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Abstract

The pursuit of strong and ductile Al alloys with superior resistance to hydrogen
embrittlement (HE) is practically significant across the aerospace and transportation
industries among others. Unfortunately, effective ways to progress on the strength-HE

trade-off for Al-alloys remain elusive. A strategy of suppressing HE by introducing
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intermetallic compound (IMC) particles to achieve hydrogen redistribution in various
trapping sites was proposed. Here, we systematically induce the precipitation of a
constant volume fraction of intermetallic compound (IMC) particles by adding one of
14 elements in a ternary Al-Zn-Mg high-strength alloy. We show a strong correlation
between hydrogen trapping energies of the IMC obtained from ab initio calculations
with the resistance to HE. Mn-rich Ali1Mn3Zn; particles exhibit the highest hydrogen
trapping energy (0.859 eV/atom), leading to a decrease by approximately 5 orders of
magnitude in the hydrogen occupancy in 1o (MgZny) phase interfaces and grain
boundaries, where HE cracks initiate. The Mn-addition did not deteriorate the
ductility and most AliiMn3Zn; particles remained intact during plastic deformation
which was revealed by in-situ 3D X-ray tomography. Hydrogen-induced strain
localization at mp phase interfaces and grain boundaries were inhibited due to strong
hydrogen trapping capacity of AliiMn3Zn,, hence preventing HE cracks initiation.
Our approach effectively suppresses hydrogen-induced cracks without sacrificing the
ductility, and our strategy can help the design roadmap of HE-tolerant high-strength
metallic alloys.
Keywords: Hydrogen embrittlement; Hydrogen trapping; Intermetallic compound
particles; Aluminum alloys; Ductility
1. Introduction

Degradation of the mechanical properties of structural materials due to hydrogen
intake has become the main concern for key components in many industries, such as

nuclear energy [ 1-4], aerospace [5,6], oil and gas [7]. Hydrogen causes cracking [4,5],
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hydride precipitation [1-3], embrittlement [8], and other harmful effects [9], thereby
limiting the service life of parts, increasing operating costs, and creating potentially
unsafe working conditions. Al-Zn-Mg alloys have attracted significant research
interest for structural applications in aerospace, transportation, and many other
industries owing to their high strength and low density [10,11]. However, their low
resistance to stress corrosion cracking and hydrogen embrittlement (HE) severely
affects the service life and applications [12-14].

Environmentally assisted HE in high-strength 7xxx series aluminum alloys leads
to low ductility and catastrophic failure in structural applications [11,15,16]. The
dissolved hydrogen atoms can easily penetrate surface oxide layer and diffuse into
various trapping sites (e.g., dislocations, vacancies, grain boundaries, and precipitates)
in the Al alloys [17]. Hydrogen not only reduces the ductility but can also change the
fracture mode from ductile to brittle, macroscopically featuring as intergranular or
transgranular quasi-cleavage fractures [18-20]. Intergranular fracture (IGF) is
primarily associated with the hydrogen segregated at the grain boundary that weakens
the interface bonding strength (hydrogen-enhanced decohesion (HEDE) [20]). The
mechanisms of quasi-cleavage fracture (QCF) remain controversial due to the lack of
direct experimental evidence, for which the HEDE mechanism, hydrogen-enhanced
localized plasticity (HELP) [21] mechanism, and hydrogen-accelerated spontaneous
microcracking at precipitate interfaces have been proposed [22].

The effects of various trapping sites such as micro pores, grain boundaries,

dislocations, vacancies, precipitates, and IMC particles on HE mechanism of Al alloys
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were widely investigated [13,17,22-24]. A high density of micro pores can store
hydrogen and contribute to ductile fracture [23]; however, a small amount of
dissolved hydrogen can cause brittle fracture [24]. Controlling the distribution of
dissolved hydrogen between grain boundaries, dislocations, and vacancies in
Al-Zn-Mg alloys was proven ineffective in suppressing HE [17]. The precipitate
interfaces (Al-MgZn;) was reported to be a more preferable hydrogen trap site
compared to other defects in terms of binding energy and hydrogen partitioning,
which leads to spontaneous hydrogen-accumulated QCF [22]. The design concept of
IMC particles primarily focused on their role in grain refinement in Al alloys [25-27],
whereas little information was reported regarding their role in the HE suppression of
Al alloys. A recent study showed that the Al;CwFe particles are effective hydrogen
traps to reduce the trapped hydrogen at the precipitate interfaces and confirmed to be
able to suppress QCF; however, the improvement of the ductility was not satisfactory
due to the brittle nature of Al;CuyFe particles. Therefore, achieving a superior HE
resistance without sacrificing the ductility remains a challenge in Al alloys and
exploring suitable IMC particles that can realize the balance between hydrogen
trapping ability and brittle nature seems a potential route to eftectively control HE.
Here, we propose a hydrogen redistribution approach by introducing IMC
particles as strong hydrogen trapping site, which significantly reduces trapped
hydrogen at precipitate interfaces and grain boundaries and suppresses QCF and IGF
originating from hydrogen segregation. First-principles calculations are employed to

calculate the binding energies between hydrogen and various IMC particles formed by
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adding a fourth alloying element to Al-Zn-Mg alloys. The effect of IMC particles on
the hydrogen partitioning behaviors among various trap sites during plastic
deformation are investigated by 3D X-ray technique and first-principles calculations.
In addition, the role of IMC particles in initiation and propagation of
hydrogen-induced QCF and IGF are discussed, and the mechanism of how IMC
particles can act as strong hydrogen traps for resisting HE is clarified.
2. Materials and methods

To investigate the effects of IMC particles on the hydrogen partitioning and
embrittlement behaviors, various IMC particles were formed by adding a fourth
element, such as 1.00 Nb, 0.94 Mo, 1.00 V, 0.15 Ca, 0.09 Y, 0.15 Sr, 0.10 Ni, 1.19 Zr,
0.15 Fe, 0.26 Cr, 1.02 Ti, 0.19 Co, 0.94 Sc, or 1.91 Mn to the Al-10.0 Zn-1.06 Mg
(wt.%) Al alloys. The element content was designed to obtain IMC particles with a
volume fraction of approximately 0.28%. The detailed thermomechanical treatment
process is presented in Figure S1. The corresponding alloys were prepared by
homogenization at 500 °C for 24 h after casting and then hot rolling at 450 °C with a
rolling reduction of 50%. A solution-aging process was performed as follows: first, a
solution treatment was conducted at 500 °C for 5 h. Subsequently, an over-aging
treatment was performed at 120 °C for 40 h and 180 °C for 7 h. To investigate the
influence of the pre-charged hydrogen content on the embrittlement behavior,
specimens with different hydrogen contents were prepared using LH and HH
treatments. The specimens with HH content were charged using electrical discharge

machining (EDM) cutting in distilled water, while the specimens with LH content
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were prepared by EDM cutting in oil. The pre-charged hydrogen contents were
approximately 6.97 mass ppm and 1.40 mass ppm for the specimens after HH and LH
treatments, respectively, the total hydrogen content was analyzed by the vacuum
fusion method, which are similar to literature values [13]. The hydrogen concentration
in the Mn-added Al alloys after HH and LH treatments were also measured by thermal
desorption apparatus (TDA) method, the corresponding desorption curves were shown
in Figure S2.

The gauge length of in-situ tensile specimens was 0.7 mm, and these specimens
had cross-sectional dimensions of 0.6 mm x 0.6 mm. The deformation and fracture
behaviors were observed using high-resolution X-ray tomography during in-situ
tensile tests at BL20XU of Spring-8 in Japan; the detailed experimental setup is
shown in Figure S3. In-situ tensile tests (strain rate ~3x107 s™!) were conducted using
a DEBEN CT 500 machine at room temperature. 3D images were taken using
monochromatic 20 keV X-rays; the detailed methods used for tomography
observation and in-situ tensile tests are reported in the literature [13].

Transmission electron microscopy (TEM; JEOL JEM 2100F/ARM 200F) was
used to characterize the detailed microstructure of the precipitates, IMC particles, and
Al matrix. Scanning electron microscope (SEM) (TESCAN MIRA3) equipped with
an electron back-scatter diffraction (EBSD) detector was performed to analyze strain
distribution and phase features by transmission Kikuchi diffraction (TKD) technique.
Thin foils were prepared for TEM and EBSD observations by electro-polishing using

Struers (Tenupol-5) equipment at -30 °C and 15 V; the electrolyte was 7% perchloric
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acid and 93% ethanol. Atom probe tomography (APT) measurements were performed
using a local electrode atomic probe (LEAP 4000 HR) to obtain the spatial
distribution of elements and the number density and size of nanoparticles. APT data
was obtained at 50 K under ultrahigh vacuum (4.5x10°!! Torr), a pulse fraction of 0.2,
and a repetition rate of 200 kHz. The APT data was reconstructed using IVAS™ 3.6.2
software.

Hydrogen trapping at MgZn, precipitates interface and various intermetallic
compound particles was calculated using first-principles calculations. The
first-principles calculations were conducted within the DFT framework using the
Vienna ab initio simulation package (VASP 5.2) with the Perdew-Burke-Ernzerhof
generalized gradient approximation exchange-correlation density functional. The
Monkhorst-Pack algorithm was selected for the Brillouin-zone k-point samplings. A
plane-wave energy cutoff of 360 eV was used with a first-order Methfessel-Paxton
smearing scheme, employing a smearing parameter of 0.2 eV. The total energy
converged to 10 eV in all the calculations. The relaxed atomic configurations were
obtained by the conjugate gradient method in which the search terminated when the
forces on all atoms were below 0.01 eV/Ang. The crystal structure parameters and
sampling k-point mesh of various particles, and the details of calculation process can
be found in the Supplementary Materials 1.1.

The hydrogen trap sites in this study were grain boundaries, dislocations, pores,
vacancies, precipitate interfaces, and IMC particles. To quantitatively analyze these

trap site densities, the area of the grain boundaries, dislocation densities, pore
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morphology, vacancy concentrations, area of precipitate interfaces, and volume
fractions of IMC particles were obtained using a combination of experimental
techniques and mathematical models, which are detailed in the Supplementary
Materials 1.2.

3. Results and discussion

3.1 Trapping energies of IMC particles to hydrogen and their HE resistances

Various IMC particles were formed by adding a fourth element such as Nb, Mo,
V, Ca, Y, Sr, Ni, Zr, Fe, Cr, Ti, Co, Sc, or Mn to Al-10.0Zn-1.06Mg alloys.
First-principles density functional theory (DFT) was employed to calculate the
trapping energies of various IMC particles to hydrogen, and the corresponding results
are shown in Figure 1. The hydrogen trapping energies of various defect structures,
such as edge/screw dislocations [28], grain boundaries [29], vacancies [30],
precipitates [22,31], and micro pores [32] are also summarized. The maximum
hydrogen trapping energy in the interior of Ali1Mn3Zn> was 0.859 eV/atom, much
higher than that in other IMC particles and defect structures, which indicates that it
can be used as a strong hydrogen trapping site for absorbing a large amount of
hydrogen at interstitial sites.

The HE resistances of samples with and without IMC particles were evaluated
using in-situ tensile tests. In-situ tensile stress—displacement curves for the
standard-state, Sc-added, and Mn-added Al alloys after low-hydrogen (LH) and
high-hydrogen (HH) treatments are shown in Figure 2(a). The mechanical properties

of the standard-state and Sc-added Al alloys were severely affected by the hydrogen
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content, where the elongation were dramatically reduced after the HH treatment,
compared to the LH treatment. However, in the Mn-added alloys, the elongation
remained almost unchanged after the HH treatment, compared to the LH treatment,
which means that the Mn-added Al alloys overcomes hydrogen-induced ductility loss.
Detailed fractography analysis revealed that the fractional areas of IGF and QCF were
50.9% and 46.0% in the standard-state Al alloys and 9.3% and 11.5% for the
Mn-added Al alloys after the HH treatment, with 81.7% and 75.0% reduction,
respectively. This confirms that the Mn-added Al alloys significantly improves HE
resistance (Figure 2(b)). The effect of a fourth element such as Nb, Mo, V, Ca, Y, Sr,
Ni, Zr, Fe, Cr, Ti, Co, Sc, or Mn on the HE fracture area is shown in Figure 2(c); the
corresponding fracture morphology is presented in Figure 3 and Figure S4. The
relationships between hydrogen trapping energies of IMC particles and fractional
areas of QCF are summarized in Figure 2(d). Fractional areas of QCF were
significantly reduced with the increase of trapping energies of different IMC particles
in the Al alloys treated by HH. Compared with the addition of the other elements, the
Mn-added Al alloys exhibited the best HE resistance owing to the highest trapping
energy between the Al11Mn3Zno particles and hydrogen.

HE occurred in the 7 xxx series Al alloy (Al-10.1Zn-1.2Mg) with hydrogen
content of 0.41 mass ppm [12], and also appeared in LH-treated standard-state Al
alloys (1.40 mass ppm) in this work (Figure 3). It was reported that the introduction of
Mn-rich particles by adding Mn to Al-Zn-Mg alloys under hydrogen-free conditions

results in a slight decrease in ductility [33,34]. However, the introduced Mn-rich
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particles in LH-treated Mn-added Al alloys contributes to a significant increase in
ductility compared with LH-treated standard-state Al alloys, which reconfirms that
strong hydrogen trapping capacity of Al;1Mn3Zn; particles.
3.2 Hydrogen partitioning behavior

The microstructures of the standard-state and Mn-added Al-Zn-Mg alloys were
investigated (Figure 4(a-b)). The standard-state alloys primarily consisted of MgZn»
and Al matrix, while the Mn-added Al alloys was primarily comprised of AliiMn3Zn,,
MgZn,, and Al matrix (Figure 4(a-b), Figure S5, and Figure 5), which were identified
using high-resolution transmission electron microscopy (HRTEM) and atom probe
tomography (APT) analysis. MgZn, has a hexagonal close-packed (hcp) structure, and
its edge and side surfaces of the plate are coherent and semi-coherent along the

[112]a1 zone axis, respectively. The orientation relationship between MgZn, and the

matrix is [1121“ //[2110}MZ . Al;iMn3Zn, has an orthorhombic structure; the
841,

orientation relationship between it and the matrix is [011] ! [2511“ I The

number density of 12 (MgZn») precipitates in standard-state and Mn-added Al alloys
are 1.13x10%* and 0.78x10%* m?, and their equivalent spherical particle radius are 6.5
and 7.4 nm, respectively, which were determined via APT (Figure 5). The average
grain sizes were measured to be 124 and 75 um for the standard-state and Mn-added
Al alloys, respectively (Figure 6). 3D perspective views of IMC particles and micro
pores obtained by high-resolution X-ray tomography are shown in Figure 4(c). These
parameters were used in the calculation of hydrogen occupancy of the corresponding

trap site.
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The hydrogen partitioning behavior in the standard-state and Mn-added Al alloys
are shown in Figure 4(d). The hydrogen occupancy of a trap site depends on both the
trap density and trap binding energy, which were derived from experimental results
(Figure 4(a)-4(c)) and first-principles calculations. See the Supplementary Materials
1.2 for detailed calculation procedures of hydrogen occupancy of each hydrogen trap
site.

It was found that hydrogen atoms were mainly trapped at micro pores, M2
precipitates, and vacancies in the standard-state alloys; however, the Ali1Mns3Zn»
particles are the strongest hydrogen trap, which reduced the hydrogen occupancy at
other trap sites such as micro pores, 12 precipitates, vacancies, and grain boundaries.
In particular, the hydrogen occupancy of m» interfaces and grain boundaries were
decreased by approximately 5 orders of magnitude (from 1.15x10! to 6.20x107 and
from 4.42 x107! to 4.60x10° atomH/site, respectively), which contributes to the
suppression of hydrogen-induced QCF and IGF (Figure 2).

3.3 Damage behavior of AliiMnsZn> particles and hydrogen partitioning behavior
during deformation

Figure 7(a)-7(h) show the damage behavior of Al;1Mn3Zn; particles in Mn-added
Al alloys after the HH treatment during in-situ tensile tests. 3D images around the
crack tip were obtained using high-resolution X-ray tomography. The observation
regions ahead of the hydrogen-induced quasi-cleavage crack tip and near the crack
ridge were approximately 5.7x10% and 4.3x10° pm?, respectively, as shown in Figure

7(1). Particle debonding and fracture at different steps were classified by analyzing the

11
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voids and their neighboring particles: debonding was confirmed if only one particle
was found adjacent to one void; however, particle fracture was identified if two
particles were connected to one void.

The damage ratios, R,, are defined as follows:

R, (fractured) =n, [n,,, x100% (1)
R,(debonded)=n,, [n,,, x100% ()
R, = R,(fractured)+ R,(debonded) 3)

where n, and n, are the numbers of fractured and debonded particles,

respectively; n,,, 1s the total number of IMC particles for each condition.

At a macroscopic tensile strain of 5.7%, the damage ratio of IMC particles near
the crack ridge was approximately 7% (2/28). With the further increase of tensile
strain to 9%, the damage ratio slightly increased to approximately 20% (2/10).
Therefore, most of these IMC particles remained intact during plastic deformation,
implying that these particles, with strong hydrogen trapping capacity, did not
deteriorate the ductility due to good damage resistance. It is thereby expected that the
IMC particles can effectively suppress hydrogen-induced cracks without sacrificing
the ductility. This is consistent with the significantly increased fracture strain of the
particles-containing Al alloys compared with the particles-free Al alloys (Figure 2(a)).

Figure 7(i) and 7(j) show the hydrogen partitioning behavior during deformation
in Mn-added Al alloys after the HH treatment. At the in-situ tensile strain of 3.6%, the
volume fractions of IMC particles at the regions ahead of the hydrogen-induced

quasi-cleavage crack tip and near the crack ridge were 1.54% and 0.26%, respectively.

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Hydrogen partitioning calculations revealed that the hydrogen occupancy of the n2
interfaces at the region ahead of the crack tip was approximately 8 orders of
magnitude lower than that near the crack ridge owing to the higher density of IMC
particles. This means that regions with a low density of IMC particles are prone to
crack nucleation and propagation (Figure 7(i)). AliiMn3Zn; particles were the main
hydrogen trap, and the trapped hydrogen content could reach 2.0x10* atomH-m™
(Figure S6), which was much higher than other tapping sites. The hydrogen
occupancy of AliiMnsZn, particles remained almost unchanged before and after
deformation (3.6% strain). Moreover, they exhibited good damage resistance even at
high tensile strain (up to 9%). This confirms that the Al;1Mn3Zn, particles are
beneficial for improving the HE resistance without harming the ductility during
deformation.
3.4 Suppression of hydrogen-induced strain localization at grain boundaries
Micro-deformation mechanisms of Al;1Mn3Zn, particles under HH and LH
conditions were revealed by transmission Kikuchi diffraction (TKD) technique and
TEM (Figure 8). Al11Mn3Zn> particles did not deform during tensile failure under HH
and LH conditions, strain concentration around Al11Mn3Zn> particles mainly resulted
from dislocations piled-up. The strain distributions around Alii1Mn3Zn> and in Al
matrix remained almost the same when changing treatment conditions from LH to HH,
indicating that hydrogen-induced strain localization caused by the interaction of
hydrogen and dislocations was suppressed [13,35-37], which is mainly attributed to

strong hydrogen trapping capacity of Al;1Mn3Zn,.
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The microstructures near the fracture surfaces of Mn-added and standard-state Al
alloys treated by HH after tensile failure are shown in Figure 9. The
hydrogen-induced cracks mainly propagated along the grain interiors in the Mn-added
Al alloys (Figure 9(a)), while they mainly propagated along the grain boundaries in
the standard-state Al alloys (Figure 9(e)). Hydrogen-induced cracks preferably
nucleated at IMC-poor regions, and IMC-rich regions could effectively blunt and
suppress hydrogen-induced cracks (Figure S7), which is consistent with the result at
3.6% tensile strain (Figures 7(i) and 7(j)). The piled-up dislocations at grain
boundaries were significantly reduced during tensile failure after adding Mn in
standard-state Al alloys (Figure 9(b)-(d) and 9(f)-(h)), supporting that the trapped
hydrogen at grain boundaries were remarkably decreased owing to the introduction of
Al 1Mn3Zn;.

3.5 Suppression of hydrogen-induced strain localization at n2 phase interfaces

As shown in Figure 10, strain maps were plotted by geometric phase analysis
(GPA) [38], inverse FFT patterns of HRTEM images were used to characterize
dislocations around m> phase interfaces. 10 HRTEM images (each image contains 2
precipitates) were collected for the HH-treated Mn-added Al alloys and HH-treated
standard-state Al alloys, respectively, and 20 precipitates were counted and analyzed
for each condition. Strain concentration around my phase interfaces was not very
obvious in HH-treated Mn-added Al alloys subjected to tensile failure, however, the
strain values were very high for almost the entire 12 phase interface in HH-treated

standard-state Al alloys subjected to tensile failure (Figure 10(c)-(f) and 10(j)-(m)).
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Moreover, more significant dislocations pile up occurred near the n2 phase interfaces
in HH-treated standard-state Al alloys, compared with that in HH-treated Mn-added
Al alloys (Figure 10(g) and 10(n)). Based on the analysis results of 20 precipitates
under each condition, it can be confirmed that the strain localization at np phase
interfaces was effectively suppressed during tensile failure after adding Mn in
standard-state Al alloys, which indicates that the trapped hydrogen at m> phase
interfaces were largely removed by Ali1Mn3Zn,. These results demonstrate that IMC
particles inhibit hydrogen-induced strain localization m2 phase interfaces by
consuming most of the hydrogen, hence preventing HE cracks initiation.

The QCF mechanism induced by hydrogen in structural materials, such as ferritic,
martensitic, and austenitic steels, and nickel, can be explained by the HELP model
[39], where hydrogen-affected dislocations contribute to structural failure. However, a
QCF mechanism assisted by hydrogen in an Al-Mg-Zn alloy was reported [22];
hydrogen atoms tended to be trapped at the interfaces rather than at grain boundaries
and dislocations owing to the higher binding energy with hydrogen, which induced
hydrogen-accelerated spontaneous microcracking at aluminum-precipitate interfaces.
In this work, a similar fracture mechanism caused by precipitate interfaces decohesion
can also be used to explain the QCF. The hydrogen occupancy of the m> coherent
interface decreased from 8.4x107'% in the unloaded state to 8.7x10°'! atomH/site at
3.6% in-situ tensile strain (the corresponding hydrogen concentration is 5.3x1071°
atomH/nm?; the hydrogen trap interval for a coherent n precipitate interface is 6.1

atomH/nm?, assuming that the hydrogen occupancy is equal to one [17,31]). The
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hydrogen occupancy of the 12 semi-coherent interface decreased from 1.84x107
atomH/site in the unloaded state to 1.9x10° atomH/site (1.2x10 atomH/nm?). The
interfacial decohesion of m precipitates initiates when the trapped hydrogen density
reaches 18.9 atomH/nm? [13,17], which is approximately 3.6x10'° and 1.6x10° times
higher than the hydrogen concentration at the coherent and semi-coherent interfaces
of m2 precipitates in the Mn-added Al alloys, respectively. Moreover, it was observed
that hydrogen-induced strain localization at 1> phase interfaces was suppressed after
adding Mn in standard-state Al alloys (Figure 10). As a result, the fractional areas of
QCF originating from the hydrogen-induced decohesion of precipitate interfaces was
remarkably reduced (Figure 2(b)).

Hydrogen trapped at grain boundaries decreases the cohesion strength of the
boundaries (HEDE model) and results in IGF, which is a common HE mechanism in
structural materials. The critical hydrogen concentration at the grain boundaries for
the initiation of intergranular cracks is approximately 2.8x10?* atomH-m? in
Al-Zn-Mg-Cu alloys [30]. The hydrogen content trapped at the grain boundaries in
Mn-added Al alloys in the unloaded and 3.6% tensile strain states were 4.04x10'% and
4.19x10" atomH-m™, respectively, which are much lower than the critical value
required for hydrogen-induced intergranular cracking. In addition, it was found that
hydrogen-induced strain localization at grain boundaries was inhibited after adding
Mn in standard-state Al alloys (Figure 9). Therefore, this is the main reason for the
significant reduction in the fractional areas of IGF (Figure 2(b)).

Hydrogen-induced strain localization at grain boundaries and > phase interfaces
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were suppressed due to strong hydrogen trapping capacity of Alii1Mn3Znz, which
could remove hydrogen from the grain boundaries and n, phase interfaces. Therefore,
the Al alloys with Mn-rich particles exhibited the superior HE resistance by
eliminating 75.0% and 81.7% of hydrogen-induced QCF and IGF, respectively, and
suppressing hydrogen-induced ductility loss compared to the standard-state Al alloys.

Moreover, in terms of HE sensitivity ( £/, = (El,,, — El,,;)/El,,, x100%, El, and El,,

are fracture elongations of LH and HH-treated specimens, respectively), the Al alloys
with Mn-rich particles showed lack of HE sensitivity, which indicates that most of the
hydrogen is occupied by Mn-rich particles and does not deteriorate the mechanical
properties.

IMC particles are often used to inhibit recrystallization during solution heat
treatment; however, they are detrimental to the mechanical properties of structural
materials, especially the ductility [40]. Although IMC particles such as Al;Cu>Fe have
been proven to improve the HE resistance due to hydrogen trapping effect, this still
cannot solve the problem of ductility deterioration [13].

In this work, we proposed a strategy of suppressing HE by introducing IMC
particles to achieve hydrogen redistribution in various trapping sites, rather than
eliminating the hydrogen. IMC particles with HH trapping energies were designed
using first-principles calculations; Mn-rich AliiMn3Zn; particles exhibit the highest
hydrogen trapping energy (0.859 eV/atom), leading to a decrease by approximately 5

orders of magnitude in the hydrogen occupancy in 12 (MgZny) phase interfaces and

grain boundaries, where HE cracks initiate. Most AliiMn3Zn; particles remained
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intact during plastic deformation and exhibited good damage resistance.
Hydrogen-induced strain localization at grain boundaries and 1, phase interfaces were
suppressed due to strong hydrogen trapping capacity of Ali1iMn3Zn;,, hence preventing
HE cracks initiation. Superior HE resistance without sacrificing the ductility was
achieved through this hydrogen redistribution approach, which can also be applied to
a variety of high-strength structural materials containing IMC particles, such as iron,
titanium, and zirconium-based alloys.

4. Conclusions

We systematically induce the precipitation of a constant volume fraction of
intermetallic compound (IMC) particles by adding one of 14 elements in a ternary
Al-Zn-Mg high-strength alloy, the effect of IMC particles on HE resistances and HE
mechanisms were investigated. The main conclusions are as follows:

(1) A strong correlation between hydrogen trapping energies of the IMC obtained
from ab initio calculations with the resistance to HE was confirmed. The Ali1Mn3Zn;
particles had a trapping energy value (0.859 eV/atom) that was much higher than that
of all known hydrogen trap sites, which caused the hydrogen occupancy at other trap
sites such as micro pores, 12 precipitates, vacancies, and grain boundaries to be
significantly reduced. In particular, the hydrogen occupancy of 1> interfaces and grain
boundaries were decreased by approximately 5 orders of magnitude compared to the
standard-state Al alloys (from 1.15x107! to 6.20x107 and from 4.42 x10! to 4.60x10°¢
atomH/site, respectively).

(2) Hydrogen occupancy and damage ratio of Al;iMn3Zn, particles changed
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slightly when the tensile strain reached 3.6% and 9% after HH treatment (6.97 ppmw
H), respectively, suggesting that they did not deteriorate the ductility. In addition,
hydrogen-induced strain localization at grain boundaries and 1> phase interfaces were
suppressed due to strong hydrogen trapping capacity of AliiMn3Zn;,, hence preventing
HE cracks initiation. Therefore, the Al alloys with Mn-rich particles exhibited the
superior HE resistance by eliminating 75.0% and 81.7% of hydrogen-induced QCF
and IGF, respectively, and suppressing hydrogen-induced ductility loss compared to
the standard-state Al alloys.
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Figure Captions

Figure 1 Excellent trapping energies of IMC particles to hydrogen. The trapping energies of
various intermetallic compound particles to hydrogen were calculated by first-principles density
functional theory (DFT). The hydrogen trapping energies of various defect structures, such as
dislocations [28], grain boundaries [29], vacancies [30], precipitates [22,31], and micro pores [32],
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were derived from references. Ali1MnsZn, shows advantages in hydrogen trapping compared to
other IMC particles and defect structures.

Figure 2 Superior HE resistance results from introducing IMC particles. a,
Stress-displacement curves for standard-state, Sc-added and Mn-added Al alloys after
low-hydrogen (LH) and high-hydrogen (HH) treatments, Mn-added Al alloys exhibited a superior
HE resistance without sacrificing the ductility after HH treatment. b, Fracture morphology of
standard-state and Mn-added Al alloys after HH treatment, suppressing hydrogen-induced QCF
and IGF by introducing IMC particles was achieved. ¢, Fractional areas of QCF and IGF for
standard-state, Nb-added, Mo-added, V-added, Ca-added, Y-added, Sr-added, Ni-added, Zr-added,
Fe-added, Cr-added, Ti-added, Co-added, Sc-added and Mn-added Al alloys under HH treatments.
d, The relationships between the added elements, maximum trapping energies and fractional areas
of QCF fracture are summarized, the higher trapping energy with hydrogen, the lower fractional
area of QCF, which indicates that QCF was effectively suppressed by introducing IMC particles,
especially the IMC particles formed by adding Mn.

Figure 3 Fracture surfaces after preliminary tensile tests of HH and LH specimens. a,
Standard state, Sc-added and Mn-added Al alloys after HH treatments. b, Standard state, Sc-added
and Mn-added Al alloys after LH treatments.

Figure 4 Hydrogen redistribution driven by IMC particles. a, b, Distribution and crystal
structure of MgZn, precipitates and Al;1Mn3Zn, particles in Mn-added Al alloys observed by
HRTEM. ¢, 3D perspective views of IMC particles and micro pores obtained by high-resolution
X-ray tomography in Zr-added and Mn-added Al alloys. d, Hydrogen trapping occupancy before
and after adding Mn/Zr elements derived from thermodynamic equilibrium condition and
first-principles calculations, the formed Al;1Mn3Zn, particles after Mn addition caused hydrogen
occupancy of the 1 interfaces and grain boundaries to decrease by approximately 5 orders of
magnitude compared to that of the standard-state Al alloys.

Figure 5 APT results. a, Mn-added Al alloys. b, Standard-state Al alloys.

Figure 6 EBSD results. a, Standard-state Al alloys. b, Mn-added Al alloys.

Figure 7 Damage behavior of Al;iMn3;Zn; particles and hydrogen partitioning behavior
during deformation after HH treatment. a-d, CT images of the Mn-added Al alloys at each
nominal strain on a x-z virtual cross section. e, f, Corresponding to the partial enlarged view in a
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and b. g, h, 3D imaging around crack tip in Zernike imaging in Mn-added Al alloys. i, Hydrogen
partitioning calculations for the regions ahead of hydrogen-induced quasi-cleavage crack tip and
near the crack ridge in Mn-added Al alloys under the in-situ tensile strain of 3.6%. j, Hydrogen
partitioning behavior among lattice, vacancies, dislocations, grain boundaries, IMC particles, 1
precipitates and micro pores in Mn-added Al alloys before and after loading.

Figure 8 Micro-deformation mechanisms of Al;1Mn3;Zn; particles under HH and LH
conditions. a, Phase, KAM and TEM images of Mn-added Al alloys before tensile deformation,
TEM image was taken from 011 crystal zone axis of Al matrix. b, Phase, KAM and TEM images
taken from the crack tip region of HH-treated Mn-added Al alloys after tensile failure, strain
concentration around Al;;MnsZn;, particles mainly resulted from dislocations piled-up. ¢, Phase,
KAM and TEM images taken from the crack tip region of LH-treated Mn-added Al alloys after
tensile failure. d, KAM distributions in Al matrix and Al;;Mn3Zn;, particles of HH/LH-treated
Mn-added Al alloys before and after tensile failure. The strain distributions around Al;1Mn3Zn;
and in Al matrix remained almost unaffected when changing treatment conditions from LH to HH.
Figure 9 Suppression of hydrogen-induced dislocations piled-up at grain boundaries by
Al;iMn3Zn;. a, e, Microstructures near the fracture surfaces of Mn-added and standard-state Al
alloys treated by HH after tensile failure, respectively. The cracks mainly propagated along the
grain interiors in Mn-added Al alloys, while they mainly propagated along the grain boundaries in
standard-state Al alloys. b, TEM BF image cut from area b in a. ¢, d, TEM BF and DF images
corresponding to the area ¢ in b. f, TEM BF image cut from area f in e. g, h, TEM BF and DF
images corresponding to the area g in f. The piled-up dislocations at grain boundaries were
significantly reduced during tensile failure after adding Mn in standard-state Al alloys, indicating
that hydrogen-induced strain localization at grain boundaries was suppressed by Al;iMnsZn;
particles.

Figure 10 Suppression of hydrogen-induced strain localization at n, phase interfaces by
AliiMn3Zn;. a, h, Microstructures near the fracture surfaces of Mn-added and standard-state Al
alloys treated by HH after tensile failure, respectively. b, TEM BF image cut from area b in a. ¢, d

HRTEM images corresponding to the area ¢ and d in b. e, f, Corresponding strain maps of

geometric phase analysis (GPA) (in-plane rigid-body rotation, @, ) for HRTEM images ¢ and d,
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respectively. g, Inverse FFT and FFT patterns corresponding to HRTEM image ¢, inverse FFT

pattern derives from (ili) reflection. i, TEM BF image cut from area i in h. j, k, HRTEM images

corresponding to the area j and k in i. I, m, Corresponding strain maps of geometric phase analysis

(GPA) (in-plane rigid-body rotation, @, ) for HRTEM images j and k, respectively. n, inverse

FFT and FFT patterns corresponding to HRTEM image j. Strain maps were plotted with respect to

an internal reference lattice by g, :(lli) and g, =(200) . Dislocations mainly

matrix matrix
bypassed 1 precipitates in Mn-added and standard-state Al alloys treated by HH. Density of edge
dislocations around the 2 phase interfaces in Mn-added Al alloys is significantly lower than that
in standard-state Al alloys after tensile failure, moreover, the results of the strain distributions
originating from strain maps are also similar to that. The strain localization at 1> phase interfaces
was effectively inhibited during tensile failure after adding Mn in standard-state Al alloys.
Extended Data Figure S1 Schematic diagrams of the thermomechanical treatment process. a,
High-hydrogen treatment. b, Low-hydrogen treatment.

Extended Data Figure S2 Desorption curves of the Mn-added Al alloys after HH and LH
treatments.

Extended Data Figure S3 Experimental setup for the imaging X-ray microtomography. a,
Schematic diagram. b, A pneumatic material test rig specially designed for X-ray
micro-tomography at the synchrotron radiation facility.

Extended Data Figure S4 Fracture surfaces after preliminary tensile tests of HH specimens.
Nb-added, Mo-added, V-added, Ca-added, Y-added, Sr-added, Ni-added, Zr-added, Fe-added,
Cr-added, Ti-added and Co-added Al alloys after HH treatments.

Extended Data Figure S5 TEM results. a, Standard-state Al alloys. b, Corresponding to the
partial area b in a. ¢, Mn-added Al alloys. d, Corresponding to the partial area d in c.

Extended Data Figure S6 Hydrogen partitioning behavior in HH-treated Mn-added Al alloys
during deformation. a, Hydrogen partitioning calculations for the region ahead of
hydrogen-induced quasi-cleavage crack tip under the in-situ tensile strain of 3.6%. b, Trapped

hydrogen contents among lattice, vacancies, dislocations, grain boundaries, IMC particles, n2

precipitates and micro pores before and after loading.
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Extended Data Figure S7 Suppression of hydrogen-induced cracks by AliiMns3Zn;. a,
Microstructures near the fracture surfaces of Mn-added Al alloys treated by HH after tensile
failure. The cracks mainly propagated along the grain interiors in Mn-added Al alloys. b,
Corresponding to the partial magnification images of the area 1 and 2 in a. ¢, d, Corresponding to
the partial magnification and mapping images of the area ¢ and d in b, the IMC-rich region can
effectively blunt and suppress hydrogen-induced cracks.

Extended Data Figure S8 3D Mapping of equivalent plastic strain, vacancy concentrations
and dislocation densities in the Mn-added Al alloys at load strain 0.0 to 3.6% on a x-z virtual
section. a, Equivalent plastic strain. b, Vacancy concentration. ¢, Geometrically necessary

dislocations (GND). d, Statistically stored dislocations (SSD).
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