloy exhibited a YS of (276 4+ 1) MPa, UTS of
(292 £ 1) MPa, and an EL at break of (6.1 4= 0.2)%, respect-
ively. The exceptional YS was mainly attributed to the pres-
ence of rare-earth elements. Additionally, the contributions
of rare-earth element solid solutions (around 24.5%), grain
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size refinement (approximately 14.4%), and HDI strength-
ening (roughly 32.2%) were highlighted as crucial factors
in enhancing the alloy’s mechanical properties, as shown in
figures 15(b)—(d).

During solidification, RE also creates stable inter-metallic
compounds with Mg matrix, acting as grain boundary pins,
restraining grain boundary sliding and impeding disloca-
tion movement, thereby notably improving creep resistance
and fatigue performance. More importantly, RE-Mg alloys
demonstrate enhanced printing capabilities as RE aid in redu-
cing surface tension in the molten pool, minimizing pore and
crack formation, and enhancing wettability to promote better
spreading and bonding of molten metal, ultimately increas-
ing inter-layer bonding strength. Moreover, RE elements boost
oxidation and heat resistance, crucial for withstanding the
repeated heating and cooling cycles in LPBF. These advant-
ageous effects are evident not only in laser printing but also in
related processes like laser welding.

Furthermore, the incorporation of various nano-particles
into Mg-matrix composites (MMCs), including calcium-
phosphate bioceramics, silicon-containing bioceramics, mag-
nesium oxide, and carbon materials, is another crucial strategy
for enhancing the mechanical characteristics of Mg alloys
by the second phase dispersion strengthens and the inhibi-
tion of crack growth [159, 228-235]. Besides, these nano-
particles attached to the feedstock powder could act as strong
potent nucleation site, resulting in smaller grain size and
CET transition [159]. In our previous work [232, 233], the
mesoporous bioglass (BG, 1-5 pum, 5 wt.%) and mesopor-
ous bioglass (MBG, 200—400 nm, 5 wt.%) were incorpor-
ated into Mg matrix composite of the LPBF-processed ZK60
alloy. The overall strength and hardness of the composite were
significantly improved, attributed to the even distribution of
the BG-reinforced particles and the refined grain structure.
Interestingly, the relationship between the hardness and the
quantity of BG particles added was not linear as expected. In
the studies conducted by Wits et al [234] and Niu et al [159],
SiC particles were selected as the strengthening component
to fabricate SiC/WE43 composites and SiC/AZ91D compos-
ites via LPBF technology. The LPBF-processed SiC/WE43
composites exhibited enhanced microhardness and the LPBF-
processed SiC/AZ91D composites displayed superior mech-
anical properties due to the grain refinement and more uniform
distributed Al;;Mg;7 precipitates, compared to the AZ91D
matrix, with YS values of around 307.5 MPa and UTS values
of approximately 345.4 MPa.

In the realm of enhancing the mechanical properties of
Mg alloys, several HT methods also come into play, includ-
ing solid solution treatment (T4), age treatment (T5), and
solid solution combined with age treatment (T6) [57, 91, 103,
112, 144, 191, 199]. The primary mechanisms for strength-
ening during HT involve fine-grain strengthening and second
phase strengthening. Notably, T4 leads to an increase in EL
but a decrease in YS and UTS, whereas T6 greatly enhances
YS and UTS while reducing EL. Deng et al found that
LPBF-T4 GZ112K alloys displayed YS of approximately
(281 £+ 6) MPa, UTS of around (311 + 3) MPa, and EL
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of approximately (14.4 + 1.8)% [144]. In comparison, the
cast-T4 GZ112K alloys showed YS values of approximately
(141 £ 7) MPa, UTS values of around (239 £+ 7) MPa,
and EL values of approximately (9.8 4 1.2)%, respectively.
On the other hand, the LPBF-T6 GZ112K alloys exhibited
YS values of approximately (343 £ 9) MPa, UTS values
of around (371 4 4) MPa, and EL values of approximately
(4.0 £ 0.05)%, compared to the cast-T6 GZ112K alloys with
values of (171 £ 2) MPa, (267 £+ 5) MPa, and (5.7 &+ 0.6)%,
respectively. Up to now, this LPBF-processed Mg-based alloy
boasts the strongest strength among all reported. Besides, as
discussed above, ensuring uniformity in the distribution of
flaws and microstructure proves advantageous in enhancing
fatigue resistance. Therefore, employing a combination of
HTs and HIP after processing emerges as an effective approach
for enhancing the fatigue properties [45]. As a whole, by skill-
fully manipulating HT techniques, it is possible to achieve a
balance between strength and ductility for Mg alloys.

Last but not least, the mechanical property of AMed porous
Mg-based counterparts is also closely linked to their structural
design, especially for pore characteristics, including density,
morphology, and size [209, 211, 216, 236]. A study conducted
by Wang et al explored the impact of varied structural config-
urations, such as biomimetic, diamond, and sheet-gyroid, on
the mechanical properties of LPBF-processed JDBM porous
scaffolds [133]. The study revealed significant differences in
the mechanical performance of these scaffolds. For instance,
the sheet-gyroid scaffold exhibited impressive YS of 16 MPa
and elastic modulus of 760 MPa, surpassing biomimetic scaf-
folds by 4 times and 3.5 times, respectively. Moreover, it sur-
passed diamond scaffolds by over 70% in YS and 60% in
elastic modulus. These disparities can be attributed to the dis-
tinct deformation behaviors associated with each structural
form. While biomimetic scaffolds display an uneven distribu-
tion of thick and thin struts, making them prone to fracture at
the thin sections, the sheet-gyroid scaffold, characterized by
stretch-dominated deformation, demonstrates superior mech-
anical strength compared to the bending-dominated diamond
scaffold.

5.2. Biodegradation performance

5.2.1. Basic corrosion mechanism.  For biodegradable Mg
alloys, its basic corrosion mechanism involves a self-corrosion
driven by its high oxidizing tendencies. This will weaken
the structural strength of Mg matrix, creating voids or cracks
that accelerate specific area corrosion, further hastening the
degradation. Thus, understanding the corrosion behaviors is
crucial for developing tailored biodegradable Mg alloys for
biomedical applications. The electrochemical corrosion pro-
cess of Mg alloys in aqueous environments, such as the body,
involves the formation of a protective Mg hydroxide layer on
the matrix surface. This process is accompanied by the release
of hydrogen gas, which can create gas pocket at the tissue-
scaffold interface. Such gas pockets may adversely affect tis-
sue healing [47, 56, 232]. When chloride ion levels exceed
30 mMol I"!, the protective Mg(OH), layer breaks down, lead-
ing to localized film deterioration from Mg(OH), and CI ion
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interaction, as shown in figure 16(a). Considering the actual
human body environment, which includes various molecu-
lar proteins, blood, cells, oxygen, etc., the corrosion process
of Mg alloy implants is more complex and intricate, due to
uncontrollable factors such as dynamic blood flow, tissue in
growth, and so on.

According to the theory of electrochemical corrosion kinet-
ics, biodegradable Mg alloys exhibit various corrosion types,
including: (i) general corrosion, also called as surface corro-
sion, where the entire exposed surface undergoes uniformly
electrochemical reactions with the environmental medium,
resulting in Mg matrix dissolution. (ii) Localized corrosion,
which encompasses filamentary corrosion and pitting corro-
sion. Filamentary corrosion, influenced by varying oxygen
concentrations, presents as a strip-like pattern with significant
potential discrepancies at its ends (around 0.1-0.2 V). It typ-
ically initiates from surface defects or uneven areas and pro-
gresses in a specific direction. Pitting corrosion, originating
from active sites on the alloy surface, is particularly prominent
in Cl ion-containing solutions. Cl ions, due to their small size
and high diffusivity, can breach the passive film, react with Mg
to form soluble MgCl,, and disrupt the passive film structure,
leading to the development of corrosion pits. (iii) Galvanic cor-
rosion occurs when Mg matrix forms a galvanic couple with
another phase of lower potential, accelerating the Mg alloys’
corrosion as the anode. (iv) Stress corrosion, triggered when
Mg alloys experience mechanical stress, significantly reduces
their corrosion resistance, potentially resulting in stress corro-
sion cracking (SCC). Mg—Al alloys, in particular, display high
stress corrosion susceptibility even at stress levels below the
YS, impacting both corrosion resistance and overall service
performance.

Interestingly, in LPBF-processed Mg alloys, a unique ‘bulk
erosion’ mechanism has been observed instead of the typical
‘surface corrosion’ seen in conventional Mg alloys [162], as
shown in figure 17. The distinctive microstructure resulting
from LPBF exhibits high chemical reactivity, facilitating rapid
fluid penetration, severe local corrosion, and intense micro-
galvanic corrosion. The higher dislocation density or local
strain in LPBF-processed parts compared to extruded samples
puts them in a state of high energy, making them more suscept-
ible to preferential attack, as illustrated in figure 17(a). This
results in corrosion rates two orders of magnitude higher than
plastic-deformed counterparts. Defect sites on the sample sur-
face are the first to be attacked upon contact with water, with
fluid penetrating deeply through interconnected pores, lead-
ing to accelerated material degradation. Isolated pores evolve
into localized corrosion sites over time, with corrosion spread-
ing rapidly along the pore profile when it encounters a new
pore. The corrosion then progresses towards the material core
as the loose and porous surface film easily detaches, failing
to impede corrosion penetration and sample disintegration, as
shown in figure 17(b).

5.2.2. Biodegradation behavior. =~ Currently, the functional-
ity and degradation behavior of Mg-based implants are primar-
ily evaluated through in-vitro experiments, as depicted in



Int. J. Extrem. Manuf. 7 (2025) 022007

Topical Review

(a) NaCl Ringer’s solution PBS sir?:;lglzﬁig‘:nn;‘:ieax Cell culture media
Cco,
' ] v
1 ]
! g Na* % K*
! ' {
! : 5 -
K* K*
| Nat i Na* . :::‘5,-.---.-___
. - cr! cl g be
Na cr i > cO;"'Hco
1 ] %
o caz S il
MQ_ ! Mg’_‘ {_I-i_ggsj:: Mg | H,PO,1 ‘\/
[oH, | O\ [ oH°
f 1 A 1 1
) ~— i 4 : / i fh
1 1 ¥ ] 2 Ie ~ | Denseandthin |, Dense co-precipitation layer \Adsorbed protein and
eeoR 1 (Mg-PO,)-like p ' Forrosnonl precipitation layer|: 1 corrosion products
Mg(OH)JMgO ,L(_ _g_,__a)_ put 1 1 Products with <:ri=||:ks'I 1 Mg(OH),MgO
1 i 1 | 1
i Mg(OH)/MgO 1 Mg(OH),/MgO i 1 Mg(OH)/MgO; Mg(OH)/MgO | 1 pH buffering effect
! 1 I With synthetic pH ; Without synthetic pH ! 1 5_ Adsorption/Barrier effect
Mg matrix : ; i buffers L buffers : : 4= Chelating effect
Simple Moderate

Complex

Figure 16. The corrosion mechanism and corrosion behavior of the LPBF-processed Mg alloys. (a) Diagram showing how Mg breaks down
in the commonly used media. Reproduced from [56]. CC BY 4.0. (b)—(c) The pictures of Mg porous scaffolds after different periods under

the in vitro conditions. Reproduced from [237]. CC BY 4.0.

figure 18. The in-vitro investigations primarily concentrate
on analyzing the biodegradation performance of Mg-based
implants in synthetic physiological environments outside the
body. For in-vitro experiments, several variables, including
temperature, pH levels, and different types of ionic impurit-
ies, are taken into account to gauge the degradation patterns
of Mg-based implants. Table 4 summarizes the corrosion res-
istance of LPBF-processed Mg alloys in-vitro. Additionally,
researchers also have conducted numerous in-vivo experi-
ments on Mg-based implant in animal models and human sub-
jects to obtain more realistic insights into their deterioration
mechanisms and biocompatibility with physiological condi-
tions. It has to point out that there is a significant distinction
in the degradation process of Mg alloys between in-vivo and
in-vitro experiments [237]. For instance, an intramedullary
Mg, Ag nail could last for 617 d without significant changes
under the in-vitro degradation, but it only maintained integrity
for 210 d under the in-vivo conditions, attributed to various
factors present in the in-vivo environment [238]. Therefore,
more in vivo test results are expected to truly evaluate the per-
formance in corrosion resistance performance, as additional
in vivo studies are crucial for improving clinical application.
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Liu et al evaluated the degradability of the LPBF-processed
WEA43 porous scaffolds through both in vitro and in vivo
experiments [56, 184, 185]. The in vivo results showed that
the stability of the scaffold structure began to disintegrate
into tiny fragments following a 12 hour soak in Hank’s solu-
tion, only last 4 weeks during implantation testing in rabbit
femurs. The scaffold structure became unclear with residual
fragments visible after a four-week implantation test, indic-
ating significant degradation and structural collapse. During
degradation, the pH value and hydrogen volume increased.
The presence of hydrogen gas bubbles near the scaffolds was
first observed at 4 weeks after the surgery, visible as a white
region in the Micro-CT results, and nearly disappeared after
8 and 12 weeks. In essence, it is believed that the degrada-
tion rate of WE43 porous scaffolds is considered too rapid
for bone reconstruction purposes. Thus, additional measures
are deemed essential to regulate the degradation rate of Mg-
based scaffolds processed through LPBF. Liu et al proposed
that HTO could effectively enhance the corrosion resistance
[184], as shown in figures 18(a) and (b). The outcomes indic-
ated that the HTO treated scaffold’s entire contour morpho-
logy remained distinguishable for up to 12 weeks after surgery,
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Figure 17. Schematics illustrate the corrosion mechanisms and the resulting biological responses: (a) the spatiotemporal ‘bulk erosion’
mode in the LPBF-processed samples, compared with the ‘surface corrosion” mode in the extruded samples and (b) the consequent resulting
cell and tissue response. Reprinted from [162], © 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials

Science & Technology.

as shown in figures 18(c) and (f). Subsequently, a degradation
process initiated from the outer layers towards the inner, con-
currently promoting enhanced bone regeneration. By the time
between 24-48 weeks, the HTO-treated scaffolds completely
lost the porous structure and degraded into granular debris
gradually. At the same time, the newly-formed bone struc-
ture intertwined intricately with the remaining scaffold com-
ponents, culminating in a firm osseointegration. No obvious
signs of inflammatory reactions or collapse were detected from
6 to 48 weeks postoperatively, as illustrated in figures 18(d)
and (e).

5.2.3. Regulation of biodegradation. =~ Although Mg-based
biodegradable alloys hold considerable promise in biomedical
applications, their implementation faces several challenges.
The primary issue is their rapid degradation rate in the pres-
ence of bodily fluids, which can lead to premature implant fail-
ure and the potential release of harmful by-products. Repairing
bone tissue defects generally involves three phases: inflam-
mation, healing, and rebuilding [247]. In the first two phases,
adequate support from the bone implant is essential to protect
the fracture site from secondary injury; therefore, the implant
must exhibit a slow degradation rate to preserve sufficient
mechanical stability for at least 24-32 weeks. During the final
phase, the impaired bone tissue requires gradual loading to
regain its original weight-bearing capability, necessitating the
complete decomposition of the bone implant. Typically, tis-
sue engineering scaffolds are required to maintain mechan-
ical strength for 3—-6 months, with a degradation rate of less
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than 0.2 mm yr'; vascular stents need to provide support
for 9-12 months, with an initial degradation rate of less than
0.1 mm yr™', and fully degrade within 1-2 years [11, 248].
Additionally, as degradation progresses, significant amounts
of hydrogen gas may be generated, resulting in poor vascu-
larization and the development of detrimental gas pockets.
Moreover, the interaction of mechanical stress and a corros-
ive environment may induce SCC, which further accelerates
the degradation of Mg alloys.

Technically speaking, the biodegradation performance of
LPBF-processed Mg alloys relies on the choice of materi-
als, design, and production methods. Organizationally speak-
ing, the degradation performance of LPBF-processed Mg
alloys depends on the factors, such as lattice defects (e.g.
deformation twins, grain boundaries, and dislocation dens-
ity), homogenous/heterogeneous microstructure, phases mor-
phology, phases distribution, phases fraction, the grain size
of phases, residual stresses associated with imperfections [2,
48, 62, 64, 177, 249]. Moreover, the degradation speed of Mg
alloys even can be affected by the adsorption of lipids, pro-
teins, and amino acids on the surface [27]. Therefore, man-
aging the degradation speed of Mg-based implants can be
accomplished by utilizing different methods. Usually, alloy-
ing treatment, surface modification, post-treatment, the com-
posite manufacturing via introducing reinforcements, or geo-
metrical design could serve as effective strategies to regulate
the degradation rate of Mg alloys [250, 251].

In general, selecting the appropriate amount of nontoxic
elements such as Ag, Cu, Al, Mn, Zn, Zr, Ca, and RE [251-
254] can boost the ability of Mg-based implants to resist
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Table 4. Summary of the biodegradation performance of LPBF-processed Mg alloys.

Corrosion
Alloy Process parameters Solution Ecorn/V Icorr/(MA cm‘2) rate/(mm yr"l) References
Mg P=70W,v=>500mmmin~',  Hank —1.52 74.0 x 1073 2.8 [156]
s =30 pm
Mg —1.70 29.21 x 107° 0.67
Mg-0.4Mn .1 —1.58 22.08 x 107 0.50
P=75W,v=15 , _
Mg-0.8Mn A SBF  —1.54 10.18 x 1073 0.23 [150]
Mg-1.2Mn a 144 28.25 x 107 0.65
Mg-1.6Mn —1.42 37.82 x 1073 0.86
WE43 P=175W,v =800 mmmin~', SBF —1.59 — 1.30 [239]
s =90 pm
ZK30 — Hank  —1.56 64 x 107 15 [240]
ZK30 —1.57+£0.02 (131 +14) x 10° —
ZK30-1Al1 . —1.58 £0.02 (68+6) x 107 —
P =80W,v =200 , _
ZK30-3A1 ol TR USBE _160+003 24+6) x 1070 — [155]
ZK30-5A1 : —1.61 £0.02 (156 & 26) x 107
ZK30-7A1 —1.66 +0.03 (340 +28) x 10°  —
ZK30 —1.57 0.10 3.7+ 0.10
ZK30-0.3GO P =70W,v=>500 mm min", SBF —1.59 0.33 10.8 £ 0.09 [204]
ZK30-0.6GO s =80 um —1.65 0.10 3.38 £ 0.07
ZK30-0.9GO —151 0.49 15.64 £ 0.13
ZK30 —1.64 £0.04 (109.6 £4.5) x 107 239 +0.22
ZK30-0.25Ag 4 —152+005 (81.1£42)x 10> 1.77+£0.15
P=70W,v=15 ,
ZK30-0.5Ag 80 Y mms SBF  —153+003 (645445 x10° 1.41+0.13 [221]
ZK30-0.75Ag a —1.54+£0.02 (743 +£3.5) x10°  1.62+0.16
ZK30-1.0Ag —1.56 £0.03 (1202 £6.7) x 10 2.62 +0.25
Mg-5Ag P =200W,v=900mms", SBF — — 0.472 + 0.007 [241]
s =100 pum
ZK30 ~1.52 17.8 x 107 0.41
ZK30-0.1Cu P=70W,v=15mms", SBF —1.51 28.2 x 107 0.64 [153]
ZK30-0.2Cu s =50 pm —1.48 38.0 x 1073 0.87
ZK30-0.3Cu —1.46 47.8 x 107 1.09
ZK30-0.2Cu —1.578 29 x 107 0.7
ZK30-0.2Cu-0.4Mn —1.576 18 x 1073 0.4
7ZK30-0.2Cu-0.8Mn P =80 W, v =200 mm min~! SBF —1.53 12 x 1073 0.3 [151]
ZK30-0.2Cu-1.2Mn —1.52 32 x 107 0.7
ZK30-0.2Cu-1.6Mn —1.49 40 x 107 0.9
ZK30-10Gd —1.559 27.73 x 107 1.323
ZK30-10Gd-0.3Mn 4 —1.5445 2247 x 1073 0.966
P =150 W, v = 800
ZK30-10Gd-0.6Mn 7 ©F MmS L SBE —1514 16.22 x 107 0.798 [242]
ZK30-10Gd-0.9Mn : —1.574 29.99 x 1073 1.428
ZK30-10Gd-1.2Mn —1.578 33.12 x 1073 1.617
ZK60 —1.612 4.420 x 107 1.01
ZK60-0.2Cu . —1.584 6.039 x 1072 1.05
P =60W,v =600
7K60-0.4Cu 100 nf MMM sgr 1577 8.542 x 1072 1.12 [220]
ZK60-0.6Cu a —1.570 4.857 x 1072 7.8
ZK60-0.8Cu —1.557 8.275 x 1072 14.01
(Continued.)
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Table 4. (Continued.)

ZK60 _ _ 5 —1.44 105 x 107 0.89 &+ 0.22
ZK60-BG f __58 6\’:/;1 . 120mms™, SBF  —1.32 20.1 x 107 052+0.11  [233]
ZK60-MBG e ~1.35 18.5 x 107 0.314+0.13
AZ61-GO —1534+002  (39+3) x 107 1.24
AZ61-TiO,/GO P=72W,v=22mms" SBF —1.57 £0.03 32+2) x 107 0.09 [182]
AZ61-Ti0,-GO —1.534£002 (44+2)x107° 1.15
AZ61 —1.45 414 x 107 1.72
AZ61-0.25Ti B B O —1.43 26.3 x 107 15
AZ61-0.5Ti P=120W,v=10mms", SBF 14 9.2 x 107 1.16 [243]
) s =80 pm 4
AZ61-0.75Ti —1.41 31.6 x 10 0.55
AZ61-1.0Ti —1.41 56.5 x 1073 0.82
AZ61 —1.62 159.36 x 1073 1.55
AZ61-0.6Ce O —~1.56 56.33 x 107 0.66
P f— f—
AZ61-1.2Ce =20W,v=600mms, SBF 147 125 x 1073 021 [154]
s =70 pm 3
AZ61-1.8Ce ~1.50 40.5 x 107 0.40
AZ61-2.4Ce —1.58 88.7 x 107 0.91
AZ61 -15 77 x 1073 3.46
AZ61-6MgF, O ~1.52 65 x 107 1.52
P=120W,v=10 , ~
AZ61-12MgF, o s SBF  —165 58 x 1073 147 [244]
AZ61-24MgF, a —1.58 42 x 107 1.38
AZ61-48MgF, —1.48 105 x 107 1.22
AZ61 ~1504+0.02  (39+3) x 107 1.45
AZ61-1.0RGO/MgO —1474+002 (199+£12) x 10°  2.19
AZ61-20RGO/MgO P =80W,v=15mms"' SBF  —1484+0.03 (132+£8)x 107 1.99 [245]
AZ61-3.0RGO/MgO —1484+005 (424+2) x 107 1.05
AZ61-40RGO/MgO —1.48+0.02  (105+4) x 107 1.32
AZ61 —1.54+0.02  (50+4) x 107 1.21 £0.09
AZ61-0.2GO ~1544+0.02  (89+12) x 107 2.03 +0.27
AZ61-0.4GO —1524003 (212+16) x 10°  4.844+0.36
AZ61-0.6GO P=80W,v=15mms" SBF  _157+£002 (118+13)x10°  267+£030  [246]
AZ61-0.8GO —1514+002 (85+6)x 107 1.94 4+ 0.14
AZ61-1.0GO ~1.56 £0.02  (35+3)x 107 0.76 & 0.07
AZ61-1.2GO —15340.02 135+ 15) x 107 3.08 +0.34

P: laser power; v: scanning speed; s: hatching space.

corrosion, affecting both its biocompatibility and mechan-
ical properties, by optimizing grain size and forming the
inter-metallic phases that can dissolve within grain matrix or
distribute along the grain boundary. However, excessive addi-
tion of these elements might lead to accelerated galvanic and
pitting corrosion due to the formation of more secondary pre-
cipitate phases. Additionally, some studies suggest that grain
boundaries could serve as crystallographic flaws and result-
antly raises Mg corrosion [255, 256]. Shuai et al found that the
rate of corrosion for ZK30-xAg (x = 0.25, 0.5, 0.75, 1 wt%)
alloy initially decreased from (109.6 & 4.5) uA cm™ of ZK30
to (74.3 & 3.5) pA cm™? of ZK30-0.75Ag and then tend to
be adversely affected with increased Ag content [221]. Hence,
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the harmony of grain refinement and formation of second-
ary phases is crucial to achieve optimal resistance to corro-
sion, ensuring that the content of additives remains within the
optimal range.

Moreover, the surface modification, like polymer coating,
electrochemical deposition, chemical conversion, and micro-
arc oxidation, is another promising approach way to customize
the characteristics of the Mg-based implant’s surface, decrease
hydrogen release, reduce initial pit formation, thus resulting
in slower biodegradation rate [184, 228, 257]. One of the most
popular approaches for surface modification technique is the
application of protective deposit coatings compatible with bio-
logical systems, such as polylactic acid, calcium phosphate,
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Figure 18. The in-vivo implantation of the HTO-treated Mg-based scaffold: (a) the implantation schematic. (b) X-ray maps, (c) the
Micro-CT images, (d) MRI images, (f) histological analysis of different groups at 12 weeks, and (e) the MOCART scores of different
groups at 6, 12, 24 and 48 weeks after surgery. Reproduced with permission from [185]. © 2023 The Authors. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. CC BY-NC-ND 4.0.

and hydroxyapatite, to decrease the rate of degradation of
Mg alloys without compromising biocompatibility during the
initial phase [230, 258-260]. For instance, a calcium hydro-
gen phosphate dehydrate was utilized on the surface coat-
ing of JDBM porous scaffolds containing helical tetrahedral
structural units, resulting a decrease in corrosion rates and
enhancement of biocompatibility [261]. Similarly, a
hydroxyapatite protective coating on AZ91 alloy through an
electrophoretic deposition process was implemented, result-
ing in significantly enhanced corrosion resistance and biolo-
gical properties [160]. These coating substances even have
the potential to facilitate the growth of bones and enhance
the bonding between implants and the surrounding tissue
while undergoing degradation. Furthermore, enhancing the
polished surface is another effective method to enhance the
ability to resist corrosion by reducing hydrogen release and
minimizing the formation of initial large pits. Recently, series
studies demonstrated that HTO treatment could significantly
optimize the degradation behavior of LPBF-processed WE43
alloys [184-186]. The excellent degradation behavior of the
HTO group can be attributed to the oxidation of RE elements
when WE43 is heated at high temperatures in air. These RE
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elements preferentially oxidize compared to Mg and sub-
sequently diffuse to the surface, forming a dense oxide layer.
Simultaneously, this outward diffuse of RE elements creates
a transition layer between the innermost matrix and the outer
oxide layer, which contains minimal Mg-RE secondary phase,
effectively inhibiting the galvanic couple reaction.

Besides, some investigations point out that post-processing
treatment, including HT and HIP, not only influences the
mechanical characteristics but also exerts a significantly
influence the corrosion resistance of LPBF-processed Mg
alloys [101, 189, 193, 262]. Optimized HT, such as homo-
genization treatment, solution treatment, and aging treat-
ment, is instrumental in eliminating residual stress, decreas-
ing intragranular segregation, reducing the precipitation of
secondary phase, thereby achieving desired microstructure
and improving the corrosion resistant [2]. HIP stand out
as the most effective post processing techniques for closing
pores and increasing the density of Mg alloys [101, 193].
This process significantly enhances the homogeneity of the
microstructure and, consequently, improves the material’s
corrosion resistance. In our previous work, we discovered
that the S(Mg,Zn);Gd phases transformed into plate-shaped
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14H-LPSO during the HT process, which were uniformly
distributed within the grains and exhibited different orient-
ations relative to adjacent grains [189]. Compared to the (-
(Mg,Zn)3Gd phase, the LPSO phases showed a minor poten-
tial difference with a-Mg, resulting in reduced micro-galvanic
corrosion. Additionally, the formation of Gd,O3 in the cor-
rosion product layer enhanced the integrity and compact-
ness of the corrosion film. Consequently, the LPSO-reinforced
Mg-Zn-Gd alloy tended to expand laterally during corro-
sion evolution, leading to uniform degradation with a signific-
antly reduced degradation rate. Shuai et al demonstrated that
a dense LPSO structure leads to the formation of a uniform
and compact film of degradation products by providing sub-
stantial sites for nucleation [242]. This protective film effect-
ively isolates the Mg matrix from the corrosive environment,
thereby preventing further deterioration. Furthermore, inhib-
iting the precipitation of the (Mg,Zn);Gd phase can reduce
galvanic corrosion, ultimately enhancing the corrosion resist-
ance. However, Ahman et al observed a higher corrosion rate
of the LPBF-processed Mg—Y—Nd-Zr alloy following the HIP
process [193]. They attributed the decreased corrosion resist-
ance to the growth of secondary phases and increased grain
size during HIP, which lead to enhanced micro-galvanic cor-
rosion. They suggested that the size and distribution of sec-
ondary phases are more critical than achieving a fully dense
material.

Last but not least, the geometrical design, including poros-
ity, pore size, curvature, permeability, diffusivity, and pore
interconnectivity, on Mg alloy scaffolds also influence the
degradation behavior [2, 211, 216, 263, 264]. Owing to the
design freedom provided by AM, various porous structures
such as body-centered cubic (BCC) [56, 157, 188], diamond
[48, 56, 216, 265], and triply periodic minimal surfaces
(TPMSs) [99, 211, 266, 267], as well as some functionally
graded porous structures [208], were employed in the design
of AM porous Mg alloys. For instance, three different por-
ous structures were created using biomimetic, diamond, and
sheet-gyroid unit cells, which were then subjected to LPBF-
processed Mg—Nd—Zn—Zr alloy [211]. The research indicated
that the sheeted-gyroid scaffold demonstrated the least struc-
tural deterioration and exhibited a relatively uniform degrad-
ation mode during the SBF immersion test. This suggests that
geometrical design could serve as a promising approach in
developing desirable bone substitutes for treating critical load-
bearing defects. However, it is noticed that there are inherent
connections and even conflicts among these factors regard-
ing mechanical and corrosion properties since biodegradabil-
ity complicates the influence of these factors on performance
[2]. For instance, increasing porosity may improve biological
performance but significantly reduces mechanical strength and
corrosion resistance. Thus, determining the optimal porous
structure design for the implant is crucial. The conventional
CAD-based approach for designing porous scaffolds is often
inefficient and involves considerable experimentation to find
an optimal design that balances performance. In contrast, tech-
nologies like topology optimization (TO) [268-270] and Al,
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particularly ML [271-274], can rapidly identify the optimal
design for porous structures that meets multiple goals and con-
straints simultaneously. These methods provide distinct bene-
fits for designing functional structures with tailored proper-
ties. Natural bone tissues display varying elastic moduli influ-
enced by factors like age and location, necessitating the tar-
geted design of porous orthopedic implants that match the cor-
responding elastic modulus while ensuring maximum mech-
anical strength to prevent fractures or fatigue during implant-
ation. Thus, Peng et al successfully integrated active learning
ML algorithms with finite element simulations, allowing for
the iterative refinement of Lattice-Gyroid porous frameworks
by adjusting the porosity of each unit [271]. Following six
cycles of ML optimization, the resulting structures exhibited
a remarkable over 20% enhancement in YS, highlighting the
potential of ML in addressing multi-objective structural optim-
ization challenges. Despite recent advancements, the design of
LPBF-processed porous Mg alloys remains in its infancy. This
limitation largely stems from the underdeveloped research
on LPBF-processed magnesium scaffolds, coupled with the
unique design challenges posed by their degradability [2].

5.3. Biocompatibility and osteoinductive properties

Among all the potential biodegradable implant materials, the
biocompatibility of Mg alloys stands out as an indispens-
able and pivotal characteristic. The key determinants impact-
ing the biocompatibility of degradable metals encompass the
properties of chemicals and resultant degradation products.
Although Mg plays a vital role in human physiology, con-
tributing to the stability of RNA and DNA, cellular growth
and specialization, as well as bone regeneration, its applic-
ation in implants remains constrained due to the significant
challenge of achieving ‘appropriate host response’ [27]. This
is primarily due to its inherent susceptibility to corrosion. As
Mg alloys undergo rapid degradation, substantial quantities
of (OH) ~ions, excessive Mg>T ions, and ions of other alloy-
ing elements were released into the surrounding environment,
resulting in an elevated pH levels and osmotic pressure with
the culture medium, which negatively impacts cell survival
and biocompatibility. Furthermore, the excessive release of
hydrogen gas hampers tissue healing processes, leading to the
formation of calluses and cortical defects [251]. The cytotoxic
effect, which is characterized by a reduction in cell viability of
over 30% through cellular culturing [275], serves as a common
indicator for assessing biocompatibility.

For LPBF-processed block degradable Mg-based implant,
the overall biocompatibility is comparable to traditional
implants. As for LPBF-processed porous Mg-based implant,
a notable advantage lies in the fact that the pores within the
scaffold structure can serve as pathways for nutrient trans-
portation and waste removal, promoting the growth of new
tissues. An enhanced cell proliferation could discover in the
LPBF-processed WE43 scaffolds due to the elevated surface-
to-volume ratio [157]. However, it is noted that the geometric
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features and microstructure of LPBF-treated porous degrad-
able Mg-based implants differ from those conventional block
implant, resulting in distinct biodegradation patterns that can
influence cellular responses either directly or indirectly [32,
48, 56, 263-265].

Xie et al first evaluated the biocompatibilities and osteoin-
ductivity of the LPBF-processed JDBM porous scaffolds
through both in vitro and in vivo experiments [265]. The
MC3T3-El and RAW 264.7 cells were cultured in the pres-
ence of various extract concentration (100%, 50%, 25%, and
12.5%, respectively) for 1, 3, 5, and 7 d to assess the potential
toxicity of the LPBF-processed JDBM (Mg-3.16Nd-0.18Zn-
0.41Zr) implant. Overall, it was observed that the extracts at
50%, 25%, and 12.5% concentrations did not hinder cell viab-
ility, induce cell death, or alter cell morphology, which indic-
ated that the LPBF-processed JDBM implants exhibited favor-
able biocompatibility. ALP staining and alizarin red staining
demonstrated that 25% and 12.5% of the sample extract sig-
nificantly boosted the osteogenic differentiation of MC3T3-
El cells at an earlier stage and promoted the formation of
calcified nodule after 21 d of culture, suggesting that LPBF-
processed JDBM implants possess potential osteogenic prop-
erties. Besides, the initial in vivo biological behavior and anti-
bacterial features of Mg-based porous structures was conduc-
ted through blood tests, histological evaluation, and measure-
ments of Mg?* deposition in a rabbit model. Blood tests and
HE staining indicated that there were no abnormalities in hep-
atic and renal functions or pathological changes in the major
organs, including the heart, liver, spleen, lungs, and kidneys,
suggesting the biosafety of LPBF-processed JDBM implants.

Similarly, Liu et al evaluated the biocompatibility and
osteogenic effects of the LPBF-processed WE43 porous scaf-
folds through both in vitro and in vivo experiments [56]. Bone
mesenchymal stem cells were cultured in the Dulbecco’s mod-
ified eagle medium of 1, 3 and 7 d to evaluate the cell viabil-
ity and proliferation. Generally, the cells were widely distrib-
uted and in a healthy fusiform shape, confirming a favorable
biocompatibility of LPBF-processed WE43 alloy. Comparing
different groups over the course of the implantation period,
there were no significant alterations in the levels of ALT,
UREA and Mg?* concentration as indicated by the continu-
ous blood biochemistry, which verified the in vivo nontox-
icity and excellent histocompatibility of the LPBF-processed
WEA43 scaffolds. Furthermore, the sectioning results of vital
organs showed no signs of tissue damage at different time
points. This included the absence of congestion or ischemia,
structural disorders, inflammatory cell infiltration, and nec-
rosis or apoptosis in the brain, heart, liver, spleen, lungs,
and kidneys. Accompanied with the gradual degradation of
LPBF-processed WE43 scaffold, new trabecular bone grew
around in the early stage, and then increasingly grew inside
the degraded scaffold. The Micro-CT results confirmed the
enhanced osteogenic effect of WE43 scaffolds 8-12 weeks
post-surgery.

Moreover, various types of coatings on LPBF-processed
Mg-based component have exhibited effective corrosion res-
istance and improved biocompatibility. For instance, biode-
gradable ceramics and polymers including polylactic acid,
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polyglycolic acid, hydroxyapatite, polycaprolactone and tric-
alcium phosphate are usually utilized as reinforcements to
promote biocompatibility and facilitate bone regeneration
[276]. Wang et al discovered that a porous Mg—Nd—Zn—
Zr (JDBM) scaffolds, combined with a coating of tric-
alcium phosphate, demonstrated reduced degradation rates
and enhanced biocompatibility [261]. This improvement was
attributed to the presence of a CaHPO,4.2H,O0 layer that was
applied onto the scaffold surface, acting as an effective bar-
rier separating the substrate from the corrosive surround-
ings, thus improving the material’s ability to resist corro-
sion. Additionally, another surface modification method is the
roughening of the surface, facilitating cell adhesion and pro-
moting tissue growth by enlarging the functional surface area
of implants. Nevertheless, maintaining the optimal surface
durability is crucial to achieving a trade-off between the bene-
fits of enhanced biocompatibility and the potential drawbacks
of accelerated biodegradation, since excessive roughness can
result in higher corrosion rates.

The last but not the least, the degradation and biocom-
patibility characteristics of LPBF-processed Mg-based scaf-
folds could be customized by the porous configurations and
post treatment processing, which further influenced the osteo-
genic differentiation of bone marrow mesenchymal stem cells
and the regeneration of bone tissues [103, 184, 185, 257, 258,
263-265]. Wang et al conducted a comprehensive character-
ization and comparison of the mechanical properties, biocom-
patibility, degradation behavior, and osteogenic capabilities of
LPBF-processed Mg-based porous scaffolds with varying pore
sizes (referred as P500, P800, and P1400) and pore structure,
such as diamond, sheet gyroid, and body-centered (referred as
DIA, SG, and BCC, as shown in figure 19(d)) in both in vitro
and in vivo settings [263, 264], as depicted in figure 19. Both
experiments in vitro and in vivo indicated that LPBF-processed
WEA43 scaffolds promoted survival of mesenchymal stem cells
without inducing any local toxicity, as shown in figures 19(a),
(b), (e) and (f). After 4 weeks recovery period from surgery
in a rabbit femoral condyle defect model, the distinct visibil-
ity of the porous scaffold’s structure remained intact, indicat-
ing minimal degradation and maintenance of structural integ-
rity, as shown in figure 19(c). Besides, in the rabbit femoral
condyle defect model, the P500, SG, and BCC groups exhib-
ited enhanced differentiation of bone mesenchymal stem cells
and exceptional ability to promote new bone generation. This
enhanced performance can be attributed to the larger specific
surface area, highlighting significant potential for application
in bone defect regeneration therapy.

6. Conclusions and future researches

Biodegradable Mg alloys hold great promise as implant mater-
ials in the biomedical field, because of their biodegradabil-
ity and biocompatibility. LPBF emerges as a suitable tech-
nique for producing biodegradable Mg alloy implants, as it
enables precise control over intricate geometric shapes and
intricate porous structures based on customized design derived
from clinical needs. This paper provided an overview of the
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Figure 19. The in-vivo degradation behaviors of the LPBF-processed Mg-based scaffold with varied pore sizes and structures. (a) In vitro
cell proliferation test and (b) osteogenic differentiation test of scaffolds with varying pore sizes. (c) Micro-CT scans of the distal femur

4 weeks after implantation of the magnesium scaffolds (P1400). Reproduced with permission from [263]. © 2023 The Authors. Publishing
services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. CC BY-NC-ND 4.0 (d) 3D reconstructed micro-CT images and, (e)
methylene blue/acid fuchsin staining of region of interest (ROI) at 4 weeks of scaffolds with varying pore structures, and (f) HE staining on
organs in different groups (DIA). Reproduced with permission from [264]. © 2024 Chongqing University. Publishing services provided by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. CC BY-NC-ND 4.0.

advancements in LPBF of biodegradable Mg alloys for bio-
medical application. It discussed the influence mechanism of
process parameters on the microstructure and performance.
Particularly, the correlation criteria between microstructure,
degradation behavior, and biocompatibility are comprehens-
ively described. Despite notable advancements in recent years,
the current development stage is still in its early phase. More
future research is expected to achieve breakthroughs in the fol-
lowing areas, as illustrated in figure 20, so as to promote its
clinical application.

(1) In materials terms, it is important to design new Mg
alloy systems dedicated to LPBF with good biocompat-
ibility, excellent mechanical properties and controllable
degradation rate. Current commercial Mg alloys, includ-
ing WE43, ZK60 and AZ61, were originally designed
as structural materials, and their biological performance,
especially degradation rate, still falls short of clinical
requirements. Moreover, the evaporation and burning of
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Mg during LPBF alter the chemical composition, lead-
ing to significant discrepancies between the printed parts
and the initial powder. Traditional ‘trial-and-error’ meth-
ods are inadequate for quickly and accurately identifying
performance-tuning rules, resulting in prolonged develop-
ment cycles for new materials. However, recent advance-
ments in programs like ‘materials genome engineering’
and ‘integrated computational materials engineering’ have
propelled the field forward. Data-driven materials integra-
tion that combines high-throughput computing with high-
performance experiments is accelerating the development
of innovative new materials. By integrating existing exper-
imental and process data with high-throughput materi-
als computation, a comprehensive performance target for
materials (like mechanical properties, corrosion resist-
ance, and biocompatibility) can be established. Material
parameters such as composition and process parameters
are used as input, and a large dataset of alloy composition-
process-performance is collected and constructed. Finally,
experimental validations of the composition design results
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Figure 20. Significant technical factors of LPBF for biodegradable Mg-based implants.

are expected to be carried out to obtain Mg alloys with ability to induce new tissue growth. Currently, several
excellent performance for medical applications. pore structures are proposed, including Voronoi structure,
(2) From the term of process control, it is essential to establish spinous structure, and TPMS structure. TPMS is char-
a clear relationship of process-formability-microstructure- acterized by its periodicity, smoothness, continuity, and
performance for high-performance biodegradable Mg- high specific surface area across three dimensions. It is
based implants manufactured by LPBF. Comparatively, well accepted that TPMS structural surfaces enhance cell
the production of LPBF-processed Mg alloys poses greater movement, adhesion, and proliferation. However, the mor-
challenges because of the unique properties of Mg and phology of TPMS structures is often limited by fixed math-
the complexity of forming mechanism. Inappropriate pro- ematical functions, resulting in predetermined structural
cessing conditions can lead to defects such as element parameters that restrict the design space. This limitation
burning, porosity, lack of fusion, balling, and cracks. poses a significant challenge to fully realizing the poten-
Currently, the control of defects in LPBF-processed Mg tial of biomimetic design through parameter optimization.
alloys relies heavily on extensive experiments to determ- Furthermore, layered porous scaffolds with functional
ine the optimal process parameters. There remains a gap gradient features demonstrate superior mechanical proper-
in understanding the thermodynamic and kinetic processes ties and biological behavior compared to uniform porous
involved in the interaction between the laser and Mg alloy structures. This gradient effect can be achieved by varying
powders. To address this limitation, in-sifu monitoring porosity, pore size, pillar size/thickness, or structural topo-
of molten pool, alongside various numerical simulations logy across different regions of the scaffold. Nonetheless,
techniques of temperature field, flow field, and microstruc- the design and integration of multiple functional areas and
ture evolution are essential for gaining a comprehensive structure remain challenging, which should be one future
insight into LPBF of Mg alloys. In addition, consider- research direction for LPBF-processed Mg alloys.
ing the certain risks associated with laser printing of Mg (4) For practical applications, it is essential to control the
alloys, developing specialized equipment suitable for Mg degradation rate of Mg-based implants while preserving
alloys is also a future research direction, such as how to their mechanical properties throughout the treatment
integrate explosion-proof devices. period to support tissue healing, especially in high-load-
(3) Laser AM provides significant design freedom for parts, bearing areas. Currently, research on the degradation beha-
enabling the creation of complex biomimetic porous struc- vior and biocompatibility of LPBF-processed Mg alloys
tures. The design of porous structures has a crucial impact has mostly been limited to animal studies. However, exist-
on the biocompatibility and osseointegration ability of ing in vivo experiments on limb animals do not adequately
implants. Among these, porosity, pore size, and pore struc- replicate the stress evaluations necessary for success-
ture are the core parameters that determine the implant’s ful implantation in humans. Therefore, further in vivo
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studies using non-human primates are crucial to deepen
our understanding of the mechanical, chemical, and bio-
logical interactions between Mg-based implants and liv-
ing organisms. This interdisciplinary challenge requires
optimizing implant performance through composition
refinement, structural design, and adjustments to manu-
facturing processes, as well as accurately assessing their
efficacy. Addressing these endeavors necessitates collab-
oration across the fields of materials science, engineering,
information technology, biology, and medicine.
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