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A novel FeCoNiCrg »Sig » (at. %, thereafter, all mean atomic ratios) high-entropy alloy (HEA) was synthesized.
The as-cast HEA exhibits a combination of excellent mechanical and magnetic properties with a large plastic
deformation of about 60% and low coercivity (H.) of about 187.9 A/m, which are prominent in the HEAs re-
ported so far. Based on the large plasticity, rolling and annealing were adopted as a strategy for improving
magnetic and mechanical properties of the HEA. The process of rolling followed by annealing leads to the

significant enhancement of the yield strength (YS) and ultimate tensile strength (UTS) of alloy rolled at 773K,
increasing to 320 and 920 MPa respectively. Meanwhile the large plasticity and good soft magnetic properties
remain. The enhancement mechanism of annealed after rolling was analyzed. Consequently, the optimal balance
of magnetic and mechanical properties is achieved. The present work suggests a promising way to develop HEAs
with a combination of excellent magnetic and mechanical properties.

1. Introduction

The emergence of high entropy alloys (HEAs) provided a new alloy
design concept [1,2]. Generally, HEAs contain at least five principal
elements with concentration between 5 and 35 at. %, which is different
from traditional alloys containing one or two principal elements, and is
beneficial for broadening the compositional range of alloys. Recent
studies further extended the boundary of HEAs by categorizing qua-
ternary and ternary alloy system with moderate component and solid
solution structure into HEAs [3-5]. HEAs tend to form single-phase
solid solutions rather than intermetallics, which is commonly regarded
to be resulted from high entropy effect [6,7]. The properties of HEAs
such as their high strength, excellent room-temperature ductility, good
thermal stability and high electrical resistivity have been investigated
extensively [4,8-14]. From the view of tuning coupled structural-
magnetic transition, Huang et al. put forward a systematic study of the
Curie temperature (T,) for a number of equiatomic medium- and high-
entropy alloys using first-principle theory, which are helpful to identify
promising magnetic compositions [15].

As soft magnetic materials, a good balance of magnetic and
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mechanical properties is vitally important. Among current magnetic
materials, silicon steel and Fe-based amorphous alloy have been treated
as two kinds of desired core materials. However, owing to the in-
trinsically limited ductility and formability of 6.5 wt% Si electrical steel
[16], it is extremely hard to be manufactured by conventional thick-
slab casting and rolling process. And Fe-based amorphous alloy has not
the ability of rolling deformation due to their lack of ductility. A series
of FeCoNi-containing HEAs with excellent mechanical properties and
promising ferromagnetic properties have been developed in recent
years [17-20], among which FeCoNiSiB [18,21], FeCoNi(AlSi)g» [22]
and FeCoNiCrAl [23] HEAs show relatively high saturated magnetiza-
tion (M) and malleability. Moreover, the FeCoNi-containing HEAs
usually exhibit high thermal stability at elevated temperatures, which
provides a great opportunity to be utilized as high-temperature mag-
netic material [26-28]. High ductility of HEAs can greatly overcome
the formability limit of silicon steel. However, the H. of FeCoNi-con-
taining HEAs currently developed is obviously higher than those of Fe-
based amorphous alloy and even silicon steel, which remains a chal-
lenge for future practical applications. Therefore, more investigations
deserve to be conducted on developing new HEAs with both excellent
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malleability and low H..

In the present study, a novel FeCoNiCry »Sip » HEA is developed with
the aim of obtaining a good balance of improved soft magnetic prop-
erties, excellent mechanical properties and high structural stability.
Rolling and annealing, widely used as a formability route, were in-
troduced as a strategy for improving magnetic and mechanical prop-
erties in the present work.

2. Experimental procedure

Alloy ingots with nominal composition of FeCoNiCrq 5Sig» (at. %)
were prepared by arc melting the mixtures of Fe, Co, Ni, Cr and Si
(purity above 99.9 wt%) in a water-cooled Cu crucible under Ti-get-
tered argon atmosphere. The ingots were re-melted 5 times to ensure
chemical homogeneity. The plates with 75 mm x 30 mm X 6 mm were
produced by the casted method of tilt-pour steel mold casting. The
plates were deformed by multi-pass hot rolling at 773K to thickness
strain of 59%. Then the rolled samples were isothermally annealed at
1273K for 1 h.

The structure was examined by X-ray diffractometer (XRD,
Empyrean) with Cu-Ka radiation. Thermal stability was studied by
differential scanning calorimetry (DSC, NETZSCH 404) at a heating rate
of 20 K/min. The curie transition was determined by thermomagnetic
measuring instrument (TGA5500) at a heating speed of 20 K/min. The
room-temperature Vickers hardness (HV) was measured with a load of
3N, and at least 8 points were tested on each sample. The magnetic
properties including M; and H. were measured with vibrating sample
magnetometer (VSM, Lake Shore 7410) and B-H loop tracer (EXPH-
100), respectively. All the measurements were performed at room
temperature. Samples for tensile tests with a cross-section of
2mm X 1.5mm and a gauge length of 10 mm were cut by electro-dis-
charge machining. Fracture surfaces of tensile samples were examined
by scanning electron microscopy (SEM, FEI QUANTA 200), and crys-
tallographic textures were quantified by electron backscatter diffraction
(EBSD, JEM 7500).

3. Results

Fig. 1 shows the XRD patterns of as-cast, as-rolled and annealed
after rolling FeCoNiCr »Sig o HEA. Only FCC phase could be detected in
the three statuses, indicating that no phase transformation occurred
during hot rolling and annealing. Generally, the introduction of de-
formation and stress during repeatedly rolling can lead to broadening
and shifting of diffraction peak. But it is interesting and abnormal that
the present alloy does not exhibit this behavior, which is similar to that
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Fig. 1. XRD patterns of the as-cast, as-rolled and annealed after rolling
FeCoNiCr »Sig.» HEA.
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Table 1

The crystal structure, lattice parameter, Curie temperature (T.), Vickers hard-
ness (HV), saturated magnetization (Mj), coercivity (H.), yield strength (YS),
ultimate tensile strength (UTS), elongation-to-fracture (EL) and UTS X EL for
the as-cast, as-rolled and annealed after rolling FeCoNiCry »Sip » HEA.

Characteristics As-Cast As-Rolled Annealed after rolling
Structure FCC FCC FCC
Lattice parameter @A 3.5689 3.5742 3.5690
T, (K) 702.57 711.72 704.42
HV 130.1 318.2 153.8
M; (emu/g) 98.11 102.96 98.33
H. (A/m) 187.9 298.2 186.3
YS (MPa) 225 705 320
UTS (MPa) 732 1070 920
EL (%) 61 10 60
UTS x EL (GPa %) 44.6 10.7 55.2

reported by Liu [24]. This feature is very different from the most of
current HEAs and traditional alloys, such as FeCoCrysNi [25] and Al-
CoCrFeNi [26]. The lattice parameters are calculated from the XRD
results and summarized in Table 1. This phenomenon suggests that the
lattice parameters of this alloy are very stable to variations of stress and
temperature, though it needs to be further studied.

The thermal stability was investigated by DSC. The DSC curves of
as-cast, as-rolled and annealed after rolling FeCoNiCrg Sig> HEA is
shown in Fig. 2(a). The alloy in all the states exhibits a similar trend of
slowly exothermic change in the temperature range of 473-1273K
[27]. There is no endothermic line occurring, indicating that there is no
occurrence of phase transformation or collapse of crystalline structure
even under the high temperature [27]. It is clear that all the alloy of as-
cast, as-rolled and annealed after rolling are stable under the tem-
perature below 1273 K. The as-rolled sample shows more prominent
exothermic behavior than that of as-cast sample, due to the internal
stress induced by rolling. Upon annealing, the exothermic behavior of
the rolled alloy reduces, which is attributed to internal stress relief to a
certain extent. Furthermore, Fig. 2(b) shows the thermomagnetic cures
of the as-cast, as-rolled and annealed after rolling FeCoNiCry 5Sig >
alloy. The T, is determined to be around 700 K. The T, of as-cast and
annealed samples has not changed obviously. Compared to the an-
nealed after rolling and as-cast samples, as-rolled sample has a slightly
higher T..

EBSD technique was taken to better understand texturing evolution
during heat treatment processing. The as-cast sample of the HEA has
equiaxed coarse grains with a grain size range from 10 to 217 um, as
shown in Fig. 3(a) and (b). It has a single solid solution phase with FCC
structure, consistent with the XRD results shown in Fig. 1. The grains
gradually become elongated in the rolling direction, as shown in
Fig. 3(d) and (e), taking on a blurry structure, in which the boundaries
are hard to distinguish. And the color orientation within the grains
increases significantly, indicating more fragmented grains than that in
the as-cast structure. Fig. 3(g) and (h) show inverse pole figure (IPF) of
the HEA processed by hot-rolling followed by annealing at 1273 K for
1 h. As a result, the recrystallized and fine-grained structure forms and
the grain size falls into the scale between 7 and 39 um, and distribution
of grain diameter is more uniform as shown in Fig. 3(c), (f) and (i). Both
the as-rolled and annealed after rolling alloy show a single FCC phase
structure and no occurrence of new phase formation, implying high
structural stability.

Fig. 4(a) gives the tensile engineering stress-strain curves of the as-
cast, as-rolled and annealed after rolling samples. The YS, UTS and
elongation-to-fracture (EL) are listed in Table 1. The as-cast sample
shows excellent ductility with plastic strain of 61%, but its YS is only
225 MPa. The rolled alloy has a remarkable increase in the yield and
fracture strength but at the cost of ductility. A good balance among YS,
UTS and EL was achieved in the annealed after rolling sample with
320 MPa, 920 MPa and 60%, respectively. It is of significance that,
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Fig. 2. DSC curves (a) and thermomagnetic curves (b) of the as-cast, as-rolled and annealed after rolling FeCoNiCr »Sip » HEA.

compared with casting, the annealed after rolling process greatly en-
hances the YS and EL. The fractured surfaces of the as-cast, rolled and
annealed after rolling FeCoNiCry »Sip» HEA are shown in Fig. 4(b-g).
Macroscopically, significant necking occurs in the as-cast and annealed
after rolling samples with typical, while fracture morphology without
obviously necking tendency was observed only in the rolled sample as
shown in Fig. 4(b), (d) and (f). It is observed that the only rolled sample
shows a brittle fracture morphology with river shape and smaller
dimples than that of the as-cast alloy as shown in Fig. 4(c) and (e). After
further annealed, a ductile fracture feature appears on the fracture
surface of the rolled sample with dimples, which is similar to that of the
as-cast one, seeing Fig. 4(g). The fractography of the annealed after

rolling sample implies high working hardening ability and large plas-
ticity, i.e. large the value of damage tolerance (UTS x EL), which is
consistent with the results obtained by tensile test.

Fig. 5(a) gives Hysteresis loops of the as-cast, rolled and annealed
after rolling FeCoNiCr 5Sip» HEA. All the samples exhibit typical soft
magnetic characteristics. The M of the present HEA remains unchanged
basically after processes by rolling and annealing technique. However,
the H, of the alloy increases from 187.9 to 298.2 A/m after rolling. After
further annealed, it reduces to 186.3 A/m, which is close to that of the
as-cast state. Fig. 5 (b) shows the statistic results for the M and H, of
different soft magnets in HEAs [22,28-33], and it notes that FeCo-
NiCrg 5Sig.» HEA exhibits excellent combination of high M, and low H,.
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Fig. 3. Inverse pole figure (IPF) maps of FeCoNiCry »Sip » HEA with different statuses: (a) as-cast, (d) as-rolled and (g) annealed after rolling. Color-coding refers to
the grain orientations. Grain boundary (GB) maps of FeCoNiCry »Sip» HEA with different statuses: (b) as-cast, (e) as-rolled and (h) annealed after rolling. And
distribution maps of grain diameter of FeCoNiCry »Sip» HEA with different statuses: (c) as-cast, (f) as-rolled and (i) annealed after rolling.
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Fig. 4. Tensile engineering stress-strain curves (a) of the as-cast, as-rolled and
annealed after rolling FeCoNiCry »Sio.» HEA. Fracture surfaces of the as-cast (b)
and (c), as-rolled (d) and (e), and annealed after rolling (f) and (g)
FeCoNiCry »Sip.» HEA at low and high magnification, respectively.

4. Discussion

Previous work indicates that the T, of HEAs is sensitive to their base
composition, additional alloying elements, and crystal structure
[15,31,34]. For the present HEA, T. becomes slightly higher after
rolling, which is similar to the result achieved by Lucas et al. in Fe-
CoCrNi HEA [25]. And the possible reason is that both the as-cast and
annealed after rolling samples have some degree of short-range che-
mical ordering, but the rolled sample is chemically disordered during
the mechanical processing. Chemical disordered structure tends to
correspond to high T, [25].

The good balance among YS, UTS and EL is achieved in the annealed
after rolling sample of FeCoNiCrg »Sip» HEA, which results from the
formation of the recrystallized fine-grained and uniform structure with
the average grain diameter of 12.8 um. It is well known from Hall-Petch
effect that the YS has inversely proportional correlation to the mean
grain size. When the fine grain is forced to be deformed, the stress can
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be dispersed by multiple grain boundaries, leading to more uniform
plastic deformation with less stress concentration, and the extension of
cracks would be well hindered. Thus, the major contributor to
strengthening in this work reasonably originates from the grain re-
finement. According to the Hall-Petch relationship, o = gy + kypd="/2,
the lattice friction (0p) and strengthening coefficient (Kyp) for the
FeCoNiCrg »Sip.» HEA have been estimated to be about 140 MPa and
643 MPa-;um'/?, respectively. Most of the mechanical properties re-
ported for HEAs are based on hardness measurements and uniaxial
compression tests [2,35-41]. The parameter Kyp of tensile test from the
current study and many other FCC alloys was just summarized in
Table 2. Through the comparison and analysis of data, strengthening is
not only determined by the number of constituent elements but also
depends on the type of added elements. In the present family of alloys,
Cr appears to be the most potent strengthener [42].

Because the properties of plasticity and strength are evidently mu-
tually exclusive in almost all classes of materials, the fundamental
difficulty in finding high UTS X EL materials is still to strike a desirable
balance between the strength and plasticity of the material [47].
Nevertheless, for FeCoNiCrg 5Sip» HEA processed by rolling and an-
nealing, the value of (UTS-YS)/EL is much higher than that of the as-
cast one, indicating that the alloy has good uniform deformation and
extremely high work-hardening properties. In addition, the UTS x EL
of the annealed samples reached 55 GPa%, which is much higher than
that of the as-cast sample. It is of great significance that the value of
UTS x EL of this alloy treated like this is one of the highest among
reported HEAs [9,48,49].

Researches have shown that the H, is inversely proportional to the
average grain size, and the H, is proportional to internal stress [50].
After rolling, the grains become fine and the grain boundaries of the
alloy become indistinct, and there are various defects and internal stress
inside the rolled alloy, leading to pinning effects that impede the
movement of domain walls, thus the resultant H, becomes extremely
large. After annealed, only compared to rolled sample, the grain shape
significantly changes and the distribution of grain diameter is more
uniform, while the internal stress decreases. As a result, the magnetic
isotropy increases and the movement resistance of domain walls de-
creases making the displacement of magnetic domain reversible, which
favors the decrease in H.. These results are consistent with the afore-
mentioned microstructure, as shown in Fig. 3. The M; of the material
depend on the number of the atomic magnetic moment in unit volume,
which is mainly affected by the composition of the material. Once the
required composition of the material is determined, the change of mi-
crostructure would influence the M;. It could be found from the XRD
results in Fig. 1 that the phase microstructure remains unchanged re-
gardless of rolling or annealing and thus no obvious change in M; for
the samples is exhibited, as shown in Fig. 5(a).

Compared with the currently developed FeCoNi-containing HEAs,
although the magnetic moment of Cr is anti-parallel with Fe/Co/Ni, the
present FeCoNiCry »Sip» alloy exhibits only a little lower M; than
FeCoNi(AlSi)o» and is very close to FeCoNi(MnAl), 25, but the H, of
FeCoNiCr »Sig » is the lowest. The H, is sensitive to the lattice distor-
tion and the various microstructures. Lattice distortion affects the
magnetic domain-wall movement and H,. The atomic radii of Al and Mn
are larger than that of Fe, Co and Ni, while atomic radius of Cr is similar
to Fe, Co and Ni. Compared to FeCoNi(AlSi)q » and FeCoNi(MnAl)g »s,
the lattice distortion of FeCoNiCry »Sig > is probably the smallest. This
reasonably explains the reason for the lowest H, obtained in the present
FeCoNiCry »Sig.2, as shown in Fig. 5(b). Nevertheless, our result sug-
gests that FeCoNiCry »Sip » is a promising candidate for soft magnetic
applications than FeCoNi(AlSi)g > [22] and FeCoNi(MnAl)q o5 [24].

5. Conclusion

In summary, FeCoNiCry5Sip» HEA developed in this work was
prepared by casting and processed by rolling and recrystallization
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Fig. 5. Hysteresis loops of the as-cast, as-rolled and annealed after rolling FeCoNiCry »Sip» HEA (a) and the saturated magnetization and coercivity of the HEA
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Table 2

The Hall-Petch coefficient (Kyp) of typical HEAs.
Alloy system Structure Kgp (MPa-um'/?) Refs.
CoCrFeNiAlg ; FCC 371 [43]
CoCrFeNiAlg 3 FCC 730 [44]
CoCrFeMnNi FCC 494 [45]
FeNiCoCr FCC 855 [42]
CoCrNi FCC 568 [46]
FeCoNiCro Sio. FCC 643 This work

annealing route. Structural, thermal, magnetic and mechanical prop-
erties of the alloys were investigated and compared. Major conclusions
of this work are drawn as follows:

1. The good balance of improved soft magnetic properties and ex-
cellent mechanical properties is obtained in novel FeCoNiCrg »Sig >
HEA. The plastic deformation of the HEA is near to 60%. The H, of
the alloy is much lower than most of the previously reported HEAs,
which is of great significance for practical application.

2. The excellent ductility and formability of the alloy HEA make rolling
and annealing a strategy for improving magnetic and mechanical
properties. After processed by rolling and recrystallization an-
nealing, the strength and plasticity are greatly increased. Especially,
the value of UTS X EL reaches 55 GPa%, which is the one of the
highest values in HEAs.

3. The as-cast FeCoNiCrq 5Sig » HEA is comprised of a simple FCC solid
solution structure, which is quite stable to deformation and high
temperature. After rolling and annealing, no new phase was de-
tected by XRD.
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