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1. Introduction 

Laser powder bed fusion (LPBF) is a common type of additive manufacturing (AM) 
in which a laser selectively melts layers of metal powder to yield nearly fully dense 
material. This process enables complex novel designs, especially those designed 
using topological optimization (TO). TO can yield a design, optimizing a given 
objective parameter; for example, maximizing stiffness or heat dissipation or 
minimizing vibration.1–3 These designs are usually organic in nature, limiting the 
feasibility of using conventional manufacturing techniques.4 AM has the agility to 
manufacture these complex designs without special tooling and limited 
postprocessing.  

Frequently, one of the objectives of TO designs is to reduce volume and therefore 
weight of a given part. For these designs, it is natural to desire lightweight materials. 
Some TO designs utilize titanium alloys, frequently Ti-6Al-4V (Ti64) due to its 
high strength-to-weight ratio.5,6 Other lightweight alloys, such as magnesium-based 
alloys, are also of interest but can be difficult to handle and manufacture. 

Magnesium alloys’ reactive nature requires extra precaution when handling and 
storing the powder. The powder is water-reactive and flammable, producing heat 
and hydrogen gas when exposed to water, causing numerous safety concerns. 
Additionally, the powder is hygroscopic, meaning moisture can be absorbed from 
the air and can cause powder clumping and flowability issues—both key 
characteristics for LPBF feedstock. Its microscopic size and light weight make 
them incredibly susceptible to air currents. LPBF systems use a constant gas flow 
across the powder bed to carry spatter particles away as they can land on solidified 
material and lead to defects.7 The gas flow must be sufficient to carry spatter away 
from the powder bed and keep debris away from the laser window, which could 
obstruct exposure.8 The gas flow near the flow outlet can carry powder away from 
the powder bed, causing short feeds and build failures and high material 
consumption. Lastly, magnesium has a low boiling point relative to its melting 
point.9,10 As LPBF is a melting process, this yields a very tight processing window, 
where full melting and proper solidification can occur. Evaporation can lead to 
keyhole porosity and deviations in the chemical composition of the printed material 
compared with the feedstock. Proper process optimization is crucial for producing 
reliable, nearly fully dense material, to take advantage of novel lightweight designs. 
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2. Experimental 

This work outlines the process optimization and characterization of three 
magnesium-based alloys produced via LPBF. The initial parameter sets 
investigated for the first alloy optimized (WE43), were selected after reviewing 
literature, as this alloy has shown promise for AM.11,12 The optimization of the 
subsequent two alloys was informed by the results of the initial parameter search 
of WE43. 

2.1 Feedstock 

The alloys investigated were WE43, AZ91E, and EV31A. The powders were 
manufactured by Luxfer Inc. (United Kingdom), in a size range of 20–63 µm. 
Table 1 shows the typical compositions in weight percent for these alloys. Table 2 
and Figure 1 show the size distribution measured via dynamic image analysis on 
the CAMSIZER X2. Before use, these powders sat in storage for between 1 to 5 
years in a temperature-controlled conditioned environment with limited humidity 
and stored with desiccant. Nonetheless, there was some clumping of the powder 
and sieving the virgin powder through a 63-µm screen was done prior to first use 
as well as during reuse. Reused powder was blended with virgin powder during 
sieving to ensure even mixing. 

Table 1. Compositions in weight percent of the alloys investigated (provided by Luxfer 
Inc.). 

Alloy WE43 AZ91E EV31A 
Powder name MAP43 MAP91 MAP21 

Y 4% . . . . . . 
Re 3% . . . . . . 
Zr 0.5% . . . 0.6% 
Zn . . . 0.5% 0.3% 
Nd . . . . . . 2.7% 
Gd . . . . . . 1.3% 
Al . . . 9.0% . . . 
Mn . . . 0.2% . . . 
Mg Balance Balance Balance 

 

Table 2. Size distribution characteristics of powders. 

Alloy WE43 AZ91E EV31A 
Powder 
name 

MAP43 MAP91 MAP21 
Reported Measured Reported Measured Reported Measured 

D10 (µm) 27 26.0 27 24.5 25 25.8 
D50 (µm) 39 40.4 40 35.0 38 35.5 
D90 (µm) 58 70.6 59 50.2 55 51.0 
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Figure 1. Particle size distribution of virgin magnesium alloy powder. 

2.2 Manufacturing and Parameter Selection 

The EOS M100 (Germany) LPBF system was used for this effort. The small build 
volume and ease of cleaning made it a good candidate for alloy development and 
process optimization. The system has a relatively low power laser, small spot size, 
and layer thickness, relative to those used in the literature referenced above. For 
these reasons, the process parameters in the literature could not be transferred one-
to-one to this system. Volumetric energy density, Ev (J/mm^3) is used as a metric 
to compare processing parameters across parameter spaces and different LPBF 
systems.  

 𝐸𝐸𝑣𝑣 =  𝑃𝑃
𝑣𝑣∗ℎ∗𝑡𝑡

 (1) 

where P is the laser power, v is the laser scan speed, h is the hatch spacing, and t is 
the layer thickness.13 This calculated value is a more general term, quantifying the 
total energy input into the system, allowing an approximation of parameter sets. 
Based on the literature collected for WE43, a collection of 12 processing parameters 
was selected, with theoretical energy densities ranging from 28 to 42 J/mm^3 and 
averaging 35 J/mm^3. These 12 parameter sets will be referred to as the “initial 
parameter sets.” During manufacture, the investigated parameter set was used for 
the infill, as well as the contour and upskin parameters. 
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2.3 Characterization 

Cylinders (6-mm diameter and 10 mm tall) were printed for metallography and 
optical density measurements. After removal from the build plate via hand tools, 
these samples were sectioned, mounted, and polished to a 0.25-µm finish using an 
alcohol diamond suspension. All polishing lubricants and diamond suspensions 
used were alcohol-based, as water-based materials would react with the samples. 
These samples were imaged on a Keyence VHX7000 optical microscope. The 
micrographs were then converted to binary in ImageJ and a set of dilate and erosion 
sets were done to eliminate small polishing artifacts, like imbedded grit, from the 
pore analysis. For some WE43 samples, a Zeiss Xradia 5200, μCT was used to 
analyze the pore content of the material. 

Once optimal processing parameters were identified based on optical density,  
4-mm gauge subsize ASTM14 E8 tensile bars were manufactured, in the horizontal 
orientation, perpendicular to the build direction. These samples were removed from 
the build plate via wire EDM and tested in the as-printed surface condition. The 
gauge sections were measured prior to testing on the Keyence VHX7000. These 
samples were tested on an Instron 5984 electromechanical load frame at a constant 
displacement rate of 1.0 mm/min with 3-D digital image correlation (DIC) to collect 
strain data. 

3. Results 

The optimized processing parameters along with their average density and 
mechanical properties are reported in Table 3. The complete datasets are included 
in the Appendix. In the case of WE43, no additional investigation was needed after 
the analysis of the initial parameter sets. For AZ91E, the initial parameter sets did 
not yield nearly fully dense material, and additional parameter sets were 
investigated. Lastly, for EV31A, the nine parameter sets, which yielded the best 
results for AZ91E were investigated. 

Table 3. Optimized processing parameters with average density and mechanical 
performance. 

Alloy Powder 
name 

Power 
(W) 

Scan 
speed 

(mm/s) 

Hatch 
spacing 

(µm) 

Layer 
thickness 

(µm) 

Ev 
(J/mm^3) 

Average 
density 

(%) 

Ultimate 
tensile 

strength 
(UTS) 
(MPa) 

Yield 
strength 
(MPa) 

Young’s 
modulus 

(GPa) 

Strain 
at 

failure 

WE43 MAP43 100 1400 100 20 31 99.84 230 176 42 3.3 
AZ91E MAP91 40 600 40 20 83 99.81 243 ± 12 198 ± 0.5 40 ± 0.4 1.5 ± 0.4 
EV31A MAP21 40 200 40 20 280 99.80 156 ± 27 NA 39 ± 1 0.4 ± 0.1 
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3.1 Optical Density 

An example metallography cylinders’ build is shown in Figure 2. For each alloy, 
the optical density was measured in the XY plane. The density of the promising 
WE43 samples was further characterized via µCT. The optical porosity of the XY 
plane and the porosity calculated via µCT were averaged to yield the value reported 
in Table 3. The promising AZ91E and EV31A parameter sets were sectioned again 
and the XZ plane and optical density characterized. These XY plane and XZ plate 
densities were averaged to yield the values reported in Table 3. This difference in 
characterization was due to the limited availability of the µCT system. Micrographs 
of the polished XY plane of the three alloys with their optimized parameter sets are 
shown in Figure 3. Figure 4 shows micrographs of the XZ plane of AZ91E and 
EV31A, and Figure 5 shows some representative slices of the µCT scan of WE43. 
All three alloys achieved similar levels of porosity, and the micrographs show 
similar pore morphology and distribution. 

 
Figure 2. Metallography cylinder build in AZ91E. 

 
Figure 3. Micrographs of the XY planes for the densest samples of a) WE43, b) AZ91E, 
and c) EV31A. 



 

6 

 
Figure 4. Micrographs of XZ planes of a) AZ91E and b) EV31A. 

 

 
Figure 5. µCT slices of WE43 in the a) XY and b) XZ planes. 

 

The XY plane density as a function of energy density is plotted in Figure 6. This 
shows significant differences in processing windows for these three alloys. WE43 
achieves a high-density material in most parameter sets investigated; however, 
there is variation in density among parameter sets with similar energy densities.  
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Figure 6. Optical XY plane density as a function of energy density. 

During optimization of AZ91E, it was assumed the optimal energy density was near 
that of WE43, which is why the range of 25 to 42 J/mm^3 was so heavily 
investigated. After multiple iterations and only achieving <98% density, the energy 
density window to investigate was expanded. After which, it was seen that there 
appears to be a minimum energy density value of approximately 50 J/mm^3 that is 
required to produce >99% dense, after which there is a wide range of energy density 
values that produce nearly fully dense material.  

EV31A appears to increase in density with increasing energy density, which is not 
observed in the other two alloys. It is assumed this relationship has an upper limit 
after which porosity due to keyholing will increase with increasing energy density. 

3.2 Tensile Testing 

Figure 7 shows an example build of the subsize tensile bars. Although little-to-no 
cracking was seen in the EV31A metallography cylinders, the tensile bars showed 
significant cracking along the loading direction of the tensile bar. 
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Figure 7. Subsize tensile bar build of EV31A. 

Additionally, although the same processing parameters were used for all exposure 
regimes (infill, upskins, contours, etc.), significant geometric deviation was seen 
on the top of the samples—where the sides appear to be raised and the upskin seems 
to be rough. This phenomenon did not appear to have a correlation with positioning 
of the sample with regard to the gas flow or the recoater direction. 

Figure 8 shows the tensile performance of the optimized parameter sets for each 
alloy. The measured mechanical properties are shown in Table 3 and are compared 
with material produced via conventional manufacturing methods in Table 4. For 
AZ91E and EV31A, the reported values are averaged from at least three tensile 
samples. As for WE43, the reported values are from a single sample. It is important 
to note that as the LPBF samples did not undergo any postbuild heat treatment, the 
“conventionally manufactured” material in Table 4 is also without any subsequent 
heat treatment or solution treatment. In almost all cases, these materials would 
undergo some aging or solution treatment. This was done to quantify the “virgin” 
material from the manufacturing methods, to make comparisons among the 
processes easier. 

In the cases of WE43 and AZ91E, the LPBF samples achieved higher UTS, yield 
strength, and comparable or higher stain at failure. In the case of EV31A, the UTS 
and strain at failure are lower than the conventional counterparts.  
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Figure 8. Stress-strain curves of investigated magnesium (Mg) alloys. 

Table 4. Comparison of LPBF samples with conventionally manufactured samples. 

Alloys Manufacturing 
method 

UTS  
(MPa) 

Yield 
strength 
(MPa) 

Strain at 
failure 

WE43 As-cast15 171 126 1.5 
LPBF – this work 230 176 3.3 

AZ91E As-sand-cast16 128 102 1.1 
LPBF – this work 243 ± 12 198 ± 0.5 1.5 ± 0.4 

EV31A As-stir-cast17 192 130 7 
LPBF – this work 156 ± 27 NA 0.4 ± 0.1 

4. Discussion 

Near fully dense material was produced in metallography cylinders for all alloys. 
Tensile testing showed promising results for most of the alloys investigated. The 
UTS of WE43 and AZ91E saw increases of 34% and 90%, respectively, compared 
with the referenced material produced via conventional manufacturing methods. 
This, combined with the comparable or improved strain at failure and low porosity, 
indicates that the manufacturing of WE43 and AZ91E were both properly 
optimized and were manufactured with limited defects. The mechanical 
performance of LPBF WE43 and AZ91E differed slightly, with WE43 displaying 
over double the elongation than AZ91E while having slightly less strength. This 
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demonstrates two possible performance and application spaces in which these 
alloys can be utilized. 

As for EV31A, the cracks seen in the tensile coupons, the nonuniform upskins, and 
poor tensile performance indicate additional process optimization might have been 
necessary. It is important to note that the uneven surface of the EV31A tensile bars 
made it difficult to fixture in the grips of the load frame. It was necessary to lightly 
file the grip sections flat for better grip. Additionally, the higher surface roughness 
of the EV31A upskin compared with the other samples most likely introduced a 
significant amount of stress concentrations, leading to premature failure.  

Due to the varying number of parameter sets investigated for each alloy, it is 
difficult to make fully informed comparisons of the processing windows for each 
alloy. AZ91E seemed to have a very broad processing window once the parameter 
sets yield energy densities above approximately 50 J/mm^3. However, density 
appears to decrease after approximately 84 J/mm^3. With EV31A, as mentioned 
previously, density increases with energy density. However, similar to AZ91E, 
there most likely exists an upper bound to this trend, where increasing energy 
density will yield to higher porosity.  

Lastly, as mentioned, most magnesium alloys are used in their heat-treated state. 
This work is simply comparing the as-manufactured properties. As was shown, the 
mechanical performance of the LPBF WE43 and AZ91E was better than that of the 
referenced conventionally manufactured material and allows for the manufacture 
of parts that do not necessarily require subsequent heat treatment to achieve 
improved mechanical performance. 

5. Conclusion 

Magnesium alloys are intrinsically difficult to manufacture via melting processes. 
The density and reactivity of the powder create unique handling and processing 
concerns. This work highlights the successful optimization of the LPBF process for 
WE43 and AZ91E, which displayed improved tensile performance compared with 
some material manufactured via conventional processes. It is possible the poor 
performance of EV31A is due to the limited process optimization conducted here. 
Additional data points would need to be investigated to identify the effective 
processing window and ideal performance of this material. 
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Table A-1. Full dataset of investigated parameter sets. 

Sample 
ID Alloy Powder 

Laser 
power 
(W) 

Scan 
speed 

(mm/s) 

Hatch 
spacing 

(um) 

Spot 
size 
(um) 

Layer 
thickness 

(um) 

Energy 
density 

(J/mm^3) 

Density 
(optical) 

XY 
plane 
(%) 

Density 
(optical) 

XZ 
plane 
(%) 

µCT 
density 

(%) 

Young’s 
modulus 

(GPa) 

Ultimate 
tensile 

strength 
(MPa) 

Yield 
strength 
(MPa) 

Strain 
at 

failure 
(%) 

1 WE43C MAP43 100 1600 100 40 20 31 99.78 . . . 99.15 42 223 176 2.6 
2 WE43C MAP43 100 1400 100 40 20 35 99.91 . . . 99.84 42 230 176 3.3 
3 WE43C MAP43 100 1300 100 40 20 39 99.54 . . . 99.90 42 234 176 3.5 
4 WE43C MAP43 150 2700 100 40 20 28 96.27 . . . 97.24 38 182 147 1.8 
5 WE43C MAP43 150 2400 100 40 20 31 98.48 . . . 96.93 41 197 155 2.1 
6 WE43C MAP43 150 2100 100 40 20 35 99.32 . . . 97.56 40 215 169 3.0 
7 WE43C MAP43 150 1900 100 40 20 39 99.73 . . . 98.27 39 220 170 3.3 
8 WE43C MAP43 150 1800 100 40 20 42 99.11 . . . 98.75 42 223 168 3.3 
9 WE43C MAP43 170 2700 100 40 20 31 95.40 . . . 98.03 39 191 155 1.8 

10 WE43C MAP43 170 2400 100 40 20 35 94.99 . . . 97.96 39 201 164 2.4 
11 WE43C MAP43 170 2200 100 40 20 39 99.53 . . . 97.45 38 215 167 3.2 

1_1 AZ91E MAP91 100 1600 100 40 20 31 71.37 . . . . . . . . . . . . . . . . . . 
1_2 AZ91E MAP91 100 1400 100 40 20 35 83.24 . . . . . . . . . . . . . . . . . . 
1_3 AZ91E MAP91 100 1300 100 40 20 39 85.06 . . . . . . . . . . . . . . . . . . 
1_4 AZ91E MAP91 150 2700 100 40 20 28 55.62 . . . . . . . . . . . . . . . . . . 
1_5 AZ91E MAP91 150 2400 100 40 20 31 65.13 . . . . . . . . . . . . . . . . . . 
1_6 AZ91E MAP91 150 2100 100 40 20 35 72.08 . . . . . . . . . . . . . . . . . . 
1_7 AZ91E MAP91 150 1900 100 40 20 39 80.08 . . . . . . . . . . . . . . . . . . 
1_8 AZ91E MAP91 150 1800 100 40 20 42 88.35 . . . . . . . . . . . . . . . . . . 
1_9 AZ91E MAP91 170 2700 100 40 20 31 58.08 . . . . . . . . . . . . . . . . . . 
1_10 AZ91E MAP91 170 2400 100 40 20 35 67.94 . . . . . . . . . . . . . . . . . . 
1_11 AZ91E MAP91 170 2200 100 40 20 39 82.49 . . . . . . . . . . . . . . . . . . 
2_1 AZ91E MAP91 80 800 100 40 20 50 96.53 . . . . . . . . . . . . . . . . . . 
2_2 AZ91E MAP91 80 900 100 40 20 44 97.71 . . . . . . . . . . . . . . . . . . 
2_3 AZ91E MAP91 80 1000 100 40 20 40 93.72 . . . . . . . . . . . . . . . . . . 
2_4 AZ91E MAP91 100 1000 100 40 20 50 96.66 . . . . . . . . . . . . . . . . . . 
2_5 AZ91E MAP91 100 1100 100 40 20 45 96.51 . . . . . . . . . . . . . . . . . . 
2_6 AZ91E MAP91 100 1200 100 40 20 42 88.72 . . . . . . . . . . . . . . . . . . 
2_7 AZ91E MAP91 120 1200 100 40 20 50 94.15 . . . . . . . . . . . . . . . . . . 
2_8 AZ91E MAP91 120 1300 100 40 20 46 96.73 . . . . . . . . . . . . . . . . . . 
2_9 AZ91E MAP91 120 1400 100 40 20 43 89.51 . . . . . . . . . . . . . . . . . . 
3_1 AZ91E MAP91 60 850 80 40 20 44 98.18 . . . . . . . . . . . . . . . . . . 
3_2 AZ91E MAP91 60 950 70 40 20 45 98.93 . . . . . . . . . . . . . . . . . . 
3_3 AZ91E MAP91 60 1050 60 40 20 48 96.80 . . . . . . . . . . . . . . . . . . 
3_4 AZ91E MAP91 80 800 110 40 20 45 96.13 . . . . . . . . . . . . . . . . . . 
3_5 AZ91E MAP91 80 1000 90 40 20 44 98.31 . . . . . . . . . . . . . . . . . . 
3_6 AZ91E MAP91 80 1100 80 40 20 45 95.80 . . . . . . . . . . . . . . . . . . 
3_7 AZ91E MAP91 100 1000 110 40 20 45 92.76 . . . . . . . . . . . . . . . . . . 
3_8 AZ91E MAP91 100 1400 80 40 20 45 89.50 . . . . . . . . . . . . . . . . . . 
3_9 AZ91E MAP91 100 1200 90 40 20 46 92.29 . . . . . . . . . . . . . . . . . . 
4_1 AZ91E MAP91 55 850 70 40 20 46 97.10 . . . . . . . . . . . . . . . . . . 
4_2 AZ91E MAP91 55 925 70 40 20 42 95.09 . . . . . . . . . . . . . . . . . . 
4_3 AZ91E MAP91 55 1000 70 40 20 39 89.63 . . . . . . . . . . . . . . . . . . 
4_4 AZ91E MAP91 65 850 80 40 20 48 97.23 . . . . . . . . . . . . . . . . . . 
4_5 AZ91E MAP91 65 925 80 40 20 44 97.87 . . . . . . . . . . . . . . . . . . 
4_6 AZ91E MAP91 65 1000 80 40 20 41 94.77 . . . . . . . . . . . . . . . . . . 
4_7 AZ91E MAP91 75 850 90 40 20 49 95.41 . . . . . . . . . . . . . . . . . . 
4_8 AZ91E MAP91 75 925 90 40 20 45 96.07 . . . . . . . . . . . . . . . . . . 
4_9 AZ91E MAP91 75 1000 90 40 20 42 96.45 . . . . . . . . . . . . . . . . . . 
5_1 AZ91E MAP91 40 200 40 40 20 250 99.46 99.59 . . . . . . . . . . . . . . . 
5_2 AZ91E MAP91 40 400 40 40 20 125 99.74 99.70 . . . . . . . . . . . . . . . 
5_3 AZ91E MAP91 40 600 40 40 20 83 99.81 99.81 . . . 40 243 198 1.5 
5_4 AZ91E MAP91 40 200 50 40 20 200 99.23 . . . . . . . . . . . . . . . . . . 
5_5 AZ91E MAP91 40 400 50 40 20 100 99.62 99.61 . . . . . . . . . . . . . . . 
5_6 AZ91E MAP91 40 600 50 40 20 667 99.56 99.76 . . . . . . . . . . . . . . . 
5_7 AZ91E MAP91 40 200 60 40 20 167 99.26 . . . . . . . . . . . . . . . . . . 
5_8 AZ91E MAP91 40 400 60 40 20 83 99.60 99.71 . . . . . . . . . . . . . . . 
5_9 AZ91E MAP91 40 600 60 40 20 56 99.04 . . . . . . . . . . . . . . . . . . 
1_1 EV31A MAP21 40 200 40 40 20 250 99.80 99.85 . . . 39 156 NA 0.4 
1_2 EV31A MAP21 40 400 40 40 20 125 98.16 . . . . . . . . . . . . . . . . . . 
1_3 EV31A MAP21 40 600 40 40 20 83 87.54 . . . . . . . . . . . . . . . . . . 
1_4 EV31A MAP21 40 200 50 40 20 200 99.69 99.75 . . . . . . . . . . . . . . . 
1_5 EV31A MAP21 40 400 50 40 20 100 98.38 . . . . . . . . . . . . . . . . . . 
1_6 EV31A MAP21 40 600 50 40 20 67 86.71 . . . . . . . . . . . . . . . . . . 
1_7 EV31A MAP21 40 200 60 40 20 167 99.47 99.73 . . . . . . . . . . . . . . . 
1_8 EV31A MAP21 40 400 60 40 20 83 98.54 . . . . . . . . . . . . . . . . . . 
1_9 EV31A MAP21 40 600 60 40 20 56 86.30 . . . . . . . . . . . . . . . . . . 
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List of Symbols, Abbreviations, and Acronyms 

3-D  Three-Dimensional 

AM  Additive Manufacturing 

DIC  Digital Image Correlation 

LPBF  Laser Powder Bed Fusion 

Mg  Magnesium 

NA  Not Applicable 

Ti64  Ti-6Al-4V 

TO  Topological Optimization 

UTS  Ultimate Tensile Strength 
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