[image: ]	Submitted Manuscript: Confidential	


[bookmark: _Hlk158304534][bookmark: _Hlk153812409]Advancing the hydrogen tolerance of ultrastrong aluminum alloys via nanoprecipitate modification
Yafei Wang1*, Jianwei Tang1, Hiro Fujihara1, Nozomu Adachi2, Yoshikazu Todaka2*, Yuantao Xu3*, Mainak Saha4, Taisuke Sasaki4*, Kazuyuki Shimizu5, Kyosuke Hirayama6, Akihisa Takeuchi7, Masayuki Uesugi7, Hiroyuki Toda1
Affiliations:
1Department of Mechanical Engineering, Kyushu University; Fukuoka, 819-0395, Japan
2Department of Mechanical Engineering, Toyohashi University of Technology; Aichi, 441-8580, Japan
3Shanghai Key Laboratory of Materials Laser Processing and Modification, Shanghai Jiao Tong University; Shanghai, 200240, China
4National Institute for Materials Science; Tsukuba, 305-0047, Japan
5Department of Mechanical and Physical Engineering, Tottori University; Tottori, 680-8552, Japan
6Department of Engineering, Kyoto University; Kyoto, 606-8501, Japan
7Japan Synchrotron Radiation Research Institute; Hyogo, 679-5198, Japan
[bookmark: _Hlk94192036]*Corresponding author. Email: wang.yafei.626@m.kyushu-u.ac.jp; todaka@me.tut.ac.jp; xuyuantao@sjtu.edu.cn; SASAKI.Taisuke@nims.go.jp. 
Abstract: 
Ultrastrong metallic alloys, possessing unparalleled load-bearing abilities, are coveted in many sectors, thus attracting growing research efforts. However, these alloys encounter persistent usability challenges posed by hydrogen embrittlement, which causes unpredictable fracture through crack initiation. Due to complex hydrogen-microstructure interactions and their exacerbation under high stress, advances in hydrogen resistance in ultrastrong materials are sparse throughout their long history. Herein, we report a quantum-mechanics-informed strategy for hydrogen tolerance enhancement in ultrafine-grain-hardened Al-Zn-Mg-Cu alloys, approaching their current strength limit of approximately 1 GPa. This method involves the incorporation of hydrogen-absorbing T-phase precipitates into nanograins, to substantially reduce hydrogen coverage at potential crack initiation sites. We demonstrate, via synchrotron radiation X-ray micro-/nano-tomography, scanning transmission electron microscopy and atom probe tomography, that nanoprecipitates successfully withstand shear strains exceeding 1000 and are exploitable essentials for ultra strength-hydrogen synergy, contrasting their often-assumed secondary roles in nanocrystalline alloys due to possible strain-induced dissolution, which has intuitively excluded exploring them as central elements. Our approach potentially inspires new hydrogen-resisting alloys across a broad strength-composition space.
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1. Introduction
Metal alloys with high and ultrahigh strengths offer remarkable benefits in reducing costs, abating emissions, and boosting performance in many applications [1], but face critical setbacks due to hydrogen embrittlement [2] — a long-standing issue that triggers crack initiation and thereby limits their usability. The hydrogen atom’s diminutive size enables it to shuttle through interstitial spaces in solid metals and instigate crack formation by interacting with various defects. Hydrogen embrittlement strongly exacerbates with the increase of material’s strength, as high mechanical stress directs excess hydrogen atoms into defect-rich areas [3, 4], leading to unpredictable fractures, sometimes resulting in a complete loss of deformability [5, 6]. The hydrogen induced premature fracture in ultrastrong alloys not only deprives their advantages over low-strength counterparts but also raises vital safety concerns regarding components crafted from these hydrogen-intolerant materials.
The intricate hydrogen-microstructure interactions give rise to atomic debonding, nano-void formation, mesoscopic crack initiation and propagation, and ultimately macroscopic ruptures, spanning multiple length and time scales. Numerous models, encompassing dislocation mechanism [7, 8], vacancy mechanism [9, 10], debonding mechanism [11, 12], and others [13], have been proposed, but their dominance is controversial and likely material-dependent [14]. Accordingly, while the strength-ductility map has expanded remarkably for many metal alloys [1], progress on the synergy between strength and hydrogen tolerance is sluggish, especially for aerospace aluminum alloys. Instead, the progress on HE mitigation is mostly related to external protective methods rather than interior microstructural manipulation [15]. 
The constrained progress is, in part, due to the lack of direct evidence on hydrogen distribution. The complex and subtle interactions of hard-to-detect hydrogen atoms with many microstructural defects have only recently become verifiable through advanced experimental or computational approaches. For example, reliable detection of hydrogen atoms in metals was initially limited to surface measurements above micron scales [16], until the advancement of three-dimensional methods such as cryogenic atom probe tomography [17] and secondary ion mass spectroscopy [18]. Some aluminum alloys have long been accepted as resistant to hydrogen embrittlement [19], but direct evidence of three-dimensional hydrogen trapping at intermetallic particles was obtained quite lately [18, 20]. 
Despite these advances, which enable spatially resolved imaging of hydrogen distribution at individual nanoscopic trap sites, additional difficulties exist in the quantitative probing of hydrogen trapping features in aluminum alloys. These difficulties arise from the alloys' spontaneous passivity and high thermal sensitivity. The former leads to the formation of surficial oxide layers that act as strong hydrogen diffusion barriers [21], while the latter causes changes in target traps and/or the generation of new traps during thermal exposure [22]. Due to these factors, the hydrogen trapping and detrapping kinetics cannot be reliably measured using thermal desorption methods. Consequently, the realistic hydrogen distribution in most aluminum alloys, which contain multiple types of hydrogen traps, has long remained unknown.
Quantum-mechanics-based calculations afford new avenues for concluding these intricacies by predicting where hydrogen atoms reside within the materials. Many theoretically effective hydrogen traps— such as dislocations [23], GBs [24], Al2CuMg [25], Al7Cu2Fe [26], and many other intermetallics [25] — have been identified by first-principles simulations, and these findings exhibit excellent consistency with recent experimental observations for 7xxx aluminum alloys [20]. The drastic differences in hydrogen trapping capacity among various micro- and nanostructures have been revealed in a quantitative manner. The predicted hydrogen binding energy in these traps ranges from -9.6 kJ/mol (rejecting hydrogen) to over 77.2 kJ/mol (strongly trapping hydrogen) [25]. Considering that a small variance in trap energy, such as 10 kJ/mol, can lead to a significant change in hydrogen concentration by orders of magnitude, these distinct hydrogen trapping capacities greatly enhance our understanding of the actual hydrogen distribution within aluminum alloys. 
Moreover, thermodynamics underlying these interactions dictate a state of local equilibrium balance between hydrogen in trapping sites and the adjacent lattice sites [27], serving as a theoretical bridge connecting atomic interactions with macro-mechanics. It implies that introducing strong traps diminishes the hydrogen coverage at other potential crack initiation sites, and this strategy has enabled hydrogen-trap-guided alloy design to resist hydrogen embrittlement [25, 28, 29]. The efficacy of such a strategy for ultrastrong alloys, however, has been questioned and remains unexplored because of the ultrahigh-strengthening-induced increase in the number of ‘vulnerable’ structures, notably dislocations and GBs [30], and the concomitant reduction in potentially ‘beneficial’ structures, such as second phases [31, 32]. 
The commercial Al-Zn-Mg-Cu alloys exhibit a grain size of tens of microns, with their high strength mainly originating from precipitation hardening. The nanosized η-MgZn2 phase precipitates are generated by heating in a controlled temperature range to dissolve the alloy elements and then rapidly cooled to create a supersaturated solid solution, which enables the subsequent precipitation in a lower temperature range. Although the industrial over-aged alloys with coarse η precipitates have long demonstrated superior resistance to hydrogen embrittlement, the precise roles of η precipitates in hydrogen trapping were uncovered only recently through first-principles simulations, underscoring hydrogen-induced debonding at coherent η/Al interfaces [12]. Due to their high number density, typically on the order of 1023 per cubic meter, it has been shown that η precipitates trap a remarkably high fraction of hydrogen [28] and likely play a vital role in triggering hydrogen induced cracks. These findings align with recent studies that highlight the importance of precipitates and their interfaces in hydrogen embrittlement of aluminum alloys [33-38].
Ultrastrong Al-Zn-Mg-Cu alloys with a record strength of ~1 GPa can be readily attained by subjecting commercial alloys to mechanical strain, specifically severe plastic deformation [31], without the need for chemical modification. The preexisting nanoprecipitates were found to either coarsen [39] or dissolve [40] during severe plastic deformation, and their role as the primary hardening contributor is generally considered to be taken over by other elements such as GBs, nanoclusters and dislocations. Herein, guided by invaluable insights into hydrogen-precipitate interactions obtained from quantum mechanics—namely, the harmful effects of hydrogen-induced debonding at interfaces of  phase nanoprecipitates [12] versus the advantageous hydrogen trapping at T-Mg32(Al, Zn)49 (or Al2Mg3Zn3) phase nanoprecipitates [29]—we spearhead hydrogen embrittlement mitigation in ultrahigh strengthening fields using precipitate modification, targeting the representative 7xxx series aluminum alloys. To explore the potential limits of precipitates in hydrogen trapping and hydrogen embrittlement resistance in ultrafine-grained materials, we employ the high-pressure torsion (HPT) method, to subject precipitate-rich aluminum alloys to ultrahigh shear strains (>1000). We utilize atomic-resolution scanning transmission electron microscopy (STEM) to investigate precipitate evolution during different stages of severe plastic deformation. We conduct atom probe tomography observations to analyze the quantity and chemical profiles of nanoprecipitates. Additionally, we utilize synchrotron radiation X-ray micro-/nano-tomography to quantitatively capture the evolution of micron-scale particles and pores, which are important for understanding strengthening and hydrogen embrittlement mechanisms. 
2. Materials and methods
2.1 Specimen preparation
The as-received extruded bars with a chemical composition of 10.0Zn-2.4Mg-1.5Cu-0.15Zr-0.05Fe-0.05Si (wt. %) were used in the present study, with two predominant grain orientations on the plane perpendicular to extrusion direction as  and . The as-extruded alloys were solution-treated and aged at two different temperatures: 120 ℃ for 2 h and 180 ℃ for 40 min. The materials aged at low and high temperatures exhibit the same strength but differ in precipitates: the former contains η, while the latter contains both T and η.
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Fig. 1. Illustration of specimen preparation procedures. 
The HPT method [41], which is an effective processing technique for achieving ultrahigh shear strains, was then applied to aged specimens to increase their strength. HPT experiments were performed on planes perpendicular to the extrusion direction, with an applied pressure of 5 GPa at a rotation speed of 0.2 rpm. Thin 20 mm diameter disks were used in the HPT process with a machine capable of applying up to 200 tons of force. For the first-stage specimens, 5 revolutions were applied, and the initial specimen thickness was 1 mm. For the second-stage specimens, 120 revolutions were applied, and accordingly, a larger specimen thickness of 2.5 mm was used to prevent damage to the anvils. The average grain sizes for the first-stage and second-stage materials were 758 nm and 38 nm, respectively (Suppl. Mater. Fig. S1). For clarity, they are denoted as micro-grained (MG) and nano-grained (NG) alloys, in contrast to the initially coarse-grained (CG) alloys prior to HPT processing. Previous studies under similar testing conditions indicated negligible heat generation induced by shear deformation [42]. After HPT processing, the disks were mechanically polished with a surface finish of 1 μm. 
Electrical discharge machining (EDM) was used to cut the tensile specimens (Fig. S2) in water, allowing hydrogen to be naturally charged into the specimens during cutting. Subsequently, thermal desorption tests (JTF-20A) were conducted to measure hydrogen concentrations. The specimens were heated up to 500 ℃ at a rate of 90 ℃/h. For the CG materials, the extruded bars were cut into block pieces, and after aging, the tensile specimens were cut along the extruded directions. The hydrogen introduced during the initial EDM cutting was mostly desorbed during solution treatment and aging [43]. All the surfaces were exposed to hydrogen charging during the second EDM cutting, which resulted in a high hydrogen concentration of around 4.0 ppm, as repeatedly observed in prior studies [44]. The aged thin specimens were used for subsequent HPT processing to make MG and NG materials. Due to the small thickness of HPT-processed specimens, final EDM cutting could only be performed on the side surfaces, resulting in a lower hydrogen concentration of approximately 1.0 ppm compared to the CG materials. The specimen preparation procedures are illustrated in Fig. 1.  
The Vickers hardness of severally-plastically-deformed disks was measured along the radial directions with an interval of 1 mm. The load was 4.9 N, and the holding time was 10 s. Multiple measurements of hardness were taken at different radial paths. The hardness was analyzed as a function of nominal (assuming no slippage) shear strain (𝛾), which is expressed as: 𝛾 = 2𝜋𝑁𝑅/ℎ, where N represents the number of revolutions, R is the radius of the specimen, and h is the thickness of the specimen.
2.2 Synchrotron experiments and image analysis
The X-ray micro-tomography and X-ray nano-tomography images were acquired at the BL20XU undulator beamline in synchrotron radiation facility (SPring-8) with a beam energy of 20 keV [45]. Totally 1800 radiographs, scanning 180° with a 0.1-degree increment, were captured in each scan. Tensile tests were performed with a displacement rate of 0.2 mm/min using a miniature test rig (Deben UK Ltd). At each step, the displacement was held constant for 10 min before the next scan and the scanning was finished within the holding time. The holding procedures allowed hydrogen redistribution within the specimen, which is necessary for observing hydrogen embrittlement [29]. The hydrogen loss during holding is negligible due to the presence of naturally oxidized layers on aluminum alloys which strongly prevents hydrogen outgassing [46]. The accurate strains at each loading step were measured from virtual cross-section images by manually tracking the displacement of particles. Notably, stress relaxation occurs during holding, leading to the fluctuation of stress values, but does not affect the evaluation of hydrogen embrittlement sensitivity.
For the projection-type X-ray micro-tomography, a 4.0-megapixel CMOS camera (ORCA Flash 4.0, Hamamatsu Photonics K.K.) was utilized in conjunction with an objective lens and a 20-µm thick GAGG (Gd3Al2Ga3O12: Ce+) scintillator. The sample-to-detector distance was set to be 20 mm. This setup achieved an effective pixel size of 0.5 µm × 0.5 µm and a spatial resolution of 1.0 µm in the resulting slices. In the case of imaging-type X-ray nano-tomography, a sophisticated large-scale X-ray microscope was employed, with a sample-to-detector distance of 165 m. The system utilized Köhler illumination with a rotating condenser zone plate, set up for Zernike phase-contrast mode by placing an annular aperture in front of the condenser zone plate. A specially designed Fresnel zone plate with a diameter of 310 µm and an outermost zone width of 150 nm was used. The Fresnel zone plate was paired with an annular phase plate placed at its back focal plane to achieve the necessary phase shift for Zernike phase-contrast imaging. This X-ray nano-tomography technique enabled a spatial resolution of 0.08 µm in the reconstructed images. Schematic illustrations of the two set-ups for the X-ray micro-/nano-tomography are available elsewhere [47].
The image slices were reconstructed from 1800 radiographs using the filtered back-projection algorithm. These 16-bit reconstructed images were then converted into 8-bit images, each with a resolution of 2048 × 2048 pixels, for further analysis. To fit the 8-bit grayscale range from 0 to 255, an absorption coefficient range of -30 to 40 cm-1 was extracted from the 16-bit images, discarding any unnecessary coefficients. Three-dimensional microscopic features, such as η particles and pores, were identified by applying thresholding to the grayscale histograms. Amira software (VSG, Burlington, MA) was utilized for the image rendering process.
2.3 Electron microscopy and atom probe observations
[bookmark: _Hlk175781147]A scanning electron microscope (SEM, JSM-IT800) equipped with an energy dispersive X-ray spectrometry detector and an electron backscattered diffraction detector was used to characterize particles and fracture surfaces. To reduce the influence of the neighboring matrix on the analysis of chemical compositions of particles, the specimens were mechanically polished and etched in 3.5 wt% NaOH solution for 1 h, followed by ultrasonic washing. To avoid confusion, we define μm-sized intermetallics formed during the initial stages of alloy fabrication (e.g., solidification) as ‘particles’ ( phase particles, as confirmed in Fig. S3)  and those formed through a precipitation process during the aging treatment as ‘precipitates’ (nm-sized η and T phases).
Scanning transmission electron microscope (JEM 2100F/ARM-200F) with a high-angle annular dark-field (HAADF) detector operated at an acceleration voltage of 200 kV was used to characterize nanostructures. Individual precipitates were examined in high-resolution transmission electron microscopy (HRTEM) mode, and fast Fourier transform analyses were applied to the HRTEM images for phase identification. To prepare thin specimens for TEM observations, 0.5 mm-thick slices were cut from selected specimens and mechanically polished to a thickness of 0.07 mm. Subsequently, they underwent twin-jet electropolishing in a mixture of 33% nitric acid and 67% methanol at -20 °C with a voltage of 10 V. Ion milling was conducted to improve surface quality and presumably reduce thickness, using an M1040 NanoMill (E.A. Fischione Instrument). The site-specific method was employed to prepare TEM specimens for the HPT-processed materials using focused ion beam (Helios 5 UX).
Atom probe tomography analyses were performed on a CAMECA Instrument Inc. Local Electrode Atom Probe (LEAP) 5000 XS in voltage mode (detection rate: 0.5%; pulse fraction: 20% and pulse frequency: 250 kHz), with the specimen at a base temperature of 50K. The reconstruction and analysis were performed using the IVAS 3.8.16 software.
2.4 Phase identification
T-Mg32(Al, Zn)49 has a body-centered cubic structure with lattice parameters a = b = c = 14.16 Å [48]. T phase was typically reported in alloys with low Zn/Mg ratios aged at high temperature (>140 ℃) [49, 50]. Nonetheless, it was also confirmed in alloys with an atomic Zn/Mg ratio as high as 2.9 [51]. The presence of T phase can be clearly confirmed by the diffraction spots located at 2/5 and 3/5 of  positions along <110>Al directions [51, 52]. T phase exhibits a strong hydrogen trapping capacity [29] due to its unique structure with 162 atoms in the unit cell [53]. 
The -MgZn2 is a hexagonal phase with lattice parameters of a = 5.22 Å and c = 8.57 Å [54, 55], with numerous variants oriented differently with respect to the aluminum matrix [51]. The η phase originates from a transformation process from a supersaturated solid solution through a complex, alloy-dependent pathway, involving Guinier–Preston zones [56] and η’ phase [57] as typical intermediate structures. Electron diffraction patterns were simulated using the open-source software PTClab [58]. Ohba’s model [59] for the η phase and Bergman’s model [48] for the T phase were used for the simulation.
3. Results
3.1 Mechanical properties
A clear two-stage hardening behavior is observed with increasing shear strain, with a transition strain observed between 300 and 900 (Fig. 2a). The hardness was initially around 210 HV and increased sharply to approximately 250 HV and 300 HV during two hardening stages. The ultrahigh hardness achieved in the second stage is regarded as the highest level among Al-Zn-Mg-Cu alloys when compared to values reported in the literature, which are typically below 290 HV [60]. The strength augmentation observed in the second stage has been interpreted as a further reduction in grain size, which aligns with conventional Hall-Petch strengthening principles. 
Tensile tests revealed distinct mechanical properties for the materials with and without the T phase (Fig. 2b). The T phase in CG materials enhances the ductility, which is in line with the hydrogen-absorbing effect of the T phase in quaternary Al-Zn-Mg-Cu alloys [29]. This beneficial effect becomes even more significant in the MG and NG materials: the materials strengthened with η tend to fracture near or below the yielding point, while the materials with the T phase demonstrate significant improvements in either the fracture stress or ductility. 
The low ductility of NG material with the T phase is attributable to the strength-ductility conflict and the strain rate sensitivity of ultrafine-grained materials. Numerous studies have shown that the HPT-induced ultrahigh strengthening immediately leads to a sharp drop in ductility [61-64]. It has also been shown previously that at room temperature the elongation of the ultrafine-grained aluminum alloy exhibits a marked decrease with increasing strain rate [65]. Consequently, in most cases the ultrastrong alloys at the highest strength levels typically exhibit negligible ductility [66-70]. Nonetheless, it can still be confirmed in the present study that the NG material with the T phase withstands hydrogen redistribution to high-stress areas without initiating cracks during a holding time of 10 mins. Some studies have reported GPa-level aluminum alloys with very high ductility (>10%) [71, 72], but achieving this requires the significant introduction of new elements, making the alloys fall within a composition range completely different from that of conventional aluminum alloys. Further improvement in ductility for severally-plastically-processed 7xxx aluminum alloys is still necessary for potential industrial applications, which, however, falls outside the scope of the present study.
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Fig. 2. Brittle-to-ductile transition at three strength levels. (a) Hardness-strain map showing two-stage hardening. (b) Stress‒strain curves showing the improved ductility of the T-phase-containing material at three strength levels. (c) Hydrogen desorption curves for HPT-treated materials with and without the T phase, showing similar hydrogen concentrations when integrated. 
It is also noted that such distinct hydrogen tolerance was demonstrated at equivalent hydrogen concentrations (Fig. 2c), i.e., approximately 1.3 ppm and 1.1 ppm for the material with and without the T phase, respectively. This was accomplished using EDM cutting in water, which facilitates efficient and stable hydrogen charging through the reactions between water and fresh aluminum surfaces, without introducing corrosion products to the materials, as commonly seen with electrochemical methods. 
The maximum stress in the tensile tests as a function of the crack percentage (Fig. 3), which is determined by the areal fractions of hydrogen induced cracks on the fracture surfaces, demonstrates that hydrogen embrittlement is suppressed at different strength levels. In the absence of the T phase, the crack percentage rises sharply with increasing intrinsic strength, demonstrating a pronounced strength-dependence of hydrogen embrittlement sensitivity. With the increase of material’s strength, the higher stress concentration attracts more hydrogen atoms towards potential hydrogen initiation sites, resulting the exacerbation of hydrogen embrittlement. However, NG materials fracture at stress levels even lower than their CG, low-strength counterparts, implying that additional factors beyond stress level contribute to severe hydrogen-induced cracking. Since dislocations, GBs, and precipitate interfaces are typical crack initiation sites in various hydrogen embrittlement mechanisms, the HPT-induced changes in these detrimental trap sites are considered potential causes of the high crack percentage in NG materials.
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Fig. 3. The maximum stress as a function of crack percentage, i.e., areal fraction of hydrogen-induced cracks on the fracture surface, obtained from repeat tensile tests.
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Fig. 4. Fracture surfaces. (a-c) Low-magnification SEM images of fracture surfaces for CG, MG, and NG materials without the T phase, with the enlarged morphologies shown in (d-f), respectively. (g-i) Low-magnification SEM images of fracture surfaces for CG, MG, and NG materials with the T phase, with the enlarged morphologies shown in (j-l).
The morphologies of fracture surfaces for the materials without and with the T phase are shown in Fig. 4. Upon the introduction of the T phase, the fracture surfaces of MG and NG materials transition from brittle fracture, characterized by extensive hydrogen-induced cracks, to ductile fracture, characterized by fine dimples. At the highest strength of approximately 980 MPa, the T-phase-containing material exhibits fully ductile fracture featuring nm-sized dimples (Fig. 4i and l), which is considered initial evidence of complete elimination of hydrogen-induced cracking in aluminum alloys at such elevated strengths. Additional high-magnification SEM images of the entire fracture surfaces for NG material with the T phase are provided in Fig. 5. 
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Fig. 5. SEM images of the near-boundary regions on the fracture surfaces of NG material with the T phase. (a) Low-magnification SEM image showing the entire fracture surface, with red rectangles indicating the regions shown in (b), (d) and (g). The high-magnification SEM images of these representative regions are shown in (f), (e), (f), (g) and (i).
3.2 Undissolved nanoprecipitates
By conducting an in-depth examination of the atomic-scale structural evolution, particularly using the scanning transmission electron microscope to identify the nanoprecipitates within nanosized grains, we demonstrate the considerable preservation of nanoprecipitates in NG aluminum alloys. The plate-shape  and near-spherical T precipitates in the CG materials were clearly observed in HAADF-STEM images, as shown in Figs. 6a to c. The predominant orientation relationship (OR) between the  phase and the aluminum matrix was found to be  and , which is consistent with the most common variant, , lying on the  habit planes [73, 74]. 
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Fig. 6. Nanoprecipitates in aluminum alloys prior to severe plastic deformation. (a) and (b) Low-magnification HAADF-STEM images of precipitates in CG material without and with the T phase. (c-g) HRTEM image, fast Fourier transform analysis and simulated diffraction patterns of the η phase in CG material. (d-h) HRTEM image, fast Fourier transform analysis and simulated diffraction patterns of the T phase in CG material.
In the case of T phase, four strongest diffraction spots were observed from the fast Fourier analysis of HRTEM images (Figs. 6f and h), which are consistent with the simulated diffraction patterns for an OR of  and  [51, 75]. It is noted that the nano-sized T phase precipitates observed in HRTEM images are invisible in selected area diffraction patterns due to its low number fraction compared to η’/η precipitates. This has partly hindered the exploration of their roles in suppressing hydrogen embrittlement for high-strength 7xxx aluminum alloys, especially considering that T phase precipitates are typically reported in aluminum alloys with relatively low Zn/Mg ratios, such as the cross-over Al-Mg-Zn alloys [52]. 
[bookmark: _Hlk175752567]The precipitates in the CG materials, which are a few nanometers in size (Figs. 6a-d), coarsen and spheroidize during the first hardening stage (Fig. S4). The average diameter of the coarsened spherical precipitates was measured to be 20 nm by TEM images. This behavior agrees with the typical precipitate evolution observed in severely-plastically-deformed aluminum alloys at low strain levels (with a shear strain less than 100) as reported previously [39]. Herein, we focus on the previously unexplored evolution of nanoprecipitates in the second-state hardening at ultrahigh shear strains (>1000). Bright-field TEM images show that with the grain refinement down to below 100 nm (Figs. 7a and b), the nanoprecipitates dissolve in the second stage, as clearly indicated by the reduction in precipitate size shown in Figs. 7c-f. These two distinct processes, i.e., coarsening and dissolution, are generally observed separately in different materials [60, 76]. Element segregation along GBs and the formation of new clusters (Figs. 7c and d, along with Fig. S5) simultaneously occur due to the generation of excess strain-induced vacancies and dissolution-induced solute elements. A very high vacancy concentration, comparable to the value at the melting point (10-4) has been reported for the severally-plastically-deformed materials [77, 78]. It is anticipated that during HPT processing newly generated vacancies will promptly combine with solute elements, which are released from the dissolution of metastable precipitates, and facilitate GB segregation and the formation of new clusters. 
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Fig. 7. Undissolved precipitates in aluminum nanograins. a, b Bright-field TEM images of nanosized grains in materials without and with the T phase after second-stage hardening, with the typical grains marked by arrows. c, d HAADF-STEM images of nanosized precipitates in NG materials without and with the T phase. e, g, and i HRTEM image, fast Fourier transform analysis and simulated diffraction patterns of the η phase in NG material. f, h, and j HRTEM image, fast Fourier transform analysis and simulated diffraction patterns of the T phase in NG material.
[bookmark: _Hlk168566108]Nevertheless, we confirmed the persistence of precipitates within the NG aluminum matrix even under high strain levels, based on HAADF-STEM images and fast Fourier transform analysis, as shown in Figs. 7e-j. Undissolved  precipitates were confirmed in both NG materials with and without the T phase. Some coarsened T phase precipitates, indicated by the diffraction spots located at 2/5 and 3/5 of the  positions (Figs. 7h and j), were clearly confirmed in the NG material. No structural changes or new phase precipitates were observed after HPT, except that the η precipitates appear to have undergone rotation on the  planes, exhibiting different ORs with the aluminum matrix. Specifically, many new  variants were found in the NG alloys, exhibiting an OR of  and . The typical HRTEM image, its fast Fourier analysis and the simulated diffraction patterns are shown in Figs. 7e, g and i, with many other  precipitates shown in the Fig. S6. As both  and  variants are located on the same habit planes, each can be rotated to be the other [79]. The formation of  variants can be explained by the HPT-induced shear deformation on the  and  planes, which aligns with the strong textures of the extruded bars. But these processes are not deemed to significantly impact the hydrogen embrittlement mechanisms, as first-principles simulations indicated hydrogen induced debonding at  planes [12] , which are the habit planes for both of these variants. Irregularly shaped η phases without a clear OR with the matrix were typically observed at the GBs, as shown in Fig. S7. These phases could originate from either preexisting particles or GB precipitates. It’s worth noting that such detailed atomic-resolution characterization of fine nanoprecipitates within such small nanograins, along with the confirmation of their ORs, is rare in the literature, due to the challenges associated with tilting TEM specimens. 
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Fig. 8. Atom probe tomography analysis. (a) and (b) Nanoprecipitates and nanoclusters in the NG materials without and with the T phase, respectively. (c) and (d) The atomic Zn/Mg ratios as a function of Guinier radius for the NG materials without and with the T phase, respectively. (e) and (f) Typical chemical profiles of Zn-enriched and Mg-enriched precipitates in the NG material with the T phase.
Atom probe tomography observations (Fig. 8), which enable reliable volume fraction measurements and thereby assessment of the extent of precipitate dissolution, confirm a considerable quantity of Zn- and Mg-rich clusters and precipitates in the NG materials. The nanoclusters, classified here as objects smaller than 2 nm in diameter in 3D atomic maps, are consistent with those observed in HAADF-STEM images (Fig. S4f and Fig. S5). The elongated Zn- and Mg-rich objects are likely predominantly GB precipitates due to their strong pinning effect during HPT. The majority of nanoprecipitates exhibit an atomic Zn/Mg ratio lower than 2 (Figs. 8c and d), presumably due to the element substitutions. The high Zn/Mg ratios depicted in the representative concentration profiles (Fig. 8e) agree with the high Zn features of the  precipitates. The presence of precipitates with a Zn/Mg ratio as low as 1.27 in the NG material (Fig. 8f) aligns with the chemical composition of the T phase, although reliably distinguishing the  and T phases solely via chemical analysis is difficult in the present case. The atom probe analysis provides another key insight: the volume fraction of undissolved precipitates in the NG alloys is on the order of 1%, which is comparable to those reported in the CG counterparts. This finding supports the substantial preservation of precipitates within the NG matrix, enabling their pivotal contribution to hydrogen embrittlement resistance. 
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Fig. 9. Evolution of coarse η particles. a-c Rendering of pores (red) and η particles (green) observed by X-ray microtomography in the CG, MG, and NG materials. d-f Pores and particles observed by X-ray nanotomography in the CG, MG, and NG materials. 
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Fig. 10. 3D Image-based quantitative analysis of coarse MgZn2 particles in CG, MG, and NG materials. a Sphericity-diameter plots of particles obtained from X-ray microtomography. b Number density and volume fraction of particles. 
In addition to the dissolution of nanoprecipitates, micron-sized particles can also undergo drastic strain-induced dissolution, facilitating the subsequent formation of hardening clusters [31, 60]. Herein, the evolution of these coarse -phase particles is analyzed in a highly quantitative manner using synchrotron-based X-ray micro-/nano-tomography observations. The three-dimensional morphologies of particles are shown in Fig. 9, and the image-based quantitative analysis is shown in Fig. 10. In the initial stage of hardening, the volume fraction and number density of particles experience only a marginal decrease (less than 10%) (Figs. 9a, b and Fig. 10). This reduction is largely attributed to fragmentation (rather than dissolution) into smaller nanosized particles, as accurately captured by X-ray nanotomography images with a voxel size of 42 nm (Figs. 9d and e). The fragmentation is concomitant with a spatial redistribution of particles and healing of preexisting micropores (Figs. 9a and b), which are generally difficult to capture in conventual two-dimensional observations. The volume fraction of particles drastically decreases in the second stage of hardening (Fig. 10b), which occurs primarily due to particle dissolution, in clear contrast with the first stage. The drastic reduction in the density of microstructures implies that nanostructures such as nanoprecipitates play a more important role in NG alloys, contrasting with the occasionally predominant hydrogen trapping at micropores and micro-particles in MG commercial alloys [29]. 
4. Discussions
4.1 Hydrogen embrittlement mechanisms
The dislocation and decohesion mechanisms are two of the most popular yet controversial hydrogen embrittlement mechanisms. The hydrogen-enhanced local plasticity mechanism, which posits that hydrogen enhances dislocation mobility by forming a shielding atmosphere around the dislocation core [7], has commonly been assumed to be the key pathway controlling the hydrogen-induced macroscopic premature fracture of many metal alloys. Some in-situ TEM observations in hydrogen environments [80] have supported hydrogen’s enhancing effect on dislocation movement. However, this contradicts some molecular dynamics-based simulations that show the opposite effect, namely that hydrogen reduces dislocation mobility [81]. Some in-situ experimental observations have demonstrated the locking effect of hydrogen on dislocations, which was interpreted from the high migration energy of hydrogenated vacancies observed in atomic simulations [82]. The decohesion mechanism assumes that hydrogen drastically reduces cohesive energies, typically at various GBs and phase boundaries. This hypothesis has found extensive theoretical support and appears to align well with the intergranular cracking clearly observed on the fracture surfaces of various hydrogen-embrittled alloys. Nonetheless, the existence of various types of interfaces in single alloys and their interactions with dislocations and second phases [14, 83, 84] complicate the reliable determination of the main pathway of hydrogen embrittlement.
The hydrogen embrittlement mechanisms have been shown to be material specific. One of the many available examples is that, the void distribution, which governs metals’ ductile fracture without hydrogen, can be strongly influenced by hydrogen in the case of ion and steels [85]. However, such an obvious phenomenon has not been observed in aluminum alloys despite utilizing various cutting-edge three-dimensional observation techniques [86]. It is acknowledged that hydrogen atoms are partitioned into a variety of trap sites, with strikingly different trapping capacities, thereby resulting in hydrogen distributions and embrittlement mechanisms that are highly sensitive to the microstructures of alloys. 
Recent progress has indicated the possibly of new hydrogen embrittlement mechanisms in aluminum alloys, owing to updated insights into the precise characteristics of hydrogen trapping. Specifically, advancements in quantum mechanics-based simulations have facilitated the determination of hydrogen trapping capacities—typically represented as hydrogen binding energies—for numerous micro- and nano-structures in aluminum alloys. These capacities had long remained unknown due to the various technical challenges associated with experimental methods. For example, although the industrial over-aged 7xxx aluminum alloys with coarse precipitates have long demonstrated superior resistance to hydrogen embrittlement, the mechanisms were mainly understood from the GB segregation, precipitate composition, precipitate-free zone, precipitate size and spacing in the GB and its vicinal zones [87, 88]. The precise roles of η precipitates in hydrogen trapping and embrittlement were not uncovered until the recent first-principles simulations, underscoring hydrogen-induced spontaneous debonding at coherent η/Al interfaces [12]. Such hydrogen-induced interfacial debonding can be reasonably expected for the η’ phase due to its identical interfacial structure with the η phase [51].The hydrogen trapping was found unlikely to occur in the interior of η precipitates due to the fairly low binding energy. Due to the high number density, typically on the order of 1023 per cubic meter, it has been shown that η/Al interfaces trap a remarkably high fraction of hydrogen [28] and play a vital role in triggering hydrogen induced cracks. Notably, this mechanism contrasts with earlier studies that vaguely assumed beneficial hydrogen-trapping roles of coarse η precipitates to interpret the high hydrogen resistance of over-aged aluminum alloys [87]. 
In the present study, the η precipitates only experience a shear-induced rotation on the habit planes, approximately 30° from  to  [89], instead of completely losing their ORs with the matrix. This observation is consistent with studies on tensile-deformed samples, which also show maintained ORs between precipitates and the matrix near the fracture surfaces [90]. The maintained ORs after severe plastic deformation imply that hydrogen-induced interfacial debonding and crack initiation at η/Al interfaces, likely a core hydrogen embrittlement mechanism for 7xxx aluminum alloys, should operate throughout different stages of deformation. 
Moreover, the comprehensive atomic-scale morphological, crystallographic, and chemical analyses employed before and after HPT processing provide ample evidence to elucidate the fracture mechanisms. The deformation mechanism in NG aluminum alloys likely involves twinning, GB sliding, and shear localization [91], although the plasticity in CG materials is generally governed by dislocation motion. A typical fractographic feature, i.e., a dimple, which presumably originates from voids initiated primarily at GB triple junctions [92], becomes smaller in the ductile NG materials. When hydrogen is involved, quasi-cleavage cracks may form in CG alloys, which are typically associated with void/microcrack evolution on the slip planes and likely interactions with other phenomena on the slip planes, e.g., in the present case, interfacial debonding of η precipitates [12]. This mechanism explains the fine spacing of 1-2 μm for the characteristic ridges [93], which are the key features of quasi-cleavage cracks in CG materials. In the NG alloys, however, the hydrogen-induced cracks exhibit different river-like features with a wider spacing of roughly 10 μm (Fig. 4f). The abundant preexisting shear bands in HPT-processed alloys [91, 94] may readily act as formation sites for voids and microcracks in the presence of hydrogen, which does not require the precondition of deformation-induced slip and causes fracture in the elastic regime.
4.2 Hydrogen distribution predictions
Predicting the number of hydrogen atoms trapped in each unique microstructure, particularly those that strongly interact with hydrogen as discussed above, is considered critical for understanding hydrogen embrittlement. As mentioned in the introduction part, due to various disturbing factors in the experimental measurement of hydrogen binding energies using conventional thermal desorption methods, the hydrogen trapping features of many microstructures in aluminum alloys have long remained unknown. Such gaps have been rapidly filled in recent years with the application of first-principles simulations. The binding energies for typical trap sites in the present alloys have been determined as: grain boundary, 19.3 kJ/mol [95]; screw dislocation, 10.6 kJ/mol [96]; edge dislocation, 17.4 kJ/mol [96]; vacancy, 28.9 kJ/mol [97]; pore, 67.5 kJ/mol [98]; coherent Al/ interfaces, 7.9-33.9 kJ/mol [74]; semi-coherent Al/ interfaces, 53.8 kJ/mol [44]; incoherent Al/ interfaces, 33.8-57.9 kJ/mol [99]; the interior of T phase, 57.9 kJ/mol and 54.0 kJ/mol for the two strongest trap sites in its unit cells [29]. 
It is worth noting that the efficacy of such theoretical predictions has been repeatedly validated through direct experimental probing of hydrogen atoms. For instance, the predicted strong hydrogen trapping in the interior of Al7Cu2Fe [26], Al2CuMg [25], and the T phase [29] has been observed in cryogenic atom probe tomography experiments [20]. However, the precise hydrogen partitioning among various trap sites are difficult to see in experiments due to various limitations. For example, currently direct hydrogen probing techniques are generally limited to isolated traps within small volumes, typically on the order of hundreds of nanometers, which precludes the detection of competitive trapping among microstructures that span across multiple length scales. As a result, hydrogen enrichment may be clearly observed in experiments for one type of trap site, but its contribution to hydrogen embrittlement can become negligibly weak when much stronger traps are present. Moreover, obtaining simultaneous crystallographic and chemical information during hydrogen mapping is challenging. This difficulty can hinder the reliable classification of traps with similar chemical compositions, especially when they coexist in the same alloy, such as T-Al2Mg3Zn3 versus η-MgZn2 phases. First-principles simulations can resolve these issues by predicting the quantitative hydrogen binding energies and trap densities for each type of trap, offering crucial insights for accurately predicting hydrogen distributions in aluminum alloys with multiple trap sites.
Using the insights obtained from quantum mechanics, we now present predictions of hydrogen distribution in the materials considered in this study. According to thermodynamics [27], the hydrogen occupancy at each trap sites is linked to lattice site through the following equation:
 					(1)
where  is the trap binding energy, R is the universal gas constant, T is the temperature,  is the occupancy at the ith trap sites, and  is the occupancy at lattice sites.
The total hydrogen concentration can be expressed as:
				(2)
where  is the total hydrogen content,  is the trap site density at normal lattice sites,  is the occupancy for the ith trap site,  is the trap site density for the ith trap site, and  is the hydrogen concentration at pores.
To determine the trap densities of each trap sites, the phase fraction of T phase precipitates was estimated as 10% by HAADF-STEM images of CG materials and assumed to remain unchanged after severe plastic deformation. This assumption appears conservative in estimating their roles in hydrogen trapping, given the T phase’s higher stability, translating to less strain-induced dissolution compared to the η phase. For the CG materials, the total volume fraction of precipitates was estimated to be 4.5% based on TEM images, although accurately measuring the thickness of TEM thin foils is difficult. In terms of micron-sized η particles and pores, their volume fraction and interfacial areas were precisely determined through geometrical analysis of X-ray images [29], which enables the calculation of their trap densities. The dislocation densities for CG and NG alloys from literature were used [60]. The vacancy densities were determined by assuming that the materials reached room-temperature equilibrium before conducting any tests or observations in the present study [44].
Further linking of each of these traps with lattice sites through local equilibrium theory [27] offers a complete picture of the hydrogen distribution, particularly at the crack-vulnerable trap sites, providing a critical basis for identifying dominant hydrogen embrittlement mechanisms. The hydrogen concentration and occupancy at GBs and dislocations increase by 1-2 orders of magnitude in the NG alloys compared to the CG alloys (Fig. 11a) as a direct result of grain refinement and dislocation multiplication, which in part contributes to the high hydrogen embrittlement susceptibility of the NG materials without the T phase, as observed in Fig. 2, through various possible pathways. While the vacancy concentration can also be drastically increased by HPT, it likely returns to the room-temperature equilibrium during straining and/or natural aging [100], negating the potentially augmented role of vacancies in hydrogen embrittlement in NG materials. A recently discovered pathway involving interfacial decohesion at η/Al interfaces [12] supports the potential of interfacial decohesion as another key mechanism because these interfaces strongly trap hydrogen with a binding energy of 33.8 kJ/mol, which is notably greater than the energies at aluminum dislocations and GBs. The hydrogen embrittlement mechanism is thereby complicated by the presence of precipitates in alloys, which may diminish the dominance of the mechanisms proposed for and verified in pure metals. The quantitative predictions employed here indicate that the majority of hydrogen atoms are trapped at precipitates (Fig. 11a), likely rendering precipitates a major contributor to crack initiation through interfacial decohesion. Regardless of the cracking mechanism, a substantial decrease in the hydrogen occupancy is observed at all potential crack initiation sites, including dislocations, GBs, vacancies, and η/Al interfaces (Fig. 11b), with the introduction of T phase precipitates. Because no phase transformation is observed in the NG materials processed at ultrahigh strains, this positive effect can be reasonably extended to the materials throughout all stages of severe plastic deformation.
[image: ]
Fig. 11. Distribution of hydrogen in the various traps in the unloading state. a Hydrogen concentration at lattice sites, vacancies, dislocations, GBs, coherent and semicoherent η/Al interfaces, and incoherent η/Al interfaces, in the T phase and in pores. b T-phase-induced reduction in hydrogen occupancies at dislocations, GBs, coherent η/Al interfaces, and vacancies.
A noteworthy contribution of the present study lies in the report of superior hydrogen resistance of NG alloys achieved through modification of hydrogen-trapping nanoprecipitates, a result that is in clear contrast to those of prior studies, which often assumed much smaller roles of the remaining precipitates in the resultant ultrahigh strength, so their evolution and exploitation as beneficial ingredients in enhancing hydrogen tolerance remain unexplored. The successful mitigation of hydrogen embrittlement up to the current strength limit of ultrafine-grained Al-Zn-Mg-Cu alloys may inspire the development of other ultrastrong alloys with similar potent hydrogen traps. This is particularly relevant given the broad applicability of severe plastic deformation techniques in the field of ultrahigh strengthening and recent advances in scaling up techniques for nanograined materials, such as high-pressure sliding [101]. The present study also proves the efficacy of quantum-mechanics-guided bottom-up design in creating hydrogen-resistant aluminum alloys and offers a starting point for future industrial solutions to reconcile the strength-HE conflicts.
5. Conclusions
We have explored the introduction of hydrogen-trapping T phase nanoprecipitates into ultra-fine-grained Al-Zn-Mg-Cu alloys, aiming to advance the hydrogen tolerance of aluminum alloys at the highest strength level. The main conclusions can be summarized as follows:
(1) Through high-pressure torsion applied to aged Al-Zn-Mg-Cu alloys with a considerable number of nanoprecipitates, it is demonstrated that such nanoprecipitates experience coarsening and spheroidization in the initial stage of hardening (i.e., when the nominal shear strain is below 300) and then undergo dissolution in the subsequent stage of hardening when the shear strain exceeds 1000. However, the volume fraction of remaining precipitates in nanograins still remains relatively high (>1%), sufficient to exert a considerable effect on hydrogen embrittlement.
(2) By adjusting the aging temperature and time before ultrahigh strengthening, the T phase can be introduced into CG high-Zn 7xxx aluminum alloys, although this phase is typically reported in alloys with relatively low Zn/Mg ratios. After high-pressure torsion at ultrahigh shear strains, the hydrogen-trapping T phase precipitates can be successfully preserved and contribute to the improved hydrogen embrittlement resistance up to the strength level of ~1.0 GPa. The precipitate-modification-induced enhancement of hydrogen tolerance is reflected by the improved fracture stress and the reduction in hydrogen-induced cracks.
(3) Severe plastic deformation at ultrahigh strain levels does not appear to induce phase transformation or precipitation of new phases. Instead, the shear deformation on  habit planes of  precipitates leads to their rotation and the formation of many  variants. However, these variant transitions are not assumed to significantly affect the hydrogen embrittlement mechanisms of nanograined materials, given that the same habit planes are maintained.
(4) The coarse η particles are first redistributed in the initial stage and then drastically dissolved in the subsequent stage of hardening, accompanied by the rapid healing of pre-existing micropores. In NG aluminum alloys without such coarse particles and significantly increased trap site densities of GBs and dislocations, hydrogen atoms are still predominantly trapped at nanoprecipitates, the modification of which is considered the key to achieving hydrogen-ultrahigh strength synergy.
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