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In Al-Zn-Mg alloy, hydrogen (H) leads remarkably to the degradation of mechanical properties. It is indispensable to suppress this
phenomenon called hydrogen embrittlement (HE) for developing the high-strength Al-Zn-Mg alloy. Because intergranular fracture (IGF) is
mainly observed when HE occurs in the alloy, we need to understand the initiation behavior of IGF in order to suppress HE. Heterogeneous
distribution of stress, strain and H concentration usually influence the IGF initiation in polycrystalline material. In the present study, we
investigated distribution of stress, strain, and H concentration in actual fractured regions by simulation employing a crystal plasticity finite
element method and H diffusion analysis in a 3D image-based model, which was created based on 3D polycrystalline microstructure data
obtained from X-ray imaging technique. Combining the simulation and in-situ observation of the tensile test sample by X-ray CT, we examined
the distribution of stress, strain, and H concentration in actual crack initiation behavior. Based on this, the condition for intergranular crack
initiation were discussed. As a result, it is revealed that stress normal to grain boundary induced by crystal plasticity dominates intergranular
crack initiation. In contrast, accumulation of internal H due to the stress has little impact on crack initiation.
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1. Introduction

Al-Zn-Mg alloy exhibits excellent specific strength and is
used as a structure material for aircraft and bullet trains. It is
known that the strength of Al-Zn-Mg alloy increases with
the addition of more Zn and/or Mg [1, 2]. However, the
susceptibility to stress corrosion cracking (SCC) increases at
the same time [3] and makes it unusable as a practical alloy.
Overcoming hydrogen embrittlement (HE) is necessary to
achieve both high strength and practicality in Al-Zn-Mg
alloys, which is the main cause of SCC [4, 5].

HE fracture of Al-Zn-Mg alloys is characterized by crack
initiation at grain boundaries (GB) [6—8]. The fracture at GB
can be understood through the mechanism of H-enhanced
decohesion (HEDE) [9]. In the mechanism, weakening the
atomic bonding at GBs by H leads to fracture. This
mechanism has been evaluated by first-principles calcu-
lations. For example, Yamaguchi ef al. have computationally
shown that the cohesive energy at GBs decreases as the H
concentration on GBs increases [10]. Moreover, they reported
that spontaneous debonding at GB occurs when the H
concentration reaches 20 atom/nm?. However, it is unclear
whether such H concentration is realized or not at actual
situation. Thus, the initiation of intergranular cracks in
aluminum alloys is not understood completely at present. By
the way, the H accumulation is caused by stress localization
which results from the mismatch in deformation due to
differences in the slip system among grains in the deformed
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polycrystalline metal. Therefore, it is necessary for explain-
ing H enrichment at GBs to estimate the interaction between
grains.

Since experimental direct evaluation of such behavior is
difficult, the numerical simulation can be used. For example,
Miresmaeili ef al. used a coupled crystal plasticity finite
element method (CPFEM) and H diffusion analysis to
calculate H concentration behavior associated with stress
localization. The results show that H accumulate around a
specific GB as the hydrostatic stress increases [11]. However,
this method also has problems. Most studies that calculate
H concentration by simulation use a grain model randomly
generated on a computer, which often simplifies the complex
morphology of grains. In such cases, the stress concentration
caused by the complex grain morphology is ignored,
resulting in underestimation of stress and H concentration.
Therefore, there is a large error between the simulation results
and the actual stress and H concentration in the material.

Image-based two-dimensional (2D) grain models are often
used to account for the effects of complex grain structures
in practical alloys. This method involves imaging the grain
structure on the surface of a specimen and modeling the
resulting 2D grain image as it is. Some researchers have
applied this method to the analysis of crack initiation
behavior. For example, Arora ef al. simulated stress
distribution using a 2D image-based model and compared
the stress distribution with crack initiation behavior [12]. As a
result, they reported that intergranular cracks tend to occur at
GB with high hydrostatic stress. This is considered to be due
to H enrichment at GB with high hydrostatic stress, which
causes intergranular crack initiation by the HEDE mechan-
ism. Pouillier ef al. also calculated the stress distribution in
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Al-5%Mg using a similar method and reported that cracking
occurs at GB where the vertical stress exceeds 170 MPa [13].
However, the 2D simulation ignores the effect of grain
structure in the thickness direction [14], thus hindering
precise reproduction of the actual stress localization behavior.

To solve this problem, a three-dimensional (3D) image-
based model is necessary. A combination of serial sectioning
and EBSD observation [15] is known as a method to realize
such an image-based model. However, the calculated
specimen behavior cannot be experimentally evaluated since
serial sectioning is a method that destroys the specimen.

We focused on the possibility of performing both
experimental and simulation evaluations on the same
specimen by modeling using diffraction contrast tomography
(DCT) [16]. It is a nondestructive method for obtaining
high-resolution 3D grain images. Therefore, after imaging
3D grain structure, the specimen can be subjected to tensile
test to observe crack initiation behavior. This enables direct
comparison of the crack initiation behavior with the results
of simulation using the 3D image-based model. In this study,
a multi-modal 3D simulation coupled with CPFEM and H
diffusion analysis is performed using the 3D image-based
model. The objective of this study is to accurately calculate
the stress localization and H concentration behavior induced
by complex 3D grain structure and to clarify the effect of
crystal plasticity on intergranular crack initiation.

2. Experimental Methods

2.1 Material

Al-Zn-Mg alloy (8.4 mass% Zn, 0.99 mass% Mg) was used
in the present study. The process of preparing the specimens
is as follows. After casting, the specimens were homogenized
(773 K-2h) and hot rolled (723K) at a reduction ratio of
95%. After hot rolling, the final plate thickness was 0.6 mm.
After rolling, solution treatment (773 K-2 h) was performed,
followed by rapid cooling in ice water. Aging treatment
(393K-40h + 453 K-7h) was started immediately in an oil
bath. The first aging treatment (393 K-40h) brought the
specimens to the peak aging state, and the second aging
treatment (453 K-7h) brought them to the over-aged state.
During casting, the molten metal was stirred with an iron rod
to add a small amount of iron in order to increase the
volume fraction of particles. X-ray CT images at no loading
revealed that the volume fraction of particles was increased
to 0.12% by the addition of iron. The particles in the alloy
were extracted using the thermal phenol method, and
quantitative analysis by SEM-EDX showed that the average
composition of the particles was AlygFe4Zn;. The linear
absorption coefficient of the particles was estimated from the
X-ray CT image, and the density was calculated using this
value to be 5.4g/cm’. Assuming that all of the added iron
was used to form the particles, the amount of iron added was
estimated from the volume fraction of the particles, average
composition, and density to be 0.058 mass%.

The reasons for selecting the composition and aging
conditions of the specimens are provided below. Fujihara
et al. conducted tensile tests using materials with the same
composition and aging conditions as in the present study
[17]. They observed the fracture surface of the specimen after

fracture and confirmed the existence of intergranular fracture
surface (fracture area of fracture surface: 36%) and quasi-
cleavage fracture surface (fracture area of fracture surface:
31%) on the fracture surface. Shimizu ef al. conducted
tensile tests of H-charged specimens (H concentration:
2.15 mass ppm) and specimens with reduced H concentration
(H concentration: 0.41 massppm) using materials with
similar compositions (Al-10.1%Zn-1.2%Mg) and aging
conditions to those used in the present study [18]. They
reported that the ductility of the H-charged specimens was
inferior to that of the specimens with reduced H content.
Therefore, the brittle fracture observed by Fujihara et al. is
considered to be due to HE. For these reasons, the
composition and aging conditions of the specimens in this
study are considered to be sufficiently affected by HE.
Therefore, it was judged that the specimens were suitable for
the analysis of crack initiation behavior. Moreover, Shimizu
et al. conducted tensile tests on H charged specimens (H
concentration: 11.8 mass ppm) using a material with a similar
composition (Al-9.6%Zn-1.8%Mg) to that used in the present
study at the peak aging state [19]. The authors reported that
the specimens fractured immediately after reaching the
elastic limit with almost no plastic deformation. Therefore,
we concluded that it would be difficult to observe crack
initiation behavior in the peak aging state of the specimens in
this study. For these reasons, the composition and aging
conditions of the specimens were selected.

Tensile specimens were cut using an electrical discharge
machine (EDM) in the same geometry as in the previous
literature [20] so that the tensile direction of the specimen
was parallel to the rolling direction of the plate. In addition,
EDM was performed in water in order to charge the
specimens with H. The H content in the specimen after
EDM was measured by thermal desorption analysis (TDA)
and that was 7.0 massppm. Since H was concentrated on
the specimen surface immediately after EDM, the specimen
was kept at room temperature for 4 days after EDM to
distribute H throughout the interior of the specimen. The
diffusion distance L was estimated to be about 1.9 mm over
the 4 days using the effective diffusion coefficient of 7050
alloy (Dyer= 1.1 x 107'"'m?/s) [21] as reported by Young
et al. The value of 4 days is sufficiently longer than the
thickness of the specimen (0.6 mm).

2.2 DCT

The 3D grain structure of the specimen gauge area was
acquired by DCT. This observation was performed at the
beamline BL20XU of SPring-8, a high-brilliance synchrotron
radiation facility. An X-ray beam with an energy of 30keV
and monochromatized by a double-crystal monochromator
using Si(111) planes was used for the imaging. A CMOS
camera with a pixel size of 3.13 um and 2048 x 2048 pixels
was positioned 6 mm behind the specimen to acquire
diffraction spots from the (111), (200), and (220) lattice
planes of aluminum. The specimen was mounted on a high-
precision rotation stage, and 3600 diffraction images were
acquired while the specimen was rotated 360°. Using the
diffraction spots obtained, the crystal orientation of all the
grains in the specimen gauge area was obtained, and a 3D
grain image was reconstructed.
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2.3 Tensile test and in-situ X-ray CT

The same specimen was subjected to the tensile test, and
the crack initiation behavior was observed by X-ray CT.
This observation was also performed at the BL20XU. During
the tensile test, imaging was performed at unloading,
immediately after yielding, and thereafter every 0.02mm
displacement. A displacement holding time of 10 min was set
during each imaging step. The applied strains of the specimen
gauge area during imaging were 0.0, 0.97, 3.2, 5.6, 9.2, 13.4,
19.3, and 23.5%. In the imaging, the X-ray energy was set
to 20keV and the X-ray beam was monochromatized by a
double-crystal monochromator using Si(111) planes. The
detector consists of a CMOS camera with a pixel size of
0.477 um and 4000 x 2624 pixels, a single-crystal LuAG
scintillator, and a 20-fold optical lens. The specimen was
mounted on a high-precision rotation stage, and 1800 X-ray
transmission images were acquired while the specimen was
rotated 180°. The distance from the specimen to the detector
was 20 mm. From these transmitted images, a 3D image of
the specimen was reconstructed by the convolution back
projection method [22].

2.4 CPFEM and H diffusion analysis

The general finite element method software ABAQUS
incorporating the crystal plasticity subroutine developed by
Huang [23] was used in CPFEM. The constitutive equations
used in this study are as follows. First, the velocity gradient
L of the deformation decomposed into an elastic part L. and a
plastic part Li,.

L=L.+L, M

L. can be calculated by the linear relationship between stress
and strain. L, is defined by the following formula.

Ly=) "  /m®@n) @

7@ is the slip rate on the slip system o, and m® and n'® are
vectors representing the slip direction and normal to slip
plane, respectively. ' is defined by the power law visco-
plastic approximation formula [24-26].

@
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& is the reference value of the slip rate on the slip system
o, and 7@ is the resolved shear stress, and g@ is the slip
resistance, and n is the rate sensitivity exponent. The
temporal gradient of g is defined by the following formula
assuming that deformation behavior follows the latent
hardening law [27].

n—1
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3

7@
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hqp is the hardening matrix that represents the interaction
between slip system « and . It is called the self-hardening
coefficient when o = 8 and the latent hardening coefficient
when « # . The self-hardening coefficient represents the
effect of slip system « alone, unaffected by other slip systems,
and is defined by the following formula.

hoy
Ts — 7o

hao = ho sech?

&)

Here, hy is the initial hardening module, and 7, is the
saturated shear yield stress, and 7 is the initial shear stress.
On the other hands, the latent hardening coefficient is defined
by following formula.

hag = qh(y) (6)

The constant g represents the ratio of self-hardening to latent
hardening. In the present study, it is assumed that ¢ = 1 and
the hardening is equal in all slip systems. By the way,
Fujihara et al. performed CPFEM using the material with the
same composition and aging conditions as in the present
study [17]. There, the parameters used in CPFEM were
optimized by comparing stress-strain curve obtained from
tensile tests with those obtained from CPFEM. The
parameters optimized by Fujihara ef al. was used in
egs. (2)~(6). In CPFEM, nodal solutions are obtained by
extrapolating from the values of the integral points of the
elements to which they belong, and calculation is done grain
by grain. Therefore, nodes on the GB and the GB triple line
have multiple nodal solutions. In the study, the average value
of multiple nodal solutions was used as the calculated value
at that nodal in order to uniquely determine stress and strain
on GB.

In H diffusion analysis, Oriani’s local equilibrium model
[28] was used. In the model adopted in the study, H diffusion
formula is defined as follows considering H diffusion due to
the gradient of hydrostatic stress Vo,

aCy ) Dy etrCui Vi
—— = DyeV V.| ——V.
o Hett V- Ch ( RT Uh) (7

Dy is the effective diffusion coefficient, which that
includes the effect of H trapping and detrapping, and we
used the value of 7050 alloy presented by Young et al
Dper=1.1 x 10~""'m?/s) [21]. Cy is the total H concen-
tration in the interstitial and trap sites. V4 is the partial molar
volume, and R is the gas constant, and 7 is the absolute
temperature. The initial condition is that Cy, which is the
total H concentration in the specimen minus the molecular
H content in the pores Cy,, is constant throughout the
specimen. Cy, was defined by the following equation [29].

4 Vi
Ch, = 2Ny 100

8
A dooroRT (8)

Here, N, is the Avogadro constant, and y is the surface
energy (1J/m?). dpore and Vo are the sphere equivalent
diameter and volume of the pore respectively and were
calculated from X-ray CT images at unloading. The total H
concentration in the specimen was 7.0 mass ppm obtained by
TDA, and 6.915 mass ppm, which was obtained by subtract-
ing Cy, from 7.0 mass ppm, was used as the initial state Cy.

The applied strain of the specimen gauge area was set to
0.97% in the crystal plasticity analysis. This value is the
applied strain at one stage before the imaging stage when
the initial crack occurred. In the H diffusion analysis, the
diffusion behavior was calculated under the condition that
the hydrostatic stress distribution at this loading strain was
maintained for 10 min.

2.5 3D image-based model
The simulation model was made to reproduce the 3D grain
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shape and orientation observed by DCT. Tetrahedral
quadratic elements were used as the model components
because they enable the creation of complex 3D models and
guarantee the degree of freedom of the elements themselves.
Since the number of elements becomes large and the
calculation cost is high if a model that precisely reproduces
all grains that exist in the specimen gauge area is created, the
model was created by dividing it into two regions (regions
B1 and B2), as shown below. In region B1, the model was
fabricated to precisely reproduce the 3D shape of grains
obtained by DCT using fine elements. The grains in the
center of the specimen were selected to belong to region B1,
and region B1 was set as the region of interest. In region B2,
coarse elements were used to roughly reproduce the grain
shape by meshing while ignoring the shape of GB. Moreover,
in order to keep a distance between the grains in region Bl
and the nodes that set the constraint conditions, a perfectly
elastoplastic region A was created outside of the specimen
gauge area to mimic the shape of the specimen in the area
outside of the specimen gauge area.

In the finite element method, due to an element size
dependence in the calculated values, if the element size is
too large, the accuracy of the calculation cannot be
guaranteed. Therefore, the element size dependence of the
nodal solution was investigated, and the optimal element size
was determined as follows. One GB in the region of interest
was selected, and simulation models were created with
element sizes of 2.5um, Sum, 10 um, 20 pm and 40 pm
within the two grains comprising the GB. Then, the averaged
hydrostatic stress oy, within the extracted GB was calculated
using the CPFEM. The results were obtained as shown in
Fig. 1. A second-order polynomial approximation curve is
shown as a gray line in Fig. 1. The approximate curve shows
that oy, increases as the element size decreases, but oy,
converges around a = 15 um. Therefore, an element size of
10 um is considered sufficient. Thus, the element size at the
GB on the surface was set to 10 um, and the element size
inside the specimen, where the stress gradient is expected to
be smaller than on the surface, was set to 30 um.
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Fig. 1 Element size dependence of hydrostatic stress. The values are mean
value of hydrostatic stress at each node in the GB. The gray line is
approximate curve (o}, = 125.93078 4 0.11475 x a — 0.00586 x a°).

3. Results

3.1 Results of DCT and X-ray CT

Figure 2 shows the 3D grain image obtained by DCT at
unloading. There were 155 grains in the specimen gauge
area. The sphere equivalent of each grain was calculated
using the 3D grain images and the mean value of all grains
was found to be 1.6 x 10°um. As a result of in-situ
observation using X-ray CT, the crack was first observed at
the applied strain of ,p,; = 3.2%. The cracks image is shown
in Fig. 3. Cracks initiated within the region of interest are
numbered in the figure. A total of 13 cracks were observed
from the GB and GB triple junction lines on the surface. For
cracks 1~7, which were initiated within the region of
interest, the GB and GB triple lines where the cracks were
initiated were identified by overlaying the X-ray CT images
at the stage of &,pp1 = 3.2% and the DCT images. Cracks 1~4
initiated from the GB and cracks 5~7 initiated from the GB
triple lines. Because there were coarse pores in the vicinity of
the initiation point of crack 7, crack 7 was excluded from
the following analysis and the stress concentration for the
crack can be caused by them rather than crystal plasticity. No
coarse pores were observed in the vicinity of the cracks for
cracks 1~6.

3.2 Results of simulation

Figure 4 shows the 3D image-based model. The number
of grains in region Bl is 68. Figure 5 shows the results of
CPFEM and H diffusion analysis at gyp = 0.97%. In Fig. 5,
the simulation results are superimposed on the grain images
in Fig. 2. It is observed that stress localization occurred on
the GB due to the interaction between the grains, and H
accumulation occurred in response to the localization of
hydrostatic stress. As can be seen in Fig. 5, the degree of
stress localization and H accumulation was not uniform
across all GBs, and there were some GBs where the degree of

Loading
direction

Fig. 2 3D grains and misorientations image.
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Loading
direction

Fig. 3 3D cracks image at &pp =3.2%. The numbers in the figure
represent the crack IDs of the cracks in the region of interest.

localization and concentration was more pronounced than
that of other GBs. The maximum hydrostatic stress value
was 4.4 x 10> MPa, which was 3.7 times the overall average.
The highest value of H concentration calculated by H
diffusion analysis was 8.4 mass ppm, which was 1.2 times the
initial H concentration.

Figure 6 shows the image of crack 4 and the distributions
of hydrostatic stress and H concentration at gy,p = 0.97%
around the GB where crack 4 initiated. Localization of
hydrostatic stress occurred at GB 1 and H concentration is
higher than that of the surrounding area, suggesting that
increased stress and H concentration due to crystal plasticity
at the stage of &,pp1 = 0.97% affected the initiation of crack 4.
Among the surfaces, the hydrostatic stress is particularly high
at the GB and plastic deformation is concentrated.

3.3 The relationship between stress concentration, H
accumulation due to crystal plasticity and crack
initiation behavior

From the results of CPFEM, equivalent plastic strain,
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direction

Fig. 4 3D image-based model. (a) whole view, (b) enlarged view of
region B (Bl & B2).
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Fig. 5 (a) Hydrostatic stress distribution and (b) hydrogen concentration
distribution superposed on the grains image at e;,p = 0.97%. Red regions
represent the regions where (a) hydrostatic stress is larger than 133 MPa
and (b) hydrogen concentration is larger than 7.08 mass ppm. The areas
enclosed by the black border represent region C, where crack 4 occurred.
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Fig. 6 (a) Image of crack 4 in the region C at &,,,) = 3.2% and distribution of (b) hydrostatic stress and (c) hydrogen concentration at slice
DD’ around the GB where crack 4 initiated at &, = 0.97%. GB 1 (white line) is the GB where crack 4 occurred.



904 R. Higa et al.

) 7.50 =
= Whole GB
[=h
@ & Strongest GB
< <& Weakest GB
57'25 [ W Cracked GB
s
9]
o
27.00F = u
=
g s
g . 43
Qo e
g 6.75
o
=1
1)
o0
N S
E 100 0 100 200 300 400

Stess normal to GB, o, / MPa

Fig. 7 Hydrogen concentration and stress normal to grain boundary (GB)
of GBs where is in the region of interest at gy = 0.97%. Cracked GB
represents the GBs where initial cracks originated from GB, not triple
junction. Weakest GB represents the top 3 GBs with GB properties close
to the weakest GB described in previous study [35]. Strongest GB
represents the top 3 GBs with GB properties close to the strongest GB
described in previous study [35].

hydrostatic stress, strain normal to GB, and stress normal to
GB were calculated. These values were compared between
GBs with and without initiation of initial cracks. Compar-
isons were also made between GB triple lines with and
without initiation of initial cracks. It was found that stress
normal to GB was most correlated with initiation of initial
cracks. For GB on the specimen surface within the region of
interest, the H concentration and the stress normal to GB at
each node were averaged within the GB and plotted for each
GB as shown in Fig. 7. The stress normal to GB tended to
be higher at the GB where initial cracking occurred.
However, there was no clear relationship between initiation
of initial cracks and H concentration. For the GB triple line,
no relationship with initiation of initial cracks was observed
for the values of equivalent plastic strain, hydrostatic stress,
strain normal to GB, and stress normal to GB.

4. Discussion

4.1 The effect of H accumulation on GB on crack
initiation

Crack initiation is considered to be caused by H
concentration on the GB, which leads to strength loss and
high stress loading. Therefore, we discuss the crack initiation
behavior in terms of both H concentration and mechanical
factors. As for the H concentration, no clear relationship
was found between the H concentration on the GB and crack
initiation. This is contrary to the expectation that crack
initiation is caused by H concentration due to interactions
between grains. This can indicate the existence of a different
mechanism of intergranular fracture than the separation of
GB itself due to H concentration on the GB. HE fracture
inside grain in Al-Zn-Mg alloys can originate from interfacial
decohesion due to H segregation at the coherent or semi-
coherent interface of precipitates inside grains [19, 30].
Since precipitates also exist on GBs in Al-Zn-Mg alloys,
intergranular fractures may originate from interfacial

decohesion of precipitate rather than the GBs. According to
Gronsky et al., GB precipitates in Al-Zn-Mg alloys have at
least one coherent or semi-coherent interface with the grain
[31]. Moreover, the maximum binding energy between the
GB and H is 0.25eV [10], while that of the coherent and
semi-coherent interfaces of the precipitates are 0.35¢V [32]
and 0.55eV [19], respectively. Thus, the H concentration at
the GB precipitate interface is expected to be higher than that
at the GB. In this case, the H trapping behavior at the
precipitate interface is expected to affect crack initiation
behavior. H trapping at the precipitate interface is also
governed by factors other than interactions between the
grains, such as precipitate size, distribution, and interfacial
coherence. Therefore, if H trapping at precipitate interfaces
affects the crack initiation behavior, the effect of H
enrichment due to interactions between the grains does not
need to be large. According to Park et al., GB precipitates in
T73-tempered 7075 alloy have at least one semi-coherent
interface with the grain [33]. In the material used in our study,
the intergranular precipitates are considered to have semi-
coherent interfaces because the temper is equivalent to T73.
Therefore, H trapping at the precipitate interface is expected
to influence crack initiation behavior, reducing the effect of
H enrichment caused by interactions between the grains. This
would be a reason why the correlation between the H
concentration calculated and crack initiation behavior at GBs
was not observed. In addition, as discussed in section 2.1, the
composition and aging conditions of the specimens used in
this study are considered to be sufficient for the material to
be affected by HE. Therefore, the result that the correlation
between H enrichment, which is caused by the interaction
between the grains and crack initiation behavior is low is
considered to occur under the condition that fracture of
material is affected by HE.

Another reason for the lack of a clear relationship between
H concentration on the GB and crack initiation behavior
could be another factor that would increase the whole H
concentration even more than estimation in the present study.
The H diffusion analysis considered only internal H diffusion.
Therefore, H ingress from the external environment was not
considered in this study. If penetration of external H occurs,
the actual H concentration would be higher than the value
calculated in the H diffusion analysis. Although it is difficult
to quantify the increase in H concentration due to external H
ingress, some attempts have been made to indirectly evaluate
external H ingress by calculating the fugacity of the external
H. For example, Young et al. found that the fugacity of
external H reaches 10°7 Pa under a humid environment [34].
Therefore, even under normal atmospheric conditions, H can
penetrate from the outside due to the high fugacity. The
amount of internal H concentration calculated in our study is
at most 1.2 times that of the unloading condition, which can
be small compared to the amount of concentration due to
external H ingress. In the future, it will be necessary to control
the presence or absence of external H ingress, and to take a
separate approach for the effects of internal and external H.

4.2 The effect of stress normal to GB on crack initiation
behavior
Regarding the mechanical factor, there was a tendency for
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initiation of initial cracks at GB with high stress normal to
GB, but it was not a strong tendency. This can be because the
evaluation was performed using a small number of cracks, 4.
Toda et al. applied a statistical method to the evaluation of
initiation behavior of 41 intergranular cracks to clarify the
correlation between crystallographic factors and HE crack
initiation in a pure ternary Al-Zn-Mg alloy (10 mass% Zn,
1.1 mass% Mg) [35]. The high correlation coefficients
between GB area and GB orientation angle against the
normal to the tensile direction were 0.12 and 0.23.
Additionally, it was reported that the GB with smaller areas
and orientation angles are more likely to crack. In the study, it
was reported that the values of area and orientation angle
of the weakest GB, which is estimated to be the most
susceptible to crack initiation were 5.6 x 103 um? (average
of all GB is 1.8 x 10* um?) and 16.2° (average of all GB is
48.0°), respectively [35]. From the data in the present study,
three GBs with values closest to those values were extracted
and plotted in Fig. 7. The three GBs with the smallest value
of E calculated by eq. (9) were selected as the three GB to be
extracted.

E=@x—x)?+©G -y’ 9)

Here, x and y are the normalized values of the area and
orientation angle of the weakest GB determined by Toda
et al., and x; and y; are the values of the area and orientation
angle of each GB in the present study, respectively. In
addition, three other GBs were extracted and plotted in the
same way for the GB that were estimated by Toda et al. to be
the most unlikely to cause cracks (the strongest GB) [35].
The values of area and orientation angle of the strongest
GB determined by Toda ef al. are 5.1 x 10* pm? and 88.4°,
respectively [35]. The normal stress is higher at the weakest
GB, and weak at the strongest GB. This means that GB with
small area and orientation angle tend to have high normal
stress normal and such a GB are prone to crack initiation.
Therefore, the normal stress is considered to be the dominant
mechanical factor for crack initiation. However, Fig. 7 shows
that the plots of the three GB considered as the weakest GB
do not coincide with the plots of the four GB where initial
crack initiated. This may be because the three weakest GB
were determined based only on the parameters of area and
orientation angle, although GB precipitates and external H
may also influence crack initiation, as described in
section 4.1. Such factors may have increased the suscepti-
bility to crack initiation at GB different from the three
weakest GB plotted in Fig. 7, and crack initiation may have
occurred on these GB. However, the trend of high normal
stress at the cracked GB is consistent with the trend of high
stress normal to GB at the weakest GB. Therefore, it is at
least certain that the stress normal to GB is the dominant
factor in crack initiation.

The above suggests that H enrichment due to internal H
diffusion and external H intrusion reduces the strength of the
GB precipitate interface, and high stress normal to GB is
applied there, causing initiation of intergranular cracks.

5. Conclusion

Multi-modal 3D image-based simulation were performed

to analyze the effect of crystal plasticity on the initiation of
intergranular cracks in Al-8.4%Zn-0.99%Mg. As a result, the
following findings were obtained in terms of H concentration
and mechanical factors.

No clear relationship was found between the H
concentration and crack initiation behavior. This may be
because the influence of H trapping in GB precipitates and
the intrusion of external H on crack initiation were not
considered and only the concentration at GBs of internal H
due to crystal plasticity was considered. In addition, the GB
with higher stress normal to GB tended to be more prone
to initiation of initial cracks. The stress normal to GB, which
is increased by crystal plasticity, is considered to be the
dominant mechanical factor in crack initiation. From these
considerations, it is considered that the strength of the GB
precipitate interface is reduced by H enrichment due to
internal H diffusion and external H intrusion, and that the
initiation of intergranular cracks is caused by the high stress
normal to GB because of crystal plasticity.
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