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We report the first nanoscale investigation of FeCoNi(AlMn), high-entropy alloys (HEAs) processed by laser
metal deposition. The structural evolution of the alloy upon chemical composition variation (0.2 < x < 1.5)
was investigated by combining imaging and spectroscopies in (scanning) transmission electron microscopy
(S)TEM with density functional theory (DFT). A gradual change from a face-centered cubic (FCC) towards an
ordered full-Heusler (L2;) phase by increasing the Al and Mn contents was observed. Direct imaging and
atomic-scale calculations revealed a nanoscale interplay between B2 and L2, ordered structures for x = 1.5,
wherein the latter, Al and Mn occupy two different Wyckoff sites. By decreasing x, the FCC phase dominates
exhibiting intense phase separation tendency, ordering phenomena, and nano-precipitation. Although not
chemically discriminated, plasmon-peak splitting in low-loss electron energy loss spectra revealed the
presence of two valence electron densities within the FCC phase. Lorentz TEM showed that the ordered
nano-precipitates and nano-sized grains with a structure based on a tripled FCC unit cell are pinning-sites
for magnetic domain walls and dislocations. All alloy compositions exhibited soft-magnetic behavior with
coercivity (H¢) values < 1000 A/m. The FeCoNi(AIMn), 5 alloy with L2;/B2 nanostructure showed the highest
magnetization (M) with relatively low H,, attributed to the large magnetic moment of Mn and the sy-
nergistic effect of Mn-Al according to DFT, whilst ordering does not impose a negative effect. Phase se-
paration trends within the FCC phase seem to decrease the M; however, the overall impact on the magnetic
behavior is not intense, opening up for new avenues for tuning FeCoNiAlMn properties through chemically-
designed phase decomposition regimes.
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1. Introduction

Since 2004, when the conception of high-entropy alloys (HEASs)
was first brought up [1,2], this new class of materials has become
one of the hotspots of scientific interest due to their intriguing
properties. HEAs are multi-component systems consisting of 5 or
more elements [3,4] and exhibit the potential to stabilize chemi-
cally-disordered single-phase solid solutions (SS) by high config-
urational entropy (Sconfig) [5-9] - instead of chemically-ordered
intermetallic phases (IM) which are stabilized by a high enthalpy of
formation. Despite early reports, the requirement for equimolar
elemental concentrations proved to be unnecessarily restrictive and
HEAs are now predicted to be formed within a compositional range
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of 5-35 at% of the principal elements [1,10]. Due to this wide com-
positional flexibility, HEAs offer a promising landscape to explore
and optimize material development, as well as tune their properties
in a controlled way [11-13]. So far, in addition to the excellent re-
ported mechanical performance [14-21], HEAs are also ideal candi-
dates for achieving soft magnetic properties and superconductivity
[22-25]. Soft magnets are important in electrical systems used in
power generation, electromagnets, and transmission [26]. The Fe-
CoNiAIMn system is a promising candidate for a soft magnet ma-
terial and recently high saturation magnetization (M) and low
coercivity (H.) values have been reported [27-34].

The magnetic properties of an alloy are sensitive to the base-
alloy, the extra alloying additions, and the crystal structures of the
resulting phases [35-43]. In particular, M depends on chemical
composition, atomic-scale structure, and phase constitution [44],
while H, is affected by grain size, presence of defects, impurities, and
internal stresses [45]. In addition to the high entropy effect, other
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parameters such as enthalpy of mixing (AHix), atomic size mis-
match (8), elastic-strain energy (AH.), and valence electron con-
centration (VEC) can also play a role in phase stability, making the
alloys vulnerable to phase decomposition [46-53]. Phase stability in
multicomponent systems is complicated and depends on the inter-
play of phase separation and ordering. These phenomena involve
spinodal decomposition leading to nanoscale-modulated structures,
chemical segregation at grain boundaries (GBs) resulting in spa-
tially-confined spinodal decomposition and ordered superstructures,
formation of nano-precipitates, etc. [54-62]. Hence, it is of utmost
importance to unravel the structure of the alloys not only at the
micro- but also at the nano-scale, to select the appropriate compo-
sitional range and optimize their synthesis. The most common
phases identified in HEAs are the chemically-disordered FCC (Fm3m)
and BCC (Im3m) followed by the chemically-ordered B2 [11]. The B2
phase resembles an ‘ordered BCC' phase, where A and B atoms oc-
cupy the Wyckoff positions 1a (0, 0, 0) and 1b (%%, 14, ¥2) respectively.
A commonly ordered derivative of the B2 phase is the full-Heusler
L2; (Fm3m) where A, B, and C atoms occupy the Wyckoff positions
4a (0, 0, 0), 4b (14, ¥4, ¥4) and 8c (%4, 14, 14) respectively [63].

Recently, a systematic study of FeCoNiAl,Mn and FeCoNi(AIMn ),
was conducted experimentally by Hariharan et al. [32], Zuo et al.
[64] and Li et al. [29] and theoretically by Feng et al. [40], showing
the dependence of magnetic properties on phase changes triggered
by tuning the alloy composition. A phase transition from FCC to BCC/
B2 was revealed by increasing x, with the equimolar FeCoNiAIMn
exhibiting the highest M;. So far, most of the structural studies have
been conducted on the micro-scale, by combining X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Although these
methods provide information on the stabilization of the dominant
phases, they cannot detect phenomena occurring at the nanoscale,
and this potentially leads to misinterpretation of mechanisms af-
fecting alloy properties.

Here, we report on the first atomic-level investigation of FeCoNi
(AlMn), (0.2< x<1.5) prepared by the additive manufacturing
technique of laser metal deposition (LMD) [65-68], combining ad-
vanced experimental characterization and theoretical analysis.
Amongst other advantages, additive manufacturing enables the
production of items with complex shapes such as those found in
applications requiring magnets with internal channels for cooling
purposes. Micro- and nano-scale investigations were performed by
SEM and XRD along with (scanning) transmission electron micro-
scopy ((S)TEM) combined with energy-dispersive X-ray spectro-
scopy (EDX) and electron energy loss spectroscopy (EELS). Quantum
mechanical modeling using density functional theory (DFT) was
used to assess the relative stability of different structural models of
selected compositions, giving support and adding detail to the ex-
perimental studies. A comparative study was conducted by varying
the Al and Mn content (X) at the same time and results of three
representative cases are presented: ~ 6, 15, and 25 at%, satisfying the
compositional requirements for HEAs. The corresponding impact on
the magnetic properties was investigated by vibrating sample
magnetometer (VSM) and Lorentz TEM.

2. Materials and methods

FeCoNi(AIMn), (0.2<x<1.5) alloys were processed by LMD
through the weight-controlled blending of elemental powders.
The processing conditions and parameters were kept identical
for all samples [69]. At the alloy design stage, various geometrical
and thermodynamic parametric models were used to
predict phase evolution in the system. It was thus suggested that
(among others) the minimum requirements for single solid
solution (SS) phase formation are i) the atomic size parameter (y),
which takes into consideration the atomic packing misfit in
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multicomponent systems, should be below 1.175. y is defined as

y= [1 - \%)/{1 - \/%] where 1, and 1 are the
radii of the largest and smallest atoms [70] and ii) the parameter @®
should be above 1. @ is defined as ® = AGss/-|AGax|, Where AGg; is
the change in Gibbs free energy of formation for a fully disordered SS
consisting of the individual elements. AGyax is the lowest (inter-
metallic) or highest (segregated) possible Gibbs free energy of for-
mation for the various binary systems between the constituents of
the mixture. Negative @ values indicate that SS will not be formed,
owing to positive formation enthalpy [71]. The calculated values of
the above-mentioned parameters for the actual compositions of the
produced alloys suggested that all three samples will have a phase
separation tendency rather than forming a single SS. In particular, y
was ranging at the limit of its proposed value for samples with x = 1.5
and x =0.65 or slightly higher for x=0.2, and parameter ® was far
below 1 for all three samples. Thus, the prediction models gave a
first indication that the structure of the alloys would be complicated,
consisting of more than one phase.

Microstructural characterization was performed using an FEI Nova
NanoSEM 650 equipped with EDX and an electron backscattered dif-
fraction (EBSD) system, while the crystal structure of the powder
materials was analyzed by XRD employing a Rigaku MiniFlex600
system using Cu Ka radiation and fluorescence correction.

Atomic-scale investigations were conducted on an FEI Titan G2
60-300 kV microscope, combining (S)TEM, EDX, and EELS. The mi-
croscope is equipped with a CEOS DCOR probe-corrector, mono-
chromator, and Super-X EDX detectors. Observations were
performed at 300 kV with a probe convergence angle of 24 mrad.
The camera length was set to 60 mm and simultaneous STEM ima-
ging was conducted with 3 detectors: high-angle annular dark-field
(HAADF) (collection angles 101.7-200 mrad), ADF (collection angles
22.4-101.7 mrad), and annular bright-field (ABF) (collection angles
8.5-22.4 mrad). The resulting spatial resolution achieved was ap-
proximately 0.08 nm. EELS was performed using a Gatan Quantum
965 imaging filter. The energy dispersion was 0.1 eV/channel and the
energy resolution measured using the full width at half maximum
(FWHM) of the zero-loss peak was 1.1 eV. Electron transparent TEM
samples were prepared by mechanical grinding and polishing (Allied
MultiPrep) as well as with an FEI Helios G4 Dual-beam using Ga ion
beams FIB. Final thinning was performed by Ar ion milling with a
Fishione Model 1010, and plasma cleaning was applied directly be-
fore the TEM investigations, with a Fishione Model 1020.

A Lake Shore PMC MicroMag 3900 VSM was used for the analysis
of the magnetic properties of the samples through measurements of
the magnetic hysteresis loops with direct current magnetization as a
function of the applied magnetic field up to 1.5T.

Electronic-scale calculations based on density functional theory
(DFT) were performed with the Vienna Ab initio Simulation Package
(VASP) [72,73] where the PBE [74] generalized gradient approx-
imation was employed. Solid-solution structures were simulated
with special quasirandom structures (SQS) [75] consisting of 48
atoms, generated with the temperature-dependent effective poten-
tial (TDEP) [76] software. Five different SQS candidates were tested
for each composition and model. Energies were converged within
1 meV per formula unit and forces within 0.01 eV/A concerning VASP
numerical parameters (plane-wave energy cutoff 500 eV, overall
precision Accurate, self-consistency energy change criterion 10 eV,
k-point density of at least 4 points per reciprocal A). To keep a cubic
primitive unit cell, structural relaxations were performed with fixed
angles while volume and atomic positions were allowed to relax.
Each relaxation was restarted before a final static calculation was
performed on the relaxed structure. Magnetic calculations were in-
itiated by magnetic moments equal to 0 or 2 Bohr magnetons for
each atom, corresponding to the different magnetic orderings.
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Fig.1. a) SEM images and the corresponding EDX quantified maps and b) XRD patterns of Samples A, B, and C. A gradual change from FCC towards an ordered BCC-based structure
by increasing the Al, Mn content is revealed (from Sample C to A). At intermediate compositions (Sample B) the alloy exhibits a dendritic microstructure, with the dendrites being

FCC as shown by TEM in §3.2.

Ferromagnetic, nonmagnetic, and antiferromagnetic/ferrimagnetic
orderings were separately relaxed and their total energy compared.
The configurational entropy was calculated using Boltzmann'’s dis-
tribution from the number of possible microstates and Sterling’s
approximation to handle the factorials.

3. Results
3.1. Microstructural characterization by SEM/EDX and XRD

Fig. 1. illustrates a) SEM/EDX and b) XRD results of Samples A
(x=1.5), B (x=0.65) and C (x=0.2). For the high Al, Mn contents
(Sample A), XRD revealed diffraction peaks that could be attributed to
the {110}, {200}, {211}, and {220} crystal planes of the BCC phase
(green square symbol). In addition, extra reflections were observed
indicating the existence of ordering (purple star symbol). The first one
at ~ 31° could be attributed to the superlattice reflection peak that

corresponds to the {100} planes of the ordered B2 phase or the {200}
planes of the Heusler (L2;) phase. However, XRD cannot reveal whe-
ther the alloy is a single ordered phase (L2; or/and B2) or a mixture of
both ordered and disordered BCC, hence detailed information was
extracted by TEM (see §3.2). Chemical inhomogeneities of up to ~6 at%
were detected. In particular, grains enriched in Fe/Mn and depleted in
Al/Ni were observed; however, they were not a dominant feature.
Reduction of the Al, Mn content (Sample B) leads to the formation of
dendritic microstructure. The dendrites exhibit an average composi-
tion value of x ~10 at%, while the inter-dendritic regions are enriched
in Al, Mn, and Ni. XRD revealed the coexistence of an FCC (red circle
symbol) phase and a BCC phase. However, TEM (in §3.2) showed that
the dendrites have an FCC crystal structure while the interdendritic
regions are L2,. By a further reduction in the Al, Mn content (Sample
C), the FCC phase prevails resulting in a single-phase alloy with rela-
tively good chemical homogeneity (chemical variations up to 3 at%)
and x reaching an average value ~5 at%.
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Fig. 2. Nanoscale interplay between ordered B2 and L2, revealed for high Al and Mn contents (Sample A). a) SAED pattern along the [001] direction. Intensity change of diffracted
peaks is detected, indicative of ordering (the indexing is done according to L2; however, the superlattice 020 reflection could also correspond to 010 of B2). b) SAED pattern along
the [101] direction. The Heusler structure is verified by the {111} reflections. c) Two-beam dark-field (DF) image using the g020 (or g010) superlattice reflection, showing
homogeneous distribution of ordering at the micro-scale. d) Bragg filtered high-resolution STEM image acquired from an ordered area using the {111} L2, reflections (annotated by
red circles in the FFT inset). Nanoscale interplay between L2, (yellow) and B2 (green) ordering is detected. e) High-resolution HAADF-STEM image along the [101] direction and f)-
g) close-ups with intensity profiles, showing ordering along the (202) and (020) planes. In conjunction with the DFT model presented in §3.3, Al and Mn occupy the a and b

Wyckoff sites respectively, while Fe, Co, Ni occupy the c sites.
3.2. Nano-scale characterization by (S)TEM-EDX-EELS

3.2.1. Phase identification - atomic site occupancy - phase separation
In addition to the information extracted at the meso-scale, de-
tailed (S)TEM, EDX, and EELS analysis at the nano-scale revealed a
more complicated structural picture. Starting with Sample A, Figs. 2a
and 2b show selected area electron diffraction (SAED) patterns along
different sample orientations. Clear ordering was observed that is
mainly attributed to a Heusler phase due to the {111} superlattice
reflections detected along with the [101] orientation. However, there
were areas where these reflections were not detected (or were very
weak) indicating that B2 ordering also exists. To understand the
spatial extension and distribution of each phase, a thorough analysis
comprising two-beam imaging in TEM and Bragg-filtering of high-
resolution STEM images was conducted. Fig. 2c illustrates a dark-
field TEM image recorded under two-beam conditions with the su-
perlattice reflection g020 of Heusler (or g010 of B2). No signs of
phase separation at the micro-scale are observed, in contrast to Zuo
et al. [36] who detected under the same imaging conditions BCC
nanoparticles embedded in B2 matrix for equimolar FeCoNiAIMn.
Our variations in contrast are attributed to the presence of nano-
scale stresses of the alloy. Fig. 2d shows a Bragg filtered high-re-
solution STEM image acquired from an ordered area using the g111
Heusler reflection (annotated by red circles in the fast Fourier
transform (FFT) inset). A nanoscale interplay between Heusler

(yellow) and B2 (green) ordering is detected. Direct observation of
the atomic structure and ordering was achieved by performing high-
resolution HAADF-STEM imaging along the [101] direction (Fig. 2e).
Along this projection, atomic species occupy separate atomic col-
umns and since in HAADF the contrast depends on the atomic
number Z, an initial chemical identification can be postulated. The
full occupancy of all atomic columns reveals that we have indeed a
B2 or full-Heusler structure (L2,), and not a half-Heusler structure.
Furthermore, since Al has lower Z in comparison to the other me-
tallic constituents, it can be postulated that the planes of lower Z-
contrast are mainly occupied by Al (Fig. 2f). Ordering along these
planes could be detected easily (Fig. 2g, blue intensity profile), due to
the large Z-difference between Al and transition metals (Mn, Fe, Co,
Ni). The red intensity profile from the next plane could not detect
any periodical trend. This indicates that these planes are mainly
occupied by transition metals (Fe, Co, Ni), and due to their small
difference in Z, intensity changes are not easily detectable. Hence,
we can postulate that Al and Mn occupy the a and b Wyckoff sites of
the Heusler superlattice, while Fe, Co, Ni occupy the c sites (further
predicted by DFT in §3.3).

By decreasing the x content of the alloy (Sample B), STEM ima-
ging (Fig. 3a) revealed the existence of two distinct areas: a domi-
nant ‘matrix’ (dendrite) and secondary ‘embedded’ areas that exhibit
lower contrast (interdendritic regions). SAED patterns and FFTs tar-
geting the two areas separately revealed that the dominant phase
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Fig. 3. a) ADF-STEM image and the corresponding FFTs (insets) illustrating both the dendritic (FCC) and interdendritic (L2;) areas in Sample B. Due to the intense diffraction
contrast, a dense network of dislocations is visible in the FCC dendritic phase, while the interdendritic L2; phase is almost defect-free. b) EDX quantified maps revealing an Al, Ni-

richer L2 phase in comparison to the FCC dendrite.

Table 1
Unit cell size and chemical quantification by EDX-STEM.

Sample A FeCoNi(AIMn) 5 B FeCoNi (AlMn)g g5 C FeCoNi (AlMn)g»

Phase L2; dominant FCC dendrite L2, interdendrite FCC dominant Ordered Superstructures
Unit cell (nm) 0.6 0.37 0.6 0.37 3x0.37

Fe at% 171 29.2 19.5 29.3 26.3

Co at% 16.2 26.5 221 294 30.7

Ni at% 17.2 243 28.9 31.0 31.0

Al at% 244 07.1 16.8 06.0 01.7

Mn at% 25.2 129 12.8 04.3 104

was FCC, while the secondary phases were L2; (again as in Sample A,
it could be an interplay between B2/ L2,). The FCC phase exhibited a
strong tendency for phase separation revealed by the intense
moiré fringes observed in high-resolution images. Furthermore, this
area exhibited a high density of defects as clearly illustrated in
Fig. 3a. On the other hand, the Heusler L2, was defect-free with no
indication of phase separation. EDX results (Fig. 3b) showed that
these structurally-different areas also exhibited different chemical
compositions. Chemical quantification showed that the L2; phase
was Al, Ni-richer in comparison to the FCC dendrite (the results of
the quantification are presented in Table 1).

Further decrease in x (Sample C) resulted in total elimination of
the Heusler L2, structure and only the FCC phase was observed. The
calculated lattice constants revealed a cubic unit cell with
a=0.37 nm. However, the FCC phase exhibited intense phase se-
paration tendency (same as in the FCC phase in Sample B) as well as
ordering trends. The SAED pattern in Fig. 4a for Sample C reveals a
splitting of 220 reflections along the [110] direction (red arrows) and
superlattice reflections, indicative of an ordered phase with three-
times larger unit cell. High-resolution TEM images in Figs. 5a and 5b
show that phase separation takes place at the nanoscale, resulting in
intense moiré fringes only at the FCC phase, while it disappears at
the ordered grains. The ordered grains were up to ~500 nm in size,
while smaller ordered nano-precipitates down to ~5nm were also
detected. EDX shows that the ordered areas are slightly Mn, Co-ri-
cher (Fig. 4b) and exhibited lateral coherency with the FCC phase,
with interfaces forming nano-steps. (Fig. 5¢).

The phase separation trend was also examined by employing
low-loss EELS. A comparative study was conducted, acquiring
spectra from all different phases in the three samples. Careful

determination of the plasmon peak position took place by applying
dual-EELS, acquiring simultaneously the zero-loss and the plasmon
peak regions. All plasmon peak spectra were aligned to the zero-loss
peak to eliminate possible energy drifts during acquisition hence, to
improve the precision in the evaluation of the plasmon peak posi-
tion. Results showed that the FCC phases in both Samples B and C
exhibited a splitting of the plasmon peak ~ 4.2 eV, indicating VEC = 2.
This is consistent with the observed phase separation trend, in-
dicating that each peak could be representative of each of the two
overlapping phases. On the contrary, all ordered phases exhibited a
single sharp plasmon peak (Sample A L2,/B2, Sample B L2, Sample C
ordered superstructures). A gradual blue shift was observed for de-
creasing x, indicating a relationship of the chemical content of the
alloy with the energy position of the plasmon (Fig. 6).

3.2.2. Pinning of magnetic domain walls and dislocations

To study the impact of the ordered grains observed in FCC
(Sample C), Lorentz TEM was employed in Fresnel-mode. Fig. 7
presents Lorentz TEM images of the ordered grain that was pre-
viously described (Figs. 4 and 5). By changing the defocus-sign,
magnetic domain walls can be identified by the alternating contrast
(bright-dark). These results showed that the ordered grains, as well
as the small aluminum oxide inclusions, exist at the intersection of
four magnetic domain walls, hence acting as pinning points for
magnetic domain wall movement.

Furthermore, ordered nano-precipitates in FCC were found to act
as pinning points for the movement of dislocations. In Fig. 8a, a low-
magnification TEM image from Sample C shows dislocations pinned
by nano-sized precipitates. A close-up of the area (Fig. 8b) indicates
a clear connection of the precipitate with the dislocation line. This



C. Bazioti, O.M. Lovvik, A. Poulia et al.

Journal of Alloys and Compounds 910 (2022) 164724

(a) ' [001]

220

. ()( 230 .

e« O
°

Ni

600 nm| Al

Fig. 4. a) SAED pattern along the [001] zone axis in Sample C. In addition to the FCC dominant phase, ordered areas with a three-times larger unit cell are detected (blue circles
annotate the superlattice reflections). Furthermore, splitting of the 220 reflections is detected due to phase separation trends (annotated by red arrows). b) EDX quantified maps
from an ordered superstructure. ADF-STEM illustrates a nano-sized grain in the middle of the image exhibiting ordering, formed at the grain boundary of two FCC grains. The
ordered area is slightly Mn, Co-richer (see Table 1). Nanosized inclusions of aluminum oxides are also detected.

area was approximately 50 nm in size and was reaching an equili-
brium shape defined by sharp facets, mainly formed at the (020)
planes of the FCC phase. A high-resolution TEM image (Fig. 8c) from
a similar nano-precipitate with the corresponding FFTs, clearly show
nano-scale ordering. The corresponding inverse FFT (IFFT) image
after applying masks at the superlattice reflections can be seen in
Fig. 8d. Fig. 8e and Fig. 8f are close-ups of the FCC and the ordered
regions, respectively. The ordered nano-precipitates exhibit lateral
coherency with the surrounding FCC matrix while ordering results in
a three-times larger cubic unit cell.

3.3. Calculated thermodynamic and magnetic properties

Simulation of the solid-solution phases with composition ac-
cording to Table 1 was performed with 48-atom SQS models. Each
atom thus corresponds to 2.08 at% of the supercell, which limits the
compositional precision. Nevertheless, all models exhibited a com-
position less than 1 at% away from the experimental target compo-
sition, as shown in Table 2.

For each of the compositions, a number of different atomistic
models were constructed, to corroborate the experimental struc-
tures. A few different alternative distributions of atoms over the
Wyckoff sites were also included in the modeling, to complement
the experiments in situations with low element contrast in the dif-
fraction studies. This is outlined in Table 3. The DFT calculations
were used to compare the formation enthalpy of ferromagnetic,
nonmagnetic, and antiferromagnetic/ferrimagnetic ordering of the
models listed in Table 3. Ferromagnetic ordering was most stable in
all cases and was used when reporting stability and structures in the
following.

Fig. 9 compares the DFT stability of various candidate structure
models for each of the sample compositions observed in the (S)TEM
studies above. The figure compares the total electronic enthalpy per
atom. We evaluate enthalpy differences larger than 50 meV/atom to
be significant in this respect but note that temperature and entropy
effects as well as defects and kinetic barriers can change the relative
stability or abundance of the different structural models. It is evident
from Fig. 9 that the B2 and L2, structure models are predicted to be
most stable for the Sample A composition. This is in very good

Fig. 5. a) High-resolution TEM image at the interface between FCC and ordered grains in Sample C. Intense moiré fringes are observed only in the FCC phase along the [110]
direction. b) Nanoscale phase separation (dashed area) along the [110] direction indicated in high-resolution TEM image of the FCC phase. c) ADF-STEM image of the interface. A
coherent relationship between the FCC and the ordered superstructure is revealed, with the phase transition taking place in nano-steps. d)-e) Close-ups of the ordered super-

structure and the FCC phase respectively.
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Fig. 6. Comparison of low-loss EELS spectra. A clear plasmon-peak splitting is ob-
served only in the FCC phases indicating two valence electron densities - consistent
with the observed phase separation tendency. The phenomenon is suppressed in all
ordered phases and a gradual blue-shift takes place by decreasing x (Samples A to C).

Fig. 7. Lorentz TEM Fresnel images a) underfocused and b) overfocused, acquired
close to the ordered grain (annotated by blue cross) in Sample C. Magnetic domain
walls (annotated by yellow arrows) were detected due to the alternating contrast
(bright-dark). The ordered grains exist at the intersection of magnetic domain walls,
hence acting as pinning points for the magnetic domain wall movement.

agreement with the TEM experimental observations, where the co-
existence of B2 and L2, structures are seen. The modeling suggests
that the L2; model M1, in which Al and Mn occupy distinct crys-
tallographic sites, is the most stable. This complies well with the
observation of Al-rich atomic columns observed with high-resolu-
tion HAADF-STEM (Fig. 2). The enthalpy difference is, however, too
small to exclude the coexistence of the L2; model M2 and the B2
model M1. After taking into account the configurational entropy
effect at 1000K the trend is still the same since AHgyrm-TASconf iS
lowest for the L2; model M1 with the L2; model M2 and the B2
model M1 following.

Sample B was shown above to be separated into two phases: a
dominant dendritic and a secondary interdendritic. In TEM the
dominant phase was identified as FCC and the secondary L2;. The
latter is in perfect agreement with the DFT results in Fig. 9, which
conclude that L2; is at least 78 meV/atom more stable than the
competing models. The two L2; models (M3 and M4) are too close in
energy to be distinguished. It was also not possible to discriminate
between the candidate models of the dominant part of sample B, as
they were all close in enthalpy values. However, taking into account
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Fig. 8. a) Low-magnification TEM image from Sample C showing pinning of disloca-
tions by nano-sized precipitates. b) A close-up indicates a clear connection of a
sharply-faceted nano-precipitate with the dislocation line. c) High-resolution TEM
image from a similar nano-precipitate with the corresponding FFTs, showing nano-
scale ordering. d) The corresponding IFFT image and e) and f) close-ups of the FCC and
the ordered superstructures, respectively. The ordered nano-precipitates exhibit lat-
eral coherency with the surrounding FCC matrix, resulting in a three-times larger
cubic unit cell.

the configurational entropy effect at 1000K, a clear trend towards
the disordered phases is observed, with the FCC exhibiting the
lowest energy, in accordance with the TEM observations. It is in-
teresting to note that TEM showed that the FCC phase was highly
defected and phase-separated. It is likely that such defects are more
easily accessible in the unordered FCC structure than in the more
ordered competing structures, and that the defects contribute to
stabilizing FCC compared to the others.

A similar situation arises in sample C. The DFT results are unable
to distinguish between the models because of similar enthalpies,
while the disordered FCC structure was seen experimentally to
dominate, albeit displaying phase decomposition trends. In this case,
an ordered superstructure was also observed, which appears to be
another way of stabilizing the structure. The FCC structure is stabi-
lized by the high configurational entropy since calculations again
show a clear trend towards the disordered phases for this compo-
sition. At this point, we would like to highlight that other entropy
contributions except for the configurational one could also be im-
portant for determining phase stabilities in HEAs. Ma et al. [77]
showed that electronic and magnetic entropies can contribute up to
50% of the configurational entropy value in addition to the vibra-
tional one. Hence, the values of the Gibbs free energy can be slightly
different from the ones listed in this work. Furthermore, the actual T
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Table 2
Composition of the 48-atom SQS models compared to the experimental composition.
Sample A B B C
Expt. Phase L2, FCC (dendrite) L2, (interdendr.) FCC
at% Expt. SQs Expt. SQS Expt. SQs Expt. SQS
Fe 171 16.7 29.2 29.2 19.5 18.8 293 29.2
Co 16.2 16.7 26.5 271 221 229 294 29.2
Ni 17.2 16.7 243 25.0 289 29.2 31.0 313
Al 244 25.0 71 6.3 16.8 16.7 6.0 6.3
Mn 252 25.0 129 125 12.8 125 43 42
Table 3

The different models investigated for each of the compositions are outlined in Table 2. The distribution of atomic species over the different Wyckoff sites of each structure is also
listed, and the formation enthalpy AHsorm is listed for each model relative to the most stable one with the same composition. The enthalpies are reported in meV per atom. Models
that are not available at the given composition (e.g. because the content of an element is less than required for the model) are indicated by a dash (-) in the table. The
corresponding configurational entropy values ASconf, as well as AHgorm=TAScons for T=1000 K, are also listed for each model.

Phase Model Wyckoff sites AHform (meV) AScont (MeV/K)
a b c A B dendr. B interd. C A B dendr. B interd. C
BCC AlCoFeMnNi 178 19 94 2 0.137 0.129 0.135 0.120
B2 M1 AlMn CoFeNi 38 - - - 0.077 - - -
M2 AlCoNi CoFeMnNi 135 0 88 2 0.093 0.089 0.105 0.091
M3 AlCoFeMnNi CoFeMnNi 125 22 78 13 0.118 0.125 0.124 0.116
L2, M1 Al Mn CoFeNi 0 - - - 0.047 - - -
M2 Al FeMn CoFeMnNi 26 - - - 0.071 - - -
M3 AlCoNi FeMn CoFeMnNi - 6 12 0 - 0.086 0.076 0.077
M4 AlMn CoFeMnNi AlCoFeNi - 0 - - - 0.059 -
FCC AlCoFeMnNi 161 82 13 0.137 0.129 0.135 0.120
AHiorm-TAScons (MeV) @ 1000 K
A B dendr. B interd. C
41 -110 -41 -118
-39 - — -
42 -89 -17 -89
7 -103 -46 -103
-47 - - -
-45 - — -
- -80 -64 -77
- - -59 -
24 -128 -53 -107

of formation of the primary phases can deviate from the one pos-
tulated for our calculations (1000 K).

Table 4 shows the average magnetic moment of each transition
metal atom, as well as the total magnetic moment with respect to
the total number of atoms in the unit cell and the number of tran-
sition metals in the unit cell (#TM). Interestingly, manganese dis-
plays the largest magnetic moment in all the phases with u~3  ug. It
is closely followed by iron, except in phase A where iron has the
lowest u among the transition metals (it varies between 0 and 0.8 y;
and averages to 0.3 ;). This very low value is particular for Model 1

of the L2, structure, in which the eight nearest neighbors of Fe, Co,
and Ni are four Al and four Mn atoms. This serves to reduce the
magnetic moment of all these three elements, compared with all
other models - including L2, Model 2, which exhibits very similar
values to the other models in Table 4 (not shown). The magnetic
moment of cobalt is approximately 1.5 ug, again with phase A as an
exception (~1 ug). Nickel has the lowest magnetic moment with
u~0.5 pg for all phases. These results correlate well with the mag-
netic moment in the standard bulk phases of the element, except in
the case of Mn, which has around twice as high a magnetic moment
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Fig. 9. The DFT calculated relative enthalpy of the various models, in eV per atom. The lowest enthalpy is taken as the zero point for each sample composition. The spread in
enthalpy throughout the five SQS arrangements is designated by the vertical line, and the square indicates the average value. The names of the models correspond to those in

Table 3.
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Table 4

The average magnetic moment per atom in Bohr magnetons (ug) calculated by DFT,
using the most stable structure (see Table 3 and Fig. 9) in the calculation. It is given for
each of the transition metals (TM), the average per atom (including Al), and the
average per TM atom. The last column gives the mass magnetization in Am?kg ™. All
the structures were found to be ferromagnetic, which is the only result shown in the
table. Also shown is the corresponding magnetic moment of the elements in their
standard state. In the case of elemental Mn, the absolute value of single magnetic
moments is shown (the total magnetic moment is zero because of the paramagnetic
nature of Mn).

Sample Mn Fe Co Ni Tot/atom Tot/#TM Magn.

(Am?[kg)
A(L2;) 280 030 095 043 097 130 110
B(FCC) 287 255 143 057 163 173 164
B(L2,) 327 279 141 047 139 1.66 148
C(FCC) 282 256 156 056 149 159 149

Element 143 227 16 062 - - -

in the HEA phases than in bulk, elemental Mn. The high values of Mn
may partially be understood by its nearest neighbors, which consist
of a majority of non-Mn atoms, thus exhibiting a different local
symmetry than that of bulk Mn. Some models feature Mn atoms
with a larger number of Mn nearest neighbors, but they tend to be
less stable.

Since the aluminum content varies between the phases, it can be
expected that the total magnetic moment per atom varies. Indeed, it
is lowest for phase A (~1 ug per atom) where the Al content is around
25 at%, while the maximum value is 1.6 ug for phase B (FCC) which
contains around 6 at% Al. But this is not only a direct effect of the Al
content; the magnetic moment per transition metal is also higher in
phase B than in phase A. This is caused by the reduced magnetic
moment of Fe and Co in phase A as compared to the "standard" bulk
values seen in the other phases. Nevertheless, the increased mag-
netic moment of Mn compared to that of bulk Mn, makes the
average magnetic moment per atom relatively high, even when
taking into account the Al content.

3.4. Magnetic properties

The magnetic hysteresis loops of the three samples measured at
room temperature are presented in Fig. 10. The saturation magne-
tization (M;) and coercivity (H.) values for each sample are also
shown in the plots. All alloys were easily magnetized to the satu-
rated state with H, values below 1000 A/m, indicating that all exhibit
good soft magnetic properties.

150
So Ms s, = 120.99 Am?/kg
Sg
- 1004 Sa Ms,s, = 78.42 Am2/kg
[e)) e ———
i -
= 50 /
= g 2
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Fig. 10. Hysteresis loops and values of the saturation magnetization (mass) M; and
coercivity H. (inset) for Sample A (Sa), Sample B (Sg), and Sample C (S¢).
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4. Discussion

In our study, a combination of advanced (S)TEM-EELS in-
vestigations along with DFT calculations was applied to unravel the
structural evolution of FeCoNi(AIMn), HEAs at the nano-scale and
elucidate its impact on magnetic properties. Previous studies based
on microstructural characterization with XRD-SEM, along with
theoretical models based on the hypothesis that configurational
entropy may favor single-phase solid solution (SS) (as BCC, FCC,
HCP), have been proved quite misleading. Miracle and Senkov [11]
presented a review of data that do not support an observable effect
of configurational entropy on preferred formation of SS phases,
triggering the need for advanced nano-scale studies.

Starting with the high Al, Mn-content alloy FeCoNi(AlMn),s, a
chemically-ordered intermetallic compound (IM) was identified
with the Heusler structure (L2;) being dominant. Furthermore, a
nano-scale interplay between ordered L2, and B2 was revealed, also
supported by DFT results, where the L2; and B2 structure-models are
predicted to be the most stable, exhibiting the lowest relative en-
thalpy values. The STEM/DFT analysis went one step further in terms
of unraveling the elemental occupancy of distinct atomic sites. The
most stable L2; model suggests that Al and Mn occupy the a and b
Wyckoff sites, while Fe, Co, Ni occupy the c sites. The highest Al, Mn-
content alloy reported previously is the equimolar FeCoNi(AIMn);,
where BCC or B2 or a mixture of BCC/B2 were reported according to
XRD studies [29,31,32,36]. Also, Yang et al. [30], Hariharan et al. [32],
and Karati et al. [78] showed that the B2 ordered phase is me-
tastable, and an order-disorder transition takes place upon heat
treatment.

Although our (S)TEM/DFT results showed a highly-ordered
FeCoNi(AlMn), 5 alloy from meso- and down to atomic-scale, it ex-
hibited good soft magnetic behavior (the second-best reported for
the high Al, Mn-concentrations, see Table 5) and better M; than the
disordered counterparts (Sample B and C). Since Heusler alloys
possess highly-ordered crystal structures in which different ele-
ments occupy specific lattice sites, a possible explanation is that the
magnetic performance of ordered alloys with similar compositions
to HEAs is associated with the specific chemical environment of
different elements in the structure (also suggested by Zuo et al. [36]).
Furthermore, by adding high-content of non-magnetic elements (as
Al) to the FeCoNiMn-base alloy, decreasing trends in the magneti-
zation should be expected, due to the reduction of the mass fraction
of total magnetic elements. However, an enhancement in the M was
measured by VSM, and DFT showed that Mn exhibited the highest
magnetic moment in all compositions and enhanced magnetic mo-
ment in comparison to that of bulk Mn. This is attributed to the
synergistic effect of Mn-Al, since the addition of Al into FeCoNiMn
alloy reduces the number of down-spins for Mn, resulting in a switch
from the antiferromagnetic to ferromagnetic order, hence leading to
an increase of the total magnetic moment of the alloy (as also dis-
cussed by Zuo et al. [36] and Zhang et al. [79]).

Reduction in the Al, Mn-content (FeCoNi(AIMn)ggs) resulted in
the formation of dendritic and interdendritic areas (Sample B). The
Fe, Mn-rich dendrites were FCC phase, while the Al, Ni-rich inter-
dendritic phase was ordered L2;. The latter is in perfect agreement
with the DFT results, concluding clearly that L2; is the expected
phase in comparison to the other competing models for the mea-
sured composition. Regarding the FCC phase identified in Samples B
and C, (S)TEM imaging in combination with low-loss EELS revealed a
more complicated picture in comparison to what has been reported
so far. Reduction in Al, Mn-content results in a gradual phase change
from L2, to an FCC phase. However, although FCC is disordered and
has a lower content of ‘impurity’ Mn and Al elements in the FeCoNi-
host, it is not the most stable. A strong phase separation tendency at
the nanoscale was observed in the FCC phase of both Samples B and
C. This trend is very clear by comparing the FCC dendritic and L2,
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Table 5

Magnetic properties of as-cast FeCoNi(AlMn), HEAs measured in this work compared to previously reported values. Results are presented by decreasing x.
Alloy Method M; H: (A/m) Ref.

(Am?[kg)

FeCoNi(AIMn), 5 laser metal deposition 121 323 This work
FeCoNi(AIMn), vacuum arc melting 126 533 Hariharan et al.[32]
FeCoNi(AIMn), arc melting 125 95 Li et al.[29]
FeCoNi(AIMn), magnetic levitation induction melting 118 576 Yang et al.[30]
FeCoNi(AIMn), arc melting 148 629 Zuo et al.[37]
FeCoNi(AIMn)g 65 laser metal deposition 78 699 This work
FeCoNi(AIMn)g 5 arc melting 50 187 Li et al.[29]
FeCoNi(AIMn)g 25 vacuum arc melting 101 268 Li et al.[27]
FeCoNi(AIMn)o 25 arc melting 99 493 Lu et al.[31]
FeCoNi(AlMn)g > laser metal deposition 47 297 This work
FeCoNi(AIMn)o arc melting 140 126 Li et al.[29]

interdendritic phases in Sample B. High-resolution imaging revealed
intense moiré fringes and high defect-density in the FCC phase,
while the moiré fringes disappeared in the L2, phase that was de-
fect-free. Low-loss EELS revealed plasmon-peak splitting only in the
disordered FCC phase, indicative of the existence of two valence-
electron states. Interestingly, this phenomenon was eliminated in all
ordered phases detected in all samples, regardless of the composi-
tion. DFT was not possible to discriminate between candidate
models for compositions where FCC was identified with TEM, since
all suggested models exhibited similar enthalpies. By taking into
account the configurational entropy effect at 1000 K, AH¢orm-TAScong
indicates that disordered phases (FCC or BCC) are more stable than
the ordered L2, and B2 models at the corresponding compositions.
However, the differences are small, and electronic and magnetic
entropy contributions can also be important for determining phase
stability in HEAs [77]. Furthermore, the actual T of formation of the
primary phases can deviate from the one postulated for our calcu-
lations (1000 K).

All samples in our study exhibit good soft magnetic properties
since they were easily magnetized to the saturated state with
coercivity values H. below 1000 A/m. The value of saturation mag-
netization My decreases considerably as the alloy moves away from
the classical HEA equimolar composition (moving from Sample A to
Sample C). This is in line with previous results reporting that M; is
affected by changes in the chemical composition. Li et al. [29] sug-
gested that the value of My increases when the Mn mole fraction
exceeds 12.5% in FeCoNiAlMn HEAs.

Our DFT results showed that Mn atoms carry the highest local
magnetic moment and Alijani et al. [45] suggested that Mn atoms
together with Co define the magnetic behavior of Fe. Furthermore,
the synergistic effect between the antiferromagnetic Mn and non-
magnetic Al as mentioned above, leads to an increase of the total
magnetic moment of the alloy, explaining the high M, values ob-
served in Sample A.

Regarding the saturation magnetization My, Zhang et al. [80] re-
ported that it is highly dependent on the crystal structure and
composition of HEAs and Shyni et al. [81] showed that it is less
sensitive to the grain size of the material. However, it may be af-
fected by the change in grain connectivity, i.e., the microstructure of
the material. Furthermore, when dealing with HEAs, one should also
take into account that the chemical short-range order in these sys-
tems significantly changes the local environment and can further
affect the average magnetic moment of the material (Feng et al.
[82]). The M; measured in Sample C is lower than the reported re-
sults for low Al, Mn-contents. This can indicate that the chemically
ordered nano-precipitates and ordered grains that nucleated mainly
along grain-boundaries in the FCC phase play a crucial role in grain
connectivity and can be the main factors for the reduced M. Fur-
thermore, despite the FCC phase being dominant in Sample C, the
intense phase separation trends may also have an impact on the M;
reduction. The DFT predicted magnetization values are in the same
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range as the measured M; of sample A, indicating that the SQS
models give a good description of that sample. However, the M; of
the other samples is not well reproduced by the DFT calculations.
This may be due to the reduction of M; in those samples as described
above; in that case, the DFT values identify theoretical maximum
values given samples with fewer defects. Also, there is a possibility
that ferrimagnetic ordering reduces the overall magnetization -the
enormous number of possible ferrimagnetic permutations makes it
intractable to investigate all eventualities-, so unrevealed stable
ferrimagnetic phases cannot be ruled out.

Concerning the H. values, the existence of dendritic FCC and in-
terdendritic L2; areas in Sample B indicates the existence of long
phase boundaries. Phase boundaries make the movement of mag-
netic domain walls difficult, justifying the higher H, values in com-
parison to the other samples (Qu et al. [83]). In Sample C, pinning of
magnetic domain walls and dislocations by ordered precipitates was
revealed by STEM imaging and Lorentz TEM. Hindering of the
magnetic domain wall movement and lattice distortions are ex-
pected to increase H, [84,85]. However, H. values of Sample C were
just slightly lower than Sample A. Taking into account that grain size
is also an important factor affecting H. and Sample A exhibits sub-
grain structure as presented in our previous work [69], this could
lead to higher coercivity than in Sample C, despite the pinning by the
ordered nano-precipitates. Finally, the density of the ordered nano-
precipitates in Sample C was low, hence the pinning process did not
play the dominant role in affecting magnetic properties.

Phase separation trends have been reported before in HEAs, such
as spinodal decomposition, ordering, and precipitation, mainly in
spatially confined and segregated regions, mostly creating side ef-
fects outside of the target mechanical and magnetic properties
[1,54,57,58,86,87]. However, recently Rao et al. [55] exploited the
metastability of these alloys, triggering bulk spinodal decomposition
for improving the alloys’ magnetic properties. In particular, they
showed that atomic-scale decomposition of FeCoNiMnCu into two
regions (Fe, Co-enriched, and Cu-enriched) after annealing at 700 °C
resulted in enhanced magnetization in comparison to the single-
phase bulk-like material of the same composition. Similarly, our
FeCoNi(AlMn),, alloy exhibits a metastable FCC phase, with a phase
decomposition tendency indicated by the intense moiré fringes and
the existence of two valence electron concentrations (plasmon-peak
splitting in low-loss EELS). The decomposition takes place along the
[110] direction (Fig. 4a) and atomic-scale EDX maps did not reveal a
detectable chemical trend, indicating that chemical fluctuations
were still small. This trend offers a great platform to study the effect
of phase separation in the magnetic behavior of the FeCoNiAlMn
system. Since FeCoNi(AlMn),, already exhibits good soft magnetic
properties, the next step in our study is to trigger spinodal decom-
position by thermal annealing, resulting in nanoscale isostructural
chemical decompositions. In this respect, in-situ heating experi-
ments in STEM will be crucial in monitoring the real-time bulk
spinodal decomposition of FeCoNi(AIMn)g, at the near-atomic level
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and finally enhance the magnetic properties of the alloy by chemi-
cally designing the appropriate spinodal regime.

5. Conclusion

In our study, a detailed nanoscale investigation of high-entropy
FeCoNi(AlMn), alloys processed by laser metal deposition was con-
ducted, by combining imaging and spectroscopies in (scanning)
transmission electron microscopy along with DFT calculations. The
structural evolution of the alloy by varying its chemical composition
(0.2 £x<1.5) was elucidated, revealing a gradual change of the face-
centered cubic (FCC) towards an ordered full-Heusler (L2,) phase by
increasing the Al and Mn content. Although the high entropy effect is
supposed to greatly enhance the formation of solid solution phases,
here we report the stabilization of chemically-ordered intermetallic
compounds in the case of high Al, Mn contents. In particular, a co-
existence on the nano-scale of two ordered structures, B2 and L2, is
reported for the first time in the FeCoNiAIMn system. Atomic-site
occupancy of L2; was resolved by direct imaging and atomic-scale
calculations, with Al and Mn occupying the a and b Wyckoff sites
respectively. Ordering phenomena as superstructures of nano-pre-
cipitates and nano-sized grains were also detected in the FCC phase
for low Al, Mn contents, acting as pinning-sites for the movement of
magnetic domain walls and dislocations. Furthermore, the FCC phase
exhibits a strong phase decomposition tendency as indicated by the
intense moiré fringes and the existence of two valence electron
concentrations shown by low-loss EELS. The alloys in the whole
compositional range exhibited good soft-magnetic behavior since
they were easily magnetized to the saturated state with coercivity
values of < 1000 A/m. The formation of the intermetallic L2;/B2
nanostructure -instead of a solid solution- did not have a negative
effect on the soft magnetic properties, indicating that the magnetic
performance of ordered alloys with similar compositions to HEAs is
more associated with the specific chemical environment of distinct
elements occupying specific lattice-sites. Mn displayed the largest
magnetic moment in all phases and FeCoNi(AlMn), 5 exhibited the
highest saturation magnetization M;, attributed to the synergistic
effect of Mn-Al. Phase separation trends seem to decrease the M,
however, the overall impact on the magnetic behavior of the alloy is
not intense, opening up for new avenues for tuning FeCoNiAIMn
properties through chemically-designed phase decomposition re-
gimes.
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