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Abstract

The hypo-eutectic medium entropy alloy Alg 75CrFeNi,.1 was processed by laser powder bed fusion
(LPBF). The off-equilibrium solidification conditions prohibited coupled eutectic growth. Instead,
the primary face centered cubic phase A1(FCC) solidified with a cellular morphology and the body
centered, initially ordered B2(BCC) phase formed as a thin intercellular envelope. During post-
build annealing an ultrafine quasi-lamellar pattern evolved following BCC growth and coarsening.
The novel solid state transformation from cellular to lamellar morphology was attributed to a
pronounced anisotropy of the FCC|BCC phase boundary energy. Microstructure evolution was
also studied during continuous heating using in situ high-energy synchrotron X-ray diffraction
(HEXRD) carried out at the beamline PO7-HEMS of PETRA Ill (German Electron Synchrotron,
DESY). The ultrafine and nano-scale features of the microstructure were quantitatively analyzed
by atom probe tomography (APT) in the as-built condition and after isothermal annealing at
950°C. The benefits of LPBF processing were discussed on the basis of mechanical properties
measured by 3-point bending. The estimated tensile properties after annealing at 950°C / 6h
reached YS = 860 MPa, UTS = 1384 MPa with an elongation at fracture of =11%. Tensile properties

in the as-built condition were comparable to martensitic steels.
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1. Introduction

From the many eutectic alloy systems, only few have led to well established material families for
structural applications. These include Fe-C castirons [1] and Al-Si based alloys [2]. Other eutectics
have excelled as solder alloys and liquid metal alloys mainly due to their low melting
temperature. None the less, materials research has always continued to look at eutectics for
structural applications. The major developments from over 5 decades of research are presented
in a recent review paper [3], which also includes eutectic high entropy alloys (EHEA). Among
these, eutectics with lamellar microstructure composed of (A1)FCC and (B2)BCC show very
promising properties. They are potentially capable of operating at elevated temperature and

filling the gap between steels and Ni-base alloys.

Such eutectics have been reported in ternary Al-Ni-Fe, quaternary Al-Ni-Fe-Cr and quinary Al-Ni-
Fe-Cr-Co alloys, as outlined in [4]. In the ternary system Al-Ni-Fe, a eutectic alloy with
composition NisgFespAlye [5] was investigated after slow directional solidification and showed
room-temperature tensile yield strength of 575 MPa, elongation at fracture of 12% and fracture
toughness of 30.4 MPaVm. In the quaternary system Al-Ni-Fe-Cr, a eutectic alloy with
composition near NisaFepoCraoAlis [6] was investigated in the as-cast state and reached room-
temperature tensile yield strength of 479 MPa and an elongation at fracture of 12.7%. In the
guinary system Al-Ni-Fe-Cr-Co, a eutectic alloy near Nizq4Fe16.4C016.4Cri6.4Al16.4 was investigated
in great detail [7, 8, 9]. Its room-temperature tensile yield strength reaches about 550 MPa with
elongation at fracture of about 16%. Recent investigations of this alloy [10, 11, 12] focused on
microstructure evolution and mechanical properties after heavy cold-rolling and subsequent
annealing treatments. The yield strength increase associated to the ultrafine recrystallization
structure is remarkable and depends on the recrystallized fraction [10]. Values around 1200 MPa
are reported for the fully recrystallized condition after annealing at 800°C, with elongations at

fracture of around 12% [11].



The most recent publications refer to additive manufacturing by laser metal deposition [13,14]
and laser powder bed fusion [15, 16], the alloys at case being AlCoo,CrFeNi, 1 and AlCoCrFeNi 1,
respectively. For the as-built condition, outstanding properties are reported associated to an
ultrafine [15] and even nano-scale [16] structure with a high dislocation density inherited from
the LPBF process. During short duration annealing treatments [16] the micro-scale residual stress
is effectively reduced, while the nano-lamellar structure and excellent materials strength is

retained.

Our own research focused on laser powder bed fusion (LPBF) of a Co-free alloy with slightly off-
eutectic composition close to Alp 75CrFeNiz.1 aiming at an application-oriented, resource-efficient
and sustainable material development strategy. We selected the hypo-eutectic alloy composition
with an aluminum content of about 15.4 at. % in order to safely avoid the formation of primary
(B2)BCC phase. This ordered phase requires high energy to activate the slip systems and is
therefore sensitive to cracking in response to the thermo-mechanical stresses arising in the LPBF
process conditions. The alloy composition was thus Al15.4-Cr19.6-Fe20.9-Ni44.1 (at. %). This
paper presents the major experimental observations and results as follows: Section 2 describes
the experimental methods applied in this study. Section 3.1 presents the processing conditions
using LPBF and post-build annealing treatments, with emphasis on the microstructure and also
including preliminary mechanical properties. Section 3.2 presents the results obtained from in
situ high-energy X-ray diffraction (HEXRD) measurements carried out at the Deutsches
Elektronen-Synchrotron DESY. They provide the phase evolution during continuous heating of an
LPBF specimen up to 1200°C. Section 3.3 presents the nano-scale features of the microstructure
based on atom probe tomography (APT) for an as-built and an annealed specimen. Section 4
contains a comprehensive discussion of the results and presents novel insights gained throughout
this research. Section 5 presents the main conclusions and briefly outlines future research
directions. Throughout the text, whenever necessary, the Strukturbericht designations A1, A2
and B2 are used along with FCC (face centered cubic) and BCC (body centered cubic) to clearly
distinguish the phases in the microstructure. FCC and BCC are used if the distinction is not

absolutely necessary. BCC then means the sum of (B2)BCC and A2(BCC).



2. Experimental Methods

2.1 Sample manufacturing by laser powder bed fusion (LPBF) and subsequent annealing

Alloy powder production using the VIGA process (Vacuum induction melting Inert Gas
Atomization) was commissioned to Rosswag GmbH. The provided powder with a particle size
distribution ranging from 10 to 90 um displayed a median value of dsx=27 pum. The chemical
composition of the powder was analyzed by inductively coupled plasma mass spectrometry (ICP),
while the nonmetallic impurities were analyzed by inert gas fusion (LECO-IGF) and combustion

and infrared absorption (LECO-CS), respectively.

Laser powder bed fusion (LPBF) was performed in an Aconity Mini system, equipped with a single
mode Yb fiber laser with up to 400W power and an optional baseplate preheating system. A
range of process parameters, specifically laser power (P), laser scanning velocity (v) and hatching
distance (AX) were screened systematically in several build jobs encompassing 10x10x10 mm
cube specimens. The laser beam diameter (d) as well as the powder layer thickness (Az) were
kept constant at 80 um and 40 um, respectively. Bidirectional hatching was used in all cases,
along with a 90° rotation of scan vectors in each consecutive layer. The highest specimen density
was obtained for P ranging from 200 to 250 W and v ranging from 1000 to 1200 mm/s. Baseplate
preheating to 200°C was successful to avoid delamination of the first layers. Rectangular samples
of 30x10x10 mm were built with chessboard hatching and used to machine test specimens for
three-point bending experiments. The LPBF samples were further subjected to annealing heat
treatments in a Nabertherm tube furnace under Argon atmosphere at 850°C for 6 hours and
950°C for 6 hours, respectively, followed by water quenching. The heat treatments aimed at
enabling microstructure evolution towards thermodynamic equilibrium while also relaxing

residual stresses inherited from the LPBF build process.

The microstructure of as-built and annealed LPBF specimens was investigated by scanning
electron microscopy using an SEM type ZEISS Ultra 55 and backscatter electron imaging (BSE) for
enhanced phase contrast (atomic number or Z-contrast). A micro-indentation device (Anton Paar
MHT3) was used to characterize the material in the as-built and annealed conditions using a

Vickers indenter. Furthermore, 3-point bending was used to determine the materials flexural



properties using small rectangular specimens with dimensions 30x5x1.6 mm and a miniature test
stage type MTI-5000 EBSD. The experimental analysis of microstructure formation was
complemented with thermodynamic computations of phase equilibria using the software
Thermo-Calc and the commercially available database TCHEA2 from Thermo-Calc AB,

https://thermocalc.com/.

2.2 In-situ high-energy synchrotron X-ray diffraction

In situ high-energy synchrotron X-ray diffraction (HEXRD) was carried out at the beamline P07-
HEMS of PETRA Ill (German Electron Synchrotron, DESY) [17]. The experimental parameters used
are: beam energy = 100 keV; wavelength = 0.124 A; image-acquisition time = 6 s; sample-detector
distance= 1602.4 mm; and slit-aperture size= 0.8 x 0.8 mm?. Continuous heating of a cylindrical
sample with diameter 4 mm and length 10 mm was performed in vacuum from room
temperature (RT) up to 1200 °C at 20 °C/min in a modified dilatometer Bihr 805A/D equipped
with an induction furnace [18]. The sample was kept fixed during acquisition. The temperature
was monitored by a thermocouple welded next to the incoming beam, positioned at the centre
of the sample. Diffraction images of entire Debye-Scherrer rings from the bulk alloy were
recorded in transmission mode (thickness = 4 mm) using an image-plate detector Perkin Elmer

XRD 1621.

The qualitative analysis of the phase evolution during continuous heating consisted of: a) the
conversion of Debye-Scherrer rings into Cartesian coordinates (azimuthal angle, 2-Theta) and the
subsequent projection on the 2-Theta axis of the sum intensity of their Bragg reflections, and b)
Azimuthal integration along the Debye-Scherrer rings using the software Fiji [19] and Fit2d [20],
respectively. Quantitative phase analysis providing the evolution of volume fraction of phases
was performed by the Rietveld method using the software Maud [21]. A LaBs powder standard

was used to obtain the instrumental parameters of the setup.



2.3 Microstructure characterization by atom probe tomography (APT)

For the investigations by atom probe tomography (APT), specimens from various locations in the
microstructure were prepared using a Helios Nanolab 650i dual beam focused ion beam (FIB)
(Thermo Fisher Scientific, USA) tool. The APT analysis was carried out using a LEAP4000X HR
instrument (Ametek Inc.) operating in laser mode with laser pulse energies of 30 pl, pulse
frequency of 250 kHz and detection rate of 0.01 ions per pulse. The base specimen temperature
for all the measurements was maintained at 50 K. APT data reconstruction and analysis was
performed using the Integrated Visualization and Analysis Software (IVAS) package 3.6.14
(Ametek Inc.). A careful determination of reconstruction parameters and deconvolution of peak

overlaps in mass spectra were performed for accurate compositional analysis.

3. Results

3.1 Laser powder bed fusion and subsequent annealing of alloy Alo.75CrFeNia.1

High quality samples were obtained by LPBF using the alloy powder atomized by VIGA (Vacuum
induction melting Inert Gas Atomization). The optimum process parameters P-laser power and v-
scanning velocity were obtained after a small screening series, during which the laser beam
diameter (d), the powder layer thickness (4z) and the hatch spacing (Ax) were kept constant. A
bidirectional hatching strategy with 90° rotation of scan vectors in each consecutive layer was
applied. Table 1 summarizes the optimized process parameters for a baseplate preheating
temperature of 200°C. Table 2 provides the alloy composition as measured by chemical analysis
of the as received powder, here including the nonmetallic impurities O, N, C, H. The measured
alloy composition is close to the nominal Alo75CrFeNiz1 composition (Al1s4CraoeFez06Niaz3) with
slightly higher Ni and Fe at the expense of Cr (compare Table 2). The deviations are considered
acceptable for the experimental investigation at case. Table 2 also lists the composition of the
eutectic alloy which according to Jin et al. [6] is close to AlyggCrFeNi,,, while thermodynamic

computations with the database TCHEA2 predict it close to Alp.sCrFeNiy 1.

Figurel presents an overview of the powder morphology (Figure 1a) and displays an as-built cube

of size 10x10x10 mm (Figure 1b). Furthermore, Figure 1c and Figure 1d show the representative



microstructure in build direction before and after applying an annealing heat treatment
(950°C/6h/water quenching). Melt pool boundaries are highlighted by a white dotted line. The
main observation refers to the difference between the as-built and the annealed microstructure:
the multiphase microstructure expected in the hypoeutectic alloy develops during annealing
rather than solidification. The as-built microstructure is obviously the result of a strongly out of

equilibrium solidification process.
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Figure 1: (a) SEM image of powder particles from alloy Al0.75CrFeNi2.1, (b) scan image of an
as-built sample used to optimize the build parameters, along with SEM-BSE images of the
microstructure in build direction (c) before and (d) after an annealing heat treatment at 950°C
/ 6h. The white dotted line is highlighting a melt pool boundary.



Table 1: LPBF processing parameters for dense samples (density >99.8%).

Preheating Laser power Scanning velocity Hatch spacing | Layer thickness
(°C) (W) (mm/s) (nm) (um)
200°C 200-250 1000-1200 80 40

Table 2: Experimental composition of the hypoeutectic alloy (powder) by chemical analysis using

ICP, LECO-IGR and LECO-CS compared to the nominal composition and the eutectic composition.

Alloying elements (at.%) Impurities by LECO-IGF, -CS (ppm)
Al Cr Fe Ni 0] N C H
Experimental 154 19.6 20.9 44.1 150 30 81 6
Nominal 15.5 20.6 20.6 43.3 Not specified
AlosCrFeNi,» @ | 16.0 20.0 20.0 44.0 Not specified
AlosCrFeNiy 1 ® | 16.3 20.4 20.4 42.8 Not specified

(@) eutectic composition by [6]; ) eutectic composition calculated by Thermo-Calc and TCHEA2

Figure 2 displays a detailed view of the microstructure in section planes perpendicular to the
build direction. In the as-built condition (Figure 2a) an ultrafine cellular morphology of the
A1(FCC) phase is observed, the cells being enveloped by a dark BCC phase. At the nano-scale the
BCC phase is spinodally decomposed into an ordered B2(BCC) and a disordered A2(BCC) phase
(see section 3.3). Cellular spacings were evaluated by Delaunay triangulation using Fiji software
[18] giving a median value of 0.52 um. This cellular structure is the result of strongly out of
equilibrium solidification conditions pertaining to LPBF. Some features observed for single phase
FCC alloys [22] can be identified, like the considerable disorder in the cellular array and a rather
wide range of spacings.

During post-build isothermal annealing treatments the metastable LPBF microstructure evolves
towards thermodynamic equilibrium (Figure 2b through Figure 2d) along a unique solid state
transformation pathway, which involves growth of the BCC phases and anisotropic coarsening.
The cellular pattern vanishes, being replaced by a quasi-lamellar pattern. The early stages of
growth and coarsening were captured upon annealing at 750°C and are highlighted in Figure 2b.
The figure shows merging of neighboring cells, thereby eventually enclosing BCC islands.
Gradually and due to pronounced anisotropy of the A1(FCC) | B2(BCC) phase boundary energy the
microstructure develops a lamellar character. Inside B2(BCC) lamellae the A2(BCC) phase appears

as dispersed particles following coarsening of the initially nano-fine spinodal mixture.



The (A2)BCC particles are mostly attached to the A1(FCC) phase, which is mainly due to the
narrow space available for coarsening. An estimate of the spacing, i.e. the distance between
neighboring (A1)FCC lamellae gives 430 nm after annealing at 850°C / 6h and 670 nm after
annealing at 950°C / 6h. During annealing the (A1)FCC phase develops clearly visible subgrain
boundaries (Figure 2d), a sign of the originally high dislocation density (crystalline misorientation)
peculiar for LPBF processing, compare [23]. Table 3 summarizes the key microstructure

characteristics obtained from image analysis.
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Figure 2: SEM-BSE images of the microstructure in alloy Alp7sCrFeNiz1 in section planes
perpendicular to the build direction for (a) the as-built condition and after subsequent
annealing at (b) 750°C/6h, (c) 850°C/6h, (d) 950°C/6h. Note the ultrafine microstructure scale,
with average spacing values ranging from 400 to 700 nm. Also note the abundant low angle
grain boundaries formed in the A1(FCC) lamellae in (d). The SEM-BSE images provide Z-contrast
as well as orientation contrast, the phases being A1(FCC)—bright, A2(BCC) —grey and
(B2)BCC—dark grey. For convenience pointers are added to indicate the phases in the images.



Table 3: Microstructure key figures from image analysis.

Condition Phase fractions, area% Characteristic spacing, um
A1(FCC) | B2(BCC) ‘ A2(BCC)

LPBF as-built 85.6 14.4 (B2+A2) Cellular spacing 0.52 £0.13

Annealed 850°C/6h 59.9 29.3 10.8 Lamellar spacing 0.43 £0.04

Annealed 950°C/6h 61.0 30.4 8.6 Lamellar spacing 0.67 £0.05

The data presented in Table 3 show that the metastable and ultrafine cellular array achieved by
LPBF in the hypoeutectic alloy Alp75CrFeNiz1 provides means for microstructure tailoring by
subsequent annealing. The phase fraction balance expressed as the FCC|BCC ratio reaches about
60|40, from an initial value of 85|15, while the microstructure retains ultrafine characteristic

spacings below 1 um.

In what follows we describe the mechanical properties of the LPBF and annealed samples based
on micro-indentation and 3-point bending experiments. Table 4 summarizes the Vickers micro-
hardness and the flexural properties in comparison with as-cast samples. The mean values from
several measurements are listed along with the standard deviation. The 3-point bending
specimens (30x5x1.6 mm) were loaded in build direction. For each condition a representative

engineering stress-strain curve is displayed in Figure 3.

Table 4: Mechanical properties obtained from three-point bending and micro-indentation.

Test specimen Micro-indentation Flexural properties from three-point bending
condition Microhardness, (HV0.2) | YSo2%, (MPa) | UTS, (MPa) Elongation (%)
LPBF as-built 402 + 8 1655 £ 160 2115+40 17.8+0.9
LPBF+850°C, 6h | 4374 1570 £50 2206 +40 7.2+0.7
LPBF+ 950°C, 6h 3875 1303 +21 2098 +13 11.3+0.7
As-cast reference | 3106 762+ 15 1736 £ 23 136+1.2

The measurements reveal an outstanding strength of the as-built specimens with the flexural
yield strength YSo.2%=1655 + 160 exceeding by far the reference values of 762+ 15 obtained in
the as-cast samples. The extraordinary strength is most likely related to the contribution of
dislocations to the flow stress. Indeed, high dislocation densities have been reported in FCC

materials after LPBF processing, e.g. by [23] in an Aly3CoCrFeNi alloy and by [24] in 316L steel,



reaching values from 10 to 10'> m/m3. Hence, dislocation hardening (strain hardening) during
mechanical loading is limited and the difference between YS and UTS is small. At contrary, the
as-cast reference materials displays remarkable strain hardening with a large difference between

YS and UTS.

The annealed LPBF specimens with the highest fraction of BCC phases (around 44%) and an
ultrafine microstructure display high strength at about 12% elongation. After annealing at 950°C
/ 6h the elongation at fracture nearly meets the value of the as-cast specimens, while retaining
a 1.7 times higher yield strength. Annealing at 850°C/6h is likely not sufficient to relax the residual

strains, while recovering the phase fraction balance. The elongation at facture remains poor.
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Figure 3: Representative engineering stress-strain curves from 3-point bending tests of LBFB
and annealed specimens from alloy Al 75CrFeNiz.1 compared to a reference specimen in the as-
cast condition. The load (F) was applied in build direction, meaning that the tensile stresses in
the specimen are transverse to the build direction.

These preliminary results provide a quick glance into the material’s behavior and allow estimating
where LPBF manufacturing of this alloy would rank in comparison with conventional technologies
and in comparison with the Co-rich eutectic alloy AlCoCrFeNi.1 (see Section 5). A detailed analysis
of mechanical properties in relation to microstructural features is beyond the scope of this article
and will be presented in a follow-up article, also including data from deformation tests at
elevated temperature performed under compression and with in-situ HEXRD monitoring of

lattice strain evolution.



3.2. In situ observation of microstructure evolution during continuous heating

In situ observation of the microstructure evolution during heating of the LPBF as-built condition

aimed at recording the phase fraction evolution as function of temperature using in situ high-

energy X-ray diffraction HEXRD. The obtained data are instructive when selecting the annealing

conditions for a post-build heat treatment. The material at case presents some challenges

though, which relate to the difficulty of distinguishing between the ordered (B2) and disordered

(A2) BCC phase on a quantitative base.

Figure 4a shows the evolution of {hkl} reflections of the A1(FCC), A2(BCC), B2(BCC) and L1, phases

during heating with 20 °C/min. Initially, the LPBF as-built condition at RT presents reflections from

Al, A2 and B2.
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Figure 4: Evolution of {hkl} diffraction peaks of the A1, A2, B2 and L1, phases during continuous
heating of the as-built alloy Alg 75CrFeNi, 1 with a heating rate of 20 °C/min (2-Theta range=
1.5-6.29): (a) color-coded 2D plot, (b) representative portions of diffraction patterns showing
the low intensity peaks and (d) entire diffractograms as a function of temperature. Quantitative
results on the volume fractions of phases during heating are displayed in (c).



During heating up to ~500°C, additional reflections from {100}, {110}, {210}, {211} orientations of
L1, start to appear. They remain visible up to ~800°C with phase fraction values of ~6 vol. %. L1,
formation is associated with the peaks of low intensity indicated in Figure 4b (see diffractogram
at 750°C). During the last stage of the heating (800-1200 °C), the L1, reflections are absent, while
those belonging to the Al, A2, B2 phases remain visible. It is important to note that the
overlapped {110}B2-{110}A2, {200}B2-{200}A2 and {200}B2-{200}A2 reflections shown in Figure
4a and 4d hinder a quantitative analysis of the individual fractions of these phases. Therefore,
the contribution of A2+B2 is considered together with Al and L1, for assessing the evolution of
the phase volume fractions obtained by Rietveld analysis. The results of this analysis are
presented in Figure 4c as a function of temperature. Initially (400 °C), the fractions of Al and
A2+B2 are ~30 and ~70 vol.%, respectively. No variations are observed at lower temperatures,
mainly due to the limited diffusion of chemical elements in the given time. Between 500-800 °C
the formation of L1, takes place reaching up to 6 vol.%. Above ~800°C the A2+B2 fraction is seen
to increase at the expense of Al reaching a maximum of ~40 vol.% at 900°C. As the temperature
increases further the amounts of Al (60 vol.%) and A2+B2 (40 vol.%) evolve little, Al increases

and A2+B2 decreases slightly.

The results from in situ HEXRD agree fairly well with phase fraction data obtained by image
analysis of 2D micrographs (compare Table 3). The initial FCC|BCC ratio, e.g. A1|(A2+B2) ratio,
computed from HEXRD data is 70|30 (volume %) while it is 85|15 (area %) from 2D micrographs.
For T=950°C HEXRD data show 60|40 (volume %), while image analysis of 2D micrographs gives
61|39 (area %).

Further on, phase equilibria were computed using Thermo-Calc and the TCHEA2 database, as
displayed in Figure 5. They qualitatively agree with the HEXRD results regarding the presence of
the L1, phase, the limit of stability of this phase being 750°C (see Figure 5a) or 800°C (see Figure
4c), respectively. The agreement is fairly good, keeping in mind that HEXRD measurements
provide the dynamic evolution during heating with 20 K/min. Also the FCC|BCC ratios agree
rather well in showing that annealing in the temperature interval from 850 to 950°C provides
high fractions of BCC phases around 40%. The stability limit of the A2(BCC) could not be verified
since HEXRD did not allow distinguishing between A2(BCC) and B2(BCC).
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Figure 5: Phase equilibria for alloy Al15.4-Cr19.6-Fe20.9-Ni44.1 (at. %), i.e. Alp.75CrFeNiz1
computed with the Thermo-Calc software and the database TCHEA2 showing (a) the phase
fractions as function of temperature and (b) phase fractions and compositions for T=950°C.

The computed phase composition data for equilibrium at T=950°C (Figure 5b) are further used in

section 3.3, where they serve for comparison with APT measurements.

3.3 Microstructure characterization by atom probe tomography

Due to high solidification rates associated with the LPBF manufacturing process the
microstructure results in ultrafine and nano-scale features. Therefore, the information from SEM-
based characterization methods is not sufficiently accurate to provide reliable data about the
chemistry of the FCC and BCC phases and their interphase boundaries. To address these issues,
further investigations were performed using 3-dimensional atom probe tomography (APT), which
provides a high level of elemental detection sensitivity while also allowing for a site-specific
specimen preparation [25]. The technique has been successfully applied to high entropy alloys
[26] providing valuable insight into chemical heterogeneities, precipitation, and interface

segregation.
3.3.1 Atom probe tomography (APT) of a sample in the as-built condition

A tip-shaped specimen was extracted for APT by FIB cutting from an LPBF sample in the as-built

condition, such that it extends from the cellular FCC phase at the specimen base to the



intracellular BCC phase at its tip, thereby encompassing the FCC/BCC interphase boundary.
Figures 6a and 6b display the corresponding APT atom maps. Three distinct phases were
observed; namely A1(FCC), B2(BCC) and A2(BCC). The A1(FCC) phase is a solid solution phase, the
B2(BCC) is a Ni- and Al-rich ordered phase, while A2(BCC) is a Cr- and Fe-rich disordered phase.
The B2 and A2 phases appear as products of a spinodal decomposition reaction related to the
miscibility gap of the primary B2 phase and are denoted B2# and A2#. At the FCC/BCC phase
boundary a thin film of the B2(BCC) phase can be distinguished, being termed B2 because its
composition is slightly different from that of B2#. The phase composition in the distinct regions
were analyzed by APT and the results are summarized in Table 5 also including impurities such as
as Mn and Si. It is clear from Table 5 that the primary A1(FCC) phase composition is close to the
integral alloy composition (see Table 1), while recalling that it grew under strongly out-of-
equilibrium conditions. Proximity histograms (proxigrams for short) were plotted across the
A1(FCC) and B2(BCC) interphase (Figure 6c) and across the interphase in the spinodally
decomposed region (Figure 6d), respectively. From these two proxigrams, it is clear that there is

no segregation of elements at the interphase boundaries.

Table 5: Phase composition of different phases analyzed by APT in the as-built LPBF sample.

Crystal structure Element content (at.%)

Al Cr Fe Ni Mn Si
A1(FCC) 14.95 21.36 21.83 41.75 0.07 0.04
B2(BCC) 30.64 5.76 10.62 52.88 0.06 0.04
B2(BCC)# spinodal 28.30 9.12 12.10 50.38 0.06 0.04
A2(BCC)# spinodal 4.50 52.52 30.30 12.58 0.06 0.04
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Figure 6: APT analysis of the alloy Alp.75CrFeNi>.1 in the as-built condition (a) APT atom maps of
Ni, Al, Fe and Cr comprising different phases, (b) a thin slice view of the spinodally decomposed

BCC region, (c) proximity histogram across the A1|B2 phase boundary and (d) proximity
histogram across the B2#|A2# phase boundary.

3.3.2 Atom probe tomography (APT) of a sample after isothermal annealing at 950°C, 6 h

A tip-shaped specimen was extracted for APT by FIB cutting from an LPBF sample in the annealed
condition (950°C/6h), such that it extends over three phases, i.e. A1(FCC) at the specimen base,
B2(BCC) and finally A2(BCC) at the specimen tip, thereby encompassing two interphase
boundaries. Figure 7 shows the corresponding APT atom maps. The bulk composition of the
identified phases was analyzed by APT and the results are summarized in Table 6. Compared to
the as-built condition (see Table 5), it is clearly evident that the heat treatment modifies the
composition of the phases following the microstructure evolution towards phase equilibrium.
The A1(FCC) phase shows a marked decrease in Al and an increase in Fe, while Cr and Ni are

moderately changing. The B2(BCC) phase attains a sharper stoichiometry close to the NiAl



compound. The A2(BCC) phase, initially rich in Fe turns to be Cr-rich. In fact the chemical
composition of the phases measured by APT is in very good agreement with Thermo-Calc

predictions (compare Figure 5b).

Table 6: Phase composition of different phases analyzed by APT in the sample annealed at

950°C/6h.

Crystal structure Element content, at.%

Al Cr Fe Ni Mn Si
A1(FCC) 5.065 23.83 31.50 39.52 0.02 0.07
B2(BCC) 34.80 1.28 8.30 55.57 0.04 0.01
A2(BCC) 0.21 82.75 14.43 2.53 0.04 0.03

The atom maps in Figure 7a contain two interphase boundaries, i.e. A1(FCC)|B2(BCC) and
B2(BCC)|A2(BCC), respectively. The chemical composition profiles across these interphase
boundaries are displayed in Figure 7b and 7c as proximity histograms. No segregation was
evidenced at the A1(FCC)|B2(BCC) boundary (Figure 7b), however Fe is slightly enriched at the
B2(BCC) | A2(BCC) boundary (Figure 7c).

Interestingly, Ni-rich precipitates (or nanoclusters) were observed inside the A2(BCC) phase. A
detailed APT investigation was performed and is shown in Figure 8a. The precipitates are likely
formed during water quenching after the annealing treatment. Their size is in the range of 5-10
nm and their composition is close to a Alp ;sCrFeNis 5 stoichiometry. Interestingly, the Al-content
in these precipitates is quite low. Perhaps, it is the early stage precipitation of B2(BCC), but this

is a hypothesis for now. A proximity histogram across the interphase is presented in Figure 8b.
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Figure 7: APT analysis of the alloy Al 7sCrFeNis.; after annealing at 950°C for 6 h followed by
water quenching (a) APT atom maps of Al, Cr, Fe and Ni, (b) proximity histogram across the

A1(FCC)|B2(BCC) phase boundary and (c) proximity histogram across the A2(BCC)|B2 (BCC)
phase boundary.
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Figure 8: Detailed APT analysis of the A2(BCC) phase formed in alloy Alp75CrFeNiy.1 after
annealing at 950°C for 6 h followed by water quenching: (a) APT atom maps of Al, Cr, Fe and Ni
with isosurface values of 1 at% and 10 at% for Al and Ni, respectively and (b) proximity
histogram across the matrix | precipitate phase boundary.

Finally, Figure 9a shows yet another detail related to quenching: The APT atom maps clearly show
precipitates at a low angle grain boundary (LAGB) of the A1(FCC) phase. The GB displays
pronounced enrichment of Ni and Al which is rather a discontinuous layer of nano-size
precipitates. Figure 9b shows the atomic density maps of the GB in-plane view (aerial view). A
concentration profile across the LAGB in Figure 9c clearly shows the enrichment of Ni, Al and
depletion of Fe, Cr. From the proxigram across the GB in Figure 9d we conclude that the
precipitate stoichiometry is close to NisAl (L1,). We attribute the formation of these GB
precipitates to quenching, since the HEXRD results as well as thermodynamic computations agree

on the stability limit of the L1, phase being below 800°C
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Figure 9: Detailed APT analysis of a low angle grain boundary (LAGB) inside the (A1)FCC phase in alloy
Alp75CrFeNi; ; after annealing at 950°C for 6 h followed by water quenching. (a) APT atom maps with
grain boundary cross-sectional view (side view), (b) heat maps for major alloying constituents of the

same grain boundary in-plane view, (c) concentration profile across the GB and (d) proximity histogram
across the A1(FCC) phase and the L1, precipitates.



4. Discussion

The research presented here entrained several experimental and computational techniques
combined in the effort to understand the origin and evolution of the multi-scale microstructure
in the hypo-eutectic alloy Al 75CrFeNi» ;1 produced by LPBF. Novel insights were gained from the
results, as discussed below. The discussion refers to (a) the alloy design concept, (b) the
solidification microstructure under LPBF conditions, (c) the evolution of a quasi-lamellar
microstructure upon post-build annealing treatments and (d) the mechanical properties achieved

in comparison to reference materials.

(a) The alloy design targeted a hypo-eutectic composition, aiming at an FCC-rich solidification
microstructure with low propensity to crack formation during LPBF processing. The quaternary
composition space offers several options for designing a hypo-eutectic alloy, i.e. an alloy with
primary FCC solidification. However, aluminum is the strongest BCC-stabilizing element mainly
due to its large atom size [27] and therefore a small reduction of the aluminum content was
considered to be the most effective strategy. Reducing the aluminum content from 16.6 at.%
(eutectic AlpsCrFeNiz.1) to a nominal value of 15.5 at.% (hypo-eutectic Alo75CrFeNi,.1) indeed
allowed LPBF processing with a baseplate preheating of 200°C, which is feasible for most
industrial 3D printing devices. For future powder batches the content and margins for Aluminum
can be specified as 15.5 £0.5 at.%. With this, the risk of accidentally moving to the hyper-eutectic

side with primary B2(BCC) phase formation and potential cracking can be avoided.

(b) The solidification of the alloy Alp.75CrFeNiz.1 under LPBF conditions is accomplished by cellular
growth of the primary (A1)FCC phase. A thin envelope of the BCC phase(s) forms around the cells.
APT measurements show that the intercellular BCC is spinodally decomposed into B2(BCC) and
A2(BCC). In the as-built condition the FCC|BCC ratio is 85|15 (area %) when measured by image
analysis in 2D micrographs, and 70|30 (volume %) when evaluated from HEXRD data. The cellular
spacing is ultrafine with values around 0.5 pm. The thin intercellular liquid channels are nano-
sized and too narrow to accommodate any coupled eutectic growth. We propose that the
absence of intercellular coupled eutectic growth is due to spatial confinement in the cellular

array. This argument is supported by the results from phase-field modelling of cellular growth in



a Ni-base alloy [28]. The authors [28] analyzed the fraction solid evolution in a cellular array under
LPBF conditions and showed that the fraction-solid curves display a sharp increase reminiscent
of a truncated Scheil-type behavior [29]. For the hypo-eutectic alloy at case a similar behavior
would indeed leave no space to accommodate any intercellular coupled eutectic growth. At
contrary, the EHEA alloy AlCoCrFeNi, 1 with eutectic composition processed by LPBF [16] was

reported to show coupled eutectic growth leading to a nano-lamellar solidification pattern.

(c) Post-build annealing treatments were applied to the alloy Alp.7sCrFeNiy1 aiming at stress
relaxation and microstructure evolution towards thermodynamic equilibrium. During annealing
the as-built microstructure transforms from a cellular to a quasi-lamellar pattern and the
FCC|BCC phase ratio approaches ~60|40 %. This is a novel pathway to quasi-lamellar
microstructures achieved by solid state growth of BCC phases and coarsening. The lamellar
appearance and the associated alinement of FCC| BCC phase boundaries is attributed to a
pronounced anisotropy of the FCC|B2(BCC) phase boundary energy. Even if quantitative data
about the phase boundary energy landscape are lacking, we think that anisotropy is the key to
understand this transformation in detail. Recently, embedded atom model (EAM) interatomic
potentials were published for Fe—Ni—-Cr—Co—Al high-entropy alloys [30] and may be used to

compute the phase boundary energy landscape using e.g. molecular dynamics computations.

Optimum annealing temperatures were identified to range from 850 to 950°C. Following HEXRD
results this temperature interval is convenient, since it allows for a fast equilibration of the
FCC|BCC phase fraction balance to ~60|40 volume %. For annealing durations up to 6 hours the
lamellar spacing remains ultrafine, ranging around 0.5 to 0.6 um. HEXRD also revealed the
existence of the L1, phase and its dissolution above T=~800°C in rather good agreement with
thermodynamic computations. APT measurements revealed nano-sized L1, precipitates
decorating a low angle grain boundary (LAGB) of the FCC phase in a specimen annealed at 950°C
for a duration of 6 hours followed by water quenching. These L1, precipitates likely formed during
quenching. Another quenching effect was revealed for the A2(BCC) phase, which contains nano-

scale precipitates of B2(BCC).



Finally, and worth pointing out, are the options to carry out annealing treatments at higher
temperature and for shorter durations, e.g. at 1050°C for 1 hour. These options were not
explored here, but offer the chance to equilibrate the microstructure in the two-phase field
A1(FCC)+B2(BCC), i.e. above the stability limit of the A2(BCC) phase (compare Figure 5a). The
A2(BCC) phase would from upon cooling with a significantly finer size, being excluded from

coarsening.

(d) The mechanical properties of the hypoeutectic alloy Alo.75CrFeNi>.1 were evaluated by micro-
indentation and three-point bending for the LPBF as-built and annealed conditions. The
measurements revealed an outstanding strength of the as-built specimens with the flexural yield
strength reaching 1655 + 160 MPa. The tensile yield strength was estimated to be 1092+ 106
MPa by applying a conversion factor of 0.66. These values exceed by far the reference values
obtained in as-cast samples being 762 = 15 MPa (flexural) and 503 MPa (tensile), respectively.
Noteworthy is the good strength / ductility balance obtained in the as-built condition with
elongations at fracture about 18% for an ultimate tensile strength of about 1395 MPa. Future
applications of the material in the as-built condition may however be limited, since martensitic
stainless steels, i.e. the age hardenable steels 17-4PH, 15-5PH [31, 32] or the newly developed
low cost steel AF9628 are competitive [33]. By means of illustration we quote tensile properties
of the 17-4PH steel from Zai et al. [31] with YS values ranging from 945 to 1005 MPa, UTS values
from 1319 to 1417 MPa, and elongations at fracture from 11 to 15.5 %. These values refer to
LPBF specimens in distinct heat treated conditions. Potential applications are rather expected for
elevated temperatures up to 650 or 700°C, where the presence of the lamellar B2(BCC) phase in
the microstructure is deemed beneficial. The prolonged annealing treatment at 950°C for a
duration of 6 hours was investigated along this line of arguments. Compared to the as-built
condition the flexural yield strength after 950°C annealing is reduced to 1303 =21 MPa (compare
Table 4 and Figure 3). The corresponding tensile yield strength is estimated to be 860 = 21 MPa,
the ultimate strength reaches 1384 + 9 MPa with an elongation at fracture of 11.3 £ 0.7 %. These
properties compare well with the ones reported in [34] for the EHEA alloy AlCoCrFeNi, 1 after

severe hot rolling with 70% thickness reduction followed by a two-step annealing treatment [11].



Superior room temperature properties pertain to heavily cold-rolled AlCoCrFeNi, 1 after short

recrystallization annealing [10, 11].

Figure 10 presents the mechanical properties achieved in the present work in comparison with
the EHEA alloy AlCoCrFeNi; 1 manufactured along distinct processing routes, i.e. casting, hot

rolling, cold rolling and LPBF.

[PW] ] LPBF + 950°C / 6h
[PW] | LPBF as-built
[10] [ | Cold rolled
[10] 11 Cold rolled + 800°C / 1h
[11] 11 Cold rolled + 800°C / 1h
[34] 1] Hot rolled + 1000°C / 1h + 650°C / 50h
(15] LPBF as-built [ Aly5CrFeNiy,
121 | | Ascast [ AlCoCrFeNi, ,
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T
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Figure 10: Overview of mechanical properties reported for the EHEA alloy AlCoCrFeNiz.1
manufactured along distinct processing routes [10,11,12,15, 34] along with the data obtained
in the present work [PW] for the Co-free hypo-eutectic alloy Alp.75CrFeNiz 1. For comparison the
tensile yield strength was estimated from the flexural yield strength using a conversion factor
of 0.66 [PW].

The cold rolling data correspond to 90% thickness reduction in multiple passes [10] and are meant
to highlight the dislocation hardening as a prominent mechanism. Annealing at 800°C for 1h
suffices to achieve nearly complete [10] or fully complete recrystallization of the phases [12]. The
recrystallized grain size remains small around 0.45 pum, as an average over FCC and BCC grains.
This ultrafine size is roughly comparable to the quasi-lamellar spacing obtained after annealing

at 950°C /6h in the present work. Phase fractions finally, are also comparable, being 65% FCC /



35% BCC in AlCoCrFeNi,.1 [10] and 56% FCC / 44% BCC in the annealed Aly 7sCrFeNi,.1 alloy. The
hot rolling data [34] correspond to 70% thickness reduction at 800°C and a two-step subsequent

annealing treatment at 100°C/1h plus 600°C/50h.

From the comparison we conclude that LPBF processing with a prolonged post-build annealing
heat treatment at T=950°C is a competitive and promising process route for the Co-free
hypoeutectic alloy Alo7sCrFeNiz1 alloy. Superior properties were recently reported for
AlCoCrFeNiz1 with a nano-lamellar microstructure obtained by LPBF processing followed by short

duration annealing at 800°C and 1000°C for 1 hour, respectively [16].

One questions remains open: why is the strength of the annealed LPBF specimens about 1.7 times
higher compared to as-cast reference specimens and also compared to reported values for the
as-cast EHEA alloy AlCoCrFeNi».1[11, 12, 16]?. The major strengthening contributions come from
size hardening associated to the ultrafine microstructure, but a significant contribution must
likely be attributed to the subgrain structure of the phases, readily visible in the FCC phase
(compare Figure 2d and Figure 9). Low angle grain boundaries (LAGB) are abundantly formed
during annealing, being a sign of stress relaxation and recovery of strain. A quantitative analysis
of the LAGB fraction and disorientation distribution has not been performed in this study, but is
required for a more comprehensive analysis of the material properties obtained along the LPBF
route. A good overview of substructure strengthening mechanisms associated with dislocation
cells and LAGBs is found in [35], while [36] contains a recent application to the case of austenitic

materials processed by LPBF.

5. Conclusions

Based on the research results we conclude that the LPBF manufacturing of the Co-free, hypo-
eutectic alloy Alg7sCrFeNiz 1 is technologically feasible and provides a material with a novel

microstructure and very promising properties. The major findings are outlined as follows:

(1) Under LPBF conditions the alloy solidifies with an FCC-rich cellular pattern and a cell spacing

of about 0.5 pm. The densely packed cellular array prevents coupled eutectic growth in the



intercellular liquid. Instead, a thin BCC layer develops, being spinodally decomposed into A2(BCC)
and B2(BCC) phases.

(2) Upon annealing the cellular pattern transforms to a quasi-lamellar pattern by solid state
growth of BCC phases and coarsening. We captured early stages of this transformation (compare
Figure 2b) and conjecture that the anisotropy of the FCC|B2(BCC) phase boundary energy plays
a key role in this transformation, being the reason for the phase boundary alignment in the

evolving lamellar pattern.

(3) After annealing for 6 hours at 950°C the novel microstructure displays a lamellar spacing of
about 0.67 um. The FCC|BCC phase ratio reaches 60|40 % with the fraction of B2(BCC) being
about 30%. The B2(BCC) phase with a composition nearly matching the intermetallic NiAl
compound is expected to confer the necessary strength, when envisaging applications at

elevated temperatures.

(4) In the as-built condition the tensile properties, estimated from three-point bending
measurements, are YS 1092 MPa, UTS 1395 MPa and a total elongation of 17,8 %, being
comparable to martensitic steels and exceeding by far the as-cast reference material. After
annealing (950°C, 6h) the achieved properties, YS ~860 MPa, UTS ~1378 MPa and total elongation

of 11,3 %, are comparable to the EHEA alloy AlCoCrFeNi» 1 after hot-rolling and annealing.

A detailed analysis of the mechanical properties in relation to microstructural features was
beyond the scope of this article and will be presented in a dedicated paper, also including data
from deformation tests at elevated temperature performed under compression and with in-situ

HEXRD monitoring of lattice strain evolution.
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Tables

Table 1: LPBF processing parameters for dense samples (density >99.8%)

Preheating Laser power Scanning velocity | Hatch spacing | Layer thickness
(°C) (W) (mm/s) (nm) (um)
200°C 200-250 1000-1200 80 40

Table 2: Experimental composition of the hypoeutectic alloy (powder) by chemical analysis

using ICP, LECO-IGR and LECO-CS compared to the nominal composition and the eutectic

composition.
Alloying elements (at.%) Impurities by LECO-IGF, -CS (ppm)
Al Cr Fe Ni 0 N C H
Experimental | 15.4 19.6 20.9 44.1 150 30 81 6
Nominal 15.5 20.6 20.6 43.3 Not specified
Eutectic 16.3 20.4 20.4 42.9 Not specified

Table 3: Microstructure key figures from image analysis

Condition Phase fractions, area% Characteristic spacing, um
A1(FCC) | B2(BCC) ‘ A2(BCC)

LPBF as-built 85.6 14.4 (B2+A2) Cellular spacing 0.52 +0.13

Annealed 850°C/6h 59.9 29.3 10.8 Lamellar spacing 0.43 +0.04

Annealed 950°C/6h 61.0 30.4 8.6 Lamellar spacing 0.67 +0.05

Table 4: Mechanical properties obtained from micro-indentation and three-point bending

Test specimen

Micro-indentation

Flexural properties from three-point bending

condition Microhardness, (HV0.2) | YSo.2%, (MPa) | UTS, (MPa) Elongation (%)
LPBF as-built 402+ 8 1655 + 160 2115140 17.8+0.9
LPBF+ 850°C, 6h 437+ 4 1570 £ 50 2206 +£40 72107
LPBF+ 950°C, 6h 3875 1303+ 21 2098 £ 13 11.3+0.7
As-cast reference | 3106 762+ 15 1736 + 23 136+1.2

Table 5: Phase composition of different phases analyzed by APT in the as-built LPBF sample

Crystal structure

Element content (at.%)

Al Cr Fe Ni Mn Si
A1(FCC) 14.95 21.36 21.83 41.75 0.07 0.04
B2(BCC) 30.64 5.76 10.62 52.88 0.06 0.04




B2(BCC)# spinodal

28.30

9.12

12.10

50.38

0.06

0.04

A2(BCC)# spinodal

4.50

52.52

30.30

12.58

0.06

0.04

Table 6: Phase composition of different phases analyzed by APT in the sample annealed at

950°C/6h.

Crystal structure

Element content, at.%

Al Cr Fe Ni Mn Si
A1(FCC) 5.065 23.83 31.50 39.52 0.02 0.07
B2(BCC) 34.80 1.28 8.30 55.57 0.04 0.01
A2(BCC) 0.21 82.75 14.43 2.53 0.04 0.03
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