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Supplementary note 

Calculation of back stress and effective stress 

A magnified hysteresis loop (Supplementary Fig. 11) illustrates the determination of the b 

and eff according to the following equations1: 

 u r
b 2

 



   (1) 

 eff f b= -     (2) 

where f represents the flow stress, u denotes the unloading yield stress and r signifies the 

reloading yield stress. 
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Supplementary Figures 

 

 

Supplementary Fig. 1. Low-angle-misoriented subgrains of the BBN CCIMA sample. 

HAADF image and corresponding EDS mapping, showing an absence of elemental segregation 

on the LADBs separating the subgrains. 
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Supplementary Fig. 2. Fracture morphologies of the BBN CCIMA. a, RT b, LNT, both 

showing ductile fracture feature. 
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Supplementary Fig. 3. Deformation mechanism in the UFG region of the BBN CCIMA 

sample under RT. a, Low-magnified BF-TEM image, showing high-density dislocations. b-c, 

High-magnified BF-TEM and HRTEM images, showing two sets of intersecting SSFs and 

resulting L-C locks in UFGs with sizes less than 300 nm. The inset shows the corresponding 

SAED pattern.  
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Supplementary Fig. 4. Deformation mechanism in the UFG region with the grain sizes of 

400-500 nm of the BBN CCIMA sample under LNT. BF-TEM image and the corresponding 

SAED pattern, showing SSFs. 
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Supplementary Fig. 5. Hall-Petch relation of the present CCIMA.  
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Supplementary Fig. 6. TKD characterization of the NSGs of the as-prepared BBN 

CCIMA, showing average misorientation of the LADBs of ~ 1.5°. 
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Supplementary Fig. 7. Microstructures of the as-prepared chemically simple Co76Ti24(B) 

sample. a, Low-magnified BF-TEM image. b, Statistical characteristic size distributions of 

grains and subgrains, showing a bimodal feature. c-d, UFGs. e-f, NSGs. c, e, High-magnified 

BF-TEM images. d, f, HRTEM image of an edge-on HAGB and LADB. The two insets are the 

FFT images, corresponding to the cyan and red squares. The right side is the EDS mapping. g, 

Quantitative compositional profiles across the HAGB and LADB, showing absence of 

elemental segregation. 
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Supplementary Fig. 8. Tensile property of the chemically simple Co76Ti24(B) sample under 

RT. a, Tensile engineering stress-strain curve showing limited ductility. b, Fracture 

morphologies, showing brittle intergranular fracture feature. 
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Supplementary Fig. 9. DFT calculations of planar fault energies. a, Calculated planar fault 

energies for APB, CSF, SISF (along the <111> direction), and APB100 (along the <100> 

direction) in the Co-Ni-Al-Ti-V-Ta alloy. b, Cell structure model used for calculating planar 

fault energies along the <111> direction. 

 



14 
 

 

Supplementary Fig. 10. Boundary map for the APB-dominated and the SISF-dominated 

mechanisms in L12-type IMAs. The dependence of the 
a
SISF   on grain size and the Co-

segregation-induced reduction in local SISF for the present alloy are taken into account. For 

simplification, only the results corresponding to screw dislocations are presented. Results 

related to edge dislocations showcase a similar dependence on grain size, but  with a higher 

a
SISF . The data of Ni3Al, Co3(Al,W), Ir3Nb and Pt3Al are from the reference2, while the data of 

CoNiAlTiTaNb(B) is from the reference3. 
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Supplementary Fig. 11. Illustration of the determination of b and eff, depicted in a 

magnified unloading-reloading branch of the hysteresis loop of the BBN CCIMA sample. 

Symbols: u -unloading yield stress, r -reloading yield stress. 
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Supplementary Fig. 12. Back stress and effective stress of the BBN CCIMA. a, Evolution 

of the true stress-strain hysteresis loop during the loading-unloading-reloading cycles. b, 

Evolutions of b and eff with T. 

 

  



17 
 

 

Supplementary Fig. 13. Schematic illustration of the multiple deformation mechanisms of 

the BBN CCIMA. 
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Supplementary Table 1. Composition, grain size and tensile properties of various alloys 

in Figs. 2c, d. 

Composition 
Preparation  

method 

Sample 

dimension 

(mm3) 

Grain 

size 

(nm) 

YS 

(MPa) 

UTS 

(MPa) 

UTS-

YS 

(MPa) 

δu 

(%) 
Ref. 

(Co47Ni30Al10

V5Ta4Ti4)99B1 
CR + 

Annealing 
12.5×2×0.4 

311/76 1833 2250 420 14 RT 

311/76 2190 2654 464 13 LNT 

Co76Ti24(B) 595/198 1661 1831 170 4 RT 

Ni 
ED 

1.72×0.25×0.

2 

6×2.5×0.2 

21 1600 2040 440 4 4 

21 1430 1820 390 2.6 4 

PED 4.5×2.2×0.13 29 839 1266 427 4 5 

Cu 

LNT+RT BM 
3×(1-

2)×(0.15-0.3) 
54 688 760 72 2.6 6 

ECAP 
3×2 

230 500 550 50 2.2 7 

IGC + WC 16 360 480 120 1.6 7 

HPT + CR 10×1×0.15 180 420 470 50 2.2 8 

Pd IGC + WC 3×2 
36 550 600 50 2.6 7 

47 660 685 25 4 7 

CoCu ED 7×2×0.01 110 1420 1875 455 3.3 9 

CoP PED 15×1.5×0.5 12 1200 1680 480 1.1 10 

CuAl11 ECAP 8×2×1 200 619 780 161 3.7 11 

Cu-1Nb BM 2×1×0.4 18 1035 1308 273 8.7 12 

Cu-10Zn 

BM + HPT 2×1 

110 580 680 100 3.8 13 

Cu-30Zn 28 930 1220 290 2.8 13 

Cu-30Zn 26 730 850 120 1.8 13 

CuAl12.1Zn4.1 BM 2×1×0.4 22 1067 1200 133 6.5 12 
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7075 Al alloy 

HPT 2×1×0.5 26 977 1050 73 2.6 14 

Cryogenic 

rolling 
10×2×0.15 

100 550 580 30 3.3 15 

100 615 670 55 7.4 15 

CrCoNi CR + 

Annealing 

10×2×0.6 230 1400 1500 100 1.7 16 

CrMnFeCoNi 8×2×1 27 900 929 29 5.7 17 

5083 Al alloy 
Milling + 

Compact + 

Extrusion 

12×4×2 
200/100

0 
608 711 103 0.9 18 

6063 Al alloy 9×2 

80-

1400/18

00-4100 

188 266 78 6 19 

Note: The following abbreviations are used: CR: cold rolling; ED: electrodeposition; PED: 

pulsed electrodeposition; LNT: liquid nitrogen temperature; RT: room temperature; BM: ball 

milling; ECAP: equal channel angular pressing; IGC: Insert-gas condensation; WC: warm 

compaction; HPT: high-pressure torsion. 
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