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Abstract

High-strength aluminium alloys from the 2XXX, 6XXX, and 7XXX series suffer from severe hot
cracking issues during 3D printing. Thus, there is a need to design new alloys with an improved hot
cracking resistance while taking advantage of the non-equilibrium processing conditions of laser
powder bed fusion to achieve optimized properties. Here, we report the successful fabrication of a new
Al-Mn-Ni-Cu-Zr alloy designed for L-PBF. The as-built microstructure was characterized at different
scales using synchrotron X-ray nano-tomography and microscopy with a special focus on automated
crystallographic orientation mapping (ACOM) in transmission electron microscopy. Based on this
multiscale microstructural investigation, we identify various mechanisms involving the presence of a
locally ordered liquid during solidification under conditions typical of additive manufacturing. This
local liquid ordering is often defined as Icosahedral Short Range Order (ISRO). The multiple
consequences of ISRO in the liquid on the hierarchical microstructure inherited from additive
manufacturing are discussed. ISRO enables refinement of the grain size thus improving the
processability via an increase of the hot cracking resistance, producing equiaxed grains and twinned
dendrites contributing to randomizing the crystallographic texture, and possibly extending
supersaturated solid solutions through a cage effect. It is concluded that promoting ISRO should be
considered a promising pathway to design alloys for additive manufacturing with good processability
and optimized properties.

Keywords: Solidification; Al-alloys; Icosahedral Short Range Order (ISRO); Microstructure;
Additive Manufacturing; TEM



1. Introduction

Laser powder bed fusion is becoming more and more popular in the industry because this new
processing route allows the fabrication of metallic components exhibiting sophisticated geometries
while possibly reducing post-fabrication operations. Besides the high degree of freedom offered by L-
PBF, the high cooling rates inherent to L-PBF generate out-of-equilibrium microstructures allowing
unprecedented properties to be achieved [1]-{4]. Aluminium alloys inherited from casting such as the
Al-Si near-eutectic grades have been proven to be processable by additive manufacturing but suffer
from limited mechanical performances [5]-[7]. High-strength Al-alloys such as the 2XXX, 6XXX, or
TXXX series are often classified as difficult to process using L-PBF due to the development of hot
cracks during fabrication [8]-[14]. Their microstructures are anisotropic in terms of morphology with
large columnar grains elongated along the building direction, and showing a strong <001> or <110>
crystallographic texture. Such textures result from epitaxial growth from the underlying layers or
adjacent tracks. <001> textures are often found because this is the typical direction associated with the
fastest growth rate in metals showing a cubic lattice structure. <110> textures are also often observed
in AM materials because of epitaxial growth between adjacent tracks because of the side-branching
mechanism. Side branching is defined as a mechanism allowing the growth of grains along with
orthogonal directions in response to changes in the local thermal gradient direction. Grain refinement
was proven to be an efficient strategy to overcome hot cracking issues. The idea consists in
introducing nucleating agents via the addition of exogenous particles such as TiB, [15], [16] or LaBs
[17], [18], or solutes such as Zr [19]-[23], Sc [3], [24]-[26], Nb [10], [27] or Ti [27]-[29] known to
precipitate the primary metastable phase Al;X-L1, (X = Zr, Sc, Ti, Nb). Those inoculant particles or
primary phases show a very small lattice misfit with the Al-matrix, a key feature to be an efficient
grain refiner [30], [31]. Based on the pioneering work of Turnbull and Vernnegut [31] and refined a
few years later by Bramfitt [30], the lattice misfit parameter 6 should be kept below 12% to be
efficient with respect to heterogeneous nucleation. In addition, improving the processability of high-
strength alloys contributes to breaking the anisotropy of the 3D printed parts and increasing the yield
strength at room temperature via a Hall-Petch effect with a grain size usually achieved using severe
plastic deformation (typically < 1 um).

Since the pioneering work of Frank in 1952 [32] suggesting the presence of Icosahedral Short
Range Order (ISRO) in undercooled liquids, the latter is not necessarily perceived as a fully disordered
phase. The discovery of quasi-crystals by Schechtman [33] gave substance to the idea of Frank that the
liquid can be icosahedrally ordered over short distances. Indeed, QCs with 5-fold symmetry have been
observed in many metallic systems, in particular, in binary Al-X alloy where X is a transition metal
with (X = Mn, Cr...), see e.g. [28], [29]. ISRO in the liquid was also largely discussed in the literature
of bulk metallic glasses because it is suspected to impede crystallization and thus enables retaining an
amorphous structure [34], [35]. On the opposite, ISRO-based mechanisms have been shown to
influence the nucleation and growth of some Al-alloys as highlighted in Rappaz et al. [36]. For
example, adding 1000 ppm of Cr in binary cast Al-Zn alloys lead to a remarkable grain refinement that
goes along with an unexpected fraction of X3 twin boundaries [37]. £3 twin boundaries are not
expected in Al alloys because of their high stacking fault energy. Based on in-depth crystallographic
studies, clusters of grains where nearest neighbors were found to be related by twinning relationships,
have been identified. Such multiple twinning relationships among nearest neighbor grains supported
the idea that FCC Al grains nucleate from an icosahedral template via an epitaxial relationship where
the <111> directions of the FCC unit cell of Al are parallel to the 3-fold axes of the icosahedron, and
the <110>-directions of the FCC unit cell of Al are parallel to the 5-fold axes of the icosahedron. The
nucleation mechanism proposed by Kurtuldu et al. in [38] suggests the formation of the FCC-phase on
icosahedral quasicrystals (iQCs) during solidification but those quasi-crystalline phases made of
icosahedral building blocks have not been observed or were assumed to disappear via a peritectic
transformation. Similar mechanisms were also found in cast Au-alloys with minute addition of Ir [38].



ISRO-based mechanisms have also been responsible for the presence of fine equiaxed grains with an
abnormally high fraction of twin boundaries in additively manufactured parts made of Al-alloys [39],
[40], or Ni-alloys [41], [42]. Those recent studies demonstrate that ISRO leads to grain refinement in
those FCC metals in 3D printed parts. However, iQCs involved in the nucleation mechanism were
never experimentally evidenced, and more importantly, the physical and chemical reasons possibly
accounting for the activation of such a nucleation mechanism were not discussed. Achieving an in-
depth understanding of the underlying reasons promoting or on the contrary inhibiting ISRO in the
liquid is yet of great interest if one aims at fully exploiting the microstructural capabilities offered by
ISRO-based mechanisms while designing alloys for additive manufacturing.

To investigate the possible relation and impact of the grain microstructure, we perform a multi-scale
microstructural study from the grain scale down to the nanoscale of a novel Al-alloy containing
additions like Mn and Zr designed for and fabricated via L-PBF. For that purpose, we have associated
transmission electron microscopy (TEM), namely Automated The rationale behind the choice of such
alloying system can be found in [39]. Crystal Orientation Mapping (ACOM) an advanced technique
able to perform in-depth crystallographic analyses at the nano-scale, and X-ray synchrotron nano-
tomography allowing to finely characterize the microstructure in 3D. Such a combination of
techniques is appropriate to reveal crucial information on the microstructure inherited from L-PBF that
was not available to date. The consequences of ISRO on the microstructure inherited from additive
manufacturing are further discussed highlighting various positive effects. We finally suggest that
promoting ISRO in the liquid should be considered a new and promising alloy design strategy in the
framework of additive manufacturing.

2. Experimental Procedures
2.1. Materials and processing conditions

The material investigated is a new Al-4Mn-3Ni-2Cu-1Zr alloy designed for L-PBF. The chemical
composition of the as-received powder, measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis, is given in Table 1. Pre-alloyed powder with a size distribution
between 10 and 70 um was gas atomized. Powder particles showed a spherical morphology with some
satellites, see micrograph provided in supplementary materials in Figure S 1. Cylindrical samples with
an 11 mm diameter and a height of 60 mm were fabricated in an EOS M290 L-PBF machine equipped
with a Gaussian 400 W fiber laser (spot size of 80 um) in a high purity argon environment (0.2% O,).
A laser power of 370 W, a laser scan speed of 1600 mm/s, a hatching distance of 140 um (h), and a
layer thickness of 60 um (e) were used to build the cylindrical specimens. The scan strategy consists
of 4 mm stripes and bi-directional scanning with a 67° rotation between consecutive layers. The
building substrate temperature was held at 100°C throughout the builds.

Al Mn Ni Cu Zr

Bal. 3.87 3.14 1.86 1.02

Table 1 : Chemical composition is given in %.wt of the pre-alloyed powder batch used in the present work.

A Zr-free version of this alloy was also investigated in this work for comparison. Samples were
produced in the same conditions (P = 370 W, v = 1600 mm/s, spot size = 80 pum) using the same
scanning strategy and the same machine (EOS M290).

2.2. Microstructural characterization



The grain structure was characterized at different scales using an opto-numerical Olympus DSX500
microscope and a Zeiss Gemini SEM 500 FEG equipped with an Electron Backscattered Diffraction
(EBSD) detector. Samples were mechanically ground using SiC abrasive papers down to the P4000
grade followed by a polishing step with a 1um-diamond suspension. A final vibratory polishing using
a 0.03 um colloidal silica solution was performed using the VibroMet device from Buehler. Large
EBSD maps were collected to obtain crystallographic information on the FCC-AI grains. Regarding
grain morphology, a grain sphericity index ¥ was calculated from the following equation recently

proposed in [43]: ¥ = % where A is the grain area, P is the perimeter, and R is the equivalent radius

of the matrix grains. Based on this sphericity index, equiaxed grains are defined as grains with ¥ >
0.35 while others are considered columnar grains. The grain equivalent diameter was finally estimated

from those EBSD maps, considering grains as spherical, with the following equation is: D = 2(%)1/2,
where A is the area of the grain.

To investigate the microstructure at the micron scale, TEM has been carried out on thin foils prepared
by electropolishing with a Tenupol 5 using a solution consisting of 20% Nitric acid 80% methanol at -
30°C, and 15V. Site-specific lift-outs using a Focused lon Beam (Zeiss NVision 40 Ga FIB-SEM)
were performed to extract lamellae from a specific region of interest. First, a 1 pum-thick lamella
protected by carbon and platinum (total thickness 1 um) was extracted from the bulk. Successive Ga
milling was employed to reduce the thickness of the lamella to less than 100 nm. The final thinning
steps were carried out on both sides of the lamella at an accelerating voltage of 30kV with a probe
current of 40 pA and 0.8° grazing angles.

ACOM (Automated Crystallographic Orientation Mapping) was performed with the hardware and
software toolset ASTAR™ from Nanomegas. More details regarding this technique can be found in
[44]. To summarize, a nano-beam is scanned over the area of interest. At each point of the scan,
diffraction patterns are recorded with a CCD camera. By post-processing the diffraction data set, the
phase and orientation at each position are assigned by comparing the experimental diffraction patterns
to the theoretical ones of candidate phases using a template matching technique. Note that ACOM
only establishes correlations between acquired and simulated patterns, thus it is crucial to preliminarily
established a list of candidate phases. The list of candidate phases was established based on X-ray
diffraction analyses and thermodynamic calculations, see [45], [46] for more details. The quality of the
matching between experimental and theoretical patterns is evaluated by two indices: correlation index
I and phase or orientation reliability R. The correlation index (I) measures the correlation between the
experimentally recorded pattern and the theoretical template of a given phase. The simulated pattern
having the highest correlation index with the experimental diffraction pattern gives the best solution.
The phase/orientation reliability index R is sometimes overlaid on the patterns and is defined as R =
100(1 - I4/1y) 1; and I, being the correlation indices of the two best solutions for respectively the
candidate phase and orientation. When this parameter R is above 15, the identified phase is by far the
best solution out of all candidates [44].

3D microstructure determination was carried out at the European synchrotron-ESRF using nano-CT on
the beamline ID16B [47]. The X-ray beam of 29.6 keV was focused into a nanobeam (50x50 nm?),
using a Kirkpatrick-Baez (KB) pair of mirrors. The focused beam acts as a secondary source
producing a conic beam. The camera, a PCO Edge 5.5 Camera link CMOS (2560%x2160 pixels), was
placed downstream at a fixed distance from the secondary source. Hence, by adjusting the sample
position between the secondary source and the detector, different fields of view and consequently
different magnifications can be chosen. For those measurements, an effective pixel size of
0.025x%0.025 pum? was set. Objects smaller than 50 nm cannot be resolved properly. The technique
used is in-line X-ray holotomography based on phase contrast imaging [48], each nano-
holotomographic scan consists of four tomographic scans at slightly different propagation distances
between the sample and the detector for each scan. For each scan, 4995 projections with an acquisition
time of 0.05s per projection were acquired over 360°. The limitations of the camera field of view
(FOV) were artificially increased: (i) horizontally by using the so-called half-acquisition method with
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a position offset of the rotation axis of 700 pixels (over 2560), (ii) vertically by concatenating four
tomographic scans acquired on top of each other along the vertical axis of the sample with a FOV
overlap of 400 pixels. From the aligned raw images, phase contrast was retrieved using an algorithm
based on the Contrast Transfer function method. The final volume of 99 x 99 x 200 pm® was
reconstructed from those phase images using filtered back projection with the ESRF software PyHST2
[49].

2.3. Thermodynamic calculations

Thermodynamic solidification calculations were conducted using Thermo-Calc with the database
dedicated to Al-alloys (TCALSG version 6.0). Calculations were run using the Scheil-Gulliver model by
considering only phases that have been identified experimentally in a previous study: AlgNiy,
AlggMny;Nig, AlsNi,, or AlL,Cu [39]. Note that the AlggMny3Ni, phase (Pearson’s crystal database) is
described in the TCALG6 database as the Al;;MngNi, phase (orthorhombic phase). Both descriptions
correspond to the same orthorhombic phase. In the Scheil-Gulliver model, it is assumed infinite
diffusion in the liquid, no diffusion in the solid, and equilibrium at the solid/liquid interface. We are
aware that the Scheil-Gulliver model suffers from several limitations with respect to the L-PBF
processing conditions. For example, it neglects solute trapping although it can play a key role in the
solidification sequence.



3. Experimental Results
3.1. Materials integrity at the nanoscale

Figure 1(a) gives an overview of the microstructure. Some spherical pores with an average equivalent
diameter of nearly 10 um are observed, see yellow arrows in Figure 1(a). Figure 1(b) proves the
possibility to print near fully dense parts without cracks and with a very limited content of porosity
(0.03% based on X-ray nano-CT scans). There are two populations of defects: the larger ones with a
rather spherical morphology while the smaller ones are more tortuous. Owing to the high resolution of
nano-CT, the morphological details of those tortuous pores extending over 3 um are identified. Based
on Figure 1(c), the characteristic size of tortuous pores is about 500 nm, which is very small
compared to the ten-micron-sized spherical ones. According to the 3D nano-imaging experiment (see
2D cross-sections), which allows the revealing of the microstructure and defects, the tortuous pores are
exclusively found in the interdendritic regions. Finally, such tortuous pores can lie only 1 um away
from one another and seem to be separated by intermetallics. The mechanism responsible for the
presence of those tortuous pores is believed to be insufficient liquid feeding. Those pores can thus be
classified as microshrinkages.

500 um

50 um

Figure 1: (a) Optical micrograph of a crack-free sample after chemical etching using Keller’s reagent. The yellow arrows
point out some spherical pores. (b) 3D rendering of the defect population as revealed by nano-XCT with a 25 nm voxel size
for better visualization of the two populations of pores. (c) A 3D view of small tortuous pores in red superimposed on a 2D
cross-section to show its position within the microstructure. Intermetallics are displayed in bright contrast while the matrix
appears in dark contrast.

3.2 A complex multiscale microstructure

The EBSD map in Figure 2(a) is characterized by a region that can be indexed representing about 60
% of the surface while the black regions are associated with unreliable indexing regions. Those
regions are located mostly along the melt pool boundaries and locally inside the melt pools (see the
magenta arrow in Figure 2(a)). The indexed zones contain both micron-sized columnar grains and
coarse equiaxed grains as illustrated in Figure 2(a). Therefore, in the following, they will be qualified
as near columnar zones (NCZ). The NCZ is mostly found in the center and at the top of the melt pool,
see Figure 2(a). It also reveals two kinds of dendritic growth morphologies: a classical columnar one
(see white arrow in Figure 2(b)), and a feathery one (see yellow arrow in Figure 2(b)). Finally,
according to the EBSD map, the NCZ shows a weak crystallographic texture (Figure S 1).
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Figure 2: (a) IPF-EBSD map acquired in a plane containing the Building Direction (BD) (200 nm step size). Only aluminum
grains were indexed. (b)Enlarged view of a melt pool inside the NCZ corresponding to the white square box shown in (a).
Two growth morphologies are revealed: the classic cellular one (white arrow) and the feathery one (yellow arrow). The
magenta arrow in (a) indicates that the unindexed regions could be observed at the melt pool center because of convection
flows in the liquid.

Regarding the black regions in Figure 2(a), the step size of the EBSD mapping being 200 nm, the
presence of submicronic grains along with a high density of grain boundaries decorated with a high
fraction of intermetallics can explain the absence of reliable indexing. A high-resolution study is
necessary to investigate at a fine scale the microstructure in such unindexed regions. This has been
performed using the ACOM (Automated Crystallographic Orientation Mapping) method.
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Figure 3: (a) Crystallographic orientation maps (IPF) for FCC-Aluminum acquired in a Fine Equiaxed Zone (FEZ) using
ACOM (15 nm step size). 23 orientation relationships are highlighted in white. Intermetallics are displayed in black. (b)
Misorientation distribution within the region of interest shown in (a), and (c) rotation axis distribution considering only
boundaries with a misorientation angle between 58° and 62°.



Figure 3(a) presents a high-resolution orientation map obtained using ACOM. This map reveals a
microstructure consisting of submicronic aluminum grains separated by phases characterized by large
lattice parameters typical of intermetallic phases. The aluminum grains have a mean grain size
estimated to be about 610 + 250 nm (see Figure S 3 for the grain size distribution). In the Fine
Equiaxed Zone (FEZ), aluminum grains do not show a particular texture. The intermetallic phase
fraction derived from Figure 3(a) and from the 3D reconstructed volume obtained by nano-XCT, is
about 35 *+ 4%. There are two populations of intermetallics depending on their spatial distribution.
Those located in the interdendritic spaces have been identified by nano diffraction as AlgNiy,
AlgMny;Ni4, AlsNi,, or AlL,Cu in a previous study [39]. Those located in the center of grains have
been mostly identified as primary Al:Zr (see Figure S 2). Besides, the cube-cube orientation
relationship confirms the epitaxial nucleation of matrix grains from the primary AlsZr precipitates, see
Figure S 2(b-d)).

Considering only grain boundaries, Figure 3(b) indicates a high frequency of the 60° misorientation
angle in comparison with the random distribution (e.g. Mackenzie distribution). Regarding now the
rotation axis for grain boundaries with a misorientation angle equal to 60 + 2°, the IPF-map in
Figure 3(c) reveals an intense peak close to the <111> direction. This can be seen as a signature of the
presence of twin relationships. These observations made on a small region of interest show a high

density of £3 boundaries in this alloy (see white lines in Figure 3(a)). The fraction of X3 specific

. . . L
boundaries is estimated as follows: %25 = LE3

, Where L3 is the total length of X3 boundaries and Ly

tot

is the total length of grains boundaries. Figure 3(a) highlights a large proportion of X3 boundaries,
about 3.5% considering a 2° tolerance for the misorientation angle (it is only 0.13% in a random
population of grains when considering a 5° tolerance). The X3 boundaries are frequently referred to as
twin boundaries. Indeed, in the present case, the term twin boundary does not necessarily seem
appropriate because the aluminum grains frequently appear separated by intermetallic phases. This is
why the microstructure has been here analyzed using the rotation angle and rotation axis. This
approach has revealed that a specific feature of the FEZ was to have a high density of grains with a X3
orientation relationship. £3 boundaries are not expected in microstructures of Al-alloys inherited from
solidification because the stacking fault energy is relatively high in aluminum alloys [50]-[53] even in
presence of alloying elements. Even though some studies report the possibility to create twin
boundaries during deformation in presence of ultra-fine grains, we could find no reason why the X3
boundaries observed here could result from a deformation mechanism.



3.3. Local crystallographic analyses

For a better understanding of the mechanism responsible for the 3 (or twin) boundaries, two local
crystallographic analyses are performed in the FEZ. The first study considers a cluster of six grains in
a very close neighborhood, and the second one takes into account two matrix grains around a particle
identified as the AlgsMny;Ni4 phase.
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Figure 4 : (a) Enlarged view of the selected area highlighted in the orientation map shown in Figure 3(a). The color code in
Figure 4(a) is associated with the grain crystallographic orientation of the FCC Al phase and will be further used in Figures
4 (b), (c), and (d). Intermetallic phases in the interdendritic spaces are displayed in black, while twin boundaries identified
by an automatic analysis are drawn in white. Stereographic projection showing the <110> directions for (b) grains 2-3-5-6-
7 and (c) grains 3-4-5-6. Figure 4(b) shows that one <110> direction labelled Al is common to the five grains 2-3-5-6-7)
and several are common to two grains. A mirror symmetry is also related grains 2 and 3, grains 3 and 5, grains 5 and 6, and
grains 7 and 2. For each pair of grains, the mirror plane is close to the (111) plane indicated by the black meridian. Note
that the 5 mirror planes almost intersect at the <110> direction shared by the five grains. They are related by a rotation of
nearly 36° around the common <110> direction shared, characteristic of a 5-fold symmetry. Figure 4(b) shows that for
grains 3-4-5-6, there are <110> directions common to two grains related by a mirror symmetry. The <110> direction
common to grains 3-5-6 corresponds to the 5-fold axis identified in Figure 4 (b) and labelled A1 while the stereographic
projection shows that the directions common to grains 4-5-6 and 3-5-6 (respectively labelled A2 and A3) are consistent with
other 5-fold axes of the icosahedral symmetry. (d) Schematic representation of the mutual orientation relations of the six
grains (2 to 7) based on a hypothetical icosahedral nucleus. The directions common to several grains labelled A1, A2 and A3
have been also reported.

The ACOM orientation map in Figure 4(a) shows a region of interest with a cluster of grains, where
both phases and grain boundaries are present. The automatic crystallographic analysis has shown that
numerous grains are related two-by-two by a X3 orientation relationship and that among the grain
boundaries, most of them can be identified as twins (see white lines).

The stereographic projection given in Figure 4(b) that displays the <110> directions of the grains 2 to
7 labelled in Figure 4(a) reveals many common directions between these grains. The crystallographic
analysis shows that the mirror planes between grains 2 and 3, grains 3 and 5, grans 5 and 6, and grains
7 and 2 correspond to the (111) plane which demonstrates the existence of X3 twin relationships. Also,
there is a <110>-direction common to these five grains. This common <110>-direction (labelled Al in
Figure 4(b)) corresponds to the intersection of the twin planes of the grains which are related by a



rotation of about 72° along this common axis. The direction labelled Al in Figure 4(b) is thus a
fivefold symmetry axis between grains 2, 3, 5, 6, and 7. In addition, the relation between grains 6 and
7 corresponds to a 60° rotation around the <111>-direction and a 7° rotation around <110>, known as
a near-twin relationship. This corresponds to the deficiency gap resulting from the construction of the
icosahedron from 20 tetrahedra where facets are {111}-planes, see [37].

Following the same approach, the relations between grains 3-4-5, and between grains 4-5-6 (see
Figure 4(c)) have been analyzed. It was concluded that the grains have in common two other <110>
directions respectively labelled A2 and A3 in Figure 4(d) whose orientations are consistent with two
other 5-fold axes of an icosahedron (see Figure 4 captions for more details). As summarized in the
schematic given in Figure 4(d), the cluster of grains exhibits more than a single 5-fold symmetry axis
as one may reconstruct a hypothetical icosahedron that is thought to be responsible for the high density
of X3 boundaries or twin relationships between these grains. This observation led us to propose a
hypothetical icosahedral template acting as a nucleus for the investigated cluster of aluminum grains,
see Figure 4(d). This point of view has already been invoked for other aluminum alloys manufactured
by more traditional casting routes to account for the unexpected presence of a high density of X3
boundaries [37]. However, additional observations of the microstructure in the FEZ possibly related to
the mechanisms involved in the nucleation of the FCC-AI grains have been collected and are presented
hereafter.
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Figure 5: (a) ACOM Phase map acquired in the FEZ (2 nm step size) in a FIB lamella showing the presence of a lot of
intermetallic phases. (b) ACOM orientation map for Al and AlgyMny;Niy. (C) Stereographic projection of the <110> direction
for grains 1 (blue circle) and 2 (pink circle) superimposed with some simple directions of the AlggMny;Ni, phase (magenta
star). The planes (-355) and (422) (magenta star) have been found using an automatic search on the ACOM indexed data to
be close to <110> Al directions respectively belonging to grain 1 and grain 2. The resulting orientation relationship between
the AlgoMny;Ni, particle A and grain 1 and grain 2 respectively are given in the black frames. In agreement with these
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relationships, the diffraction patterns have been simulated for the AlgyMny;Ni, particle A and grain 1 (d) (respectively grain 2
in (€)). The red circles correspond to the proximity identified by the automatic search. In both cases (d), (e), as marked by the
dotted circles a correspondence with a good matching is observed between the planes (1 -1 1) in Al and the (3 -1 -1) in
AlgoMn13Niy (dy—11,4; = 0.234 nm almost equal t0 d3_1_1 aisomn11nvia = 0.245 nm).

The most frequent intermetallic phases have been identified by ACOM as the AlgMny;Ni, phase.
Since this complex phase can nucleate before the Aluminum matrix as shown by thermodynamic
calculations (Figure S 5), it can be considered a primary phase. Figure 5(b) evidences Aluminum
equiaxed grains and AlggMny;Ni, phase particles with well-identified orientations, i.e. without high
internal orientation variations (see grain labelled A). According to the automated analysis, in the
vicinity of this AlgsMny;Ni, grain A, there are two adjacent aluminum grains (labelled 1 and 2 in
Figure 5(b)) related by a twin relationship. Considering the specific relevance of twins in the present
alloy, the orientation relationship of Aluminum and AlgMn;3Ni, grains (respectively labelled 1, 2, and
A) were more deeply analyzed.

The stereographic projection shown in Figure 5(c) reveals that the two aluminum grains share three
<110> directions and have a 60° misorientation angle, proving that they are in a twin relationship (see
black line in Figure 5(c) corresponding to the twin plane). In addition, the [0 -11] direction of the
AlgMny;Ni, phase is aligned with one of the shared <110> Al directions of the two matrix grains. The
other shared <110> Al directions of the two aluminum grains, and laying in the twin plane, also appear
rather close to the [0-11] and [001] directions of the AlgMn.;Ni, phase. Considering the high
proximity observed between the shared <110> Al direction and the [-110] direction of the AlgoMn;;Niy,
phase, this orientation has been analyzed in more detail.

From the orientation map displayed in Figure 5(c), the orientation relationship between grain 1, grain
2, and the AlgMny;Ni, particle labelled A has been derived using an automatic search of the closest
directions between particle A and respectively grain 1 and grain 2. The following relations have been
respectively determined from the simulated diffraction patterns:

[0-11] aisomn1ania // [110] ar and (-355) aigomniania // (-110) a
[0-11] aomnrania // [011] A and (422) asomniania // (0-11)

Those simulated diffraction patterns (Figure 5(d) and (e)) have been further used to examine the
matching between the AlgMn,;Ni, particle labelled A, and the two matrix grains, namely grain 1 and
grain 2.

Figure 5(d-e) displays the overlapping of the simulated diffraction pattern: for grain 1 and particle A
on the left, and for grain 2 and particle A on the right. Remarkably for both grains, the same matching
is observed between the (1 -1 1) in Al planes and the (3 -1 -1) planes of the AlsMny;Ni, particle A.
Consequently, not only there is a good matching between the AlgMny;Ni, particle A and the
Aluminum grains but the two relationships described above correspond to the same orientation
relationships. In other words, grain 1 and grain 2 are variants of the same orientation relationship
between the AlgMn;;Nis and the Aluminum. It means that the AlgMn;1Ni, particle A is the parent
phase and that two variants have been found to nucleate from it. It finally means that the twin
boundaries which are not expected in aluminum alloys as reminded above are also resulting from the
heterogeneous nucleation of aluminum grains on the AlgyMny;Ni4 primary phase.
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3.4. Twin Dendrites: Morphology and Growth direction

Secondary arms

Intermetallics

Twin plane

Figure 6: (a) IPF-EBSD map of the matrix orientation with the finest grains in the FEZ appearing in black and X3
boundaries in white. 2D cross-sections extracted from the nano-CT 3D reconstruction where intermetallics appear in bright
and the matrix in dark. (b) 2D cross-section extracted right at the twin plane that reveals the feather-like morphology of the
twin dendrite. Orange dashed lines highlight the contours of this twin dendrite in the twin plane. (c) 2D cross-section taken
perpendicularly from the view given in (b) for the same twin dendrite (view perpendicular to the twin plane and parallel to
the Building Direction). It allows the observation of the secondary arms of the twin dendrite. The red ellipsoid points out
intermetallics distributed along the twin plane. The building direction is indicated with a yellow arrow. (e) Schematic
representation of a feathery grain to illustrate the morphology of the twin dendrite observed in (c), the distribution of
intermetallics, and the angle between the trunk and the secondary arms.
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Figure 6(a) shows an IPF orientation map in the NCZ with identified twin grains since most are split
into two sides by a twin plane (see white lines). The proportion of grain boundaries in a twin
relationship is 5% which is higher than in the FEZ. To get a detailed description of the dendrite
morphology and size, one requires a 3D characterization. We performed here synchrotron nano-XCT
(voxel size 25 nm). Figure 6(b) and Figure 6(c) show two different 2D cross-sections extracted from
the 3D reconstructed image in specific planes. Figure 6(b) is taken in the twin plane that can be easily
identifiable based on the variation of contrast at the twin plane. The dashed lines confirm the typical
feather-like morphology of the twin dendrite observed in EBSD (see grain pointed out with a white
arrow in Figure 6(a)). This twin dendrite is well-developed since its width is about 10 um. Figure
6(c) is a 2D cross-section taken perpendicularly to the twin plane and reveals the presence of
secondary arms, a situation contrasting with most of the microstructures inherited from L-PBF where
the development of secondary arms is often very limited. From Figure 6(c), the angle between the
trunk and the arms was estimated to be roughly 50°. Finally, the red ellipsoid in Figure 6(c) points out
intermetallics distributed along the twin plane with the same morphology as those observed in the
interdendritic spaces. Figure 6(d) gives a schematic 3D view of the feathery morphology of twin
dendrites.

Figure 7 : 2D cross-section extracted from the reconstructed 3D image based on Nano-XCT and showing a transition
between the FEZ and the NCZ (building direction is aligned vertically). Two different views of a twin dendrite: (a) view
parallel to the twin plane; (b) view perpendicular to the twin plane. The orange dashed line shows the contours of the twin
dendrite and the yellow dashed line represents the boundary between the FEZ and the NCZ.

Finally, 2D cross-sections extracted from the 3D reconstruction of the microstructure suggest that twin
dendrites nucleate from the FEZ, see Figure 7(a-b). However, the twin dendrite growth direction
could not be determined from nano-XCT images. As a result, another region of interest containing a
twin dendrite was selected and characterized using ACOM, see Figure 8.

13



Cubic m3m
111

Figure 8 : Orientation study of an electropolished TEM lamella extracted parallel to the building direction. (a) Virtual
Bright Field image of a twin dendrite. ACOM IPF maps two normal in-plane directions: (b) z-direction, (c) y-direction. The
left side of the dendrite is represented by a square symbol and the other side by a circle one as suggested shown in (c). For
the two sides of these dendrites, pole figures of various planes are plotted in(d) (111), (e) (110), and (f) (112).

Figure 8(a) shows a region of interest containing a twin dendrite. The two sides of the twin dendrites
have a similar crystallographic orientation color in Figure 8(b-c). According to Figure 8(d-e), the
twin dendrite is indeed seen as schematically shown in Figure 6(d): the growth direction is in the
lamella plane and points upwards along a <112> direction as indicated by the pole figure shown in
Figure 8(f). Figure 8(a) also confirms the 50° angle between the primary trunk and secondary arms,
previously measured on the 2D cross-section, see Figure 6(c). Finally, since the growth direction of
the trunk is a <112> direction and the arms are in the lamella plane, this 50° angle between the trunk
and arms proves that arms grow along a <110> direction Figure 8(d) and (e).
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4. Discussion
4.1. Grain refinement mechanisms

We have shown that the Al-Mn-Ni-Cu-Zr alloy studied here exhibits a very fine equiaxed zone
with a mean grain size roughly equal to 600 nm. While the presence of such fine grains was already
many times reported in different Al alloys designed for L-PBF (e.g. [19]-[23]), it should be
emphasized that such fine grains in Al-alloys are usually achieved using severe plastic deformation. In
addition, 3.5% of the grain boundaries have been found to correspond to X3 twin boundaries in the
FEZ using a 2° tolerance for the misorientation angle. For comparison, even in the Al-Zn-Cr ternary
alloy is reported as having a high frequency of X3 boundaries [54], a lower content of such boundaries
was measured (only 2.3%, although using a higher tolerance for the misorientation angle). Clusters of
equiaxed grains separated by X3 boundaries have also been recently observed in Inconel 718 [42]
processed by direct energy deposition, and in an Al-alloy from the 7XXX-series modified with the
addition of ZrH, [40] and fabricated by L-PBF.

Based on our experimental observations, we have identified three different nucleation
mechanisms contributing to refining the grain size. Those three nucleation mechanisms are
schematically summarized in Figure 9.

(1) Epitaxial Nucleation on (2) ISRO-mediated nucleation (3) Epitaxial Nucleation on a

the L1,-Al,Zr primary phase complex phase containing @ Aluminium
icosahedral building blocks
E AlszZr

mEmm Complex phase

(O Icosahedron

AR Twin boundary
[

ISRO-based mechanisms

Closure defect

Figure 9 : The three nucleation mechanisms responsible for the Aluminum heterogeneous nucleation and the twin boundaries
in the FEZ.

The first mechanism described hereafter as epitaxial nucleation on primary AlsZr phases is well-
documented in the literature of AM Al-alloys (see e.g. [22], [24], [26]). Promoting epitaxial nucleation
on the cubic primary phase Al;X (X = Zr, Sc, Nb, or Er) is relatively straightforward as one needs to
introduce a content of the X-solute beyond the peritectic limit [55]. Briefly, heterogeneous nucleation
on the Al:Zr primary phase occurs via peritectic transformation and is promoted by the small misfit
parameter between Aluminum and AlsZr. The cube-cube orientation relationship supported by Figure
S 4 shows that one AlsZr primary phase implies the nucleation of one single Aluminum grain. Such a
mechanism cannot be invoked to account for the unexpectedly high density of £3 twin boundaries.

We think that two additional nucleation mechanisms are responsible for the fine grain size observed in
our alloy and both are thought to be closely related to the presence of ISRO in the liquid.

Based on the thermodynamics calculations shown in Figure S 5, both the AlsZr phase and the
complex AlgMni;Nis phase can be considered primary phases. We showed in Figure 5(a-b) that this
complex primary phase containing many icosahedral motifs in its unit cell (see Figure 10(a)) can also
act as heterogeneous nucleation sites for Aluminum grains. Figure 10(b-c) reveal, based on theoretical
diffraction patterns, the presence of pseudo-fivefold symmetry axes. The orientation relationship
between the primary AlgMn;;Ni, complex phase and Aluminium is determined in Figure 5(d-e). As a
result of this orientation relationship, four aluminum grains related 2 by 2 by a twin boundary can
possibly nucleate from this complex phase. Thus, this AlggMn;1Ni, primary complex phase offers the
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possibility to nucleate more than one aluminium grain and can account for the presence of X3 twin
boundaries in the FEZ. Heterogeneous nucleation of Aluminum on the AlgMny;Ni, primary phase
requires further discussion because of the specific features of its complex structure compared to simple
structures like, for instance, the L1,-AlsZr one. The local atom packing into the AlggMny;Ni4 phase,
related to the presence of icosahedral motifs in its unit cell as shown Figure 10(a) in results in a
reduction of the interfacial energy between the melt and the intermetallic [56], [57]. This likely helps
the heterogeneous nucleation of Aluminum grains from this complex phase.
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Figure 10 : (a) Icosahedral building blocks present in the AlggMny1Niy unit cell. The theoretical diffraction patterns of the:
(b) [0 0 1] direction and (c) [0 1 1] direction revealing two pseudo-fivefold symmetry axes.

Interestingly, a high density of 3 twin boundaries has also been observed in regions in the FEZ where
the complex primary phase was not found responsible for the nucleation of Al grains, see e.g. Figure
4(a). In this specific region of interest, the twinned aluminum grains form a cluster exhibiting three
fivefold symmetry axes that can be described as an icosahedral template as shown in Figure 4(b-c).
This mechanism has been identified as ISRO-mediated nucleation ([36], [38], [42], [54]) contributing
to grain refinement in the FEZ and also explaining the unexpectedly high density of X3 twin
boundaries found in the FEZ. ISRO-mediated nucleation occurs when the undercooling is high enough
to promote a large proportion of ISRO into the liquid [58]. We think that ISRO-mediated nucleation
requires larger undercooling in comparison to the nucleation mechanisms involving primary phases.
Indeed, most aluminum grains in the FEZ likely nucleated before the critical undercooling for this
third mechanism was reached. This idea was supported by the fact that finer grains seem to result from
ISRO-mediated nucleation (Figure 4) compared to the Al grains nucleated from primary phases.

4.2. On the origin of twin dendrites

Interestingly, 3D images reconstructed based on the nano-XCT scan show that twin dendrites
nucleate at the NCZ/FEZ boundaries as illustrated in Figure 7. The origin of twin dendrites has been
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debated for years, yet the most convincing mechanism was proposed by Rappaz et al. in a recent
viewpoint paper [36]. In Rappaz et al. [36], it is hypothesized that twin dendrites could nucleate via
ISRO-mediated nucleation but only two nucleated grains from the icosahedral template would then be
selected during the growth stage due to their proximity with the thermal gradient direction. As we
have also evidenced the occurrence of two different nucleation mechanisms in the FEZ closely related
to ISRO in the liquid, at first sight, we shared the point of view exposed in Rappaz et al. [36].
However, we would like to further discuss some details of their hypothesis that are related to specific
features of the ISRO in metallic alloys.

As earlier demonstrated by Frank and Kasper [32], complex metallic alloys involving atoms of close
size are characterized by local tetrahedral compact packing. In other words, the coordination polyhedra
describing the local order around each atom are formed of equilateral triangles or slightly distorted
ones. This is possible only for a limited number of polyhedra: the icosahedron and three related
polyhedra called Z14, Z15, and Z16. The icosahedron, also called Z12, corresponds to a central atom
surrounded by 12 neighbours. Z14, Z15, and Z16 environments correspond to a central atom
surrounded by 14, 15, or 16 neighbours respectively. As illustrated in Figure 11(a-b), the icosahedron
(Z12) is formed of 20 regular triangles all connected to 5-fold symmetry vertices while for the Z14
polyhedra, 12 triangles are slightly distorted and connected to 6-fold symmetry vertices. In complex
metallic alloys, most atoms have a Z12 coordination number and larger atoms tend to have Z14, 715,
and Z16 coordination.

* Thermal gradient @ Alatoms @ Smallatoms involved ‘ Big atoms involvedin Z14
inZ12 and Z14

AVertices involved in S6 A Verticesinvolved in S5 4 Twin plan

Figure 11: Schematic representation of the twin dendrite nucleation on (a) a Z12 environment (icosahedron) or (b) a Z14
environment. The green faces represent perfect tetrahedra which are thought to act as nucleation sites for twin dendrites
while gray ones represent those that could not act as nucleation sites. Z15 and Z16 environments, not represented here, are
similar to Z14 but with a higher degree of distortion (i.e. while the Z14 has two 6 fold vertices, Z15 et Z16 have three and
four 6 fold vertices).

We would like first to highlight that icosahedral local ordering (Z12 coordination number) is the most
isotropic local ordering in comparison with other kinds of local ordering with higher coordination
numbers (Z14, Z15, or Z16) [32]. Thus, various twin dendrites could theoretically grow from an
icosahedral template (Z12). Then, one should also keep in mind that icosahedral ordering (Z12) is
often the predominant local ordering around Al atoms in liquid aluminium, see e.g. [59]. As a result,
we would expect to observe many twin dendrites, some of them showing limited growth because not
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necessarily aligned with the thermal gradient. On the contrary, the well-developed ones should be
associated with those having their primary trunks parallel to the thermal gradient. However, our
experimental observations rather reveal the presence of a few well-developed twin dendrites. If ISRO
seems a reasonable hypothesis to account for the fine grain size and the unexpected presence of many
X3 boundaries in the FEZ, we think that instead of the perfect icosahedral local ordering, other local
orderings, still related to ISRO are worth considering to explain the formation of twin dendrites. To
account for the development of twin dendrites, we suggest a mechanism slightly different from the one
proposed by Rappaz et al. [36]. Indeed, instead of suggesting that twin dendrite nucleate from
icosahedral local ordering (Z12), we rather propose that twin dendrite would rather nucleate from a
Z14 local ordering as schematically shown in Figure 11(b). Our interpretation is supported by two
ideas. The first idea is that icosahedral local ordering (Z12-environment) is promoted in presence of
atoms exhibiting very similar size while a Z14-local ordering is an environment more advantageous
for larger solute atoms which is likely the case here with the presence of Zr ([60]-[62]). The second
idea is that it is also possible to nucleate Al-grains related by a twin relationship from a Z14-local
ordering but on a limited number in comparison with a perfect icosahedral Z12-local ordering. Z14-
local ordering is thus much less frequent in the liquid than Z12-icosahedral local ordering. To
summarize, considering now that twin dendrites could nucleate from a Z14-local ordering it strongly
decreases the possibility for such dendrites to develop because (i) there are much fewer Z14
environments in the liquid, and (ii) there are also fewer chances in a Z14-motif to nucleate the two
orientations necessary to grow a twin dendrite. To further support our interpretation, the same alloy
without Zirconium has been printed. An EBSD map of the alloy without Zr is shown in Figure 12. No
twin dendrites were observed in the alloy version without Zr, a solute known to promote local ordering
with coordination numbers larger than 12 in liquid Al, as is indicated by ab initio molecular dynamics
calculations [58], [61].
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Figure 12 : Zr-free alloy microstructure: (a) IPF-EBSD map of aluminum parallel to the Building Direction (BD) (500 nm
step size). (b) The grain sphericity map is obtained from (a). When sphericity is higher than 0.3 aluminum grains are
considered equiaxed whereas for sphericity < 0.4 there are considered columnar. In the Zr-free alloy, fine size equiaxed
grains are located along the melt pool boundaries. No twin dendrites have been observed in the Zr-free alloy.

In addition to the problem of twin dendrites nucleation, we also wish to comment on the
growth competition between classical columnar grains and feathery grains in the NCZ, see Figure 2.
Feathery grains exhibit a peculiar morphology and are associated with twin dendrites having their
primary trunks growing along an uncommon <211>-direction (Figure 8). In columnar grains,
dendrites have their primary trunks growing along the typical growth directions of FCC-metals, i.e.
<100>-directions. To explain the variety of growth directions, our hypothesis is that some crystal
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orientation growth directions promote the Kinetics attachment of tetrahedral local packing at the
solid/liquid interface as suggested by Kurtuldu et al. in [36]. As a result, all growth directions become
nearly energetically equivalent resulting in non-classical growth directions such as <110> [63] or
<320> in Al-Zn-Cr [64], or <211> in Al-Cu-Mg [65].

Twin dendrites also show well-developed secondary arms growing along <110>-directions though, in
classical columnar grains, we noticed the absence of secondary arms. We do not believe that the
presence of secondary arms in twin dendrites (feathery grains) could be explained by local variations
of the solidification conditions because feathery grains were sometimes observed in the vicinity of
columnar grains, see Figure 2. In other words, solidification conditions are not expected to differ
significantly in two adjacent grains having a different morphology. As shown in the region highlighted
in red in Figure 6, intermetallics were not only distributed in the interdendritic spaces but were also
found decorating the twin plane separating the primary trunk. This observation is consistent with the
morphology of the dendrite tip initially proposed by S. Henry et al. [65] and later confirmed by M.
Salgado et al.[66] where solute pile-up creates a narrow channel of liquid in the center of a doublon
dendrite. Solute enrichment in this narrow channel explains the formation of intermetallics along the
twin plane and also accounts for the growth advantage of twin dendrites, the latter growing at a lower
undercooling in comparison with classical dendrites which reject all the partitioned solutes ahead of
the tip. Twin dendrites growth is also reported to be promoted by convective flows, see S. Henry [67].
Here, we would like to emphasize that convective flows in the molten bead during L-PBF are often
reported in the literature, for example, due to the Marangoni effect. Thus, L-PBF processing
conditions can be seen as a situation favorable for the growth of twin dendrites.

4.3. ISRO as a new alloy design strategy for AM materials

4.3.1. ISRO as a strateqy to refine grain size: processability and grain boundary strengthening

High-performance alloys such as structural Al-alloys from the 2XXX, 6XXX, or 7XXX series
(I12], [14]), or difficult-to-weld Ni-based superalloys ([68]-[70]) are strongly challenging to be
processed by additive manufacturing due to the development of hot cracks. The most efficient way to
increase hot cracking resistance consists in refining the grain size. Three different nucleation
mechanisms have been identified, and two of them are closely related to ISRO. Manipulating ISRO-
related nucleation mechanisms could be considered as a strategy to improve the AM processability of
high-performance engineering alloys while taking advantage of a Hall-Petch strengthening effect
(grain size < 1 pm).

For promoting heterogeneous nucleation on complex phases, solutes known to generate primary
complex phases have to be sought. To do so, thermodynamic calculations could be useful to identify
systems where complex primary phases or related quasicrystalline phases are expected to form.

In our alloy, we think that ISRO into the liquid is promoted by the interactions between the different
alloying elements, in particular Al and Mn. The latter has an electronic structure with partially filled d-
orbitals, a situation known to favor topological short-range order in the liquid by creating icosahedral
clustering with Aluminum (see e.g. [71]). Besides, in the alloy without Zirconium, in addition to the
absence of twin dendrites (Figure 12(a-b)), very few twin boundaries were found in the FEZ in
comparison with the alloy with Zr. This suggests that Zr contributes to enhancing local liquid
ordering. To promote ISRO-mediated nucleation, one could rely on ab initio calculations to predict
atomic interactions and resulting atom clustering as done in [61], [62], [71]. However, to date, such ab
initio computations are established for binary or ternary Al-based alloys, yet such calculations are
highly challenging to perform for multi-constituted systems.

4.3.2. ISRO as a strategy to randomize texture
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Microstructures inherited from AM processes often show strong morphological and
crystallographic texture with columnar grains that can lead to anisotropic mechanical properties [72].
Thus, pathways to reduce this anisotropy should be considered interesting to make materials processed
by AM more attractive. We discuss hereafter how ISRO enables the production of weaker
morphological and crystallographic textures. We already discussed in the previous section how ISRO-
related mechanisms can be exploited to produce equiaxed grains. Those grains necessarily contribute
to breaking down the epitaxial growth of coarse columnar grains from the underlying layers and help
to produce weaker crystallographic texture. However, in some modified high-strength alloys, such as
the Zr-modified 6061 investigated in [20], a <100> texture can still develop in the columnar zone [73].
In this work, the Al-Mn-Ni-Cu-Zr alloy does not show a <100> texture in the NCZ. We establish some
links between this weak texture and the presence of ISRO in the liquid. We suggest that a contribution
to the weak texture in the NCZ may be the presence of twin dendrites (two orientations for a given
dendrite) combined with the variety of growth directions as illustrated in Figure 8.

Thus, to integrate those results in an alloy design strategy, one way is to create conditions favorable
for the nucleation and growth of twin dendrites. Increasing the proportion of Z14-local ordering into
the liquid seems to promote both nucleation and growth of twin dendrites. Metal transition elements
with larger atomic sizes could be considered. Indeed, such metal transition atoms are too large to be
included in icosahedra but might be trapped in less closely packed local environments (Z14, Z15, or
Z16). Ab initio calculations to investigate local ordering in undercooled liquids would also be helpful
to identify solutes promoting Z14-local ordering. Finally, as convection was proven to promote the
growth of twin dendrites, one could imagine taking advantage of the convective flows in the molten
bead during L-PBF.

4.3.3. Other consequences of ISRO

Although our alloy is much more complicated than model binary systems investigated in the
literature using ab initio MD calculations because it contains 4 different solutes (Mn, Ni, Cu, and Zr),
we still believe that the results inferred from such computations are useful to qualitatively discuss the
other possible consequences of promoting ISRO during additive manufacturing. We would firstly
remind the link between the chemical and structural order, and the dynamic properties of liquid Al-
alloys, especially in the undercooled regime. The work of Pasturel and Jakse [71] suggested that the
liquid phase could be seen as a heterogeneous medium consisting of (i) regions with ISRO that can
possibly extend to IMRO, and (ii) regions with a crystal-like ordering. Interestingly, depending on the
respective proportion of local ordering (icosahedral vs. crystal-like ordering), important consequences
on the dynamic properties, namely, viscosity and diffusivity are expected. Considering that we have a
large proportion of ISRO in the liquid in our alloy processed by L-PBF, we propose to discuss what
could be the consequences of an increase in viscosity and slower diffusivity.

In section 3.1., defects have been classified into two populations: the spherical ones that are
typical of gas pores, and the tortuous ones as shown by Figure 1(c) that can be considered as micro
shrinkages forming in the intergranular regions in the FEZ. Based on [59], [62], [71], [74], we expect
an increase of viscosity in the presence of a large proportion of ISRO giving to the liquid a non-
Arrhenius behavior. Here, we suggest that this increase in viscosity combined with the presence of a
high fraction of intermetallics (Figure 1(c)) and small interdendritic channels makes liquid feeding
more difficult. Therefore, ISRO into the liquid indirectly promotes the formation of tortuous pores
identified as micro shrinkage using nano-CT scans. Also, the presence of narrow bands consisting of
fine equiaxed grains at the center of the melt pools can be seen as an indirect signature of the high
viscosity of the melt. Here, we believe that convective flow leaves a microstructural signature due to
an increased melt viscosity caused by ISRO in the liquid. Overall, this increase of viscosity induced by
ISRO in the melt can be seen as a drawback as it makes it more difficult to liquid feeding and thus
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leads to the formation of micro shrinkages. However, one has to keep in mind that ISRO also
contributes to the refinement of the microstructure, so those micro shrinkages are very small, typically
of the order of 1 micron, and should not be as detrimental to the mechanical properties, as the large
shrinkage pores usually observed in cast products.

Local ordering in the liquid is also expected to decrease the diffusivity of solutes through a
cage effect, see e.g. [59], [62], [71], [74]. This idea was supported by Kurtuldu et al. [74] who have
studied the influence of Cr on the diffusion in Al-Zn liquids. They found a slower diffusivity of Zn in
presence of Cr which was justified by the diffusion of icosahedral clusters instead of individual atoms
into the liquid (cage effect). In the framework of additive manufacturing, decreasing the diffusivity of
solutes is an interesting pathway to extend supersaturation at lower solid-liquid interface velocities.
Extended supersaturations in as-built products can be of particular interest in alloying systems such as
high-strength Al-alloys, Ni-based superalloys, and generally speaking for precipitation-strengthened
alloys, where precipitation strengthening is sought for. Achieving supersaturated solid solutions in as-
built conditions can also be seen as an interesting pathway to reduce post-fabrication heat treatments
as there is no need for solutionizing and quenching. We plan to further investigate such a phenomenon
by investigating the atomic scale local chemical heterogeneities in the solid solutions using atom probe
tomography coupled with HR-TEM.

As a final remark, we would like to point out the fact that intermetallic complex phases
containing icosahedral building blocks are usually locally closely packed phases in which diffusion is
relatively slow in comparison with simpler crystalline phases ([75], [76]). Such phases are often
considered coarsening-resistant ([74], [75]). Those phases are very fine in the as-built conditions
because of the high cooling rates of L-PBF and can be kept fine after long thermal exposure. Thus, one
could imagine promoting their formation for the sake of thermal stability.

5. Conclusion

Through an advanced characterization of the microstructure, we reveal a multiscale hierarchical
microstructure composed of alternating zones with fine equiaxed grains (FEZ) or with complex
entanglements of columnar grains or coarser equiaxed grains (NCZ). Microstructural features
evidenced in each zone question nucleation mechanisms involved in the FEZ and growth mechanisms
in the NCZ since a high content of twin boundaries is observed in our alloy. Through automated
crystal orientation mapping in TEM and nano-XCT, we have obtained the three following main
results:

e Three nucleation different mechanisms have been identified: epitaxial nucleation on the L1,-Al:Zr
primary phase, epitaxial nucleation on the complex AlgMny;Nis primary phase, and ISRO-
mediated nucleation. The last two account for the high content of £3 twin boundaries within the
FEZ.

e Twin dendrites with primary trunks growing along a <211> direction and secondary arms growing
along a <110>-direction have been found.

e The origin of twin dendrites has been clarified thanks to a 3D nanoscale characterization using
nano-XCT showing that such dendrites nucleate from the FEZ. We propose that such dendrites
nucleate from a Z14 local ordering in the liquid.

We have discussed the multiple positive consequences of ISRO in the liquid on the as-built
microstructure. This can be summarized as follows:
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o ISRO is an efficient strategy to refine the grain size. Fine grains are desirable (i) to improve
the processability via an increase of the hot cracking resistance, (ii) to increase the mechanical
properties at room temperature via Hall-Petch strengthening.

e |ISRO can be used to break down the strong morphological and crystallographic texture
usually observed in additively manufactured parts by promoting nucleation of equiaxed grains
without losing supersaturation and randomizing the texture of columnar grains thanks to
twinned dendrites. This can be seen as an interesting pathway to achieve more isotropic
properties.

We conclude that alloy design strategies aiming at promoting ISRO in the liquid during additive
manufacturing of engineering alloys should be considered a serious and promising route toward
optimized properties.
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Figure S 2 : (001), (110) and (111) poles figures were plotted considering only columnar grains (¢<0.35) in the Figure 2.
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Figure S 3 : Distribution of the equivalent diameter of matrix grains within the fine equiaxed zone (FEZ). Two different
regions of interest have been selected for statistical consistency. One of them is represented in Figure 6. The average grain
size is equal to 610 nm while the standard deviation is relatively high (250 nm).

N AI3Zr
I Aluminium

200 nm 200 nm

——

Figure S 4 : Local study of the phase distribution in the FEZ using ACOM. (a) Phase map of the region interest showing two
AlsZr in two different aluminium grains. The orientation maps of the same region of interest normal to: (b) the X-direction
(c) the Y-direction (d) the Z-direction reveal a cube-cube orientation relationship between a primary Al;Zr prcipitate and the
Aluminum matrix.
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Figure S 5 : Thermodynamics Calculations obtained with Scheil Gulliver’s model selecting only phases identified with XRD
in the TCAL v6 database. The phases FCC_A1l, Al;X, and Alz;MngNi, corresponds respectively to the Al, AlsZr, and
AlgoMny;Ni, phases.
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