Elemental segregation in CoCrFeMnNi high entropy alloy after
intermediate-temperature low cycle fatigue loading
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We report on the elemental segregation in CoCrFeMnNi high entropy alloy after low cycle fatigue loading at
550 °C via transmission electron microscopy. The segregation of Fe, Co and Ni elements at the grain boundaries
was identified, which is in addition to previously reported precipitation of MnNi-rich and Cr-rich phases. Besides,
cyclic straining is suggested to play an assisting role in the precipitation of these phases and the elemental
segregation upon cycling CoCrFeMnNi at intermediate temperatures. In addition, various dislocation patterns in

the post-fatigued CoCrFeMnNi are compared to those in monotonic loading.

1. Introduction

In the past two decades the equiatomic CoCrFeMnNi high entropy
alloy (HEA), first reported by Cantor et al. [1], has been extensively
studied. The so-called Cantor alloy has face-centered cubic (FCC)
structure and shows high strength, excellent ductility, and sufficient
fracture toughness [2-4]. Previous investigations on CoCrFeMnNi have
shown an interplay of various crystal defects, such as dislocations, twins
and stacking faults, during plastic deformation depending on several
factors: temperature, grain size and orientation, loading direction (ten-
sile or compressive) and strain level [5-13]. For instance, Zhang et al.
reported that partial and full dislocations dominate the deformation in
CoCrFeMnNi at room temperature [6]. The presence of partial disloca-
tions has been attributed to the low-to-medium stacking fault energy
(SFE) of CoCrFeMnNi at room temperature [7]. For example, the SFE of
CoCrFeMnNi is ~21 mJ/m? at room temperature according to the ab
initio calculations [14]. Furthermore, deformation twinning was
observed in the CoCrFeMnNi HEA at cryogenic temperatures and
contributed to the enhanced strength and ductility [5]. Later on,
deformation twins were also found in coarse-grained CoCrFeMnNi alloy
after tensile deformation at room temperature [13].

Despite these studies focusing on the monotonic deformation fea-
tures of CoCrFeMnNi alloy, there is still no comprehensive investigation
comparing the microstructure evolution of CoCrFeMnNi HEA upon cy-
clic deformation and monotonic deformation at intermediate tempera-
tures, which is critical for the HEA’s intermediate-temperature
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applications. Besides, it has been reported that Cr- and NiMn-enriched
secondary phases formed upon cycling CoCrFeMnNi at 550 °C [15,
16], however, their detailed crystal structures and the role of cyclic
straining on their formation were not identified yet. Consequently, this
work intends to extensively investigate the microstructure of CoCr-
FeMnNi HEA after low-cycle fatigue (LCF) loading at 550 °C by trans-
mission electron microscopy (TEM).

2. Material and experimental techniques

The investigated equiatomic CoCrFeMnNi was synthesized using arc
melting, followed by drop-casting, homogenization and rotary swaging
[4,15]. The LCF specimens were machined out of the rotary-swaged
material and finally recrystallized by annealing at 800 °C for 1 h,
leading to a refined isotropic microstructure [15].

LCF tests were carried out at 550 °C with strain amplitudes ranging
from + 0.2% to + 0.75% under a symmetric triangular waveform and at
a nominal strain rate of 3 x 107> s~ on a MTS 810 servo-hydraulic
testing machine equipped with a radiative furnace and a high-
temperature extensometer. The specimen geometry includes a gauge
diameter of 2 mm, and a gauge length of 7.6 mm. It should be mentioned
that the lifetime and cyclic stress response of this material under LCF
loading at 550 °C have been reported in Ref. [15].

To investigate the post-fractured microstructures, TEM in-
vestigations were carried out using TECNAI-20 F and Talos F200X mi-
croscopes equipped with the high-angle annular dark-field (HAADF)
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Fig. 1. (a) HAADF STEM image with EDX line scan along the dashed arrow and elemental compositional measurements and (b) bright-field TEM image with SADP of
circled areas of the same region of the sample tested under strain amplitude of + 0.3%.

detector for scanning TEM (STEM). Energy-dispersive X-ray (EDX)
spectroscopy was employed for the determination of elemental
composition. Conventional TEM with selected area diffraction pattern
(SADP) and high-resolution TEM (HRTEM) with fast Fourier trans-
formation (diffractogram) analysis were also applied. For preparing
TEM samples, the details can be found in Ref. [15].

To further reveal the role of cyclic straining on the secondary phases
formation, additional TEM investigations were performed for an as-
recrystallized specimen and a subsequently annealed specimen (at
550 °C for ~ 47 h, without fatigue loading). This duration of annealing
(47 h) is chosen as it is the same duration experienced by the fatigued
sample tested under 0.3% strain amplitude at 550 °C (including heating
time 0.5 h, dwelling time 0.5 h, testing time 45.5 h, and cooling time 0.5
h).

3. Results and discussion

The quantitative TEM-EDX analysis of most grains in CoCrFeMnNi
after LCF loading at 550 °C shows generally homogeneous distribution
of alloying elements in the deformed sample with a concentration of (20
+ 3) at% for each element (not shown). However, additional secondary
phases (with an irregular morphology and sizes varying up to a few pm)
are observed close to grain boundaries. An example is presented in

Fig. 1, where a HAADF STEM micrograph with EDX line scan (a) com-
bined with a bright-field TEM image with SADP (b) of the same area are
shown. The variation in the contrast along the secondary phase (in
Figs. 1a and 1b) clearly indicates the change in chemical composition.
The EDX line scan along the dashed line shows that the lower part of the
secondary phase is Mn- and Ni-rich (area 1 in Fig. 1a) and the upper part
is Cr-rich (area 2 in Fig. 1a).

Notably, the segregation induced NiMn-rich phases in post-annealed
CoCrFeMnNi have been suggested to be tetragonal L1y, NiMn phase
[17-19]. Besides, the cosegregation of Ni and Mn at the grain boundary
was mainly ascribed to the highly negative mixing enthalpy between Ni
and Mn (and, on the other hand, the positive mixing enthalpy between
Ni and Cr) [20]. This segregation induced L1y NiMn phase may also hold
in the current CoCrFeMnNi, where both Ni and Mn elements have an
atomic concentration of ca. 40%, see area 1 in Fig. 1.

Furthermore, the SADP from area 2 indicates that it has a tetragonal
crystal structure with lattice parameters of a=b=0.88nm and
c= 0.45 nm (space group P42/mnm), see Fig. 1b. Together with the EDX
measurements in area 2, it is confirmed that the Cr-rich phase is the ¢
phase. This finding can also be supported by Fig. Al. This observation is
consistent with the previous finding that the ¢ phase was observed in
coarse-grained CoCrFeMnNi following prolonged exposure at 700 °C
[21]. Besides, it should be mentioned that Cr-rich carbides (with carbon
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Fig. 2. HAADF STEM micrograph with the corresponding elemental composition EDX maps of the sample tested under strain amplitude of + 0.3%. The areas marked
by arrows are enriched in Cr (1), Mn-Ni (2) Fe-Co (3) and Ni (4). EDX line scan along the red arrow indicates Fe and Co segregation to grain boundary.

Fig. 3. Inverted HAAD STEM images of the samples after LCF under strain amplitudes of + 0.75% (a) and + 0.2% (b). D indicates dislocations. TW indicates
annealing twins. D1 and D2 indicate discrete dislocations (D1) and pileup dislocations (D2). SB denotes slip bands. The scale bar in (a) is valid for (b).
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Fig. 4. HAAD STEM images of the samples without deformation, as-recrystallized at 800 °C for 1 h (a) and post-annealed at 550 °C for 47 h (b). Arrows marked
secondary phases inside the grains (1) and at the grain boundaries (2). The scale bar in (b) is valid for (a).

contamination originating from the material processing steps) and
Cr-rich body-centered cubic, BCC, phase were also reported in the
CoCrFeMnNi after long-term annealing [18,21]. In this context, Cr-rich
carbides (with the presence of carbon from processing steps) and BCC
phases may also be presented in the current CoCrFeMnNi, which were
not observed here, likely due to the limited investigated regions and
requires further clarifications.

Apart from these Cr-rich and MnNi-rich secondary phases (also see
region 1 and 2 in Fig. 2 with a lower magnification), the segregation of
Fe, Co and Ni close to the grain boundary were also detected, see region
3and 4 in Fig. 2. An EDX line scan along the red arrow indicates that the
concentrations of Fe and Co are slightly increased to 25% (Fe) and 28%
(Co) at the grain boundary, while the concentrations of Cr, Mn and Ni
are decreased to around 15%. In other words, the concentration of Fe
and Co is around 10% higher than those of Cr, Mn and Ni, which is
higher than the general fluctuation level of the composition (~3%, see
line scans in Figs. 1 and 2). Besides, the marked region 4 in Fig. 2 also
shows increasing Fe-, Co and Ni-concentration and decreasing Cr- and
Mn-concentration along the grain boundary. To our best knowledge, this
is the first time reporting the segregation of the three elements close to
grain boundaries of CoCrFeMnNi, which is in addition to previously
reported FeCo cubic B2 phase [17,18]. Furthermore, the segregation of
Fe, Co and Ni to the grain boundaries may be attributed to the lower
negative enthalpy of mixing among these elements. For instance, the
mixing enthalpy between Fe and Co was calculated to be — 2.9 kJ/mol,
and the mixing enthalpy between Fe and Ni to be — 4.9 kJ/mol, which
are comparable to that between Mn and Ni (—4.9 kJ/mol) [20].

It is of interest to note that the volume fraction of these secondary
phases is estimated to be < 2%. It is worth mentioning that the sec-
ondary phases formation (such as carbides precipitation) was also
observed in conventional FCC steels, such as 316LN steels, after
intermediate-temperature fatigue and was reported to contribute to
cyclic hardening [22]. In this work, these phases may also contribute to
cyclic hardening, which may reduce the extent of cyclic softening that
occurs due to dislocation cells/walls formation at high-to-medium strain
amplitudes (see Fig. 3a) [23,24] (and finally contributed to a
near-steady state).

It is of interest to compare the dislocation features from fatigued
CoCrFeMnNi [15,16] to those from monotonic deformed CoCrFeMnNi
[5]. Specifically, it was reported that at low monotonic strains upto
2.1%, the CoCrFeMnNi shows planar slip bands; whereas dislocations
organized into cells at later stages (~20%) at RT and 600 °C [5]. These
dislocation features are generally similar to that after fatigue loading,
where slip bands and cell/wall structures (and tangles) dominated at
low and high strain amplitudes, respectively, see Fig. 3a and b [15,16].

Differently, the average cell size after monotonic loading (~ in the range
of 200-300 nm, from similar grain-sized CoCrFeMnNi [5]) is smaller
than after fatigue loading (~ 1 pm, see Fig. 3a), due to the former’s
larger stress/strain levels (despite the latter’s larger cumulative plastic
strains). Besides, wall structures (and the evolution of persistent slip
bands) are exclusively presented due to dislocations to-and-fro motion
upon fatigue loading (i.e., not observed under monotonic loading).
Additionally, dislocations to-and-fro motion may promote more point
defects formation, such as vacancies, by dislocations cross-slip induced
annihilation, as compared to that under monotonic loading.

On the other hand, when compared to that fatigued at RT, the dis-
locations movement at 550 °C may produce more thermally active va-
cancies, which may increase the extrusion height (and hence accelerate
crack initiation). Therefore, more vacancies formation and their faster
movement at 550 °C (along with grain boundary embrittlement due to
secondary phases formation and in-situ oxidation [16]) contributed to
the decreased fatigue lifetime as compared to RT.

Lastly, to further clarify the role of cyclic straining on the formation
of the secondary phases, Fig. 4 shows the representative microstructures
of the post-annealed sample at 550 °C for 47 h (without LCF loading).
Notably, the microstructure of the recrystallized sample is also shown
for comparison. In the as-recrystallized sample, round bright secondary
phases with a low density (more arranged inside the grains, see arrows 1
in Fig. 4a) are observed. These are believed to be formed during material
processing and mainly Cr-rich oxides [15]. For the post-annealed sample
at 550 °C for 47 h, apart from the round-shape Cr-rich oxides (see arrow
1 in Fig. 4b) inside the grains, other secondary phases with an irregular
morphology are observed at the grain boundaries (see arrow 2 in
Fig. 4b). These secondary phases appear to have similar morphologies to
those observed in the post-fatigued samples at 550 °C (Figs. 1 and 2) and
are expected to have similar lattice structures.

Taking into account that no secondary phases form upon room
temperature cyclic straining [23,24], it is suggested that elemental
diffusion during high-temperature exposure (e.g., at 550 °C) alone can
facilitate the formation of Cr-and MnNi-rich secondary phases. This
further suggests that cyclic straining may not play a decisive role in the
precipitation of secondary phases but rather play an assisting role
(because cyclic straining usually leads to the formation of vacancies, as
mentioned above). Along with the aforementioned segregation’s role in
assisting grain boundary cracking, such segregation has to be considered
in HEAs potential intermediate-temperature applications and attempts
are needed by tuning HEAs to avoid it.



Fig. Al. (a) Cr-rich secondary phase with the corresponding elemental composition EDX maps of the CoCrFeMnNi tested under strain amplitude of + 0.75%. (b) is
the DP of the secondary phase from (a), indicated by the dashed circle. EDX maps and DP confirmed that the Cr-rich phase has ¢ phase structure.

4. Conclusion

In this study, the segregation of Fe, Co and Ni close to grain
boundaries was observed in CoCrFeMnNi after intermediate-
temperature (550 °C) cyclic loading. This finding is in addition to the
previously reported precipitation of Cr-rich ¢ phase, BCC phase and
carbide, MnNi L1 phase, as well as FeCo B2 phase. Further comparison
to the post-annealed material (at 550 °C for 47 h, where similar pre-
cipitates also formed) suggests that cyclic straining play an assisting role
in these phases’ precipitation at elevated temperatures due to more
vacancies formation. In addition, the difference of dislocation patterns
betweencyclic loading and monotonic loading is also discussed, with
more PSB-walls formed upon cyclic loading. Consequently, this work
provides fresh understanding to the kinetic and cyclic deformation be-
haviors of the model CoCrFeMnNi HEA at intermediate temperatures.
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