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Abstract 

 

In this study, a multi-length-scale strengthening approach was used to tailor the microstructure and 

the mechanical properties of a NiCoCr-based multi-principal element alloy (MPEA). Grain size 

refinement, severe lattice distortion, and stacking fault energy (SFE) reduction with Mo addition 

(up to 10 at.%) enhance yield strength by 85% with only 10% reduction in ductility in as-annealed 

MPEAs. A pronounced increase in the strain hardening rate was observed with the addition of Mo, 

which is ascribed to the promotion of complex stacking fault (SF) interaction and intersection, 

accompanied by Lomer-Cottrell (L-C) and Hirth locks inhibiting dislocation motion and 

substantial increase in the accumulation of back stress. To push the limit of the yield strength 

further, the Suzuki segregation phenomenon was manipulated by a careful control of SF density 

by pre-straining and a subsequent 500 °C heat treatment. The stress-strain responses of the pre-

strained and heat treated MPEAs showed an obvious SF density and Mo concentration dependence. 

The yield strength of the pre-strained Mo-added MPEAs with subsequent heat treatment was 

increased up to true stress of 2.3 GPa with a corresponding fracture elongation of 12% true strain. 

SFs formed during pre-straining served as Cr segregation sites during subsequent heat treatment, 

which substantially varies the local SFE within the SF, presenting a roughened landscape and 

frustrating the dislocation dynamics. Beyond conventional strengthening strategies, incorporation 

of refractory elements along with the manipulation of Suzuki segregation process provide a 

promising route in tailoring desired mechanical properties of MPEAs.    

 

Keywords: Multi-principal element alloys, Mechanical properties, Stacking fault, Suzuki 

segregation, Molybdenum 
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1. Introduction 

 Some multi-principal element alloys (MPEAs), including equiatomic, single-phase 

CrCoNi [1–3] and CrCoFeMnNi [4–6], are now widely recognized for their remarkable 

combinations of pronounced hardening rates, high ductility, and exceptional fracture toughness at 

room and cryogenic temperatures. The pronounced strain hardening regulating the balance 

between strength and ductility has undergone extensive research, but the governing mechanisms 

are still up for debate [7–11]. So far, the mechanisms that have been put forth regarding the strain 

hardening rate are related to an increase in lattice distortion [9,12,13] and a decrease in stacking 

fault energy (SFE) [14–17]. Lattice distortion is a fundamental characteristic of MPEAs. Given 

the local chemical environment, each atom's bonding environment may differ from that of the 

average lattice site, which also provides higher lattice friction stress upon deformation of MPEAs 

compared to pure metals. On the other hand, a significant reduction in SFE promotes dislocation 

dissociation into a/6<112> Shockley partial dislocations bound by an intrinsic stacking fault (ISF) 

at low strain. Further deformation results in the development of more complex defect 

configurations such as extrinsic stacking faults (ESF) and nano-sized deformation twins. Moreover, 

a highly localized phase transformation can also occur where the bands of hexagonal close-packed 

(HCP) crystal structure act as strong obstacles to the motion of non-coplanar dislocations, thus 

increasing macroscopic hardenability [18]. Twinning-induced plasticity (TWIP) and 

transformation-induced plasticity (TRIP) observed in MPEAs can be analogous to several studies 

in advanced austenitic steels [16,19–21]. 

  Although significant efforts have been made to understand the fundamental mechanisms 

governing the strength-ductility trade-off relationship in some MPEAs, the yield strength of single-

phase face-centered cubic (FCC) MPEAs with recrystallized structure remains insufficient, thus 

limiting their structural applications. Several approaches have been attempted and have achieved 

early success in overcoming the drawbacks of low yield strength, such as grain size refinement 

[22–24], precipitation strengthening [25–28], and inducing a heterogeneous microstructure [29,30]. 

Tsuji et al. [31] suggests that a reduction of grain size down to submicron regimes in low-SFE 

alloys successfully enables high yield strength and large ductility by sequential nucleation of 

different deformation modes. Sohn et al. [12] reported on a simple VCoNi equiatomic medium-

entropy alloy that exhibits a near 1 GPa yield strength and good ductility by introducing severe 

lattice distortion. Given the well-known strengthening strategies mentioned above, lattice 

distortion and grain boundary hardening (through grain size refinement) are two fundamental 

mechanisms for improving yield strength. At the same time, ductility enhancement generally 

requires the activation of alternative deformation modes, such as deformation twinning or phase 

transformation in response to the extensive flow stresses.  

 The segregation of solute atoms to planar faults, mainly stacking faults (SFs), has been 

shown to inhibit the subsequent motion of dislocations and can be utilized to enhance the resistance 

of an alloy to plastic deformation; this has been studied in CoNi-based superalloys [32–34] and 

CoCrFeNi-based high-entropy alloys (HEAs) [35]. This enrichment of solute atoms at SFs was 

first observed by Suzuki in 1962 [36], but it has only recently been explored as a potent 

strengthening mechanism. Due to the chemical complexity of MPEAs, i.e., each element has a 

concentration higher than 5%, these alloys pose an interesting opportunity for Suzuki segregation 

and a resultant hardening behavior. A study on modified CoCrFeNi-based HEA explored this 

mechanism [35]. The alloy was heavily cold-rolled and subsequently aged at 500 °C, and the 

authors claim that the enrichment of Co solute segregating at SFs gives rise to an increment of 

high yield strength. This suggests that the degree of Suzuki hardening can be potentially tuned 
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with careful control of SFs density and alloy composition in addition to conventional strengthening 

strategies such as grain size refinement and solid solution hardening. 
 This study aims to tailor the mechanical properties of a class of MPEAs by conventional 

strategies together with Suzuki segregation. Hence, a multi-length-scale approach can be carried 

out as follows: First, conventional strengthening strategies i.e., grain size refinement, solid solution 

strengthening, and SFE reduction, can be achieved by alloying with refractory element. Second, 

the density of lattice defects, mainly SFs, is carefully controlled through pre-straining. This is 

finally followed by the third step involving heat treatment which facilitates the effects of Suzuki 

segregation in relation to the defect network established during previous processing step. The base 

alloy chosen for the investigation is Ni35Co35Cr(30-x)Mox, with small Mo additions from 0 at.% up 

to 10 at.% substituting for Cr. Our hypothesis posits that the incorporation of Mo not only increase 

lattice distortion owing to Mo's larger metallic radius compared to that of Co, Cr, and Ni elements 

[13,36,37], but also reduce SFE that facilitates the formation of SFs for elemental segregation 

[13,37,38]. Mechanical assessments of these alloys are conducted in two conditions: (i) in an as-

annealed state, and (ii) after pre-straining followed by 500 °C heat treatment. This report 

demonstrates that the Mo partitioning and Suzuki hardening can be finely tuned to attain a wide 

range of mechanical properties. Specifically, one of the studied alloys deformed in tensile loading 

to a true strain of 0.47, exhibits a pronounced increment in true stress of 2.3 GPa while maintaining 

large ductility of 12% post heat-treatment.  

  

2. Experimental details 

2.1 Sample fabrication 

 The alloys were manufactured using vacuum induction melting (VIM) from high-purity 

industry grade melt stock. The melt charges weighted 8 kg and were loaded in an alumina crucible 

for VIM under 200 Torr (26.7 kPa) partial pressure of argon. Once melted, the liquid metal was 

brought to a 50 °C superheat and poured into a cylindrical graphite mold to form 75 mm diameter 

ingots. The ingots were homogenized in a vacuum heat-treatment furnace with high-vacuum 

capabilities and utilizing a 50 Torr (6.7 kPa) argon partial pressure once the heat treatment 

temperature reaches 800 °C. A computationally optimized heat treatment schedule was determined 

based on chemistry and microstructure to reduce residual elemental inhomogeneity to below 1%. 

Hot working was performed at 1100 °C and consisted of steps of forging followed by hot rolling 

with reheating between each step. Doing so, the ingots were processed into ~10 mm thick plates. 

 

2.2 Mechanical testing 

 The rolled plates that had undergone the aforementioned thermomechanical processing 

scheme were used to create the tensile testing specimens, which were cut so that the tensile axis 

was parallel to the rolling direction. The samples were cylinder-shaped bars with an overall length 

of 76.2 mm, gauge section length of 31.75 mm, and reduced diameters of 6.25 mm. Tensile testing 

was performed at room temperature using an Instron 5900R with 100 kN load cell. The crosshead 

displacement rate was initially 0.127 mm/min (6.7 × 10-5 s-1) until 1.2% elongation after which the 

crosshead displacement rate was increased to 1.27 mm/min (6.7 × 10−4 s−1) through failure. The 

crosshead displacement rate for the loading-unloading-reloading (LUR) tests was 1.27 mm/min 

(6.7 × 10−4 s−1). At a certain unloading strain, the specimen was unloaded in a load-control mode 

to 200 N at an unloading rate of 1.27mm/ min (6.7 × 10−4 s−1), followed by reloading to the same 

applied load. 
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2.3 Microstructure characterization 

 The as-annealed and pre-strained and heat-treated samples were characterized with a 

JEOL-IT700 scanning electron microscope (SEM) using back-scattered electron (BSE) imaging 

mode as well as the electron back-scattered diffraction (EBSD) detector from Oxford Instruments. 

The EBSD maps were acquired with an acceleration voltage of 20 kV with a working distance of 

15 mm. The samples were scanned with step size of 500 nm. No data clean-up was performed 

except for the removal of some points with low confidence index values.  

For examination using transmission electron microscopy (TEM), the bulk specimens were 

cut into the 3 mm discs, which were subsequently physically reduced to 70 m thickness. Electron-

transparent specimens were obtained using a Struers TenuPol-5 twin-jet electropolisher with a 

20% Perchloric acid and 80% Ethanol electrolyte solution at 16 °C and an applied voltage of 20 

V.  

Overall microstructure and defect analysis was performed using a JEOL 2100Plus scanning 

transmission electron microscope (STEM) at an accelerating voltage of 200 kV. Advanced multi-

scale characterization down to the atomic resolution was achieved with the S-CORR probe 

aberration-corrected and mono-chromated Thermo Fisher Scientific (TFS) Themis-Z STEM at an 

accelerating 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 [39]. Atomic resolution imaging of the microstructure was performed by tilting of 

the thin foils into specific low-index crystallographic zones. Data were collected and processed 

using TFS 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 

Symmetry (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. [40,41].  

Site-specific specimens containing stacking faults were prepared for atom probe 

tomography (APT) analysis using focused ion beam (FIB) lift-out techniques and annular milling 

with a Thermo Fisher Scientific Helios 600 Ga+ FIB. The APT analysis was conducted using a 

CAMECA LEAP 5000 XR APT. The temperature of the sample during APT data acquisition was 

maintained at 40 K. Data was acquired via laser-assisted field evaporation. The energy of the laser 

pulse was nominally 20 pJ pulsing at 200 kHz and the evaporation rate was maintained at 0.005 

atoms/pulse. The data obtained from APT was reconstructed and analyzed using the AP Suite 

software (version 6.3.3.7) from CAMECA instruments. 

 

2.4 First-principles calculations 

The Exact Muffin-Tin Orbital (EMTO) [42–45] method is an enhancement of the Koringa-

Kohn-Rostoker (KKR) approach, which employs optimized overlapping muffin-tin potential 

spheres to precisely represent the one-electron potential. To describe the chemical disorder of the 

high-entropy alloy system, this EMTO method can be combined with coherent potential 

approximation (CPA) [46–49]. The EMTO-CPA package was used to perform the density 

functional theory calculations of the MPEA. The one-electron equations were solved using the 

scalar relativistic approximation and soft-core scheme. The Perdew-Burke-Ernzerhof generalized 

gradient approximation (PBE) [50] was used to approximate the exchange-correlation functional. 

The EMTO Green’s function was calculated self-consistently for 16 exponentially distributed 
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complex energy points [51]. Given the relatively low Curie temperature of CoNiCr, the magnetic 

states of the fcc CoNiCr-based alloys were assumed to be paramagnetic. 

The total energy method [52–54], which is based on the excess total energy associated with 

the formation of a stacking fault in an ideal face-centered cubic lattice, was employed in the 

stacking fault energy calculations. The energy change associated with shifting a particular atomic 

layer in a certain direction to form a stacking fault indicates the energy preference of the stacking 

fault. Adjustments were made to the compositions of the slip planes surrounding the stacking fault, 

but the overall composition of the alloy was fixed. To eliminate the interaction between slip layers 

from the periodic lattice, it is generally necessary to build a multilayer supercell. During the 

generalized stacking fault energy (GSFE) calculation, a supercell model of 9 fcc (111) [55–57] 

planes was used. The stacking fault was simulated by applying a gliding Burgers vector nbp (bp = 

a0<2̅11>/6, a0 is the lattice constant) parallel to the stacking fault direction. Based on the 9-layer 

model, the k-mesh was carefully tested for convergence and a 12×24×3 mesh was used for all 

calculations.  

 

3. Results 

3.1 Sample composition and as-annealed microstructure 

 The composition of the alloys investigated is listed in Table 1. A series of MPEAs with 

nominal composition of Ni35Co35Cr(30-x)Mox (x value in atomic ratio, x = 0, 5, and 10) were 

designed. Owing to the unique microstructural responses to stress with deformation twinning (DT) 

in NiCoCr-based alloys, a commercially pure Ni sample, and the alloys with different content of 

Mo, i.e., 0-Mo, 5-Mo, and 10-Mo were designated to be DT0, DT1, DT2, and DT3, respectively. 

Fig. 1 shows the representative grain microstructure maps obtained by SEM-EBSD measurements 

for the DT alloys that were hot-rolled and annealed. The grain structures of the four DT alloys are 

composed of fully recrystallized single phase, and equiaxed grains that are mostly surrounded by 

high-angle grain boundaries. The fraction of annealing twin boundaries, specifically  type 

boundaries, was found to increase with Mo addition. The mean grain size (d), including annealing 

twin boundaries ranged from 80 m to 19.6 m and decreased with an elevated level of Mo 

addition. The reconstructed stereographic triangle (inverse pole figure (IPF)) was calculated by 

AztecCrystal analysis software. According to the IPF map, the frequency of occurrence of the 

crystal orientation parallel to the normal direction (ND), i.e., the maximum texture intensity (Imax) 

for the DT0 alloy, was slightly higher than the rest of the DT counterparts. Although slightly 

oriented <111> fibers along the ND are present, it should be noted that the Imax in these four DT 

alloys was low as no strong texture developed. 

 

Table1. Nominal composition of pure Ni (DT0) and Ni35Co35Cr30-xMox MPEAs  (DT1, DT2, and 

DT3) in atomic ratio. 

Alloys Ni Co Cr Mo Fe B 

DT-0 100 - - - - - 

DT-1 35.0 35.0 30.0 - - 0.03 

DT-2 35.0 35.0 25.0 5 - 0.03 

DT-3 35.0 35.0 20.0 10 - 0.03 
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3.2 Mechanical properties of as-annealed DT alloys 

 Fig. 2 presents the true stress-strain curves and strain hardening rate curves for as-annealed 

DT alloys. It is evident from the curves that the DT1 alloy demonstrates superior mechanical 

properties compared to pure Ni (DT0), with a higher yield strength of 204 MPa and a significantly 

larger fracture elongation of 82%. As Mo progressively replaces Cr in equal atomic percentages 

of 5% and 10% in DT2 and DT3, respectively, a discernible reduction in mean grain size was 

observed as depicted in Fig. 1. This Mo incorporation manifests in a substantial enhancement of 

both yield and ultimate tensile strength from 204/1490 MPa in Mo-free DT1 to 376/1750 MPa in 

Mo-added DT3. The plot in Fig. 2(b) showcases the strain-hardening rates for four distinct sample 

types as a function of true strains, illustrating that the strain-hardening behavior of DT1-3 differs 

significantly from that of DT0. A steady increase in strain hardening rate was observed in strains 

ranging from 0.1 to 0.5 for DT1-3, followed by an abrupt decline leading to failure. In contrast, 

DT0 showed a steady decrease in strain hardening rate throughout the entire deformation. To 

examine the effect of Mo on strain hardening, a series of loading-unloading-reloading (LUR) 

experiments was conducted on DT1 and 3, aiming to explore the evolution of back stress at varying 

strain levels. In Fig. 2(c), each LUR curve includes fourteen hysteresis cycles (corresponding to 

true strain of 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7). The 

Bauschinger effect (BE) is illustrated through the hysteresis loops (as depicted in Fig. 2(c)-(d)), 

revealing that reverse yielding occurs while the applied stress is still in tension during unloading. 

It is widely accepted that the BE primarily arises from local back stress generated by dislocation 

pile-ups encountering obstacles. Back stress can be calculated based on the characteristics of the 

hysteresis loops of the LUR curve [58]. Fig. 2(e) shows the continuous increase of back stress in 

both DT alloys. The back stress of DT1 is initially lower by 91 MPa than that of DT3 at true strain 

 
Fig. 1: EBSD grain boundary maps of fully recrystallized samples of (a) DT0, (b) DT1, (c) DT2, and (d) 

DT3.  The  green lines in the GB maps represent low angle boundaries with rotation angle (θ), 5° ≤ θ < 15°, 

black lines represent high angle boundaries with rotation angle (θ), θ≥15°, and red lines represent annealing 

twin boundaries (3). Grain orientation distribution indicate that no strong texture was developed. 
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of 0.05. This back-stress difference gets progressively larger with the level of deformation. At 0.7 

true strain (prior to necking), the back stress of DT3 is as high as ~1.2 GPa and ~300 MPa higher 

than that of DT1. The higher back stress in DT3 suggests that alloying with Mo amplifies the long-

range stress caused by pileups of geometrically necessary dislocations (GNDs). These deformation 

patterns associated with strain hardening behavior were carefully examined using S/TEM in the 

following section to clarify the underlying strain hardening mechanism. 

 

3.3 Deformation microstructure of as-annealed DT alloys 

 Fig. 3 demonstrates the tensile curves, strain hardening curves, and the microstructural 

changes. Fig. 3(a) shows distinct two-stage strain-hardening behavior for DT0. The strain-

hardening rate experiences a sudden decline at strains below 0.05, followed by a gradual decrease 

beyond this point. The BF-TEM images in Fig. 3(a1, a2) demonstrate that the primary deformation 

microstructure for DT0, subjected to tensile interruption at a true strain of 0.26, is characterized to 

be equiaxed dislocation cells. Heterogeneous dislocations with different characters gliding on 

multiple slip systems were revealed. The tangled dislocations between wavy slips promote the 

formation of dislocation cells, which is consistent with observations reported for medium-to-high 

SFE metals [59]. On the other hand, for DT1-3, the strain hardening curves can be divided into 

four stages that were defined as A (  0.05), B (0.05 <  < 0.12), C (0.12 <  <0.4), and D ( >0.4). 

In stage A, strain hardening rate considerably declines, which is comparable to that seen in DT0. 

Subsequently, the strain hardening rate reaches a plateau in stage B for a short strain window, then 

followed by a steady increase in strain hardening rate in stage C. Dark field (DF)-TEM images 

 
Fig. 2: (a) True stress-strain curves of as-annealed DT0, DT1, DT2, and DT3; (b) the strain hardening rate-true 

strain curves of as-annealed DT0, DT1, DT2, and DT3; (c) the loading-unloading-reloading curves of DT1 and 

DT3; (d) an enlarged region of (c) showing the reverse/reloading yield in a hysteresis loop; (e) the curves for the 

calculated back stress in DT1 and DT3.  
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shown in Fig. 3 (b1-b2), (c1-c2), (d1-d2) indicate that the main microstructural features after 

deformation are stacking faults and nano-twins. That is further supported by the associated 

diffraction patterns in Fig. 3 (b3, c3, d3) where the streaks and extra diffraction spots correspond 

to the stacking faults and deformation twins oriented edge-on with respect to the electron beam 

direction. It should be noted that two unparallel faulting systems were activated and present with 

different morphologies, the one with the ribbon contrast was identified as SFs inclined to the beam 

direction while the other faulting system identified as a straight-line was oriented edge-on towards 

the zone axis of <110>FCC. The remarkable enhancement in strain hardening observed in DT1-3 

alloys may be attributed to the intersection of non-parallel stacking fault systems, as indicated by 

the yellow circles in Fig. 3 (b1, c1, d1). These intersections lead to the interaction of primary partial 

dislocations, further resulting in the formation of sessile stair-rod dislocations [60].  
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Fig. 3: (a-d) True stress-strain curves and strain-hardening curves of DT0-DT3, where the interrupted true strain 

(0.26) for purpose of TEM characterization is marked with dashed lines; (a1-a2) BF-TEM micrographs show the 

typical deformation microstructure with dislocation cells and tangling dislocations in DT0; (b1-b2) DF-TEM 

micrographs showing inclined and edge-on oriented SFs that slip on two conjugate slip systems in DT1; (b3) 

representative deformation twins with a corresponding SAED pattern attached; (c1-c2) DF-TEM micrographs 

showing inclined, edge-on oriented SFs, and nano-twins that glide on two conjugate slip systems in DT2. (c3) 

Corresponding SEAD pattern showing fine streaks (yellow arrows) and elongated extra spots (red circles), 

attributed to the shape factor of planar defects; (d1-d2) DF- TEM micrographs showing inclined, edge-on oriented 

SFs, and nano-twins that glide on two conjugate slip systems in DT3. (d3) a corresponding SAED pattern showing 

fine streaks (yellow arrows), associated with the presence of SFs and nano-twins. 
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3.4 Mechanical properties of pre-strained DT alloys post-heat treatment 

In addition to strategies related to grain size refinement [20,61], solid solution 

strengthening [62,63], and SFE reduction [7,17,19] for mechanical strengthening, Suzuki 

hardening, i.e., strong chemical interaction between stacking faults (SFs) and specific elemental 

atoms  [32,64,65], can lead to a significant increase in secondary hardening [33]. Based on this 

approach, the recrystallized DT alloys were subjected to uniaxial tensile deformation to two strain 

levels (true strain of 0.26 and 0.47), followed by a heat treatment and then reloaded for tensile 

testing. In Fig. 4 (a-d), the curves with solid lines are the stress-strain curves in uniaxial tensile 

loading of as-annealed DT0-3. The dashed curves in Fig. 4 (a-d) represent the stress-strain 

responses of samples that underwent initial tensile deformation, reaching a true strain of 0.26 (the 

curves are hence offset by that amount), followed by a heat treatment at 500°C for 1 hour and 

subsequent tensile reloading. This results in a softening effect for pure Ni (DT0) in Fig. 4(a), while 

leading to a marked increased flow stresses in Fig. 4(b-d), with steeper true stress-strain curves 

compared to the non-heat-treated samples. The dotted curves in Fig. 4 (b-d) exhibit the stress-

strain responses of samples that were deformed in tensile loading to a true strain of 0.47 and heat-

treated at 500°C for 1 hour. In such case, a pronounced increment in true stress was achieved up 

 
Fig. 4: True stress-strain curves of as-annealed DT alloys and pre-strained DT alloys with applied heat treatment. 

(a) DT0, (b) DT1, (c) DT2, and (d) DT3. Curves I correspond to the true stress-strain curves of as-annealed DT 

alloys. Curves II correspond to the true stress-strain curves of DT alloys that were pre-strained to 0.26 of true strain 

and aged. Curves III represent the true stress-strain curves for DT0 and DT1-3, which were pre-strained to 0.4 and 

0.47 of true strain, respectively, and aged. (e-f) The strain hardening rate-true strain curves for DT0-3 that were 

pre-strained and aged; to true strain levels of 0.26 and 0.47. 
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to 2.3 GPa in the 10-Mo added DT3 while maintaining a notable fracture elongation of 12%. After 

prior strain with heat treatment at 500°C for 1 hour, the stress-strain responses of DT0 differs from 

that of DT1-3 counterparts, with strain softening found in prior 0.26 and 0.4 true strains. To gain 

deeper insights into the plastic responses of heat-treated samples upon reloading, we constructed 

a plot in Fig. 4(e, f) to examine the strain hardening rate as a function of true strain. In Fig. 4(e), 

it is evident that prior strains of 0.26, followed by heat treatment, significantly bolster the 

hardenability of DT1-3, whereas the strain hardening rate experiences an immediate reduction in 

DT0. Moving to Fig. 4(f) with 0.47 prior true strain, the resurgence of strain hardening rate in DT2 

and DT3 delays the onset of necking. In Fig. 5(a), pre-strained DT1 and DT3 samples, followed 

by heat treatment at 500°C for 1 hour, were further tested using LUR experiment. The loading-

unloading-reloading responses remain similar to the as-annealed, but with a higher true stress level 

due to the strengthening caused by the heat treatment. The back stress evolution as a function of 

true strain for DT1 and 3 is plot in Fig. 5(b, c). The steeper slope of back-stress increment indicates 

that back-stress was intensified for DT alloys with heat treatment. The high back stress level 

implies the presence of effective BE caused by strong barriers to dislocation motion, which could 

be responsible for the high level of strain hardening rate shown in Fig. 4(e, f). 

 

 

 

3.5 Deformed microstructure of pre-strained DT alloys with heat treatment 

 SEM-EBSD and S/TEM analyses were carried out for samples that were pre-strained by 

true strain of 0.26 and heat-treated at 500°C for 1 hour. Fig. 6 depicts the representative 

microstructure obtained by EBSD for DT0, 1, and 3. In all three samples, the IPF in Fig. 6(a-c) 

for crystal orientation along the tensile direction (TD) reveal a weak texture of <111>. Additionally, 

Fig 6(g-i) presents Kernel Average Misorientation (KAM) maps, which show a qualitative 

assessment of local misorientations influenced significantly by the density of geometrically 

necessary dislocations (GNDs).  In Fig. 6(g), certain grains within the DT0 sample exhibit minimal 

local misorientation, indicating the occurrence of partial recrystallization during heat treatment. 

This phenomenon provides a plausible explanation for the observed strain softening behavior 

depicted in Fig. 4(a). Conversely, neither DT1 nor the DT3 alloys displayed recrystallization. The 

grain misorientation across the entire scanned region of DT1 and 3 remains high, underscoring 

that the heat treatment did not significantly annihilate GNDs. Although the deformation twinning 

 
Fig. 5: (a) the LUR curves of pre-strained DT1 and DT3 with subsequent heat treatment, (b) the values of back 

stress as a function of true strain for as-annealed DT1 and pre-strained (0.26) DT1 with heat treatment, (c) the 

values of back stress as a function of true strain for as-annealed DT3 and pre-strained (0.26) DT3 with heat 

treatment. 
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behavior has been argued to be grain orientation dependent, i.e., the deformation twinning 

preferentially takes place in the <111> grains // TD, deformation twins in the present study have a 

thickness of only a few nanometers, and therefore they could not be resolved by the EBSD 

mapping.  

 

 

The ADF-STEM DCI micrographs presented in Fig. 7 (a, b, c) illustrate the high-density 

of SFs and their mutual interactions/intersections. The heat treatment does not eliminate the pinned 

partial dislocations; in turn, Fig. 7 (d, e, f) shows that some unlocked SFs expand and terminate at 

intersection nodes (highlighted by yellow and red circles) wherever they encounter other SFs lying 

on conjugate slip planes. These intersection nodes circled in yellow are known for containing 

Lomer-Cotrell (L-C) locks with sessile dislocations acting as strong barriers to the motion of 

incoming dislocations, while intersection nodes circled in red are the dislocation network of 

extended nodes that can be ascribed to the reaction amongst glissile partials [66]. Despite no 

obvious microstructural changes during heat treatment, an elemental change does take place 

atomically as Cr segregation within multiple nano-sized fault planes was unveiled through a three-

dimensional (3-D) reconstruction of atom probe tomography (APT) data for pre-strained and heat-

treated DT2 in Fig. 8(a). This was achieved by employing isoconcentration surfaces with a 

 
Fig. 6: EBSD maps of DT alloys pre-strained to a true strain of 0.26 and subsequently heat treated. (a-c) Grain 
orientation distributions indicate weak oriented <111> fiber texture along the tensile direction (TD) for DT0, DT1, 

and DT3; (d-f) Inverse pole figures of DT alloys; (g-i) The Kernel average misorientation (KAM) maps calculated 

by taking the points as well as all of its nearest neighbors into account with a criterion that the misorientation 

exceeding the threshold (5°) were disregarded.  
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threshold of 62 at.% for the combined Ni and Co content. In Fig. 8(a), the volume rendering with 

4% Co, 4% Ni and 4% Cr is also used to highlight the segregation of elements at the fault and the 

proximity of it, distinguished from the solute segregation to crystallographic poles within the data. 

Fig. 8(b) showcases a one-dimensional concentration profile across fault planes, clearly 

demonstrating the preferential segregation of Cr to these planes at the expense of Co but minimal 

variation in Mo distribution. A slight Cr depletion was detected in close proximity to the right-

hand side fault plane, indicating a localized diffusion phenomenon. Such fault segregation has 

been previously reported in greater detail for this family of NiCoCr-based alloys [64]. Interestingly, 

the Cr segregation width appears much thicker than what a structural fault plane would be, 

indicating that there is likely a gradient of Cr segregation across the fault plane as a result of the 

strain gradient – similar observations have been made for Cottrell atmospheres and grain 

boundaries in other alloys [67–69]. The Cr segregation is expected to increase the SF width and 

node size due to the reduction of SFE [70,71]. Indeed, Figs. 8(c, d) show the wide width and 

roughened landscape of nodes caused by Cr redistribution. Importantly, the heat-treatment induced 

segregation does not induce any local phase transformations within the SF planes, as evidenced by 

the representative high-resolution STEM micrographs in Figs. 8 (e, f), which depict SFs with no 

discernible local phase transformations or precipitation decoration. Note that the Cr segregation 

revealed in the current study is consistent with some studies [36,64,72] but somewhat contradicts 

studies [35,73,74] showing Mo segregation. It should be emphasized that different characterization 

techniques may lead to different results. The interpretation of analytical STEM analysis for 

interface with chemical complexity [35,73,74] is complicated and greatly affected by sample 

thickness and the choice of the ionization edge [75]. The interface profile may differ by more than 

 
Fig. 7: The general deformation microstructure of pre-strained DT alloys with subsequent heat treatment. (a-c) 

The ADF-STEM DCI micrographs show enormous planar defect density on two conjugate slip systems; (b-f) The 

morphological details of unparallel stacking faults were revealed using DF-TEM. The intersections of SFs and 

the extended stacking-fault nodes were highlighted using yellow and red circles, respectively. 
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1 nm which is too large to atomically resolve the chemistry variation within SFs. For this reason, 

the APT used in this work provides a better spatial resolution for elemental analysis. Additionally, 

alloy chemistry, processing and heat treatments that may promote other local phase equilibria and 

transformations may play a role in determining the structure and segregating atoms. 

 
 

 

 
Fig. 8: (a) 3-D reconstruction of APT data in pre-strained and heat treated DT2 along with an overlay of a 62 at.% 

Cr + Ni isocomposition surface highlighting the Cr segregation in a nano-twin with multiple fault planes; (b) A 

1-D concentration elemental profile across multiple fault planes; (c) BF-STEM DCI micrograph showing 

overview of the microstructure with many extended stacking-fault node configurations parallel with the active 

slip planes; (d) detail of extended stacking-fault nodes from the area highlighted by white dashed rectangle in (c). 

(e) Atomic resolution LAADF-STEM image of the intrinsic stacking fault parallel with (11̅1) slip plane. (f) 

Detail from the area highlighted by black dashed rectangle in (e) shows Fast Fourier Transformation filtered 

HAADF-STEM overlapped with COS map further confirming ISF type of stacking sequence ABCBCA. Electron 

beam direction was parallel with [011] zone axis in (c-f). 
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5. Discussion 

This study demonstrates a multi-length-scale approach to tailoring the mechanical 

properties of NiCoCr-based alloys through two distinct strengthening stages. In the first stage, the 

as-annealed sample was strengthened through Mo addition, which enhanced both Hall-Petch 

strengthening (via grain size reduction) and lattice distortion. In the second stage, additional 

strengthening was achieved through pre-straining followed by the third stage and the heat 

treatment, which promoted Suzuki segregation strengthening. The cumulative effects of alloying 

Mo content, prior strain, and heat treatment (HT) resulting in significant enhancement of yield 

stress while preserving good ductility are discussed. 

 

5.1 The effect of Mo addition in as-annealed DT alloys  

5.1.1 Grain size and lattice distortion  

The Mo alloying effectively retards the grain growth during processing and 

recrystallization. With no secondary phases detected, the grain boundary strengthening, and solid 

solution hardening can contribute to a certain level of yield strength enhancement. Based on the 

well-known Hall Petch effect [76,77], the yield strength of polycrystalline materials can be 

described as: 

 

𝜎𝑌𝑆 = 𝜎0 + 𝑘𝑑−0.5  (1) 

 

where   is the friction stress and solid-solution stress, k is the constant (Hall-Petch slope), and d 

is the mean grain size of the materials. Using values of  ( MPa) and k (265 MPa·m0.5) 

determined for equiatomic CoCrNi by Yoshida et al. [78] reveals an estimated yield strength 

increase of 47.3 MPa is expected for DT1 and 59.8 MPa for DT3. This corresponds to an increase 

of 12 MPa for a grain size reduction of 11.7 μm. However, our tensile testing results revealed that 

alloying with 10 at.% of Mo increased the yield strength by 172.7 MPa, significantly exceeding 

this prediction. This suggests that Mo additions affect not only the grain size term (kd-0.5) 

contributions via a reduction in grain size, but also significantly enhance the friction stress term 

(σ₀), which is strongly associated with the lattice distortion and solid solution hardening [12,78,79]. 

Based on this analysis, approximately 160 MPa of the strength increase from DT1 to DT3 can be 

attributed to lattice distortion and solid solution hardening induced by the 10 at.% Mo addition. 

In contrast to conventional alloys, where solid solution strengthening effects dominate the 

σ₀ term due to interactions between the solute-dislocation stress fields, the local lattice distortion 

in a multi-component system results in an uneven energy landscape and a high energy barrier to 

the dislocation glide with unique hardening behavior [80]. CoCrNi-based alloys have shown a 

significantly higher lattice friction stress than pure Al and Ni metals, as certain elements in MPEAs 

have different atomic radii [78]. The levels of lattice distortion with different alloying elements 

have been assessed using mean square atomic displacement (MSAD) [12,13]: 

  

MSAD = ∑ 𝑥𝑖 (𝑅𝑖 − 𝑅̅)2 (2) 

 

where 𝑅𝑖 and 𝑥𝑖 are the nearest neighbor distance and the corresponding proportion, 𝑅̅  is the mean 

nearest-neighbor distance of all element pairs [81]. The incorporation of Mo into CoCrNi-based 

alloys, leading to pronounced lattice distortion and enhanced mechanical properties, was recently 

investigated in a few prior studies. The findings of the current investigation are in agreement with 

the existing body of literature. With Mo alloying of the CoCrNi alloy, the critical role of a large 
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refractory element, such as Mo, was found to lead to a higher value of MSAD and results in a 

higher yield strength when compared with the CoCrNi counterpart [13]. To explain the lattice 

distortion strengthening beyond conventional solid-solution strengthening models [82,83], Oh et 

al. [84,85] attempted to establish a linkage between the local lattice distortion and charge transfer 

among elements that affect the properties through atomic-level pressure and orbital transition. This 

approach was verified and applied to the (CoNi)100-xMox system containing the refractory element 

Mo [37]. With increasing Mo content, charge transfer has been reported to introduce a higher 

atomic level pressure, implying a greater lattice distortion in alloys with a higher Mo content.  

 

5.1.2 Stacking fault energy considerations 

Many theoretical and experimental studies have been performed regarding the low SFEs in 

MPEAs [15,86,87]. Particularly, low to negative SFEs are frequently found in MPEAs. Despite 

being difficult to identify in experiments, negative SFEs do exist, as evidenced by the rich nano-

twins and various close-packed nanostructures [88]. While the origin of this negative value of SFE 

is not well documented, it is generally believed to be related to the thermodynamic metastability 

of FCC’s stacking sequence and the local atomic environment. The negative SFEs in FCC 

arrangements imply that the structural stability might be enhanced energetically by the local 

transformation of FCC to HCP stacking (formation of SFs on successive {111} planes) [89].   

An extremely low SFE can lead to the transition of deformation features and the refinement of 

deformation twins. Wei et al. [15] suggest that the microscopic “deformation faulting” event could 

be caused by the effect of negative SFE, thus leading to a faulting plasticity via two paths: (1) the 

intersection between conjugate stacking faults with the formation of sessile dislocation; and (2) 

the elastic repulsion between parallel stacking faults. Given that similar deformation patterns 

(parallel/conjugate stacking fault interaction) were revealed in the TEM micrographs in Fig. 3, 

these two mechanisms [15], in addition to TWIP effect, appear to be responsible for the 

enhancement of strain hardening rate in the present as-annealed DT alloys. Regarding the elastic 

repulsion between parallel stacking faults, Pei et al. [86] proposed an alternative dislocation 

mechanism explaining the strengthening behavior. The enormous number of parallel partials 

dislocations may encounter one another and create new configurations as if they were in alloys 

with HCP lattice. As a result, the FCC structure works like dissociated basal dislocations on the 

basal plane in an HCP structure where the energy required for HCP partials motion is higher than 

that for FCC partials, indicating a higher critical resolved shear stress is required.  

The first-principals calculation based on the compositions around DT1 and DT2 show a linear 

relationship with Cr/Co ratio in Fig. 9. A slight increase in Cr/Co ratio results in a linear SFE 

reduction from -23 to -36 (mJ/m2) for CoCrNi and from -39 to -51 (mJ/m2) for CoCrNi-Mo MPEAs. 

Furthermore, the Mo addition introduces complexity to the SFE landscape that universally reduces 

the SFE and enables facile SF expansion and intersection. When single isolated stacking faults on 

different slip planes collide and react, an assembled V-shaped stacking fault configuration with 

two Shockley partials bounding two edges and a stair-rod partial joining two conjugate ISFs can 

be created [60]. The V-shaped SFs configurations are frequently observed in Figs. 3 and 7 and the 

most frequently reported stair-rod dislocations associated with V-shaped SF configuration in FCC 

metals and HEAs [90,91] are Lomer-Cotrell (L-C) locks (b = a/6 <110>) and Hirth locks (b = a/3 

<001>). Qi et al.[92] suggest that L-C locks were frequently observed in acute-angle V-shaped 

configuration while obtuse-angle V-shaped SF configuration usually leads to Hirth locks. 

Figs. 10 (a-b) show an example of obtuse-angle V-shaped SF configuration in the DT2. Two 

conjugate ISFs contacting at edge were observed to have width of 23.5 and 26.4 nm respectively. 
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Analysis of Burgers circuits were drawn in Figs. 10 (d-f) indicating that b1p = a/12 [2̅11̅], b2p = 

a/12  [21̅1], b3p = a/12[211̅] , b4p = a/12[2̅1̅1] . The b2p = a/12[21̅1]  and b3p = a/12  [211̅] 
associated with sessile dislocation in the projection plane equal to 1/2  and 1/2 

C respectively, based on the tetrahedron in Fig. 10(c) The complete Burgers vectors of the 

partials were deduced to be D or B for b2p and B or D for b3p While four possible combination 

for sessile dislocation at the ISFs intersection are expected, they are all associated with Hirth stair-

rod dislocation with Burgers vector of a/3[001]: 
 

 

I. B + B = a/6 [233] = a/3[100]Hirth stair-rod + a/2[011]screw 

II. B + D = a/3 [100]Hirth stair-rod 

III. D + B = a/3 [100]Hirth stair-rod 

IV. D + D = a/6[23̅3̅] = a/3[100]Hirth stair-rod + a/2[011̅̅̅̅ ]screw 

 

where the reactions would either lead to a single Hirth stair-rod dislocation or with a byproduct, 

pure screw perfect dislocation, along the direction perpendicular to the projection plane. As obtuse-

angle and acute-angle V-shaped SF configurations are commonly observed in the present DT 

alloys with abundant SFs, it is likely that Hirth and L-C locks can act as critical obstacles to 

dislocation motion. Particularly, Mo-added DT2 and DT3 alloys with reduced SFE enable facile 

formation of Hirth and L-C locks that enhances strain hardening rate when compared to DT1 and 

postpone the occurrence of necking. 

 

5.2 The effect of Suzuki segregation in DT alloys 

 The lattice distortion and reduction of SFE caused by Mo addition have led to excellent 

mechanical properties. In addition, prior strain followed by a sub-recrystallization-temperature 

 
Fig. 9: First-principal calculations of SFE as a function of Cr/Co ratio. Mo-added DT2 exhibits universally lower 

SFE than Mo-free DT1. 
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heat treatment extensively promotes a secondary hardening while maintaining an excellent 

ductility. The typical aged-hardened alloys are strengthened by the formation of precipitates from 

an oversaturated solid solution. However, neither nanosized precipitates nor HCP platelets were 

detected in the DT alloys in the SEM-EBSD phase maps or S/TEM micrographs, suggesting a 

precipitation hardening or TRIP is not responsible for this secondary hardening. Fig. 11 

graphically illustrates the substantial increments in strength (∆ and ∆2) across different levels 

of prior strains and the incorporation of Mo. Here, ∆ represents the increase in strength at a given 

interrupted strain where the strengthening was achieved by subsequent heat treatment.  ∆2 

represents the increase in ultimate tensile strength. In Fig 11 (b), the values of ∆ and ∆2 shows 

a proportional increase in relation to prior strain level, i.e., the more SFs that formed during prior 

deformation, the higher the number of preferential Cr segregation sites for further strengthening. 

This rapid Cr transport mechanism taking place at the temperature of 500 °C is facilitated through 

a phenomenon known as "pipe diffusion" [93] via dislocations, which has been frequently reported 

[65,94]. Indeed, the APT data displayed in Fig. 8 (a, b) confirms the segregation of Cr within 

multiple fault planes at the cost of Co. The computation in Fig. 9 verifies that the SFE can decrease 

with an increase of Cr/Co ratio and can be further reduced with the inclusion of Mo partitioning. 

This resulting undulated composition tuned by Cr segregation within the SF ribbon substantially 

varies the local SFE, presenting a roughened landscape that further affects the dislocation 

dynamics. Recent research indicates that the critical stress required to move a dislocation is directly 

related to the difference between unstable stacking fault energy (USFE) and stacking fault energy 

(Δγ = γusfe − γsfe) [95–97]. The spatial variation of Δγ can be enhanced by undulated composition 

with Cr segregation that reduces the mobility of dislocations (curved dislocation motion). In 

addition, the complex energy landscape within and surrounding the SFs can potentially create more 

favorable conditions for interactions between Ni-Ni and Ni-Mo in the area. A molecular dynamic 

simulation performed by Jarlöv et al.[98] demonstrated that as the tendency of Cr–Co clustering 

reduced, the dislocation nucleation point can be shifted to the edges of the Ni–Ni clusters thus 

displaying a higher stress level of yielding. Ni-Mo interactions are believed to give rise to a short-

range-ordered (SRO) microstructure, a characteristic phenomenon believed to strengthen Ni-Mo 

alloys [99,100]. However, whether the SRO microstructure indeed strongly affects the mechanical 

properties still remains under debate [101]. Multiple studies have suggested that the contribution 

of SRO may be significant for the initial dislocation gliding in a slip plane, but it is far less 

significant for the subsequent dislocation motion [102,103] or for highly deformed microstructures 

[75,76]. The observed increase in yield strength (400 MPa) induced by Cr segregation differs 

slightly from the 341 MPa increment reported for CoCrFeNiMo high entropy alloys [35] and the 

250 MPa increase found in MP35N® [33]. This variation can be attributed to different processing 

methods: the CoCrFeNiMo high entropy alloys underwent cold rolling followed by heat treatment 

[35], while the MP35N® specimens were processed through wire drawing and aging [33].   
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Another perspective is that the decrease in SFE upon Mo partitioning would allow more stacking 

faults to form during pre-straining and serve as sites for Cr segregation. As a result, Cr segregation 

allows the stacking faults to expand from their unsegregated energy state and interact with other 

parallel / conjugate faulting systems. Afterwards, this heightened interaction among stacking faults 

revealed in Fig. 10 will be extensively facilitated, i.e., the formation of sessile dislocations at SF 

intersection would increase the stress threshold required for dislocation motion. Finally, the 

increase in dislocation pile-ups due to dislocation locks would result in elevated levels of back-

stress hardening, explaining the significant buildups of back stress for the sample with prior strain 

and heat treatment shown in Fig. 5.  

 

5.3 Strengthening strategies comparison  

 

Fig. 12 systematically illustrates the relationship between yield stress and Mo content 

across three distinct strengthening stages: (1) Hall-Petch strengthening and lattice distortion in as-

annealed DT alloys (shown by the red curves), (2) strain hardening through the introduction of 

30% and 60% prior engineering strains that promote TWIP effect and SF locks (illustrated by the 

blue curves), and (3) Suzuki segregation strengthening via subsequent heat treatment, which 

enhances alloys through further SF locks and interface hardening (represented by the green curves). 

 
Fig. 10: (a) Atomic resolution HAADF-STEM image of V-shaped SF configuration with two Shockley partials 

bounding two edges and a stair-rod partial joining two conjugate ISFs; (b) Centre of symmetry (COS) analysis 

of the HAADF–STEM image; (c) the Thompson tetrahedron illustrating the Burgers vectors of dislocations 

involved in the SF interaction (d-f) higher magnification micrographs (COS maps overlapped with FFT filtered 

HAADF-STEM images) showing the partials’ configuration and the analysis of the Burgers circuits. Electron 

beam is parallel to [011] zone axis. 
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Using DT3 (10 at.% Mo) as an example, the initial yield strength reached 378 MPa in the as-

annealed condition through grain refinement (Hall-Petch (H-P) strengthening) and lattice 

distortion. When annealed DT3 alloys was subjected to 60% prior engineering strain, the formation 

of extensive SFs and DTs strengthened the alloy through both SF intersection (L-C locks and Hirth 

locks) and the TWIP effects, increasing the yield strength to approximately 860 MPa. During 

subsequent heat treatment, these SFs served as Cr segregation sites for Suzuki hardening, 

ultimately elevating the yield strength to 1.26 GPa, demonstrating the cumulative effect of these 

strengthening mechanisms. 

The wide-ranging mechanical properties of DT alloys, particularly in terms of yield 

strength and uniform elongation, are compared with those reported for single-phase HEAs, dual-

phase (DP) HEAs, and TWIP steels in Fig. 13. The mechanisms for strengthening and strain 

hardening in the reported MPEAs can be summarized in the following: (1) CoNiV exhibits 

excellent yield strength of ~1 GPa due to the effect of severe lattice distortion caused by V [12], 

(2) TWIP steels show yield strength of ~800 MPa as strengthened by an ultrafine-grained 

microstructure [104], (3) Co35Cr25Mn15Ni15Fe10 exhibits an exceptional ductility of 96% because 

of the effect of low SFE and TRIP effects [105], (4) CoCrNiW achieves enhanced ultimate tensile 

strength through tungsten additions, while maintaining excellent ductility due to its negative SFE. 

The negative SFE promotes stacking fault formation as the dominant deformation mechanism 

during plastic deformation, enabling effective macroscopic strain hardening [15]. By taking 

strategies (2) and (3), yield strength and ductility can be simultaneously improved by grain size 

refinement down to < 1 m and by lowering SFE that sequentially activates different deformation 

modes (dislocation dynamics and deformation twinning) [104]. In the present study inspired by 

strategies mentioned above, the well-studied NiCoCr-based MPEAs, with their distinctive 

negative SFE and adjustable lattice distortion through refractory element additions, were utilized 

to showcase the wide range of mechanical properties achievable in this family of alloys. The 

strengthening associated with grain size refinement, severe lattice distortion, and SFE reduction 

can be achieved by alloying Mo that not only improves the yield strength but also maintain the 

excellent ductility. Due to their low-SFE characteristic, the SF density can be controlled by prior 

strain that intentionally creates numerous Cr segregation sites for tuning local SFE during 500°C 

heat treatment. As Cr segregation takes place, the SFE undulation (curved dislocation motion) and 

the complex SF intersection (L-C and Hirth locks) would impede the dislocation motion. 

Depending on the industrial applications, extremes of mechanical properties can be achieved 

without significant changes in material’s chemistry [12][78][77]. Table 2 shows that the 

engineering yield strength of the alloys can be tailored in a range from 204.0 to 1268.1 MPa with 

corresponding uniform elongation from 109% to 17%. This research proposes an alternate method 

to design alloys with mechanical properties customized for potential specific targeted applications. 

Many high-Cr concentration alloys with FCC structures, including commercial NiCoCr-based 

alloys HAYNES® HR-160® and MP35N®, are expected to benefit from the strengthening 

strategy associated with Cr segregation proposed here. Moreover, our work indeed suggests that 

this strategy can be expanded to other alloy families provided that they form extended faults during 

deformation, and that an element in the alloy tends to segregate to faults upon heat treatment. 

 

 

 

 

 



 21 

Table. 2 Engineering yield strength (ys ), ultimate strength (uts), uniform elongation (%), and fracture elongation 

for as-annealed DT alloys and pre-strained DT alloys with heat treatment.  

Alloy ys (MPa) uts (MPa) Uniform elongation 

(%) 

Facture elongation 

(%) 

DT1-annealed 204.0 718.3 109% 127% 

DT2-annealed 310.8 832.0 94% 113% 

DT3-annealed 378.7 906.3 93% 109% 

DT1-0.3+HT 617.2 857.5 66% 79% 

DT2-0.3+HT 780.5 1003.6 51% 66% 

DT3-0.3+HT 876.5 1100.0 49% 64% 

DT1-0.6+HT 941.7 1010.2 27% 41% 

DT2-0.6+HT 1154.9 1190.2 17% 32% 

DT3-0.6+HT 1268.1 1300.6 17% 23% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11: (a) The engineering stress- strain curve depicting the measurement used to determine the increase 

of strength (  and 2) for the alloys that were pre-strained and aged; (b) The curve showing the increase 

of  and 2 as a function of pre-strain level (increase in SF amount in the microstructure). 
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Fig.13: A comparison of mechanical properties of DT alloys with reported single-phase HEAs 

[1,2,12,13,15,30,106,107], DP-HEAs [105,108–112], and TWIP steels [104,113–115]. 

 
Fig. 12: (a) The engineering stress- strain curve depicting the measurement used to determine the increase 

of strength (  and 2) for the alloys that were pre-strained and aged; (b) The curve showing the increase 

of  and 2 as a function of pre-strain level (increase in SF amount in the microstructure). 

 
Fig. 12 The relationship between yield stress and Mo content demonstrates the cumulative effect of three 

strengthening mechanisms: (a) Comparison of yield stress achieved with 30% prior strain and (b) with 60% prior 

strain. Three distinct stages consisting of different sets of strengthening mechanisms are highlighted: Hall-Petch 

(H-P) strengthening and lattice distortion in the as-annealed state (red), strain hardening through TWIP effect and 

SF locks (blue), and Suzuki hardening with interface strengthening after heat treatment (green). The cumulative 

effects of higher Mo content, prior strain, and heat treatment (HT) result in significant yield stress enhancement, 

reaching maximum values of ~900 MPa and ~1260 MPa for 30% and 60% prior strain, respectively. 
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6. Conclusions 

 

 This study presents an alternative strategy for tailoring the mechanical properties of 

NiCoCr-based MPEAs through alloying with Mo and the implementation of Suzuki segregation 

phenomenon (Cr segregation). The systematic mechanical tests and the corresponding 

microstructural characterizations have drawn the following conclusions: 

 

(1) Addition of Mo not only effectively retards the grain growth, but also strongly improves the 

mechanical properties. Addition of 10 at.% of Mo in DT3 improves the yield strength by 85% 

with only ~10% decrease in fracture elongation.  

(2) The addition of Mo enhances the mechanical properties by (i) severe lattice distortion caused 

by the large atomic radius of Mo, (ii) retarding the grain growth leading to Hall-Patch 

strengthening, and (iii) SFE reduction that promotes complex SF interactions and intersections 

that frustrate the dislocation dynamics/mobility.   

(3) The APT revealed that SFs serve as a preferential Cr segregation site at expense of Co during 

500°C heat treatment. The SFE decreases with an increase of Cr/Co ratio and can be further 

reduced with the inclusion of Mo partitioning. This resulting undulated composition tuned by 

the Cr segregation associated with the SFs substantially varies the local SFE, presenting a 

roughened landscape and further retarding the dislocation dynamics/mobility. Moreover, a 

reduction of local SFE within SFs can potentially release the SFs from thermodynamic 

contraction, allowing them to interact with other parallel/conjugate faulting systems. The SFs 

interactions with V-shaped configurations generally comprised of L-C and Hirth locks what 

significantly enhances the strength and strain hardening rate.   

(4) Depending on the potential targeted applications, extremes of mechanical properties can be 

achieved without significant changes in NiCoCr-based alloys´ chemistry. With careful control 

of Mo addition as well as prior strain level with subsequent heat treatment, the alternative 

strategy tailors the engineering yield strength of the alloys in a range from 204.0 to 1268.1 

MPa with corresponding uniform elongation ranging from 109% to 17%. Since the significant 

role of Cr segregation in the alloy, the strengthening strategy can be expected to be tunable in 

the commercial alloys with high-Cr concentrations and the FCC structure.  
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