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A B S T R A C T

This study presents a novel cost-effective Fe30Ni25Cr25Mo10Al10 high-entropy alloy with a dual-phase micro-
structure that was processed using cyclic closed-die forging (CCDF) at room temperature for a maximum of six
passes. The as-homogenized alloy exhibited [CrMoFe]-rich dendrites with dual-size morphology dispersed in an
almost uniform face-centered cubic (FCC) matrix. It was found that as the number of CCDF passes increased,
leading to a more homogenous nanograin, there was an accumulation of dislocations, fragmentation of
[CrMoFe]-rich dendrites, and enhanced distribution within the matrix. These conditions were conducive to the
creation of a nanostructured Fe30Ni25Cr25Mo10Al10 alloy with superior mechanical properties. Texture analysis
indicated that the prominent texture components for the Fe30Ni25Cr25Mo10Al10 alloy after six passes were
Rotated Cube {001}<110>, S {123}<634>, and Dillamore {4 4 11}<11 11 8>. After the sixth CCDF pass, the
Fe30Ni25Cr25Mo10Al10 alloy exhibited the highest microhardness (~ 974 HV) and the lowest wear rate (~ (0.8 ±

0.1) × 10–5 mm3.N− 1.m− 1). Additionally, it was proposed that the development of the Rotated Cube {001}<
110> texture component contributed positively to enhancing wear resistance in the cost-effective high-entropy
alloys. Considering the obtained results, it is reasonable to propose that CCDF processing is significant potential
for the advancement of cost-effective nanostructured high-entropy alloys for industrial applications.

1. Introduction

High-entropy alloys (HEAs) or multi-principal element alloys
(MPEAs) first reported in 2004 have captured the interest of materials
scientists due to their exceptional properties such as good corrosion
resistance, excellent low-temperature ductility, and high-temperature
characteristics [1–4]. The concept of HEAs originally referred to
equiatomic multi-principal element alloy with a single-phase solid so-
lution and was initially defined as alloys containing at least five prin-
cipal elements in an equiatomic proportions [5–9]. The current

definition of HEAs has expanded to include non-equiatomic alloys with
multiple phases or minor additions, aiming to encompass a broader
range of HEAs with significantly improved properties [10–13]. Lu et al.
[14] proposed the concept of eutectic high-entropy alloys (EHEAs) in
2014, which combine the advantages of HEAs and eutectic alloys. The
features of low melting point and no liquid-solid mixing zone solve the
problems of poor castability and serious composition segregation of
HEAs, which improved the matching of strength and plasticity of con-
ventional HEAs. Subsequently, the Co element is so expensive, which
hampers the industrialization of HEAs. Therefore, many researchers
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have designed Co-free EHEAs, such as FeNiCrMo [15], AlxCrFeNi [16],
and CrFeNiNb0.31 [17].

Due to the effectiveness of the integrated strengthening mechanisms,
non-equiatomic HEAs with multi-phases often exhibit superior me-
chanical characteristics compared to equiatomic single-phase HEAs.
Non-equiatomic HEAs typically consist of a supersaturated metastable
solid solution matrix and intermetallic compounds at specific tempera-
tures [18–21]. This results in a higher potential for significant grain
refinement through severe plastic deformation (SPD) processing, sur-
passing that of both traditional alloys and equiatomic HEAs composed of
stable single phases. However, most reported HEAs are nearly equia-
tomic and contain large concentrations of expensive metals such as Co or
Mo [22–27]. A major obstacle hindering the industrial applications of
these metallic materials is the high cost of near-equiaxial HEAs currently
available. Therefore, overcoming the challenges associated with
designing and implementing HEAs in industrial applications necessitates
the development of cost-effective Fe-enriched HEAs with outstanding
mechanical properties.

Thermomechanical processing, including plastic deformation pro-
cesses, thermal processes, and SPD are the most efficient methods for
achieving ultrafine-grained (UFG, average grain size 0.1–1 μm) or
nanocrystalline (NC, average grain size ≤ 0.1 μm) materials in metals
and alloys [28–34]. For example, Otto et al. [35] studied the tensile
properties of the CoCrFeMnNi Cantor alloy in relation to temperature
and grain size. After homogenization and thermomechanical processing
involving cold rolling and recrystallized annealing, single-phase mi-
crostructures with grain sizes ranging from 4 to 160 μm were obtained.
Tensile tests revealed that refining the grain size from 160 to 4 μm
significantly increased the yield strength at temperatures up to 873 K.
Current literature indicates that common SPD techniques used in HEAs
include equal-channel angular pressing/extrusion (ECAP/ECAE) [26,
36–38] and high-pressure torsion (HPT) [27,39–41]. Another prevalent
SPD technique for grain refinement in difficult-to-deform alloys such as
Mg alloys is cyclic closed-die forging (CCDF) [42–44]. The CCDF tech-
nique, developed by Ghosh et al. [45], involves cyclic compression of a
billet with dimensions of H × W (height × width) inside a rectangular
channel, resulting in a reduction of height by up to 50 % (Fig. 1). The
equivalent deformation (εeq) achieved in this process can be estimated
using Eq. (1).

εeq = N
2̅
̅̅
3

√ Ln
(
H
W

)

(1)

where N is the number of passes, H is the height, and W is the width of
the specimen. It is important to note that the CCDF induces higher

strains per pass compared to other SPD processes, and may lead to a
more uniform material structure due to multi-directional deformation.
Consequently, considering CCDF as a promising approach with the po-
tential to achieve exceptional properties in HEAs is justifiable.

The lack of systematic research on developing cost-effective nano-
structured high-entropy alloys (NsHEAs) with superior properties
through CCDF processing motivated the authors to conduct this study.
This study is, to our knowledge, the first to investigate the regulation of
wear properties through microstructure engineering in a novel cost-
effective Fe-enriched high-entropy alloy processed by CCDF. The moti-
vation for this research stems from the recognized impact of CCDF on a
novel low-cost Fe30Ni25Cr25Mo10Al10 alloy, featuring a face-centered
cubic-based metallic matrix and [CrMoFe]-rich dendrite phase
designed using the computer coupling of phase diagrams and thermo-
chemistry (CALPHAD) method.

2. Experimental procedures

The Fe-rich non-equiatomic high-entropy alloy (Fe30Ni25Cr25-
Mo10Al10) ingot was initially prepared through vacuum melting the
constituent elements with 99.9 wt% purity at temperatures ranging
from 1873 to 1923 K. Subsequently, the Fe-rich alloy ingot (35 mm in
diameter and 50 mm in height) was homogenized at 1173 K for 10 hours
in a furnace and then air-quenched. The heat treatment was intended to
homogenize the microstructure and relieve the residual stresses present
in the samples prior to any process. The alloy was then cut into billets
measuring approximately 30 L mm× 30 W mm× 20H mm and subjected
to CCDF at room temperature for six passes, accumulating a total
equivalent strain of 4.80 (0.8 for each pass of CCDF).

The microstructure of the Fe30Ni25Cr25Mo10Al10 alloy was analyzed
using multiple techniques: (i) X-ray diffraction (XRD, Rigaku, Japan)
using monochromatic CuKα radiation; (ii) field emission scanning
electron microscope (FE-SEM, JEOL JSM7001F, Japan) equipped with
energy dispersive spectroscopy (EDS, Oxford INCA X-max 80, Oxford
Instruments, Great Britain); and (iii) electron backscatter diffraction
(EBSD) integrated with the FE-SEM (Philips XL30). EBSD data was
processed with HKL Channel 5 software.

Hardness was measured using an FM-800 Vickers microhardness
tester with a 300 g load and a 15 s dwell time. Wear tests were per-
formed on the as-homogenized and CCDF-processed specimens at room
temperature using a pin-on-disc wear test machine. Cylindrical pins,
20 mm in length and 5 mm in diameter, machined from as-forged billets,
slide against the counterface of a hardened disk of steel AISI 52100
measuring 100 mm in diameter and having a hardness of 62–65 HRC.
The axis of the pins was perpendicular to the direction of tool travel. The
wear test included a sliding distance of 500 m, a normal force of 24 N,
and a sliding velocity of 0.24 m/s. During the test, the friction coeffi-
cient was continuously and automatically recorded as a function of
sliding time (distance). Each specimen underwent three trials, and the
average value was reported. Subsequently, the surface morphologies of
the worn areas, without removing any surface debris, were examined
using a field emission scanning electron microscope (FE-SEM, MIRA
TESCAN).

3. Results and discussion

The XRD patterns of the as-homogenized Fe25Ni25Cr25Mo25 and
Fe30Ni25Cr25Mo10Al10 alloys are presented in Fig. 2. In the equiatomic
Fe25Ni25Cr25Mo25 alloy, a predominantly single face-centered cubic
(FCC) phase is observed. In contrast, the non-equiatomic Fe30Ni25Cr25-
Mo10Al10 alloy exhibits a dual-phase structure consisting of FCC as the
primary phase and the σ phase (Cr0.22Mo0.18Fe0.6 type) with a body-
centered tetragonal (BCT) structure as the secondary phase. Further-
more, the diffraction intensities of the major peaks corresponding to the
FCC phase are significantly higher than those of the BCT phase, indi-
cating the predominance of the FCC phase.Fig. 1. The schematic representation of the CCDF processing technique.
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Fig. 3 shows the microstructure and EDSmaps of the as-homogenized
Fe25Ni25Cr25Mo25 and Fe30Ni25Cr25Mo10Al10 alloys. The EDS results
shown in Table 1 further validate the phases identified by XRD. In Fig. 3
(a), the microstructure of the as-homogenized Fe25Ni25Cr25Mo25 alloy
reveals a single FCC structure. Additionally, grain boundaries can be
observed with a mean grain size of approximately 50 µm. Fig. 3(b) il-
lustrates that the microstructure of the Fe30Ni25Cr25Mo10Al10 alloy is
composed of [CrMoFe]-rich dark-gray dendrites with dual-size distrib-
uted within a nearly homogenous high-entropy alloy matrix, appearing
as a bright-gray region in the back-scattered electron SEM (BSE-SEM)

image. The EDS analysis confirms that the FCC phase in the alloy con-
tains Fe, Ni, Cr, Mo, and Al, while the dark-gray dendrite phase contains
Fe, Cr, and Mo. The FCC phase exhibits higher Fe and Ni content
compared to the dark-gray dendrite phase. Previous studies [46,47]
have shown that a single FCC phase formation requires an average
valence electron concentration (VEC) exceeding eight in a high-entropy
alloy. Therefore, it can be concluded that the FCC phase represents a
Fe-Ni enriched solid solute, while the [CrMoFe]-rich phase corresponds
to an intermetallic compound, consistent with the XRD results.

A practical approach to reduce the cost of HEAs is to avoid the use of

Fig. 2. XRD pattern of the as-homogenized Fe25Ni25Cr25Mo25 and Fe30Ni25Cr25Mo10Al10 alloys.

Fig. 3. SEM image and the corresponding EDS maps of the as-homogenized (a) Fe25Ni25Cr25Mo25 and (b) Fe30Ni25Cr25Mo10Al10 alloys.
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expensive Co, which is commonly utilized in HEAs. By adjusting the Fe/
Ni to Cr/Mo ratio, the composition of HEAs can be tailored. In the
present study, the Fe to Mo ratio was increased to achieve the dual-phase
structure comprising of FCC and the intermetallic phases in the
FeNiCrMo alloy system (see Figs. 2 and 3), as Fe is more cost-effective
compared to other elements while Mo is the most expensive. More-
over, this novel alloy exhibits elevated concentrations of Cr and Al,
along with a complex structure that holds promise for high-temperature
applications. Consequently, it is expected that the proposed Fe-enriched
Fe30Ni25Cr25Mo10Al10 alloy, particularly when processed using CCDF,
will demonstrate superior mechanical characteristics at ambient
temperature.

Fig. 4 displays the EBSD inverse pole figure (IPF) maps and misori-
entation angle distribution of the Fe30Ni25Cr25Mo10Al10 alloy following
successive CCDF passes. In Fig. 4(a), the IPF map illustrates the micro-
structure of the as-homogenized Fe30Ni25Cr25Mo10Al10 alloy, with fine
[CrMoFe]-rich phases and coarsened FCC structures. The average
misorientation angle of the boundaries, the proportion of high-angle
grain boundaries, and the grain size in the as-homogenized
Fe30Ni25Cr25Mo10Al10 alloy are 29.53º, 72 %, and 35 µm, respectively.
Subsequent to two CCDF passes, a reduction in grain size is observed, as
shown in Fig. 4(b). The altered microstructure displays deformed grains
with dislocation tangles, signifying substantial differences compared to
the initial homogenized state. Following four passes (Fig. 4(c)), an in-
crease in the dominance of high-angle grain boundaries is evident due to
the improved microstructure uniformity, with the misorientation
parameter rising to 34.43◦, indicating continuous and discontinuous
recrystallization. After six CCDF passes (Fig. 4(d)), all grains exhibit an
equiaxed morphology, accompanied by an augmented fraction of
ultrafine-grained regions. The average grain size of these equiaxed
recrystallized grains is about 230 nm. Notably, after six passes, the
CCDF-treated alloy exhibits an average misorientation of 36.27◦ and a
high-angle grain boundary fraction of 82 %.

Fig. 5 illustrates the {111} pole figure (PF) of the Fe30Ni25Cr25-
Mo10Al10 alloy following various CCDF passes. Fig. 5(a) shows Cube
{100}<100> and A {110}<111> components with maximum in-
tensities of 1.4 × R and 1.2 × R, respectively, potentially indicating the
recrystallized state in the as-homogenized alloy. Following the two
CCDF passes (Fig. 5(b)), the Cube {100}<100> component disappears,
while the Brass {110}<221>, Copper {112}<111>, and Dillamore {4 4
11}<11 11 8> components emerge. The primary texture components
include Brass {110}<221>, Copper {112}<111>, Dillamore {4 4 11}<
11 11 8>, and A {110}<111> with the maximum intensities of 1.4 × R,
1.3× R, 1.2× R, and 1.0× R, respectively. As depicted in Fig. 5(c), after
four passes, the textural components are entirely analogous to those of
the two-pass specimen. The dominant texture components are Brass
{110}<221>, Copper {112}<111>, Dillamore {4 4 11}<11 11 8>, and
Cube {100}<100> with the maximum intensities of 5.3 × R, 3.2 × R,
2.7× R, and 1.1× R, respectively. The total intensity of the components
after the fourth pass displayed a remarkable increase compared to the
earlier passes. Lastly, following six CCDF passes (Fig. 5(d)), the principal
texture components are Rotated Cube {001}<110>, S {123}<634>,
and Dillamore {4 4 11}<11 11 8> with the maximum intensities of 2.7
× R, 2.2 × R, and 1.3 × R, respectively.

The remarkable evolution of these components is attributed to the
induction of high-angle grain boundaries by CCDF. These boundaries
subdivide the grains with geometrically necessary dislocations (GND)

before recrystallization, leading to the formation of equilibrium grain
boundaries [48–53]. Also, the fractured fragments of [CrMoFe]-rich
dendrites and nano shear bands in the microstructure can serve as
nucleation sites for continuous recrystallization [54–58]. Therefore, the
redundant shear strain and dynamic recrystallization during high CCDF
passes facilitate the formation of equiaxed nanograins. This study
demonstrates that the microstructure of the sixth pass significantly in-
dicates the nanograin formation, due to the uniform distribution of
fractured [CrMoFe]-rich dendrites, redundant shear strain, and contin-
uous recrystallization. Consequently, it is expected that the intensity of
major texture components, such as Rotated Cube {001}<110>, S
{123}<634>, and Dillamore {4 4 11}<11 11 8>, will be either satu-
rated or decreased.

Microhardness, wear rate, and friction coefficient data for the as-
homogenized Fe40Ni25Cr25Mo25 alloy, as-homogenized Fe30Ni25Cr25-
Mo10Al10 alloy, and the CCDF-processed alloy after six passes are sum-
marized in Table 2 and Fig. 6. The as-homogenized Fe25Ni25Cr25Mo25
alloy with a single FCC phase exhibited the lowest hardness at 195 HV.
Meanwhile, the as-homogenized Fe30Ni25Cr25Mo10Al10 alloy with a
dual-phase structure hardness displayed a hardness of 415 HV. As
illustrated in Table 2, the microhardness of the CCDF-processed
Fe30Ni25Cr25Mo10Al10 alloy is higher than that of the as-homogenized
state, which aligns with findings from previous studies on HPT or
ECAP/ECAE-processed HEAs [23,26,41]. Specifically, the microhard-
ness of the CCDF-processed alloy increased by 137 %, rising from 415
HV (for an as-homogenized composition) to 974 HV. This significant
increase in hardness can be attributed to several mechanisms, such as
solid solution hardening, Hall-Petch strengthening by nanograins,
dislocation hardening, and hardening by the uniform distribution of
dual-size broken [CrMoFe]-rich dendrite fragments with semicoherent
interphases [1,18,59–61].

According to Table 2 and Fig. 6, the wear rate and friction coefficient
of the CCDF-processed Fe30Ni25Cr25Mo10Al10 alloy, i.e., (0.8 ± 0.1)
× 10–5 mm3. N− 1.m− 1 and 0.31, are significantly lower than those of the
as-homogenized state ((3.1 ± 0.1) × 10–5 mm3. N− 1.m− 1 and 0.64) and
as-homogenized Fe25Ni25Cr25Mo25 alloy ((4.3 ± 0.1) × 10–5 mm3. N− 1.
m− 1 and 0.71). This can be attributed to the surface strengthening of the
CCDF-processed alloy through strain hardening (i.e., an increase in the
dislocation density and their interactions) [62], the volume fraction of
nanograins [63], the reinforcing role of broken [CrMoFe]-rich dendrite
fragments in the matrix (i.e., additional strain hardening) [64], and the
uniformity of the fine dendrite distribution in the matrix [21,58,65].
Therefore, it can be concluded that the wear resistance properties of the
as-homogenized Fe30Ni25Cr25Mo10Al10 alloy significantly improves
after CCDF processing.

The crystallographic texture of metals and alloys can affect their
tribological characteristic. During sliding contact, the interfacial shear
stresses of the alloys adapt, resulting in a reduction in wear rate by
forming nanostructured tribo-layers, shear bands, and basal texture
alignment parallel to the sliding direction [66,67]. For instance, Yu et al.
[68] found that the presence of the Rotated Cube {001}<110> and Cube
{001}<100> texture components in low-carbon micro-alloyed steel
during hot rolling significantly enhanced tribological performance. In
the present work, the Rotated Cube {001}<110> component was
observed in the sixth CCDF pass (see Fig. 5). Consequently, it can be
concluded that the presence of Rotated Cube {001}<110> component
with a maximum intensity of 2.7 × R can enhance the wear resistance

Table 1
Chemical composition of the as-homogenized Fe25Ni25Cr25Mo25 and Fe30Ni25Cr25Mo10Al10 alloys. Av – average composition; D – dendrite; ID – interdendritic space.

Phase, XRD Fe Ni Cr Mo Al
Fe25Ni25Cr25Mo25 FCC Av 27.55 25.92 27.91 18.63 —
Fe30Ni25Cr25Mo10Al10 FCC+[CrMoFe]BCT Av 32.88 24.52 29.23 6.96 6.41

D 28.54 18.59 33.80 15.46 3.61
ID 38.64 28.91 20.14 5.94 6.37
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Fig. 4. EBSD inverse pole figure (IPF) maps and misorientation angle distribution of the Fe30Ni25Cr25Mo10Al10 alloy: (a) before CCDF and after (b) two, (c) four, and
(d) six CCDF passes.
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properties of the CCDF-processed Fe30Ni25Cr25Mo10Al10 alloy.
Fig. 7 illustrates the worn surface morphologies of the as-

homogenized Fe40Ni25Cr25Mo25 alloy, the as-homogenized
Fe30Ni25Cr25Mo10Al10 alloy, and the CCDF-processed alloy after six
passes. The as-homogenized alloys exhibit significant adhesive and
surface damage, leading to a higher extent of delamination. However,
the depth of grooves and adhesive wear are notably lower in the
Fe30Ni25Cr25Mo10Al10 alloy compared to the Fe40Ni25Cr25Mo25 alloy, as
depicted in Fig. 7(a) and (b). In Fig. 7(c), the worn surface of the CCDF-
processed Fe30Ni25Cr25Mo10Al10 alloy exhibits shallow wear grooves,
indicating both abrasive and adhesive wear. Furthermore, there is a
significant reduction in plastic deformation, depth of grooves, degree of

delamination, and adhesive wear in the CCDF-processed alloy when
compared to the homogenized states.

Achieving exceptional grain refinement using SPD processing is
crucial for enhancing the hardness and wear resistance of metals and
alloys [69–75]. The wear volume decreases with increasing hardness,
according to Archard’s law [76] of wear. After CCDF, the size of the
grains decreases (Fig. 4 and Table 2), contributing to increased hardness
of the HEAs and decreased wear volume. Additionally, the morpholog-
ical characteristics such as as-cast dendrites, volume fraction, size dis-
tribution, crystallographic texture, and other characteristics play a
significant role in influencing the mechanical and wear properties of the
HEAs. In the present work, grain refinement achieved via CCDF pro-
cessing can effectively reduce adhesive wear and enhance the resistance
to adhesion of the cost-effective Fe30Ni25Cr25Mo10Al10 alloy by influ-
encing plastic deformation (see Fig. 7). The findings of this research
indicate that CCDF processing of HEAs offers a promising approach for
the cost-effective development of NsHEAs. While techniques like ECA-
P/ECAE and HPT techniques have not yet reported success in improving
the wear resistance of HEAs, our results strongly suggest that CCDF
processing has the potential to achieve these enhancements.

4. Conclusions

This study presents the processing of a cost-effective novel
Fe30Ni25Cr25Mo10Al10 high-entropy alloy through cyclic closed-die

Fig. 5. {111} Pole figure of the Fe30Ni25Cr25Mo10Al10 alloy: (a) before CCDF and after (b) two, (c) four, and (d) six CCDF passes.

Table 2
Calculated values of microhardness, wear rate, and friction coefficient for the as-
homogenized and CCDF-processed alloys.

HEA Microhardness
(HV)

Wear rate
(mm3.N− 1.
m− 1)

Friction
coefficient

As-homogenized
Fe25Ni25Cr25Mo25

195 (4.3 ± 0.1)
× 10–5

0.71

As-homogenized
Fe30Ni25Cr25Mo10Al10

412 (3.1 ± 0.1)
× 10–5

0.64

CCDF-processed
Fe30Ni25Cr25Mo10Al10

974 (0.8 ± 0.1)
× 10–5

0.31

M. Naseri et al.
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Fig. 6. Variation of coefficient of friction with sliding time for (a) as-homogenized Fe25Ni25Cr25Mo25 alloy, (b) as-homogenized Fe30Ni25Cr25Mo10Al10 alloy, and (c)
CCDF-processed Fe30Ni25Cr25Mo10Al10 alloy.
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forging (CCDF) to enhance its hardness and wear resistance properties.
The increase in CCDF passes leads to exceptional grain refinement,
formation of homogenous equiaxed nanograins, fragmentation of
[CrMoFe]-rich dendrites, and their efficient distribution in the matrix.
Texture analysis reveals that the reduction in texture intensity during
final passes is linked to the development of equiaxed nanograins and the
redundant shear strain imposed during the CCDF processing. Also, the
Rotated Cube {001}<110>, S {123}<634>, and Dillamore {4 4 11}<11
11 8> are the main texture components in the Fe30Ni25Cr25Mo10Al10
alloy after six CCDF passes. The CCDF-processed Fe30Ni25Cr25Mo10Al10
alloy demonstrates the highest microhardness (~ 974 HV) and the
lowest wear rate (~ (0.8 ± 0.1) × 10–5 mm3.N− 1.m− 1). Furthermore,
the development of a strong Rotated Cube {001}<110> texture
component significantly contributes to the enhanced wear resistance in
the cost-effective Fe-based HEAs. Therefore, it is reasonable to highlight
the potential industrial applications of these cost-effective nano-
structured HEAs.
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