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Employing a machine learning potential tailored for the AIScCuH system, this study elucidates the dynamic
behavior of atomic H in AlScCu alloys. Cu-doped AlzSc precipitate exhibits a pronounced ability to trap H,
thereby diminishing H concentration at critical regions, for instance in front of a crack tip. Such H localization at
the crack tip was found to lower both critical stress and threshold strain, which results in signifcant degradation
of the alloy's mechanical properties.

1. Introduction

Hydrogen Embrittlement (HE) in Al alloys affects the safety of en-
gineering components, it has been actively discussed currently [1,2]. A
reduction in the concentration of diffusible H within Al alloys improves
their resistance to HE [3]. Especially for 7xxx Al alloys, the presence of
n-MgZn, precipitates along the grain boundaries (GBs) facilitates H
distribution at the n/Al interface, thereby lowering the strength of GB
[4].

To suppress the formation of n precipitates along the GBs, two ma-
chine learning models were built to determine the optimal elemental
concentrations and heat-treatment parameters to ensure no continuous
precipitates are formed at the GBs [5,6]. Based on these fndings, a 7xxx
Al alloy with Sc and Cu addition was designed. This alloy demonstrated
remarkable elongation of ~30% in 0.1 M NaCl solution, a performance
attributed to the strong H tapping ability of Cu-doped AlzSc precipitates.
It has been demonstrated that Cu can be enriched inside the L1, pre-
cipitates, including AlsZr [7]. To maximize the Cu distribution in AlzSc
and improve their HE resistance, an integrated corrosion computation
framework was formulated, and their H trapping ability is directly
confrmed [8]. Nevertheless, the specifc effect of the presence of H on
the mechanical behavior of Al alloys needs to be further elaborated.

Here, this study is focused on developing an AIScCuH machine
learning interatomic potential (MLIP) and building molecular dynamics
(MD) models to investigate the effect of H on Al alloys at room tem-
perature. The H distribution inside the AlScCu precipitate is simulated.
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In addition, the effect of different H concentrations (at the crack tip and
GBs) on the cracking behavior is investigated.

2. Computational methodology

The AIScCuH MLIP is developed based on moment tensor potentials
[9]. All confgurations are randomly divided into training (0.8) and
testing sets (0.2). The accuracy index is 16, and the radial function is 4.
The weights of energy, force, and stress are 1, 0.1, and 0.001, respec-
tively. The extrapolation grade is 2.1, and the active learning is
continuously performed until no new confguration is generated.

In metallic systems, MLIP generally exhibits high accuracy, with
energy errors typically <10 meV/atom. However, when H atoms are
involved, the training accuracy of the potential declines markedly.
Although reducing the proportion of H-containing confgurations can
increase the training accuracy, this does not ensure equally high preci-
sion in MD simulations. Our dataset includes AlScCu confgurations
(5166), AlScCuH confgurations (17,883), and pure H confgurations
(12,501). For the system containing H, the overlapping confgurations
(Fig. 1a) provide similar information for potential training. Therefore, a
d-criterion algorithm (Fig. 1b) was used to calculate the energy and max
force difference of confgurations, the value is (AE + AF)1/2. When the
threshold (AE + AF)? is set as 0.005, the accuracy of the AIScCuH
potential increases to 18.1 meV/atom (energy) and 19.4 meV/A (force).

The MD simulator is LAMMPS [10], and all models are built by
ATOMSK [11]. The size of the H distribution model is 15.9 x 28.8 x
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11.4 nm?3, and there is one 10 x 10 x 11.4 nm® Cu-doped AlsSc pre-
cipitate (Fig. 1c). The 30 at.% Al atoms inside the precipitate are
randomly replaced by Cu atoms, and 1 at.% H atoms are randomly
inserted at the interstitials. Initially, the system is minimized using a
steepest descent algorithm, and its temperature is controlled at 300 K
with Berendsen thermostat. The timestep is 1 fs, and the total simulated
time is 3 ns. For the cracking models, the dimensions are 24.12 x 17.06
x 1.42 nm® (Fig. 3a) and 21.66 x 18.00 x 1.42 nm® (Fig. 4a). All crack
tips are along the [001], and the propagation direction is (111)[112].
The models Frstly underwent steepest descent minimization, and then
deformed along the [110] with a strain rate of 0.0001 ps~*. The timestep
is 0.1 fs, and the total deformation is 5%. OVITO is used for visualization
and common neighbor analysis [12].

3. Results and discussion

Even though Cu within the precipitate is known to exhibit the
strongest H trapping ability [8], the dynamic diffusion behavior of H in
AlScCu alloys is still not fully elucidated. Fig. 2 summarizes the dynamic
results of the AIScCu system with H. The energy drop of the AlScCu
system is only 60 eV, whereas when the H atoms are added into the
system, its energy decreases by —634 eV (Fig. 2a). Furthermore, this
energy is continuously decreasing, which is attributed to the continuous
trapping of H atoms by the AIScCu precipitate. The energy is expected to
stabilize as the precipitate approaches H saturation, while further H
trapping slows down signifcantly due to H depletion in matrix. During
relaxation at 300 K, the number of H atoms in the AIScCu precipitate
increases from 722 to 767 over 3 ns (Fig. 2b). Analyzing the bonding of
H with metallic elements, Cu—H bond has the strongest bonding with a
distance of 1.71 A. The radial distribution function g(r) of a few Sc—H
atoms is 6.6, and the corresponding distance is 1.94 A.

The displacement of H atoms in the precipitate is signifcantly lower
than that in the matrix (Fig. 2d). About 91.41% H atoms in the precip-
itate diffuse less than 0.5 nm, while the average displacement magnitude
in the matrix is 0.9 nm. The interior of precipitates exhibits stronger
tapping effect than Al/Al3ScCu interface (Fig. S3). Computing the
average diffusion distance with time, the diffusion of H in the matrix is
found to be greater than that in the precipitate (Fig. 2d). The diffusion
coeffcients of H in the matrix and precipitate are 4.20 x 10" m%/sand
2.28 x 107 m?/s, respectively.

Reducing diffusible H can improve the fracture toughness of Al al-
loys. The models with different H atoms (0, 1, 2, 5, and 10) are built, in
which H atoms are randomly distributed at the crack tip. During
deformation, both critical stress and strain decrease with the increase in
the number of H atoms (Fig. 3b). The critical stress of the crack tip with
one H atom is 819 MPa, while that with 10H atoms is only 681 MPa.
Furthermore, the critical strain of the model decreases from 1.34% (1H
atom) to 0.82% (10H atoms). In terms of critical stress reduction, the

Materials Letters 409 (2026) 140170

sensitivity of HE is 16.8%, while the sensitivity is 38.8% using the
critical strain.

The fracture mechanism involves hydrogen-enhanced localized
plasticity (HELP) and hydrogen-enhanced decohesion (HEDE). When 5H
atoms are distributed at the (111) surface, the interfacial cohesive en-
ergy decreases by 7.19% (Fig. 3c). For the other H situations, the dete-
rioration of HELP is more severe than that of HEDE. In Fig. 3e, two H
atoms absorbed at the surface weaken the cohesion energy, prompting
the emission of dislocations along (111)[112]. The increase in the
number of H atoms does not increase the number of stacking faults (SF);
rather, it causes the tip to emit dislocations in more directions (Fig. 3f).

Except for dislocation and precipitate, the GB can also trap H.
Therefore, £17 (410)[100] GB with 0.5 at.% and 1.0 at.% H atoms in the
presence of a crack are considered (Fig. 4a). From the stress-strain
curves, the addition of H lowers the stress compared to when there is
no H (black curve in Fig. 4b). 1.0 at.% H atoms further decrease the
elongation of alloys, with a maximum Ac value (743 MPa in green) at a
strain of 4.69%. The loading stress required for crack initiation (1.0 at.%
H) is lower than that in a low-H environment (0.5 at.% H).

From Fig. 4c, the presence of H in the matrix changes the fracture
mode of AlScCu alloys, especially for the 1.0 at.% H containing system.
For the system without H, only simple SF and dislocation emits, the
morphology is close to transgranular cracking. While for the 0.5 at.% H
distributed model, some dislocations are emitted from the GB, and one
dislocation is emitted from the crack tip. When the concentration of H
increases to 1.0 at.%, the amount of dislocation emitted from the crack
tip increases, there is clearly intergranular crack propagation (Fig. 4c
black arrow), it is also confrmed by experiments [8].

4. Conclusion

In H-containing systems, minimizing redundant confgurations con-
tributes to increasing the accuracy of the potential. Within the AlScCu
system, Cu doped Sc-precipitate serves as an irreversible trap for H
atoms; Cu and H exhibit a strong bond. Owing to trapping, the H
diffusion coeffcient at ambient temperature is markedly reduced from
4.20 x 107 m%/s to 2.28 x 10 m?/s. At the crack tip, the accu-
mulation of H facilitates dislocation emission, whereas lowering the H
concentration enhances the resistance of the alloy to HE by as much as
38.8%.
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Fig. 4. The crack propagation for AlScCu alloy with GB and H atoms. (a) The MD models. (b) The stress-strain curves. (c) The failure morphologies in presence of
crack at a strain of 4%.
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