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Abstract

Soft magnets play a vital role in the efficient energy conversion in a variety of important industries including wide-bandgap
semiconductors, electric vehicles, aeronautics and aerospace, particularly at high temperatures. Improving the efficiency of
modern power electronics and electrical machines via advanced soft magnets has the potential to significantly contribute to
global energy savings, thereby leading to a reduction of the associated carbon footprint. Here, we present microstructural
characterization and property measurements on a novel single-phase B2-ordered multi-principal element alloy (MPEA)
Fe,;,Co,yMn,5Al; s with soft magnetic properties suitable for high-temperature magnetic applications. The MPEA exhibits a
high saturation magnetization of 162 Am? kg™!, high Curie temperature of 1081 K, low coercivity of 114 A m™~!, and high
electrical resistivity of 230 u€2 cm. Because of the good thermal stability of the B2 phase, these soft magnetic properties can
be retained even after long-term anneals at 873 K, an important attribute for enabling the use of wide-bandgap semiconduc-
tors that operate at high temperatures.

Keywords Multi-principal element alloy - B2 ordering - Soft magnetic properties - Thermal stability - ALCHEMI - Density
functional theory

Introduction range of applications, improved efficiency of electromag-

netic devices has the potential to significantly contribute to

Soft magnetic materials play a vital role in the efficient oper-
ation of modern power electronics and electrical machines
(inductors, generators, motors, etc.) for a broad range of
applications in wide-bandgap semiconductors, in electric
vehicles, and in the aeronautics and aerospace industries,
especially at high temperatures [1, 2]. Due to this wide
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global energy savings by as much as 20% and, hence, reduce
the carbon footprint [1, 2]. Advanced soft magnetic mate-
rials usually require high saturation magnetization (M) to
increase the range of field amplitudes available for use, low
coercivity (H,) to minimize frequency-independent hyster-
etic energy loss, high electrical resistivity (p) to minimize
eddy current loss, high Curie temperature (7,,) and high
thermal stability for high-temperature applications. How-
ever, traditional soft magnetic materials have shortcomings.
For instance, the processing of silicon steels is quite com-
plex and time-consuming; Permalloy (Ni-18% Fe) has low
electrical resistivity and, thus, endures high eddy current
losses; FeCo-2V alloys also have low electrical resistivity
and are expensive because of the high cobalt content; soft
ferrites suffer from relatively low magnetization which lim-
its energy density of inductive elements containing a fer-
rite core; amorphous and nanocrystalline soft magnets have
limited sizes and are thermally unstable which limits high-
temperature applications.
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The emergence of multi-principal element alloys (MPEAs),
including high-entropy alloys (HEAs) and medium-entropy
alloys (MEAGs), has attracted extensive research attention since
2004 [3, 4]. In contrast to conventional alloys with one prin-
cipal element, this new class of alloys contains several princi-
pal metallic elements in equiatomic or near-equiatomic ratios,
and this multi-principal element concept has broadened the
composition space for alloy design and offered opportunities
for discovery of advanced alloys. MPEAs are usually single-
phase solid solutions with simple crystal structures, such as
face-centered cubic (FCC) and body-centered cubic (BCC)
structures [5-9]. MPEAs have been reported to exhibit excep-
tional mechanical properties, such as a combination of high
strength and ductility [9—12], high fracture toughness [7], high
fatigue resistance [13], excellent thermal stability [14, 15] and
attractive tribological properties [16, 17]. Beyond mechani-
cal properties, MPEA systems can also exhibit promising soft
magnetic properties because of the high flexibility of tun-
ing the chemical compositions and microstructures [18-31].
For example, Zhang et al. synthesized the single-phase FCC
FeCoNiAl, ,Si;, MPEA, which had a saturation magnetiza-
tion (M,) of 1.15 T (or~131 Am? kg™!) and a coercivity (H,)
of 1400 A m™~! [22]. Zuo et al. produced the FeCoNiMnAl
MPEA that consisted of a mixture of BCC and B2 (ordered
BCC) phases, which exhibited a M of ~ 148 Am?kg!and a
H of~629 A m~'. They suggested that the Al could suppress
the anti-ferromagnetic order associated with Mn in order to
favor ferromagnetism [21]. Recently, spinodal decomposition
into two coherent FCC phases was shown to lead to an increase
of the Curie temperature by 48% and a simultaneous increase
of magnetization by 70% in a FesCo,5sNi,,Mn,,Cu;y MPEA
[31]. Almost all the soft magnet MPEAS reported so far were
either single-/dual-phase disordered solid solutions (e.g., FCC
or BCC) or a mixture of disordered and ordered structures,
e.g., FCC or BCC plus B2 or L2, (a further ordering of the B2
structure) or L1, (ordered FCC) [18-31]. It has been shown
that soft magnetic properties can be improved by increased
order in FeCo-based alloys [32-35].

In this study, we present the microstructure, magnetic prop-
erties (saturation magnetization, coercivity and Curie tempera-
ture) and electrical resistivity of the MPEA Fe;,Co,MnsAl,s,
which has better soft magnetic performance than previously
reported MPEAs. The effect of prolonged annealing on micro-
structural and magnetic stability was also studied with an eye
to potential of high-temperature applications.

Methods
Material Preparation

70 g alloy ingots with a nominal atomic composition of
Fe,,CoyoMn,sAl,5 were prepared by arc melting 99.97%
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Fe, 99.5% Co, 99.9% Mn, and 99.9% Al pieces under a Ti-
gettered high purity argon atmosphere. The ingots were
flipped and remelted three times in a water-cooled cop-
per mold to ensure chemical homogeneity. The alloy was
eventually cast into ingots with dimension of ~40 mm in
diameter and ~8 mm in thickness. In order to investigate
the thermal stability of the MPEA in terms of phase struc-
ture and soft magnetic behavior, various heat treatments
were conducted on as-cast specimens, including isochronal
annealing at 873 K, 1073 K, and 1273 K for 75 h, and iso-
thermal annealing at 873 K for three different times of 150 h,
300 h, and 500 h. All heat treatments were followed by water
quenching.

Microstructural Characterization

Crystallographic information for the as-cast and heat-treated
specimens was determined using synchrotron X-ray diffrac-
tion (XRD) at beamline 11-ID-C (wavelength=0.1173 A)
at the Advanced Photon Source at Argonne National
Laboratory.

Microstructural characterization of the as-cast and heat-
treated samples were performed using a Thermo Scientific
Helios 5CX Dual Beam scanning electron microscope
(SEM) equipped with a back-scattered electron (BSE) detec-
tor and energy dispersive X-ray spectrometry (EDS) at an
accelerating voltage of 20 kV, and a FEI Tecnai F20 FEG
transmission electron microscope (TEM) at an accelerat-
ing voltage of 200 kV. Samples for TEM observations were
either thinned via twin-jet electropolishing in a Struers Ten-
uPol-5 unit with a solution of 30% nitric acid in methanol
at~20V at a temperature of 253 K, or by focused ion beam
(FIB) lift-out technique using the Thermo Scientific Helios.

Atom probe tomography (APT) was performed to analyze
the local chemical composition of the sample by employing
a local electrode atom probe (LEAP), 5000 XR (Cameca
Instrument Inc., Madison, WI, USA). Laser-assisted field
evaporation was performed at 50 K by applying a laser pulse
energy of 40 pJ at a repetition rate of 125 kHz.

To determine the atomic site occupancy of each element,
ALCHEMI (Atom Location by CHanneling Enhanced
MiIcroanalysis) [36—-39] experiments were performed using
the FEI Tecnai TEM equipped with Bruker Quantax 200
EDS with XFlash 6T-30. X-ray spectra were collected using
the EDS detector under various dynamical (channeling) and
kinematical (non-channeling) conditions by tilting the speci-
men using a low background analytical double tilt holder.
Specifically, axial channeling data were obtained directly
along the <100> and <110> zone axes; planar channeling
conditions were performed from (005) to (005) reflec-
tions near the above zone axes. Spectra were acquired for
100-200 s to yield similar high counts of ~40,000 for the
Co-K, peak. The background was subtracted for subsequent
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analyses. As the Fe and Co elements do not have clearly
separated K, emission peaks, i.e., the Fe-K, peak is super-
imposed on the Mn-Kj peak, and the Co-K,, peak is superim-
posed on the Fe-Kj peak, deconvolution analyses with Series
fit setting were performed in the Bruker ESPRIT software to
separate them (see Fig. S4 in the Supporting Information).

Magnetic and Electrical Property Measurements

Cube-shaped samples for both as-cast and vari-
ous heat-treated conditions with dimensions
of ~2.3 mm X 2.3 mmX2.3 mm were used for magnetic
properties measurements on a Lakeshore Instruments 7300
vibrating sample magnetometer (VSM). Magnetization hys-
teresis loops were performed at room temperature under a
maximum applied field of 10 kOe (or ~800 kA m~!) with
at least three tests for each specimen condition to obtain the
saturation magnetization M, and coercivity H,. The Curie
temperatures 7T, of the as-cast and heat-treated specimens
were also measured with the VSM from 323 to 1223 K under
an applied field of 5 kOe (or~400 kA m™'). The electrical
resistivity p was measured using sheet samples with thick-
nesses of ~0.5 mm with at least 10 measurements for each
condition at room temperature using a Four Point Probe
Resistivity system.

First-Principles Calculations

Density functional theory (DFT) calculations were car-
ried out to investigate the magnetic properties of the
Fe;,Co,yMn;sAl,5 alloy via the Vienna Ab Initio Simula-
tion Package (VASP) [40, 41]. The Perdew—Burke—Ernzer-
hof (PBE) exchange—correlation functional [42] in the form
of projector-augmented wave (PAW) [43] was employed. A
supercell size of 4 x4 x4 of the B2 conventional cell was
adopted in the simulation, resulting in 128 atoms in total.
The chemical composition and crystallographic (atomic
site occupation of each element) information experimen-
tally obtained from SEM/EDS and ALCHEMI analysis was
used as inputs for the ab initio DFT calculations. To bet-
ter account for the randomness of the atomic-distribution
within each type of the lattice sites, the special quasi-random
structure (SQS) technique [44] was utilized and three dis-
tinguished SQSs were generated with the help of the Monte
Carlo code implemented in the Alloy-Theoretic Automated
Toolkit [45, 46]. Up to 3rd and 1st nearest neighbor for
pairs and triplets were considered in the search of the SQSs,
respectively. The ionic positions of each SQS were then
optimized until the Hellman—Feynman force on each ion
was less than 0.01 eV A~! while the lattice constant was
fixed as the experimental one. The electronic convergence
was set to 1078 eV. The energy cut-off of the plane wave
basis was tested to be 405 eV. The 2 X2 X 2 gamma-centered

Monkhorst—Pack k-point grid was used in the structural opti-
mization while the 4 X4 x4 mesh was used in the density of
state (DOS) calculation.

Results and Discussion
Microstructures and Thermal Stability

Figure la shows synchrotron X-ray diffraction (XRD) pat-
terns of the as-cast Fe;Co,yMn;sAl;5 and a series of heat-
treated samples. The as-cast diffraction pattern (black curve)
shows superlattice peaks associated with a B2-ordered struc-
ture. Dark-field transmission electron microscopy (TEM)
imaging using {001} superlattice reflections (Fig. 1b) and
the corresponding selected area electron diffraction (SAED)
pattern (Fig. 1c) confirm a single B2 phase. The B2 lattice
parameter, determined from the synchrotron XRD pattern
(Fig. Sla), is 2.8753 +0.0002 A in the as-cast state. The
alloy has an average grain size of ~250 pum (Fig. 2a). The
dark points in the backscattered electron (BSE) images are
Al-rich nitride particles, as shown in an enlarged image
and its corresponding energy dispersive X-ray spectrom-
etry (EDS) spectrum in Fig. 2b and c. The average volume
fraction of the Al-rich nitride particles is determined to be
only ~0.3%, and, thus, is not considered as a microstructur-
ally relevant factor for influencing the magnetic properties in
this study. EDS mapping (Fig. 2d) reveals that all constitu-
ent elements are uniformly distributed without micro-scale
precipitates (except the scattered Al-rich nitride particles).
The measured chemical composition is close to the nominal
composition, as summarized in Table 1.

Atom probe tomography (APT) analyses were also
employed to further confirm the sub-nanometer-scale
compositional homogeneity. As illustrated in Fig. 1f, the
elemental maps for the as-cast condition reveal a uniform
distribution of the constituents without noticeable segrega-
tion across the investigated volume. The chemical composi-
tion is consistent with that found via EDS in the scanning
electron microscope (SEM), as summarized in Table 1. The
slightly lower Al content is likely associated with the afore-
mentioned Al-rich nitride particles, which were not included
in the APT investigation. Moreover, the local atomic-distri-
bution randomness was also quantified via frequency dis-
tribution analysis (FDA) [47], as displayed in Fig. 1g. It is
readily seen that the observed data points overlap extremely
well with the binomial distribution, indicative of good
chemical homogeneity. The Pearson correlation coefficient
1 [47] is also calculated, which lies between 0 and 1 (where
0 indicates a random distribution and 1 indicates segrega-
tion). The value for each element is close to O (the inset
of Fig. 1g), suggesting a homogenous distribution of the
alloying elements. In summary, multi-scale microstructure
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Fig. 1 Phase and microstructural information of Fe;;Co,Mn sAl 5. a
Synchrotron XRD patterns of Fe;,Co,Mn,sAl;s in the as-cast state
and after heat-treatments at 873 K, 1073 K and 1273 K for 75 h. b—e
Dark-field TEM images and the corresponding SAED patterns of as-
cast and 873 K heat-treated specimens. The zone axes and diffraction

characterizations via combined synchrotron XRD, dark-field
TEM image/SAED, SEM/EDS, and APT confirm a single-
phase B2-ordered structure with a homogenous distribution
of alloying elements for the MPEA.

Although MPEASs usually exhibit disordered solid-
solution structures, a single-phase B2-ordered phase was
obtained for Fe;;Co4yMn;sAl;5. To understand the phase
formation of the B2 structure, several physical parame-
ters were calculated according to the phase selection cri-
teria proposed by Zhang et al. [48] and Guo et al. [49]:
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vectors g used to obtain the images are indicated. f APT reconstruc-
tions and g frequency distribution analysis (FDA) of the constituent
elements for as-cast specimen, with inset of (g) showing the Pearson
correlation coefficient u

atomic size difference (6), mixing enthalpy (AH;,), and
a specially defined parameter Q. Specifically, §=5.4%,
AH_. =—9.93 kJ] mol~!, Q=1.76 were determined for
current MPEA. Details about calculations of these param-
eters are described in Note S1 in the Supporting Informa-
tion. Figure S2 shows the typical 6-AH,;, and 5-Q plots
adapted from [48, 49] for a variety of MPEAs and cur-
rent Fe;,Co,gMn;sAl 5 alloy. It is readily seen that the
Fe;qCo,yMnsAl, 5 alloy is located in the IM (interme-
tallic) region in both plots. Therefore, our experimental
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Fig.2 Microstructure and phase
information for as-cast and
annealed specimens. a Back-
scattered electron (BSE) images
of the as-cast sample, with

the lower left inset showing a
higher magnification image. b, ¢
BSE image and the correspond-
ing EDS spectrum of an Al-rich
nitride particle. d The corre-
sponding EDS mappings of the
four constituent elements of the
inset of (a). e, h BSE image, f,

i enlarged views of BSE images
showing FCC phase distributed
within grain interiors and along
grain boundaries, and g, j cor-
responding EDS mappings of
the four constituent elements

of (f, i) for 1073 K/75 h and
1272 K/75 h heat-treated sam-
ples, respectively

50 pym

observations of forming a B2-ordered phase (synchrotron
XRD and TEM in Fig. 1) are consistent with the phase selec-
tion criteria proposed by Zhang et al. [48] and Guo et al.
[49].

To investigate the microstructural stability and the occur-
rence of any phase transformations, the as-cast MPEA was
heat-treated at 873 K, 1073 K, and 1273 K for 75 h. The

As-cast

50.2

4.9
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0.7
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X-ray energy (keV)

1073K-75h

50 um

synchrotron XRD pattern of the 873 K annealed speci-
men (pink curve in Fig. 1a) shows that the MPEA is still
a single-phase B2 structure with a slightly smaller lattice
parameter of 2.8744 +0.0002 A at this temperature. This
is corroborated by the TEM dark-field image obtained
with a {010} superlattice reflection and the correspond-
ing SAED pattern, see Fig. 1d and e. Upon increasing the
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Table 1 Chemical compositions (in at.%) for various specimens
determined by SEM/EDS

Fe Co Mn Al
As-cast 313+£0.2 39.8+0.2 14.6+0.1 143+02
As-cast (APT) 31.7+0.5 40.7+04 142403 13.5+03
873 K-75h 312404 39.7+0.1 147402 14.4+0.1
1073 K-75 h (B2) 30.7+£0.5 42.0+03 11.5+02 158+03
1073 K-75h (FCC) 41.8+0.2 32.2+0.7 222+0.7 3.8+03
1273 K-75 h (B2) 26.0+0.1 41.7+0.2 122+0.1 20.2+0.3
1273 K-75 h (FCC) 37.6+0.3 37.2+03 175+02 7.7+0.1

The standard deviations are determined based on EDS counting sta-
tistics. The composition for as-cast condition measured via APT is
also included

annealing temperatures to either 1073 K (green curve) or
1273 K (orange curve), extra peaks associated with an
additional FCC phase are readily identified in the synchro-
tron XRD patterns (marked by blue triangles for green and
orange curves in Fig. 1a). These rod/plate-like FCC pre-
cipitates are uniformly distributed in the grain interiors, as
well as distributed along the grain boundaries, as shown in
Fig. 2e—j. The corresponding EDS mappings (Fig. 2g, j) for
both 1073 K and 1273 K annealed specimens indicate that
the FCC phase is enriched with Fe and Mn whereas the B2
matrix is enriched with Co and Al. The relatively large dif-
ference in lattice parameters of the FCC phase (3.5966 and
3.5908 A in Fig. Slc, d) in the 1073 K and 1273 K annealed
specimens can be associated with their different composi-
tions (Table 1). Further anneals at 873 K for up to 500 h
were also performed and it was observed from both synchro-
tron XRD data and BSE images (Fig. 3) that only a small
volume fraction (~ 1.5%) of FCC precipitates with sizes of
100-300 nm were present after the 500 h anneal, indicating

a =
.
= >
8 @
>
b~
(2]
[ o
g &
=lg gff - T
- = o: o
® S 2 &
A4
2 3 4 5
26 (degree)

the good thermal stability of the alloy. In general, it can be
concluded that Fe;;Co,,Mn;sAl, 5 exhibits high thermal sta-
bility up to 873 K, but phase separation takes place after heat
treatment at higher temperatures (1073 K and 1273 K). Note
that these anneals did not produce any significant change in
grain size, presumably because the as-cast grain size was so
large (250 pm).

Atomic Site Occupancy of Alloying Elements

The long-range atomic order can be revealed by the atomic
site occupancy of each element. Fundamental knowledge
of the atomic site occupancy is essential to understand the
role of the alloying elements on a variety of alloy proper-
ties, including the magnetic properties. The method of
ALCHEMI (Atom Location by CHanneling Enhanced
Mlcroanalysis) [36-39], a TEM technique based on the
orientation-dependence of characteristic X-ray emissions
of alloying elements, was employed to determine the site
occupancy preference of the MPEA. The site occupancy
preference of alloying elements was analyzed and quantified,
as summarized in Figs. 4 and S3. The detailed ALCHEMI
analysis is described in Note S2. It is readily observed that
the normalized intensities of Co-K,, Fe-K,, and Mn-K,
behave similarly, i.e., they remain almost constant from
kinematical to dynamical channeling conditions, while the
Al-K, X-ray intensity is enhanced significantly for either
axial channeling and planar channeling conditions (Figs. 4a-
e, S3). Since it is impossible for all Co, Fe, and Mn atoms
(~85 at.% together) to occupy on one sublattice site in the
B2 lattice, it is inferred that Co, Fe, and Mn atoms tend
to partition between the two sublattice site, whereas the Al
atoms preferentially reside on one site (Al-site) in the B2
lattice.

Fig.3 Phase and microstructural information of 873 K/500 h annealed Fe;;Co,,Mn;sAl;s. a Synchrotron XRD pattern and b BSE image show-
ing B2 matrix and FCC precipitates. The FCC precipitates have sizes of 100-300 nm with ~ 1.5% fraction
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Fig.4 ALCHEMI analysis for B2-ordered Fe;,Co,,Mn;sAl;5s. a
Projection of atoms along channeling <110>zone axis orientation
showing sublattice a-site and f-site for a B2 phase. SAED patterns
showing beam incidence directions b along a<110>zone axis and
c tilted along (002) Kikuchi band near a<110>zone axis. d EDS
spectra (normalized by Co-K,) collected along <110>zone axis and

We also made efforts to further quantify the site occu-
pancy of the alloying elements in the B2 lattice (see detailed
calculations in Note S2). The quantitative site occupancy
results for Co, Fe, and Mn elements on Al-site as a function
of channeling strength E (defined in Equation S7 in Note S2)
are summarized in Fig. 4f, where the channeling strength £
classifies the accuracy of the site occupancy quantification.
Generally, higher channeling strength values provide better
accuracy as the channeling effect is stronger [38, 39]. It is
noted that the Al data points are not displayed since the Al
atoms preferentially occupy one site (Al-site). It is readily
seen that the data points of site occupancy percentage on
the Al-site for Co, Fe, and Mn can be divided into three
regimes and the site occupancy values significantly con-
verge with small standard deviations for stronger channeling
regimes (0.8 <E< 1.5 and E> 1.5), Specifically, 41.6 +0.5%
Co, 40.9+0.4% Fe, and 43.1 +0.7% Mn are determined to
occupy the Al-site based on the strongest channeling regime

Scattering vector K,/gqo4

Channeling strength E

in a kinematical scattering condition. e Normalized integrated X-ray
intensity plotted against scattering vectors k,/g,,, near<110> direc-
tion; the intensities were first normalized to that of the Co-K, peak
and then normalized by their respective kinematical/non-channeling
counterparts. f Site occupation fraction of Co, Fe, and Mn elements
on Al-site as a function of channeling strength E (defined in Note S2)

(E>1.5), and the rest resides on the other site (Al-anti-site)
of the B2 lattice.

Magnetic Behavior

The magnetic hysteresis loops of both the as-cast mate-
rial and specimens annealed for 75 h at 873 K, 1073 K and
1273 K are shown in Fig. 5a and the corresponding satura-
tion magnetization (M) and coercivity (H,) are summarized
in Fig. 5¢ and listed in Table S1. It is noted that demagnet-
izing field corrections are performed for the hysteresis loops
in the study (see details in Note S3). The as-cast MPEA
exhibits good combination of high M, of 162.4+1.0 Am?
kg™ and low H, of 113.6+16.5 A m™', indicating its poten-
tial as a soft magnetic material. After annealing at 873 K
for 75 h, the MPEA maintains the soft magnetic properties,
i.e., a high M, of 163.4+0.4 Am? kg_l and a low coerciv-
ity of 127.0+16.1 A m~'. However, higher temperature
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heat treatments significantly degrade the soft magnetic
properties of the MPEA to M,=100.2+0.2 Am* kg™' and
H,=1262.8+6.8 Am~' at 1073 K, and to M,=146.2+0.9
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Am’ kg™ and H,=1524.5+26.0 Am™" at 1273 K, as shown
in Fig. 5a and c and Table S1. These high values of H, are
even beyond the scope of soft magnetic materials (H, < 1000
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«Fig.5 Soft magnetic behavior of Fe;,Co,,Mn,5Al,s. a Representative
magnetic hysteresis loops and ¢ the corresponding summarized plot
of saturation magnetization and coercivity of as-cast, 873 K-75 h,
1073 K-75 h, and 1273 K-75 h specimens. b Hysteresis loops and d
the corresponding summarized plot of saturation magnetization and
coercivity of specimens heat-treated at 873 K for 75 h, 150 h, 300 h
and 500 h, respectively. The insets in (a, b) are enlarged view of the
loops at low magnetic fields. e Temperature-dependent magnetization
for as-cast and various heat-treated samples at an applied magnetic
field of 400 kA m™!. f Representative temperature-dependent magnet-
ization of as-cast specimen depicted by Curie-Bloch equation (upper)
and the derivative of the magnetization (dM/dT) versus temperature
curve (lower). Summarized plots of curie temperature (left axes) and
electrical resistivity (right axes) of g isochronal annealing for 75 h
and h isothermal annealing at 873 K

A m~! for soft magnetic materials). The deterioration of soft
magnetic properties is presumably caused by the high-den-
sity FCC phase (Figs. 1, 2).

In order to further demonstrate the thermal stability of
the soft magnetic properties, hysteresis loops for specimens
annealed at 873 K for prolonged durations of 150 h, 300 h
and 500 h are presented in Fig. 5b, and the soft magnetic
properties are summarized in Fig. 5d and Table S1. It is
readily seen that hysteresis loops almost overlap with each
other for all anneals at 873 K. Specifically, the M, still pre-
serves the high value of 162.4 +0.9 Am? kg™ for anneals
up to 500 h. Although the H, gradually increases with the
heat-treatment time to 243.2+ 1.4 A m~! for 500 h duration,
it is still relatively good as a soft magnetic material. This
slight increment of H_ is probably associated with the small
fraction of FCC precipitates (Fig. 3).

Figure S5e presents the temperature dependence of
the magnetizations of the MPEA upon heating from 323
to 1223 K in an applied magnetic field of 400 kA m~".
Although the 1073 K (green curve) and 1273 K (orange
curve) heat-treated samples exhibit lower magnetizations,
the temperature-dependent trends are essentially similar for
all specimens, namely, the magnetizations initially decrease
gradually with the increase in temperature from room tem-
perature to~ 1000 K, followed by a dramatic drop, reach-
ing values close to zero at 7> 1100 K, indicative of similar
Curie temperatures. The temperature-dependent magneti-
zation for ferromagnetic materials can be described by the
Curie-Bloch equation M(T) = M(0)[1 — (T/T.)"]” [501,
where M(0) is the magnetization at 0 K, 7 is the Curie tem-
perature at which the magnetization vanishes, a is the Bloch
exponent, and f = 1/3 is the critical magnetization exponent.
The upper Fig. 5f represents a fitting result for as-cast speci-
men, which gives a high Curie temperature of 1081.3 K.
Alternatively, the Curie temperature can be determined to
be 1081.7 K (lower Fig. 5f) via the minimum of the deriva-
tive of the magnetization (dM/dT) versus temperature curve,
corresponding to the steepest slope point, which agrees well
with the Curie—Bloch fitting results. All Curie temperatures

were obtained by averaging the values mentioned above and
they are summarized in Fig. 5g and h and Table S1, which
preserves the high Curie temperatures (1075-1090 K) for all
anneals with few variations. The combination of high ther-
mal stability with good soft magnetic properties at 873 K up
to 500 h (Fig. 5b, d) and high Curie temperature suggests
that the MPEA has the potential for high-temperature soft
magnetic applications.

The variation of electrical resistivity (p) for as-cast and
annealed samples are also plotted in Fig. 5g and h and tabu-
lated in Table S1. The as-cast alloy has a high resistivity
of ~230 pQ cm, suggesting a low eddy current loss, while
1073 K and 1273 K anneals tend to decrease the resistivities
(or increase the conductivities). This could be associated
with the precipitation of the FCC phase (Figs. 1, 2), resulting
in a reduction of the scattering of conducting electrons due
to dissolved solute atoms, which is commonly observed in
other alloys [51]. However, the high electrical resistivities
are retained for all 873 K anneals for up to 500 h, further
implying its high-temperature potential. Further compari-
sons with other reported conventional and MPEA soft mag-
netic materials regarding the soft magnetic properties and
electrical resistivity will be discussed.

First-Principles Calculations

Density functional theory (DFT) calculations were
performed to understand the magnetic behavior of
Fe;,Co,oMn;5Al,s. In the calculations, the initial magnetic
moments of Fe, Co, and Al atoms were set to be parallel
with each other according to their common magnetic forms
in metals and binary alloys. Elemental Mn is antiferro-
magnetic; however, the magnetic states of Mn in alloy sys-
tems can be complicated [21, 52]. We explored four initial
states of the Mn moment, namely, Mn moments parallel
to the other atoms; Mn moments anti-parallel to the other
atoms; Mn moments on Al-sites parallel while those on
Al-anti-sites anti-parallel; and Mn moments on Al-sites
anti-parallel while those on Al-anti-sites parallel. The ini-
tial state of parallel Mn spins, i.e., the ferromagnetic state,
yielded the lowest energy (~0.02 eV atom™! lower than the
other three) in all the three SQSs, and therefore the cor-
responding results were adopted to represent the alloy’s
magnetic properties. Figure 6a—e show the total density
of states (DOS) of a SQS and the corresponding partial
DOS (pDOS) for each element, respectively. The pDOS
of Co, Fe, Mn atoms exhibit a significantly higher spin
up than spin down distribution, a typical ferromagnetic
behavior, while the pDOS of Al is non-magnetic (note the
small y-axis scale of pDOS of Al element). As a result,
the total DOS exhibits a more pronounced spin up than
spin down distribution (Fig. 6a). We also calculated the
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Fig.6 DFT calculations. a Total DOS, b—e pDOS of Al, Co, Fe, and Mn atoms, f calculated elemental magnetic moments for Fe;,Co,oMn,sAl, 5

atomic magnetic moments of all elements, as shown in
Fig. 6f. The magnetic moments of Al atoms essentially
display a near zero moment, while the average per atom
magnetic moments for Co, Fe, and Mn are 1.56, 2.40, and
2.35 pg, respectively, where up is Bohr magneton. All Co
and Fe atoms exhibit parallel spin arrangements, as do
most of the Mn atoms. The favored ferromagnetic state of
Mn is due to the presence of the Al atoms, as it was sug-
gested that the Al can significantly reduce the Mn d-orbital
width and increase its exchange splitting, shifting the anti-
ferromagnetic order of Mn to ferromagnetic order [21, 52].
The saturation magnetization is correlated with magnetic
moments via the expression M= g gpercen/ Woupercells
where the M, is in units of Am? kg™, Mg, supercent 18 the total
magnetic moments in the supercell (ug=9.274 X 10724
Am?), and Wiupercen 18 the total atomic weight of the super-
cell. As a result, the DFT calculations predict an aver-
aged theoretical saturation magnetization of 179.4 Am?
kg~!, which is well close to the experimentally determined
value of 162.4 Am? kg~! measured using the VSM, con-
sidering that the DFT calculations were performed at 0 K

@ Springer

whereas the VSM measurements were conducted at room
temperature.

Comparison of Soft Magnetic Properties

To provide insight into the soft magnetic properties, the
M, and H, of Fe;,Co,,Mn;5Al;5 and a variety of MPEAs
reported in the literature [18-27, 52—-64] are summarized
in Fig. 7a and in Table S2. It is clearly seen that the data
pair for Fe;,Co,yMn,sAl,;s, located in the upper left corner,
displays quite appealing soft magnetic properties with the
lowest H, yet highest M in comparison with other reported
MPEAs so far. It is particularly noted that most research on
MPEAs is mainly focused on simple solid-solution alloys or
alloys with precipitates, e.g., either BCC or FCC, or a mix-
ture of disordered and/or ordered phases (a mixture of two
or three of FCC, BCC, L1,, B2 or L2, as listed in Table S2).

The soft magnet stoichiometric FeCo and the commer-
cial alloy FeCo-2V [25, 53-57] are also included for fur-
ther comparison. Although Fe;,Co,,Mn,sAl;s has a lower
M than stoichiometric FeCo, it exhibits a much lower H..
The binary B2 FeCo alloys are extremely brittle [65], and
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thus ~2 wt% V was added for the commercial FeCo-2V
soft magnetic alloys to moderately improve the ductility
and workability of FeCo yet negligibly compromises the
soft magnetic properties [65]. However, precipitation of
L1,-structured (FeCo);V can occur in FeCo-2V at relatively
low temperatures, e.g., 773 K, which significantly degrades
the soft magnetic properties for high-temperature applica-
tions [32, 66]. In contrast, Fe;,Co,,Mn,5Al, 5 exhibits good
thermal stability, i.e., phase separation does not occur until
above 873 K (Fig. 1). Further, Fe;;Co,yMn,5Al,s also ena-
bles a reduction in the cost in comparison with the FeCo-2V
commercial alloys due to the decreased content or replace-
ment of the high-cost elements Co and V via substantially
alloying with the inexpensive Mn and Al. It is also worth
noting that the soft magnetic properties of the MPEA can be
further optimized through tuning the microstructures, e.g.,
producing nanocrystalline soft magnets, and compositions,
e.g., via alloying minor element additions.

For soft magnetic materials, high electrical resistiv-
ity (p) is usually desired since higher p leads to lower
eddy current loss [67], especially at high temperatures.
Meanwhile, a high Curie temperature (7,) is also con-
sidered important to make the material a potential

candidate for high-temperature soft magnetic applica-
tions. Thus, the electrical resistivity and Curie tempera-
ture of Fe;,Co,,Mn,5Al, 5 and some soft magnetic materi-
als are compiled and compared, as shown in Fig. 7b and
Table S2. Those data points for traditional soft magnets
in Fig. 7b are adapted from Ref. [25] and thus are not
included in Table S2 for brevity. It is readily seen that
Fe;,Co4oMn sAl, 5 exhibits a good combination of high
electrical resistivity (230 p2 cm) and Curie tempera-
ture (1081 K), located in the upper right corner, which
is better than most of the typical soft magnetic materials,
e.g., electrical steels, FeCo-2V alloys, amorphous alloys,
nanocrystalline alloys, and HEAs/MEAs. For instance, the
equiatomic FeCoNi MEA and aforementioned commercial
FeCo-2V alloys exhibit low electrical resistivity and, thus,
suffer high eddy current losses. The recently developed
Al, 5Co,Fe,Cr HEA [25] shows the most comparable com-
bination of p and T to Fe;,Co,yMn,sAl,s, but higher M,
and slightly lower H_ are obtained for Fe;,Co,MnsAl,s.
In summary, Fe;,Co,oMn;sAl, 5 exhibits a good combina-
tion of low H_, high M, high T, high p, and high thermal
stability, which makes it a potential candidate for high-
temperature soft magnetic applications.

@ Springer
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Conclusions

In this study, a novel soft magnetic single-phase
B2-ordered Fe,;,Co,yMn,;sAl;s MPEA was developed.
The as-cast B2 MPEA shows good chemical homogeneity
as confirmed via combined characterizations using syn-
chrotron XRD, SEM/BSE, TEM, and APT. TEM-based
ALCHEMI analysis indicates that the Al atoms prefer-
entially occupy one sublattice site whereas the other ele-
ments tend to partition between both sublattice sites in
the B2 lattice. Good soft magnetic properties with high
saturation magnetization of ~ 162.4 Am? kg™, high Curie
temperature of ~ 1081 K, low coercivity of 113.6 A m~!,
and high electrical resistivity of 230 uQ2 cm were obtained
for the as-cast alloy, which outperforms other MPEAs
reported in the literature. The good soft magnetic proper-
ties are well retained after long-term annealing at 873 K
for up to 500 h (M,=162.4 Am* kg~! and H,=243.2 A
m~") due to the good thermal stability of the B2 phase.
DFT calculations predict magnetic properties consistent
with the experimental results and indicate that Fe, Co, and
Mn elements predominately contribute to the ferromag-
netism. The good magnetic properties and good thermal
stability up to 873 K suggest that the MPEA has potential
for use with wide-bandgap semiconductors that operate at
high temperatures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44210-022-00005-5.
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