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Abstract: Additive manufacturing of magnesium (Mg) alloys is of interest for the fabri-
cation of complex-shaped lightweight materials. This study evaluates the microstructure
of WE43 Mg alloy deposited using laser powder directed energy deposition (LPDED)
additive manufacturing technique in as-deposited and post-processed conditions. As-
deposited samples exhibited roughly 2% porosity, which was reduced to below 0.1% after
hot isostatic pressing. Despite limited grain growth after heat treatment, some grains expe-
rienced abnormal grain growth, likely due to Zener pinning and non-uniform dissolution
of grain boundary precipitates. Moreover, as-deposited specimens contained Nd-rich grain
boundary precipitates which dissolved during post-processing. Additionally, during heat
treatment. a fine distribution of needle-like β1 or β precipitates formed. Overall, the precip-
itate size and distribution following heat treatment was non-uniform, likely because of the
non-uniform response of the LPDED material to heat treatment, owing to the variation in
local- and global-temperature profiles during deposition. Furthermore, arc-shaped phases
with a high concentration of Y, O, and Zr were present for all processing conditions and are
associated with the passivation of the feedstock powder prior to deposition. Moreover, an
equiaxed-grain structure with a random orientation and a finer grain size in the regions
adjacent to the arc-shaped phases was observed in all processing conditions.

Keywords: additive manufacturing; laser powder directed energy deposition; magnesium;
microstructure; post-processing

1. Introduction
Recently, magnesium (Mg) and Mg alloys have gained considerable attention for use

as biodegradable implants [1–5] because of its natural degradation in the physiological
environment and being an essential nutritional element (240–420 mg/day) [1,3] for main-
taining proper bodily function. Furthermore, Mg has an elastic modulus (41–45 GPa) that
more closely matches that of human bone (15–25 GPa), which is expected to limit stress
shielding (a process by which stiffness mismatch between the implant and bone can result
in bone resorption). Widespread adoption of biodegradable Mg implants, however, has
been limited because the corrosion rate of Mg in the body is too rapid (often resulting in
uncontrolled hydrogen gas evolution), and Mg alloys have poor formability [1,2,5–8].

Efforts to manufacture biodegradable Mg-based implants have primarily employed
casting or powder metallurgy techniques which, in most cases, permits the fabrication of
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complex geometries. Recently, however, additive manufacturing (AM) of Mg alloys has
gained interest for the potential to manufacture unique complex geometries, unachievable
by conventional manufacturing methods, to decrease material waste or provide functional
design options for aerospace, automotive, and biomedical applications [9–12]. AM is a
relatively new manufacturing method that fabricates parts in a layer-by-layer fashion.
While there are a variety of AM technologies, powder bed fusion (PBF) and directed energy
deposition (DED) are two of the most commonly employed for the manufacturing of metals.
While metal AM is now well-established for many ferrous, titanium, and nickel alloys
(among others), AM of Mg is much less established. The lack of activity is likely associated
with two primary challenges: (a) the high oxygen affinity and pyrophoric nature of Mg
(particularly in powder form), presenting both a process challenge and safety risk, and
(b) a limited process window due to a small difference in melting temperature (~640 ◦C)
and vaporization temperature (~1100 ◦C) [9,10,13,14].

Nevertheless, over the past decade, the interest in Mg AM has increased and several
published reports now exist [9–11,13,15–30]. The vast majority of these efforts have em-
ployed PBF methods [9,10,15–18,20,25–27]. Ng et al. [16] reported on the melting of fine
Mg powder using a miniature PBF system that was enclosed by a custom inert-gas (argon)
chamber, to prevent oxidation [16]. More recently, Gangireddy et al. [20] reported a reduc-
tion in porosity in WE43 Mg fabricated via PBF after hot isostatic pressing (HIP), where
mechanical properties were strongly influenced by the degree of porosity in the specimen.
Moreover, the authors reported on the microstructural evolution of various second-phase
particles (e.g., yttrium(Y)- and zirconium(Zr)-rich oxides and Mg24Y5 and Nd-rich precipi-
tates) in the as-built and HIP conditions [20]. Furthermore, Esmaily et al. [29] reported the
microstructure of WE43 Mg alloy specimens fabricated using SLM, consisting of refined
grains with irregular morphologies and a strong basal texture with c-axis parallel to the
build direction. Moreover, secondary processing, including HIP, as well as heat treatment,
resulted in insignificant grain growth and the grain texture remained unchanged. Also, al-
though post-processing lead to the dissolution of Nd- and Y- rich particles, the flake-shaped
oxide particles were retained [29].

To the authors’ knowledge, there are only a limited number of publications on the use
of laser powder DED (LPDED) for AM of Mg [17,19,28,30]. Tandon et al. evaluated [17,19]
the microstructure and mechanical properties of LPDED WE43 Mg specimens with low
porosity (~99% density). The authors reported that post-deposition T6 heat treatment and
HIP treatment improved the mechanical behavior of the deposited samples compared
to the as-deposited condition. Jiang et al. [28] also utilized the DED method to deposit
Mg-xGd-3Y-0.2Zr alloys and studied the effects of Gd addition on microstructure and
mechanical properties of the deposited samples [28]. However, in-depth microstructure
characterization was not provided in any of these published works.

In our previous paper [30], we have studied the effect of interlayer interval time
on the microstructure and mechanical properties (microhardness and uniaxial tensile)
of the WE43 specimens deposited using the LPDED method. The results showed that
despite the insignificant effect of interlayer interval time on the microstructure of the
deposited samples in various post-processing conditions, the tensile strength and ductility
of the specimens significantly decreased by increasing interlayer interval time, due to the
presence of lack-of-fusion defects. Moreover, post-processing (e.g., heat treatment and
HIP) improved yield strength, ultimate tensile strength, and ductility of the specimens in
both processing conditions. However, the influence of post-deposition heat-treatment on
the microstructure of additively manufactured Mg was not investigated in our previous
study [30] or elsewhere. Considering that most additively manufactured Mg alloys will be
post-processed prior to service, it is critical to understand the influence of heat treatment
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and HIP on the microstructure of the specimens. In this work, the microstructure of WE43
Mg alloy specimens fabricated using LPDED is investigated. Also, the effect of HIP and
heat-treatment on the microstructure of additively manufactured specimens is investigated.

2. Materials and Methods
Rectangular (10.8 × 48.0 × 114.3 mm) WE43 magnesium alloy specimens (Figure 1)

were fabricated using a modified laser-engineered net shaping (LENS®) system. All samples
were processed on wrought WE43 substrates (ELEKTRON® 43 rolled plate, Magnesium
Elektron, Flemington, NJ, USA) using a gas-atomized WE43 powder (Elektron® MAP+43,
Magnesium Elektron, Flemington, NJ, USA) with a nominal composition of Mg, 3.97 wt.% Y,
2.23 wt.% Nd, and 0.59 wt.% Zr and a particle size of 68.9 ± 13.5 µm (determined via
laser diffraction particle analysis (LDPA)). Samples were fabricated using the line-melting
contours with snaking fill technique and the LPDED process conditions listed in Table 1.
Considering the pyrophoric nature of the Mg powder and to prevent excessive oxidation,
all specimens were processed in an argon atmosphere while keeping oxygen content lower
than 100 ppm.

To evaluate the influence of post-processing on the microstructure of the as-deposited
material, both heat treatment and hot isostatic pressing (HIP) were performed. As such, this
study evaluated samples prepared in four conditions: as-deposited (AD), heat-treated only
(HT), HIP only (HIP), and HIP and heat-treated (HIP + HT). Heat treatment was performed
using a standard T6 heat-treatment process for WE43: solution treatment at 525 ◦C for
8 h, followed by quenching in water and aging at 250 ◦C for 16 h and air cooling [31].
All heat treatments were performed in air atmosphere in a box furnace (Lindberg/Blue,
Thermo Scientific, Waltham, MA, USA). HIP was performed at Quintus Technologies, LLC
(Lewis Center, OH, USA) and the process conditions were 520 ◦C for 2 h at a pressure of
100 MPa.
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Table 1. LPDED processing conditions.

Laser Power (W) Contour Traverse
Speed (mm/s)

Hatch Traverse
Speed (mm/s)

Layer Height
(mm)

Powder Feed
Rate (rpm)

Hatch Distance
(mm)

600 19.05 12.7 0.508 2.8 1.12

To study the size and morphology of the as-received powder, a small amount of pow-
der was sprinkled on carbon tape and evaluated using scanning electron microscopy (SEM)
(Supra 40 VP, Zeiss, Germany). Also, energy-dispersive X-ray spectroscopy (EDS) was
conducted on cross-sectional samples to characterize the compositional variation within the
powder particles. Metallographic preparation of both powder and additively manufactured
specimens was performed by mounting the specimens in conductive epoxy resin, grinding
with 1200 grit SiC paper, and polishing using 9 and 1 µm diamond suspensions. Final
polishing was conducted using a 0.05 µm alumina powder suspension. All metallographic
analysis was performed on the Z-Y plane (Figure 1). In the case of powder cross-sections,
the surface was coated with a thin (~10 nm) layer of carbon to prevent charge accumulation
on the sample surface owing to the epoxy mounting resin. Porosity analysis was performed
based on ASTM standard E2109 [32], using optical microscopy (Axio Vert.A1 inverted
microscope, Carl Zeiss Microscopy GmbH, Germany) in conjunction with image analysis
(ImageJ, National Institutes of Health (NIH)). For this purpose, 10 optical micrographs
were collected using a magnification of 200×. Etched samples were etched in a solution
containing 60 mL ethylene glycol, 20 mL acetic acid, 19 mL water, and 1 mL nitric acid [33].
The microstructure and grain size of the etched samples were characterized using optical
microscopy. The grain size was measured using the line-intercept method on 10 different
images with five distinct lines in both vertical and horizontal directions, and the diameter
of the grains was calculated based on the ASTM E112 [34].

Cross-sectional SEM and EDS analysis was performed on the AD and post-processed
specimens to evaluate the microstructure and microscale composition. In all cases, cross-
sectional characterization was performed on the Z-Y plane of the rectangular specimen
(Figure 1). In addition, transmission electron microscopy [35] analysis (imaging and
selected area diffraction pattern (SAED)) was conducted using a JEOL JEM-2100 LaB6 TEM.
Bright-field imaging and SAED were used to characterize the second-phase particle size,
distribution, and type. In addition, the crystal structure of the as-received powder and
additively manufactured materials was characterized via X-ray diffraction (XRD), using
a Rigaku Ultima-Plus X-ray Diffractometer equipped with a CuKa X-ray source. The 2θ
values varied from 10◦ to 90◦ at a scan rate of 2 degree/min.

Furthermore, the electron backscatter diffraction (EBSD) method was used to study the
microstructure of the samples in various conditions. EBSD analysis was performed using an
Oxford Aztec EBSD system in conjunction with SEM. The step size for each sample was set
at 0.4 µm. Prior to EBSD, the samples were ground and polished with the abovementioned
procedure. Then, the surface of the samples was milled using an ion beam milling system
(EM TIC 3X, Leica, US) with the beam setting of 7 kV and 2.6 mA, for 5 h. To avoid the
excessive heating of the samples during the ion milling process, the cryogenic cooling
stage operating at −120 ◦C was used. Moreover, the Transmission Kikuchi Diffraction
(TKD) method was also used to obtain further information on the microstructure of the
various samples. TKD analysis was performed using the Oxford Aztec (Oxford Instruments
NanoAnalysis, High Wycombe, UK) EBSD system with the Symmetry S2 detector in the
SEM (Helios 5 CX DualBeam, ThermoFisher Scientific, Waltham, MA, USA) with a step size
of 50 nm and 45.9 ms exposure time. For this purpose, cross-section lamellae were prepared
using a DualBeam focused ion beam (FIB)- SEM (Helios 5 CX, ThermoFisher Scientific,
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Waltham, MA, USA). A 2 µm thick protective tungsten layer was deposited prior to rough
trenching with 30 kV Ga+ at 0.79 nA. Trenching clean-up was conducted with 30 kV Ga+

at 9.3 nA. Final lamellae thinning was performed at an ion beam current of 0.79 nA, and
final polishing was conducted at 5 kV and 1 kV, to reduce FIB surface damage. The Mg
FIB lamella was also used to study the chemistry of some of the samples, using EDS. The
Oxford Instruments Ultim Max 100 EDS detector was used to collect EDS maps, using a
30 keV accelerating voltage with a 1.4 nA electron beam current.

3. Results
3.1. Powder Characterization

Figure 2 shows SEM images of the as-received powder. Powder particles were charac-
terized by a near-spherical morphology and, in many cases, small satellite particles were
observed attached to larger particles. The surface of the particles was characterized by a fine
cellular structure, which is a result of rapid solidification during gas atomization. The WE43
powder had an average diameter of 68.9 ± 13.5 µm (determined by LDPA). Moreover, D10,
D50, and D90 of the powder are determined as 47.3, 61.75, and 83.8 µm, respectively.
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Figure 2. (a) Low magnification and (b) high magnification SEM images depicting the morphology of
the gas-atomized WE43 Mg alloy powder.

Figure 3 shows cross-sectional SEM images and associated EDS elemental maps ob-
tained from the interior of a typical powder particle. A fine cellular structure is apparent,
whereby the cell boundaries appear bright due to elemental segregation that has occurred
during solidification. It should be noted that due to the nature of the gas-atomized pow-
der, although not significant, the cellular microstructure near the surface of the powder
(Figure 3c) is finer than the central region (Figure 3a) because of the higher cooling rates
experienced in the area near the surface of the powder.

Based on the EDS results (Figure 3b), the cell boundaries (bright regions) are rich in
alloying elements including yttrium (Y), neodymium (Nd), and zirconium (Zr). Previous
studies have concluded that the cell boundary regions likely contain the eutectic phase [36].
From inspection of Figure 3c,d, a thin layer (white arrow) rich in Y and oxygen (O) is
present on the perimeter of the powder. This oxide layer is attributed to passivation of
the Mg powders, which is carried out during production to ensure safe handling [36].
Moreover, comparing the EDS maps in Figure 3b,d, the cell boundaries in Figure 3b appear
to be brighter in color as a result of the thicker cell boundaries. This difference in cell
boundary thickness can be attributed to the lower cooling rates at the center of the powder
particles, which allow for greater segregation of the alloying elements.
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Figure 3. (a,c) SEM cross-sectional micrograph and (b,d) corresponding EDS elemental maps obtained
from gas-atomized WE43 Mg powder. The white arrow marks the passive layer on the surface of
the powder.

3.2. Microstructure Characterization

Figure 4 shows optical micrographs of the LPDED deposited WE43 material in AD,
HT, HIP, and HIP + HT condition. In addition, Table 2 shows the measured porosity and
grain size for the samples in each condition. From inspection of Figure 4, the AD material is
characterized by a fine distribution of equiaxed grains and arc-shaped phases (red arrows).
While the exact nature of these arc-shaped phases is not known, previously [19], they have
been attributed to the passive oxide layer on the feedstock powder. These phases will be
discussed in more detail using the EDS analysis. Moreover, gas porosity is also observed in
the AD sample (blue arrows in Figure 4a).

Table 2. The porosity and grain size of LPDED WE43 Mg specimens in as-deposited and post-
processed conditions.

Sample Condition Porosity (% by Area) Grain Diameter (µm)

AD 1.12 ± 0.36 10.6 ± 2.2
HT 1.52 ± 0.67 12.4 ± 2.0
HIP 0.01 ± 0.01 13.4 ± 3.1

HIP + HT 0.02 ± 0.01 15.5 ± 3.6
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Figure 4. Cross-sectional optical micrographs of additively manufactured WE43 Mg in (a,b) AD,
(c,d) HT (e,f) HIP, and (g,h) HIP + HT conditions. The blue arrows mark gas porosity. The black
arrows point to the grains which grow distinctively. The red arrows mark the powder boundaries.
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Heat treatment and HIP of the AD specimens resulted in several changes to the mi-
crostructure. First, the grain size increased for all post-treated LPDED specimens compared
to the AD material. The increase in grain size was simply attributed to modest grain growth
that occurred during elevated-temperature heat treatment. In addition, abnormal grain
growth (AGG) was observed in the HT, HIP, and HIP + HT conditions, whereby some
grains experienced significant grain growth. Black arrows shown in Figure 4 indicate large
grains that have experienced AGG, surrounded by smaller equiaxed grains. Qualitative
analysis indicated that the HIP + HT specimen experienced the largest amount of AGG, fol-
lowed by the HT specimen. Furthermore, an increase in grain size variation was observed
for the heat-treated specimens, which is attributed to the increase in AGG.

In general, grain growth occurs by two modes: normal grain growth and AGG [37].
During AGG, grain growth is discontinuous and a few grains grow at the expense of
smaller grains, ultimately resulting in a bimodal grain size distribution [37]. AGG has been
observed in numerous alloy systems and has been attributed to a variety of mechanisms in-
cluding second-phase particle pinning (Zener pinning) [37–39], texture effects [39–41], and
dislocation density gradients [42,43]. Among these mechanisms, the most commonly cited
is the influence of second-phase particles on grain growth characteristics. More specifically,
when annealing at high temperatures, non-uniform dissolution of grain boundary precip-
itates will frequently cause AGG [38]. As such, it is possible that AGG in this study has
occurred because the AD microstructure was characterized by significant grain boundary
precipitation (see Figure 4 and related discussion) and these precipitates rapidly under-
went non-uniform dissolution during either the HIP treatment (HIP sample) or solution
treatment (HT and HT+HIP samples). Because the process was non-uniform—possibly due
to variations in the size and composition of the grain boundary precipitates formed during
deposition—some grains experienced rapid AGG until all grain boundary precipitates were
fully dissolved. Roostaei et al. [44] studied the grain growth kinetics of several Mg alloys
and showed that when conditions are favorable for AGG, increased time at temperature in-
creased the amount of AGG. Thus, it is reasonable that the HIP + HT specimen experienced
the most AGG.

Compared to the AD condition, heat treating and/or HIP treatment did not remove the
large arc-shaped phases. This is not surprising, considering the thermal stability of yttria
(melting temperature = 2342 ◦C). Furthermore, from inspection of Table 2, three important
observations can be made regarding the porosity of the specimens. First, the AD specimens
exhibited porosity of less than 2%, which demonstrates the potential for successfully
fabricating Mg components using LPDED. Second, HIP was effective in reducing the
porosity to below 0.1%. This can be observed by comparing measured porosity (Table 2)
for the AD and HT to the HIP and HIP + HT specimens. Similarly, optical micrographs
provided in Figure 4 show that the porosity is primarily spherical in shape (likely gas
porosity) and observed only in AD and HT samples. Third, the application of heat treatment
resulted in a two-fold increase in porosity. This observation can be made by comparing
either the AD and HT samples or the HIP and HIP + HT, although the total porosity was
considerably lower for the HIP specimens. The presence of porosity in AD and HT samples
can be attributed to gas entrapment during the LPDED process. Moreover, the feedstock
powder contained significant gas porosity and is the most likely source for gas porosity
in the AD and HT conditions. The reason for increased porosity following heat treatment
could be associated with a metallographic preparation artifact, whereby the precipitates
that have been formed during heat treatment are pulled out during mechanical polishing.
Alternatively, the increase in porosity could be associated with the growth of gas pores
during heat treatment. Although the gas pores collapse during HIP treatment, residual
argon gas (present due to the low diffusivity of argon in Mg) near the original pores may
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coalesce during subsequent heat treatment. This mechanism has been cited as a cause for
increased porosity following heat treatment of additively manufactured titanium in HIP
condition [45]. A similar mechanism could also occur for the HT sample if residual argon
gas or small gas pores coalesce during heat treatment. Nevertheless, further studies are
required to study the change in as porosity following heat treatment.

Figure 5 shows cross-sectional SEM micrographs of LPDED samples in various condi-
tions (AD, HT, HIP, and HIP + HT). From inspection of Figure 5a,b, the AD sample contains
small precipitates (bright regions) located along the α-Mg grain boundaries with limited
second-phase particles located within the α-Mg grains. The grain boundary precipitates
dissolved into the matrix after HIP or HT, although for heat-treated specimens (HT and HIP
+ HT) new grain boundary precipitates formed during aging. Note, the grain boundaries in
the HIP-only specimen are poorly defined and show limited (if any) grain boundary pre-
cipitation. Once again, the AD and post-processed specimens (HT, HIP, HIP + HT) contain
many arc-shaped phases (red arrows in Figure 5), which remained in the microstructure
following post-processing. Moreover, comparing the microstructure of the heat-treated
samples (i.e., HT and HIP + HT, Figures 5c and 5g, respectively) to those without heat
treatment (i.e., AD and HIP, Figures 5a and 5e, respectively) shows the formation of small
needle-like precipitates (yellow arrows in Figure 5d,h) after heat treatment. Based on the
literature [46,47], these needle-like precipitates are likely β1 precipitates which grow on
the prismatic planes of the HCP lattice, perpendicular to the basal plane, and in the

[
1120

]
direction. To evaluate the size, morphology, and distribution of these precipitates in more
detail, TEM was conducted on the HIP + HT sample (discussed below). EDS analysis was
performed to provide a qualitative description of the chemical composition of the secondary
phases within the microstructure. Figure 6 shows SEM images and corresponding EDS
elemental maps from various regions of the HT sample. The results show the arc-shaped
phases (red arrows in Figure 6 exhibit a high concentration of Y, Zr, and O, while the
Mg concentration is depleted in these regions. Therefore, these phases are likely oxides
originating from the surface passivation treatment imposed on the Mg powder during
processing, to ensure safe handling. The thickness of the arc-shaped phases in the LPDED
samples is greater than that of the original surface oxide layer (Figure 3a), which could be
attributed to surface oxidation during deposition or thickening of the layer within the melt
pool. In addition, unlike the passivation layer on the as-received powder, the arc-shaped
phases are enriched in Zr, suggesting that another process, beyond surface passivation,
may have influenced their formation. As such, further investigation is necessary to fully
understand the origin and evolution of these precipitates.

Figure 6a also reveals the presence of small cuboidal (yellow arrows) and some
irregular precipitates (white arrow) in the microstructure of the HT sample, which did not
dissolve during heat treatment. These precipitates were observed in all LPDED samples,
regardless of the post-processing condition. The elemental map provided in Figure 6a
indicates that the irregular precipitates are Zr-rich. Additionally, the higher-resolution SEM
image and associated EDS elemental map provided in Figure 6b show that the cuboidal
precipitates are rich in Y and also exhibit an elevated Zr content, compared to the average
composition. Various compositions have been reported in the published literature for
cuboidal Y-rich precipitates in WE43 (e.g., Mg24Y5, Mg2Y [48], Mg3(Y16.49 Nd0.51) [49],
and Y7Zr [50]). Using EDS point analysis, we estimated the composition of the cuboidal
precipitate to be 51.4 at.% Y, 36.3 at.% Mg, 2.9 at.% Nd, 2.3 at.% Dy, 1.2 at.% Gd, and
5.7 at.% O). Considering the limitations (e.g., spatial resolution) of this type of analysis, it
is reasonable to infer that the cuboidal phase is rich in Y but also contains a mixture of
rare-earth elements, which is not consistent with previously observed compositions.
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Figure 7 shows EBSD Euler maps and corresponding pole figures of the LPDED
samples in various post-processing conditions. Grain size measurements obtained via
EBSD analysis are provided in Table 3 and show an increase in grain size after post-
processing, which correlates well with the results obtained using the optical metallography
line-intercept method (Table 2). The large standard deviation for the HT and HIP + HT
samples has likely occurred due to the presence of AGG. Moreover, by inspection of
Figure 7, the microstructure of the samples in all processing conditions consists of an
equiaxed-grain structure with random orientations.
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Table 3. The grain size of LPDED WE43 Mg specimens in as-deposited and post-processed conditions
measured via EBSD.

Sample Condition Grain Diameter (µm)

AD 9.0 ± 6.4
HT 12.2 ± 9.1
HIP 10.3 ± 5.3

HIP + HT 11.4 ± 8.4

Previously, Jiang et al. [28] have reported an equiaxed-grain structure with random
crystallographic orientations and a weak texture for a similar Mg alloy (Mg-9Gd-3Y-0.2Zr)
deposited using DED method [28]. Similarly, Liao et al. [51] reported the equiaxed grains
with random orientation in the GW103K Mg alloy (Mg-10Gd-3Y-0.4Zr (wt%)) fabricated
using the laser-melting deposition technique. However, the previous studies on the EBSD
analysis of WE43 Mg fabricated using PBF demonstrated irregular or columnar grain
structure [23,29].

Bär et al. [23] demonstrated the presence of three different grain structures in the
WE43 samples fabricated using PBF: fine equiaxed-grain structure in the last melt pool;
fine columnar structure in the second-to-last layer; and small equiaxed grains dispersed
among large irregular grains, with the c-axis parallel to the build direction, in all other
layers [23]. In another study, Esmaily et al. [29], reported fine irregular grain structure
and strong basal texture with grains parallel to the build direction in the WE43 samples
fabricated using SLM. The authors also reported that post processing resulted in subtle
grain growth [29]. Specimens fabricated using DED and SLM experience different cooling
rates. In the DED processes, the heat transfer primarily occurs through conduction to the
substrate or the build material and convection to the gas atmosphere (Ar gas), whereas in
SLM, the melt pool is surrounded by the powder, which acts as a thermal insulator and
reduces convective heat transfer and lowers the cooling rate, compared with DED [52]. The
higher cooling rate of the melt pool in our study results in the fine equiaxed-grain structure.

From inspection of pole figures in Figure 7, it appears that samples in all processing
conditions have near random crystal orientation. Moreover, the HIP + HT sample appears
to have the strongest texture intensity; however, due to the small sampling region and low
count of grains in the mapping area, these results are insufficient for defining the texture of
the samples. Inspection of the corresponding pole figure (Figure 7h) shows presence of one
preferred texture orientation in the legend of (0001) which can be attributed to the large
grain in the Euler map.

Figure 8 shows higher-magnification EBSD Euler maps and corresponding forescatter
diode (FSD) images of the samples in various post-processing conditions. Comparing
the FSD images and the corresponding EBSD Euler maps, the microstructure of the sam-
ples in all processing conditions reveals finer grain structure in the regions adjacent to
the arc-shaped phases. This is likely due to the arc-shaped phases acting as heteroge-
neous nucleation sites during the solidification of the melt pool, leading to the formation
of finer grains. Moreover, as was discussed before, EBSD analysis also confirms that
the post processing (i.e., HIP, HT, and HIP + HT) resulted in abnormal grain growth
(Figures 7c,e,g and 8c,g). However, comparing the EBSD Euler maps and corresponding
FSD micrographs (i.e., Figure 8c,d), the areas that the abnormal grain growth (white arrows
in Figure 8) mostly occurred in were the regions depleted from the secondary phases (e.g.,
arc-shaped phases), whereas the presence of arc-shaped phases resulted in smaller grains
with insignificant grain growth (marked by white-dashed ovals in Figure 8). This can be
attributed to Zener pinning by the arc-shaped phases, which prevents the grain boundary
movement and the grain growth during the heat treatment.
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Figure 9 shows high-magnification band contrast and corresponding IPF Z images of
the samples in various post-processing conditions obtained using the TKD method. The
band-contrast images of samples in HT and HT+HIP confirm the presence of the needle-like
precipitates inside the grains. These precipitates were not observed in the AD and HIP
samples. Moreover, the IPF Z images in Figure 9b,d,f,h confirm the randomized grain
structure in all the samples that were observed using the EBSD method (Figures 7 and 8).
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Figure 10 shows bright-field TEM images of the samples in various post-processing
conditions. The bright-field image of the sample in AD condition (Figure 10a) indicates the
presence of small grain boundary precipitates and some needle-like precipitates within the
grains. However, after HIP processing (Figure 10c), the grain boundary precipitates appear
to have dissolved. Further, HT and HIP + HT specimens (yellow arrows in Figure 10b,d)
exhibited grain boundary precipitates and the formation of needle-like precipitates. TEM
analysis also revealed the presence of arc-shape phases and small unmelted satellite par-
ticles (~1 µm in diameter) contained within all samples (only shown for HIP sample in
Figure 10c).
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Figure 10. (a–d) TEM bright-field images of precipitates of additively manufactured WE 43 Mg in
(a) AD, (b) HT, (c) HIP, and (d) HIP + HT conditions. The yellow, red, and white arrows mark the
grain boundary precipitates, unmelted particles, and the arc-shaped phases, respectively.

Figure 11 shows bright-field TEM images and corresponding SAED patterns obtained
from the HIP + HT sample. From inspection of Figure 11a,b, two precipitate morphologies
are present in the HIP + HT microstructure: needle-like and globular. Here, the needle-
like precipitates are approximately 800–1000 nm in length and roughly 10–50 nm in width.
The globular precipitates range in size from 100 to 200 nm. Figure 11b shows a higher-
magnification image of these precipitates. In this image, the globular precipitates are found
attached to the needle-like precipitates. The SAED patterns in Figures 11e and 11f, respec-
tively, show a rhombus and a hexagonal diffraction pattern associated with the HCP α-Mg
lattice. In both SAED patterns, weak diffraction spots, located between α-Mg diffraction
spots, are observed and are attributed to the precipitates formed during heat-treatment pro-
cess (β1 or β). During the aging of WE43, precipitates form from the Mg supersaturated solid
solution ((Mg)S.S.S.S), as follows: (Mg)S.S.S.S→β′′→β′→β1→β [48,53]. Here, β′′ (Mg3Nd
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or Mg3(Y0.85Nd0.15)) is a coherent metastable secondary phase with HCP D019 crystal struc-
ture with a double hexagonal cell (a = 2aMg = 0.6418 nm, c = cMg = 0.521 nm) [48,50,54].
β′′ phase precipitates are plate-shaped precipitates that lie in the

(
1100

)
Mg planes [47,50].

This phase can transform to β’ (Mg12NdY or Mg24Y2Nd3) at temperatures around 200 to
250 ◦C. β’ is a semicoherent globular base-centered orthorhombic (BCO) metastable phase
(a = 2aMg= 0.640nm, b = 8d

Mg(1
-
100)

= 2.223 nm, c = cMg= 0.521 nm) [47,48,54]. Finally,

β1 is an intermediate phase that can also form with β’ and is often connected to the globular
β′ phase. This phase (β1) typically takes on a plate-like morphology and forms on the(
1100

)
Mg planes with a face-centered cubic (FCC) crystal structure and a crystal size of

a = 0.740 nm [46,47,54]. Mg3(Nd, Y, Gd) [48] and Mg14Nd2Y have been suggested [47] as
the composition of β1. The final precipitate to form during aging is a stable FCC longitu-
dinal plate-like β phase with a crystal length of a = 2.223 nm and suggested composition
of Mg12NdY [47] (although Mg14Nd2Y [48] has also been observed). Moreover, it should
be noted that the absence of diffraction spots correlating to the other phases (e.g., cuboidal
precipitates and arc-shaped phases) in SAED patterns has been attributed to the incoherency
of these precipitates with the α-Mg phase [20].
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To study the composition of the needle-like precipitates, EDS in conjunction with
STEM was performed on the HT sample (Figure 12). Inspection of Figure 12 shows
that the needle-like precipitates are enriched in Nd and Y, which matches the suggested
compositions for the β1 or β precipitates [47,48]. Therefore, based on the results of TEM
and EDS analysis, the needle-like precipitates observed in this study are expected to be
either β1 or β precipitates with plate-like morphology. These two phases can exist in the
microstructure simultaneously, although long aging times result in the transformation of
the β1 to the β phase [55,56]. It has been reported that both phases can exist in the same
plate-like precipitate in such a way that one end is β1 while the other end has transformed
to the β phase [55,56]. However, the β phase is typically longer and thicker than the β1

phase. In this study, the thickness and length of needle-like precipitates (i.e., 10–50 nm
and 800–1000 nm, respectively) are much smaller than those reported for the β phase (i.e.,
250 nm thick and several microns long [47]) and more similar to the thickness and length
reported for the β1 phase (i.e., 20 nm and 200–500 nm, respectively). As such, we believe the
needle-like precipitates are most consistent with the β1 phase. However, the slightly larger
size of the needle-like precipitates compared to the β1 phase may be attributed to overaging,
resulting from excessive aging times or temperatures. Moreover, it is possible that the
AM samples respond differently to heat treatment than conventional cast alloys, due to
differences in thermal history. During LPDED, various regions of the sample experience
different thermal history (e.g., heat-affected zones and re-melting regions), which results in
the differences in the microstructure [23,52,57].

Figure 11c shows a bright-field TEM image obtained from a different region of the
HIP + HT sample. Clearly, the size and orientation of the precipitates in the specimen
is not uniform. In this case, the plate-like β1 precipitates take on a unique honeycomb
or triad arrangement, aligned in three primary orientations. Figure 11d shows a higher-
magnification bright-field image of one of the triads. Three precipitates intersect at the apex
of the triad and are orientated with a 120◦ separation from one another. The arrangement
corresponds to the growth of β1 precipitates on prismatic planes and along the < 1120 >

direction in the α-Mg lattice. This finding has been reported previously in hot-rolled
WE43 [58] and peak-aged WE54 plates [56,59] and attributed to the shear strain during the
formation of the precipitates. Occasionally, this triad arrangement can also develop into a
honeycomb arrangement. Previously, a honeycomb arrangement of β1 precipitates was
reported in hot-rolled and aged (at 210 ◦C for 48 h) WE43 [58] and solution-treated and
aged at 250 ◦C (16 h [55] and 10 h [60]) WE54 plates. Finally, the variation in precipitate size
and distribution observed in the HIP + HT specimen may indicate that the response of the
LPDED material to heat treatment was non-uniform, owing to the variation in local- and
global-temperature profiles during deposition, and associated solute-element segregation
in various regions (e.g., regions which experience re-melting) of the AD material.

Figure 12e,f show high-magnification SEM image and corresponding EDS map of the
HT sample. From these images, it can be noticed that the grain boundary precipitates are
rich in Nd and Y. These images also show that the powder boundary oxide phases are
composed of small oxide particles that are aggregated together.

The XRD patterns of the WE43 powder and four LPDED sample treatments are
provided in Figure 13. The predominant diffraction peaks for each pattern are characteristic
of α-Mg. In addition, peaks are present in each pattern which can be attributed to secondary
phases such as Mg24Y5, Mg12Nd, and Mg41Nd5. The peaks related to the yttrium oxide
(Y2O3) and zirconium oxide (Zr3O1−x) were also observed in all processing conditions and
were attributed to the oxide layer on the surface of the powder and associated arc-shaped
phases observed in the LPDED specimens.
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Further inspection of Figure 13 shows that peaks corresponding to Mg12Nd (marked
by a blue diamond) are only present in the feedstock powder. This phase is the eutectic
phase in the Mg-Nd-Y alloys, which dissolves during solution treatment. The absence of
Mg12Nd peaks in the XRD pattern of AD samples can be attributed to the small size and
volume fraction of the grain-boundary eutectic phase. Moreover, peaks corresponding to
the Mg24Y5 phase (cuboidal precipitates in Figure 6) or Mg41Nd5 were not observed in the
powder XRD pattern. The absence of these phases is in agreement with the cross-sectional
image of the powder, where no precipitation aside from the eutectic phase was observed.
Moreover, comparing the XRD pattern of the heat-treated samples (i.e., HT and HIP + HT)
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to those without heat treatment (i.e., AD and HIP), the peaks attributed to Mg3(Nd, Gd,
Y), which is the suggested composition for needle-like β1 precipitates, were present in the
HT and HIP + HT diffraction patterns. Furthermore, the HIP XRD pattern did not show
the presence of peaks corresponding to either the eutectic phase (Mg12Nd) or β1 phase
(Mg3(Nd, Gd, Y)), which agrees with microstructural observations (Figure 5e).
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4. Conclusions
LPDED was successfully used to deposit rectangular specimens measuring up to 11 cm

in height, with less than 2% porosity in the AD condition. The porosity was significantly
decreased by HIP treatment. Furthermore, while limited grain growth occurred as a
result of post-deposition heat treatment, abnormal grain growth was observed, which
was attributed to the Zener pinning of the grain boundaries. Additionally, EBSD results
showed that the microstructure consisted of equiaxed grains with random orientation where
abnormal grain growth during post-processing occurred on the regions that were depleted
from the secondary phases (e.g., arc-shaped phases) and the presence of the arc-shaped
phases resulted in a finer grain structure. Moreover, during the heat treatment, the grain
boundary precipitates underwent dissolution and, also, a fine distribution of needle-like
precipitates formed, which were identified as β1 or β phase. TEM evaluation revealed the
presence of globular β′ phases located at the end of the needle-like precipitates. In addition,
some regions of the HIP + HT microstructure showed a honeycomb arrangement of β1

precipitates and a significant variation in precipitate size and distribution was observed.
The non-uniformity of the precipitates may indicate the variation in the thermal history
of the different regions of the sample during the LPDED and the response of the various
regions of the deposited samples to heat treatment. Moreover, cuboidal Y-rich precipitates
and irregular Zr-rich precipitates were present in all additively manufactured samples.
The microstructure of LPDED samples in all conditions contained some arc-shaped phases
that were rich in Y, O, and Zr. These phases were attributed to the oxide passive layer
which was formed on the powder feedstock during production. The exact nature of these
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precipitates, however, and their influence on the mechanical and corrosion behavior of the
build should be determined in subsequent studies.

Based on the results of this study, the HIP + HT has the most impact on the microstruc-
ture of the samples, by not only reducing the porosity, but also the formation, of dispersed
needle-like precipitates. However, to determine the optimal post-processing method for the
AM Mg, the effect of post processing on the mechanical behavior and corrosion behavior of
the samples should also be investigated.
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