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Laser powder bed fusion (LPBF) can help to overcome two challenges occurring by casting of metastable Al alloys:
(1) the high amount of casting defects and (2) the limited part size while maintaining rapid solidification of the
whole cross-section. In this study, an Aly,MngCe, alloy was processed crack-free without baseplate heating by
LPBF. The high cooling rate during fabrication has a significant impact on the microstructure, which was charac-
terized by SEM, TEM and XRD. The processing through LPBF causes a high amount and a strong refinement of the
intermetallic Al,,Mn,Ce precipitates. This leads, compared to suction-cast specimens, to a higher hardness (180

HV 5) and a higher tolerable compressive stress (>1200 MPa) associated with a pronounced plasticity without
failure up to a strain of 40%. The extraordinary mechanical properties of additively manufactured Alyg,MngCe,
can extend the possibilities of producing novel LPBF lightweight structures for potential applications under harsh

conditions.

1. Introduction

Al alloys are widely used in lightweight structural applications be-
cause of their high specific strength. Conventional hardenable Al al-
loys show an ultimate tensile strength (oypg) ranging from 100 MPa
to 640 MPa [1]. Besides this, sophisticated processing techniques aim-
ing at a refined microstructure are being applied to obtain even higher
strength values. For instance Al-Zn-Mg-Cu alloys can reach a strength of
977 MPa through a nanostructural hierarchy after severe plastic defor-
mation [2]. Another approach is the addition of Sc, which improves me-
chanical properties [3]. The high-performance Al-Mg-Sc-Zr alloy (Scal-
malloy) shows an ultimate tensile strength of 520 MPa [4]. Scalmalloy
has been developed for laser powder bed fusion processing (LPBF, also
known as selective laser melting, SLM) with a focus on aerospace appli-
cations [3,5].

Contrary, the strength values for non-heat treatable Al alloys, such as
the 3xxx alloys, are much lower (i.e. 100 MPa to 290 MPa [1]). These
3xxx alloys contain Mn as major alloying element and are generally
strengthened by work hardening [1]. Beyond that, Al-Mn alloys were
widely studied regarding their ability to form quasicrystals [6-8]. Nu-
merous publications reported on the quasicrystal formation for rapidly
solidified Al-Mn-Ce alloys as well [9-14], but meanwhile incorrect phase
indication is assumed [15]. Recent investigations indicate the formation
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of the metastable fcc phase Al,,Mn,Ce instead of quasicrystals [16-20].
However, Al-Mn-Ce possesses remarkable mechanical properties, which
make the material attractive for lightweight applications: high compres-
sive strengths [9,13,21] (e.g. 800 MPa for Alg,MngCe, [18]), high hard-
ness [17,18] up to 185 HV 5 for Algy;Mn,Ce, [19] and improved me-
chanical stability at elevated temperatures [18] (e.g. 150 HV 5 at 400 °C
for AlgoMn,Ce, [19]). Plotkowski et al. [19] manufactured Alg,Mn,Ce,
by LPBF with additional preheating of the baseplate. They determined
an adequate tensile strength (~ 260 MPa) and low tensile ductility at
room temperature, but excellent strength retention exceeding that of
Scalmalloy at 200 °C [19]. In order to understand the material behavior
of the aforementioned alloys better, both analytical instruments as well
as novel processing techniques have to be utilized to gather new insights
into the complex phase formation.

Processing of metastable Al alloys can have significant drawbacks
with respect to the supply of high-strength bulk materials. For instance,
materials produced by rapid solidification technologies (e.g. melt spin-
ning) are limited in their dimensions. Furthermore, many Al alloys in-
cluding Alg,Mn¢Ce, suffer from casting defects (pores, cracks, segrega-
tions) [18,22]. Additive manufacturing techniques such as LPBF offer
a great flexibility of producing individual geometries by local melting
of thin powder layers. Additively manufactured Al alloys show an at-
tractive combination of high specific strength (e.g. oyrg(AlSi;(Mg, as-
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Fig. 1. (a) XRD pattern of the transversal section of a selected Aly,MngCe, LPBF sample (perpendicular to the building direction); (b) uCT-images showing residual
pores (in red) in the as-built state and highly-dense samples after EDM; (c) XRD pattern of the as-atomized powder; (d) SEM micrograph thereof; (e, f) enlarged

section of the respective diffraction patterns shown in a, c.

built) = 315 MPa [23] vs. oyrg(AlSi; (Mg, as-cast) = 150 MPa [1]) and
ductility due to high cooling rates [24-26]. The rapid solidification can
lead to structural refinement and homogeneously distributed phases
[27-30], supersaturation of the Al matrix [26,30,31] and metastable
phases [18,30,31].

The main goal of our study is to give a better understanding of
the process-microstructure-property-relationship of an Alg,MngCe, al-
loy processed by LPBF. In a first step (not deeply discussed here), ad-
justed process parameters were developed for the manufacturing of
crack-free samples (diameter: around 4 mm, no baseplate heating ap-
plied). The focus of this work constitutes in the hierarchical microstruc-
ture induced by LPBF and its impact on the mechanical behavior. The
mechanical properties are benchmarked against those obtained from
suction cast thin rods. Overall, the use of LPBF is assessed for metastable
bulk Al-Mn-Ce alloys, which cannot be fabricated through conventional
casting.

2. Method and materials

Ingots with the nominal composition of Alg,Mn¢Ce, (at.%) were pro-
duced by induction melting of the raw materials (purities: Al 99.99%,
Mn 99.7%, Ce > 99%). The spherical powder (Fig. 1(d)) was fabricated
by means of the EIGA process (Electrode Induction Melting Inert Gas
Atomization, Eckart TLS GmbH, Germany). The powder material was
sieved to obtain a particle size range of 10 to 63 um and analyzed via
dynamic image analysis using a Camsizer X2 (Microtrac Retsch GmbH).
The particle size distribution was found to be in the defined range (d;q:
15.9 pm, dgp: 35.9 pum, dgg: 57.3 pm). Cylindrical samples (diameter:
4 mm, height: 9 mm) were manufactured under Ar atmosphere us-
ing a SLM 2501 machine (SLM Solutions Group AG, Germany). The
laser power, scanning speed, hatching distance and layer thickness were
300 W, 1000 mm/s, 0.1 mm and 0.05 mm, respectively. For comparison,
samples with the same composition (diameter: 4 mm, height: 75 mm)
were produced by suction casting under Ar atmosphere using a water-
cooled copper mold. A pre-validated piece of the rod (without pores
and cracks) was chosen by means of X-ray computed tomography - nCT
(voxel size: 6 pm, device: GE Phoenix Nanotom M) (Supplementary).
Likewise, the quality and density of the LPBF samples was inspected by
uCT.

The phases and crystallographic parameters were characterized by
X-ray diffraction (XRD, PANalytical XPert Pro-PW3040/60, Co K,,
A20 = 0.05°) in Bragg-Brentano geometry. For Rietveld analysis [32],
the sample was measured with a STOE Stadi P (Mo K, curved Ge(111)
single crystal monochromator, A20 = 0.01°) in transmission geometry.
The Rietveld analysis of the XRD pattern was conducted with the Full-
Prof Suite implemented in WinPlotR [33] (Supplementary). Microstruc-
tural analysis was carried out by scanning electron microscopy (SEM,
Zeiss Leo 1530 Gemini). Furthermore, transmission electron microscopy
(TEM, 200 kV, Philips Tecnai F20) and electron backscatter diffrac-
tion (EBSD, 20 kV, Bruker eFlash HD) were applied to investigate the
microstructure. To examine the temperature-dependent phase transfor-
mation, differential scanning calorimetry measurements (DSC 7, Perkin
Elmer) of four LPBF samples were conducted up to 630 °C. The heating
and cooling rate were 20 K/min.

For compression tests, LPBF and cast samples with a height-to-
diameter ratio of 1:1.5 — 2 were prepared according to DIN 50106.
The LPBF samples were eroded to a diameter of 2.5 mm via electrical
discharge machining (EDM) in order to exclude the influence of pores
in surface near areas (Fig. 1(b)). All co-planar samples were addition-
ally grinded (P1200) to reduce friction during testing. Four samples of
each fabrication route were tested position-controlled using an electro-
mechanical testing machine (Instron 8562) with an initial strain rate
of 10~* s~1. The yield strength was determined through curve fitting
(Avrami equation) of the elastic region. In this way, the maximum gradi-
ent was derived and taken as linear-elastic function. Furthermore, Vick-
ers hardness was evaluated with a Mitutoyo ACK-C1 device applying a
load of 49 N for 10 s (HV 5). In addition, microhardness was measured
using a load of 0.196 N for 10 s (HV 0.01, HMV Shimadzu).

3. Results and discussion

The XRD patterns of the as-atomized powder and the LPBF sample
are shown in Fig. 1. Both samples contain two main crystalline phases:
Al in the space group Fm-3m and Al,,Mn,Ce in the space group Fd-3m.
The Al,,Mn,Ce structure, which was reported by Gordillo [17], was
derived from the Al;gMg;Cr, structure type [34,35].

The Rietveld analysis of the powder reveals a lattice parameter of
14.4285(5) A for Al,oMn,Ce and of 4.0433(2) A for Al. The diffraction
pattern of the LPBF sample exhibits very strong 200 and 400 reflections
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Fig. 2. IPF maps of the Al matrix (LPBF). The XY (transversal section) and XZ-plane (longitudinal section) as (a) y-projection and (b) z-projection. (c) pole figure
with preferred orientation of {100} in building direction. The LPBF scanning strategy is visualized as top view: the melt track direction rotates 79° every layer.

of the Al phase at 20 = 52.5° and 124.4° due to a substantial {100}
texture related to the building direction. It shows additional unindexed
reflections from minor phases. They may be related to Fe impurities from
powder processing, to complex nanocrystalline phases or to artefacts
due to sample preparation.

The uCT image of the LPBF sample in Fig. 1(b) illustrates pores at
the surface near areas. This can be traced to the fact that skywriting
is not available for the used SLM setup and hot spots for shorter scan
vectors (rod, center-to-edge movement) and pore trapping can occur
[36]. Please note, that the overall area content of pores is relatively small
irrespective of the visual appearance due to the parallel prospective. The
density measured by pCT in the as-built state and after EDM reaches
99.95% and close to 100%, respectively (pores smaller than 11 um are
not considered). The sample after EDM presents an almost defect-free
counterpart to the selected cast specimen (Supplementary).

Fig. 2 shows the inverse pole figure (IPF) maps of the Al matrix at
a low magnification. Data was separately acquired from horizontal (al,
bl) and longitudinal (a2, b2) planes based on the sample coordinate
system. The z-projections (Fig. 2(b1, b2) and the pole figure (Fig. 2(c1))
confirm the preferred {100} orientation in the building direction. Con-
sequently, orientations spreading the range between {100} and {110}
are present in x and y direction. As can be seen from the longitudinal
section (Fig. 2(a2)), the Al grains are elongated along the building di-
rection and possess a length within the mm range.

In order to analyze the structure of the LPBF samples, observations
at multiple scales are necessary (Fig. 3). At mesoscale (Fig. 3(al, bl)),
the microstructure is dominated by elongated Al-grains, which appear
equiaxial in the transversal section. An Al-grain consists of several melt
tracks with a width of about 250 pm (Fig. 3(a2)). This implies that
Al grows epitaxially over several processed layers. The tracks do not
exhibit any chemical inhomogeneities (Energy-dispersive X-ray spec-
troscopy (EDX) results not shown here). Instead, they are observable
due to the varying morphology of Al,,Mn,Ce (Fig. 3(b2)). In Fig. 3(a3,
b3) the different laser impact zones of the melt track are described. The
solidification starts in zone 2, where the material is remelted and forms
elongated dendrites towards the heat flow. The solidification contin-

ues towards the center (zone 1), where precipitates with a rosette-like
morphology are found. The melt pool boundary is marked as zone 3.
Beyond this region a heat treatment occurs resulting in a coarsening of
the Al,,Mn,Ce precipitates (zone 4).

Fig. 4(a) displays the melt pool further examined by TEM. The
diffraction pattern of the precipitates (Fig. 4(d)) confirms the XRD re-
sults by revealing the Al,,Mn,Ce phase. DSC analyses (Fig. 4(b)) verify
the metastable state of this phase. The phase transformation tempera-
ture of Ty et = 414 + 27 °C is similar to what has been observed for
the formerly supposed quasicrystals [37]. The dimension of the rosettes
and dendrites ranges from 500 nm to 2 um, whereas the individual
Al,oMn,Ce grains are 100 — 500 nm (Fig. 4(c)). Furthermore, some
globular particles with the size of 20 nm were found, which could not
be clearly identified due to their small expanse and content (Fig. 4(a)).
Those particles contain a high amount of Ce, measured by EDX at TEM
(not shown here), suggesting the Al;;Ce; phase. This presumption is
substantiated by literature [17-19] and could explain the endothermic
peak at the DSC through an eutectic reaction (Fig. 4(b)).

The Al,yMn,Ce phase is strongly twinned as depicted in Fig. 4(a,
c). The indexing of the electron diffraction pattern (Fig. 4(d)) was con-
ducted by the software Single Crystal 4.1 simulating the Al,,Mn,Ce
structure. The analysis exhibits {111} twins as commonly known for
fcc materials and already reported for this phase [18]. A possible rea-
son for the striking high amount of twins is the high cooling rate during
LPBF within the range of 10* to 10° K/s [38-40]. The rapid solidifica-
tion leads to a metastable microstructure irrespective of the number of
repetitive laser scans. This also causes a lattice distortion of the Al ma-
trix due to lattice defects (Fig. 4(a)). Moreover, Al,,Mn,Ce is known to
solidify preferably at high cooling rates [18].

The LPBF samples possess a Vickers hardness of 161 — 179 HV
5, which is about 20% higher compared to the suction cast samples
(130 - 138 HV 5; Table 1). The reason lies in the high cooling rates
during LPBF, which lead to the formation of smaller Al,,Mn,Ce pre-
cipitates (up to 500 nm) compared to the as-cast state (up to 4 um)
(Fig. 5). Furthermore, the microhardness of the LPBF specimens varies
within the melt track. The center with finer intermetallic grains reveals a
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Table 1
Macro- and microhardness of Aly,MngCe, as-built(LPBF) and as-cast. The num-
ber in parentheses implies the overall number of applied indentations.

Macrohardness LPBF Suction Casting

XY-plane (transversal section)
XZ-plane (longitudinal section)

179 HV 5+ 5 (10)
161 HV 5 + 6 (10)

130 HV 5 + 6 (10)
137.5HV 5 + 1.9 (10)

Microhardness melt track

Heat affected zone
Center

168 HV 0.01 + 14 (25) -
228 HV 0.01 + 36 (25) -

hardness that is about 25% higher in comparison with the heat-affected
zone.

The hardness results of the cast specimen are similar to those of for-
mer studies [18,19]. However, the microhardness of LPBF generated
Alg,MngCe, samples is higher compared to other Al-alloys produced by
LPBF (e.g. 95 HV 0.01 for AlSi;, [41], 127 HV 0.5 for AlSi, Mg [42],
161 HV 0.3 for heat-treated Scalmalloy [43]). This indicates a high re-
sistance of refined Al,,Mn,Ce against local deformation.

Fig. 5(a) shows stress-strain curves measured in compression of a
LPBF and a cast specimen. Even though both exhibit a similar rate of
strain hardening, the LPBF specimen shows higher stress values and is
capable of a larger plastic strain compared to the cast sample. The LPBF
sample comprises a compressive yield strength (oy;e1q) of 373 + 39 MPa,
which is around 100 MPa above that of the cast sample. Moreover, it
withstands an engineering stress in compression of at least 1200 MPa
without failure, whereas the cast counterpart attains an ultimate com-
pressive stress (oycg) of 760 + 37 MPa. In addition, the LPBF sample
does not fail until the abort criterion of the test (diameter = height),
which is equivalent to a strain of approximately 40%. As already dis-
cussed, the smaller intermetallic precipitates lead to a significant in-
crease in strength of the additively manufactured material. Fig. 5(b, c)
displays the deformation propagation and the fragmented Al,;,Mn,Ce
precipitates of a LPBF and a cast sample after testing. The investigation
of the perplexing high ductility requires a more detailed analysis of the
dislocation network of tensile tested material which is beyond the scope
of the present article.

The compression behavior of the cast Alg,MngCe, is only roughly
comparable to values of former publications. Coury et al. [18] ob-
served similar values compared to our investigations (oy;ejq = 302 MPa,
oycs= 800 MPa, & = 30%), whereas the differing results of Schu-
rack et al. [9,37] are illustrated in Fig. 5(a) (Gyield = 392 MPa,
oycs = 565 MPa, £; = 19%). Discrepancies between these studies can be
traced to different cast conditions causing disparately sized Al,,Mn,Ce
precipitates. Also, the appearance of casting defects, as pores in [18],
lead to a smaller effective sample area and thus to lower strength. The
deviation of the compressive yield strength can also result from dif-
ferent ways of data evaluation. Regarding the data of Schurack et al.
(Fig. 5(a) [37]), it can be seen, that the transition from the elastic to
the plastic behavior occurs at a lower stress compared to the LPBF
sample. Despite this, a lower yield strength for the LPBF specimen
(Gyield, schurack = 392 MPa Vs. oyieiq 1 ppr = 373 MPa) was determined,
demonstrating the limited comparability of yield strength values. Nev-
ertheless, the approach of curve fitting was chosen to analyze the yield
strength, as we are convinced, that this method is more exact and inde-
pendent of the operator.

The compression test results of the LPBF sample perform well com-
pared to other Al alloys produced by LPBF. Scalmalloy shows lower
stress and strain values than Alg,MngCe,, but a higher yield strength
in the hot isostatic pressed and aged condition (oyq = 431 MPa,
oycs = 920 MPa, &; = 39% [44]). Thus, the Alg,MngCe, alloy with-
stands high stress through finely dispersed Al,,Mn,Ce precipitates and
the solution hardened Al matrix without any post treatment.

4. Conclusions

This study demonstrates the successful processing of Alg,MngCe,
by laser powder bed fusion without preheating the baseplate. The ap-
plied process parameters result in a unique microstructure modifica-
tion, characterized by a relative coarse-grained fcc Al matrix and a sub-
micrometer fcc Al,gMn,Ce phase. The high cooling rate causes a high
amount and a strong refinement of metastable Al,,Mn,Ce. This phase
combination and the layered microstructure lead to remarkable mechan-
ical properties, such as high hardness (160 — 180 HV 5), high tolerable
compression stress (> 1200 MPa) and strain (> 40%) values.



K. Gabrysiak, T. Gustmann, J. Freudenberger et al.

In contrast to conventional casting techniques, LPBF enables the pro-
duction of almost defect-free bulk Alg,MngCe, samples. Their mechan-
ical performance in the as built-state exceeds many conventional Al al-
loys and thus, offers a high potential for very demanding lightweight
applications. To achieve a better overview of the processability of
Alg,MngCe,, we will further study the impact of the sample geometry
and additional preheating on the part quality in the near future. This
will be an important milestone to produce, for instance, tensile samples
and to envisage the fabrication of prototypes.
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