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A B S T R A C T

Excellent fatigue performance is essential for broader applications of structural materials. In the present work,
we report a microstructural design that improves fatigue resistance for high and medium-entropy alloys fabri-
cated by direct energy deposition and hot-rolling processes. Specifically, we discover that the concurrent evo-
lution of microstructures with fine-structure, including stacking faults, nano-twins and hexagonal-close-packed
(HCP) structures, leads to zig-zag fracture that hinders crack propagation under cyclic loadings. These multiple
characteristic microstructures improve fatigue resistance, which are attributed to the combination of low
effective stacking fault energy and a high capacity for strain energy density. Anisotropic microstructural evo-
lution is driven by the correlation between partial dislocations and the resolved shear stresses depending on the
crystallographic orientation relationship. Consequently, stacking faults and nano-twins form prominently in the
{111} grains under tension and in the {200} grains under compression. The current work provides an effective
method to design advanced alloys for high fatigue resistance through microstructural tuning that controls the
stacking fault energy combined by manufacturing processes.

1. Introduction

In our daily life, automobiles, ships, aerospace, bridges, and build-
ings consistently experience fatigue (i.e., repeated cyclic deformation)
below their yield strengths. Meanwhile, they encounter fatigue phe-
nomena above the yield strength due to unforeseen physical accidents
and unpredictable natural disasters, such as earthquakes [1,2]. These
cyclic-deformation features cause significant deterioration of mechani-
cal properties, ultimately leading to fatigue failure and catastrophic
accidents. To prevent accidents and to extend materials life, there is a
demand for structural materials with high mechanical strengths and
fatigue-endurance limits. However, conventional alloy systems have
bottleneck in improving strength, ductility, and toughness together

without any trade-off effects. To breakthrough these challenges, inno-
vative alloy systems, such as high- and medium-entropy alloys, have
been developed [3–10]. The distinctive characteristics of entropy alloys,
such as sluggish diffusion kinetics [11,12], cocktail effects [12,13], se-
vere lattice distortion [14–16], multicomponent precipitates [17–20],
short-range ordering [21–24], and tunable stacking fault energy (SFE)
[25–28], facilitate an enhanced strength-ductility combination in terms
of tensile property. In addition, several mechanisms to improve the fa-
tigue endurance of entropy alloys have been achieved by controlling the
grain size [29,30], designing the microstructure [31], optimizing the
manufacturing process [32], and yielding precipitates evolution [20].
According to recent reports, high-entropy alloys (HEAs) have a longer
fatigue life than conventional metallic alloys [33,34]. Moreover, the
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CoCrNi medium-entropy alloy (MEA) exhibits a higher cyclic strength,
lower inelastic strain, and longer fatigue life compared to the CoCr-
FeMnNi alloy [35]. More recently, the development of the additive
manufacturing (AM) technology, which provides several advantages
such as short lead time, design flexibility, and minimal material waste,
has enabled the fabrication of advanced alloys with improved me-
chanical properties [36–38]. During the AM process, small melt powders
experience rapid heating and cooling rates, resulting in the development
of distinct microstructures characterized by high dislocation density,
directional grains, and sub-grains [39–41]. This unique microstructure
in AM alloys contributes to improving the tensile properties [40–43].
Collectively, the combination of high- and medium-entropy alloys with
the AM techniques, i.e., AM-entropy alloys, is expected to have excellent
tensile performance [7,36,44,45]. Numerous studies have been con-
ducted to elucidate the strengthening mechanisms of AM-entropy alloys,
focusing on grain structures, dislocation, precipitates, nano-twins, and
phase transformation [7,8,46–49]. However, despite their advantages in
tensile properties, AM-alloys exhibit significant weaknesses in fatigue
properties [38,50]. The AM microstructure, obtained directly from the
melt pool with a complex thermal history, contains inhomogeneous
microstructure, lack of fusion, porosity, and various defects [38,51–53].
These microstructural characteristics result in inferior fatigue resistance
[50,54–56] and constrain the widespread adoption of AM technology in
industrial applications. Some studies suggest methods such as porosity
control [57] and post heat treatment [50,58] to improve the fatigue
properties of AM alloys. However, these studies solely focus on
AM-conventional alloys. Therefore, there is limited knowledge on the
fatigue properties of AM-entropy alloys, especially for direct energy
deposition (DED) process. Furthermore, in contrast to monotonic ten-
sion, cyclic deformation involves both tension and compression,
exhibiting anisotropy deformation mechanisms. Monitoring real-time
microstructural evolution during cyclic deformation is crucial for un-
derstanding the fatigue mechanisms. To answer these issues, we sys-
tematically investigate the differences in fatigue mechanisms between
HEAs and MEAs fabricated by hot rolling and DED processes through
in-situ neutron diffraction combined with multiscale microstructure
analysis. The crucial point of this study is the discovery of a DED CoCrNi
MEA with great fatigue performance compared to other additive man-
ufactured alloys, and comparable to or even better than those fabricated
by conventionally-processed traditional alloys, even without any
post-processing and/or post heat-treatment. Furthermore, the DED
CoCrNi MEA exhibits a great fatigue lifetime similar to hot-rolled
CoCrNi MEA without significant degradation. We find that these re-
sults are driven from the unique microstructural characteristics gener-
ated by the DED process. The key is to tailor the microstructural design
by tuning the effective stacking-fault energy according to the
manufacturing system. The current work paves the way for a practical
approach to developing advanced AM alloys with high fatigue resistance
for widespread application in industry.

2. Experimental procedures

2.1. Sample manufacturing

The cast-wrought CoCrNi and CoCrFeNiMn alloys are fabricated by
an induction furnace under an argon gas atmosphere. The ingots are
homogenized at 1200℃ for 24 h and then hot-rolled at 620℃ until the
thickness reduction reached 65 %. The hot-rolled CoCrNi and CoCrFe-
NiMn are annealed at 1000℃ for 1 h for recrystallization. The AM
CoCrNi and CoCrFeNiMn alloys are fabricated by the DED process under
an argon gas atmosphere, and DED powders are made by gas atomiza-
tion. The manufacturing process conditions are described as follows: a
fiber laser with a power ranging from 380 to 400 W, a scan speed of
14 mm/s, a spot size of 0.8 ~ 1.2 mm, a powder size of 40 ~ 150 μm, a
powder feed rate of 0.042 g/sec, a layer thickness of 250 μm, and a hatch
spacing of 400 μm. In the present work, the CoCrNi and CoCrFeNiMn

manufactured by hot-rolling followed by annealing for recrystallization
are denoted as the HR CoCrNi and HR CoCrFeNiMn, respectively. The
CoCrNi and CoCrFeNiMn fabricated by AM-DED are referred to as the
DED CoCrNi and DED CoCrFeNiMn, respectively. The chemical com-
positions of the studied alloys and DED powders are analyzed using
inductively coupled plasma (ICP) are shown in Table S1. We conduct
energy dispersive spectroscopy (EDS) analysis for DED alloys to verify
the uniformity of elemental distribution (Fig. S1). The DED samples are
machined out after AM process, and surface is polished to a roughness
level equivalent to 600 grit. The geometric dimension for the fatigue and
tensile samples used in the in-situ neutron experiments is a cylindrical
shape with a diameter of 6.35 mm and a gauge length of 13 mm and
30 mm, respectively. For the lab scale ex-situ experiments, the fatigue
samples are cylindrical type with a diameter of 8 mm and a gauge length
of 9 mm, while the tensile samples are plate-shaped with a width of
6 mm, a thickness of 3 mm, and a gauge length of 12.5 mm. Mechanical
loading direction and building direction of DED samples are perpen-
dicular, while the loading direction and rolling direction of HR samples
are parallel.

2.2. Microstructure characterization

All samples for the microstructure analysis are prepared in initial
states and after fatigue tests. The surfaces of the samples are mechani-
cally polished to achieve a mirror-finished surface using 6, 3, and 1 μm
diamond suspensions. Subsequently, the mirror-finished samples for
electron backscatter diffraction (EBSD) and electron channeling contrast
imaging (ECCI) analyses are subjected to electrical polishing using a
35 wt% nitric acid solution at 5 V for the CoCrNi alloys and a solution
consisting of 5 vol% perchloric acid (with a 60 wt% concentrated) and
95 vol% methanol at 60 V for the CoCrFeNiMn alloys. The transmission
electron microscope (TEM) samples are prepared by z-polishing using a
solution consisting of 10 vol% perchloric acid (with a 70 wt% concen-
trated) and 90 vol% methanol at 20 V and −50℃ for the CoCrFeNiMn
and a solution consisting of 10 vol% perchloric acid (with a 70 wt%
concentrated), 20 vol% glycerol, and 70 vol%methanol solution at 17 V
and −30℃ for the CoCrNi.

2.3. In-situ neutron-diffraction measurements

In-situ neutron-diffraction experiments are conducted under tensile
loading and tension-compression cycling strain (low cycle fatigue),
respectively, using an MTS load-frame on the VULCAN Engineering
Materials diffractometer at the Spallation Neutron Source (SNS) of the
Oak Ridge National Laboratory (ORNL) [59]. We conduct tensile ex-
periments under a continuous loading mode with a strain rate of 5 ×

10−5/s. A high strain amplitude of ± 1 % is selected for
low-cycle-fatigue (LCF) experiments. Neutron data are collected in a
continuous loading mode with a strain rate of ~ 5.6 × 10−6/s at
specific cycles. During other fatigue cycles, where neutron data is not
acquired, fatigue tests are performed at a strain rate of 5 × 10−3/s.
Diffraction patterns are simultaneously monitored using two detector
banks. Bank 1 and 2 have scattering vectors parallel and perpendicular
to the loading axis, respectively. The collected neutron data are chopped
and analyzed using the VULCAN Data Reduction and Interactive Visu-
alization software (VDRIVE) [59]. The lattice strain of each {hkl} grain

is calculated by εhkl =
(
dhkl −d0hkl

)
/d0hkl, where d0hkl is the reference

interplanar d-spacing in a stress-free condition, and dhkl is the inter-
planar d-spacing under loading [60].

2.4. Four-circle neutron diffractometer

Four-circle neutron diffractometer (FCD) experiments are conducted
at the High-flux Advanced Neutron Application Reactor (HANARO) of
the Korea Atomic Energy Research Institute (KAERI) in Korea [61]. The
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neutron monochromator of FCD is a single slab of a mosaic Ge (311)
crystal and provides a wavelength of 1.31Å. We use the θ/2θ scan
method to measure the FCC diffraction peaks of {111}, {200}, and
{220} while keeping the number of monitor counters constant. The
sample is rotated per 5◦ in both phi (ϕ, 0◦ ~ 360◦) and chi (χ, 0◦ ~ 90◦)
directions. Phi represents the rotation direction of the sample, and chi
indicates the rotation direction of the goniometer. We remove the
background data from the {hkl} diffraction peak data for accurate
texture analysis.

2.5. Convolutional multiple whole profile (CMWP) analysis

The Convolutional Multiple Whole Profile (CMWP) [62] method is
used for fitting the convoluted diffraction profiles [63–65]. The dynamic
evolution of the dislocation density, stacking faults, and twin probability
analyzed by the CMWP-fitting procedures are based on the variation of
the peak-shape and peak-width broadening of the diffraction profiles.
The formation probability of the stacking faults and twinning are
directly determined based on the shifts and breadths of the sum of
symmetrical and asymmetrical Lorentzian function-based sub-profiles,
given by fifth-order polynomials of the planar fault density [64,66]. The
type of sub-profiles follows the specific selection rule for the hkl indices
of the Bragg reflections [64].

3. Results

3.1. Initial microstructures

EBSD and ECCI analyses results are presented in Fig. 1. The HR
CoCrNi has an equiaxed grain structure (Fig. 1a) with Σ3-type annealing

twins (Fig. 1i). It exhibits low kernel averaged misorientation (KAM)
values (Fig. 1e). The HR CoCrFeNiMn reveals an equiaxed microstruc-
ture. And yet, the grain size is relatively non-uniform (Fig. 1c). The low
KAM value and the development of annealing twins are similar to the HR
CoCrNi (Fig. 1g and 1k). The grain size distribution of HR CoCrNi and
HR CoCrFeNiMn are 4 ~ 65 μm and 4 ~ 99 μm, respectively. The DED
alloys show distinct grain morphologies and misorientation from the HR
alloys. The DED CoCrNi has a columnar grain structure, which is elon-
gated along the building direction. However, the small grains at the melt
pool boundary grow in the transverse direction (Fig. 1b). Furthermore,
the DED CoCrNi has a higher KAM value, compared to the HR CoCrNi
(Fig. 1f). It means that significant residual stress exists within the DED
CoCrNi. Similar to DED CoCrNi, columnar grains are generated in the
DED CoCrFeNiMn. Fine grains are observed at the melt pool boundary
(Fig. 1d) in DED CoCrFeNiMn, and it has the highest KAM value (Fig. 1h)
compared to DED CoCrNi. The grain size distribution of DED CoCrNi and
DED CoCrFeNiMn are 12 ~ 209 μm and 10 ~ 130 μm, respectively. A
solidification cell structure is observed in both DED CoCrNi and DED
CoCrFeNiMn due to the fast-cooling rate (Fig. 1j). DED CoCrFeNiMn
exhibits a slightly larger solidification cell structure compared to DED
CoCrNi. The size of the cell structure is approximately 2 ~ 4 μm for DED
CoCrNi and 3 ~ 5 μm for DED CoCrFeNiMn. It is evident that substantial
amounts of micro- and nano-porosity developed in DED alloys (Fig. 1j
and 1l). These pore type is keyhole porosity, and they are randomly
distributed regardless of cell-structure boundary and interior.

3.2. Mechanical properties

Fig. 2a and Table S2 show the mechanical properties from the tensile
experiments. The DED alloys typically exhibit a higher yield strength

Fig. 1. Initial microstructure: inverse pole figure (IPF) map of (a) HR CoCrNi, (b) DED CoCrNi, (c) HR CoCrFeNiMn, and (d) DED CoCrFeNiMn; kernel averaged
misorientation (KAM) maps of (e) HR CoCrNi, (f) DED CoCrNi, (g) HR CoCrFeNiMn, and (h) DED CoCrFeNiMn; electron channeling contrast images (ECCI) of (i) HR
CoCrNi, (j) DED CoCrNi, (k) HR CoCrFeNiMn, and (l) DED CoCrFeNiMn. Note that all of microstructure-analysis are conducted on cross-section perpendicular to the
loading direction of cylindrical sample.
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(YS), compared to the HR alloys, but they have a lower ductility.
Additionally, the uniform elongations of DED alloys are shorter than
those of the HR alloys. The DED CoCrNi has an excellent combination of
YS (496 MPa) and ultimate tensile strength (UTS) (802 MPa) with
excellent ductility at 76 %. The HR CoCrNi has the highest ductility at
90 %, but its YS and UTS are 285 MPa and 739 MPa, respectively, which
are lower than those of the DED CoCrNi. On the other hand, the CoCr-
FeNiMn alloys demonstrate inferior tensile properties, compared to the
CoCrNi alloys. We calculate the tensile toughness by integrating the area
under the strain-stress curve from tensile experiment. In terms of tensile
toughness, the HR and DED CoCrNi alloys exhibit approximately twice
as large as the HR and DED CoCrFeNiMn alloys. In addition, the HR
CoCrNi has a slightly higher tensile toughness than the DED CoCrNi
(Fig. 2d).

The cyclic-stress response is typically associated with the underlying
deformation mechanisms and affect the fatigue life. Its behavior as a
function of fatigue cycles is presented in Fig. 2b. Note that fatigue life is
determined based on the point at which the samples are fractured and
we also perform lab scale ex-situ experiments to double check the fa-
tigue life (Fig. S2). The initial cyclic stresses for the DED CoCrNi are the
highest, followed by those for the DED CoCrFeNiMn, HR CoCrFeNiMn,
and HR CoCrNi (Fig. 2b), which agree well with the order in the YS of the
tensile tests (Fig. 2a). The transition from cyclic hardening to softening
in the DED alloys occurs earlier than in the HR alloys. The order of this
transition is described as follows: the DED CoCrFeNiMn at the 7th cycle,
DED CoCrNi at the 13th cycle, HR CoCrFeNiMn at the 17th cycle, and
HR CoCrNi at the 53rd cycle. The DED CoCrNi consistently exhibits the
highest level of peak stress during fatigue. However, in the case of the
HR CoCrNi, despite having the lowest initial peak stress among the
studied alloys, continuous cyclic hardening surpasses the peak stress of
the CoCrFeNiMn alloys. On the other hand, the DED CoCrFeNiMn has a
higher initial peak stress, but it undergoes little hardening, followed by
rapid softening. The HR CoCrFeNiMn shows a secondary cyclic-

hardening behavior after softening. The fatigue life and fatigue
strength are presented in Fig. 2e and Table S2. These results indicate that
CoCrNi alloys have much greater fatigue performance in terms of the
cyclic strength and fatigue life, compared to the CoCrFeNiMn alloys. In
addition, HR alloys have a better fatigue life than those of the DED al-
loys. The plastic strain energy density (SED) from a fatigue hysteresis
loop per specific cycle (Fig. S3) are used to criteria for fatigue life pre-
diction and SED has a proportional relationship with fatigue damage
capacity [2,67]. The evolutions of SED are shown in Fig. 2c. The CoCrNi
alloys have a superior SED compared to the CoCrFeNiMn alloys within
the same manufacturing process. The SED of the HR alloys shows a
remarkable increase, relative to the initial value. Meanwhile, DED alloys
reveal a continuous decrease in SED until failure, but they consistently
have a higher SED than that of the HR alloys for the same alloy type.
Fig. 2f shows the fatigue life for the studied alloys and the reported al-
loys in the literature at various strain amplitudes. The fatigue life of the
CoCrFeNiMn HEA is slightly better, compared to the lightweight alloys
but worse than the steels and the CoCrNi MEA. The studied HR and DED
CoCrFeNiMn reveal a similar fatigue life to the previously reported
CoCrFeMnNi HEA alloys and AlCoCrFeNi entropy alloys. On the other
hand, HR and DED CoCrNi exhibit a superior fatigue life compared to the
reported alloys in the literature.

3.3. In-situ neutron-diffraction analysis

Fig. 3, Fig. 4, Fig. S4, and Fig. S5 show in-situ neutron-diffraction
results of monotonic tension and LCF experiments along the longitudinal
(LD) and transverse (TD) direction. Both the DED CoCrNi and DED
CoCrFeNiMn alloys exhibit anisotropic lattice-strain behavior during
tension, following the order of {220}, {111}, {311}, and {200} from soft
to hard grain in terms of tendency to yield (Fig. S4a and S4b). The grain-
level deformation behavior is similarly reported in polycrystalline face-
centered-cubic (FCC) alloys. The diffraction peak intensities of the DED

Fig. 2. Tensile and low-cycle-fatigue properties: (a) engineering stress-strain curves, (b) cyclic-stress evolution at total strain of ± 1 % vs. number of cycles to
failure, (c) plastic strain energy density vs. number of cycles to failure, (d) comparison of the tensile toughness, (e) comparison of fatigue life, and (f) comparison of
the fatigue life with other reported alloys [20,29,30,32,33,35,68–78].
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CoCrNi and DED CoCrFeNiMn alloys remain unchanged in the elastic
regime, but a divergence in the diffraction intensity is observed during
plastic deformation (Fig. S4c and S4d). The intensities of the {111},
{200}, and {311} grain families increase in the LD but decrease in the
TD. Conversely, for the {220} grain, the intensity decreases in the LD but
increases in the TD (Fig. S4c and S4d). This phenomenon is observed
when the dislocation slip is the primary deformation mechanism in the
FCC structure. The LCF-experiment results also reveal an anisotropic
lattice-strain behavior in both the CoCrNi and CoCrFeNiMn alloys
(Fig. S4e ~ S4h). The soft grain family, {111}, almost exhibits a linear
behavior, while the hard grain family, {200}, reveals a larger hysteresis
loop during the fatigue cycles. These results indicate that the hard {200}
grains absorb more energy from external fatigue stresses compared to
the soft {111} grains.

Figs. 3 and 4 show the {hkl} intensity and full width at half
maximum (FWHM) response during the LCF experiments for the CoCrNi
and CoCrFeNiMn alloys. Deformation mechanisms, such as dislocation
slip, mechanical twinning, and strain-induced phase transformation, in
the FCC alloy during cyclic deformation can be dynamically character-
ized using in-situ neutron diffraction [79–82]. The overall trend in the
diffraction peak intensities and the FWHMs of {111} and {200} increase
for both the HR CoCrFeNiMn and DED CoCrFeNiMn as a function of the
fatigue cycles (Fig. 3c, 3d, 4c, and 4d). These trends indicate that
dislocation slip-based deformation is predominant in the CoCrFeNiMn
alloys. Interestingly, we observe a noticeable decrease in the peak in-
tensity for the {111} grain family in both the HR and DED CoCrNi alloys.

The {200} grain family also shows a decreasing and/or saturation trend
in the peak intensity (solid lines in Fig. 3a and 3b), although this trend is
not as prominent as that observed in the {111} grain family. Moreover,
the HR CoCrNi and DED CoCrNi exhibit an abnormal increase in the
FWHM at an early stage (Fig. 4a and 4b). The decrease in intensity and
the abnormal increase in FWHM result from the evolution of nano-twins
rather than the simple dislocations mechanism [20].

One notable observation in the CoCrNi alloys is that the peak in-
tensity of {111} decreases even more in tension than in compression
(Fig. 3a1 and 3b1), while for the {200} grains, intensity decreases more
in compression than in tension (Fig. 3a2 and 3b2). More interestingly, it
is observed that the intensity of the {111} grains of the DED CoCrNi
decreases sharply up to 100 cycles in the tension (Stage 1 in Fig. 3b1),
followed by a gradual decrease until fracture (Stage 2 in Fig. 3b1).
Furthermore, only the DED CoCrNi reveals a strain-induced HCP phase
transformation, as shown by the increase of the {10.1} HCP diffraction
peak after 500 fatigue cycles (Fig. S5). However, phase transformation
does not occur during the tensile experiment (Fig. S4c and S4d). This
feature suggests that the tension-compression cyclic deformation pro-
motes new deformation mechanisms in the DED CoCrNi. A detailed
discussion of these results is provided in the discussion section.

3.4. Microstructure analysis after fatigue tests

Fig. 5 shows the ECCI and EBSD analyses results of the CoCrNi alloys
after fatigue tests (comprehensive results of the EBSD microstructural

Fig. 3. Neutron-diffraction analyses of low cycle fatigue test: {hkl} intensity evolution as a function of number of fatigue cycles on (a1) FCC {111} and (a2) FCC
{200} for the HR CoCrNi, (b1) FCC {111}, and (b2) FCC {200} for the DED CoCrNi, (c1) FCC {111} and (c2) FCC {200} for the HR CoCrFeNiMn, (d1) FCC {111}, and
(d2) FCC {200} for the DED CoCrFeNiMn (Note that T is tension, and C is compression).
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analyses are presented in Fig. S6). A new deformed microstructure,
appearing as white rods, is generated in the HR CoCrNi (Fig. 5a),
recognized as mechanical nano-twins (Fig. 5b and 5c). The DED CoCrNi
also has a distinct microstructure similar to the HR CoCrNi after fatigue
testing (Fig. 5d). It is confirmed that a new HCP phase evolves alongside
the mechanical nano-twins. These multiple microstructures observed in
the DED CoCrNi are classified into three types: (1) solely nano-twins, (2)
solely HCP phases, and (3) a coexistence of nano-twins and HCP phases
(Fig. 5e3 and 5f3). The crystallographic relationship of the FCC matrix,
FCC twin, and HCP phase satisfies the following Shoji-Nishiyama (S-N)
orientation relationship [83]: {111}FCC // {111}Twin // {0001}HCP,
<011>FCC // <011>Twin // <2−1−10>HCP (Fig. S7). Based on the
neutron-diffraction (Fig. S5) and EBSD (Fig. 5e and 5f) analyses results,
it is revealed that mechanical nano-twins evolve first from the FCC
matrix, and the HCP phases subsequently develop from the nano-twins.

Fig. 6 shows the results of the ECCI analyses at high magnification on
fatigue-fractured samples. Dislocations are seldom found in the HR
CoCrNi and HR CoCrFeNiMn in the initial state (Fig. 6a and 6i). How-
ever, the DED CoCrNi and DED CoCrFeNiMn exhibit significant dislo-
cations even in the initial state (Fig. 6e and 6m). Especially, the DED
CoCrNi has stacking faults in the initial state (Fig. 6e). A significant
number of nano-twins develop in the HR CoCrNi after cyclic deforma-
tion (Fig. 6b), as confirmed by the EBSD analysis (Fig. 5). In addition, the
HR CoCrNi has considerable stacking faults as well as nano-twins, and
dislocations are severely tangled with both the stacking faults and nano-
twins (Fig. 6c and 6d). Furthermore, low energy dislocation structures,
such as dislocation wall and cell structures, are slightly formed in the HR
CoCrNi (Fig. 6c and 6d). The DED CoCrNi has a large number of nano-
twins and HCP phases compared to the HR CoCrNi (Fig. 6f), but the
presence of stacking faults in the DED CoCrNi is lower compared to the
HR CoCrNi (Fig. 6c, 6d, 6g, and 6h). Dislocations in the DED CoCrNi are
tangled with stacking faults, nano-twins, and HCP phases. However,

unlike the HR CoCrNi, the DED CoCrNi has no dislocation wall or cell
structures (Fig. 6g and 6h). The HR CoCrFeNiMn has many dislocation
cell structures (Fig. 6k) and somemechanical nano-twins (Fig. 6j and 6l).
On the other hand, there are no nano-twins in the DED CoCrFeNiMn,
while numerous dislocation cell structures are observed (Fig. 6o and 6p).

3.5. Convolutional multiple whole profiles (CMWP) analysis

The CMWP analyses results for the four types of alloys are shown in
Fig. 7. Intrinsic stacking-fault (ISF) probability of the HR CoCrNi and HR
CoCrFeNiMn show similar values. At the same time, the DED CoCrNi has
two times higher ISF probability than that of the HR alloys. The ISF
probability of the DED CoCrFeNiMn represents the intermediate value
between the DED CoCrNi and HR alloys. Regarding the extrinsic
stacking-fault (ESF) probability, the DED CoCrNi still has the highest
value, and the HR CoCrFeNiMn has the lowest value. However, the order
in the ESF probability differs from the case of the ISF probability. The
CoCrNi alloys have a higher twin fault (TF) probability than that of the
CoCrFeNiMn alloys. The highest TF probability is seen in the DED
CoCrNi, followed by the HR CoCrNi, HR CoCrFeNiMn, and DED CoCr-
FeNiMn. The results of the TF probability reveal a similar tendency to
the microstructure analysis by ECCI (Fig. 6). The ESF and TF probabil-
ities of the studied alloys, except for the DED CoCrNi, exhibit an
increased tendency at the early cycles; within 10 cycles for the HR
CoCrNi and DED CoCrFeNiMn, and within 50 cycles for the HR CoCr-
FeNiMn. This is followed by a subsequent decrease up to 100 cycles for
the DED CoCrFeNiMn, 200 cycles for the HR CoCrNi, and 300 cycles for
the HR CoCrFeNiMn. This trend is consistent with the macroscopic
hardening and softening behavior shown in the cyclic-stress responses
(Fig. 2b). In the later stage of the fatigue cycles, each probability value
starts to increase again due to the formation of a local stress field. The
DED CoCrNi maintains the highest probabilities for ISF, ESF, and TF

Fig. 4. FWHM as a function of the number of fatigue cycles on (a1) FCC {111} and (a2) FCC {200} for the HR CoCrNi, (b1) FCC {111} and (b2) FCC {200} for the
DED CoCrNi, (c1) FCC {111} and (c2) FCC {200} for the HR CoCrFeNiMn, (d1) FCC {111} and (d2) FCC {200} for the DED CoCrFeNiMn.
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during cyclic deformation. However, the ESF and TF probabilities of the
DED CoCrNi continuously decrease after 300 cycles.

3.6. Fractography analysis

Fig. 8 shows the fractography for the four types of alloys. We observe
that crack initiates at the sample surface and propagates inward. Inter-
estingly, based on previous microstructural analyses, we expect the
cracks to initiate from defects due to the large amounts of micro- and
nano-porosity found in DED alloys (Fig. 1j and 1l). However, contrary to
our concerns, we observe that the crack initiation sites in all types of
samples originate not from pores or similar defects, but directly from the
microstructural matrix (Fig. 8a2-d2). According to well-known research,
defects present in alloys with brittle characteristics play a crucial role in
leading to crack initiation [50,58]. In contrast, alloys with excellent
ductility are known to have a lower contribution of defects to crack
initiation [58]. For this reason, it is confirmed that the micro- and
nano-porosity developed in the DED CoCrNi and DED CoCrFeNiMn with
superior ductility do not have a significant impact on crack initiation.
Nevertheless, it reveals that such micro- and nano-porosity degrade the
fatigue crack propagation properties [56] (This will be discussed in
session 4.4). The crack propagation path in the CoCrFeNiMn alloys is
almost straight (Fig. 8c3 and 8d3). In contrast, the crack-propagation
path in the CoCrNi alloys exhibits a zig-zag shape, which can be
attributed to the presence of nano-twins and HCP phases (Fig. 8a3 and
8b3) [84,85]. Fatigue striations are observed in the HR CoCrNi and DED
CoCrNi (Fig. 8a4 and 8b4). The length of the fatigue striation (measured

by adding up five striations) in the DED CoCrNi is greater than that of the
HR CoCrNi. This observation implies that the crack-propagation rate of
the DED CoCrNi is faster than that of the HR CoCrNi. Fatigue striation is
also found in the HR CoCrFeNiMn, and their length is similar to that of
the HR CoCrNi (Fig. 8c4). However, fatigue striation is hardly found in
the DED CoCrFeNiMn (Fig. 8d4). The higher crack-growth rate in the
DED CoCrFeNiMn is attributed to the activation of a single deformation
mode governed by dislocation slip, which results in a quasi-cleavage
fracture (Fig. 8d4).

4. Discussion

4.1. Strain localization on the nano-twins

The critical twinning stress of the CoCrNi and CoCrFeNiMn are
known to be 790 ± 100 and 720 ± 3 MPa, respectively [86].
However, all of the studied alloys, except for the DED CoCrFeNiMn,
exhibit mechanical nano-twins during the cyclic deformation (Fig. 6),
even though the applied maximum stress is lower than the critical
twinning stress (Fig. 2b). The DED CoCrFeNiMn exhibits a dislocation
cell structure without any mechanical twinning after fatigue (Fig. 6o and
6p) because the medium SFE of the CoCrFeNiMn alloys at room tem-
perature is sufficiently high to induce the dislocation slip deformation
[26,87]. As a result, it is difficult to develop mechanical twinning below
the critical twinning stress level. Similarly, the HR CoCrFeNiMn also
shows a dislocation cell structure after fatigue due to the medium SFE
(Fig. 6k). However, mechanical nano-twins are often observed in the HR

Fig. 5. Microstructure-analysis results after fatigue failure: (a) ECCI image, (b) EBSD-IPF map, and (c) EBSD-phase map for HR CoCrNi; (d) ECCI image, (e) EBSD-IPF
map, and (f) EBSD-phase map for DED CoCrNi. Note that all of microstructure-analysis are conducted on cross-section perpendicular to the loading direction of
cylindrical sample.
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CoCrFeNiMn (Fig. 6j and 6l), despite having a medium SFE and under-
going lower peak stresses than the DED CoCrFeNiMn (Fig. 2b). One
possibility is that as the crack propagates, the stress concentration at the
crack tip creates a significant plastic zone, which can result in stresses
higher than the critical twinning stress, leading to the formation of
mechanical twinning. Moreover, we conduct TEM analysis to perform an
in-depth investigation of the cause for these results. Fig. 9 shows the

TEM images of the HR CoCrFeNiMn and HR CoCrNi after fatigue
deformation. We find that a clear dislocation-cell structure is formed
(Fig. 9a), which is the same result as the ECCI image (Fig. 6k). Espe-
cially, mechanical nano-twins tend to develop in the vicinity of the high
strain area, where the dislocation tangling and dislocation cell boundary
are present (Fig. 9b). This phenomenon can be elucidated by the
following reasons. As dislocations move forward and backward during

Fig. 6. ECCI microstructure-analysis results: HR CoCrNi (a) in the initial state and (b-d) after fatigue testing, DED CoCrNi (e) in the initial state and (f-h) after fatigue
testing, HR CoCrFeNiMn (i) in the initial state and (j-l) after fatigue testing, and DED CoCrFeNiMn (m) in the initial state and (n-p) after fatigue testing. Note that all
of microstructure-analysis are conducted on cross-section perpendicular to the loading direction of cylindrical sample.

Fig. 7. CMWP-analysis results: (a) intrinsic stacking-fault probability, (b) extrinsic stacking-fault probability, and (c) twin-fault probability.
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cyclic deformation, they become entangled, forming a low energy
dislocation structure for energy stabilization, such as dislocation cell
structures. The dislocation sub-structure leads to the formation of a high

strain field and results in localized stress concentrations, which provoke
the development of mechanical nano-twins. However, in the case of the
DED CoCrFeNiMn, the development of nano-twins is challenging

Fig. 8. Fractography for (a1-a4) HR CoCrNi, (b1-b4) DED CoCrNi, (c1-c4) HR CoCrFeNiMn, and (d1-d4) DED CoCrFeNiMn; (a1-d1) show the configuration of crack
initiation site and crack propagation, (a2-d2) are high magnification image of crack initiation site, (a3-d3) show the image of crack propagation, and (a4-d4) show
image of fatigue striation.

Fig. 9. TEM image of the HR CoCrFeNiMn after fatigue testing: (a) dislocation-cell structure by the bright-field image, (b) nano-twins by the bright-field image, and
(c) nano-twins by the dark-field image with the SAED pattern; TEM image of the HR CoCrNi after fatigue testing: (d) dislocation-cell structure by the bright-field
image, (e) stacking faults by the bright-field image, (f) nano-twins by the bright-field image, and (g) nano-twins by the dark-field image with a SAED pattern.
Note that all of microstructure-analysis are conducted on cross-section perpendicular to the loading direction of cylindrical sample.
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because the TF probability of the DED CoCrFeNiMn is the lowest,
compared to the other alloys (Fig. 7c). Distinct microstructures of a
dislocation cell structure (Fig. 9d), stacking faults (Fig. 9e), and
nano-twins (Fig. 9f and 9g) are observed in the HR CoCrNi. We confirm
that numerous stacking faults and nano-twins develop near the high
strain field. Furthermore, the HR CoCrNi alloys have a large amount of
stacking faults and nano-twins compared to the HR CoCrFeNiMn alloys
due to the low SFE (22 ± 4 mJ/m2 for the CoCrNi and 30 ± 5 mJ/m2 for
the CoCrFeNiMn [26,86]).

4.2. Anisotropic-microstructure evolution

Based on the microstructure results of the HR and DED CoCrNi alloys
(Figs. 5, 6, and 9), we confirm that the decrease in the peak intensities of
{111} and {200} (Fig. 3a and 3b) and the abnormal increase in the
FWHMs (Fig. 4a and 4b) are due to the formation of numerous nano-
twins. The {111} peak intensity of HR and DED CoCrNi decrease
throughout all the fatigue cycles (Fig. 3a1 and 3b1). Especially, the
reduction in the {111} peak intensity of the HR and DED CoCrNi is more
pronounced at + 1 % (tension direction), compared to −1 %
(compression direction), but the reduction in the {200} peak intensity is
more prominent at − 1 %. This feature proves that the microstructure
evolution under tension and compression exhibits anisotropic charac-
teristics. To comprehend the mechanism of the anisotropic twin for-
mation, we focus on the correlation between partial dislocations, which
are the origin of the twins, and the resolved shear stresses depending on
the crystallographic loading direction. The relationship between the

resolved shear stresses on the leading and trailing partial dislocations is
crucial in developing the stacking faults, twinning, and HCP-phase for-
mation. It is well known that a stacking fault develops easily when the
shear stress of the leading partial is higher than that of the trailing
partial [82,88]. Fig. 10 shows the resolved shear stress of the leading and
trailing partial dislocations on {111} and {200} calculated by the
Schmid factor for the Shockley partial dislocations (leading and trailing
partials). The Schmid factors for the partial dislocations and their cor-
responding movable directions during fatigue testing are calculated
from two crystallographic orientations: 111FCC and 001FCC. Detailed
information regarding these calculations is presented in Table S3, and
Figs. S8 and S9. In the 111FCC crystallographic orientation, the leading
partial dislocation exhibits a higher Schmid factor than the trailing
partial dislocation in tension (Table S3). This difference in the Schmid
factors leads to a higher resolved shear stress for the leading partial
compared to the trailing partial at the {111} grains during tension
(Fig. 10). However, the situation is inverted in compression. In this case,
the Schmid factor of the trailing partial is higher, compared to the
leading partial for the 111FCC (Table S3). Therefore, the trailing partial
experiences a higher shear stress than the leading partial for the {111}
grain in compression (Fig. 10). In contrast to the 111FCC orientation, the
001FCC orientation exhibits the opposite behavior. The trailing partial
has a larger Schmid factor than the leading partial in tension, while the
Schmid factor of the leading partial is higher than that of the trailing
partial in compression (Table S3). This trend indicates that the resolved
shear stress of the leading partial on the {200} grain is higher in
compression. In comparison, the resolved shear stress of the trailing

Fig. 10. The resolved shear stress of the leading and trailing partial dislocations on {111} and {200} calculated by the Schmid factor for the Shockley partial
dislocations: (a) {111} of HR CoCrNi, (b) {200} of HR CoCrNi, (c) {111} of DED CoCrNi, and (d) {200} of DED CoCrNi (Note that the numbers 1, 10, 50 ⋯ 2000
indicate fatigue cycles, and the black shadow is a region where the leading partial has higher resolved shear stress than the trailing partial).
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partial is higher in tension (Fig. 10). Based on these findings, we
conclude that nano-twins are developed prominently in the {111} grain
under tension, while they are more likely to be formed in the {200} grain
under compression. Consequently, this phenomenon leads to a notable
decrease in the diffraction intensity of the {111} grains at strains of +

1 % (in tension) and the {200} at strains of − 1 % (in compression) for
HR and DED CoCrNi alloys (Fig. 3a and 3b). Another interesting phe-
nomenon involving the anisotropic-intensity behavior is observed in the
DED CoCrNi. Specifically, the {111} peak intensity of the DED CoCrNi at
+ 1 % experiences a notable reduction up to 100 cycles (Stage 1 in
Fig. 3b1), followed by a gradual decrease (Stage 2 in Fig. 3b1). These
results indicate that significant quantities of mechanical nano-twins are
formed up to 100 cycles in the DED CoCrNi, particularly under tension.
To understand this phenomenon, we compare the resolved shear stresses
on the {111} and {200} grain families for the HR and DED CoCrNi in the
earlier cycles up to 100 cycles. Notably, the resolved shear stresses on
the {111} and {200} grains for the DED CoCrNi are higher than those of
the HR CoCrNi at the early stage, as seen in Fig. 10. These results are
explained by the fact that DED CoCrNi exhibits high residual stress
(Fig. 1f), high initial dislocation density (Fig. 6e), and different micro-
structural textures at the initial state (Fig. S10). The HR CoCrNi has the
normal rolling texture. On the other hand, a different texture is devel-
oped in the DED CoCrNi due to the directional grain growth depending
on the scanning path and building direction. Specifically, the {111},
{200}, and {220} orientations exhibit growth at intervals of 90 degrees,
and the {111} and {220} orientations have a relationship with the {200}
orientation at an angle of ~ 45 degrees (Fig. S10). This unique initial
microstructure of the DED CoCrNi leads to the high resolved shear stress
on each partial dislocation, even in the early stage. Therefore, a sub-
stantial number of nano-twins could develop in the DED CoCrNi at the
early stage, which provides a considerable decrease in the {111}
diffraction intensity of the DED CoCrNi in tension until Stage 1
(Fig. 3b1).

4.3. Effective stacking-fault energy

The HCP-phase transformation does not occur in the DED CoCrNi
during tensile tests at room temperature (Fig. S4c). However, it is
confirmed that the HCP phase transformation occurred in the DED
CoCrNi during LCF even at room temperature (Fig. S5) where the
maximum stress is only 652 MPa (Table S2). In contrast, the HR CoCrNi
does not undergo any phase transformation during fatigue despite
having the same chemical composition as the DED CoCrNi. Interestingly,
the dislocation wall and cell structures are only observed in the HR
CoCrNi. In contrast, no low energy dislocation structure is observed in
the DED CoCrNi (Fig. 6). This trend implies that nearly all perfect dis-
locations in the DED CoCrNi dissociate into partial dislocations to form
stacking faults, nano-twins, and HCP phases instead of building up the
dislocation wall and/or cell structures. Understanding SFE is essential
for predicting deformation behavior and improving mechanical prop-
erties of FCC alloys. Meanwhile, calculating the SFE of metastable-
entropy alloys that consist of various elements is highly challenging
compared to traditional metals [89,90]. Moreover, the SFE of these al-
loys possesses a variable local property due to the chemical complexity
whose phenomena lead to unique plasticity mechanisms and control-
lable mechanical properties [27,91]. Especially, the microstructural
characteristics such as the chemical distribution of atoms, elemental
segregation of solute atoms, defects, lattice distortion, and strain fields
near stacking faults reduce the SFE [92–94]. Based on the microstruc-
ture analysis of the DED CoCrNi, it is found that both numerous dislo-
cations (Fig. 6e) and high residual stress (strain fields) are generated at
the initial state (Fig. 1e and 1f) when compared to the HR CoCrNi. These
factors decrease the energy barrier of the stacking fault formation,
leading to a reduction in the effective SFE in the localized region.
Moreover, when considering the macroscopic fatigue behavior, the DED
CoCrNi exhibits a substantial capacity to accumulate the strain energy

per fatigue cycle (Fig. 2c). Therefore, a low effective SFE due to the
presence of numerous dislocations and stacking faults at the initial state
(Fig. 6e) combined with high strain energy helps overcome the critical
stress required for the formation of both nano-twins and HCP phases.
The mechanical nano-twins serve as nucleation sites for the subsequent
formation of the HCP structure. Consequently, the synergy of these
factors ultimately leads to the evolution of HCP phases in the DED
CoCrNi after 500 cycles. Moreover, the DED CoCrNi has a higher
probability of ISF and ESF compared to the HR CoCrNi (Fig. 7). The HCP
phase is typically developed from the ISF that occurs every two layers
(Fig. S11). The ISF probability of the HR CoCrNi is lower than the ESF.
However, in the case of the DED CoCrNi, the ISF probability is higher
than the ESF probability, and the ESF probability of the DED CoCrNi
continuously decreases after 300 cycles (Fig. 7), which accounts for the
formation of the HCP phases in the DED CoCrNi after 500 cycles.

4.4. Fatigue fracture and damage mechanism

The DED process exhibits a lower fatigue life compared to the HR
process in the same type of alloys. Specifically, the DED CoCrNi exhibits
an 11 % reduction in fatigue life compared to the HR CoCrNi. The DED
CoCrFeNiMn has a 26 % worse fatigue life than the HR CoCrFeNiMn
(Fig. 2b and 2e). One major reason for the inferior fatigue resistance of
the DED alloys is the development of defects, including micro- and nano-
porosity, which accelerates crack propagation. If the porosity can be
effectively controlled while maintaining the intrinsic microstructures of
the DED alloys, it is expected that their fatigue life can be much
improved [57]. The difference in fatigue deformation mechanisms be-
tween DED alloys is that nano-twins and HCP phase are evolved in DED
CoCrNi (Fig. 11a), while dislocation cell structure is developed in the
DED CoCrFeNiMn (Fig. 11d). The growth of nano-twins and HCP phases
in DED CoCrNi occurs in a straight line without being impeded by the
solidification cell structure (Fig. 11a). In particular, nano-porosity are
located between the finely developed nano-twins and HCP phases (blue
arrow in Fig. 11a), and in some cases, they are observed to be trapped
within nano-twins and HCP phases (blue circle in Fig. 11a). However,
the dislocation cell structure in DED CoCrFeNiMn is too small to contain
nano-porosity, and rather the nano-porosity hinders the formation of the
dislocation cell structure (Fig. 11d). In addition, micro- and
nano-porosity do not initiate main crack, but promote crack propagation
(Fig. 11b and 11e). The microstructure of the DED CoCrFeNiMn, con-
sisting of large columnar grains, fine grains formed near the melt pool
boundary, solidification cell structure, and dislocation cell structure
(Figs. 1d, 6n, 6o, and 6p), does not effectively help to enhance fatigue
resistance and allows for the crack propagation in a nearly straight
manner along the porosity. However, the DED CoCrNi shows interesting
outcomes due to the differences in deformed microstructure, although
the crack propagates along the porosity similar to the DED CoCrFeNiMn
(white arrow in Fig. 11b). Mechanical nano-twins and HCP phase that
generate in the DED CoCrNi play a crucial role in the crack propagation
behavior. The boundaries of deformed microstructure (nano-twins and
HCP phase) act as a barrier to hinder the crack propagation by gener-
ating crack deflection and branching (Fig. 11b). Especially, when the
boundaries of twins and HCP phase are nearly perpendicular to the crack
propagation direction, the delaying action of crack propagation is more
significant (dashed line in Fig. 11c). The consecutive crack blunting and
deflection gives rise to zig-zag fracture with the formation of sub-cracks.
Consequently, the distinctive microstructural features, such as
nano-twins and HCP phase, formed in the DED CoCrNi promote crack
branching/bridging (Fig. 11b,c), which mitigates stress concentrations
at the crack tip. This reduces the driving force of the crack propagation,
leading to lower crack-growth rates in the DED CoCrNi alloys [84,85,
95]. Evidently, this mechanism is clearly observed in Fig. 8b3 (green
box), where the crack propagates into the micro-pores, but the
nano-twins and HCP phases change the crack propagation path, leading
to a hindering effect that prevent further crack propagation. Based on
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these results, multiple deformation mechanisms of the DED CoCrNi re-
sults in better fatigue properties compared to the DED CoCrFeNiMn that
relies on a single dislocation slip mode. In particular, the presence of
nano-twins and HCP phases has more beneficial effect on fatigue resis-
tance than existence of solidification cell structure and dislocation cell
structure. The limited dislocation hardening potential in DED alloys due
to the high initial dislocation density and high residual stress is another
reason for the degradation of the fatigue resistance. A high initial
dislocation density and residual stress of DED alloys result in a signifi-
cant increase in the yield strength, thereby leading to excellent cyclic
strength and SED in the early fatigue stage. However, as the amount of
accumulated deformation increases, softening of the strength occurs in
the early stage (Fig. 2b), and the SED decreases steeply (Fig. 2c) because
the critical stored energy from dislocation hardening is quickly
consumed within a few cycles. Therefore, if it is possible to control the
consumption of the dislocation hardening potential sustainably by
changing the microstructural characteristics, the DED process is ex-
pected to exhibit superior fatigue resistance. Nevertheless, it should be
emphasized that the DED CoCrNi has excellent fatigue performance
compared to conventional AM alloys (Fig. 2f). This is due to the fact that
DED CoCrNi experiences a further reduction in effective SFE by a
combination of high dislocation density and high residual stress. This
makes it easier to overcome the critical stress for the evolution of
nano-twin and HCP phase, thereby promoting a fine and dense structure,
which helps prevent the degradation of fatigue endurance. Therefore,
the high dislocation density and high residual stress of DED CoCrNi have
pros and cons on the fatigue properties. In contrast, DED CoCrFeNiMn,
which has a medium SFE, is much less synergistic effect on the fatigue
properties.

4.5. Potential methods for improving fatigue properties based on
microstructure tuning

We suggest suitable methods to enhance AM fatigue resistance
without any post-processing and post heat-treatment. CoCrNi alloys
have a superior fatigue life, compared to the CoCrFeNiMn alloys (Fig. 2b
and 2e). The HR CoCrNi has a 287 % higher fatigue life, compared to the
HR CoCrFeNiMn, and the DED CoCrNi also has a 345 % higher fatigue
life than that of the DED CoCrFeNiMn. The excellent fatigue endurance

of the HR and DED CoCrNi is attributed to microstructural tuning by
controlling the SFE. The low intrinsic SFE of the CoCrNi alloys combined
with strain localization makes it more prone to evolving stacking faults
and nano-twins, compared to CoCrFeNiMn alloys with higher SFE. The
distinct microstructure in the HR and DED CoCrNi highly keeps acti-
vating strain hardening and postponing the transition stage from hard-
ening to softening during cyclic deformation (Fig. 2b), thereby delaying
crack initiation. Meanwhile, the multiple deformation activities of the
CoCrNi alloys promote crack blocking and crack branching/bridging
(Fig. 11b and 11c), which reduce the driving force of the crack propa-
gation, thus slowing the crack-growth rate and improving fatigue life.
Consequently, the presence of these multiple deformed microstructures
has positive effects on improving fatigue resistance. Furthermore, the
reduced effective SFE of the DED CoCrNi helps overcome the critical
stress required for the formation of multiple deformed microstructures
with fine structures that includes a lot of stacking faults and nano-twins
as well as HCP phases. This effect helps to further enhance the fatigue
properties. The overall understanding of cyclic deformation mecha-
nisms, fracture mechanisms, and micro-crack propagation behavior is
summarized in Table 1 and Fig. 12.

5. Conclusions

Low cycle fatigue properties are characterized by in-situ neutron
diffraction coupled with multiscale microstructure analysis. We sys-
tematically investigate a microstructural design strategy focusing on
enhancement in fatigue resistance for high and medium entropy alloys
fabricated by direct-energy-deposition and hot-rolling processes. The
current work provides an effective method for designing advanced al-
loys with high fatigue resistance through microstructural tuning that
controls the effective stacking fault energy combined with high strain
energy density. The major findings of the scientific issue are provided
below.

(1) CoCrNi medium-entropy alloys exhibit much more superior fa-
tigue life than CoCrFeNiMn high entropy alloys. Specifically, the
HR CoCrNi reveals 287 % higher fatigue life than the HR CoCr-
FeNiMn, and the DED CoCrNi exhibits 345 % higher fatigue life
than that of DED CoCrFeNiMn. The DED process leads to inferior

Fig. 11. Microstructure analysis after fatigue deformation; SEM image of the cross section for (a, b) DED CoCrNi and (e) DED CoCrFeNiMn, and ECCI image of the
cross sections for (c) DED CoCrNi and (d, f) DED CoCrFeNiMn (Note that we added auxiliary lines in (c) corresponding to the Twin and HCP phase for comparison).
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fatigue life compared to the HR process. Specifically, the DED
CoCrNi exhibits an 11 % reduction in fatigue life compared to the
HR CoCrNi. The DED CoCrFeNiMn has a 26 % worse fatigue life
than that the HR CoCrFeNiMn.

(2) Anisotropic microstructure evolution under tension and
compression is driven by the relationship between resolved shear
stresses on leading and trailing partial dislocations, which is
crucial for developing stacking faults and twinning. These find-
ings indicate that nano-twins develop prominently in the {111}

Table 1
Summary of the differences in microstructural characteristics and fatigue damage mechanisms for high- and medium-entropy alloys depending on the manufacturing
process (Note that ● means improvement, ▴ means no significant impact, and x means degradation).

Process type Alloy type Initial microstructure Fatigue properties Deformed microstructure Fatigue properties

Hot rolling

CoCrFeNiMn

Equiaxed grain ▴ Dislocation cell structure x

Annealing twin ▴
Nano-twin

(Small quantity)
▴

CoCrNi
Equiaxed grain ▴ Nano-twin

(Large quantity) ●
Annealing twin ▴

Direct energy deposition

CoCrFeNiMn

Large grain x

Dislocation cell structure x

High dislocation density x

High residual stress x

Solidification cell structure ▴

Micro- and nano-porosity x

CoCrNi

Large grain x Stacking fault
(Large quantity)

●
High dislocation density ▴

High residual stress ▴
Nano-twin & HCP

(Fine and dense structure)
●Solidification cell structure ▴

Micro- and nano- porosity x

Fig. 12. Schematics of the cyclic deformation mechanism and micro-crack propagation behavior for the CoCrNi and CoCrFeNiMn alloys manufactured by hot rolling
and direct energy deposition.
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grain under tension and the {200} grain under compression. This
effect is pronounced in the DED CoCrNi, where mechanical nano-
twins significantly develop up to 100 cycles under tension. It is
influenced by high resolved shear stresses of partial dislocation,
residual stress, initial dislocation density, and unique micro-
structural texture of DED process.

(3) The concurrent evolution of multiple deformed microstructures
in CoCrNi alloys, including stacking faults, nano-twins, and
hexagonal-close-packed (HCP) structures, effectively hinders the
crack propagation and promotes crack branching/bridging dur-
ing cyclic deformation. Notably, the intrinsic characteristic of low
effective stacking fault energy and high capacity of strain energy
density for the DED CoCrNi provide the formation of fine-
structured nano-twins and HCP phase. This ultimately enhances
the fatigue lifetime of the DED CoCrNi compared to other addi-
tive manufacturing alloys, despite the presence of numerous
micro- and nano-porosity.

(4) Fatigue resistance in the DED process diminishes primarily due to
two factors. Firstly, the formation of defects such as micro- and
nano-porosity during the DED process promotes crack propaga-
tion. Secondly, the inherent high dislocation density in DED al-
loys limits their dislocation hardening potential, leading to the
rapid depletion of critical stored energy within a few cycles.
Enhancements in fatigue resistance could be achieved by pro-
ducing defect-free structures and sustainably managing disloca-
tion energy through microstructural modifications.
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