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ARTICLE INFO ABSTRACT

Keywords: Recent research has found some intermetallic compound particles with even stronger hydrogen trapping capacity
Surrogate modelling (e.g., Al;CuyFe) than the age-hardening precipitates that are reported to be the origin of hydrogen embrittlement
Microtomography

in aluminium. Such intermetallic compound particles can reduce hydrogen concentration at the interface be-
tween the precipitates and aluminium by absorbing hydrogen in their interiors, thus preventing the hydrogen
embrittlement of aluminium. However, this cannot be achieved if the particles, which have absorbed large
amounts of hydrogen, are damaged due to hydrogen embrittlement. In this study, the hydrogen embrittlement of
aluminium was observed in situ by X-ray CT, and the damage behaviour was analysed of all the particles that
were located in the gauge section of a single tensile specimen. After exhaustive quantification of the size, shape,
and spatial distribution of the particles, coarsening processes identified highly correlated design variables.
Subsequently, particle damage behaviour was analysed utilizing a surrogate model using a support vector ma-
chine. The damage to Al;CusFe particles could be described only by design variables representing size and shape,
while those representing spatial distribution were removed through the coarsening processes. No change was
observed in the damage behaviour of Al;CuyFe particles with increasing hydrogen concentrations, and it was
concluded that the dispersion of Al;CugFe particles is effective in preventing hydrogen embrittlement of
aluminium. The contribution of damaged particles to the formation of fracture surfaces and the damage
behaviour of Mg,Si particles, where damage is accelerated by hydrogen, were also analysed.

Hydrogen embrittlement
Dispersion particles
Al-Zn-Mg alloys

1. Introduction both in terms of the mechanism and preventive measures. For example,

HEDE (hydrogen enhanced decohesion), HELP, HESIV, HELP-mediated

In general, stress corrosion cracking occurs when all of the following
three conditions are met: material, environment, and tensile load or
tensile residual stress. However, stress corrosion cracking occurs in the
common environment of moisture in the air rather than in specific acids,
bases, or elements in aluminium alloys. In other words, with aluminium
alloys, the conditions for stress corrosion cracking to occur are effec-
tively reduced to two things: material and tensile load. In Al—Zn—Mg
alloys, which are important in transportation applications, stress
corrosion cracking is known to occur by a hydrogen embrittlement
mechanism [1].

Various studies have been conducted on hydrogen embrittlement,
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HEDE, and HELP+HEDE models are representative ones for the
hydrogen embrittlement mechanisms [2-6]. In addition, various in-
dustrial methods and academic guiding principles have been provided
for preventive measures, such as over-ageing [7-9], RRA (Retrogression
and Re-aging) treatment [10-12], control of grain boundary
morphology [13], control of intergranular and intragranular pre-
cipitates [13,14], control of intergranular electrochemical properties
[15] and suppression of recrystallization [9,16-25].

In Al—Zn—Mg alloys, the interface most commonly associated with
HEDE is grain boundaries, where hydrogen reduced cohesive energy,
making them more susceptible to decohesion [2,3]. On the other hand,
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HELP explains atomic-level mechanisms where hydrogen atoms interact
with dislocations, influencing their motion and facilitating localized
plastic deformation [4]. Other models called HELP mediated HEDE and
HELP+HEDE models suggest a synergistic interaction between HELP
and HEDE [3,6]. With regard to the HELP+HEDE model, it has been
reported that simultaneous and concurrent effects of the different
models are independently or mutually responsible for hydrogen
embrittlement [6]. HESIV refers to a mechanism where the presence of
hydrogen enhances the nucleation and clustering of vacancies under
loading, acting as the sources for microvoid formation [5].

More recently, based on the hydrogen embrittlement mechanism
revealed by Tsuru et al. of coherent interfaces between the 1’/n pre-
cipitates and the aluminium matrix in AlI—Zn—Mg alloys exhibiting
spontaneous interface decohesion [26], several methods to prevent
hydrogen embrittlement have been proposed. The basic idea is to add
particles with higher hydrogen trapping energies than the coherent and
semi-coherent interfaces between the precipitate and the aluminium
matrix. This allows the majority of hydrogen in aluminium to be
absorbed inside specific particles. This in turn reduces the amount of
hydrogen at the precipitate-aluminium coherent and semi-coherent in-
terfaces, thereby suppressing hydrogen embrittlement of aluminium
alloys.

Particles that can prevent hydrogen embrittlement by such a mech-
anism include Al;CugFe [27,28] and Al;1MnsZny [29] dispersed as
relatively coarse intermetallic compound particles in the order of
magnitude of microns in aluminium alloys, as well as Al;MgsZn3 30]
dispersed as nanoscopic age-hardening precipitates (i.e., T phase). The
interiors of these particles provide excellent hydrogen storage sites,
combining high hydrogen trap energy with high trap site density for
hydrogen. Indeed, our previous studies have experimentally confirmed
the suppression of hydrogen embrittlement with increasing Fe content in
practical AlI—Zn—Mg alloys when the Fe content is varied significantly
in the range of 1/10 to 10 times that of practical Al—Zn—Mg alloys [31].
The dispersion of Al,CuyFe particles has been shown to reduce the oc-
cupancy of hydrogen trap sites with hydrogen by two to three orders of
magnitude at the semi-coherent interface between the n phase and the
aluminium matrix [32]. However, there are a number of particles, such
as MgsSi particles, in which their interiors have no capacity to trap
hydrogen (i.e., a hydrogen trap energy of almost zero [33]).

Furthermore, when hydrogen is present inside pores as molecular
hydrogen gas, premature growth and coalescence of the pores acceler-
ates the ductile fracture of aluminium under external loading [34,35].
This is considered to be one form of hydrogen embrittlement in
aluminium  alloys, along  with  intergranular  fractures,
hydrogen-enhanced local plasticity, which promotes transgranular
plastic deformation, and transgranular quasi-cleavage fractures [36].
But if a large amount of hydrogen is trapped inside intermetallic com-
pound particles, such as Al;CuyFe, the intermetallic compound may be
damaged at low stresses under the influence of hydrogen. Since
Al;CuyFe particles do not exhibit plastic deformation, the hydrogen
embrittlement mechanism of the particles is thought to be different from
that of aluminium as described above. In this case, it is suggested that
particle fracture could potentially be caused by a HEDE-like mechanism,
either by debonding of the particle/aluminium interface or by decohe-
sion of low cohesive energy crystallographic planes within the particle.
The latter is more likely to occur when considering the hydrogen trap-
ping energy of Al;CusFe to be discussed in the discussion section. In any
case, this will be confirmed experimentally in the present study. The
voids formed by this may grow and coalesce prematurely, promoting
ductile fractures in the same way as hydrogen pores. The same is true for
ordinary ductile fracture, where voids created by particle fracture or
interfacial debonding grow and coalesce. However, when hydrogen in-
duces damage in intermetallic compound particles, the hydrogen is
concentrated around the voids at the moment of void formation, so the
hydrogen embrittlement mechanism of aluminium is triggered imme-
diately after the damage occurs and damage development may be
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accelerated compared to the ordinary ductile fracture case.

If particle damage is enhanced by hydrogen absorption, it should be
assumed to occur more significantly with smaller particles. Our pre-
liminary experimental investigation found that small Al;CugFe particles
tended to be rather less damaged by external loading than larger par-
ticles [32]. On the basis of these results, we conclude that the damage to
Al;CugFe particles due to hydrogen absorption is unlikely to occur [32].
However, this conclusion was drawn from measurements of the size and
sphericity of a total of 271 Al,CuyFe particles damaged by external
loading, and it does not completely rule out the influence of hydrogen on
particle damage, both in terms of data size and the accuracy of the
particle characterisation analysis. In order to obtain more reliable con-
clusions, it would be useful to compare the damage behaviour of
Al;CugFe particles in samples with different hydrogen concentrations
and statistically assess and understand under what geometrical condi-
tions (particle size, shape, and spatial distribution) particle damage is
likely to occur.

The authors recently proposed a method called Reverse 4D Materials
Engineering (R4ME) [37], which enables a bird’s eye view analysis of
the statistical correlation between microstructures and macroscopic
properties. It involves high-resolution 3D observation of the micro-
structure of a material and obtaining correlations between design vari-
ables representing the geometrical morphology of the microstructure
and an objective function describing the macroscopic behaviour of the
material. Due to the complexity of the microstructures of real-world
materials and the limited spatial resolution of 3D imaging, a highly
redundant quantitative evaluation that describes the microstructural
morphology using a large number of design variables was first applied.
Next, coarsening processes identified a limited number of design vari-
ables that were highly correlated with the objective function. A surro-
gate model was then constructed using the variables to represent the
correlation between the selected important design variables and the
objective function. A series of analyses were performed, based on
high-resolution 3D images captured by high-resolution X-ray CT. These
enabled the effects of complex microstructures, such as fine surface
morphology and clustering of particles, to be assessed. R4ME has been
used to assess the effects of dispersion particles and microscopic defects
on the fracture behaviour of high-strength aluminium alloys. It can
identify the dominant factors determining particle damageability,
visualise the microstructure dependence of damage behaviour, and
present the weakest and optimum microstructures [37-39].

In this study, the damage behaviour of more than 10,000 Al;CusFe
particles in the gauge section of a single tensile specimen was visualised
in 4D under external loading using the X-ray microtomography tech-
nique. And the R4ME technique was applied to this data to identify the
microstructural factors (particle properties) governing the damage
behaviour of Al;CuyFe particles. In addition, the 4D trajectory predic-
tion method in which fracture surfaces are time-traced back (a technique
that precisely identifies the location of the fracture surfaces in 3D in a
series of 3D images between the initial unloaded state and just before
fracture) was applied to identify the particles that directly contributed to
the fracture and to evaluate their geometric features. The same analysis
was applied to MgsSi particles that do not absorb hydrogen. The
objective was to assess the effectiveness of the technique in preventing
hydrogen embrittlement of aluminium by storing hydrogen in particles
with high hydrogen trap energy.

2. Experimental and analytical methods
2.1. 4D observation of hydrogen embrittlement in aluminium

After T651 tempering an A7075 alloy, micro-tensile specimens [40]
for X-ray CT observation were prepared by electrical discharge
machining (EDM) using water, which also served to hydrogen charge the
specimens. The specimens were flat (0.6 mm thick) with a length and
width of 0.7 mm and 0.6 mm, respectively, in the gauge section, and
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they were arranged so that the thickness direction of the rolled plate was
in the tensile direction. It has been reported that the hydrogen content of
aluminium alloys increases by several tens of times due to the decom-
position of water molecules by the flesh surface of an aluminium alloy
during EDM using water [41]. In addition to the low-hydrogen (LH)
material (3.1 mass ppm hydrogen content) to which EDM was applied, a
high-hydrogen (HH) material was prepared by increasing the hydrogen
content to 6.6 mass ppm by electric hydrogen charging. The hydrogen
content of the specimens was measured by thermal desorption analysis.
The heating rate was 1.5 °C/min, and the amount of hydrogen released
up to 500 °C was measured.

In-situ observation of the tensile test was carried out using a
projection-type X-ray CT at the beamline BL20XU of the synchrotron
radiation facility SPring-8. The pixel size of the 3D images obtained was
0.50 pm?>, and the effective spatial resolution was 1.0 p m. The X-ray
energy was 20 keV, and the sample-to-detector distance was 20 mm.
After loading at a strain rate of 2 x 10~> with an average strain incre-
ment of about 0.8 %, the applied displacement was held for 10 min each
time, including for the X-ray CT imaging. This load-hold cycle was
repeated 24 and 17 times for the LH and HH materials, respectively.

The data obtained were reconstructed using the convolution back-
projection method, and the reconstructed images were converted to 8-
bit so that the grey scale range of the reconstructed images was 0-40
cm™ in linear absorption coefficient.

2.2. 4D image analysis and statistical analysis

2.2.1. Identification of damaged particles that caused fractures

Using the 3D scattered discrete data interpolation method, the co-
ordinates of the upper and lower fracture surfaces (point clouds) were
trajectory-predicted from the post-fracture to the initial unloaded states
by tracing backward in time, and the coordinates of the surfaces cor-
responding to the fracture surfaces were identified in the 3D images of
the specimen captured before loading and during deformation. The 3D
images of the specimen before loading and the predicted fracture sur-
faces were superimposed, and particles present in the vicinity of the
fracture surfaces were identified as those that contributed to the for-
mation of the fracture surfaces. For this purpose, the following image
analyses were carried out.

(1) Extraction of fracture surface coordinates

As shown in Figs. 1(i) and 2(i), after binarising the upper and
lower fractured specimens in the post-fracture 3D images, the
fracture surface coordinates were measured pixel by pixel, and
they were finally described in the form of point clouds repre-
senting the fracture surfaces (red [upper fracture surface] and
yellow [lower fracture surface]) curves on the virtual cross sec-
tions in Figs. 1(i) and 2(i). The two point clouds corresponding to
the upper and lower fracture surfaces (about 500,000 points
each) were used for the fracture path estimation described in
2.2.1 (3). The 3D geometry of the fracture surface is shown as 3D
images in Figs. 3(i) and 4(i).
Particle trajectory tracking for fracture path estimation

First, all the Al;CuyFe and MgsSi particles were segmented, and
57,535 Al;CuyFe and 7485 Mg,Si particles were identified in the
gauge section of the HH specimen and 76,663 Al;CusFe and 8991
MgsSi particles in the LH specimen. These particles could always
be observed from the pre-loading to post-fracture states. Next,
particle trajectory tracking was performed, which corresponds to
identical particles sequentially between each successive 3D
image to measure the physical displacement of each particle from
the initial unloaded state to the post-fracture state. Identical
particles were identified by considering the similarity of the co-
ordinates, volumes, and surface areas of a couple of particles
between each successive 3D image, and this was repeated
sequentially from the post-fracture 3D image to the initial

(2
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unloaded 3D image. Details of the particle trajectory tracking
method are described elsewhere [41,42]

In addition, particles that were damaged during loading were
identified. For this purpose, time-traced trajectory tracing of
voids observed in the final loading step, which was just prior to
fracture, was performed. The voids that could be traced back to
the initial unloaded state were identified as pre-existing pores.
These pores were precipitated molecular hydrogen during the
thermo-mechanical treatments. As for the voids that could be
traced to loading step n and not before loading step n, they were
identified as voids that were initiated at loading step n [43]. For
these voids, the particle that provided the initiation site for the
void was identified by registering the 3D images captured at
loading steps n and n-1 by affine transformation [43].

(3) Estimation of surfaces corresponding to the fracture paths in 3D
images before and during deformation

After formulating the local displacement field using the tra-
jectories of all the particles during specimen deformation, the
coordinates of the upper and lower fracture surfaces (point
clouds) were predicted backwards in time. Here, it was assumed
that the positions corresponding to the upper and lower fracture
surfaces would be displaced according to the formulated local
displacement field during deformation of the specimen. In other
words, it was assumed that there would be enough particles to
predict with sufficient accuracy the physical displacements of the
positions corresponding to the fracture surfaces. The validity of
this assumption can be verified by evaluating the positional de-
viation between the trajectories of the upper and lower fracture
surfaces, which were predicted separately.

The first step was to identify the particles present around the location
of interest. For this purpose, a search range of radius ry was set, and ry
was set so that at least five particles existed within the search range. In
this study, ro was set to 44-76 pm.

Next, the interpolation coefficients c;, which describe the local
displacement field around a particle, were calculated for all the other
particles present within the search range of the particle of interest, based
on the particle displacement before and after deformation of the
specimen.

N
u=> ¢gllp—npll) 1)
=1

where u; is the displacement of the i th particle before and after defor-
mation, N is the number of particles in the search range, g(r) = e *"is
the radial basis function (RBFT), k is the coefficient of the RBFT, and r =
|p; - pj|| is the Euclidean distance before deformation between the i th
particle and the other particles in the search range. The formulation of
the local displacement field by all the particles is as follows:

gpi—pill) - g(llpr—pwnll)

Uxy Uxn Cx1 Cxn . . .

uyl uyN = Cx1 CyN 3 . .

u, u, C C

o <o \elpr—pall) - g(llpy—pll)

@

RBFT was used to improve the accuracy of trajectory predictions by
ensuring that the effects of the displacements of the particles closer to
the particle of interest in the search range rapidly increased. Once a set
of interpolation coefficients ¢; was obtained, trajectory predictions
(calculation of the displacement, u, for each fracture surface coordinate)
at any position could be performed according to the following formula:

N
u=>cgl(|P-pl) 3
i=1

where P is the Euclidean distance between the fracture surface co-
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Fig. 1. Fracture path trajectories were estimated for the loading steps before fracture and superposed on an x-z tomographic virtual cross section in the LH material.
The yellow and red lines are the fracture path trajectories for the lower and upper fracture surfaces, respectively.(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Fracture path trajectories were estimated for the loading steps before fracture and superposed on an x-z tomographic virtual cross section in the HH material.
The yellow and red lines are the fracture path trajectories for the lower and upper fracture surfaces, respectively.(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 3D perspective views of the fracture path trajectories estimated for the loading steps before fracture in the LH material.

ordinates and each particle.

Using the estimated fracture path coordinates for the initial unloaded
3D images, damaged particles that directly contributed to ductile frac-
tures were identified. The largest of the particle diameters along the
three principal axes (the length of the major axis o' in Table 1) was
calculated, and the particle with a distance between it and the predicted
fracture surface coordinates of less than % was identified as the particle
that directly contributed to the ductile fracture.

It was also observed that the spatial distribution of particles differed
at each loading step due to the effects of plastic deformation. The op-
timum values of ry and k were therefore different for each loading step.
Therefore, ry was determined so that at least five or more particles were
located within the search range, as described above. The spring model
described below was used to calculate the optimum value of k:

Nep b;p — b;p

N R i @
P N. bép

P =1

where AEg;, is the elastic energy of the spring, Ny, is the total number of
virtual springs connecting each particle, and bgp, bépare the spring vector
before and after deformation and the spring vector between the particle
before deformation and the particle after deformation predicted by the
RBFT function, respectively. Using Eq. (4), convergence calculations
were performed to minimise AEg,, and the optimum value of k was
obtained for each loading step. Details of the fracture path estimation
methods [35,42,43] and the spring model [43,44] are provided in the
reference papers.

2.2.2. Surrogate model analysis of particle damage behaviour

The surrogate model optimisation method proposed in our previous
publications [37,43] was applied. In order to quantitatively represent
the microstructural properties, a number of design variables, such as
size, shape, and orientation and an objective function that could quan-
titatively represent the analysis target were set. Next, coarsening pro-
cesses were carried out to extract only design variables for which the
interdependence between them was small and the correlation with the
objective function was reasonably high. The coarsening processes
mainly consisted of a first-stage principal component analysis to assess
the interdependence between the design variables and a second-stage
global sensitivity analysis to assess the correlation between the objec-
tive function and the design variables. A surrogate model was con-
structed using the extracted important design variables, and the
relationship between microstructural properties and macro properties,
etc. was evaluated. As the number of data points used in this study was
relatively small for statistical analysis, a support vector machine with an
infill sampling criteria was used to construct a surrogate model so that
highly accurate analysis could be carried out with the limited data size.
Due to space limitations, only the design variables and objective func-
tions used are described below. The concept and details of the method
are provided in a previous report [38].

(1) Design variables
Three categories of design variables were established for par-
ticle properties: particle size, shape, and spatial distribution.
Possible design variables were evaluated and measured, as shown
in Table 1. A total of 43 design variables were used to describe
particle properties, 12, 24, and 7 for the three categories of size,
shape, and spatial distribution, respectively. Particles exhibit



H. Toda et al.

Acta Materialia 281 (2024) 120391

e

(a) €=0.0 % (b) £=0.5 % (yield point) () =6.6%

A2 2 ¢

(d) e=8.1 % (maximum load)

(g) e=16.4%

() €=10.0%

e

(h) = 18.8 %

n
>

g directio

lLoadin

(i) Fracture surface

Fig. 4. 3D perspective views of the fracture path trajectories estimated for the loading steps before fracture in the HH material.

complex morphology, and shape needs to be quantified by
various definitions, such as orientation, aspect ratio, deviation
from cubic or spherical shape, connectivity, and surface
complexity. In addition, direct size measurement is not always
effective in X-ray CT because of the spatial resolution of the in-
strument, and the size of the microstructure is often relatively
close. For example, if the thickness is close to the spatial resolu-
tion of the measurement system for an elliptical plate particle,
attempts to compare particle size by measuring the particle vol-
ume will result in large errors. But if the height, width, and depth
of the particle are measured by drawing a bounding box, which is
the smallest cube containing the particle, an accurate assessment
of size relationships may be possible [43]. From this perspective,
the design variables representing the shape and spatial distribu-
tion pattern were highly redundant and used a large number of
similar parameters, as shown in Table 1 [37,38].
(2) Objective functions

Two objective functions were defined for this study. The first
(denoted as I;) was the applied strain level at which the particles
were damaged, and I; was normalised so that the macroscopic
strain values between the initial unloaded state and just before
fracture ranged from O to 0.5. The value for undamaged particles
was set to 1. The second objective function was only for damaged
particles, with O for particles that directly contributed to the
formation of the fracture surface and 1 for particles that were

damaged but did not contribute to the formation of the fracture
surface (denoted as I5).

3. Identification of damaged particles contributing directly to
ductile fractures

3.1. Tensile test results

The stress-strain relationships of the tensile test obtained during in-
situ observations are shown in Fig. S1. Due to the increase in
hydrogen content caused by electric hydrogen charging, the fracture
strain for the HH material was 15.1 % compared to 19.2 % for the LH
material, which was about 21% lower. The X-ray CT observations were
performed at an average strain interval of about 0.8%, so the number of
X-ray CT observations, which caused stress drops of 8-27N in Fig. S1 due
to stress relaxation, was 24 for the LH material and 17 for the HH
material.

Fig. 1(a) and 2(a) show the particle distribution before loading for
the LH and HH materials. The Al;CusFe particles that appear white are
mainly agglomerated near grain boundaries, and it appears that the
coarse grain boundary particles formed during casting were crushed by
cold rolling during the thermo-mechanical treatment. The dark grey
Mg,Si particles are present not only at grain boundaries but also within
grains. When hydrogen concentrations are high in aluminium alloys,
hydrogen precipitates as molecular gas in a wide size range from
nanovoids [40] of a few nm in diameter to pores [34,35] of several pm in
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Table 1

A list of the design variables for quantifying the size, shape, and spatial distri-
bution of objects in aluminium alloys that were used in the application section of

this paper [38].

Categories Design variables Remarks
1. Size (Sz) D, VS Equivalent diameter, volume and
(12 parameters) surface area, respectively
B LWT Minimum volume bounding box;
length of an object measured along
the x direction; width of an object
measured along the y direction;
thickness of an object measured
along the z direction
p! Zeroth moment
o!,0%,0° Length of the three principal axes
ol +02+0° Average length of the three principal
0= 3 axes.
G Geodesic distance
II. Shape (Sh) ot — f o5 — ﬁ o6 — Aspect ratio along the three principal
(24 parameters) T o7 T ol’" T axes
03
02
[ Angle between the loading direction
and the first principal axis
! L - E" . Aspect ratio of a bounding box
w T
w
T

\4
ft :6\/7‘\/75—3>f5 =

2V o6 4y S
487[1\43‘_;“’747[”12

Deviation from spherical shape (M is
the integral of mean curvature of an
object)

V2 Deviation from cubic shape
f = 2165—3, = P
v S
288 e = leﬁ
10  7G3 Elongation index
T 216V
p%.p°.p* First moment invariants; p?,p>and p*
define the centre locations along the
x, y and z directions respectively
p°, p%, p” Second moment invariants, which
represent the deviation from the
centre (Measure of spread)
p8 Third moment invariant, which
defines skewness (Measure of
asymmetry)
p° Fourth moment invariant, which
defines kurtosis (Measure of
tailedness)
C Mean curvature of an object
E Euler number, which describes the
connectivity
1II. Spatial K2, K3 K5 Average distance within each k -
distribution (D) nearest neighbour-hood (k = 2, 3, 5)
(7 parameters) BB P Local volume fraction within K2 K3,
K5
dm Distance from a cluster centre

diameter. The relatively coarse ones
under external loading, promoting ductile fractures that reduce
strength, ductility, etc. [34,35]. Figs. 1(a) and 2(a) show that such pores

grow and coalesce prematurely

are rarely observed in the materials used.

3.2. Fracture path identification in 3D images before and during

deformation

Figs. 1 and 2 show the changes in the identical virtual cross sections
of the specimens during deformation and after fracture. The red and
yellow lines shown in Fig. 1(i) and 2(i) are two point clouds (about
500,000 points each) representing the upper and lower fracture surface
coordinates, respectively. The red and yellow lines shown in Figs. 1(a) to
(h) and 2(a) to (h) are the estimated positions of the fracture paths
calculated using the method described in Section 2.2.1. The yellow
rectangles in Figs. 1(a) and 2(a) show the analysis region extended by
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100 um in both vertical and horizontal directions from the fracture
surfaces. The size of this area is 490 x 42 x 245 um for the LH material
and 500 x 405 x 245 um for the HH material. The fracture paths
calculated from the upper and lower fracture surfaces deviated by up to
8 pm where coarse pores existed, as shown by the white arrows in Figs. 1
and 2. This means that the local deformation caused by the pores was
less than the spatial resolution of the displacement field obtained from
particle tracking. However, even in such cases, the pores were located
near the middle of the two surfaces and did not interfere with the
identification of the fracture origin. In other locations, the displacement
of the two surfaces was less than 2 pm, indicating that the fracture path
was estimated with sufficient accuracy.

In Figs. 1 and 2, fracture surface roughness is almost constant during
uniform deformation, but it appears to gradually increase after the
maximum load is passed. In fact, a comparison of the fracture surface
roughness showed a 20 % increase between the initial unloaded state
and just before fracture. This can be seen more clearly in the 3D images
of the estimated fracture paths shown in Figs. 3 and 4. Such an increase
in fracture surface roughness during deformation suggests that part of
the fracture surface roughness was not due to the fracture path but to
non-uniform deformation around the fracture path.

The number of particles located within the analysis area was 12,956
and 1474 for Al;CugFe and Mg»Si particles, respectively, in the LH
material and 13,229 and 1511 for Al;CupFe and Mg,Si particles,
respectively, in the HH material. Of these, 1414 Al;CuyFe and 190 Mg,Si
particles in the LH material and 1165 Al;CugFe and 204 Mg,Si particles
in the HH material directly contributed to the formation of the fracture
surfaces. Other particles that were damaged just before fracture but did
not form a fracture in the analysis areas were 450 and 182 for Al;CugFe
and Mg,Si particles, respectively, in the LH material and 321 and 178 for
Al;CuyFe and Mg,Si particles, respectively, in the HH material.

4. Characterisation of damaged particles
4.1. Selection of key design variables

Fig. 5 shows the results of the principal component analysis in the
form of biplots. The arrows in the figures are the eigenvectors of each
design variable, and the red dots are the particles. There were 861 total
combinations of vectors, of which 37 for the Al;CuyFe particles and 37
for the Mg»Si particles had angles of 5° or less. In this case, the inter-
dependence between design variables was assumed to be strong, and
vectors that were shorter (i.e., had fewer contributions) were removed.
The first stage coarsening process reduced the number of design vari-
ables from 43 to 20 for Al;CuyFe particles and from 43 to 21 for Mg,Si
particles.

The design variables with Pearson correlation coefficients above 0.2
for the LH and HH materials were identical. Fig. 6 shows the design
variables with Pearson correlation coefficients above 0.2, which were
averaged over the LH and HH materials. This section shows the results of
the global sensitivity analysis applied to the objective functions I; and I,
by particle species. In the figures, design variables with high Pearson
correlation coefficients are shown colour-coded by size, shape, and
spatial distribution categories. It can be seen that for any of the objective
functions and any of the particles, the design variables representing size
and shape are highly correlated. Specifically, for the objective function
I;, the design variables representing particle size, elongation, surface
shape, and shape complexity show a high correlation. On the other
hand, the design variables representing spatial distribution were elimi-
nated in the coarsening processes, with the exception of the two design
variables. It is particularly interesting that no design variables repre-
senting spatial distribution remained for the Mg,Si particles.

In order to provide surrogate models, the design variables with high
Pearson correlation coefficients were selected, as shown in Fig. 6. The
Pearson correlation coefficients for MgsSi particles were relatively high
compared to the Al;CuyFe particles. Therefore, for Mg,Si particles, the
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design variables with Pearson correlation coefficients greater than 80 %
of the maximum Pearson correlation coefficient values of the design
variables Sz_ W and Sh_f ° were adopted for both I; and I, and for
Al;CuyFe particles, the criterion was eased to 75%. As a result, six and
four design variables were selected for I; and I, for Al;CuyFe particles,
respectively, and four and seven for Mg,Si particles, respectively, which
were then provided for surrogate modelling. In reference [37], a sur-
rogate model was created using a similar approach, with four design
variables selected, and its accuracy was verified by comparison with the
results from the finite element analysis. The results show that most of the
data points had a prediction error of less than 20%. Therefore, of the
number of design variables selected in this study, between four and
seven can be considered reasonable.

4.2. Surrogate model analysis results
4.2.1. Particle damage susceptibility (objective function I;)

(1) Al;CugFe particles

The surrogate model analysed the damage to Al,CuyFe parti-
cles with respect to the objective function I;. In order to facilitate
its visual evaluation, 3D response surfaces showing the relation-
ships between I; and Sz_D and Sh_C, which were the design var-
iables with the highest Pearson correlation coefficients, are
shown in Fig. 7(a). The response surfaces show both the 3D
shapes and colour contours of particle damage susceptibility in
the range from blue (high I;) to red (low ;). In this case, the
remaining four design variables (Sz_G, Sz_o, Sz_T and Sh_f 4) were
set to their optimum values (Sz_G = 12.7 ym, Sz_0o = 1.9 pm, Sz_T
= 4.5 pm, Sh_ f * = 0.59). The same applies to other response
surfaces after this. Particle damage tended to occur when both
Sz_D and Sh_C were higher than 0.8 for Al;CuyFe particles in both
LH and HH materials. Here, Sh_C was the mean curvature of
particle surfaces, and Sz_D was the sphere equivalent diameter of
particles. It implies that particles that present coarse and complex
shapes are more susceptible to damage. In general, it is known
that coarse particles in materials have a lower in-situ strength and
are more prone to damage.

Notably, there was little difference between the LH and HH
materials in terms of both the minimum values and the shape of
the response surfaces. If hydrogen causes particle damage, it is
likely that a hydrogen concentration gradient is generated in the
particles depending on the hydrogen diffusion time, and that this
effect differs for different particle sizes. In this case, the average
hydrogen concentration would be expected to increase for
smaller particles, leading to an increased tendency towards
hydrogen embrittlement. However, no such tendency is seen in
Fig. 7(a), so it can be concluded that the Al;CuyFe particles had
no tendency toward hydrogen embrittlement. However, with
(Sz_D, Sh_C) = (1, 1) as the centre (i.e., the minimum value of ),
it can be seen that the HH material was prone to damage in a
slightly narrower range (i.e., particles that were coarser and with
distorted shapes). In other words, the HH material tended to be
less prone to damage than the LH material for moderate Sz_D and
Sh_C values. In general, at high hydrogen concentrations,
aluminium deformation was localised [40,41], and plastic strain
increased rapidly within a limited band. In contrast, the plastic
strain decreased in many other regions. Plastic deformation of
aluminium leads to an increase in the internal stress of particles,
which promotes particle fractures [45]. Therefore, it can be
inferred that the strain localisation of aluminium by hydrogen
usually works in the direction of inhibiting the occurrence of
damage in particles with moderate Sz_D and Sh_C values, which
are relatively close to the damage initiation conditions. This may
have led to the subtle differences between the LH and HH ma-
terials in the response surfaces in Fig. 7(a).

In the introduction, the results of a preliminary experimental
investigation were introduced in which the behaviour of several
hundred particles was semi-quantitatively investigated on the
basis of geometric measurements of size and sphericity. It was
found that there was a tendency for small Al;CusFe particles to be
less damaged by external loading even at high hydrogen con-
centrations [32]. The results in Figs. 6 and 7 show a dramatically
improved statistical certainty of this finding and allow identifi-
cation of the dominant geometric design variable. With the
Al;CuyFe particles, there was a strong tendency for coarse and
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distorted particles to be damaged, and this tendency was some-
what facilitated by increasing hydrogen concentrations. In addi-
tion, particle size, shape discontinuities, elongation, and
orientation in the loading direction, which lead to stress con-
centration and increased stress triaxiality, can be said to be
important factors governing particle damage.

Fig. 8(a) shows, for reference, actual particles extracted from
the image data with Sz_D and Sh_C values closest to the weakest
Al;CuyFe particle predicted by the surrogate model (particles
with the lowest I;) and the strongest Al;CusFe particle (particles
with the highest I;) and, therefore, which particles should be
removed to maintain the mechanical properties of aluminium
alloys. The strongest particles were small particles with simple
shapes, that is, relatively close to a sphere. The weakest particles
were coarse particles with complex shapes, and it appears that
many coarse particles were connected.

The data and response surfaces are then projected onto the

10

(2

—

Sh_C - Sz_D 2D planes in Fig. 9(1)(a) to compare the 3D response
surface of the HH material in Fig. 7(a)(2) with the experimental
data. The data for all the particles are shown as black (undam-
aged) and white (damaged) dots. The two yellow dots are the
predicted positions of the strongest and weakest particles. The
range of 0.2 after normalisation was defined for Sh_C and Sz_D
(yellow dotted squares in both the figures), and the damage ratio,
p, of the particles was calculated within this range. It can be seen
that the damage ratio near the weakest particle (rp = 20.5 %) is
more than 50 times higher than for the strongest particle (rp = 0.4
%). This implies that the accuracy of the response surfaces was
sufficiently high.

MgsSi particles.

Fig. 7(b) shows the results of the damage analysis for MgsSi
particles with respect to the objective function I;. The design
variables Sz_D and Sz_G were used, with Sz_G representing the
shortest geodesic length of a particle, meaning it encompassed
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Fig. 7. 3D contour maps of the objective function I; predicted by the surrogate model are shown. The effects of hydrogen concentrations ((1) low and (2) high) are
shown for (a) Al;CuyFe and (b) Mg-Si particles. Two design variables were selected to show a 3D design space for each graph, with the remaining design variables
fixed at their optimum values. The experimental results are shown as white dots.

both size and shape. Fig. 9(1)(b) compares the response surfaces
and experimental data in the HH material. It can be seen that the
damage ratio is about 11 times higher than that of the strongest
particles. Therefore, it can be said that even for Mg»Si particles,
the trends of the surrogate model response surfaces and the
experimental data were in good statistical agreement.

The weakest particle predicted for the LH material was 4.7 ym
for Sz_D, 6.1 ym for the HH material, and 17.8 pm and 21.8 um for
Sz_G, respectively, with the positions of the weakest particle
slightly different between the LH and HH materials. However, the
strongest particles were 1.9 pm for both the LH and HH materials
in Sz_D and were almost equal at 4.3 ym and 4.4 ym for Sz_G,
respectively. Judging from the shape of the response surfaces, the
tendency to fracture was higher for Mg,Si particles with larger
and more distorted shapes, irrespective of the hydrogen concen-
tration. After normalisation, the response surface shapes of the
LH and HH materials were almost identical up to the values of
0-0.6 to 0.7 for Sz_D and Sz_G. For the LH material, I; increased
when Sz_D and Sz_G exceeded that level. But for the HH material,
there was a clear difference with further decreases. Presumably
this is because with a finite diffusion time, the average hydrogen
concentration of the coarse particles in the LH material was
reduced and damage suppressed. But with the HH material, the
average hydrogen level reached a level sufficient for particle
damage to occur.
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From the above, it appears that particle damage was promoted
by hydrogen in Mg»Si particles. In a previous report referenced in
the introduction, it was observed that high hydrogen concentra-
tions promoted interfacial decohesion between particles and the
aluminium matrix, albeit semi-quantitatively [32]. However, the
effect of particle properties was not clear. Fig. 8(b) shows actual
particles extracted from experimental data with Sz D and Sz_G
values closest to the weakest and strongest Mg,Si particles pre-
dicted by the surrogate model. The strongest particles have
extremely small flat surfaces that are prone to interfacial
delamination. In addition to the effect of particle size, it can be
seen that the damage tendency is stronger for particles with
horizontally oriented, easily debonded interfaces.

4.2.2. Ease of forming fracture surfaces from damaged particles (objective
function Iz)

The objective function I, was only for damaged particles and it took
smaller values for particles that directly contributed to the formation of
fracture surfaces. The 3D response surfaces showing the relationships
between design variables Sz_G and Sz_D with high Pearson correlation
coefficients and I for Al;CusFe particles are shown in Fig. 10(a), which
uses the surrogate model constructed with the design variables selected
in Fig. 6 and the objective function I.

The Sz_D values of the damaged particles with the highest tendency
to form fracture surfaces in the HH and LH materials were 4.4 ym and



H. Toda et al.

e}

(Sz G,Sz D)=
(34.6 pm, 6.7 pm)

(Sz_D,Sh ()=
(1.9 um, 7.6)

Strongest particle Strongest particle
for 7, for 7,

Acta Materialia 281 (2024) 120391

(Sz G,Sz D)=

(Sz D,Sh O)=

(6.4 um, 110.5) (16.4 um, 4.4 pm)

Weakest particle Weakest particle
for 7, for I,

(a) Al,Cu,Fe particles (Average values: (Sz_D, Sh_C, Sz_G) = (3.3 pm, 36.1, 16.0 um))

g &
5111

(Sz_ D,Sz G)=
(1.9 um, 4.4 um)

Strongest particle
for /,

~
(Sz_ D,Sz G)=
(6.1 um, 21.8 um)

Weakest particle
for 7,

(b) Mg,Si particles (Average values: (Sz_D, Sz_G) = (4.1 um, 13.5))

Fig. 8. Examples of the weakest and strongest particles for the objective functions I; and I, for Al,CusFe and Mg,Si particles, which have been selected from the
original 3D image according to the predicted optimum and worst values of the design variables. The values of (Sz_D) and (Sh_C) and (Sz_D) and (Sz_G) for the selected
particles are shown for Al;Cu,Fe and Mg,Si particles, respectively, together with the average values.

3.8 um, respectively. Those with the lowest tendency had Sz_D values of
6.7 um and 6.5 pm for materials HH and LH, respectively. The Sz_G
values of the damaged particles with the highest tendency to form
fracture surfaces in the HH and LH materials were 16.4 um and 15.5 pm,
respectively. Those with the lowest tendency had Sz_G values of 34.6 pm
and 33.0 pm, respectively. Regardless of the high or low propensity to
form fracture surfaces, there is no significant difference between the HH
and LH materials in terms of both the design variable values of the
particles, as was so in objective function I;. Therefore, it can be seen that
the effect of hydrogen on the tendency to form fracture surfaces from
damaged Al,CuyFe particles was also small, as was the tendency for
particle damage. However, the range of fracture surface forming parti-
cles on the Sz_D - Sz_G plane was extended in the HH material, as shown
in Fig. 9 (The region size of Iy > 0.2 was 0.75 for the LH material and
0.52 for the HH material). In particular, such broadening is more
obvious in the Sz_D - axis direction than in the Sz_G - axis direction. This
can be explained by the deformation localisation of aluminium at high
hydrogen concentrations, which is described in 4.2.1(1). In other words,
under high concentrations of hydrogen, the plastic strain increased
rapidly in some regions, which led to macroscopic fractures. Therefore,
under high concentrations of hydrogen, the fracture surface formation
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process, which links particle clusters, as seen in the LH material, was
overshadowed, and fracture surfaces were formed by linking damaged
particles within the strain-localised region. Therefore, it is believed that
a wider range of shapes and sizes of damaged particles form fracture
surfaces.

In Fig. 9(2)(a), the 3D response surface of the HH material is pro-
jected onto the Sz_G - Sz_D 2D plane, and the data for all the damaged
particles are plotted as black dots (there is no contribution to fracture
surface formation) and white dots (there is a contribution to fracture
surface formation). The two yellow dots are the predicted results of the
damaged particles with the highest and lowest tendencies to form
fracture surfaces. A range of 0.2 was defined around these points for
Sz_G and Sz_D, respectively (the yellow dotted squares), and the fracture
surface formation ratio, rp, was calculated within this range. The rg
values for the damaged particles with the highest and lowest propensity
to form fracture surfaces differed by a factor of only 2.41. This is in
contrast to the damage propensity, which differed by a factor of more
than 50 for the rp values. In other words, the extent that the fracture
surface formation tendency of damaged particles depended on the
design variables was relatively moderate compared to the objective
function I;.
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Fig. 8(a) shows the actual damaged Al;CusFe particles in the
experimental data with Sz_G and Sz_D values closest to the damaged
Al;CuyFe particles with the strongest tendency to form fracture surfaces
(particle properties giving the lowest I value) predicted by the surro-
gate model and those with the weakest tendency (particle properties
giving the highest I, value). Although the difference in shape is not very
strong, it can be seen that the tendency to form fracture surfaces is
weaker for coarse damaged particles. This may be because coarse par-
ticles tend to exist independently, whereas particle clusters are
composed of relatively small particles.

5. Discussions relating to the guiding principles for the
prevention of hydrogen embrittlement

5.1. Hydrogen embrittlement of particles and aluminium

The size of the Al;CuyFe and Mg,Si particles dispersed in the mate-
rials used is in the order of magnitude of microns, and it is assumed they
have rather coarse microstructural features for practical structural
metallic materials. It is well known that coarse particles can be damaged
by particle fractures or interfacial decohesion, triggering ductile frac-
tures in aluminium. Coarse intermetallic particles may be formed during
heat treatment processes due to heterogeneous nucleation or over-
ageing, but they are also often formed during casting, and they remain
until after thermo-mechanical treatments. In such cases, as shown in
Fig. 8, they are not only coarse but also complex and distorted in shape.
With regard to the in-situ strength of brittle particles, such as interme-
tallic compounds, the size dependency of the in-situ strength is under-
stood to be based on the weakest link theory [46], and the effects of
particle shape are mainly on local stress concentrations. In this study,
statistical analysis was applied to cases where the fractures of brittle
particles in the order of 10,000 particles of various shapes and sizes was
mainly governed by the weakest link theory and local stress concen-
trations and where particle damage was partially accelerated by
hydrogen. In general, direct visualisation of hydrogen, the smallest
element, is difficult, but it is possible to estimate its location in
aluminium. For this purpose, it was necessary to identify all hydrogen
trap sites in the aluminium alloys, determine their spatial distribution,
and know the capacity of the hydrogen trap sites (i.e., the density of the
hydrogen trap sites and the hydrogen binding energy).

The main hydrogen trap sites in Al—Zn—Mg alloys are solute Mg
atoms (hydrogen trap energy of 11.6 kJ/mol), grain boundaries (19.3
kJ/mol), screw dislocations (10.6 kJ/mol), edge dislocations (17.4 kJ/
mol), vacancies (28.9 kJ/mol), the inner surface of pores (67.5 kJ/mol),
coherent interfaces between MgZn, precipitates and aluminium
(7.9-33.9 kJ/mol), and semi-coherent interfaces between MgZn, pre-
cipitates and aluminium (53.8 kJ/mol) [32]. Su et al. prepared
aluminium alloys with a considerably high Zn content of 10 mass%, and
measured the 3D spatial distribution and density of the
above-mentioned hydrogen trap sites using high-resolution X-ray CT
[27]. The results showed that the hydrogen trap energy of the pores was
the highest, but their trap site density was relatively low due to the
two-dimensional hydrogen trap sites on the inner surface of the coarse
pores. Therefore, the hydrogen trap sites of the pores were saturated
with hydrogen in high hydrogen concentration materials with a
hydrogen concentration of 6.97 mass ppm [27]. As a result, most of the
hydrogen in the materials was concentrated at the MgZn, precip-
itate/aluminium interface [23].

Tsuru et al. performed first-principles simulations for MgZn, pre-
cipitate/aluminium interfaces with high hydrogen concentrations [26].
They found that as the hydrogen concentration at the MgZn, precip-
itate/aluminium interfaces increases, the interfacial cohesive energy
decreases linearly and drops to almost zero above hydrogen concen-
trations of 20 atom/nm? [26]. This is a phenomenon specific to
aluminium and is attributed to its low surface energy. Interestingly, their
simulations reproduced the spontaneous decohesion of the MgZny
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precipitate/aluminium interface in the absence of external loading [26].

Based on the understanding of such hydrogen embrittlement mech-
anisms in Al—Zn—Mg alloys, Fujihara et al. [47] and Wang et al. [32]
reported hydrogen partitioning at each hydrogen trap site and hydrogen
embrittlement behaviour of aluminium alloys when specific interme-
tallic compounds other than MgZn, were added to Al—Zn—Mg alloys. In
this case, the Al;CugFe particles with hydrogen trap sites with high
hydrogen trap energy inside the particles (54.0 kJ/mol) were added
together with Mg,Si particles with hydrogen trap energy inside the
particles close to zero (—29.9 ~ —19.3 kJ/mol [33]) but with parti-
cle/aluminium interfaces with high hydrogen trap energy (33.8 ~ 77.2
kJ/mol [48]) [32]. As a result, most of the hydrogen was trapped at the
MgZn, precipitate/aluminium interface in the absence of Al;CusFe
particles, whereas when Al;CuyFe particles were added, they stored the
most hydrogen of all the trapping sites. In exchange, the hydrogen
concentration at the MgZn, precipitate/aluminium interface was
significantly reduced. It has been experimentally confirmed [32] that
this effectively suppresses hydrogen embrittlement of aluminium alloys.

This study shows that hydrogen does not directly contribute to the
damage of Al;CuyFe particles. The fracture of Al;CuyFe at high hydrogen
concentrations has not been studied by a physical simulation, as in the
case of the above-mentioned spontaneous debonding of the MgZny
precipitate/aluminium interface. However, the results of the present
study suggest that even the crystallographic planes of Al;CuyFe with the
lowest hydrogen trapping energy have a sufficiently large cohesive en-
ergy and that even if hydrogen is trapped to some extent, the reduction
in cohesive energy is limited and the particles themselves have sufficient
residual strength. This is also because Al;CuyFe particles have three-
dimensional hydrogen trap sites inside them, which is extremely ad-
vantageous in terms of trap site density compared to the two-
dimensional nature of the interfacial trap sites of MgZn, precipitates
and Mg,Si particles. In fact, according to the analysis of Wang et al.,
although Al;CuyFe particles are the hydrogen trap sites that absorb the
most hydrogen in aluminium alloys, the amount of hydrogen in an in-
ternal hydrogen trap site does not even reach 1/100 [32]. The LH ma-
terial had a hydrogen concentration of 3.1 mass ppm, which is more
than one order of magnitude higher than that of practical alloys (typi-
cally 0.2 mass ppm or less). This means that practical alloys have even
more hydrogen storage capacity than the LH material. This indicates the
effectiveness of using particles with three-dimensional hydrogen trap-
ping sites in their interiors to prevent hydrogen embrittlement of
aluminium alloys. Unfortunately, to date, the fracture behaviour inside
Al;CuyFe particles and the hydrogen trapping and interfacial cohesive
energy of the Al,CuyFe particle/aluminium interface have not been
computationally investigated. So, at very high hydrogen concentrations
of tens or hundreds of massppm, which would be impractical for prac-
tical materials, we can only wait for further experimental investigations
to determine at which hydrogen levels the damage of Al;CuyFe particles
is conducive and if the interface debonding occurs preferentially in such
a case.

It should be noted, however, that the deformation behaviour of the
aluminium matrix is more or less affected by hydrogen, as shown in
Fig. 7. Interestingly, Wang et al. have shown that the hydrogen con-
centration at the MgZn, precipitate/aluminium interface can vary
locally by more than three orders of magnitude due to heterogeneously
dispersed Al;CupFe particles [32]. Therefore, when preventing
hydrogen embrittlement of aluminium alloys by dispersion of Al;CusFe
particles, the key issue is to ensure that Al;CusFe particles are dispersed
as uniformly and finely as possible.

On the other hand, the occupancy of a hydrogen trap site at the
Mg,Si particle/aluminium interface reaches close to 1 [32]. And it has
been experimentally confirmed [32] that the hydrogen promotes the
decohesion of the Mg,Si particle/aluminium interface. Although this has
not been proven by physical simulations, unlike the case of spontaneous
decohesion of the MgZn;, precipitate/aluminium interface [33], it sug-
gests that particle damage may also occur at high hydrogen
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concentrations in the case of the Mg,Si particle/aluminium interface. It
can be inferred that the interfacial cohesive energy at the MgsSi particle
interface is much lower than the inside of Al;CuyFe particle and that
hydrogen enrichment significantly reduces this, resulting in debonding
at a lower interfacial stress than in the absence of hydrogen. The
reduction in ductility of aluminium alloys at high hydrogen concentra-
tions, as observed in Fig. S1, may be partly due to such a mechanism. In
other words, even if the macroscopic fracture mode of aluminium is
ductile fracture, hydrogen may cause a reduction in macroscopic prop-
erties, such as ductility, and this can be regarded as a form of hydrogen
embrittlement of aluminium. Hydrogen embrittlement of the aluminium
itself and the enhancement of ductile fracture by particle fracture or
interfacial debonding are assumed to be competitively selected. This will
depend on various conditions such as material microstructure and
hydrogen concentration. It is not straightforward, because even if par-
ticle damage is locally promoted, this does not necessarily affect the
overall fracture. This phenomenon, when directly linked to hydrogen
embrittlement, has been referred to in the literature as local HEDE
micro-incidents and has already been discussed in the context of various
other materials [49].

5.2. Microstructural control considering particle damage and fracture
surface formation

As shown in Fig. 8(b), the surrogate model that represents the
damage behaviour of all the visible particles (objective function I1) and
the model that only evaluates the tendency of fracture surface formation
for damaged particles (objective function I5) are diametrically opposed
in terms of optimal particle size. Specifically, the particles optimising
objective function I; were small in diameter but were relatively large for
function I,. This may be because coarse particles tend to exist inde-
pendently, but particle clusters are composed of relatively small parti-
cles. In this study, most of the design variables representing the spatial
distribution of particles were eliminated in the design variable coars-
ening processes. However, the principal component analysis used in this
study had difficulty in detecting relatively weak interdependencies, such
as size and spatial distribution and shape and spatial distribution. In
order to understand the physical implications of the surrogate model, it
is useful to add analysis using copulas, etc. so that specific variables are
not central to the interaction, and they can also reflect complex de-
pendency structures, hem-dependencies, etc.

It should be noted that macroscopic fractures based on particle
damage involve a series of processes, where the particle properties lead
to particle damage, and then the damaged particles lead to the final
fracture. So damage and fracture surface formation are not separated as
they are in the analyses in this study (i.e., the objective functions I; and
I, were separated). In general, the main cracks that cause macroscopic
fractures in a material are often limited to a single or small number of
cracks. Their formation is often caused by strain localisation due to
hydrogen, stress concentrations on surface scratches, and local material
microstructural heterogeneities, such as PFZ and coarse grains. These
factors were not incorporated into the design variables used in this
study. Therefore, if a new objective function combining the objective
functions I; and I, is set up and an attempt is made to evaluate the
fracture surface formation tendency of the material for all the visible
particles, these factors would significantly impair the accuracy of the
statistical analysis. Therefore, in this study, statistical analysis was
carried out separately for the surrogate model that evaluated the dam-
age behaviour for all the particles from the model that evaluated the
fracture surface formation tendency for only the damaged particles.
From a practical point of view, in order to identify a microstructural
morphology that can reduce the macroscopic degradation in mechanical
properties due to particle damage, it is reasonable to evaluate the
damage behaviour for all the particles using the objective function I;. If
this evaluation is to be developed further, a more refined evaluation of
the relationship between particle properties and particle clustering is
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required.
6. Conclusion

Methods to prevent hydrogen embrittlement of aluminium alloys by
dispersing intermetallic compound particles with a strong capacity to
trap hydrogen have been proposed in previous research. However, there
has been a concern that the intermetallic compound particles them-
selves, which absorb large amounts of hydrogen, may be damaged due
to hydrogen embrittlement.

In this study, 4D observations of hydrogen embrittlement in
aluminium were carried out to obtain data on the damage behaviour of a
large number of particles dispersed in a single tensile specimen. The
Al;CuyFe and Mg,Si particles dispersed in the A7075 alloy specimen had
hydrogen trap sites with high hydrogen trap energy inside the particles
and at the particle/aluminium interface. Two objective functions were
set up to assess the ease of particle damage and fracture surface for-
mation of damaged particles to elucidate the effects of the properties of
the particles and of hydrogen. Another purpose was to identify and
demonstrate the strongest and weakest particles. To identify the
damaged particles that constituted fracture surfaces, 4D image analysis
for fracture path identification was applied to unloaded and in-progress
3D images. The statistical analysis method integrated thorough particle
characterisation using a number of design variables, two coarsening
processes, and surrogate modelling. For surrogate modelling, support
vector machines were combined with the infill sampling criteria to
perform statistical analysis suitable for relatively small data sets ranging
in size from 372 to 13,229 particles.

A total of 43 design variables were prepared and then reduced to
between four and seven by taking into account data independence and
correlation with the objective functions. In the coarsening processes,
many design variables representing particle size and shape remained,
while those relating to the spatial distribution of particles tended to be
eliminated.

As a result, surrogate models could be constructed that reflected
stochastic particle damage behaviour and were adequate to perform
evaluations. No change in particle damage behaviour or the tendency to
form fracture surfaces was observed with increasing hydrogen concen-
trations. This suggests that Al;CuyFe particles do not exhibit hydrogen
embrittlement. It is therefore concluded that the dispersion of Al;CuyFe
particles is effective in preventing hydrogen embrittlement of
aluminium. It was also found during tensile loading that only particles
that were very coarse and had very complex shapes were damaged. In
terms of particle shapes, shape discontinuities, elongation, and orien-
tation in the loading direction that led to stress concentration and
increased stress triaxiality were found to be of crucial importance. On
the other hand, for Mg,Si particles, the influence of hydrogen was shown
to advocate particle damage. In addition, actual damaged particles with
design variable values closest to the weakest and strongest particles
predicted by the surrogate model were extracted from the experimental
data for visual evaluation. Interestingly, particles with a high propensity
to form fracture surfaces were predicted to be small and relatively
simple in shape for both Al;CupFe and MgsSi particles. This was
considered to be because particle clusters are composed of relatively
small particles, but coarse particles tend to exist independently. Finally,
the guiding principles for preventing hydrogen embrittlement of
aluminium are discussed in terms of the link between the hydrogen
embrittlement of particles and that of aluminium.
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