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Abstract 
WE43 is a high-strength, corrosion-resistant Mg-alloy containing rare earths such as Y and Nb, and has 
potential for many lightweight structural or bioresorbable prosthetic applications. In this study, 
additive manufacturing of dense WE43 alloy by laser powder bed fusion (LPBF) from gas atomized 
powders has been accomplished through studies involving single track scan of wrought WE43, 
parametric variation of LPBF, microstructural analysis and mechanical testing, both in compression and 
tension. The Archimedes method and image analyses from optical micrographs were employed to 
document the LPBF of dense (>99 % relative density) WE43 using optimum parameters of 200 W laser 
power, 1100 mm/sec scan speed, 0.13 mm hatch spacing, and 0.03 mm slice thickness. Moreover, the 
LPBF processing window for dense (>99 %) WE43 alloy was observed to exist for a range of power, 100 
∼ 250 W, using an energy density range of 32−37 J/mm3. The as-built microstructure consisted of fine 
(<10 μm) α-Mg (hcp) grains with globular 𝛽𝛽1-Mg3Nd precipitates and (Y,Zr)2O3 oxides. After the heat 
treatment, which consisted of solutionizing at 536 °C for 24 h and subsequent ageing at 205 °C for 48 h, 
the globular 𝛽𝛽1-Mg3Nd precipitates were observed to have dissolved and re-precipitate into thin 
sheets. The (Y,Zr)2O3 oxides were not found to dissolve or coalesce, but were agglomerated within α-
Mg (hcp) matrix. Under compression, the as-built LPBF WE43 had, on average, yield strength of 
224 MPa, compressive strength of 417 MPa and strain at failure of 9.5 %. In tension, the as-built LPBF 
WE43 had, on average, yield strength of 215 MPa, tensile strength of 251 MPa and strain at failure of 
2.6 %. After the heat treatment, the LPBF WE43 had yield strength of 219 MPa, tensile strength of 
251 MPa and strain at failure of 4.3 %. These values are comparable to those of WE43 design data 
specified by Magnesium Elektron. 

Keywords 
WE43, Mg alloy, Laser powder bed fusion, Additive manufacturing 

1. Introduction 
Mg-alloys warrants interests in automotive, aerospace and biomedical applications because of its 
attractive properties such as strength-to-weight ratio, corrosion resistance, creep resistance, and 
bioresorbability (i.e., controlled corrosion and biocompatibility). Mg alloyed with rare earths such as Y, 
Nd, Sc, Yb are known as the high strength (>160 MPa tensile strength), high creep resistant alloys [1,2]. 
WE43 is a high strength (σy =172 MPa [3]) Mg-alloy with good creep resistance [1,2] containing up to 
4.3 wt.% yttrium (Y) and other rare earth elements such as Nd and Gd, up to 4.8 wt.% [3]. WE43 has 
been used in structural components for helicopters and automobiles as frames, gear boxes, casings, 
etc. [2,4,5]. Recently, it has been also considered for lightweight armors and protective helmets [4]. 
With increasing interests, WE43 has been also considered for bioresorbable prosthetic implants [6,7], 
because the high oxygen affinity of the rare earths can be utilized to control the corrosion behavior of 
the Mg-alloy, i.e., dissolution rate, passivation mechanism, etc. [6,7]. 

Casting Mg-alloys demands technical attention due to Mg reactivity with O2, high flammability, and 
high vaporization pressure [8,9]. In addition, thermo-mechanical processing of Mg-alloy remains 
challenging due to anisotropic hexagonal-closed-packed (hcp) crystal structure of Mg [10,11]. 



Therefore, working of Mg-alloys is typically done at elevated temperatures and under an inert 
atmosphere, which increases the resources and time required for manufacturing of Mg-alloys. To that 
end, additive manufacturing (AM), which can produce dense, complex shapes, could be an efficient 
route to manufacture Mg-alloy component. 

Powder bed fusion (PBF) is an AM technology in which selected regions of a powder bed are melted, by 
either a laser or an electron beam, to build a component layer by layer [[12], [13], [14], [15], [16]]. 
Laser powder bed fusion (LPBF) has become popular in recent years as complex parts can be generated 
by computer aided design (CAD) and can be rapidly manufactured (e.g., ∼25 cm3 per hour for single 
laser unit) [17]. Moreover, alloys with high vapor pressures such as Al and Mg can be built with LPBF as 
the melting is local and performed in an inert atmosphere (i.e., does not require vacuum). However, 
many commercial alloys such as high strength Al alloy, e.g., AA7075, and high strength Ni based 
superalloy, e.g., CM247, cannot be built without large pores and/or solidification cracks [16,18,19]. 
Therefore, there is a need to explore the processing behavior of existing commercial alloys, and to 
identify those that are suitable for LPBF. 

Typically, in LPBF, there are four main, independent processing parameters: laser power (W), the laser 
scan speed (mm/sec), the hatch spacing (distance between consecutive laser scans, mm), and the 
powder bed layer thickness, commonly referred to as slice thickness (mm). These four parameters can 
be normalized with a term known as energy density [12,15,16]: 

(1) 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐿𝐿𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐸𝐸𝐸𝐸

𝑆𝑆𝑆𝑆𝐿𝐿𝐸𝐸𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸𝑆𝑆 ∗ 𝐻𝐻𝐿𝐿𝐸𝐸𝑆𝑆ℎ𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 ∗ 𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆𝐸𝐸𝑆𝑆ℎ𝐸𝐸𝑆𝑆𝑖𝑖𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
 

Processing maps through optimization strategy for various metallic alloys can be determined by varying 
the four aforementioned parameters, frequently as a function of normalized value of energy density, 
until the right combination is identified where pores and/or solidification cracks are minimized, i.e., full 
density with structural integrity. 

AM investigation on Mg and its alloys is scarce compared to that of Al- or Fe-alloys, but there exist 
various studies on a few different Mg-alloys processed by different AM technologies [[20], [21], [22], 
[23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34]]. Table 1 lists key parameters and results 
from LPBF studies of Mg-alloys. Ng et al. [20,24,25] studied the interaction between pure Mg powder 
and single track laser scan, however, without printing any 3-D samples and/or components. Zhang et 
al. [32] examined LPBF build of a Mg – 9 wt.% Al (similar to Mg alloy, AZ91 which is composed of (Mg – 
9 wt.% Al – 1 wt.% Zn)) as functions of LPBF parameters, and reported build up to 82 % relative density. 



Table 1. Processing parameters of LPBF examined for Mg alloys in literature. 
Alloy Laser Power 

(W) 
Scan Speed 
(mm/sec) 

Hatch Spacing 
(mm) 

Slice Thickness 
(mm) 

Energy Density 
(J/mm3) 

Reference 

Pure Mg None 
reported 

    Ng et al. 
[20,24,25] 

Mg-9 wt.% Al 10–20 10-40 0.05 0.08 93.75-250 Zhang et al. [32] 
AZ31, AZ91 200 333.3 0.09 0.04 167 Wei et al. [29] 
ZK60 200 300 0.08 0.02 416 Wei et al. [30] 
Mg-0, 1, 3, 5, 7 wt.% 
Sn 

60 11.16 Not reported 0.05 Not reported Zhou et al. [33] 

AZ91 90 700 0.03 0.035 122 Schmid et al. [26] 
AZ91 and WE43 100, 200 800, 700 0.03 0.04 104.16, 238.1 Jauer et al. [22] 
Mg-4Y-3Zr 20-100 200-10000 0.015-0.12 0.05 

 
Tandon et al. [28] 

Mg-0, 1, 2, 3 wt.% Mn None 
reported 

    Yang et al. [31] 

ZK60 50 600 0.1 0.1 8.33 Shaui et al. [27] 
Mg-3 wt.% Zn-0, 1, 3, 
5 wt.% Dy 

60 3.33 Not reported 0.05 Not reported Long et al. [23] 

WE43 195 800 0.2 0.03 40.7 Gangireddy et al. 
[21] 

WE43 200 700 0.04 0.03 238.1 Zumdick et al. 
[34] 

WE43 200 1100 0.13 0.04 35 This Study 
 



Wei et al. [29] also examined LPBF processing window for AZ91 and AZ31 (Mg – 3 wt.% Al – 1 wt.% Zn), 
as well as for ZK60 (Mg – 5.2 wt.% Zn – 0.5 wt.% Zr) [30] with detailed analyses of evaporation and 
microstructure. For AZ91 (Mg-9 wt%Al-1 wt%Zn) and AZ31 (Mg-3 wt%Al-1 wt%Zn) alloys, energy 
density higher than 214 J/mm3 yielded too much evaporation and excessive porosity, whereas that 
below 77 J/mm3 lead to excessive balling of the melt. The best parameters were found at an energy 
density of 166.7 J/mm3, which had a corresponding laser power, scan speed, hatch spacing, and slice 
thickness of 200 W, 333.33 mm/sec, 0.09 mm, and 0.04 mm, respectively. For ZK60 alloy, the best 
processing parameters were identified at an energy density of 416.66 J/mm3, which had a 
corresponding laser power, scan speed, hatching spacing, and slice thickness of 200 W, 300 mm/sec, 
0.08 mm, and 0.02 mm, respectively. Wei et al. [29] reported microhardness of these alloys 
comparable to traditionally manufactured Mg-alloys. 

Recently, Jauer et al. [22] examined the feasibility of AZ91 and WE43 and reported that a set of 
optimum parameters (200 W laser power, 700 mm/sec scan speed, 0.04 mm hatch spacing, and 
0.03 mm slice thickness, corresponding to an energy density of 40.7 J/mm3) produced a 99 % dense 
part with a tensile strength of ∼300 MPa. The microstructure was investigated recently, which showed 
that there were possible Mg3Gd phases that could not be fully identified [34]. Given that the Mg3Gd 
phase is typically observed in conventionally produced WE43 alloy, the mechanism responsible for the 
extraordinary tensile strength of 300 MPa still remains unclear. Gangireddy et al. [21] also released a 
recent study on LPBF of WE43 that reported optimum parameters of laser power, scan speed, hatch 
spacing, and slice thickness of 195 W, 800 mm/sec, 0.2 mm, and 0.03 mm, respectively, corresponding 
to an energy density of 238.1 J/mm3. These parameters, however, did not correspond to LPBF of fully 
dense WE43 alloy in their study. They reported the formation of Nd rich precipitates in the 
microstructure, but could not fully identify the phases formed. In addition, neither Jauer et al. [22] nor 
Gangireddy et al. [21] reported a systematic approach or results to understand the occurrence of pores 
and/or solidification cracking as functions of LPBF. Moreover, neither study gave a detailed 
microstructural assessment as functions of LPBF for WE43, nor gave repeatable tensile and 
compressive properties of LPBF WE43. 

Therefore, a systematic study for LPBF of WE43 was carried out, first by exploring the laser-WE43 
interaction through single track scan study, and then by examining the development of solidification 
microstructure of LPBF WE43 samples as functions of LPBF parameters. Using the optimum parameters 
identified, mechanical behavior of LPBF WE43, before and after the heat treatment, was assessed to 
determine its strength and ductility, both in compression and tension. Finally, comprehensive 
microstructural analyses, including a detailed constituent phase analysis by transmission electron 
microscopy, were carried out to gain insights into LPBF solidification and mechanical behavior of LPBF 
WE43. Findings from this study would help establish AM capability for the existing WE43 alloy 
composition, and for newly designed Mg-alloys specific for AM technology such as LPBF. 

2. Experimental details 
2.1. Single track scan 
To assess the processability of WE43 by LPBF, a feasibility study was performed with single track scan 
(STS) on wrought WE43 samples. A chill cast and cold rolled WE43 alloy was used for this study. 



Samples 25 mm x 12 mm x 12 mm in geometry were prepared by grinding with SiC, polishing with 
diamond paste, and finishing with 0.05 μm colloidal silica. Samples were then leveled with the build 
chamber floor so that the polished surface lay in the focus range of the laser. The sample was then 
laser scanned using a SLM 125 H L LPBF system equipped with a continuous Yb fiber laser with a spot 
size of approximately 70 μm and a wavelength of 1070 nm. Processing parameters examined during 
the STS are reported in Table 2. After STS, the samples were cross-sectioned, polished down to 
0.05 μm, and etched with 1.0 vol. % picric acid in distilled water for approximately 20 s for 
microstructural analysis. 

Table 2. Processing parameters examined and melt pool width and depth determined from single track 
scan investigation of WE43 using laser powder bed fusion. 

Speed 
(mm/sec) 

Power 
(W) 

Depth 
(μm) 

Width 
(μm) 

Depth-to-width 
Ratio 

Linear Energy Density 
(J/mm) 

50 50 38.1 87.6 0.44 1.000 
50 75 346.3 206.7 1.68 1.500 
50 100 620.9 354.1 1.75 2.000 
50 125 919.9 387.8 2.37 2.500 
200 50 30.7 91.5 0.34 0.250 
200 75 227.4 232.1 0.98 0.375 
200 100 409.6 246.7 1.66 0.500 
200 125 575.5 278.3 2.07 0.625 
800 50 13.2 53.4 0.25 0.063 
800 100 140.1 165.1 0.85 0.125 
800 150 216.5 206.6 1.05 0.188 
800 200 326.1 169.8 1.92 0.250 

 

2.2. Powder characterization 
WE43 powders were acquired from Magnesium-Elektron with a size distribution of 20 ∼ 63 μm. The 
powder size distribution was refined by sieving the powders with finer mesh down to 4 ∼ 40 μm 
distribution in order to remove as many of the asymmetric powders as possible. Powder sampling was 
performed in accordance with ASTM B215 for sampling packaged powders. Powder particle 
morphology was analyzed with the FE-SEM, and the particle size distribution was determined by laser 
diffraction analyzer (Beckman Coulter LSTM 13 320). 

2.3. Laser powder bed fusion parametric study 
STS provided insight into the development of melt pool, e.g., high power produced deep penetration 
and porosity, while low power produced smaller melt pools than the powder layer thickness. Based on 
results from STS investigation, the laser power for LPBF examined in this study ranged from 100 to 
250 W, while the scan speed was varied for each power as reported in Table 3. A hatch spacing of 
0.13 mm was chosen as a constant to compensate for smaller melt pools and to reduce the impact of 
hatch spacing on the processing condition. WE43 has a high thermal conductivity (∼51 W/mK [3,35]), 
so a slice thicknesses 0.04 mm was chosen as a compromise as to reduce the impact of slice thickness 
on the processing condition. A 67° scan rotation with a 10 mm striping pattern was employed to 
minimize texturing, if any, of the grains. 



Table 3. Processing parameters examined during LPBF optimization study for WE43. 
Power 
(W) 

Scan Speed (mm/sec) Hatch Spacing 
(mm) 

Slice Thickness 
(mm) 

100 100, 200, 300, 400, 500, 600, 700, 800, 900, 
1000 

0.13 0.04 

150 200, 400, 600, 800, 900, 1000, 1100, 1200, 
1400, 1600 

0.13 0.04 

200 400, 600, 800, 1000, 1100, 1200, 1300, 1400, 
1600 

0.13 0.04 

250 800, 1000, 1100, 1200, 1300, 1400, 1600 0.13 0.04 
 

Using the LPBF parameters listed in Table 3, cubic samples with dimensions of 12 mm x 12 mm x 
12 mm were built by SLM 125 H L. The cubes were built onto an AZ31 build plate for minimum thermal 
mismatch and good thermal conduction. Preheating of the build plate was set at 100 °C. The build was 
performed in an inert Ar atmosphere with an O2 content lower than 0.1 %. After the samples were 
removed from the build plate, relative density of each sample was measured via Archimedes method 
(in accordance with ASTM B962) 3 times by different individuals. The theoretical density used for the 
determination of relative density was 1.84 g/cm3. Then, the samples were cross-sectioned and 
polished down to 0.05 μm for optical microscopy. Percentage of flaws (e.g., porosity) was determined 
by image analyses of optical micrographs using ImageJ (National Institute of Health) for each of the 
cubic sample. At least 6 randomly selected locations at a magnification of 50X were analyzed for 
quantitative determination of porosity content. The samples were then etched with 1.0 vol.% picric 
acid in distilled water for approximately 20 s for microstructural analysis. 

2.4. Heat treatment and mechanical testing 
From the parametric study described above, an optimum set of LPBF parameter, defined by the highest 
relative density and the lowest porosity, was found using a laser power of 200 W at a scan speed of 
1100 mm/sec while the hatch spacing of 0.13 mm and the slice thickness of 0.04 mm were held 
constant. Several samples for the assessment of mechanical behavior were built using the above 
parameters with 0° tilt. In addition, subsequent T6 heat treatment, optimized by Jahedi et al. [10] for 
WE43, was employed, in which, the samples were solution heat treated (SHT) at 536 °C for 24 h, and 
subsequently aged at 205 °C for 48 h. The sample that was SHT and aged is hereafter denoted as fully 
heat treated (FHT). During the heat treatment, the samples were encased in a quartz tube under an 
inert Ar atmosphere that was backfilled after a 10−6 torr vacuum. 

For the assessment of mechanical behavior, both compression and tension testings were carried out. 
As shown by schematics in Fig. 1, cylindrical rods, 12 mm in diameter and 12 mm in height, were built 
by LPBF for compression testing, while the traditional dog-bone specimens with a gauge length of 
25 mm were built for tensile testing according to ASTM E8M-3856. For consistency, 3 compressive 
specimens in as-built condition, and 3 tensile specimens in as-built and 3 in FHT conditions were tested 
using an MTS™ instrument. A quasi-static strain rate of 2 × 10−4/s was employed, and the strain 
deformation was measured and recorded by a digital image correlation (DIC) camera positioned 
perpendicular to the loading direction. All samples were lightly ground with 1200 grit SiC paper so that 
optical measurement in tension and compression can be carried out by using DIC. Changes in sample 



dimension due to grinding were negligible, all less than 0.1 mm from those reported in Fig. 1. Care was 
taken to ensure the gauge length of 25 mm specified by ASTM E8M-3856. The DIC yielded the strain in 
tension, and failure in tension occurred within the gauge section for all samples. The DIC system 
consisted of a Tokina AT-X Pro macro 100 mm − f/2.8−d lens with a resolution of 2448 × 2048 and VIC-
2D 2009 software by Correlated Solutions, Inc. The capture frequency was 1 Hz. 

 
Fig. 1. WE43 alloy sample produced by LPBF for the assessment of mechanical behavior under (a) compression 
and (b) tension. All units are in mm. 
 

2.5. Microstructural characterization 
Microstructural features of starting powders, STS bulk samples, and the as-built, SHT, FHT samples 
were examined by a variety of characterization techniques including optical microscopy (OM), X-ray 
diffraction (XRD), field emission scanning electron microscopy (SEM) equipped with X-ray energy 
dispersive spectroscopy (XEDS), and transmission electron microscopy (TEM) equipped with XEDS and 
high angle annular dark field (HAADF) through scanning TEM (STEM). Nikon Metaphot optical 
microscope was employed to acquire optical micrographs that were used to determine the porosity 
content and melt pool dimension. Quantitative microscopy was carried out using ImageJ (National 
Institutes of Health). Constituent phase analyses were carried out for starting powders and LPBF 
samples, before and after the heat treatment using Panalytical Empyrean X-ray diffractometer set up 
with Cu Kα radiation operating at 45 kV and 40 mA. The θ-2θ XRD scan was performed from 15-90° with 
a 0.008° step size and acquisition time of 0.4 s per step. A Zeiss Ultra-55 FE-SEM was used for 
microstructural analyses of starting powders, STS bulk samples, and the as-built, SHT, FHT samples. An 
accelerating voltage of 25 kV was employed for yield Kα radiation of Mg, Y, and Zr, as well as Lα 
radiation of Nd and Gd, which were used for compositional analyses by XEDS. The Si-Drift XEDS 
detector employed was Thermo-Fisher-Noran System 7, coupled with Thermo Scientific NSS Version 3 
analytical software. Detailed analyses for phase constituents and microstructure were carried out by 
using FEI/ Tecnai™ F30 TEM operating with an accelerating voltage of 300 kV. Bright-field, dark-field, 
and selected area electron diffraction (SAED) along with HAADF-STEM and XEDS were utilized. In-situ 
lift-out (INLO) technique was employed to obtain site-specific TEM thin foils by using a FEI TEM200 
Focused Ion Beam (FIB). 



3. Results 
3.1. Single track scan 
Fig. 2 presents selected optical micrographs of the melt pools observed from the STS study using the 
bulk sample of wrought WE43. The depth and width of the melt pool from the STS were measured as 
indicated in Fig. 2(c), and depth-to-width ratio was determined as reported in Table 2 as functions of 
processing parameters. As presented in Figs. 3(a) and 3(b), at constant scanning speed, 50, 200 or 
800 mm/sec, an increase in laser power increased the depth and width, respectively, of the melt pool. 
Within the LPBF parameters examined, the depth varied linearly with power, while the width varied 
parabolically with power. The same measurements of the melt pool depth and width as a function of 
linear energy density (i.e., defined without slice thickness and hatch spacing) is presented in Figs. 3(c) 
and (d), respectively. At constant power, an increase in scanning speed decreased the depth and width 
of the melt pool as shown in Figs. 4(a) and (b), respectively. Correspondingly, an increase in energy 
density increased the depth and width of the melt pool as shown in Figs. 4(c) and 4(d), respectively. 
Variation of depth and width appear to be non-linear as a function of scan speed (or linear energy 
density) at constant power. Utilizing a combination of higher laser power and faster scan speed gave a 
more dramatic change in melt pool depth. Fig. 5 presents the depth-to-width ratio plotted against 
linear energy density, and demonstrates that a wide range of linear energy density can be employed to 
produce same depth-to-width ratio. For example, to produce depth-to-width ratio of 1.5, a linear 
energy density can be varied approximately from 0.3 to 1.5 J/mm. This may suggest that linear energy 
density is not best way to normalize the data. 

 
Fig. 2. Optical micrographs of selected melt pool geometry observed in single track study: (a) 150 W at 
800 mm/sec; (b) 75 W at 200 mm/sec; (c) 75 W at 50 mm/sec; (d) 125 W at 200 mm/sec; (e) 125 W at 
50 mm/sec. 
 



 
Fig. 3. Melt pool measurements from single track scan study: (a) depth as a function of power; (b) width as a 
function of power; (c) depth as a function of linear energy density; and (d) width as a function of linear energy 
density. 

 

1. Download : Download high-res image (572KB) 

2. Download : Download full-size image 

Fig. 4. Melt pool measurements from single track scan study: (a) depth as a function of scan speed; (b) 
width as a function of scan speed; (c) depth as a function of linear energy density; and (d) width as a 
function of linear energy density. 



 
Fig. 5. Depth-to-width ratio of the melt pool as a function of linear energy density determined from the single 
track scan study. 
 

While STS may not be able to quantitatively determine LPBF parameters due to many differences in 
bulk and powder bed, for WE43 alloy, STS demonstrated that cracks were not observed in any of the 
solidified melt pools and melt-pool/bulk boundaries as shown in Fig. 6. Porosity was observed at the 
bottom of some of the deeper melt pools, i.e., high depth-to-width ratio. In wrought WE43 alloy away 
from the melt pool, α-Mg (hcp) grains with 10–20 μm in size, were observed, and their boundaries 
were decorated with segregated rare-earth additions (e.g., Y, Gd, Zr, Nd) as presented by the bright 
backscatter contrast in Fig. 6(a). However, within the melt pool, much finer structural features were 
observed, with grain size ranging from 1 to 3 μm as shown in Fig. 6(b). Segregation of rare-earth 
addition, similar to that shown in Fig. 6(a) by the bright backscatter contrast was observed at this fine 
scale. 



 
Fig. 6. Cross-sectional backscatter electron micrographs from (a) a melt-pool/bulk interface and (b) within a melt 
pool produced for WE43 with 125 W laser power and 200 mm/sec scan speed. 
 

3.2. Powder characterization 
Fig. 7(a) presents secondary electron micrograph of the WE43 powders used for LPBF investigation. 
They were, in general, spherical in shape, free of satellites, and exhibited good flowability. Cross-
sections of these powders were also examined as shown in Fig. 7(b) by backscatter electron 
micrograph. Typical powder alloy microstructure with inter-dendritic regions heavily segregated with 
alloying additions for WE43, such as Y, Gd, Zr, Nd, was observed, and this is somewhat similar to the 
microstructure observed within the melt pool from the STS study. The D10, D50, D90, and mean 
particle sizes were 4.4, 18.1, 38.7, and 20.1 μm respectively, as presented by the particle size 
distribution in Fig. 7(c). 



 
Fig. 7. Characterization of WE43 powders employed for LPBF: (a) powder morphology examined by secondary 
electron micrograph; (b) dendritic microstructure observed from the cross-sectional backscatter electron 
micrograph; and (c) particle size distribution analyzed by laser diffraction analysis. 
 

3.3. Laser powder bed fusion parametric investigation 
Parameters listed in Table 3 were employed to manufacture cube samples (12 mm x 12 mm x 12 mm) 
for LPBF parametric examination and optimization investigation. Relative density of each cube sample 
was determined, first volumetrically by Archimedes method, and then by image analysis of cross-
sectional optical micrographs. The theoretical density used in Archimedes determination of relative 
density was kept constant at 1.84 g/cm3 for WE43. Fig. 8 presents the relative density of all the cube 
samples as a function of volumetric energy density, defined in Eq. (1). In general, relative density was 
observed to be low (∼90 %) when the energy density was low (∼20 J/mm3). With an increase in energy 
density up to 40 J/mm3, a sharp increase in relative density was observed for all laser power used. 
However, inconsistency in change of relative density as a function of energy density was observed with 
a further increase above 50 J/mm3. For example, samples produced using the laser power of 250 W, a 
decrease in relatively density was observed above the energy density of 50 J/mm3 as shown in Fig. 
8(d). However, relative density of some above 100 % was recorded for samples produced with very 
high energy density. To clarify this inconsistency, composition of all as-built samples was examined. 



 
Fig. 8. Relative density measured for LPBF WE43 samples by using Archimedes method and image analysis of 
optical micrographs as a function of volumetric energy density with laser power of (a) 100 W, (b) 150 W, (c) 
200 W and (d) 250 W. 
 

The inconsistency in density measurement by Archimedes method was found to be due to evaporation 
of Mg when excessive energy density was employed. The Y and Nd are the largest alloying addition in 
WE43. The nominal composition of WE43 has approximately 7 wt.% rare earth. Fig. 9 presents the 
composition of rare earth, i.e., sum of Y and other rare earth, mostly Nd, that was observed to vary 
with the energy density employed during LPBF. All four plots have the same limits for the y-axis 
(5∼10 wt.%). The sample built with the highest energy density using 100 W laser power yielded the 
highest relative density, however, had nearly 10 wt.% rare earth content (i.e., lower Mg content). This 
change in composition produced relative density above 100 % of standard density 1.84 g/cm3. In other 
words, the samples built with low power and low scan speed (i.e., high energy density) yielded high 
density, including some above 100 %, because of Mg evaporation or rare earth enrichment. Cubic 
samples built with the laser power of 200 W and 250 W had a composition of 7∼8 wt.% total rare 
earth, independent of energy density employed, because the scan rate was relatively higher at a fixed 
energy density. 



 
Fig. 9. Sum of rare earth (Y + Nd) content measured by XEDS as a function of relative density for WE43 samples 
produced by LPBF using the laser power of (a) 100 W, (b) 150 W, (c) 200 W and (d) 250 W. 
 

Fig. 10 presents selected secondary electron micrographs from WE43 alloy samples built using various 
powers and scan speeds. There were no solidification cracks observed in any of the samples. 
Observation of porosity/flaws with the variation of power and scan speed can be qualitatively 
described as: (1) porosity formation due to vaporization at high energy density, (2) an optimum LPBF 
with minimal defects, and (3) flaws due to lack of fusion at low energy density. Fully dense WE43 alloy 
with a relative density of 99.7 %, was produced by LPBF using the laser power of 200 W and scan speed 
of 1100 mm/sec as highlighted in Fig. 10. Therefore based on density measurement (>99.7 %) by 
Archimedes and image analyses, and with due consideration for compositional consistency in WE43 
and build-rate (i.e., preference for higher scan speed), a laser power of 200 W and scan speed 
1100 mm/sec were chosen as the optimum LPBF parameters for WE43 to be built in SLM125HL. 
Aforementioned, the hatch spacing and slice thickness remained constant at 0.13 mm and 0.04 mm, 
respectively. This optimized parameter set corresponded to 35 J/mm3. 



 
Fig. 10. Selected secondary electron micrographs from WE43 alloy samples produced with various power and 
scan speed of LPBF. An optimized parameter, 200 W in laser power and 1100 mm/sec in scan speed, was found 
to yield nearly-fully-dense (>99.7 %) WE43 without any solidification cracking. 
 

3.4. Phase constituents and microstructure 
Fig. 11 presents XRD patterns from the LPBF WE43 that were as-built, after SHT (solution heat treated 
at 536 °C for 24 h), and FHT (SHT at 536 °C for 24 h, and subsequently aged at 205 °C for 48 h). For all 
samples, α-Mg, Mg3Nb, and Y2O3 phases were identified in XRD patterns, although diffraction from the 
Mg3Nb was more evident in FTH sample. The α-Mg phase had lattice parameters determined to be a 
=3.21 Å and c =5.21 Å, which are nearly identical to the reported value for Mg [11,36]. Lattice 
parameter determined for Y2O3 was a =10.67 Å, which is slightly larger than the reported value [36]. 
The oxygen source for the formation of Y2O3 phase includes oxide scale on alloy powders and LPBF 
build chamber kept below 0.1 % oxygen. Lattice parameter determined for Mg3Nd was a =7.36 Å, 
which closely match the value reported in literature [36,37]. 



 
Fig. 11. X-ray diffraction patterns from the as-built, solution heat treated (SHT), and fully-heat-treated (FHT) 
samples of WE43 produced by LPBF. 
 

A typical melt pool microstructure was observed parallel to the build direction as presented in Fig. 
12(a) under optical microscopy after picric acid etch (with some etch pits). Within these melt pools, no 
discernable grain structure was readily observable using backscatter electrons, however, many 
spherical and flaky white particles (1 ∼ 5 μm) were observed with picric acid etch as labelled in Fig. 
12(b). Based on XEDS, these white particles were all rich in rare earth, and some of the larger ones 
contained O along with rare earths, particularly the Y. 



 
Fig. 12. Cross-sectional (a) optical and (b) backscatter electron micrographs of the LPBF as-built WE43 alloy. 
 

Fig. 13(a) presents a high angle annular dark field (HAADF) TEM micrograph of as-built WE43 alloy. 
Similar to backscatter electron micrographs, white particles and particle-agglomerates due to larger 
average atomic number were observed. A selected region marked in Fig. 13(a), was analyzed further 
using XEDS mapping as presented in Figs. 13(b) for Mg, 13(c) for Nd, 13(d) for Y, 13(e) for O, 13(f) for Zr 
and 13(g) for Al. They confirmed that small dispersed precipitates were rich in Nd corresponding to the 
Mg3Nd observed in XRD, some particles were rich in Y and O corresponding to the Y2O3 observed in 
XRD, and some contained Al and Zr. The particles rich in Al and Zr are most likely Al3Zr, which have 
been known to form, and can act as heterogenous nucleation sites in Al alloys modified with Zr [38,39]. 
Selected area electron diffraction (SAED) presented in Fig. 13(h) confirmed that the matrix was hcp 𝛼𝛼-
Mg. High resolution TEM micrograph in Fig. 13(i) and subsequent Fast Fourier Transform (FFT inset) 
confirmed that the small white precipitates were Mg3Nd. 



 
Fig. 13. (a) High angle annular dark field TEM micrograph from the LPBF as-built WE43 alloy, and corresponding 
XEDS mapping for (b) Mg, (c) Nd, (d) Y, (e) O, (f) Zr, and (g) Al from the region marked in (a). Electron diffraction 
analyses via TEM confirmed the presence of (h) α-Mg and (i) Mg3Nd. 
 

Fig. 14 shows backscatter electron micrographs of the FHT (i.e., SHT at 536 °C for 24 h, then 
subsequently aged at 205 °C for 48 h) WE43 sample. Microstructure appeared to be similar to that of 
the as-built sample, however, in general, with better definition: Mg matrix and white particles, some 
containing O. At higher magnification, the larger flake-like particles were resolved to consist of even 
smaller particles embedded in Mg matrix as shown in Fig. 14(b). The XEDS from larger particle-
agglomerates consisted of Y, Zr (minor) and O, corresponding to the XRD observation of Y2O3 with a 
slightly larger lattice parameter, i.e., (Y,Zr)2O3 solution phase. Smaller particles that are dispersed 
evenly throughout contained Nd, but not O, in XEDS, therefore would correspond to the Mg3Nd 
intermetallic phase. Grain structure corresponding to the grain size of several micrometers was 
observed as presented in Fig. 14(b). 



 
Fig. 14. Cross-sectional backscatter electron micrographs of the fully heat treated LPBF WE43 alloy at (a) low and 
(b) high magnification. 
 

In LPBF WE43 alloy after FHT, many plate-like precipitate structures were observed as shown by the 
bright-field TEM micrograph in Fig. 15(a). The corresponding HAADF micrograph in Fig. 15(b) show a 
rather small grain structure (e.g., 2 ∼ 5 μm) with well-defined plate-like precipitates, and HAADF 
micrograph in Fig. 15(c) presents the microstructural arrangement of these plates. Fig. 15(d) presents 
high resolution TEM micrograph for Mg3Nd plates along with SAED pattern that yielded the lattice 
parameter of 7.40 Å, which has increased from the one determined for as-built sample (7.26 Å). 



 
Fig. 15. (a) Bright field and (b) corresponding HAADF TEM micrograph from the fully heat treated LPBF WE43 
sample; (c,d) Microstructure consisted of well-defined Mg3Nd plates in α-Mg matrix. 
 

XEDS mapping of LPBF WE43 after FHT supported the phase constituent analyses: α-Mg matrix, Mg3Nd 
plates, Y2O3 particles and possibly Al3Zr as presented in Fig. 16. In particular, after FHT, as observed in 
Fig. 15(b), particle-agglomerate region that contain Y and O were observed to consist of a mixture of α-
Mg and Y2O3 as shown by Figs. 16(b), 1(d) and 16(e). Therefore, the larger bright flake-like regions 
observed in Figs. 12(b), 13(a), 14, and 15(b) do not correspond to single, large Y2O3 particles. 



 
Fig. 16. (a) High angle annular dark field TEM micrograph from the LPBF WE43 alloy after full heat treatment, 
and corresponding XEDS mapping for (b) Mg, (c) Nd, (d) Y, (e) O, (f) Zr, and (g) Al from the region marked in (a). 
 

3.5. Mechanical behavior under compression and tension 
Mechanical behavior of WE43 under compression for the as-built samples was examined using three 
samples. Results were repeatable for the three samples tested and they are reported in Table 4 and 
presented in Fig. 17(a). The as-built WE43 had an average compressive strength of 223.6 MPa, the 
maximum % strain at failure was determined to be 9.5 %, and the maximum compressive strength was 
recorded at 416.9 MPa for the LPBF as-built WE43. 

Table 4. Tensile and compressive mechanical behavior of WE43 manufactured by laser powder bed 
fusion. 

Sample Testing Type 0.2 % Yield Strength 
(MPa) 

Ultimate Strength 
(MPa) 

% Strain at 
Failure 

As-built Compression 221.8 420.0 9.60   
219.8 418.2 9.70   
229.3 412.4 9.20   
Avg = 223.6 ± 4.09 Avg = 416.9 ± 3.24 Avg = 9.5 ± 0.20  

Tension 209.4 249.5 2.87   
217.7 255.0 2.78   
215.9 248.3 2.20   
Avg = 214.4 ± 3.54 Avg = 250.9 ± 2.92 Avg = 2.62 ± 0.29 

Heat-
treated* 

Tension 225.5 258.4 4.78 
  

214.7 247.1 3.53 



  
216.3 246.6 4.63   
Avg = 218.8 ± 4.75 Avg = 250.7 ± 5.47 Avg = 4.31 ± 0.55 

*Note: solutionizing at 536 °C for 24 h and subsequent ageing at 205 °C for 48 h. 

 
Fig. 17. Engineering stress vs. engineering strain observed during (a) compressive and (b) tensile test for the 
WE43 alloy samples produced by LPBF. 
 

Mechanical behavior under tension for the as-built and FHT WE43 was examined using three samples 
for each. Results were repeatable for the 3 samples tested for each condition, and they are reported in 
Table 4 and presented in Fig. 17(b). The as-built WE43 had an average yield strength of 214.4 MPa, 
similar to 218.8 MPa for the FHT WE43. However, the FHT WE43 had a larger % strain with an average 
value of 4.3 %. The maximum % strain of for the as-built WE43 was determined to be 2.6 %. The 



average ultimate tensile strength (UTS) was about the same for both the as-built and FHT WE43 at 
250.9 and 250.7 MPa, respectively. These values for both the as-built and FHT WE43 are comparable to 
WE43 design data (Magnesium Elektron Datasheet 467) [3] with yield strength, tensile strength, and 
strain at failure of 172 MPa, 220 MPa, and 2 %, respectively. 

4. Discussion 
4.1. Interaction of WE43 with laser 
WE43 microstructure was observed to develop favorably for the LPBF by (1) displaying the classical 
keyhole-mixed-conduction mode transition, (2) solidifying without cracking, and (3) solidifying with 
substantial grain refinement. As presented in Fig. 2, melt pool characteristic transition from 
conduction, to mixed mode, and to keyhole was observed as a function of energy input controlled by 
laser power and scan speed. As mentioned before, in this study, hatch spacing and slice thickness were 
held constant, although their variations may change the energy input slightly. Therefore, focus was 
placed on effects of laser power and scan speed. During STS investigation, higher energy input (laser 
power of 125 W and scan speed of 50 mm/sec) represented by a high linear energy density (2.5 J/mm), 
was observed to produce deeper melt pool with a large depth-to-width ratio, and more importantly 
porosity due to entrapped gas (e.g., keyhole mode) [14]. At lower energy input (laser power of 150 W 
and scan speed of 800 mm/sec) corresponding to a low linear energy density (0.188 J/mm), a shallow 
melt pool would develop, as the heat is readily conducted into the bulk, which would not be effective 
for LPBF (e.g., conduction mode) [14]. Therefore, a mix-mode would be favored for LPBF to allow for 
enough penetration of melt into the previous powder-solidified layer, but not enough to cause trapped 
gas porosity. Microstructural development and the measurement of melt pool geometry, as presented 
in Fig. 2, Fig. 3, Fig. 4, Fig. 5, demonstrated that WE43 exhibits this transition gradually and therefore 
favorably for LPBF. As seen in Fig. 10 from LPBF parametric optimization study, this transition 
translates to porosity at higher energy density, flaws due to insufficient melting at lower density, and 
near-fully density at appropriate intermediate energy density. 

In addition, during the STS study, WE43 melt pool was observed to solidify without cracking and with a 
substantial grain refinement as shown in Fig. 2, Fig. 6, respectively. The nucleation and growth of large-
and-columnar matrix grains (e.g., much larger than the melt pool size), at least for some aluminum 
alloys [38,39] have been documented to be related to the intergranular solidification cracking. In this 
study, WE43 produced by LPBF had fine grains (1 ∼ 3 μm) after STS by laser. Fine grain structure in 
WE43, associated with high nucleation rate and low growth rate, has been also reported by Dhahri et 
al. [5] who performed high laser power scans with a CO2 pulse laser on WE43. Furthermore, 
corresponding to the solidification into small grains, no solidification cracking was observed in any of 
the LPBF-produced WE43 samples as presented in Fig. 10. Similar to the STS study results, fine matrix 
grains (2 ∼ 5 μm) were observed in LPBF WE43 as presented Fig. 14(b) and 15(a). Therefore, for LPBF 
WE43, a systematic LPBF study is warranted to examine the presence of rare earth as heterogeneous 
nucleation agents and their role in mitigating solidification cracking (i.e., LPBF of Mg-alloys with and 
without rare earth). 



4.2. LPBF processing behavior of WE43 
As presented in Fig. 8, Fig. 10, nearly fully-dense WE43 alloy was produced with LPBF using an energy 
density of 32 ∼ 37 J/mm3 from all four laser powers, 100, 150, 200, and 250 W with varying scan speed 
examined in study. This may suggest that WE43 can be built at low laser powers to conserve energy or 
at high speeds with high laser power to increase the build-rate. However, the composition of WE43 
varied as a function of power-scan-speed employed. One of the main concerns with processing Mg 
alloys is the high vapor pressure of Mg. Fig. 18(a) shows the calculated vapor pressure for pure Mg, Y, 
Zr, Nd, and Gd. Overwhelmingly, Mg has the highest vapor pressure by almost 20 or more orders of 
magnitude difference. Understandably, it is concerning that Mg would vaporize faster than the rare 
earth elements, thus increasing the overall weight of the part and making the alloy more enriched with 
rare earth than the nominal composition. 

 
Fig. 18. Calculated (a) Ellingham diagram and (b) vapor pressure for major elemental constituents of WE43, i.e., 
Mg, Y, Nd, Zr, and Gd [40,41]. 
 

As was discussed with Fig. 9, the relative content of rare earth was observed to increase with an 
increase in energy density for the cubic samples built with low laser powers, i.e., 100 W and 150 W, 
using slow scan speed. This yielded an increase in relative density of WE43 as presented in Fig. 8, 
sometimes greater than 100 % of its theoretical density at 1.84 g/cm3, because of relative enrichment 
of rare earth. However, the relative content of the rare earths, at 7 ∼ 8 wt.%, did not change when 
laser power of 200 and 250 W were employed with appropriate scan speed. This observation proves 
rather useful as the composition of commercial WE43 does not need to be adjusted to compensate for 
the loss of Mg, and optimum parameters for LPBF can be found at an energy density of 32 ∼ 37 J/mm3 
as long as the laser power remains sufficiently high, at 200 and 250 W, with appropriate scan speed. 
This observation also points to a needed study to understand the heat transfer kinetics as functions of 
power and scan speed, as the “static” quantity of energy density does not capture the dynamics of 
melting and solidification. 

4.3. Precipitation behavior of WE43 built by LPBF 
WE43 is an age hardenable Mg alloy with an ageing sequence of 𝛽𝛽′′ → 𝛽𝛽′ → 𝛽𝛽1 → 𝛽𝛽 [10,37]. The  
𝛽𝛽′′phase is a metastable hcp structure with the composition of Mg3(Y, Nd) [10,37,42,43]. The phase 



develops during heat treatment between 200 ∼ 250 °C [42]. There is still some debate as to the 
structure, and its stoichiometry can be either Mg24Y2Nd3, or the more common Mg12NdY. Prior to the 
equilibrium phase, 𝛽𝛽-Mg14Nd2Y, the 𝛽𝛽1 phase, identified as Mg3Nd, has been reported to form as well. 
The 𝛽𝛽1-Mg3Nd has a face-centered-cubic (fcc) BiF3 (cF16) structure and its presence has been 
associated with enhanced creep resistance [1,2,44]. 

The precipitate phase identified in both the as-built and aged WE43 was confirmed to be 𝛽𝛽1-Mg3Nd by 
XRD analysis and analytical TEM as presented in Figs. 11,13, and 15, respectively. The LPBF process that 
consists of initial laser energy input, solidification and subsequent heat-exposure (i.e., laser scan for 
layers above) allowed the formation of β1-Mg3Nd, bypassing the formation of β” and β’ phases. More 
importantly the β1-Mg3Nd remained and only grew after solutionizing and aging, and did not transform 
to the equilibrium β-Mg14Nd2Y phase. The β1-Mg3Nd phase was found to grow into plate-like structure 
after the solution heat treatment at 536 °C and subsequent age hardening at 205 °C. Under a certain 
orientation, the plate-like structures appear bright white in HAADF corresponding to the basal plane of 
hcp-Mg, as shown in Fig. 15(c). TEM observation with various tilt angles demonstrated that they are 
not needles. 

The absence of β-Mg14Nd2Y may be related to the presence of fine Y2O3 dispersoids embedded in Mg 
matrix presented in Fig. 12, Fig. 13, Fig. 14, Fig. 15, Fig. 16. Although they appear as large particles, 
several micrometers in size in Fig. 12(b), 13(a), and 14(a), detailed observation demonstrated that they 
are dense agglomerates of nano-scale Mg + Y2O3 embedded in Mg matrix as shown in Figs. 14(b), 15(b), 
16(a), 16(d), and 16(e). The Y2O3 has the largest formation of energy (e.g., Ellingham diagram shown in 
Fig. 18(b)) among elemental constituents in WE43, and can perhaps act as a heterogenous nucleation 
site for the 𝛼𝛼-Mg matrix. However, no such confirmation can be made in this study because they are 
distributed evenly throughout the alloy, and not necessarily located along the grain boundaries. The Zr 
alloying addition was also observed, mostly in Al3Zr, given that Zr is immiscible with Mg. The Al3Zr has 
shown to help nucleate the 𝛼𝛼-Al matrix in many Al alloys, both wrought and AM’ed alloys [38,39]. 
However, it cannot be confirmed what type of role it plays in Mg solidification. Given the presence of Y 
in Y2O3, it may not have been possible for either the β” or β’ phases to develop during LPBF and 
subsequent heat treatment totaling at 72 h. 

5. Summary 
The following summarizes the findings from the investigation of LPBF manufacturing of WE43 alloy: 

1. Using single track scan as an assessment for determining printability of an alloy, no cracking 
was observed in any of the melt pools. Furthermore, limited porosity content was observed, 
mainly found at the bottom of melt pools due to trapping of gas from keyhole formation. 
Overall, a fine grain structure was observed in each of the melt pools. 

2. Through process mapping, the best processing parameters to use for the LPBF of WE43 with a 
near-full density of 99.7 % was found at a laser power, scan speed, hatch spacing, and slice 
thickness of 200 W, 1100 mm/sec, 0.13 mm, and 0.04 mm respectively. Moreover, the mapping 
can be divided into three regions: lack of fusion due to low energy density, an optimized 
parameter set with > 99 % density, and spherical pore formation due to high energy density. 
Overall, high density (> 99 %) could be achieved with an energy density of 32 ∼ 37 J/mm3. 



However, laser power of 200 W and 250 W with correspondingly appropriate scan speed were 
observed to produce WE43 with proper compositions. 

3. The β1-Mg3Nd precipitates smaller than a micrometer were found distributed throughout the 
matrix of the as-built WE43. After heat treatment, the β1-Mg3Nd phase was found to dissolve, 
and develop into plate like precipitates. The Y2O3 dispersoids was also found distributed 
uniformly throughout WE43 as a part of flake-like structure that consisted of dense nano-scale 
Mg + Y2O3 agglomerate. The Y2O3 phase did not dissolve or coalesce after the heat treatment. 

4. Compressive yield strength of 224 MPa in the as-built condition was obtained for LPBF WE43. 
Maximum compressive strength and strain reached 417 MPa and 9.5 %, respectively. Tensile 
yield strength of 214 MPa in the as-built condition, and of 219 MPa in the FHT condition were 
obtained from LPBF WE43. Moreover, the maximum tensile strain at fracture increased from 
2.6 to 4.3 % after the heat treatment. The tensile strength was similar for both the as-built and 
FHT WE43 at 251 MPa. 
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