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Supplementary Note 1. The modified Williamson-Hall (MWH) method
Dislocation densities were calculated using the modified Williamson-Hall (MWH) method
based on ex-situ and in-situ HEXRD measurements 2. The shift in the diffraction peak AKX related

to the full width at half maximum (FWHM) is expressed as follows 12:

2.0 12 B _
AK=ZHTTE) KT HOK'T) M

Where D is the grain size, A:Re\/; is a constant ranging from 1 to 2 (with Re as the effective outer
cut-off radius of dislocations), and p is the dislocation density. The Burgers vector of the perfect

dislocation is b=0.250 nm. The diffraction vector is K=2sind/A, where 4 is the diffraction angle and

A is the X-ray wavelength. O represents a negligible higher-order term of KC". The dislocation
contrast factor C is given by:

C=Cyoo(1-gH’) (2)
Where Cj, and q are constants determined by the elastic constants of the crystal, and H represents

the fourth-order ratio derived from the Miller indices h, k, and I:

> PR PP

3
o 3
The constants Cj,, and q are calculated using the following equations:
p— Ai
Choo=a [1' exp (' Z)] ted;td, 4)
4i
q =ay[1-exp (- b ) [terditd, %)

Where Ai=2c44/(C11-C12) represents the elastic anisotropy, and the elastic constants are c11=260 GPa,
c12=131 GPa, and c44=106 GPa 3. The constants a1, b1, c1, d1, az, b, c2, and d- are associated with

the anisotropic elastic constants and dislocation character. The ratio of edge-to-screw dislocations
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is assumed to be 1, and the values of C,, and q are determined as 0.2070 and 1.5137, respectively.
The relationship between AK and FWHM (here denoted as f) of different lattice diffraction peaks

obtained from XRD profiles is given by:

AR=F 6)
Supplementary Note 2. Density functional theory (DFT)/Monte Carlo (MC) simulation

The hybrid density functional theory/Monte Carlo (DFT/MC) method was utilized to
investigate the energy evolution of the CRA alloy both prior to and following Mo segregation. A
100-atom supercell was designed to model the chemical disorder, preserving a composition ratio
of Fe:Co:Mo as 5:4:1. This approach effectively captures the intricate atomic interactions and
chemical inhomogeneities, providing detailed insights into the energetic effects of Mo segregation
on the alloy's microstructure.
Supplementary Note 3. The extended Kocks-Mecking plot

Based on Schoeck’s principle 4, Van Liempt and Sietsma derived an equation that describes
the entire pre-yield stage of the extended Kocks-Mecking plot >®:

MPEs3/1-52

@pI‘C:
M2534/ 1-s24pL2 (1+v)(s-y 1-s2arcsin(s))

(1)

This equation allows us to calculate the dislocation density p and the average dislocation
segment lengths L by fitting the work-hardening rate @ as a function of the flow stress ¢. Here,
M is the Taylor factor, E is the Young's modulus, v is Poisson's ratio (v=0.3). The dimensionless

stress parameter s is given by:

o O'L_
5= o, MGb (®)

Where G is the shear modulus, b is the Burgers vector, and oy is the yield strength.

Supplementary Note 4. Discrete dislocation dynamics (DDD) simulation
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The DDD simulations were performed using the open-source ParaDiS code, developed by
Lawrence Livermore National Laboratory. The simulation domain was a cubic box with
dimensions of 0.25 umx0.25 umx0.25 pm, employing periodic boundary conditions on all surfaces.
To replicate the alloy's microstructure, 99 screw dislocation lines were randomly distributed within
the body-centered cubic (BCC) matrix, corresponding to a dislocation density of 2.3x<10%° m2. A
strain rate of 1x10° s was applied, based on prior DDD simulations and the computational
constraints associated with simulation time.

To explore the mesoscale impact of elemental segregation on the alloy's properties, the lattice
strain field induced by segregation was incorporated into the discrete dislocation dynamics (DDD)
simulation using random field theory. High-resolution scanning transmission electron microscopy
(HRSTEM) imaging combined with geometric phase analysis (GPA) was employed to
characterize the lattice strain fields in regions with and without elemental segregation. The
experimentally obtained strain field was fitted to a fractal function and integrated into the DDD
code, enabling simulations that capture the influence of segregation-induced lattice strain on
dislocation dynamics and alloy performance.

Supplementary Note 5. Strengthening contributions of CR and CRA alloys
The strengthening mechanisms of the CR and CRA alloys were quantitatively analyzed, with

the yield strength (o) expressed as the sum of friction stress (o), solid solution strengthening
(Aay), dislocation strengthening (Aay;), and grain boundary strengthening (Aogy,):

0y =0) AT TAG4is T ATy, 9)
The friction stress (o) was assumed to be 50 MPa . Solid solution strengthening (Ac,,) arising

from the critical resolved shear stress increment caused by solute atoms, was estimated using

Fleischer's equation 8°:
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Ao= X (B2 X, o) (10)

Here, pi represents the strengthening constant associated with the lattice and modulus misfit
of substitutional element i, and X; « is its atomic fraction in the matrix. The gi values for Mo and

Co were 2143, and 334, respectively *1°,

Dislocation strengthening (Acy;,) was estimated using the Taylor hardening law %12
Aog=Maub,[p (11)
where M=2.908 is the Taylor factor '3, «=0.24 is an empirical constant 4, ,=77 GPa is the

shear modulus of martensite 156, b=§a=0.25 nm is the Burgers vector, and a=2.89 A is the

lattice constant obtained from synchrotron X-ray diffraction (HEXRD). The dislocation density
(p) was determined using the modified Williamson—Hall (MWH) method, yielding values of
2.31<10% and 4.08><10™ m for the CRA and CR alloys, respectively.

Grain boundary strengthening (Aoy,) was described by the Hall-Petch relationship *":
K
ACe = (12)

where d is the average grain size determined via electron backscatter diffraction (EBSD), and k is

the Hall-Petch constant, taken as 373 MPa um¥2”,
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Supplementary Fig. 1 | Fe-Mo—Co isothermal section at 1350 <T *°. The y-FCC single-phase
field directs composition selection; the green line marks 11 at. % Mo near the boundary of the

FCC single-phase field.
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Supplementary Fig. 2 | Thermodynamic screening and down-selection of Fe—~Co—-Mo alloys.
a, CALPHAD-predicted phase diagram of FexCoso-xMo11 pseudo-binary system. b, Room-
temperature engineering stress-strain curves of (Fe39Co50M011)99.6B0.3Co.1,
(Fe44C045M011)99.6B0.3Co.1, (Fe49C040M011)99.6B0.3Co.1, and (FessCossMo011)99.6B0.3Co.1 alloys after
cold rolling (CR) and annealing (CRA). The data points and error bars represent the mean =+
standard deviation (s.d.) taken from three independently tensile samples. ¢, XRD patterns of the
alloys in CR and CRA conditions. d-f, g-i SEM micrographs of CR and CRA microstructures,

respectively.
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106  Supplementary Fig. 3 | CALPHAD-predicted phase diagram of the Feso-xC040Mox System.

107  Thermodynamic calculations were conducted to evaluate phase stability across the Fe—Co—Mo
108  compositional range.
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Supplementary Fig. 4 | Optical micrographs of the as-rolled low- and high-Mo alloys. Optical
images of (FessC040M0s)99.6B0.3Co.1 and (Fe47C040Mo013)99.6B0.3Co.1 alloys after ~5% cold rolling,

both exhibiting cracks that signal poor workability.
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Supplementary Fig. 5 | Mechanical properties and microstructures of (Feso-
xC040M0x)99.6B0.3Co.1 alloys with varying Mo content (x =7, 9, and 11 at.%, denoted as Mo?7,
Mo9, and Moll). a, Room-temperature engineering stress—strain curves showing enhanced
mechanical performance with increasing Mo content. ST, where the as-cast alloy was
homogenized at 1200 <T for 2 h. The data points and error bars represent the mean = standard
deviation (s.d.) taken from three independently tensile samples. b, HEXRD patterns confirming

that all alloys predominantly consist of a martensitic phase. c—e, SEM images of the Mo7 alloy,
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123 and f-g, SEM images of the Mo9 alloy, revealing similar microstructures characterized by lath

124  martensite and a minor fraction of boride precipitates.
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Supplementary Fig. 6 | Room-temperature engineering stress-strain curves of the
(FessC040M012)99.6B0.3Co.1 alloy. The limited ductility of the annealed (CRA) alloy defines the
upper Mo limit for usable ductility. The data points and error bars represent the mean =*standard

deviation (s.d.) taken from three independently tensile samples.
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Supplementary Fig. 7 | Mechanical properties and microstructures of FessCosMo1: alloy. a,
Room-temperature engineering stress—strain curves showing that the CRA-treated alloy exhibits a
high tensile strength of 2.92 GPa but limited ductility (~1%), with fracture occurring prior to
macroscopic yielding. The data points and error bars represent the mean standard deviation (s.d.)
taken from three independently tensile samples. b, HEXRD patterns reveal that the ST state
contains both martensite and austenite phases, whereas the CR and CRA states are predominantly
martensitic. c-e, SEM images of the ST, CR, and CRA conditions, respectively, indicating lath

martensitic microstructures with no observable borides.
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Supplementary Fig. 8 | Repeated tensile curves of the CRA-(Fe49C040M011)99.6B0.3Co.1 alloy.

Ten room-temperature engineering stress—strain curves of the CRA alloy, demonstrating excellent

reproducibility of its mechanical properties.
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Supplementary Fig. 9 | Microhardness of the ST-, CR-, and CRA-(Fe49C040M011)99.6B0.3Co.1
alloys. The CRA alloy exhibits significantly higher microhardness compared to the ST and CR
alloys. ST: homogenized at 1200 °C for 2 h; CR: 80% cold-rolled from the ST state; CRA: CR
alloy subsequently annealed at 450 °C for 20 min. The data points and error bars represent the

mean =standard deviation (s.d.) taken from seven independently tests.
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Supplementary Fig. 10 | Fracture morphologies of ST- and CR-(Fes9C040M011)99.6B0.3Co.1

alloys. Scanning electron microscope (SEM) images of fracture surfaces: a-c, ST alloy, displaying
brittle fracture behavior characterized by abundant cleavage terraces, and d-f, CR alloy, exhibiting

ductile fracture behavior with a dimpled surface.
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Supplementary Fig. 11 | Rietveld refinement results. Integrated diffraction profiles (solid lines)
of the ST, CR, and CRA alloys as a function of 2-theta, along with the corresponding fitted peaks
(open dots), obtained using the Rietveld refinement method. a, Refinement result for the ST alloy.

b, Refinement result for the CR alloy. ¢, Refinement result for the CRA alloy.
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Supplementary Fig. 12 | Microstructures of the ST-, CR-, and CRA-(Fe49C040M011)99.6B0.3Co.1
alloys. SEM images showing the distribution of borides in a-c, the ST alloy, d-f, the CR alloy, and
g-i, the CRA alloy. A sparse distribution of boride particles (marked by yellow arrows) is observed

across the matrix for all three alloys.
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Supplementary Fig. 13 | Microstructure of the ST-(Fes9C040M011)99.6B0.3Co.1 alloy before and
after tensile testing. a, Bright-field TEM (BF-TEM) image before tensile testing, showing coarse
lath martensite boundaries; inset: selected-area electron diffraction (SAED) pattern confirming a
single body-centered cubic (bcc) martensite phase. b, ¢, TEM energy-dispersive spectroscopy
(EDS) and SAED patterns of boride particles, indicating Mo and B enrichment and hexagonal
close-packed structure. d, e, BF-TEM and dark-field TEM (DF-TEM) images of nanoscale
retained austenite. f, g, High-resolution TEM of austenite. h, BF-TEM after tensile fracture,
showing lath martensite matrix and boride particles. i, j, Corresponding BF-TEM and DF-TEM

images of retained austenite after fracture.
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183  Supplementary Fig. 14 | Grain boundary misorientation. Distribution of grain boundary

184  misorientation angles for the CRA alloy. A high density of small-angle grain boundaries (SAGBs)
185 s present in the CRA alloy.
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Supplementary Fig. 15 | Atom probe tomography measurements of the CRA alloy. The

experimental dataset demonstrates the co-segregation of Mo, B, and C at SAGBs.
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Supplementary Fig. 16 | High density of SAGBs in the CR alloy. a, Electron backscatter
diffraction (EBSD) image along the ND-RD plane. b, Distribution of grain boundary

misorientation angles. The planes along the rolling direction (RD) and normal direction (ND) are

shown. The amount of SAGBs accounts for over 80 percent.
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Supplementary Fig. 17 | Microstructure of the CR alloy. a, Bright-field transmission electron
microscopy (TEM) image showing the massive subgrains microstructure on the TD-RD plane. b,
Bright-field TEM image showing the lamellar microstructure on the ND-RD plane. ¢ and d,
Corresponding selected diffraction patterns for regions marked by red and blue solid circles in a,

indicating a single martensite phase and high dislocation density within the matrix, respectively.

23



Wavelength: 0.0207381 nm

(110)

= —
~ _— —_
™ o — 8 o
= N ) N »
5 ¢ ¢+ ¢ Y
. s A N 3.5%
£ AN A,
(] AN e AN =
| — N ;’E\\t N
= A > A 2%
2 S
[ AN A 1%
2
£
AN 0.5%
A ——
e —
A
T T T T
3 6 9 12 15

205 2-Theta (°)
206  Supplementary Fig. 18 | In-situ synchrotron high energy X-ray diffraction (HEXRD)
207  measurements. /n-situ synchrotron HEXRD profiles of the CR alloy obtained from the loading
208  direction at different tensile strains during deformation. The diffraction peaks broaden with the

209  increasing strain, indicating an increase in defect density.
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Supplementary Fig. 19 | Atomic-scale structure characterization of the CRA alloy. a,
Aberration-corrected scanning transmission electron microscopy high-angle annular dark-field
(STEM-HAADF) image with the incident beam aligned along the [111].- zone axis of a selected
grain. b, ¢, Kikuchi patterns corresponding to two subgrains (Grainl and Grain2), respectively. d,
Superimposed Kikuchi patterns showing the intergranular center distance (d3) between the two
grains; the misorientation angle between Grainl and Grain2 was determined to be 8.2< e-g,
Corresponding STEM-EDS elemental maps of the region shown in a, revealing no detectable

segregation or clustering.
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Supplementary Fig. 20 | Hybrid DFT/MC calculation results. Atomic structure of the
[001](510) and [001](510) low-angle tilt grain boundaries a, before and b, after 500 MC swaps. ¢,
Change in system energy with increasing MC steps. After 500 MC swaps, Mo segregation behavior
and energy reduction are observed at the low-angle tilt boundaries. d, Grain boundary energy and
grain boundary fracture energy of the CR and CRA alloys. The decrease in grain boundary energy
and increase in grain boundary fracture energy after Mo segregation indicate enhanced grain

boundary stability and cohesion, which contribute to improved yield strength and fracture

resistance, respectively.
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Supplementary Fig. 21 | Statistical results of the normal strain for discrete dislocation
dynamics simulation and strain-field function. a, For the CRA alloy and b, for the CR alloy.
The red solid line represents the Gaussian fitting curves of the strain-field histogram. The strain

field distribution is broader in the CRA alloy, corresponding to larger FWHM value of the Gaussian.
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Supplementary Fig. 22 | Dislocation structure. Snapshots of the dislocation structure for the a,

CR alloy at 1% strain, b, CR alloy at 2% strain, ¢, CRA alloy at 1% strain, and d, CRA alloy at 2%

strain. Dislocations on the (110) slip plane are colored cyanine blue ( ), the (110) slip plane is
colored pinkish red (——), the (101) slip plane is colored yellow (——), the (101) slip plane is
colored red (——), the (011) slip plane is colored green (——), and the (011) slip plane is colored

blue (

).
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Supplementary Fig. 23 | Stress relaxation test. a-b, Stress relaxation processes at a true plastic
strain 0of 0.018 in the CRA and CR alloys, respectively. ¢, Measured apparent activation volume of
the CRA and CR alloys, with the apparent activation volume of the CRA alloy being slightly larger
than that of the CR alloy. The data points and error bars represent the mean *standard deviation

(s.d.) taken from three independently tensile samples.
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Supplementary Fig. 24 | Work hardening rate as a function of true strain for the
(Fes9C040M011)99.6B0.3Co.1 alloy in CR and CRA states. The CRA alloy exhibits a sustained
hardening plateau beginning near 2% strain, indicative of its superior dislocation storage capacity.
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Supplementary Fig. 25 | Cold workability and mechanical properties of ST-
(Fes9C040M011)99.6B0.3Co.1 at.% alloy. a, Real-time imaging during cold rolling. b, Compression
engineering stress-strain curves. The tests were terminated at the 20 kN load limit. Three
independent compression curves are presented to demonstrate the reproducibility and reliability of

the experimental measurements.
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Supplementary Fig. 26 | Microstructural characterization of the (FesC040M011)99.6B0.3Co.1

alloy after 1200<C/2h solution treatment. a, EBSD-IPF maps. b, Boundary maps. c, Phase

distribution diagrams. The average prior austenite grain size is 72.6 + 3.7 um.

32



268

3.5
CRA92%

3.0 -~ = CRA75% CRABS Y.
o ]
o _ <1 CRA65%
o 2.5
(7))
17}
0 2.07
=
17} ]
= «y CR75%
q:) 1.57 13 |
b ] 512 CR65%
£ Q-
2 1.0 £1.1

=

L £10

0.57 09

65% 75% 85%  92%
Cold-rolling reduction
0 T T T T T T T

o 1 2 3 4 5 6 7 8
269 Engineering strain (%)

270  Supplementary Fig. 27 | Room-temperature tensile engineering stress-strain curves of the
271  (Fes9Co040M011)99.6B0.3Co.1 at.% alloy subjected to different cold-rolling reductions. The data
272  points and error bars represent the mean =standard deviation (s.d.) taken from three independently

273  tensile samples.

274
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275
276
277

278

Supplementary Fig. 28 | Rolling plate of the (Fes9C040Mo011)99.6B0.3Co.1 alloy after 92% cold-

rolling reduction, showing severe edge cracks.
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Supplementary Figs. 29 | Mechanical properties of the (Fes9C040Mo011)99.6B0.3Co.1 alloy after

different processing. Room-temperature tensile engineering stress-strain curves of a, annealed

for 20 min at different temperatures (350-500 <C), b, annealed at 450 <C for varying durations

(10-60 min). The data points and error bars represent the mean xstandard deviation (s.d.) taken

from three independently tensile samples.
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286  Supplementary Table 1 Configurational entropy AScont and interface-complex strengthening
287  for all investigated alloys. Aainterface complexes denotes the yield strength enhancement from the CR
288  to CRA state.

Al on ASconf AGinterface complexes (G Pa)
(FessC040M0s5)99.6B0.3Co.1 1.002R -
(Fes3C040M07)99.6B0.3Co.1 1.044R 0.711
(Fes1C040M0g)99.6B0.3Co.1 1.080R 0.859
(Fe49C040M011)99.6B0.3Co.1 1.111R 1.110
(Fes8C040M012)99.6B0.3Co.1 1.125R -
(Fe47CO4oM013)99,680,300,1 1.138R -

(FesoCoao(TIVMOW)10)99.6B0.3Co1 1.229R 0.643
(Fes0C040V10)99.6B0.3Co.1 1.096R 0.492
(FesoC025Ni10M05)99.6B0.3Co.1 1.182R 0.680
(FesoC020Ni15M05)99.6B0.3Co.1 1.211R 0.832
(Fes4C035M011)99.6B0:3Co1 1.096R -
(Fe44C045M011)99.6B0:3Co1 1.115R 1.025
(Fe39C050M011)99.6B03Co1 1.109R -

289
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290  Supplementary Table 2 Diffusion coefficients (D) of different elements. The table provides

291 the diffusion coefficients D (in m?/s) for various elements 2.

Fe Co Mo B C
Intrinsic diffusion constant 6.8 0.37 15.1 1.1x<10°3 2.0x<10?
Do (110 m?/s)
Activation energy for 258.9 280.5 216 72.4 84.098
diffusion Qo (kJ/mol)
Diffusion coefficient D 1.3x10%  2.0x10%®  3.7x10° 6.2x108  1.7x107"?

(m?/s)

Reference 21

21

21

22

23

292
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293  Supplementary Table 3 Mixing enthalpy values (AH‘{“,E‘B} ) of atomic pairs. The table presents

294  the mixing enthalpy values (in kJ/mol) for various atomic pairs 2.

Fe Co Mo
B -26 -24 -34
C -50 -42 -67

295
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