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a b s t r a c t 

A newly developed P-doped CrCoNi medium-entropy alloy (MEA) provides both higher yield strength and 

larger uniform elongation than the conventional CrCoNi MEA, even superior tensile ductility to the other- 

element-doped CrCoNi MEAs at similar yield strength levels. P segregation at grain boundaries (GBs) and 

dissolution inside grain interiors, together with the related lower stacking fault energy (SFE) are found in 

the P-doped CrCoNi MEA. Higher hetero-deformation-induced (HDI) hardening rate is observed in the P- 

doped CrCoNi MEA due to the grain-to-grain plastic deformation and the dynamic structural refinement 

by high-density stacking fault-walls (SFWs). The enhanced yield strength in the P-doped CoCrNi MEA can 

be attributed to the strong substitutional solid-solution strengthening by severer lattice distortion and 

the GB strengthening by phosphorus segregation at GBs. During the tensile deformation, the multiple 

SFW frames inundated with massive multi-orientational tiny planar stacking faults (SFs) between them, 

rather than deformation twins, are observed to induce dynamic structural refinement for forming par- 

allelepiped domains in the P-doped CoCrNi MEA, due to the lower SFE and even lower atomically-local 

SFE. These nano-sized domains with domain boundary spacing at tens of nanometers can block disloca- 

tion movement for strengthening on one hand, and can accumulate defects in the interiors of domains 

for exceptionally high hardening rate on the other hand. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Metals and alloys with high yield strength and large tensile 

uctility are always demanded in industrial applications [ 1 , 2 ]. 

he traditional strengthening methods, such as grain refinement 

trengthening [ 3 , 4 ], cold-working strengthening [ 5 ], precipitation 

trengthening [ 6 ], and solid-solution strengthening [ 7 , 8 ], can im-

rove yield strength while inevitably resulting in the loss of tensile 

uctility. Grain boundary and dislocation strengthening generally 

an induce lower strain hardening, thus resulting in strain localiza- 

ion and reduced uniform elongation [ 3 , 9 ]. Stress concentration is 

sually induced at the phase boundaries in the precipitated alloys, 

nd earlier cracks can be initiated at these boundaries for reduced 

ensile ductility [ 10 ]. It is well known that solid-solution strength- 

ning is an efficient strategy to elevate yield strength without sig- 

ificantly sacrificing tensile ductility. 
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The addition of a small amount of interstitial elements with 

 small atom radius (such as C or N) in metals and alloys can 

mprove their tensile properties significantly [ 11 , 12 ]. The intersti- 

ial elements can induce higher lattice friction to dislocation mo- 

ion for strengthening on one hand, and can achieve higher dis- 

ocation storage and stronger strain hardening capacity on the 

ther hand, through changing the glide pattern of dislocations by 

nteracting with them [ 13 ]. The interstitial solution strengthen- 

ng has been proven to be effective in enhancing both ductility 

nd fracture toughness at high strength levels in metals and al- 

oys [ 14 , 15 ]. However, the viewpoints on the effects of addition

f a small amount of P element on the tensile properties were 

ontradictory in the literature [ 16 , 17 ]. On one hand, it has been

idely accepted that the segregation of P element at the grain 

oundaries leads to intergranular fracture along them [ 16 , 18 ]. Thus, 

ne of standards for high-quality steels is the control of P ele- 

ent under 10 ppm [ 19 ]. On the other hand, it is well known

hat P element is the strongest element for substitutional solu- 

ion strengthening ([P] ∼0.06-0.1 wt.%) in Fe-based or Ni-based al- 

oys [ 20 ]. The addition of a small amount of P element can also

romote the strain hardening ability in the dual-phase steels with 
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ransformation-induced-plasticity (TRIP) effect [ 21 ]. Moreover, the 

ddition of a small amount of P element can significantly increase 

he tensile ductility at high temperatures while with little influ- 

nce on the room-temperature ductility for the Ni-based alloys 

 22 ]. In both ferritic and martensitic steels, as well as Ni-based 

igh-temperature alloys, the addition of P element at levels of 10 

imes ppm has been shown to significantly influence their macro- 

copic mechanical properties [ 13–20 ]. Moreover, in all previous 

tudies on P-containing steels, 0.2 at.% is almost the upper limit 

f the addition contents [ 19 ]. Exceeding this limit by adding P 

xcessively would cause significant embrittlement in these steels 

 16 , 18 , 19 ]. Therefore, the selected level of P addition in this study

s approximately 0.2 at.%. 

Multiple-principal-element alloys, also referred as high-entropy 

lloys (HEAs) and medium-entropy alloys (MEAs) [ 23–25 ], have 

een a hot research topic and attracted extensive research inter- 

sts in the last two decades due to their excellent mechanical and 

hysical properties. Single-phase face-centered cubic (FCC) HEAs 

r MEAs, such as CrMnFeCoNi HEA [ 26 ] and CrCoNi MEA [ 27 , 28 ]

ave drawn special attention in the last decade due to their su- 

erior mechanical properties at room temperature and even bet- 

er mechanical properties at cryogenic temperature. The dominant 

eformation mechanisms in these HEAs/MEAs have been found to 

ransit from the dislocation slip at room temperature to the de- 

ormation twins at cryogenic temperature [ 29 ]. However, the yield 

trength of these single-phase FCC HEAs/MEAs with coarse grains 

s still low, limiting their practical applications. For this purpose, 

nterstitial solution strengthening with C and N was applied to the 

rCoNi MEA [ 12 , 30 ], while a loss in ductility was also observed. In

his regard, a P-doped CrCoNi MEA with the addition of a small 

mount of P element (0.2% P, at.%) has been developed for the 

rst time in this study. Both yield strength and uniform elonga- 

ion were observed to be simultaneously improved in the P-doped 

rCoNi MEA, as compared to the un-doped CrCoNi MEA. Then, 

he corresponding strengthening and hardening mechanisms due 

o the P addition were revealed by detailed microstructure charac- 

erizations. 

. Experimental 

.1. Materials and processing 

The chemical compositions of the P-doped CrCoNi MEA 

nd the un-doped CrCoNi MEA are Cr30.64 Co32.95 Ni36.21 P0.2 and 

r32.46 Co33.48 Ni34.06 (in at.%). The raw materials were melted first 

y electromagnetic levitation under protection of high-purity ar- 

on for several times to reach chemical homogeneity, and then cast 

nto about 10 kg of ingots. The ingots were homogenized at 1473 K 

or 12 h, hot-forged to 20 mm thick plates at 1373 K initial temper-

ture, then hot-rolled to 10 mm thick at 973 K temperature, and fi- 

ally cold-rolled to 1 mm sheet. After cold rolling, P-doped CrCoNi 

EAs were annealed at 1273 and 1423 K for 2 h, and un-doped 

rCoNi MEAs were annealed at 1273 and 1373 K for 1 h, followed 

y water quenching. These specimens are referred as CrCoNi-P-FG, 

rCoNi-P-CG, CrCoNi-FG, and CrCoNi-CG, hereafter. 

.2. Testing methods of mechanical properties 

The quasi-static uniaxial testing and load-unload-reload (LUR) 

esting were conducted utilizing an Instron 5565 testing machine 

t room temperature and a strain rate of 5 ×10−4 s−1 . The dimen- 

ions of the gauge section for the tensile dog-bone shaped spec- 

mens are 10 mm ×2 mm ×1 mm. Five repeated tests were con- 

ucted for each sample to ensure the data repeatability and pro- 

ide the error bar. In the LUR test, the specimen was stretched 

o the specified strain, then unloaded at an unloading rate of 200 
129
/min to 20 N, and then reloaded. In tensile tests and LUR tests, 

 extensometer was used to accurately measure and control dis- 

lacement. The other details for the LUR tests can be found in our 

revious research [ 31 , 32 ]. All specimens used for tensile testing are

echanically polished to eliminate surface irregularities and en- 

ure a more accurate determination of the cross-sectional area. 

.3. Microstructure characterization 

X-ray diffraction (XRD) was used to analyze the phase compo- 

ition of P-doped CrCoNi MEAs and un-doped CrCoNi MEAs. XRD 

canning ranges from 20 ° to 100 °, step size is 0.01 °, and scan- 

ing speed is 2 °/min. A Zeiss Gemini SEM 300 scanning electron 

icroscope (SEM) equipped with an electron backscatter diffrac- 

ion (EBSD) system from Oxford and a 200 kV high-resolution pro- 

ection electron microscope (HR-TEM, JEOL 2100F) were used to 

haracterize the microstructures prior to and after tensile testing. 

or EBSD acquisition, two types of mapping were performed us- 

ng lower and higher magnifications with step sizes of 0.2 and 

.03 μm for global and detailed microstructural analysis, respec- 

ively. High-angle grain boundaries (HAGBs) and low-angle grain 

oundaries (LAGBs) in this study were defined as grain boundaries 

ith misorientation angles > 15 ° and in the range of 2 °-15 °, respec- 

ively. �3 twin boundaries (TBs) were automatically recognized by 

 fully automatic EBSD analysis system (TSL OIM Data Collection 

 Software) with the misorientation of 60 °±2 °. Due to the spatial 

esolution of the EBSD system, the misorientations of less than 2 °
ere not identified. The grain size was measured by the volume- 

quivalent grain diameter method and EBSD examinations, accord- 

ng to the procedures given in ASTM E1382. In this work, the grain 

ize was measured without considering annealing TBs. 

Samples for both XRD and EBSD tests were polished and 

hin sheets for TEM observations were grounded to 35 μm thick 

nd finally thinned by double-jet polishing with a solution of 

0% perchloric acid and 90% ethanol at -25 °C with a potential 

f 38 V. 

The distribution of elements around the grain boundaries was 

etermined using local electrode atom probe tomography (APT, 

AMECA LEAP 50 0 0 XR). APT samples were prepared under a 

ocused ion beam/scanning electron microscope (FIB/SEM, Helios 

anolab G3). In voltage pulse mode, the APT sample was analyzed 

t 50 K with a repetition rate of 200 kHz and a pulse fraction of

0%. Imago Visualization and Analysis Software (IVAS) 3.8.2 were 

sed to reconstruct and analyze APT data. The other details about 

hese methods and the specimen preparation can be found else- 

here [ 33 ]. 

. Results 

The inverse pole figures (IPF) by EBSD observations for two se- 

ected samples (CrCoNi-FG and CrCoNi-P-FG) before tensile tests 

re presented in Fig. 1 (a) and (b), in which only HAGBs and twin

oundaries are shown. In order to minimize the effects of other 

tructural factors (such as grain size) on the tensile properties of 

he alloys, the average grain sizes of the present alloy and the ref- 

rence alloy were set to be similar through different heat treat- 

ent modifications. The CrCoNi-FG and CrCoNi-P-FG samples are 

bserved to consist of equiaxed grains, and the average grain sizes 

or these samples are 39 and 42 μm, respectively. Numerous an- 

ealing twins can also be found in these two samples. The average 

rain sizes of the CrCoNi-CG and CrCoNi-P-CG samples are 120 and 

10 μm respectively, and the corresponding EBSD images are not 

hown here for saving spaces. 

In order to investigate any meaningful difference in the lattice 

onstants of these two samples, the corresponding XRD measure- 

ents were conducted, and the results are displayed in Fig. 1 (c). 
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Fig. 1. IPF images prior to tensile testing for (a) the CrCoNi-FG sample and (b) the CrCoNi-P-FG sample. (c) The corresponding XRD spectra for the two samples. 
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ingle-phase FCC structures were observed for both samples based 

n the XRD spectra, thus the P addition did not alter the crystal 

tructure. 

More importantly, it is indicated that the lattice constants of 

he two alloys are: aCrCoNi −P = 0.3577 nm, and aCrCoNi = 0.3580 nm, 

espectively. The reason for the decrease in lattice constant by P 

ddition may be attributed to its role as a substitutional solute 

ith a smaller atomic radius. Solid-solution element additions can 

ause changes in lattice constants and lattice distortions, which af- 

ect dislocation behavior and macroscopic mechanical properties in 

/HEAs [ 34 ]. 

TEM and HR-TEM images for the CrCoNi-P-FG sample prior to 

ensile testing are given in Fig. 2 (a) and (b). Several straight GBs 

an be clearly observed. Moreover, nearly no dislocations can be 

bserved inside the grain interiors, which can be due to the high- 

emperature annealing. Near-atomic level chemical element distri- 

utions across two grains are revealed by 3D-APT, and the results 

re shown in Fig. 2 (c) and (d). The Cr, Co, and Ni elements are

bserved to have nearly equal atomic ratios, and the distributions 

f these elements are homogeneous. However, the distribution of 

 element is found to be inhomogeneous. The P element exist in 

wo different forms in the CrCoNi-P-FG sample: one is forming so- 

ute atoms inside the grain interiors, and the other is generating P 

egregation at GBs. Analysis of the 1D concentration profile reveals 

hat the content of P element as solute atoms within the matrix 

excluding GBs) is 0.08 ±0.04 at.% ( Fig. 2 (d)). It can be seen that the

oncentration of P atoms inside the grain interiors is considerable, 

nd it also exhibits certain fluctuations in concentration. Therefore, 

uch P distribution inside the grain interiors affects not only the 

verall average stacking fault energy (SFE) but also the atomically 

ocal SFE, which is consistent with model predictions in the pre- 

ious research [ 35 ]. Meanwhile, the P-segregation micro-domains 

t GBs are marked by a 0.6 at.% P iso-concentration surface. Such 

 segregation at GBs can reduce the activation energy of GB mi- 

ration, inhibiting grain growth and stabilizing grains [ 36 , 37 ]. It 

an be inferred that the existence of both forms of P atoms in the 

resent alloy should have a significant impact on its deformation 

ehavior and mechanical properties. 

HR-TEM images showing detailed information of extended dis- 

ocations and stacking faults (SFs) for the CrCoNi-P-FG sample prior 

o tensile testing are displayed in Fig. 3 . A few of extended dis-

ocations can be observed in the annealed state, as indicated in 

ig. 3 (a). The corresponding diffraction pattern through fast Fourier 

ransformation (FFT) is also given in the inset of Fig. 3 (a), clearly 

ndicating the existence of SFs by streaks (marked by a pair of ar- 

owheads). An extended dislocation, with leading and trailing par- 

ials separated by an SF, is clearly shown in Fig. 3 (b). In general,

oth repulsive and attractive forces exist between two partials in 
130
he extended dislocations. The repulsive force is exerted by the 

nteraction of two partials themselves, while the attractive force 

riginates from the SF. In a thermal-balanced state (such as the 

ully annealed state in the present study), these two forces are 

n balance, then the SFE can be calculated based on the following 

quation [ 38–40 ]: 

FE = Gb2 

8 πd 

(
2 − ν

1 − ν

)( 

1 −
2 ν cos 

(
2 β

)
2 − ν

) 

, (1) 

here G is shear modulus (87 GPa [ 41 ]), ν is the Poisson’s ratio 

0.3 [ 39 ]), b is the Burgers vector of partial dislocations (0.146 nm 

 39 ]), β is the angle between line direction of the un-dissociated 

islocations and the Burgers vector (0 °), and d is the separation 

idth of two partials (SF width is measured by numerous ex- 

ended dislocations). More than fifteen SFs were measured and an- 

lyzed by utilizing the HR-TEM technique along < 011 > zone axis, 

nd the corresponding statistical results indicate that the average 

F width is 9.67 ± 2.37 nm. The calculated SFE at room temper- 

ture for the P-doped CrCoNi MEA is 12.5 ± 2.5 mJ/m2 , which is 

uch lower than that of the CrCoNi MEA (22 ± 4 mJ/m2 ) [ 39 ]. Ap-

arently, a much lower SFE is obtained by the addition of a small 

mount of P element. The HR-TEM images related to the SFE mea- 

urement, as well as the statistical results of the SF width, can be 

ound in Supplementary Information. 

The tensile properties for the un-doped and doped CrCoNi 

EAs are compared and displayed in Fig. 4 . Two samples for the 

n-doped CrCoNi MEA and the doped CrCoNi MEA were tested, 

nd the grain sizes were chosen to be similar (39 μm vs. 42 μm; 

20 μm vs. 110 μm). In this way, the only effect of P doping can

e studied, excluding the grain size effect. Engineering stress-strain 

urves are shown in Fig. 4 (a), while the true stress and hardening 

ate as a function of true strain for two selected samples (CrCoNi- 

G and CrCoNi-P-CG) are given in Fig. 4 (b) and (c), respectively. 

t is clearly observed that both yield strength and uniform elon- 

ation are simultaneously improved in the doped CrCoNi MEA at 

wo levels of grain size, as compared to those in the un-doped Cr- 

oNi MEA. Moreover, a transient up-turn phenomenon for harden- 

ng rate is found in both samples, and this up-turn phenomenon 

enerally can be attributed to the heterogeneous structures, the 

RIP effect, twinning-induced- plasticity (TWIP) effect and forma- 

ion of SFs [ 28 , 42–44 ]. Interestingly, the doped CrCoNi MEA shows

 higher hardening rate at the whole strain range, as compared to 

he un-doped CrCoNi MEA. The tensile properties of uniform elon- 

ation ( εu ) vs. yield strength ( σ y ) for the P-doped CrCoNi MEA, 

long with literature data for the CrCoNi MEA [ 3–5 , 9 , 27 , 28 , 45 , 46 ],

he CrCoNi-N MEA [ 12 , 15 , 47 ] and the CrCoNi-C MEA [ 30 , 4 8 , 4 9 ], are

ummarized in Fig. 4 (d). The P-doped CrCoNi MEA shows a better 
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Fig. 2. (a, b) TEM and HR-TEM images of the CrCoNi-P-FG sample before tensile test. (c) 3D-APT mapping of overall atoms and individual P-atoms, as well as the reconstruc- 

tion of the 0.6 at.% P iso-concentration surface. (d) 1D concentration profile for near-atomic level chemical element distributions across the GB. 

Fig. 3. (a) HR-TEM image of the SFs in the CrCoNi-P-FG sample prior to tensile testing. The diffraction pattern after FFT is given in the inset, showing the presence of SFs by 

streaks (marked by a pair of arrowheads). (b) Dislocation dissociation. The width between the two partials is about 9.7 nm. 

131
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Fig. 4. Tensile properties for the un-doped CrCoNi and P-doped CrCoNi MEAs. (a) Engineering stress-strain curves. (b) True stress and (c) hardening rate (c) as a function of 

true strain. (d) Uniform elongation ( εu ) vs. yield strength ( σ y ) for the P-doped CrCoNi MEAs, along with literature data for the CrCoNi MEA [ 3–5 , 9 , 27 , 28 , 45 , 46 ], the CrCoNi-N 

MEA [ 12 , 15 , 47 ] and the CrCoNi-C MEA [ 30 , 4 8 , 4 9 ]. 
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trength-ductility synergy compared to the un-doped CrCoNi MEA. 

he P-doped CrCoNi MEA also displays significantly larger tensile 

uctility at similar yield strength levels than the other-element- 

oped CrCoNi MEAs. 

It is well known that the dominant deformation mechanisms 

or the CrCoNi MEA are the deformation twins [ 27 , 28 , 39 , 50 ]. De-

ormation twins can induce microstructure refinement in the grain 

nteriors, and such microstructure refinement can result in the re- 

uction of dislocation mean free path and the so-called dynamic 

all-Petch effect [ 9 , 39 ]. Heterogeneity in microstructures can be 

nduced by the formation of deformation twins during tensile de- 

ormation. Thus, the kinematic and hetero-deformation-induced 

HDI) hardening should play an important role in the plastic de- 

ormation of metals and alloys with TWIP effect [ 5 , 28 , 42 ]. For the

-doped CrCoNi MEA, the HDI hardening might also be impor- 

ant due to the microstructure refinement by the other possible 

efects. In this regard, LUR tests were conducted on one typical 

n-doped sample (CrCoNi-FG sample) and one typical doped sam- 

le (CrCoNi-P-FG sample) in order to study and compare their HDI 

ardening effects. The true stress-strain curves for LUR tests are 

isplayed in Fig. 5 (a), and the typical hysteresis loops at one pre- 

etermined tensile strain are shown in Fig. 5 (b). The HDI stress can 

e estimated based on the un-loading and re-loading yield stresses, 

nd the calculation method can be found in our previous research 

 31 , 32 ]. Then, the HDI stress ( σHDI ) and the HDI hardening contri-
132
ution ( σHDI /σflow 

) are plotted as a function of true strain in the 

ig. 5 (c) and (d), respectively. It is clearly seen that the P-doped 

rCoNi MEA shows higher HDI stress and higher HDI hardening 

ontribution, as compared to the un-doped CrCoNi MEA. The ori- 

ins of higher HDI hardening effect in the P-doped CrCoNi MEAs 

ill be discussed next. 

The deformation mechanisms for a typical sample of the P- 

oped CrCoNi MEA (CrCoNi-P-FG) were characterized by EBSD first. 

icrostructure evolution (as revealed by IPF images) at varying 

ensile strains for the CrCoNi-P-FG sample is displayed in Fig. 6 (a–

). Image quality (IQ) figures with various boundaries (high-angle 

rain boundaries, low-angle grain boundaries, and �3 twin bound- 

ries) at tensile strains of 20%, 30%, 70% and 90% are given in 

ig. 6 (e1–h1). At large tensile strains, the equiaxed grains are ob- 

erved to be severely deformed. Deformation twins are not ob- 

erved until the tensile engineering strain reaches about 30%. 

ased on the EBSD observations, we can assume that the initiation 

tage for deformation twins can be defined at the true strain range 

f 26%-41%. Based on the true stress-strain curve for the CrCoNi-P- 

G sample, the critical stress for nucleation of deformation twins in 

he P-doped CrCoNi MEA can be estimated to be 1050 ± 150 MPa, 

hich is much higher than that for the CrCoNi MEA (790 ± 100 

Pa) [ 39 ]. Thus, the addition of P element can elevate the critical 

tress for nucleation of deformation twins, and deformation twins 

re delayed and depressed in the P-doped CrCoNi MEA. 
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Fig. 5. HDI hardening for one typical un-doped sample and one typical doped sample. (a) True stress-strain curves for LUR tests. (b) Typical hysteresis loops at one pre- 

determined tensile strain. (c) Plots of σHDI as a function of true strain. (d) Plots of the ratio of HDI stress and flow stress (( σHDI /σflow ) as a function of true strain. 
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Moreover, the corresponding critical shear stress values for 

winning initiation in both P-doped and P-free alloys were cal- 

ulated. According to the Taylor hardening model, the increase in 

hear stress ( �τ ) due to forest dislocation interactions is given by 

 51 ]: 

τ = �σ/M (2) 

here �σ is the corresponding increase in the tensile stress, M is 

he Taylor factor (3.06). 

The true tensile stress and resolved shear stress for the onset 

f twinning for the CrCoNi-P MEA are 1050 ±150 and 345 ±50 MPa, 

espectively; for the CrCoNi MEA are 790 ±100 and 260 ±30 MPa, 

espectively [ 39 ]. According to previous research [ 51 ], these two 

alues in the CrMnCoFeNi alloy are 720 ±30 and 235 ±10 MPa, re- 

pectively. It can be observed that, as compared to the CrCoNi and 

rMnCoFeNi alloys (with SFEs of 22 and 30 mJ/m2 , respectively), 

he critical shear stress of the CrCoNi-P MEA (345 ±50 MPa) is in- 

reased by 33% and 47%, respectively. Similar experimental results 

ave been reported in other M/HEAs [ 34 , 52 , 53 ]. 

The KAM maps at varying tensile strains (1%, 2%, 5%, 10%, 20%, 

0%, 70% and 90%) for the CrCoNi-P-FG sample are displayed in 

ig. 7 . It is well known that the KAM value can reflect the GND

ensity based on the strain-gradient theory [ 54 ]. The average GND 

ensity is observed to increase with increasing tensile strain. It 

lso can be seen that GNDs appear first at grain boundaries at ten- 

ile strains of 10%, 20% and 30%, and then spread out to the grain
133
nteriors and the whole sample at larger tensile strains (70% and 

0%). It can be concluded that deformability among grains is dif- 

erent and strain partitioning exists between different grains. The 

rain boundaries are the dominant factors controlling the plas- 

ic deformation accommodation among various grains. Thus, the 

igher strain gradients and GNDs appear first at grain bound- 

ries for accommodating plastic deformation and sustaining large 

uctility. 

The Schmid factor maps at varying tensile strains (1%, 10%, 30%, 

nd 90%) for the CrCoNi-P-FG sample are shown in Fig. 8 (a–d). The 

volution of the Schmid factor distributions with increasing tensile 

train is presented in Fig. 8 (e). The average Schmid factor is found 

o decrease with increasing tensile strain, which can be attributed 

o plastic deformation. It was reported that single-peak distribu- 

ions can be observed prior to and after tensile deformation for the 

eCoNi MEA [ 55 ]. While, double-peak distributions for the Schmid 

actor are found for the P-doped CrCoNi MEA at varying tensile 

trains, which means that the plastic deformation occurs grain-to- 

rain and strain partitioning is observed among grains. This strain 

artitioning can cause the stress state change for various grains, 

nd induce strain gradients at boundaries for HDI hardening. 

The plastic deformation mechanisms for a typical sample of the 

-doped CrCoNi MEAs (CrCoNi-P-FG) were also characterized by 

EM. Bright-field TEM images for the CrCoNi-P-FG sample at vary- 

ng tensile strains (1%, 10%, 30% and 90%) are shown in Fig. 9 (a–d),

hile the corresponding close-up views are presented in Fig. 9 (a1- 
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Fig. 6. Microstructure evolution during tensile deformation for the CrCoNi-P-FG sample. IPF images at tensile strains of (a) 1%; (b) 2%; (c) 5%; (d) 10%; (e) 20%; (f) 30%; (g) 

70%; (h) 90%. IQ images with various boundaries at tensile strains of (e1) 20%; (f1) 30%; (g1) 70%; (h1) 90%. 

Fig. 7. Microstructure evolution during tensile deformation for the CrCoNi-P-FG sample. KAM maps at tensile strains of (a) 1%; (b) 2%; (c) 5%; (d) 10%; (e) 20%; (f) 30%; (g) 

70%; (h) 90%. Scale bar is given in (a). 
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1). At a tensile strain of 2%, planar dislocations are observed in 

ig. 9 (a), and most of them are from one slip system. While the 

ensity of planar SF interfaces increases in volume fraction with 

ncreasing tensile strain afterwards. SFs can be identified by the 

elected area electron diffraction (SAED) pattern in the insets of 

ig. 9 (b–d). For example, the formation of SFs is observed (most of 

hem are also from one slip system) at a tensile strain of 20%, and

he formed SFs can provide strong barriers for further dislocation 
134
lip, and this interaction between dislocations and SFs can provide 

trong hardening. More SFs from two slip systems can be observed, 

arallelograms intersected by SFs are formed at a tensile strain of 

0%, and the spacing between SFs becomes smaller (several tens 

f nm). At a larger tensile strain of 90%, parallelepiped domains 

re formed with dense walls. The effects of these parallelepiped 

omains with dense walls on strain hardening are very similar to 

hose for microband-induced-plasticity steels [ 56 ]. Such dynamic 
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Fig. 8. Schmid factor maps for the CrCoNi-P-FG sample at tensile strains of (a) 1%; (b) 10%; (c) 30%; (d) 90%. Scale bar is given in (a). (e) Distributions of Schmid factor at 

various tensile strains. 
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tructural refinement by SFs should also contribute significantly to 

he HDI hardening in the P-doped CrCoNi MEAs. 

HR-TEM images for the CrCoNi-P-FG sample at varying tensile 

trains (30%, 70% and 90%) are presented in Fig. 10 (a–f). The cor- 

esponding diffraction patterns acquired by FFT of the HR images 

re given in Fig. 10 (a1–f1), clearly showing the existence of SFs. It 

an be observed that the domain boundaries for the parallelepiped 

omains in Fig. 9 actually consist of numerous SFs. Moreover, the 

ensity of SFs becomes higher and higher with increasing tensile 

train. For example, the thickness for the domain boundaries at a 

ensile strain of 30% is about 5–10 nm, consisting of several SFs. 

hile the thickness of the domain boundaries increases to several 

ens of nanometers, consisting of several tens of SFs. It also can be 

bserved that a lot of SFs are formed inside these domains. The 

nteractions of dislocations with these domain boundaries consist- 

ng of SFs should provide strong hardening, which can be so-called 

F-induced plasticity [ 7 , 44 , 53 , 57 ]. 

. Discussion 

It is well known that solution strengthening plays an important 

ole in the yield strength of HEAs/MEAs [ 8 , 11 , 15 ]. In general, in-

erstitials, e.g., C, N, and O, are attractive small atoms for intersti- 

ial sites to create strong lattice distortions and hence strengthen 

etals and alloys significantly [ 11 , 14 , 15 ]. HEAs/MEAs, as multiple-

rincipal-element alloys, can also induce severe lattice distortion 

hemselves for strong solution strengthening [ 8 ]. For example, 

anadium element was proven to be a crucial element in HEAs 

nd MEAs, and ultra-high yield strength can be achieved by se- 

ere lattice distortion and solid-solution strengthening in V-based 

EAs/MEAs, such as the VCoNi MEA [ 8 ], the Alx Tiy (VCoNi)(100- x - y ) 

EAs [ 58 ]. Moreover, the chemical short-range ordering (CSRO) 

as also been shown to have a significant influence on the yield 

trength of HEAs/MEAs recently [ 59 , 60 ]. The effect of grain size

n yield strength can be well predicted by the well-known Hall- 
135
etch relationship, and the strengthening coefficient ( k ) has been 

ound to be several times higher in HEAs/MEAs due to the lat- 

ice distortion and CSRO, as compared to the pure metals [ 8 , 59 ]. P

lement, as one of the strongest elements for substitutional solu- 

ion strengthening in alloys [ 20 ], can increase the severity of lattice 

istortion on one hand, and can also elevate the degree of CSRO 

n the other hand in the CrCoNi MEA. Thus, the enhanced yield 

trength in the P-doped CrCoNi MEA with similar grain size and 

islocation density can be attributed to the aforementioned two 

ffects, as compared to the un-doped CrCoNi MEA. 

Based on the microstructure evolutions by EBSD and TEM, 

he schematic of hardening mechanisms for the P-doped CrCoNi 

EA can be summarized in Fig. 11 . The initial microstructure can 

e considered as equiaxed grains with lots of annealing twins 

 Fig. 11 (a)). At small tensile grains ( < 5%), the deformation mech- 

nisms can be characterized as planar dislocation arrays in mul- 

iple slip systems ( Fig. 11 (b)). At larger tensile grains ( ∼30%), the 

eformation mechanisms can be considered as SF networks and 

omains formed by SFs in multiple slip systems ( Fig. 11 (c)), and 

he domain size and the domain-boundary spacing are several tens 

f nm. Massive lamellar bundles with high density of SFs intersect 

ach other at this stage, forming parallelepiped domains. At the ul- 

imate strength point ( ∼90%), more SFs are formed inside the par- 

llelepiped domains, the thickness of domain boundaries and the 

verall SF density increase significantly ( Fig. 11 (d)). As indicated in 

ig. 2 , a peak distribution and element segregation for P are ob- 

erved at grain boundaries, and such P segregation at grain bound- 

ries can reduce the activation energy for grain boundary migra- 

ion, stabilize grains and promote dislocation behaviors. Moreover, 

 much lower SFE can be obtained in the P-doped CrCoNi MEA as 

ompared to the un-doped CrCoNi MEA (12.5 mJ/m2 vs. 22 mJ/m2 , 

ig. 3 ). 

Recently, there has been a wealth of literature on the mi- 

rostructural evolution of the conventional CrCoNi MEA during 

ensile deformation, including not only the microstructural char- 
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Fig. 9. Bright-field TEM images for the CrCoNi-P-FG sample at tensile strains of (a) 1%; (b) 20%; (c) 30%; (d) 90%. The corresponding close-up views are presented in (a1–d1). 

The SFs and high-density SF walls are indicated by yellow arrowheads. 

Fig. 10. HR-TEM images for the CrCoNi-P-FG sample at tensile strains of (a, b) 30%; (c, d) 70%; (e, f) 90%. The corresponding diffraction patterns acquired by FFT of the 

HR-TEM images are presented in (a1–f1). 
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cteristics at various plastic strain stages [ 12 , 39 ], but also the evo-

ution of deformation microstructures with different average grain 

izes [ 39 , 48 ]. In general, plastic deformation in the CrCoNi MEA 

ith average grain sizes between ∼2 and 150 μm is dominated by 

eformation twinning at medium/large-strain levels during tensile 

eformation [ 12 , 39 , 48 ]. 

In contrast, the present CrCoNi-P MEA has a significant differ- 

nce in the evolution pattern of the deformation microstructure 

 Figs. 6 (e1–h1), 9 and 10), where the deformation twinning of the 

rCoNi-P MEA is significantly suppressed and prolonged as com- 

ared to the reference CrCoNi MEAs [ 12 , 39 , 48 , 53 , 61–63 ]. For ex-

mple, the trigger strain for { 110 }< 11̄ 1 > twinning in the CrCoNi-P 
136
EA exceeds 30% ( Figs. 9 and 10 ), whereas that in the reference

rCoNi MEAs is only in the range of 10%–14% [ 39 , 48 , 61 ]. Mean-

hile, the deformation twinning persists in CrCoNi-P MEA over a 

roader applied strain range (i.e., 30% to 90%, see Figs. 6 (f1–h1) 

nd 10). These results indicate that deformation twinning in the 

resent CrCoNi-P MEA is significantly delayed and sustained. 

Furthermore, even upon straining to approximately 70%–90%, 

he twinning density in the CrCoNi-P MEA is considerably lower 

han the corresponding SF density ( Figs. 9 and 10 ). In contrast, the 

roportions of high-density deformation twins in the reference Cr- 

oNi MEAs deformed by approximately 30%–60% are significantly 

igher than that of the deformation SFs [ 39 , 48 , 61 , 62 ]. The defor-
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Fig. 11. Schematic illustration of the microstructural evolution of P-doped CrCoNi MEA during strain hardening under tension. (a–d) Upon tensile straining from 0 (no tension 

at all) to 90% (uniform elongation). 
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ation mechanism of the current P-doped CrCoNi MEA during ten- 

ile deformation is primarily controlled by SFs rather than defor- 

ation twinning. 

These above-mentioned significant differences in the micro- 

copic deformation mechanisms are what give the CrCoNi-P al- 

oy its extra strain-hardening capacity (see Fig. 4 (c)) and resulting 

trength-ductility synergy ( Fig. 4 (a)) at room temperature. 

It’s well-known that the modification of SFE by alloying can al- 

er the plastic deformation mechanisms in medium-/low-SFE al- 

oys, thereby influencing their macroscopic mechanical properties. 

t is widely accepted that when the SFE drops below a certain criti- 

al value, such as 20–40 mJ/m2 for high-Mn steels [ 64 , 65 ], a transi-

ion in deformation mechanism occurs. This transition may involve 

hase transformation and deformation twinning [ 64 , 65 ]. The for- 

er is not detected at any plastic strain in the present alloy, while 

he latter is only observed when plastic strain reaches 30%. The 

ecreasing SFE should enhance the twinning propensity in general. 

owever, the current experimental observations reveal the oppo- 

ite effect. Specifically, with P addition leading to a 43% reduction 

n SFE (from 22 mJ/m2 down to 12.5 mJ/m2 ), twinning initiation is 

elayed, and deformation twinning occurs roughly at plastic strains 

etween 30% and 90% ( Figs. 6 and 9 ). We are not very clear at the

oment about the nature behind this contradictory phenomenon, 

owever, it can be conjectured that the distribution of local SFE 

ight be more inhomogeneous in the CrCoNi-P MEA due to the 

ddition of P and the element distribution fluctuations [ 35 ]. There- 

ore, a weaker tendency for twinning in the present alloy could 

e attributed to the possible more inhomogeneous distribution of 

FE. Further clarification is required to understand the correspond- 

ng microscopic mechanisms for the weaker twinning propensity 

n the CrCoNi-P MEA in the future. 

As reported in previous literature, in comparison with the CrM- 

CoFeNi HEA ( γ SF = 30 mJ/m2 ; τ c = 720 ±30 MPa), the CrCoNi al- 

oy with relatively lower SFE ( γ SF = 22 mJ/m2 ) instead exhibits a 

igher critical tensile stress for twinning ( τ c = 790 ±100 MPa). The 

henomenon of simultaneously possessing low SFE and high criti- 

al twinning stress has also been reported in Cu-Al alloys [ 66 ], and

/MEAs [ 13 , 34 , 53 ]. 

Traditional strengthening mechanisms invariably induce a 

trength-ductility dilemma, they strongly resist dislocation move- 

ent for strengthening while also greatly reducing the dislocation 

ccumulation in structures with small size for diminished strain 

ardening. However, plentiful multi-orientational tiny planar SFs 

nduce dynamic structural refinement for forming parallelepiped 

omains in the present P-doped CrCoNi MEA. These nano-sized 

omains with domain boundary spacing at tens of nm can block 

islocation slip for strengthening on one hand, and can accumu- 

ate SFs and dislocations in the interiors of domains for exception- 
137
lly high strain hardening rate for the P-doped CrCoNi MEA on the 

ther hand. 

. Conclusions 

In the present study, an addition of small amount of P ele- 

ent (0.2 at.%) was applied to form a P-doped CrCoNi MEA for the 

rst time. And then, the tensile properties and the corresponding 

trengthening/hardening mechanisms were studied and compared 

or both the P-doped CrCoNi MEA and the un-doped CrCoNi MEA. 

he findings can be summarized as follows: 

1) The distribution of P element shows a peak at grain boundaries, 

such P segregation at grain boundaries can reduce grain bound- 

ary energy, stabilize grains for elevating yield strength and pro- 

mote dislocation behaviors. Moreover, a much lower SFE can be 

obtained in the P-doped CrCoNi MEA as compared to the un- 

doped CrCoNi MEA (12.5 mJ/m2 vs. 22 mJ/m2 ). 

2) Both yield strength and uniform elongation are observed to be 

simultaneously improved in the P-doped CrCoNi MEA, as com- 

pared to the un-doped CrCoNi MEA. Moreover, the P-doped Cr- 

CoNi MEA also shows much larger tensile ductility at a similar 

yield strength level, as compared to the other-element-doped 

CrCoNi MEAs. 

3) The P-doped CrCoNi MEA is observed to show higher HDI stress 

and higher HDI hardening rate, as compared to the un-doped 

CrCoNi MEA. A double-peak distribution for the Schmid factor 

and a first appearance for GNDs at grain boundaries are found 

for the P-doped CrCoNi MEA at varying tensile strains, indicat- 

ing the grain-to-grain plastic deformation and strain partition- 

ing for HDI hardening. 

4) The enhanced yield strength in the P-doped CrCoNi MEA can 

be attributed to the strong substitutional solution strengthen- 

ing and GB segregation induced strengthening. Partial dislo- 

cations and SFs dominate over deformation twins due to the 

possible more inhomogeneous distribution of local SFE. Multi- 

orientational planar SFs refine structures, forming nano-sized 

domains blocking dislocation slipping, and accumulating SFs 

and dislocations in the interiors of domains for exception- 

ally high strain hardening rate. These insights aid in achiev- 

ing superior tensile properties in H/MEAs through solution 

strengthening. 
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