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In most of the technologies used for improving material properties, the enhancement of some properties usually
leads to the degradation of others. In this study, we demonstrated that we were able to simultaneously improve
hardness, coercivity, and remanence by alloying an FeCrCo alloy with Mo by engineering its o — o; + a3 spinodal
decomposition. We prepared six Mo-alloyed samples and subjected them to the appropriate aging protocols. As
aging progressed, hardness increased from 272 to 447 HV and coercivity increased from 47 to 592 Oe in the
alloyed samples. Remanence gradually increased from 52 to 98 Am?/kg, and then decreased to 82 Am?/kg in the
final stage of the aging process. By adding Mo to six individual FeCrCo samples aged to different stages, we
increased the hardness of these samples by 3 %, 8 %, 7 %, 8 %, 5 %, and 10 %, respectively. At the same time, we
increased their coercivity by 74 %, 13 %, 19 %, 4 %, 14 %, and 9 % respectively and their remanence by 82 %, 63
%, 4 %, 4 %, 9 %, and 13 %, respectively. We used data drawn from scanning transmission electron microscopy,
first-principles calculations, and magnetic force microscopy in order to elucidate the reasons behind the observed
enhancements of magnetic properties in the FeCrCoMo alloy.

1. Introduction

Because of the wide-ranging applications of magnetic materials in
electric vehicles, sensors, magnetic bearings, wind turbines, and the like,
such materials have attracted considerable attention from researchers
[1-5]. Two of these materials, NdFeB [6-9] and SmCo [10-13], which
contain rare-earth metals, are renowned for their exceptional magnetic
properties. Like other magnetic materials containing rare-earth ele-
ments, however, these two have certain disadvantages. They often
exhibit poor mechanical properties, and the extraction of the necessary
rare earth metals is costly and time-consuming. Other permanent mag-
net alloys like AINiCo and FeCrCo, which are free of rare-earth metals,
are often used as substitutes. Of these two, FeCrCo, which was initially
developed in the 1970s [14-16], is far superior in machinability
compared not only with rare earth magnetic materials but also with
AlNiCo [17-19].
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FeCrCo alloys exhibit a miscibility gap at approximately 700 °C
[20-23]. When these alloys are aged within this range, spinodal
decomposition occurs, i.e., the supersaturated mother body-centered
cubic (BCC) o phase decomposes into daughter BCC-o; and BCC-ay
phases. The compositions of the a; and ay daughter phases are different
from that of the a mother phase [24,25]. The a; phase, which is enriched
in Fe and Co, exhibits ferromagnetic properties, whereas the ay phase,
which is enriched in Cr, displays weak magnetic characteristics. This
indicates that the magnetic properties of FeCrCo alloys are primarily
determined by the size, volume, and composition of the a; phase, as well
as by the lattice mismatch between the a; and oy phases. Consequently,
the primary approach to improving magnetic properties is through
optimizing these parameters.

Several research groups have optimized the magnetic properties of
FeCrCo alloys by implementing various step-aging heat treatments
[26-29]. As yet, however, no researchers have analyzed such results at
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sub-micron scale or atomic scale. We decided to do so by investigating
the question of why such excellent magnetic properties can result from
spinodal decomposition in FeCrCo alloys. We are now focused on
studying how these magnetic properties are affected by changes in the
volume, lattice mismatch, and/or composition of a; and oy phases. To
enhance magnetic properties, certain research groups have introduced
high magnetic fields during heat treatment, causing the a; phase to
elongate and line up parallel to the direction of the magnetic field
[30-34]. Several studies have shown that the magnetic properties of
FeCrCo can be enhanced by adding Mo [35-39]. Many researchers have
successfully improved magnetic properties using the above-mentioned
methods, but several scientific problems persist. The relationship re-
mains largely unclear between atomic scale microstructure and mag-
netic properties in FeCrCoMo alloys. Certain questions remain: 1) what
is the effect on magnetic properties brought about by the evolution of
the magnetic domain of the alloys during the process of spinodal
decomposition; 2) what is the effect on spinodal microstructure brought
about by adding Mo, especially with respect to the composition, the
volume, and the size of the hard oy phase; 3) what is the effect of Mo
addition on the compositional gap and the lattice strain between the
hard a; and soft ay phases; and 4) how can we best describe the evo-
lution of the magnetic moments of spinodal phases during the process of
spinodal decomposition.

To address these problems, we fabricated a series of hard magnetic
56.4Fe29Cr14Co0.6Mo samples by using various step-aging processes.
Using High-Angle Annular Dark Field-Scanning Transmission Electron
Microscopy (HAADF-STEM), we subsequently analyzed the size, vol-
ume, lattice mismatch, and composition of the a; and oy phases in each
sample. Afterward, using the crystallographic and compositional data of
the spinodal phases, obtained from X-ray Diffraction (XRD) and STEM-
Energy Dispersive Spectroscopy (STEM-EDS), we calculated the elec-
tronic Density Of States (DOS) and the magnetic moment of each phase,
using first-principles calculations based on Density Functional Theory
(DFT). In addition, using Atomic Force Microscopy (AFM), we observed
the evolution of the magnetic domain while spinodal decomposition was
in progress. Combining experimental and calculated results, we sys-
tematically explored the effect of Mo addition on the spinodal structures
of the 56.4Fe29Cr14Co0.6Mo samples. In this way, we revealed the
impact of structure on either the magnetic properties or the hardness of
our samples. Our investigations have opened new possibilities for
designing and optimizing hard magnetic materials in the future.

2. Experimental procedures
2.1. Sample preparation

By applying vacuum arc melting in a high-purity Ar atmosphere, we
fabricated one Mo- alloyed ingot with nominal composition of
56.4Fe29Cr14Co0.6Mo (atomic percent, at.%). The purity of the raw
materials was higher than 99.95 wt.%. The ingot was re-melted at least
five times and flipped each time to enhance chemical homogeneity.
Afterward, the as-cast ingot was solution-treated (ST) at 1300 °C for 4 h
in an Ar atmosphere with the aim of forming a completely homogeneous
solid solution. The ST ingot was then subjected to water quenching.
Subsequently, from the center of the ST ingot, we cut seven samples (ST
and AT1-6), each measuring 15 x 10 x 5 mm®. Sample ST received only
solution treatment. To investigate the influence of Mo on microstruc-
tural evolution and magnetic properties as aging time progressed, the
remaining six samples underwent various aging treatments (AT). Spe-
cifically, samples AT1-AT6 were aged at 645 °C for 1 hour; samples AT2-
AT6 received additional aging at 620 °C for 1 hour; samples AT3-AT6
received additional aging at 600 °C for 2 h; samples AT4-AT6 received
additional aging at 580 °C for 3 h; samples AT5 and AT6 received
additional aging at 560 °C for 4 h; sample AT6 received additional aging
at 540 °C for 5 h, followed by further aging at 520 °C for 6 h (Table 1).
All the aged samples were air-cooled to room temperature.
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Table 1
Heat treatment of each aging treated sample.

Sample  Heat treatment

AT1 645°C,1h

AT2 645°C,1h+620°C,1h

AT3 645°C,1 h+620°C,1 h+600°C,2h

AT4 645 °C, 1 h+ 620 °C, 1 h+ 600 °C,2h + 580 °C,3h

ATS 645°C,1 h + 620 °C,1 h+ 600 °C, 2 h + 580 °C, 3 h, + 560 °C, 4 h
AT6 645°C,1h+620°C,1h+600°C,2h+ 580°C, 3h, + 560 °C, 4 h+ 540

°C,5h,+520°C,6 h

2.2. Microstructural analysis

All solution-treated and aging-treated samples were first polished,
then subjected to examination in a D8 Advance DaVinci X-ray diffrac-
tometer (Bruker, Germany) in order to determine phase presence. To
examine the evolution of composition and microstructure during spi-
nodal decomposition, we sliced a thin specimen sheet (10 x 10 x 0.5
mm?) from the center of each aging-treated sample. To prepare the
STEM specimens, we ground each of the six sheets into a foil, 50 pm
thick. Two disks with a diameter of 3 mm were punched out from each
foil, then ground to a thickness of approximately 30 pm, and subse-
quently subjected to argon ion-beam milling at 5 keV and 7°, using a
precision ion polishing system (PIPS 691, Gatan Inc., USA). The
microstructure and composition of these discs were observed in a JEM-
ARM200CF scanning transmission electron microscope (JEOL, Japan)
equipped with an EDS system. An open-source software Strain+-+ for
Geometric Phase Analysis (GPA) was used to analyze the coherent strain
field from atomic-resolution HAADF-STEM images [40]. Magnetic Force
Microscopy (MFM) with an MFP-3D AFM (Asylum Research, USA) was
used to analyze the magnetic domain structure of our samples.

2.3. First-principles calculations

To thoroughly understand the effect of Mo alloying on the relation-
ship between microstructure and magnetic properties in the
56.4Fe29Cr14Co0.6Mo alloy, we calculated the magnetic moments and
electronic DOS of the spinodal phases using first-principles calculations
based on the DFT within the Vienna Ab-initio Simulation Package
(VASP) [41,42]. We built atomic structure models using both the crys-
tallographic structure and the chemical composition obtained from the
XRD and STEM-EDS analyses. The first-principles calculations were
performed using a plane-wave code with Projector Augmented Wave
(PAW) potentials and an exchange correlation function with the Perdew
Burke Ernzerhof (PBE) Generalized Gradient Approximation (GGA). The
Monkhorst-Pack k-point grids were set to 5 x 5 x 5 for the calculation
of the a; and ay supercells (a;, ap = 128 atoms) [43]. The plane wave
cutoff energy was set to 500 eV and the forces on all the atoms were
<0.01 eV/A during the geometrical optimization. For the magnetic
moment calculations, the total energy convergence was 5-10 eV and the
spin-polarization parameter was set to 2. Random atomic arrangements
of the a; and ay phases were constructed using Special Quasi-random
Structures (SQS) and the Alloy Theoretic Automated Toolkit (ATAT)
software package (Fig. S1).

2.4. Testing of properties and magnetostriction coefficient

At 298 K, the hysteresis loop of each aging-treated sample was
examined using a Vibrating Sample Magnetometer (VSM) that was
installed within a Physical Property Measurement System (PPMS). From
each sample, we prepared a specimen with a diameter of 3 mm and a
thickness of 20 pm to eliminate the influence of the demagnetizing
factor on magnetic property testing (Fig. S2). We polished the largest
surface of each aging-treated sample and tested the Vickers hardness in
the vicinity of the surface center using a diamond indenter under a load
of 0.5 kg for a dwelling time of 10 s with a Tukon 2100 microhardness
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tester (Wilson/Instron, USA). The magnetostriction coefficient of the
56.4Fe29Cr14Co0.6Mo alloy was determined using a BKT-2600 electric
hysteresis loop tester (Beijing New Science High-Tech Technology Co.,
Ltd., China).

3. Results
3.1. Crystal structure evolution based on XRD and STEM

Using XRD, we characterized the phase constitution of
56.4Fe29Cr14Co0.6Mo alloy after spinodal decomposition. In sample
ST, we found only the a phase, which had a BCC crystal structure
(Fig. 1). In samples AT1-AT6, we expected that the o phase would have
decomposed into the BCC-a; and BCC-a; phases, but with our current
XRD technology, we were not able to see distinctly separated peaks from
those two phases. This observation is similar to that reported in previous
XRD studies on FeCrCo [44]. When we analyzed the Full Width at Half
Maximum (FWHM) for the oy and oy phases from the (110), (200), and
(211) reflections for aged samples, we found that the average FWHM
values of both a; and ay phases increased steadily as spinodal decom-
position progressed (Table 2). These increases were accompanied by a
gradual separation of the XRD peaks of the a; phase from those of the ay
phase, even though these peaks remained overlapped to some degree.
We also calculated the average lattice parameters of the a; and oy phases
from the (110), (200), and (211) reflections for aged samples. Based on
the lattice parameters of the two phases, we calculated the lattice misfit
between them for samples AT1-AT6. Our results indicated that lattice
misfit values increased steadily as spinodal decomposition progressed
(Table 2).

We analyzed the morphology and composition of the modulated
structure at the nanometer and atomic scales by subjecting all aged
samples to STEM. In each of the samples that underwent aging treat-
ment, we could clearly observe a typical morphology of the modulated
structure, i.e., many bright o particles were dispersed throughout the
adjacent dark oy matrix (Figs. 2a—f). Our Fast Fourier Transform (FFT)
analyses indicated that both phases exhibited a BCC structure. Using
STEM-HAADF images of samples AT1-AT6, we explored the evolution
of volume percentage and diameter of the a; phase during the spinodal
decomposition process. Our results showed that the average diameter of
the oy phase was gradually increased from samples AT1 to AT6 (Fig. 2h).
We observed an increase in the volume percentage of the a; phase from
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Table 2

The average values of FWHM, lattice parameters of the o; and o, phases, and the
lattice misfit between the two phases for aging-treated samples (AT1-AT6). The
lattice parameter values are calculated using the Bragg reflection angles (26) of
(110), (200), and (211). The data processing procedure is shown in supple-
mentary material (Fig. S3).

Sample FWHM Lattice parameter Lattice
oy phase oy phase o phase oy phase misfit
AT1 0.4919 + 0.4658 + 0.2876 + 0.2879 + 0.0012+
0.1442 0.1996 0.0002 0.0003 0.0003
AT2 0.4811 + 0.5166 + 0.2875 + 0.2881 + 0.0020+
0.1670 0.2048 0.0002 0.0003 0.0003
AT3 0.5224 + 0.5601 + 0.2874 + 0.2881 + 0.0024+
0.1526 0.1698 0.0003 0.0003 0.0003
AT4 0.5488 + 0.6090 + 0.2872 + 0.2882 + 0.0034+
0.1586 0.2008 0.0004 0.0003 0.0003
AT5 0.5670 + 0.6233 + 0.2872 + 0.2883 + 0.0039+
0.1641 0.2045 0.0003 0.0002 0.0003
AT6 0.6783 + 0.6798 + 0.2871 + 0.2884 + 0.0047+
0.0734 0.2295 0.0003 0.0003 0.0003

samples AT1 to AT3, followed by stabilization from samples AT3 to AT6
(Fig. 2g). We compared these results with those of our previous study
[45]. We found that alloying with 0.6 at% Mo changed the average
diameter of the a; phase, increasing it by 68 %, 1 %, 0.4 %, 15 %, and 9
% for samples AT1-ATS5, respectively, and decreasing it by 10 % for
sample AT6. The volume percentage of the a; phase increased by 22 %, 2
%, 7 %, 7 %, 8 %, and 7 % for samples AT1-AT6, respectively. This
evolution in the volume percentage and diameter of the a; phase reflects
the changes in the magnetic properties, which will be discussed in
Section 4.2.

To investigate the element distribution in the a; and oy phases during
spinodal decomposition, STEM-EDS maps were made in samples AT1-
AT6, showing a predominance of Co and Fe in the bright a; and Cr in
the dark oy (Fig. 3). The concentration of Mo, however, was unclear. Our
calculations of local average composition in the two phases for samples
AT1-AT6, however, indicated that Mo was enriched in the ay phase
(Fig. 4). In the oy phase, the intensity of composition fluctuation
consistently increased in Fe and Co and consistently decreased in Cr
from samples AT1-AT6 (Fig. 4a). However, in the ay phase, the fluc-
tuation trends of the three elements were opposite to those in the o
phase, i.e., the fluctuation intensity of Co and Fe consistently decreased,
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Fig. 1. XRD patterns of the solution-treated (ST) and aging-treated (AT1-AT6) samples. All samples exhibited the BCC structure.
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Fig. 2. HAADF-STEM images and analyses of volume percentage and average diameter of the a; phase in each sample after aging treatment. (a) AT1, (b) AT2, (c)
AT3, (d) AT4, (e) AT5, and (f) AT6. FFT data in the insets show that the zone axis of samples AT1, AT2, and AT4 is [001], that of sample AT5 is [011], and that of
samples AT3 and AT6 is [111]. Each inserted FFT image is derived from the corresponding atomic-resolution HAADF image shown in Fig. 5. (g) Volume percentage
and (h) average diameter of the o; phase. (Fig. 2g and Fig. 2h include the volume percentage and average diameter of the a; phase of each non-alloyed sample [45]).

while that of Cr consistently increased (Fig. 4b). Upon comparison of
these values with our previous results [45], we found that the intensity
of the composition fluctuation in each of the samples alloyed with Mo
was higher than that of the corresponding non-alloyed samples, indi-
cating an increase in magnetic properties after alloying with Mo.

We further conducted a detailed investigation of the lattice param-
eters for the oy and oy phases in samples AT1-AT6. Using atomic-
resolution HAADF-STEM images, we measured the lattice spacing in
two directions in both phases for each aging-treated sample (Figs. 5a-f).
We then calculated average lattice parameters for the two phases
(Fig. 6a). In our previous studies involving Mo-free samples, the lattice
parameter of the o; phase was found to be greater than that of the oy
phase [46]. In Mo-alloyed samples, by contrast, the lattice parameter of
the a; phase was found to be smaller than that of the ap phase.
STEM-EDS data showed that Mo was enriched in the ay phase and poor
in the a; phase (Fig. 4), indicating that additional lattice distortion was
introduced in the ay phase because the atomic radius of Mo is larger than
that of either Fe, Cr or Co. This may be the main reason why, in all Mo-
alloyed samples, the lattice parameter is larger in the ay phase than in
the a; phase.

Using first-principles calculations based on 128-atom supercells
(Fig. S1), we also calculated the lattice parameters of the a; and ay
phases for samples AT1-AT6 (Fig. 6a). These values indicated that the
lattice parameter of the a; phase consistently increased from samples
AT1 to AT6. For the ay phase, however, the lattice parameter consis-
tently decreased from samples AT1 to AT6. These variations in the lat-
tice parameter reflect the evolution of the composition during the
process of spinodal decomposition. Using the lattice parameter values of
the two phases (as determined from both HAADF images and first-
principles calculations), we then calculated the lattice mismatch be-
tween them for samples AT1-AT6. Both these calculation methods
indicated that the lattice mismatch gradually increased from samples
AT1 to AT6 (Fig. 6b).

3.2. Magnetic properties

We measured the hysteresis loops of samples AT1-AT6, which were
heated at various temperatures for various aging times (Fig. 7a). Sample
AT1, which was aged at 645 °C for 1 h, had almost the same magnetic
properties as sample AT2, which was aged at 645 °C for 1 h and then at
620 °C for an additional hour. The HAADF data showed that decom-
position occurred in sample AT1. Extending the aging time for another
hour at the same temperature would have resulted in more decompo-
sition. For sample AT2, however, we used a lower temperature for
further aging treatment, expecting it to slow down or even stop the
diffusion necessary for decomposition. The corresponding HAADF data,
however, showed that the additional aging time of one hour resulted in
more decomposition at the lower temperature in sample AT2 than had
already occurred at the higher temperature in sample AT1. By analyzing
both magnetic properties and HAADF, we concluded that the additional
spinodal decomposition in sample AT2 had a limited effect on the
magnetic properties. From samples AT2 to AT5, as spinodal decompo-
sition progressed further at lower and lower temperatures, the values of
both coercivity and remanence exhibited a significant increase, but from
samples AT5 to AT6, coercivity increased while remanence decreased
(Fig. 7b).

4. Discussion
4.1. Analysis of magnetic properties based on first-principles calculations

Spinodal decomposition is a solid-state phase transition that is
known to be linked to the magnetic properties of materials [17-19,47].
These properties are closely related to such characteristics as the elec-
tronic DOS and magnetic moments of the elements [48,49]. Using both
experimental methods and first-principles calculations, we investigated
how the addition of Mo to the FeCrCo alloy affected the evolution of
these two characteristics at various stages of spinodal decomposition.

Based on the crystal structures and compositions of the two phases
acquired from XRD and STEM-EDS analyses, we calculated the partial
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Fig. 3. Analysis of compositions of the a; and o, phases in samples AT1-AT6. (al-f1) HAADF images. The large superimposed squares represent the areas subjected
to EDS mapping. (a2-f2) EDS maps of Fe (Green), Cr (Red), Co (Blue), and Mo (Yellow) in samples AT1-AT6. Sub-maps extracted from the acquired STEM-EDS
mapping areas (as indicated by small squares with numbers) were used to represent the areas subjected to quantitative composition analyses of the o; and oy

phases (Fig. 4).
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Fig. 4. Chemical compositions of the a; and oy phases in samples AT1-AT6, acquired from the STEM-EDS analysis of each sample. (a) a; phase. (b) oy phase. The
compositions of the a; and oy phases in each non-alloyed sample have been included [45]. The error bars in some of the figures are extremely small to be visible.

DOS (pDOS) of Fe, Cr, Co, and Mo in both phases for samples AT1-AT6
(Fig. 8). For comparison, we separately calculated the pDOS of pure Fe,
Cr, Co, and Mo (Fig. S4). The results indicated that for both pure Fe and
Co, the spin-up distribution was higher than the spin-down distribution.
In contrast, the spin distributions of pure Cr and Mo were fully sym-
metrical. These results confirm that both Fe and Co are magnetic,

whereas Cr and Mo are non-magnetic. In the a; and oy phases, below the
Fermi level, we also observed a significantly higher spin-up distribution
than the spin-down distribution for both Fe and Co in samples AT1-AT®6,
indicating that Fe and Co play a substantial role in contributing to the
magnetic moment for both phases. In samples AT1-AT6, the pDOS of Cr
and Mo atoms in the a; and ay phases were relatively asymmetrical and
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Fig. 5. Analysis of lattice spacing and lattice parameter of the a; and a, phases. (a-f) Atomic-scale STEM-HAADF images of AT1, AT2, AT3, AT4, AT5, and AT6,
respectively. The inserts in figs. (a)-(f) are the corresponding FFT images. The values of lattice spacing in the o; phase are measured along red lines, while in the oy
phase are measured along blue lines. Using these values, we calculate the average values of lattice parameter in the «; and ay phases for samples AT1-AT6 (Fig. 6).
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exhibited a more pronounced spin-down distribution than spin-up dis-
tribution, resulting in a reduction in the net magnetic moments of the oy
and oy phases. This reduction occurred because of the antiparallel
alignment between the magnetic moments of Cr and Mo and those of Fe
and Co (Fig. 8). In addition, we found that the total pDOS of both o; and
ag phases exhibited a substantially higher spin-up distribution than spin-
down distribution in samples AT1-AT6, indicating that both the a; and

oz phases are magnetic (Figs. 8el and 8e2).

To comprehend the changes that occurred in the saturation magne-
tization of the oy and ap phases as decomposition progressed, we
calculated the magnetic moments of all atoms within these two phases in
samples AT1-AT6 (Fig. 9). The calculated magnetic moments for any
given atom of Co, Fe, Cr, or Mo were 1.66, 2.28, 1.07, or 0 pp, respec-
tively (Fig. S4e). These values indicate that both Co and Fe are
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Fig. 7. Hysteresis loops and magnetic properties of samples AT1-AT6. (a) Hysteresis loops. We determined the saturation magnetization values of samples AT1-AT6
(Table 3). (b) Remanence (B;) and coercivity (H;) values obtained by analyzing the curves shown in Fig. 7a. We have included the coercivity and remanence values of

all non-alloyed samples in Fig. 7b [45].

ferromagnetic elements, whereas Mo is non-ferromagnetic. Notably, Cr
is an antiferromagnetic element, indicating that the magnetic moment of
each individual Cr atom is non-zero, even though the average magnetic
moment of all the Cr atoms taken together is zero. Because the magnetic
moment of any given atom can be influenced by nearby atoms of other
elements, the values for the average magnetic moments in the alloying
forms of Fe, Cr, Co, or Mo were different in both phases from those in the
pure metals. In the a; phase, both Fe and Co exhibited higher average
magnetic moments, even though the average magnetic moments of Cr
and Mo atoms were antiparallel to those of Fe and Co atoms. This
occurred as a result of the spin distribution of pDOS (Fig. 8). In the ay
phase, by comparison, the average magnetic moments of Fe and Co
exhibited higher values, just as they did in the a; phase, but, in samples
AT1-AT®6, the values in the ay phase were consistently lower than those
in the a; phase. Based on the magnetic moment of each atom in the oy
and ay phases (Fig. 9), we further calculated the total magnetic moments
for both phases in samples AT1-AT6 (Fig. 10a). The calculations
demonstrated that, in each sample, the total magnetic moment of the a;
phase was higher than that of the ay phase, indicating that o, is a hard
magnetic phase, whereas ay is a soft magnetic phase.

Based on first-principles calculations, we calculated the saturation
magnetization values (in Am?/kg) for the a; and ay phases of samples
AT1-AT6 using Eq. (1) [49].

Mg, supercell
M, phase — T (1)

Wsupercell

where up supercell is the total magnetic moment of the supercell [unit: ug
= 9.274 x 10~%* (Am?) (Bohr magneton)] and Wgypercell is the total
atomic weight of the supercell. Based on the compositions of the a; and
ag phases (Fig. 4), we calculated the total atomic weight for each phase
in samples AT1-AT6. The total magnetic moments of the two phases in
samples AT1-AT6 are shown in Fig. 10a. We also calculated the satu-
ration magnetization of the a; and ay phases in samples AT1-AT6
(Fig. 10b), which showed that the saturation magnetization of the a;
phase gradually increased, whereas that of the ay phase gradually
decreased from samples AT1 to AT6.

4.2. Analysis of magnetic properties based on the experimental data

The magnetic property data for the Mo-alloyed samples AT1-AT6
demonstrated that, 1) from AT1 to AT5, both coercivity and remanence
gradually increased as spinodal decomposition progressed (Fig. 7b) and
2) both coercivity and remanence of samples AT1-AT6 were enhanced
after alloying with Mo. The addition of Mo may have contributed to the
enhancement in magnetic properties by improving the compositions,
sizes, and volumes of the a; and ap phases, as well as the difference in the

composition between the two phases.

First-principles calculations of the total magnetic moment of the two
phases showed that a; is a stronger ferromagnetic phase (Fig. 10a) than
o, indicating that the composition, volume, and size of the o; phase are
the key factors in determining the magnetic properties of the alloy.
Among these factors, our previous research concluded that the compo-
sition of the a; phase was the key factor [45]. The distributions of pDOS
of Fe, Cr, Co, and Mo in the a; phase showed that Fe and Co are ferro-
magnetic. In contrast, the magnetic moments of the Cr and Mo atoms
were antiparallel to those of the Co and Fe atoms (Fig. 8). This indicates
that the Fe + Co content controls the magnetic properties of the
FeCoCrMo alloy.

Several research groups have found that, in magnetic alloys, the
magnetic properties decrease with an increase in the size of the indi-
vidual particles of the magnetic phase, and increase with an increase in
the volume fraction of the magnetic phase as a whole [50-52]. Because
the magnetic properties of spinodal alloys are mainly determined by the
ferromagnetic a; phase, we used its microstructural parameters to esti-
mate the coercivity and remanence values for samples AT1-AT6. Zhou
et al., in their study of AINiCo alloys, used Eq. (2) to estimate the
remanence (B;) [53]. Because the magnetic properties of both AINiCo
and our FeCrCoMo were improved by spinodal decomposition, we used
the same equation to investigate the variation in B; for samples AT1-
AT6. The value of B; can be determined using Eq. (2).

B, = PCFCp 2)

where P is the volume fraction of the a; phase, CF*° is the concen-
tration of (Fe 4+ Co) in the oy phase, and Mg is the saturation magneti-
zation of the alloy. According to the EDS (Fig. 4) and magnetic property
(Fig. 7a) data, we acquired the concentration of Fe + Co in the o; phase
and Mg for samples AT1-AT6 (Table 3). Combing of the volume frac-
tions of the a; phase for samples AT1-AT6 (Fig. 2), we then calculated
the values of Br for samples AT1-AT6, respectively (Table 3). The
calculated data was consistent with the measured data (Fig. 7b). Thus,
we conclude that the content of (Fe + Co) in the stronger ferromagnetic
phase is the key factor in determining the remanence of the FeCrCoMo
alloy.

For the ellipsoidal o; phase, other researchers used the following Eq.
(3) to describe the value of coercivity for spinodal alloys [54].

(anl - anz)z

Hg = (Ny —No)p(1 -p) 7

3
where Mg,; and Mgy represent the saturation magnetizations of the oy
and oy phases, respectively, N, and Ny, are the demagnetizing factors of
oy particles along the a and b axes, respectively. In samples AT1-AT®6,
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the shape of the a; phase was spherical (Fig. 2), the Hj can be derived
using Eq. (4).

(anl - anz)z

f7A 4

Hg = Np(1—p)

Since the values of N for all the AT1-AT6 samples were the same,
and the volume percentage of the a; phase remained constant from
samples AT3 to AT6, indicating that the coercivity was determined using

the term: (Mga1 — Mio2)>/Ms. We used N = 1/3 for our calculations. The
values of saturation magnetization for samples AT1-AT6 indicated that
coercivity is closely related to the saturation magnetization gap between
the a; and oy phases (Table 3). Using first-principles calculations, we
determined the values of saturation magnetization (Mg, and Mgy2) for
both a; and ay phases, and we then calculated the difference between
M;y1 and Mgy for each of the six samples (Fig. 10b). Finally, we calcu-
lated the coercivity values: 0.8 Amz/kg (77 Oe), 1.7 Amz/kg (165 Oe),
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Fig. 9. First-principles computations results. Average magnetic moments of the Fe, Co, Cr, and Mo atoms in the a; and ay phases of samples AT1-AT®6, as predicted
from the calculations at 0 K. (al)-(f1) Average magnetic moment in the a; phase of Samples AT1-AT6, respectively. (a2)-(f2) Average magnetic moment in the oy
phase of Samples AT1-AT6, respectively. The error bars in some of the figures are extremely small to be visible.

5.4 Am?/kg (532 Oe), 6.6 Am?/kg (647 Oe), 7.7 Am?/kg (761 Oe), and
9.7 Am?/kg (956 Oe) for samples AT1-AT6, respectively. Both the
calculated and measured results demonstrated that coercivity increased
step by step from AT1 to AT6. Thus we concluded that the magnetic
moment gap between a; and oy phases played a dominant role in

determining coercivity.

Several research groups have reported that stress can influence the
distribution of electron spin, suggesting a strong correlation between the
lattice strain and magnetic properties [55-57]. In this study, we used a
combination of atomic resolution HAADF-STEM images and the
Strain++ software to calculate the coherency strain distribution be-

tween the FeCo-rich a; and Cr-rich oy phases in samples AT2-AT5. The
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between them in samples AT1-AT®6, as predicted from the first-principles calculations at 0 K. (b) Saturation magnetization of the two phases and the saturation
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Table 3
Measured and calculated properties of samples (AT1-AT6).

Sample  Measured properties Calculated properties
Ms / Am?/ Col(Cosre) /@t Br/ Am?%/ Hcj / e/ erg/
kg % kg Oe cm®
AT1 152 80.9 55 77 1.86 x 10°
AT2 127 83.2 59 165 2.28 x 10°
AT3 116 86.7 65 532 2.64 x 10°
AT4 140 89.8 83 647 2.98 x 10°
AT5 151 92.5 92 761 3.19 x 10°
AT6 130 92.7 79 956 3.31 x 10°

results indicated that coherency strain was induced by spinodal
decomposition in samples AT2-AT5 (Fig. 11). Using the lattice constant
values of the a; and oy phases, which were calculated based on the
first-principles calculations and experimental measurements (Section
3.1), we further calculated the lattice mismatch between the two phases
for samples AT1-AT6 (Fig. 6). Both calculation methods showed that
the lattice mismatch increased step by step from samples AT1 to AT6,
leading to a corresponding increase in the magnetic properties. It was
also found that an increase in the lattice strain induced magneto-
crystalline anisotropy, resulting in an enhancement in the magnetic
properties [58-61]. The magnetocrystalline anisotropy energy can be
estimated using Eq. (5) [62].

e = 3ho/2 )

where A is the magnetostriction coefficient, we measured the value of
magnetostriction coefficient for 6.4Fe29Cr14Co0.6Mo alloy is 48 x
107°. The stress, o, is derived from Eq. (6).

o =Ye

(6)

where Y is the Young’s modulus, and ¢ is the strain between the o; and o
phases. The Young’s moduli for Fe, Co, Cr, and Mo are 211, 209, 279,
and 329 GPa, respectively, and we estimated the Young’s modulus was
231 GPa for the 56.4Fe29Cr14Co0.6Mo alloy. According to the values of
strain measured from the HAADF images (Fig. 6), we then calculated the
values of e, which is a misfit between a; and oy, for samples AT1-AT®6,
respectively (Table 3). Because the lattice constants of ap and o
smaller than that of Mo (0.3147 nm), Mo addition increased the lattice
constant of both phases. Our chemistry analyses showed that Mo content
ratio in ap over a; phase increased from 2.3 to 5.5, leading to more in-
crease of lattice constant increase in ay than a;. Mo addition therefore

10

increased the values of e. This increase was enhanced as aging pro-
gressed and contributed to a gradually increased magnetocrystalline-
anisotropy-energy from samples AT1 to AT6, resulting in a corre-
sponding increase in magnetic properties.

Comparing with non-alloyed samples, the addition of Mo resulted in
an enhancement in both coercivity and remanence for each sample.
Samples AT1-AT6 exhibited an increase of 74 %, 13 %, 19 %, 4 %, 14 %,
and 9 % in coercivity and an increase of 82 %, 63 %, 4 %, 4 %, 9 %, and
13 % in remanence, respectively (Fig. 7b). These enhancements in the
magnetic properties can be potentially attributed to the improvement in
the compositions, sizes, and volume fractions of the o; and o phases, as
well as the lattice strain influenced by Mo alloying. The distributions of
pDOS of Mo atoms in the oy and ap phases showed that the magnetic
moment of Mo atom was antiparallel to those of Fe and Co atoms, which
should decrease magnetic properties for Samples AT1-AT6. However,
both the coercivity and remanence were enhanced for each sample, we
attributed these increases to four factors. 1) The volume of the a; phase
increased by 22 %, 2 %, 7 %, 7 %, 8 %, and 7 % for samples AT1-AT6,
respectively (Fig. 2g); 2) The Fe + Co content in the o; phase increased
by 5.6 %, 1.0 %, 2.5 %, 3.2 %, 0.1 %, and 5.3 % for samples AT1-AT®6,
respectively (Fig. 4a); 3) The intensity of composition fluctuation be-
tween the a; and ay phases was enhanced for each Mo-alloyed sample,
leading to an increase in the saturation magnetization difference be-
tween the two phases of each sample; 4) The lattice strain was improved
by adding Mo in samples AT1-AT6. Because the atomic radius of Mo
(139pm) is higher than either of Fe (126pm), Cr (128pm) or Co
(125pm), leading to the lattice misalignments were introduced in each
sample of AT2-AT5 (Fig. 12). These lattice misalignments generated
additional internal stress, leading to an increase in the magneto-
crystalline anisotropy, and resulting in a corresponding increase in both
the coercivity and remanence for each sample. In addition, we tested the
hardness for samples AT1-AT6 (Fig. S5). Comparing with these non-
alloyed samples [45], the addition of Mo resulted in an enhancement
in hardness for each sample, indicating that the strain was enhanced by
Mo addition.

4.3. Impact of magnetic domain on the magnetic properties

Previous studies have reported a significant correlation between the
magnetic properties of alloys and the exchange-coupling interactions
between their soft and hard phases. The strength of these interactions
depends on various factors, such as the size, volume, and composition of
the respective phases [63-65]. Some researchers used magnetic
annealing to refine the soft o-Fe phase in NdjFe;4B/a-Fe-type
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Fig. 11. Analysis of coherent strain distribution between the (Fe-Co)-rich a; and Cr-rich o, phases in samples AT2-AT5. (al-d1) Atomic-scale HAADF-STEM images
of samples AT2-ATS5, respectively. The inserts are the corresponding FFT images. (a2-d2) Inverse FFT images of (al-d1). (a3-d3) GPA strain maps (exx) calculated
along the 110 and 110 directions of (al) and (c1), the 011 and 101 directions of (b1), and the 200 and 011 directions of (d1). All the directions are indicated in the
inserted FFT images in Figs. (al-d1). (a4-d4) Overlapping of HAADF-STEM images (al-d1) with the ey strain maps (a2-d2), respectively. These images show the
atomic structure and internal strain variations locally near the interface of the two phases. The red regions indicate the positive strain, whereas the blue regions

indicate the negative strain.

nanocomposites. This refinement enhanced the exchange-coupling in-
teractions, resulting in a significant increase in the magnetic properties
[51]. Similarly, refinement of the hard phase during the manufacturing
of SmCo/NdFeB hybrid magnets led to an increase in exchange-coupling
interactions, which resulted in an improvement in the magnetic prop-
erties [12]. In our studies, first-principles calculations indicated that the
(Fe + Co)-rich a; phase (which has a higher magnetic moment) is the
hard phase, whereas the Cr-rich ay phase (which has a lower magnetic
moment) is the soft phase (Fig. 10a). To show that the exchange in-
teractions between the two phases existed in our samples AT1-AT®6,
using the rule of mixtures, the magnetic moments of Fe + Co in the o

11

phase were determined to be 221, 227, 235, 243, 250, and 250 pg for
samples AT1-AT6, respectively, based on the magnetic moments of Fe
(2.28 pp) and Co (1.66 pp), and the contents of Fe and Co in the a; and oy
phases (Fig. S4e and Fig. 4). In contrast, the magnetic moments of Fe +
Co in the oy phase were 175, 163, 118, 100, 94, and 90 pp for samples
AT1-AT6, respectively. From first-principles calculations, we calculated
the magnetic moments of Fe + Co in the a; phase were 223, 232, 244,
255, 264, and 265 pp for samples AT1-AT6, respectively. In contrast,
the magnetic moments of Fe + Co in the ay phase were 167, 153, 103,
85, 82, and 75 pp for samples AT1-AT6, respectively. Comparing with
the rule of mixture calculation, we found that the magnetic moment
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Fig. 12. Analysis of lattice misalignment in samples AT2-AT5. (al-d1) Atomic-scale HAADF-STEM images of the samples AT2-AT, respectively. The insets are the
corresponding FFT images. (a2-d2) Corresponding inverse FFT images of (al-d1), which are obtained from the FFT images shown as insets in Figs. (a2-d2). The
lattice misalignment regions are indicated by rectangles. (a3-d3) GPA strain maps (e,) calculated along the 110 and 110 directions of (al) and (c1), 110 and

101 directions of (b1), 200 and 011 directions of (d1). All directions are indicated in the inserted FFT images shown in Figs. (al-d1). The compression and extension
strain fields around the lattice misalignment are shown in the rectangles.
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difference of (Fe + Co) between the two phases calculated from the
first-principles calculations increased by 21.7 %, 23.4 %, 20.5 %, 18.8
%, 16.7 %, and 18.8 % for samples AT1-AT6, respectively, indicating
the existence of exchange-coupling interactions between the hard a; and
soft ap phases.

In samples AT3-AT6, the volume fraction of the a; phase remained
constant, thus limiting the impact of volume fraction on exchange
coupling. This result is similar to that reported by Kakeshita et al. [66]
and Zhou et al. [18]. In samples AT1-AT6, the a; phase gradually
coarsened. According to previous studies, this should have decreased the
exchange coupling. In fact, magnetic properties gradually increased
from samples AT1 to AT6. We attributed this increase to the enhanced
exchange coupling introduced by increased composition fluctuations
between the soft oy and hard a; phases. According to Eq. (3), the coer-
civity is determined by the saturation magnetization gap between the
soft and hard phases. The saturation magnetization gap itself is deter-
mined by the compositional difference between the two phases. Based
on the first-principles calculations, we observed an increase in the
saturation magnetization gap between the two phases from samples AT1
to AT6 (Fig. 10b). This suggests that the exchange coupling was
enhanced from samples AT1 to AT6. It has been previously shown that
the magnetic properties can be significantly affected by the coupling
interaction between magnetic domains. Furthermore, the morphology
and size of the magnetic domains are closely related to the exchange
coupling between the soft and hard phases and the morphologies of the
respective phases [67-69]. In sample AT1, which has a lower saturation
magnetization difference, the morphology of the domains resembled a
maze network (Fig. 13a). As the saturation magnetization difference
increased, the shape of the magnetic domains shifted from a maze to a
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sphere (as in the case of samples AT5 and AT6 shown in Fig. 13). Using
MFM images, we measured the widths of the magnetic domains for
samples AT1-AT6. The results indicated that the width of the domains
gradually decreased from samples AT1 to AT5. This suggests that
additional exchange interactions between the magnetic domains were
introduced in the samples, leading to a corresponding increase in both
coercivity and remanence in samples AT1-AT5. From samples AT5 to
Sample AT6, however, the width of the domains increased slightly,
leading to a decrease in remanence (Fig. 13).

4.4. Comparison between our work and previous research

Among all the aged samples, sample AT6 showed the best combi-
nation of hardness, coercivity, remanence, and saturation magnetiza-
tion. Alloying with Mo increased all of these values in the case of sample
AT6 by 10.1 %, 9.2 %, 12.3 %, and 14.0 %, respectively. When we
compared these values with those of Fe, Cr, and Co contained high-
entropy alloys (HEAs) studied by other researchers, we found that the
saturation magnetization of sample AT6 was lower than that of
Alg.1(Fe1 6CoCrg4Mn)g g [49] and its hardness was lower than that of
CoCrFeNiTiAl, [70]. Although the values of saturation magnetization
and hardness for the previously reported HEAs were higher than those
for sample AT6, their remanence values were excessively low to allow
their use as permanent magnet materials. Sample AT6 surpassed all
these previously reported HEAs in terms of coercivity and remanence
(Table 4).

When we compared these values with those of FeCrCo-based alloys
studied by other researchers. We found that the coercivity of sample AT6
was higher than that of FegoCr3pCoio [71] and FeggCrsoCoe [32].

Fig. 13. MFM images showing the development of the magnetic domain structure in samples AT1-AT6. (a) AT1, (b) AT2, (c) AT3, (d) AT4, (e) AT5, and (f) AT6. The
inserts shows the angles of the magnetic domains. The domain widths measured from the MFM images are 467 + 80, 323 + 69, 225 + 46, 209 + 52, 131 + 37, and

143 + 42 nm for the samples AT1-AT6, respectively.

13
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Table 4

Comparison of properties of Sample AT6 and those of others.
Alloys Coercivity/Oe Remanence/Am?/kg Saturation magnetization/Am?>/kg Hardness/HV
Fesg 4Cra9Co14Mog 6 592 82 130 447
Fes;CryoCo14 [45] 542 73 114 406
FegoCr3pCoio [71] 60-180 - - 360
Feg1CrasCo41Si3 [44] 158-742 34-88 118-153 -
Fes3CrsoCo14Mo,Ti; [37] 760 77 157 -
Fe46Cr31C02;Siy [15] 660 98 - -
Fes3Cr34Co11Siz [72] 640 130 - -
Fe45Cr33Coa [14] 660 116 - _
Feg4CrzoCog [32] 340 92 128 -
Fe47Cr30Co2:Siy [73] 510 126 - -
Fe45Cr32Coz4Moy-[14] 780 115 - -
Fesy 4Cr3»Co14Mo,Tig 6 [35] 754 83 95 -
Fes,Cr30Co14Mo,Tiy [39] 990 113 136 -
Co3sCrsFe;gNizoTizg [74] 1.7 extremely low 78 -
AlCo,Cry_,FeNi [75] 9-149 extremely low 18-117 -
Al 1(Fe; xCoCrqxMn)go [49] 8-13 extremely low 86-136 —
CoCrFeNiCuAl [76] 45 extremely low 38 -
CoCrFeNiTiAl, [70] 20-285 extremely low 0.76-14.78 603-735
FeCoNiCr [77] 23 extremely low 30.7 —
FeCoNiCrCu [77] 33 extremely low 32.7 -

“~” means not detectable.

However, both the coercivity and remanence were significantly
increased for the Fe46Cr3;Co2;Siz [15] and Fes3CrssCoq1Sia [72] alloys,
which were synthesized by a combination of deformation. Similarly, a
notable enhancement in both coercivity and remanence was found in the
Fe45Cr33C022 [1 4] N F€42CI'32C024M02 [1 4] 3 F664CI‘30C06 [32] 5
F85144CI‘32C014M02Ti046 [35], Fe52Cr30C014M02TiZ [39], and Fe47Cr30_
Cog;Sip [73] alloys, which were subjected to an aging treatment
accompanied by the application of a magnetic field (Table 4). Because of
this, we speculate that the coercivity, remanence, and saturation
magnetization of our samples can be further improved by appropriate
deformation and thermomagnetic treatments. This study could provide
theoretical guidance for designing advanced magnetic materials and
could be particularly useful for incorporating spinodal decomposition in
the process.

5. Conclusions

We investigated the effect of Mo alloying on the correlations among
microstructure, magnetic properties, and hardness in an FeCrCo alloy.
The results can be summarized as follows:

1. EDS analyses showed that Mo was enriched in the oy phase, which
resulted in a larger lattice constant than that for the a; phase. The
introduction of lattice distortion by alloying with Mo led to a greater
lattice strain between the o and ap phases during each stage of
spinodal decomposition, resulting in a corresponding enhancement
in the magnetic properties and hardness.

2. First-principles calculations showed that, as spinodal decomposition
progressed, the saturation magnetization of the o; phase gradually
increased while that of the oy phase gradually decreased. In our Mo-
alloyed FeCrCo alloy, the expanding gap in the saturation magneti-
zation between the a; and oy phases might have contributed to a
corresponding increase in coercivity.

3. As spinodal decomposition progressed, the width of the magnetic
domain gradually decreased. This resulted in an increase in the ex-
change interactions between the adjacent magnetic domains, thus
leading to a corresponding increase in both coercivity and rema-
nence. At the last stage of the spinodal decomposition, however,
there was a slight increase in the domain width, which led to a
corresponding decrease in the remanence.

4. In all stages of the spinodal-decomposed samples, alloying with Mo
increased their hardness, coercivity, and remanence values. We
attributed these increases to three factors: 1) a greater volume
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percentage of the a; phase, 2) a greater compositional gap between
the o; and oy phases, and 3) an increase in the lattice mismatch
between the two phases.
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