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Supplementary Note 1. Material Design

The deviation from the component of equi-atomic Ni-Co-Cr ternary alloy, namely,
increasing Co content decreasing Ni content is to reduce the stacking fault energy (SFE)
value of the FCC-structured matrix!?. The Co-rich compositions are desirable owing to the
following purposes (1) To intensify strain strengthening by forming high-density planar
defects during the cold deformation process. (2) To suppress the recrystallization owing to
the increased apparent activation energy of recrystallization®. (3) To promote the
precipitation of Y’ phase via decreasing the solubility of Al and Ti in the y matrix*. In order
to avoid the formation of brittle BCC phase only moderate contents of 3 at% Al and 3 at%
Ti are added to precipitate the y' phase during the aging process.
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Supplementary Note 2. Estimation of the strengthening effect of the hierarchical
precipitates

Due to the near fully coherent relationship of FCC/LIl> and ultrafine size, the
precipitation strengthening L1, phase is substantially sheared by the gliding dislocations
during the deformation. Hence, the strengthening effects of L1, phase Aop are from three
contributing factors, i.e., coherency strengthening Aoc, modulus mismatch strengthening
Aoy and ordering strengthening Aco. The Aoc and Aow play a part prior to the shearing,
while the last one makes a contribution during the shearing. As a result, the Aop is equal to
the larger one of (4doc and Aom) and Aco, of which can be expressed as:

Aoc=Ma,(G) (2 3 (1)

Aoy=M0.0055 (AG P2 ()12 (1) )
~\[/2

Aco=0.81M 122 (2 / 3)

where the Taylor factor M=3.06, a,=2.06 are constants for polycrystalline FCC structure
and G=87 GPa is the shear modulus of the matrix (taken from the (CoCrNi)osAl3Tis
medium-entropy alloy®). AG=87-77=10 GPa is the difference of shear modulus between
FCC matrix and L1, precipitate’. m=0.85%. is the antiphase boundaries energy. As

7 ap 0.3 Im, b= a1, =0.252 nm is
the Burgers vector of the dislocation. ¢=2/3(Aa/a) is the misfit between matrix and
precipitate, r is the mean radius of precipitates and f'is the volume fraction of precipitates,
where n is the number density of the precipitates.

In this study, the size of (Ni,Co)3(AlTi) particles precipitated during the annealing
process are larger than that formed during the aging process. So the overall precipitation
strengthening effect contributed by these heterogeneous (Ni,Co)3(Al,Ti) particles can be
divided into two parts, namely,

NS
reported by literature about the Ni-based alloys,

Acp=Ach+Ach (4)

Aaéis contributed by (Ni,Co)3(Al,Ti) particles formed during the annealing process. Where
e'=0.0056%, 1=38.04 nm, f~=13.25% (calculated from the APT results by using the level
rule'?), Using the above expressions, the values for Ao., Aoyand Ac, are calculated as
1.45 MPa, 116.73 MPa and 585.22 MPa, respectively. As Ao + Aoyis far lower than Aoy,
theAarI, is derived from ordering strengthening.

Similarly, AO’FI,I is contributed by (Ni,Co)3(ALTi) particles formed during the aging
process. £'=0.011%, r=2.07 nm and /~10.95%. So the values for Aogc, Aoyand Ac, are
calculated as 0.85 MPa, 47.68 MPa and 530.14 MPa, respectively. As Aoc + Aoy i1s far
lower than Aagg, the AO’FI, is also contributed by ordering strengthening.

Based on the above calculation, the precipitation strengthening effect of
heterogeneous L1, phase is estimated to be about 1115 MPa.



142 Supplementary Table 1. Compositions, structures of matrix, and tensile properties of
143 the HEAs and MEAs studied previously.

144
Compositions Matrix oy (MPa) ou (MPa) &ue (%) Ref.
1202 1295 2
1303 1334 1.9 i
HfNbTaTiZr BCC 1145 1262 9.7
1600 1900 3 .
1520 1520 1.7
. 1400 1750 4 .
CoCrFeNiMn FCC 930 1030 )
FeNiCoCu FCC 1149 1402 5 ,
(FeNiCoCu)ssAl7Tiy FCC 1477 1849 3.4
1311 1410 10
1212 1360 14
Cri5Fe20CossNizoMoig FCC 1028 1249 17 15
879 1194 22
799 1127 27
o FCC 645 1094 30 .
(FeCoNiCr)osTi2Als 1005 273 T
TaHfZrTi BCC 1300 1500 2.4 17
Ni;5Co1.5CrFeTio.s FCC 1308 1384 4.01 18
Fe25Co25NizsAlioTirs FCC 1860 2520 52 19
. 1570 1763 10 .
Alo5CrooFeNizsVoa FCC 1310 1905 9
Fes9.sMn30Co10Cr10Co.s FCC 1300 1500 1.5 A
(FeCoNi)ss-Al7Tir FCC 1028 1446 46.3 4
145
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Present work

Comparison of our developed alloys and other high
strength MEAs and HEAs. Map of uniform elongation (&) versus ultimate tensile
strength (UTS, ou) reveals the aged alloy achieves a combination of oy and & better than
other high strength MEAs and HEAs using FCC or BCC as matrix. The data of the
mechanical properties of these reported FCC-based materials are acquired from
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Supplementary Figure 2. Microstructural characterization for the (a) CRA and (b)
CRAA alloys, revealing that many bands widely distributed in both CRA and CRAA alloys
and surrounded by many fine grains. The scale bars in (a) and (b) are both 50 pm.
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Supplementary Figure 3. APT results of the CRA alloy. a, the three-dimensional
reconstruction of 40 at% Ni iso-concentration surfaces presenting the morphologies of a
particle and matrix, respectively. Scale bar, 20 nm. b, one-dimensional concentration profile
showing the element distributions from matrix to Ni-enriched particle. Error bars, s.d.
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Supplementary Figure 4. nce between CRA and CRAA alloys.
Atomic-resolution HAADF-STEM image taken from [001] and corresponding EDS maps of
(a) CRA and (b) CRAA alloys, showing that all five elements homogeneously distributed in
CRA alloy while high-density L1> particles (with an average diameter of 4.14+0.62 nm)
are precipitated in CRAA alloy. The scale bars in (a) and (b) are both 5 nm.
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203

204  Supplementary Figure 5. Synchrotron X-ray diffraction (SXRD) spectrums of the
205  without loaded, axially loaded and transversely loaded CRAA samples. It reveals that
206  no phase transformation occurs during tensile process.
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219
220
221  Supplementary Figure 6. The fracture morphology of the CRAA alloy. The SEM
222 image shows obviously plastic deformation together with a micro-void coalescence fracture
223 mode with fine dimples, indicating an excellent combination of ultra-high strength and good
224 ductility. Scale bar, 5 pm.
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