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Supplementary Figure 1 | Intermetallic compound particles (ICPs) in Al alloys: trade-off
relationship between H-trapping energy (£») and number density, two requisites for mitigating
HE resistance. The ICPs that are predicted to have a high E, normally exists as coarse
constituent particles, in um-scaled size and a low number density typically < 10'8/m?. The IPCs
that could be precipitated as high-density, nanosized precipitates (> 10?°/m*) normally have a
low E». The sub-um-sized dispersoids generally exhibit a low number density and a low Ep. The
exceptions are the newly-found Al;iMn3Zn, 5! and Al,MgsZn3> that show a high E and a high
number density, but in a low volume fraction of only ~ 0.28 vol.% and ~ 0.46 vol.%,
respectively. Novel ICPs with an extraordinary Ej (in particular > 0.9 eV/atom), a high number
density (the same level as traditional precipitates), and simultaneously a great volume fraction
(up to ~ 1.0 vol.%) (upright region highlighted in red) are urgently required for advanced HE-
resistant Al alloys. The values of Ej, are taken from ref.5!, and the number density is estimated
from refs.S13 (Al;CuwFe®, AlL,Cr’, AlsMn®>, Al;MoS, B'-MgSi®, n'-MgZn,%, S-
ALCuMg®, AIZrS1%, Al3V and AlsFeS!!, Al3Sc5!?, 0'-Al,Cu®!®). The error bars represent the

maximum and minimum values respectively.
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Supplementary Figure 2 | Crystal structure of the complex metallic phase AlsMga: cubic
Samson-B-AlsMg> (a) and rthombohedral B’-AlsMg> (b), both with giant unit cells. In the
nanocluster model®', the cubic B-AlsMg; is topologically described as an assembly of two
types of two-shell nanoclusters, i.e., A-type (¢) and B-type (d). The rhombohedral f’-AlzMg> is
topologically described as an assembly of B-type (d), Al-type (e), and A2-type (f) nanoclusters.

The nanoclusters are typically indicated in (a) and (b), respectively.
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Supplementary Figure 3 | Microstructures of the Al-Mg-Sc-1 vs. AlI-Mg-I alloys. APT
results (a) and composition proxigram cross the AlsSc/matrix interface (b) reveal a strong
interfacial Mg segregation, with a high concentration up to > 15 at.%, in the Al-Mg-Sc-I alloy.
Electron Back Scatter Diffraction (EBSD) images of the Al-Mg-I (¢) and Al-Mg-Sc-I (e) alloys.
The corresponding statistical results in (d) and (f) quantitatively show the percentage of low-
angle grain boundaries (fLg) is only ~ 18% in the as-prepared Al-Mg alloy while up to ~ 71%
in the as-prepared Al-Mg-Sc alloy.
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Supplementary Figure 4 | Complex metallic phase AlsMg: in the Al-Mg-II alloy. A
representative HAADF-STEM image (a) and corresponding energy dispersive X-ray (EDX)
Mg mapping (b) of a coarse intragranular AlsMg» particle in the Al-Mg-II alloy. (c) shows line
scan of the Mg concentration according to lines #1, #2, and #3 marked in (a) and (b). Line #3
refers to the matrix adjacent to the AlsMg particle. Representative HAADF-STEM image (d)
and FFT image (e) corresponding to the region marked by line #1. Magnified image
corresponding to the box region indicated in (d) is given in (f), in comparison with simulation
result, crystal structure sketch, and overlapped image, to index the cubic B-AlzsMg: structure. In
(e), 1 and 2 represent (111) and (220), respectively, along the zone axis [112]. HAADF-
STEM image in (g) and FFT image (h) correspond to the region marked by line #2. The signal
of AlsMg structure is weak in (h), which is in agreement with the Mg-poor feature revealed by
EDX. Overall, synchrotron X-ray diffraction results of bulk AI-Mg-II alloy display the peaks
of'both B-AlsMgzand B’-AlzMgy structure (i), where asterisks indicate the cubic f-AlzsMg> peaks
and arrows indicate the rhombohedral B'-AlsMg> peaks, see the summary in Supplementary

Table 1. Note the region with a Mg concentration up to 40 at.% (b and ¢, marked by line #1)
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has a stoichiometric composition of cubic-structured Samson-AlzsMg>, and the crystal structure
was experimentally verified by high-angle annular dark-field scanning-transmission-electron
microscopy (HAADF-STEM) as well as by synchrotron X-ray diffraction. While the region
with a Mg concentration of ~ 25 at.% (marked by line #2) is characterized to be quasi f’-AlsMg>
phase with a rhombohedral structure (g and h). Note that the phase transformation from
metastable f'-AlsMg> phase to equilibrium B-AlsMg> phase happens around 210 °C. Although,
we selected 250 °C for the second-step heat treatment in order to obtain full B-AlsMg> phase,
the sluggish atomic diffusion in the CMPs limited the p'-AlzsMgz-to-B-AlzsMg» transformation

kinetics and the two phases coexist in the final material.



Supplementary Figure 5 | Complex metallic phase Alz3(Mg, Sc)2 in the Al-Mg-Sc-II alloy.
(a) A representative HAADF-STEM image to show Samson- Al;(Mg, Sc)2 nanophase in the Al-
Mg-Sc-II alloy. (b) Local HAADF-STEM image corresponding to the region marked by white
rectangle in (a). Coexistence of cubic B-Al3(Mg, Sc)> phase (left part) and B'-Alz(Mg, Sc)> phase
(right part) is evident. Inserts in (b) are HAADF-STEM simulation images viewed along
[121]g and [1341]g, respectively, corresponding to the two phases. Elemental atomic
mapping of Mg, Sc, and Al is present in (c¢), (d), and (e), respectively. (f) A representative
HAADF-STEM image to show the Samson-Al;(Mg, Sc). phase (bottom part) formed on AlzSc
nanoprecipitate (top part) in Al-Mg-Sc-II alloy, viewed along ~[3 110]51 . (g) Magnified
HAADF-STEM image corresponding to the region marked by a rectangle, in comparison with
the HAADF simulation image (top in (h)) and crystal structure sketch of f’-Al;(Mg, Sc)> phase
(bottom in (h)). (1) The experimental image coincides well with the simulation image and crystal
structure sketch by overlapping together. (j) FFT image indicates the coexistence of pf'-Als(Mg,
Sc)2 and AlsSc phases.
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Supplementary Figure 6 | Simulations on the energy change by partial substitution. (a)
DFT simulation results show the system energy is reduced (indicative of more stable condition)
as the Mg positions in B’-AlsMg> phase are partially replaced by Sc atoms. Left is the slab
model for simulation, where two typical layers of i and j, containing 101 Al atoms and 64 Mg
atoms as the same, are respectively used by Sc partially replacing Mg. Since the Sc replacing
are random, several simulations were performed for each layer to ensure the repeatability.
Typical calculation results shown in right for comparison, i.e., two for i (i-1 and i-2) and two
forj (j-1 and j-2), verify the repeatability. (b) DFT calculations to show that the Mg intake into
the Al3Sc nanoprecipitates, by partially replacing Sc atoms, will reduce the energy and lead to

a more stable condition.
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Supplementary Figure 7 | Calculations on the critical size for AlzSc particle losing

coherency. Theoretical prediction of the critical size (dui), above which the Al3Sc

nanoprecipitate loss its interfacial coherency. The prediction is based on an equilibrium elastic

_ 3Egis (1-v)

energy model®!® that leads to the expression as dg; = G where Eg;¢ is the energy of

interfacial dislocation network per unit area (~ 0.03 — 0.05 J/m? for Al;Sc nanoprecipitate®'?),

G (=~28.0 GPa) and v (= 1/3) is the shear modulus and Poisson ratio of the matrix5!3, respectively;
§ is the lattice misfit between the Al3Sc and the matrix, which, theoretically evaluated to be
1.36%°1®, will be slightly changed by the Mg segregation-induced local composition variation

at AlsSc/matrix interface.
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Supplementary Figure 8 | Size effect of the in-situ phase transformation. Representative
HAADEF-STEM images (top row), corresponding FFT images (middle raw), and IFT images
(bottom raw) to index the Al3Sc phase in (a), and the Al3(Mg,Sc): phase in (b,c) showing its
distribution upon Al3Sc nanoprecipitates in different sizes. This figure corresponds to the sketch
in Fig. 2e. In 1 and 3, the yellow sold lines outline the nanoprecipitates, while the white dash
lines locates the Al3(Mg,Sc), phases. (a), (b) and (c) correspond to nanoprecipitate with a size
of ~ 9, ~ 15, and ~ 28 nm, respectively. The IFT images are based on the diffraction spots

marked in FFT images correspondingly.
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Supplementary Figure 9 | Heterogeneous nucleation of the in-situ phase transformation.
The variation of 4G with » for a homogeneous and heterogeneous nucleus for comparison. The
activation energy barrier A4G*(corresponding to the critical size r*) decreases in the

heterogeneous nucleation. AG; = 0 represents a homogeneous nucleation.

Supplementary Note 1 | Theoretical basis for the heterogeneous nucleation. According to
the solid-state phase transformation theory, the nucleation of a new phase causes a change in
the total free energy (AG) that can be expressed as followsS!”:

AG = -V -AG,+ Ay +V-AGs, (S-1)
where V and 4 are the volume fraction and interface area of the nucleating embryo, respectively;
y 1is the interfacial energy; AG, represents the driving force for the transformation per unit
volume, and AGg the misfit strain energy per unit volume. Without loss of generality, the

embryo is assumed to be a sphere that have a radius of r. Eq. (S-1) is rewritten as
AG = —=27r3 - (AG, — AGy) + 4mr? -y (S-2)
Defining AGy, = AG, — AGq, the critical embryo size (r*) and the critical nucleation energy

(AG™) can be determined from the differentiation of Eq. (S-2):

2y 16my3
rt=—, AGT = —
AGy 3-AGy

(8-3)
The above critical parameters are applicable to homogenous nucleation, which are termed 7y

12



and AGg, respectively. The complex metallic phase AlsMg, generally nucleates at grain
boundaries, as observed in experimentsS'®. This indicates that the homogeneous nucleation of
the AlzMg> phase is quite difficult, additional energy provided by heterogenous sites is
preferential for its nucleation. In present work, the Al3Sc nanoprecipitates formed and dispersed
within the grain interior during the first-step heat treatment could serve as potential
heterogeneous sites for the AlsMg> phase nucleation. It is fortunate that the AlsMg, a meta-
stable precursor to the Al3Mg» phase, share a same L1> crystal structure with the Al3Sc and their
lattice constants are very close®!°. This enables the AlsMg precursor, heterogeneously nucleated
on the AlzSc, to gradually evolve into the Al3(Mg,Sc), phase. In this case, the change in the

total free energy should consider the additional contribution from the heterogeneous sites
(AGper):

AG = =211 - AGy + 4712 -y — AGpee. (S-4)
As observed in the present work, the new phase is nucleated at the interfacial dislocations,
where the elastic field induced by the interfacial dislocations promotes the nucleation. It is thus
reasonable to assume that the AGy,; scales with the volume fraction V, i.e., AGpr =V - AGy,

where AG, is the interfacial dislocation-induced elastic energy per volume. Eq. (S-4) is

reduced to:
AG = —§m"3 - (AGy + AGy) + 4nr? -y (S-5)
Similarly, r* and AG* at the heterogeneous nucleation are respectively given by
. _ 2y . 16my3
" = Gey+acry AGT = 3-(AGy+AGp)?’ (5-6)

Taking AG, = %AGV or %AGV for evaluation, the calculations show a significant decrease

inboth r* and AG”, see the Supplementary Fig. 9 above. As a smaller r* and a smaller AG*
means an easier nucleation, these results manifest the preferential Alz(Mg,Sc)>

nucleation/formation heterogeneously on the Al3Sc nanoprecipitates.

13
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Supplementary Figure 10 | Calculations on the precipitate strengthening and strain

hardening. (a) Strengthening by nanoprecipitates: the increment in yield strength (Aoc)

depending on the particle volume fraction (f) as a function of particle size d, which follows the

1/3
strengthening model’® as Ac =232 =222 (2L) ™ with G (= 28.0 GPa) and b (= 0.286

nm) being the shear modulus and Burgers vector of the Al matrix 5'°, respectively, and ¢ being

a constant close to 1. (b) Strain hardening induced by the Al3Sc nanoprecipitates can be

. . . . . . d d
approximately given 52! by the incremental rate of stored dislocation density (ﬁ) as ﬁ =
14 14

d d F\?/3 d : : .
Lo M _ M (g) , where f represents the rate of dislocations pinned by
p

A2 dep,  bA?  bd
nanoprecipitates, and M (= 3.1) is the Taylor factor 1°. It is quantitatively revealed from (a)

that the Ao contributed by 10 nm nanoparticles is over three times of that by the 30 nm ones.
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Supplementary Figure 11 | More tensile results for comparison. Representative tensile
stress-strain curves of commercial 5xxx alloys before and after ~7.0 ppmw H-charging: (a)
5A06 and 5052 alloys, and (b) 5083 and 5754 alloys. Representative fracture surface SEM
images showing the percentage of QCF (highlighted by red color) of H-charged Al-Mg-II and
Al-Mg-Sc-II alloys for comparison. (d) Experimental results on the area of QCF vs. tensile
strength of the studied eight Al-Mg-based alloys for comparison. (¢) Summary of the area
fraction of QCF varied with the maximum H-trapping energy in Al alloys containing different
ICPs 51522524 in comparison with present Al-Mg-Sc-II alloy. (f) Loss in static toughness vs.
tensile strength of the studied alloys for comparison. The static toughness is calculated from S-
S curvesby U = [ ng o de where o is the flow stress and & is the strain at fracture. The error
bars of present data are the standard deviation of the mean (n > 3).
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Supplementary Figure 12 | Electrochemical properties of the alloys for comparison. (a)

Electrochemical impedance spectra (Nyquist curves) and (b) polarization curves of present four

alloys for comparison. It is expected that the Al-Mg-II alloy, with massive precipitation of large

AlsMg; particles at grain boundaries, should show a strong susceptibility to corrosion, which is

clearly revealed from above results. In comparison, the Sc addition improves the corrosion

resistance of Al-Mg-Sc-1I. Note that both the Al-Mg-I and Al-Mg-II alloys, although showing

a corrosion resistance seemingly superior to Al-Mg-Sc-I1, will suffer from a sensitization effect

(forming intergranular AI3Mg> precipitates) at relatively low temperatures in service. The Al-

Mg-Sc-II alloy will be highly stable, because it has experienced the second-step heat treatment

and the Samson-Al3(Mg,Sc), phase has been uniformly precipitated within the grain interior.
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Supplementary Figure 13 | APT examinations under laser pulsing mode. (a) APT reconstruction images to show the coupled nanoprecipitates
and H distribution in electropolished Al-Mg-Sc-11 alloy. (b) 1D profile element concentration distributions cross a nanoprecipitate as indicated in
(a). A high H concentration is evidenced at the outer layer of the nanoprecipitate, which corresponds to the Al3(Mg, Sc), nanophase. (¢) Relevant
mass spectrum for APT analysis. The shaded bands of the traces correspond to the standard deviations of the counting statistics in each bin of the
profile. (d)-(f) are corresponding results for Al3Sc nanoprecipitates in electropolished Al-Sc-II alloy. A much low H concentration is found that
means a week H-trapping capability in the Al3Sc nanoprecipitates. Standard error is shown in (b) and (e), respectively.
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Supplementary Figure 14 | Cryo-APT examinations under HV pulsing mode. (a) APT reconstruction images to show the coupled
nanoprecipitates and H distribution in H-charged Al-Mg-Sc-1II alloy. (b) 1D profile element concentration distributions cross a nanoprecipitate as
indicated in (a). A high H concentration is detected at the nanoprecipitate. (¢) and (d) are corresponding results for AI3Sc nanoprecipitates in H-
charged Al-Sc-II alloy. A low H concentration is obvious that means a week H-trapping capability in the Al3Sc nanoprecipitates. Standard error is
shown in (b) and (d), respectively.
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Supplementary Figure 15 | High H-trapping at Al;(Mg,Sc)2 shell revealed by APT.
Relative composition of H", Hx", Al and AI>" measured across the nanoprecipitate/matrix
interface in the Al-Mg-Sc-II alloy examined by APT in HV pulsing mode. The variations in
the Al charge-state ratio is also plotted (in red). The electric field is clearly higher in
nanoprecipitate, with an increase in the absolute amount of Al>* as well as in the ratio
between AI** and (AI** + Al"). Based on the reports by Kellogg !, a higher field should
result in a lower amount of H originating from the residual gas. Therefore, the detected
background H in matrix should be lower than in the nanoprecipitate, and with values
measured of up to > 20 at.%, the H in nanoprecipitate must be mostly from solute hydrogen.

Standard error is shown in this figure.
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Supplementary Figure 16 | Particle size-dependent H-trapping determined by APT.
Representative APT images to show H trapped at nanoprecipitates with different sizes in the
electropolished AI-Mg-Sc-II alloy. Particles numbered 1, 2, and 3 in (a) and 4, 5, and 6 in
(b) represent different sizes for direct comparison. Iso-composition surface of 3.0 at.% H
and 3.0 at.% Sc is respectively presented in the figures. (c) Statistical results on the
maximum H concentration at nanoprecipitates with different sizes, measured from the APT

proxigram. The sold line is a guide to the eyes.
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Supplementary Figure 17 | Simulations on the H-trapping energy. (a) C-model: the
cubic B-AlsMg> phase used for calculation of H-trapping energy, where some H atoms are
placed in typical sites for illustration. (b) R-model: the rhombohedral B'-AlsMg> phase used
for calculations, with some H atoms (red or yellow for different trapping energy) placed in
typical trapping site of the structure. Al-type nanocluster is shown for visualization (right
part): top is the inner shell and bottom the two shells. Red or yellow dots in the structures
represent H atoms with different trapping energy (see text for more description). (c, d) DFT
simulation results show the Sc atoms partially occupying Mg atoms in the f’-AlsMg> phase
results in a stronger binding with H, indicative of a higher H-trapping energy. (c) is the slab
model for simulation, where two typical layers (i and j) were used. Some H atoms are placed
in typical trapping sites for example. (d) Binding energy with H, Epina, gradually reduces as

the Sc atoms increasing.
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Supplementary Figure 18 | TDS measurements on the H-trapping energy. Hydrogen
desorption spectra of the AI-Mg-Sc-II alloy at different heating rates. The peaks associated
with the Al;(Mg,Sc), phase are indicated by arrows. Insert is the corresponding energy
calculation by Choo-Lee method>*. The TDS results yield a H-binding energy of £ ~ 81.4
+ 3.6 kJ/mol (equal to ~ 0.85 eV/atom), close to the DFT results of ~ 0.90 eV/atom.
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Supplementary Figure 19 | ToF-SIMS results to show H-trapping behavior.
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Representative ToF-SIMS images of the H-charged Al-Mg-II (a) and AI-Mg-Sc-1II (b) alloys
for comparison. The examination area is 10 x 10 um for both figures. A large particle
precipitated at grain boundary is detected in the Al-Mg-II alloy, shown as black region in
the EBSD image (a). Dash lines in the figures represent grain boundaries. In the AI-Mg-II,
a high concentration of Mg and H are measured at and near grain boundaries, a combination
previously showed to favor embrittlement. In the Al-Mg-Sc-1I, Mg, Sc and H are found co-
located within the grain interior, indicative H trapped by the intragranular distribution of
Mg-Sc-containing precipitates, with no obvious Mg or H enrichment at the grain boundaries.
These results support the claims that Mg is mainly precipitated within the grain interior in

the AI-Mg-Sc-II alloy that traps more H and suppresses the intergranular H segregation.
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Supplementary Figure 20 | H-trapping contributed by different microstructural
features. (a) Synchrotron X-ray diffraction pattern of the four alloys studied in present work.
(b) Positron annihilation lifetime spectrum of the Al-Mg-Sc-II alloy. Calculations results:
(c) the hydrogen occupancy of different trap sites depending on the H occupancy of lattice;
(d) Trapped H concentration at different sites in the Al-Mg-Sc-II alloy. Different Es of

dislocation and vacancy are evaluated for comparison in (d).
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Supplementary Note 2 | Evaluation of the H-trapping by different microstructural
features. According to the thermal equilibrium theory 52°, H trapped at different site is in

equilibrium with that at normal lattice sites. The H occupancy in each trap sites is thus

calculated as 5?7
0 _ Ep,i -

= fuexp (22, (S-7)

where Ej; is the trap binding energy, R is the gas constant (8.31 J-mol'K™"), T is the

absolute temperature, and 6; and 6; are the occupancies of lattice sites and other trap sites
(i = grain boundaries, dislocations, vacancies, and nanoprecipitates), respectively. The total
hydrogen concentration, C}, is expressed as the sum of the hydrogen concentration at all
trap sites as follows 527-528;

Ch =0.N, + Y 0;N;, (S-8)
where N, and N; are the trap site densities in the interstitial lattice site and the i trap site
in atoms per unit volume, respectively. Note that the pore contribution is not considered
here, because the alloys were prepared by using twin-roll casting, where the rolling effect
during cast will eliminate the micropores as much as possible. In addition, the four alloys
studied in this work contain micropores approximately in the same number density, size,
and volume fraction. This indicates that the micropores should be not the predominant factor
that causes a significant difference in HE resistance between the Al-Mg-Sc-II alloy with the
other three alloys.

The determination of trap site density for grain boundaries is based on an assumption
of equiaxed grains. The trap site density for dislocations, vacancies, and nanoprecipitates is
respectively evaluated in terms of their parameters, such as number density, volume fraction,
and concentration. The hydrogen trap interval is corresponding to the maximum density at
which hydrogen can present in each trap site, i.e., trapped hydrogen content when the
occupancy is equal to 1. These are 22 atomH/nm? for the grain boundaries 5%, 2.8 atomH/nm
for the edge dislocation 53°, 8 atomH/vacancy for the vacancies 5!, and 10 atomH/nm? for
present nanoprecipitates. Using the experimentally measured parameters (see
Supplementary Table-3) in combination with the reported H-binding energy (£», as given in
Supplementary Table-4), the H occupancy and trapped H concentration at different sites can
be assessed. Note that there are differences in the reported E», especially of dislocation
[$32,833

Jand vacancy 1531531 different £, taken from references (see Supplementary Table-4)

are considered for comparison.

25



For the Al-Mg-Sc-II alloy, Supplementary Fig. 19¢ shows the H occupancy of grain
boundaries, dislocations, vacancies, and Al3(Mg, Sc), nanoprecipitates depending on the H
occupancy of lattice. It is clearly revealed that the H occupancy of nanoprecipitates is much
greater than other trap sites, and almost keeps a constant of 1 over the wide 8, range from
10755 to 1077. This means that the nanoprecipitates trap the H strongly. Supplementary Fig.
19d compares the H concentration trapped at different sites. The H trapped at
nanoprecipitates is 2 to 7 orders of magnitude greater than at other sites, indicative of a

predominant H accumulation.
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Supplementary Figure 21 | Processing and composition windows for the present H-
tolerance. and (a) Size distribution of AlsSc nanoprecipitates in the AI-Mg-Sc-1I alloy aged
at 400 °C for 4 h (top), 325 °C for 4 h (bottom left), and 450 °C for 4 h (bottom right). The
cyan background represents the optimal size range that covers dual-sized regimes. Only the
400 °C-aged alloy matches the optimal size range. (b) is a representative dark-field TEM
image of the 400 °C-aged alloy, and (c) and (d) are bright-field TEM images of the 325 °C-

and 450 °C-aged alloy, respectively. (e) The effect of Mg content on the H-induced tensile

elongation loss. The shadow region represents effective Mg content for present phenomenon.

All the alloys are charged by ~ 7 ppmw. (f) Representative S-S curves of the 36 h-treated
Al-Mg-Sc-II alloys before H-charging (solid line) and after H-charged (dash line), for
comparison. The tensile elongation is reduced by ~20 % after H-charging. The error bars in

(e) are the standard deviation of the mean (n > 3).
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Supplementary Figure 22 | The present design strategy applied in Al-Mg-Zr-Ti alloy.
(a) A representative low-magnification TEM image to show a high-density dispersion of
nanoprecipitates created in a twin-roll cast Al-6.0 wt.%Mg-0.34wt.% Zr-0.18wt.% Ti alloy
(Al-Mg-Zr-Ti-11 alloy, with Zr and Ti replacing Sc). A representative HAADF-STEM image
(b) and corresponding FFT image (c) to identify the AlsMg> phase at the nanoprecipitate.
Zr, Ti, and Mg elemental atomic mapping (d-f, respectively) corresponding to the
nanoprecipitate in (b). A typical HAADF-STEM image (g) indicates the AlsMg, phase
formed on a Al3(Ti,Zr) nanoprecipitate (bottle right part), as marked by a rectangle. (h)
Zoom-in image corresponding to the square region in g, in comparison with the simulation
image and crystal structure sketch. The Alz3Mg> phase is indexed by FFT image as shown in
(i). The zone axis is [1341]p.
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Supplementary Figure 23 | The present des1gnstrategy applled in other Al alloys (a)
A representative HAADF-STEM image to show the AlzMg, phase on a Al3Sc
nanoprecipitate in a twin-roll cast Al-6.0 wt.%Mg-1.0 wt.% Cu-0.3 wt.% Sc alloy (Al-Mg-
Cu-Sc-II alloy, with Cu addition to increase the strength), with FFT image, zoom-in image
in comparison with the simulation results and crystal structure sketch, and Mg and Sc
elemental atomic mapping corresponding to the marked region. (b) A representative
HAADF-STEM image to show a S“~Al.CuMg nanoprecipitate in the Al-Mg-Cu-Sc-II alloy
with corresponding Sc, Cu, and Mg elemental atomic mapping, respectively. (c) A
representative HAADF-STEM image and corresponding FFT image to show the AlsMg>
phase on a AlzSc nanoprecipitate in a twin-roll cast Al-6.0 wt.% Mg-1.0 wt.% Zn-0.3 wt.%
Sc alloy (Al-Mg-Zn-Sc-II alloy, with Zn addition to improve the mechanical properties),
together with zoom-in image in comparison with the simulation results and crystal structure

sketch corresponding to the region marked in the left.
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Supplementary Figure 24 | Scale-up of present AlI-Mg-Sc-II alloy. (a) A representative
low-magnification TEM image to show a high-density dispersion of nanoprecipitates in the
scale-up Al-Mg-Sc-II alloy. A representative HAADF-STEM image (a) and corresponding
FFT image (c) to show the Al3(Mg,Sc), phase formation on a AI3Sc nanoprecipitate. (d) A
zoom-in image corresponding to the region marked by rectangle in (b), in comparison with
simulation results and crystal structure sketch. Corresponding Mg and Sc elemental atomic
mappings are also presented in (d). (e) Representative stress-strain curves of the scale-up
Al-Mg-Sc-II alloy before and after ~7 ppmw H-charged. Insert in (e) is a representative
EBSD image showing the grains of the scale-up alloy.
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Supplementary Table 1 | Peaks indexed in Supplementary Fig. 4i

2 theta (hkl)
2.83 B (88 0)
2.87 B'(8 4 40)
2.95 B'(7 4 311)
3.04 B(7707)
3.19 B(1242)
3.30 B'(8716)
3.33 B'(8719)

Supplementary Table 2 | Peaks indexed in Fig. 1k

2 theta (hkl)
2.83 B(880)
2.87 B'(8 4 40)
2.95 B'(7 4 311)
319  B(1242)
3.30 B'(8716)
471 B (184 4)
4.77 B' (11 7 418)

Supplementary Table 3 | Experimental results of the microstructural features

Alloys Grain size (um)  Dislocation density (m?)  Vacancy concentration (%)
Al-Mg-Sc-II 106 + 23 (7.75+0.35)x10"? (5.87+0.33)x10*
Al-Mg-11 230 + 42 (4.82+0.42)x 10" -

Al-Mg-Sc-1 96 + 27 (1.12+0.24)x10% -
Al-Mg-1 211 + 35 (8.91+0.67)x10*2 -

Supplementary Table 4 | Summary of hydrogen binding energy of different trap sites

Trap site Grain boundary Dislocation Vacancy
E, (kJ/mol) 19.30 14.43 32.28 29.13 60.40
Reference [S28] [S32] [S33] [S31] [S33]
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