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Abstract
Internal strain and its distribution in crystal lattice play important roles in tuning dislocation activities, which would affect the mechanical properties of
materials consequently. Here, by combing integrated differential phase contrast, in situ transmission electron microscope characterizations and computer
simulations, we revealed a way of homogenizing dislocation pinning by doping high concentration of oxygen atoms with high diffusion mobility into NiCoCr
medium entropy alloy. The doping of massive oxygen atoms introduces high density of strong local pinning points for dislocation motion. Moreover, the
oxygen interstitials can easily diffuse and move between different octahedral and tetrahedral sites in the distorted crystal lattice of NiCoCr alloy at even room
temperature, based on which severe stress concentrations produced by dislocation tangling can be released and strong local dislocation pinning points can be
re-built at other sites towards a uniform way, enabling the material with high strength and outstanding deformability. Our results indicate that the interstitial
atoms may become highly mobile at even ambient temperature in complex multi-elements alloys with spreading lattice distortion, which may open a new
branch of dislocation engineering.

Full Text
The mechanical properties of materials are determined by how the strain energy is accumulated and released under applied stress. The accumulation leads to
strengthening and the release enables deformation1. In metals, dislocation activities play important roles in tuning the strength and deformation of materials
since dislocation motion carries and transfers strain2-6. The common strategy of strengthening is increasing the resistance to dislocation motion by
introducing additional strain �elds to interact with dislocations, raising energy barriers for strain transportation7. An important way to introduce additional
strain �elds is to use solute atoms which would produce lattice distortion that can create local strain and roughen the lattice, resulting in impediment to
dislocation movement8-13. Compared with substitutional atoms, interstitial atoms would produce even larger lattice distortion since the volume of the
interstitial sites is quite limited, which are more e�cient in strengthening14. However, the content of interstitial atoms in solid solutions is usually low since
severe lattice distortion would lead to structural change and precipitation15. Speci�cally, for materials with close-packed crystal structure such as face-
centered-cubic (FCC) structured materials, interstitial atoms can usually only stay in octahedral sites since the corresponding interstitial volume is the
largest16. The overall contribution that interstitial atoms can make to materials strengthen is limited.  

In addition, solid solution strengthening is accompanied by a reduction in deformability17, 18. As dislocation motion is strongly hindered by stationary strain
�elds, localized severe stress concentration would be built up which may initiate microcracks19, 20. The origin of such reduction in deformability is due to the
fact that the solute atoms would be di�cult to migrate at room temperature so that they act as strict barriers for dislocation motion and result in localized
accumulation of strain energy21, 22. The di�culty in the diffusion of solute atoms is closely related to the high diffusion energy barrier of atoms in the rigid
lattice16, 23. For instance, in the regular elemental face-centered-cubic lattice, the different octahedral sites have the same space and interstitial formation
energy. There is a lack of driven force for interstitial atoms to diffuse24. Therefore, one interesting question comes into mind is that if the interstitial atoms
become mobile can the internal strain �eld be dynamically regulated? In other words, the pinning points for dislocation motion can be relieved and re-built, so
that the severe stress concentrations can be released to enhance deformability while strengthening the materials. To realize the above hypothesis, the lattice,
which can provide long-range pathways and alternative spaces for the migration of interstitial atoms, is required.

High entropy alloys (HEAs) are the typical substitutional solid solution in which the lattice roughness is maximized due to the high degree of mixture of
different atoms25–27. The residual strain �eld caused by modulus mismatch and atomic size difference comprises both volumetric and shear components,
which exhibit a large spreading28–30. It is considered that the inherent lattice distortion of the HEAs may lead to the accommodation of more interstitial
atoms31. Through the synergetic effect of inherent substitutional solid solution strengthening of HEAs and interstitial solid solution strengthening effects, the
strength of materials may be optimized. Meanwhile, if interstitial atoms can massively diffuse at even room temperature, the dislocation pinning may be
dynamically tunable, leading to homogenization of internal strain, which would be bene�cial for releasing localized stress concentration and enhancing
materials deformability.

Motivated by the above considerations, we introduced 6 at% oxygen (at%, atomic percent) into the NiCoCr medium entropy alloy to synthesize (NiCoCr)94O6

(denoted as NiCoCrO) solid solution. The yield strength of NiCoCrO alloy was tested to be approximately twice of NiCoCr alloy. Meanwhile, the material
maintained quite good deformability even in the form of submicron/nanometer-sized samples. Combining integrated differential phase contrast- scanning
transmission electron microscope (iDPC-STEM) imaging, in situ transmission electron microscope (TEM) characterizations and computer simulations, it was
observed that the oxygen interstitials can stay in both octahedral and tetrahedral interstitial sites and jump between different octahedral and tetrahedral
interstitial sites within the distorted lattice of the high entropy alloys at room temperature. The local accumulation of oxygen atoms produced effective pinning
points to hinder dislocation motion, making strengthening, while the diffusion of oxygen atoms between different interstitial sites generated pinning
homogenization, enabling the material to release severe localized strain concentrations during deformation to enhance deformability.

The results show that NiCoCrO is an FCC structured solid solution containing high density of nanosized crystal defects (shown as nanosized dark domains),
which differs from NiCoCr alloy. Figure 1a shows the typical microstructure of NiCoCrO alloy. Electron energy loss spectroscopy (EELS) characterization
around the dark domain (see inset in Fig. 1a) shows the existence of oxygen near the dark domain, indicating that the dark domain may be structural defects
caused by oxygen doping. However, the energy-dispersive X-ray spectroscopy (EDS) mapping shows the distribution of oxygen throughout the entire lattice.
Figure 1b presents the atomic-resolution high angle annular dark-�eld (HAADF) images and the corresponding EDS maps of the NiCoCrO alloy with [110] zone
axis. On each EDS map for a speci�c element such as Ni, the number of Ni atoms along the given orientation is proportional to the brightness in the speci�c
spot32. It was found that random distribution can be seen for all three elements Ni, Co and Cr, but the distribution of oxygen is more related to that of Cr: O
tends to stay in interstitial positions adjacent to Cr-rich lattice sites. Our integrated high angle annular dark-�eld (HAADF) images and bright-�eld (BF) images
(see Fig. 1c-e) show that there are additional atoms appeared locally since the certain atomic column may be inclined. No extra diffraction spots can be found
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in the corresponding fast Fourier transform (FFT) pattern (see inset at the bottom right of Fig. 1c and e), indicating that oxygen doping does not cause the
generation of new ordered structure, but causes severe lattice distortion, that is, some Ni, Co, Cr atoms deviate from their original sites. The pictures of the
local lattice distortion varied as shown in Figs. 1c-e, which means the local crystalline defects caused by oxygen are various.

To directly present the existence of oxygen in NiCoCrO, we adopted the advanced integrated differential phase contrast (iDPC) technique, which achieves
simultaneous and high-resolution imaging of light and heavy atoms33, 34. Figure. 2a shows the arrangement of atoms in the defect-free area with the incident
electron beam aligned along the [110] zone axis. From the iDPC images, it was observed that oxygen atoms stay in the octahedral interstitial sites (as shown
by the green spheres) in the FCC lattice. The result is consistent with the EDS maps in Fig. 1b. However, we found that the oxygen interstitials in the distorted
lattice not only occupy octahedral sites but also the tetrahedral sites as marked by the purple spheres in Fig. 2b, which was rarely reported in FCC materials16.
The occupancy of oxygen in the tetrahedral sites leads to strong lattice distortion. The atomic columns became inclined. Due to the severe lattice distortion,
the tetrahedral interstitial positions in the NiCoCrO alloy are slightly different from those in the conventional face-centered-cubic structure metals. In addition,
the resultant stress �eld associated with the lattice distortion would interact with dislocations. Figure 2c shows the core structure of an edge dislocation with

Burgers vector 1/2[ ] where oxygen atoms occupy both the tetrahedral and the octahedral interstitial sites at the edge dislocation in the area with the
greatest tensile stress. In addition, the offset directions of the atoms near the dislocation core are different, indicating that the doping of oxygen interstitial
atoms introduces various lattice stress �elds at the dislocation core.

The increased possibility of oxygen atoms to stay in tetrahedral sites in our material should be related to the distorted lattice in the multi-element alloys. We
calculated the formation energy  of the interstitial oxygen in different octahedral and tetrahedral sites, which is expressed as:

Here,  and  are the DFT calculated energy with and without interstitial oxygen, respectively.  denotes the chemical potential of the
gas . It is a fact that the formation energies show a broad distribution originating from the complex chemical environment surrounding the oxygen
interstitial. Similar to conventional FCC metals and alloys, the average formation energies of oxygen interstitials at octahedral sites are lower compared to the
case of oxygen at tetrahedral sites 35. However, as shown in Fig. 2d, their wide distribution of formation energy of oxygen interstitials exhibits a signi�cantly
overlapped area between octahedral and tetrahedral sites. Thus, from the energetics perspective, both tetrahedral and octahedral interstitial oxygen should
exist in the NiCoCrO alloy, and the amount of octahedral-O is more than that of tetrahedral-O, which is consistent with the experimental observation. In FCC
crystal, the octahedral interstitial site is larger than the tetrahedral site 36, so oxygen doping in octahedral sites did not cause signi�cant atomic shifts. But
when the local oxygen concentration is higher than a certain value, the tetrahedral sites will be occupied, introducing large intrinsic residual stress �elds. To
further prove the correctness of this statement, we calculated the lattice distortion parameters of NiCoCrO alloys with no interstitial-O, 6% tetrahedral-O and 6%
octahedral-O, respectively. Figure 2f presents the atomic con�gurations of 108-atom NiCoCr alloys containing zero, 7 octahedral and 7 tetrahedral oxygen
interstitial sites at 300 K (from left to right). The obvious lattice distortion can be observed among samples containing octahedral and tetrahedral oxygen
interstitials, which could be con�rmed by the calculated lattice distortion parameter γ (see Fig. 2e). γ was de�ned as:

where  and  are the actual and lattice positions for ith atom, respectively. The calculation results con�rm the view that the doping of octahedral-O leads
to large lattice distortion.

To reveal the in�uence of such microstructure on dislocation motion directly, we performed in situ TEM straining experiments at room temperature on NiCoCrO
alloy. We found that compared to that in NiCoCr, the dislocation line in NiCoCrO alloy is wavy and tortuous which is highly related to the pinning from the dark
domains (Fig. 3a). The image sequences in Fig. 3b and Movie S1 show the representative dislocation glide behavior in NiCoCrO alloy. During in situ straining
process, dislocations were subjected to continuous sliding resistance from the randomly distributed severe lattice distortion points along the moving path (the
pinning points are marked by the white circle in Fig. 3b), resulting in the continuous change of the dislocation morphology. Dislocation reaction was observed
to overcome the Peierls friction or the severe local barriers 30: the segments of dislocation (such as d2 in Fig. 3b) re-combined with the segments of adjacent
dislocations. The motion of partial dislocations was also strongly affected (as shown in Fig. 3c and Movie S2). Because of the unevenly distributed pinning
points, the dissociation of dislocations and the morphology of the stacking faults continuously changed. Severe local pinning would cause dislocation
entanglement as shown in Fig. 3d. In conventional alloys, dislocation entanglement will further lead to dislocation pile-up, local stress concentration and crack
initiation. However, in NiCoCrO alloy, it was observed that the tangled dislocations can untangle under higher applied stress as shown in the yellow and white
circles in Fig. 3d. Such “disentanglement” of dislocations is very important for the stable release of strain energy, which is bene�cial to the balance of strength
and deformability.

The untangling and the release of the severe pinning can be explained by the high mobility and diffusion of oxygen atoms within the NiCoCrO lattice at room
temperature. It was found that electron beam irradiation had a great effect on moving the oxygen atoms. Under the beam current of 60 pA, we acquired a
series of image sequences in about 13 minutes and merged them into video (Movie S4). Figure 4a displays the overlapped picture of the evolution of atomic
structure and the internal strain calculated by geometric phase analysis (GPA) at a severe lattice distorted point under the action of electron beam irradiation32,

37: the distorted lattice gradually recovered until the distortion disappears, as shown by the white circled area in Fig. 4a. Comparison in Fig. 4a. -  indicates
the continuous decrease of oxygen atoms in this area during this process. Meanwhile, at the region  where there were no oxygen atoms and distortion
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originally, we found the appearance of oxygen atoms (shown by the blue arrows in Fig. 4a. ), indicating that there are oxygen atoms migrated here, building
new oxygen concentrated point and lattice distortion.

To theoretically understand the change of pinning points associated with the dynamic evolution of local residual strain, we obtained the temperature-
independent diffusivities of 6% oxygen interstitial migrating in NiCoCr by performing AIMD simulations (see Methods for details). The obtained diffusion
coe�cients at different temperatures were used to �t the Arrhenius law (see Fig. S1), that yielded the activation energy  of oxygen interstitials diffusing in
NiCoCr as a value of 0.52 eV. Such a low energy barrier suggests that the oxygen interstitials can easily diffuse in NiCoCr lattices. The diffusion distance L can
be estimated according to , where D is the diffusion coe�cient of oxygen interstitials. For example, t = 1 s, L ≈ 4.4 nm at 300 K. Such diffusion
process can be even accelerated under the electron irradiation by TEM (as shown in Fig. 4A) and the stress �eld near dislocations. The latter case was
demonstrated in Fig. 4b, showing the dislocation-promoted motion of oxygen atoms under athermal shear studied by DFT calculation (see Methods for
details). Speci�cally, independent NiCoCr con�gurations were initially set up by introducing full edge dislocations in the middle of oxygen interstitials
(randomly located in Octahedral (O) or Tetrahedral (T) sites), while the decomposed partials were pinned by the bounded oxygen interstitials (see Fig. S2).
With the applied shear strain, Images I-II and III-IV in Fig. 4b recorded the motion of oxygen atom from O to T site and T to T site, respectively (three-dimension
view of those two diffusion paths are also illustrated in Fig. 4b). More examples are presented in Fig. S4. Thus, the migration of oxygen atoms at the high-
density dislocation entanglement under the action of applied stress avoids the initiation of cracks at the stress concentration. Again, with the movement of
oxygen from octahedral to tetrahedral or tetrahedral to another tetrahedral, homogenization of the oxygen-led dislocation pinning can occur, and local stress
concentration can be limited through oxygen diffusion while strengthening or oxygen-led dislocation pinning still can be achieved in a uniform way.

The dynamic evolution of the high density of local pinning enables the material with superior mechanical properties. In-situ compression tests were performed
on the cylindrical micropillar with different sizes as well as compression testing on the bulk counterpart. Figure 4c presents the representative compression
engineering stress-strain curves obtained from NiCoCrO micropillars whose size ranged from 500 nm up to 3 µm. Apparently, the engineering stress increases
with decreasing pillar size. The strength of NiCoCrO samples is about twice that of NiCoCr samples with the same size as shown in the table in Fig. 4c38. It
was calculated that according to the solid-solution strengthening model proposed by Labush39–41, the doping of 6 at% oxygen can cause an increase of Δσ = 
185.91MPa42(the details of the calculation are described in Methods). Obviously, the actual strengthening effect is much stronger than the calculated result.
Particularly, even for the nanopillars with the smallest size (300 nm in diameter), the plastic �ow is quite stable with no catastrophic strain burst appearing on
the stress-strain curves as that commonly observed in FCC micro/nano pillars43. Figure 4d shows the corresponding secondary electron (SE) micrographs of
micropillars after compression. The deformed pillar displayed a series of slip traces in different directions, indicating the activation of multiple slip systems.
The micron/submicron pillars continuously deformed into a drum-shape, indicating a uniform plastic deformation even in the smallest tested pillars. We also
lift out the cross-section samples by using the FIB technique to study the deformation mechanisms. Speci�cally, for pillars smaller than 2 µm in diameter,
nanosized deformation twins were commonly observed as shown in the high-resolution ADF-STEM images and the corresponding fast Fourier transform
(FFT) pattern in Fig. 4e-f.

To sum, high strength and superior deformation stability is achieved in our FCC structured NiCoCrO alloy with high concentration of oxygen doping. Since the
lattice distortion of the multi-elements alloy is spreading, the octahedral and tetrahedral interstitial volumes are varied, so that oxygen can stay in both
octahedral and tetrahedral interstitial sites and easily jump between these two sites or diffuse during room temperature deformation, which leads to the
dynamic homogenization of internal strain map. From one side, the doping of high concentration of interstitial oxygen atoms generates high density of severe
local lattice distortion that can effectively hinder the dislocation motion throughout the entire lattice, accumulating strain energy for strengthening; on the
other hand, the migration of oxygen improves the ability to accommodate and release severe stress concentration, which is bene�cial for stable and
continuous strain transportation. It is also noted that the average value of the residual strains is intrinsically very small in the basic NiCoCr lattice. Adding
more oxygen atoms into NiCoCr without precipitation is di�cult to achieve. If we design the multi-elements alloys with even larger spreading lattice distortion,
one may be able to dope more interstitial atoms into the solutions. The use of the synergetic effect of both substitutional and interstitial atoms may push the
solid solution strengthening to the extreme and most importantly, the interstitial atoms can be mobile, which generates a time-to-time internal strain map that
enables dynamic regulation of dislocation motion and release of severe stress concentration to prevent crack initiation. With this mobile oxygen-led pinning
homogenization, hardening or dislocation pinning is still achieved in a uniform way, which led to the high strength and deformability of the alloy.
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Materials And Methods
Sample preparation and structure characterizations. The NiCoCrO alloy was produced by spark plasma sintering (SPS). The elemental powders of Ni, Co, Cr
and NiO with purity greater than 99.95% and the initial particle size of approximately 44 μm (~325 mesh) were used as the starting materials. The
stoichiometric ratio of Ni, Co, Cr and NiO was 3:3:3:1 (in molar proportion) for the preparation of the powder mixtures. Planetary ball milling (3SP2, MITR)
was employed to mix the raw elemental powders in a tungsten-carbide vial at a speed of 300 rpm for up to 10 hours. Tungsten-carbide balls were added in a
10:1 ball-powder ratio under high-purity Ar as the protecting atmosphere. The as-milled powders were consolidated as bulk alloy by spark plasma sintering
(SPS, 3T-3-MIN, Chenhua) in a carbon felt covered graphite mold. The samples were heated from room temperature to 1300 °C at a heating rate of 100 °C/min
and then sintered at 1300 °C for 10 min under constant pressure of 30 MPa. The vacuum pressure was maintained at ≤ 5 Pa, followed by furnace cooling.

The TEM specimens were polished and then thinned by ion bombardment thinning in a Gatan PIPS  695. Structural characterization using atomic-resolution
high angle annular dark-�eld (HAADF) and bright-�eld (BF) images were conducted in spherical-aberration-corrected TEM instruments (Titan G2 80-200
ChemiSTEM, FEI; and ARM200F, JEOL). The atomic-resolution EDS mapping was performed by aberration-corrected STEM (Spectra 300 X-CFEG, FEI). The
characterization of oxygen atoms using the advanced integrated differential phase contrast (iDPC) technique was carried out by Spectra 300 X-CFEG (FEI). 

In situ TEM and SEM experiments. In situ TEM tensile experiments were conducted at room temperature using PicoFemto in situ tensile TEM single tilt holder-
FST-ST in a FEI Tecnai G2 F20 TEM operating at 200 kV. The samples for in situ compression tests were prepared by a dual-beam SEM/focused ion beam
(FIB) system (Quanta 3D FEG, FEI). The FIB-milled micropillars were prepared with various diameters ranging from 0.5 μm to 3 μm, while the aspect ratio was
~2.2. The in situ compression experiments were performed using a Hysitron Pi87 SEM nanoindenter in a FIB (Helios 600, FEI).

The calculation of solid solution strengthening effect. The introduction of interstitial atoms leads to lattice distortion. The interaction between dislocation and
lattice stress can improve the strength of alloys. Based on Labush model39-41, the yield stress increment due to interstitial solid solution strengthening is given
by:

Where M is the Taylor factor, ν is Poisson’s ratio, w is a material parameter, b is the magnitude of the Burgers vector, μ is the shear modulus,  is

the mis�t strains due to tetrahedral-interstitial and octahedral-interstitial solute atoms respectively,  is the tetrahedral-interstitial solute content, and 
is the octahedral-interstitial solute content. For NiCoCrO, taking M = 3.06, ν = 0.30, w =5b42, μ = 88.5 GPa. Based on the �rst-principles calculation, 

 The calculation result is about 185.91MPa.

DFT calculation of O interstitials formation energy. The equi-molar NiCoCr samples, containing 108 atoms, were generated as special quasi-random structure
(SQS)44, which was used as the initial starting point of the simulations. For the sake of calculating the formation energies of interstitial oxygen in NiCoCr, one
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oxygen was randomly inserted into different octahedral and tetrahedral sites of NiCoCr. Energy calculations were performed using the Vienna ab initio
simulation package45, 46 with a plane wave cutoff energy of 520 eV. Brillouin zone integrations were performed using 2×2×2 Monkhorst–Pack meshes47 and
spin polarization was considered. Projector augmented wave potentials48 were adopted with the Perdew–Burke–Ernzerhof generalized-gradient
approximation for the exchange-correlation functional49. The total energy tolerances were set to be 1.0×10-5 eV/atom. 

AIMD simulation of diffusivity of O interstitials. The diffusivity of interstitial oxygen in NiCoCr was implemented via ab initio molecular dynamics simulations
(AIMDs). Seven oxygen atoms (~6% concentration) are randomly inserted into the octahedral and tetrahedral sites of NiCoCr. The plane wave cutoff energy
was set to 450 eV. Brillouin zone integrations were performed using a single k-point (Γ)47. The time step of 2 fs was used for AIMD simulation. The volume of
initial con�gurations at each temperature was derived by �tting the pressure-volume curve and then, the supercell volume was �xed in the following AIMD
simulations. After 20 ps of equilibration, a total of 1 ns of AIMD simulations is su�cient to acquire interstitial oxygen diffusion trajectories.

DFT calculation of dislocation-O interaction. DFT calculation was implemented to study the interaction between dislocations and O interstitials. At �rst, an
edge dislocation dipole with Burgers vector b= 1/2<1 1 0> is introduced in different independent orthogonal periodic supercells (448 atoms) where the x, y, z
axis along with [1 1 0], [1 1

1 1] slip surface. After fully relaxed the atoms of different initial O-containing con�gurations, we performed athermal quasi-static shear simulations: i.e. an
increment of the shear strain,  , was gradually applied to the supercell along the direction of Burgers vector b (i.e., x axis), followed by energy minimization.
Repeating this process until the dislocation core starts to move from its strain-free position and interacts with the neighboring oxygen atoms. Energy
calculations were performed using the Vienna ab initio simulation package45, 46 without considering magnetic effects. Projector augmented wave potentials
were employed with the Perdew–Burke–Ernzerhof generalized-gradient approximation for the exchange-correlation functional48, 49. The plane wave cutoff
energy was set to 400 eV with a maximum energy threshold of 2*10-4 meV/atom. Brillouin zone integrations were performed using a single k-point (Γ). We
identify the dislocation cores based on the coordination neighbor analysis for each atom, which is visualized in the software of Ovito50.
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Figure 1

Microstructure characterization of the NiCoCrO alloy. (a) TEM image. Red squares represent the dark domain, and the inset is an enlarged view of the dark
domain and corresponding EELS map. (b) Aberration-corrected STEM-HAADF image of the local atomic structure from blue squares without dark domains in
a, taken with the [110] zone axis, and corresponding EDS maps for individual elements of Ni, Co, Cr, O. (c)-(e) HAADF and BF images taken with the [110] zone
axis, showing the atomic structure of different dark domains. FFT pattern indicates the structural information such as defects, and the inset is an enlarged
view of the yellow squares. STEM images reveal the dark domains are lattice defects, that is, there are some atoms under the same atomic column deviating
from the normal lattice sites.
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Figure 2

Distribution of oxygen atoms in the NiCoCrO alloy. HAADF and iDPC images of (a) defect-free area, (b) distorted lattice and (c) dislocation core, with the [110]
zone axis. The third column pictures are partial enlargements of iDPC images. Dark and light blue spheres represent the regular and inclined atomic columns
respectively. Oxygen atoms in the octahedral and tetrahedral interstitial sites are indicated by green and purple spheres. (d) Distribution of formation energy of
oxygen interstitial at different octahedral and tetrahedral sites in NiCoCr alloy. (e) The lattice distortion for 108-atom NiCoCr alloys containing zero, 7
octahedral and 7 tetrahedral oxygen interstitial sites. (f) From left to right: atomic con�guration of 108-atom NiCoCr alloy containing zero, 7 octahedral and 7
tetrahedral oxygen interstitial sites at 300 K.

Figure 3

Dislocation structure and dislocation movement in the NiCoCrO alloy. (a) TEM image showing the dislocation structure. (b) TEM observation showing the
sluggish motion of full dislocation. The orange, red and blue lines represent dislocation 1(d1), dislocation 2 (d2) and dislocation 3 (d3) respectively. The white
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circles are indicated the dislocation pinning points. (c) TEM screenshots showing the sluggish motion of partial dislocation. The yellow dot lines represent
partial dislocation 1 (d1) and partial dislocation 2 (d2). The dislocation pinning points are marked by yellow arrows. (d) TEM images showing the phenomenon
of high dislocation density entanglement-disentanglement, marked by white and yellow circles.

Figure 4

Intrinsic mechanisms and mechanical properties. (a) STEM observation and corresponding maps of horizontal normal strain (εxx) of oxygen defects activity
in NiCoCrO alloy. Oxygen defects are marked by white circles. Image -  are enlarged views of the yellow squares, with the yellow arrows indicating the sites of
the oxygen atom columns. Image  are enlarged views of the blue squares, where contain oxygen atoms migrating from other positions, indicated by blue
arrows. (b) Schematic illustration of oxygen atoms motion from octahedral (O) to tetrahedral (T) site as well as T to T site. Image I-IV are examples of atomic
con�gurations showing the dislocation-promoted motion of oxygen atoms by DFT calculation. Only the interested portion of the whole simulation supercells
(see Fig. S3) are present for clarity. I and II show O to T, at the shear strain of 2.4% and 2.5%, respectively, while III and IV are for T to T at the shear strain of
0.2% and 0.3%, respectively. The arrows indicated the moved oxygen interstitials and all the atoms were colored according to the coordination neighbor
analysis. (c) Engineering stress-strain curves obtained from the in-situ compression experiments for NiCoCrO micropillars with different diameters (3 μm-0.5
μm). The table summarizes the compressive yield strength of NiCoCrO and NiCoCr micropillars with different diameters. The illustration shows the
compressive engineering stress-strain curves for the NiCoCrO pillar with a diameter of 0.30 μm and the NiCoCr pillar with a diameter of 0.25 μm. (d) SEM
morphologies of post deformed micropillars with different diameters (3 μm-0.5 μm). (e) Atomic resolution HADDF image extracted from the 2 μm pillar. The
FFT pattern displays twin structures. (f) Atomic resolution HADDF image extracted from the 1 μm pillar. The FFT pattern displays twin structures.
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