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ARTICLE INFO ABSTRACT
Keywords: Hydrogen can strongly embrittle aluminum alloys by accumulating at precipitate interface and
Hydrogen embrittlement triggering transgranular cracking, due to stress-driven hydrogen diffusion towards crack tip and

Al-Zn-Mg alloys
X-ray tomography
Diffraction contrast tomography

grain boundaries. However, although mechanical features near crack tip and grain boundaries,
and hydrogen diffusion/trapping processes have been extensively studied separately, very few
3D image-based simulation quantitative information regarding the local interactions between hydrogen distribution and
Crystal plasticity finite element method stress fields with full spatial complexity has been revealed. The present study attempts to fill this
Hydrogen diffusion gap, by using a multi-modal three-dimensional image-based simulation that combines a crystal
plasticity finite element method with hydrogen diffusion analysis, to fully capture the actual
stress distribution and its effect on hydrogen distribution, and more importantly on cracking
probability, near a real propagating hydrogen-induced crack. Stress-diffusion-trapping coupled
simulations indicate the intergranular crack transitioned to a quasi-cleavage crack in the region
where the interfacial cohesive energy of semi-coherent interface of the MgZn, precipitate was
reduced by hydrogen accumulation near the crack tip. The multi-modal three-dimensional image-
based simulation used in the present study successfully bridged nanoscopic debonding and
macroscopic hydrogen embrittlement fracture behavior.

1. Introduction

The presence of hydrogen in metallic materials degrades their mechanical properties, such as ductility, in a phenomenon known as
hydrogen embrittlement (HE) (Lynch, 2012; Robertson et al., 2015). Birnbaum et al. (1994) numerically investigated the interaction
between dislocations and hydrogen and proposed the hydrogen-enhanced localized plasticity (HELP) mechanism, in which hydrogen
trapped at dislocations causes reduced interactions among dislocations on the same slip plane. Tabata et al. (1983, 1984)
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experimentally showed via transmission electron microscopy (TEM) that dislocation mobility increases with increasing hydrogen
pressure. In contrast, there are reports indicating that hydrogen pins dislocations (Deng and Barnoush, 2018; Xie et al., 2016; Zhu et al.,
2017), and that it acts as a solution atom in solute-hardening behavior (e.g., like carbon in steel). In the hydrogen-enhanced deco-
hesion (HEDE) mechanism, hydrogen trapped at boundaries (e.g., grain boundaries) reduces the cohesive strength and accelerates
crack initiation and propagation (Oriani and Josephic, 1974; Troiano, 2016). Oriani et al. (1974), who calculated the reduction in
cohesive strength through hydrogen accumulation in 4340 steel, reported an approximately 40 % decrease in cohesive strength when
the hydrogen concentration was 10* times the equilibrium concentration. Based on HEDE mechanism, some reports indicated that
accumulated hydrogen at grain boundaries and/or twin boundaries promotes intergranular fracture (Elkot et al., 2022; Liang et al.,
2021; Safyari et al., 2021). Nagumo et al. (2004) proposed another HE mechanism, the hydrogen-enhanced strain-induced vacancy
(HESIV) mechanism, in which hydrogen can accelerate the accumulation of vacancies and the formation of nanovoids. Associated
studies reported that vacancy act as the primary factor for hydrogen-induced fracture rather than hydrogen, and they concluded that
this behavior agrees with the HE with HESIV model (Nagumo and Takai, 2019; Takai et al., 2008).

Mixture mechanisms have also been proposed (Djukic et al., 2019, 2015; Neeraj et al., 2012; Wasim et al., 2021). Using
high-resolution surface sensitive scanning electron microscopy, Neeraj et al. (2012) observed fracture surface features. Then, they
proposed that quasi-cleavage fracture, a hydrogen embrittlement fracture mode, occurred due to plasticity-generated and
hydrogen-stabilized vacancy damage accumulation and nanovoid coalescence (i.e., HELP 4+ HESIV) in ferritic steel. Djukic et al. (2015,
2019), Wasim et al. (2021) proposed the HELP + HEDE model. These authors indicated that there was a mixture of micro-void
coalescence and transgranular brittle and intergranular fractures on the fracture surface of ferritic-pearlitic steel, and they
concluded that these fracture modes were attributed to HELP and HEDE in the grain interior and HEDE in the grain boundary,
respectively. Then, they proposed that the fracture mode could dominate with both HEDE and HELP dominating at mid-to-high
hydrogen concentrations. This mixed model can also be accepted for aluminum alloys (Moshtaghi et al., 2021). From these pro-
posed nanoscopic HE mechanisms and/or these mixed mechanisms, the interaction between hydrogen and nano-defect should pro-
mote macroscopic HE behavior.

Ismer et al. (2009), Yamaguchi et al. (2019, 2021), who investigated the hydrogen trapping behavior at trap sites in an aluminum
alloy using first-principles calculations, reported that vacancies, dislocations and grain boundaries have lower hydrogen trapping
energies than other trap sites for which the trap energy was previously reported (e.g., precipitates, intermetallic compound particles,
and micropores Shimizu et al., 2024; Tsuru et al., 2018; Yamaguchi et al., 2020, 2018). Su et al. (2019), Shimizu et al. (2019), who
analyzed hydrogen partitioning behavior using these trap energies, reported that the hydrogen concentration at these trap site was less
than 0.001 % of the total hydrogen concentration in Al-Zn-Mg alloys. Therefore, the abovementioned mechanisms, which involve
interactions between hydrogen and dislocations, grain boundaries, and vacancies, do not appear to be significant contributing factors
to HE in Al-Zn-Mg alloys.

Recently, using first-principles calculations, Tsuru et al. (2020) reported that the interface between MgZn, precipitates and
aluminum spontaneously debonds without stress when the hydrogen concentration at the interface reaches approximately 102 atoms
H/m?® (i.e., 61 mass ppm), and traces of the debonding behavior of the precipitate interface were observed on the quasi-cleavage
fracture surface. Then, they proposed this as a new mechanism of quasi-cleavage fracture in Al-Zn-Mg alloys (Tsuru et al., 2020);
additionally, they reported that the MgZn, precipitate interface has a higher hydrogen trap energy than the other trap sites, and more
than 90 % of the total hydrogen was trapped at this interface (Shimizu et al., 2024; Tsuru et al., 2018). During deformation, most of the
accumulated hydrogen could be locally partitioned to the precipitate interface and reach the critical hydrogen concentration for
hydrogen-induced debonding (i.e., 1026 atoms H/m?) (Tsuru et al., 2020, 2018). This hydrogen accumulation leads to nano-crack
initiation at the precipitate interface, and eventually, macroscopic HE fracture could occur due to the coalescence of these
nano-cracks. In addition, the present authors experimentally observed HE crack propagation behavior in Al-Zn-Mg alloys through
in-situ tensile testing with frequent interruptions and found that the HE crack propagation rate increased with increasing interruption
time (Su et al., 2018). This trend indicates that crack propagation is due to local hydrogen accumulation caused by hydrogen diffusion
under stress. Therefore, the local hydrogen accumulation behavior under stress must be investigated to determine whether there is a
correlation between nanoscopic hydrogen-induced debonding and macroscopic HE fracture behavior. However, the author’s previous
studies (Shimizu et al., 2020; Su et al., 2019; Wang et al., 2022) could not quantitatively associate macroscopic HE fractures with
nanoscopic debonding behavior due to local hydrogen accumulation because we could not include an analysis that takes stress-induced
hydrogen accumulation behavior into account.

To evaluate dynamic and quantitative hydrogen accumulation behavior, analysis of the hydrostatic stress distribution, which acts
as a driving force for hydrogen diffusion, is crucial (Isfandbod and Martinez-Paneda, 2021; Li et al., 1966). There have been numerous
attempts to quantify hydrogen diffusion behavior under stress using the finite element method (FEM) (Barrera et al., 2016; Dadfarnia
et al., 2015; Fernandez-Sousa et al., 2022). However, these continuum model-based analyses reveal that hydrogen diffusion behavior
depends on macroscopic material properties but cannot consider microstructural effects. Instead, an ‘effective diffusion coefficient’
concept is utilized in such simulations (Yuan et al., 2023). In polycrystalline materials, stress and strain locally accumulate around
specific grain boundaries due to interactions among neighboring grains (Guo et al., 2015; Hayashi et al., 2019; Toda et al., 2016;
Tondro and Abdolvand, 2022; Yuan et al., 2020). The crystal plasticity finite element method (CPFEM), a numerical simulation that
can evaluate the slip deformation behavior of individual grains, is known as an effective method for evaluating the local stress dis-
tribution in polycrystalline materials (Miresmaeili et al., 2010; Raabe and Roters, 2004). Additionally, by combining hydrogen
diffusion analysis with the CPFEM, the temporal evolution behavior of local hydrogen accumulation can be analyzed in polycrystalline
materials (Miresmaeili et al., 2010; Tondro and Abdolvand, 2022). For example, Miresmaeili et al. (2010), who simulated the stress,
strain, and hydrogen distribution in polycrystalline steel with artificial microstructures by employing CPFEM and hydrogen diffusion
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analysis, reported that the stress and hydrogen locally concentrated around a specific grain boundary. The CPFEM may be considered
an effective method for estimating the local stress distribution in polycrystalline materials for analyzing local hydrogen accumulation
behavior.

In the present study, we established an unprecedented multi-modal three-dimensional (3D) image-based simulation combining the
CPFEM and hydrogen diffusion analysis. Fig. 1 shows the summarized flowchart of the X-ray imaging experiments and 3D image-based
simulation. To construct a 3D image-based model, the 3D microstructure of a specimen was visualized via X-ray microtomography
(XMT) (Kobayashi et al., 2016; Singaravelu et al., 2020) and diffraction contrast tomography (DCT) (Ludwig et al., 2009; Zhao et al.,
2020), which allow non-destructive 3D observation of the microstructure. XMT can also visualize deformation and fracture behavior in
4D (3D + time) in the same specimen (Stannard et al., 2018; Su et al., 2019). A multi-modal 3D image-based mesoscale simulation was
conducted to bridge nanoscale mechanisms with macroscale fracture behavior in an Al-Zn-Mg alloy. The experimental and
image-based simulation results can be directly compared using the proposed imaging technique (Pouillier et al., 2012). The hydrogen
concentration in the actual crack propagation region and the amount of hydrogen trapped at each trap site were determined but have
not yet been determined. The HE behavior was interpreted based on the simulated hydrogen accumulation in the HE region.

2. Experimental procedure
2.1. Materials

Al-8.4Zn-1.0Mg (mass%) alloy containing iron (Fe < 0.01 mass%) was used in the present study. The ingot was homogenized at 773
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Fig. 1. Flow chart of the present multi-modal 3D image-based simulation combined experiment (3D/4D visualization by XMT and DCT) and image-
based simulation.
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K for 2 h, and then hot rolled with a rolling reduction of 50 % at 723 K and solution treated at 773 K for 2 h. Immediately after the
solution treatment, over-aging treatment was conducted at 393 K for 40 h and 453 K for 7 h. The specimen for the in-situ tensile tests
was prepared by employing electrical discharge machining (EDM) in water. The specimen’s gauge length and cross-sectional area were
0.7 mm and 0.6 mm x 0.6 mm, respectively, the exact dimensions as in the previous work (Su et al., 2019). The machined surface is a
fresh aluminum surface without an oxide film. As the electrode wire passes through the metal, an oxide film is immediately formed on
the fresh aluminum surface, and hydrogen is generated by reacting aluminum and water (H20). According to Young et al. (2002), the
nucleated hydrogen evolved in this reaction has an extremely high fugacity of 10%7 Pa, and hydrogen diffuses into the material. As a
result, hydrogen was charged into the specimen by EDM in water, as in Bhuiyan et al. (2016). After EDM, the specimen was stored at
room temperature for approximately four days to distribute hydrogen to the specimen’s interior, given the hydrogen diffusion coef-
ficient for over-aged Al-Zn-Mg alloy (Young and Scully, 2002). The total hydrogen concentration, measured by a gas
chromatography-type thermal desorption analyzer (TDA; PDHA-1000, NISSHA FIS, Inc.), was 1.14 x 10% atoms H/m® (i.e., 7.0 mass

ppm).

2.2. Synchrotron radiation X-ray imaging and in-situ tensile testing

The XMT and DCT experiments were carried out at BL20XU in SPring-8, Japan. A monochromatic X-ray beam with 20 and 30 keV
X-ray energies was used for the XMT and DCT experiments, respectively. The image detector for the XMT experiment was a 2048 x
2048 pixel element digital CMOS camera with a specimen-to-image detector distance of 20 mm. 1800 transmission images were
captured in 0.1° increments over a range of 180°. The DCT experiment image detector consisted of another 2048 x 2048 pixel element
digital CMOS camera with a specimen-to-image detector distance of 8 mm to intercept the diffraction spots from the {111}, {200}, and
{220} lattice planes of the aluminum alloy. In this case, 3600 images were captured in 0.1° increments over a range of 360°. The
effective pixel size of the image detectors for the XMT and DCT experiments were 0.5 and 3.1 pm, respectively.

3D images were reconstructed from the transmission images obtained by XMT by a convolution back-projection algorithm. A linear
absorption coefficient of 0 to 40 was collected to fit the 8-bit grayscale from 0 to 255. The Marching Cubes algorithm calculated the
center of gravity, volume, surface area, and equivalent diameter of intermetallic compound (IMC) particles and hydrogen micropores
in the specimen (Lorensen and Cline, 1987). To suppress the inaccuracies generated by image noise, only IMC particles and hydrogen
micropores over 9 voxels in volume were counted as microstructural features. Fig. 2 shows virtual cross-sections of 3D reconstructed
images prior to the deformation. The tensile load was applied in the rolling direction.

A small material testing machine (CT500, Deben UK Ltd.) was installed on the rotation stage of the XMT system. The strain rate was
set in the tensile test at 3 x 103 s™%. The DCT scan was performed without loading, and the XMT scans were performed while holding
at an applied strain for 10 min. The fracture surface was observed by a scanning electron microscope (SEM). The fracture surface, crack
propagation behavior, and nominal stress—strain response are shown in Fig. 3. Due to the stress relaxation behavior during the XMT
scans, vertical drops in the nominal stress are observed in Fig. 3(c). Intergranular, quasi-cleavage, and ductile fracture surfaces were
observed. Intergranular cracks were initiated from the specimen surface at an applied strain of 3.2 %, and part of an intergranular crack
transitioned to a quasi-cleavage crack at an applied strain of 9.2 %. There was no trace of micro-void on the quasi-cleavage fracture
surface, although a typical river pattern appeared. Note that some dimple patterns were visible on the fracture surface, but these were
traces of ductile fracture caused by micropores that were already present on the grain boundaries and grain interior at the no-load stage
and were not traces of HE behavior.

Intecmetallicicompoundiparticle
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b ~
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Fig. 2. Virtual cross-sections captured by XMT showing typical distributions of micropores (black), intermetallic compound particles (white).
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Fig. 3. (a) Fracture surface morphology, (b) crack growth behavior, and (c) nominal stress-nominal strain response of Al-8.4Zn-1.0Mg alloy. In (a),

the intergranular and quasi-cleavage fracture regions are indicated in green and red, respectively. In (b), the cracks visualized by the XMT
experiment at the various applied strains are shown in green, yellow, blue, and red, along with the nominal strains.
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Fig. 4. 3D grain structure and crystallographic orientation of all 155 grains in the gauge section. The color in the 3D image corresponds to the [001]
inverse pole figure.
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3. Methodology
3.1. 3D image-based modeling

The shape and crystallographic orientation of individual grains were reconstructed by DCT, as shown in Fig. 4. There were 155
grains in the gauge section. To analyze the initiation of the quasi-cleavage crack, a 3D image-based model introducing cracks was
constructed. All the cracks in the 3D FEM model were intergranular cracks visualized at an applied strain of 5.6 % (indicated in yellow
in Fig. 3 (b)). We recognize that the crack propagation criterion has not been established, even when using modern crystal plasticity
models that can also represent crack propagation. Additionally, even with modern methods, quantitatively analyzing crack initiation
and propagation via simulation from the initial state is exceedingly complex because (i) the crack propagation criterion varies ac-
cording to the hydrogen distribution and (ii) the deformation behavior around the crack and work hardening behavior are expected to
be completely variable depending on the crack propagation criterion. Therefore, as a realistic approach, we modeled the actual crack
morphology observed in the specimen used in the present in-situ tensile test.

Fig. 5 shows the constructed 3D image-based simulation model used in the present simulations. First, cracked grain boundaries
were identified by overlapping the 3D cracks and grain images obtained in the XMT and DCT experiments. Second, a region of interest
was defined around the cracks, and an FEM mesh representing the grain surface (i.e., grain boundary) was constructed using a
triangular two-dimensional (2D) mesh. Third, to create an FEM mesh that reproduced the upper and lower cracked surfaces, the grain
boundary area containing the intergranular crack was separated from the remaining unfractured grain boundary. Fourth, the nodes
and elements in the cracked region were duplicated on the upper and lower crack surfaces, and only the duplicated nodes associated
with the crack tips were merged with the original nodes. It should be noted that the reproduced crack tip in the FEM model was sharp in
this process. A mesh of 3D grains with quadratic tetrahedral elements was then built from the triangular mesh at the boundary. The
above explanation involves how to construct the model of the grains, which are colored in the center of the model shown in Fig. 5, in
the region of interest. Finally, the specimen geometry was reproduced in the FEM model using quadratic tetrahedral elements by the
following process to apply a load to the grain model. The specimen surface was reproduced with triangular 2D mesh from XMT images.
Areas on the specimen surface other than the area set as the region of interest were extracted. This area is associated with the gray part
in Fig. 5. A 3D mesh of the specimen interior with quadratic tetrahedra was automatically built from a closed 2D element set composed
of the specimen surface and grain surface inside the specimen. Note that the 3D grain shape was reproduced only in the region of
interest in the center of the model. In 3D regions other than the region of interest, for associating each element with the grains, the
gravity center of each element was compared with the 3D grain image to determine which element was located inside the grain
interior. Each grain was then treated as consisting of associated elements. The crystallographic orientations, which were obtained by
the DCT experiment, were assigned to all the elements. The initial state of the simulation model was the same as the state in which the
applied stress was unloaded from an applied strain of 5.6 % in the experiment. Khoei et al. (2015), analyzed the mode I stress intensity
factor (SIF) using models with varying ratios of crack length and element size and reported that the SIF converges if the mesh size is less
than 5 % of the crack length using a model configured with polygonal elements. Given this, we determined the minimum mesh size at
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Fig. 5. Finite element mesh representation of the grain microstructure in the gauge section of the specimen, determined by DCT experiment as
shown in Fig. 4.
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the crack tip to be 2 pm, as the crack length was 50-100 pm at an applied strain of 5.6 %.
3.2. Crystal plasticity finite element method

In the present study, the effect of the hydrogen concentration distribution around the crack tip, which changed while holding at an
applied strain, on crack propagation was evaluated. CPFEM and hydrogen diffusion analyses were not coupled but were performed
independently of each other, as shown in Fig. 1. To analyze the plastic deformation behavior, the classical viscoelastic plasticity-type
CPFEM was employed in the present study to consider the interactions among grains. Recently, a dislocation density-based crystal
plasticity formulation was developed that allows more physical interpretation of the results (Gao et al., 2023; Jiang et al., 2022; Khan
et al., 2015; Mayama et al., 2009). One major issue in analyses using dislocation density-dependent models is that the actual distri-
bution of dislocation density in the material is heterogeneous, making it difficult to reproduce the initial dislocation density. Deter-
mining the initial dislocation density is mainly used as a fitting parameter to represent macroscopic behavior rather than the actual
dislocation density distribution; this is also why none of the studies have rigorously measured the distribution of dislocation density in
materials or compared it with the results of crystal plasticity analysis using a dislocation density-based hardening law. Using a roughly
approximated dislocation density to estimate the interaction with hydrogen does not accurately represent the behavior in actual
materials. At present, there can be no essential difference between the results of analyses using the phenomenological hardening law
and those using the dislocation density-dependent hardening law. The following models were incorporated into ABAQUS via the
user-defined material (UMAT) subroutine developed by Huang (1991). The total deformation gradient F can be multiplicatively
decomposed as follows (Asaro and Rice, 1977; Kroner, 1959; Lee and Liu, 1967; Peirce et al., 1983):

F =F.F, n

where F., is the elastic part of the deformation gradient that describes the elastic deformation and lattice rotation, and F|, is the plastic
part of the deformation gradient due to crystallographic slip. The plastic velocity gradient L, is expressed as:

N
Ly =Byl = 323" (m® o nl®) @
a=1
where ;'/(a) is the slip rate on the slip system @, and m® and n® are the slip direction and slip plane normal of the slip system,

respectively. The slip rate on each slip system, as described below, depends on the resolved shear stress, (%), and the slip resistance,
g("), of the slip system (Hutchinson, 1976; Pan and Rice, 1983; Peirce et al., 1983):

o) [T
v =" F

n—1

7@

g(ll) (3)

where 7.0' is the reference value of the slip rate, and n is the rate sensitivity exponent. The evolution of the slip resistance g<a)can be
expressed as follows (Zhou et al., 1993):

¢ =" hyl| @

p=1

where h,; is a hardening matrix that represents the interaction between slip systems a and § (Zhou et al., 1993). Peirce et al. (1982)
developed the following equation for the self-hardening matrix (a = f):

hoy

Noa = l’l(}’) = h()seCh2 T — 1

G))

where hy is the initial hardening modulus, 7; is the stage-I stress, and 7 is the yield stress, which equals the initial slip resistance,
£@(0). In Eq. (5), y is the total accumulated shear slip strain on all the slip systems, which is defined as follows (Peirce et al., 1982):

Table 1
Material parameter values for crystal plasticity.
Anisotropic elastic modulus Cq1 [GPa] 106
Ci2 [GPa] 60.7
Cus [GPa] 28.2
Initial yield stress 7o [MPa] 125
Stage-I stress 75 [MPa] 145
Initial hardening modules ho [MPa] 145
Latent hardening coefficient q 1.0
Rate sensitivity exponent n 12
Reference strain rate },'0‘ 1x10°°
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=5 [1ar ®)
0

The latent hardening matrix (a # /) is given by the following (Hutchinson, 1976; Peirce et al., 1982):
hap = qh(y) + (1= q)h(y)dap @

where g and 6,4 are the latent hardening coefficient and the Kronecker delta, respectively.

The material parameters used in the present analysis are listed in Table 1. The anisotropic elastic moduli of C11, C12, and C44 Were
adopted from Kobayashi et al. (2016). The rate sensitivity exponent, n, in predicting stress-strain behavior is significance (Liu et al.,
2021; Liu and Dunne, 2021). A comprehensive quantitative analysis, incorporating velocity dependence, should be conducted.
However, it’s important to note that such an analysis extends beyond the scope of the present study. So, we employed a value of n in the
present analysis by referencing its application in previous CPFEM studies on aluminum alloy (Kobayashi et al., 2016). The initial yield

stress, 70, stage-I stress, 75, initial hardening modulus, hy, latent hardening coefficient, g, and reference strain rate, }/.0', were calibrated
by comparing the experimental stress-strain relationship in Fig. 6 and the calculated stress-strain relationship obtained by the
CPFEM. The analysis model used in the calibration is a polycrystalline model consisting of 1000 grains, as shown in Fig. 6 (a), where
initial crystal orientations are selected from experimentally obtained texture data. Each grain is divided into 3 x 3 x 3 elements to
reproduce intragranular heterogeneity. In Fig. 6 (c), the red line shows the stress-strain curve calculated by the CPFEM with the
material parameters in Table 1. The experimental stress—strain behavior before crack initiation at an applied strain of 3.2 % was well
reproduced by the present analysis except for a sudden decrease in stress owing to stress relaxation during the XMT scans. Based on the
above comparisons, it was confirmed that by employing the parameters in Table 1, the CPFEM could successfully reproduce the
experimental results. These parameters were used in the present study. The material used in the present study is a
precipitation-strengthened alloy, and the presence of precipitates affects the mechanical properties of the alloy. The influence of the
presence of precipitates on the mechanical properties was indirectly incorporated into the CPFEM by using calibrated parameters
reproducing the macroscopic properties.

In the present study, we investigated the effects of stress, strain, and hydrogen accumulation on HE crack propagation behavior
when strain was applied from 5.6 % to 7.6 %. The stress/strain distribution at an applied strain of 5.6 % was evaluated via mechanical
analysis via the CPFEM. However, there were care points to keep in mind about the initial state of the simulation model: (i) the 3D
grain shape was reproduced based on the 3D grain image at the unloading state, and (ii) the model incorporates the crack shape at an
applied strain of 5.6 %. From these points, it is reasonable to assume that the initial state of the simulation model corresponds to the
condition where the load was removed from the situation at an applied strain of 5.6 % in the experiment. Thus, applying enforced
displacements to the model until the macroscopic stress response corresponds to the stress at 5.6 % strain in the experiment can be
regarded as the target state of the mechanical analysis. Conducting the above assumption, an enforced displacement of up to 1.8 % in
the z-direction was applied to the simulation model in the present analysis. Note that the state after applying displacement to the model
corresponds to the state with an applied strain of 5.6 % in the experiment, not 7.4 %.

(c) 400

, o/ MPa

200

(®) {100}
100

Nominal stress

Q 510 15 20 25 30
Nominal strain, & (%)

Fig. 6. (a) The analysis polycrystalline model consisted of 1,000 grains based on experimentally measured texture and (b) pole figure of the used
model. (c) Nominal stress-strain response obtained by the in-situ tensile test and CPFEM using polycrystalline model (a) with the material parameters
in Table 1.
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3.3. Hydrogen diffusion analysis

The respective gradients of hydrostatic stress act as driving forces for hydrogen diffusion (Isfandbod and Martinez-Paneda, 2021).
In the present study, we used the following hydrogen diffusion model, taking into account the change in chemical potential due to
hydrostatic stress, proposed in (Li et al., 1966; Sofronis and McMeeking, 1989):

0Cy

—— =Dy, rVCut — V( (8)

ot RT

Dy et Cu Vi Vo‘h)
where Cy is the diffusible hydrogen concentration, Vy is the partial molar volume of hydrogen, R is the gas constant, T is the absolute
temperature, and oy, is the hydrostatic stress. Dy o is the effective hydrogen diffusion coefficient, which includes the effect of
hydrogen trapping and detrapping behavior of all trap site in material. In the present analysis, we employed Dy e = 1.1 x 1071 m?/s,
which applies to over-aged Al-Zn-Mg alloy, as reported by Young et al. (2002). The second term in Eq. (8) indicates the effect of the
hydrostatic stress distribution on hydrogen diffusion. The code for hydrogen diffusion analysis was developed independently (Ebihara
et al., 2011) and we solved Eq. (8) by the finite volume method.

In aluminum alloys, since hydrogen is most stable in the molecular state in the micropore (Yamaguchi et al., 2018), it can be
predicted that molecular hydrogen remains in micropores instead of diffusing into the aluminum matrix. In the present study, the total
hydrogen concentration (i.e., 1.14 x 10%° atoms H/m?® (7.0 mass ppm)), measured by TDA, minus the molecular hydrogen
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Fig. 7. (a) Magnified SEM image of the fracture surface shown in Fig. 3, and visualization of the crack captured by XMT at e4pp1y, = 5.6 %. The
captured cracks, indicated in yellow, are superimposed on the fracture surface. (b)-(d) Equivalent plastic strain distribution, and (e)-(g) hydrostatic
stress distribution, along cross-sections A-A’, B-B’ and C-C’, which are shown as white solid lines in (a).
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concentration in micropores was adopted as the diffusible hydrogen concentration, Cy. The molecular hydrogen concentration in a
micropore, Cpore. 1,, iS €xpressed as follows.

4}/ VPore
sV

&RT ©

CPorc, H, = ZZNA

where Ny is Avogadro’s constant; y, is the surface energy of aluminum; and V?** and d**® are respectively the volume and equivalent
diameter of a micropore. The micropore’s volume and equivalent diameter were calculated from 3D images of the XMT experiment.
The total molecular hydrogen concentration in all the micropores was 7.36 x 10?2 atoms H/m? (i.e., 0.05 mass ppm). Hence, the
diffusible hydrogen concentration, Cy, can be calculated as 1.13 x 10%° atoms H/m® (6.9 mass ppm). To exactly estimate the hydrogen
distribution, a model that includes the effect of the history of crack propagation and hydrogen distribution should be employed.
However, employing this model results in low accuracy because of the following challenging issues: (i) uncertainty in the crack
propagation model and (ii) difficulty in quantifying the hydrogen-induced crack propagation criterion. If these issues are solved, a
more accurate analysis can be conducted to elucidate the hydrogen-induced crack propagation behavior. To prevent loss of accuracy
due to the introduction of uncertainty factors, in the present analysis, a uniform distribution of hydrogen was set in the initial state.

The hydrogen diffusion behavior was analyzed under the 3D hydrostatic stress distribution calculated by the CPFEM. The hy-
drostatic stress is crucial when hydrogen diffusion analysis is performed under stress. Generally, in the FEM, stress and strain values are
calculated at Gauss points in the elements. These values are more accurate at Gauss points than at nodes because nodal solutions are
interpolated based on the surrounding Gauss points. Therefore, in the present analysis, the nearest Gauss point to each element node
was used to ensure the accuracy of the stress values, and the hydrostatic stress value at the Gauss point was assigned to that node. This
process was conducted for all the element nodes. Note that the accuracy of the spatial distribution decreases as the size of the element
increases via this process. However, in the present study, the spatial error was less than 2 pm around the crack tip.

4. Numerical simulation results

Fig. 7 shows the 3D equivalent strain and hydrostatic stress distributions obtained by the CPFEM and the magnified SEM image of
the fracture surface, where the equivalent plastic strain, e.q,was calculated by time integration of the following equation:

=P

= %DP:DV (10)

where DP is plastic strain rate tensor which is derived from symmetric part of plastic velocity gradient tensor Lp. In Fig. 7, a het-
erogeneous distribution of strain and stress appeared. Both the strain and stress localized regions were particularly observed at cross-
section A-A’ (the solid white line in Fig. 7 (a)). The stress and strain localization were attributed to the interactions among grains,
specifically, the difference in the deformation resistance of individual grains (Toda et al., 2016; Tondro and Abdolvand, 2022). To
assess the heterogeneous plastic deformation behavior, the local Taylor factors were calculated using the average value of the
equivalent strain and the crystallographic orientation, as described in Toda et al. (2016). The local Taylor factor of a grain reflects the
plastic deformation behavior, which is attributable to the activity of slip systems. This factor was calculated to compare the tendency
for slip deformation among numerous grains using local strain values and crystallographic orientation. The deformation rate tensor
was calculated from the strain in individual grains obtained by the CPFEM. The strain values were averaged for each grain. The local
Taylor factor was subsequently calculated such that five slip systems that minimized the internal work became operative for an
associated strain increment. The local Taylor factor corresponds to the deformation resistance when the multiple slip system is acti-
vated. Previous studies (Toda et al., 2016) have shown that high-strain regions tend to be located between grains with significant
differences in local Taylor factors, and they reported that the mismatch in deformation caused by the difference in deformation
resistance leads to this strain localization around the grain boundary. Assuming that the Taylor factor corresponds to the deformation

Table 2
Summary of the local Taylor factors of individual grains
around the intergranular crack shown in Fig. 7.

Grain No. Local Taylor factor, M

2.40
3.61
3.13
4.59
3.84
2.19
3.61
2.40
3.52
291
3.54
2.65
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resistance, in the present study, the influence of differences in the deformation resistance between neighboring grains on the plastic
strain distribution is discussed. Table 2 shows the local Taylor factors of the 12 grains shown in Fig. 7. Although grain 1 had a lower
resistance to plastic deformation than grain 3, the equivalent strain accumulated in grain 3. The localized plastic strain region in
cross-section A-A’ was extended due to grain 6, which has the lowest local Taylor factor. However, grain 2, which was in contact with
grain 1, had a relatively high local Taylor factor and thus may have inhibited the plastic deformation of grain 1. The deformation
interaction caused by the difference in local Taylor factors among neighboring grains led to remarkable strain localization around the
crack tip in grain 1. As shown in Fig. 7 (c) and (d), both the strain localization around the grain boundaries and the strain distribution
ahead of the crack tip were due to the difference in the resistance to plastic deformation among the surrounding grains.

The hydrostatic stress tended to be high in the region with a high plastic strain gradient. The maximum hydrostatic stress, more
than 1.25 GPa, was in the vicinity of the crack tip as shown in Fig. 8. The cross-section A-A’ is in the vicinity of the region that the crack
bent towards. Assuming that the main crack was a combination of several minor cracks propagating in different directions, the cu-
mulative hydrostatic stress in the crack juncture region would be higher than that of the individual minor cracks. Therefore, the stress
distribution ahead of the crack tip was remarkably high at the cross-section A-A’, as shown in Fig. 7 (e). In all the grains except for the
grains 1, 3, and 8, which were in contact with the crack tip, the hydrostatic stress was concentrated more around the grain boundary
than within the grain interior. The hydrostatic stress field was found to be propagated from the crack tip, across the grains 7 and 8, at
the cross-section C-C’ (Fig. 7 (g)). This stress-concentrated region was formed by the stress associated with the crack and the stress
concentration in the upper section of the boundary between the grains 7 and 8.

In contrast to the initial uniform hydrogen concentration, after 10 min of applied stress, hydrogen was accumulated, corresponding
to the distribution of hydrostatic stress, as shown in Fig. 7. Fig. 9 shows the hydrogen distribution, after 10 min (i.e., the displacement
holding time) of applied stress, at the y-z cross-section where the quasi-cleavage crack was initiated (i.e., A-A’ in Fig. 7 (a)). Hydrogen
significantly accumulated around the crack tip where hydrostatic stress is high, as shown in Fig. 7 (e). The hydrogen concentration
increased to more than 1.5 times the initial concentration in a region limited within 5 pm from the crack tip, and the maximum
hydrogen concentration reached 2.0 x 10%° atoms H/m® (i.e., 12.2 mass ppm; 1.75 times the initial hydrogen concentration).
Hydrogen concentration was distributed with a peak at a position about a few micrometers from the crack tip. The solid white line in
Fig. 9 (b) represents a cross-section of the crack shape at an applied strain of 9.2 %, superimposed on the hydrogen distribution in the
magnified region (framed in black in Fig. 9 (a)). The crack propagated into a moderate hydrogen concentration region near the grain
boundary rather than the high hydrogen concentration region.

5. Discussion

Quantitative analysis of the dynamic behavior of hydrogen partitioning to the precipitate interface is necessary in order to discuss
quasi-cleavage crack initiation. The total hydrogen concentration, i.e., the sum of the concentration of hydrogen trapped at the
interstitial lattice site and the various trap sites is expressed as follows (Isfandbod and Martinez-Paneda, 2021; Shimizu et al., 2019; Su
et al., 2019):
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Fig. 8. The distribution of hydrostatic stress (elemental value) at the cross-sections having maximum hydrostatic stress region, which is located
between cross-section of A-A’ and B-B’ in Fig. 7 (a).
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Fig. 9. (a) Hydrogen distribution, after 10 min of applied stress, at the y-z cross-section where the quasi-cleavage crack initiated. (b) Hydrogen
distribution in the magnified region (framed in white in (a)) superimposed on a cross-sectional image of the crack shape at 5551y = 9.2 %.

CHZCL+ZCi=0LNL+ZaiNi (11)

where C;, and C; is the concentration of hydrogen at the interstitial lattice site and ith trap site. ; is the hydrogen occupancy of the
interstitial lattice site and 6; is the occupancy of ith trap site. N and N; are the trap site densities in the interstitial lattice site and the ith
trap site. When hydrogen concentration increases, the concentration of hydrogen trapped at each trap site, C;, and C;, also increases.
According to Oriani (1970), hydrogen occupancy of each trap site can be calculated by assuming that hydrogen trapped at the
interstitial lattice site and other trap sites is in a local equilibrium state as follows:

0 Ey;
TH; = Orexp (ﬁ) 12)

where Ey; is the hydrogen trap energy of an ith trap site. In the initial state (i.e., before loading), hydrogen is partitioned to each trap
site in accordance with the initial hydrogen concentration, trap site density, and the trap energy of each trap site, according to Eqs. (11)
and (12). After loading, the concentration of hydrogen trapped at trap sites changes due to the hydrogen accumulation behavior and
the increased trap site density of vacancies and dislocations (Krom et al., 1999; Shimizu et al., 2020, 2019; Su et al., 2019). By
determining the hydrogen concentration, trap site density, and the binding energy after loading, the hydrogen occupancy of each trap
site can be numerically calculated from Eqs. (11) and (12). In the present study, Cy (on the left side of Eq. (11)) was defined as the
hydrogen concentration at each node after 10 min of applied stress. The hydrogen trap sites in the Al-Zn-Mg alloys used in this study
were vacancies, dislocations, grain boundaries, precipitate interfaces, and micropores (Ismer et al., 2009; Tsuru et al., 2018; Yama-
guchi et al., 2021, 2019, 2018). The hydrogen trap energies have been analyzed by first-principles calculations and are summarized in
Table 3 (Ismer et al., 2009; Shimizu et al., 2024; Tsuru et al., 2018; Yamaguchi et al., 2021, 2019, 2018).

To quantitatively analyze trap site densities, the dislocation density, vacancy concentration, fractional area of the grain boundary
and precipitate, and micropore surface areas were calculated from experiments, simulations, and mathematical models (Shimizu et al.,
2020, 2019; Su et al., 2019). Details regarding the quantification of the trap site densities (other than that of the grain boundary) have
been provided in our previous studies (Shimizu et al., 2020, 2019; Su et al., 2019). The increase in vacancies and dislocations during
deformation is much greater than that at the order level. The influence of slight differences in trap site density other than dislocations
and vacancies on the hydrogen partitioning analysis is quite limited. Therefore, in the present analysis, we analyzed the increase in the

Table 3

Summary of the hydrogen trap energies derived by first-principles calculation.
Trap site Binding energy, Ej, (kJ/mol) Refs.
Vacancy 28.9 Ismer et al. (2009)
Screw dislocation 10.6 Yamaguchi et al. (2021)
Edge dislocation 17.4 Yamaguchi et al. (2021)
Grain boundary 19.3 Yamaguchi et al. (2019)
Precipitate (Coherent interface) 8.6-32.6 Tsuru et al. (2018)
Precipitate (Semi-coherent) 53.8 Shimizu et al. (2024)
Pore (Surface H) 67.5 Yamaguchi et al. (2018)
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Fig. 10. The hydrogen partitioning behavior after 10 min of applied stress, showing the distribution of hydrogen trapped at the (a) interstitial lattice
site, (b) vacancy, (c) dislocation, (d) grain boundary, (e) coherent interface of precipitate, and (f) semi-coherent interface of precipitate, respec-
tively. (g) 3D distribution of hydrogen concentration trapped at semi-coherent interface of precipitate. The region where hydrogen concentration is
more than 1.15 x 10?° atomH/m® were visualized. Black lines represent the triple junction in the specimen.
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trap site density of vacancies and dislocations. The trap site densities of the grain boundaries, precipitates, and micropores were
therefore estimated from the microstructure before loading. The fractional area of the precipitate interface, obtained from TEM and
reported by Bendo et al. (2018a, 2018b), was used in the present analysis. The surface area of the micropores was measured using a
reconstructed 3D image obtained by the XMT experiment. To estimate the trap site density of the grain boundary, the local fractional
area of the grain boundary, Fgp, was calculated as the area divided by the volume of the grain boundary. Assuming that the volume is
equal to the product of the area and the thickness of the grain boundary, the fractional area is equal to the reciprocal of the grain
boundary thickness. The thickness of grain boundary in aluminum was determined by common neighbor analysis to be tgg = 0.54 nm
(Shimokawa et al., 2005).

The increment in vacancy concentration under loading can be calculated from the local strain rate and dislocation density dis-
tribution (Militzer et al., 1994; Shimizu et al., 2020; Su et al., 2019). Huang et al. (2004) reported the total dislocation density, p, under
loading to be the sum of the statistically stored dislocation (SSD) density, pggp,, and the geometrically necessary dislocation (GND)
density, pgnp, as follows (Su et al., 2019):

P = Pssp T Penp (13)
SSD tend to accumulate by trapping other dislocations in a random way (Ashby, 1970). Brinckmann et al. (2006) proposed the
calculation of SSD density as follows:

V3eP
Pssp = o a4

where € ? is the equivalent plastic strain, b is the Burgers vector (0.286 nm) and [ is the mean free path of dislocation motion, which is
half of the single dislocation slip distance (Ohashi et al., 2007; Su et al., 2019). Nye (1953), Ashby (1970) showed that the density of
GND can be calculated by the equivalent plastic strain gradient, 77,, with the following equation:

p

— e 1
Poxp =1 (15)

where 7 is the Nye factor (1.9 in face center cubic alloys (Martinez-Paneda et al., 2016)). The distributions of SSD and GND calculated
from the equivalent strain distribution simulated by the CPFEM in the present analysis.
Militzer et al. (1994) proposed a numerical model that shows the excess vacancy concentration, C*, as follows:

1
= :CS+Cf,<1—exp{—Dv{i—z-‘,-E}tlcns}) (16)

where C,, o is the initial vacancy concentration, D, is the vacancy diffusivity, (1.2 x 107 m?/s at 300 K (Carlin getal., 2000)), p is the
dislocation density, k = 1 is a parameter representing the distribution of dislocations, L is the grain size, and t;ens is the load application
time. C is the steady-state vacancy concentration and it calculated by following equation (Militzer et al., 1994):

yo(p 1 10, -

where y = 0.1 is the dimensionless constant (Militzer et al., 1994), o is the flow stress, Q is the atomic volume, Q;=0.55 eV is the

formation energy of vacancy (Enomoto et al., 2010) and ¢ is the strain rate. For XMT scanning, it was necessary to hold the
displacement.

The number of hydrogen atoms that a trap site can trap per unit number, unit length, and unit area (herein called the hydrogen trap
interval) has been analyzed using first-principles calculations. The hydrogen trap intervals are 1.0 atomH/nm for edge dislocation
(Yamaguchi et al., 2021), 1.2 atomH/nm for the screw dislocation (Yamaguchi et al., 2021), 8 atomH/vacancy for the vacancy (Ismer
et al., 2009), 21.9 atomH/nm? for the grain boundary (Yamaguchi et al., 2019), 17.1 atomH/nm? for the coherent interface of pre-
cipitate (Tsuru et al., 2020, 2018), 25 atomH/: nm? for the semi-coherent interface of precipitate (Shimizu et al., 2024), and 20
atomH,/nm? for the micropore (Yamaguchi et al., 2018). Finally, the trap site density of each trap site can be included by taking the
product of the calculated value (e.g., dislocation density) and associated hydrogen trap interval.

Fig. 10 shows the distributions of hydrogen trapped at various trap sites along the y-z cross-section where the quasi-cleavage crack
initiated, specifically at the (a) interstitial lattice site, (b) dislocation, (c) vacancy, (d) grain boundary, (e) coherent interface, and (f)
semi-coherent interface of the MgZn, precipitate. The accumulated hydrogen was mainly repartitioned to the vacancy and MgZny
precipitate interface around the crack tip because these sites have a relatively high hydrogen trap energy and trap site density (Ismer
et al., 2009; Shimizu et al., 2024; Tsuru et al., 2018). Fig. 10 (g) shows the 3D distribution of hydrogen trapped at the semi-coherent
interface of the precipitate. The region where the hydrogen concentration was more than 1.15 x 10% atomH/m? was visualized. Like
in the case of the hydrogen distribution, as shown in Fig. 9, the partitioned hydrogen concentration also increases ahead of the crack tip
and around a specific grain boundary. At the grain boundary, there is another trap site (i.e., grain boundary) in addition to the trap sites
in the grain interior. The partitioned hydrogen concentrations at each trap site at the grain boundary are lower than those at the grain
interior if the trap site densities other than the grain boundary and the hydrogen concentration are the same. Therefore, the con-
centration of hydrogen trapped at trap sites other than the grain boundaries relatively decreased on the grain boundaries, as shown in
Fig. 10. The distribution of hydrogen trapped at the interstitial lattice site and the precipitate interface was correlated with the total
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hydrogen concentration, as shown in Fig. 10 (a), (e), and (f). The distribution of hydrogen trapped at the vacancy and dislocation was
correlated with the strain distribution, not the hydrogen distribution, as shown in Fig. 10 (b) and (c); this was caused by the increasing
number of vacancies and dislocations corresponding to the plastic stress distribution.

Here, we discuss the contributions of various HE mechanisms to the occurrence of quasi-cleavage fracture based on hydrogen
partitioning behavior. As already mentioned, HELP, HEDE, HESIV and their mixed models have been proposed as HE mechanisms. In
the Al-Zn-Mg alloy used in the present study, there is an additional mechanism of accelerated HE fracture due to the interfacial
debonding behavior of the MgZn, precipitates. HELP, HEDE, and HESIV are attributed to the interactions of hydrogen with disloca-
tions, interstitial sites, and vacancies, respectively. The maximum hydrogen occupancies of the lattice, dislocations, and vacancies
were 2.7 x 1078,9.1 x 1075, and 2.9 x 1073, respectively, indicating that the amounts of hydrogen partitioned to these trap sites was
still low after loading.

Oriani et al. (1974) reported an 40 % decrease in cohesive strength when the hydrogen concentration was 10* times the equilibrium
concentration in 4340 steel. This calculation indicated that HEDE mechanisms are feasible when the concentration of hydrogen
trapped at associated trap sites is extremely high. Realistically, hydrogen concentrations could not reach such high levels. According to
Birnbaum et al. (1994) more than 10~ hydrogen atoms per solvent atom are necessary for the HELP mechanism to produce the effect
of hydrogen on dislocation mobility. However, the hydrogen occupancy of dislocations is 9.1 x 10, even at the maximum. Therefore,
the HEDE and HELP mechanisms did not appear to significantly contribute to the HE in Al-Zn-Mg alloys. These differences occur
because these trap sites have low trap energies in Al-Zn-Mg alloys. Therefore, in the case of, for example, pure metals and other alloys
without strong trap sites such as MgZn, precipitates, the hydrogen concentration partitioned to these sites may increase, and the HELP
and/or HEDE mechanism may become more dominant.

According to Neeraj et al. (2012) quasi-cleavage fracture occurs due to plasticity-generated and hydrogen-stabilized vacancy
damage accumulation and nanovoid coalescence (i.e., HELP + HESIV) in ferritic steel. However, the nature of nanovoids in bcc metals
may differ from that in fcc metals. Shimizu et al. (2020) previously studied the role of nanovoids in the hydrogen embrittlement of an
Al-Zn-Mg-Cu alloy by high-resolution X-ray tomography in view of vacancy stabilization by hydrogen and three-dimensional
nucleation, coalescence, and clustering of nanovoids. These authors indicated that most of the vacancies formed by deformation
were not stabilized by hydrogen and did not grow into nanovoids because of the low occupation of hydrogen vacancies. Then, they
concluded that the nanovoid contribution to HE fracture is minor. In the present case, the hydrogen occupancy of the vacancy was 2.9
X 10’3, even at its maximum. Since this value is similar as reported their work (Shimizu et al., 2020), HESIV mechanism also did not
appear to contribute to the HE in the Al-Zn-Mg alloy. Additionally, as mentioned above, because the contribution of the HELP
mechanism could also be minor in the Al-Zn-Mg alloy, we concluded that the contribution of the HELP + HESIV model to HE fracture
was also minor.

In Al-Zn-Mg alloys, the possibility of contributing the HEDE+HELP model to HE behavior was proposed (Bal et al., 2020; Moshtaghi
et al., 2021). The authors discussed the contribution of each mechanism from the results of fracture surface observations (e.g., the
presence of nanovoids on quasi-cleavage fracture surfaces). There was no quantitative discussion of the involvement of trapping sites
for HE in terms of partitioned hydrogen concentration by Bal et al. (2020). Moshtaghi et al. (2021) evaluated the hydrogen con-
centration trapped at the lattice, dislocation, and grain boundary by analyzing hydrogen desorption peaks. However, it is misleading to
assume that hydrogen was trapped only in lattice defects, ignoring the presence of precipitates, intermetallic compound particles, and
other structures that can be strong trapping sites in multi-metallic alloys. In other words, as they also mentioned, it is highly likely that
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Fig. 11. The distribution of hydrogen occupancy of the semi-coherent interface of the MgZn, precipitate around the intergranular crack tip at e;pp1y
= 5.6 %. The cracks are superimposed on a cross-sectional image of the crack shape for which eapp1y = 9.2 %.
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there are multiple peaks in the close temperature range, each overlapping each other and appearing as one peak. In other words, we
recognize that no quantitative discussion has been made thus far on whether the hydrogen concentration is trapped enough to affect
destruction. Based on this study, we expect that the contributions of these mechanisms to macroscopic fracture are still minor since, as
already mentioned, the hydrogen concentrations trapped in dislocations, interstitials, and grain boundaries are limited and insufficient
to cause the HELP + HEDE model.

Hydrogen partitioning analysis indicated that most of the hydrogen was partitioned to the MgZn, precipitates. In addition, Tsuru
et al. (2020) reported that there were traces of MgZn, precipitate debonding on the quasi-cleavage fracture surface in an Al-Zn-Mg
ternary alloy, and it is highly possible that the quasi-cleavage fracture was also caused by precipitate debonding in the present
study. Therefore, the influence of the hydrogen partitioning behavior of the MgZn, precipitates on quasi-cleavage fracture was
analyzed in detail. The distribution of hydrogen occupancy of the semi-coherent interface of the MgZn, precipitate is shown in Fig. 11.

The occupancy reached its highest value (Hﬁ,fgz‘in’zc"he'em = 0.28), approximately 1.6 times the initial occupancy (i.e., to 0.18) in the

vicinity of the crack tip, but did not reach the critical value for precipitate debonding. This means that the precipitate interface is prone
to debonding due to hydrogen enrichment, suggesting that addition of other external factors causes precipitate interface debonding. To
evaluate the transition behavior from intergranular cracks to quasi-cleavage cracks, the local hydrogen partitioning behavior ahead of
the crack tip was evaluated. Fig. 12 shows the influence of hydrogen at the crack tip on the crack transition behavior. The horizontal
axis is the distance from left to right of the specimen width (Fig. 3). Depending on the element size ahead of the crack tip, the stress and
hydrogen concentration at the crack tip vary due to the sharp shape of the crack in the present FEM model. Note that the hydrogen
occupancies at the crack tip shown in Fig. 12 are qualitative. Fig. 12 (a) shows that the quasi-cleavage cracks tended to initiate in the
region where the hydrogen occupancy of the precipitate interface was slightly high (especially in the QCF region on the right side), but,
this trend was not a clarity. Fig. 11 shows that the quasi-cleavage crack propagated toward the direction of the extended region of
slightly high hydrogen occupancy. The quasi-cleavage crack may propagate in the direction of that the region where nano-cracks were
generated by interfacial debonding of the precipitates was expanded. Therefore, it is possible that crack initiation was promoted by not
only hydrogen occupancy at the crack tip but also that conditions in the appropriate range from the crack tip reach a condition for
crack propagation (Hill and Panontin, 2002; Pluvinage and Capelle, 2014). Later, we will discuss the influence of hydrogen distri-
bution rather than only hydrogen occupancy at the crack tip on the crack propagation process.

We examined the relationship between crack propagation and debonding behavior of the precipitate interface based on the dis-
tribution of the interfacial cohesive energy of the semi-coherent interface of the precipitate. The interfacial cohesive energy is the
difference between the interface energies before and after the hydrogen configuration, and this energy indicates the strength of the
atomic bonds at the interface as the minimum energy required for interfacial debonding. Shimizu et al. (2024) clarified the relationship
between the number of hydrogen atoms trapped at the semi-coherent interface and the interfacial cohesive energy of the precipitate
using first-principles calculations. Fig. 13 shows the distribution of the interfacial cohesive energy of the semi-coherent interface,
calculated using the abovementioned relationship reported by Shimizu et al. (2024), and the distribution of hydrogen occupancy at the
semi-coherent interface of the precipitate is shown in Fig. 11. The interfacial cohesive energy in the grain in which quasi-cleavage
cracks propagated was 0.76 at the minimum (at location A in Fig. 13), and its value at the crack tip after propagation (location C
in Fig. 13) was 0.82. According to Bhuiyan et al. (2016) the hydrogen concentration in an Al-Zn-Mg alloy not charged with hydrogen is
approximately 2.29 x 1023 atoms H/m? (0.140 mass ppm), and the amount of hydrogen trapped at the semi-coherent interface of the
precipitate, also in the absence of hydrogen charging, was 2.28 x 10?® atoms H/m® (0.139 mass ppm) according to the present
hydrogen partitioning analysis. The interfacial cohesive energy was reduced to 0.89 from 1.05 (i.e., by approximately 15 %) solely due
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Fig. 12. Variation in the hydrogen occupancy of (a) the semi-coherent interface of precipitate and (b) the grain boundary ahead of the intergranular
crack tip after 10 min of applied stress. The region in which the intergranular crack transitioned to a quasi-cleavage crack is indicated in green in
both figures. The red points were obtained from elements through which the quasi-cleavage crack passed.
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Fig. 13. The distribution of the interfacial cohesive energy of the semi-coherent interface of the MgZn, precipitates around the crack tip. The crack
for which e,pp1y = 9.2 % is superimposed in white.

to hydrogen charging by the EDM used in the present study. Due to the local hydrogen accumulation caused by stress concentration at
the crack tip, the interfacial cohesive energy in the crack-propagated grain was up to 11 % lower than that in the unloaded state (and
25 % lower than that before hydrogen charging). Stress concentrations at the crack tip appear to result in higher stress perpendicular to
the precipitate interface. The combination of reduced interfacial cohesive energy due to hydrogen charging and local hydrogen
accumulation and the high normal stress acting on the interface of the precipitate ahead of the crack tip appears to lead to precipitate
interface debonding, which in turn accelerates crack propagation.

The relationship between the crack propagation and debonding behavior of the MgZn, precipitate interface was investigated.
Fig. 14 shows the variation in the increment of crack growth, Aa, which is the increase in the crack length due to increasing the applied
strain from 5.6 % to 9.2 %. Fig. 15 shows the influence of the increase in the normal stress on the crack propagation increment and the
hydrogen occupancy of the semi-coherent interface of the MgZn, precipitate. Note that Fig. 15 shows a qualitative relationship. No
clear correlation was detected among the normal stress, hydrogen occupancy, or crack propagation increment behavior. In other
words, the local hydrogen concentration and normal stress within a range of a few micrometers from the crack tip may not affect the
increase in crack propagation over tens of micrometers. In addition, the hydrogen occupancy was not high in the entire region through
which the crack propagated; the hydrogen occupancy at the crack tip after loading (location C in Fig. 13) was 0.22. This occupancy was
only 1.2 times the initial state (i.e., 0.18). The interfacial cohesive energy reduction rate at location C was only 7 % compared to that in
the unloaded state. This reduction ratio suggests that the cracks do not suddenly or rapidly propagate through the region where
hydrogen accumulates. In other words, the crack propagation behavior was dependent not only on the stress and hydrogen concen-
tration distributions while an applied strain was held but also on the continuous changes in these values at the crack tip during crack
propagation. The crack shape at an applied strain of 9.2 % suggested that the crack may have blunted at location B in Fig. 13 and then
propagated again as a quasi-cleavage crack. Since the increase in the crack length (16-58 pm) was greater than the increase in the
hydrogen diffusion distance during loading (9.3 pym), the hydrogen concentration at the crack tip during propagation gradually
decreased due to an insufficient hydrogen supply. As a result, the hydrogen concentration might fall below the minimum needed to
promote interface debonding and crack propagation, so the cracks were temporarily blunted. Hydrogen was then supplied to the crack
tip while in the blunted state, and the crack propagated again when the hydrogen concentration reached the critical hydrogen con-
centration for hydrogen-induced debonding of the precipitate. The hydrogen supply source could be not only internal hydrogen
diffusion to the crack tip but also external hydrogen generated by the reaction between the fresh aluminum surface formed during
crack propagation and water vapor in the atmosphere.

Finally, we summarize the quasi-cleavage crack propagation process. First, crack propagation starts due to the debonding behavior
of the precipitate interface, especially in the region where the interfacial cohesive energy is significantly lower at the crack tip, such as
at location A in Fig. 13. Since crack propagation proceeds faster than hydrogen diffusion, the continuous decrease in hydrogen
concentration ahead of the crack tip during propagation leads to the criterion for interface debonding, and associated crack propa-
gation criteria are no longer met, resulting in crack blunting. The crack then propagates again when the hydrogen concentration ahead
of the crack tip reaches the level at which debonding of the precipitate can take place. Based on the above, we conclude that dynamic
hydrogen partitioning to the precipitate interface may contribute to crack initiation and propagation. The evidence shows that HE
behavior can be suppressed by reducing hydrogen trapping at the MgZny precipitate interface by increasing the number of IMC
particles that have higher hydrogen trap energies than that of the precipitate interface (Safyari et al., 2021; Su et al., 2019; Yamaguchi
et al., 2020). In future work, the multi-dimensional relationships among the local stress acting on the precipitate interface, the local
hydrogen concentration, and fracture will be clarified by evaluating the HE behavior via reasonable experiments and simulations.
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Fig. 15. The relationship among the crack growth behavior, normal stress against the crack growth direction, and hydrogen occupancy of the semi-
coherent interface of the MgZn, precipitate at the crack tip. The colors correspond to the crack growth increment values on the color map.

As shown in Fig. 12 (a), there were regions where cracks propagated as intergranular cracks, even when the hydrogen occupancy of
the precipitate interface was high. The present analysis did not clarify this phenomenon. Yamaguchi et al. (2019) and Liang et al.
(2021) revealed that hydrogen accumulation on grain boundaries leads to a reduction in the interfacial cohesive energy of grain
boundaries. In addition, Yamaguchi et al. (2019) revealed that grain boundaries debond when the amount of hydrogen at the
boundaries reaches a critical hydrogen concentration for hydrogen-induced debonding of the grain boundary. Even the maximum
value of the hydrogen occupancy of the grain boundary, as shown in Fig. 12 (b), was 1000 times lower than the critical hydrogen
concentration. Intergranular crack propagation is not dominated by hydrogen alone. Toda et al. (2023) applied a microstructural
optimization method with metamodeling to investigate the correlation between the polycrystalline microstructure of an Al-Zn-Mg
alloy and its HE behavior. They proposed that the weakest grain boundaries against HE are those with a smaller grain boundary
area, grain boundaries oriented perpendicular to the loading direction, and grain volumes relatively closely surrounding a grain
boundary triple junction. However, the correlation coefficients of these factors for fractures were significantly low. Factors other than
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crystallographic factors, which were not considered in their study, could be dominant for HE. As other possible dominant factors, solid
solution elements and precipitates on the grain boundaries could affect the intergranular crack propagation behavior. First, the effect
of solid solution elements was considered. Ohte et al. (2019) reported, via numerical simulations, that Zn and Mg act as grain boundary
embrittlement elements. However, these elements cannot segregate on grain boundaries due to their positive grain boundary segre-
gation energies (Ohte et al., 2019), which has been experimentally confirmed (Kairy et al., 2018). Thus, solid solution elements were
not considered to have influenced the intergranular cracking in the present study. Second, the effect of grain boundary precipitates
(GBPs) was considered. GBPs exhibit an incoherent interface with the aluminum matrix (Vasudévan and Doherty, 1987; Viswanadham
etal., 1980). According to a recent report by Yamaguchi et al. (2023), the interfacial cohesive energy of the incoherent interface of IMC
particles decreases with increasing hydrogen concentration. However, hydrogen-induced spontaneous debonding does not occur at the
incoherent interface (Yamaguchi et al., 2023). This report suggested that interfacial debonding at the incoherent interface of GBPs
might occur for reasons other than hydrogen accumulation only. The combination of reduced interfacial cohesive energy due to
hydrogen accumulation and the stress concentration around the grain boundaries might enhance the interfacial debonding of GBPs,
and this debonding behavior could lead to intergranular crack propagation.

6. Conclusion

The present study is the first image-based analysis of the relationship between hydrogen accumulation behavior and macroscopic
hydrogen embrittlement fracture behavior. To simulate local hydrogen accumulation and hydrogen partitioning behavior, an un-
precedented multi-modal 3D image-based simulation combining the CPFEM and hydrogen diffusion analysis at the mesoscale was
established. This has allowed to directly correlate the actual fracture behavior with the mechanical response and hydrogen accu-
mulation behavior. In addition, detailed analysis, especially in the hydrogen embrittlement region, has enabled the evaluation of the
influence of local hydrogen accumulation behavior and the associated dynamic hydrogen distribution behavior on the actual hydrogen
embrittlement behavior.

The stress and strain distributions were affected not only by the deformation behavior of individual grains but also by the in-
teractions among neighboring grains. A case in which the plastic strain was localized in grains with higher (rather than lower)
deformation resistance was discovered. The maximum hydrostatic stress increased to more than 1.25 GPa in the vicinity of the
intergranular crack tip due to a deformation mismatch among neighboring grains. The increase in the hydrogen concentration was
more pronounced in the vicinity of the crack tip, reaching 1.75 times the initial concentration in this vicinity after 10 min of applied
stress.

The hydrogen partitioning behavior caused by hydrogen accumulation under stress was also evaluated. The accumulated hydrogen
was mainly repartitioned to the vacancies and precipitate interfaces near the crack tips. The hydrogen occupancy of the semi-coherent
interface of the precipitate increased locally in the vicinity of the crack tip and reached 0.28.

The quasi-cleavage crack propagated in the region where the interfacial cohesive energy of the semi-coherent interface of the
MgZn, precipitate was reduced by hydrogen accumulation near the crack tip. This result agrees with the recently proposed mechanism
in which the nanoscopic hydrogen-induced debonding behavior of the MgZnj, precipitate interface causes quasi-cleavage fracturing.
Hydrogen embrittlement in the Al-Zn-Mg alloy was dominated by dynamic hydrogen partitioning to the MgZn, precipitate interface.

In future work, the multi-dimensional relationships among the local stress acting on the precipitate interface, the local hydrogen
concentration, and the fracture process will be clarified by evaluating the hydrogen embrittlement behavior via reasonable experi-
ments and simulations.
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