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Strengthening mechanisms 

As reported, the strengthening contributions of the multiphase (𝜎𝑇 ) are simply assumed 

according to the mixture rule [1] as follows: 

𝜎𝑇 = 𝑉(𝛾)σ(𝛾) + 𝑉(𝛼′)σ(𝛼′)                                                    (1) 

where 𝑉(𝛾) and 𝑉(𝛼′) are the volume fractions of austenite (~97.3%) and martensite (~2.7%), 

respectively, σ(𝛾)  and σ(𝛼′)  are the yield strength values of austenite and martensite,

respectively. The strengthening mechanisms of constituents can be summarized into three categories: 

grain-boundary strengthening, dislocation strengthening, solid solution strengthening and 

precipitation strengthening. The precipitation is difficult under the condition of low annealing 

temperature and short annealing time, and the precipitates were hardly found in the experimental 

TEM characterization, so the precipitation strengthening can be ignored in this work. Thus, the 

strengthening contributions of individual mechanisms in the annealed Cold-R and Cryo-R samples 

can be illustrated as follows: 

𝜎𝑠 = 𝜎𝐺𝐵 + 𝜎𝐷 + 𝜎𝑆𝑆                                                           (2) 

where 𝜎𝑠 represents the yield strength; 𝜎𝐺𝐵 , 𝜎𝐷 and 𝜎𝑆𝑆 represent the contribution of grain-

boundary strengthening, dislocation strengthening and solid solution strengthening, respectively. 

1. Grain-boundary (GB) strengthening (Hall–Petch effect)

The GB strengthening mechanism is usually described by the Hall–Petch equation[2]:

𝜎𝐺𝐵 = 𝜎0 + 𝐾𝐻𝑃𝑑𝑚
−0.5                                                          (3)

where the 𝜎0 values are 180 and 120 MPa for austenite and martensite [3], respectively. The 

coefficient 𝐾𝐻𝑃 values of austenite and martensite are 435 and 210 MPa·μm-1/2 [4], respectively.

From the EBSD statistics (Fig. 4c and 4f), the average grain size dm values of the austenite and 

martensite in the annealed Cryo-R sample were ~0.94 and ~0.31 μm, respectively, and the dm value 



 

 

of the austenite in the annealed Cold-R sample was ~1.46 μm. Thus, the contribution to GB 

strengthening in both samples was shown in Tab. S1: 

 

 

 

 

 

Table S1. GB strengthening contribution of 𝛾/α' in the annealed Cryo-R and Cold-R samples. 

GB strengthening Annealed Cryo-R Annealed Cold-R 

𝜎𝐺𝐵−𝛾 (MPa) 611.6 540 

𝜎𝐺𝐵−𝛼′ (MPa) 13.4 / 

𝜎𝐺𝐵  (MPa) 625 540 

 

2. Dislocation strengthening 

To evaluate and compare the role of the residual dislocations to strengthening in SASSs, the 

Bailey–Hirsch relationship [5] was applied in the current study: 

𝜎𝐷 = 𝛼𝑀𝐺𝑏𝜌0.5                                                               (4) 

where M is the mean orientation factor, α is the constant, G is the shear modulus, b is the burgers 

vector. The values of detailed parameters were shown in table S2. 

Table S2 Physical quantities for strengthening mechanism calculations. 

Symbol Meaning Values Unit References 

b Burgers vector 0.286 nm [2] 

M Mean orientation factor 3.06 Dimensionless [6, 7] 

G Shear modulus 82 GPa [8] 

𝛼 Constant 0.3 Dimensionless [9] 

 

The dislocation density 𝜌 can be calculated by the following formula [10] from the KAM: 

𝜌 = 2𝜃/𝑏∆𝑥                                                                 (5) 



 

 

where 𝜃 is the average KAM value of the selected zone, as shown in Fig. S1. The 𝜃 values of 

austenite and martensite in the annealed Cryo-R samples are 1.65 and 2.08, respectively, and the 𝜃 

value of austenite in the annealed Cold-R sample is 1.35. ∆𝑥 is the step size (~0.05 μm). Thus, the 

as-calculated dislocation density and the related dislocation strengthening contributions are shown 

in Tab. S3. 

 

Fig S1. (a, b) The KAM distributions and (c, d) average KAM values of the constituent phases in 

the annealed Cryo-R, Cold-R samples. 

 

Table S3. Dislocation strengthening contribution of the annealed Cryo-R and Cold-R samples 

Dislocation strengthening Annealed Cryo-R Annealed Cold-R 

𝜌𝛾 2.3*1014 1.9*1014 

𝜌𝛼‘ 2.9*1014 / 

𝜎𝐺𝐵−𝛾 (MPa) 318.2 540 

𝜎𝐺𝐵−𝛼′ (MPa) 9.91 / 

𝜎𝐺𝐵  (MPa) 625 540 

 



 

 

3. Solid solution strengthening 

The solid solution strengthening (𝜎𝑠𝑠) can be expressed by the equation [11, 12]: 

𝜎𝑠𝑠−𝑎 = 68 + 20 × (%𝑆𝑖) + 3.7 × (%𝐶𝑟) + 354 × (%𝐶)                            (6) 

𝜎𝑠𝑠−𝑚 = 77 + 32 × (%𝑀𝑛) + 83 × (%𝑆𝑖) − 3.1(%𝐶𝑟) + 5000 × (%𝐶)                (7) 

the chemical composition of SASS was listed as follows: 0.024 C, 0.38 Si, 0.98 Mn, 0.027 P, 0.004 

S, 16.9 Cr, 13.23 Ni, 5.3 Mo, 0.13 N and balanced Fe, wt. %. Thus, the solid solution strengthening 

of the annealed Cryo-R and Cold-R samples are shown in Tab. S4. 

 

Table S4 Solid-solution strengthening contribution of the annealed Cryo-R and Cold-R samples 

Solid solution strengthening Annealed Cryo-R Annealed Cold-R 

𝜎𝑠𝑠−𝛾 142.6 146.6 

𝜎𝑠𝑠−𝛼′ 5.6 / 

𝜎𝑠𝑠 (MPa) 148.2 146.6 

 

As illustrated above, the contributions of individual strengthening mechanisms to the YS can 

be summarized as Tab. S5. The total strengthening contributions of the annealed Cold-R and Cryo-

R samples are calculated as ~1101.3 and ~981.8 MPa, corresponding well to the experimental YS 

results. Moreover, the total strength contributions of the martensitic phase are calculated as ~30 

MPa, which contributes little to the overall YS. However, the existence of retained martensite may 

result in strong stress partitioning [13] between constituent phases, thus influencing the mechanical 

stability of austenite and related transformation-induced plasticity (TRIP) effect. 

 

Table S5. Strengthening contributions of individual mechanisms in the annealed Cryo-R and Cold-

R samples. 

Strengthening 

contributions 
𝜎𝐺𝐵 (MPa) 𝜎𝐷 (MPa) 𝜎𝑆𝑆 (MPa) 

YS Calculation 

(MPa) 

YS Experiment 

(MPa) 

Annealed 

Cryo-R 
625 328.1 148.2 1101.3 1032 



 

 

Annealed 

Cold-R 
540.0 295.2 146.6 981.8 922.1 

 

SFE calculation 

According to the previous models, the SFE can be calculated by the following formula [14]: 

Γ = 2ρ𝑚∆𝐺𝛾→𝜀 + 2𝜎𝛾/𝜀 + 2𝜌∆𝐺𝑒𝑥                                                (8) 

where ρ𝑚 is the molar surface density along {111} planes; 

ρ𝑚 =
4

√3𝑎2𝑁
                                                                   (9) 

where 𝑎 is the lattice constant ~0.361 nm, N is Avogadro’s constant, 𝜎𝛾/𝜀 is the interfacial energy 

~8 mJ/m2 [15], and ∆𝐺𝑒𝑥 is the excess free energy due to the grain size effect. 

∆𝐺𝑒𝑥 = 170.06exp (
−𝑑𝑚

18.55
)                                                       (10) 

From the previous thermodynamic simulations, the free energy change ∆𝐺𝛾→𝜀 can be calculated 

by using the model as follows[16, 17]: 

∆𝐺𝛾→𝜀 = ∑ 𝜒𝑖 𝑖
Δ𝐺i

𝛾→𝜀
+ ∑ 𝜒𝑖𝑗 𝑖

𝜒𝑗Ω𝑖𝑗
𝛾→𝜀

+ Δ𝐺mg
𝛾→𝜀

                                    (11) 

where 𝜒𝑖 is the molar fraction of the alloy element i, Δ𝐺i
𝛾→𝜀

 is the change in the Gibbs energy of 

each element i upon 𝛾 → 𝜀 phase transformation, the excess free energy Ω𝑖𝑗
𝛾→𝜀

 is the first-order 

interactions between element i and j, Δ𝐺mg
𝛾→𝜀

 is the magnetic contribution due to the paramagnetic-

to-antiferromagnetic transition [17]. Some parameters of Δ𝐺i
𝛾→𝜀

 and Ω𝑖𝑗
𝛾→𝜀

 are given in Tab. S6. 

Table S6. Thermodynamic functions of some parameters to calculate ∆𝐺𝛾→𝜀 . 

Parameter Thermodynamic function (J/mol) 

Δ𝐺Fe
𝛾→𝜀

 -1828.4+4.686T 

Δ𝐺Mn
𝛾→𝜀

 3970-1.7T 

Δ𝐺Al
𝛾→𝜀

 5481.04-1.799T 

Δ𝐺𝑆𝑖
𝛾→𝜀

 -560-8T 

Δ𝐺Cr
𝛾→𝜀

 -2846-0.163T 

Δ𝐺𝑀𝑜
𝛾→𝜀

 -3650-0.63T 

Δ𝐺𝑁𝑖
𝛾→𝜀

 1046+1.255T 

ΔΩFeMn
𝛾→𝜀

 -9135.5+15282.1𝜒𝑀𝑛 



 

 

ΔΩFeAl
𝛾→𝜀

 3323 

ΔΩFeCr
𝛾→𝜀

 2095 

ΔΩ𝐹𝑒𝑁𝑖
𝛾→𝜀

 2095 

ΔΩCrNi
𝛾→𝜀

 4190 

ΔΩFeSi
𝛾→𝜀

 285+3250 (𝜒𝐹𝑒  –𝜒𝑆𝑖) 

Here T is the temperature in Kelvin, and ∆𝐺𝑖
𝛾→𝜀

 and ΔΩ𝑖𝑗
𝛾→𝜀

 are in J/mol. According to the 

chemical composition and deformation temperature, the SFE values of the studied SASS are 

calculated as ~49.2 mJ·m-2 and ~22.1 mJ·m-2 at 293 K and 77 K, respectively. 
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