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Surrogate-based microstructural optimization was applied to model the relationship between local crystallographic microstructure and
intergranular hydrogen embrittlement in an Al–Zn–Mg alloy, and a support vector machine with an infill sampling criterion was used to realise
high-accuracy optimisation with a limited data set. This methodology integrates thoroughgoing microstructural quantification, two coarsening
processes, and surrogate modelling. An objective function was defined together with 66 design parameters that quantitatively express size, shape,
orientation and damage during specimen machining for surface grain boundaries and grains. The number of design parameters was then reduced
from 66 to 3 during the two-step coarsening process. It has been clarified that intergranular crack initiation can be described using the simple size
of grains and grain boundaries together with grain boundary orientation with respect to the loading direction. It can be inferred that these design
parameters are of crucial importance in crack initiation through elevation in stress normal to grain boundaries. Correlation between the selected
design parameters and crack initiation was somewhat weak compared to past applications of a similar technique to particle damage. The reason
for this is discussed. The present approach offers a cost-efficient solution for the prevention of hydrogen embrittlement through 3D design of
crystallographic microstructure that cannot be obtained using conventional strategies for developing materials.
[doi:10.2320/matertrans.MT-M2023116]
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1. Introduction

It is usually observed when hydrogen embrittlement occurs
that three fracture modes exist: intergranular fracture,
accelerated transgranular fracture with the hydrogen-
enhanced localized plasticity (HELP) mechanism, and
transgranular quasi-cleavage fracture.1) It is also known that
hydrogen is precipitated as high density micropores that
accelerate transgranular ductile fracture.2–4) The three fracture
modes, which are intergranular fracture, transgranular quasi-
cleavage fracture and the growth and coalescence of pre-
existing micropores, commonly occur at the same time and
interact both in time and space.

Tsuru et al., performed a first-principles simulation in
which multiple hydrogen atoms were located at the coherent
interface between © precipitates and the aluminium matrix in
an Al–Zn–Mg alloy. It was demonstrated that interfacial
cohesive energy gradually decreases with increased hydrogen
concentration, and finally reduced to zero.5) It is interesting
to note that a precipitate/matrix interface is gradually opened
with an increase in interfacial hydrogen concentration.5) The
present authors refer to this as semi-spontaneous interfacial
debonding. It has been explained in physical terms that the
interfacial binding energy between precipitates and the matrix
is lower in aluminium than in other metals such as steels, and
any high surface trapping energy due to the dissociative
adsorption of hydrogen is compensated for the energy of
fracture surface formation. This process reveals the nano-
scopic mechanism and quantitative initiation conditions,
which have not hitherto been elucidated, for transgranular

quasi-cleavage fracture. The present authors performed 3D
image-based simulations to investigate the growth of
hydrogen embrittlement cracks by utilising the critical
hydrogen concentration for semi-spontaneous interfacial
debonding to occur.6) Mutual interaction effects among
crystallographic grains are superimposed on a crack-tip
hydrostatic stress field to generate high hydrostatic tension.6)

Hydrogen can segregate here relatively short time and
reaches the critical interfacial hydrogen concentration needed
for semi-spontaneous interfacial debonding to occur. We have
previously concluded that the growth of quasi-cleavage
cracks is effectively explained by the occurrence of semi-
spontaneous interfacial debonding.6)

A similar approach has been applied to crack initiation
caused by hydrogen embrittlement.7) It has been concluded
that the crystallographic microstructure alone causes a limited
increase in hydrostatic stress, but this approach does not
predict the hydrogen concentration needed for crack
initiation.7) It has been reported in connection with
intergranular hydrogen embrittlement that numerous inter-
granular cracks may sometimes be formed simultaneously in
materials that are highly susceptible to hydrogen embrittle-
ment in high hydrogen atmospheres,8) while only a few
cracks may sometimes be observed.9,10) It has been directly
observed, using 3D atom probe tomography technique that
hydrogen concentrates along grain boundaries.11,12) It has
been reported that hydrogen segregation occurs at triple
junction points.12) It has also been thought that intergranular
fractures occur due to weakened atomic bonding caused by
hydrogen segregation.13) Particularly in the case of alumi-
nium, it has been predicted by Yamaguchi et al., using a first-
principles simulation, that similar to the precipitate/matrix+Corresponding author, E-mail: fujihara@mech.kyushu-u.ac.jp
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interface, intergranular cohesive energy vanishes due only to
hydrogen segregation, which thereby causes semi-sponta-
neous intergranular debonding.14) Needless to say, grain
boundaries never exhibit complete spontaneous debonding,
so it is reasonable to conclude that semi-spontaneous
intergranular debonding occurs in a form in which brittle
intergranular fractures, which are usually assumed to act as
stress control, are accelerated by the effects of hydrogen.15)

As a result, the effects of material strength are clearly
evident.15) Embrittling elements at grain boundaries promote
intergranular fracture, as with the cases of Mn and Si in
steels.15) Conversely, elements exist that suppress intergra-
nular fractures caused by the presence of hydrogen, as in
the case of carbon along prior austenite grain boundaries in
steels.16) It is also known that hydrogen segregation is
dependent on grain boundary character, which strongly
affects resistance to hydrogen embrittlement.13) It appears
that low energy grain boundaries with high coherency and
small free volume are immune to hydrogen embrittle-
ment.13,17,18) The grain size dependency of hydrogen
embrittlement susceptibility also appears to be well
known.19,20) While various results have been reported from
experiments that focus on highly efficient microstructural
control, it is of crucial importance to comprehensively
evaluate and elucidate which microstructural factors control
intergranular fractures and to what extent.

The present authors have proposed a method that we term
‘Reverse 4D materials engineering’, by which statistical
correlations between microstructures and macroscopic
properties are comprehensively evaluated and analysed.21,22)

Using this method, a correlation between design parameters
that describe microstructural morphology, and objective
functions that describe macroscopic material behaviour is
obtained by percomprising numerical simulations using 3D
image-based models that reproduce captured 3D information
on a material’s microstructure with high fidelity. We
intentionally adopt redundant quantification by describing
microstructural morphology using dozens of design parame-
ters in response to the complexity of the microstructures of
real materials and limited imaging properties. In a subsequent
coarsening process, a restricted number of design parameters
that are highly correlated with objective functions are
identified, and a metamodel is constructed to express this
correlation. Since the series of analyses is based on high
fidelity 3D images, normally sophisticated microstructural
control is realised with regard to fine surface morphology and
particle clustering. This was utilised to evaluate the effects
of dispersed particles and microscopic defects on damage
and fracture behaviour in high-strength aluminium alloy: we
successfully identified several dominant factors that create
damage to visualise the dependency of damage behaviour
on microstructures, and at the same time identified the
optimum/weakest microstructures.21,22)

In this study, a multi-modal technique was established by
combining diffraction contrast tomography23,24) for 3D
observation of polycrystalline microstructure with high
resolution 4D observation of intergranular cracks to record
hydrogen embrittlement crack initiation behaviour from
hundreds of surface grains. By applying 4D reverse materials
engineering to this data, the dominant microstructural factors

controlling intergranular fracture were identified from various
features of fractured grain boundaries. We aimed to visualise
the dependency of intergranular fractures on polycrystalline
microstructure together with the identification of the weakest
and strongest microstructures to hydrogen embrittlement.

2. Experimental and Analytical Methods

2.1 4D observation of hydrogen embrittlement behav-
iour

2.1.1 Materials used
An Al–10Zn–1.06Mg (mass%) pure ternary alloy was

prepared in the laboratory. The concentrations of impurity
elements (Si, Cu, Mn, Cr and Ti) were 0.005, 0.016, 0.001,
0.001, 0.018mass%, respectively. After casting, the material
was homogenized at 773K for 2 h, hot-rolled at 723K,
solution-treated at 773K for 2 h, followed by quenching in
ice water, and finally artificially two-step aged at 393K for
40 h and 453K for 7 h. After that, micro specimens were
sampled by electric discharge machining in water, which also
serves as hydrogen charging. The specimen geometry is the
same as in the literature.25) It has been reported that electrical
discharge machining performed in water increases the
hydrogen content of similar aluminium alloys by a factor
of 50.26) To allow the charged hydrogen to sufficiently diffuse
into the samples, the samples were held at room temperature
for 96 hours after electrical discharge machining and before
tensile testing. The hydrogen concentration of the tested
material was measured by employing thermal desorption
analysis. A high hydrogen concentration of 6.85mass ppm
was obtained at 1.5°C/min up to 580°C.
2.1.2 In-situ observation of tensile tests under synchro-

tron X-ray
In-situ observation of the tensile tests was performed at

BL20XU at SPring-8, a highly brilliant synchrotron radiation
facility, using projection-type X-ray CT. The obtained 3D
image had isotropic voxels of 0.50 µm edge and a substantial
spatial resolution of 1.0 µm. The X-ray energy was 20 keV,
and sample-to-detector distance was 20mm. Tensile displace-
ment was applied to specimens in an argon flow environment.
Displacement was held for 15 minutes before X-ray CT
imaging for every 0.01mm increment in displacement. To
obtain statistically significant data, the tensile test was
repeated under the same conditions with seven specimens
and the data was pooled. Convolutional backprojection was
used for reconstruction, and the grayscale range of the
8-bit images was set to between 0 and 40 cm¹1 as the linear
absorption coefficient.

Before tensile loading, polycrystalline grain images and
crystal orientation distributions in the gauge sections of the
specimens were obtained by diffraction contrast tomography
(DCT). Diffraction spots from the (111), (200), and (220)
planes of aluminium were acquired at an X-ray energy of
30 keV using a CMOS detector that was placed 6mm behind
the sample. The samples were rotated 360° to utilise Friedle
pairs for reconstruction to eliminate the effects of double
diffraction. Note that the DCT measurement was performed
only before loading, because reconstruction is greatly
degraded due to diffraction spot blurring when a load is
applied.
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2.2 Image analysis
2.2.1 Registration between crack and grain images

In the material tested, cracks were initiated after a certain
degree of plastic deformation. It is therefore not possible to
accurately register a polycrystalline grain image captured
using DCT in the initial unloaded state with a crack image
captured after the plastic deformation of the specimen, by
which crack initiation sites (are they intergranular or
transgranular? On which grain boundary, grain boundary
triple line or grain boundary quadruple point are located?)
are not precisely identified. We estimated crack position and
shape for the initial unloaded state by applying the fracture
path prediction technology developed in previous studies2,3)

to register it with a polycrystalline grain image obtained
before loading.
2.2.2 Metamodeling for crack initiation

In this study, we employed the surrogate-based optimiza-
tion method proposed in our previous study.21,22) To
quantitatively express the morphologies of a polycrystalline
microstructure, three categories were established: the surface
grain boundary, the pair of grains that form a surface grain
boundary, and the three surface grains that form a triple
junction point. Design parameters for grains and grain
boundaries that represent the size, shape, orientation, and
crystallographic orientation (i.e., Schmid factor and local
Taylor factor) were prepared. Only those design parameters
that had a small interdependence between the design
parameters and a high correlation with an objective function
(i.e., resistance to intergranular crack initiation) were then
extracted. A meta-model was constructed using the extracted
design parameters, and the relationships between the
properties of the polycrystalline microstructure and resistance
to intergranular fracture were visualised. Principal component
analysis was employed to eliminate design parameters that
showed interdependence, followed by global sensitivity
analysis to assess the correlation. In this study, several tens
of intergranular cracks originating from hundreds of grain
boundaries were analysed. Since the number of data points
was too small to permit statistical analysis, a support vector
machine with infill sampling criteria was used to construct
the metamodel that enables a highly accurate analysis to be
performed based on a limited data set. The details of the
method are available elsewhere.21,22) Here, the details of the
design parameters and an objective function, which differ
from those reported previously, are described below.
(1) Details of design parameters

The categories of the design parameters that represent
grain boundary properties are surface grain boundary
(hereinafter SG), two surface grains that form a surface
grain boundary (hereinafter GP), and three surface grains that
form a grain boundary triple junction (hereinafter TJ). A
brainstormed list of possible design parameters was prepared
for each category. Table S1 shows a list of all the design
parameters used.

For category SG, five design parameters were prepared:
grain boundary area, orientation angle defined by the angle
between the loading direction and a grain boundary normal,
aspect ratio, average curvature, and pore density in the
vicinity of a grain boundary. Here, micropores formed by the
clustering of hydrogen atoms tend to form on or in the

vicinity of grain boundaries, and are therefore added to the
design parameters because they may affect hydrogen
embrittlement behaviour.

Strain localization in the vicinity of grain boundaries is
attributable to deformation mismatch between grains
sandwiching grain boundaries. We therefore presume that
the properties of the crystallographic grains comprising the
grain boundaries have a significant influence. In category GP,
the ratios of two grains in volume, average curvature, number
of adjacent grains, spherical deviation, cubic deviation, local
Taylor factor, Schmid factor and relative misorientation
between grains were prepared. The definitions of spherical
and cubic deviations are given in previous reports.21,22)

Calculation of the local Taylor factor requires the 3D strain
distribution inside a material. In the gauge sections of the
specimens, there are 15,738 to 20,289 micropores that exhibit
physical displacements under external loading. Therefore, by
measuring the physical displacements of all the micropores,
local strain distribution due to external loading can be
measured. Details of the method are available elsewhere.24,27)

In addition to these design parameters, the cutoff rate was
defined. The crystallographic grains that are located on the
specimens’ surfaces are somewhat smaller than their original
size due to cutting and/or polishing during the specimen
preparation process. The definition of cutoff rate is the
volume ratio of the portion remaining and the crystallo-
graphic grain volume before cutting. In this case, it is
impossible to predict the shape of the surface crystal grains
before specimen preparation. We randomly selected 12
perfect grains that were completely embedded inside the
specimens. The change in cross-sectional area was measured
by utilising the 3D images obtained when the grains were
gradually worn away from the perfect grains during cutting,
as shown in Fig. 1, and utilised as a calibration curve. The
cutoff rate of each surface crystallographic grain was
calculated from the reduction rate in its cross-sectional area
that was obtained by dividing the cross-sectional area of the
grain on the surface by that of the cross section 3 µm below
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Fig. 1 Relationships between grain cutoff ratio and the reduction rate of
grain cross-sectional area. The black dots are data acquired from grains
located inside of the specimen. The red line is a fitting curve for the black
dots.
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the surface. Since crystallographic grains positioned at the
corners of the specimens were cut-off from two directions,
the corner cutoff rate, Scorner, was defined as follows.

Scorner ¼ 1� fð1� S1Þð1� S2Þg ð1Þ
where the cutoff rates in the two directions are S1 and S2,
respectively.

Figure S1 shows the results of the cutoff rate calculations
for all the 214 surface grains observed in the gauge sections
of the seven specimens.

There are two grain boundary triple junction lines that
reach the surface for one surface grain boundary. Therefore,
for each design parameter in category TJ, one of the two
grain boundary triple junction lines that had a larger value
in a design parameter of interest was adopted as the value
of the grain boundary. The maximum, mean, and ratio of
the maximum and mean of three grains were measured in
Category TJ for volume, aspect ratio, mean curvature,
spherical deviation, cubic deviation, local Taylor factor,
Schmidt factor, relative misorientation, and cutoff rate.

A total of 66 design parameters (5 for SG, 16 for GP, and
45 for TJ) were used to comprehensively express the
properties of surface grain boundaries.
(2) Details of objective function

For all the surface grain boundaries, the applied strain at
which crack initiation was observed during the in-situ
observation of tensile tests was used as an index of the
susceptibility to hydrogen embrittlement at each surface
grain boundary. The presence or absence of an initiated
intergranular crack was defined such that the objective
function was set at unity if a grain boundary was not
fractured up to the maximum load placed on of each sample,
and 0 if a crack was observed. For the grain boundaries
where a crack was initiated, a value between 0 and 1 was
assigned as the value of the objective function using the
nominal strain of the loading step at which crack initiation
was observed for the first time, with 20% applied strain
being 1 and 0% being 0. Note that the maximum applied
strain at which crack initiation was actually observed was
8.6%.

3. Results of 4D Observation of Hydrogen Embrittle-
ment Behaviour

Figure 2(a) shows the 3D polycrystalline grains image of
specimen No. 1 of the seven specimens tested before loading.
A total of 34 grains were observed between the specimen
gauge section, and 234 grains were observed in the gauge
section of the seven specimens. Of these, 208 grains appeared
on the surface. The 535 grain boundary planes were located
on the surface together with 324 grain boundary triple
junction lines. The polycrystalline structure is judged to be
precisely visualised, as there are no gaps or overlaps between
the grains due to measurement errors, and the grain
boundaries and the cracks measured by X-ray CT coincide
without deviation.

The load-displacement curve obtained during the tensile
testing of specimen No. 1 is shown in Fig. 3; the six stress
drops observed in Fig. 3, each about 10N, are due to stress
relaxation caused by holding displacement during the X-ray

CT observations. In Fig. 4, the 41 cracks that were observed
in the vicinity of the maximum tensile strength in the seven
specimens are colour-coded according to the loading stage of
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Fig. 2 (a) 3D grain and orientation images for specimen No. 1 that were
obtained using DCT. (b) Superimposition of the 3D grain image and a 3D
crack image. Cracks are highlighted in yellow.
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Fig. 4 Intergranular cracks that were observed in the vicinity of the
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coded according to the loading stages at which crack initiation is
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crack initiation. Cracks that were initiated at the maximum
load and one loading step before the maximum load were
both present in about 40% of the cases, while those that
occurred after one step of the maximum load and before
two steps of the maximum load were both present in about
10% of the cases.

Crack images in the initial unloaded state were estimated
using the method described in section 2.2.1 and super-
imposed on the polycrystalline grains image also captured in
the initial unloaded state as shown in Fig. 2(b). Figure 5 is a
superimposition of the SEM images (black and white) of the
fracture surface of seven specimens and the 3D cracks image
(yellow) observed up to around the maximum loads by
employing the X-ray CT technique. By the maximum load
point, between 40% and 70% of the fracture surface has
already been formed. This means that the material tests in this
study are not general tensile tests where damage occurs
around the maximum load, but rather an assessment of crack
initiation and crack propagation resistance with R-curve
behaviour. Note that near the maximum loads, most of the
41 cracks have grown sufficiently and coalesced with
neighbouring cracks. Although there were features of ductile
fracture and intragranular quasi-cleavage fracture on the
fracture surfaces, all the 41 cracks originated from the surface
grain boundaries as intergranular cracks. The dimensionless
crack initiation strain defined as the objective function in
Section 2.2.2(2) is shown only for the grain boundaries
that exhibited intergranular fracture in Fig. 6(a). Figure 6(b)
includes the data for the grain boundaries that did not
fracture.

4. Results of Metamodel Analysis of Crack Initiation

Figure 7 is a biplot that illustrates the principal component
vectors and scatter plots in the principal component analysis.
The blue, green and red lines respectively represent the

design parameters SG, GP and TJ. In this study, the design
parameter with the smaller contribution was eliminated when
the angle between the principal component vectors of each
design parameter pair was less than 5°. The black dashed
lines in the figure indicate the design parameters eliminated
in this way. The initial number of design parameters was 66,
and after application of the principal component analysis, the
number was reduced to 25. The number of remaining design
parameters was 3, 5 and 17 for categories SG, GP and TJ
respectively, with SG remaining in the highest proportion
(60%), while GP remained to an intermediate degree.

A global sensitivity analysis was applied to the 25 design
parameters that passed the first stage of the coarsening
process. They are listed in order of Pearson correlation
coefficient in Fig. 8, colour-coded according to the categories
of design parameters SG, GP and TJ in Fig. 8(a) and
according to grain boundary properties such as crystallo-
graphic orientation, size, shape and cutoff rate in Fig. 8(b).
In a previously published study21) that used a similar method
to examine the correlation between the properties of
individual dispersed particles in aluminium and their damage,
the average of the top three Pearson correlation coefficients
ranged from 0.27 to 0.56, while in the study that also
analysed the properties and arrangement of dispersed
particles in a 40 µm cubic region in aluminium,22) the top
three averages ranged from 0.62 to 0.72. In Fig. 8, the
average of the top three Pearson correlation coefficients
was 0.15, which is assumed to be relatively low compared to
the previous reports. This is discussed later in the paper.

In Fig. 8(a), the Pearson correlation coefficient values are
higher for category SG, followed by TJ. The top three design
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(c) Specimen No. 3(b) Specimen No. 2(a) Specimen No. 1

100 μm

Fig. 5 Superposition of the SEM fractographs (black and white) and the
3D crack images, highlighted in yellow, that are obtained near maximum
loads.
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parameters are the grain boundary orientation angle of a
single grain boundary (SG_D), grain boundary area (SG_A),
and the maximum value of the volume of the three grains
comprising a surface grain boundary triple junction line
divided by their average (TJ_Vmax/ave). It is characteristic that
Fig. 8(b) shows very small values for the design parameters
related to crystallographic orientation. The importance of the
cutoff rate ratio was also low. Those related to the size and
shape of grain boundaries and grain survived. In other words,
what controls intergranular fracture is not a crystallographic
mismatch of the polycrystalline microstructure or the partial
loss of surface grains at the sample preparation stage, but
simply the geometrical factors of the grains and grain
boundaries.

A metamodel was created using SG_D, SG_A and
TJ_Vmax/ave. To evaluate the correlation in a visually intuitive
manner, response surfaces for the objective function were
drawn using only SG_D and SG_A in Fig. 9(a) and only
SG_D and TJ_Vmax/ave in Fig. 9(b). In the former and latter,
the response surfaces were drawn with constant average
values of SG_A and TJ_Vmax/ave, respectively. Figure 9 shows
a 3D response surface among the two design parameters
and the objective function together with a 2D contour
representation of the objective function. The weakest grain
boundary with regard to hydrogen embrittlement is that with
a small grain boundary area (5.6 © 103 µm2: 1.8 © 104 µm2

on average for all the grains), grain boundaries orientated
perpendicular to the loading axis (88.4°: 48.0° on average for
all the grains) and a grain boundary triple junction line where
the volume of the three grains surrounding it was relatively
close (1.41 for TJ_Vmax/ave before normalization: 2.09 on
average for all grains). Conversely, the strongest grain
boundary against hydrogen embrittlement was found to have
a large grain boundary area (5.1 © 104 µm2). The grain
boundary was close to parallel to the loading axis (16.2°) and
there was a significant volume difference among the three
grains surrounding the grain boundary triple junction line
(2.86 before normalisation of TJ_Vmax/ave).

In the 2D contour plots in Fig. 9(a) and (b), the black dots
indicate the grain boundaries that did not fracture, the white
dots indicate the fractured grain boundaries, and the two
yellow dots indicate the predicted positions of the weakest
and strongest grain boundaries. There are a number of grain
boundaries near the weakest grain boundary that did not

fracture, and conversely, there are fractured grain boundaries
near the centre of the figure that are relatively close to the
strongest grain boundary. Here, the weakest grain boundary
is defined as the grain boundary with the highest predicted
probability of fracture, while the strongest grain boundary
behaves in the opposite way. Regions surrounding the
weakest and optimum points were set as shown by the
yellow dotted lines in the 2D contour diagrams in Fig. 9(a)
and (b), and the fracture probability of grain boundaries
inside the regions was calculated. The results showed the
fracture probability near the weakest point to be as high, at
31.0% and 50.0% in Fig. 9(a) and (b), respectively, whereas
it was 0% near the optimum point.

For reference, the grain boundaries with SG_D and SG_A
values closest to the weakest and strongest grain boundaries
in Fig. 9(a) are extracted in Fig. 10(a) from the 234 grains
actually observed in the seven specimens. Figure 10(b) also
shows the extracted grain boundaries with SG_D and
TJ_Vmax/ave values closest to the weakest and strongest grain
boundaries in Fig. 9(b). Referring to the results of Higa
et al.,7) who performed a 3D image-based crystal plasticity
finite element analysis on similar materials, the stress normal
to a grain boundary varies greatly according to the grain
boundary orientation angle and grain boundary area, and the
strongest grain boundary possesses small values in these
design parameters. If there is a coarse grain in three grains
surrounding a grain boundary triple junction line, smaller
grains deform following the coarse grain, thereby limiting the
mismatch among them. Conversely, if three grains surround-
ing a grain boundary triple junction line are of similar size, it
is assumed that the mismatch in deformation among the
grains increases due to mutual deformation constraint effects,
resulting in a higher grain boundary stress.
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Fig. 8 The results of the global sensitivity analysis for the selected 25
design parameters. The bars are color-coded according to (a) the
categories of design parameters SG, GP and TJ, and (b) classification
such as crystallographic orientation, size, shape and cutoff rate.
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5. Discussion

5.1 Microstructure-fracture behaviour correlation
Yamaguchi et al. performed first-principles calculations

while increasing hydrogen concentration at the interface
between ­5(012), ­9(221) and ­3(112) grain boundaries.
A peculiar behaviour is seen, in which the grain boundary
expands due to the presence of multiple hydrogen atoms,
causing stabilization by trapping more hydrogen atoms at the
grain boundary.14) As mentioned above, an increase in the
hydrogen concentration at a grain boundary leads to semi-
spontaneous interfacial debonding, where grain boundary
cohesive energy decreases to nearly zero.14) On the other
hand, the results of an image-based analysis performed by Su
et al. show that in Al–Zn–Mg alloys, hydrogen is over-
whelmingly partitioned to precipitates and micropores, with
the proportion of hydrogen trapped by grain boundaries being
only 10¹4 to 10¹5 of that trapped in precipitates and
micropores.28) This is true for both the initial unloaded state
and regions are loaded heavily ahead of a crack. Therefore, if
intergranular fracture occurs according to the semi-sponta-
neous interfacial debonding mechanism, the effects of
hydrogen appear to be only supplementary, and an increase
in the stress on a grain boundary is essential for hydrogen
embrittlement to occur.

Higa et al. performed 3D image-based multimodal
simulations, coupling the crystal plasticity finite element
method and hydrogen diffusion analysis for an Al–Zn–Mg
alloy with a composition similar to that of the present
material (the average grain size is slightly smaller, at 160 µm)
to examine the relationship between intergranular crack

initiation due to hydrogen embrittlement and stress/strain
localisation and hydrogen concentration.7) An increase of
8.3 times the average in equivalent plastic strain, 3.7 times
in hydrostatic stress and 2.3 times in stress normal to a grain
boundary was observed at certain grain boundaries. This
trend was particularly pronounced at certain grain boundaries
that exhibited crack initiation. Hydrogen accumulation is
predicted in the vicinity of the surface of certain grain
boundaries in response to elevated tensile hydrostatic stress.
They concluded that the higher the stress normal to a grain
boundary, the more likely intergranular cracking is to occur,
and that the stress normal to a grain boundary outweighs the
effects of hydrogen accumulation due to elevated hydrostatic
stress.7) This is consistent with the results of the present
study, in which SG_D, SG_ A and TJ_Vmax/ave as dominant
design parameters were highly correlated with intergranular
fracture, predicting the strongest and weakest microstructures
shown in Figs. 9 and 10.

The values of the Pearson correlation coefficients for the
three selected design parameters SG_D, SG_A and TJ_Vmax/ave

were 0.23, 0.12 and 0.09 respectively. According to Evans,
the Pearson correlation coefficient values of 0.8–1.0, 0.60–
0.79, 0.40–0.59, 0.20–0.39, and 0–0.19 respectively corre-
spond to very strong, strong, moderate, weak and very weak
correlations.29) SG_D is therefore judged to be weakly
correlated with intergranular fracture, and SG_A and
TJ_Vmax/ave to be very weakly correlated. On the other hand,
previously reported Pearson correlation coefficient values
obtained using a similar method for the relationship between
the damage susceptibility of individually dispersed particles
in aluminium and the properties of the dispersed particles
ranged from 0.27 to 0.56,21) indicating a weak to moderate
correlation. Also, in a study investigating the properties and
arrangement of dispersed particles in 40 µm cubic regions,22)

the Pearson correlation coefficient was judged to be strong,
ranging from 0.62 to 0.72. The reason that the correlation
was weak in this study could be that the Pearson correlation
coefficient for a single design parameter was low due to the
macro-phenomenon being affected by a combination of more
than one design parameters, or that the contribution of design
parameters is little considered here.

With regard to the latter hypothesis, the image-based
analysis performed by Su et al. concluded that the amount of
hydrogen partitioned to the grain boundary itself is almost
negligible, and cannot reach a critical hydrogen concentration
for intergranular fracture to occur via the semi-spontaneous
interfacial debonding mechanism.28) A different intergranular
fracture mechanism may therefore be dominant. Grain
boundaries usually exhibit complex aspects, such as
segregation of alloying elements, formation of PFZs and
the presence of grain boundary precipitates, which are
different from the pure grain boundaries analysed in
physics-based simulations.30) It can therefore be hypothesised
that intergranular fracture is triggered by grain boundary
precipitates, in the same way that transgranular quasi-
cleavage fracture has been reported to be originated from
the semi-spontaneous interfacial debonding of intra-grain
precipitates.5) The maximum hydrogen trap energy for grain
boundaries is as low as approximately 0.25 eV,14) whereas it
is reported to be about 0.35 eV31) and 0.55 eV32) at coherent
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Fig. 10 3D images of grains constituting grain boundaries that are close to
the weakest and strongest grain boundaries in Fig. 9.
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and semi-coherent interfaces between ©-MgZn2 precipitates
and the aluminium matrix, respectively. This suggests that
grain boundary precipitates attract hydrogen much more
strongly than does the grain boundary itself. In the case of
grain boundary precipitate-dominated intergranular fractures,
the size, shape, density (i.e., coverage), spatial distributions
on the grain boundary and coherency of intergranular
precipitates are likely to be important design parameters.
Since these can be visualised in 3D by employing high-
resolution-imaging X-ray CT depending on ageing state and
alloy type, it can be treated in similar a way to that of the
present study.

It should be noted that, in the present study, it was intended
that the specimens be fully charged with hydrogen and then
tested under argon flow to eliminate the influence of external
hydrogen. However, since the atmosphere could not be
completely replaced in advance, it is reasonable to assume
that some water vapour partial pressure remains. As the
specimens are deformed, the surface oxide film, which is an
oxide ceramic, is destroyed and the metallic aluminium is
exposed to water vapour, resulting in an oxidation reaction
that produces excess hydrogen atoms. The hydrogen atoms
produced are absorbed into the aluminium due to their high
fugacity33) and appear to contribute to hydrogen embrittle-
ment. Fracture of the oxide film is thought to depend on the
presence of grain boundaries and deformation mismatches
between grains. It is, however, difficult to account for this
behaviour based exclusively on design parameters. It is also
difficult to measure the amount of hydrogen absorbed from
outside. It can be inferred that if the atmosphere is completely
controlled by gas replacement after evacuation, intergranular
fractures will be dominated only by internal hydrogen and
that the correlation with the design parameters will tend to
increase.

5.2 Potential applications for grain boundary fracture
control

The approach adopted in this paper explicitly characterises
the weakest and strongest grain boundaries and describes the
resistance to grain boundary fracture in the form of fracture
probability for any grain boundaries in between. This is
because the dominant microstructural factors can be extracted
from a large amount of data, even if they are poorly
correlated. This enables the characterization of complex
phenomena and their rational interpretation. In other words,
it makes it possible to shift from the traditional intuitive
and subjective understanding of phenomena to a logical
interpretation supported by rich data. In general, the
interpretation of 3D/4D images and the use of 3D image-
based numerical simulations requires specialists with a deep
understanding of materials science, advanced skills and the
ability to interpret information-rich data. However, if the
microstructure is optimised by measuring and evaluating the
dominant factors of macro phenomena using the approach
taken in this research, the macro properties of materials can
be efficiently improved without the need for specialists.
Duplications and discrepancies can lead to erroneous
conclusions. Therefore, to obtain reliable results, these
problems must be corrected beforehand by data cleansing.
However, the statistical methodology used in this paper can

reach identical conclusions without data cleansing, no matter
who runs it, as long as an appropriate objective function is set
and a sufficient number of design parameters are provided.
This is because the preparation of an excessive number of
design parameters and the subsequent coarse-graining
process inherently have a data cleansing function. The
evaluation by visualisation of correlations by metamodels
also allows validation of the adequacy and effectiveness of
the optimisation achieved by the selected metamodel.

More specifically, based on the findings of this study, by
measuring the three selected design parameters SG_D, SG_A
and TJ_Vmax/ave or equivalent design parameters with high
Pearson correlation coefficients, and considering the loading
direction when used as a component, susceptibility to
hydrogen embrittlement due to intergranular failure can be
controlled. In this case, grain boundaries close to the SG_D,
SG_A and TJ_Vmax/ave values of the weakest microstructure
can be eliminated as far as possible, or grain boundaries close
to the SG_D, SG_A and TJ_Vmax/ave values of the optimum
microstructure can be increased as much as possible.
Considering that hydrogen embrittlement is caused by crack
initiation and propagation from a limited number of grain
boundaries, the former would seem to be the more effective
approach. In such cases, the difference between the assumed
component size and the size of grain boundary forces the use
of small samples of the order of millimetres sampled from the
component. Of course, the use of synchrotron radiation is
often impractical for industrial materials development and
evaluation. It has recently become possible for the
experimental technique under synchrotron light used in this
study to be performed using laboratory equipment, albeit
with the disadvantages of slightly reduced accuracy and
longer measurement times.24,34) Materials with an optimum
microstructure that cannot be achieved by trial and error can
be created, so the application of the 3D measurement
methods and the use of image-based analysis, as in the
present study, would be a realistic approach.

Previous reports describe the preparation of number of
simulation models by utilising, replicating or modifying
specific microstructural features observed in a single
specimen, and statistical analyses of the results of 3D
image-based numerical simulations to statistical analysis
similar to that used in the present study.21,22) If one is
sufficiently aware of the design space covered by various
design parameters using realistic materials, this approach
would be equivalent to battologised experimental evaluation.
In such cases, if the correspondence between hydrogen
concentration and crack initiation is confirmed, the predicted
local hydrogen concentration, such as that obtained by Higa
et al.’s7) crystal plasticity finite element analysis and
hydrogen diffusion analysis, can also be used as an objective
function. Although 3D image-based multimodal simulations
of these types are sometimes computationally expensive, they
may lead to more effective polycrystalline microstructure
optimisation, incorporating realistic polycrystalline micro-
structure changes during thermo-mechanical treatment.

6. Conclusion

A microstructural optimisation method, with metamodel-
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ing as its principal component, was applied to investigate the
correlation between the polycrystalline microstructure of a
hydrogen embrittlement-sensitive Al–Zn–Mg alloy and crack
initiation behaviour during hydrogen embrittlement. Support
vector machines were combined with an infill sampling
criterion to perform statistical analyses suitable for data sets
with relatively small data sizes - a few hundred in terms of
number of grain boundaries. Methodologically, the study
integrated thorough polycrystalline microstructure quantifi-
cation using a large number of design parameters, two coarse-
graining processes and metamodeling. The aim of the study
was to optimise the 3D polycrystalline microstructure by
considering the size, shape and orientation of a surface grain
boundary, a pair of surface grains comprising a surface grain
boundary, and three grains comprising a surface grain
boundary triple junction line. The cutoff rate of surface
grains during the specimen preparation process was also
considered. A total of 66 prepared design parameters were
coarsened to 25 according to data independence, and finally
to three according to their correlation with crack initiation
during hydrogen embrittlement. Combining these three
design parameters and an objective function, a four-
dimensional metamodel was constructed that was visualised
as a 3D or 2D response surface.

The design parameters used were those describing the size,
shape and orientation of surface grain boundaries and surface
grains, and the cutoff rate during the sample preparation
process. Many of the design parameters describing the
properties of a single grain boundary remained, while those
relating to the properties of the two grains comprising the
grain boundary tended to be eliminated, with the properties
of the grains comprising the surface grain boundary triple
junction line being in between. A similar trend was observed
in the correlation analysis. The three design parameters
selected were the grain boundary orientation angle of a single
grain boundary (SG_D), the grain boundary area of a single
grain boundary (SG_A) and the maximum volume of three
grains comprising a surface grain boundary triple junction
line divided by their average (TJ_Vmax/ave). The Pearson
correlation coefficient values for these design parameters
were significantly lower in this study than reported in
previous similar studies. This suggests that the size, shape,
density, spatial distribution on grain boundary and coherency
of grain boundary precipitates should be taken into
consideration, since grain boundary fractures appear to be
triggered by grain boundary precipitates, just as transgranular
quasi-cleavage fracture is caused by semi-spontaneous
interfacial debonding of intra-grain precipitates. It was also
inferred that the low correlation coefficient was partly due to
the fact that, in this study, the influence of external hydrogen
could not be completely eliminated.

As a result, the weakest grain boundaries against hydrogen
embrittlement were those with a small grain boundary area,
with grain boundaries orientated perpendicular to the loading
axis and with three grain volumes relatively closely
surrounding a grain boundary triple junction line. This is in
good agreement with the results of a separate 3D image-
based multimodal simulation. Using the simulation results
as support, it can be understood these conditions were
assumed to cause deformation constraint effects among

grains, resulting in high grain boundary stress. Furthermore,
the crystallographic structures that were the most resistant
and the weakest crystallographic structures to hydrogen
embrittlement were identified from 3D images of the actual
material and used as examples. The elimination, as far as
possible, of grain boundaries close to the weakest micro-
structure SG_D, SG_A and TJ_Vmax/ave values is an effective
approach to designing materials that are resistant to hydrogen
embrittlement.

The statistical approach adopted in this paper identifies the
factors that govern hydrogen embrittlement from complex
3D images and presents the characteristics of the weakest
polycrystalline microstructure. This leads to a logic-based
interpretation of the hydrogen embrittlement behaviour
exhibited by complex polycrystalline microstructures and
suggests the potential to prevent of hydrogen embrittlement
through the optimisation of polycrystalline microstructures.
In the future, more effective polycrystalline microstructure
optimisation may also be achieved with the aid of 3D image-
based deformation and hydrogen diffusion multimodal
simulations.
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Appendix

(b) Grain cutoff ratio after correction.(a) Grain cutoff ratio before correction.
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Fig. S1 Histograms of grain cutoff ratio (a) before and (b) after correction.

Table S1 A list of the parameters for surface grain boundary (SG), two
surface grains that form a surface grain boundary (GP), and three surface
grains that form as surface grain boundary triple junction (TJ) that were
used for the statistical analyses.
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