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We studied the development and element partitioning for o-phase precipitation during hot compression of the
CoCrFeMnNi HEA. The c-phase mainly observed in the necklaced area (NA), where dynamic recrystallization
(DRX) occurred but did not occur in the deformed area (DA). The o-phase increases the hardness and elastic
modulus measured by nanoindentation in NA, compared to that of DA. Several defects are transferred by the
interface reaction of the crystal grains accompanied by the partitioning of the Cr and Ni elements. This results in

the accelerated dynamic precipitation of the Cr-rich o-phase.

1. Introduction

Recently, several studies have investigated high-entropy alloys
(HEAs). While carbon steels or light alloys usually consist of one major
component and, occasionally, up to seven alloying elements, HEAs do
not have a main component and consist of more than five elements at
relatively equal concentrations [1-3]. The equiatomic CoCrFeMoNi HEA
known as the Cantor alloy has the face-centered cubic (FCC)
single-phase structure [1]. The alloy shows increased ductility and yield
strength as the temperature decreases to that of liquid nitrogen. The
temperature also affects other properties of the alloy such as corrosion
resistance, fatigue, and wear resistance [4-10].

Grain refinement has shown promise for increasing the strength and
ductility of HEAs [6,11-13]. Otto et al. [6] studied the tensile properties
of the CoCrFeMnNi HEA between 77 and 1073 K. It was found that the
yield strength and ultimate tensile strength increased dramatically as
the deformation temperature decreased, and the highest strength was
observed for the smallest grain size. Static recrystallization through the
annealing process after high strain can help to obtain fine grains.
Moreover, the grain size decreases with increasing amount of cold
deformation and lower annealing temperature [14-17].

Schuh et al. [4] studied the mechanical properties and microstruc-
ture changes during the annealing process after high-pressure torsion
(HPT) of the CoCrFeMnNi HEA. They found that the alloy was

single-phase FCC for the annealing temperatures above 800 °C, while
the o-phase precipitated upon annealing at temperatures below 800 °C.
Using experiments and thermodynamic calculations, Park et al. [18]
reported that the Cr-rich o-phase occurs after HPT and annealing process
in the CoCrFeMnNi HEA. The 6-phase formation in the FCC structure can
serve as another strengthening mechanism [4,18-22].

Otto et al. [5] observed c-phases with sizes of approximately 10-20
pm when annealing was performed at 700 °C for 500 days. Pickering
et al. [23] observed o-phases sized approximately 2-5 pm from the
microstructure image obtained after annealing for 500 h at the same
temperature. Park et al. [18] heat-treated the CoCrFeMnNi HEA at
700 °C after HPT and observed c-phase particles sized approximately
100 nm after 10 min. After 60 min, the size of the 6-phase was confirmed
to be 100-300 nm. Otto et al. found that the composition of the c-phase
was 46.5% Cr-6.6% Ni such that sufficient diffusion of Cr occurred. Park
et al. determined that the Cr content of the c-phase was relatively low at
approximately 25% Cr-15% Ni. This implies that the growth of the
o-phase accompanies the diffusion of Cr. Additionally, these studies
indicated that o-phase precipitation was activated due to high defor-
mation followed by annealing, implying that the deformation is related
to o-phase formation. However, the effect of deformation on the dy-
namic precipitation of -phase, which differs from the static precipita-
tion of the o-phase investigated in previous studies, is unclear.
Therefore, this study aims to understand the development and element
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Fig. 1. The microstructures of 70 % compressed sample shown by (a) boundary map, (b) inverse pole figure (IPF) map, and (c) kernel average misorientation (KAM)
map of electron backscatter diffraction (EBSD). In (a), blue and red lines indicate high-angle grain boundaries (HAGB), for which the angle is higher than 15°, and
low-angle grain boundaries (LAGB), for which the angle is between 2 and 15°, respectively. Deformed area (DA) indicates the deformed initial microstructure and
necklaced area (NA) shows the newly developed fine equiaxed grains near the initial grain boundaries. (d) Image quality (IQ) map and (e) IPF map show the
nanoindenter locations having the DA and NA. (f) Load-displacement curves measured by nanoindentation in the DA and NA. The average hardness and elastic
modulus of DA and NA are shown in (g). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Interface between NA and DA shown by the boundary map (a), IPF map (b), and electron channeling contrast imaging (ECCI) analysis (c). A magnified view

of the interface is shown in (d), and a magnified view of the single fine equiaxed grain is shown in (e). Blue and red arrows indicate c-phases and twins, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. TEM specimen containing NA and DA prepared by focused ion beam (FIB) milling, as observed via scanning electron microscopy (SEM, a). TEM analysis
carried out by scanning transmission electron microscopy (STEM, b). The red circles indicate DRX grains, and the blue circles show the sigma (o) phases, respectively.
The line profile (c) from NA to DA contains the ¢ and DRX grain (M2), as shown in (b). Energy dispersive spectroscopy (EDS) maps of Cr (d), Ni (e), Mn (f), Co (g), and
Fe (h) show the material’s chemical distribution for the region of the TEM image (b). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

partitioning for o-phase precipitation during hot compression of the
CoCrFeMnNi HEA.

2. Experimental procedure

Equiatomic CoCrFeMnNi HEA alloy was prepared and hot defor-
mation was carried out at 700 °C. The alloy was prepared using vacuum
induction melting to produce a 60 mm thick ingot (18 kg). For high-
temperature rolling, the upper and lower surfaces of the ingot were
mechanically polished for 5 mm each to fabricate a 50 mm thick slab.
The slab was subjected to a solution treatment at 1150 °C for 2 h and
then rolled to a final thickness of 15 mm from 1100 °C to 850 °C, fol-
lowed by water quenching. Then, it was annealed for 10 min at 1000 °C
and water quenched to obtain a fully recrystallized structure. Next, a
compression specimen with a height and diameter of 12 mm and 8 mm,
respectively, was fabricated.

In the hot deformation at 700 °C, the sample was uniaxially com-
pressed to 70 % at a strain rate of 0.01/s. After compression, the sample
was cooled with nitrogen gas to room temperature at an average cooling
rate of 30 °C/s. The initial microstructure before compression was a
single FCC phase with an average size of approximately 24 ym. The
deformed specimen was cut in the compression direction and its center
was observed. Microstructure analyses were performed using scanning
electron microscopy (SEM), electron backscatter diffraction (EBSD, step
size : 0.09 pm), electron channeling contrast imaging (ECCI), and
scanning transmission electron microscopy (STEM). Specimens for the
EBSD and ECCI analyses were prepared by mechanical polishing fol-
lowed by electrolytic polishing. For accurate microstructure observa-
tion, the target position was prepared via focused ion beam (FIB) milling
prior to SEM and STEM observation. For nanoindentation, the surface
without etching was measured with a maximum load of 10 mN using a
diamond tip. The hardness and elastic modulus were measured with
more than five points in the deformed area and necklaced area. EBSD
measurement was conducted for the microstructural confirmation after
vibratory polishing.

3. Results and discussion

Fig. 1 shows the microstructure represented using EBSD maps after

70 % compression at 700 °C. After compression, the microstructure was
divided into a deformed area (DA) in which the initial grains have a
pancake shape and a necklaced area (NA) in which fine equiaxed grains
developed along the initial grain boundaries. In the NA, the fine equi-
axed grains are mainly surrounded by high-angle grain boundaries
(HAGBs). Fig. 1b shows an inverse pole figure (IPF) map of the same
region as that shown in Fig. 1a, where the crystal orientation is parallel
to the compression axis (CA). In the deformed area, the (101) and (001)
planes parallel to the CA are mainly observed, whereas the fine equiaxed
grains are confirmed to have random texture. In the kernel average
misorientation (KAM) map (Fig. 1c), the internal strain of the fine
equiaxed grains located at the NA is low, while the strain is relatively
higher in the DA. On the other hand, the results of the nanoindentation
performed in the DA and NA (Fig. 1d-e) were different, as shown in
Fig. 1f-g. It is confirmed that the displacement of NA having low internal
strain is smaller than that of DA, which indicates a higher hardness value
in NA (Fig. 1f). The average indentation hardness and elastic modulus
are shown in Fig. 1g. The hardness and elastic modulus are higher in NA
than that of DA, which is opposite to the microstructural tendency
identified by EBSD observation. Further analysis at high magnification is
necessary for more understanding.

The enlarged interface between NA and DA in Fig. 1 is shown in
Fig. 2. The boundary map (Fig. 2a) indicates that fine equiaxed grains
with random texture (Fig. 2b) are distributed along the initial grain
boundary. This signifies that they are dynamically recrystallized (DRX)
grains that are newly generated during the compression. Fig. 2c shows
electron channeling contrast imaging (ECCI) in the same region as that
for Fig. 2a and b. White c-phase precipitates (blue arrows) mainly
occurred in the NA. High-magnification observation of the boundary
between DA and NA (Fig. 2d) shows that the ¢-phases occurred around
the fine DRX grains. In Fig. 2e, an enlarged DRX grain includes twins, as
shown by the red arrows, indicating that the twins appear to be involved
in the occurrence of dynamic recrystallization [24-26]. Additionally, it
is concluded that the occurrence of c-precipitates is related to the DRX
process because c-precipitates appear around the DRX grains. In the NA,
the internal strain is reduced as DRX grains are generated, but c-phases
are developed around the DRX grains. These phenomena lead to an in-
crease in the hardness and the elastic modulus compared to the DA, as
shown in Fig. 1g. The fully recrystallized cantor alloy’s elastic modulus
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Fig. 4. Tllustration of discontinuous precipitation by carbon diffusion (a-c) in carbon steel and c-phase (c) formation by Cr and Ni diffusion (d-f) in the present work.

TEM image and line profile (g) show the magnified view of the area of Fig. 3 (b).

was 212.62 GPa [27], and the hardness was lower than 2.5 GPa [27,28].
However, higher modulus and hardness were secured by the dislocation
in DA and o-phase in NA generated during compression. The nano-
indentation behavior, according to compression and c-phase conditions,
will be discussed in other papers.

TEM observations were conducted to investigate the precipitation
behavior of the c-phase with the results shown in Fig. 3. For the spec-
imen prepared by FIB (Fig. 3a), NA and DA are distinguished, and the
region mainly containing NA (white box) was observed using STEM
(Fig. 3b). The white dotted line indicates the grain boundary (GB) be-
tween DA and NA. The DRX grains (red circles) and c-phases (blue
circles) are shown along with the GB. Line profile analysis (Fig. 3c) was
performed from NA to DA, as shown by the solid white lines in Fig. 3b, d,
and e. The analysis included the c-phase and DRX grain. In the line
profiles, the c-phase is Cr-riched and Ni-depleted (Fig. 3c). The con-
centrations of Fe, Co, and Mn in the c-phase are the same as in the
surrounding matrix. The same region as that shown in the TEM image
(Fig. 3b) was EDS-mapped for the contents of Cr, Ni, Mn, Co, and Fe
(Fig. 3d-h). As observed from Fig. 3d, Cr is concentrated on the pre-
cipitations sized 100-200 nm, as shown in the TEM image (Fig. 3b),
whereas Ni is confirmed to have a lower content compared to the matrix.
Mn content tends to decrease slightly, while Co and Fe contents do not
vary significantly in the EDS mapping. This trend is consistent with the
line profile results shown in Fig. 3c, indicating that the c-phase forma-
tion is related to the Cr and Ni diffusion. It is commonly understood that
the precipitate formation related to the element diffusion can arise in
two cases of the solubility differences.

- Case 1. If the elemental solubility in the precipitate is low, the
element migrates to the matrix due to its higher element solubility
[29,30].

- Case 2. If the element solubility in the precipitate is high, the pre-
cipitate absorbs the element, resulting in its lower concentration in
the matrix [30,31].

Here, for the o-phase, the diffusion of Cr and Ni was also considered
based on this approach. This is similar to the diffusion of carbon due to
the difference in the carbon solubility of the matrix and the precipitate
in carbon steel, which is a well-known phenomenon in physical metal-
lurgy. Fig. 4 schematically shows the diffusion of elements in the above-
described two cases for carbon steel (Fig. 4a—c) and for the HEA inves-
tigated herein (Fig. 4d-f). Fig. 4a—c shows discontinuous precipitation
controlled by carbon diffusion. Fig. 4a shows that when ferrite trans-
formed from the austenite matrix, it precipitates in the austenite GB.

Fig. 4b indicates the interface reaction between ferrite (a-phase) and
austenite (y-phase). Carbon diffuses from ferrite (C,) to austenite (Cp)
due to the higher carbon solubility in austenite, showing the behavior of
Case 1. In contrast, as shown in Fig. 4c when cementite () precipitates
in martensite (d-phase), carbon diffuses from martensite (Cp) to
cementite (C,) due to the higher carbon solubility in cementite, showing
the behavior of Case 2. In the precipitate formation at the interface of
two grains, the precipitate generally forms either an incoherent interface
with the two grains, or a coherent (or semi-coherent) interface with one
grain and an incoherent interface with the other grain [30]. The
coherent (or semi-coherent) interface has a flat surface, and the inco-
herent interface has a relatively curved surface with high surface energy
due to its elastic strain energy. Therefore, after its formation, the pre-
cipitates grow in the direction of the incoherent interface due to its
higher surface energy (i to b) (Fig. 4a).

This analytical framework can be applied to understand the dynamic
precipitation of c-phase, as shown in Fig. 4d. In the c-phase, the solu-
bility of Cr is higher than that of Ni (Fig. 4e and f). Due to the solubility
difference between the elements, Ni diffuses to the matrix surrounding
the o-phase as described by Case 1 (Fig. 4e), but Cr is absorbed into the
o-phase following the behavior of Case 2 (Fig. 4f). In addition, the
o-phase grows in the direction of M2 for which the interface is consid-
ered to be incoherent (i to b). It is necessary to understand why the
interface of the c-phase migrates in the M2 direction. In Fig. 4g, it is
observed that a o-phase formed between M1 and M2, and line profile
analysis was performed from M1 to M2. A sudden change in the con-
centration in front of the interface between the c-phase and M2 was
observed. Compared to the matrix, Cr concentration decreases, and Ni
concentration increases, which is the opposite of the o-phase behavior.
This trend is different from the concentration profile obtained during
static precipitation [18,32]. The abrupt change in the concentration
occurs due to the interface migration in the M2 direction, indicating that
the interface with M2 may be incoherent. In contrast, there is no sig-
nificant concentration change for M1, indicating that the interface with
M1 is likely (semi)coherent.

The c-phase in the related binary systems such as Cr—Co, Cr-Fe, and
Cr-Mn usually exists in a narrow concentration interval. Therefore, it is
clear that during the hot compression, the equiatomic CoCrFeMnNi HEA
is found in the two-phase area of the FCC matrix and o-phase of the
respective quintenary phase diagram [18], and the c-phase precipitates
from the matrix. Such precipitation of a second phase invariably starts at
various boundaries and interfaces. First, nucleation of the precipitate is
kinetically easier due to the faster mass transfer along the interfaces
compared to mass transfer through the bulk. Second, heterogeneous
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Table 1
Precipitation of c-phase in the equiatomic CoCrFeMnNi high-entropy alloy.

Type Process Condition Composition (c) Size (o) Reference

Static Annealing 700 °C for 500 days 46.5Cr-6.6Ni-FeCoMn (at.%) 10-20 pm Otto et al. [5]

Static Annealing 700 °C for 500 h - 2-5 pm Pickering et al. [23]

Static with REX HPT and annealing 700 °C for 10 min. - 100 nm Park et al. [18]

700 °C for 60 min. 25Cr-16Ni-FeCoMn (at.%) 100-300 nm
Dynamic Hot compression 700 °C, Strain : 70 % 31Cr-11Ni-FeCoMn (wt.%) 100-200 nm Present work

Strain rate : 107%/s

precipitation is always easier than homogenous precipitation because in
homogenous nucleation, a new matrix/c interface with energy Emat./c
must be formed to “pay” for the formation of spherical precipitate. The
energy of this interface is equal to 4tR2Emat./c where R is the particle
radius. For heterogeneous nucleation, the disk of GB with radius R dis-
appears, and the energy cost is lower, namely 4tR2Emat./c — tR2EGB.
This condition is similar to the GB wetting condition but not directly
equivalent. Such direct equivalence to the wetting phenomenon would
be obtained if instead of being relatively equiaxial, the o-phase pre-
cipitates would have a flat shape elongated along the GB layers. The
formation of the Cr-rich c-phase through the aforementioned phenom-
enon is further promoted by the strong Cr segregation in the GBs and GB
triple junctions [33], and accelerated Cr diffusion along the GB triple
junctions [34].

Table 1 shows the data for the precipitation behavior of the c-phase
in the equiatomic CoCrFeMnNi HEA. The o-phases [5,23] precipitated
during the heat treatment of the recrystallized initial structure and the
o-phase [18] associated with the static recrystallization developed by
HPT and annealing at 700 °C occur statically. Further precipitation
occurred more rapidly and mainly at the grain boundaries, and partic-
ularly at the triple junctions. This indicates that the 6-phase was strongly
generated when the recrystallization progressed, implying that the
recrystallization process is essential for the 6-phase formation in the FCC
structure [35,36]. The above results show that the precipitation of the
static o-phase occurs through thermally-driven diffusion, while the
recrystallization process during annealing after high deformation in-
teracts with c-phase nucleation. The movement of defects and elements
was activated during the migration of the recrystallized GB and appears
to contribute to c-phase formation. In contrast, herein, the c-phase
dynamically occurs during compression at 700 °C. Compared to the
study of Park et al., the compression process has a lower strain (lower
accumulated energy) and a shorter period (lower thermal energy).
However, the o-phases in this study tend to be larger and have higher Cr
content than that found by Park et al. This indicates that the o-phase
formation is accelerated during the compression. 6-phases occur mainly
near interfaces such as high-angle initial grain boundaries, DRX grains,
and twins. Particularly, DRX occurs due to the difference in the dislo-
cation density at the crystal interface [37]. In this case, in the moving
interface, defects such as pipe diffusion are transferred in large quanti-
ties, and thus partitioning of elements such as Cr and Ni is enhanced, as
indicated by Fig. 4 and Table 1 [38,39]. The diffusion rate of a moving
interface is much higher than that of a static interface [40,41]. These
observations suggest that c-phase kinetics are faster in the dynamic
precipitation conditions than in the static conditions.

4. Conclusions

Cr-rich o-phase in the CoCrFeMnNi HEA dynamically occurred dur-
ing hot compression at 700 °C. The o-phase formed around the grain
boundaries of the initial and DRX grains leads to the increment of the
hardness and elastic modulus. During the formation, Cr was absorbed
into the o-phase, while Ni diffused from the c-phase. The element par-
titioning was activated by the moving interface of the DRX grains.
Therefore, dynamic precipitation of c-phase has higher kinetics than
that of static precipitation in the CoCrFeMnNi HEA.
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