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Metallic materials undergo irreversible deformation under mechanical load-
ing, leading to intense local plastic localization that reduces their mechanical
performance. We identify a mechanism of plastic deformation that dynami-
cally promotes the homogenization of plasticity in face-centered cubic solid
solution-strengthened metallic alloys. We observe that this mechanism occurs
within a narrow range of stacking fault energies and involves competing
deformation between nanoscale twinning and slip. This phenomenon is
attributed to a new mechanism referred to as dynamic plastic deformation
delocalization, which opens a new design space for enhancing the mechanical
performance of metallic materials. We demonstrate that the activation of this
mechanism has a significant impact on fatigue properties, greatly enhancing

fatigue strength when it occurs.

Metallic materials have critical importance since they are used in a vast
range of structural applications' across a wide range of temperatures
due to their excellent monotonic mechanical properties, including
yield strength, ultimate tensile strength, ductility, and toughness™>.
These properties originate from their atomic structure and engineered
microstructure, which provide substantial strengthening and effec-
tively accommodate defects and deformation*.

Their microstructure is often designed to exhibit significant
heterogeneity, creating barriers to defect motion, such as disloca-
tions, and promoting beneficial deformation mechanisms’®. Through
this design approach, these microstructural barriers provide excep-
tional strength to the material’. However, this microstructure het-
erogeneity leads to highly localized plasticity at small scales,
concentrating deformation within specific regions of the material’.
Consequently, these regions become highly susceptible to damage
under cyclic loading (i.e., fatigue)' ™.

As increasingly engineered microstructures are designed to
exhibit unprecedented monotonic strength, the fatigue efficiency of
these materials tends to decrease’*". Fatigue efficiency can be
described by the fatigue ratio®”, defined as the fatigue strength
normalized by the yield or ultimate tensile strength. When

examining the fatigue ratio as a function of the yield or ultimate
tensile strength for a large set of metallic materials, a significant
decrease in the fatigue ratio is observed with increasing strength”".
In many cases, highly engineered materials with high strength can
fail by fatigue at stresses as low as 25% of their yield strength,
highlighting a notably low fatigue efficiency. High-strength materi-
als, such as superalloys'®” and titanium alloys™, are examples of
highly engineered materials that exhibit high strength but low fati-
gue efficiency. Therefore, fatigue remains a critical design con-
sideration for structural materials.

This trade-off between monotonic strength and fatigue strength
arises from the intense localization of plasticity and its irreversibility
that occurs in metallic materials®'*'**, This relationship has been
qualitatively demonstrated in metallic materials that deform by slip?,
where statistical measurements of slip localization intensity (i.e. plas-
ticity localization induced by slip) have been related to the fatigue
ratio. As slip localization intensity increases, the fatigue ratio (i.e.,
fatigue efficiency) decreases, and vice versa’. In face-centered cubic
(FCC) and hexagonal close-packed (HCP) materials, reducing the
intensity of plasticity localization without compromising monotonic
strength is challenging, as high yield strength FCC and HCP materials
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consistently exhibit intense plastic localization. This intense plastic
localization is significantly pronounced in FCC materials at room
temperature, where thermally activated cross-slip is unfavorable. In
contrast, when cross-slip is promoted, such as at high temperatures for
FCC materials or at room temperature for BCC materials, the intensity
of plastic localization decreases significantly, and the fatigue ratio thus
improves?*,

Massively promoting cross-slip in FCC materials to minimize the
intensity of plastic localization is challenging and we are therefore
seeking to identify either processing or microstructures that will pro-
vide low levels of plastic localization. One potential solution is to
delocalize plastic deformation through conceptual mechanisms that
lead to homogenized plasticity during deformation. It has been
demonstrated as being possible in HCP materials by either identifying
microstructures that homogenize plasticity or by activating mechan-
isms that promote plastic homogenization***. However, no such
mechanism or evidence of this effect on fatigue strength has been
demonstrated for FCC materials, in which planar slip is often dominant
and favors high plastic localization.

Here, we detail a novel dynamic plastic deformation delocali-
zation mechanism that significantly homogenizes plasticity during
deformation in FCC solid-solution materials. This mechanism was
observed to occur at low levels of plasticity and is therefore relevant
to fatigue properties. The underlying small-scale processes of this
mechanism and its impact on fatigue strength are examined in
detail. The influence of alloy chemistry is demonstrated, revealing a
new design space that enables dynamic plastic homogenization,
thereby improving fatigue efficiency without compromising mono-
tonic strength.

RESULTS
Plastic localization response in several FCC materials
In order to characterize the plastic localization response of a material
at the microstructural level and at low levels of deformation, a statis-
tical and high-resolution approach was employed. High-resolution
digital image correlation (HR-DIC) measurements were performed to
analyze large fields of view on the order of a square millimeter with a
nanometer resolution (ie., 22 nanometers spatial resolution) to
quantitatively capture the characteristics of each deformation event.
This combination enables the precise statistical quantification of
plastic deformation localization in metallic materials®**?. Details
concerning HR-DIC measurements and mechanical testing procedures
are provided in the Methods section and in Supplementary Fig. 1.
HR-DIC measurements were performed after unloading on several
solid-solution-strengthened FCC materials, including CrCoNi,
CrMnFeCoNi, FeNi36, VCoNi and stainless steel 316L, to quantify their
plastic localization behavior at different loading temperatures,
including room temperature (300K), liquid nitrogen (77K) and near-
liquid helium temperature (20K). All materials were processed to be
single-phase FCC solid solutions and to have similar microstructure in
terms of grain size, grain shape, and texture. This ensures a direct
comparison, as the intensity of plastic localization events is highly
dependent on the microstructure?®!, The details of these materials
and their properties are provided in Table 1 in the Methods section.

We present the (HR-DIC) €, longitudinal strain maps in Fig. 1 for
the CrMnFeCoNi and CrCoNi materials. The electron backscatter dif-
fraction (EBSD) inverse pole figure (IPF) maps, showing the micro-
structure of these alloys corresponding to the representative regions,
have been included in the insets. The IPF maps are colored along the
loading direction (horizontal) using color-blind friendly coloring. The
high-entropy CrMnFeCoN:i alloy, when deformed in tension at room
temperature to a macroscopic plastic strain of 0.95%, demonstrates
intense plastic localization in the form of discrete deformation events
as observed on the corresponding strain map in Fig. 1a. This is further
highlighted in the inset focusing on an individual grain within the
investigated region. This plastic localization response, characterized
by discrete intense deformation events (i.e. intense slip localization), is
typically observed in FCC materials undergoing deformation at both
room and cryogenic temperatures’”. For most of the investigated
materials and temperature conditions, we observed a similar response
(see Supplementary Fig. 4), consistent with previous reports in the
literature®. Surprisingly, for the CrMnFeCoNi deformed at liquid
nitrogen temperature (77K) and CrCoNi deformed at room tempera-
ture to macroscopic plastic strains of 0.83% and 1.66%, respectively, we
observed a drastically different plastic localization response. This
plastic response was characterized by a homogeneous distribution of
plasticity as evidenced by the strain maps presented in Fig. 1b, c.
Specific regions showing this homogenized plasticity response have
been enlarged in the respective insets, indicating very low-intensity
slip localization with plasticity extending over the entire crystal-
lographic grains. The localization is remarkably uniform, rendering it
impossible for the HR-DIC approach to capture individual deformation
events within these materials. Nevertheless, high average strains are
observed within each grain, indicating residual plastic deformation.
Additional examples of this plastic response are shown in Supple-
mentary Fig. 5.

Overall, an unusual plastic response in the form of homogeneous
plasticity was observed in a few materials under specific testing con-
ditions, thereby differing from the conventional localized plastic
response typically exhibited by most investigated FCC metals.

Quantitative measurement of plastic localization

The average plastic localization intensity, measured in nanometers, is
presented in Fig. 2a for the investigated FCC solid-solution-
strengthened alloys. The materials were subjected to monotonic
tensile tests up to a macroscopic plastic strain of ~0.8%. The average
plastic localization is a quantitative metric that describes the inten-
sity of plastic localization from individual deformation events. It
corresponds to the magnitude of the cumulative Burgers vector
projected onto the specimen surface and is extracted using the HR-
DIC approach?”, which is detailed in the Methods section. Each
deformation event, such as slip or twinning, induces a local dis-
placement (i.e., a step and in-plane displacement) at the specimen
surface, which can be quantified using HR-DIC?. The intensity of the
displacement along the event, representing the in-plane displace-
ment induced by the deformation event, is measured in nanometers.
All deformation events (thousands of events) were segmented, and
the maximum amplitude along each event was extracted. The

Table 1| Chemical composition (at.%), grain size (GS) and yield strengths (YS) of the alloys considered in this study

Alloy Co cr Ni Fe Mn % Al si Ti Mo C GS YS (RT / LN / LHe)
Denomination (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (um) (MPa)

CrCoNi 3333 3333 3333 / / / / / / / / 25 300 /500 / 630
CrMnFeCoNi 20 20 20 20 20 / / / / / / 32 200/ 395

VCoNi 3333 | 3333 / / 3333 | / / / / 30 600 / 780

FeNi36 0.48 0.27 3659 6032 061 / 021 081 012/ 023 27 290 / 630

316L 0.18 18.71 1.24 6567 171 / / 062 / 131 01 50 280 / 630
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Fig. 1| A transition from intense plastic localization to more homogeneous
plastic deformation. a HR-DIC ¢, longitudinal strain maps for CrMnFeCoNi
deformed at room temperature (300K) up to a macroscopic plastic strain of 0.95%,
(b) CrMnFeCoNi deformed at liquid nitrogen temperature (77K) up to a macro-
scopic plastic strain of 0.83% and (c) CrCoNi deformed at room temperature up to a
macroscopic plastic strain of 1.66%. The tensile direction is horizontal. The inverse
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pole figure maps along the loading direction obtained by electron backscatter
diffraction corresponding to the HR-DIC maps are displayed in the insets. Reduced
regions of interest are denoted using white dashed boxes and enlarged to highlight
the differences in plastic deformation localization response across the investigated
materials.
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Fig. 2 | Outlier alloys inhibit the intense plastic localization typically observed
in conventional alloys. a Average plastic localization in nanometers for several
FCC solid-solution-strengthened alloys deformed up to a macroscopic plastic strain
of 0.8% at different temperatures. The error bars correspond to experimental
variations from HR-DIC measurements. b, ¢ Distribution of the number of grains as
a function of the maximum plastic localization for the investigated materials.

Maximum Plastic Localization (nm)

Maximum Plastic Localization (nm)

Materials that develop intense plastic localization are represented using solid lines
and solid symbols (b), whereas materials showing diffused, homogeneous plasticity
are represented using dashed lines and open symbols (c), showcasing a clear dif-
ference in the distribution trend between materials showing localized or diffused
plasticity. Source data are provided as a Source Data file.

average plastic localization is then defined as the average value of the
intensity of all detected events across the entire investigated region
(about a square millimeter per material), that includes thousands of
deformation events.

We observe that most of the investigated materials exhibit a high
average plastic localization. In contrast, CrMnFeCoNi deformed at 77K,
FeNi36 deformed at 300K and CrCoNi deformed either at 300K or 77K
develop a surprisingly low average plastic localization, with values
reduced by almost a factor of two compared to materials that exhibit
high plastic localization. We arbitrarily divided the investigated
materials into two categories, classified as “High" for the first one
(average plastic localization above 20 nm) and “Low" and “Lower" for
the second one, represented by yellowish and gray colors,

respectively, in Fig. 2a. This background color scheme and denomi-
nation will be maintained throughout the manuscript. For the medium-
entropy alloy CrCoNi, in particular, the average plastic localization at
room temperature is significantly lower, ~three times lower, compared
to the other alloys that conventionally localize plasticity. A similar
representation for the maximum plastic localization is shown in Sup-
plementary Fig. 6.

For each of the investigated materials at different testing tem-
peratures, the distributions of the number of crystallographic grains as
a function of the maximum plastic localization have been represented
in Fig. 2b, c. The materials were deformed up to a macroscopic plastic
strain of around 1%. The maximum plastic localization is expressed in
nanometers and refers to the displacement induced by the most
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intense deformation event observed in a particular grain in the inves-
tigated representative microstructural region on the surface of the
specimen. We observe from Fig. 2b that the materials that show intense
plastic localization display a distinct trend compared to the materials
that show homogeneous plasticity (i.e. low or lower plastic localiza-
tion) represented in Fig. 2c. For materials that develop intense locali-
zation, the distribution of the number of grains as a function of the
maximum plastic localization shows peaks above our 20 nm threshold
(see dashed black lines in Fig. 2). This displays that most of the con-
sidered grains in the investigated regions contain deformation events
with a high plastic localization. On the other hand, materials exhibiting
homogeneous plasticity (gray region in Fig. 2a) show a clear downward
trend in the distribution of grains as a function of the maximum plastic
localization. More importantly, they do not show grains with intense
plastic localization. For these materials, most grains contain defor-
mation events with extremely low plastic localization values (below
our 20 nm threshold, see Fig. 2c) or the plasticity is so diffused that
individual deformation events cannot be resolved as discrete events
using HR-DIC.

Transmission electron microscopy for characterization of
defects

We used HR-DIC ¢, longitudinal strain maps to identify specific
grains showing either intense plastic localization or homogeneous
plasticity for the investigated materials and various testing tem-
peratures. Thin foils were extracted from these locations and con-
ventional transmission electron microscopy (TEM) analysis was
performed as shown in Fig. 3. The strain maps corresponding to a
reduced region of interest for the medium-entropy alloy VCoNi and
high-entropy alloy CrMnFeCoNi deformed at 300K are shown in
Fig. 3a, d, respectively. Intense discrete deformation events are evi-
dent and the locations of the extracted TEM foils have been high-
lighted in the grains of interest using pink and orange bands. Bright-
field (BF) TEM images primarily reveal the presence of full disloca-
tions across extended areas of the foils, as observed in Fig. 3b, e.
Details of regions marked with a white dashed box are presented in
Fig. 3c, f, respectively. Although CrMnFeCoNi develops homo-
geneous plasticity when deformed at 77K (just below our threshold
in Fig. 2a), the strain map shows grains with localized plasticity.
Within this material, some grains demonstrate low plastic localiza-
tion, while others show high plastic localization. Additional details on
the distribution of the intensity of plastic localization in this material
are provided in Supplementary Fig. 6¢c. A TEM foil was extracted from
one grain with intense plastic localization and shown in the inset in
Fig. 3g. The corresponding BF TEM image in Fig. 3g reveals a dis-
tribution of full dislocations across the foil, similar to what was
observed on the room temperature foil for this material. We followed
the same approach to characterize the homogeneous plasticity
(“Low” or “Lower” plastic localization) exhibited by some materials.
The €, longitudinal strain maps corresponding to FeNi36 deformed
at 300K and CrCoNi deformed at 300K are shown in Fig. 3h, k,
respectively, along with the location of the extracted foils repre-
sented by green and blue bands. The observed plastic responses of
the grains of interest differ drastically from the grains shown in
Fig. 3a, d and are characterized by homogeneous plasticity. BF TEM
images reveal the presence of dislocations across the foil along with a
large number of planar defects such as stacking faults, as evidenced
from Fig. 3i, |. The regions marked with a white dashed box have been
enlarged in Fig. 3j, m, respectively, to further highlight the presence
of extensive stacking faults. Another TEM foil extracted from a grain
with homogeneous plasticity (low plastic localization) for CrCoNi
deformed at 77K is shown in the inset of Fig. 3n. The corresponding
BF TEM image captured in Fig. 3n indicates the presence of dis-
locations as well as a high density of planar defects, similar to our
observation on the foil corresponding to CrCoNi deformed at 300K,

but with the addition of stacking fault tetrahedron®>*. Additional
selected-area diffraction pattern comparisons are provided in Sup-
plementary Fig. 7.

Our conventional TEM analysis suggests that materials with
homogeneous plasticity during deformation activate a high density of
planar defects in addition to full dislocations. Conversely, materials
with an intense plastic localization primarily exhibit full dislocations
and conventional dislocation pile-up processes*?*, see also Supple-
mentary Fig. 8.

High-resolution transmission electron microscopy for defect
type identification

To further identify the types of defects in the investigated materials,
multi-scale characterization using methods of scanning transmission
electron microscopy (STEM) down to the atomic-resolution were
performed on the different specimens. Detailed parameters used for
STEM analysis are provided in the Methods section. A large field-of-
view BF-STEM diffraction contrast imaging (DCI) micrograph from a
grain exhibiting intense plastic localization in CrMnFeCoNi is shown in
Fig. 4a. BF-STEM DCI micrographs from grains displaying homo-
geneous localization in CrMnFeCoNi and CrCoNi are shown in Fig. 4b,
¢, respectively. The strain maps associated with the grains from which
the foils were extracted are included as insets, with the foil locations
indicated by transparent orange or blue bands. The average strains
along the loading direction (ey,) of the investigated grains are also
shown. In both the low and lower plastic localization cases, residual
plastic deformation is present despite the absence of obvious intense
deformation events.

Despite a similar average plastic strain in the two investigated
grains in the high-entropy alloy CrMnFeCoNi, the defect structures
differ significantly. A higher density of defects, slip planes and dis-
location debris are observed within the foil extracted from the grain
with low plastic localization. In CrCoNi, characterized by the lowest
plastic localization (see Fig. 2), the investigated grain shows homo-
geneous plasticity despite a high level of average plastic strain within
the grain of 1.79%. The deformation events display a high density of
defects, slip planes and dislocation debris. Interestingly, they also
exhibit an extended thickness, as shown in Fig. 4c by the blue
dimension line. Within this deformation event, we observed dis-
location debris along multiple closely spaced slip planes. This spe-
cific structure was present in most of the deformation events within
this foil. Dark-field transmission electron microscopy (DF-TEM)
images, obtained using two different objective aperture positions
from the (lower) delocalizing grain in CrCoNi deformed at room
temperature, are shown in Fig. 4d, g. The corresponding selected-
area diffraction pattern (SADP) is presented in Fig. 4e, with the
objective aperture positions indicated by yellow circles corre-
sponding to images in Fig. 4d, g. The diffraction pattern reveals faint
spots associated with deformation twins, and Fig. 4g shows that
these twins are extremely small, below the image resolution, and are
interestingly of high-density and located solely within the deforma-
tion events. Figure 4f shows a 3D view of the SADP corresponding to
the orange dashed box in Fig. 4e for better visualization of the faint
spots associated with twins. Notably, the atomic scale nanotwins that
occur within the extended events do not contribute to the SADP at
low magnification, with additional diffraction spots appearing when
focusing on extended deformation events.

Atomic-resolution HAADF-STEM images from within deformation
events in the medium-entropy alloy CrCoNi deformed at room tem-
perature, shown in Fig. 5g, reveal the presence of several nanometer-
scale deformation twins and other planar defects, such as intrinsic
stacking faults. Center of Symmetry (COS) analysis®”*¢, which measures
the degree of centro-symmetry for each atomic column in the
experimental HAADF-STEM image, was performed to identify distor-
tions in the stacking sequence. The results, displayed in Fig. 5h,
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Fig. 3 | Planar defects are observed to promote plastic homogenization.
Reduced regions of the HR-DIC €, longitudinal strain maps for (a) VCoNi deformed
at room temperature, (d) CrMnFeCoNi deformed at room temperature, (h) FeNi36
deformed at room temperature, and (k) CrCoNi deformed at room temperature.
The macroscopic plastic strains up to which the materials were deformed are
included on the respective HR-DIC maps. Grains developing intense plastic locali-
zation and diffused plasticity were selected and TEM foils were extracted, marked
as colored bands in (a, d, h, k). Bright-field (BF) TEM images for the foils marked in

High plastic localization

Low plastic localization

(a, d) primarily reveal the presence of full dislocations across the foils (b, e),
whereas planar defects such as stacking faults are observed (i, I) for the foils marked
in (h, k). Regions marked with white dashed boxes in (b, e, i, I) have been enlarged
in (c, f, j, m) respectively. Additional TEM foils extracted for different testing
temperatures are shown in the insets in (g) and (n). The corresponding BF TEM
images show full dislocations and additional planar defects for localizing and dif-
fused plasticity grains, respectively (g, n).

confirm the presence of several nanometer-scale deformation twins
within the observed deformation event in addition to intrinsic stacking
faults. Additional examples provided in Supplementary Figs. 9 and 10
demonstrate that this defect structure was consistently observed
across all investigated deformation events in CrCoNi deformed at
room temperature.

Similar imaging and analysis were conducted on CrCoNi
deformed at 77K on a crystallographic grain which exhibits homo-
geneous plastic localization (low plastic localization), but with a
slightly higher plasticity localization when compared to the same alloy
tested at room temperature (lower plastic localization). In this case, as
shown in Fig. 5d and e, within the deformation event, we detect only
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Fig. 4 | A high density of nanoscale twins promotes reduced plastic localization
through the formation of closely spaced slip events. BF-STEM DCI micrographs
from (a) a (high) localizing grain for CrMnFeCoNi deformed at 77K, (b) a (low)
delocalizing grain for CrMnFeCoNi deformed at 77K and (c) a (lower) delocalizing
grain for CrCoNi deformed at 300K. The figure insets display reduced regions of
the HR-DIC ¢, longitudinal strain maps showing the grains from which thin foils

Twin High H
Low

were extracted along with the average strain in the considered grains. d, g DF-TEM
images from the (lower) delocalizing grain in (c). e Corresponding SADP for the
grain in (c), with locations of the objective aperture used to capture DF-TEM images
in (d, g) shown by yellow circles. f shows a 3D view of the SADP corresponding to
the orange dashed box in (e). The electron beam is parallel with the [011] crystal-
lographic zone axis of the investigated grains.

extended planar defects consisting of intrinsic and extrinsic stacking
faults, hexagonal close-packed (HCP) structures, stacking fault tetra-
hedra, and extended deformation twinning (see Supplementary Fig. 7).
However, no nanometer-scale deformation twins were detected.
Finally, in the foil extracted from the grain exhibiting intense locali-
zation, no extended planar defects were identified within the defor-
mation events, as shown in Supplementary Fig. 8.

A dynamic delocalization mechanism: the role of stacking
fault energy

We calculated the stacking fault energies (SFE), which represent the
energy per unit area associated with the formation of a stacking fault,
as a function of temperature for CrCoNi, CrMnFeCoNi, FeNi36, and
VCoNi. The SFE for stainless steel 316L was not calculated due to its
complex atomic arrangement. The calculation method is detailed in
the Methods section and is based on density functional theory (DFT)
and ab-initio molecular dynamics (AIMD) to estimate stacking fault
energies at OK and finite temperatures, respectively. Figure 6a shows a
schematic of an intrinsic stacking fault and the corresponding partial
Burgers vector. An example of the SFE calculation at OK is shown in
Fig. 6b for the medium-entropy alloy VCoNi, highlighting the variation
in calculated SFE values for different slip-cut configurations. These
variations were also found in other FCC multi-component alloys* %
They cause local stacking fault and critical resolved shear stress var-
iations, and the maximum local stress dictates the macroscopic
deformation****, To estimate the stacking fault energy at finite tem-
peratures, the slip-cut corresponding to the maximum SFE at OK is
chosen, as shown in Fig. 6¢c. The maximum SFE corresponds to the
maximum resolved shear stress that needs to be overcome for dis-
location glide. Finally, Fig. 6d presents the calculated stacking fault
energies as a function of temperature for the investigated materials.
VCoNi* and FeNi36 both exhibit increasing stacking fault energy with
decreasing temperature, whereas CrMnFeCoNi and CrCoNi show the
opposite trend*. This is due to preference of HCP stability by Co, Cr,

and Mn elements such that high d-electron density around Fermi level
easily reacts on stacking fault formation at low temperature*’*¢, while
V and Fe promote FCC stability.

We summarize both the HR-DIC and S/TEM analyses in Fig. 7a.
We observe that the presence of nanometer-scale planar defects
within deformation events significantly reduces plastic localization.
In the case of nanometer-scale deformation twins, plastic localization
is even more strongly suppressed. Above of our plastic localization
threshold, we only observed the presence of full dislocations (high
stacking fault energy) or long deformation twins (low staking fault
energy case for the CrCoNi deformed at 20K and detailed later in
Fig. 8) that promote the usual intense plastic localization observed in
metallic materials®*°, The simplistic schematic of the conventional
deformation processes occurring in FCC materials at both room and
low temperatures is illustrated in Fig. 7b. These processes typically
involve planar slip, for which a large number of dislocation events
glide along a given crystallographic plane and emerge at the surface,
thus leading to large surface steps and resulting in an intense
localization®?®. Similarly, when deformation twinning dominates,
large and extended twins form, producing significant surface steps
associated with an intense localization.

Figure 7d shows the average plastic localization for the investi-
gated materials and various temperature conditions as a function of
the calculated SFE at each temperature. The background color scheme
in Fig. 7d matches that of Fig. 2a, where materials and testing condi-
tions that exhibit low plastic localization (below our threshold) are
shown on a gray background. We observe that all the materials and
testing conditions exhibiting low plastic localization, indicative of
plastic homogenization, fall within a narrow range of intermediate SFE
values. For materials with high SFE, our S/TEM analyses revealed that
deformation is primarily dominated by full dislocations. In contrast,
for CrCoNi deformed at 20K, we observed the formation of extended
deformation twins. CrCoNi deformed at room temperature, which
exhibits the lowest level of plastic localization, falls within the middle
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Fig. 5 | Atomic-resolution imaging reveals small-scale planar defects within
deformation events where delocalization occurs. a BF-STEM DCI micrograph
from a (low) delocalizing grain for the CrCoNi alloy deformed at 77K. b, ¢ Atomic
resolution HAADF-STEM images within two deformation events from (a). d, e
Associated center of symmetry analysis. f BF-STEM DCI micrograph from a (lower)
delocalizing grain for the CrCoNi alloy deformed at room temperature. g Atomic

resolution HAADF-STEM image within a deformation event from (f). h Associated
center of symmetry analysis. The colorbar shows the range of center of symmetry
parameter values (dimensionless) calculated for atomic column positions in the
analyzed area. The electron beam is parallel with the [011] crystallographic zone
axis of the investigated grains.

of the narrow region of intermediate SFE values. In this case, defor-
mation events are characterized by large thicknesses (closely spaced
slip bands) and contain a high density of nanometer-scale deformation
twins and full dislocations. The underlying mechanisms are simplisti-
cally schematically illustrated in Fig. 7c.

These nanometer-scale twins, which were not present prior to
deformation are observed to form during deformation and influence
dislocation glide by forcing dislocations to glide on closely spaced
crystallographic planes, as observed in Fig. 4c. This suggests a
dynamic mechanism that promotes plastic homogenization through
the competition and interaction between nanometer-scale defor-
mation twins and full dislocation glide. We had initially observed
evidences of this plastic homogenization phenomenon through
closely-spaced slip in a previous study investigating the precipitation
strengthened nickel based superalloy Inconel 718 at ambient and
cryogenic temperatures®. At cryogenic temperatures (77K and 9K),
deformation events consisted of multiple closely spaced slip traces,
with detailed atomic resolution HAADF-STEM analysis revealing the
presence of nanoscale planar defects such as intrinsic and extrinsic
stacking faults, twins and HCP regions in the vicinity of these mul-
tiple slip events.

The mechanism at play is not the formation of nanotwins during
deformation, which has been previously observed in FCC
metals®***°, but rather the interaction between dislocation glide and
nanotwins, and its resulting effect on the intensity of plastic locali-
zation. The observed behavior in plastic localization may be
explained by two potential deformation mechanisms. The first
involves the role of planar defects such as nanotwins in promoting
cross-slip, as suggested in references’*”. However, materials with
low stacking fault energy usually suppress cross-slip and favor planar

slip. A second possible mechanism involves the activation or deac-
tivation of dislocation sources. A recent study on CrCoNi under
room-temperature compression®> demonstrated that the formation
of extended stacking faults in FCC materials can deactivate disloca-
tion sources. Atomistic simulations showed that when the leading
partial dislocation has a higher Schmid factor than the trailing one, it
glides first, forming a stacking fault. However, the trailing partial
remains inactive, resulting in an unstable configuration that increa-
ses the energy barrier for further glide. This leads to source deacti-
vation after emitting a single partial, deviating from the conventional
Frank-Read dislocation multiplication model®>. Moreover, twin
boundary migration induced by partial dislocation glide may create
additional dislocation sources at stacking fault-twin boundary
interfaces. This will promote dislocation glide on successive planes,
ultimately forming the closely spaced slip bands we observed.
Finally, some of the investigated alloys, such as CrCoNi, VCoNi, and
CrMnFeCoNi, may exhibit short-range ordering (SRO)***, which
could influence the previously discussed mechanisms. SRO can
promote partial-dislocation-mediated plasticity processes, including
stacking fault formation, twinning, and HCP phase nucleation, lead-
ing to the generation of deformation debris that refines the micro-
structure while introducing additional obstacles to dislocation
motion*®**>***’_ Chemical fluctuation such as SRO was also observed
to promote or inhibit cross-slip*’ ®". These processes may therefore
also contribute in promoting or inhibiting the phenomenon of
dynamic plastic delocalization. However, SRO is not a necessary
condition for such behavior, as plastic delocalization is also observed
in the binary FeNi36 alloy, which exhibits weak SRO and mechanical
properties largely unaffected by it®>. Moreover, SRO in CrCoNi and
CrMnFeCoNi has been observed to have no noticeable effect on
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macroscopic properties and therefore may not be an influential
factor on the identified mechanisms®***,

To further demonstrate that nanoscale planar defects, including
nanotwins with a thickness limited to a few atomic planes (less than 5
nm) and their interaction with dislocation glide are the deformation
mechanisms responsible for dynamic plastic delocalization, we sup-
pressed these interactions by promoting the formation of extended
twins having thicknesses in the range of several tens to hundreds of
nanometers (thereby preventing the effect of nanoscale planar
defects, including nanotwins) and subsequently examined the
resulting plastic localization. Specifically, we analyzed CrCoNi
deformed at 20K, which exhibits low SFE, as well as CrCoNi deformed
at 77K under high levels of plastic strain to promote the formation of
extended twins.

CrCoNi deformed at 20K exhibits significant plastic localization,
as shown in Fig. 2a, indicating that dynamic plastic delocalization is not
active at this temperature, unlike at room temperature and 77K. Fig-
ure 8a presents the distribution of plastic localization amplitudes for
different applied plastic strains. These distributions include all defor-
mation events within the investigated regions, where the maximum
value for each event is used. For a given applied plastic strain, CrCoNi
shows markedly lower localization when dynamic plastic delocaliza-
tion occurs, as previously reported in Fig. 2a, while strong localization
is evident at 20K. Examination of the deformation substructure of
CrCoNi deformed at 20K associated with intense events (Fig. 8f-i)
reveals extended deformation twins with thicknesses of several tens to
hundreds of nanometers, contrasting with the few-nanometer-thick
twins observed in CrCoNi deformed at room temperature, where
dynamic plastic delocalization is activated (see Fig. 5h). SFE calculated
at 20K is lower, consistent with the presence of extended deformation
twins. This further supports that dynamic plastic delocalization occurs
within a narrow SFE window between low and high SFE values. To
reinforce the link between extended deformation twinning, plastic
localization, and the suppression of dynamic plastic delocalization,
CrCoNi was deformed at 77K to a higher strain of about 4.6%. The
corresponding distribution of plastic deformation events (Fig. 8a)
reveals intense localization (see also Fig. 8c). The evolution of event
intensity with applied strain for CrCoNi deformed at 77K deviates from
the linear trend observed at lower deformation levels (dashed lines in
Fig. 8a), indicating a transition to a different deformation regime. High-

resolution EBSD analysis confirms the presence of extended defor-
mation twins with thicknesses up to several hundred nanometers
(Fig. 8d). Further advanced analysis resulting from encoding of elec-
tron backscatter diffraction Kikuchi patterns (Fig. 8e), detailed in the
Methods section, reveals that these deformation twins extend along
the full length of deformation events, offering finer detail than the
conventional EBSD map alone. Once again, such extended twins are
associated with pronounced plastic localization and the suppression of
dynamic plastic delocalization. With increasing strain or decreasing
SFE, CrCoNi thus favors the formation of extended deformation twins,
which hinder dynamic plastic delocalization and promote strong
plastic localization.

A new design space for enhancing fatigue strength

The influence of the identified dynamic plastic deformation delo-
calization mechanism on fatigue properties was evaluated by mea-
suring the fatigue strength of CrCoNi, CrMnFeCoNi, and 316L
stainless steel at room temperature in the very high cycle fatigue
(VHCF) regime. Stainless steel served as a reference material due to
its conventional plastic localization behavior. Among the tested
alloys, CrMnFeCoNi exhibits the highest degree of plastic localiza-
tion, while CrCoNi shows the lowest. The tendency of an FCC
material to localize plastic deformation is known to correlate with
its fatigue performance’; materials exhibiting intense localization
typically demonstrate lower fatigue ratios, defined as the fatigue
strength divided by the yield strength, following the work proposed
by Fleck, Kang, and Ashby”. In agreement with the consideration
that low plastic localization enhances fatigue properties, prior stu-
dies have reported superior fatigue performance for CrCoNi com-
pared to CrMnFeCoNi at room temperature®>®, However, these
comparisons must be contextualized, as those studies primarily
addressed low-cycle fatigue (LCF) under relatively high strain
amplitudes, where alternative deformation structures such as dis-
location cells and vein patterns may dominate the fatigue
response®-*%, In the present study, fatigue performance in the VHCF
regime is further compared with literature data for recrystallized
FCC alloys tested under similar conditions®®**~>, The fatigue life of
CrCoNi, CrMnFeCoNi, and 316L stainless steel at room temperature,
plotted as a function of maximum applied stress (normalized by
their yield strength), is shown in Fig. 9a. Horizontal arrows indicate
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extended deformation twins were observed in the regime with intense plastic
localization. ¢ The proposed mechanism responsible for the reduced plastic loca-
lization amplitude involves the dynamic formation of nanometer-scale twins, which
contribute to the thickening of deformation events. d The average plastic locali-
zation is shown as a function of the stacking fault energy of the alloys at the testing
temperatures. The dynamic mechanism that results in a very low level of plastic
localization occurs for alloys and temperature conditions within an intermediate
range of stacking fault energies. e, f Examples of HR-DIC ¢, longitudinal strain
maps for intense plastic localization and homogeneous plasticity, respectively.
Source data are provided as a Source Data file.

specimens that did not fail. CrCoNi demonstrates significantly
higher fatigue strength compared to CrMnFeCoNi and 316L stainless
steel. Figure 9b displays the measured fatigue ratios as a function of
the yield strength. A general trend of decreasing fatigue ratio with
increasing yield strength is typically observed for FCC metals at
room temperature’. However, CrCoNi appears as a clear positive
outlier, exhibiting a significantly higher fatigue ratio than expected.
These findings highlight the beneficial role of dynamic plastic
deformation delocalization in enhancing fatigue properties and
suggest a transformative design strategy for the development of
fatigue-resistant alloys.

Dynamic plastic delocalization occurs in a regime dominated by
nanoscale defects and dislocation glide, typically observed at low
deformation levels. As deformation increases, twinning becomes more
prevalent, with the formation of extended deformation twins that
promote intense plastic localization. Consequently, a transition is

observed, from a regime where dynamic plastic delocalization
enhances fatigue performance (breaks the trade-off between mono-
tonic strength and fatigue strength’) to one dominated by the well-
known dynamic Hall-Petch effect (breaks the trade-off between
strength and ductility), where extended twinning contributes to strain
hardening’*7°.

METHODS

Materials

Five different face centered cubic (FCC) solid-solution-strengthened
alloys were investigated in this study, namely CrCoNi, CrMnFeCoNi,
VCoNi, FeNi36 and stainless steel 316L. For CrCoNi, CrMnFeCoNi and
VCoNi, the pure elements were vacuum induction melted and cast into
ingots. The ingots were homogenized at 1200 °C for 48 h, followed by
rotary swaging for diameter reduction. Recrystallization heat treat-
ments were carried out at 1080 °C for 1 h, 1060°C for 1 h and 1100°C for
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across a deformation twin along the black line is shown in the inset. X indicates the
loading direction. e Latent space feature map resulting from the encoding of
electron backscatter diffraction pattern and revealing thin deformation twins. f
Reduced region of the HR-DIC €, strain map for CrCoNi deformed at 20K. The
location of the extracted TEM foil is marked with a blue band. g BF-TEM overview
image of the corresponding TEM foil. An enlarged view of the region marked using
a blue box in (g) is shown in (h). The inset shows the surface step formed due to
localized plastic deformation. i SADP revealing the presence of an extended
deformation twin. The electron beam was parallel with the [011] crystallographic
zone axis.

15 minutes for CrCoNi, CrMnFeCoNi and VCoNi, respectively, after
which tensile specimens were extracted. 316L specimens were
extracted from a water quenched rolled plate, subjected to an
annealing treatment at 1055 °C for 1 h under high vacuum, followed by
water quenching. FeNi36 specimens were taken from a forged plate
subjected to an annealing treatment at 825 "C for 90 minutes followed
by air cooling. The chemical composition of the investigated alloys in
atomic percent along with the grain size after processing are listed in
Table 1. The grain size includes annealing twins. The yield strengths of
the alloys at liquid nitrogen and liquid helium temperature are shown
using italic and bold formatting, respectively.

Electron microscopy

Scanning electron microscopy (SEM) characterization was performed
using a Thermo Fisher Scientific™ Scios 2 Dual Beam SEM/FIB with a
field emission gun (FEG). The imaging was conducted over areas with
dimensions of 723 x 405 um?, using a 6 x 5 grid pattern with 15 %
overlap between neighboring images. The imaging was performed at
an accelerating voltage of 10 kV and a current of 0.80 nA. Secondary
electron images were acquired with a dwell time of 10 ps per pixel, a
horizontal field of view of 138 pm and at a working distance of 5 mm.
The resulting images have a resolution of 6144 px x 4096 px. Auto-
mated imaging was performed using the AutoScript software from
ThermoFisher™ and a custom Python routine for automated focus/
astigmatism and grid imaging before and after deformation. The
Python routine has been made available on GitHub (https://github.
com/cmbean2/Automated-SEM-Procedure).

Conventional Electron backscatter diffraction (EBSD) measure-
ments were conducted at a 70 tilt using a step size of 1 micron, square
grid collection, 200 frames per second acquisition, an accelerating
voltage of 30kV and a current of 6.4 nA. All EBSD scans were per-
formed prior to deformation on the same regions investigated by HR-
DIC. EBSD was performed on a ThermoFisher Scientific Scios 2 Dual
Beam SEM/FIB using a Hikari Super EBSD detector. EBSD maps were
then adjusted by distortion to match HR-DIC with pixel resolution
using the method described in reference”. For EBSD scans, confidence
index (CI) of 0.5 and higher was obtained.

Energy-dispersive X-ray spectroscopy (EDX) measurements were
conducted in a ThermoFisher Scientific Scios 2 Dual Beam SEM/FIB
using an Octane Elite silicon drift detector (SDD). The measurements
were performed at an accelerating voltage of 20 kV, current of 0.2 nA,
working distance of 10 mm, horizontal field of view of 138 um, 32
frames per second acquisition and a dwell time of 200 ps. The asso-
ciated results obtained from EDX measurements are provided in
Supplementary Fig. 3 and Supplementary Table 1 and 2.

The deformation processes and the profiles of slip step that
develop during deformation on the surface were observed and docu-
mented with the underlying microstructure using site- and orientation-
specific TEM surface lamella preparation by focused ion beam (FIB). A
ThermoFisher Scientific Helios SEM-FIB Dual-Beam system was used to
extract the thin foils with a final cleaning at 5kV and a current of 16 pA
to minimize beam damage effects and ensure minimal introduction of
defects due to sample preparation by FIB. All foils were extracted using
the same parameters for consistent comparison across materials and
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Fig. 9 | Effect of dynamic plastic deformation delocalization on fatigue per-
formance. a Fatigue life at room temperature of the investigated CrCoNi,
CrMnFeCoN:i alloys, and 316L stainless steel as a function of the maximum applied
stress in the very high cycle fatigue regime. The maximum stress is expressed as a
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as a percentage of the yield strength (fatigue ratio), plotted against the yield
strength for the investigated alloys and additional FCC alloys reported in the
literature®®**>, Horizontal arrows indicate specimens that did not fail. Vertical
arrows indicate cases where the fatigue life or fatigue ratio exceeds the yield
strength of the material. Source data are provided as a Source Data file.

testing conditions. A ThermoFisher Scientific Talos F200X G2 Scan-
ning Transmission Electron Microscope (S/TEM) was used to capture
conventional bright-field (BF) and dark-field (DF) TEM images of the
different defects developing in these foils. Microstructure and defect
analysis from these foils down to atomic resolution were performed
using image aberration-corrected and monochromated ThermoFisher
Scientific Titan-Themis STEM at an acceleration voltage of 300 kV.
STEM diffraction contrast imaging (DCI) was performed with bright
(BF) and high-angle annular dark-field (HAADF) detectors by selection
of the appropriate camera length’®. Atomic resolution of the micro-
structure was performed by tilting the thin foils into specific low-index
crystallographic zones. Data was collected and processed using Ther-
moFisher Scientific Velox software. STEM micrographs were corrected
for potential sample drift and scanning beam distortions using the
drift-corrected frame integration function of Velox. Center of Sym-
metry (COS) analysis, which determines the degree of centro-
symmetry for each atomic column in the experimental HAADF-STEM
image and thus identifies distortions in the stacking sequence, was
performed according to the procedure described in refs. 37,38. The
dimensionless center of symmetry parameter M, is calculated for each

atomic column as M, = (% Zf:lD,)/(ZZf:ﬂd,F), where d, is the

relative position vector of one of the six nearest neighbors, ranked by
distance (r =1 to 6), and D, are the minimum vector sums defined as
D, = |d; - dj>. For more details, see reference”. The differentiation
between extrinsic stacking faults (ESF) and twin stacking is based on
the description used in reference®®.

High-resolution digital image correlation

Before deformation, a speckle pattern consisting of 60 nm silver
nanoparticles was formed on the surface of the sample, following the
procedure developed by Montgomery et al.'. HR-DIC was performed
upon completion of each step using proprietary software, XCorrel”.
HR-DIC images were captured before loading and after unloading for
subsequent analysis. The SEM images (6144 px x 4096 px) were divi-
ded into subsets of 31 x 31 pixels (700 nm x 700 nm) with an overlap of
28 pixels between each subset (i.e., step size of 3 pixels (67 nm)). A
representative scanning electron image of the speckle pattern has

been included in Supplementary Fig. 1. Heaviside digital image corre-
lation (H-DIC) is used when considering displacement fields that
involve discontinuous displacement, like those produced by slip
localizations®”. Compared to conventional DIC, H-DIC provides higher
displacement resolutions below 10 nm and the ability to find multiple
discontinuities within a subset. Here, H-DIC enabled direct measure-
ment of the amplitudes of the slip localizations***’.

Deformation twinning identification through ML-driven dif-
fraction analysis and dictionary indexation

To identify deformation twinning beyond what is possible with con-
ventional TEM methods, which are typically restricted to specific
regions of a specimen (not statistically representative), we employed a
complementary set of EBSD-based techniques. Standard EBSD analysis
relying on Hough transforms struggles to detect thin deformation
twins. The electron interaction volume frequently contains over-
lapping diffraction patterns from the parent grain and the thin defor-
mation twins, resulting in diffraction patterns that superimpose two or
more orientations. Hough-based indexing is not adapted to identify
overlapping patterns. To enhance the detection of small deformation
twins, we used the dictionary indexing (DI), based on spherical
indexing, approach developed in reference®. Rather than extracting
only band positions, DI leverages the entire diffraction pattern image,
using all pixels to achieve more robust orientation determination®. A
physics-based forward model is used to generate a master Kikuchi
pattern, followed by a precomputed dictionary of simulated patterns.
For each experimental pattern, a normalized dot product similarity
metric is computed against the dictionary to identify the closest match
and its corresponding orientation. By exploiting the full angular
intensity information in each pattern, DI exhibits improved sensitivity
to overlapping patterns and therefore enables a better detection of
deformation twins. For the present measurements, an accelerating
voltage of 20 kV, a step size of 50 nm and a working distance of 14 mm
were used. The spherical indexing used a bandwidth of 53.

Although DI significantly improves the sensitivity of deformation
twin detection, it still does not explicitly separate overlapping dif-
fraction patterns from twins and parent grains, which limits its ultimate
resolving capability. To further enhance sensitivity, we applied a
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machine-learning based approach that relies on diffraction pattern
encoding and latent-space feature mapping, as detailed in reference®.
In this method, a variational autoencoder (VAE) is used to encode the
full Kikuchi pattern into a compact low-dimensional representation.
Differences in latent-space features directly reveal subtle dis-
crepancies in the diffraction signal. As a result, locations where over-
lapping twin and parent grain patterns are present become readily
distinguishable from those corresponding to the parent grain alone.
This approach provides sub-pixel sensitivity to deformation-induced
orientation changes, enabling a reliable detection of twins with thick-
nesses on the order of only a few tens of nanometers. For the present
measurements, an accelerating voltage of 20 kV, a step size of 50 nm
and a working distance of 14 mm were used. The VAE operates directly
on the raw diffraction patterns, without background subtraction, and
encodes them into a 128-dimensional latent space.

Mechanical testing

Flat dogbone-shaped specimens with a gauge section of 1 x 3 mm? were
machined by electrical discharge machining (EDM) with gauge lengths
of either 6 mm or 10 mm. These samples were mechanically tested on a
NewTec Scientific™ MT1000 5000 Newton tensile stage and an elec-
tromechanical 3R™ VHCF MEG20TT frame equipped with a custom
setup for cryogenic testing. The cooling system consists of a vacuum
double-walled chamber, multilayer insulation material, and helium/
nitrogen liquid container. The system is designed as a closed-loop to
recycle helium. For tests conducted at cryogenic temperatures, spe-
cimens were exposed to either liquid helium or nitrogen pushed from
a dewar using helium or nitrogen gas, respectively. The temperature
measurement was conducted using a silicon diode located near the
specimen that displays an accuracy of less than 1 Kelvin within a range
of 1.4 to 500 Kelvin. The monotonic tensile tests were conducted at a
quasi-static strain rate between 10 s™ to 10 s™ and were interrupted
at multiple plastic strain values. The stress-displacement response
along with the associated stress-strain curves are provided in Supple-
mentary Fig. 2. The 0.2% offset yield strength values for all alloys as a
function of temperature are reported in Table 1 and the specimen
geometry along with the testing setup have been shown in Supple-
mentary Fig. 1.

Fatigue testing

Very high cycle fatigue (VHCF) testing was performed on the
medium-entropy CrCoNi alloy, the high-entropy CrMnFeCoNi alloy
and the 316L stainless steel. For the CrCoNi and CrMnFeCoNi, the
pure metals were vacuum induction melted and cast, after which the
as-cast ingots were homogenized at 1200 °C for 48 h. Rotary swaging
was used to reduce the diameter of the homogenized ingots from 40
mm to 10.7 mm. Cylindrical fatigue specimens with a gauge diameter
of 3 mm and length of ~70 mm were machined from these rods and
subjected to an annealing treatment at 1080 °C for 1 h for CrCoNi and
at 1060 °C for 1 h for CrMnFeCoNi, followed by air cooling to obtain
an average grain size of around 30 um. The specimens were sub-
jected to mechanical polishing and finished with a 3 um diamond
suspension prior to testing. A 3R™ VHCF MEG20TT ultrasonic fatigue
testing frame was used to conduct the fatigue tests at room tem-
perature. The specimens were designed to have their first tension-
compression eigenmode at 20 kHz®. Potential self-heating was
eliminated by employing the “pulse-pause” method®, corresponding
to 300 ms of cycling followed by 700 ms of rest. The tests were
performed under fully reversed tension-compression loading, cor-
responding to a fatigue ratio of R = — 1. The fatigue strength was
determined at 5 x 108 cycles by adopting the staircase approach®s.
Low levels of alternating stress were initially applied after which
power increments of 3% were made, corresponding to a stress
increase of ~25 MPa. For any given stress level, if specimen failure did

not occur after 5 x 108 cycles, the following test was conducted at an
elevated stress level until failure. The general specimen geometry
and the testing setup are shown in Supplementary Fig. 1.

Stacking fault energy calculation

Theoretical approach to stacking fault energy (SFE) calculation
involves density functional theory (DFT) at O K and ab-initio molecular
dynamics (AIMD) at finite temperatures via Vienna Ab-initio Simulation
Package (VASP)¥. First, the SFE calculation in DFT is performed fol-
lowing the atomic relaxation and determination of lattice constants for
superlattice. We construct 270 atomic sites in the oriented lattice,
aligning 9 {111} planes into z-direction. These 270 atomic sites are
substituted by different constituent elements based on each alloy
composition. The atomic configuration is established in special quasi-
random structures via ATAT package®, then fully relaxed and opti-
mized for every lattice constant. We use volumetric-energy method in
determination of lattice constant. Details of calculations in lattice
constant are referred to the previous works**?.. After determining the
lattice constants, we apply a slip at a different atomic plane, and cal-
culate the SFEs. The SFE is calculated as below”,

V=" 1)

where Ep and £ are energies of initial and deformed states, and A is an
area of slip-plane. The DFT calculations are implemented within the
projected-augmented-waves (PAW)”* approach via Perdew-Burke-
Ernzerhof (PBE)** exchange-correlation potentials. The PAW-PBE
pseudopotentials for Ni, Co, Cr, Fe, Mn, and V are employed with the
following valence electron configurations Ni (3p®3d°®4s'), Co
(3d®4sY), Cr (3p°3d°4s'), Fe (3p°3d’4s"), Mn (3p®3d°4s'), and V
(3s?3p° 3d* 4s"), respectively. The oriented FCC superlattice with 270
atoms is employed with Monkhorst-pack k-mesh 2 x 2 for electronic
minimization and ionic relaxation in allowing full distortions and
lattice volumetric optimization, and 2 x 2 x 1 for determining SFEs to
hinder redundant SFs outside the periodic boundary. A 450 eV plane-
wave energy cut-off is used for all the calculations. The tolerance
criteria for energy and force are allowed within 1 meV and 5 meV/A,
respectively. For SFE of each alloy at finite temperatures, we employ
ab-initio molecular dynamics (AIMD)***", This approach does not rely
on 1) the empirical interatomic potential that is commonly used in
the classical MD, and 2) the extrapolation of free energy from 0 K
(such as quasi-harmonic approximation), so that we can more
accurately estimate the SFEs at finite temperatures. For the
electronic-minimization in AIMD, we use the same PAW-PBE
pseudopotentials from the DFT calculation. A Nosé-Hoover thermo-
stat is chosen for drawing an equilibrium state from a canonical
ensemble of sampled states°, This introduces fictitious friction
terms to permit temperature control into the Hamiltonian such that,

N
H= ;%SZ(F[')Z —U,M)+ %sl +3NkTIn(s) )

where N is the total number of atoms, m the mass of atom in i site, s the
fictitious parameter introduced, 7 the position of atoms, so that the
first two terms are kinetic and potential energy (U,) of the given sys-
tem. Q is the effective mass of s, k is the Boltzmann constant, and T is
the temperature. We set Q =1, and the simulation is controlled in 2 fs
time-step (total 600 ~ 700 steps, i.e., 1.2 ~ 1.4 ps), 450 eV plane-wave
energy cut-off, and single k-point I mesh-grid. We use the optimized
structures at O K as initial points. Among the multiple slip-cuts, we only
select the one slip-cut that gives the maximum SFEs in each slip system,
since it dictates the macroscopic deformation***’. On the slip-cut of
the maximum SFE, we set the temperatures of 77K and 300K for each
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alloy. The equilibrated temperature along the time frame approaches
the target temperature on average for all the calculations. The proper
equilibrating step is determined by the minimum error of mean, €. The

Vi
bk’

where V;is

error of mean at each cutoff step (i) is defined by €; = , /5

variance, N,; the number of data at each cutoff, and « is correlation
time based on autocorrelation such that,

N, 1 N _ _
x—1+2;m;<xk—)()<xk+j—)(> ©)

where V, X, and N, are variance, average, and total number of data for
original X without cutoff. Total energies of undeformed or deformed
structures have the converged value on average by excluding the data
in non-equilibrating steps.

Data availability

The datasets generated during and/or analyzed during the current
study are available from the corresponding author on request. Source
data are provided with this paper.

Code availability

The code for center-of-symmetry calculation is not available online or
publicly accessible, however it can be reproduced from references’®”’.
The dictionary indexing algorithm for EBSD data is described in
reference®. The implementation for encoding Kikuchi/diffraction
patterns can be readily reproduced following the procedure detailed
in reference®. The associated train, test and validation datasets are

100

publicly available'®.
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