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Abstract 

Metallic implants are widely used in internal fixation of bone fracture in surgical treatment. They are mainly used for providing mechanical 
support and stability during bone reunion, which usually takes a few months to complete. Conventional implants made of stainless steels, 
Ti-based alloys and CoCrMo alloys have been widely used for orthopedic reconstruction due to their high strength and high corrosion 
resistance. Such metallic implants will remain permanently inside the body after implantation, and a second surgery after bone healing is 
needed because the long-term presence of implant will lead to various problems. An implant removal surgery not only incurs expenditure, 
but also risk and psychological burden. As a consequence, studies on the development of biodegradable implants, which would degrade 
and disappear in vivo after bone reunion is completed, have drawn researchers’ attention. In this connection, Mg-based alloys have shown 
great potentials as promising implant materials mainly due to their low density, inherent biocompatibility, biodegradability and mechanical 
properties close to those of bone. However, the high degradation rate of Mg-based implants in vivo is the biggest hurdle to overcome. 
Apart from materials selection, a fixation implant is ideally tailor-made in size and shape for an individual case, for best surgical outcomes. 
Therefore, laser additive manufacturing (LAM), with the advent of sophisticated laser systems and software, is an ideal process to solve these 
problems. In this paper, we reviewed the progress in LAM of biodegradable Mg-based alloys for biomedical applications. The effect of powder 
properties and laser processing parameter on the formability and quality was thoroughly discussed. The microstructure, phase constituents and 
metallurgical defects formed in the LAMed samples were delineated. The mechanical properties, corrosion resistance, biocompatibility and 
antibacterial properties of the LAMed samples were summarized and compared with samples fabricated by traditional processes. In addition, 
we have made some suggestions for advancing the knowledge in the LAM of Mg-based alloys for biomedical implants. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Conventional implants made of stainless steel, Ti-based al- 
oys and CoCrMo alloys, which have been widely used in 

rthopedic applications, will remain permanently inside the 
ody after implantation [1–6] . Generally, these permanent al- 
oys suffer from two major drawbacks, one being biological 
nd the other mechanical. For example, stainless steel suf- 
ers from pitting corrosion and subsequent release of aller- 
enic/toxic Ni and Cr ions in body fluids. The discharge of 
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hese harmful ions can activate undesirable inflammatory and 

mmune reactions in the human body, which becomes the 
ain drawbacks in long-term usage in biological environ- 
ents [ 3 , 4 ]. For Ti6Al4V, the Al ion released may inhibit

one growth and may even potentially lead to Alzheimer’s 
isease [2] . In addition, V ion and its oxide (V 2 O 5 ) are known
o be cytotoxic. These will constitute a potential threat to its 
afe use in vivo [5] . On the other hand, CoCrMo implants 
ay release cobalt and chromium ions, which may induce 

ytotoxicity, DNA damage, metal hypersensitivity reactions 
nd pseudotumors [6] . In conclusion, these conventional al- 
oys in medical applications inevitably contain biologically 

oxic elements such as Al, Ni, Cr, V, etc. Beside the bio- 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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ogical concern of these conventional alloys, their mechani- 
al compatibility is another problematic issue. These alloys 
ossess a Young’s modulus much higher than that of the 
uman cortical bone, which would cause stress-shielding. In 

eneral, an invasive second surgery is usually required to re- 
ove the implants after bone reunion is complete. In view of 

hese inherent inadequacies of conventional metallic materials, 
iodegradable implants have drawn researchers’ attention over 
he past decades, which might circumvent the disadvantage 
f permanent implants. Biodegradable implants are expected 

o provide and maintain mechanical support and stability for 
one reunion during the first few months. Once bone reunion 

s completed, the implant would degrade and disappear in 

ivo , thus avoiding a second surgery for implant removal. In 

act, polymeric materials including polylactic-co-glycolic and 

olylactic acid have been used as biodegradable implants for 
nternal fixation in orthopedics [ 7 , 8 ]. However, such implants 
re only used in low loading-bearing applications due to the 
ow strength of polymeric materials. Metallic biodegradable 
mplants, as a new generation of metal implants, are supposed 

o support the damaged tissue with a slow corrosion rate in 

he human body, and then degrade completely after recovery 

f the damaged tissue. Metallic implants are more suitable 
or orthopedic implants requiring high strength and tough- 
ess, which are not possessed by polymeric implants. Among 

arious biodegradable metallic materials, Fe-based, Zn-based 

nd Mg-based alloys are potential candidate metallic materi- 
ls as these materials are all nontoxic and biodegradable with 

ifferent rates [9–11] . It is well-known that maintaining the 
echanical integrity during the healing period is important 

or the degradable implants. Mg- and Fe-based implants pos- 
ess excellent mechanical properties, while the low degradable 
ate of Fe-based implants restricts applications in biodegrad- 
ble implant. In addition, harmful metal ions generated from 

orrosion can result in inflammation, cell apoptosis and other 
estructive tissue reactions. Meanwhile, the Young’s modulus 
f Fe-based and Zn-based implants is much higher than that 
f natural bone. Among these biodegradable metallic materi- 
ls, Mg-based alloys are the most intensively studied mate- 
ials in orthopedic applications on account of their inherent 
iocompatibility, biodegradability, desirable Young’s modulus 
12–14] . Mg-based alloys possess a density of ∼1.79 g/cm 

3 , 
hich is similar to that of human bone (1.75 g/cm 

3 ). Its 
oung’s modulus is approximately 45 GPa, whereas that of 
i-based and 316 L stainless steel are 110 and 193 GPa, re- 
pectively. Thus the Young’s modulus of Mg-based alloys is 
losest to that of the natural bone (10–27 GPa) among the 
etallic materials and can effectively minimize the shield- 

ng effect due to mismatch of the Young’s modulus between 

mplant and natural bone. In addition, Mg ion is the fourth 

ost prevalent mineral in the human body and also one of 
he important factors for bone metabolism, which exerts a 
reat influence on bone osteoclast and induces the formation 

f apatite [15] . It was reported that 21–28 g of Mg is re-
uired for a healthy adult to maintain regular functions, and 

50–350 mg of Mg is recommended for daily allowance [16] . 
n summary, Mg-based alloys show great potentials for appli- 
916 
ations in biodegradable orthopedic implants. However, Mg- 
ased alloys suffer from a high corrosion rate in physiological 
nvironments [ 17 , 18 ]. Bone recovery generally goes through 

hree periods such as inflammation, repair and reconstruction. 
iodegradable Mg-based alloys are supposed to offer enough 

upport to protect the fracture site from the secondary damage 
t the period of inflammation and repair. Hence, a relatively 

ow corrosion rate is required for the Mg-based implants to 

rovide adequate load-bearing function. In addition to a high 

orrosion rate, Mg-based alloys exhibit a poor cold worka- 
ility as the dislocation slip only takes place on the (0001) 
asal plane and the < 11_20 > direction, or the (10_12) pyra- 
idal plane for the twinning at room temperature [ 19 , 20 ]. As
 consequence, Mg-based alloys parts are usually produced by 

eformation processing at elevated temperature, aiming at ac- 
ivating more slip systems to allow better formability [ 21 , 22 ]. 
his would result in the oxidation of the samples, deteriora- 

ion of surface quality and decrease of processing efficiency. 
hen et al [23] . thoroughly investigated the effect of heat 

reatment on mechanical and biodegradable properties of an 

xtruded ZK60 alloy. This research revealed that the sample 
ith T5 treatment exhibited improved mechanical properties 

nd degradation behavior because of the formation of small 
nd uniformly distributed MgZn phases. On the other hand, 
he extruded sample and the sample with T6 treatment suf- 
ered from serious corrosion owing to the formation of second 

hases, leading to serious galvanic corrosion. Sun et al [24] . 
tudied the mechanical properties, degradable behavior and 

ytotoxicity of a new biomedical Mg-Zn-Ca alloy prepared by 

xtrusion. It is found that the peak strength, yield strength, 
longation and elastic modulus of the extruded Mg-4.0Zn- 
.2Ca alloy were 297 MPa, 240 MPa, 21.3% and 45 GPa, 
espectively, but decreased to 160 MPa, 220 MPa, 8.5% and 

0 GPa after 30 days immersion in simulated body fluid. Song 

t al [25] . explored the effect of precipitated phases on the 
orrosion behavior of Mg-5 Zn alloy. It is reported that the 
4-treated sample possessed the highest corrosion resistance 
ue to the absence of precipitated phases, while the T6-treated 

ample was the worst one due to the formation of precipitated 

hases, which acted as micro-cathodes to accelerate corrosion. 
ntil now, most of the Mg-based alloys are still prepared by 

asting due to a higher processing efficiency and precision. 
owever, this processing route is not suitable for parts with 

omplex geometric shape like that of implants. In addition, 
he properties of samples often deteriorate because thermody- 
amically stable phases might be formed during solidification 

nd it is difficult to control the distribution or morphology of 
he precipitated phase. Wei et al [26] . investigated the effect 
f Zn content on the corrosion resistance of Mg- x Zn-0.2Ca- 
.1Mn alloys prepared by casting. It is found that precipitated 

hases such as Ca 2 Mg 6 Zn 3 , Mg 2 Ca and Mg 4 Zn 7 were formed 

ut the microstructure was obviously refined with the increase 
f Zn content. In addition, the corrosion resistance was first 
ncreased and then decreased with the addition of Zn. The 

g-1Zn-0.1Mn-0.2Ca alloy exhibited the highest corrosion 

esistance, with a corrosion rate of 6.09 mm/y. Zhang et al 
27] . studied the corrosion behavior and biocompatibility of 
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g-Zn-Mn alloys prepared by casting for biomedical applica- 
ions. This work revealed that Zn can contribute to the forma- 
ion of passivation film and thus protect the Mg-based alloys 
rom corrosion damage in simulated body fluids. Moreover, 
he Mg-based alloys exhibited excellent cytocompatibility as 
emonstrated by cell culture and hemolysis tests. 

Laser additive manufacturing (LAM), is a promising can- 
idate to produce metal prototypes using metal-based pow- 
ers, which has the advantage of directly building near net 
haped and complexly formed component parts via computer 
ided design data without using any molds or tools. In ad- 
ition, LAM is characterized by rapid melting/solidification 

ith a cooling rate of above 10 

5 K/s, which contributes to 

he extended solubility of alloying elements, refining of grain 

ize and formation of a more homogeneous microstructure 
28–32] . Many researchers have reported that the corrosion 

esistance of Mg-based alloys with refined grains was much 

etter than that of the alloys with coarse grain. The extended 

olubility of alloying elements can effectively inhibit the for- 
ation of precipitated phases and thus protect the Mg-based 

lloys from galvanic corrosion. Moreover, a homogeneous mi- 
rostructure resulting from the strong Marangoni convection 

nd the following solution capture effect during LAM would 

educe pit corrosion tendency as segregation is minimized. 
i et al [33] . revealed that extruded Mg-1Ca alloy with re- 
ned grains exhibited a lower hydrogen evolution rate than 

ast Mg-1Ca during immersion tests, and the surface film on 

he former was more protective than that on the later. Gu 

t al [34] . and Shuai et al [35] . also found that extruded 

nd LAMed Mg-Zn-Zr alloys possessed an improved corro- 
ion behavior in comparation with cast Mg-Zn-Zr. Argade 
t al [36] . thoroughly investigated the effect of grain size 
rom 70 μm to 0.7 μm on the corrosion resistance of Mg- 
-RE alloys by electrochemical and immersion tests. This 
articular study showed that a decrease of one order in cor- 
osion rate could be achieved for Mg-based alloys via grain 

efining. 
Therefore, LAM of Mg-based alloys containing Al or RE 

re most widely to tailor fabricate Mg-based implants with 

 lower degradation rate that is difficult or impossible to 

chieve by conventional melting and deformation process- 
ng due to the limited cold workability resulting the close- 
acked hexagonal structure. Despite the rapid development 
f LAM technique, the process of LAM is mainly focused 

n Fe-based alloys, Ti-based alloys, Ni-based alloys and Al- 
ased alloys [37–40] , while studies on LAM of Mg-based 

lloys are less reported [35] . This can be attributed to diffi- 
ulties including the insufficient fusion of powder, the high 

apor pressure of Mg and the presence of large pores in 

he LAMed samples resulting from poor understanding of 
rocess control during laser-powder interaction and melt- 
ng pool solidification. As a consequence, the current work 

ims to provide a comprehensive review of recent studies 
n LAM of biodegradable Mg-based alloys for biomedical 
pplications. 
917 
. Influence of powder properties and laser processing 

arameters on the formability of LAMed Mg-based 

lloys 

.1. Influence of powder properties on the formability of 
AMed Mg-based alloys 

LAM technique is an attractive and emerging process 
or tailor making metallic implants with complex geometric 
hape. However, some difficulties still need to be overcome 
n the LAM process for fabricating Mg-based parts. Metal- 
urgical defects such as pores and low relative density are 
ommon in LAMed parts. The low formability can be at- 
ributed to improper processing parameters like under-heating 

nd over-heating, leading to incomplete melting or vaporiza- 
ion. In addition, the quality of raw powders also plays an 

mportant role on the quality of the parts prepared by LAM. 
herefore, the quality of raw powders and selection of pro- 
essing parameters are of paramount importance in success- 
ul LAM fabrication. Ng et al [41] . carried out single-track 

elting of two grades of Mg powders using a self-developed 

AM system in an atmosphere of high-purity argon Fig. 1 . 
hows the SEM micrograph of two grades of Mg powders. It 
s noticed that these two grades of Mg powders one was ir- 
egularly shaped with size between 75 and 150 μm ( Fig. 1 (a)) 
nd the other was spherically shaped with size between 5 and 

5 μm ( Fig. 1 (b)). 
Figure 2 shows macro morphology of single-track melt- 

ng samples using these Mg powders. It was reported that 
he irregular and coarse Mg powders could not melt or 
e sintered ( Fig. 2 (a)), while successful melting of single- 
rack of Mg was obtained using the spherical fine powder 
 Fig. 2 (b)). This phenomenon indicates that spherical and fine 
owder would tend to form smooth and compact tracks by 

AM. 
In addition, Hu et al [42] . investigated the effect of powder 

ize on the formability of LAMed magnesium Fig. 3 . shows 
he macro-morphology of LAMed magnesium using differ- 
nt powder size. They reported that the groove perpendicular 
o the spreading direction appeared at the starting edge of 
AMed sample using 25 μm powder, and Wang et al [43] . 
lso observed a similar phenomenon in LAM of 316 stainless 
teel. The magnesium powders were irradiated for a longer 
ime as the scanning velocity of laser was low at the starting 

dge of samples. Therefore, more Mg powders were absorbed 

nto the melting pool, leading to the formation of groove near 
he protuberance edge. However, no grooves were formed in 

he LAMed sample using 43 μm powder. This phenomenon 

an be attributed to the fact that the melting pool life was 
ffected by powder size. In addition, the coarse powders may 

ot be absorbed by the melting as easily as the fine pow- 
er. The SEM topology as shown in Fig. 4 indicates that the 
AMed sample using 25 μm powder exhibited a rough sur- 

ace with many unmelted and spheroidised particles compared 

o the LAMed sample using 43 μm powder. 
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Fig. 1. SEM micrograph of irregular-shaped coarse Mg powders (a) and spherical-shaped fine Mg powders (b) [41] . 

Fig. 2. Macro morphology of single-track melting samples using coarse Mg powders (a) and fine Mg powders (b) [41] . 

Fig. 3. Macro morphology of LAMed magnesium using different powder size. (a) 25.85 μm, (b) 43.32 μm [42] . 
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.2. Influence of laser processing parameters on the 
ormability of LAMed Mg-based alloys 

Beside the quality of raw powder used in LAM, most 
orks focused on the effect of laser processing parameters 
n the formability, microstructure and properties, including 

aser input power, scanning velocity, scanning strategy, hatch- 
ng distance, laser spot diameter or powder layer thickness 
able 1 . summarizes the processing parameters via LAM for 
anufacturing Mg-based alloys reported in the literature. 
Wei et al [44] . investigated the effect of laser scanning 

elocity on the formability of LAMed Mg–Zn–Zr compo- 
ents. The macro morphology and relative density of as-built 
omponents are shown in Fig. 5 . It was reported that ele- 
918 
ent vaporization was very serious at a low scanning veloc- 
ty of 100 mm/s, leading to the appearance of ablated pits on 

he sample surface. A high relative density of 94.05% could 

e achieved for samples obtained at a scanning velocity of 
00 mm/s. However, further increasing the scanning velocity 

500 mm/s, 700 mm/s and 900 mm/s) resulted in decrease 
f relative density to 82.25% owing to incomplete melting of 
he powders and hence internal pores in the sample. 

Figure 6 shows the SEM image of LAMed Mg–9%Al sam- 
les surface with variation in process parameters. It is re- 
orted [55] that fine cauliflower-like grains appeared on the 
urface of metal bulk with interconnected pores ( Fig. 6 (a) and 

b)), resulting from the metal evaporation–solidification pro- 
ess. Due to the low melting/boiling temperature, Mg powders 
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Fig. 4. SEM topology of LAMed magnesium using different powder size. (a) and (b) 25.85 μm, (c) and (d) 43.32 μm [42] . 

Table 1 
Processing parameters in LAM for manufacturing Mg-based alloys. 

Sample Laser power (W) Scanning speed (mm/s) Spot size ( μm) Hatching distance ( μm) Layer thickness ( μm) Laser type 

Mg–Zn–Zr [44] 200 100–900 150 80 20 Fiber 
Mg-9wt%Al [45] 70 500–1250 80 30 30 Nd:YAG 

ZK30-Cu [46] 75 15 150 50 50 –
ZK60-Cu [47] 60 10 150 100 – Fiber 
AZ91D [48] 200 167–1000 100 70–130 40 Fiber 
Mg-RE [49] 4000 – 5000 – 400 CO2 
Mg-Ca [50] 50–100 10 – 150 40 Nd:YAG 

Mg-Zn [51] 180 700 150 70 20 Fiber 
WE43 [52] 200 700 90 40 30 Fiber 
Mg–x Al–Zn [53] 80 3 50 100 60 Fiber 
AZ61 [54] 100 10 80 100 150 Fiber 

c
p
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w
w
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M  
an be easily heated above melting point and form melting 

ool during laser irradiation. In addition, the melting pool 
ould absorb much more laser energy than that of powder 

ayer, resulting in the increase of the melting pool temper- 
ture beyond the boiling point of Mg (1093 

◦C). Thus, the 
apor pressure of Mg increased from 0.36 KPa at the melting 

oint to 51 KPa at the boiling point. 
Mg would evaporate and the surface of the melting pool 

as covered by the metal vapor. Fine cauliflower-like grains 
ere formed when the Mg vapor deposited on the surface 
919 
f the solid metal. It is noticed that balling phenomenon ap- 
eared on the samples obtained at the high scanning velocity 

s shown in ( Fig. 6 (c) and (d)), which can be attributed to
he capillary instability of the liquid track. The high scan- 
ing velocity resulted in the increase of melting instability 

nd small-sized liquid droplets tended to splash from the sur- 
ace of the melting track owing to the decrease of the surface 
nergy of the melt pool, leading to the appearance of balling. 

In addition, a processing map based on the formability of 
g-based alloys was developed by Wu et al [56] . ( Fig. 7 ).
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Fig. 5. Macro morphology and relatively density of LAMed Mg–Zn–Zr com- 
ponents [44] . 
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ccording to the quality of LAMed samples, the overheating 

egion (Region I and II), under-heating region (Region III and 

V) and forming region (Region V) can be determined among 

ithin the test range of the laser input power and scanning 

peed. Samples with minimum porosity (approximately 2.0%) 
ere obtained in the forming region ( Fig. 8 ). 
Among previous studies, laser energy density ( E ) is com- 

only used to control the formability of the LAMed samples. 
ig. 6. SEM image of LAMed Mg–9%Al samples surface with variation of proce
d) 15 W, 0.04 m/s [55] . 

920 
he laser energy density ( E ) can be the linear energy density, 
D energy density or 3D energy density, and is defined, re- 
pectively as [57] : 

inear energy density : E = 

p 

v 
j m 

−1 (1) 

D energy density : E = 

p 

v × h 

J m 

−2 (2) 

D energy density : E = 

p 

v × h × t 
J m 

−3 (3) 

here P is laser input power, v is laser scanning velocity, h 

s hatching distance and t is layer thickness. It is well known 

hat a relatively low E supplied to the powder might result 
n insufficient melting or insufficient fusion between adjacent 
racks or layers, leading to poor mechanical properties [58] . 

hen E is relatively high, vigorous vaporization would occur 
ue to the low boiling point and high vapor pressure of Mg, 
eading to the formation of pores and decrease of dimensional 
ccuracy [44] . In addition, the keyhole effect would appear at 
igh E (at high laser power and low scanning velocity), caus- 
ng a deep melting pool with strong melting pool dynamics 
ecause the melting pool propagated forward and the vapor 
avity collapsed [59] . The keyhole mode is one of the most 
mportant factors during the formation of pores and is a severe 
nstability regime. The formation mechanism of keyhole mode 
orosity based on recoil pressure and surface tension was 
horoughly investigated in a previous work [56] Fig. 9 . shows 
he schematic diagram of keyhole mode porosity. It is noticed 

rom Fig. 9 (a) that due to the low boiling point and high vapor 
ressure of Mg, the temperature at the bottom of the keyholes 
ould be above the evaporation point when the powders are 
ss parameters: (a) 10 W, 0.01 m/s; (b) 15 W, 0.02 m/s; (c) 20 W, 0.04 m/s; 



C.L. Wu, W.J. Xie and H.C. Man Journal of Magnesium and Alloys 10 (2022) 915–937 

Fig. 7. Macro morphology of the LAMed ZK60 Mg-based alloys (a) and the corresponding laser processing parameters used (b) [56] . 

Fig. 8. OM image at low magnification and porosity for LAMed ZK60 Mg-based alloys at laser power of 40–60 W and scanning velocity of 400–900 mm/s 
as marked by black-dotted rectangle in Fig. 7 (b) [56] . 

Fig. 9. Schematic diagram of keyhole mode porosity [56] . 
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rradiated. As a consequence, recoil pressure is obviously in- 
reased, together with the decrease of surface tension. This 
ould keep the keyhole open at this stage. With the increase 
f time, the surface tension is increased in the upper region of 
he keyholes, resulting in the closing of the cooling region in 

he upper region and the formation of pores ( Fig. 9 (b)). At the
ame time, the laser would continue to irradiate the depression 

egion and form a strong downward flow below the depression 
921 
egion, leading to the pores further back into the melting pool 
 Fig. 9 (c)). 

Wei et al [48] . established a relationship ( Fig. 10 ) between 

aser energy density E and the formability of AZ91D magne- 
ium alloy. They divided the processing map into four zones 
ased on formability. In zone A, due to the low boiling point 
nd high vapor pressure of magnesium, powder evaporation 

xerted a high recoil pressure on the melting pool, and the 
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Fig. 10. Relationship between the laser energy density and the formability of AZ91D magnesium alloy [48] . 
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elting pool together with the surrounding unmelted pow- 
ers was blown away. LAM process failed when the laser 
nergy density E was above 214 J/mm 

3 . In zone B, though 

acro-defects-free samples could be obtained at an energy 

ensity of 83 J/mm 

3 –167 J/mm 

3 , flocculent depositions and 

istorted scanning tracks were still observed on the samples 
repared at 167 J/mm 

3 , which can be attributed to the evapo- 
ation of metal powders. In zone C, balling phenomenon ap- 
eared on the samples obtained at energy density of 66 J/mm 

3 

o 77 J/mm 

3 . In zone D, loose samples with poor mechanical 
trength were obtained owing to incomplete melting of pow- 
ers. The sample with the highest relative density of 99.52% 

as obtained at an energy density of 167 J/mm 

3 . 
The surface morphology and relative density of LAMed 

K60/ bioglass (BG) magnesium matrix composites prepared 

y different laser energy density are shown in Fig. 11 (Yang 

t al [60] .). It is noticed that a few pores and unmelted pow-
er particles were present between adjacent melted layers pre- 
ared at an energy density of 138.89 J/mm 

3 . In addition, the 
ample exhibited a low relative density of 86.7%. With the 
ncrease of energy density to 158.73 J/mm 

3 , the number of 
nmelted powder particles and pores was decreased and the 
ample with a higher density of 93.4% was obtained. When 

he energy density was increased to 185.19 J/mm 

3 , a smooth 

urface free of obvious holes were achieved, and the density 

f the sample increased to 97.6%. However, further increas- 
ng the energy density to 222.22 J/mm 

3 resulted in a rough 

urface with balls, decreasing the density to 94.2%. 
Yang et al [61] . investigated the effect of energy density on 

he formability of LAMed magnesium as shown in Fig. 12 . 
his particular study revealed that some pores appeared on the 
922 
ample fabricated by a low energy density of 6.0 J/mm, which 

an be attributed to the partially melted particles on the bot- 
om of each layer. With the energy density was increased to 

.0 J/mm, the pores disappeared while a few partially melted 

articles were present. Pore-free sample prepared by an en- 
rgy density of 10.0 J/mm was achieved due appropriate laser 
nergy input. However, cracks appeared in the sample ob- 
ained at a higher energy density of 12.0 J/mm, which was 
ttributed to the high residual thermal stress present. Zhu et al 
62] . also reported that shrinkage behavior in direct laser sin- 
ering of metallic powder and the thermal shrinkage increased 

ith the increase of laser energy input. 
In conclusion, laser energy density plays an important role 

n the formability of LAMed samples. Several studies have 
eported the relative density of Mg-9Al, Mg-Zn, ZK60 and 

g-3.4Y-3.6Sm-2.6Zn-0.8Zr prepared by LAM [ 44 , 51 , 55 , 63 ], 
ith the value ranging from 82% to 99.52%. These works 

evealed that there is a critical laser energy density by which 

amples with high relative density can be obtained. 

. Characteristics of LAMed Mg-based alloys for 
iomedical application 

.1. Chemical composition 

Alloying is one of effective method to improve the me- 
hanical properties and corrosion resistance of pure Mg. This 
s mainly attributed to the fact that the addition of alloying 

lements could alter the microstructural characteristics, espe- 
ially the decrease of grain size in comparation with pure 
g. Among various Mg-based alloys, those containing Al or 
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Fig. 11. Surface morphology and relative density of LAMed ZK60/BG Mg-based composite prepared by different laser energy density. (a) 138.89 J/mm 

3 , (b) 
158.73 J/mm 

3 , (c) 185.19 J/mm 

3 , (d) 222.22 J/mm 

3 , (e) relatively density [60] . 

Fig. 12. Cross-section morphology of LAMed magnesium parts at various energy density. (a) 6.0 J/mm, (b) 8.0 J/mm, (c) 10.0 J/mm, (d) 12.0 J/mm [61] . 

923 
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E have been widely reported due to the good combination 

f mechanical properties and corrosion resistance as well as 
ature fabrication technology [ 49 , 64–67 ]. Liu et al [65] . in-

estigated the LAM of AZ61 Mg-based alloys and found that 
he corrosion resistance could be greatly improved when Ce 
as added. Liao et al [49] . prepared GW103K Mg-RE alloys 
y LAM, and showed that the as-fabricated sample exhibited 

uch higher ultimate tensile strength and elongation com- 
ared with the alloy prepared by conventional sand cast pro- 
ess. Until now, most studies on Mg-based alloys focused on 

nhancing the properties for industrial purposes. As a conse- 
uence, current researches on Mg-based alloys for biomedical 
pplication originated from aerospace, defense and automo- 
ive fields. It should be, however, noticed that the addition 

f Al or RE elements, commonly used in industrial applica- 
ions for improving the mechanical and corrosion resistance, 
n implants must be given careful consideration because of 
he latent toxic effects on human body. Al ion is known as a 
eurotoxicant likely to be a cause of Alzheimer’s disease, and 

he release of Al ions can also weaken bone mineralization 

ia inhibiting the formation of chemical bonds with implants 
66] . In addition, RE elements are found to be residing in 

he degrading site of the implants [49] . Such incorporation 

ay affect bone quality and health similar to other poten- 
ially toxic trace metals [68] . Therefore, there has been great 
nterest in developing a new type of Mg-based alloys with 

 moderate corrosion rate, appropriate mechanical properties, 
ood biocompatibility and bio-safety for medical applications. 
ecently, some researchers developed biologically safe Mg- 
ased alloys with the addition of non-toxic elements such as 
n, Mn, Zr, Ca and Li and so on [ 33 , 34 , 51 , 69–71 ]. 

Zn is recognized as one of the essential elements in the 
uman body and it takes part in almost all the physiological 
unctions, indicating an excellent safety for biomedical appli- 
ations [35] . Additionally, Zn is also an effective alloying el- 
ment in strengthening and helps to eliminate the undesirable 
alvanic effect of impurities such as Fe and Ni. The addition 

f Zn contributes to the improvement in mechanical prop- 
rties and corrosion resistance [35] . Mn plays an important 
ole in improving the corrosion resistance through removing 

e and other heavy metal elements [ 27 , 70 ]. It exhibits no
oxic effect at low concentration and is actively involved in 

he activation of multiple enzyme systems such as hydrolases, 
inases, transferases, decarboxylases and mitochondrial respi- 
ation [ 27 , 70 ]. By adjusting the elemental content and type, 
esearchers have designed binary, ternary or multi-elements 

g-based alloys, aiming at improving the corrosion resistance 
nd mechanical properties for biomedical applications. 

Liu et al [50] . fabricated porous Mg-Ca alloys by LAM 

nd studied the effect of processing parameters on porosity 

nd mechanical properties. It is found that the porosity de- 
reased, and the compression performance increased with the 
aser energy density. In addition, it has been reported that me- 
hanical properties and biocorrosion properties of Mg-Ca al- 
oys can be significantly improved by adjusting the Ca content 
72] . Moreover, Mg-Ca alloys exhibit no toxicity to cells and 

an contribute to the growth of bone according to cytocom- 
924 
atibility evaluation [72] . Wei et al [51] . explored the effects 
f Zn content on densification behavior, microstructure, and 

echanical properties of Mg-Zn binary alloys prepared by 

AM. Other researches [73] also revealed that Zn-containing 

g-based alloys displayed a lower in vivo degradation rate in 

omparation with pure Mg. Moreover, Cu-containing antibac- 
erial Mg-based alloys were also developed recently, aiming 

t improving the antibacterial ability and cytocompatibility in 

ivo . 

.2. LAM of Mg matrix composites 

Recently research regarding LAM of Mg matrix com- 
osites by incorporating bioactive ceramics such as BG has 
rawn much attention. It is noticed that these bioactive ce- 
amics not only control the corrosion behavior of LAMed 

g matrix composites, but also possess a similar chemical 
omposition and structure to the human bone. Meanwhile, 
hese bioactive ceramics can act as nuclei for the formation 

f apatite and induce bone growth. Yang et al [ 16 , 60 , 74 ].
erformed LAM technology to prepare Mg matrix compos- 
tes by incorporating bioglass for bone repair. They revealed 

hat the addition of bioglass could effectively increase the 
orrosion resistance, contribute to the growth and differentia- 
ion of cells, and improve apatite deposition. Yin et al [75] . 
lso revealed that the incorporation of bioactive glass into 

g alloys by LAM resulted in improved corrosion resistance, 
ioactivity and cytocompatibility. The above research works 
ndicate that Mg matrix composites prepared by LAM exhibit 
 great potential for biomedical applications. The properties 
f LAMed Mg matrix composites are reviewed in subsequent 
ections. 

.3. Microstructure of LAMed mg-based alloys 

The properties of LAMed Mg-based alloys mainly depend 

n the microstructure and constituent phase such as grain size, 
rain boundary and phase distribution. The refined grains ex- 
rt an important role on mechanical properties as well as the 
orrosion resistance of LAMed Mg-based alloys because it 
lters the grain boundary density and distribution. LAM is 
 rapid melting/solidification process with solidification rate 
f approximately 10 

5 K s −1 , which can induce the formation 

f refined grains, non-equilibrium phases and homogeneity in 

icrostructures [28–32] . According to the solidification the- 
ry, there are three microstructural morphologies (columnar, 
ellular, and equiaxed microstructure) depending on the pa- 
ameters of G (temperature gradient in the melt ahead of the 
olidifying front) and v (rate of solidification), with G / v af- 
ecting the solid-liquid interface shape and G × v affecting 

he undercooling [76] . On the one hand, as the temperature 
radient G is much larger in the top surface layer than that 
nside the layer, the ratio G / v is much larger in the top sur-
ace, which can contribute to the transition from columnar 
o equiaxed grain microstructure due to the faster nucleation 

ate in the top surface layer. On the other hand, a high value 
f G × v would result in a refined microstructure. Zumdick 
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Fig. 13. Electron backscatter diffraction of WE43 prepared by different technique. (a)-(c) LAMed sample in different section, (d) and (e) extruded sample in 
different section, (f) cast sample [52] . 

Fig. 14. Microstructure of cast ZK60 (a), (c); LAMed ZK60 (b), (d) and EDS results corresponding to point 1 (e) and point 2 (f) [56] . 
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t al [52] . carried out a comparative study on the microstruc- 
ure of WE43 Mg alloys prepared by LAM, powder extrusion 

nd casting as shown in Fig. 13 . This particular research clar- 
fied that the LAMed sample possessed a grain size of 1.0 to 

.1 μm, in comparison with a slightly larger grain size of 

.3 μm for extruded samples and much larger grain size of 
4.3 μm for cast samples, indicating that the rapid solidi- 
cation, an inherent characteristics of LAM, can effectively 

efine grains. 
Figure 14 shows the microstructure and EDS results of the 

recipitated phases for cast ZK60 and LAMed ZK60 reported 

y our group [56] . It is noticed that the average grain size 
925 
or cast ZK60 and LAMed ZK60 was 56.4 μm and 7.3 μm, 
espectively. The average grain size of LAMed ZK60 was 
uch smaller than that of cast ZK60, which can be attributed 

o the rapid cooling characteristics of LAM. Both cast and 

AMed ZK60 samples exhibited an α-Mg matrix with pre- 
ipitated phases, and these precipitated phases contained 54.3 

t% Mg and 45.7 at% Zn in cast ZK60, and 77.7 at% Mg and 

2.3 at% Zn in LAMed ZK60, indicating that the precipitated 

hases were mainly MgZn for cast ZK60 and Mg 7 Zn 3 for 
AMed ZK60, respectively. The different precipitated phases 

ormed in cast ZK60 and LAMed ZK60 were due to the 
igh cooling rate of LAM, in which the decomposed reaction 
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Fig. 15. OM image showing the characteristic microstructures as a function of energy density: (a) 20 J/mm 

2 ; (b) 15 J/mm 

2 ; (c) 10 J/mm 

2 ; (d) 7 J/mm 

2 [55] . 
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Mg 7 Zn 3 → α-Mg + MgZn) was inhibited, leading to the 
resence of Mg 7 Zn 3 in LAMed ZK60. 

Zhang et al [55] . prepared Mg-9%Al alloys by LAM 

hrough varying the laser processing parameters. It shows that 
he alloys exhibited equiaxed grains with the average size of 
0–20 μm and the grains were refined with the decrease of 
aser energy density ( Fig. 15 ). The constituent phases con- 
isted mainly of α-Mg, Mg 17 Al 12 , MgO and Al 2 O 3 . MgO 

nd Al 2 O 3 were formed by the oxidation reaction of remain- 
ng Al with a little oxygen in the working atmosphere during 

AM. 
Wei et al [51] . investigated the Zn content on the mi- 

rostructural evolution of LAMed Mg- x Zn ( x = 1, 2, 4, 6, 8,
0 and 12) alloys. The addition of Zn exerted a significant ef- 
ect on the microstructure. The LAMed Mg- x Zn alloys mainly 

xhibited α-Mg matrix with hexagonal close-packed structure 
nd Mg 7 Zn 3 eutectic phase with orthorhombic structure. It 
s worth mentioning that no oxide inclusions including MgO 

nd ZnO were present, which could be attributed to the strict 
ontrol of the content of O 2 and H 2 O during the LAM pro- 
ess. According to the binary phase diagram of Mg-Zn [77] , 
 mixture of α-Mg and Mg 7 Zn 3 would be formed through 

he eutectic reaction of the Mg-Zn alloy at 340 

◦C, and 

hen α-Mg and MgZn would appear via eutectoid reaction 

f the Mg 7 Zn 3 eutectic phase at 325 

◦C. However, owing to 

he rapid melting/cooling rate during the LAM process, this 
utectoid reaction, i.e. Mg 7 Zn 3 → α-Mg + MgZn, would be 
nhibited. As a consequence, Mg 7 Zn 3 was observed in the 
AMed samples instead of MgZn. Manne et al [78] . also 

eported similar observation in the Mg-Zn alloys prepared by 

AM. The addition of Zn obviously alters the morphology 

nd content of the Mg 7 Zn 3 eutectic phase as shown in 

ig. 16 . As the Zn content increased, the morphology ex- 
926 
ibited a gradual transition from granular shape to nearly 

eticular structure ( Fig. 16 (a)–(g)) and the fraction of 
g 7 Zn 3 eutectic phase also increased continuously with the 

eak value of 18.68% when x = 12 ( Fig. 16 (h)). 
Due to the antibacterial ability of Cu ion, Cu-containing 

K60 alloys was developed and prepared by LAM [47] . The 
verage grain size of ZK60- x Cu ( x = 0, 0.2, 0.4, 0.6 and
.8) alloys decreased gradually with the increase of Cu, with 

he value of 13.6, 8.8, 6.2, 5.1 and 4.5 μm. The decrease in 

rain size could be attributed to the fact that Cu atoms were 
resent in the diffusion layer in the front of the solid-liquid 

nterface during the solidification, leading to the constitutional 
ndercooling and thus inhibiting the growth of grain. A com- 
arative study of the microstructural difference between the 
AMed ZK60 and cast ZK60 was reported in reference [56] . 
he average grain size of LAMed ZK60 was much smaller 

han that of cast ZK60, being 56.4 μm for cast ZK60 and 

.3 μm for LAMed ZK60. The decrease in the grain size for 
he LAMed ZK60 was mainly due to the high cooling rate, 
n inherent characteristic of LAM. 

Yang et al [ 60 ] investigated the microstructure of LAMed 

K60/BG parts at various energy density as shown in 

ig. 17 . It is noticed that the BG particles were irregular- 
haped, mainly composed of Si and exhibited a more uniform 

istribution with increase of energy density. The distribution 

tate of BG particles was dependent on the laser energy den- 
ity. This phenomenon can be attributed to the fact that the 
G particles could not be rearranged effectively in the melt- 

ng pool at low energy density due to weak Marangoni con- 
ection, resulting in inhomogeneous distribution. With the in- 
rease of energy density, the intensified Marangoni convection 

nd the high temperature would contribute to a homogeneous 
istribution of the BG particles. 
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Fig. 16. SEM image of the LAMed Mg- x Zn: (a) x = 1, (b) x = 2, (c) x = 4, (d) x = 6, (e) x = 8, (f) x = 10, (g) x = 12, (h) area fraction of eutectic 
phase [51] . 

Fig. 17. SEM image of LAMed ZK60/BG parts at various energy density. (a) 138.89 J/mm 

3 , (b) 158.73 J/mm 

3 , (c) 185.19 J/mm 

3 and (d) 222.22 J/mm 

3 . (e) 
The elemental maps corresponding to the marked area in Fig. 17 (c) [60] . 
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In addition, Yang et al [74] . also investigated the effect of 
ifferent BG on the microstructure of LAMed ZK60 as shown 

n Fig. 18 . They reported that in general there was no obvi- 
us negative effect of the incorporated BG particles on the 
ensification behavior. The ZK60/BG and ZK60/mesoporous 
G samples exhibited finer equiaxed grains compared to the 
K60. The Ca-, Si- and O-rich BG particles were uniformly 

istributed in Mg matrix, which is different from other reports 
hat the agglomeration of BG particles easily occurred in Mg 

atrix composites prepared by other techniques. The uniform 

istribution of BG particles can be attributed to the fact that 
arangoni convection could effectively promote the uniform 

istribution of the particles. 

.4. Mechanical properties of LAMed Mg-based alloys 

Implants are required to provide stable and appropriate 
echanical support during the healing period. The hardness 
927 
nd elastic modulus of pure Mg, cast ZK60, LAMed ZK60, 
atural bone and conventional metallic implant materials are 
hown in Fig. 19 . The hardness and elastic modulus of pure 
g, caste ZK60 and LAMed ZK60 are much closer to those 

f natural bone than conventional metallic implant materi- 
ls such as Ti-based alloys, stainless steel and Co-Cr alloys. 
herefore, the “stress shielding” effects can be significantly 

educed by the use of Mg-based alloys implants. 
According to previous reports, there are three main routes 

o improve the mechanical properties of LAMed Mg-based 

lloys, including alloying, varied laser processing parameters 
nd post heat treatment. On the one hand, researchers have 
ried to improve the mechanical properties through adding 

arious alloying elements such as Zn, Zr, Al, Ca and RE, 
tc. Liu et al [50] . prepared porous Mg-Ca alloys by LAM, 
iming at improving the mechanical properties. The average 
icrohardness of LAMed Mg-Ca alloys was approximately 
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Fig. 18. SEM image of LAMed ZK60 (a) and (b), ZK60/BG (c) and (d), ZK60/mesoporous BG (e) and (f); grain size (g); Typical EDS result of the marked 
area (h); High resolution SEM image of ZK60/mesoporous BG [74] . 

Fig. 19. Comparison of hardness and elastic modulus of pure Mg, cast ZK60 
and LAMed ZK60 with natural bone and conventionally metallic implant 
materials [56] . 
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Fig. 20. Ambient temperature tensile properties of LAMed and sand cast 
GW103K alloys before and after T6 treatment [49] . 
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5 HV and much higher than that of the cast pure Mg (35.36 

V) and LAMed pure Mg (52 HV). However, there are re- 
orts showing that the addition of Zn in LAMed Mg-1Zn 

lloy would decrease the mechanical properties due to the 
ncrease of defects inside the samples [51] , leading to fluctu- 
tion of mechanical properties, and hence poor service relia- 
ility. On the other hand, in Mg-based samples prepared by 

AM under optimized parameters (Wei et al [44] .), a compar- 
tive microhardness with the wrought Mg-Zn-Zr alloys was 
ade. In addition, heat treatments such as solution and aging 

reatments are also adopted to adjust the mechanical proper- 
928 
ies in biomedical applications. Solution treatment decreases 
trength, but increases ductility. Aging treatments might re- 
ult in the opposite effect. Liao et al [49] . performed ten- 
ile tests of LAMed GW103K Mg-RE alloys before and after 
eat treatment as shown in Fig. 20 . Yield strength (YS), ul- 
imate tensile strength (UTS) and elongation of the LAMed 

nd T6-treated LAMed GW103K alloys are 118–232 MPa–
3.9% and 191–298 MPa–8.9% at ambient temperature, re- 
pectively. Moreover, the LAMed samples exhibited compa- 
able YS ( −5 MPa), much higher UTS ( + 51 MPa) and elon- 
ation ( + 12.1%) in comparation with sand cast alloy. The 
S and UTS of the T6-treated LAMed sample were about 
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Table 2 
Mechanical properties of Mg-based sample prepared by LAM and traditional fabrication methods. 

Sample Yield strength (MPa) Tensile strength (MPa) Elongation (%) 

LAMed AZ91D [48] 237–254 274–296 1.83–3 
LAMed GW103K [49] 118 232 13.9 
LAMed GW103K-T6 [49] 191 298 8.9 
LAMed Mg-1Zn [51] 148 11 
LAMed WE43 [52] 296.3 308.0 11.9 
Extruded WE43 [52] 284.4 306.6 14.3 
Extruded AZ91D [79] 295 13 
As-cast AZ91D [79] 145 248 7.4 
Die-cast AZ91D [48] 160 230 3 
As-cast GW103K [49] 123 181 1.8 
As-cast Mg-1Zn [51] 102 7 
As-cast WE43 [52] 145.4 189.2 4.4 

Fig. 21. Microhardness of LAMed ZK30/xBG as a function of BG content 
[75] . 

4
h
c
m
G

t
o
d
o
n
m
c
t
c
d

s
a
e
c
f
a
i

Fig. 22. Potentiodynamic polarization curve obtained in Hanks’ solution at 
37 ◦C for cast ZK60 and LAMed ZK60 [56] . 

Fig. 23. The corrosion rate of Mg-based alloys in simulated body fluid. BG: 
Bioglass, TCP: Calcium phosphate tribasic, PM: Powder metallurgy process 
[60] . 
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0 MPa lower than those of sand cast alloy, with relatively 

igher elongation ( + 5.8%), and the decrease of YS and UTS 

an be attributed to the evaporation loss of Gd and Y ele- 
ents during LAM process, grain growth and formation of 
dH 2 particles during T6 heat treatment. 
In addition, some researchers developed LAM of Mg ma- 

rix composites and investigated the effect of BG content 
n the microhardness. Yin et al [75] . reported that the ad- 
ition of BG particle can effectively increase the hardness 
f ZK30 prepared by LAM ( Fig. 21 ). However, the hard- 
ess was not monotonically increased with the addition of 
ore BG particles. This phenomenon was attributed to the 

hange in microstructure. Yang et al [60] . also clarified that 
he LAMed ZK60/BG, with uniformly distributed BG parti- 
les in the matrix, could significantlu enhance the strength 

ue to the second-phase strengthening effect. 
The mechanical properties of Mg-based samples with the 

ame chemical composition fabricated by different methods 
re summarized in Table 2 . In general, the LAMed samples 
xhibited comparable or even superior strength and elongation 

ompared to the samples with the same chemical composition 

abricated by traditional methods. This phenomenon can be 
ttributed to grain boundary strengthening effect. The strength 

s inversely proportional to the square root of the grain size 
929 
ccording to the Hall-Petch relationship. In addition, the rapid 

olidification led to an extension of the solubility limit, and 

nhanced solution strengthening of LAMed samples. 

.5. Corrosion properties of LAM Mg-based alloys 

The high corrosion rate of Mg-based implants in vivo is the 
iggest hurdle to overcome as it will lead to a premature dis- 
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Fig. 24. The biodegradable behavior of Mg- x Al-Zn prepared by LAM (a) pH, (b) Mg 2 + ion concentration, (c) Zn 2 + ion concentration and (d) degradation 
rate calculated through Mg 2 + ion concentration [53] . 
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ntegration, loss of mechanical integrity, and local hydrogen 

ccumulation. The corrosion of Mg-based alloys in aqueous 
edium is an electrochemical process and can be expressed 

ccording to [36] : 

nodic reaction: Mg → Mg 

2 + + 2e - (4) 

athodic reaction: 2H 2 O + 2e - → H 2 (g) + 2OH 

- (5) 

verall: Mg + 2H 2 O → H 2 + Mg(OH) 2 (6) 

It is noticed that the degradation of Mg-based alloys re- 
ulted in the release of OH 

- , leading to an increase of pH 

alue progressively during immersion. However, Mg(OH) 2 
s unstable and offers very low corrosion resistance, espe- 
ially in chloride-containing environments (simulated body 

uid). The degradation of Mg(OH) 2 can be expressed as 
ollowing: 

g(OH) 2 + 2Cl - → MgCl 2 (7) 

g + 2H 2 O → Mg(OH) 2 + H 2 ↑ (8) 

g + 2Cl - → MgCl 2 (9) 

It has been reported that the formation of MgCl 2 would 

eteriorate the corrosion resistance in that MgCl 2 was mod- 
rately soluble [80] . Therefore, fresh Mg surface was exposed 
930 
o the solution and the above reaction (4–9) occur repeatedly 

ntil the Mg-based alloys were completely degraded. Never- 
heless, the formed Mg(OH) 2 can delay the contact between 

he Mg-based alloys and solution to some extent [81] . In 

eneral, the high corrosion rate or degradation rate of the 
g-based alloys is still one of the main reasons that restrict 

heir wide applications as medical biomaterials. Moreover, an 

dverse biological reaction would occur resulting from local 
lkalization and formation of hydrogen bubbles in the phys- 
ological environments [22] . Previous researches have clar- 
fied that a lower degradation rate could be achieved for 
he Mg alloys with small grain size and homogeneous mi- 
rostructure, mainly resulting from improved passivation and 

ecreased micro-galvanic attack [ 36 , 80 ]. The corrosion resis- 
ance of Mg–Y–RE magnesium alloys with grain size from 

.7 μm to 70 μm was investigated by Argade et al [36] ., 
nd they reported a one-order magnitude increase in cor- 
osion resistance could be achieved for samples with small 
rain size. Alvarez-Lopez et al [82] . investigated the degrad- 
ble behavior of AZ31 magnesium alloy with different grain 

izes in phosphate-buffer solution. It was found that AZ31 al- 
oy with the finest grain size exhibited the highest corrosion 

esistance as indicated by the highest charge transfer resis- 
ance. The increase in corrosion resistance of hot-rolled AZ31 

lloy [26] , hot extruded Mg–Ca alloy [2] and ZK60 alloy 

34] were also achieved due to grain refinement induced dur- 
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Fig. 25. Corrosion properties of LAMed ZK60/xBG. (a) pH value variation as a function of time, (b) corroded surface, (c) corrosion mechanism during 
immersion, (d) degradation rate of Mg-based alloy [60] . 
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ng the forming processes. Therefore, LAMed is recognized 

s an effective way to enhance the corrosion resistance of 
g-based alloys for biomedical application because LAM has 

he advantage of homogenizing and refining the microstruc- 
ure, and inhibiting the formation of the secondary phases. 
ntil now, the studies on corrosion behaviors of LAMed Mg- 
ased alloys are scarcely reported and most studies mainly 

ocused on the formability quality and mechanical properties 
f LAMed samples. Potentiodynamic polarization curve ob- 
ained in Hanks’solution at 37 

◦C for cast ZK60 and LAMed 

K60 are shown in Fig. 22 as reported by our group [56] . The
AMed ZK60 possessed a lower corrosion current density of 
.89 μA/cm 

2 with a nobler corrosion potential of -1.52 V vs . 
CE. Moreover, both the cathodic and anodic current density 

f LAMed ZK60 were lower than that of cast ZK60 at the 
ame potential, implying a lower hydrogen evolution rate and 

g matrix dissolution rate. The corrosion rate of Mg-based 

lloys in simulated body fluid is summarized as shown in 

ig. 23 . The LAMed ZK60 samples with refined grain and 

niform microstructure possessed lower corrosion rate as 
ompared to cast ZK60. 
931 
Mg-based alloys prepared by LAM exhibited an improved 

orrosion resistance in comparation with the samples pre- 
ared by casting or powder metallurgy. In addition, Shuai 
t al [53] . investigated the effect of grain size and the sec- 
ndary phases on the biodegradable behaviors of Mg- x Al- 
n prepared by LAM ( Fig. 24 ), and reported that the cor- 

osion resistance increased firstly and then decreased with 

he addition of Al using electrochemical test, pH tests and 

on concentration measurement. This can be attributed to 

he balanced effect between grain size and the secondary 

hases as grain refinement can slow down degradation, while 
he increase of intermetallic phase in Mg- x Al-Zn would 

eteriorate it. 
Yang et al [60] . performed immersed tests to study the 

egradation property of LAMed ZK60/BG and ZK60 with 

esults shown in Fig. 25 , and they reported that the addition 

f BG particles could promote the deposition of apatite and 

he deposited apatite exhibited a stable and compact struc- 
ure, which could protect the sample surface from corrosion. 

oreover, the comparison of corrosion rate among various 
g-based alloys prepared by different techniques indicates 
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Fig. 26. Corrosion behavior of LAMed ZK60, ZK60/BG, ZK60/mesoporous BG. (a) Tafel polarization curves, (b) EIS plots, (c) Bode plots and (d) equivalent 
electrical circuit [74] . 

Table 3 
Corrosion properties in simulated body fluid of Mg-based sample prepared by LAM and traditional fabrication methods. 

Sample Corrosion current density ( μA/cm 

2 ) Corrosion potential (V) Corrosion rate (mm/y) 

LAMed ZK30 [46] 17.8 -1.52 0.41 
LAMed ZK30-0.1 wt%Cu [46] 28.2 -1.51 0.64 
LAMed ZK30-0.2 wt%Cu [46] 38 -1.48 0.87 
LAMed ZK30-0.3 wt%Cu [46] 47.8 -1.46 1.09 
LAMed ZK60 [56] 8.89 -1.52 0.2 
LAMed ZK60-5wt%BG [60] 16.6 -1.31 0.38 
LAMed AZ61 [54] 39.6 -1.46 0.9 
LAMed AZ61-3wt%CaO [54] 30.2 -1.43 0.69 
LAMed AZ61-6wt%CaO [54] 22.3 –1.4 0.51 
LAMed AZ61-9wt%CaO [54] 10.2 -1.37 0.23 
LAMed AZ61-12wt%CaO [54] 27.3 -1.38 0.62 
As-cast ZK60 [56] 18.5 -1.55 0.42 
As-cast Mg–4.0Zn–0.2Ca [24] 267 -1.7 2.13 
As-extruded Mg–4.0Zn–0.2Ca [24] 243 -1.677 1.98 
As-cast Mg-2Zn-0.6Zr [83] 20.27 -1.509 0.46 
As-cast Mg-2Zn-0.6Zr-0.2Nd [83] 16.21 -1.494 0.37 
As-cast Mg-2Zn-0.6Zr-0.6Nd [83] 28.99 -1.531 0.66 
As-cast Mg-2Zn-0.6Zr-1Nd [83] 42.78 -1.56 0.98 
As-drawn AZ31 [84] 17.73 -1.48 0.4 
As-cast ZK40 [84] 37.19 -1.49 0.84 
As-cast ZK40-T6 [84] 38.07 -1.55 0.86 

t
Y
r
p
t

t
a
T
p
o

hat the LAMed ZK60/BG showed the lowest corrosion rate. 
ang et al [74] . carried out a comparative study of corrosion 

esistance between the LAMed ZK60 and Mg matrix com- 
osites as shown in Fig. 26 . This particular study revealed 

hat LAMed ZK60 matrix composites exhibited more posi- 
932 
ive corrosion potentials, smaller corrosion current densities 
nd larger impedance loops compared to the LAMed ZK60. 
he above research demonstrated that the incorporated BG 

articles could significantly enhance the corrosion resistance 
f Mg matrix. 
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Fig. 27. Biocompatibility of LAMed ZK60 and ZK60/BG. (a) Live/dead staining images, (b) CCK-8 results and (c) ALP activities of MG-63 cells cultured 
in the extracts for 1, 4 and 7 days; (d) SEM showing the cells’ direct culture on ZK60 and ZK60/BG after 3 days [60] . 

Fig. 28. Typical corrosion morphology and the corresponding EDS results of cast ZK60 (a), (c) and LAMed ZK60 (b), (d) [56] . 

933 
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Fig. 29. Biocompatibility of LAMed ZK60, ZK60/BG and ZK60/ mesoporous BG. (a) Live/dead staining images, (b) relative cell viabilities obtained from 

CCK-8 assays [74] . 
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The corrosion parameters, including corrosion potential, 
orrosion current density and corrosion rate in simulated body 

uid, are summarized in Table 3 . It is noticed that the LAMed 

g-based alloys exhibited a comparable or even superior cor- 
osion resistance compared to the samples prepared by tradi- 
ional processing methods. The increase in corrosion resis- 
ance can be attributed to the refined grains and uniform mi- 
rostructure, which can significantly reduce the fraction of the 
ffective cathodes and restrict microgalvanic coupling result- 
ng from the accumulation of cathodic phases. On the other 
and, the solid solubility of alloying elements in Mg-based 

lloys can be enhanced due to the rapid melting-solidification 

f LAM, contributing to the formation of more protective and 

elf-healing films. However, it is worth noticing that other fac- 
ors such as pH, protein and ions concentration can also exert 
n influence on corrosion in the body environment. Current 
tudies on the biodegradation of LAMed Mg-based alloys are 
ainly focused on the in vitro tests, and no in vivo degrada- 

ion behavior is reported to the best knowledge of the authors. 

.6. Biocompatibility of LAMed Mg-based alloys 

Mg is one of the important elements in human body and 

t takes part in almost all cellular system, membrane func- 
934 
ion and membrane integrity. It has been reported that the 
mount of Mg in the human body is approximately 21–28 g 

nd more than half of it is present in bone tissue. Soft tis- 
ues possessed 35–40% of this content and less than 1% is 
ound in serum [85] . In addition, Mg 

2 + ions also contribute 
o the transformation of immature bone to mature bone. Yang 

t al [60] . evaluated the biocompatibility of LAMed ZK60 

nd ZK60/BG alloys ( Fig. 27 ), and revealed that very few 

ead cells were observed on these samples. Cell viability for 
AMed ZK60 and ZK60/BG alloys was enhanced with the 

ncrease of culture time. In addition, the cells tightly adhered 

n LAMed ZK60 and ZK60/BG alloys as detected by direct 
ontact method, implying that LAMed samples possessed fa- 
orable cell adhesion property. It is also reported from a pre- 
ious work [56] that the corrosion products of LAMed ZK60 

fter 7-d immersion in simulated body fluids were mainly 

omposed of O, Mg, P and Ca ( Fig. 28 ), indirectly indicating 

 good hydroxyapatite-forming ability. 
Moreover, Yang et al [74] . introduced mesoporous BG 

nto Mg matrix composite via LAM, and a comparative 
tudy on biocompatibility was carried out among the LAMed 

K60, ZK60/BG and ZK60/mesoporous BG ( Fig. 29 ). It 
s noticed that the cells exhibited typical fusiform shape 
n ZK60/mesoporous BG, in comparison with round shape 
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Fig. 30. CFU/mL of Escherichia Coli after incubation in alloy extracts at various immersion time: (a) normal pH values; (b) neutral pH of 7.4 [46] . 

Fig. 31. Antibacterial mechanism for ZK60-Cu alloys in body fluid environment before (a) and after (b) degradation [46] . 
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n ZK60 and ZK60/BG. Meanwhile, there were more cells 
ttached on ZK60/mesoporous BG. The cell viability in- 
reased from 91.6% on day 3 to 95.8% on day 5 for 
K60/mesoporous BG, which was higher than that of ZK60 

nd ZK60/BG. These results indicated that LAMed Mg ma- 
rix composites displayed an enhanced biocompatibility. 

.7. Antibacterial property of LAMed Mg-based alloys 

Bacterial infection might result in implant loosening or 
ven implantation failure, indicating that it is of great im- 
ortance to inhibit bacterial-related infections [ 86 , 87 ]. Cu ex- 
ibits excellent anti-bacterial ability owing to the positively 

harged Cu ions released in the body fluids, which can attach 

o negatively charged bacterial cell wall, perturb membrane 
ermeability, and lead to their lysis and death. In addition, 
ome enzymes can also be inactivated via the reaction be- 
ween Cu ions and their thiol groups, leading to the death of 
acterial cells [47] . Moreover, Cu is an essential trace ele- 
ent for the human body, acting as a catalytic cofactor for 
any key metabolic enzymes. Xu et al [46] . prepared Cu- 

ontaining antibacterial ZK60 alloys by LAM and reported 
935 
hat the LAMed ZK60-Cu alloys possessed strong antibacte- 
ial ability ( Fig. 30 ). The antibacterial mechanism for LAMed 

K60-Cu alloys in body fluid environment was analyzed as 
hown in Fig. 31 . It implied that the combined effect of Cu 

ons and alkaline environment can effectively kill the bacte- 
ia through damaging cellular membrane structure, denaturing 

nzymes and prohibiting deoxyribonucleic acid replication. 

. Biodegradable porous Mg-based alloys by LAM for 
otential biomedical implant applications 

Human bone is porous in structure with three major 
natomic cavities of different sizes, and these cavities play 

n important role in reshaping the processes and mechani- 
al integrity of the bone [88] . Traditional porous biomaterials 
ossess a random distribution of open or closed voids, and the 
olid surface of metal is very different from the porous nature 
f human bones. This unavoidably limits the fixation of the 
mplants with the body tissue and also affects the transport 
f body fluid. In addition, in traditional processing methods, 
uch as casting and powder metallurgy, it is difficult to fabri- 
ate porous implants with complex external shapes and intri- 
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ate internal architectures, particularly in combination with 

ppropriate stiffness and strength. However, the high geo- 
etric freedom offered by LAM can be employed to pre- 

are complex implants with interconnected porous structure. 
herefore, biodegradable porous Mg-based samples prepared 

y LAM show a great potential in biomedical implant ap- 
lications as they can display a fully-interconnected porous 
tructure with periodic cellular lattice, which provides ade- 
uate spaces for transportation of nutrients in bone growth 

hile the implants degrade in the human body as the bone 
egenerates. Li et al [89] . used LAM to prepare biodegrad- 
ble porous WE43 scaffolds with fully interconnected porous 
tructure, and the scaffolds possessed proper mechanical prop- 
rties even after 4 weeks of biodegradation and satisfactory 

iodegradation rate with approximate 20% volume loss af- 
er 4 weeks. Nevertheless, the struts exhibited relatively high 

oughness in the center even after being chemically polished. 
n addition, the dynamic corrosion behavior and mechanical 
roperty still remain unclear. In conclusion, studies on LAM 

f biodegradable porous Mg-based alloys for biomedical im- 
lant applications are still in its infancy. 

. Concluding remarks and future perspectives 

This work summarizes the recent progress of LAM of 
g-based alloys. From the processing point of view, LAM 

f biodegradable Mg-based alloys yields promising results as 
AM can tailor-make Mg implants with a desirable degrada- 

ion rate that are difficult or impossible to achieve by con- 
entional melting or deformation processing. In addition, the 
apid development of LAM system for Mg-based alloys has 
ade it easier for preparing parts with geometric complexity 

nd fine structures, including porous structure, at increasing 

fficiency. 
From the point of view of composition selection for Mg- 

ased alloys, researchers are trying to develop biologically 

afe Mg-based alloys by adding non-toxic elements such as 
n, Mn, Zr, Ca and Li and so on. LAM can fabricate the 
ulk Mg-based alloys with a moderate corrosion rate, appro- 
riate mechanical properties, good biocompatibility and excel- 
ent bio-safety. Nevertheless, in comparation with Fe-based, 
i-based, Ti-based, and Al-based alloys, the studies on LAM 

f Mg-based alloys are still in its infancy and a consider- 
ble amount of work is required before Mg-based alloys pre- 
ared by LAM are practically applicable in biomedical fields. 
irst, the window of processing conditions for good formabil- 

ty should be established so that high-quality samples can be 
chieved routinely and easily. Second, the current studies on 

he mechanical properties of LAMed Mg-based alloys mainly 

ocus on the hardness tests and few works investigate the 
ensile properties and compressive properties, while no stud- 
es on fatigue tests were reported. In addition, the complex 

nteraction between mechanical and corrosion properties in 

ody fluid environment (corrosion-fatigue) is still absent. Last 
ut not the least, the relationship of processing parameters- 
omposition-microstructure-property is yet to be established 

o realize high-performance Mg-based alloys by LAM. 
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