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Abstract 

Magnesium alloys remain critical in the context of light-weighting and advanced devices. The increased utilisation of magnesium (Mg) 
each year reveals growing demand for its Mg-based alloys. Additive manufacturing (AM) provides the possibility to directly manufacture 
components in net-shape, providing new possibilities and applications for the use of Mg-alloys, and new prospects in the utilisation of novel 
physical structures made possible from ‘3D printing’. The review herein seeks to holistically explore the additive manufacturing of Mg-alloys 
to date, including a synopsis of processes used and properties measured (with a comparison to conventionally prepared Mg-alloys). The 
challenges and possibilities of AM Mg-alloys are critically elaborated for the field of mechanical metallurgy. 
© 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 

Magnesium (Mg) has the lowest density (1.74 g/cm 

3 ) of
he engineering metals, approximately 65% the density of alu-
inium alloys, 38% that of titanium, and 25% that of steel.
he high specific strength of Mg alloys makes them attractive
aterials for light-weighting in automotive, consumer elec-

ronics, and aerospace applications [1] . Magnesium alloys are
lso biodegradable and have an elastic modulus ( ∼45 GPa)
nalogous to that of human bone. Magnesium ions (Mg 

2 + ) are
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ody, and they enhance metabolism and mediate osteoblast
roliferation [2] . Consequently, Mg alloys are also being con-
idered for use in the medical field, e.g. orthopaedics, max-
llofacial applications, and cardiology [3] . Today, > 95% of

g alloy products are produced by casting (including pres-
ure die casting), whilst wrought Mg alloys have limited ap-
lications, predominantly due to insufficient formability and
rocessability at room temperature [4–6] . 

Additive manufacturing (AM) of Mg alloys is of growing
nterest in the materials community due to AM enabling de-
ign capabilities not achievable with traditional manufacturing
nd presumably also material properties unknown so far. Ad-
itive manufacturing presents several unique advantages such
s design freedom (and topology optimisation), minimal waste
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Fig. 1. Laser powder-bed fusion prepared lattice structure in the shape of ‘Mg’, produced in Mg-alloy WE43 (Image courtesy Meotec GmbH and Dr. M. 
Esmaily). 
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f resources, and reduced energy usage [7] . Additionally, AM
vercomes the limitation of conventional (formative or sub-
ractive) fabrication routes. The ability to produce complex in-
ernal and external geometries with high precision enables the
evelopment of precise geometrical features (see the complex
attice geometry in Fig. 1 ). Design freedom enables one to
ake the lightest engineering metal even lighter via topology

ptimisation and the use of free space as a design variable.
dditionally, components with a large surface area would pro-
ote cell growth, proliferation and bone regeneration if used

s biomaterials; or provide significant reaction area if used as
g electrodes. The AM-Mg technology is expected to address

he high demand of high-performance biodegradable implants
or orthopaedic and vascular surgery, and make manufacturing
f patient-specific and topologically-optimised implants tech-
ically feasible. Furthermore, the precise control over process
arameters can yield alloys with tailored microstructures and
roperties. This has been demonstrated in recent studies re-
orting successful production of new Al-, Fe-, and Ti-based
lloys with enhanced properties using various AM techniques
8–10] . 

Nevertheless, research in the field of AM-Mg alloys has
een limited to date. This may be in part due to the reac-
ive nature of magnesium (in atmospheric conditions), which
aises health and safety concerns, in addition to other issues
oncerning the oxidation, evaporation and handling of Mg
owder. However, as noted by the research outcomes since
010 ( Fig. 2 ) [11] , risk controls during the LPBF process have
emonstrated great success in allowing the Mg-powder based
dditive method to be routinely and reproducibly utilised to
afely manufacture Mg-alloys of diverse composition. The
rotective measures include (1) handling/storing Mg alloy
owders in fire-resistant safety storage cabinets and appro-
riate quantities; (2) personnel training in managing situa-
ions that may require control measures to be implemented;
3) preparing and cleaning the LPBF machine’s filter and pro-
essing chamber, including the removal of all potential igni-
ion causes such as electrostatic discharge; and (4) controlling
eaction gasses prior to and during additive manufacturing.
part from the safety concern, another issue that limited the
evelopment of LPBF-Mg alloy is the quality consistency of
g powder. Mg powder is constantly changing properties and

ence you will not find fixed LPBF parameters. 
In addition to the laser-powder based additive manufactur-

ng, diverse additive manufacturing methods have also been
xplored, including sintering, wire-arc additive manufacturing
WAAM), friction-stir processing, and inkjet methods. Al-
hough whether these diverse methods can be regarded as
additive manufacturing’ is still under debate in the commu-
ity, we still accept that they are following an ‘additive’ strat-
gy in a general sense, and thus include them in this review.
iven that additive manufacturing technology has been well-

eviewed by Debroy et al. [12] , this present review will focus
olely on AM-Mg only (rather than AM technology in gen-
ral), which presents a number of unique characteristics from
ther AM alloy systems, such as Al, Ti, and steels. Compared
ith these comparatively more well-studied alloy systems,

tudies regarding various aspects of AM-Mg remain primi-
ive or wholly unexplored. To date, although several consoli-
ated reviews regarding additive manufacturing of magnesium
ave been published [13–17] , the composition-processing-
icrostructure-property relationship in AM-Mg has not been

ystematically explored (or established) yet. A major reason
or this is that results of microstructure-property relationships
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Fig. 2. Timeline displaying a historical background of powder-based AM-Mg research and development, indicating "landmarks" since the first scientific study 
on the utilisation of AM to sinter Mg powder. Reproduced from [11] . 
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or AM-Mg alloys have revealed some discrepancies in dif-
erent reports. The purpose of this review is to summarise the
ecent progress in AM-Mg, to systematically study and criti-
ally analyse the results reported so far; and to allow the key
actor that governs the microstructure and properties of AM-

g to be revealed. In summarising, some of the challenges
or AM-Mg will be discussed and a future outlook will be
rovided. 

. Laser-based additive manufacturing 

.1. Characteristics of laser-based methods 

Laser, the most widely investigated energy source for AM-
g, has some unique advantages over other energy sources

18] . The high-intensity laser beams irradiated onto the print-
ng material can be efficiently absorbed without any transfer
edium. As lasers generate spatially coherent light contrary
o incoherent sources, such as thermal lamps or light-emitting
iodes (LEDs), the laser beams propagate without critical
eam divergence or power loss over long distances, and also
an be focused into small spots (down to ∼60 μm in diameter
r even below), so they can provide the improved precision
nd throughput in 3D part construction. Lasers produce a high
oncentration of heat that is focused at small regions of the
owder bed for limited amounts of time, to melt the powder.
his short-timed heat flux causes rapid heating and quench-

ng of the molten powder leading to rapid solidification [19] .
n the additive manufacturing of Mg alloys, the most-widely
xplored method is laser powder-bed fusion (LPBF, formerly
nown as selective laser melting, SLM), with very few ex-
lorations adopting direct laser deposition (DLD). 

The Laser powder-bed fusion (LPBF) process is now con-
idered to be a powerful and efficient additive manufacturing
rocess for building complex 3D shapes with a high degree of
recision and reproducibility, combined with satisfactory met-
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Fig. 3. LPBF of Mg alloys in cylindric and cubic shape in a reduced volume 
system (Image courtesy Meotec GmbH). 

a  

L  

c  

o  

T  

t  

t  

o  

M  

W  

L  

t  

(  

8  

o  

a  

r  

i  

p  

a  

a  

i  

m  

A  

o  

s  

m  

r  

t  

m  

b  

t  

o  

m  

h  

c  

o
 

i  

s  

m  

p  

f  

T  

i  

r  

e  

i  

o  

F
o
η

llurgical properties ( Fig. 3 ). The general characteristics of
PBF have been previously reviewed [12] , however, a unique
haracteristic of Mg that differentiates its behaviour from
ther engineering metals is its low evaporation temperature.
he evaporation point of Mg is 1091 °C, whilst the evapora-

ion points of Al and Ti are 2470 °C and 3287 °C. Therefore,
he temperature during LPBF will certainly be above the evap-
ration temperature of Mg, and cause an overall change in
g alloy composition due to preferential evaporation of Mg.
e et al. [20] systematically studied the evaporation during

PBF ( Fig. 4 ). It was found that the temperature increase in
ig. 4. Evaporation rate of Mg (J Mg ) and the alloying elements ratios in AZ91D
f Al, Zn and Mn, respectively) (a) J Mg (b) J Mg /J Al (c) J Mg /J Zn (d) J Mg /J Mn . (e) 
and laser energy density (E V ). Reproduced from [20] . 
he melt pool significantly accelerates the burning rate of Mg
 Fig. 4 a). For AZ91 alloy, in the temperature regime between
70 K (liquidus temperature of AZ91) and 2000 K, the evap-
ration rate of Mg is about 4.2 × 10 

4 – 3.5 × 10 

10 , 54–160,
nd 2.3 × 10 

5 –3.5 × 10 

9 times faster than Al, Zn, and Mn,
espectively ( Figs. 4 b – d). The temperature of the melt pool
s affected by several processing parameters, including laser
ower, scan speed, hatch spacing, layer thickness, and thus
 concept, input energy density, E v is introduced to include
ll these factors as E v = 

P 
SV L , where P is the laser power, S

s hatch spacing, and L is the layer thickness. A numerical
odel is developed to predict the composition accuracy of
Z91 as a function of input energy density [20] . It can be
bserved that there is an optimum value of input power den-
ity around 60 J/mm 

3 ( Fig. 4 e). A higher E v will lead to a
ore severe preferential evaporation of Mg so that the Mg/Al

atio decreases to 7:1 (Mg-13Al, wt.%). It is also interesting
o see the Mg/Al ratio at lower E v . This is because the ther-
al conductivity of powder is much less than consolidated

ulk, and at low E v , the size of the melt pool is too small
o penetrate the powder layer. The poor thermal conductivity
f the powder layer results in a local high temperature of the
elt pool, which in turn facilitates evaporation of Mg. This

as demonstrated that to avoid severe evaporation and to keep
ompositional accuracy, the processing window for the LPBF
f Mg alloy is much limited. 

In addition to evaporation, porosity, which is a common
ssue for all LPBF metals materials, must be taken into con-
ideration. There are several mechanisms regarding the for-
ation of pores, which are, again, functions of processing

arameters ( Fig. 5 a) [21] . For magnesium specifically, the ef-
ect of processing parameters on porosity is summarised in
able 1 [11 , 22-42] . It is difficult to extract a trend regard-

ng the effect of any individual processing parameter on the
elative density because changing any one of the listed param-
ters would result in different porosity. Therefore, the energy
nput density, E v , is used to represent the combined effects
f these parameters, and it is now apparent from Fig. 5 b
 molten pools under various temperatures (J Al , J Zn and J Mn —burning rates 
Mg/Al weight ratio ( η) of different samples and the fitted relation between 
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Table 1 
Processing-relative density of additive manufactured Mg and alloys [11 , 22-42] . 

Alloys Powder size & 

shape ∗
Method Parameters Input 

energy 
density 

Dens. Ref. 

Power Spot size Speed Layer 
thickness 

Hatch 
spacing 

( μm) (W) ( μm) (mm/s) ( μm) ( μm) (J/mm 

3 ) (%) 

Mg Pre-alloyed 24, s LPBF 70 80 500 30 30 156 97.5 [22] 
1250 63 88.2 

Mg Pre-alloyed 43, s LPBF 90 100 100 30 100 300 96.1 [23] 
90 100 > 300 E ∗

Mg-9Al Blended Mg (42, ir) 
and Al (17, s) 

LPBF 10 34–75 10 50 80 250 74.5 [24] 
15 20 187 78 
15 40 94 86.1 
20 40 125 82 

Mg-9Al Blended Mg (24, s) 
and Al (28, s) 

LPBF 70 80 500 30 30 156 95.7 [25] 
750 104 88 
1000 78 83 
1250 63 81 

AZ61 Pre-alloyed 48, s LPBF 150 70 300 40 60 208 > 99 [26] 
350 179 
400 156 
450 139 
400 80 156 99 
400 100 94 98.2 

AZ61 70, s LPBF 60 150 4 50 50 6000 76 [27] 
70 7000 88 
80 8000 98 
90 9000 96 

AZ91 59, s LPBF 200 333 40 90 167 99.52 [28] 
AZ91 53–75, s LPBF 120 80 10 350 500 69 96.6 [29] 
AZ91 25–63, s LPBF 100 90 800 30 40 104 > 99 [30] 
AZ91 30, s LPBF 50 – 200 30 30 278 98.1 [31] 
AZ91/SiC 50 nm SiC/p 98.0 
WE43 30, p 45, 63, s LPBF 120 90 960 30 40 104 98.6 [11] 

150 1200 104 99.0 
300 1200 208 99.5 

WE43 25–63, s LPBF 200 90 700 30 40 238 99.8 [32] 
WE43 25–63, s LPBF 200 70 1100 40 130 35 99.7 [33] 
WE43 25–63, s LPBF 200 125 700 30 40 238 99.9 [34] 
WE43 25–63, s LPBF 195 100 800 30 200 41 99.7 [35] 

195 800 250 33 98.3 
195 1200 200 27 96.6 
135 1200 200 19 87.6 

G10K 63, s LPBF 80 – 200 30 100 133 99.2 [36] 
GZ112K 31–44, s LPBF 80 100 100 30 100 267 98.7 [37] 

300 89 99.9 
500 53 99. 
700 38 99.8 
1000 27 96.9 
1500 18 71.8 
500 50 107 99.5 
500 150 36 96.5 

GZ151K 25–65, s LPBF 200 – 700 30 70 136 97.9 [38] 
Mg-1Zn Blended Mg-5.5 Zn 

(36, s), Mg (31, s) 
and Zn (19, s) 

LPBF 180 150 700 20 70 183 99.4 [39] 
Mg-2Zn 98.2 
Mg-6Zn 94.7 
Mg-12Zn 98.9 
ZK60 30, s LPBF 200 150 300 20 80 417 94 [40] 

500 250 93 
700 179 88 
900 139 84 

( continued on next page ) 
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Table 1 ( continued ) 

Alloys Powder size & 

shape ∗
Method Parameters Input 

energy 
density 

Dens. Ref. 

Power Spot size Speed Layer 
thickness 

Hatch 
spacing 

( μm) (W) ( μm) (mm/s) ( μm) ( μm) (J/mm 

3 ) (%) 

ZK60 30, s LPBF 50 150 6.7 100 100 750 94.5 [41] 
8.3 600 97.4 
10 500 88.6 
11.7 420 72.8 

Pure Mg 60–80, ir DLD 250 2500 5 – – – 93.3 [42] 

s: spherical shape. 
ir: irregular shape. 
Dens. Relative density. 

E ∗ : Evaporated;. 
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hat there is an optimum regime of E v value for each alloy
ystem. For Mg-Al based alloy, the optimum energy density
elies between 100 and 200 J/mm 

3 and several alloys have
igh relative density > 99% Fig. 5 c. However, several Mg-
l-based data points between 100 and 200 J/mm 

3 still show
 much lower relative density even less than 80%. By sourc-
ig. 5. (a) Schematic illustration of processing window and relevant defect, (b) 
eported up to date [11 , 22-42] , and (c) those sample with high relative density ( ≥
ng the reference paper, it is found that powders for LPBF
re blended Mg and Al, rather than pre-alloyed Mg-Al pow-
ers [24 , 25] . This suggests that it may be far more difficult to
chieve high relative density using blended elemental metal
owders, because the different thermal properties of each ele-
ent may lead to significant local incompatibility during rapid
relative density as a function of energy input density of LPBF-Mg alloys 
99%). 
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ooling. The Mg-RE-based alloys seem to have a larger pro-
essing window (50 to 250 J/mm 

3 ) to achieve low porosity
 < 1%), and the highest relative density of Mg-RE-based alloy
s nearly fully dense e.g. 99.8% to 99.9%, whilst the highest
elative density of Mg-Al-based alloy is 99.5%. In contrast,
ery few Mg-Zn-based alloys have achieved high density. Wei
t al. [39] systematically investigated the effect of Zn con-
entration on alloy processability in LPBF. Despite a similar
 v value (183 J/mm 

3 ), the high relative density ( ∼99%) can
nly be achieved when Zn concentration is very low (1 wt.%)
r high (12 wt.%). In the middle, Mg-6Zn alloy shows the
owest relative, which is not commonly observed in Mg-Al
r Mg-RE alloys. Therefore, having identified the optimum
rocessing window, the ‘printability’, dictated by alloy com-
osition, is critical to achieving high density and low porosity.
he studied alloy so far will be reviewed in the coming sec-

ion. 
Whilst pororsity is inevitable and thus a certain degree

f porosity is acceptable, hot tearing and cracking must be
voided. In LPBF, hot tearing and crack are the most se-
ere issues that deteriorate the quality of the as-built com-
onent. In general, the susceptibility to hot tearing is par-
icularly higher between columnar grains, which are formed
hen the constitutional supercooling becomes much lower,
ut the temperature gradient remains high. As temperature
nd liquid volume fraction decrease, volumetric solidification
hrinkage and thermal contraction between columnar grains
roduce cavities and hot-tearing cracks, which can span the
ntire length of the columnar grain. To date, due to limited
esearch, the effects of alloying and processing conditions on
ot tearing in Mg during LPBF are unclear. Emperically, the
lloy with columnar grains and large solidification range, such
s Mg-6Zn [39] , is more prone to cracking. Systematic stud-
es are required to illustrate crack formation mechanism as a
unction of composition and LPBF parameters in Mg alloys. 

.2. Alloy systems investigated 

Compared with cast and wrought alloy, much fewer com-
ositions have been explored for additive manufacturing. This
s predominantly caused by the high cost associated with the
ustomised production of atomised pre-alloyed powder, which
ould be thousands of times higher than the cost of customi-
ation of cast or wrought alloy composition. Nowadays, the
ommercialised compositions of Mg for additive manufactur-
ng include pure Mg, AZ91, and WE43, predominantly due
o their comparatively larger market demand, better printabil-
ty, and properties for structural and biomedical applications.
ven these compositions are not really “commercialised”, one
an buy them, but for sure not “off the shelf”. 

.2.1. Pure Mg-based alloys 
The earliest trial of laser additive manufacturing of pure

g was achieved in pure Mg by Ng et al. from the Hong
ong Polytechnic University around 2010 using a customised
PBF system with Nd:YAG laser [43 , 44] . In these studies,
ifferent laser power and scan speed were tried for single
rack laser scan, and it was found that LPBF could not be
erformed with the coarse and irregular powder, but could be
uccessful with atomised fine and spherical powders at appro-
riate conditions [43] . The grain size of LPBF pure Mg was
nly about 2–5 μm [44] . Previously, such a small grain size
n pure Mg can only be achieved by severe plastic deforma-
ion at low temperatures [45] . This demonstrates the potency
f microstructure refinement of LPBF, a key advantage over
onventional casting and thermomechanical processing. The
ardness reported in this report is incredibly high, from 60 –
9 HV (0.59 – 0.87 GPa) [44] . However, a high density of
xides and cracks were observed along the grain boundaries
f the LPBF single-track sample. 

The first bulk pure Mg produced by LPBF is reported by
u et al. from Chongqing University [23] . The spherical pow-
ers with two different sizes (26 and 43 μm) were used for
PBF, and were provided by Tangshan Weihao Magnesium
owder Co. Ltd, which seems to provide most of powders for
PBF research in China. Based on the data provided [23] , a
rocessing window for LPBF pure Mg in this review, which
s quite small ( Fig. 6 ). The insufficient input energy density
low power or fast scan speed) cannot make a consolidated
uilding, whilst a high power input results in severe evapo-
ation. Even within the processing window, the highest rela-
ive density is reportedly 97.5% [22] , which is still less than
 99% (normally required for industry application). Close ex-

mination shows a high density of gas pores and irregular
ack-of-fusion pores, and some pores are interconnected [22] .
part from LPBF, DLD was used as a method of additive
anufacturing [46 , 47] . In these studies, coarser particles with

rregular shapes were used as feedstock materials. The as-
uilt sample has a much rougher surface finish and larger
nd denser pores and cracks. 

.2.2. Mg-Al-based alloys 
Amongst Mg-Al based alloy, AZ31 is the most important

ommercial composition in cast and wrought forms. However,
or laser-powder-based additive manufacturing, the number of
iterature is very limited, whilst most AZ31 for additive manu-
acturing is based on the wire-arc method. In fact, the majority
f laser-based Mg-Al alloys are with high Al concentrations,
uch as AZ91. This is because Al provides strengthening by
olute and Mg 17 Al 12 intermetallic phase, improves castability
thus ‘printability’), and the presence of Al requires that the
lloys be grain refined by super-heating or inoculation [1] .
evertheless, Pawlak et al. studied LPBF process of AZ31

nd achieved a low porosity level ( < 0.5%) [48] . Such a low
orosity level is also achieved in AZ61 and AZ91 in LPBF,
emonstrating the acceptable ‘printability’ of Mg-Al-based al-
oy. 

The LPBF AZ61 [26 , 27] and AZ91 alloys demonstrated
ne and equiaxed grain with nearly random texture. The grain
ize can be as small as 1 – 3 μm ( Fig. 7 a). In some stud-
es, the Mg 17 Al 12 intermetallics are distributed along the grain
oundaries and interconnected ( Fig. 7 b), and the grain inte-
ior is essentially particle-free [26–31] . However, our unpub-
ished results show elongated grains along the building direc-
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Fig. 6. Processing window of pure Mg in LPBF, data from [23] . 
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ion ( Fig. 7 c). There are two forms of Mg 17 Al 12 intermetallic
hase. One is those distributed along the grain boundaries, but
here are high density of spherical Mg 17 Al 12 nano-particles
ith a diameter of 100 – 300 nm inside grains ( Fig. 7 d). The
PBF conditions for this case is 50 W laser power, 400 mm/s
can speed, 40 μm hatching distance and 30 μm layer thick-
ess, resulting in an input energy density of 104 J/mm 

3 . The
nput energy density in our case is very similar to that re-
orted by Jauer et al. [30] , Jauer et al. used a higher power
100 W) and faster scan speed (800 mm/s). This may be
robably a reason for such different microstructures between
hese two samples ( Fig. 7 ), but the mechanism is still to be
xplored. The comparison of the two cases demonstrates that
he microstructure of LPBF AZ-based alloy is tunable by ad-
usting processing parameters. 

.2.3. Mg-RE-based alloys 
Amongst the Mg-RE system, additive manufacturing of

E43 alloy is most widely studied for biomedical implant
pplications. As aforementioned, WE43 alloy has good print-
bility, and it has an even larger processing window to achieve
ow porosity than AZ91 alloy. Moreover, WE43 is biocom-
atible, and does adverse cell reactions such as cytotoxic-
ty, but Al is. Indeed, Al is neurotoxic element and banned
rom bioabsorbable Mg alloys in fear of Alzheimer’s disease.
ence, WE43 has attracted more attention for biodegradable
mplants, such as scaffolds. 

In the early studies, Zumdick and Jauer [30 , 32] have shown
 refined and nearly uniformly equiaxed microstructure of
PBF WE43 ( Fig. 8 a), despite some very small number
rains with abnormal grain growth during LPBF. The size
f equiaxed grain is about 1 – 3 μm, and they have nearly
andomised orientations. Interestingly, later in 2019, despite
sing the same processing conditions from the same research
roup, the LPBF WE43 show a totally different microstruc-
ure, in which large and strong-basal-textured grains (20.4 ±
.3 μm) with irregular shape are dominant ( Fig. 8 b) [34] .
nly at the centre of the last melt pool, there are refined and

quiaxed grains (4.7 ± 0.4 μm) with randomised texture.
etween the equiaxed grain and large irregular, grains are
olumnar grains. During subsequent solidification, equiaxed
rains nucleate in the undercooled liquid ahead of the colum-
ar zone and a columnar-to-equiaxed transition occurs in the
elt pool. The columnar grains in regions II are those elon-

ated along the building direction, they have a strong basal
exture that is similar to the texture of irregular grains in
egion III. This indicates that (i) extensive grain growth oc-
urred in the bulk due to the successive prior laser tracks,
ii) the strong-basal-textured columnar grains at the boundary
f melt pool (e.g. those in Region II) grows preferentially and
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Fig. 7. EBSD orientation map and SEM image of LPBF-AZ91 alloy by (a, b) Jauer et al. [30] and (c, d) our unpublished work. 
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eplace columnar grains with other orientations and equiaxed
rains with random orientations in prior laser track. This ob-
ervation could justify the strong basal texture and large irreg-
lar grains of WE43 alloy reported by Esmaily et al. [11] . In
his case, WE43 alloy was built under a wide range of input
nergy densities (120 – 300 J/mm 

3 ), but they all show large
nd strong-basal-textured grains ( Figs. 8 c and d). Although
efined grains occur in the sample subjected to a higher input
nergy density (300 J/mm 

3 ), they just take a small fraction
 Fig. 8 d). 

Figs. 8 b-d demonstrates that although rapid solidification
f the melt pool produced by the laser beam generates fine
quiaxed and columnar grains. The grain growth with a strong
0001]//BD texture results from heat treatment that is caused
y the subsequent laser scans throughout the LBPF process.
t is shown [34] that grain growth occurs extensively after a
ingle-layer deposition and that the grains reach their ultimate
ize after the generation of two layers. The detailed mecha-
ism which produces such extensive grain growth and tex-
ure development is unknown. However, in Fig. 8 a [32] , such
rain growth does not occur. While the composition, size and
istribution of the powder particles and the processing were
asically identical, the authors proposed that the difference
as in the supplier of the powder: Materials Science and
ngineering of Werkstoffzentrum Clausthal UG for Fig. 8 a
ersus Magnesium Elektron for Fig. 8 b. However, why the
owders from different vendors can result in such a dramatic
ifference in microstructure is still to be investigated. 

The authors proposed that powders from different vendors
ay contain different amounts of yttrium oxide (Y 2 O 3 ) parti-

les, which is speculated to provide Zener-pinning to suppress
rain growth. In fact, RE early elements have high affini-
ies to oxygen. The Gibbs free energy of formation of Y 2 O 3 

nd Nd 2 O 3 is −1816 and −1807 kJ/mol, respectively, much
igher than that of MgO ( −596 kJ/mol). Therefore, all the
ublications about LPBF-WE43 hitherto have shown large
mount of RE oxide ( Figs. 8 e and f). Despite high density
f RE oxides, the large and basal-orientated grains are still
ominant in the LPBF-WE43 reported by Esmaily et al. [11] .
his observation raises the question about the effectiveness
f RE oxide on Zener Pinning of grain growth. 

In fact, during solidification, the grain growth is more
ffected by type and concentration of solute atoms, known
s Growth Restriction Factor raised by StJohn [49] . In this
odel, the Growth Restriction Factor Q = C 0 m(k-1) where
 0 is the composition, m is the slope of liquidus line, and
 is the equilibrium distribution coefficient. It can be seen
hat a higher solute concentration results in a more restric-
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Fig. 8. EBSD orientation maps show (a) fine, equiaxed, and randomly orientated grains in bulk LPBF-WE43 sample [30] , (b) fine, equiaxed, and randomly 
orientated grains in the last melt pool and its surrounding large, irregular-shape, and basal-orientated grains [34] , and (c) large, irregular-shape, and basal- 
orientated grains in the bulk sample [11] . (d and e) EDXS maps acquired from the same material at two different magnifications, and (f) XRD spectra showing 
the presence of various phases including intermetallics and oxygen-rich species in the LPBF-WE43 [11] . 
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ion on grain growth thermodynamically. Therefore, if WE43
owder is significantly oxidised during manufacturing, stor-
ge, and transport, the solute concentration of RE element
n the powder will be much lower than its designation. The
ow concentration of solute atoms in powder cannot restrict
rains from preferential growth and thus leads to large and
asal-orientated grains shown in Figs. 8 b and c. 

Apart from studies based on commercial WE43 powder,
 research team from Shanghai Jiaotong University has cus-
omised the powder composition and developed severe com-
osition based on Mg-Gd systems [36–38] . The as-LPBF Mg-
d-based alloy shows refined and equiaxed grains (1–2 μm)
ith random orientations. The alloy contains minimal ox-

des and pores, and the relative density can be as high as
9.95% [37] . The random-orientated equiaxed grains are also
chieved by DLD in an Mg-10Gd-3Y-0.4Zr alloy, using a
 p  
oarser spherical powder (100–300 μm). However, by DLD,
he sample has a larger grain size (19 μm in average diam-
ter), and contains a higher fraction of pore [50] . Neverthe-
ess, no matter DLD or LPBF is used, the preferential grain
rowth of basal-orientated grains should be restricted by a
igh concentration of Gd element ( > 10 wt.%) during rapid
olidification. 

.2.4. Mg-Zn-based alloys 
Compared with Mg-Al and Mg-RE alloy, Mg-Zn-based al-

oy has attracted much less attention, despite biocompatibility
f Zn. The most important reason is the much poorer ‘print-
bility’ of Mg-Zn alloy than Mg-Al and Mg-RE alloys, as the
g-Zn has much lower eutectic temperature about 325 °C and

hus a large solidification range. The acceptably low-level of
orosity can only be achieved when Zn concentration is very
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Fig. 9. (a) Tensile properties of laser additively manufactured Mg alloys against cast alloys [1] and wrought (rolled and extruded) alloys [56] . Tensile fracture 
surface of (b) Mg-9Al [24] and (c) WE43 [32] . 
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ow (e.g. ≤1 wt.%) or very high (e.g. ≥12 wt.%) [39] . How-
ver, when the Zn concentration is in the middle, e.g. 6 wt.%
the Zn concentration for commercial ZK60 wrought alloy),
he sample contains not only a high density of pores, but
lso severe hot cracking, making the alloy not usable. The
ighest relative density of ZK60 by LPBF is ∼97% [41] ,
hilst most of them are lower than 94%. Hence, Zn can
nly be added as a minor alloying element in laser AM-Mg
lloy. 

Apart from Mg-Al, Mg-RE, and Mg-Zn-based alloy, Mg-
a (pre-alloyed powder) [51] and Mg-Sn-based alloy (blended
owder) [52] are also investigated. They are expected to have
etter ‘printability’ than Mg-Zn alloy, as both of them have a
igher eutectic temperature (510 °C for Mg-Ca and 466 °C for
g-Sn) and narrower solidification range than Mg-Zn alloy.

he preliminary result looks promising, as both alloys show
ne microstructure, but more comprehensive studies need to
e provided for understanding the solidification behaviour,
icrostructure evolution, and mechanical and electrochemi-

al properties. 

.3. Properties of laser-based additive manufacturing 

.3.1. Tensile property 
The tensile properties of laser additively manufactured Mg

lloys are summarised in Table 2 [11 , 22–39 , 53–55] , and plot-
ed in Fig. 9 a against cast alloys [1] and wrought (rolled
nd extruded) alloys [56] . The alloy yield strength is above
00 MPa, and some reach 350 MPa, which is sufficient for
ost structural applications. However, the low ductility is a
ajor issue. Most of AM-Mg alloys have a ductility of less

han 5%, and some alloy even does not have any ductility, and
heir mechanical property has to be measured by compression
r hardness test. Such a low ductility is not acceptable as en-
ineering materials. From the characterisation, some alloys
ave fine grains, weak texture, low porosity, but the ductility
s still low. The following reasons are posited. Firstly, the as-
PBF has high residue stress due to the rapid solidification,
hich decreases alloy ductility. Secondly, the studied alloy,

uch as AZ91, WE43, Mg-Gd alloys, contains a high concen-
ration of alloying elements that form intermetallic along the
rain boundaries. Then, the grain boundaries become brittle,
ecoming the origin of local failure, and they cannot accom-
odate plastic deformation (e.g. grain boundary sliding, slip

nd twin transmission across grain boundaries, etc.). Thirdly,
he sputtered powder or vapour would re-deposit on the sam-
le surface, causing the part of not well consolidated or with a
eak bond. This can be demonstrated by the cauliflower-like

eature on the fracture surface, Fig. 9 b [24] . 
Up to date, the reported highest ductility of laser additively

anufactured Mg alloy is 12.2% in WE43 alloy [32] . From
he fracture surface ( Fig. 9 c), it is obvious that the sample is
ractured in a ductile mode despite some gas pores observed.
nnealing at a high temperature can improve alloy ductility.
y annealing at 536 °C for 24 h and aged at 205 °C for 48 h,

he ductility of LPBF-WE43 is increased from 2.6% in the as-
uilt state to 4.3% after heat-treatment [33] . A more remark-
ble increase in ductility from 2.2% to 7.5% is achieved by
riction stir processing, which significantly refined grain size,
lleviated residue stress, and redistribute the intermetallics of
n Mg-10Gd-0.3Zr alloy [36] . Although it is unlikely to pro-
ess a LPBF net shape component by FSP in real engineering
pplications, it at least demonstrates that the LPBF alloy is
ot intrinsically brittle, and an acceptable ductility can be
btained if powder quality, composition, and processing are
ptimised. 
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Table 2 
Input energy density, grain size, tensile, and electrochemical property of laser additively manufactured Mg alloys [11 , 22–39 , 53–55] . 

Alloys Energy 
density 

Grain 
size 

Mechanical property Electrochemical property Ref. 

Hardness YS UTS EL. Solution i corr Mass loss 
(J/mm 

3 ) ( μm) HV (MPa) (Mpa) (%) ( μA/cm 

2 ) mm/year 

Pure 
Mg 

97.5 1–5 – – – – Hank’s 
solution 

74 3 [22] 
88.2 – 177 32 

Pure Mg 300 – 52.4 – – – – – – [23] 
Mg-9Al 250 10–20 70 – – – – – [24] 
Mg-9Al 156 1–3 – 274 1 – – – [25] 
AZ61 139 1.6 – 219 273 3.3 – – – [26] 

156 1.8 233 287 3.1 
179 2.1 225 261 2.8 
208 2.5 216 239 2.1 

AZ61 120 4.5 70 – – – SBF 
solution 

2.7 [27] 
140 8 80 2.4 
160 10 93 1.2 
180 13 90 1.5 

AZ91 167 1–
2.9 

85–
100 

274 296 1.2 [28] 
83 237 254 1.8 

AZ91 68.6 1–10 115 – – – [29] 
AZ91 104 1–1.5 – 265 328 3.8 [30] 
AZ91 278 3.3 – 308 345 1 – – – [31] 
AZ91-SiC 278 1.1 – 260 300 2 – – –
AZ91–2Ca – – – 235 332 3.2 – – – [53] 
WE43 120 34 – – – – 0.1 M 

NaCl 
5.1 6 

–

7.2 

[11] 
150 27 5.0 
300 18 4.4 

WE43 238 1 – 296 308 12.2 – – – [32] 
WE43 35 1–3 – 214 251 2.6 – – – [33] 
WE43 238 20.4 – – – – – – – [34] 
WE43 [35] 
G10K 133 27 80 180 228 2.2 – – – [36] 
GZ112K 89 1.5 – 325 332 4 – – – [37] 
GZ151K 136 2 345 368 3 – – – [38] 
Mg-1Zn 183 – 50 145 11 – – – [39] 
Mg-2Zn 46 70 2.5 
Mg-6Zn 65 50 1.5 
Mg-12Zn 83 75 3.2 
ZK30 2000 – 80 – – – SBF 

solution 
17.8 1.23 [54] 

ZK30-Cu 98 47.8 2.12 
Pure Mg – – – – – – 3 wt.% NaCl 1000 143.9 [55] 
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.3.2. Electrochemical durability 
Currently, the most promising application of AM Mg al-

oys is biodegradable implants. Take oral and maxillofacial
mplants as an example, the implant should maintain mechan-
cal integrity in the first month, and then gradually degrade
nd fully dissolved and metabolised after three months. This
equires sufficient electrochemical durability as Mg and its al-
oys is known with poor corrosion resistance in most aqueous
nvironments [57] . The electrochemical durability of LPBF
ure Mg and some alloys is shown in Table 2 

In Hank’s solution, the corrosion current density (i corr ) of
PBF pure Mg ranges from 74 – 177 μm/cm 

2 [22] , which is
igher than the cast pure Mg ingot measured under the same
ondition (23.6 μm/cm 

2 ) [58] . The mass loss rate is also high,
etween 3 – 32 mm/year, depending on processing parame-
ers. When pure Mg is manufactured by DLD, the corrosion
ate is extremely high, about 144 mm/year in 3 wt.% NaCl
olution [55] . This higher corrosion rate is closely related
o the defects generated during LPBF, because the localised
orrosion is initiated from the defects and loosely fused Mg
lusters and sintered Mg powder are detrimental to the cor-
osion resistance. High more defects they are, the faster the
egradation rate it is [22] . 

Similarly, the LPBF WE43 alloy also showed much worse
orrosion resistance than its cast counterpart. The corrosion
urrent density ranges between 20 – 60 μm/cm 

2 in a re-
ised simulated body fluid (r-SBF) with 5% foetal bovine
erum [59] , and in 0.1 M NaCl solution, its mass loss rate
6–7.2 mm/year) is about 6 times higher than that of cast

E43 alloy (0.8–1.2 mm/year) [11] . Despite the relative den-
ity of more than 99%, the higher corrosion rate is caused by
he microgalvanic reaction between the high density of stable
E oxide particles and reactive Mg matrix. The LPBF-WE43

caffold was reported to lose its structural integrity after 21
ays immersion in SBF if the surface is not treated by plasma
lectrolytic oxidation [60] . However, in another report [59] ,
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he LPBF-WE43 alloy at least maintained their structural in-
egrity without obvious detachment of degraded particles after
8 days in vitro, but the strength is decreased by 41% com-
ared to that in the as-built state. It seems that the degradation
f scaffold is more complex than bulk sample, as it is affected
y design parameters, such as pore size and strut diameter. 

In contrast, Mg-Al based alloy shows similar corrosion re-
istance to the cast one. For LPBF-AZ61 alloy, the degrada-
ion rate was about 6 – 8 mm/year in the as-immersed state,
nd then decrease and stabilised around 1.2 – 2.7 mm/year
n SBF [27] . This is similar to the cast AZ61 sample in SBF,
or which the corrosion rate is about 6.5 mm/year initially
nd stabilised at 1.299 mm/year after immersion for 24 days
61] . 

For Mg-Zn system, the LPBF-ZK60 shows slightly better
orrosion resistance than cast ZK60 in terms of corrosion cur-
ent density and hydrogen evolution rate, although the surface
f the corroded sample seems to indicate a more severe cor-
osion of LPBF-ZK60 [62] . Shuai et al. added dilute concen-
ration of Cu to LPBF ZK30 [54] and ZK60 [63] to increase
he antibacterial effect of Mg-Zn-Zr implant, by blending ZK
owders with Cu powders. It is found that the Cu addition
ccelerates the degradation of LPBF ZK-Cu alloy. 

.3.3. Biocompatibility 
As the most promising application of AM-Mg alloys is

iodegradable implants, the biocompatibility of LPBF-Mg al-
oys needs to be considered. Mg is an essential element in
he human body. Mg itself biodegradable, and will gradually
ransfer the load from implant to regenerated bone during
egradation [64] . They have a comparable density (1.7 g/cm 

3 )
nd Young’s modulus ( ∼45 GPa) to human bone. Mg is bio-
ompatible and bioactive, significantly promoting cellular pro-
iferation and differentiation [65] . It is beneficial to the stabil-
sation of RNA and DNA, and the healing and bone growth
66,67] . However, when developing biodegradable implants
ased on Mg alloys, the alloying element should be biocom-
atible as well. For example, although Al addition can en-
ance the ‘printability’, Al 3 + is neurotoxic, and it accumu-
ates in the nervous system and may result in Alzheimer’s
isease. Similarly, although Cu addition may have some an-
ibacterial effect [54] , Cu is most cytotoxic [25] . Therefore,
l- and Cu-containing alloys are unlikely to be approved for

linical applications. 
So far, numerous studies have reported the biocompatibil-

ty of LPBF WE43 as scaffold implant in vitro [59 , 60 , 68 , 69] .
ive-dead staining with subsequent dual-channel fluorescent
ptical imaging (FOI) showed a significant percentage of MG-
3 cells in direct contactwithWE43 appeared to be dying 4 h
fter immediate seeding [59] . In contrast, any cell death can
ardly observed on Ti-6Al-4V 4 h after seeding. The pre-
ncubation of WE43 scaffolds for 48 h in physiological serum-
ontaining culture medium resulted in a substantial number of
ells being viable even after 24 h of direct contact. In a sep-
rate study using indirect extract-based assays (LDH, XTT
nd BrdU) method [68] , a similar observation of poor cell
dherence to LPBF-WE43 scaffold was reported. Although
here seems to be no cytotoxic potential deriving from RE-
ased magnesium alloys themselves, the vast reaction of the
are metal surface leads to high values of initial hydrogen gas
volution and local pH shifts, thus impairing cell metabolism
68] . In direct live/dead staining, only a few dead cells were
dentified, and no viable cells were observed on the LPBF-

E43 scaffold. This issue can be solved by surface modifi-
ation, such as plasma electrolytic oxidation, because passi-
ating ceramic-like surface not only seems to offer a suitable
iche for adhering cells, but also throttled the release of degra-
ation by-products and thus encouraged hardly any signs of
ell impairment [60] . 

Apart from WE43, LPBF scaffold is also reported to be
anufacturing based on pre-alloyed Mg-Nd-Zn-Zr (JDBM)

70] . Similar to the studies of LPBF-WE43 [59 , 68] , far more
ells adhered onto the scaffold coated by dicalcium phosphate
ihydrate than onto the uncoated scaffold in the cell adhe-
ion test. In this study [70] , no significant difference in terms
f cytotoxicity was found between the coated and uncoated
PBF-JDBM scaffold: both samples stimulated cell growth.
his finding needs a more comprehensive study and verifica-

ion because it is highly unlikely that uncoated AM mg will
ot at least irritate direct cell response. 

. Non-laser-based manufacturing 

In this review, we use non-laser-based manufacturing to
abel the AM method for which the energy sources are not
aser. These methods include sinter-based AM, wire arc addi-
ive manufacturing (WAAM), friction stir-based additive man-
facturing, and indirect AM. Selective electron beam melting,
n AM method used for manufacturing Ti and Al components
12] , has not been used for AM-Mg alloys, probably becaseu
-beam melting must be done in high vacuum but the Mg
vaporates vastly in vacuum. 

.1. Sinter-based additive manufacturing 

Unlike fusion-based AM methods which are classified as
 single-step process, sinter-based AM methods are a multi-
tep process where the final 3D parts are fabricated in two
r more distinctive operations. The first operation step com-
only produces an analogous geometry of the final parts.
hen, the analogous geometry consolidates to the final parts
uring the subsequent operation step(s). Representative multi-
tep AM processes include binder jetting, material extrusion,
aterial jetting, and vat photopolymerization. In the context

f AM technologies for Mg alloys, binder jetting and material
xtrusion have been realized. While detailed descriptions of
hese two methods are reviewed in Refs. [71–73] , being able
o perform AM of 3D parts under ambient conditions shows
he greatest promise of binder jetting and material extrusion
or AM of Mg alloys. This capability to fabricate 3D parts
t room temperature minimize/avoid the issues related to the
andling of Mg powder at high temperatures such as safety,
xidation, and evaporation. However, sinter-based AM of Mg
s still in the early stage of development and many studies are



1524 Z. Zeng, M. Salehi, A. Kopp et al. / Journal of Magnesium and Alloys 10 (2022) 1511–1541 

n  

b

A
 

j  

p  

r  

b  

i  

p  

a  

a  

o  

c  

o  

t  

t  

p  

D  

p  

f  

s  

T  

m  

t  

f  

s  

c  

m  

i  

m  

p
 

m  

[  

p  

t  

p  

b  

a  

p  

b  

a  

D  

M  

l  

F  

p  

n  

i  

A  

t  

o
 

m  

c  

h  

a  

o  

m  

p  

n  

m  

b  

[  

c  

s  

b  

Z  

t  

b  

M  

e  

(  

a  

a  

m  

i  

i  

b  

c  

m  

c  

A  

c  

s  

i

S
 

i  

s  

i  

c  

c  

c  

d  

p  

i  

a  

r  

i
 

M  

v  

s  

n  

r  

o  

t  

M  

t  

s  
eeded. The advancements made in these two methods will
e reviewed in the coming section. 

M of green parts 
The first operation step to form a green 3D part in binder

etting and material extrusion methods involves gluing Mg
owder particles together through either an adhesion or a
eaction binding mechanism in a layer-by-layer manner. In
inder jetting, a liquid binder system is selectively deposited
nto the powder bed, while in material extrusion methods Mg
owder is mixed with a polymeric binder system to produce
 feedstock in the form of pellet, filament, or paste having an
dequate viscosity for extrusion. A binder system is needed
nly to retain the shape of 3D parts until the sintering pro-
ess starts and must not adversely affect the consolidation
f powder. In view of the intrinsic properties of Mg alloy,
he selection of an appropriate binder system for Mg alloy
hat neither reacts with Mg powder throughout the entire AM
rocess nor leaves any residue behind is essentially important.
ue to its high reactivity and low melting temperature, Mg
owder reacts with the binder systems that are widely utilised
or other materials during feedstock preparations, printing, or
ubsequent consolidation steps (i.e., debinding and sintering).
hese reactions occurring between Mg powder and a binder
aterial or its decompositions by-products lead to the forma-

ion of undesired compounds anchored on Mg particle sur-
aces, strongly inhibiting Mg powder from sintering. For in-
tance, when Mg powder was mixed with PLGA (polylactide-
o-glycolide) as the binder to prepare a paste feedstock for
aterial extrusion, by-products of PLGA decomposition dur-

ng the debinding process reacted with Mg powder to form
agnesium carboxylate on the surface of Mg powder particles

reventing them from sintering [74] . 
In successful attempts in developing binder systems for

aterial extrusion of AZ91 and AZ 81 alloys powder
75 , 76] , the polymeric binder systems were composed of
olypropylene–copolymer–polyethylene, thermoplastic elas-
omer, and stearic acid that blended with 64 vol.% of the
owder mixed at 160 °C to produce feedstock. Solvent de-
inding in hexane at 40–65 °C for 20–120 h followed by
 thermal debinding at higher temperature in a furnace was
erformed on 3D printed parts to remove the binder systems
efore sintering process. However, there are no data available
bout possible binder-Mg powder interaction or its residue.
ong et al. [74] manually mixed up to 62 vol.% of pure
g powder with a binder system composed of dibutyl phtha-

ate, chloroform, and polystyrene to prepare a paste feedstock.
ourier-transform infrared (FTIR) and XRD analyses of the
aste confirmed that Mg powder and the binder system did
ot interact. Thermal decompositions of the binder occured
n two temperature ranges of 115–210 °C and 320–440 °C.
nalysis of thermal debinded and sintered samples showed

hat 0.05 wt.% of carbon residue left behind and 1–2 wt.%
f MgO formed. 

For binder jetting of Mg powder, Su et al. [77] used a
ixture of deionized water and multiple low molecular al-

oholics for the printing of AZ91D powder that followed by
eating of green parts at 90 °C for 10 h in the air to form
 net-like framework structure of MgO to maintain the shape
f green parts during a sintering process. However, no infor-
ation on the overall oxygen pick-up in green or sintered

arts was provided in this work. It is worth mentioning that a
ative 10-nm-thick MgO film inevitably exists on the outer-
ost layer of Mg powder [78] . This film could be thickened

ecause Mg powder reacts with an aqueous-based solution
79] . A thicker MgO film makes the subsequent sintering pro-
ess more difficult, which is thoroughly discussed in the next
ection. Salehi et al. [80–82] developed a capillary-mediated
ridging concept for binder jetting of pure Mg and Mg-Zn-
r powder to eliminate the need for a polymeric binder sys-

em and subsequent debinding step. This method functions
ased on the reaction binding mechanism in which the native
gO film on Mg powder particles interacts with a propri-

tary solution to form interparticle bridges of MgCO 3 • 3H 2 O
 Fig. 10 a). These bridges completely decomposed to MgO
t around 400 °C in a sintering step, according to thermal
nd chemical analyses results. Figs. 10 b and c show that the
orphology and chemical composition of starting Mg powder

n terms of carbon, hydrogen and oxygen elements changed
n green parts, and when the amount of solution used for
inder jetting increased, more reactions and, in turn, more
ompositional changes occurred. Sintering retrieved the pri-
ary composition of raw powder from green parts with zero

ontamination left behind. It should be emphasized that since
M of Mg should be mainly focussing on biomedical appli-

ations, these approaches have the great risk of leaving any
ubstance behind from the binding phase – which essentially
s a great risk for this field. 

intering of green parts 
Consolidation of green parts, the secondary operation step

n sintered-based AM, is mainly composed of debinding and
intering stages. Currently, densification of green Mg parts
s a major issue in sinter-based AM of Mg alloys. Densifi-
ation is affected by the interplay of several parameters, in-
luding; (i) properties of starting Mg powder (e.g. chemical
omposition, powder particle size, powder shape, particle size
istribution, powder flowabiltiy, oxygen content), (ii) process
arameters for AM of green Mg parts (e.g. Mg powder-binder
nteractions, layer thickness, binder saturation level, density),
nd (iii) debinding and sintering parameters (e.g. debinding
esidue, sintering furnace type, sintering temperature, sinter-
ng time, sintering atmosphere). 

As discussed earlier, a proper choice of binder systems for
g powder that remains the powder particle surfaces intact is

ital for successful sintering. Carbon residue on Mg particle
urface has a severely inhibiting effect on sintering [83] . The
ative MgO shell on the outside of each Mg powder wholly
etards solid-state sintering of a loosely packed configuration
f powder in green Mg parts since MgO is nearly impervious
o the diffusion of Mg atoms as discussed in Ref. [82] . As

gO is rather stable even beyond Mg boiling temperature,
he oxide shell must be broken or reduced to provide a diffu-
ion path for Mg atoms and feasible sintering kinetics. Pow-
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Fig. 10. Binder jetting of Mg-Zn-Zr powder by capillary-mediated bridging, (a) macrograph of green parts printed with layer thickness of 100 μm and solution 
saturation level of 70%, (b) solid interparticle bridges in green parts that enabled the rapid 3D assembly of Mg powder particles, (c) chemical analysis of raw 

Mg-Zn-Zr powder, green parts and sintered parts showed zero-sum change in chemical compositions of the raw in the sintered samples [80] . 
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er compactions and the addition of more reactive elements
ike calcium to Mg powder were used in convectional powder
etallurgy of Mg alloys to overcome this issue [84] . Since ap-

lying an external mechanical force on green Mg parts is not
ossible, liquid phase sintering was used to partially break the
gO shell and densify green Mg parts fabricated by binder

etting and material extrusion methods [72 , 74 , 77 , 80 , 82] . In the
iquid phase sintering, the capillary force draws the forming
iquid into the sintered neck regions between adjacent pow-
er particles for enhanced mass transport amongst particles. In
eneral, a higher sintering temperature or liquid phase content
esults in a higher density and, in turn, greater properties in
intered Mg parts. However, swelling phenomena constraints
he sintering temperatures and liquid phase fractions from ris-
ng to a greater range to achieve a higher density and a shorter
intering dwell time. Due to high surface tension of molten
g and poor wettability between MgO and liquid Mg phase,
hen the relative fraction of liquid phase goes beyond the



1526 Z. Zeng, M. Salehi, A. Kopp et al. / Journal of Magnesium and Alloys 10 (2022) 1511–1541 

Fig. 11. Pushing the sintering innovation boundaries toward a higher density in binder jet printed Mg components while maintaining their shape fidelity 
and chemical composition during the post-printing sintering process, (a) cuboid samples made of Mg-Zn-Zr powder sintered at the maximum temperature of 
625 °C, and (b) spherical cap-like samples sintered made from the same Mg-Zn-Zr powder sintered at the maximum temperatures of 606 °C and 615 °C 

showing uniform shrinkage and no swelling during the sintering process [85] . 
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apability of capillary force, excess liquid phase pulls out to
he exterior of Mg parts to form nodules on sintered parts,
s observed in sintering of binder jet printed Mg-Zn-Zr alloy
nd extrusion-based printed pure Mg alloy [74 , 80 , 82] . This
welling causes the part shape fidelity to lose and it’s chem-
cal composition to degrade. 

Three attempts have been made so far to enhance densi-
cation and shorten the sintering time of binder jet-printed
g parts, and many more studies are needed to advance

intering knowledge for Mg alloy. A recent study reported
hat binder jet printed green Mg parts could be successfully
intered up to 50 °C above the swelling temperature previ-
usly known for an alloy without the addition of sintering aids
f the dihedral angle between adjacent Mg powder particles
ver the course of the sintering process is meticulously con-
rolled [85] . Fig. 11 shows how the shape fidelity of binder
et printed Mg-Zn-Zr components was maintained in a broad
ange of sintering temperatures. It is worth mentioning that
he swelling temperature previously reported for this alloy
as 573 °C [82] while the parts sintered in a broad range of

intering temperatures up to 625 °C to obtain a higher den-
ity. In the second attempt, Salehi et al. [72 , 80] found that
mploying microwave sintering for densification of binder jet
rinted Mg-Zr-Zn green parts shortened the sintering time by
hree folds as compared to sintering in a conventional tube
urnace because sintering mechanisms triggered at a compar-
tively lower temperature in a microwave furnace. Although
he notion of microwave sintering is clear, further research
nto some challenges appertaining to AM is needed. For in-
tance, green parts with more complex geometries are gener-
lly embedded in refractory powder to have adequate supports
uring sintering at elevated temperatures. The presence of this
upport powder would totally change electromagnetic energy
bsorptions in a microwave furnace. In the third attempt, Su
t al. [77] used a two-step sintering process in which a binder
et-printed AZ91D sample was first heated up to 700 °C, held
or 30 min, rapidly cooled to lower temperature at around
00 °C, and held for 6 h Even though a density level of 99%
as obtained for small cylindrical samples, more comprehen-

ive studies need to be performed because sintering above a
iquidus temperature involves a high risk of losing shape fi-
elity and even a total collapse of green parts, especially for
 larger part with more complex geometries. 

lloy systems investigated 

The first work regarding the sinter-based method was
chieved in pure Mg and Mg-Zr-Zn by Salehi et al. from the
ational University of Singapore and Singapore Institute of
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anufacturing Technology in 2018, whereby the capillary-
ediated bridging concept was used for binder jetting, as

iscussed above [81] . In 2019, Wolf et al. from Helmholtz-
entrum Geesthacht, Germany, reported the first Mg samples
roduced by material extrusion whereby they capitalized on
heir experience in developing Mg metal injection moulding
or fused filament fabrication of AZ81 [75] . Compared to
aser-based methods for AM of Mg, very few compositions
ave been investigated for sinter-based methods. Only four
ompositions have been developed by either binder jetting or
aterial extrusion methods, namely, pure Mg, Mg-Zn-Zr (a

imilar composition to the ZK60A alloy), AZ91, AZ81, pre-
ominantly due to the challenges associated with developing
reen parts feedstock technology and subsequent consolida-
ion strategies, as thoroughly discussed above. These types
f powder had spherical shapes and their sizes were in the
ange of 25 to 70 μm, which were supplied by commercial

g powder manufacturers. Interestingly, Mg-Zn-based alloys
ith 5.5 wt.% Zn, which indicated poor printability for LPBF

See Section 2.2.4 ), have gained attention for sinter-based AM
s a result of their broad solidification range making them de-
irable for liquid phase sintering. 

.2. Properties of sinter-based additive manufacturing 

ensity and microstructure 
The relative density (Dens.) and corresponding sintering

egimes of sinter-based AM Mg alloys are summarised in
able 3 . Density increases with increasing sintering tempera-

ure and/or time for all alloys as a result of improved mass
ransports amongst adjacent Mg powder particles, in agree-
ent with conventional powder metallurgy. Up to date, the

eported highest density of sinter-based additively manufac-
ured Mg alloy is 99.5% in AZ91 alloy [77] . Comparison
ade between the reported sintering temperatures and the so-

idification temperature ranges of the alloys (i.e., solidus and
iquidus temperatures) indicated that liquid phase sintering
as used for sintering all alloys and the selected sintering

emperature was close or even above the liquidus tempera-
ure of alloys. Such a high amount of liquid content in green
arts could be challenging when it comes to translating results
rom small samples to a large component because the optimal
raction of liquid phase for sintering of powder metallurgy
abricated parts was in the range of 20 vol.% to 40 vol.%
86] . To address this concern, results on shrinkage and dis-
ortion analysis of sinter-based AM fabricated Mg need to be
eported. 

Microstructural features of sinter-based AM are more sim-
lar to conventional powder metallurgy. Fig. 12 shows EBSD
f binder jet printed AZ91 samples after liquid phase sintering
t different temperatures with the corresponding grain size. As
an be seen, liquid phase sintering profiles control microstruc-
ures and the average grain sizes are extremely larger than that
f LPBF ( Table 2 ). This grain growth seems to be inevitable
ince a higher sintering temperature and an extended dwell
ime are required to densify green Mg parts. It should be
oted that the density of a green Mg part is usually around
0% and is lower than tap density (i.e., the tightest packing
onfiguration of a loosely packed powder) of starting raw Mg
owder [82] . 

orosity and biocompatibility 
Sinter-based AM provides unique opportunities for the fab-

ication of interconnected porous Mg scaffolds. In addition
o a larger pore designed in a CAD file (pores by design),
maller interconnected pores are formed at interparticle spaces
n green/brown parts (pores by process). The size and distri-
ution of these micropores are controlled by printing param-
ters and sintering processes [71] . Such a hierarchical and
nterconnected pore structure of micropores and macropores
as a great potential for tissue engineering. Median pore di-
meter ∼15 μm and pore openness ∼ 95% were reported in
inder jet printed Mg parts after sintering to relative density
1% [72 , 82] . This value is in the size range of bone osteo-
yte cells (10 to 15 μm) [87] . Indirect and direct culture
ssays with preosteoblasts on porous Mg scaffolds fabricated
y material extrusion and coated with MgF 2 –CaP indicated
umerous cells attached to the scaffold surfaces and the level
 cytotoxicity requirement [88] . 

hemical composition and mechanical properties 
Process-induced change in chemical composition due to

he evaporation of alloying elements and/or Mg matrix is less
evere in sinter-based AM as compared to LPBF because the
aximum temperature is limited to the sintering temperature.
he overall chemical composition is governed by the choice
f sintering parameters, especially sintering temperature. The
vaporation of alloying elements occurred in binder jet-printed
g-5.5Zn-0.15Zr after sintering at 573 °C and 615 °C were

.1% and 6% [89] , whereas 18–22% compositional change
as reported in LPBF of Mg-Zn-Zr alloys [40 , 41] . 
The mechanical properties of sinter-based Mg alloys

re summarized in Table 3 . Tensile properties obtained are
ow and insufficient. Strength increases at higher sintering
emperatures and density as the general trend for variation of
echanical properties in Table 3 . Amongst many other factors

overning strength (e.g., composition and grain size), density
nd pores features play major parts on obtained mechanical
roperties of sinter-based manufacturing technologies. Pores
n sintered samples not only lead to a reduction in the
oad-bearing area but also cause local stress concentrations
or crack initiation and propagation. In powder metallurgy
abricated parts fracture under mechanical load is favoured
y a path thorough the sinter necks and therefore strength
f sintered samples can be still lower for a higher density.
he following equation is established to correlate strength
ith porosity and sinter neck size in powder metallurgy

86] : 

= σ0 ρ
M 

(
2 N C 

3 π

)(
X 

D 

)2 

(1) 

here σ is the strength of a sintered sample, σ 0 is the strength
f a fully dense material, ρ is the relative density of a sintered
ample, M is a proportionality constant (e.g., 2.5–6 for Al),
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Table 3 
Sintering condition, density, tensile, compressive and electrochemical property of sinter-based additively manufactured Mg alloys. 

Alloys Method Sintering 
condition 

Dens. Mechanical property Electrochemical property Ref. 

YS UTS Str. Solution i corr Mass loss 
% MPa MPa % μA/cm 

2 mm/year 

Mg Extrusion (C) 640 °C- 1 h 90 4.7 22 8 r-SBF – 2.2 [88] 
Coated Mg Extrusion & coating (C) 640 °C- 1 h – 10 40 22 r-SBF – 1.4 
Coated Mg Extrusion & coating (C) 640 °C- 1 h – 16.4 42 40 r-SBF – 0.2 
AZ81 Extrusion (T) 615 °C- 4 h – 123 177 2.8 – – – [75] 
AZ91 Extrusion 

(T) 
605 °C 95 79 207 2.4 – – – [76] 

70 193 2.8 – – –
AZ91 Binder 

jet- 
ting 
(C) 

620 °C- 12 h 97.8 – 354 25 3.5% 

NaCl 
solution 

91 139 [77] 
(660 °C- 0.5 h) + (600 °C- 6 h) 98.9 – 342 24 149 172 
(680 °C- 0.5 h) + (600 °C- 6 h) 97.8 – 376 19 79.8 120 
(700 °C- 0.5 h) + (600 °C- 6 h) 97.8 – 357 26 87 127 
(680 °C- 0.5 h) + (610 °C- 6 h) 99.5 – 394 19 60.4 101 
(680 °C- 0.5 h) + (590 °C- 6 h) 96.7 – 342 22 158 158 

ZK60 Binder jetting (T) 576 °C- 100 h – – 70.9 0.7 – – – [81] 
ZK60 Binder 

jet- 
ting 
(C) 

535 °C- 5 h 56.6 0.6 4.9 3.2 – – – [82] 
550 °C- 5 h 57.1 2.2 6.0 4 – – –
565 °C- 5 h 57.5 4.5 20.9 12 – – –
573 °C- 5 h 59.3 6.8 24.9 13 – – –
580 °C- 5 h 61.7 10.4 49.4 20 – – –
595 °C- 5 h 64.2 18.2 65.5 22 – – –
610 °C- 5 h 69.3 30.8 84.3 22 – – –
573 °C-20 h 63.1 22.4 99.4 28 – – –
573 °C-40 h 67.8 32.0 127 31 – – –
573 °C-60 h 71.1 39.9 174 33 – – –

ZK50 Binder 
jet- 
ting 
(C) 

510 °C-1 h 59.4 7.3 15.0 5 – – – [72] 
510 °C-5 h 62.9 16.5 55.1 15 – – –
510 °C-10 h 67.8 19.2 84.2 21 – – –
510 °C-15 h 71.7 39.0 176 28 – – –

ZK60 Binder 
jetting 

573 °C 73 – – – [PO 4 ] 3 −- 
buffered 
saline 

132 ∗19 ∗∗ 2.98 ∗0.43 ∗∗ [89] 
615 °C 87 – – – 80 ∗16 ∗∗ 1.81 ∗0.37 ∗∗

Binder jetting & HA-infiltration 573 °C – – – – – 54 ∗
Binder jetting & PLA-infiltration 573 °C 73 – – – – 42.7 ∗
Binder jetting & epoxy-infiltration 573 °C 73 – – – – 27.0 ∗

ZK60 Binder jetting (T) 625 °C > 92 120 159 3.6 – – – [85] 

(C) Measured by compression test. 
(T) Measured by tensile test. 

∗ Calculated based on the geometric surface area. 
∗∗ Calculated based on an effective surface area. 
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is the mean coordination number of particles (depends on
ensity), X is the diameter of sinter necks, and D is powder
article diameter. As can be seen from the equation, the
trength of a sintered sample is proportional to density to the
ower of M, and the factor 2/3 indicates stress concentration
nd the preference for facture to happen at sinter necks. 

In general, tensile properties of sinter-based AM samples
re expected to be lower as compared to LPBF ( Table 2 )
redominantly due to a lower density. However, sinter-based
M methods can result in a higher tensile property for the al-

oys with poor LPBF’s printability (e.g., Mg-Zn-based alloys).
s-sintered AZ91 specimens fabricated by material extrusion

 Table 3 ) showed much lower yield and tensile strength than
hose fabricated by LPBF ( Table 2 ). SEM micrograph of the
racture surface under tensile loading indicated that fracture
ccurred along MgO layer boundaries leads to brittle fracture
nd low ductility of 2.4% −2.8% [6] . When it comes to Mg-
n alloys, the tensile properties obtained in binder jet printed
t  
g-5.5Zn-0.2Zr alloy exceeded the values reported for laser-
dditively manufactured Mg-Zn alloy [39] while fell in the
ange of as-cast alloys with similar chemical compositions
85] . 

lectrochemical properties 
Table 3 displays the electrochemical durability of sinter-

ased additively manufactured Mg alloys. The obtained cor-
osion rates are higher than the rates for as-cast or rolled
ounterparts. The post-corrosion X-ray computed tomogra-
hy micrographs of binder jet printed Mg-Zn-Zr samples in
hosphate-buffered saline (PBS) show nonuniform corrosion
ccurred within the porous structures of binder jet printed
amples as compared to the as-cast counterpart ( Fig. 13 a).
lectrochemical analysis indicated the corrosion resistance is
losely associated with sintering regimes. Corrosion rate gen-
rally increases with increasing porosity percentage of sin-
ered samples due to larger surface areas and possible crevices
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Fig. 12. EBSD orientation map of binder jet-printed AZ91 samples in different sintering profiles, (a) sintered at 680 °C for 0.5 h followed by sintering at 
590 °C for 6 h (TTS-4), (b) sintered at 680 °C for 0.5 h followed by sintering at 600 °C for 6 h; (c) sintered at 680 °C for 0.5 h followed by sintering at 
610 °C for 6 h (TTS-5), (d) the corresponding average grain size for different sintering profiles [77] . 

Table 4 
Composition, grain size and shape, and tensile property of WAAM-Mg alloys. 

Alloy WAAM 

method 
Grain size Grain 

shape 
YS UTS El. Ref. 

μm MPa MPa % 

AZ31 GTA 27.7 Equiaxed 109 (TD) 223 20 [94] 
95 (BD) 191 14 

AZ31 CMT 12 Equiaxed – – – [95] 
AZ31 MIG – – 95 235 21 [96] 
AZ31 CMT – – 71 (TD) 152 8 [97] 

132 (BD) 211 11 
AZ31 GTA 21 Equiaxed 100 258 26 [98] 
AZ31 CMT Columnar 85 (TD) 226 28 [99] 

126 (BD) 211 17 
AZ61 CMT 27 Equiaxed 104 (TD) 264 15 [93] 

99 (BD) 256 15 
AZ61 GTA 22 Equiaxed 104 256 14 [100] 
AZ80 GTA – – – 288 (TD) 15 [101] 

224 (BD) 13 
AZ80 GTA – – 146 (TD) 308 15 [102] 

119 (BD) 237 12 
AZ91 CMT 14 

- 

33 

Equiaxed – 245 (TD) 16 [104] 
250 (BD) 18 

AEX11 CMT 55 Equiaxed 243 (TD) 4.5 [105] 
233 (BD) 5.2 

GTA: gas tungsten arc; CMT: cold metal transfer; TD: travel direction; BD: build direction. 
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Fig. 13. Corrosion behaviour of sinter-based AM Mg alloys, (a) X-ray computed tomography micrographs of binder jet printed Mg-5.5Zn-0.2Zr and as-cast 
samples after 5 h immersion in PBS at 37 °C, and (b) in vitro degradation of extrusion-based printed scaffolds made of pure Mg and the surface modified 
scaffold in revised simulated body fluid [88 , 89] . 
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[

89] . In addition, microstructural factors such as a segregated
gO film along the sinter necks and non-uniform distribution

f alloying elements contributed to higher corrosion rates of
s-sintered samples [77 , 89] . 

Surface modification of sinter-based additively manufac-
ured Mg alloys shows a great promise in retarding the cor-
osion rate, especially for biomedical applications. An ideal
one substitute is expected to have biodegradation in the
ange of 0.2 to 0.5 mm y − 1 [90] . As can be seen in Table 3 ,
n vitro degradation rate of extrusion-based printed pure Mg
lloy is about 2.2 mm y − 1 , which is higher than those as-
ast (0.84 mm y − 1 ) and rolled pure Mg (1.94 mm y − 1 )
ounterparts, and therefore the scaffolds virtually degraded in
 day ( Fig. 13 b) [88] . Applying single or double-layer coat-
ngs reduced the corrosion rate to 1.4 and 0.2 mm y − 1 to
rotect the porous scaffolds from rapid corrosion ( Fig. 13 b)
uch that in vitro immersion tests of up to 7 days were com-
arable with those of the trabecular bone [88] . However, it
hould be noted that the coating here only works with chem-
cal conversion coatings as Mg-F. Deposition coatings might
ot work due to the macroporosity and generally a cracked
nd highly porous surface bears potential worsening of the
egradation resistance when using other kinds of coatings as
EO (no homogenous surface layer). 

.3. Wire arc additive manufacturing (WAAM) 

Different to the laser-based or sinter-based AM where Mg
lloy powder is the feedstock materials, wire arc additive
anufacturing (WAAM) uses Mg alloy wire as the feed stock
aterials. WAAM originates from wire arc welding, utilizes

he arc welding process (including gas metal arc welding, gas
ungsten arc welding, and plasma arc welding) to manufac-
ure metal parts in a layer-by-layer manner [91 , 92] . Compared
ith LPBF, it allows producing components with a high depo-

ition rate, low equipment cost, high material utilization, and
onsequent environmental friendliness. Due to the existence
f a local gas shielding provided by the welding gun, working
nside a chamber is not necessary. Thus, there are practically
o limitations in part size. Because Mg wire, rather than Mg
owder, is used for AM, the safety risks associated with han-
ling Mg powders do not exist. Moreover, the Mg alloy fila-
ents are produced by wire drawing rather than atomisation.
his can significantly reduce the cost of feedstock materi-
ls production, transport, storage, and others associated with
owder management. 

Currently, cold-metal-transfer (CMT) is the most suitable
echnique for WAAM of Mg alloy, due to the lower heat
utput. Because Mg alloy has a low melting point and evapo-
ation point, the WAAM based on MIG and TIG welding are
ot suitable due to excessive heat output, leading to wrap and
elt back. The big difference between CMT and TIG/MIG

s in the wire feed. Rather than continuously moving for-
ard into the weld pool, with CMT, the wire is retracted as

he instant current flows. An automated WAAM-CMT system
rings the Mg alloy wire into and out of contact with the
eld pool many times per second. Because it uses a pulsing
ction instead of a continuous stream of power, CMT welding
enerates only one-tenth of the heat that MIG welding does. 

A WAAM system includes a path simulation software, data
ommunication lines, welding power supply, wire feed sys-
em and execution actuator. The metal parts are manufactured

ainly relying on repeated positioning of the displacement,
peed and position of the execution actuator, to realize re-
eated reproduction of the molten pool by the point-by-point
ontrol on line, surface and body. Furthermore, there are a
umber of factors directly affecting the dimensional accuracy
f the forming parts such as the accuracy and stability of the
xecution actuator, the key technological parameters, mode
f welding and the stability of arc heat sources. With respect
o the processing conditions, the mean wire feed rate cor-
esponds to the rate of electrode consumption. Current and
oltage values are characteristic for determining the energy
nput. The deposition rate (DR) of WAAM can be expressed
y the equation below 

R = 60 · ρ · v̄ W F · A ww 

(2)

Where ρ is the density of feedstock alloy (1.73 g/cm 

3 for
g), v̄ WF is the mean wire feed speed, and A ww 

is the weld
ire cross-sectional area [93] . 
Despite their advantages, wire-based processes for magne-

ium are relatively uncommon to date, not least due to insuf-
cient filler wire availability. The number of published results
f MgWAAM is very small. To the best of our knowledge, the
ost papers reported commercial Mg-Al-Zn-based WAAM,

ncluding AZ31 [94–99] , AZ61 [93 , 100] , AZ80 [101–103] ,
Z91 [104] , and AEX11 [105] . The commercial grades are
enerally used as all-purpose wires for magnesium welding,
here the filler wire is selected to best fit the base material

omposition, rather than specifically designed for welding or
dditive layer manufacturing purposes. 

Fig. 14 a shows an AZ31 block fabricated by WAAM.
uch higher surface roughness and lower dimensional ac-

uracy than the powder-based AM methods. A post-WAAM
achining and surface finishing should be applied before the
AAM component can be used. This should restrict its appli-

ations in the industry. Fig. 14 b shows the processing window
or AZ31 alloy, the most commonly used commercial com-
osition. In a single track experiment, it is found that the
elding current (energy input) has a significant impact, and
 bead shape could not be obtained under low welding cur-
ents (60 A herein). This is because, in the semiautomatic or
utomatic welding (WAAM) process, the wire feed rate de-
reases with the decreasing current. Therefore, under a low
elding current, the amount of wire supplied was insufficient,

nd intermitted bead occurs. Under high torch feed speed,
umping, as a welding defect, occurs. A humping bead be-
omes periodically undulated and irregular surface beads de-
elop [106 , 107] . To prevent humping, it is necessary to lower
he torch feed speed [108] to a value less than 1000 mm/min.
nder proper WAAM parameters, an extremely low poros-

ty can be achieved, about 0.00025% (measured by μCT)
96] and 5 × 10 

−5 mm 

3 [100] . 
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Fig. 14. (a) Photo of WAAM fabricated object, and (b) effect of welding current and torch feed speed on welding defects [96] . 
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limited. 
The microstructure of alloy manufactured by WAAM is af-
ected by processing conditions. Both columnar and equiaxed
rains are reported, and the grain size, shape and mechan-
cal properties are summarised in Table 4 . It is found that
he ductility of alloy fabricated by WAAM is much higher
han the alloys by powder-based AM methods. Whilst the to-
al elongation of LPBF-AZ91 is nearly negligible (shown in
able 2 ), the WAAM-AZ91 has a total elongation of 16–18%
104] . 

Compared with LBPF, the major drawbacks of WAAM-Mg
nclude that Scaffold structures possible might be too coarse
or applications in medical, availability of wire (no custom
lloys) and finally the processing is still very sophisticated
Mg can only be welded by AC etc.). Furthermore, it is not
s easy as it might seem at the beginning (comparable to
elding of Mg in general). 

.4. Friction stir-based additive manufacturing 

Friction stir-based AM is a solid-state technique founded
n a well-established process of friction stir welding to ad-
itively manufacture large-scale near-net-shaped components.
ccording to materials supply procedures to perform the

ayer-by-layer joining, friction stir-based AM is broadly clas-
ified into two methods, namely friction stir additive manufac-
uring (FSAM) and additive friction stir deposition (AFSD).
n FSAM, multiple plates are welded on top of one another by
sing a non-consumable rotating tool with a designed pin and
houlder. The plates are bonded together like a multilayer-
andwich structure until the desired height is reached. In
FSD, feed materials in the form of powder or solid rods con-

inually push to the stirring zone through a non-consumable
ollow cylindrical tool. The frictional heat generated at the
nterface between the workpiece (i.e., a substrate plate) and
he rotating tool softens the feed material that is then plasti-
ally deformed, shaped, and bonded to the workpiece by the
ool path travelling. This process is repeated to deposit the
eedstock material layer-by-layer. Detailed characteristics of
riction-stir-based AM methods in terms of tooling, design
trategies, and obtainable materials properties have been thor-
ughly reviewed in Refs. [109–112] . Being a solid-state pro-
ess that could render a fully dense structure with relatively
ne and equiaxed microstructures are the salient benefits of
riction stir-based AM methods for Mg alloys, while the in-
bility to fabricate complex geometries, spatial resolution and
eometric precision are their major drawbacks. The minimum
ayer thickness reported in the literature for Mg alloys is about
00 μm which is obtained by the AFSD method ( Table 5 ).
esults indicated that Mg layers deposited with optimized
rocess parameters are fully dense inside the stir zone, but
ome mass flash still forms on the edges of tool paths that
eed to be removed by a secondary manufacturing process.
he integration of friction stir-based AM with a secondary
ubtractive method could form a hybrid additive manufactur-
ng to enable more precise control of the finishing quality and
acroscopic shape of additively manufactured Mg parts. The

tatus quo and current trends of hybrid additive manufacturing
re reviewed elsewhere [113 , 114] . 

Operating processing windows in friction-stir-based meth-
ds are controlled by process parameters such as tool ro-
ational speed, tool traverse speed, tool plunge depth, tool
eometries, and feed rate. The interplay of these parameters
etermines heat input generated in the stir zone. Inadequate or
xcessive heat input leads to the formation of defects. Friction
tir processes typically operate at a temperature in the range of
.6 to 0.9 melting temperature of materials. It is demonstrated
hat defect-free structures can be obtained through operating
emperatures between 0.8 and 0.9 of the solidus temperature
f Mg alloys [115 , 116] . Currently, friction stir-based AM of
g alloys perform in atmospheric conditions and thus slight

xidation, especially at layer interfaces, takes place. Conduct-
ng the build process in an inert atmosphere could mitigate
his oxidation issue. 

The earliest trial of friction stir-based AM of Mg al-
oys is reported by Palanivel et al. from the University of
orth Texas in 2014 whereby the FSAM method was used

o join four layers of 1.7-mm thick sheets [115] . Since then,
our other Mg alloys, namely AZ31, E675, AMX602, E21
ave been developed by either the FSAM or AFSD method
117–121] . It should be noted that the freedom of design
or friction stir-based additive manufacturing is extremely
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Table 5 
Process parameters, grain size, hardness, and tensile properties of friction stir-based additively manufactured Mg alloys. 

Alloy Method Process parameters Grain size Mechanical properties Ref. 

Hard-ness YS UTS EL. 
μm HV (MPa) (MPa) (%) 

WE43 FSAM 1.7 mm thick sheets, Tool rotational speed 800 and 1400 rpm, 
traverse speed 102 mm/min. 

0.7–1.1 115 265 300 30 
[115] 

FSAM & 

ageing 
– 135 374 400 17 

[115] 
WE43 AFSD A layer thickness of 1 mm 2.1–3.8 80 201 ∗ 265 ∗ 11 ∗ [117] 

80 230 ∗∗ 283 ∗∗ 12 ∗∗
80 214 ∗∗∗ 269 ∗∗ 14 ∗∗∗

WE43 AFSD Tool rotational speed 325 rpm, traverse speed 152.4 mm/min, an 
actuator feed rate 63.5 mm/min, and a layer thickness of 1 mm. 

2.7 82 194 ∗ 224 ∗ 7 [119] 
82 204 ∗∗∗ 264 ∗∗∗ 17 

AZ31 AFSD Tool rotational speed 400 rpm, traverse speed 203 mm/min, an 
actuator feed rate 102 mm/min, and a layer thickness of 0.5 mm. 

12.7–15.8 60 174 248 16 
[118] 

AZ31 FSAM 5-mm thick plates, plunge depth of 6.65 mm, tool rotational speed 
1000 rpm, and traverse speed 100 mm/min. 

4.5–7.8 ∼ 62 60 200 9 
[120] 

∗ Along the build direction of deposited layers. 
∗∗ Along the transverse direction of deposited layers. 
∗∗∗ Along the longitudinal direction of deposited layers. 
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icrostructure 
In general, the microstructure of friction-stir-based pro-

esses can be divided into three distinct regions by their
hermomechanical features, namely the stir zone, thermome-
hanically affected zone, and heat-affected zone. These re-
ions stem from temperature gradient and spatial nature of
train and strain rate distribution while the rotating tool is
nteracting with the workpiece, as comprehensively reviewed
n Refs [122 , 123] . Such a different thermal and deformation
istory over the spatial scale means that microstructure and
omposition vary with position, especially for alloys rich in
lloying elements. More complexity in microstructural evolu-
ions arises in friction stir-based AM methods due to the fact
hat the previously deposited layers are exposed to additional
eformation and thermal cycles while depositing each sub-
equent layer. Formations of banding microstructure and Zr
ich-clusters segregation originated from spatial dependence
f thermomechanical conditions were observed in FSAM of
E43 alloy [115] . Fig. 15 displays EBSD inverse pole fig-

re maps for four layers of WE43 alloy built by the FSAM
ethod, depicting variations in the grain size along with the

eight of the build. While the entire stir zone ( Fig. 15 a and
) is composed of refined equiaxed grains as a result of dy-
amic recrystallization, each deposited layer creates a ther-
omechanically affected zone and a heat-affected zone in the

ayer beneath it. Fig. 15 b shows the sandwiched microstruc-
ure at the interface of a layer which consists of three regions:
oarser grains on top, finer grains with more uniform distri-
ution in the middle, and very fine submicron-sized grains at
he bottom. Such a microstructural evolution at the interface
s tied to the spatial nature of deformation and temperature
long the build direction. However, the exact mechanism is
till not understood, but should significantly decrease the cor-
osion resistance. Fig. 15 d shows a necklace-type structure in
he thermomechanically affected zone depicting the recrystal-
ization occurrence at grain boundaries. A similar trend to-
ards changing grain size along the build direction from the
op to bottom of deposited layers was reported in WE43 alloy
uilt by the AFSD method [117] . Such a microstructural vari-
tion leads to property inhomogeneity and adversely affects
he strength and fatigue performance of friction stir-based ad-
itive manufactured Mg alloys [119 , 120] . It should be noted
hat post-build heat treatment would reduce most of this mi-
rostructural inhomogeneity which is an avenue for further
tudies. 

Table 5 summarizes grain sizes of friction sir-based addi-
ively manufactured Mg alloys. Drawing an analogy between
hese values and the corresponding grain sizes of Mg alloys
rimarily utilized as plates or feed materials for friction-based
M indicated a significant grain size refinement along with

he formation of more equiaxed and uniform grains distribu-
ion after deposition from a coarser-grained feedstock. Com-
aring Table 5 and Table 5 imply that the grain sizes achieved
hrough both FSAM and AFSD methods fall in the range ob-
ained by LPBF of Mg alloys. 

echanical properties 
Fig. 16 a shows defect-free and well consolidated 68 layers

f WE43 alloy built by the AFSD method. Fig. 16 b depicts
ts cross-sectional microhardness profile along the build di-
ection together with corresponding EBSD maps for the se-
ected locations. The microhardness profile varies from the
op to the bottom of the build direction, which is in line
ith grain size variations. This variation is associated with

he spatial change of plastic deformation and thermal cycles
hat occurred during the build process, as discussed in the pre-
ious section. Table 4 summarises hardness and tensile prop-
rties of friction stir additively manufactured alloys. WE43
uilt by friction-stir-based methods display superior mechan-
cal properties than those reported for as-cast WE43 (YS =
37 MPa, UTS = 217 MPa, and EL. = 8.2% [124] ) which is
ainly originated from its remarkably finer grain size. Similar
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Fig. 15. EBSD orientation map of WE43 alloy built by joining four layers of 1.7 mm thick sheets via the FSAM method, showing the distribution of grains 
in (a) the top layer (layer 4), (b) the sandwiched microstructure at the interface of layer 3 and 4, (c) the bottom layer (layer 1), and (d) a representative 
thermomechanically affected zone. Adapted from [115] . 
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rends from the hardness values comparing the friction-stir-
ased methods to conventionally fabricated counterparts are
bserved. When compared to WE43 LBPF ( Table 2 ), friction
tir-based additively manufactured WE43 has almost similar
alues for YS and UTS while its ductility is significantly
igher due to greater density and more equiaxed grain mi-
rostructure. For AZ31 built by friction-stir-based methods,
he tensile strength and ductility is close to AZ31 in as-
xtruded or as-rolled conditions. The yield strength is more
ependant on the method and process parameters used since
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Fig. 16. Additive friction stir deposition of WE43 alloy, (a) macroscopic image of the deposit consisting of total 68 layers which was deposited with optimized 
process parameters to achieve full density and minimal surface defects (mass flash) on the edges of tool paths, and (b) hardness profile from the bottom to the 
top of the deposit along the build direction, and (c-e) EBSD orientation maps of the selected locations near the top, middle, and bottom part of the deposit. 
Adapted from [119] . 
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Z31 is a work-hardened alloy. Table 4 also signifies the
nisotropic mechanical properties of the built alloys with re-
pect to the direction, which is likely due to the strong crystal-
ographic texture dependence of Mg or manufacturing issues
e.g., oxidation). More investigation is needed to understand
exture developments and anisotropy of friction stir-based ad-
itively manufactured Mg alloys. 

.5. Indirect additive manufacturing 

This technique is essentially casting of molten metals into
dditively manufactured moulds. Sodium chloride (NaCl) has
een established as a mould material for indirect AM of Mg
lloys since no chemical reaction was reported between NaCl
nd molten Mg alloys, and NaCl moulds can readily be re-
oved by a subsequent leaching step to obtain Mg parts
125 , 126] . As the earliest trial for indirect AM of Mg al-
oys, Staiger et al. [127] used a two-step process to fabricate
aCl mould by infiltrating NaCl paste into an additively man-
factured polymeric template that was then burnt out to leave
n NaCl mould behind. Kleger et al. [126] used direct ink
riting, an extrusion-based AM method, to directly fabricate
 NaCl mould. The fabricated NaCl moulds were then sin-
ered at around 690 °C to gain adequate mechanical integrity
efore being infiltrated with liquid Mg at around 700 °C. Fi-
ally, NaCl moulds were removed by leaching in an aqueous
aOH solution under ambient conditions. 
The first work of indirect 3D AM was achieved in pure

g in 2010 [127] . Since then, very few studies have been
onducted to develop this method [125–129] . All researchers
o date have focused on the fabrication of Mg scaffolds with
tructured porosity made of pure Mg and their investigations
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Fig. 17. Macrographs of the process flow for indirect additive manufacturing of a Mg scaffold at different stages, which include fabricating a NaCl mould 
via direct ink writing, sintering the mould, infiltrating the mould with liquid Mg, and leaching the mould to obtain the Mg scaffold. Adapted from [126] . 
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ere primarily concerned about determining processing win-
ow for the fabrication of a mould and its infiltration with
g melt via pressure or vacuum-assisted casting processes.
urrently, indirect AM capabilities for Mg alloys were found

o be constrained by the precision of NaCl moulds fabrication
ather than by the infiltration of molten Mg [126 , 129] . The
rocess is shown in Fig. 17 . Given that > 95% of Mg alloy
roducts are made by casting techniques, indirect AM of
g alloys could potentially have a distinct advantage over

he other AM methods in terms of high build rates, good
calability, and industrial adaptions. To push its potential
urther, indirect AM of Mg would integrate with a subtractive
anufacturing method to bring a hybrid AM solution for

roducing complex geometries with geometric precision.
owever, the main drawback of this method is that chloride

s the major driver in Mg corrosion, and thus this approach is
ot widely used due to the corrosion attack of the NaCl on the
ould. 

. Summary 

The above review and discussion have summarised the
ritical facets related to the principal methods of AM in
he production of Mg-alloys. What is evident, is that there
ave now been broad attempts, from wholly independent re-
earch groups, resulting in successfully prepared AM Mg-
lloys. Of the methods utilised, Laser Powder Bed Fusion
LPBF), Wire arc additive manufacturing (WAAM) and Fric-
ion Stir Additive manufacturing (FSAM) – all have demon-
trated that they are capable of producing Mg-alloys via AM.
n terms of a mini-summary: LPBF demonstrated the prospect
f high dimensional tolerance, a range of alloys, satisfactory
trength, albeit limited ductility; WAAM demonstrated mod-
rate strength, however with appreciable ductility possible;
nd FSAM also demonstrated moderate strength, also with
ppreciable ductility possible. 

Of the methods presented, the final application will be rel-
vant to the selection of production route. For example, it
ould appear based on the works reviewed herein, that most
ethods (with the exception of LPBF) are not suitable for
iomedical application. Conversely, LPBF is limited in the di-
ension of components that may be produced. However, what

s clear is that the prospects of AM Mg-alloys are vast, and
he potential to realise the opportunities raised in the Introduc-
ion herein are all possible (net shape, diverse alloy compo-
itions, complex designs, customisation, etc.). However, what
his review has also made abundantly clear, is that a num-
er of open research questions remain, and that there has
een no (single, or communal) attempt thus far, at answering
uch questions. An example of such open questions (in no
articular hierarchy) is whether or not ductility of AM Mg-
lloys is adversely impacted by dislocation density or resid-
al stress? Has dislocation density been studied appropriately
n AM Mg-alloys – and how would properties be compared
ith other hexagonal alloys, such as Ti-alloys? What would

he solidification of AM Mg-alloys from LPBF resemble in
he context that there is always some evaporation occurring?
tc. 

This review has also indicated, that it is difficult to sys-
ematically review the field in terms of mechanistic compari-
ions, since the most significant ‘ingredient’ in AM Mg-alloys
s the powder used for fabrication, and, a direct (mechanis-
ic) comparison between all studies would need to be re-
iant on reproducible powder properties. Embedded within
 number of the studies reviewed, the variation in pow-
er properties (in addition to powder supplier, size, storage,
tc.) varied. Additionally, the properties measured for simi-
ar alloys, was also rather variable between diverse studied.
herefore, a future research suggestion is (perhaps similar

o the situation in other alloy systems prepared by AM) is
hat systematic research should be conducted in the follow-
ng areas, treating each such area as a variable, namely in:
i) Raw materials, (ii) storage conditions, (iii) process pa-
ameters, (iv) heat treatment, and (v) coatings and surface
nishing. 

In terms of a concise summary, based on the review herein,
he challenges and prospects that present themselves are com-
iled below. 
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.1. Challenges 

• In the case of laser-based AM, the requisite production
of pre-alloyed powder is a challenge. However, evidence
suggests that blending of elemental and a mixture of pre-
alloyed powders is suitable. Investigation in the domain of
Mg powder blending, and build consistency, merits further
study. 
• Mechanistic studies are still required to understand the

physical properties of AM prepared Mg alloys. Certainly,
laser prepared AM alloys to demonstrate properties that are
different from non-AM Mg alloys, and the physical nature
of these differences is a green field (i.e. impact of AM on
strengthening mechanisms, and adverse impact of AM on
ductility). If LPBF AM Mg alloys can have appreciable
ductility, this will generate significant and immediate in-
terest – as it would also solve one of the major challenges
in existing (non AM) Mg-alloys. 
• Health and safety are a constant concern with Mg and its

alloys. Whilst the safety aspect of Mg-alloy production is
also the key priority and critical in the production of any
Mg-based materials (including conventional casting which
must be carried out in well-controlled environments by ex-
pert personnel), in the case of AM-Mg, this also includes:
◦ Always using the minimum viable volume of powder 
◦ Safe powder handling and safe storage away from

any ignition source (and minimising exposure to atmo-
spheric conditions) 

◦ Appropriate, and monitored, environment control in any
production and processing steps. 

◦ Precautions to control any non-self-extinguishing sce-
narios (including engineering controls for the avoidance
of ignition, and, robust and reliable extinguishing meth-
ods that are always capable of managing volumes of
material being used). The volume of powder being used
for any build, or in the vicinity of a build, should always
be below the extinguishing capability available. 

• Recycling of used Mg-alloy powder has not been explored
to date. 
• Process-induced compositional changes have not been ex-

plored to date. 
• In general, sinter-based AM is relatively less advanced as

compared to LPBF for Mg-alloys, owing in part to the lim-
ited studies to date. The niche of sinter-based AM is how-
ever distinct. In recent years, binder jetting is one of the
major AM technologies suitable for production has been
growing rapidly. Accordingly, binder jetting of Mg would
be able to expand at a faster pace – but remains nascent.
The preliminary results for sinter-based AM of Mg alloy
indicate that more comprehensive research is required to
provide insight into understanding the printing and sin-
tering behaviour, microstructural evolution, chemical, me-
chanical and electrochemical properties. 
• Post-processing of AM fabricated Mg alloys has not been

explored in any detail, similarly, value adding processes –
such as, for example, achieving a uniform coating upon
porous scaffolds of Mg-alloys. 
.2. Prospects 

• There are significant prospects for the investigation of new
Mg-alloys. This includes at a minimum: (i) extended sol-
ubility limits, and (ii) exploration of previously insoluble
elements (that includes transition metals). 
• The realisation of directly produced thin-walled compo-

nents. 
• Complex structures that can provide ‘properties by design’.

This includes truss structures that may provide extended
total ductility (i.e. by the summation of smaller deflections
resulting in a larger overall deflection). 
• Ultra-lightweight components, that utilise free space as a

design variable. The total density of a component including
free space can be << 1 g/cm 

3 ). As with any new develop-
ment in this context, it would increase the usage base as
the materials properties evolve to serve alternative markets.
• Devices and smart components for biomedical applications.
• The scalability of binder jetting AM of Mg components

lends itself to mass production. e.g. in higher volume in-
dustries such as the automobile industry. 
• Hierarchical porous structures with micro and macro

porous mimicking human bone architecture. 
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