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Abstract: This study investigated four cooling methods for CuCrFeMnNi high-entropy alloy, namely,
furnace cooling, air cooling, oil cooling, and water cooling (designated as FC, AC, OC, and WC,
respectively), following a 12 h treatment at 800 °C. Results indicate that all four cooled alloys consisted
of two FCC solid-solution phases (FCC1 and FCC2) and p phases. However, the FC alloy primarily
contained FCC2 as the main phase and FCC1 as the secondary phase. The other three cooling
methods yielded alloys with FCC2 as the primary phase and FCC1 as the secondary phase. With an
increase in cooling rate, the content of the FCC1 phase gradually increased, that of the p phase initially
decreased and then increased, and that of the FCC2 phase gradually decreased. The microstructure
of the CuCrFeMnNi high-entropy alloy under the four cooling methods consisted of gray-black
dendrites rich in Cr-Fe and white dendrites rich in Cu. Black p-phase particles predominated the
dendrite region. As the cooling rate increased, the white interdendritic regions shrank, and the
gray-black interdendritic regions expanded. The FC alloy exhibited the lowest microhardness at
approximately 202.6 HV. As the cooling rate increased, the microhardness of the alloy progressively
increased. The microhardness of the WC alloy was the highest, at approximately 355 HV. The
strengthening mechanisms for all the alloys were primarily solid-solution strengthening and second-
phase precipitation strengthening.

Keywords: cooling method; high-entropy alloy; microstructure; microhardness

1. Introduction

High-entropy alloys (HEAs) are composed of four or more metallic elements whose
atomic percentages range from 5 at.% to 35 at.%. This new type of alloy forms simple solid-
solution phases. Following the introduction of this concept by Yeh [1] and Cantor [2], the
HEA design was recognized by Ranganathan [3] as one of the three major advancements in
modern metal science. The superior characteristics of HEAs, which set them apart from
traditional alloys, are primarily attributed to their long-range ordered and short-range
disordered structures [4]. Despite the complex chemical composition of HEAs, most of them
maintain a primary phase of simple solid solutions (such as FCC, BCC, and HCP) [5-10].
However, these solid solutions are not always stable; they may enter a substable phase
during specific composition or preparation processes, leading to phase decomposition,
transformation, or precipitation, all of which significantly affect the microstructure and
properties of the alloys [11-14]. Therefore, studying the phase stability of HEAs under
various conditions is critical.

The microstructure of most HEAs can be optimized by heat treatment, thereby im-
proving their mechanical properties. Chen et al. [15] annealed Al CrFe; sMnNigs (x = 0.3,
0.5) HEAs at 500 °C-900 °C, and found that the BCC phase partially transformed into a
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tetragonal p (CrsFegMng) phase resulting in a hardness of over 950 HV. Tsao et al. [16]
quenched Aly3CrFe; sMnNig5 HEAs after heat treatment at 650 °C-75 °C for 8 h and
found that the microstructure exhibited precipitated AINi and CrsFesMng phases in the
matrix dendrites after aging at 650 °C. Meanwhile, the 31 FCC phase between dendrites
decomposed into the matrix structure and transformed into a second phase (32 FCC) after
aging at 750 °C. Owing to the precipitation of the Ni-rich, Al-rich, and CrsFegMng phases,
the hardness of the alloy was remarkably improved. Ren’s research [17] showed that the
CuCr,Fe;NiMn alloy prepared using an arc melting process composed of two FCC phases
(FCC1 and FCC2) plus a minor amount of CrsFegMng phase underwent age hardening after
aging at 800 °C for 12 h, with its microhardness increasing from 334 HV in the as-cast state
to 450 HV. However, after aging at 950 °C and 1100 °C for 12 h, significant age softening
occurred and the microhardness decreased to 180 HV. The age hardening was attributed to
the metastable BCC phase that precipitated the p phase of hard intermetallic compounds at
low temperatures (600 °C-800 °C), thus significantly improving the hardness of the alloy.
Further increasing the aging temperature resulted in the partial decomposition of the p
phase at 950 °C and its complete decomposition at 1100 °C, leading to a sharp decrease in
the microhardness of the alloy.

Zhao et al. [18] and Ren et al. [19] prepared CrCuFeMnNi HEA powder, consisting of
an FCC main phase and a BCC secondary phase, by mechanical alloying. After vacuum
annealing between 700 and 900 °C, the phase structure transformed into two FCC phases
(FCC1 and FCC2), a minor BCC phase, and a minor CrsFegMng phase [18]. After vacuum
hot-press sintering at 950 °C and 50 MPa for 2 h, the alloy-phase structure transformed
into two FCC phases (FCC1 and FCC2) and a small amount of BCC and p phases. Mo-
hanty et al. [20,21] prepared AlICoCuNiZn HEA by powder metallurgy and subjected it
to solid solution + aging treatment. They also studied the effect of aging treatment on the
microstructure and microhardness of the alloy and found that the alloy sintered at 950 °C
consisted of B (FCC) and « (L12) phases. After solid-solution treatment at 1160 °C for 96 h,
the phase structure of the alloy completely transformed into a single o (L12) phase. After
aging treatment at 400 °C-1000 °C for 48 h and quenching in ice water, the alloy reached
peak age hardening (~633 HV) at 500 °C, which was almost equivalent to its sintered
hardness (~625 HV). This study proves that spark plasma sintering (SPS) has sintering
aging effects, resulting in the high hardness of the sintered alloy. The cooling method after
the heat treatment also affects the microstructure and properties of HEAs. Yao et al. [22]
studied the effect of the cooling method on the precipitation of secondary phases and the
mechanical properties of CoCrFeMnNi-MosCys HEA and found that with an increase
in cooling rate, the hardness of the HEA decreased and its uniform plastic deformation
and elongation increased. The research of Xiong et al. [23] showed that the cooling rate
could change the phase composition and shape ofAly 5CoCrFeNi HEA from the BCC+FCC
phase to the BCC+FCC+B2 phase, and the BCC phase transformation was coarse. The
ultimate tensile strength and yield strength of the alloy after heat treatment decreased with
the increase in cooling rate, but the elongation and Vickers hardness increased with the
increase in cooling rate. Yu et al. [24] used liquid nitrogen and water as the cooling medium
to study the evolution of microstructure and mechanical properties of Cos;CrpsFes;5Nij 5
dual-phase HEA. Compared with water cooling, after liquid nitrogen cooling, a large num-
ber of HCP-phase laminates with different lengths and thicknesses intersected in the grain,
and the HCP-phase area fraction was multiplied, resulting in the alloy still having a yield
strength of 482 MPa and an ultimate tensile strength of 1079 MPa after 900 °C annealing.

These studies suggest that under specific conditions, the metastable phase of as-cast
alloys undergoes phase transformation, leading to age hardening or softening. Mechan-
ically alloyed HEA powders typically consist of a supersaturated solid solution. When
subjected to plasma or vacuum hot-press sintering with high temperatures, pressures, and
prolonged heat treatment, these alloys achieve a more stable phase structure compared
with cast alloys [25,26]. However, subsequent solid-solution or aging conditions may still
induce phase transformations, resulting in age hardening or softening. To gain a deep un-
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derstanding of the microstructural and mechanical changes in vacuum hot-pressed HEAs
during subsequent heat treatments, this study focused on the CuCrFeMnNi HEA produced
by vacuum hot-press sintering. The alloy was subjected to isothermal aging, followed by
treatments including furnace cooling, room-temperature cooling, water cooling, and oil
cooling. This work aimed to investigate how these cooling methods impacted the alloy’s
phase structure, microstructure, elemental distribution, and microhardness.

2. Materials and Methods

CuCrFeMnNi HEA was synthesized using powder metallurgy. This process was
primarily divided into two steps: first, the alloy powder was produced using mechanical al-
loying according to the stoichiometric ratio of CuCrFeMnNi [18]. The high-purity (>99.9%)
Cu, Cr, Fe, Mn, and Ni elemental powders used in the experiment were provided by Beijing
Guanjinli New Material Co., Ltd. (Guanjinli New Material Co., Ltd, Beijing, China), and
the particle size of each powder was about 75 pm. We weighed the powders according to
the equal molar ratio and put them into a stainless-steel ball-mill tank, and then added
stainless-steel balls at a ball-to-powder ratio of 10:1. After the ball-mill tank was assem-
bled, it was washed with high-purity argon for 5 min. Finally, it was mechanically ball
milled on a QM-WX4 ball mill (Nanjing Dongmai Technology Instrument Co., Ltd, Nanjing,
China) with a speed of 300 rpm and a time of 45 h dry grinding + 5 h wet grinding. An
appropriate amount of anhydrous ethanol was injected into the stainless-steel tank during
the wet grinding. The powder, after wet grinding, was dried in a vacuum drying oven at
50 °C for 3 days, and finally, the alloy powder was sieved by a 75 um stainless-steel sieve.
Secondly, the bulk CuCrFeMnNi high-entropy alloy was prepared in a ZT-25-20YVHP
vacuum hot-press sintering furnace (Shanghai Chenhua Technology Co., Ltd, Shanghai,
China) [19]. When hot-press sintering, the background vacuum was 1 x 1072 Pa, the
heating rate was 15 °C/min, the sintering temperature was 950 °C, the sintering pressure
was 50 MPa, and the holding time was 2 h. After cooling in the furnace, a cylindrical sample
of ZA12.5 mm x 6 mm was obtained. A bulk of £12.5 mm X 6 mm was then prepared by
hot-press sintering [19]. The alloy was processed into thin-sheet samples with dimensions
of ®12.5 mm x 2 mm using wire cutting and then heat-treated in a box-type resistance
furnace (Shenzhen Liangyi Laboratory Instrument Co., Ltd, Shenzhen, China). The heat
treatment protocol involved maintaining the temperature at 800 °C for 12 h, followed by
cooling through four methods: furnace cooling, air cooling, oil (mineral oil) cooling, and
water (room-temperature) cooling (designated as FC, AC, OC, and WC, respectively). For
furnace cooling, we turned off the power supply to cease heating, allowing the sample to
cool in the furnace to room temperature before removal. For air cooling, the sample was
removed from the furnace, placed on the cement floor, and allowed to cool naturally to
room temperature. In oil and water cooling, the samples were removed from the furnace
and immersed in mineral oil (~25°C) or water (~25°C), respectively, for 10 min before
removal. The cooling rates for the four different cooling methods were [23]: 0.02~0.03 °C/s
(FC), 0.9~1.8 °C/s (AC), >20 °C/s (OC), and >75 °C/s (WC).

The microstructure and hardness of the four HEAs after heat treatment were charac-
terized using SiC abrasive-paper grinding and diamond polishing paste. Analysis was
conducted using X-ray diffraction (XRD, Bruker D8 ADVANCE) (Bruker, Billerica, MA,
USA) and scanning electron microscopy (SEM, Quanta 250) (FEI Company, Hillsboro, OR,
USA). X-ray measurements were performed using Cu-Ka« radiation with a wavelength
of 1.54056 A. The operating tube voltage and current were set at 40 kV and 40 mA, re-
spectively, and the scanning angle, speed, and step size were 20°-90° (26), 5°/min, and
0.02°, respectively. The HEA composition was analyzed using the SEM’s built-in electron
energy spectrometer (EDAX). The hardness of the HEA was measured using the HVS-50
microhardness tester (Changzhou Sanfeng Instrument Technology Co., Ltd, Changzhou,
China) at an applied load of 98 N and a holding time of 20 s. Each sample was tested five
times to determine the average hardness of the alloy.
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3. Results and Discussion
3.1. XRD Analysis

The XRD patterns of the CuCrFeMnNi HEA under four cooling methods are presented
in Figure 1. The alloys were composed of two FCC solid solutions (FCC1 and FCC2) and
two phases. In particular, the furnace-cooled (FC) alloy had FCC2 as its primary phase
and FCC1 as its secondary phase. The other three cooling methods produce alloys with
FCC2 as the primary phase and FCC1 as the secondary phase. Formula (1) can be used
to estimate the relative content of each phase for the CuCrFeMnNi HEA under these four
cooling methods, as listed in Table 1 [18,19].

_ L lia)
YLy + X iy + -+

RC, x 100% (1)

where RC, is the relative volume fraction (or relative content) of phase A in the bulk alloy,
and I;(5) and I;() are the relative intensities of the ith diffraction peak of phases A and B in
the XRD spectrum.
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Figure 1. XRD patterns of the CuCrFeMnNi HEA under four cooling modes: (a) 30°-90° and
(b) 41°—46°.

Table 1. Relative content of each phase of the CuCrFeMnNi HEA under four cooling methods.

Cooling Methods

Relative Content (%)

FCC1 FCC2 p
FC 27.4 522 20.4
AC 476 37.6 14.8
oC 50.1 34.6 15.3
WC 51.3 323 164

CuCrFeMnNi HEA powder consists of a metastable FCC main phase and a BCC
secondary phase [18,19]. In the sintered state, these phases transform into the FCC1 main
phase, the FCC2 secondary phase, and a p phase with relative contents of 40.2%, 31.8%,
and 28.0%, respectively. When the furnace was cold, the relative content of the FCC1 phase
decreased to 27.4%, that of the FCC2 phase increased to 52.2%, and that of the p phase
decreased to 20.4%. With an increase in cooling rate, the relative content of the FCC1
phase increased from 27.4% to 51.3%, that of the FCC2 phase decreased from 52.2% to
32.3%, and that of the p phase initially decreased from 20.4% to 14.8%, and then slightly
increased to 16.4%. This finding indicates that during high-temperature heat treatment, the
precipitation and decomposition of these phases occurs dynamically [18]. In particular, the
high-melting-point phases preferentially precipitate during cooling [27]. The p phase is a
CrsFegMng intermetallic compound with a tetragonal crystal structure and is known for its
relatively high melting point. Its primary constituents are Cr, Fe, and Mn, and it exhibits
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high microhardness (1273 HV). In XRD, it is primarily observed in the range of 26 = 41° to
49° [15]. FCC1 is an (Fe, Cr, Min)-rich phase, with a lower melting point than the p phase,
and FCC2 is a (Cu, Ni, Mn)-rich phase, with the lowest melting point. The differing lattice
constants of the two phases resulted in a double-peak phenomenon in the XRD patterns.
The CuCrFeMnNi sintered alloy underwent isothermal aging and four different cooling
methods. The phases comprised two types of FCC phase (FCC1 and FCC2) plus a minor
amount of the CrsFegMng phase, closely resembling previous research findings.

At low cooling rates (FC state), Cu, Mn, and Ni were at high concentrations and
had similar lattice types, allowing ample time for the solid solution and formation of the
FCC2 phase and leading to the high FCC2 content. Meanwhile, some of the FCC1 phase
decomposed into the p phase, resulting in a lower content of the FCC1 phase and a higher
content of the p phase. However, at high cooling rates (WC state), the high-melting-point
p phase and the FCC1 phase precipitated before decomposition, resulting in their high
relative contents.

As shown in Figure 1b, the main peaks of the FCC1 and FCC2 phases in the heat-
treated alloy shifted to small angles with the increasing cooling rate. At low cooling rates
(FC state), each element diffused sufficiently to form FCC1, FCC2, and p phases. The main
solid-solution element of the FCC1 phase was Cr-Fe, the main solid-solution element of
the FCC2 phase was Cu-Ni, and the main component of the p phase was Cr-Fe-Mn. At
high cooling rates (AC, OC, and WC states), both the FCC2 phase and the p phase content
decreased, indicating that alloying elements in the FCC2 phase and p phase diffused
with each other, leading to an increase in the FCC1 phase content. Among these alloying
elements, the atomic radii in descending order were Mn>Cu>Cr>Ni>Fe. The Mn element
caused by the decomposition of the p phase diffused into FCC1 and FCC2, resulting in an
increase in their lattice constants. Therefore, the main peaks of FCC1 and FCC2 phases in
XRD shifted towards a small angle direction. Yao et al. [22] observed a similar phenomenon
in their study of the CoCrFeMnNi-Mo5Cy 5 alloy: the FCC phase diffraction peaks also
shifted to small angles with an increase in the cooling rate.

3.2. Microstructure

Figure 2 shows the SEM images of the CuCrFeMnNi HEA under the four cooling
conditions. The microstructures of all four alloys exhibited dendritic (DR, purple) and
interdendritic (ID, black) morphologies, with white particles predominantly located in the
dendritic regions. As the cooling rate increased, the purple interdendritic regions shrank
and the black dendritic regions expanded.

Figure 2. Cont.
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Figure 2. SEM images of the CuCrFeMnNi HEA under four cooling methods: (a) FC, (b) AC, (c) OC.
and (d) WC.

Figure 3 illustrates the SEM map scanning results of the CuCrFeMnNi HEA after
furnace cooling. Figure 3 reveals that the main element in the white interdendritic region
(zone B) was Cu. Meanwhile, the main elements in the gray interdendritic region (zone A)
were Cr and Fe, with relatively even distributions of Ni and Mn. Figures 4-6 present the
SEM surface scanning results of the CuCrFeMnNi HEA after air, oil, and water cooling,
respectively. The microstructure of these alloys was similar to that of the FC alloy. The gray
interdendritic region (zone A) was rich in Cr-Fe, and the white interdendritic region (zone B)
was rich in Cu. Table 2 lists the results from the EDS analysis of the microstructure of the
CuCrFeMnNi HEA under the four cooling methods. All four alloys exhibited compositional
segregation, with the DR region being rich in Cr-Fe and the ID region being rich in Cu. EDS
analysis of the black particles in Figures 3-6 indicated that they primarily consisted of Cr,
Fe, and Mn. In conjunction with XRD analysis, this finding indicates that the DR region
in these alloys represented the Cr-rich FCC1 phase, the ID region represented the Cu-rich
FCC2 phase, and the black particles (zone C) represented the p phase.

Figure 3. SEM map scanning results of the CuCrFeMnNi HEA after FC state: (a) backscatter image,
(b) Cu, (c¢) Cr, (d) Fe, (e) Ni, and (f) Mn.
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Figure 4. SEM map scanning results of CuCrFeMnNi HEA after AC state: (a) backscatter image,
(b) Cu, (c) Cr, (d) Fe, (e) Ni, and (f) Mn.

Figure 5. SEM map scanning results of CuCrFeMnNi HEA after OC state: (a) backscatter image,
(b) Cu, (c) Cr, (d) Fe, (e) Ni, and (f) Mn.

Figure 6. SEM map scanning results of CuCrFeMnNi HEA after WC state: (a) backscatter image,
(b) Cu, (c) Cr, (d) Fe, (e) Ni, and (f) Mn.
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Table 2. EDS analysis of the microstructure of the CuCrFeMnNi HEA under the four cooling methods.

Sample Point Cu Cr Fe Mn Ni
A 9.7 30.3 274 16.2 16.4
FC B 34.2 8.8 11.0 23.1 229
C 16.4 17.6 21.3 28.1 16.6

A 5.1 335 28.8 12.5 20.1
AC B 324 8.2 14.7 22.8 219
C 14.9 18.2 21.6 30.6 14.7

A 10.2 354 25.8 13.6 15
oC B 294 12.5 13.9 21.3 229
C 14.5 19.3 23.2 31.2 11.8
A 7.2 36.6 27.4 11.9 16.9

WC B 39.5 44 51 28 23
C 14.9 19.1 224 31.2 124

Figure 3 illustrates the SEM map scanning results of CuCrFeMnNi HEA after furnace
cooling. Figure 3 reveals that the dark-gray area (Zone A) was a dendritic region (DR),
with the main elements being Cr, Fe, Ni, and Mn. The gray-white area (Zone B) was the
interdendritic region (ID), with the main elements being Cu, Ni, and Mn. In the DR region
of Figure 3a, black particles with sizes of several micrometers or hundreds of nanometers
can be observed, and EDS results confirm that their main components were Cr, Fe, and Mn.
Overall, the segregation of Cu, Cr, and Fe elements was more severe, while the distribution
of Ni and Mn elements was relatively uniform. Figures 4-6 show the SEM and elemental
map scanning results of CuCrFeMnNi HEA in AC, OC, and WC states, respectively. In
the three states, the microstructure of the alloy was similar to that of the FC-state alloy.
The main elements in the dark-gray DR region (A region) were Cr, Fe, Ni, and Mn, while
the main elements in the gray-white ID region (B region) were Cu, Ni, and Mn. The main
components of the black particles dispersed in the DR region were still Cr, Fe, and Mn.
Table 2 presents the EDS analysis results of the microstructure of CuCrFeMnNi HEA under
four cooling methods. It can be seen that the elemental content of points A, B, and C
in each alloy was consistent with the map scanning results. Based on the XRD analysis
results in Figure 1, it can be inferred that the DR region in the alloy under the four cooling
methods was the FCC1 phase rich in Cr-Fe-Ni-Mn, the ID region was the FCC2 phase rich
in Cu-Ni-Mn, and the black particles (C region) were the p phase.

3.3. Hardness

Figure 7 illustrates the microhardness of the CuCrFeMnNi HEA under the four cooling
methods. The FC alloy yielded a microhardness of approximately 202.6 HV, which then
gradually increased with the cooling rate. WC resulted in the highest microhardness of
355 HV. Zhao et al. [28] found that in the sintered state, the microstructure of CuCrFeMnNi
HEA comprised an FCC1 phase rich in Cr-Fe, an FCC2 phase rich in Cu, and a p phase.
Its microhardness reached 543 HV. However, the present study found that after heat
treatment at 800 °C for 12 h, the phase structure remained unchanged but the main phase
transition was from FCC1 to FCC2, with a significant reduction in the relative content
of the p phase. Zhao et al. [28] also reported that the FCC1 phase was harder than the
FCC2 phase, the p phase also had high hardness, and their decreased relative content
primarily led to a reduction in the alloy’s microhardness. With an increase in the cooling
rate, the alloy’s phase structure shifted from FCC2 to FCC1, accompanied by a relative
increase in the phase content. This phenomenon resulted in an increase in microhardness.
Compared with AC- and OC-state alloys, the cooling rate of WC-state alloy was faster,
and the relative content of hard phases FCC1 and p in the alloy was the highest, so its
microhardness was the highest, reaching 355 HV. These results show that the strengthening
mechanisms of the WC-state alloy were primarily solid-solution strengthening and second-
phase precipitation strengthening.
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Figure 7. Microhardness of CuCrFeMnNi HEA under the four cooling methods.

4. Conclusions

In this work, CuCrFeMnNi HEA was heat-treated at 800 °C for 12 h, followed by
FC, AC, OC, or WC. The microstructure and microhardness of the alloy were analyzed
by XRD, SEM, EDS, and microhardness tester. All four alloys were composed of two
types of FCC solid solution (FCC1 and FCC2) and p phases. However, the FC-state alloy
contained FCC2 as its primary phase and FCC1 as its secondary phase. Meanwhile, the
alloys cooled by the other three methods had FCC2 as their primary phase and FCC1 as their
secondary phase. As the cooling rate increased, the content of the FCC1 phase gradually
increased, that of p phase first decreased and then increased, and that of FCC2 phase
gradually decreased. The microstructure of CuCrFeMnNi HEA under the four cooling
modes was composed of gray-black dendrites rich in Cr-Fe and white interdendrites rich
in Cu, with black p-phase particles predominantly located in the dendritic region. With
an increase in the cooling rate, the white interdendritic region shrank and the gray-black
interdendritic region gradually expanded. The microhardness of the FC-state alloy was the
lowest at approximately 202.6 HV. As the cooling rate increased, the microhardness of the
alloy progressively increased. The microhardness of the WC-state alloy was the highest
at approximately 355 HV. The strengthening mechanisms of these alloys were primarily
solid-solution strengthening and second-phase precipitation strengthening.
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