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1. Introduction

ABSTRACT

Elemental segregation at grain boundaries significantly influences the mechanical and functional properties of
materials through structural and compositional changes. This phenomenon is especially common in high entropy
alloys (HEAs) composed of multi-principal elements. Understanding the behavior and evolution of elemental
segregation at grain boundaries is essential for tailoring material properties. In this study, we investigated the
segregation, precipitation, and phase decomposition behavior of a nanocrystalline non-equiatomic CoCrFeMnNi
HEA with intentional doping C interstitials, subjected to isochronal annealing treatments. Microstructure char-
acterization using electron microscopies and atom probe tomography suggests that the nanocrystalline FCC solid
solution decomposed during annealing at 500 °C, leading to the formation of CoFe B2 and NiMn FCC phases
together with significant decoration of grain boundaries by Ni—Mn and C—Cr co-segregations. Furthermore,
annealing at higher temperatures accelerated the precipitation of Cr carbides, CoFe B2 and NiMn FCC phases.
However, the intermetallic particles were not observed after annealing at the evaluated temperatures, while the
carbides persisted. It is proposed that diffusion processes were accelerated in the nanocrystalline HEA due to the
high density of lattice defects. These findings provide detailed insight into the sequence and mechanisms of
decomposition, from initial elemental segregation to precipitation in HEAs.

CoFe and Cr-rich BCC phases precipitate at grain boundaries after
annealing a coarse-grained CoCrFeMnNi alloy (grain size ~100 pm) at

High entropy alloys (HEAs) or compositionally complex alloys
(CCAs) developed independently by Cantor and Yeh et al. have attracted
increasing attention in the past two decades [1,2]. HEAs are historically
defined as alloys consisting of five or more elements with a concentra-
tion of each element of 5-35 at.%. The equiatomic CoCrFeMnNi alloy, a
single face-centered cubic (FCC) phase solid solution, was initially re-
ported by Cantor. However, it was later discovered that this alloy un-
dergoes phase decomposition upon annealing in the intermediate
temperature range of 500-700 °C, forming a Cr-rich body-centered
cubic (BCC) phase, a Cr-rich ¢ phase, an L1y-NiMn phase, and a B2-CoFe
intermetallic compound [3-6]. Otto et al. reported that L1y-NiMn, B2-

500 °C for 500 days [4]. In contrast, Schuh et al. reveal that B2-CoFe and
Cr-rich BCC phases formed in a nanocrystalline CoCrFeMnNi alloy with
a grain size of ~50 nm after annealing at 450 °C for only 5 min [7]. This
contrast highlights the well-established fact that smaller grain sizes
provide fast diffusion paths, significantly accelerating phase formation
during annealing in the CoCrFeMnNi system.

Carbon, as an interstitial, is often doped into HEAs to enhance solid
solution strengthening [8-11] and strain hardening capability [12-15].
In the CoCrFeMnNi system, recent studies have shown that a moderate
amount of carbon dissolved in the matrix contributes to improved lattice
friction and strengthening. However, excessive C addition leads to the
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formation of carbides at grain boundaries and within the grain interior,
ultimately leading to a decrease of plasticity [16,17]. Another notable
effect of C doping in HEAs is its role in reducing the saturated grain size
during severe plastic deformation (SPD) [18,19], such as using high-
pressure torsion (HPT). For example, 2 at.% C addition significantly
promotes the saturated grain size decrease from 50 nm to 20 nm after
the same HPT deformation conditions in the Co1Cr0.25Fe1Mn1Nil HEA
[20]. This leads to an increase of yield strength from 1.7 GPa to 2.4 GPa,
reasonably associated with a dramatic reduction of ductility. It was also
found that the addition of only 1200 ppm carbon increases the hardness
of the HPT-processed high-purity Ni sample from 3.19 GPa to 5.15 GPa
[21]. During SPD processing, numerous defects including grain bound-
aries are introduced. These defects not only enhance atomic diffusivity
through grain boundary diffusion but also serve as abundant nucleation
sites for elemental segregation and the precipitation of new phases.
Carbon, as an interstitial element, tends to segregate at defect sites (e.g.,
dislocations and grain boundaries) after the SPD process [22,23], and
the presence of such segregations can potentially influence the precip-
itation process during subsequent annealing.

Elemental segregation at grain boundaries significantly influences
the mechanical and functional properties of materials through altering
their structural and compositional states [7,24]. Recently, it was re-
ported that Mo solute segregation at planar defects contributes to a
significant increase in yield strength after post-deformation annealing of
CrCoNi-based medium-entropy alloys with Mo alloying [25]. Similarly,
elemental segregation at defects was found to increase both interfacial
strength and ductility in the CoNiCrFe HEA system [26]. Therefore,
understanding the underlying mechanisms of the phase decomposition
and precipitation is essential for the design of new HEAs with tailored
properties. Previous studies have primarily focused on phase formation
during annealing and the corresponding thermodynamic aspects in the
CoCrFeMnNi alloy at intermediate temperature range from 450 to
600 °C. However, the mechanism and progression from initial elemental
segregation to phase decomposition and precipitation in nanocrystalline
CoCrFeMnNi alloys remain unclear, particularly in the presence of
interstitial carbon. In the present work, we systemically investigated the
thermal stability of C-doped nanocrystalline CoCrFeMnNi alloy after
isochronal annealing from 200 to 600 °C. Microstructural character-
ization was performed to reveal the sequence of microstructural evolu-
tion, from the onset of elemental segregation to precipitation of various
phases and their eventual dissolution and grain growth.

2. Materials and methods

Non-equiatomic HEA Co;Crg >sFe;Mn;Ni; with nominally 2 at.%
carbon and reduced Cr content, avoiding the formation of massive car-
bides was melted using high-purity elements (99.9 wt%) in a vacuum
oven by induction [27]. The distribution of the principal elements in the
as-cast alloy was determined by EDX in our previous study [20], which
indicated a dendrite and interdendrite structure. Subsequently, disks for
HPT processing were cut from the as-cast ingot with dimensions of ¢
15x 0.8 mm®. HPT was performed at room temperature under a hy-
drostatic pressure of 6.5 GPa for 3 turns to obtain a nanocrystalline
structure. Differential scanning calorimetry (DSC) measurements were
performed using a NETZSCH DSC 204F1 Phoenix calorimeter in a pu-
rified argon atmosphere with a heating rate of 20 °C/min. Annealing
temperatures were selected according to the DSC measurement of the as-
deformed alloy, shown in Fig. 1. The DSC profile of the as-deformed HEA
reveals a broad exothermic reaction starting at 120 °C, which ends with
a small peak at ~530 °C and a separate strong exothermic peak at
~600 °C, which could be related to precipitation and grain growth
events [28], as confirmed by microstructure investigations below. Based
on that, the HPT-processed samples were subjected to a post-
deformation isochronal annealing in a high-vacuum quartz tube
furnace for 1 h from 200 to 600 °C with an interval of 100 °C, and two
extra increments (530 and 560 °C) between 500 °C and 600 °C, were
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Fig. 1. DSC heating curve of the as-deformed alloy, a strong exothermic peak
on 600 °C and one around ~530 °C.

added according to DSC results.

Conventional bright-field transmission electron microscopy (BF-
TEM), selected area electron diffraction (SAED), high-resolution TEM
(HRTEM) and scanning transmission electron microscopy (STEM) were
performed using Themis 300 and a Themis Z TEM from Thermo Fisher
Scientific Inc., both operated at 300 kV and equipped with a Super-X
energy dispersive X-ray spectrometer (EDX). STEM-based electron en-
ergy loss spectroscopy (EELS) spectra and maps were acquired on the
Themis Z using a GIF continuum K3 Camera providing an energy reso-
lution of 0.6 eV and a step size of 0.5-10 nm. The current for EELS
acquisition ranges from 0.01 nA to 0.5 nA, depending on the data
requirement. The collection and convergent semi-angle are 40 and 30
mrad, respectively. To define the collection and convergent angles, C2
aperture was set to 70 pm and the Gatan entrance aperture to 5 mm.
Subsequent spectrum imaging (SI) analysis was performed using Digital
Micrograph software, following core-loss edges: CK, Cr L, Mn L, Fe L, Co
L, and Ni L. Atom probe tomography (APT) measurements were per-
formed using CAMECA LEAP 4000 HR instrument in voltage mode with
a pulse fraction of 30 %, a pulse rate of 200 kHz and a detection rate of
0.5 % at 55 K. The 3-dimensional reconstruction and further analysis
were obtained using the AP Suite software. To ensure minimal overlap
with grain and dendritic structures, TEM lamellae were prepared normal
to the axial direction of the HPT disk, positioned 5 mm away from the
disk center, representing the saturated microstructures. The APT tips
and TEM lamellae were prepared using a FEI Strata 400 equipped with a
Gallium focused ion beam (FIB) system.

3. Results
3.1. Chemical inhomogeneity of as-deformed alloy

As we have shown previously [20], the structure of the experimental
alloy in the as-cast state is not chemically homogeneous and consists of
dendrites. The dendrites exhibit higher Cr, Fe and Co content, whereas
the interdendritic regions are rich in Ni and Mn. This is analogous to the
structure of the as-cast CoCrFeMnNi alloy [1]. The compositional fluc-
tuations in the as-cast alloy after HPT are shown in Fig. 2. Fig. 2 (a)
shows the TEM lamellae prepared by FIB, with the investigated plane
perpendicular to the tangential direction of the HPT disk. In Fig. 2 (b)
one can see that severe plastic deformation had not led to a full chemical
homogenization of the sample. The elemental distribution map indicates
formation of a lamellar structure with alternating layers enriched in Cr,
Co and Fe and enriched in Ni and Mn. Obviously, Cr, Co and Fe-rich
lamellae are the remnants of dendrites and will be called in the
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Fig. 2. Microstructure and elemental distribution of the as-deformed CoCrFeMnNi-C2 alloy: (a) HAADF-STEM overview image of the lamella prepared by FIB; (b)
enlarged STEM image and corresponding EDX maps of the metallic elements; (c) HAADF-STEM image of the microstructure of the C2N3 alloy and inserted SAED

pattern; (d) concentration profile created along the white arrow in (b).

following “dendritic bands” (DB), whereas Ni and Mn-rich lamellae
resulted from severe deformation of interdendritic areas and will be
called in the following “interdendritic bands™ (IDB).

The high-angle annular dark-field (HAADF)-STEM image and the
selected area electron diffraction pattern in Fig. 2 (c) reveal a single FCC
phase, uniform nanocrystalline microstructure with slightly elongated
grains. Independent of the compositional inhomogeneity discussed
above, the grain size was refined to approximately 20 nm along the short
axis in both the DB and the IDB regions. A concentration profile was
measured along the white arrow as indicated in Fig. 2 (b) to determine
the composition of each band as shown in Fig. 2 (d). The transition area
between the DB and IDB regions appears primarily due to an inclination
of the inter-region boundary in projection and the plastic deformation
induced during HPT. In addition, noticeable concentration variations
are observed between the two domains (Fig. 2 (d)). A statistical com-
parison based on SEM-EDX images and STEM-EDX maps indicates an
area fraction of ~2/3 for DB and ~ 1/3 for IDB. The average concen-
trations of each element are presented in Table 1.

3.2. Microstructure after annealing

The brief microstructural evolution of the HPT-processed nano-
crystalline HEA after isochronal annealing at different temperatures is
depicted in Fig. 3 (a). Differentiating between the IDB and DB regions
was not possible in the BF-TEM images, while this distinction can be
clarified through subsequent spectroscopy investigations. At a low
annealing temperature of 200 °C, the microstructure closely resembles
that of the as-deformed state, exhibiting a nanocrystalline grain size of
approximately 20 nm and a single FCC phase as determined by the
corresponding diffraction pattern. A weak heat release in the DSC curve

Table 1
The average chemical composition with statistical error and area fraction of the
DB and IDB regions in the as-deformed alloy.

Domains  area
fraction

Chemical composition (at.%)

Cr Co Fe Ni Mn
DB 2/3 6.9 + 259 + 279 + 20.0 + 18.3 +

0.6 3.2 3.5 2.2 21
IDB 1/3 4.8 + 19.6 + 17.1 + 279 + 30.6 +

0.4 2.6 2.2 3 3.7

(Fig. 1), revealed in this temperature range, most likely corresponds
therefore to recovery of severely deformed microstructure, including a
relaxation of non-equilibrium grain boundaries. However, upon
increasing the annealing temperature to 500 °C, faint additional re-
flections associated with a BCC structure emerge in the diffraction
pattern. Except this, no conspicuous changes, including grain growth,
are evident in this state, and the grain size remains comparable to that in
the as-deformed state, at around 20 nm, indicating the stability of the
HPT-deformed structure up to 500 °C. Following annealing at 530 and
560 °C, the BCC reflections become more pronounced in the diffraction
patterns. At these elevated temperatures, the microstructure coarsens
due to the growth of FCC grains and precipitates, which reflects in a first
exothermic peak in DSC curve (Fig. 1). The mean grain size, averaged
across all phases in the sample annealed at 530 and 560 °C, measures
approximately 64 and 87 nm. At 600 °C, significant grain growth is
observed accompanied by a second (strong) exothermic peak in DSC
curve (Fig. 1), and the microstructure features equiaxed grains with an
average size of about 280 nm. Alongside the grain growth, the BCC re-
flections are no longer visible, indicating the presence of a single FCC
structure after annealing at this temperature. To better understand the
structural evolutions of the HEA annealed at different temperatures,
SAED profile analysis was performed for representative samples using a
profile analysis of the SAED pattern (PASAD) [29] shown in Fig. 3 (b).
The peak positions were determined by fitting a combined model to all
peaks using pseudo-Voigt peak functions. Thus, the lattice parameters of
the FCC phase and the BCC phase can be roughly estimated to be 3.61 A
and 2.88 A, respectively.

3.3. Segregation, FCC phase decomposition and secondary phase
precipitation

3.3.1. Elemental segregation and new phase formation

To comprehend the FCC phase decomposition and new phases
precipitating, a spectroscopic analysis using STEM-EELS SI was con-
ducted for samples annealed in the temperature range between 500 and
600 °C for 1 h. In Fig. 4, the microstructure and elemental maps
encompassing both the DB and IDB regions after heat treatment at
500 °C for 1 h are presented. Analogous to the bright-field TEM images
in Fig. 3, the annular dark-field (ADF) STEM image in Fig. 4 depicts a
nanocrystalline microstructure with a grain size of approximately 20
nm. STEM-EELS SI analysis reveals the formation of Fe/Co enriched
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Fig. 3. (a) BF-TEM images and corresponding SAED of the samples after isochronal annealing from 200 to 600 °C for 1 h; (b) the profile of SAED patterns of the as-

deformed sample and the samples annealed at 200 °C, 500 °C and 530 °C.

nanoparticles with a diameter of around 20 nm in the DB area (indicated
with white arrows), while Ni/Mn-enriched nanoparticles with a diam-
eter of approximately 5 nm are observed in the IDB area (indicated with
red arrows). These two types of particles are largely assumed to corre-
spond to the CoFe B2 and NiMn L1, phases, precipitated during the
annealing of the Cantor alloy [30]. Furthermore, Cr elemental segre-
gation is present in the analyzed area, observed at grain boundaries in
both DB and IDB regions, corroborating the ADF-STEM image.

To investigate the complex segregation behavior at the grain
boundaries, STEM-EELS SI analysis was conducted in the DB region with
a step size of 0.5 nm, as shown in Fig. 5 (a). It revealed a heterogeneous
distribution of Mn, Ni and Cr along grain boundaries. Notably, two
distinct types of grain boundary decorations were observed in the EELS
elemental maps. In certain regions of the grain boundary, Cr exhibits
significant segregations, while Ni along with minor Mn preferentially
segregate at other segments of the same grain boundary indicating
heterogeneous segregation. Additionally, a high concentration of Ni and
Mn appears near the CoFe particles, suggesting a potential nucleation

site for the formation of the NiMn phase. The two types of segregation
behavior along the grain boundary are clearly illustrated in Fig. 5 (a), as
indicated for grains G1-G4.

Subsequently, nonnegative matrix factorization (NMF) analysis was
applied to the acquired dataset, as shown in Fig. 5(b-c). Fig. 5(b) shows
the spectra of the four distinct components extracted using the NMF
method along with their spatial distribution in Fig. 5 (c), where the
higher intensity in the component maps indicates greater contribution of
each component. The detailed chemical composition of each compo-
nent, calculated based on the spectra, is summarized in Table 2.

Component 1 represents high intensity at specific grain boundaries
and granular features near the black hollow, which corresponds CoFe
particle in Fig. 5 (a). Note that this particular elemental segregation only
occurs at certain grain boundaries. Component 1 exhibits relatively
higher Ni and Mn peaks compared to other components, suggesting the
co-segregation of Mn and Ni at certain grain boundaries. Component 2
shows a relatively homogeneous distribution (Fig. 5 (c)). Its composition
closely resembles that of the DB region but with a reduced Mn and Cr



Fig. 4. STEM-EELS SI elemental maps for the metallic elements and corresponding ADF image of the sample annealed at 500 °C for 1 h.

content. Therefore, Component 2 can be identified as the matrix.
Component 3 reveals another grain boundary segregation. Unlike
Component 1, the regions where Component 3 exhibits high intensity
corresponding to low-intensity regions in Component 1, and vice versa.
The composition of Component 3 provided in Table 2 highlights an
ultra-high Cr concentration (21.1 %) nearly three times its nominal
content in the original sample. This suggests a distinct Cr segregation at
certain grain boundaries. Component 4 appears as particles with high
intensity in Fig. 5 (c). Based on its composition in Table 2, the particles
are enriched with Co and Fe. Additionally, almost all grain boundaries
show extremely low intensity suggesting that Co and Fe are largely
depleted at grain boundaries.

The NMF analysis reveals the presence of two distinct types of grain
boundary segregation, along with the emergence of new phases,
demonstrating significant variations in their spatial distribution. One
type of grain boundary segregation is dominated by Mn and Ni with
minimal Cr signal. In contrast, other grain boundaries are characterized
by a high Cr concentration with a notable depletion of Mn and Ni.
Additionally, Cr and Ni—Mn segregated regions appear adjacent to
newly formed CoFe particles, potentially acting as precursors for carbide
and NiMn phase formation. These findings highlight the crucial role of
local grain boundary structure in governing the segregation process.

To unravel the intricacies of this complex segregation behavior and
to quantify the composition of the precipitates, APT was performed
within the IDB region of the sample after annealing at 500 °C for 1 h. In
Fig. 6 (a) and (b), 3D reconstructed volumes with isocomposition sur-
faces for C, Cr, and Ni are presented. The chosen isosurface values were
tailored to accentuate the segregation of these elements. Our previous
studies have demonstrated carbon segregation along the grain bound-
aries of the alloy after HPT [31]. Even more pronounced C segregation
was revealed in the APT reconstruction of the annealed sample. The Cr
and C isocomposition surfaces demonstrate Cr—C co-segregations at the
grain boundaries. Additionally, Ni segregates separately from Cr, in
agreement with STEM-EELS SI results in the DB region illustrated in

Fig. 5.

The composition profile in Fig. 6 (c¢) along the purple arrow crossing
a grain boundary reveals simultaneous Cr (peaking at ~12 at.%) and C
segregation, coupled with a notable lack of Ni and Mn. Furthermore,
within the grain interior, higher concentrations of Mn and Ni in com-
parison to those of Co and Fe affirm that the APT tip was extracted from
an IDB region. In the second composition profile along the orange arrow
shown in Fig. 6 (d), it is evident that Ni and Mn co-segregation occurs
concurrently with the depletion of other elements, namely Fe, Co, Cr,
and C. The peak concentrations of Ni and Mn reach ~31 at.% and ~ 36
at.%, while the concentration of Fe and Co is reduced to around 15 at.%.
Therefore, the STEM-EELS SI, NMF and APT analyses reveal the co-
segregation of Cr and C, as well as Mn and Ni, along with complex
enrichment and depletion phenomena occurring at the grain boundaries
in the sample annealed at 500 °C, observed in both the DB and IDB
regions.

3.3.2. Precipitation and grain growth

Fig. 7 shows an overview of the microstructure of the sample heat-
treated at 530 °C for 1 h along with corresponding elemental distribu-
tions characterized using STEM-EELS SI from the region enclosed in the
white rectangle. The distinction between DB and IDB regions becomes
clear in the elemental distribution maps, where the formation of
numerous precipitates with varying compositions is observed. A newly
formed phase, enriched in C and Cr indicating a carbide, is uniformly
distributed both in the top IDB and in the bottom DB region. Addition-
ally, the NiMn phase is also apparent across the entire analyzed region.
However, the precipitates rich in Co and Fe are only present in the
bottom DB region. This suggests that the formation and nucleation of the
CoFe phase entail higher concentrations of Fe and Co in comparison to
the nominal concentrations of the alloy constituents. This heterogeneous
precipitation behavior can be attributed to the chemical inhomogeneity
inherent in the as-deformed alloy after HPT processing. A more detailed
analysis of the chemical composition and crystalline structure of these
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Fig. 5. The STEM-EELS SI with a step size of 0.5 nm and corresponding nonnegative matrix factorization (NMF) analysis in DB region of the sample annealed at
500 °C for 1 h. (a) The ADF image and EELS elemental maps; (b) spectra of four components extracted by NMF; (c) spatial distributions for each component.

Table 2

The calculated chemical composition of the four components from Fig. 5. (c).
Concentration in at.% Cr Mn Fe Co Ni
Component 1 1.4 29.3 18.1 17.9 33.2
Component 2 4.7 14.6 32.6 22.5 25.3
Component 3 21.1 18.0 21.0 20.1 19.6
Component 4 0 1.3 55.1 42.9 0.6

precipitates is discussed below.

Fig. 8 provides a detailed view of the microstructure, accompanied
by STEM-EELS SI elemental distribution maps, from the DB region of the
sample annealed at 530 °C for 1 h. Notably, a substantial growth of the
CoFe phase is discernible, exhibiting an average particle size ranging
from 80 to 100 nm. The FCC-matrix grains assume an equiaxial shape
with an average size ranging from 50 to 100 nm, pointing towards a
significant grain growth. The EELS quantification indicates a composi-
tion of approximately 3.5 Cr, 29 Fe, 22 Co, 23 Mn, and 18 Ni (in at.%) for
the FCC area in the DB region. This chemical composition reveals a
distinct reduction in Cr content, which can be attributed to the forma-
tion of numerous carbides. Furthermore, a few irregularly shaped
nanoprecipitates surrounding the CoFe particles, corresponding to a
NiMn phase are observed (indicated by yellow arrows). Additionally,
some carbides, with a larger size of approximately 50 nm, precipitated

near the CoFe and NiMn phases, while others, with a smaller size
ranging from 5 to 10 nm, formed at FCC grain boundaries, primarily at
their junction points.

The concentration profile depicted in Fig. 8 (b), traced along the
white arrow intersecting a CoFe precipitate and an FCC grain, elucidates
the compositions of the involved phases and the segregation at grain
boundaries. This profile illustrates the co-segregation of Mn and Ni on/
near FCC grain boundaries and at the interface between FCC grains and
the CoFe phase. Moreover, the elemental distribution within the FCC
grains exhibits greater heterogeneity compared to the sample annealed
at 500 °C. Ni and Mn not only display a strong co-segregation at the
grain boundaries, but also demonstrate a noticeable enrichment in the
region adjacent to the grain boundaries, as clearly observed in the Ni
map. Conversely, the concentration of Co and Fe is slightly higher in the
center of the FCC grains (as evident in the Co and Fe maps). This subtle
inhomogeneity in the elemental distribution may be induced by ther-
mally activated diffusion. In comparison with the DB region, the absence
of the CoFe phase in the IDB region can potentially be attributed to the
lower concentration of Co and Fe in these areas, as indicated in the top
area of Fig.7.

To further analyze the inhomogeneous elemental distribution and
precise concentration within all phases, an APT analysis was performed
for the sample annealed at 530 °C for 1 h from the DB region. Fig. 9 (a)
presents a 3D reconstructed volume containing several precipitated
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Fig. 7. ADF-STEM image and corresponding STEM-EELS SI elemental maps for all elements of the sample annealed at 530 °C for 1 h. The border between the DB
(upper part of the images) and IDB regions (lower part of the images) is indicated by the white dashed line.

particles. In Fig. 9 (b), isocomposition surfaces are delineated for 55 at.
% (C, Cr) inred, 75 at.% (Co, Fe) in orange, and 90 at.% (Ni, Mn). Three
proximity-histograms (proxigrams) were established around the iso-
surface lines. Fig. 9 (c) showcases the proxigram for the 92 at.% (Ni, Mn)
isosurface, revealing a high concentration of Mn and Ni in NiMn parti-
cles with a 1:1 ratio. Additionally, small amounts of Fe, Cr, and Co are
present, while almost no C is detected. The proxigram centered on the
75 at.% (Co, Fe) isosurface shows roughly equal amounts of Fe and Co
(both ~44 at.%), along with noticeable amounts of Ni and Mn (7.5 at.%
Mn, 3.6 at.% Ni), and a small amount of C (~0.1 at.%). Similarly, the
proxigram collected for the 55 at.% (C, Cr) isosurface is plotted in Fig. 9

(e). The carbide exhibits a main concentration of 24 at.% C, 52 at.% Cr,
with approximately 10 at.% of Fe and Mn, small amounts of Co, and
negligible Ni content, indicating a M23C6 type high-entropy carbide
[32] based on the chemical composition. Table 3 displays the average
composition of the FCC phase and all precipitates in the APT volume. It
is evident that the concentration of Fe and Co in the FCC regions is
slightly lower than that in the DB region of the as-deformed sample,
indicating a significant depletion due to CoFe phase precipitation.
Furthermore, a low C concentration (0.15 at.%) and a substantial
reduction in Cr content within the FCC matrix suggest the precipitation
of carbides.
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Fig. 8. (a) magnified STEM-EELS SI elemental maps of the sample annealed at 530 °C for 1 h (b) concentration profile created along the white arrow.

The microstructure and elemental distribution maps of the sample
annealed at 560 °C for 1 h, obtained by means of STEM-EELS SI from the
square region, are presented in Fig. 10. The white dashed lines in Mn and
Co maps delineate the boundary between the IDB and DB regions,
identified based on the observed precipitation behavior. Carbides
enriched in Cr and C persist in their uniform distribution across all
investigated areas, constituting a volume fraction of approximately 9.5
%. The mean grain size of the FCC phase is slightly increased. In the DB
region, the CoFe phase is still present, exhibiting an equiaxed shape.
Interestingly, NiMn is no longer observed in the IDB region, while only
two NiMn particles are detected in the DB region, located near CoFe
particles.

An ADF-STEM image and corresponding EELS elemental distribution
maps of the sample annealed at 600 °C are shown in Fig. 11 (a). The
typical equiaxial grains after recrystallization are observed in the ADF-
STEM image with a mean grain size of ~200 nm. Carbides mostly
precipitated at FCC-phase triple junctions between grains, alongside
occasional round particles enriched in Cr, as indicated by the white
circles in the Cr map. The small Cr-rich particles do not contain C
marked by circles in Fig. 11 (a), suggesting that these might be Cr-rich
BCC or Cr-sigma precipitates [4,7]. Moreover, some carbides contain a
higher concentration of Mn in the center, which can be an indication
that the carbide nuclei were Mn-rich. Additionally, it is important to
note that neither the CoFe phase nor the NiMn phase exists in the sample
in both DB and IDB regions. Fig. 11 (b) presents a concentration profile
across a carbide and FCC grain boundaries. The carbide contains
approximately 50 at.% Cr, 20 at.% Mn and 30 at.% C, indicative of a
M7C3 type carbide rather than a M23C6 carbide. Furthermore, a weak
segregation of Ni and Mn was observed at grain boundaries, which is less

pronounced than that observed in the samples annealed at 500 and
530 °C.

3.4. Characterization of precipitates structure

HR-STEM images were acquired for the CoFe and the NiMn phase in
the sample annealed at 530 °C. In Fig. 12 (a), an atomic resolution Z-
contrast HAADF-STEM image of a typical CoFe phase along the [001]
zone axis is presented, revealing the atom configuration corresponding
to the B2 structure. This is further supported by the Fast Fourier
Transform (FFT) pattern shown in Fig. 12 (d). Due to close values of
atomic scattering factors of Fe and Co (3.51 for Co and 3.54 for Fe at a
Bragg angle [33]), it is challenging to distinguish between atomic spe-
cies based solely on diffraction contrast. However, weak blurred
superlattice reflections were identified in the FFT indicated by yellow
arrows. Subsequently, a nano beam electron diffraction (NBED) was
collected from the CoFe phase, confirming its BCC ordered structure.
Furthermore, calculations demonstrated that the lattice parameter of the
B2 structure is approximately 0.293 nm, slightly larger than that of the
pure binary CoFe intermetallic (ICSD 44731 cubic Im-3 m structure, a =
0.28845 nm [34]), This variation is attributed to lattice distortion
induced by the presence of interstitial C atoms and substitutional Ni, Mn,
and Cr atoms.

Fig. 12 (b) shows a HAADF STEM image of a NiMn precipitate. In a
standard binary Mn—Ni phase diagram [35], there is a chemically or-
dered body-centered tetragonal (BCT) L1y structure (ICSD 104916,
tetragonal P4 mmm, a = b = 0.261 nm, ¢ = 0.349 nm [36]). However,
Fig. 12 (b) suggests a structure containing multiple nanotwins, each with
a width of ~10 atomic layers. The corresponding FFT in Fig. 12 (e)
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Fig. 9. (a) APT 3D reconstruction showing the overall elemental distribution in 530 °C heat-treated sample; (b) isocomposition surfaces of 55 at.% (C, Cr), 75 at.%
(Co, Fe), 90 at.% (Ni, Mn); proxigrams created by the (c) NiMn surface (d), CoFe surface and (e) CCr.

Table 3
The chemical composition of all phases present in the analyzed APT volume in
Fig. 9.

phase C Cr Fe Co Mn Ni
CoFe 0.1+ 0.2+ 44.1 + 44.3 + 7.5+ 3.6 £
0.05 0.05 0.7 0.6 0.3 0.2
NiMn 0.05 + 0.6 + 1.6 + 4.1 + 46.5 + 46.9 +
0.02 0.1 0.1 0.2 0.5 0.5
CrC 24.4 + 52.6 + 9.4 £ 31+ 111+ 0.4 +
0.7 0.8 0.5 0.3 0.5 0.1
FCC 0.15 + 5.1+ 23.6 + 223 + 23.7 + 24.4 +
matrix  0.01 0.1 0.2 0.2 0.2 0.2

indicates a twinned FCC structure without chemical ordering, which is
analogous to the NBED pattern of the NiMn phase in Fig. 12 (h). The
calculation of the lattice parameters (a = b = ¢ ~ 3.76 A) reveals no
detectable compression of the c axis, suggesting that the NiMn phase
does not correspond to the BCT L1 structure, but rather adopts a
disordered FCC structure, as illustrated in Fig. 12 (i). In agreement with
local HRTEM and CBED analysis above, the diffraction pattern of the
530 °C sample reveals a broader ring near the FCC (111) reflection in
Fig. 3, attributed to strong overlapping of reflections of FCC matrix
(111), NiMn FCC phase (111) and CoFe B2 phase (110).

Furthermore, a HRTEM image shows the Cr-rich carbide at the FCC
matrix grain boundary in the sample annealed at 600 °C in Fig. 12 (c).
The FFT of the carbide is shown in Fig. 12 (f) demonstrating a [ 221]
zone axis of the M7C3 carbide. The perfect overlap of the (111) spot of

the FCC grain with the (212) spots of carbide indicates that the (111)
planes of the FCC are exactly parallel to the (212) plane of the carbide, as
illustrated in Fig. 12 (f).

4. Discussion

In the present work, a carbon alloyed nanocrystalline FCC
Co1Crg 25Fe;Mn; Ni; HEA was isochronally annealed at a series of tem-
peratures. At low annealing temperatures (200-400 °C), a microstruc-
ture of the alloy was stable, as neither a grain growth of the FCC matrix
phase, nor a precipitation of any secondary phases were detected. The
results of the comprehensive microstructural analysis of samples
annealed in a temperature range of 500-600 °C illustrate a decompo-
sition of the nanocrystalline single-phase solid solution leading to grain
boundary segregation and new phases precipitating during annealing.
The annealing temperature ranges where particular phases are stable are
shown in Fig. 13 and compared with the literature data for the equia-
tomic CoCrFeMnNi (Cantor) alloy [3,4,7,37-40]. Let us note that due to
the initial chemical inhomogeneity of the alloy and the presence of Ni,
Mn rich IDB regions and Co, Fe rich DB regions (Fig. 2 and Table 1),
there was some difference in the preferential location of precipitated
phases. As will be discussed below, we believe that this difference is
mostly related to a limited diffusion of particular elements at certain
temperatures and relatively short annealing time (1 h). Most likely, after
long-term annealing, a homogeneous distribution of phases would be
obtained. In the following subsections, segregation behavior and the
precipitated phases will be discussed with regard to the literature data.



Fig. 10. ADF-STEM image and corresponding STEM-EELS SI elemental maps for all elements of the sample annealed at 530 °C for 1 h. The board of DB and IDB
regions are indicated by the white dashed line.
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Fig. 11. (a) STEM-ELLS elemental maps for all constitutive elements and corresponding ADF image for a sample annealed at 600 °C for 1 h; (b) a concentration
profile along the white arrow. White circles indicate the Cr enriched particles.

4.1. Elemental segregations segregated at the grain boundaries, as shown in Fig. 4. Interestingly, an

elemental partitioning was clearly observed as Ni and Mn segregated
together and separately from C and Cr. Li et al. have systematically
studied grain boundary segregations in coarse-grained equiatomic
Cantor alloy during annealing at 450 °C by means of APT [41]. They
clearly demonstrated a partitioning of segregated elements when Fe, Co

As discussed in our previous work [31], grain boundary segregations
of carbon were found in this alloy after HPT deformation. The present
investigation revealed that after annealing at 500 °C for 1 h these carbon
segregations became more pronounced, and additionally Cr, Ni and Mn
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Fig. 13. Temperature ranges of various phases precipitation in CoCrFeMnNi
and our experimental alloy.

and Cr fluctuated periodically in antiphase with Ni and Mn in the same
grain boundary plane. In particular, compositional fluctuations occurred
with a wavelength of ~6-10 nm and with an amplitude of ~5-7 at.%.
Similar results were obtained in the non-equiatomic nanocrystalline
CoCuFeMnNi alloy with a mean grain size of ~100 nm, where Cu, Ni and
Co segregate separately within a single GB at a low annealing

temperature of 250 °C [28]. In our case of a nanocrystalline alloy with a
grain size of 20 nm, the length of a grain boundary segment is compa-
rable with the compositional fluctuations wavelength found in [41] (or
even smaller than that), which is why different atomic species decorate
neighboring grain boundary segments. It had been proposed in [41] that
such a peculiar segregation behavior results from a spinodal decompo-
sition along grain boundaries in a similar way as it was previously
observed in a Fe—Mn alloy [42]. Generally, bulk spinodal decomposi-
tion phenomena are very common in Fe-Ni-Mn, Fe-Co-Cr and Fe—Cr
alloys [43-46] as well as in many HEAs [47-51] and are related to a
miscibility gap in these alloy systems at particular temperatures and
concentrations. Li et al. argued that in the framework of classical alloy
thermodynamics, segregation of atoms is energetically favorable as it
leads to a decrease in the grain boundary free energy [41]. Indeed, prior
experimental and theoretical investigations have observed a reduction
in the Gibbs free energy of grain boundaries (GBs) through the segre-
gation of Ni, Mn, or Cr in Fe-based alloys [52-55]. Then, when the local
concentration of segregated atoms becomes higher than the miscibility
gap, decomposition of the solid solution facilitated by enhanced diffu-
sion in grain boundaries may occur. We would like to highlight that Li
et al. found that Cr segregations were less pronounced in comparison
with Mn and Ni ones in the annealed equiatomic Cantor alloy, whereas
in our case Cr segregations were quite strong and the atomic concen-
tration of Cr was similar to that of Ni and Mn (Fig. 4). We explain it by a
relatively high carbon concentration in grain boundaries and the strong
affinity of Cr to carbon.

Moreover, Zhou et al. and Chen et al. reported that the spatial dis-
tribution of elements during the formation of chemical short-range order



in CrCoNi and VCoNi alloys is strongly depended on their spatial cor-
relation coefficient, which can be quantified by the following equation

. __ {(xa(0) (xa))(xs(r) (xs)))
[56,571:Ca 8(r) = N RN R
concentration of element A at reference position (0) and xp (r) is the
concentration of B a distance of r away, and (x,) and (xp) are the average
chemical composition of A and B, respectively. In the CrCoNi alloy, the
calculated values of Ccy.ni, Cco-Ni and Cgr.co are all negative at both 600
and 1000 °C, indicating that like elements tend to avoid becoming
nearest neighbors. The quantitative analysis aligns well with our ob-
servations, where two distinct types of grain boundaries decorated by
C—Cr and Ni—Mn co-segregations are distributed at specific grain
boundaries on a scale of tens of nanometers. Therefore, we attribute this
anti-segregation behavior, particularly between Cr and Ni, to the
intrinsic negative formation energy of their compounds [57] and the
degree of spatial correlation between the elements. Similar correlation-
based evaluations could potentially be applied in future studies to
further understand co-segregation behavior.

, where x4 (0) is the atomic

4.2. Precipitation

Different kinds of secondary phases precipitated in the nanocrystal-
line Co;Cry 25Fe;Mn;Ni; (2 at.% C) alloy during one hour annealing in
the temperature range between 500 and 600 °C (Fig. 13).

4.2.1. CoFe B2 phase

This phase was observed in samples annealed at 500, 530 and 560 °C
and was absent after annealing at 600 °C. The mean size of CoFe par-
ticles was the same as that of the FCC phase at the respective annealing
temperature. CoFe was detected only in DB regions, i.e. in regions with
higher Co and Fe content (Table 1). CoFe B2 phase was also found in
homogenized Cantor alloy in both coarse [3,4] and nano-grained [7]
states after long annealing in a temperature range from 450 to 515 °C
(Fig. 13). The reasons why CoFe particles did not form in the IDB regions
in the present investigation are not clear. The difference in atomic
concentrations of both elements in the IDB regions (~20 at.% of Co and
17 at.% of Fe, Table 1) and in the homogenized Cantor alloy (~ 20 at.%
of both Co and Fe) is negligible. Most likely, a different precipitation
behavior of this phase in the DB and IDB regions might be related to the
slow diffusion of both elements at temperatures <600 °C. Indeed, in
coarse-grained Cantor alloy CoFe phase was observed after annealing for
500 h [3,4], and in nanocrystalline alloy after 15 h [7]. In our case, the
CoFe phase precipitated after annealing for one hour in DB region with
higher atomic concentrations of Co and Fe (Table 1), which means that
the diffusion path was shorter. Bulk diffusion coefficients were deter-
mined for all constituting elements in the equiatomic Cantor alloy in a
wide temperature range down to 650 °C in [58]. Extrapolating data of
[58], one can estimate that at 500-560 °C the mean diffusion path of

both Co and Fe atoms is I = v/Dt = <v5>< 10 21 x 3600) = 4.2 nm

during one hour, that is much less than a mean CoFe particle size of 100
nm (Fig. 8). Even taking into account that diffusion is accelerated in the
presence of a high density of grain boundaries and with the addition of
interstitial C atoms [59], it seems that this acceleration is not sufficient
for the precipitation of CoFe particles in the IDB regions. A strong
enrichment with Ni and Mn is observed at the interphase boundary
between CoFe and FCC in Fig. 8 (b) (with a concentration much higher
than in the GB segregation in the right part of the same figure). Most
likely, this results from the uphill diffusion of the excess Ni and Mn
atoms to the interphase boundary due to the formation of CoFe particle.

4.2.2. NiMn phase

A NiMn phase with a disordered FCC structure (or its precursor) with
a size of a few nanometers precipitated along the triple junctions and
grain boundaries in the IDB region after annealing at 500 °C, and in both
regions after annealing at 530 °C (Figs. 4 and 6). After annealing at

560 °C, quite a few large NiMn particles were present apparently only in
the DB region (Fig. 10). As a bulk diffusion of Ni and Mn is very slow in
the temperature range between 500 °C and 560 °C similarly to that of
the other constituting alloy elements [58], most likely, NiMn phase
nucleation was facilitated by segregation of Ni and Mn at grain bound-
aries. After annealing at 530 and 560 °C, the size of NiMn particles was
comparable with the grain size of the FCC phase. A L1 structured NiMn
phase was found in a coarse-grained Cantor alloy after long-term
annealing in a temperature range from 500 to 580 °C [3,4]. However,
in the nanocrystalline Cantor alloy, the NiMn phase had been identified
after annealing at 450 °C as a disordered FCC phase [7], in agreement
with our results. Therefore, both CoFe and NiMn phases co-exist in the
same temperature range in the Cr-reduced carbon alloyed Cantor type
alloy (Fig. 13).

4.2.3. Cr-rich carbide phase

Cr-rich carbides of M7C3 type were observed in the present inves-
tigation at annealing temperatures of 530 °C and higher (Fig. 4). This is
distinct from the equiatomic Cantor alloy, where the Cr-rich BCC phase
is formed during the annealing in a range from 450 to 580 °C, and the Cr-
enriched o phase precipitated over a wide temperature range from 515
to 700 °C [3]. In the nanocrystalline Cantor alloy produced by HPT only
Cr-rich particles were observed after annealing at 450 °C [7]. This dif-
ference in precipitation behavior can be explained by the presence of
carbon in our experimental alloy. Cr has a great affinity to carbon, which
makes the formation of carbides energetically more favorable than the
formation of ¢ phase. For example, the enthalpy of Cr7C3 formation is
strongly negative (approx. -150 kJ/mol) [60] and that of the CrFe sigma
phase is positive (~2.7 kJ/mol) [61]. Yet, tiny Cr-rich granules were
also detected in the grain interior of the alloy annealed at 600 °C, as
illustrated in Fig. 11, which could be a Cr-rich BCC phase according to
the composition analysis. The temperature range for carbide formation
in the present alloy has been reported from 530 °C to 900 °C [40],
whereas at temperatures above 1000 °C, a single FCC solid solution
forms, which is about 200 °C higher than in the Cantor alloy (Fig. 13).

5. Conclusions

A carbon-doped, non-equiatomic nanocrystalline CoCrFeMnNi high-
entropy alloy (HEA) was synthesized via high-pressure torsion (HPT)
and subsequently subjected to isochronal annealing in the temperature
range of 200 to 600 °C for one hour. The microstructure evolution was
characterized and analyzed. The main findings can be summarized as
follows:

1. Grain boundary segregation of Ni, Mn and Cr was observed in the
sample after annealing at 500 °C for 1 h as well as an increase in
carbon segregation concentration compared to the as-deformed
state. Ni and Mn co-segregate in some GB segments, whereas Cr
and C co-segregate in other GB segments. This is explained by the
spinodal decomposition in the grain boundary areas and the strong
chemical affinity of Cr to carbon. The anti-segregation behavior,
particularly between Cr and Ni, is attributed to the degree of spatial
correlation between the elements.

2. Precipitation of ordered CoFe (B2) and disordered NiMn (FCC)
phases occurred during annealing between 500 and 560 °C. The
formation of these phases was influenced by local elemental con-
centrations, with precipitation of NiMn and CoFe phases observed
when the concentrations exceeded approximately 30-35 at.% for
NiMn and more than 25 at.% for CoFe. The precipitation of NiMn was
primarily associated with GB segregation of Ni and Mn, while CoFe
precipitation was linked to initial compositional inhomogeneities in
the alloy. Additionally, Cr-rich M7C3 carbides began to precipitate at
annealing temperatures above 530 °C and remained beyond 600 °C.

3. The initial grain size of the FCC phase (~20 nm) was stable up to
500 °C. Moderate grain growth occurred between 530 and 560 °C. In



this temperature range, the microstructure consisted of FCC grains,
NiMn, CoFe and carbide particles with a similar size. At 600 °C, in
the absence of NiMn and CoFe precipitates, significant grain growth
of the FCC phase to approximately 280 nm was observed.
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