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Heterogeneous grain structured high-entropy alloys (HEAs) exhibit excellent strength-ductility synergy due to
the peculiar grain structure topology. However, the understanding of cyclic response and deformation mecha-
nism under low cycle fatigue (LCF) loading is still inadequate. Therefore, the LCF behavior and deformation
mechanism of CoCrFeMnNi HEAs with a three-dimensional core-shell grain structure were investigated in this
paper. The effects of core-shell network structure on cyclic response and fatigue life are revealed. The dislo-

cations activity dominantly appears in the soft core regions prior to the hard shell region. The LCF resistance
remains when the strain amplitude is below 0.5%.

1. Introduction

High-entropy alloys (HEAs) have a relatively high mixing entropy
and lattice distortion energy due to a multi-principal element alloys
system. Compared to conventional pure metals and alloys, HEAs exhibit
unexpected properties, such as unprecedented mechanical properties
and high fracture toughness at cryogenic temperatures, excellent
corrosion resistance and good wear resistance, etc [1-4]. Nowadays,
overcoming the trade-off between strength and ductility in HEAs has
attracted world-wide attention. Compared with homogeneous ultrafine-
grained (UFG) structure or nanograined (NG) structure, peculiar het-
erogeneous structure can provide an additional hetero-deformation
induced (HDI) strain hardening, generating unprecedented mechanical
properties [5-11]. Therefore, development of heterogeneous structure
in HEAs has been an emerging trend for achieving superior strength-
ductility synergy [12-18]. Multiple strengthening mechanisms, con-
sisting of interface/grain boundary strengthening, precipitation
strengthening, HDI strengthening, etc., generates the high strength and
high ductility.

Owing to the good combination of strength and ductility, the het-
erogeneous structured HEAs are great potential candidates for

engineering applications. However, alternative loading and temperature
often induce fatigue failure in structural components [19,20]. Therefore,
it is of great important to reveal the fatigue behavior and deformation
mechanism of the heterogeneous structured HEAs. In the past few years,
much attention has been paid on the investigation of fatigue behavior of
homogeneous coarse-grained (CG) and UFG HEAs under high cycle fa-
tigue (HCF) loading. Both dislocation slip and deformation twinning
occurred in the CG CoCrFeMnNi HEAs under stress-controlled HCF tests.
Fatigue cracks propagated along the deformation twins [21,22]. Tian
et al. [23] investigated the high cycle fatigue resistance of UFG CoCr-
FeMnNi HEAs. Compared with CG samples (d = 30 pm), the fatigue limit
of UFG samples (d = 0.65 pm) increased by approximately 40 %. It is
noted that the increased tensile strength enhances the resistance to crack
initiation, increasing the HCF fatigue limit [24,25].

However, the ductility of HEAs often deteriorates gradually with
increasing strength, which may induce inferior low cycle fatigue (LCF)
resistance [26,27]. Therefore, the investigations on the LCF behavior
and deformation mechanism of HEAs have attracted attention in the past
few years. The LCF behavior and deformation mechanism of CG CoCr-
FeMnNi HEAs have been reported [28,29]. Phase transformation is not
significant during the whole LCF process. It is observed that the initial
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cyclic hardening followed by cyclic softening before fatigue failure. The
CoCrFeMnNi HEAs exhibit much better LCF life than 304 stainless steels
at Ae/2 > 0.5 %. Moreover, the cyclic induced microstructure evolution
is dependent on the stain amplitude. Namely, planar slip bands domi-
nantly form in CG CoCrFeMnNi HEAs at low strain amplitudes (Ae/2 <
0.3 %), while the increased strain amplitude promotes the formation of
dislocation veins, walls, or cells. Picak et al. [30] compared the cyclic
response and deformation mechanism of hot-extruded and equal chan-
nel angular pressing (ECAP) produced CoCrFeMnNi HEAs. It is noted
that the UFG samples have much better LCF life than CG samples as the
strain amplitude is below 0.4 %, which is related to the enhanced
strength and fatigue resistance of UFG samples. Nevertheless, the
continuously increased strain amplitude promotes rapidly cyclic soft-
ening effect, which induces the inferior LCF life of UFG samples. By
contrast, Luo et al. [31] investigated the cyclic deformation mechanism
and LCF life of fine-grained (FG) CoCrFeMnNi HEAs. As grain size de-
creases from 184 pm to 18 pm, activity of dislocations changes from
planar slip to wavy slip-driven subgrain structures within the grains.
Moreover, nano twins can form in FG samples during LCF process.
Therefore, both grain refinement and twinning-induced cyclic defor-
mation are thought to be beneficial to LCF resistance. Moreover, the
carbides are harmful for LCF resistance of CoCrFeMnNi HEAs [32]. Until
now, the current studies mainly focus on cyclic response and deforma-
tion mechanism of the HEAs with homogeneous grain structure and are
expected to enhance the mechanical properties and LCF resistance by
optimizing the grain size.

In recent years, it is valuable to note that the investigations of LCF
behavior and deformation mechanism shift from homogeneous grain
structured materials to heterogeneous grain structured materials. The
LCF resistance and deformation mechanism of GNS materials, such as Cu
[33,34] and stainless steels [35,36], have been reported. It is note-
worthy that GNS Cu exhibits much better LCF resistance than both CG
Cu and UFG/NG Cu. The GNS structure generates an inhomogeneous
distribution of cyclic plastic strain under cyclic loading. Namely, cyclic
plastic strain accumulates in some local region of the GNS layer,
resulting in grain coarsening inside GNS layer. However, the strain
amplitude has a significant role on LCF life in GNS stainless steels.
Namely, the superior LCF resistance appears in GNS stainless steels as
the strain amplitude is below 0.5 %. While, the LCF life of GNS stainless
steels is lower than that of CG stainless steels at Ae/2 > 0.5 %. In
addition, LCF deformation mechanism of TRIP dual-phase HEAs are also
reported. Compared with the CoCrFeMnNi HEA with simple FCC
structure, dual-phase Alp sCoCrFeMnNi HEAs have inferior LCF at high
strain amplitude (Ae/2 > 0.7 %), which is related to the rapid crack
initiation at BCC/FCC phase boundaries. Moreover, the activity of dis-
locations changes from planar slip to wavy slip with increasing strain
amplitude [37]. Similarly, FesoMnsoCo10Cri9 HEAs with metastable
dual-phase (FCC + HCP) also show different LCF deformation mecha-
nism with increasing strain amplitude [38]. Namely, deformation-
induced martensitic transformation dominantly occurs in the FCC
phase at Ae/2 < 0.6 %, while deformation induced twinning dominantly
occurs in the HCP and FCC phase at Ae/2 > 0.6 %. Overall, heteroge-
neous structure design become an effective strategy to realize superior
mechanical properties, i.e. great synergy of strength and ductility and
good fatigue resistance. Although preliminary investigations of LCF
behavior in the heterogenous structured materials have been investi-
gated, the effects of grain structure topology and strain amplitude on
LCF life and deformation mechanism are not clear. Especially, the un-
derstanding of LCF behavior and deformation mechanism of the het-
erogeneous grain structured HEAs is still inadequate.

A periodically macro-scale core-shell network structure is one of
typical heterogenous structures, which is also termed as harmonic
structure (HS) [39-41]. Compared with other heterogenous structures,
the spherical CG structures (core) embed in a three-dimensional UFG
network structure (shell) in the HS. Moreover, owing to the enhance-
ment of strain hardening capability, the HS materials exhibit a good
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balance of high strength and high ductility [42-46]. The increased
strength also enhances the HCF fatigue resistance. Deflection of fatigue
crack grow path can be observed at the core/shell interfaces [47,48]. In
recent years, the preparation and mechanical properties of the harmonic
structured HEAs have been investigated. The HS CoCrFeMn and CoCr-
FeMnNi HEAs show a superior strength-ductility synergy [49,50].
However, it is noted that the stress concentration occurs at the core/shell
interface and the resistance to fatigue crack propagation deteriorates in
the UFG network structure, which plays an important role on fatigue
resistance [51]. Preliminary investigations of LCF behavior of the HS
CoCrFeMnNi HEAs were carried out at a strain amplitude of 0.5 % [50].
It is noteworthy that although the ductility reduces with increasing shell
fraction, the HS samples still show the similar fatigue life with CG
samples, indicating that the peculiar core-shell network structure has
unexpected effect on the LCF resistance. As mentioned above, the strain
amplitude also has a significant influence on LCF life and deformation
mechanism of HEAs. However, the combined effects of strain amplitude
and core-shell network structure topology on LCF behavior and defor-
mation mechanism in HEAs are still unclear.

The CoCrFeMnNi HEA exhibits a stable face-centered-cubic (FCC)
structure during monotonic and cyclic deformation at room temperature
[50,51]. Therefore, the LCF behavior and deformation mechanism of the
HS CoCrFeMnNi HEAs having different shell fractions are investigated in
the present work. The combined effects of strain amplitude and shell
fraction on cyclic response and LCF life are clarified. Moreover, the
cyclic deformation mechanism and fatigue fracture of the peculiar cor-
e-shell network structure are revealed. Our investigations may provide
further insights into the LCF behavior of the heterogeneous structured
HEAs.

2. Experiments

Commercial gas-atomized CoCrFeMnNi HEA powder (Cr:19.00 %,
Mn: 20.47 %, Fe: 19.53 %, Co: 20.60 %, Ni: 20.40 %, N: 0.0074 %, O:
0.0359 %) ranging from 45 ~ 105 pm was used to fabricate the HS
CoCrFeMnNi HEAs. Firstly, the initial powders were mechanical milled
(MM) by a planetary ball mill under argon atmosphere at room tem-
perature. The mass ratio of ball-powder was 10:1, and milling speed was
200 r/min. Then, the powders were sintered by spark plasma sintering
(SPS) process under 50 MPa at 950 °C for 10 min. The diameter of the
sintered compacts was approximately 15 mm. MMOh, MM40h, MM100h
are termed as the sintered compacts produced from initial powders and
powders milled for 40 h and 100 h, respectively.

Tensile test was carried out by an in-situ fatigue testing system
(CARE IBTC-5000) at room temperature. The strain was measured by a
digital image correlation (DIC) based video extensometer (Imetrum,
UK). A constant tensile strain rate of 3.3 x 103/s (a constant cross-head
speed of 0.01 mm/s) was performed. Gauge length and cross-section of
the tensile specimen were 3 mm and 1 mm x 1 mm, respectively.
Moreover, symmetrical strain-controlled LCF tests were performed
under the same fatigue testing system with a constant triangular wave
loading rate of 5 x 10°3/s. According to the previous literature [50], the
LCF specimen had a gauge length of 2.1 mm and a cross-section of 1 mm
x 1 mm. The strain amplitudes of 0.3 %, 0.4 %, 0.5 %, and 0.7 % were
performed, respectively. The number of cycles at 50 % peak stress in the
stable softening region was determined as the LCF life. At least three
specimens were measured for verify the repeatability of the results. The
surface of specimens was ground using 2000 grit SiC paper before tests.

The grain structure of the sintered compacts was observed by an
optical microscope (OM, Keyence VHX-900) and a scanning electron
microscope (SEM, FEI Apreo S Lo Vac) equipped with an electron
backscattering diffraction detector (EBSD, EDAX) operating at 20 kV.
The fatigue crack initiation in the deformed specimens was also char-
acterized by SEM. Moreover, the morphology of dislocations was
examined by a transmission electron microscope (TEM, FEI Talos-
F200X) operating at 200 kV.



Z. Zhang et al.

3. Results
3.1. Microstructure and mechanical properties

Fig. 1 shows the grain structure of the sintered CoCrFeMnNi HEAs. It
is seen from Fig. 1a and 1d that the MMOh sample has a CG structure
with an average grain size of approximately 11.84 pm. By contrast, UFG
structure forms in the MM40h samples, and its fraction is approximately
20.3 % (see Fig. 1b and le). The CG grain size of MM40h samples is
approximately 8.14 pm, while the UFG grain size is approximately 1.01
pm. As milling time increases to 100 h, the fraction of UFG structure
increases significantly, which is approximately 46.8 % (see Fig. 1c and
1f). However, the reduction of grain size is not significant as the milling
time increases. The CG grain size and UFG grain size of MM100h sam-
ples are approximately 6.98 pm and 0.77 pm, respectively. Overall, the
grain size in CG structure or UFG structure decreases slightly, but the
UFG fraction increases significantly with increasing milling time. Usu-
ally, slight oxidation exists in the powder surface during fabrication
process. The HS CoCrFeMnNi HEAs were produced by mechanical
milling and powder metallurgy. Based on the previous works [50,51],
although a few nano oxide particles can be observed in the sintered
compacts, they had little influence on crack initiation and propagation.
The effect of oxide particles on LCF failure is ignored in the present
work.

It is noteworthy that the UFG structure in the MM40h and MM100h
CoCrFeMnNi HEAs exhibits a clear network structure, indicating that
the harmonic structure is produced. The CG structure is denoted as core
region, while the UFG structure is shell region. Moreover, the enlarged
microstructure of shell region is shown in Fig. 2. It is noted that the grain
size distribution in the shell region is inhomogeneous. As indicated in
Fig. 2b and Fig. 2d, the gain size in the center of the shell region is below
1 pm, while the grain size is approximately 1 ~ 3 ym in the narrow
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region near the core/shell interface. The schematic of shell region of the
harmonic structured CoCrFeMnNi HEAs is shown in Fig. 2e. It has been
reported that the phase transformation can promote the grain refine-
ment, thus the HS SS304L steels show a sharp core/shell interface
[42,43]. On the contrary, the phase transformation is not significant
during the milling and sintering of CoCrFeMnNi HEAs powders.
Therefore, the HS CoCrFeMnNi HEAs have the continuous network and
gradient UFG structure. Similarly, the gradient shell region is also
observed in HS Ni without significant phase transformation [52].

The microstructure and tensile results of the sintered CoCrFeMnNi
HEAs are shown in Fig. 3. Fig. 3a shows the variation of grain size and
shell fraction in the sintered samples with increasing mechanical milling
time. The tensile stress-strain curves of the sintered samples with
different microstructures are shown in Fig. 3b. It is seen that both yield
strength and ultimate tensile strength of the HS sample with S¢ = 20.3 %
increase by approximately 100 MPa compared with CG samples (S¢ = 0
%). Meanwhile, the elongation of the HS sample with S¢ = 20.3 % re-
duces only by 4 %. Thus, the HS sample with S¢ = 20.3 % shows a good
synergy of strength and ductility. However, when the shell fraction
continuously increases from 20.3 % to 46.8 %, the strength of the HS
sample increases by approximately 100 MPa, but the elongation reduces
by approximately 18 %, indicating the ductility deteriorates
significantly.

3.2. Cyclic response and fatigue life

Fig. 4 shows the cyclic stress response of the HS CoCrFeMnNi HEAs
under different strain amplitudes. It is seen from Fig. 4a to 4c that both
CG samples and HS samples show similar cyclic stress response. Namely,
the initial cyclic hardening occurs in the initial 10 cycles, and cyclic
softening occurs with continuously increasing cycles. As expected, the
larger strain amplitude generates the higher cyclic stress. Moreover, the

Fig. 1. The microstructure of the sintered CoCrFeMnNi HEAs: (a, d) MMOh samples, S¢ = 0 %; (b, e) MM40h samples, S¢ = 20.3 %; (c, f) MM100h samples, Sf = 46.8

%. (a-c) OM images, (d-f) EBSD images. S¢- Fraction of UFG region.
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Fig. 2. Enlarged shell region of HS CoCrFeMnNi HEAs using EBSD: (a, b) MM 40 h samples; (c, d) MM 100 h samples; (e) Schematic of the gradient shell region.

cyclic stress amplitude also increases with increasing shell fraction
under the same strain amplitude, which is attributed to the enhanced
tensile strength of the HS samples.

To quantitively compare the differences of cyclic stress response of
HEA samples with different shell fractions, the cyclic hardening rate
(CHR) and cyclic softening rate (CSR) are defined in the Eq. (1) and Eq.
(2), respectively [53].

0|

CHR = Omax — 01 1
(]

CSR = Omax — OH )
oy

where o7 is the peak cyclic stress in the first cycle, 6 max is the maximum
peak cyclic stress in the following cycles, and ¢ y is the peak cyclic stress
in the half-life cycle. Fig. 5a and Fig. 5b show the CHR and CSR of the HS

CoCrFeMnNi HEAs under different strain amplitudes, respectively.
Overall, both CG samples and HS samples show an increased CHR and a
decreased CSR with increasing strain amplitude. It is noted that the CHR
decreases significantly with increasing shell fraction. On the contrary,
the difference of CSR between CG samples and HS samples is not sig-
nificant. It indicates that the shell fraction plays much more important
role on initial cyclic hardening than cyclic softening.

Fig. 6 shows the half-life hysteresis loops of the HS CoCrFeMnNi
HEAs under different strain amplitudes. It is seen that the shell fraction
has significant influence on half-life hysteresis loops as the strain
amplitude increases from 0.3 % to 0.7 %. As illustrated in Figs. 3 and 4,
the yield strength of the HS samples increases significantly with
increasing shell fraction, which also generates the increase of peak cyclic
stress. Simultaneously, the increased yield strength enhances elastic
behavior in the hysteresis loop, reducing the plastic strain amplitude.
Thus, it is seen from Fig. 6 that the half-life hysteresis loop becomes slim
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with increasing shell fraction under the same strain amplitude. The between the applied load and the microstructural processes of the ma-
similar tendency is also reported in the grain-refined CoCrFeMnNi HEA terial [54]. Masing behavior is well-known to study deformation
with homogeneous grain structure [30]. behavior upon stress reversal, which is defined by comparing the shapes

The analysis of the stress—strain hysteresis loop is very valuable to of hysteresis loops with the cyclic stress-strain curve. If the shape of the
provide primary or fundamental information about the interaction loop matches with the cyclic stress—strain curve (stress ordinate
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multiplied by two), then the Masing behavior appears. Otherwise, if
these two curves do not match, then the non-Masing behavior appears
[55]. The effect of shell fraction on Masing behavior of HS CoCrFeMnNi
HEAs is illustrated in Fig. 7. It is seen from Fig. 7a that the CG sample
exhibits obvious non-Masing behavior. By contrast, the non-Masing
behavior become weak as the shell fraction increases to 20.3 % (see
Fig. 7b). It is noted from Fig. 7c that near Masing-behavior is observed in

the HS sample with S¢ = 46.8 %. It is reported that the Masing-behavior
is dependent on dislocation arrangements [30,56]. In the present work,
compared with CG sample, the near Masing-behavior displays in the HS
samples with high shell fraction, indicating the alternation of the
dislocation arrangements. The further investigations on microstructure
evolution are discussed in the following section.
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Fig. 7. Half-life hysteresis loops plotted in relative coordinates: (a) S = 0 %; (b) Sf = 20.3 %; (c) Sf = 46.8 %.
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3.3. Low cycle fatigue life

The LCF lives of the HEA samples with different microstructures are
summarized in Fig. 8 and Table 1. As expected, the increased strain
amplitude generates the deterioration of fatigue life. Moreover, the fa-
tigue life is significantly influenced by the shell fraction. It is noteworthy
that the HS samples exhibit higher fatigue life than CG samples at Ae/2
= 0.3 %. Especially, all samples have a similar fatigue life at Ae /2 = 0.4
% or 0.5 %. However, when the stain amplitude increases to 0.7 %, the
HS samples with S = 46.8 % show much worse fatigue life than the
other samples. Overall, the fatigue life is enhanced in the HS samples at
low strain amplitude, while fatigue life is deteriorated at high strain
amplitude.

3.4. Microstructure evolution during low cycle fatigue process

In order to reveal the difference of cyclic stress response between CG
samples and HS samples, the dislocations evolution is illustrated in
Figs. 9-11. Fig. 9 shows the representative morphology of dislocations in
CG samples during LCF process. There are still a few residual disloca-
tions in the SPS sintered CG samples. By contrast, plenty of dislocations
pile up in the first 10 cycles, which induces the rapid initial cyclic
hardening. With prolonged cycles, the dislocations rearrange to form the
dislocation walls with low energy and stable structure at half-life cycle
(Ng/2). Thus, the cyclic softening appears. The evolution of dislocations
in CG CoCrFeMnNi HEAs during LCF process is similar with that in
austenitic stainless steels with FCC structure [57].

Fig. 10 presents the morphology of dislocations in the HS samples
with S¢ = 46.8 % before and after LCF process at Ae/2 = 0.3 %. As
illustrated in Fig. 2, the HS CoCrFeMnNi HEAs has the gradient shell
region. It is interesting to note that the inhomogeneous dislocations also
pile up in the core-shell structure. Fig. 10a shows the evolution of dis-
locations in the core region (CG structure), which is similar with that in
the homogeneous CG samples. Namely, the dislocations develop rapidly
in the first stage of cycles, and then rearrangement of dislocations ap-
pears by the prolonged cycles. By contrast, the evolution of dislocations
in the transition region is illustrated in Fig. 10b. The grain size of
transition region approximately ranges from 1 pm to 3 pm. It is seen that
the dislocations increase significantly in the first 10 cycles, while the
annihilation and rearrangement of dislocations is not significant with
the continuously increasing cycles. Unlike the core region, the disloca-
tion wall does not form in the transition region. Fig. 10c presents the
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Fig. 8. Plots of strain amplitude (Ae/2) versus the number of cycles to failure
(Ny) in the CoCrFeMnNi HEAs with different microstructures.
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Table 1
Fatigue lives of the CoCrFeMnNi HEAs with different microstructures.
St Ne
Ae/2 =0.3% Ae/2=0.4% Ae/2 =0.5% Ae/2 =0.7 %
0 % 13,724 6568 2506 1748
13,469 5286 2438 1527
11,474 4661 1822 1141
20.3 % 20,412 7869 2581 1802
20,033 7126 2536 1480
13,638 6735 1861 1099
46.8 % 22,944 6153 2300 812
14,548 6050 1972 635
14,505 4193 1826 524

morphology of dislocations in the shell region (UFG structure).
Compared with core region and transition region, although the HS
samples with S¢ = 46.8 % has a large number of UFG structure, a rela-
tively low density of dislocations still appears in the shell region.
Moreover, the grain coarsening is not significant during the whole LCF
process, indicating that the shell region is stable.

Fig. 11 presents the morphology of dislocations in the HS samples
with S¢ = 46.8 % after LCF process at Ae/2 = 0.7 %. As indicated in
Fig. 11a, the dislocations pile up significantly and rearrange with
increasing cyclic loading in the core region. As shown in Fig. 8, the HS
samples with S¢ = 46.8 % has very short fatigue life. Thus, it is noted that
only a few dislocations generate in the transition region (see Fig. 11b).
Meanwhile, the cyclic loading seldom promotes the dislocations in the
shell region (see Fig. 11c).

In order to reveal the effect of harmonic structure topology on LCF
life, fatigue crack initiation in both CG and HS samples after fatigue
failure are illustrated in Figs. 12-14. Fig. 12 shows the surface mor-
phologies of CG samples after LCF failure. It is seen from Fig. 12a thata
few slip bands form in the interior of several CG grains at Ae/2 = 0.3 %.
The extrusions/intrusions along slip bands generate the local stress
concentration during LCF process, inducing the fatigue crack initiation.
As the strain amplitude increases from 0.3 % to 0.7 %, the increased
strain amplitude induces much more slip bands in the interior of CG
grains, and multiple cracks initiate along the slip bands (see Fig. 12b).

Fig. 13 shows the surface morphologies of HS samples with Sf = 20.3
% after LCF failure. As shown in Fig. 13a and b, it is noted that multiple
cracks initiate in the core regions due to the extrusions/intrusions along
slip bands at Ae/2 = 0.3 %, which is similar with crack initiation in CG
samples. While, no significant slip bands and crack initiation appear in
the shell regions. On the contrary, it is interesting to note that the cracks
initiate in both core and shell regions at Ae/2 = 0.7 % (see Fig. 13c). As
shown in Fig. 13d, the multiple cracks initiate in the shell and at shell/
core interface. Therefore, it indicates that the increased strain amplitude
promotes incompatible deformation between shell and core regions
during LCF process. The local stress concentration increases in the shell
and at shell/core interface, generating the crack initiation at multiple
sites.

Furthermore, the surface morphologies HS samples with S = 46.8 %
after LCF failure is shown in Fig. 14. Although the fraction of UFG
structure increases significantly, it is interesting to note that the fatigue
cracks still dominantly initiate along the slip bands in the core region at
Ae/2 = 0.3 % (see Fig. 14a and b). Besides core region, it is noted that
many cracks also initiate in the shell region and at shell/core interface as
the strain amplitude increases from 0.3 % to 0.7 %. The crack initiation
in the HS samples with S¢ = 20.3 % is similar with that in the HS samples
with S¢ = 46.8 % at Ae/2 = 0.3 %. However, due to the large fraction of
UFG structure, the HS samples with Sy = 46.8 % have more crack initi-
ation sites than the HS samples with Sf = 20.3 % at Ae/2 = 0.7 %.
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Fig. 9. Representative morphology of dislocations in CG CoCrFeMnNi HEAs (S¢ = 0 %) at Ae/2 = 0.3 % using TEM.

S746.8% N=0 | N=10 - N=Ny/2

Fig. 10. Representative morphology of dislocations in the HS CoCrFeMnNi HEAs (S = 46.8 %) at Ae/2 = 0.3 % using TEM: (a) core region; (b) core-shell transition
region; (c) shell region.



Z. Zhang et al. International Journal of Fatigue 182 (2024) 108185

5746.8% N=10 N=N{2

Fig. 11. Representative morphology of dislocations in the HS CoCrFeMnNi HEAs (S¢ = 46.8 %) at Ae/2 = 0.7 % using TEM: (a) core region; (b) core-shell transition
region; (c) shell region.
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Cyeclic loading

Fig. 13. Surface morphologies of the HS CoCrFeMnNi HEAs with S¢ = 20.3 % after LCF failure at different strain amplitudes using SEM: (a) Ae/2 = 0.3 % and (b)
enlarged region in core; (c) Ae/2 = 0.7 % and (d) enlarged region in shell. The arrows indicate the crack initiation sites.

4. Discussion

4.1. Effect of core-shell grain structure topology on cyclic deformation
behavior

The comparison of monotonic and cyclic stress-strain curves be-
tween CG and HS samples is illustrated in Fig. 15. Engineering stress and
strain values are used for monotonic curves, and cyclic values are ob-
tained from the half-life cycles. It is noted that both CG and HS samples
are cyclic softening materials at low strain amplitude (Ae/2 = 0.3 %),
while they are cyclic hardening materials at high strain amplitude (Ae/2
= 0.7 %) [58]. Moreover, the cyclic strength coefficient (K’) and cyclic
strength exponent (n") of CG and HS samples are calculated from the Eq.
(3) and summarized in Table 2.

Lo _k(A%) ®

2 2

where A 6/2 is stress amplitude and Aep,/2 is plastic strain amplitude at
half-life cycle. As shown in Table 2, both K’ and n’ increase gradually
with increasing shell fraction, indicating that the HS samples exhibit
much higher cyclic hardening than CG sample. Moreover, the increased
shell fraction enhances the cyclic hardening. In general, the UFG

10

materials often shows significant cyclic softening at high strain ampli-
tude [26,33,34]. However, it is noteworthy that although the HS sam-
ples have a large number of UFG structure and demonstrate much higher
cyclic stress than CG samples, they are still cyclic hardening materials at
high strain amplitude (Ae/2 = 0.7 %), indicating that the harmonic
structure is stable under cyclic loading.

As illustrated in Fig. 5, it is interesting to note that the shell fraction
has significant influence on initial cyclic hardening. With increasing
shell fraction, the initial cyclic hardening decreases significantly. It is
noted from Figs. 10 and 11 that the dislocation generation and rear-
rangement dominantly in the core region, which is related to the initial
cyclic hardening and cyclic softening. Because the initial cyclic hard-
ening is dependent on the dislocation generation in the CG structure,
thus HS samples cannot provide many CG structure for piling up and
accumulation of dislocations as the shell fraction increases, restricting
the initial cyclic hardening. Subsequently, planar and cross-slip promote
the formation of high density dislocation walls and cell-structure,
generating the cyclic softening [28,29]. However, it seems that the cy-
clic softening is independent on the shell fraction, indicating that the
following rearrangement of dislocation structure is similar. Moreover,
the cyclic induced martensite transformation is not significant in the CG
CoCrFeMnNi HEAs during LCF process. Unlike stainless steel, the sec-
ondary hardening is not obvious in the CG CoCrFeMnNi HEAs near final
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Cyclic loading

Fig. 14. Surface morphologies of the HS CoCrFeMnNi HEAs with Sf = 46.8 % after LCF failure at different strain amplitudes using SEM: (a) A¢/2 = 0.3 % and (b)
enlarged region in core; (c) Ae/2 = 0.7 % and (d) enlarged region in shell. The arrows indicate the crack initiation sites.
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Fig. 15. Comparison of monotonic and cyclic stress-strain curves of CoCr-
FeMnNi HEAs with different microstructures.

Table 2
Summarized cyclic parameters of CoCrFeMnNi HEAs with different
microstructures.

St /% K’ /MPa n’

0 1277 0.2006
20.3 1817 0.2273
46.8 3850 0.3025

fracture [28]. In the present work, there is no significant martensite
transformation in the cyclic deformed HS CoCrFeMnNi HEAs. Thus, the
HS CoCrFeMnNi HEAs has no significant secondary hardening.

Owing to the different hardness between CG and UFG structure,
plastic strain generation is inhomogeneous in the heterogeneous grain

11

structured materials during cyclic loading. It is observed that the cyclic
plastic strain dominantly appears in the relatively soft domain prior to
the hard domain with smaller grain size and higher cyclic stress. Then,
the plastic strain gradually propagates from the soft domain to the hard
domain with continuously increasing cyclic loading. Therefore, the fa-
tigue induced strain incompatibility occurs in the NG and UFG layer in
gradient structure [33,34]. In the present work, the core region with CG
structure is softer than the shell region with UFG structure. According to
Figs. 10 and 11, the fatigue generated dislocation activity dominantly
occurs in the soft core region in the HS samples. Thus, the slip bands
mainly form in the core region, which are not significant in the shell
region. Therefore, it is implied that the cyclic plastic strain in the HS
samples is inhomogeneous. The gradient transition region shows a few
dislocations, which may provide deformation compatibility. However,
based on Figs. 13 and 14, it is noteworthy that the cracks tend to form in
the shell region at high strain amplitude (Ae/2 = 0.7 %), while the
cracks seldom form in the shell region at low strain amplitude (Ae/2 =
0.3 %), which indicates that the high cyclic stress may promote the
propagation of cyclic plastic strain from the core region to the shell
region.

It has been reported that the CG CoCrFeMnNi HEA shows non-
Masing behavior, indicating that the dislocation activity is depends on
the stress amplitude [32]. However, as indicated in Fig. 7, the non-
Masing behavior eliminates gradually with increasing shell fraction.
The HS sample with large shell fraction (S¢ = 46.8 %) shows near Masing
behavior, indicating that the change of dislocation activity is slow with
increasing stress amplitude. Because it doesn’t allow dislocation activity
to adapt to stress amplitudes in the UFG structure, thus the homoge-
neous UFG materials often show perfect Masing behavior [59]. As
illustrated in Figs. 10 and 11, the dislocation activity in the shell region
is not obvious even as the strain amplitude increases from 0.3 % to 0.7
%. Namely, the microstructure in the shell is stable regardless of the
strain amplitude, which promotes the possibility of Masing behavior in
the HS samples. Consequently, the HS sample with large shell fraction
(Sf = 46.8 %) shows the near Masing behavior, which means that the
change of dislocation activity is slow with increasing stress amplitude.
Furthermore, the shear bands or grain-coarsening tend to occur in the
UFG materials during fatigue loading [60,61]. It is noted that both of
them does not appear in the HS samples during LCF process. Therefore,
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compared with conventional UFG structure, the HS topology shows
much stable against fatigue loading.

4.2. Effect of core-shell grain structure topology on LCF resistance

The effect of grain size on LCF life of CoCrFeMnNi HEAs with ho-
mogeneous grain structure has been summarized over the past few years
[31]. It is noted that the UFG CoCrFeMnNi HEAs show the better fatigue
life than CG CoCrFeMnNi HEAs at low strain amplitude (<0.3 %). While,
the inferior fatigue life tends to occur as the strain amplitude is over 0.5
%. It is well-known that the resistance to crack initiation can be
enhanced by grain refinement, thus the UFG CoCrFeMnNi HEAs exhibits
the superior fatigue life at low strain amplitude (<0.3 %). However, the
plastic deformation capability deteriorates significantly in the UFG
CoCrFeMnNi HEAs. The increased strain amplitude promotes the dy-
namic grain refinement and cyclic softening effect, which is harmful to
fatigue life. Therefore, the deterioration of fatigue life easily appears in
UFG CoCrFeMnNi HEAs with increasing strain amplitude [30]. By
contrast, it is noticeable that the high strain amplitude also promotes
twinning in the FG CoCrFeMnNi HEAs during LCF process, which en-
hances the plastic deformation capability, generating a positive effect on
extending the fatigue life. Therefore, the combined effects of grain
refinement and twinning-induced cyclic deformation generate the
higher fatigue life in FG CoCrFeMnNi HEAs (18 pm) compared with CG
CoCrFeMnNi HEAs (184 pm) [31].

As illustrated in Fig. 8 and Table 1, it is noted that strain amplitude
plays an important role on LCF life of HS CoCrFeMnNi HEAs. The fatigue
life of HS samples exhibits a slightly higher fatigue life than CG samples
at low strain amplitude (Ae/2 = 0.3 %). Owing to UFG structure, the
strength of HS samples is increased significantly, which also enhances
the resistance to crack initiation, prolonging the fatigue life at low strain
amplitude. It is well-known that there is a trade-off between the strength
and ductility. The enhanced strength usually induces the deterioration
of plastic deformation capability and the enhanced cyclic stress also
generates high energy dissipation during LCF process, leading to an
inferior fatigue life in the materials with homogeneous grain structure
[57]. On the contrary, although the ductility deteriorates gradually with
increasing shell fraction in the HS samples, it is noteworthy that both HS
samples and CG samples have the similar fatigue life as the strain am-
plitudes are 0.4 % and 0.5 %. The inferior fatigue life only occurs in the
HS samples with S¢ = 46.8 % at high strain amplitude (Ae/2 = 0.7 %).
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Fig. 16. Energy dissipation of CoCrFeMnNi HEAs with different microstruc-
tures obtained from the half-life hysteresis loop.
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Fig. 16 shows the effect of strain amplitude on energy dissipation of
CoCrFeMnNi HEAs with different shell fractions. It is noted that the shell
fraction has insignificant influence on energy dissipation during LCF
process. As shown in Fig. 6, although the peak cyclic stress of HS samples
increases gradually with increasing shell fraction, the plastic strain
amplitude decreases simultaneously. Overall, compared with CG sam-
ples, the change of energy dissipation in the HS samples is not signifi-
cant. Unlike homogeneous UFG materials, it is noted from Fig. 5 that the
HS samples does not exhibit rapid cyclic softening at high strain
amplitude. The grain coarsening is not significant in the UFG structure.
Moreover, the core—shell structure topology provides the HDI hardening
and enhances the ductility, which is also beneficial for LCF resistance
[50]. Therefore, it is implied that the combined effects of grain refine-
ment and enhanced ductility provide a great LCF resistance in the HS
CoCrFeMnNi HEAs.

Compared with shell fraction, the strain amplitude has much more
pronounced influence on fatigue crack initiation. Based on the experi-
ment observation, the schematic of LCF induced crack initiation in the
HS CoCrFeMnNi HEAs under different strain amplitudes is illustrated in
Fig. 17. The plastic deformation dominantly locates in the core regions
at low strain amplitude (Ae/2 = 0.3 %), wherein the fatigue cracks
initiate due to the extrusions/intrusions along slip bands. Owing to the
regular core-shell structure topology, the crack initiation in the multiple
core regions can be observed in the gauge area. Moreover, the increased
cyclic stress may promote the propagation of plastic strain from core
regions to shell regions. Thus, it is remarkable that multiple cracks also
initiate in the shell region and at core/shell interface at high strain
amplitude (Ae/2 = 0.7 %) besides core regions. The shell region has
much poorer resistance to fatigue crack propagation than the core re-
gion. Therefore, it is implied that the inferior fatigue life in the HS
CoCrFeMnNi HEAs with S¢ = 46.8 % at high strain amplitude (Ae/2 =
0.7 %) is also attributed to the initiation and propagation of the multiple
fatigue cracks in the shell region.

It is noteworthy that although the elongation of HS CoCrFeMnNi
HEAs with Sf = 46.8 % reduces to approximately one-third of CG sam-
ples, the HS samples still demonstrate a similar or higher fatigue life as
compared to CG samples when Ae/2 < 0.5 %. According to the literature
[34], the fatigue resistance can be enhanced in the heterogeneous
structured materials by suppressing the strain localization and damage
accumulation. Based on our investigations, the combined effects of grain
refinement and stable cyclic deformation behavior are expected to
enhance the LCF life in the CoCrFeMnNi HEAs. Therefore, it is implied
that optimizing the heterogeneous grain structure topology may be an
effective method to enhance the LCF resistance of CoCrFeMnNi HEAs.

5. Conclusions

In the present work, the low cycle fatigue behavior of CoCrFeMnNi
HEAs with core-shell heterogeneous grain structure were investigated
under different strain amplitudes at room temperature. The effects of
core-shell network structure topology on cyclic response, cyclic defor-
mation mechanism and fatigue life were discussed. The main conclu-
sions are summarized as follows:

(1) The shell fraction has significant influence on initial cyclic
hardening, while it has insignificant influence on the subsequent
cyclic softening. The initial cyclic hardening is restrained by
increasing shell fraction. Compared with CG samples, the Masing
behavior is also enhanced with increasing shell fraction.

The generation and rearrangement of dislocations dominantly
occur in the core region, while the shell region has low density of
dislocations during LCF process. The inhomogeneous activity of
dislocations implies that the plastic deformation may dominantly
appear in the soft core region prior to the hard shell region during
LCF process.

2
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Ag,/2=0.7%

Fig. 17. Schematic of the fatigue crack initiation in HS CoCrFeMnNi HEAs under different strain amplitudes.

(3) The fatigue crack initiation of HS samples is different under
different strain amplitudes. The fatigue cracks dominantly
initiate in the core region at low strain amplitude (Ae/2 = 0.3 %).
While, the multiple cracks initiate in the shell region and at core/
shell interfaces at high strain amplitude (Ae/2 = 0.7 %). It im-
plies that the high cyclic stress promotes the propagation of cyclic
deformation from the core region to the shell region.

Although the ductility of the HS samples deteriorates signifi-
cantly with increasing shell fraction, the LCF resistance still re-
mains when the strain amplitude is below 0.5 %. The combined
effects of grain refinement and enhanced ductility are expected to
enhance the LCF resistance. Our investigations deepen the un-
derstanding of LCF behavior of heterogenous structured HEAs
and may provide insights on designing fatigue-resistant
materials.
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