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Multi-principal-element alloys (MPEAs) have attracted considerable attention due to their enhanced possibilities
of obtaining superior properties by tailoring chemical compositions in an enormous space. This work developed a
series of novel soft-magnetic MPEAs via the cluster formula approach of Al3(Co,Fe,Cr)14. Through deliberately
manipulating their microstructures, ultrafine ferromagnetic body-centered-cubic (BCC) nanoparticles (3 ~ 8 nm
in diameter) are coherently precipitated in a B2 matrix. These alloys exhibit a high saturation magnetization of
107.4 ~ 167.5 Am?/kg and a low coercivity of 143 ~ 303 A/m in the as-homogenized and aged states. Even after
aging for 480 h at 873 ~ 1073 K, the prominent soft-magnetic properties can still be retained, which can be
ascribed to the excellent stability of the coherent BCC/B2 microstructure. Importantly, these materials also show
excellent soft-magnetic properties at high temperatures. The Al3Co7Fe; alloy exhibits a saturation magnetization
of 134.7 Am?/kg and a coercivity of 167.2 A/m at 973 K. Moreover, they have high Curie temperatures (1254 K
for Al3Co7Fe; and 1052 K for Al3CogFesCr) and electrical resistivity (262 ~ 285 pQ-cm). The outstanding high-
temperature magnetic properties of the presently developed alloys is discussed in light of the microstructural
stability and evolution with chemical composition and temperature and the coercivity is found to be closely
related to the particle size of BCC nanoprecipitates. With the advantages of the currently developed BCC/B2
MPEAs over conventional soft-magnetic alloys, the coherent precipitation approach opens a new way to design
novel high-temperature soft-magnetic materials.

1. Introduction

Soft-magnetic materials with high saturation magnetization (or
saturation induction intension) and permeability as well as low coer-
civity have been widely applied in power generation, electronic, and
aerospace fields [1,2]. Commercial soft-magnetic alloys, such as Fe—
(3~4.5)Si and Fe—(30~50)Co (weight percent, wt.%) alloys, are prev-
alent among industries due to their high saturation magnetization (Bg =
1.9 ~ 2.4 T) and low coercivity (Hc < 150 A/m) [3,4]. Nevertheless,
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their low electrical resistivity (p < 50 pQ-cm) leads to a high eddy
current loss, limiting their applications in high-frequency fields. Fe- and
Co-based amorphous/nanocrystalline alloys have high electrical re-
sistivity of 100 ~ 150 pQ-cm due to their random atomic packing in a
long range [5-9]. Meanwhile, this kind of alloys possess high Bg (1.2 ~
2.0 T) and low H¢ (< 10 A/m), which is ascribed mainly to the uniform
distribution of ultrafine ferromagnetic body-centered-cubic (BCC)
nanoprecipitates (less than 20 nm) in the amorphous matrix, as exam-
pled by the Fe-based Finemet Fey3 5Si;35Nb3BgCu; (atomic percent, at.
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%) alloy with Bs =1.2 T and Hc = 0.5 A/m [7]. However, the metastable
nature of the amorphous matrix limits their high-temperature (HT) ap-
plications to the service temperatures below 573 K (the Curie temper-
ature T¢c ~ 850 K) [7,8]. The partial substitution of Co for Fe can
increase the Bs, Hc, and T, as evidenced by the values of B = 2.0 T, H¢
=160 A/m, and T¢ = 1253 K in Hitperm Fe44Co44Zr;B4Cu; (at.%) alloy
[9]. Moreover, this series of alloys have the largest resistivity (p ~ 150
pQ-cm) among all existing conventional soft-magnetic alloys [9].

Similarly, multi-principal-element alloys (MPEAs), also known as
high- and medium-entropy alloys (H/MEAs), possess high electrical re-
sistivity due to the long-range-disordered occupations of atoms on lat-
tice sites [10-14]. In sharp contrast to traditional practice, the
high-entropy alloying strategy has attracted much attention since it
can endow MPEAs with both prominent mechanical and functional
properties, including the corrosion/oxidation resistance, irradiation
resistance, magnetic properties, electromagnetic wave-absorption,
thermoelectric properties, etc. [12-17]. For instance, the Coy7 7Fess 6.
Nigy 7Tas 0Aly o (at.%) MPEA possesses fascinating mechanical and
soft-magnetic properties (a tensile yield strength of 904 MPa, saturation
magnetization of 100 Am?/kg (or 100 emu/g), coercivity of 78 A/m,
electronic resistivity of 103 pQ-cm, and Curie temperature of 694 K),
which were ascribed to the special microstructure composed of the
ferromagnetic face-centered-cubic (FCC) matrix and paramagnetic
coherent L1, nanoprecipitates [17]. It is noted that any crystalline de-
fects (grain boundaries, phase boundaries, dislocations, solute elements,
etc.) to strengthen alloys would impede the movement of magnetic
domains through pining the domain walls, leading to an increase in
coercivity [18-20]. For instance, the coercivity of the Coyy7Fesze.
Niyy 7Tas 0Aly o alloy is strongly dependent on the particle size of
coherent precipitates. As the average particle size increases from 24 to
91 nm, the coercivity decreases from 763 to 78 A/m, because the
coherent stress characterized by the specific surface area and lattice
misfit between the matrix and nanoprecipitates with a small particle size
is higher than that with a medium particle size [17,18]. If the particle
size of nanoprecipitates is comparable to or slightly larger than the
magnetic domain wall width, the coercivity might increase drastically
and the soft-magnetic feature would disappear.

Extensive reports have demonstrated that the saturation magneti-
zation is dependent on the concentration of ferromagnetic elements (Fe,
Co, and Ni), while the coercivity and electrical resistivity are primarily
controlled by the microstructure, including the phase constitution and
morphology [13,17-21]. In particular, the coercivity, as the funda-
mental parameter for soft magnetism, is closely related to the size of
ferromagnetic precipitates in nanocrystalline alloys or the grain size in
conventional polycrystalline alloys [13,17,18]. MPEAs open a new
avenue to design novel soft-magnetic alloys, since their microstructures
are highly tunable and can be well-controlled by optimizing the chem-
ical compositions in an enormous space [10,11]. For instance, the
FCC-FeCoNi alloy exhibits an extremely-high saturation magnetization
of 155.7 Am?/kg and low coercivity of 189 A/m, but further alloying
with Al and Mn would deteriorate the soft-magnetic properties, as evi-
denced by the BCC/B2 FeCoNiMnAl alloy (Mg = 132.2 Am?/kg and H
= 266 A/m) and the dual-phase FeCoNiMng sAlg s alloy with an FCC +
BCC/B2 structure (Mg = 51.9 Amz/kg and Hc = 730 A/m) [21].
Recently, we developed a soft-magnetic Al; sCo4FesCr alloy via the
cluster-formula approach with the formula of AlzMj4 (Mys =
CogFe4Cry), which exhibits a saturation magnetization of 135.3 Amz/kg,
coercivity of 127.3 A/m, Curie temperature of 1061 K, and electrical
resistivity of 244 pQ-cm [13]. The outstanding soft-magnetic properties
are ascribed to its unique coherent microstructure with ultrafine,
spherical, and ferromagnetic BCC nanoprecipitates with a size of 3 ~ 7
nm uniformly distributed in a B2 matrix. However, when the BCC/B2
coherent microstructure was reversed, i.e., large-sized cuboidal B2
nanoparticles (~100 nm) in the BCC matrix in an Aly 7yNiCoFeCr alloy
designed with the cluster formula of Al;M;4, the soft-magnetic proper-
ties deteriorate seriously (Ms = 28.9 Amz/kg and Hc = 947 A/m). When
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a weave-like BCC/B2 microstructure appears in an Algs7NiCoFeCr
(AloM;4) alloy, the soft-magnetic feature almost vanishes due to the
extremely-high coercivity (4035 A/m) and extremely-low saturation
magnetization (11.7 Amz/kg) [13]. These results demonstrated that the
magnetic properties of MPEAs are strongly dependent on the micro-
structure. More importantly, considering that the BCC/B2-structured
MPEAs offer great potential for applications as HT soft magnets, the
influence of microstructural evolution of the BCC/B2 coherent structure
on the soft-magnetic properties should be further explored in detail.

In the present work, we applied the cluster formula of Al3Mi4 to
design a new series of MPEAs in the Al-Co-Cr-Fe system, where M can
be tailored and represents different combinations of Co, Cr, and Fe. The
cluster formula approach has been successfully applied to design alloy
compositions in multi-component systems, in which the alloying ele-
ments could be rationally matched and thus the amount of each element
could be optimized [13,22,23]. More significantly, the BCC/B2 coherent
microstructure with spherical or cuboidal nanoprecipitates could be
well controlled via the cluster formula in Al-TMs (transition metals)
alloys to achieve prominent mechanical and functional properties
simultaneously [13,24,25]. For example, the AlyTigZroNbsTag (AloM14)
alloy has both a high yield strength (1193 MPa) and an ultrahigh
combustion calorific capacity (10,240 J-g™1), showing a great potential
to be used as novel energetic structural materials [24,25]. Besides, the
soft-magnetic Al; 5Co4FeyCr alloy also exhibits a high yield strength of
1200 MPa [13]. Here, Ni is removed in order to form Fe/Co-rich BCC
nanoparticles to maximize the saturation magnetization since the
magnetic moment (u) of Ni is smaller than that of Fe and Co (uy,r. =
2.2up, pi,co = 1.7pup, and py ni = 0.6up, pp is the Bohr magneton) [26].
Meanwhile, a proper addition of Al via the cluster formula of AlsM; 4 can
avoid the formation of weave-like BCC/B2 microstructure [13,27,28].
Cr is introduced because it has the potential to tailor the lattice misfit
between the BCC and B2 phases for the formation of ultrafine spherical
nanoprecipitates [22,27,28]. Under the above considerations, five
MPEAs were designed, i.e., S1-AlgCosFe;, S2-Al3CogFe;Cry, S3-Al3Cog.
FegCra, S4-Al3CoyFe4Crs, and S5-Al3Co4Fe;Crs. Table 1 lists their
chemical compositions. The microstructures and magnetic properties of
these alloys in different states were systematically characterized, aiming
at understanding the influence of chemical compositions and micro-
structural evolution (including phase constitution and particle
morphology) on the soft-magnetic properties of the alloys. The micro-
structural dependence of coercivity and the compositional dependence
of saturation magnetization were discussed, and the electrical resistivity
of these alloys at both room temperature (RT) and HTs were analyzed.
Emphases were place on revealing the correlation of microstructural
evolution and stability of the coherent BCC/B2 structure with the
soft-magnetic properties at HTs.

2. Experimental

The Al3(Co,Fe,Cr);4 MPEA samples were prepared by means of arc
melting and suction-casting into a copper mold with a dimension of 2
mm X 9 mm x 60 mm under an argon atmosphere. The purity of raw
metals is better than 99.99 wt.%. Alloy ingots with a weight of about 10
g were re-melted at least five times to ensure chemical homogeneity
followed by suction-casting. These alloy plates were homogenized at
1573 K for 2 h and then aged for 24 h at different temperatures (773,
873, 973, and 1073 K). Particularly, some representative alloys were
selected for aging at 873 ~ 1073 K for 480 h to study the thermal sta-
bility of the microstructure. Water quenching was done for all heat
treatment cycles.

Crystal structures of both as-homogenized and aged alloys were
examined using a Bruker D8 X-ray diffractometer (XRD) with a Cu-K,
radiation (4 = 0.15406 nm) at a scanning speed of 2°/min, in which an
external standard method was applied to calculate the lattice constants
of phases [29]. The microstructures were examined using a Zeiss Supra
55 scanning electron microscope (SEM) and JEOL-JEM-2100F
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Table 1
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Data summary for the designed MPEAs, including the chemical compositions in atomic percent (at.%) and magnetic properties (characterized with the saturation

magnetization Mg and coercivity Hc) in different heat-treated states.

Alloys composition (at.%) Heat treatment Ms (Amz/kg) Hc
(A/m)
S1-Al;Co,Fe; Aly7.65C041.18F€41.18 1573 K-homogenized 167.5 191.0
773 K-aged for 24 h 165.2 183.1
873 K-aged for 24 h 160.6 175.1
873 K-aged for 480 h 165.4 183.1
973 K-aged for 24 h 163.8 159.2
973 K-aged for 480 h 162.8 159.2
1073 K-aged for 24 h 162.0 151.2
1073 K-aged for 480 h 157.9 135.3
S2-Al3CogFe;Cry Aly7.65C035.29Fe41.18Crs 88 1573 K-homogenized 145.4 302.5
S3-Al3CogFegCra Al;7,65C035.29Fe35.20Cr11.76 1573 K-homogenized 127.0 143.3
773 K-aged for 24 h 129.6 143.3
873 K-aged for 24 h 127.8 151.2
873 K-aged for 480 h 132.0 159.2
973 K-aged for 24 h 129.2 270.6
973 K-aged for 480 h 120.0 1950.2
1073 K-aged for 24 h 127.5 374.1
S4-Al3CoyFesCrs Aly7,65C041.18F€23.53Cr17.65 1573 K-homogenized 114.0 2149
S5- Al;Co4Fe;Crs Aly765C023 53F€41.18Cr17.65 1573 K-homogenized 107.4 159.2
773 K-aged for 24 h 114.5 119.4
873 K-aged for 24 h 102.3 477.6
973 K-aged for 24 h 104.1 811.9
1073 K-aged for 24 h 108.1 1974.1

field-emission transmission electron microscope (TEM). An
aberration-corrected JEM-ARM300F TEM equipped with an energy
dispersive spectroscopy (EDS) detector was used to analyze the
morphology of ultrafine nanoprecipitates and elemental distribution.
Electron backscatter diffraction (EBSD) measurements were performed
using the JEOL-JSM-IT800SHL SEM, where the samples were prepared
by argon ion beam polishing. Samples for SEM observations were me-
chanically ground, polished, and then etched in a solution consisting of
5 g FeCl3-6H,0, 25 ml HCl, and 25 ml CoHsOH. TEM specimens were
prepared by an FEI Helios NanoLab 600 Dual-Beam focused ion beam
(DB-FIB) instrument and the detailed procedure was described else-
where [30]. The statistical analysis on the volume fraction and particle
size of precipitates were performed with at least six SEM or TEM
morphology images using the Image-Pro-Plus 6.0 software, in which the
volume fraction f of precipitates was estimated by the projected areal
fraction As (i.e., f = Ap) in each SEM/TEM image, and the average radius
(r) of precipitates is calculated from the traced areas using a
circular-equivalent, i.e., r = y/area/n. Atom probe tomography (APT)
characterizations were performed in a local electrode atom probe
(CAMECA LEAP 5000 XR). Needle-shaped specimens were fabricated by
lift-outs and annular milled in a FEI Scios FIB/SEM, and the specimens
were analyzed at 70 K in voltage mode with a pulse repetition rate of
200 kHz, a pulse fraction of 20 %, and an evaporation detection rate of
0.2 % atom per pulse [31]. The data analysis workstations AP Suite 6.1
was used for the 3D reconstructions and data analyses [32].

The saturation magnetization and coercivity of the alloys in different
states at both RT and HTs (873 and 973 K) were measured with a
vibrating sample magnetometer (VSM, Lake Shore 7410) under a
maximum applied field of 1200 kA/m, in which the sample size of bulk
alloys was 3.0 x 2.0 x 1.0 mm (length x width x thickness). The
sweeping rate of magnetic field within + 8 kA/m was 160 A/(m-s) in
order to obtain a precise coercivity, and when the magnetic field is out of
this range, the sweeping rate was 4000 A/(m-s). Initial magnetization
curves of the as-homogenized alloys were also measured with the VSM
under a maximum applied field of 1200 kA/m, and the demagnetization
was carried on before the measurement. Curie temperatures were also
measured with the VSM from 375 K to 1123 K in both heating and
cooling modes with a heating or cooling rate of 10 K/min under an
applied field of 800 kA/m in order to achieve the saturation magneti-
zation. The electrical resistivity of these alloys at RT and HTs was

measured with a variable temperature-resistivity meter (TRT-1000), in
which the testing temperature increased from RT to 1073 K with a
constant heating rate of 10 K/min (testing at every 50 K interval).

3. Results
3.1. Soft-magnetic properties in different states

The initial magnetization curves of the designed Als(Co,Fe,Cr)i4
MPEAs in the as-homogenized state are shown in Fig. 1a, in which the
initial permeability (u;) of these alloys are also listed. Among them, the
S1-AlsFe;Coy alloy has the lowest initial permeability with y; = 24.8.
And the substitution of Cr for Fe or Co can increase the initial perme-
ability, as evidenced by the permeability of y; = 36.5 in S5-AlsFe4Co7Crs
alloy. Room-temperature hysteresis loops of the designed Als(Co,Fe,
Cr);4 MPEAs in the homogenized state are shown in Fig. 1b, from which
the magnetic properties, including the saturation magnetization and
coercivity, were estimated and are listed in Table 1. It can be seen that
this series of alloys exhibit good soft-magnetic properties with saturation
magnetization of 107.4 ~ 167.5 Am?/kg and coercivity of 143 ~ 303 A/
m. Specifically, with increasing the Cr content, the saturation magneti-
zation is reduced gradually from 167.5 to 107.4 Am?/kg. Among them,
the S1-Al3Co7Fe; alloy without Cr additions has the largest saturation
magnetization value. The coercivity does not show significant changes
among different alloys, but all values are at a considerably low level,
showing a good soft-magnetic feature.

To investigate the influence of aging temperature on the soft-
magnetic properties, the S1-AlgCosFe;, S3-Al3CogFesCry, and S5-
Al3Co4Fe;Crs alloys were aged for 24 h at different temperatures
ranging from 773 to 1073 K. The hysteresis loops of the aged alloys at
different temperatures are shown in Fig. lc-e, and the saturation
magnetization and coercivity values are also listed in Table 1. It is found
that the soft-magnetic properties of the S1-Al3CoyFe; alloy are not
sensitive to the aging temperature, still showing a high saturation
magnetization of 160 ~ 165 Am?/kg and a low coercivity of 151 ~ 183
A/m, which are comparable to those (Mg = 167.5 Amz/kg and H¢ =
191.0 A/m) in the homogenized state. Although the saturation magne-
tization of the aged S3-Al3CogFegCro alloy remains unchanged (~ 129
Am?/kg), its coercivity increases slightly with the aging temperature, as
evidenced by the coercivity of 150 A/m in the 773 ~ 873-K aged states
and 270 ~ 374 A/m in the 973 ~ 1073-K aged states. However, for the
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Fig. 1. (a) Initial magnetization curves of the designed Al3(Co,Fe,Cr);4 MPEAs in the homogenized state, and (b~e) RT hysteresis loops of the Al3(Co,Fe,Cr);4 MPEAs
in different states: (b) S1 ~ S5 in the as-homogenized state, (c) S1 after aging at 773 ~ 1073 K, (d) S3 after aging at 773 ~ 1073 K, and (e) S5 after aging at 773 ~

1073 K.

S5-Al3Co4Fe;Crs alloy, the coercivity increases drastically after aging at
HTs, showing the coercivity of 811.9 A/m in the 973-K aged state and
1974 A/m in the 1073-K aged state, which indicates that there might
occur a remarkable variation in microstructure. Moreover, it is empha-
sized that the saturation magnetization values of these alloys are not
affected by the aging temperature, confirming that the saturation
magnetization is closely related to the amount of ferromagnetic ele-
ments, rather than the microstructures [13,17-21]. Resultantly, the low
saturation magnetization (103 ~ 111 Am?/kg) of S5 can be ascribed to
the increase of non-ferromagnetic Cr content (17.65 at.%).
Furthermore, both the S1-Al3CojFe; and S3-Al3CogFesCry alloys
were aged at 873 ~ 1073 K for a long time of 480 h, and their magnetic
properties were also measured, as presented in Fig. 1cand d and Table 1.
Fascinatingly, even after a long-term aging at 973 ~ 1073 K, the S1 alloy
still shows excellent soft-magnetic properties with a high saturation

magnetization (157.9 ~ 165.4 Am?/kg) and a low coercivity (135.3 ~
183.1 A/m). While the long-term aging at 973 K deteriorates the soft-
magnetic properties of the S3 alloy, leading to an increase of the coer-
civity to 1950.2 A/m. By contrast, the S3 alloy still exhibits prominent
soft-magnetic properties with a moderate saturation magnetization of
132.0 Am?/kg and a low Hg of 159.2 A/m after a long-term aging at 873
K.

3.2. Microstructure in different states

3.2.1. In the homogenized state

To understand the influence of heat treatments on the soft-magnetic
properties of the Al3(Co,Fe,Cr);4 MPEAs, we executed a detailed char-
acterization on phase constitutions and microstructural morphologies of
the alloys. Fig. 2a displays the XRD patterns of the as-homogenized
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Fig. 2. (a) XRD patterns of the as-homogenized S1 ~ S5 alloys and (b) varia-
tions of lattice constants of the BCC and B2 phases and lattice misfits between
them in the S1 ~ S5 alloys.

alloys. It is evident that all these alloys consist of disordered BCC solid
solution and ordered B2 phases (characterized by the (100) diffraction
peak). The lattice constants of the BCC and B2 phases were measured,
and their lattice misfit ¢ were calculated by ¢ = 2 x (agz - agcc) / (agz +
apcc), where apce and agy are the lattice constants of the BCC and B2
phases, respectively, as listed in Supplementary Table S1. Fig. 2b shows
the variations of lattice constants of the BCC and B2 phases and their
lattice misfits with the Cr content. It is found that the lattice misfits in
these as-homogenized alloys increase slightly with increasing the Cr
content , being in the range of 0.07 ~ 0.24 %. Among them, the S1-
Al3CoyFey; alloy possesses the lowest lattice misfit value (¢ ~ 0.07 %). It
is noted that all these lattice misfit values are relatively smaller as
compared with those (¢ = 0.2 % ~ 0.6 %) in previously reported Al-Ni-
Co-Fe-Cr MPEAs containing the coherent BCC/B2 precipitation [22].
Microstructures of these as-homogenized MPEAs were characterized
by the EBSD, SEM, and TEM. Fig. 3a and b show the EBSD inverse pole
figure (IPF) maps of the S1-Al3CoyFe; and S3-Al3CogFesCrs alloys. Both
alloys contain coarse equiaxed grains with an average size of 200 ~ 400
pm, and within the grains there are micro-scale cells with a size of 120 ~
400 nm, as illustrated in Fig. 3c and d. Supplementary Fig. S1 shows the
elemental mapping obtained from STEM-EDS analysis, which suggests
that the formation of micro-scale cells can be ascribed to the segregation
of Co and Fe on the cell boundaries. Interestingly, the TEM analysis
indicates that in the cell interior of the S3 alloy, spheroidal BCC nano-
particles with a diameter of 3 ~ 5 nm are coherently precipitated in the
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ordered B2 matrix, as presented in the dark-field (DF) image and cor-
responding selected-area electron diffraction (SAED) pattern (Fig. 3e).
High-resolution TEM (HRTEM) along the [100] direction and the fast
Fourier transformation (FFT) patterns reveal more details on the BCC
nanoprecipitates (red arrows in Fig. 3f), demonstrating that the BCC
nanoprecipitates are perfectly coherent with the B2 matrix. Therefore,
this series of MPEAs have a hierarchical microstructure, consisting of
macro-scale equiaxed grains, micro-scale cells, and nano-scale pre-
cipitates. Particularly, the formation of spherical nanoprecipitates
should be attributed to the small lattice misfit (¢ < 0.2 %) between the
coherent BCC and B2 phases, since a large lattice misfit would generally
result in the precipitation of plate- or needle-like nanoprecipitates or the
formation of a weave-like spinodal microstructure [22].

3.2.2. In the aged states

After aging at different temperatures, the sizes of both macro-scale
grains and micro-scale cells do not show significant changes, which
are comparable to those in the as-homogenized samples. For the S1-
Al3Co7Fey alloy, even after a long-term aging for 480 h at 973 ~ 1073 K,
the micro-scale cells do not coarsen significantly and show an average
cell size of 300 ~ 400 nm, as presented in Fig. 4. Notably, the BCC
nanoprecipitates are not susceptible to both aging temperature and time.
Fig. 5a shows the TEM analysis of the S1 alloy after aging at 773 K for 24
h. The DF-TEM image and corresponding SAED pattern along the
[110]pcc direction indicate that the ultrafine BCC nanoparticles with a
size of 3 ~ 8 nm are precipitated in the L2, matrix. Here, L2; is a highly-
ordered BCC-derived phase, which consists of eight lattice cells of or-
dered B2 structures [33,34]. When the S1 alloy was aged at 973 and
1073 K for 480 h, the TEM-DF and HAADF images confirm that the ul-
trafine BCC nanoparticles with a size of 3 ~ 8 nm are still coherent with
the B2 matrix, as shown in Fig. 5b and c. The volume fraction of BCC
nanoprecipitates is f ~ 10 % and remains almost unchanged with the
aging time prolonging. Furthermore, the compositional analysis of the
BCC nanoprecipitates and B2 matrix by using TEM-EDS are presented in
Fig. 5d. The average compositions of the BCC nanoprecipitates and B2
matrix are Aly31Co4s57Feq1.2 and Aljs7Cos3 0Fes1 3 (at.%), respectively,
showing only a small composition difference between these two phases.
For the L2; matrix in the 773-K aged state, it could be understood by the
phase transformation from the B2 to L2 structure [33,34]. In the Fe-Al
binary phase diagram [35], there exists a L2;-FesAl phase at 673 ~ 850
K, and the B2 phase can transform to the L2; phase at an Al content of ~
20 at.% at elevated temperatures.

To further study the elemental partitioning between the BCC nano-
precipitates and B2 matrix, we applied the APT technique to analyze the
S1 alloy after aging at 1073 K for 480 h. Fig. 6a shows the atom maps of
Al, Co, and Fe, in which the relative position and extent of Al (green), Co
(blue), and Fe (red) are indicated. It appears that Co exhibits a slight
segregation. For statistical analysis, the concentration isosurface of 44
at.% Co was used to visualize the Co-enriched precipitates (Fig. 6b),
based on which the corresponding proximity histogram is displayed in
Fig. 6¢. It is found that the average size of the nanoprecipitates is 2.1 +
1.4 nm. Moreover, Al and Fe are enriched in the B2 matrix, and Co
partitions to the BCC nanoprecipitates, which is consistent with the
TEM-EDS results (Fig. 5e). In other words, there exists a slight difference
in composition between these two phases. Therefore, the BCC/B2
coherent microstructure in the S1-Al3CoyFe; alloy has a high thermal
stability at HTs up to 1073 K, which contributes to the prominent soft-
magnetic properties, as evidenced by the high saturation magnetiza-
tion of 157.9 Am?/kg and low coercivity of 135.3 A/m (Fig. 1b).

For the S3-Al3CogFesCr; alloy, the SEM micrographs after aging at
973 K for 24 and 480 h are shown in Fig. 7. In the 24-h aged state, the
particle size (~ 90 nm) of BCC nanoprecipitates in the B2 matrix is
obviously larger than that (~ 5 nm) in the as-homogenized state (Fig. 3e
and f). These BCC nanoprecipitates coarsen remarkably after aging for
480 h (Fig. 7b). Multiple BCC nanoprecipitates are merged into coarse
ellipsoidal particles with a volume fraction of f ~ 28 %, showing a size of
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Fig. 3. Microstructural characterization of the S1 and S3 alloys in the as-homogenized state: EBSD IPF maps of the (a) S1-Al3Co,Fe; and (b) S3-Al;CogFesCr; alloys,
showing coarse macro-scale equiaxed grains, SEM images of the (c) S1 and (d) S3 alloys, showing micro-scale cells in each equiaxed grain, (¢) DF-TEM image and the
corresponding SAED pattern of the S3 alloy, and (f) HRTEM image and FFT patterns along the [100] direction of the S3 alloy.

~ 150 nm or short-rod particles with a length of ~ 500 nm and a width
of ~ 190 nm. Moreover, the 480-h aged sample was characterized by
STEM, and the HAADF-STEM image and corresponding TEM-EDS
mapping of the BCC and B2 phases are shown in Fig. 8. The average
compositions of BCC nanoprecipitates and B2 matrix are AlsCo20.9.
Fegg.9Craq.3 and Aljg gCosq 4Fea7 oCri7.9 (at.%), respectively. Obviously,
the B2 matrix is enriched in Al and Fe, whereas Co and Cr partition
mainly to the BCC nanoprecipitates. The coarsening of BCC nano-
precipitates increases the coercivity gradually up to 1950 A/m in 480-h
aged state (Fig. 1c and Table 1). Accordingly, the soft-magnetic prop-
erties of the 773 ~ 873-K aged samples are similar to those of the as-
homogenized sample, which implies that the microstructure in the
aged state is similar to that in the as-homogenized state (Fig. 3e and f), i.
e., the uniform distribution of ultrafine BCC nanoprecipitates in the B2
matrix.

Furthermore, APT was also applied to study the elemental distribu-
tion and particle morphology in the S3-AlsCogFesCr; alloy after aging at

773 K for 24 h. Fig. 9a shows the atom maps of Al, Cr, Fe, and Co, from
which the non-uniform distribution of Cr can be clearly identified. The
morphology of the Cr-enriched regions was further visualized by the
concentration isosurface (green) of 25 at.% Cr in an enlarged view, as
presented in Fig. 9b. Fe is slightly enriched at the interface between the
Cr-enriched particle and matrix, as evidenced by the concentration
isosurface (red) of 39 at.% Fe. Fig. 9c shows the corresponding prox-
imity histogram to quantify the elemental distributions across the
interface between the Cr-enriched nanoprecipitates and matrix, from
which the Fe segregation at the nanoprecipitate-matrix interface was
clearly observed (marked by the red arrow). That is, the non-
ferromagnetic Cr-enriched nanoprecipitates are surrounded by the
ferromagnetic Fe to form composite nanoprecipitates with composition
gradients. The average size and number density of the nanoprecipitates
are 3.1 + 1.3 nm and 3.2 x 102! m™3, respectively. The formation of such
composite BCC nanoprecipitates might be attributed to the fast diffusion
of Cr and the preferred Cr-Fe segregation in BCC-based alloys, which was
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Fig. 4. SEM micrographs of the aged S1-Al;CoFe; alloy in different aged states: (a) 24 h at 773 K, (b) 24 h at 873 K, (c) 480 h at 973 K, and (d) 480 h at 1073 K.

previously observed in Fe-Cr-Al-based ferritic stainless steels [36].

The SEM micrographs of the S5-Al3Co4Fe;Crs alloy after aging for 24
h at different temperatures are presented in Fig. 10. It is seen that in the
773-K and 873-K aged states, the micro-scale cell boundaries still exist
(Fig. 10a and b). With the increase of aging temperature, these BCC
nanoprecipitates coarsen markedly, as evidenced by the cuboidal par-
ticles with a size of 300 ~ 500 nm in 973-K aged state (Fig. 10c) and a
BCC/B2 lamellar microstructure with a width of ~ 180 nm in 1073-K
aged state (Fig. 10d). The volume fraction of BCC nanoprecipitates is
~ 31 % and remains almost unchanged with the aging temperature
increasing. Notably, the coarsening of BCC nanoprecipitates after aging
at 973 ~ 1073 K deteriorates the soft-magnetic properties of the S5 alloy
drastically, as demonstrated by saturation magnetization of 114.5 Am?/
kg and coercivity of 119.4 A/m in the 773-K aged state and saturation
magnetization of 108.1 Am?/kg and coercivity of 1974.1 A/m in the
1073-K aged state (Fig. 1d).

3.3. Curie temperature and HT soft-magnetic properties

In view of the high thermal stability of the coherent BCC/B2
microstructure the S1-AlsCoyFe; and S3-AlsCogFesCra alloys, it is sig-
nificant to evaluate their Curie temperature and HT soft-magnetic
properties. Fig. 11a and b show the thermomagnetic curves of these
two as-homogenized alloys in both heating and cooling modes, from
which the Curie temperature were estimated, being 1254 and 1052 K for
the S1 and S3 alloys, respectively. The former is higher than the latter
due to that the addition of non-ferromagnetic Cr can decrease the Curie
temperature. It can be seen that the thermomagnetic curves during the
heating and cooling processes of S1 alloy are overlapped perfectly,
which is mainly ascribed to the highest thermal stability of coherent
BCC/B2 microstructure. By contrast, there exists a subtle difference in
the thermomagnetic curves between the heating and cooling for the S3
alloy, which results from the fact that the heat accumulation during

heating and cooling could induce a coarsening of BCC nanoprecipitates
and eliminate the elemental segregation on micro-scale cell boundaries,
resembling the aging process. Experimentally, the BCC nanoprecipitates
in this alloy coarsen remarkably and the micro-scale cells disappear
during aging at 973 K, as seen in Figs. 7 and S2. Furthermore, the heat
accumulation could increase the chemical homogeneity of the alloy and
alleviate the internal residual stress induced by rapid water quenching,
which might lead to an increase in magnetization of the alloy. It is
evidenced by the fact that the magnetization values of these two alloys
during cooling below 773 K are higher than those during heating,
especially in S3 alloy. The HT hysteresis loops of these two 973-K aged
samples were measured at 773 ~ 973 K, and the results are presented in
Fig. 11c and d. The measured values of the Curie temperature (T¢),
saturation magnetization (Ms), and coercivity (Hc) are listed in Table 2.
More significantly, the soft-magnetic properties of the S1-Al3Co;Fe;
alloy are not sensitive to testing temperature, still showing a high
saturation magnetization of 134 ~ 151 Am?/kg and a low coercivity of
167 ~ 191 A/mat HTs up to 973 K. Especially, the coercivity values at
HTs are comparable to that (159.2 A/m) at RT, while the saturation
magnetization at HTs is slightly lower than that (162.8 Am?/kg) at RT.
By contrast, the saturation magnetization of the S3-AlgCogFegCry alloy
decreases to 104 ~ 115 Am?/kg at 773 ~ 873 K and to 58.0 Am?/kg at
973 K, whereas the coercivity increases sharply to 151 A/m at 773 ~
873 Kand to 517.4 A/m at 973 K. Therefore, it can be concluded that the
excellent soft-magnetic properties of the S1 alloy can be retained at
temperatures up to 973 K, while those of the S3 alloy can be kept at 873
K and below.

It is found that the saturation magnetization decreases gradually
with the measurement temperature (Fig. 11a and b). On the one hand,
the increase in temperature accelerates the thermal motion of atoms,
which can disrupt the orderings of atomic magnetic moments and
electronic spin magnetic moments, being detrimental to the magneti-
zation process. On the other hand, the increase in temperature enhances
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Fig. 5. TEM characterization of the aged S1-Al3Co;Fe; alloy in different aged states: (a) TEM-DF image and corresponding SAED pattern along [110]pcc direction of
the alloy aged at 773 K for 24 h showing the precipitation of ultrafine BCC nanoparticles in the L2; matrix, (b) the TEM-DF image and corresponding SAED pattern of
the alloy aged at 1073 K for 480 h showing the precipitation of ultrafine BCC nanoparticles in the B2 matrix, (c¢) HAADF image of the alloy aged at 1073 K for 480 h
showing BCC nanoparticles with sizes of 3 ~ 5 nm, and (d) chemical compositions of BCC nanoparticles and B2 matrix by TEM-EDS.

the amplitude of atomic thermal vibration and the interatomic spacing,
i.e. thermal expansion, which can alter the exchange integral constant
and the exchange energy of electronic spin magnetic moments among
atoms and thus destroy the spontaneous magnetization of soft-magnetic
materials [37]. Further increasing the temperature above the Curie
temperature Tc, the saturation magnetization of these alloys will reduce
drastically due to the transition from the ferromagnetism to the para-
magnetism. According to the measured compositions of BCC nano-
precipitates and B2 matrix in the current alloys, it is found that
ferromagnetic Fe and Co elements are distributed uniformly in both BCC
nanoprecipitates and B2 matrix, while Al is enriched in the B2 matrix
and Cr is primarily partitioned into the BCC nanoprecipitates in
Cr-containing alloys. It means that both BCC nanoprecipitates and B2
matrix exhibit ferromagnetism below T¢, while above T¢ they will show
a paramagnetism. Similar phenomenon also occurs in the commercial
soft-magnetic Feq9Co49V5 alloy [38], where the precipitation of ferro-
magnetic B2 particles enriched with Fe and Co improves the
soft-magnetic property.

3.4. Electrical resistivity

The electrical resistivity is another key characteristic for HT soft-
magnetic alloys, and a high electrical resistivity could reduce the eddy
current loss according to the inverse relationship between them [26].
Fig. 12a shows the electrical resistivity of the five as-homogenized
MPEAs at RT. It is found that all these alloys exhibit relatively high
electrical resistivity (262 ~ 285 pQ-cm) and the resistivity is gradually
rising with the amount of non-ferromagnetic Cr. For example, the re-
sistivity of the S1-Al3CoyFe; alloy is 262 pQ-cm, while that of the
S5-Al3CosFe;Crs alloy is 285 pQ-cm. This can be explained from the

high resistance to electron movement from the large lattice distortion
due to the addition of Cr [17]. Actually, all these alloys possess high
electrical resistivity, much greater than that of Fe-based amorphous and
nano-crystalline alloys (80 ~ 150 pQ-cm) [8,39]. In addition, the vari-
ation of electrical resistivity of the S3-AlsCogFesCry alloy with the
temperature (from RT to 1078 K) was also measured and is shown in
Fig. 12b. In the low-temperature region (RT < T < 873 K), the resistivity
increases slowly with temperature, being 276 pQ-cm at RT and 300
pQ-cm at 873 K. While the resistivity increases dramatically in the high
temperature region (873 K< T < 1078 K), in which the resistivity in-
creases up to 328 puQ-cm at 1078 K. This incomparable electrical re-
sistivity could surpass that of most HEAs (100 ~ 300 pQ-cm) [40,41].

3.5. Comparison of soft-magnetic properties

Generally, soft-magnetic alloys with high electrical resistivity and
Curie temperature have a great potential for HT applications. The re-
sistivity (p) and Curie temperature (T¢) of the current series of alloys are
compared with those of conventional soft-magnetic materials [9,13,17,
26,39-42], including traditional alloys, amorphous alloys, nanocrystal-
line alloys, and existing MPEAs, as shown in Fig. 13a and Supplementary
Table S2. It is seen that the current series of alloys possess the highest
electrical resistivity (262 ~ 285 pQ-cm), which is almost twice as high as
that (100 ~ 180 pQ-cm) of amorphous and nanocrystalline alloys and
five times higher than that of traditional Fe-Si steels (p < 90 pQ-cm). The
higher the resistivity, the lower the eddy current loss. In addition, some
alloys, such as the current S1-Al3CoyFe; and S3-AlgCogFegCry, as well as
Al 5Co4FeyCr [13] show a Curie temperature of over 1000 K (the purple
area in the upper right corner of Fig. 13a), indicating that they have the
potential to be used as HT soft-magnets. Furthermore, the S1-Al3Co;Fe;
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Fig. 6. APT characterization of the S1-Al;Co,Fe; alloy aged at 1073 K for 480 h: (a) atom maps of Al, Co, and Fe, (b) the concentration isosurface of 44 at.% Co

showing the distribution of ultrafine BCC nanoparticles in the B2 matrix, and (c) corresponding proximity histogram based on the concentration isosurface showing
that Al and Fe are enriched in the B2 matrix and Co partitions to the BCC nanoparticles.
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Fig. 7. SEM observations of the S3-Al;CogFesCr, alloy aged at 973 K for (a) 24 and (b) 480 h showing the obvious coursing of BCC nanoparticles.

alloy with a supersaturated magnetization of 134.0 Am?/kg and coer- A/m at 873 K demonstrate high potential as candidate materials for HT
civity of 167.2 A/m at 973 K and the S3-Al3CogFesCry alloy with a su- soft-magnetic applications. Although the Hitperm Fe44Co044Zr7B4Cu; (at.
persaturated magnetization of 104.4 Am?/kg and coercivity of 151.2 %) alloy has a high Curie temperature of 1253 K, the metastable feature
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Fig. 8. HAADF-STEM micrograph and corresponding EDS mapping of the S3-Al;CosFesCr;, alloy aged at 973 K for 480 h, showing that the BCC nanoprecipitates are

enriched in Cr and Fe, while the B2 matrix is segregated by Al and Co.

of the amorphous matrix confines its service temperature below 800 K
[9].

In order to clearly explicit the soft-magnetic properties of the current
series of alloys, Fig. 13b gives the saturation induction intension (Bs)
and coercivity (Hc) values of typical soft-magnetic materials, where the
data is taken from Refs. [20]. Firstly, the currently developed
S1-Al3CoyFe; alloy (red star) have a relatively higher saturation induc-
tion intension and lower coercivity, especially the S1-Al3CoyFey alloy, as
compared with most of the existing soft-magnetic MPEAs. In addition,
the saturation induction intension values of the current alloys are
comparable to those of amorphous and nanocrystalline alloys, although
they are slightly inferior to the traditional Fe-Co and Fe-Si alloys. More
importantly, the high-temperature soft-magnetic properties of the cur-
rent alloys are significantly superior to those of amorphous and nano-
crystalline alloys. For instance, the saturation magnetization (150.6
Am?/kg at 773 K) of the current S1 alloy is much larger than that (13.7
Am?/kg at 700 K) of Finemet alloy, despite its lower coercivity (47.7
A/m [7]. Particularly, the high electrical resistivity in the current alloys
has never been observed in any of traditional soft-magnetic alloys.
Therefore, the currently developed MPEAs are attractive as affordable
high-temperature soft-magnets. It is noted that the soft-magnetic ma-
terials are generally applied in alternating current (AC) fields with
various frequencies, such as electric motors and transformers [43]. The
soft-magnetic properties of materials are certainly affected due to the
existence of eddy current and hysteresis effect. Moreover, the magneti-
zation is a relaxation process that requires enough time to achieve. Thus,
as the frequency of AC field increases, the hysteresis loop will show an
elliptical shape [44], which indicates that the saturation magnetization
decreases and the coercivity increases. Meanwhile, the eddy current loss
and the hysteresis loss can also be aggravated.
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4. Discussion

4.1. Composition and temperature dependences of thermal stability of
coherent BCC/B2 structures

From the above characterization, it is found that this series of alloys
in the as-homogenized state consist of disordered BCC solid solution and
ordered B2 phase (Fig. 2a), and the low lattice misfit (0.07 ~ 0.24 %)
between the two phases produces the coherent microstructure with ul-
trafine ferromagnetic BCC nanoparticles (3 ~ 8 nm in size) in the B2
matrix. The coherent BCC/B2 microstructure renders the alloys with
prominent and incomparable soft-magnetic properties (saturation
magnetization of 107.4 ~ 167.5 Am?/kg and coercivity of 143 ~ 303 A/
m). However, it is noted that the microstructural evolutions in these
alloys vary with both aging temperature and time. With increasing the
Cr content, the thermal stability of the coherent BCC/B2 microstructure
can be reduced gradually. Among them, the coherent microstructure of
the S1- Al3CoyFey alloy exhibits the highest thermal stability. Even after
a long-term aging at 1073 K for 480 h, the ultrafine BCC nano-
precipitates do not coarsen significantly and the particle size (3 ~ 8 nm)
is still comparable to that in the as-homogenized state (Fig. 5b and c). As
a result, this alloy exhibits prominent soft-magnetic properties (satura-
tion magnetization of 134.7 Amz/kg and 167.2 A/m at 973 K) at HTs
(Fig. 11c). For the S3-Al3CogFesCry alloy, the BCC nanoprecipitates
show negligible coarsening at 873 K, which contributes to the high
saturation magnetization (104.4 Am?/kg) and low coercivity Hc (151.2
A/m) at this temperature (Fig. 11d). In contrast, the BCC nano-
precipitates coarsen remarkably at 973 K, with the average size
increasing from ~ 90 nm in 24-h aged state to ~ 150 nm in 480-h aged
state. The coarsening of BCC nanoprecipitates increases the coercivity to
1950 A/m (in 480-h aged state). By contrast, the coarsening of BCC
nanoprecipitates in S5-Al3Co4Fe;Crs alloy is very severe. Especially after
aging at 1073 K for 24 h, the BCC and B2 phases exhibit a lamellar
microstructure with a width of ~ 180 nm (Fig. 10d), which heavily
deteriorates the coercivity (1974.1 A/m).
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Fig. 9. APT characterization of the S3-Al3CogFe¢Cr- alloy aged at 773 K for 24 h: (a) atom maps for Al, Cr, Fe, and Co, (b) an enlarged view of the precipitates
depicted with the concentration isosurface of 25 at.% Cr and 39 at.% Fe overlaid on top of the atom map, showing that the BCC nanoparticles are enriched in Cr and
surrounded by Fe to form a core-shell structure, and (c) corresponding proximity histogram generated from all the nanoprecipitates, showing that Al, Fe, and Co are

enriched in B2 matrix and Cr is segregated in the BCC nanoparticles.

Intrinsically, the lattice misfit between the coherent phases can
induce the elastic strain energy, which is the driving force for the
coarsening of coherent particles [45,46]. And the lattice misfit ¢ be-
tween the BCC and B2 phases is closely related to the compositions of
these two phases. Generally, a large composition difference will result in
a large lattice misfit. Among the currently-developed MPEAs, the
S1-Al3CoyFe; alloy has the lowest lattice misfit of ¢ ~ 0.07 % due to the
small composition difference in BCC and B2 phases. Thus, the
S1-AlsCosFe; alloy exhibits the highest microstructural stability of
coherent BCC/B2. While for other alloys, the addition of Cr remarkably
enlarges the composition difference in BCC and B2 due to its strong
segregation in BCC, leading to an increase in the lattice misfit, which
could accelerate the coarsening of BCC nanoprecipitates. Consequently,
the thermal stability of BCC/B2 coherent microstructure is reduced
gradually with increasing the Cr content.

In addition to the lattice misfit, the reduction in the microstructural
stability of coherent BCC/B2 in these Cr-containing alloys might be
related to both the higher volume fraction of BCC nanoprecipitates and
the fast elemental diffusion at HTs, which has been proved by the Ost-
wald ripening theory [47,48]. Especially, the coarsening rate constant is
directly proportional to the volume fraction of precipitates and the
element diffusion coefficients in the matrix [49]. On the one side, the
addition of Cr increases the volume fraction of BCC nanoprecipitates
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obviously due to its strong segregation in BCC phase. For instance, the
volume fraction of BCC nanoprecipitates in S3-Al3CogFe¢Cry alloy is f ~
28 %, which is much higher than that (f ~ 10 %) in S1-AlsCo;Fey,
leading to an accelerated coarsening of BCC nanoprecipitates in the
former. On the other side, the coarsening of BCC nanoprecipitates is
dependent on the elemental diffusion in the B2 matrix at HTs. The
diffusion coefficients of Al, Fe, Co, and Cr elements at different tem-
peratures are listed in Supplementary Table S3. Below 973 K, the
diffusion coefficients of these elements are relatively low, within a range
0f 1.12 x 10722 ~ 5.05 x 107 !° m%s7}, and the difference among them
is not obvious. This primarily contributes to the extremely low coars-
ening rate of BCC nanoprecipitates in these alloys. As the aging tem-
perature increases to 973 K and above, the diffusion coefficient of these
elements increases significantly. For instance, the diffusion coefficient
values of Al are 2.92 x 1078 and 5.71 x 10717 m%s7! at 973 and 1073
K, respectively. Thus, the BCC particles in these alloys coarsen consid-
erably. Especially, the diffusion coefficients of Cr (9.26 x 10 ¥ m2.s™ at
973 K and1.55 x 1071 m%s ! at 1073 K) are approximately two to four
times those of Al, Fe, and Co, which indicates a fast diffusion of Cr. This
would promote the coarsening of BCC particles significantly. Moreover,
the fast diffusion of Cr could result in the formation of composite
nanoprecipitates (Fig. 9¢), since Cr preferentially enters the interior of
the particles while leaving other elements (such as Fe) at the interface
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Fig. 10. SEM micrographs of the S5-Al3Co4Fe;Cr; alloy after aging for 24 h at different temperatures: (a) 773 K, (b) 873 K, (c) 973 K, and (d) 1073 K.

between the particles and matrix.

4.2. Microstructure dependence of the coercivity

It is well known that the magnetic properties of an alloy are
dependent on the magnetic domains, in which the internal stress
induced by crystalline defects could impede the movement of domain
walls in an applied magnetic field, leading to an increase in the coer-
civity [50-52]. Generally, the coercivity is expressed by

_ AAe 35/1

He =
¢ 24 Mscos 1 + 3(5/1)

(€8]

where /; is the magnetostriction coefficient, Ac and [ are respectively the
amplitude and characteristic wavelength of the internal stress field
induced by various crystalline defects (especially grain boundaries and
ultrafine precipitates), g = 41 x 1077 N/AZ is the permeability of
vacuum, Mg is the saturation magnetization, 6 is the angle between the
magnetic moment and magnetic field direction after the movement of
domain wall, and 6 is the width of domain wall. Apparently, the coer-
civity is closely related to a series of parameters, such as 45, Ms, 6, §, Ao,
and [, which are all dependent on the microstructure. Among them, the
wavelength [ is often represented by the grain size Dg in polycrystalline
alloys or the interparticle distance 4, in nanocrystalline alloys, and the
domain wall width § can be estimated by [53,54]

5 = 1A /K ®)
where A, = (kgT¢)/(2ap) is the exchange stiffness, kg = 1.380649 x
10723 J/K is the Boltzmann’s constant, Tc is the Curie temperature, qy is
the lattice parameter of the matrix, and K; is the magnetic anisotropy
constant [55,56].

For the S1-Al3Co7Fe; alloy in both the as-homogenized and aged
states (773 ~ 1073 K), the microstructure consisting of macro-scale
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equiaxed grains, micro-scale cells, and nano-scale particles is very sta-
ble, in which the average grain, cell, and particle sizes are 292 pm, 354
nm, and 4 nm, respectively. Generally, the variation of coercivity with
grain size or particle size follows a tendency presented in Fig. 14 [20,57,
58]. When the structural variations occur on a large scale (D > 100 pm,
larger than the §) in traditional magnetic alloys, Eq. (1) can be simplified
as Hc « 1/D,, where the total area and the internal stress induced by
grain boundaries would become smaller with increased grain size. While
in nanocrystalline alloys, the particle size is much less than the domain
wall width. Thus, Eq. (1) can be simplified as H¢ 1/Dp6, since the
magnetic anisotropy is averaged effectively with several structural units
[20]. Only when the grain size is comparable to the domain wall width,
the coercivity increases to a maximum (> 3000 A/m), which would
render materials with a semi-hard magnetic feature [43]. According to
this tendency, the macro-scale equiaxed grains, micro-scale cells, and
nano-scale particles in the S1-Al3Co;Fe; would produce the coercivity of
2, 1450, and 1 A/m, respectively, as plotted in Fig. 14. Apparently, the
experimentally measured values (135 191 A/m) in the
as-homogenized and aged states are largely different from the theoret-
ical values, indicating that the magnetization mechanism is very com-
plex in such a hierarchical microstructure. Therefore, we need to find a
more reasonable way to calculate the coercivity of S1-AlsCosFe; alloy.

The domain wall width was estimated as 211 nm according to Eq. (2)
with the input of @y = 0.2870 nm, T¢ = 1254 K, and K; = 6.8 kJ/m>.
Here, the value of the magnetic anisotropy constant K; was taken from
that of binary CosgFesq alloy, since the Co/Fe ratio is 1 and the non-
ferromagnetic Al does not show any magnetic moment [59]. The char-
acteristic wavelength is equal to the grain/cell size (292 pm and 354 nm,
respectively) or the interparticle distance of nanoprecipitates 4,, which
can be calculated by [60]:

by = V73D, (VAT 1)

3
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Fig. 11. Thermomagnetic curves of the as-homogenized (a) S1-Al3Co;Fe; and (b) S3-Al3CogFesCr; alloys in both heating and cooling modes, in which the Curie
temperature can be obtained, and HT hysteresis loops at 773 ~ 973 K of the (c) S1 and (d) S3 alloys after aging at 973 K for 480 h.

Table 2

High-temperature soft-magnetic properties of the aged S1-Al;Co,Fe; and S3-
Al3CogFegCro alloys at 973 K for 480 h, including the Curie temperature (T¢),
saturation magnetization (Ms), and coercivity (Hc) measured at different tem-
peratures of 773 ~ 973 K.

Alloys Te (K) Temperature (K) Ms (Amz/kg) Hc
(A/m)
S1-Al3Co,Fe; 1254 773 150.6 183.1
873 144.6 191.0
973 134.7 167.2
$3-Al;CogFesCr 1052 773 115.5 151.2
873 104.4 151.2
973 58.0 517.4

where f = 10 % is the volume fraction of BCC nanoparticles determined
from the HAADF images (Fig. 5¢). Thus, the coercivity values induced by
macro-scale equiaxed grains, micro-scale cells, and nano-scale particles
are calculated to be H'c.macro = 2.6 A/m, H'¢.micro = 1026 A/m, and Hc.
nano = 33 A/m, respectively, with the Eq. (1), in which the involved
parameters were approximately taken as A; =1 x 1075, cosf = 1/2 (the
average value), and Ao = 235 kJ/m° according to those in traditional Fe-
Co-based soft-magnetic alloys [20].

Since the internal stress that impedes the domain wall movement is
mainly induced by the interfaces of crystalline defects [50-52], the
contributions of the micro-scale grains, micro-scale cells, and nano-scale
particles to coercivity of the S1-Al3CoyFe; alloy are proportional to their
surface areas (Smacro> Smicro> ad Snano, respectively). Thus, the coercivity
of the alloy can be calculated by:

,

HC = AlH’C—mzlcm + AZH/C*M[CI‘O + ASHC*IHIHG;

13

Shacro Smicro Snano
Ay =S gy =Sy S,
Sr St Sr
3v 6V 6V
St = Sumacro + Smicro + Sm[(‘rm Smacro = n Sicro = = Snano = 5 4
! D, D’ D, @

where V represents the volume of the bulk alloy, St is the total surface
area, and A; = 0.0002, A, = 0.1008, and A3 = 0.89 are the proportions
of Smacros Smicro, @and Spano to St, respectively. Resultantly, the total
coercivity was estimated to be 133.5 A/m, which is reasonably consis-
tent with the measured value (135 ~ 191 A/m). It is found that the nano-
scale particles have made a dominant contribution to the coercivity,
while the contribution from the macro-scale grains is very small.
Therefore, the low coercivity in S1-Al3CoyFey is primarily ascribed to the
uniform distribution of ultrafine ferromagnetic BCC nanoprecipitates.
Similarly, the S3-Al3CogFecCry alloy exhibits prominent soft-
magnetic properties with a low coercivity of 159.2 A/m after aging for
480 h at 873 K due to its stable microstructure. However, after aging for
480 h at 973 K, the coercivity increases to 1950.2 A/m, demonstrating a
drastic degradation of soft-magnetic properties. Since the domain wall
width was calculated as 192 nm with Eq. (2) (ap = 0.2869 nm and T¢ =
1052 K), the coercivity is strongly dependent on the characteristic
wavelength I. During aging at 973 K, the sizes of the macro-scale grains
do not show significant changes and are comparable to those in the as-
homogenized state, and their contribution to H¢ can be neglected, since
the ratio of Syacro to St is less than 0.01. Moreover, the micro-scale cells
disappear after aging at 973 K, as shown in Supplementary Fig. S2,
indicating that the heat treatment at a relatively high temperature can
eliminate the elemental segregation on cell boundaries. Thus, the
coercivity values in different states are determined by the BCC
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nanoprecipitates, which coarsen remarkably after aging at 973 K,
increasing from ~ 4 nm in the as-homogenized state to ~ 90 nm in the
24-h aged state and then to ~ 350 nm (for ellipsoidal particles) in the
480-h aged state. According to Eqs. (1), (3), and (4), the ratio of the
coercivity in the aged state to that in the as-homogenized state is pro-
portional to Lygne / (Tnano?> + 352). The calculated coercivity ratios in the
24- and 480-h aged states to that in the as-homogenized state are 2.3 and
7.5, respectively, which are comparable to the experimentally measured
values, i.e., 270.6 / 143.3 = 1.9 and 1950.2 / 143.3 = 13.6, respectively.
It is found that the coarsening of BCC nanoparticles increases the
contribution of the particle-matrix interface to the coercivity, since the
interparticle distance of BCC nanoparticles is much larger than the
domain wall width. Especially, when the size of BCC precipitates in 480-
h aged state is comparable to or slightly larger than the domain wall
width, the coercivity increases drastically. Therefore, it can be deduced
that the coherent BCC/B2 microstructure with excellent thermal sta-
bility is essential to high-performance soft-magnetic alloys for high-
temperature applications, and low coercivity requires the size of BCC
nanoprecipitates to be much smaller than the domain wall width.

4.3. Composition dependence of the saturation magnetization and
induction intension

The saturation magnetization Mg (or saturation induction intension
Bg) depends on the amount of ferromagnetic elements (Fe, Co, and Ni)
[13,17-21], in which the magnetic moments of Fe, Co, and Ni are 2.2,
1.7, and 0.6 up (Bohr magneton) [26], respectively. The mean magnetic
moment per ferromagnetic atom in an alloy can be expressed by iy =
>~ My i-Xi, where x; is the amount of element i. For comparison, the Bg
and iy of several classical soft-magnetic alloys [7,9,13,17,21,61-63],
such as the Finemet alloy, Hitperm alloy, and other available MPEAs, as
well as the currently developed alloys, are listed in Supplementary
Table S4. Fig. 14c presents the variation of saturation induction inten-
sion with mean magnetic moment per ferromagnetic atom. Obviously,
the saturation induction intension shows a linear upward trend with the
increased mean magnetic moment per atom, i.e., the increased amount
of ferromagnetic elements. In addition, the saturation induction inten-
sion (saturation magnetization) values of soft-magnetic alloys are not
susceptible to the crystalline structure, as evidenced by the observation
that saturation induction intension and mean magnetic moment per
atom of an FCC-based Cogy 7Fess ¢Nigy 7Tas 0Aly o alloy are comparable
to those of the current BCC-based S3-Al3CogFeqCra (Aly7.65C035.29.
Fess.29Cr11.76) alloy. It is also noted that the saturation induction
intension values of some alloys (such as Al; sCo4FesCr, Hitperm
Fe44C044Zr;B4Cu; alloy, and S1-AlsCo;Fe;) are slightly higher than
those given by a linear relationship with the mean magnetic moment per

atom. It might result from the strong interactions among ferromagnetic
atomic pairs in a short range, which could contribute to the magnetic
moment per atom of ferromagnetic elements effectively [19].

5. Conclusions

The present work developed a series of novel soft-magnetic MPEAs
with a coherent microstructure consisting of ultrafine BCC ferromag-
netic nanoprecipitates in the B2 matrix by deliberately tailoring the
chemical compositions via the formula of Als(Co,Fe,Cr)14. The micro-
structure and soft-magnetic properties of five representative alloys
(A13607Fe7, A13C06F67CI‘1, A13C06FE(,CI‘2, A13C07Fe4Cr3, and A13C04,
Fe;Cr3) were thoroughly studied, and the following conclusions are
drawn.

1) The MPEAs exhibit excellent soft-magnetic properties with satura-
tion magnetization of 107.4 ~ 167.5 Am?/kg and coercivity of 143 ~
303 A/m in the as-homogenized state, and the increase of Cr content
reduces the saturation magnetization gradually. Interestingly, the
prominent soft-magnetic properties of the Al3Co;Fe; alloy are not
sensitive to the aging temperature (773 ~ 1073 K) and time, as
evidenced by the high saturation magnetization (157.9 Am?/kg) and
low coercivity (135.3 A/m) after aging for 480 h at 1073 K. In
contrast, the coercivity of Al3CogFesCrs increases slightly with aging
temperature, increasing from ~ 150 A/m in the 773 ~ 873-K aged
states to 270 ~ 374 A/m in the 973 ~ 1073 K-aged states. The
coercivity of the Al3Co4Fe;Crs alloy increases drastically 1974 A/m
after aging at 1073 K, which is ascribed to a remarkable change in
microstructure.

2) The as-homogenized MPEAs contain ultrafine spherical BCC ferro-
magnetic nanoparticles with a size of 3 ~ 8 nm in the B2 matrix,
which is related to the small lattice misfit (¢ < 0.21 %) between the
BCC and B2 phases. The BCC/B2 coherent microstructure in the
Al3CoyFe; alloy exhibits the highest thermal stability among the
studied alloys, in which the BCC nanoparticles do not coarsen
significantly even after aging for 480 h at 1073 K. The BCC nano-
particles are enriched slightly in Co and Fe, compared with the Al-
rich B2 matrix. The microstructural stability of BCC/B2 endows the
alloy with outstanding soft-magnetic properties at HTs, as presented
by saturation magnetization of 134.7 Am?/kg and coercivity of 167.2
A/m at 973 K.

3) The coherent microstructure in the AlzCo4Fe;Crs alloy is also very
stable, and the BCC nanoprecipitates do not coarsen significantly
after aging for 480 h at 873 K, leading to comparable soft-magnetic
properties (saturation magnetization of ~ 130 Am?/kg and coer-
civity of ~ 150 A/m) to those in the as-homogenized state. These
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ultrafine nanoprecipitates have a core-shell structure, in which Cr
partitions to the core and Fe segregates to the shell. Moreover, this
alloy exhibits decent HT soft-magnetic properties with saturation
magnetization of 104.4 Am?/kg and coercivity of 151.2 A/m at 873
K. However, further increasing the aging temperature and time leads
to an obvious coarsening of BCC particles. The particle size increases
to ~ 90 nm after aging at 973 K for 24 h and to ~ 500 nm in length
and ~ 190 nm in width (for the short-rod shape) after 480 h aging,
which results in a sharply increase of coercivity to ~ 1950 A/m.
The analysis on the soft-magnetic mechanisms demonstrates that the
coercivity of MPEAs is primarily dependent on the size of BCC
nanoprecipitates. When the particle size is comparable to the width
of magnetic domain walls (~ 200 nm), the coercivity increases
drastically, resulting in a degradation in soft-magnetic property.
Due to the stable BCC/B2 microstructure, this series of MPEAs have
high Curie temperature (1254 K for Al3CoyFe; and 1052 K for
Al3CogFesCry) and electrical resistivity (262 ~ 285 pQ-cm), showing
great potential for HT soft-magnetic applications.
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