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Supplementary Item 1. Calculation of dislocation density  23 

The evolution of dislocation density in the presented alloys at different strains was 24 

calculated by the modified Williamson-Hall (MWH) method[1] based on the neutron 25 

diffraction data. According to the MWH method, the full width at half maximum 26 

(FWHM), Δ𝐾, of the diffraction peaks is a function of the average crystallite size (D) 27 

and the dislocation density (ρ) as follows[2]: 28 
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where b and K represent the magnitude of the Burgers vector and the Bragg position, 30 

respectively, A is a constant depending on the effective outer cutoff radius of 31 

dislocations, O represents the high order terms which can be neglected for calculation. 32 

Δ𝐾 and K can be directly obtained from the neutron profiles. 33 
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where C
—

h00, q, ai, bi, ci and di are constants related to the anisotropic elastic constants 39 

(C11, C12 and C44) and dislocation characters[3]. An extensive literature research on the 40 

elastic constants of FCC CoNi-based medium-entropy alloys shows that there is no 41 

significant difference in C
—

h00 and q among these alloys[4-7]. Therefore, C11, C12 and C44 42 

(296 GPa, 202 GPa and 176 GPa, respectively) taken from a CoCrNi MEA[6] were used. 43 

q is a variable related to the fraction of screw and edge dislocations[8], which can be 44 

determined experimentally by the linear regression of the [(ΔKtot)-(0.9/D)]2/K2 versus 45 

H2, hkl represents the crystal indices of FCC system. According to the anisotropic 46 

elastic constants and the determination of a2, b2, c2 and d2
[3], the theoretical value of q 47 

is 1.70 and 2.45 for edge dislocations and screw dislocations in CoNi-based medium-48 

entropy alloys (also reflected in Supplementary Fig. 11), respectively. 49 

The value of ρ can be determined by the best linear fitting between ∆K and KC1/2, 50 

and the slope is (πA2b2/2)1/2ρ1/2, from which the overall dislocation density of the 51 

materials can be calculated. The fitting curves are shown in Supplementary Fig. 10. 52 



Supplementary Item 2. The contribution of chemical local ordering on the yield 53 

strength of the CoNiV-AlTi alloy 54 

The enhancing effect of chemical local ordering (long-range order and short-range 55 

order) on the strength of a compositional complex material mainly lies in its order 56 

strengthening effect[8]. This is associated with the dislocation shearing of ordering 57 

clusters which produces an antiphase boundary that has a high energy opposing the 58 

motion of the penetrating dislocations[11, 12]. The relation between critical resolved shear 59 

stress (CRSS, τc) for dislocation gliding and the characteristics of chemical local 60 

ordering can be expressed as[13]: 61 
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where APB is the antiphase boundary energy of the chemical local ordering domain (for 63 

LRO, the value is around the order of 10-1 J/m2[9, 10]), di and Li are the average length of 64 

one of the paired dislocation lying in ordering particles and the average spacing of the 65 

ordering particles along the dislocation, respectively, as schematically shown in the 66 

figure below, Ι denotes the first shearing dislocation which produces an antiphase 67 

boundary and Ⅱ represents the second trailing dislocation that restores the ordering 68 

particle. The value of L also equals the mean free path of the dislocation.  69 

 70 

Schematic diagram of ordered domains sheared by a pair of dislocations. In (a) d is finite, while 71 

in (b) d = 0. 72 

This relation reveals that the strengthening effect caused by chemical local 73 

ordering is strongly influenced by both the APB and LΙ; the former parameter describes 74 

the resistance of the ordering particle to dislocation shearing (i.e. how easy they can be 75 

sheared by a dislocation), and the latter parameter highlights the density and dispersion 76 

of the ordering particles (i.e. how dense they are distributed). A higher number density 77 



and a more densely distributed ordering clusters reduce dislocation mean free path, 78 

which can be calculated by[14]  79 
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𝑑̅ is the mean radius of a circular cross-section in a random plane crossing a spherical 82 

precipitate, d is average diameter of the ordered domains, f is the volume fraction of the 83 

ordered domains. The dislocation mean free path produced by SRO and LRO was 84 

calculated to be 1.9 nm and 1.8 nm, respectively.   85 



 86 

Figure S1. (a) Enthalpy of mixing of different elements in the FCC phase with CoNiV composition 87 

(equimolar) at 1000°C. (b) The promoting effect of Al and Ti addition on the formation of the L12 88 

ordered phase at 750°C assuming that the main elements have a same atomic concentration (N(Ni) 89 

= N(Co) = N(V)). (c) Equilibrium volume fraction of different phases as a function of temperature 90 

for the V32Co32Ni32Al2Ti2 (at.%) composition.  91 

92 



 93 

Figure S2. (a) Atomic-scale HAADF-STEM image along the [112] zone axis and (b) the 94 

corresponding FFT pattern of the CoNiV(SS) sample, showing the absence of ordering structures. 95 

96 



 97 
Figure S3. EBSD-inverse pole figures (IPF) of (a) the CoNiV(SS) and (b) the CoNiV(AT) samples 98 

with an average grain size of ~10 μm (the average grain size of the CoNiV-AlTi sample is 11.2 μm). 99 



 100 

Figure S4. Engineering stress-strain curves and strain-hardening response of the ordering-free 101 

CoNiV(SS) and solid solution treated CoNiV-AlTi sample (without aging treatment and ordering) 102 

tested at the cryogenic temperature (87 K), suggesting only moderate influence of solute Al and Ti 103 

atoms on the cryogenic mechanical properties. 104 



 105 

Figure S5. (a) TEM-BF image and the corresponding energy-dispersive X-ray spectroscopy (EDX) 106 

maps of the CoNiV-AlTi (24 h aged) sample, showing the Ti enrichment and V depletion in the L12 107 

precipitates. The typical modulated structure with interconnected patterns is observed, which is the 108 

feature of the spinodal decomposed microstructure. (b) Selected area diffraction pattern (SADP) 109 

and TEM-DF image of the same sample taken from the {011} superlattice spot, showing the 110 

morphology and size of L12 precipitates. (c) The distribution of the size of L12 precipitates, 111 

determined from the TEM-DF image. Fracture surface of (d1-3) the CoNiV-AlTi sample and (e1-3) 112 

the CoNiV-AlTi (24h aged) sample deformed at 87 K. The former sample is characterized by a 113 

dimple-typed ductile fracture, whereas the latter contains certain degree of embrittlement as shown 114 

from the brittle quasi-cleavage facets observed on the fracture surface.   115 



 116 
Figure S6. EBSD-IPF images of the CoNiV-AlTi sample with different grain sizes: (a) 8 μm and 117 

(b) 25 μm. (c) Engineering stress-strain curves of samples with different grain sizes tested at 87 K. 118 



 119 
Figure S7. (a) TEM-BF micrographs of the CoNiV-AlTi alloy cryogenically deformed to 30% strain, 120 

showing a high density of micro-shear bands. (b) HRTEM image and (c) the corresponding IFFT 121 

image of a local region in (a), showing dense slip bands consisting of stacking faults within micro-122 

shear bands and the destruction of NLRO by the slip bands. (d) Schematic diagram illustrating the 123 

plastic deformation mechanism in the CoNiV-AlTi alloy containing dual-scale chemical ordering. 124 



 125 
Figure S8. Typical APT time-of-flight mass spectrum with identified ions for the CoNiV-AlTi 126 

sample.  127 

128 



 129 
Figure S9. Neutron diffraction patterns of the CoNiV(SS), CoNiV(AT) and CoNiV-AlTi samples 130 

before deformation. The {111} peaks indicate that there is some difference in lattice parameters of 131 

the three samples (shown in the right image b).  132 



   133 
Figure S10. (a1) Neutron diffraction profiles of the CoNiV(SS), CoNiV(AT) and CoNiV-AlTi 134 

samples deformed at different strains at 293 K. (a2-4) The modified Williamson-Hall plots at the 135 

strain of 6%, 15% and 30% at 293 K, respectively. (b1) Neutron diffraction profiles of the 136 

CoNiV(SS), CoNiV(AT) and CoNiV-AlTi samples deformed at different stages at 87 K. (b2-4) The 137 

modified Williamson-Hall plots at the strain of 6%, 15% and 30% at 87 K, respectively.  138 
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  139 

Figure S11. Dislocation characteristic parameters, q, of the CoNiV(SS), CoNiV(AT) and CoNiV-140 

AlTi samples at 15% tensile strain at 87 K, which was calculated on the basis of the neutron 141 

diffraction data. The result indicates that the dominant dislocation type of the ordering-free 142 

CoNiV(SS) sample and the SRO-containing CoNiV(AT) sample is edge dislocation, while a higher 143 

fraction of screw dislocations are present in the CoNiV-AlTi sample at the strain of 15%. 144 



Supplementary Table 1 Atomic radius, shear modulus, electronegativity and vacancy electron 145 

concentration (VEC) of the solute elements in the CoNiV alloy[15, 16] 146 

Element Atomic 
radius 
(pm) 

VEC Crystal 
structure 

Electronegativity Shear 
Modulus 

(GPa) 

Mixing enthalpy 
(kJ/mol) 

Ni V 

Co 125 9 FCC (> 422 

C), 
Hexagonal (< 

422 C) 

1.63 75 0 -14 

Ni 124 10 FCC 1.91 76 - -18 

V 134 5 BCC 1.63 47 - - 

 147 
From a thermodynamic point of view, the driving force for forming SROs in 148 

CoNiV is originated from multiple aspects, including the fluctuation in the local strain, 149 

bonding state, electronic and magnetic interaction[17]. The fluctuation of local strain 150 

energy in MEAs/HEAs becomes pronounced since they generally possess severe lattice 151 

distortion. The enlargement in the atomic size mismatch among solute elements would 152 

raise the variation of lattice distortion and consequently the strain energy. Therefore, 153 

the large atomic size mismatch between V and Co/Ni promotes the formation of SRO. 154 

The bonding energy, which can be simply reflected by the negative mixing enthalpy 155 

between different elements, is another important factor for the formation of SRO. The 156 

mixing enthalpy between V and Co with Ni is -14 KJ/mol and -18 KJ/mol, respectively, 157 

indicating a strong affinity between V and Co/Ni thus promoting the formation of SRO.  158 



Supplementary Table 2 Details of the data presented in Fig. 2b. 159 

Materials  
classification 

Test 
temperature 

Materials composition 
 

Mechanical properties   

0.2 UTS TE  

FCC+SRO+ 
NLRO 
(at.%) 

87K CoNiVAl2Ti2 117218 182118 41.91.4 This 
work 

FCC+SRO 
(at.%) 

87K CoNiV(AT) 93119 149525 47.81.2 

FCC (at.%) 87K CoNiV(SS) 79426 138523 52.61.1 
FCC+ 

Precipitates 
(at.%) 

87K CoNiVAl2Ti2 (aged for 24h) 120632 178134 21.81.6 

Single-
phase FCC 

MEA/HEAs 
(at.%) 

77K CoCrFeNi 590 1070 78 [18]  
77K CoCrNi 860  1305 46.9 [19]  
77K CoCrNi 520 1200 78 [20]  
77K CoCrNi 657  1311  90 [21]  
77K CoCrNiAl6Ta2 786 1351 90 [22]  
77K CoNiV 1217 1703 42.1 [23] N 
77K CoNiV 960 1551 56.7 [23] N 
77K CoNiV 895 1474 58.7 [23] N 
77K CrFeCoNiPd 660 1010 69 [24]  
77K CrFeCoNiPd 880 1220 52 [24]  
77K CrMnFeCoNi 670 1270 72 [24]  
77K CrMnFeCoNi 380 880 105 [24]  
77K Cr26Mn20Fe20Co20Ni14 500 1100 62 [25]  

FCC+L12(p) 
MEA/HEAs 

(at.%) 

77K Co40Cr20Ni30Al5Ti5 2022 2309 21.2 [26]  
77K Fe23.8Co23.8Ni23.8Cr23.8Ti4.8  860 1580 46 [27] N 

77K Co35Ni35Fe20Al5Ti5 930  1320 21 [28]  
77K Co35Ni35Fe20Al5Ti5 1020  1460 26.4 [28]  

77K Ni30Co30Fe13Cr15Al6Ti6 1090 1700 51 [29] N 
77K Co34.46Cr32.12Ni27.42Al3Ti3 730 1340 67 [30]  
77K Co34.46Cr32.12Ni27.42Al3Ti3 980 1680 35.2 [30]  

FCC+B2 
MEA/HEAs 

(at.%) 

77K Al0.3CoCrFeNi 1320 1600 17.5 [31]  
77K Al0.3CoCrFeNi ~1300 ~1500 16.4 [31]  
77K Al0.3CoCrFeNi ~1300 ~1500 18 [31]  
77K Al0.5CoCrFeMnNi 796 1329 30.5 [32]  
77K AlCoCrFeNi2.0 715 952 3.7 [33]  
77K AlCoCrFeNi2.1 690 1051 6.7 [33]  
77K AlCoCrFeNi2.2 705 1151 9.3 [33]  
77K CoNiVAl5 1400 1900 38 [34]  
77K CoNiVAl7 1350 1900 24 [34]  
77K Al0.3CoCrFeNi 730  1355 63 [35] N 

TRIP 
HEA/MEAs 

(at.%) 

77K Fe60Co15Ni15Cr10 600 1020 128 [36]  
77K Fe60Co15Ni15Cr10 660 1500 85 [36]  
77K Fe60Co15Ni15Cr10 600 1180 118 [36]  
77K Fe49Mn30Co10Cr10 398 1323 53 [37]  
77K Fe49Mn30Co10Cr10N1.8 1206 1620 11 [37]  
77K Fe49Mn30Co10Cr1 1078 1630 33.5 [37]  
77K Fe65Ni15Co8Mn8Ti3Si 1305 1800 45 [38]  



77K Co17.5Cr12.5Fe55Ni10Mo4C1 984 1762 54.7 [39]  
77K Co17.5Cr12.5Fe55Ni10Mo3C2 1010 1978 53.3 [39]  
77K V10Cr10Co30Fe40Ni10 706 1256 64.4 [40]  
77K V10Cr10Co30Fe45Ni5 740 1358 71.2 [40]  
77K V10Cr10Co30Fe50 520 1990 38.8 [40]  
77K (Fe40Mn40Co10Cr10)96.7C3.3 551 1038 21 [41]  
77K (Fe40Mn40Co10Cr10)96.7C3.3Ti 987 1477 51.5 [41]  
77K Fe50Co25Ni10Al5Ti5Mo5 1305 2340 16 [42]  
77K Fe45Cr10Mn5Co30Si8V2 457 1617 49 [43] N 

Iron base 
alloys 
(wt.%) 

77K 19Mn-0.45C 680 1477 25.4 [44]  
77K 22Mn-0.45C  646 1509 53.5 [44]  
77K 19Mn-0.45C-2Al 759 1355 40.7 [44]  
77K 22Mn-0.45C-2Al  811 1403 67.2 [44]  
77K 20Mn–4Al-0.3C  698.6 1196.5 77.4 [45]  
77K 27Mn–4Al-0.3C  729.8 1173.0 68.3 [46]  
77K 18Cr-Ni-Mn-Si 401  1,417 13 [46]  
77K 9Ni 980 1,201  24 [46]  
77K Fe-8.53Ni-0.002C 794 851 37.3 [47]  
77K Fe-8.53Ni-0.002C 700 1200 67 [47]  
110K Invar steel 600 870 50 [48]  
77K Fe-25Mn-4Cr-0.5C 800  1380 58 [49]  
77K Fe-25Cr-7Ni- 3Mo 1020 1280 45 [50]  

Other HEA 
alloys 
(at.%) 

77K TiZrHfNbTa 1547 1549 20.8 [51]  

77K FeCoCrNiMo0.2 637 1212 71.2 [52]  

Al base 
alloys 

77K Al-Cu-Mn alloy 210 415 42 [53]  
77K 1575C Al 260 470 16 [54]  
77K 1575CAl 335 555 34 [54]  
77K AA2195 600 680 7 [55]  
77K AA2195 615 670 7 [55]  
77K AA5083 320 420 25 [48]  

Ni base 
alloys 

100K Haynes 282 700 1200 19 [56]  
77K GH3536 593 1198 76 [57]  
77K Alloy 625 550  1134  89.4  [58]  
77K Haynes 282 750 1350 15 [59]  
77K INCONEL 718  1327 1640 12.5 [59]  

Ti base 
alloys 

77K Ti-3Al-3Mo-3Zr alloy 1290 1310 10.5 [60]  
77K Ti-15Mo-2Al 1055 1536 22 [61]  
77K Ti-5Al-1V-1Sn-1Zr-0.8Mo 1252.3 1326.3 25 [62]  
77K Ti-6Al-4V 1600 1680 10.5 [63]  

N represents that no extensometer was used during the tests (the total elongation was overestimated). 160 

0.2: yield strength, UTS: ultimate shear strength, TE: total elongation  161 
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