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Abstract: The microstructure and soft magnetic properties under direct current (DC) mode and
alternating current (AC) mode of FeCoNiAl;_,Six (x = 0.2, 0.4, 0.6) high-entropy alloys (HEAs)
are investigated. All the studied HEAs show body-centered cubic (BCC) structures, and the [100]
texture is formed in the x = 0.4 HEA. The iron (Fe) segregation at the grain boundaries is helpful in
increasing the soft magnetic properties under DC. The FeCoNiAl ¢Sig 4 (x = 0.4) HEA exhibits optimal
DC and AC soft magnetic properties, primarily due to the formation of the texture along the easy
magnetization axis. The x = 0.4 HEA shows the highest permeability (i; = 344 and pm = 1334) and
the smallest coercivity (He = 51 A/m), remanence (B; = 132 mT), and hysteresis loss (P, =205]/ md).
In comparison to the x = 0.2 HEA and x = 0.6 HEA, the total loss (AC Ps) at 50 Hz of the x = 0.4 HEA
is decreased by 15% and 18%, and it is reduced at 950 Hz by 13% and 7%. Our findings can provide
a useful approach for developing novel HEAs with increased soft magnetic properties by tuning
ferromagnetic elemental segregation and forming the texture along the easy magnetization axis.

Keywords: high-entropy alloy; soft magnetic properties; texture; iron segregation

1. Introduction

Soft magnetic materials (SMMs) have been widely used in motors, generators, trans-
formers, and sensors [1,2]. The ever-growing demand for the sustainable conversion of elec-
trical power and electrical machines requires advanced SMMs with high performance [3].
One approach to meet this requirement is to improve the magnetic properties of currently
used SMMs (e.g., silicon steels, soft ferrites, and nanocrystalline magnetic materials) by
optimizing their microstructure and using advanced processing techniques [4—6]. The other
strategy is to develop novel soft magnetic alloys, such as multi-principal-element alloys or
high-entropy alloys (HEAs). In comparison to conventional alloys, HEAs exhibit distinct
compositional and microstructural features [7,8]. HEAs consist of more than four principal
elements in equal or near-equal atomic proportions and usually form face-centered cubic
(FCC) or body-centered cubic (BCC) solid solutions. Moreover, four core effects (i.e., the
high-entropy effect, sluggish diffusion effect, lattice distortion effect, and cocktail effect)
are present in HEAs, leading to excellent mechanical properties and good corrosion resis-
tance [9-13]. In recent years, ferromagnetic HEAs have attracted more attention due to a
combination of their good soft magnetic and mechanical properties [14,15].

Since soft magnetic properties are sensitive to the composition and microstructure
of the HEAs, elemental alloying is an effective approach to improve the soft magnetic
properties. The addition of metalloid Si has been successfully used to enhance the soft
magnetic properties of silicon steels [4], and it is also employed in ferromagnetic HEAs.
For example, Si-containing HEAs exhibit high saturation magnetization (Ms), such as
the Fe2C0N1(A181)04 HEA (Ms =155.2 emu/g), the (C030Fe45Ni25)0,82(A14OSi60)0.18 HEA
(Mg = 148.5 emu/g), and the FeCoNi(MnSi)g 1 HEA (Mg = 142.4 emu/g) [16-18], which is
higher than that of permalloys (Ms = 80-120 emu/g), soft magnetic ferrites
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(Ms =30-60 emu/g), and some soft amorphous and nanocrystalline materials
(M = 90-130 emu/g) [6]. Moreover, the soft magnetic properties of Si-containing HEAs
can be improved by optimizing their microstructure, adjusting phase constitutions, and
using various methods of preparation [19-21]. Some Si-containing HEAs, such as the
FE40CO4QN1108110 HEA and the (Fe0,3Coov5NiQ.2)95(A11/3Siz/3)5 HEA, show both gOOd soft
magnetic performance and mechanical properties, indicating their prospective applications
as novel SMMs [22,23].

Despite the significant progress in the study of the magnetic properties of ferromag-
netic HEAs, further exploration of both DC and AC soft magnetic characteristics is essential
for enhancing their performance in practical applications. Most studies focus on static
or direct current (DC) soft magnetic properties, primarily evaluating Ms and coercivity
(Hc¢). However, other important DC soft magnetic parameters, such as initial permeabil-
ity (), maximum permeability (i), remanence (B;), and hysteresis loss (Py), are also
critical for assessing soft magnetic properties [6]. Additionally, soft magnetic materials
are widely used in alternating current (AC) applications, including motors, transformers,
and generators. While some studies have explored the AC soft magnetic properties of
ferromagnetic HEAs, further investigation is necessary. For example, Zhou et al. found that
the total power loss of the (CoszpFes5Nips5)0.8(AlsgSign)o.2» HEA was smaller than that of Fe-Si
alloys at frequencies above 200 Hz [17]. Wu et al. reported that magnetic field annealing
could optimize the domain structure and improve the AC soft magnetic properties of
the CopgFepgNi9SijzBip HEA [24]. Li et al. showed that the presence of a MngNij4Siy
phase deteriorated the AC magnetic properties of FeCoNi(MnSi)x (0 < x < 0.4) HEAs by
increasing the total loss [25]. However, the underlying magnetic mechanism still needs to
be studied. In this work, we investigate the microstructure, as well as the DC and AC soft
magnetic properties, of FeCoNiAl;_,Six (x = 0.2, 0.4, 0.6) HEAs. The M, He, By, Py, 1, and
im are used to characterize DC soft magnetic properties, while the total loss (Ps), eddy loss
(Pe), and hysteresis loss (AC Py,) are employed to describe AC soft magnetic properties.
Notably, the FeCoNiAlg¢Sig4 (x = 0.4) HEA exhibits optimal DC and AC soft magnetic
properties, primarily due to the formation of texture along the easy magnetization axis.

2. Materials and Methods

The ingots with a nominal composition of FeCoNiAl; _4Six (x =0.2, 0.4, 0.6) HEAs were
prepared by vacuum arc melting (Physcience Opto-electronics Co., Ltd., Beijing, China)
the pure ingredients of Fe (99.980%), Co (99.999%), Ni (99.999%), Al (99.990%), and Si
(99.999%) under an argon atmosphere. The Ti-getter was used to remove residual nitrogen
and oxygen in the chamber. The alloy buttons were remelted four times to achieve chemical
homogeneity. Sheet samples with dimensions of 90 mm in length, 10 mm in width, and
2 mm in thickness were prepared by sucking the molten alloys into a water-cooled copper
mold. The saturation magnetization of the samples at room temperature was measured
using a Lake Shore 7407 vibrating sample magnetometer (VSM, Lake Shore Cryotronics,
OH, USA). The DC soft magnetic properties at room temperature were measured using a
hysteresis curve test system (FE-2100 SD, Hunan Forever Elegance Technology Co., Ltd.,
Hunan, Loudi City, China). The AC soft magnetic properties in the frequency range of
50-950 Hz with a fixed maximum magnetic flux density (B, = 200 mT) were obtained
using an AC hysteresis curve test system (FE-2100 M, Hunan Forever Elegance Technology
Co., Ltd., Hunan, Loudi City, China). The X-ray diffraction (XRD) patterns from 20° to
100° at a scanning rate of 1°/min were recorded using an X-ray diffractometer with Cu
Ko radiation (Empyrean, PANalytical Corporation, Almelo, Holland). The backscattered
electron (BSE) images, elemental mappings, line scans, and electron backscatter diffraction
(EBSD) images were observed using a Tescan mira3 scanning electron microscope (SEM)
equipped with energy-dispersive spectroscopy (EDS) and a Bruker e-FlashFS EBSD detector
(Bruker Scientific Technology Co., Ltd, Beijing, China). The EBSD samples were prepared
by electro-polishing in a solution of 90% ethanol + 10% HCIO,4 under a DC voltage of 30 V
for 50 s, and the EBSD data were analyzed using the Esprit 2.1 software.
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3. Results
3.1. Microstructure

It is found from the XRD patterns of the FeCoNiAl;_,Six (x = 0.2, 0.4, 0.6) HEAs in
Figure 1a that all samples have BCC structures. The relative intensities (I) of the crystalline
planes in the x = 0.2 HEA and x = 0.6 HEA follow I(110) > I(211) > I(200), while it fails in the
x = 0.4 HEA. That is, I(200) > I(211) is observed in the x = 0.4 HEA, indicating the presence
of texture along the <100> direction (marked with an arrow). This can be further confirmed
by the inverse pole figure (IPF) map in Figure 1c and the pole figure in Figure le. However,
no texture is observed in the x = 0.2 HEA and x = 0.6 HEA, as seen in Figure 1b,d. The
cubic crystal symmetry and the schematic image of the measured direction of the sample
are shown in Figure le,f. The easy magnetization axis of the alloys with BCC structures is
in the [100] direction [6]. Hence, the texture along the easy magnetization axis is formed in
the x = 0.4 HEA.
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Figure 1. (a) The XRD patterns and (b-d) Z-axis inverse pole figure (IPF) maps of the FeCoNiAl; _,Six
(x=0.2,04, 0.6) HEASs; (e) the pole figure; (f) the cubic crystal symmetry; and (g) the schematic image
of the measured direction of the sample.

Figure 2a—c show the grain boundary character distribution of the FeCoNiAl; _,Six
(x=10.2,0.4, 0.6) HEAs. The low-angle boundaries (LABs) are defined as the misorientation
angle between 2° and 5° (marked in yellow) and 6° and 15° (marked in blue). The high-
angle boundaries (HABs) have a misorientation angle larger than 15° and are marked in
pink. The HAB is dominant (>81%) in the studied HEAs. The kernel average misorientation
(KAM) can be used to estimate the strain distribution [26]. Figure 2d,f show the KAM
images of three HEAs. The colors from blue to red represent the increased concentration of
the strain. It is found that blue is the main color in the KAM images, indicating that the
concentration of the strain is not obvious in the studied HEAs.

Figure 3 shows the backscattered electron (BSE) images and elemental maps of the
FeCoNiAl; _,Six (x = 0.2, 0.4, 0.6) HEAs. The red rectangle in Figure 3b represents the
measured region of SEM mapping. Different contrasts at the grain boundary and grain core
are observed, indicating that the compositional distribution is not uniform. The elemental
maps of the x = 0.2 HEA in Figure 3a show that the grain boundary is Fe-rich and Si-rich
(marked with an arrow). The enrichment of Si at the grain boundary is also observed in
the x = 0.4 and x = 0.6 HEAs, as seen in Figure 3b,c. The yellow dashed line arrows in the
BSE images in Figure 3 represent the measured region and direction of the line scans. The
change in the elemental composition is observed in Figure 4, and the dashed line represents
the location of the grain boundary (GB). The average compositions of elements at the GB
and in the grain are listed in Table 1. In the x = 0.2 HEA, the average compositions of
Fe and Si at the GB are 27.06 £ 0.70 at% and 4.96 &+ 0.29 at%, which is higher than those
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of Fe (23.54 £ 0.72 at%) and Si (3.42 £ 0.27 at%) in the grain. In the x = 0.4 HEA, the
average composition of Fe at the GB is 25.93 £ 0.58 at%, which is larger than that of Fe
(23.82 &= 0.63 at%) in the grain. The addition of more Si (x = 0.6) decreases the segregation
of Fe, leading to the close composition of Fe at the GB (26.54 £ 0.63 at%) and in the grain
(25.63 £ 0.65 at%).

== LAB(2°-5°) === LAB (6°—15°)

HAB (> 15°) o o5 1 s 2 s 3 a5 4 s

Figure 2. The grain boundary character distribution and the kernel average misorientation (KAM)
images of the FeCoNiAl;_,Six (x = 0.2, 0.4, 0.6) HEAs: (a,d) x = 0.2 HEA; (b,e) x = 0.4 HEA; and
(cf) x=0.6 HEA.
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Figure 3. The backscattered electron (BSE) images and elemental maps of the FeCoNiAl; _Siy (x = 0.2,
0.4, 0.6) HEAs: (a) x = 0.2 HEA; (b) x = 0.4 HEA; and (c) x = 0.6 HEA. The red rectangle in (b) is the
measured region of SEM mapping. The yellow dashed line arrows in the BSE images represent the
measured region and direction of the line scans.
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Figure 4. The line scans of the FeCoNiAl;_,Six (x =0.2, 0.4, 0.6) HEAs: (a) x = 0.2 HEA; (b) x = 0.4
HEA; and (c) x = 0.6 HEA. The dashed line represents the location of the grain boundary (GB).
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Table 1. The average elemental compositions in the line scans of the FeCoNiAl;_,Siy (x = 0.2, 0.4,

0.6) HEAs.
. Fe Co Ni Al Si

Alloys  Region (at%) (at%) (at%) (at%) (at%)
x=02 GB 2706+ 070 2698+ 031 24614065 1638-+054 496+ 0.29
grain 23544072 26194035 26274060 2059 +043 340 4027
x = 0.4 GB 2593+ 058 2689 +0.36 25354056 12.43+051 940+ 0.36
grain 23824063 25874039 26504062 1498+053 883 +038
x = 0.6 GB 2654+ 0.63 2598+ 041 22744053 947 +044 1527 4 0.42
grain 25634065 25544038 2318+057 1127+056 14.38 4+ 045

3.2. Soft Magnetic Properties

The hysteresis loops at room temperature, shown in Figure 5a, demonstrate the soft
magnetic behavior of the FeCoNiAl;_,Six (x =0.2, 0.4, 0.6) HEAs. The addition of Si slightly
reduces the M from 108 Am? /kg for the x = 0.2 HEA to 106 Am?/kg for the x = 0.4 HEA,
and further to 101 Am? /kg for the x = 0.6 HEA. Key DC soft magnetic parameters, such
as initial permeability (y;), maximum permeability (1), coercivity (Hc), remanence (B;),
and hysteresis loss (P,), can be obtained from the measurement of the DC soft magnetic
behavior. Figure 5b shows the variation in w;, um, Br, He, and Py with different levels of Si
content (x). Both p; and uy, increase, reaching a peak at x = 0.4, but drop sharply at x = 0.6.
In contrast, the B;, Hc, and P, show an opposite changing trend, reaching their lowest
values at x = 0.4. The FeCoNiAly¢Sip4 (x = 0.4) HEA exhibits optimal DC soft magnetic
properties, with the highest permeability (1; = 344 and py, = 1334) and the smallest He
(51A/m), B; (132 mT), and Py, (205 J/m?), as summarized in Table 2.
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Magnetic field (kA/m) Si content (x)

Figure 5. (a) The hysteresis loops and (b) the soft magnetic properties as a function of the Si content
(x) in the FeCoNiAl; _,Six (x =0.2, 0.4, 0.6) HEAs.

Table 2. The DC and AC magnetic properties of the FeCoNiAl;_,Siy (x = 0.2, 0.4, 0.6) HEAs.

AC P, AC P,
M H B P
Alloys by i Wm ¢ : U (W/kg) (Wikg)
(Am?/kg) (A/m) (mT)  (J/m>) 50 Ha 950 Hz
x=0.2 108 274 1240 66 192 236 0.39 37.20
x=04 106 344 1334 51 132 205 0.33 32.37
x=0.6 101 296 785 110 193 286 0.40 34.92

The AC soft magnetic parameters include the coercivity (AC H.), the total loss (AC P),
the hysteresis loss (AC Py,), and the eddy loss (AC P¢). The detailed calculation of AC Py,
and AC P. can be referred to in our previous work [25]. With smaller values of the AC H,,
AC P, AC Py, and AC P, we can achieve better AC soft magnetic properties. Figure 6a—d
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show the AC H, AC Ps, AC Py, and AC P, as functions of frequency, which ranges from
50 Hz to 950 Hz, with a constant By, of 200 mT. All parameters decrease with the increase
in the frequency. The x = 0.4 HEA exhibits the lowest AC H., AC Ps, AC Py, and AC P,
indicating that it has the optimal AC soft magnetic properties in the frequency range of
50-950 Hz.

400/ @ 40} (b)
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2wl i | e
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Figure 6. The AC soft magnetic properties of the FeCoNiAl;_,Siyx (x = 0.2, 0.4, 0.6) HEAs in the
frequency range of 50-950 Hz with a fixed magnetic flux density (Bm =200 mT): (a) the coercivity (AC
Hc); (b) the total loss (AC Ps); (c) the hysteresis loss (AC Py,); and (d) the eddy current loss (AC Pe).

Figure 7a,b show the AC P separated by the Py, and Pe at 50 Hz and 950 Hz. It is seen
that the P}, is dominant in the Ps (>78%) at 50 Hz, while the P, amounts to more than 80%
of the Pg at 950 Hz. This indicates that the P}, is a main consideration to be avoided at a low
frequency (50 Hz), whereas the P, should be eliminated as much as possible at a relatively
high frequency (950 Hz). Moreover, it is also found from Figure 7 that the FeCoNiAlg ¢Sig 4
(x = 0.4) HEA exhibits the smallest Ps (0.33 W/kg), P}, (0.24 W/kg), and P, (0.08 W /kg)
at 50 Hz and P (32.37 W/kg), Py, (5.72 W/kg), and P. (26.25 W /kg) at 950 Hz among the
studied HEAs. In comparison to the x = 0.2 HEA and x = 0.6 HEA, the Ps at 50 Hz of the
x = 0.4 HEA is decreased by 15% and 18%, and it is reduced at 950 Hz by 13% and 7%.

0.6 (a) f = 50 Hz 60r (b) f=950 Hz [_]P.

~ 0.5 50 SN,
204

P, (Wikg)

0.2 0.4 0.6
Si content (x)

0.2

Si content (x)

Figure 7. The AC total loss (Ps) separated by the hysteresis loss (Py,) and the eddy current loss (Pe):
(a) 50 Hz and (b) 950 Hz.
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4. Discussion

It is reported that the strain concentration at the low-angle boundaries (LABs) with a
misorientation angle between 2° and 5° leads to the deterioration of the soft magnetic
properties [27]. In this work, a very small fraction of LAB (<3%) is observed in the
FeCoNiAl; _Six (x = 0.2, 0.4, 0.6) HEAs, and no obvious strain concentration is present
in the KAM images. This indicates that the LAB has a minor effect on the soft magnetic
properties. The coercivity of polycrystalline magnetic materials is closely related to the
grain size (D). The relationship of H, «1/D occurs for a macroscopic grain size, indicating
that low coercivity can be obtained from large grains [28]. In this work, the respective
average grain sizes of the FeCoNiAl;_,Siy (x = 0.2, 0.4, 0.6) HEAs are 26 um, 18 um, and
27 um. The values of coercivity of the current HEAs are 66 A/m, 51 A/m, and 110 A/m.
However, the change in the coercivity owing to the different grain sizes does not follow the
1/D law. Hence, other influencing factors on coercivity should be considered.

Elemental segregation is observed in the studied HEAs, which can affect their soft
magnetic properties. Some reported work showed that the segregation of non-magnetic
elements (such as Cu) at the grain boundaries of the HEAs could decrease their DC and
AC soft magnetic properties [24,29,30]. However, the enrichment of Fe can improve the
soft magnetic properties of the HEAs by enhancing the exchange coupling effect [31]. In
the current work, the obvious Fe segregation at the grain boundary is observed in the
FeCoNiAlygSig2 (x = 0.2) HEA, while the segregation decreases with the increase in Si
content. The segregation of Fe in the x = 0.2 HEA leads to good DC soft magnetic properties.
In comparison to the x = 0.6 HEA with slight Fe segregation, the py of the x = 0.2 HEA is
increased by 58%, and the H. and P, are decreased by 40% and 17%.

Elemental segregation is related to the density differences between the liquid and
solid phases and the shrinkage that occurs during solidification [32]. The Si segregation
at the grain boundary is observed in the current FeCoNiAl;_,Siy (x = 0.2, 0.4, 0.6) HEAs.
In the x = 2 HEA, the segregation of Si may result from the rejection of Si at the boundary
in order to reduce the interfacial energy during solidification. The addition of more Si
(x = 0.4) reduces the driving force for grain growth due to the adsorption of solute at the
boundaries and further decreases the mobility of the boundaries, leading to the reduction
in the grain size [33]. In the x = 0.6 HEA, the elemental segregation is decreased due to the
back diffusion phenomenon, which can decrease the microsegregation [32]. This leads to
the increase in the driving force for grain growth, resulting in grain coarsening. Hence,
the x = 0.4 HEA shows the smallest average grain size of 18 pm, which is smaller than the
26 um of the x = 0.2 HEA and the 27 um of the x = 0.6 HEA.

The formation of texture is sensitive to the interfacial energy and thermal gradient
during solidification [4,33]. The EBSD results in Figure 2 show that the x = 0.2 HEA has
the smallest fraction of high-angle boundaries with 81.1% compared with 93.1% for the
x = 0.2 HEA and 91.5% for the x = 0.6 HEA. This indicates that the x = 0.4 HEA has less
interfacial energy during solidification, which increases the propensity of grain growth
along the preferred thermal gradient. This may cause the formation of grains in the
direction of easy growth (e.g., <100> direction for cubic materials) [33]. Hence, the texture
is observed only in the x = 0.4 HEA. Moreover, the <100> direction is the easy magnetization
axis for BCC crystals. That is, the texture along the easy magnetization axis is formed in
the x = 0.4 HEA.

Some studies on silicon steels showed that the texture along the easy magnetization
axis could effectively increase their permeability and reduce energy loss [34-37]. Hence, the
FeCoNiAlp¢Sip4 (x = 0.4) HEA exhibits the optimal DC and AC soft magnetic properties
due to the formation of the texture along the easy magnetization axis. Figure 8 shows the
values of Mg and H. of the currently studied HEA compared to those of other ferromagnetic
HEAs [6,14,15,17]. The FeCoNiAly¢Sig4 (x = 0.4) HEA in this work is marked as a red
pentagram. The M; of the x = 0.4 HEA is larger than that of the Fe-Co-Ni-Al-Cu and
Fe-Co-Ni-Al-Cu-Sn HEAs, and the H. is lower than those of the ferromagnetic HEAs used
for comparison.
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Figure 8. The comparison of the soft magnetic properties between the currently studied HEA and
ferromagnetic HEAs.

5. Conclusions

In summary, the correlations between the DC and AC soft magnetic properties and the
microstructure of FeCoNiAl; _,Six (x = 0.2, 0.4, 0.6) HEAs are investigated. The XRD and
EBSD results show that all samples consist of a BCC phase, and the [100] texture is formed
in the x = 0.4 HEA. It is found from the SEM-EDS analysis that elemental segregation is
observed in the studied HEAs, which has a significant effect on their DC soft magnetic
properties. The grain boundary is Fe-rich and Si-rich, while the grain is Al-rich. In the
x = 0.2 HEA, the average composition of Fe at the grain boundary is 27.06 & 0.70 at%, which
is higher than the amount of Fe (23.54 & 0.72 at%) in the grain. The addition of more Si can
decrease the segregation of Fe at the grain boundary, leading to the deterioration of soft
magnetic properties. The x = 0.4 HEA exhibits the optimum DC soft magnetic properties
with the highest permeability (p; = 344 and py = 1334) and the smallest H, (51 A/m),
B: (132 mT), and P, (205 J/m3) among the currently studied HEAs. The x = 0.4 HEA
also shows the best AC soft magnetic properties in the frequency range of 50-950 Hz. In
comparison to the x = 0.2 HEA and x = 0.6 HEA, the total loss at 50 Hz of the x = 0.4 HEA
is decreased by 15% and 18%, and it is reduced at 950 Hz by 13% and 7%. The x = 0.4 HEA
exhibits the optimal DC and AC soft magnetic properties due to the presence of the texture
along the easy magnetization axis.
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