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Abstract

The recently-developed Al-Mn-Sc based alloys specific for laser powder bed fusion (LPBF)
have shown excellent mechanical performance. However, the complicated intermetallic
particles in the microstructure remain to be identified, hindering the deep understanding of their
effects on mechanical properties and further property improvement. In this work, a range of
phases in a LPBF-built AI-Mn-Sc based alloy have been systematically studied by atom probe
tomography. The results clarify characteristic intermetallic phases in two different grain-size
regions in the microstructure. In the fine grain (FG) region, three distinct phases have been
identified. A Sc-rich phase having an average composition of Als3(ScosZro2) is observed at
both the grain boundary (GB) and grain interior, but they have different morphologies. The
Mn-rich phase with an average composition of Als3(MnogFeo.1) is only observed along GBs.
In addition, Mg-rich oxide has been observed either with a separate distribution or attached to
Sc-rich particles. In the coarse grain (CG) region, the GB particles exhibit different size and
composition from FG region. The Sc-rich GB particles contain Mg enrichment rather than Zr
and the composition is determined to be Alz4(Sco.7sMdo.25). The Mn-rich GB particles in the
CG region, with higher Fe contents, are Als3(MnogFeo.2) along the GBs and Alss(Mno.gsFeo.15)
inside the grains. Many smaller Mg-rich oxides and Sc-rich particles are also observed in the
internal grains of the CG region.
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1. Introduction

Laser powder bed fusion (LPBF) is one of the major additive manufacturing (AM) techniques
that has attracted growing attention due to its high capability to rapidly manufacture metallic
parts with high geometrical complexity [1,2]. Therefore, it has been explored to produce
various Al alloys with a high strength to weight ratio to be used in the transportation and
aerospace industries [3]. Among these LPBF Al alloys, it was found that the addition of Sc can
effectively overcome the hot tearing issue associated with the AM process while significantly
improving the alloy strength. Thus, a number of Sc-containing Al alloys have been recently
developed that are specifically for the LPBF process [4]. Typically, a commercial alloy named
Scalmalloy, which is a Sc-modified Al-Mg based alloy, has been reported to have a yield
strength (YS) of 290 MPa with an elongation exceeding 15% [5]. Recently, a Sc-modified Al-
Mn alloy has also been developed for LPBF that has even better mechanical properties [6],
where a YS of 430 MPa with an elongation exceeding 17% was achieved by LPBF [7].

The excellent mechanical properties of these Sc-containing LPBF Al alloys were attributed to
their unique microstructures that are apparently different from those by conventional
fabrication methods. The common microstructural features of the Sc-containing Al alloys
fabricated by LPBF involve a bimodal grain structure, i.e., equiaxed fine-grains at the bottom
of the melt pools and columnar coarse-grains in the remainder of the melt pools [5,7-10].
Further, in these bimodal grains, a range of intermetallic particles have been observed in
different Sc-containing Al alloy systems [7,9-11]. Many of these intermetallic particles are
distributed along the grain boundaries. Thus, they were suggested to play an important role in
pinning grain boundaries, resisting the grain growth during LPBF processing and thus
significantly influencing the mechanical properties of these alloys [11]. Given the importance
of these intermetallic particles, efforts have been previously undertaken to identify their
distribution, crystal structure, and composition [7,11-14]. So far, these intermetallic phases
from the LPBF process can be generally summarized into three types depending on the alloy
systems: Al-Sc phase, Al-Mn phase and oxides.

The Al-Sc phase was initially reported to be in the form of AlzSc with the L1, structure (face-
centered cubic, a = 0.41 nm) [15]. The AlsSc particles were suggested to form at high
temperatures (up to 800°C) from the melt during the LPBF process [11], which makes it an
effective heterogeneous nucleation site for the subsequent solidification and formation of a-Al
grains [16]. Later on, it was reported that the Sc in AlsSc could be partially replaced by
transition metal (TM) elements in some ternary or quaternary Sc-containing alloy systems and
thus, the composition can be expressed by Alz(Sci-y Xy), where X represents TM elements [17].
Moreover, it has been stated that the grain refinement effect of AlsSc can be enhanced by the
addition of TM elements such as Zr, which substitutes some Sc atoms and further reduces the
lattice mismatch with Al [18]. In addition, the Alz(Sci-y Zry)-type particles normally exhibit a
core-shell structure that has higher thermal stability [16,19-23]. Aside from the formation of
Als(Sci-yZry) particles, Al-Mg oxides have also been identified in the microstructure of
Scalmalloy in the form of MgAI>O4 (spinel), Al.Oz or MgO particles. While the formation of
these oxides possibly originates from the thin oxide layer coating the Al powder particles, they
have been suggested to play a supportive role, along with AlsSc or Alz(Sci-y Xy), in refining
the microstructure [11]. As for the Al-Mn phase, a recent atom probe tomography study [10]
has confirmed that ~4.3 wt.% of Mn can be retained in supersaturated solid solution in the Al
matrix in an Al-2.29Mn-1.51Mg-0.49Sc-0.23Zr (at.%) alloy, owing to the rapid cooling from
LPBF (the equilibrium limit of Mn solubility in Al is ~1.6 wt.% [24]). Yet, a number of Mn-
rich particles form preferentially at grain or subgrain boundaries. These particles had a
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quasicrystalline structure with a chemical composition of ~86 at.% Al and ~13 at.% Mn [12].
Such stoichiometry has been correlated to the AlsMn phase. Other metastable structures that
consist of either icosahedral or decagonal quasicrystal phases can potentially form in rapidly
solidified Al-Mn alloys [24-26]. In addition, it has been indicated that the formation of Al-Mn
particles from solid solution can be accelerated by the presence of Fe [27]. In other words, the
element Fe can replace some Mn atoms in the Al-Mn particles. In this situation, the Al-Mn
particles were expressed by Als(Mn, Fe) [27,28], for which a quasicrystal with a 10-fold
symmetry has been identified in an Al-Mn-Sc alloy produced by LPBF [7].

From the above previous work, the phases formed in many Sc-containing Al alloys are quite
complex. Their chemistry, morphology and distribution are often dissimilar in different alloy
systems. Due to their significant effects on the mechanical properties [8,10,29-31], the full
understanding of their chemistry and distribution in a certain alloy system is thus critical for
any further property improvement. This is particularly important given that the conventional
homogenization step was not able to dissolve the intermetallic particles formed in the
supersaturated Al-Mn-Sc based alloys produced by LPBF. Consequently, this study aims to
provide a systematic investigation on the types and chemistry of various secondary phases that
form in an Al-Mn-Sc based alloy produced by LPBF. Our previous work has reported that this
alloy has excellent mechanical performance [7,10]. However, the phases formed from the
LPBF process remain to be clearly established due to their complexity. This work is
accomplished by extensive use of atom probe tomography (APT) analysis to reveal the accurate
compositions of the different phases existing in the different microstructural regions in the as-
fabricated (AF) condition.

2. Methods
2.1. Specimen preparation

The powder used in this study was gas atomized from cast ingots through a vacuum induction
gas atomization (VIGA) process. The chemical composition of the powders was Al-2.32Mn-
1.42Mg-0.56Sc-0.13Zr-0.03Fe-0.04Si (at.%), i.e., Al-4.58Mn-1.24Mg-0.91Sc-0.42Zr-0.07Fe-
0.04Si (wt.%), as measured by inductively coupled plasma atomic emission spectroscopy (ICP-
AES). The alloy powders are within the size range of 2070 pum with an average value of
around 35 um. The average values of the cumulative powder diameter at 10% (D10), 50% (Dso),
and 90% (Dgo) of the powder volume are of 23.6 um, 34.9 um and 51.6 pum, respectively. The
powders were processed by a commercial EOS M290 powder-bed machine equipped with a
Yb-fiber laser with a wavelength of 1070 nm, maximum power of 400 W and a spot size of
around 100 um in diameter. The LPBF processing was performed under a controlled Argon
environment with a minimum oxygen level of 0.1 vol. %. Based on the process parameter
optimization study, samples were built using 350 W (laser power), 1600 mm/s (scan speed),
0.1 mm (hatch distance) and 30 um (layer thickness) with a laser beam rotation of 67°
alternating between consecutive layers.

2.2. Microstructure characterization

Samples for scanning electron microscopy (SEM) imaging were cut from the built samples,
ground to 2400 Grit size, and polished using silica colloidal suspension. The backscattered
electron (BSE) imaging was performed on a JEOL 7001F field emission gun (FEG) SEM.

The tip-shaped samples for the APT were prepared by the lift-out technique across equiaxed
fine-grains (FG) and columnar coarse-grains (CG) regions of the AF samples using site-
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specific preparation of focused ion beam (FIB) on a Zeiss Auriga Dual Beam FIB using Ga+
ions. To reduce the damage caused by the Ga+ ion beam, the region of interest was protected
by a layer of Pt before milling, as described by Larson et al. [32]. All lift-outs were milled
perpendicular to the LPBF build direction, as illustrated in Fig. 1. Atom probe acquisition was
carried out in a Local Electrode Atom Probe (LEAP) Cameca 4000 XHR under an ultra-high
vacuum and a set temperature of 50 K. The standing high voltage was controlled by the
detection rate set to 0.5%. The device was operated using laser pulsing with a pulse energy of
30 pJ and a 100-200 kHz pulse repetition rate. The APT data were reconstructed and analyzed
using Cameca IVAS 3.6.14 software. The isoconcentration surfaces employed a concentration
of 5 at.% (Mg + Sc + Zr + Fe + O) and 10 at.% (Mn). The composition of phases was
determined using the proximity histogram method [33].

A

Pt layer

Fig. 1. (a) SEM-BSE image of the microstructure along the LPBF build direction showing a Pt
layer covering part of a CG region, (b) SEM image showing a slice in a CG region milled by
FIB, and (c) SEM-BSE image revealing the microstructure of a CG lift out.

3. Results and discussion

Fig. 2(a) shows the typical bimodal grain structure in the LPBF-fabricated alloy. A section
perpendicular to the building direction reveals the alternating distribution of CG and FG
regions. In addition, many bright particles are observed inside these grains and along their grain
boundaries, as shown in Fig. 2(b-d). The contrast between the particles and the matrix
originates from the sensitivity of BSE imaging to the higher atomic number of these particles
compared to Al. A comprehensive explanation of the bimodal microstructure of this alloy has
been provided in our recent work [7,30]. Here, the intragranular particles in the matrix region
are designated IGP, whereas the grain boundary (GB) particles are termed GBP for simplicity.



Close examination of Fig. 2(b) and 2(d) indicates that the density of GBPs in the FG region is
higher than that in the CG region.
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Fig. 2. (a) SEM-BSE image revealing a bimodal microstructure of FG regions interspersed with
CG regions in an AF sample cut perpendicular to the build direction, (b) enlarged image from
an FG region in (a) showing many intermetallic particles existing inside the matrix and along
grain boundaries, (c-d) enlarged images from a CG region in (a) showing intermetallic particles
inside the matrix and along grain boundaries. The particles in CG and FG along grain
boundaries and inside grains are designated GBP and an IGP, respectively.

3.1. Intermetallic Phases in FG region

All the particles existing in the FG region were studied by APT to reveal their chemistry. Fig.
3 provides APT reconstruction maps showing the element distribution in a tip-sample
containing a grain boundary segment. Inspection of these elemental maps reveals a high
concentration of solute elements at the GB region (GBP) and a bottom region inside the grains
(IGP). In the remaining regions, solute elements are uniformly distributed without clustering
or interaction between Mn, Mg, Sc, and Zr.

The GBPs in Fig. 3 were further displayed with isoconcentration surfaces in Fig. 4(a-b). Two
irregularly-shaped particles contacting each other are enriched in Mn and Sc, respectively. The
proximity histogram in Fig. 4(c) displays the composition profile across the interface between
the a-Al matrix and the Sc-rich GBP. Every point in the profile represents the atomic
concentration of an element relative to all other elements. The analysis reveals that the Sc-rich
GBP particle comprises around 76 at.% Al, 18.5 at.% Sc and 4.5 at.% Zr, Table 1. According
to this composition, the Al concentration is slightly higher than that in the equilibrium AlsSc
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phase, while the relatively low concentration of Sc is compensated mainly by Zr although
minor other elements are also presented. Therefore, such Sc-rich GBP particles can be
approximately expressed by Als3(ScosZro2). It is interesting to find that the Zr element in this
GBP is mainly distributed in the core part of the particle, Fig. 4(b).

Mg Sc Zr Fe

GBP:

IGP |

Fig. 3 APT reconstruction elemental maps of a tip-sample from FG region containing a
grain boundary segment.

As for the Mn-rich GBP, a minor Fe concentration can be identified apart from the Mn.
According to the composition profile in Fig. 4(d), the average composition of the Mn-rich GBP
contains 81 at.% Al, 17 at.% Mn, and 1.9 at.% of Fe, Table 1. Thus, the composition of the
Mn-rich GBP can be roughly expressed as Als3(MnogFeo.1). This phase has been previously
identified to have a ten-fold quasicrystal structure [7]. It should be noted that the element Fe
normally exists as an inevitable impurity in commercial-purity Al alloys. Moreover, Fe has
been suggested to replace some Mn atoms to form the Alg(Mn, Fe) phase [27,35]. However,
the composition shown here for the Mn-rich GBP is different from these previous reports
[27,35]. The reason behind the formation of this phase rather than the equilibrium Alg(Mn, Fe)
in LPBF might be the quenching effect caused by ultrafast cooling rates ~10°% K/s [11,25,26].
In addition, Fe can play a role in stabilizing the quasicrystal phase [36,37].

Apart from the Alz3(Sco.8Zro.2) and Als.3(MnggFeo.1) GBP particles identified from Fig. 4, some
Mg-rich particles (<20 nm) are also present, as shown by the orange surfaces in Fig. 4(a-b).
Typically, strong segregation of Mg atoms to GBs has been previously identified [38,39]. This
segregation may provide a barrier against GB migration and improve microstructural stability
[40].
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Fig. 4. (a-b) GBPs highlighted with isoconcentration surfaces and (c-d) corresponding
proximity histograms showing the composition profile of Sc-rich GBP and Mn-GBP
respectively.

The Sc-rich IGP detected in the grain interior of FG region in Fig. 3 has a size of ~40-50 nm.
The particle exhibited a nearly-cubic morphology but with some facets, as shown in Fig. 5(a-
b). In addition, very fine perturbations can be seen on the surface. Again, an obvious Zr
enrichment in the particle core can be clearly identified. The similar distribution has also been
observed previously in the direct energy deposited Al-Sc-Zr alloys [34]. Yet, this distribution
in the Sc-rich GBP is the inverse of the secondary Als(Sc, Zr) particles from solid-state
precipitation during post heat treatments, for which the Sc-rich core and Zr-rich shell structure
was usually observed [22,23]. It seems the entrapment of Zr within these Sc-rich IGP particles
can influence the amount of supersaturated Zr in the matrix [34]. If this is a case that there is
no sufficient Zr left in the matrix to diffuse to the secondary Alz(Sc,Zr) precipitates during post
heat treatments, then the Zr bound observed in Sc-rich IGP and GBP might be the reason for
the absence of the similar core-shell structure in the secondary precipitates [10,30,34].

The APT analysis reveals a quite similar average composition to the Alz3(Sco.sZro.2) GBP. The
cubic morphology seems to imply that these particles form in the melt prior to the solidification
of a-Al [15,41]. They have been suggested to be effective nuclei for the later solidification of
refined a-Al grains [16]. It should be emphasized that these faceted cubic particles were only
observed in the FG region, which is consistent with our previous report [7]. This phenomenon
implies that the remarkable refinement of FG compared to CG, Fig 2(a), is caused by the
abundance of these seed crystals in FG. Considering the hypereutectic composition of our alloy
(0.91 wt.%), which is beyond the eutectic composition (~0.6 wt. % [16]), many primary Sc-
rich IGP or Sc-rich GBP particles are expected to form during solidification. It was also
suggested that the excess particles, that did not act as nuclei for grain solidification as Sc-rich
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IGP, were pushed by the solidification front of a-Al towards the grain boundary, which leads
to the formation of the Sc-rich GBP [41]. Such Sc-rich GBP plays a role in controlling the size
of the GB [42] at different levels of laser energy input [7]. Afterward, these Sc-rich GBP could
further grow due to the cyclic reheating during the layer-by-layer fusion or during the
deposition of adjacent tracks. The growth of the Sc-rich GBP (~140 nm, Fig. 4) compared to
Sc-rich IGP (~50 nm, Fig. 5) might be accelerated by the enhanced solute diffusion along the

GB regions [43]. There is also a possibility that some of the Sc-GBPs may have formed in the
solute-enriched GB.
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Fig. 5 (a-b) IGP observed in Fig. 3 highlighted with isoconcentration surfaces, and (c)
corresponding proximity histogram showing the composition profile of IGP.

Another IGP particle with a composition close to Als3(ScosZro.2) was captured in a different
area of FG next to a Mg-rich IGP particle, Fig. 6. The presence of oxygen in this IGP has been
confirmed by the proximity histogram analysis in Fig. 6(c) along with Al and Mg, which
confirm that this is a Mg-rich oxide inclusion. A similar Al-Mg oxide/Sc-1GP couple has been
reported in the microstructure of a Mg-rich Al alloy, such as Scalmalloy [11]. However, it
should be noted that the Al content in such an inclusion might be overestimated due to the local
magnification effect, which may be pronounced here due to the small size of the particle [44].
In previous work, it has been suggested that oxide inclusions might act as grain refiners [45]
or as heterogeneous nucleation sites for the following formation of primary Sc-rich IGP
precipitation since they precipitate in the melt prior to AlsSc [11,46]. Therefore, it is probable
that the Sc-rich IGPs tend to nucleate around some of these oxide particles. Yet, a similar oxide
inclusion has not been observed next to the Sc-rich IGP in Fig. 5. This seems to imply that the
heterogeneous nucleation of Sc-rich IGP on the surface of oxides is not necessarily the



dominant nucleation mechanism. In general, the formation of oxides confirms that even in an
argon atmosphere with an oxygen level of ~0.1 vol.%, oxidation may not be completely
suppressed during the LPBF processing of Al.
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Fig. 6 APT reconstruction showing (a) atom map of a tip in FG region incorporating an 1GP,
(b) the IGP observed in (a) highlighted with isoconcentration surfaces (dimension in nm), (c)
proximity histogram showing the composition profile of the Mg-1GP attached to Sc-IGP.

Table 1 Average composition (at.%) of the particles observed in FG and CG in the AF

condition.

Particles in AF
microstructure

Atomic percentage of elements (at.%o)

Al Mn Mg Sc Zr Fe O
Sc-rich GBP 76.0+1.0 0301 05+0.3 185+1.2 45+0.7 0.1+0.1 0.1x01

FG Mn-rich GBP 809+05 17.0+05 02+0.1 0.0 0.0 19+02 0.0
Sc-rich IGP 76511 0.0 05+0.2 185+1.3 43+0.38 0.1+0.1 01+0.1
Sc-rich GBP 76.1+1.2 0.7+04 54+09 169+1.1 0.4+06 04+04 01+0.1
cG Mn-richGBP  80.4+29 15027 0.3+0.6 03+04 0.1+£0.2 3517 0.1+03
Sc-rich IGP 75.1+14 08+04 52+08 17.2+1.0 06+0.4 0.6+0.4 05+0.3
Mn-rich IGP 81.0+04 153+0.2 05+0.2 0.1+0.0 0.1+£0.0 27+0.2 0401




3.2. Intermetallic Phases in CG region

Having identified various intermetallic particles in the FG region, we further examined the
particles in the CG region. Fig. 7 shows the APT reconstruction maps from a CG region
containing both GBP and IGP. In comparison to the GBPs observed in the FG region in Fig. 3,
the GBPs in the CG region seem smaller in size, and this is also consistent with our SEM
observations shown in Fig. 2. One possible reason for this phenomenon is the higher volume
fraction of grain boundaries in FG than CG, which can be more effective as diffusion channels
to stimulate the rapid diffusion of elements to form GBP phases during laser fusion and
subsequent cyclic reheating [43].

; g
Y}. <
50nm
GBP: |
IGP § -

Fig. 7 APT reconstructed elemental maps of a tip from the CG region.

However, the further analysis for the Sc-rich GBP, provided in Fig. 8, reveals a different
stoichiometry from that in FG in Fig. 4. The Sc-rich GBP in CG contains almost no Zr (Table
1). Instead, Mg enrichment (~5 at.%) is revealed mainly in the particle core, as shown in Fig.
8(b). Also, there are many separate Mg-rich particles (no Sc contents) attached to the Sc-rich
particle, as shown by the orange isoconcentration surface in Fig. 8(a). Based on this analysis,
the composition of Sc-rich GBP can be expressed by Alz 4(Sco.7sMgo.25), although minor Mn is
also present. Apart from the Sc-rich GBP, the Mn-rich GBP has also been observed in the CG
region, Fig. 8(c), with a higher Fe concentration (~3.5 at.%) than in the FG region. This higher
concentration of Fe is compensated by a decrease in the level of Mn, leading to the composition
of Als3(MnosFeo.2).

Furthermore, another type of Mg-oxide has been observed in the grain interior of CG, as
revealed by Fig. 9. The composition analysis based on the concentration profile in Fig. 9(b)
revealed a Mg:Al:O ratio of ~1:2.2:2.5. This suggests that this inclusion might be the spinel
(MgAl204), considering the oxygen concentration is being underestimated in APT due to the
evaporation of neutrals [47,48]. Interestingly, this oxide inclusion in Fig. 9(a) shows a Mg layer
encircling the oxide inclusion, i.e., oxygen is localized in the core more than the periphery.
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Fig. 8 (a) GBPs in CG highlighted with isoconcentration surfaces, and (b-c) proximity
histograms showing the composition profile of (b) Sc-rich GBP and (c) Mn-rich GBP.

Apart from the Mg-rich IGP, we have also observed other complicated IGPs in a different CG
area, as shown in Fig. 10. Close inspection of the features along the isoconcentration surfaces
in Fig. 10(b) reveals that this particle is actually a conglomeration of three different types of
particles: Sc-rich IGP, Mn-rich IGP, and Mg-rich IGP. The proximity histogram in Fig. 10(c)
reveals small and scattered Sc-rich IGPs. Still, they have a similar composition to the Sc-rich
GBP observed in the CG region (table 1). For the Mn-rich IGP, its composition based on Fig.
10(d) can be expressed by Alss(MnogsFeo.1s). It has been suggested that the Mn-rich IGP,
observed exclusively in the CG region, might form by solute segregation along intracrystalline
dislocation walls constituting subgrain boundaries [10,12].

As for the Mg-rich IGP, which is clearly an oxide inclusion, it has relatively higher oxygen
contents than the Mg-rich IGP inclusion in Fig. 9. However, similar to the above observed Mg-
rich IGP, this oxide also reveals an oxygen enrichment towards the particle's core. The oxygen
enrichment in these Mg-rich inclusions is expected to be derived from the tenacious oxide layer
covering the Al powder [49]. Furthermore, tiny individual Mg particles are observed at the
interface of the IGP particle with the matrix, Fig. 10(e).

From the above observations, Mg oxides appear at GB and intragranular areas in both FG and
CG regions. Though these Mg oxides are undesired, they still form driven by the affinity of
Mg to oxygen. Typically, Mg oxides form during solidification at a temperature higher than
700 °C [11]. Afterward, these oxides get entrapped in the melt as inclusions. Once such oxide
inclusions form, they are difficult to be remelted during processing. They might play an
occasional role as grain refiners [45] or contribute to the nucleation of refiners [46]. However,
care must be taken that these oxides which are harder than the matrix do not act as notches
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affecting the strength and fatigue life [50]. Therefore, the Mg amount in the alloy composition
of this work has been limited to below 1.5 at.%. to control the amount of these Mg oxides.
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Fig. 9 (a) IGP observed in Fig. 7 highlighted with isoconcentration surface, and (b)
corresponding proximity histogram showing the composition profile of this Mg-rich IGP
particle.
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Fig. 10 (a) 3D atom maps in CG revealing IGPs, (b) IGPs highlighted with isoconcentration
surfaces (dimension in nm), proximity histograms showing the composition profile of (c) Sc-
rich IGP, (d) Mn-rich IGP and (e) Mg-rich IGP.
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4.

Conclusions

In this work, the chemical compositions of various phases exhibited in the microstructure of
Al-Mn-Sc alloys produced by LPBF have been systematically studied and identified by atom
probe tomography. The main conclusions can be summarized as follows:

1.

There are three totally different types of phases that have been identified in the FG region
of the LPBF-built microstructure. These phases are distributed along grain boundaries
(GBPs) and inside grains (IGPs). Two different GBPs enriched in dominant Sc and Mn
elements, respectively, are attached to each other. The average composition of Sc-rich GBP
is determined to be Als3(ScosZro.2). The Mn-rich GBP has an average chemical composition
of Als3(MnogFeo). Inside the FGs, the Sc-rich IGP particles with similar Als3(ScosZro.2)
composition and element distribution are also observed, but with a more regular shape. In
addition, Mg-rich oxide IGP has been observed either with separate distribution or attached
to Sc-rich IGP.

In the CG region of the LPBF-built microstructure, two distinct GBPs have also been
identified. These GBPs exhibit smaller sizes than those in the FG region. In addition, their
compositions are also different from FG region. The Sc-rich GBP contains Mg enrichment
rather than Zr and the composition is determined to be Alz.4(Sco.7sMgo.25). For the Mn-rich
GBP in the CG region, the Fe content is higher than that in the FG, leading to a different
composition formula of Als3(MnosFeo.2). As for the IGPs, different from the FG region, the
Mn-rich IGPs are also observed. It has a slightly different composition of Alss5(Mno.gsFeo.15)
and is attached by many small Mg-rich oxides and Sc-rich IGPs. The large and regular-
shape Sc-rich IGPs were not observed in the CG region.
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