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Supplementary Fig. 1 | Multi-scale structural, microstructural, and thermal characterization of the Inconel 625 alloy in the recrystallized and aged conditions. a–f, h–m EBSD analysis, SEM-EDS maps, HE-SXRD patterns, and TEM analysis, of the recrystallized and aged conditions, respectively.   g, n Specific heat as a function of temperature curves obtained during DSC testing (heating cycles), of the recrystallized and aged conditions, respectively. Red lines are for the first heating cycle, and orange lines correspond to the second heating. The exothermic (Exo) direction is marked by an arrow. The exothermic and endothermic responses are associated with CSRO formation and dissolution, respectively.
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Supplementary Fig. 2 | Experimental hydrogen transport behavior in recrystallized and aged Inconel 625 alloy. a Representative gaseous hydrogen permeation curves measured at different temperatures. Solid and dashed lines correspond to the recrystallized and aged conditions, respectively. b Apparent hydrogen diffusivity () values calculated from the permeation measurements for the recrystallized and aged conditions as a function of temperature. Error bars represent the standard deviation of independent measurements. The inset in panel b shows Arrhenius plots of . Solid lines represent linear fits to the Arrhenius equation used to determine the apparent activation energies ().
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[bookmark: _Hlk203421299]Supplementary Fig. 3 | Tensile response of Inconel 625 alloy in the recrystallized and aged conditions before and after hydrogen charging. a, d Representative engineering stress–strain curves of the recrystallized and aged conditions, respectively, tested at room temperature (298 K) in the uncharged state and after hydrogen charging for 1 and 7 days. The corresponding hydrogen embrittlement index () is indicated. b, e 0.2% offset yield strength ( and ultimate tensile strength () of the recrystallized and aged conditions, respectively, before and after hydrogen charging.                 c, f Uniform elongation () and elongation to failure () of the recrystallized and aged conditions, respectively, before and after hydrogen charging. Reported error values represent the standard deviation of all measurements.
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Supplementary Fig. 4 | Post-mortem high-energy synchrotron X-ray diffraction analysis in Inconel 625 tensile specimens tested before and after hydrogen charging. a Schematic illustration of the post-mortem HE-SXRD line-scan experiment used to quantify spatial variations in dislocation density along fractured tensile specimens. Representative diffraction rings broadening associated with high, intermediate and low dislocation density regions are shown. b, c Spatial distributions of dislocation density () along fractured tensile specimens in the recrystallized and aged conditions, respectively, tested in the uncharged state and after hydrogen charging for 1 and 7 days. The insets (b1–b3, c1–c3) in panels b, c show representative fractured specimens and the corresponding dislocation density maps. d–f, g–i HE-SXRD patterns acquired at different positions along fractured tensile specimens in the recrystallized and aged conditions, respectively, before and after hydrogen charging. The changing peak broadening reflects the spatial evolution of the dislocation density, as quantified in panels b, c.
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Supplementary Fig. 5 | Fractographic analysis of Inconel 625 alloy tensile specimens in the recrystallized and aged conditions before and after hydrogen charging. a–c, d–f Low-magnification overview fractographs and corresponding high-magnification SEM images acquired at the edge (a1–c1, d1–f1) and center (a2–c2, d2–f2) regions of fractured tensile specimens in the recrystallized and aged conditions tested in the uncharged state and after hydrogen charging for 1 and 7 days, respectively. The insets in panels a–c, d–f show the orange boxes which indicate the position where the magnified images (a1–f1, a2–f2) were taken. In the uncharged state (a, d), fracture surfaces are dominated by ductile microvoid coalescence, characterized by uniformly distributed shallow dimples across both edge and center regions. Following hydrogen charging (b, c, e, f), a near-surface intergranular (IG) fracture layer develops near the specimen surface, whereas the specimen interior remains predominantly ductile and characterized by dimpled fracture. The hydrogen-charged specimens exhibit three distinct fracture regions: (I) a near-surface intergranular fracture layer, (II) a transition region, and (III) an interior ductile region characterized by dimples, as indicated in panels b1, c1, e1, f1.
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