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Supplementary Note 1: MD simulations of AMT mechanism
An atomistic model of 304NG stainless steel with GNS (Supplementary Fig. 10) was set up to address the AMT mechanism for extraordinary radiation resistance. By choosing this atomic model, we used a semiempirical potential model developed with the EAM1 for a Fe-Cr-Ni system and carried out MD simulations, as shown in Extended Data Fig. 9a. After position and volume relaxations, numerous SFs and DNs are introduced in the material. It is noted that SFs and 3 GBs are further characterized according to PTM method. The simulated configuration results (Extended Data Fig. 9b) are consistent with the experimental ones (Fig. 1) in this work. Then, the displacement cascade simulations were introduced into the model to simulate irradiation process. The displacement cascades could cause structural damages and then form various radiation defects (Supplementary Fig. 11), such as interstitials, vacancies, loops, and voids. Considering the effects induced by residual stress introduced by SMRT and stresses induced by phase transformation and ion implantation, we applied external stress for further simulations after cascade process to accelerate the whole system evolution, and investigated how the radiation induced defects affect the phase transformation2. The shear deformation simulation is also carried out for comparison. It is clear that martensitic transformation occurs widely in the system after cascade and tensile or shear stress acceleration simulations (Extended Data Fig. 9a, 9c, 9d). The role of applying the external tensile or shear stress was to accelerate the simulation process because of the timescale limitation of classical MD but without affecting the underlying physics. According to transition state theory3,4, increasing temperature or applying external stress could increase the jumping frequency to induce the system to overcome the state transition barrier to a lower state, as did in this work. 
The radiation defects are absorbed by interfaces and DNs in GNS 304NG (Supplementary Fig. 12), as revealed theoretically5,6 and experimentally7 previously. This is one of the crucial mechanisms of the extraordinary irradiation tolerance for GNS 304NG. Furthermore, the present simulations also confirm that the grain size in GNS samples does not significantly increase after irradiation, being different to cases after the same cascade simulations in the normal NC model (Supplementary Video 2). Meanwhile, the phase transition occurs mainly at the junctions of SFs (Extended Data Fig. 9c, 9d), which conforms to the classical Kurdjumov-Sachs relationship (see Fig. 3, Supplementary Fig. 13, and Supplementary Video 3). Further analysis indicates that the phase transition goes on while the radiation induced defects are absorbed by the SFs (Supplementary Video 4), confirming that the radiation induced phase transformation is firstly induced by the interaction between SFs and radiation defects. The mechanism of large-scale AMT was further analyzed by building a small MD model (Supplementary Fig. 14a) with cross SFs around the newly formed BCC phase. Under the interaction of SFs and irradiation defects, the phenomenon that martensite extends along these interactions to both sides (Supplementary Fig. 14b, Supplementary Video 5) is confirmed. By analyzing the displacement of interstitial atoms, it is found that the displacement of defects near the interface between SFs and martensite is more significant, and finally martensite occurs at the intersection of SFs and extends to both sides (Supplementary Fig. 14c). Meanwhile, the corresponding phase transformation also promotes atomic displacements after the formation of new BCC phase, resulting in continuous phase transformation and related defect absorption from the damage peak to the surrounding regions. Therefore, it is concluded that the martensitic transformation related with a high density of SFs plays an important role to induce the extraordinary radiation resistance in GNS 304NG.
In fact, numerous MD studies have been performed to explore the radiation damages in single crystals8,9 and different types of grain boundaries10 in FCC Fe-Cr-Ni alloys. For example, Ustrzycka et al.8 demonstrated that DLs and voids form in the lattice due to overlap collision cascades under irradiation at room temperature. And Gao et al.10 revealed that four typical GBs in austenitic stainless steels all exhibit better self-healing performance than single crystals, while their absorption capacities for radiation induced defects (both interstitial and vacancy) depend on the lattice mismatch near grain boundaries. However, we noticed that no martensite transformation has been observed in FCC Fe-Cr-Ni systems by simulations previously. 
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Supplementary Fig. 1. Microstructure of CG 304NG. a, b, The EBSD analysis, an inverse pole figure (IPF) image (a), a sketch map of GBs distribution (b), Red lines, Σ3 GBs; Black lines, high angle GBs (>15°); Other colored lines, other CSL boundaries. c, The XRD pattern. d, A BF TEM image. e, f, High-resolution TEM images with SFs pointed by arrows, and (f) is a magnified view of the boxed zone in (e). The inset in (e) shows the FFT pattern.
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Supplementary Fig. 2. SEM images of SMRT 304NG sample. a, A cross-sectional morphology. b-e, The magnified views of the corresponding zones marked in (a).
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Supplementary Fig. 3. Profiles of irradiation dose and Fe concentration along depth under different ion fluences applied in this work.
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Supplementary Fig. 4. Variations of DLs density and size with radiation dose at room temperature in CG and GNS samples. This is an enlarged view of Fig. 2c showing the situation at low doses.








Supplementary Fig. 5. Comparisons of irradiation DLs densities in different nanostructured materials and their CG counterparts after ion irradiation. All the materials were irradiated at low temperatures except that 304L was irradiated at 500 C and G91 was irradiated at 300 C (Refs. (11-16)). UFG: ultra-fine grained, NP: nano-porous; NT: nano-twinned.
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Supplementary Fig. 6. Microstructure of GNS 304NG irradiated at room temperature with an ion fluence of 1.625 × 1017 cm−2 (also a part in Extended Data Fig. 8). a-c, The TKD analysis results, an IPF image (a), a sketch map of GB distribution (b), and a phase distribution image (c). In (b): Red lines, Σ3 interfaces; Blue lines, low-angle GBs (5 to 15°); Black lines, high-angle GBs (>15°); and other colored lines, other CSL boundaries. In (c): Red, γ; Green, α'.
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Supplementary Fig. 7. Phase distribution images characterized by TKD at a depth of ~4.0 m in GNS samples.  Before irradiation (a) and after irradiation (b) at room temperature for ~5 dpa. Red, γ; Green, α’.
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Supplementary Fig. 8. XRD patterns of different samples irradiated at room temperature. GNS samples (a) and CG samples (b) with the corresponding doses marked.
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Supplementary Fig. 9. Indentation displacement dependence of hardness of GNS and CG samples before and after irradiation (~50 dpa at room temperature). The plots were taken from Fig. 4A according to the Nix-Gao correction model (17), i.e., (H/H0)2 =1+h*/h, where H is the obtained hardness at the indentation displacement h, H0 is the hardness at infinite h, and h* is a characteristic length depending on the properties of indented material and geometry of indenter tip. The values of H0 are derived from the dotted fitting lines for 50dpa-CG, 0dpa-GNS, and 50dpa-GNS, since the sections with low 1/h values (i.e. large indentation displacement) should be influenced by the substrate with a lower hardness. The surface hardness values were estimated to be 2.310.10, 4.370.45, 4.93±0.13, and 6.45±0.29 GPa for 0dpa-CG, 50dpa-CG, 0dpa-GNS, and 50dpa-GNS, respectively.
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Supplementary Fig. 10. Atomic model of GNS 304NG. a, The element distribution of the model. The red, blue, and yellow balls represent Fe, Cr, and Ni atoms, respectively. b, The phase distribution identified by PTM method: the blue balls represent the atoms in FCC phase, the orange balls represent the atoms in GB or SF phase, the red balls represent the atoms in BCC phase, and the grey atoms represent the atoms unrecognized by PTM method. c, The ensemble of the model in MD simulations.
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Supplementary Fig. 11. Defects formation in the GNS 304NG under irradiation. a, The defect distribution in GNS 304NG after radiation cascade recognized by PTM method, in which the orange balls represent atoms in SFs and the grey balls represent atoms in other defects, such as interstitial (b) and vacancy (c), which would be trapped or annihilated through trapping in GBs, SFs, DNs, and by the AMT mechanism.
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Supplementary Fig. 12. Defect absorption in irradiated GNS 304NG. a, b, Defects (grey balls) are absorbed by interface (a) and DNs (b), respectively, in MD simulations. c, The STEM image of irradiated GNS sample under a dose of 2 dpa, presenting defect absorption by interfaces and DNs.
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Supplementary Fig. 13. Atomic migration trajectories of martensitic transformation induced by irradiation defect. 
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Supplementary Fig. 14. Extending process of AMT mechanism. a, Small SFs-BCC model. b, The phases extend process. c, Defects enrichment process. Blue (FCC), yellow (HCP), red (BCC) and grey (other types) atoms are determined according to the different lattice arrangements in (a) and (b). The color in (c) represents the atomic displacement magnitude as shown in the color-bar.


2. Supplementary Tables

Supplementary Table 1. SMRT parameters. The parameters used in SMRT for 304NG plate samples.

	vy
(mm s-1)
	Px
(mm)
	Lx
(mm)
	Ly
(mm)
	ap
(μm)
	Repeated times

	33.3
	0.03
	30
	150
	40
	2








3

Supplementary Table 2. Radiation parameters. The radiation parameters of pre-experiments and high temperature experiments.

	
	Pre-experiment
	High temperature (450 C) experiment

	Incident particle energy (MeV U-1)
	0.69
	0.65

	Radiation range
(μm)
	0 – 5.0
	0 – 4.8

	Peak damage
(μm)
	4.25
	4.11

	Ion fluence
(ions cm-2)
	5.0×1015
	1.0×1016
	5.0×1016
	8.0×1016

	Peak damage dose
(dpa)
	5
	10
	50
	80








Supplementary Table 3. Distributions of DLs in different samples. Statistics of the density and size of radiation DLs in all the irradiated GNS and CG samples after validation experiments at room temperature. Arithmetic mean value and uncertainty were obtained from 3-5 TEM observations for each sample as illustrated in Extended Data Fig. 4.

	GNS 304NG

	Dose (dpa)
	0.5
	1
	2
	5
	6
	12
	25

	DL density (m-3)
	2.111021
	1.651021
	1.331021
	1.011021
	1.221021
	7.391020
	8.421020

	DL size (nm)
	4.50±1.24
	4.97±0.91
	5.63±1.18
	4.35±0.81
	4.25±0.58
	4.48±0.59
	4.49±0.73

	Dose (dpa)
	40
	50
	75
	85
	100
	155
	

	DL density (m-3)
	7.031020
	7.661020
	8.361020
	6.661020
	7.041020
	5.961020
	

	DL size (nm)
	4.14±0.59
	4.23±0.85
	4.49±1.04
	4.41±0.69
	4.29±0.79
	4.69±0.78
	

	CG 304NG

	Dose (dpa)
	0.5
	5
	12
	50
	155
	
	

	DL density (m-3)
	7.631021
	9.781021
	9.921021
	1.171022
	1.571022
	
	

	DL size (nm)
	4.45±1.60
	7.46±1.57
	7.74±2.90
	7.61±2.16
	7.44 ± 1.93
	
	




Supplementary Video 1. Process of the micro-pillar compression test of irradiated GNS sample (~50 dpa at room temperature).

Supplementary Video 2. Process of GBs evolution under irradiation in NC model and GNS model, respectively.

Supplementary Video 3. Process of AMT in GNS 304NG.

Supplementary Video 4. Process of irradiation defects vanishment during the martensitic transformation due to the structure rearrangement (orange balls: SFs; blue balls: FCC; red balls: BCC; and grey balls circled in red mean a vacancy existing).

Supplementary Video 5. Process of large-scale AMT (Color ball is consistent with Supplementary Video 34). 
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