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Abstract

An equiatomic FeCoCrNiMn high-entropy alloy was processed by cold rolling followed
by isothermal annealing at 900 °C for various durations. The microstructural evolution
and mechanical properties of the alloy were systematically investigated as a function of
annealing time. The results indicate that the alloy maintained a single-phase face-centered
cubic (FCC) structure throughout the entire annealing process, with no secondary phases
or precipitates detected. After annealing at 900 °C for 2 min, the recrystallized volume
fraction reached approximately 80%, resulting in the formation of an ultrafine-grained
microstructure. The corresponding Vickers hardness, yield strength, and total elongation
were measured to be 249 HV, 616 MPa, and 32%, respectively, demonstrating a desirable
combination of strength and ductility. The recrystallization process was essentially complete
after 5 min of annealing. With further increases in annealing time, the grain size continued
to coarsen, accompanied by a gradual decrease in hardness and strength and a progressive
improvement in ductility, reflecting a typical strength—ductility trade-off.

Keywords: FeCoCrNiMn high-entropy alloy; cold rolling; annealing treatment; crystal
structure; mechanical property

1. Introduction

FeCoCrNiMn is a well-known multi-component equiatomic high-entropy alloy (HEA),
first reported by Cantor et al. [1], which crystallizes in a single-phase face-centered cubic
(FCC) structure. Compared with conventional alloys, HEAs are characterized by several
unique features, including the high-entropy effect, severe lattice distortion, sluggish diffu-
sion, and the “cocktail” effect, which collectively contribute to their exceptional mechanical
properties, wear resistance, and corrosion resistance [2-7]. This combination of properties
makes the FeCoCrNiMn alloy particularly attractive for applications in the printing indus-
try, where metallic substrates are required to meet demanding criteria such as high friction
resistance, corrosion stability, and strong interfacial adhesion. The FeCoCrNiMn alloy,
in particular, exhibits good plasticity and fracture toughness; however, its yield strength
(~300 MPa) remains relatively low, limiting its suitability for many engineering applications.
In response, extensive efforts have been devoted to enhancing the mechanical strength
of the FeCoCrNiMn alloy while maintaining a favorable strength—ductility synergy. The
primary strengthening strategies explored to date include precipitation strengthening, grain
refinement, solid solution strengthening, and phase transformation strengthening [8-13].
Deng et al. [14] demonstrated that an ultrafine-grained FeCoCrNiMn high-entropy alloy
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with an average grain size of approximately 0.75 um can be obtained by tailoring the
annealing process. This alloy achieved an excellent strength—ductility combination, with
a yield strength of about 620 MPa, an ultimate tensile strength of about 778 MPa, and
an elongation exceeding 30%, showing a significant grain boundary strengthening effect.
Moreover, the wear performance was notably improved by grain refinement, with the
wear mechanisms mainly characterized as abrasive wear and oxidative wear. A study by
Mohamad et al. [15] investigated the effect of room-temperature rolling on an FeCoCrNiMn
high-entropy alloy. The alloy, synthesized by vacuum induction melting and homogenized
at 1100 °C for 6 h, was subjected to cold rolling with a thickness reduction of up to 85%.
This severe deformation led to a substantial increase in dislocation density, grain elongation
along the rolling direction, formation of shear bands, and deformation twinning. As a
result, the mechanical properties were significantly enhanced: hardness, yield strength, and
ultimate tensile strength increased with deformation, while elongation decreased. Notably,
at 85% thickness reduction, the tensile strength reached 1268 MPa, approximately 2.7 times
that of the as-cast alloy. Fracture surface analysis revealed a transition from ductile to brittle
fracture with increasing rolling reduction.

Li et al. [16] reported that heavily cold-rolled FeCoCrNiMn HEA developed a fully
recrystallized ultrafine-grained microstructure after annealing at 650 °C, achieving an ex-
cellent synergy of high strength and ductility, with yield strength, ultimate tensile strength,
and elongation of 930 MPa, 1021 MPa, and 19.0%, respectively. Li et al. [9] investigated the
effects of severe cold rolling (SCR) and subsequent annealing on a face-centered cubic (FCC)
Aly3FeCoCrNiMn high-entropy alloy. The addition of Al reduced the thermal stability of
the alloy and promoted the precipitation of o and By phases within the FCC matrix. As
the annealing temperature increased, strength gradually decreased due to matrix grain
growth and precipitate dissolution, though the precipitates effectively suppressed grain
growth. A fully recrystallized ultrafine-grained microstructure with a multiphase structure
was obtained after annealing at 800 °C, achieving a yield strength of 970 MPa, an ultimate
tensile strength of 1080 MPa, and an elongation of 8%.

Recent advances have revealed that even in single-phase solid solutions such as the Fe-
CoCrNiMn alloy, the atomic configuration is not perfectly random but rather exhibits local
chemical order (LCO) or short-range order (SRO) due to enthalpic interactions among con-
stituent elements [17,18]. These chemically ordered domains, though nanometer-sized, can
significantly influence dislocation activities, grain boundary migration, and recrystalliza-
tion kinetics [17-19]. Therefore, a complete understanding of the annealing behavior of this
alloy system requires consideration of not only the high-entropy effect but also the presence
and evolution of LCO/SRO during thermomechanical processing. And LCO or SRO may
exist due to enthalpic interactions among constituent elements. Such chemically ordered
regions may influence defect behavior and mechanical response, indicating that the anneal-
ing behavior of this alloy system should not be interpreted solely from the conventional
high-entropy perspective. Therefore, in addition to the effects of deformation and annealing
parameters, the possible role of LCO/SRO should also be acknowledged when discussing
the microstructural evolution of FeCoCrNiMn alloy during thermomechanical processing.

In addition to conventional unidirectional rolling, strain-path-controlled routes such
as cross-rolling have also been explored in Cantor-type alloys. Previous studies showed
that cross-rolling can alter the deformation substructure, shear-band density, and crystal-
lographic texture compared with unidirectional rolling, thereby affecting the subsequent
recrystallization behavior and mechanical properties after annealing. Therefore, the present
work is specifically focused on the microstructural evolution and mechanical response
of a unidirectionally cold-rolled FeCoCrNiMn alloy during short-time annealing. Table 1
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compares representative related studies in terms of annealing condition, grain size, yield
strength, and elongation.

Table 1. Comparison of representative related studies.

Processing Annealing Elongation Yield
Reference R .rs Grain Size b Strength
oute Condition (%)
(MPa)
Severe o
[16] cold-rolled o = <05 um 19.0 930
FeCoCrNiMn
Heavy
[14] cold-rolled 900 °C, 2 min ~0.75 um >30 ~620
FeCoCrNiMn
Cold-rolled 700 °C, ~1.5/~6 um
(51 coCrFeNiMn 60 min (bimodal) 30 590

Cold rolling followed by annealing constitutes a fundamental thermomechanical
processing route for tailoring the microstructure of metallic materials to achieve enhanced
mechanical performance. To date, extensive investigations have been conducted on the
cold rolling and annealing behavior of the FeCoCrNiMn high-entropy alloy. However,
the annealing durations employed in the majority of these studies have been relatively
prolonged, typically exceeding 1 h. In the present work, the FeCoCrNiMn high-entropy
alloy was subjected to cold rolling deformation, with particular emphasis on elucidating
the effects of high-temperature short-time annealing on its microstructural evolution and
mechanical properties. The influence of annealing time was systematically investigated
using a combination of characterization techniques, including metallographic microscopy,
X-ray diffraction (XRD), electron backscatter diffraction (EBSD), microhardness testing, and
fractographic analysis.

Short-time annealing at elevated temperatures offers considerable industrial advan-
tages over conventional long-duration heat treatments. In continuous annealing lines,
reducing the holding time from hours to minutes (or even seconds) dramatically increases
production throughput, lowers energy consumption, and minimizes furnace occupancy.
Moreover, rapid processing reduces the risk of surface oxidation and grain coarsening,
which is particularly beneficial for maintaining ultrafine-grained microstructures. Thus,
the present demonstration that a desirable strength—ductility combination can be achieved
in the FeCoCrNiMn HEA after only 2 min of annealing at 900 °C holds promise for cost-
effective, high-throughput manufacturing of high-entropy alloy components.

2. Experimental Materials and Methods

FeCoCrNiMn high-entropy alloy with equal atomic ratios was synthesized from high-
purity raw materials (Fe, Co, Ni, Cr, Mn; >99.9 wt.%). The constituent elements were
re-melted four times in a vacuum induction melting furnace to ensure compositional
homogeneity, resulting in cast ingots. Specimens with dimensions of 60 x 30 x 10 mm?
were extracted from the as-cast ingots using wire electrical discharge machining (EDM)
and subsequently homogenized at 1150 °C for 6 h. The homogenized samples were then
subjected to cold rolling on a two-roll laboratory rolling mill to achieve an 80% thickness
reduction. Following deformation, the cold-rolled sheets were annealed in a muffle furnace
(KSL-1200X, Hefei Kejing Materials Technology Co., Ltd., Hefei, Anhui, China). preheated
to 900 °C for 2, 5, and 60 min, respectively, as shown in Figure 1. After the furnace

temperature stabilized, the samples were rapidly inserted into the hot zone, and the holding
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time was counted from the moment of insertion. After annealing for the designated time,
the samples were removed from the furnace and immediately water-quenched.

The microstructural characteristics of both as-cast and cold-rolled annealed samples
were examined using metallographic microscopy, X-ray diffraction (XRD, Rigaku SmartLab,
Tokyo, Japan), and electron backscatter diffraction (EBSD, Oxford Symmetry 2, Oxford
Instruments plc, High Wycombe, UK). XRD analysis was conducted with Cu-Ko radiation,
operating at an accelerating voltage of 40 kV and a current of 30 mA, with a scanning rate
of 5°/min. EBSD measurements were carried out on a TESCAN MIRAS3 field-emission
scanning electron microscope (SEM, MIRA3, TESCAN, Brno, Czech Republic). Subsequent
data analysis was performed using dedicated software to evaluate grain size, grain orien-
tation, recrystallization fraction, and related microstructural features. EBSD scans were
performed at an accelerating voltage of 20 kV with a scan step size ranging from 0.1 to
0.5 pm. Typically, the scan step size for EBSD is chosen to be 1/3 of the minimum grain
size. The acquired EBSD data were analyzed using Channel 5 software. Microhardness
variations were measured with a TWVS-1 microhardness tester (Beijing Wowei Technology
Co., Ltd., Beijing, China) under a load of 50 g applied for 10 s. Tensile tests were conducted
on a Shimadzu AGX universal testing machine at a constant strain rate of 1 x 1073571,
using specimens with a gauge section of 10 mm x 3 mm x 2 mm. The post-deformation
fracture morphologies were observed via SEM to examine the fracture mechanisms.

T

'y

1150

900

Figure 1. Thermomechanical treatment process of FeCoCrNiMn alloy.

3. Experimental Results and Discussion
3.1. Microstructure

Figure 2 shows the metallographic structures of the as-cast sample and the cold-rolled
samples annealed at 900 °C for different durations. It should be noted that the cold-rolled
condition itself is not included in Figure 2, because it was not directly characterized by
metallographic microscopy in the present study. Therefore, Figure 2 compares the as-cast
state with the annealed states after cold rolling. It should be noted that the cold-rolled
microstructure was not characterized in detail in the present study. However, the deformed
microstructure of 80% cold-rolled FeCoCrNiMn HEA has been extensively documented in
the literature [9,16], consistently showing elongated grains, strong deformation textures,
abundant dislocation substructures, and the retention of a single-phase FCC structure. The
rapid recrystallization observed in this study at 900 °C—yielding ultrafine recrystallized
grains within 2 min is fully consistent with the expected behavior of a heavily deformed
precursor with high stored energy. The reason why 900 °C is chosen is that it is much higher
than the recrystallization completion temperature of the alloy (~750 °C), while still within
the single-phase FCC region. This temperature allows rapid recrystallization within several
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minutes, so that the short-term annealing effect can be investigated. At 900 °C, the expected
microstructure is a fully recrystallized FCC structure with possible annealing twins, and
the grain size increases with prolonged annealing time. As shown in Figure 2a, the as-cast
sample exhibits a typical coarse dendrite structure. The dendrites were eliminated after
homogenization, cold rolling and subsequent annealing treatment. Figure 2b presents
the microstructure of the cold-rolled FeCoCrNiMn alloy annealed at 900 °C for 2 min. It
can be seen that a small amount of rolling deformation band structure is still retained in
the annealed sample, the recrystallized grains are extremely fine but inhomogeneous in
size, and a large number of annealing twins appear. When the annealing time reaches
5 min, the deformed structure undergoes sufficient recovery and recrystallization, the
grains grow obviously with clear grain boundaries, and the annealing twin structure is
clearly visible (Figure 2c). In the sample annealed for 60 min (Figure 2d), the recrystallized
grains are further coarsened with a great number of annealing twins generated, and the
twin boundaries span the entire grains.

Figure 2. Metallographic microstructure of as-cast and cold-rolled samples annealed at 900 °C for
different times: (a) as-cast; (b) 2 min; (¢) 5 min; (d) 60 min.

The XRD patterns of the samples under different processing conditions are presented
in Figure 3. The as-cast FeCoCrNiMn alloy exhibits a single-phase face-centered cubic
(FCC) structure, with five distinct diffraction peaks corresponding to the (111), (200), (220),
(311), and (222) crystal planes, respectively. No additional diffraction peaks were detected
following cold rolling and subsequent annealing for various durations, indicating the
absence of phase transformation during isothermal annealing. This structural stability is
primarily attributed to the high mixing entropy characteristic of the FeCoCrNiMn high-
entropy alloy, which confers enhanced thermodynamic stability [20]. Furthermore, as the
annealing time increases, the intensities of the (111) and (200) diffraction peaks progressively
rise, suggesting that annealing exerts a notable influence on the grain orientation of the
cold-rolled alloy. Such evolution of texture and preferred orientation is generally associated
with the recovery and recrystallization processes occurring in the deformed microstructure.
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Figure 3. XRD patterns of different samples.

The retention of the single-phase FCC structure during annealing is not solely due to
high configurational entropy. As demonstrated by Yang et al. [21], the formation enthalpy
and non-configurational entropy (e.g., vibrational, electronic, magnetic) play equally im-
portant roles. In particular, Ma et al. [22] showed that vibrational entropy dominates the
stabilization of the FCC phase in the Cantor alloy, and that configurational entropy alone is
insufficient to explain phase stability.

The microstructural evolution of the FeCoCrNiMn alloy under various annealing
conditions is illustrated in the EBSD inverse pole figures shown in Figure 4. Figure 4a
presents the microstructure of the as-cast alloy, revealing coarse grains prior to cold rolling.
Quantitative analysis yields an average grain size of approximately 100 um. Following
cold rolling and annealing at 900 °C for 2 min (Figure 4b), the sample exhibits pronounced
recrystallization, characterized by a microstructure predominantly composed of ultrafine
grains with dimensions below 1 um; the statistically determined average grain size is
0.75 pm. After annealing for 5 min (Figure 4c), the microstructure becomes fully recrystal-
lized, accompanied by a marked increase in grain size to an average of 1.7 um. Notably, a
substantial population of annealing twins is observed within these recrystallized grains.
Upon further annealing to 60 min (Figure 4d), continued grain growth occurs, resulting in
an average grain size of 5.7 pm.

The very rapid microstructural evolution observed within 2-5 min at 900 °C should
be understood as static recrystallization of the heavily cold-rolled structure rather than
as a phase transformation. After 80% cold rolling, the alloy stores a large amount of
deformation energy in the form of dislocations, deformation bands, and deformation
twins, which provide both the driving force for recrystallization and abundant preferential
nucleation sites. At 900 °C, grain-boundary mobility and atomic mobility are sufficiently
high to enable rapid nucleation and growth of recrystallized grains into the deformed
matrix. As a result, the recrystallized fraction reaches approximately 80% after 2 min and
becomes nearly complete after 5 min, consistent with the EBSD observations shown in
Figures 4 and 5.
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Figure 4. EBSD inverse pole figure of as-cast and cold-rolled samples annealed at 900 °C for different
times. (a) as-cast; (b) 2 min; (c) 5 min; (d) 60 min.
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Figure 5. Volume fractions of recrystallized, substructured and deformed microstructure of cold-
rolled alloy annealed at 900 °C for different times.

The evolution of recrystallized, substructured, and deformed microstructural fractions
in the cold-rolled alloy annealed at 900 °C for varying durations is quantified in Figure 5.
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Following plastic deformation, metallic materials accumulate a high density of crystalline
defects, such as vacancies and dislocations, resulting in an increase in stored deformation
energy. Upon subsequent annealing, this elevated distortion energy serves as the driving
force for restoration processes, including recovery, recrystallization, and grain growth. As
the annealing time prolongs, recrystallization progresses continuously: the volume fraction
of recrystallized grains increases progressively, while that of the deformed structure cor-
respondingly diminishes. Meanwhile, substructures are observed in microstructures that
have undergone partial recrystallization. According to the classical theory of recrystalliza-
tion kinetics, the evolution of the recrystallized volume fraction as a function of annealing
time under isothermal conditions can be described by the Avrami equation [23]:

pr=1-— exp(—BtK) (1)

where @R represents the recrystallized volume fraction and ¢ is the annealing time. The
parameters B and K are characteristic constants that govern the recrystallization kinetics;
their values provide insights into the underlying nucleation and growth mechanisms and
enable the prediction or simulation of the recrystallization behavior of the FeCoCrNiMn
alloy under various annealing conditions. Based on the experimental data presented
in Figure 5, the constants K and B are determined to be approximately 0.08 and 1.67,
respectively. Accordingly, the Avrami equation describing the isothermal recrystallization
kinetics at 900 °C is expressed as: ggr = 1 — exp(—1.67t008).

The Avrami exponent K obtained in this study (~0.08) is significantly lower than
typical values for recrystallization in conventional metals (K ~ 1-2), but falls within the
range reported for other high-entropy alloys (K ~ 0.1-0.8). Such low K values indicate
site saturation—i.e., nucleation occurs almost instantaneously at pre-existing deformation
heterogeneities, and subsequent recrystallization is dominated by growth of these nuclei.
In the FeCoCrNiMn HEA, the high density of nucleation sites generated by 80% cold
rolling, combined with the sluggish diffusion and lattice distortion characteristic of HEAs,
suppresses continuous nucleation and reduces grain boundary mobility. As a result, the
recrystallization kinetics are governed by early site saturation followed by slow growth,
yielding a very low Avrami exponent.

It should be noted that the recrystallization kinetics and grain growth behavior ob-
served in this study may also be influenced by the presence of local chemical order in
the FeCoCrNiMn alloy. Recent studies have shown that LCO/SRO can affect boundary
mobilities and the stored energy of deformation, thereby modifying recrystallization ki-
netics [17,18]. While a detailed investigation of LCO/SRO evolution during short-time
annealing is beyond the scope of the present work, we acknowledge that the simplified
interpretation based solely on the high-entropy effect does not capture the full complex-
ity of the microstructural evolution. Future work combining advanced characterization
techniques such as atom probe tomography and scanning tunneling microscopy with
quantitative kinetic analysis is needed to elucidate the interplay between LCO/SRO and
recrystallization in this alloy system.

The Avrami parameters (K ~ 0.08, B ~ 1.67) quantitatively capture the recrystallization
kinetics at 900 °C. It should be noted that the observed kinetics may not be driven solely
by deformation-stored energy. Recent evidence indicates that local chemical order (LCO)
or short-range order (SRO) can exist in the Cantor alloy system, potentially influencing
recrystallization by modulating dislocation mobility and boundary migration [24]. Thus,
the extracted parameters may reflect the combined effects of high stored energy and the
subtle influence of LCO/SRO. However, in the absence of quantitative models linking
LCO/SRO characteristics to recrystallization kinetics in this system, deconvoluting these
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contributions remains beyond the scope of this study. Future work combining local chemical
characterization with in situ annealing is warranted to clarify this interaction.

3.2. Mechanical Properties

The microhardness evolution of the as-cast alloy and the cold-rolled specimens an-
nealed at 900 °C for various durations is illustrated in Figure 6. The as-cast sample exhibits
a relatively low hardness of only 142.9 HV. Following cold rolling and subsequent anneal-
ing, the hardness increases substantially. After annealing for 2 min, the alloy displays a
markedly refined grain structure alongside a fraction of un-recrystallized regions, yielding
a hardness of 249.1 HV—a substantial increase of 74.3% compared to the as-cast condition.
However, as the annealing time is extended to 5 min and 60 min, the hardness decreases
significantly to 181.8 HV and 155.8 HV, respectively. As revealed by microstructural charac-
terization, prolonged annealing promotes more complete recovery and recrystallization,
accompanied by continuous grain growth. This progression leads to a reduction in grain
boundary density, thereby weakening the grain boundary strengthening effect and resulting
in a progressive decline in hardness [25]. The tensile properties of the samples under differ-
ent processing conditions are summarized in Figure 7. The as-cast alloy exhibits relatively
low strength combined with high ductility, characterized by a yield strength of 229 MPa, an
ultimate tensile strength of 531 MPa, and an elongation to failure exceeding 40%. Upon cold
rolling and subsequent annealing, the strength is substantially enhanced. For the specimen
annealed at 900 °C for 2 min, the yield strength, ultimate tensile strength, and elongation
reach 616 MPa, 778 MPa, and 32%, respectively, demonstrating a favorable combination
of strength and ductility and thus superior overall mechanical performance. As the an-
nealing time further increases, the strength progressively decreases while the elongation
correspondingly increases, reflecting a typical strength—ductility trade-off relationship.

249.1
250 F I

5200 |
T 1811.8
4 142.9 128
§ 150 £
<
<
E 100
.2
>

50 F

O 1 1 1 1
As-cast 2 min 5 min 60 min

Figure 6. Microhardness of as-cast and cold-rolled samples annealed at 900 °C for various times.
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Figure 7. Tensile properties of different samples.

The tensile fracture morphologies of the FeCoCrNiMn high-entropy alloy under var-
ious processing conditions are presented in Figure 8. The macroscopic fracture features
shown on the left reveal that all samples exhibit a typical cup-and-cone fracture morphol-
ogy, characterized by a distinct fibrous region and a shear lip region. The absence of an
observable radial zone or macroscopic cracks indicates favorable toughness of the material.
The corresponding magnified images on the right provide further insight into the detailed
fracture characteristics. For the as-cast sample, the fracture surface is decorated with
small, shallow dimples alongside river-like tearing patterns, indicative of a mixed fracture
mode involving both cleavage and ductile dimple mechanisms. Following cold rolling
and subsequent annealing at 900 °C for 2 min, the fibrous region of the fracture surface
is covered with a high density of fine dimples and micro-voids, suggesting a transition
to a predominantly ductile dimple fracture mechanism. As the annealing time increases,
larger and deeper dimples and voids become evident on the fracture surface. Concurrently,
the fibrous region exhibits increased roughness and undulation, reflecting enhanced plas-
tic deformation capability. These observations corroborate that the ductility of the alloy
progressively improves with prolonged annealing time.
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Figure 8. Fracture surface morphology of FeCoCrNiMn alloy (a,b) as-cast; (¢,d) 2 min; (e,f) 5 min;
(g,h) 60 min.

4. Conclusions

This study systematically investigated the evolution of microstructure and mechanical

properties in a cold-rolled FeCoCrNiMn high-entropy alloy as a function of annealing time.
The main conclusions drawn are as follows:

()

(i)

(i)

After annealing at 900 °C for 2 min, the cold-rolled FeCoCrNiMn high-entropy al-
loy exhibited a significantly refined microstructure, with a recrystallized grain size
of approximately 0.75 pm, concurrent with the formation of numerous annealing
twins. As the annealing time increased, the grain size gradually coarsened, and the
recrystallized volume fraction correspondingly increased.

The specimen annealed at 900 °C for 2 min demonstrated an excellent strength—
ductility synergy, achieving a yield strength of 616 MPa and an elongation of 32%. As
the annealing time prolonged, ductility was progressively enhanced while strength
decreased, reflecting a typical inverse relationship between strength and ductility.
Fractographic analysis revealed that the dominant fracture mechanism of the Fe-
CoCrNiMn high-entropy alloy was ductile dimple fracture, characterized by a fracture
surface comprising a fibrous region and a shear lip region. With increasing grain size,
the fibrous region exhibited increased roughness and undulation, accompanied by
the formation of larger and deeper dimples and micro-voids, signifying an improve-
ment in the plastic deformation capability of the alloy—consistent with the tensile
test results.
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(iv) We also acknowledge that the interpretation presented in this work, which focuses
primarily on the high-entropy effect, does not fully account for the potential influence
of local chemical order on recrystallization behavior. This represents a limitation of
the current study and a direction for future investigation.
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