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Abstract: Precipitation strengthening is an effective approach to strengthen high-entropy alloys
(HEAs) with a simple face-center-cubic (FCC) structure. In this work, CoCrFeNiMog, HEAs
were prepared by powder metallurgy, followed by cool rolling and subsequent heat-treatment at
different temperatures. The effects of cold working and annealing on microstructure and mechanical
properties have been investigated. Results show the fine and dispersed (Cr, Mo)-rich o phase with
a topologically close-packed structure precipitated in the FCC matrix after the prior cold deformation
process, which enhanced the mechanical property of the CoCrFeNiMoy ; alloy. The HEA annealed
at 600 °C for 48 h had a tensile strength of 1.9 GPa but an elongation which decreased to 8%.
The HEA annealed at 800 °C for 12 h exhibited a tensile strength of 1.2 GPa and an elongation of
31%. These outstanding mechanical properties can be attributed to precipitation strengthening and
fine-grain strengthening.

Keywords: high entropy alloy; powder metallurgy; precipitation; microstructure; mechanical
properties

1. Introduction

Most traditional alloys, such as steels, Al alloys, and nickel-based superalloys, generally consist
of one element as their principal component and other additional minor elements to improve their
mechanical properties. This conventional limitation on composition design strategy was broken
by high-entropy alloys (HEAs), which were proposed by Yeh et al. [1,2]. HEAs are defined as new
alloys containing more than five principal elements with each having a concentration between 5 at.%
and 35 at.%. Due to their high mixing entropy, HEAs tend to form random solid solutions, such as
face-centered cubic (FCC), body-centered cubic (BCC), and even hexagonal close-packed (HCP),
resulting in a variety of unusual properties [3-13].

Generally, FCC HEAs exhibit outstanding ductility [3-9]. However, their yield strength is
relatively low. Precipitation strengthening is a good method to strengthen steels and other conventional
alloys [14-17]. It has also been reported that appropriate composition design can promote the formation
of secondary precipitation in HEAs through heat treatment, as with other conventional alloys [18-22].
Some literature has indicated that precipitation-strengthening HEAs and steels have achieved both high
yield strength and excellent tensile ductility [20-23]. Different kinds of topologically close-packed (TCP)
phases, such as o phase, |1 phase, and Laves phase, etc., have been observed in HEAs [24]. These TCP
precipitates have usually increased the mechanical strength of HEAs. However, if precipitates are
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large in size or unevenly distributed in alloys, they are harmful to the ductility of alloys, resulting in
a noticeable degradation of mechanical performance [25,26].

Mo has often been added in HEAs to achieve precipitation strengthening, such as in
CoCrCuFeNiMoy [27], HfMoyNbTaTiZr [28], and CoCrFeNiMoy [21,29-34]. According to the
literature [35], the element Mo has limited solubility in CoCrFeNi FCC HEAs. This means that
CoCrFeNiMoyx HEAs can form intermetallic compounds after heat treatments. At present, precipitated
phases such as o phase or p phase in CoCrFeNiMox HEAs have been observed and investigated [29-36].
Such intermetallic compounds have been shown to give FCC HEAs a good combination of high
strength and good ductility. Z.P. Lu et al. [21] have reported that the good tensile strength of
CoCrFeNiMog 3 HEA is attributed to the fine precipitation of hard intermetallic compounds. In their
work, the tensile strength was as high as 1.2 GPa and the ductility was about 19%. In fact, the size,
content, and distribution of precipitates have been seen to have great effects on the mechanical
performance of CoCrFeNi-based HEAs [20,21,31-41]. It is known that precipitation behavior is closely
related to the heat treatment process. To achieve good mechanical properties of CoCrFeNiMox HEAs,
a systematic study of precipitation behavior in different heat treatments is necessary, but research work
related to this is still rare.

Since HEAs prepared by powder metallurgy (PM) have not only obtained fine equiaxed crystals
but also have avoided component segregation [40,41], powder metallurgy is currently a popular
method for preparation of HEAs. It is well known that the cold rolling process can increase deformation
energy storage, which can facilitate precipitation in subsequent heat treatments of steel and other
alloys [42—-46].

In this work, CoCrFeNiMoy ; HEAs are prepared by powder extrusion, followed by cold rolling
and subsequent heat-treatment at different temperatures (600-1000 °C). The effects of cold working and
annealing on microstructure and mechanical properties are investigated. The effects of precipitation
behavior of CoCrFeNiMoy, HEAs are discussed.

2. Materials and Methods

The CoCrFeNiMog, HEAs were prepared by the powder metallurgy method in this work.
High purity (299.9%) metals with a nominal composition of CoCrFeNiMog, were melted in
a water-cooled copper crucible in an induction-heated vacuum furnace. Then, the melt was dropped
through a ceramic tube and atomized by high purity Ar. The atomization pressure was 4 MPa.
The metal flow rate and gas flow rate were 50 g/s and 0.25 m3/s, respectively. The liquid droplets
traveled into the atomization chamber, cooled down, and solidified into spherical pre-alloyed powders.
The alloy powders were encapsulated into a stainless steel can with an inner diameter of 60 mm and
a length of 150 mm. The encapsulated powder was preheated to 1200 °C for 1 h and subjected to
hot extrusion at a velocity of 10 mm/s with an extrusion ratio of 9.5:1 on a hydraulic press. After hot
extrusion, the CoCrFeNiMog » bars were cooled in the air.

Rectangular samples with a size of 10 mm x 10 mm X 100 mm were cut from the center of the bars
by an electric discharge machine. Then, multi-pass rolling with a speed of 30 mm/s was performed at
room temperature. The total rolling reduction was about 80% and the reduction per pass was about
8%. The rolled specimens were annealed at 600 °C-1000 °C for different times and subsequently
water quenched. The composition of alloy powders was determined by a plasma atomic emission
spectrometer (ICAP-7000). The content of oxygen in the CoCrFeNiMog, powder was measured by
an oxygen analyzer (TCH-600). An optical microscope (OM, Leica DM 4000M) and a field emission
scanning electron microscope (FESEM, FEI Nova Nano-230) equipped with an electron backscattered
diffraction system (EBSD) were employed to investigate the microstructures of the CoCrFeNiMoy »
alloy. Some of these specimens were characterized by an electron-probe micro-analyzer (EPMA,
JEOL JXA-8530F) and a transmission electron microscope (TEM, FEI Tecnai TF-30). The phases of
specimens were identified by an X-ray diffractometer (XRD, Bruker D8 ADVANCE). Flat dog-bone
tensile specimens with a gauge length of 10 mm, width of 3 mm, and a thickness of 2 mm were cut
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along the rolling direction. The mechanical properties of all samples were tested using an Instron 3369
materials testing machine at a strain rate of 1073/s.

3. Results

3.1. Microstructures

The chemical composition of the alloy powder obtained by gas atomization is shown in Table 1;
the composition is close to the nominal composition of CoCrFeNiMog,. The oxygen content of the
alloy powder is 320 ppm. Figure 1la,b are an SEM photo and XRD pattern of the alloy powder,
respectively. It can be seen that the alloy powder is spherical or nearly spherical with a single-phase
structure of FCC and a particle size below 150 pm. Figure 1c,d are a metallographic photo and XRD
pattern of the CoCrFeNiMoy ; alloy after hot extrusion, respectively. It can be found that the extruded
CoCrFeNiMoy , alloy exhibited an equiaxed grain structure with an average grain size of about 20 pm.
After powder hot extrusion, the CoCrFeNiMoy , alloy still remained an FCC phase.

Table 1. Chemical composition of the CoCrFeNiMog, powders.

Element (at.%) Co Cr Fe Ni Mo
Powders 22.33 23.96 25.05 23.12 5.54
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Figure 1. (a) SEM image and (b) XRD pattern of CoCrFeNiMog» powders; (c) metallographic photo
and (d) XRD pattern of the powder metallurgy (PM)-extruded CoCrFeNiMoy, high-entropy alloy
(HEA). Legend: FCC, face-center-cubic.

Figure 2 shows the microstructures of the CoCrFeNiMojy, HEA under different conditions.
Figure 2a indicates that the cold-rolled powder metallurgical CoCrFeNiMog, HEA was compact and
uniform. Figure 2b—d show backscattered electron (BSE) images of the CoCrFeNiMoy, HEA annealed
at 600 °C under different holding times. No precipitate was found in the HEA shown in Figure 2b.
The precipitate was observed in the HEA when the holding time reached 24 h, as shown in Figure 2c.
When the holding time was extended to 48 h, the volume fraction of the precipitate increased but the
size of the particles did not increase significantly, as shown in Figure 2d.
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Figure 3 shows SEM images of the cold-rolled CoCrFeNiMoj, HEAs annealed for 12 h at different
temperatures. The precipitate was observed in the HEA under the annealing temperature of 700 °C,
as in Figure 3a. The size of the precipitate grew as the temperature increased from 700 °C to 1000 °C.

Figure 2. SEM images of the powder metallurgical CoCrFeNiMoy ; alloy under various conditions:
(a) cold-rolled; annealed at (b) 600 °C for 12 h, (c) 600 °C for 24 h, and (d) 600 °C for 48 h.

Figure 3. SEM images of the cold-rolled CoCrFeNiMoy, alloy annealed under various conditions:
(a) 700 °C for 12 h, (b) 800 °C for 12 h, (c) 900 °C for 12 h, and (d) 1000 °C for 12 h.

Figure 4 shows the statistical results of the variation in the average size and volume fraction of
the o precipitate under different annealing conditions. The statistical results of the alloy annealed
at 600 °C for 48 h are close to those of the alloy annealed at 700 °C for 12 h. The average size of the
o precipitate is less than 0.2 pm when annealed at 700 °C for 12 h. As the annealing temperature
increases, the average size of the o precipitates increases. When the annealing temperature reaches
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1000 °C, the average size of the o precipitate exceeds 1 um. The volume fraction of the o precipitate
increases first and then decreases as the annealing temperature increases, and the maximum does not
exceed 8%. Therefore, a uniformly dispersed o nano-precipitate is obtained in the CoCrFeNiMoyg »
HEA via cold-rolled and annealing processes.
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Figure 4. Variation in the average size and volume fraction of o precipitate with different
annealing conditions.

X-ray diffraction patterns of the cold-rolled and annealed CoCrFeNiMog, HEAs are shown in
Figure 5. Diffraction peaks from the matrix with a single FCC phase are observed in all the samples.
When the annealing temperature reaches 900 °C, low-intensity diffraction peaks from the o phase can
be detected besides the FCC phase of the matrix. Though a number of precipitates can be found in
Figure 3, the intensity diffraction peak of the o phase is low. A similar phenomenon of low-intensity
diffraction peaks of the o phase has been discussed in other paper [30]. The main reason for this
phenomenon may be that the content of the o phase precipitate is too low. The small size of the o
phase precipitate in this work may be another reason.
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Figure 5. X-ray diffraction patterns of the cold-rolled powder metallurgical CoCrFeNiMoy ; alloy under
various conditions.

Figure 6 shows a BSE image and EPMA elemental maps of the specimen annealed at 900 °C for
12 h. As shown in Figure 6¢/f, it is clear that the Cr and Mo elements are enriched in the precipitate.
On the contrary, the Co, Fe, and Ni elements are enriched in the matrix. In combination with the
BSE image shown in Figure 6a, there seem to be two kinds of precipitates with different contrasts
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in the alloy. The chemical composition of the precipitates which show different colors in Figure 6a,
which was measured by EPMA, are given in Table 2. The results show that the composition of the
matrix is consistent with the nominal composition and that the composition of the white precipitate is
indeed different from that of the gray precipitate. However, the sum content of the Cr and Mo elements
in the white precipitate is almost the same as that in the gray precipitate. The total of the Cr and Mo
elements are 50% and the rest of the elements (Fe, Cr, and Ni) are 50%.
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Figure 6. Electron-probe micro-analyzer (EPMA)-backscattered electron (BSE) image (a) and elemental
maps for Co (b), Cr (c), Fe (d), Ni (e), and Mo (f) of the cold-rolled powder metallurgical CoCrFeNiMoy »
alloy specimen annealed at 900 °C for 12 h.

Table 2. Chemical composition of phases in the CoCrFeNiMog, HEA annealed at 900 °C for 12 h
shown in Figure 6a (at.%, measured by EPMA).

Phase Co Cr Fe Ni Mo

FCC (matrix) 23.71 23.98 23.51 24.44 4.36
White precipitate 21.08 25.73 17.61 11.38 24.20
Gray precipitate 19.55 35.78 17.51 11.44 15.72

Figure 7 shows a TEM image of the specimen annealed at 800 °C for 12 h. It can be seen that the
size of the precipitate particles is about 100 nm. The selected area electron diffraction (SAED) pattern
and calibrated result are also shown in Figure 7. The main diffraction spots reveal that the matrix is
an FCC phase and the additional diffraction spots observed confirm that the precipitate is the o phase
with a topological close-packed (TCP) structure [21].

Figure 8 shows an inverse pole figure (IPF) map of the CoCrFeNiMoj ; HEA annealed at different
temperatures. It is obvious that the annealed alloy exhibits an equiaxed grain structure. The average
grain size of the alloy annealed at 800 °C is about 5.9 um. When the annealing temperature reaches
900 °C, the average grain size is about 9.6 um. This indicates that the grain size of the alloy does not
increase significantly after annealing.
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Figure 7. Transmission electron microscopy (TEM) image and selected area electron diffraction (SAED)
pattern of the cold-rolled powder metallurgical CoCrFeNiMoy , alloy specimen annealed at 800 °C for
12 h.

Figure 8. IPF map of the cold-rolled powder metallurgical CoCrFeNiMoy ; alloy specimen annealed at
(a) 800 °C for 12 h and (b) 900 °C for 12 h.

3.2. Mechanical Properties

Figure 9 presents engineering stress-strain curves of the cold-rolled and annealed CoCrFeNiMoy »
HEAs at different temperatures. The yield strength (YS), ultimate tensile strength (UTS),
and elongation-to-failure (EL) are summarized in Table 3. The YS and UTS of the HEA annealed
at 600 °C for 12 h are 1624 MPa and 1779 MPa, respectively, while the EL is about 9.5%. When the
annealing time increases from 12 h to 48 h, the UTS of the HEA increases from 1779 MPa to 1869 MPa
but the EL drops to 8%. The YS and UTS of the HEAs gradually decrease and the EL of the HEAs
increases as the annealing temperature increases. The EL of the HEA annealed at 900 °C for 12 h
reaches up to 46%. It is worth noting that some curves show that the alloy undergoes a prolonged
strain softening stage after a short hardening stage. This phenomenon may be related to the early
occurrence of necking instability in these alloys during the tensile test [3].

Figure 10 shows the fracture morphologies of the cold-rolled and annealed CoCrFeNiMoy
HEAs under various conditions. Many “small facets” with different orientation can be observed in
Figure 10a,b. The fracture mode of CoCrFeNiMog; belongs to the intergranular fracture. A large
number of dimple joints can be observed in Figure 10c,d. This indicates that the fracture mode
changes from intergranular fracture to a transgranular-toughness fracture with increase in annealing
temperature or holding time.
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Figure 9. Room-temperature tensile engineering strain-stress curves of the cold-rolled powder
metallurgical CoCrFeNiMoy , alloy under various conditions.

Table 3. The yield strength (YS), ultimate tensile strength (UTS), and elongation-to-failure (EL) for the
powder metallurgical CoCrFeNiMoy ; alloy annealed under different conditions.

Samples YS (MPa) UTS (MPa) EL (%)
Cold-rolled 1392 + 20 1589 +9 135+15
600 °C (12 h) 1624 + 10 1779 £ 5 9.5+ 0.5
600 °C (48 h) 1631 + 10 1869 + 8 8§+1
700 °C (12 h) 1448 + 12 1645 £ 11 10+ 0.8
800 °C (12 h) 834 £ 10 1208 + 25 31+1.6
900 °C (12 h) 622 + 8 1039 + 3 46+15

Figure 10. The fracture surfaces of the cold-rolled powder metallurgical CoCrFeNiMoy ; alloy under
various conditions: (a) cold-rolled; annealed at (b) 600 °C for 12 h, (c) 600 °C for 48 h, and (d) 800 °C
for 12 h.

4. Discussion

Shun et al. [30] first reported that the (Cr, Mo)-rich o phase existed in the CoCrFeNiMog s HEA.
Many studies [31-36] have indicated the composition of the o phase corresponds to stoichiometric
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(Cr, Mo)5(Co, Fe, Ni)s. The chemical compositions of the gray precipitate and the white precipitate,
as given in Table 2, are both consistent with the stoichiometric ratio mentioned above. Based on
the SAED pattern of Figure 7, it can be concluded that the precipitate in the present CoCrFeNiMoyg »
HEA is the o phase with a TCP structure. A recent study [35] about the thermodynamic calculation
of CoCrFeNiMoy HEAs pointed out that the previous isopleth phase diagram of (CoCrFeNi)-Mo is
unreasonable and Cr should be analyzed separately, just like the Mo element, when drawing phase
diagrams. The (CoFeNi)-Mo-Cr isothermal phase diagram should be more reasonable. According to
the isothermal phase diagram, the precipitation phase in the CoCrFeNiMoj,; HEA can only be the o
phase under any temperature. It is well known that backscattered electrons display intensity or contrast
variations of the microstructure which depend on the atomic number (Z) of the element. Based on the
results of Figure 6 and Table 2, the precipitate phase with more Mo and Cr will exhibit bright contrast.
The difference in color of the precipitates in this work can be attributed to the difference in chemical
composition. Therefore, the precipitates of two different colors in the annealed CoCrFeNiMog, HEA
are supposed to be the same crystal type of precipitate.

In this work, the UST of the CoCrFeNiMoj» HEA annealed at 600 °C for 48 h is as high as 1.9 GPa,
which has never been reported before. As the annealing temperature increases, the CoCrFeNiMoy »
HEA annealed at 900 °C for 12 h shows an excellent ductility of 46% EL, but the UST decreases to
1039 MPa. The tensile properties of the present CoCrFeNiMog » HEA annealed at different temperatures
obey typical strength and ductility trade-off behavior. The EL of the CoCrFeNiMo,, HEA annealed
at 800 °C for 12 h is 31%, and the UST still maintains 1.2 GPa. Compared with other heat treatment
conditions, this is the best comprehensive mechanical performance of CoCrFeNiMog, HEA. Table 4
gives the room temperature tensile properties of CoCrFeNi-based HEAs reported recently. It can be
found that the comprehensive mechanical properties of the CoCrFeNiMoy, HEA after cold-rolling
(80%) and annealing (800 °C/12 h) in this work are still attractive. In particular, compared with previous
precipitation-strengthened CoCrFeNi-based HEAs [20,21], CoCrFeNiMog, HEA annealed at 800 °C
for 12 h achieves a higher tensile strength at a lower annealing temperature, or superior ductility at the
same tensile strength. Moreover, the CoCrFeNiMoy, HEA with a lower Mo content in this work may
also help to develop more cost-effective high strength HEAs in the application field.

Table 4. The post-treatment UTS and EL values for CoCrFeNi-based HEAs which have been reported.

HEAs Post-Treatment UTS (MPa) EL (%)
CoCrFeMnNi [3] Cold-rolled and recrystallized 600 60
CoCrFeNiNby 4 [6] No treatment 1004 1.3
(FeCoNiCr)g4Tio Al [20]  Cold-rolled (30%) and annealed (800 °C/18 h) 1098 39
CoCrFeNiMoy 3 [21] Cold-rolled (60%) and annealed (850 °C/1 h) 1187 18.9
CoCrFeNiMoy 15 [33] Torsional-treated 360° 1000 10
Current work Cold-rolled (80%) and annealed (800 °C/12 h) 1208 31

The formation of hard second phases can effectively strengthen alloys; this has been reported for
many different alloys [17-24]. Combined with the statistical results of Figure 4, it can be concluded
that size and content of the precipitates are closely related to the mechanical properties of the alloy.
The nano-precipitates can effectively improve the mechanical properties of the alloy. It has been
reported that precipitation of second phase particles can pin grain boundaries, suppress grain growth,
and result in the formation of fine-grain microstructures in the FCC type HEAs [37-39]. According
to Figure 1c, the average grain size of the extruded alloy is about 20 um. The grain size of the alloy
after cold-rolling and annealing at 900 °C is 9.6 ym based on the EBSD result shown in Figure 8b.
Though the alloy is annealed above the recrystallization temperature, the grain size of the alloy is not
significantly increased, which can be attributed to the pinning effect of the precipitates. Therefore,
according to the Hall-Petch mechanism, fine-grain strengthening should be another positive factor of
the outstanding mechanical properties of the CoCrFeNiMog, HEA.
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On the other hand, as shown in Figure 1c, PM extruded HEA with fine and equiaxed grains,
providing a basis for cold-rolling (80% deformation). It is known that the large cold deformation
would break the grain and bring in enough defects, such as subgrain-boundaries and dislocations in
the microstructure. These defects can work as precipitation sites and promote the precipitation of the o
phase. Then, the finer and more uniform o precipitates may enhance the mechanical properties of
CoCrFeNiMog, HEA further. This means that the PM extrusion preparation method combined with
cold-rolling and subsequent annealing could be regarded as a promising means of fabricating high
performance HEAs.

5. Conclusions

(1) The powder metallurgy extruded CoCrFeNiMog, HEA has a single FCC structure.
After cold-rolling and heat-treatment, a (Cr, Mo)-rich o with TCP structure can precipitate
in the HEA.

(2) CoCrFeNiMog, HEA annealed at 800 °C for 12 h achieved the best overall mechanical property
of 1.2 GPa tensile strength and 31% fracture strain, which can be expected to be a good candidate
of high-strength and high-tenacity structural materials.

(3) The excellent mechanical properties may be attributed to precipitation strengthening and fine
grain strengthening. The present process could be considered as a promising means of fabricating
high performance HEAs.
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