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Recent studies have revealed that hydrogen embrittlement in Al-Zn-Mg alloys appears to be dominated by hydrogen partitioning to
MgZn, precipitates. A method has recently been proposed for reducing the hydrogen concentration at MgZn, precipitates by adding specific
intermetallic compound particles that have high hydrogen trap energy. In the present study, the effectiveness of Al;Cu,Fe particles on
suppression of hydrogen embrittlement in Al-Zn-Mg—Cu alloys was evaluated using X-ray microtomography. Quasi-cleavage cracks were
found to be initiated in regions where local volume fractions of the Al;Cu,Fe particles were relatively low. Hydrogen partitioning to the MgZn,
precipitate interface was suppressed, even in high hydrogen concentration material, by adding Al;Cu,Fe particles. However, the fractional area
of the quasi-cleavage fracture in the material with high hydrogen concentration was higher due to insufficient hydrogen diffusion inside the
Al;Cu,Fe particles and at the interface between the aluminum matrix and the particles. It appears that finely distributed small Al;Cu,Fe particles

might effectively suppress hydrogen embrittlement.

[doi:10.2320/matertrans.MT-L2022007]

(Received March 28, 2022; Accepted July 9, 2022; Published September 25, 2022)

Keywords: Al-Zn-Mg alloy, hydrogen embrittlement, hydrogen partition, intermetallic compound particle, X-ray microtomography

1. Introduction

Hydrogen in metallic materials degrades their mechanical
properties. This phenomenon is called hydrogen embrittle-
ment (HE).'"? 1In high-strength Al-Zn-Mg alloys,
intergranular and quasi-cleavage fractures appear as HE
fractures.>™> To suppress HE, several methods have been
proposed and applied.®® Among them, over-aging treatment
is widely employed in Al-Zn-Mg alloy but causes reduction
in strength.>”) An alternative method for HE suppression
without causing loss of strength is retrogression-reaging
(RRA) treatment.”® At grain boundaries, precipitates are
coarsened by RRA treatment, which results in HE
suppression.>? Even by employing RRA treatment, HE
suppression cannot be ensured due to the scattering of the
size distribution of grain boundary precipitates.'” Reducing
the hydrogen concentration in a material also leads to HE
suppression.''? However, to prepare a material with low
hydrogen concentration, fabrication and thermal treatments
must be performed under high vacuum conditions that are
commercially not viable.'?

Recently, Tsuru et al. revealed that the MgZn, precipitate
interface spontaneously debonds as a result of hydrogen
accumulation, and proposed this as a new mechanism for
quasi-cleavage fracture in Al-Zn-Mg alloys.'® It can be
inferred that quasi-cleavage fracture is suppressed by
reducing the hydrogen concentration at the MgZn, precipitate
interface. To control hydrogen concentration at the MgZn,
precipitate interface, hydrogen partitioning behavior should
be quantitatively understood. Hydrogen partitioning behavior
can be calculated by assuming that hydrogen atoms trapped
at interstitial lattice sites and at other trap sites are in a state of
local equilibrium as follows:'*
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where 6 is the hydrogen occupancy of the interstitial lattice
site, 6 is the occupancy of the i trap site, and Ej; is the
hydrogen trap energy of the i trap site. The total hydrogen
concentration is expressed as the sum of the hydrogen
concentration, Cy, at all trap sites as follows:'>!0)

Cu=0.NL + ZeiNi + Cpore 2)

where N; and N; are the trap site densities in the interstitial
lattice site and the i™ trap site. Cpoe is the hydrogen
concentration in the micropores. According to the above
equations, hydrogen is partitioned in accordance with the trap
site density and the trap energy of each trap site. Hydrogen
concentration at the MgZn, precipitate interface can be
suppressed by increasing the number of trap sites that have
a higher hydrogen trap energy than the MgZn, precipitate
interface, without reducing the hydrogen concentration in
the material.

A recent study using first-principles calculation by
Yamaguchi et al. revealed that Al;Cu,Fe particles in Al-
Zn-Mg alloys!”'® have hydrogen trap energy of 54.0 kJ/mol
which is slightly higher than that of MgZn, precipitate
(53.8kJ/mol).'” It has been experimentally confirmed that
hydrogen is trapped in the Al;Cu,Fe interior.?” According to
Su et al.?" the fractional area of quasi-cleavage fractures
in Al-Zn-Mg—Cu alloy is reduced by increasing the amount
of Al;Cu,Fe particles. Figure 1 shows a summary of the
relationships among quasi-cleavage fracture, volume fraction
of Al;Cu,Fe particles, and hydrogen concentration at the
Al;Cu,Fe particles and the MgZn, precipitate.'>?! It can be
seen that reduction of the fractional area of the quasi-cleavage
fracture is correlated with reducing hydrogen concentration at
the MgZn, precipitate interface with increasing the volume
fraction of the Al;Cu,Fe particles. Using this method, HE can
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Fig. 1 Effects of Al;Cu,Fe particle addition on hydrogen partitioning to
MgZn, precipitates, and the quasi-cleavage fracture (QCF).'>-?")

be suppressed with no need for any of the special HE
suppression methods discussed above.

To utilize this method practically, it is necessary to
quantitatively analyze the conditions for HE suppression
assuming actual use. Regions of extremely high hydrogen
concentration are locally formed, for example by corro-
sion.?>?¥ In high hydrogen concentration regions such as
these, hydrogen partitioning to the MgZn, precipitate
interface and associated HE may not be suppressed, for
example, due to the trapping of limited hydrogen in the
Al;Cu,Fe particles. The distribution of the Al;Cu,Fe particles
also affects HE behavior. Wang et al. reported that hydrogen
partition to the MgZn, precipitate is not suppressed in regions
where Al,Cu,Fe particles are not present.?? It is therefore
necessary to investigate the effects of HE suppression by
intermetallic compound (IMC) particles using different
volume fractions and various hydrogen concentrations. In
the present study, four-dimensional (i.e., time axis and
Euclidean space) observation of HE behavior was performed
in two Al-Zn-Mg alloys in which the hydrogen concen-
tration and the particle density had been varied. To
investigate specific conditions of HE suppression methods,
we evaluated the influence of hydrogen concentration and
the distribution of the Al;Cu,Fe particles on the initiation and
propagation behavior of local HE cracks.

2. Experimental Procedure
2.1 Materials

Two Al-10Zn-2.4Mg—1.5Cu (mass%) alloys with differ-
ent Fe and Si content were prepared. The chemical
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compositions are summarized in Table 1. The alloys with
high and low amounts of Fe and Si are called HFeSi
and LFeSi, respectively. Figure 2 shows two preparation
processes of the materials with low and high hydrogen
concentrations (herein LH and HH materials, respectively).
The ingots were heated at a rate of 50 K/min up to 773K,
homogenized at this temperature for 1440 min and then hot-
rolled with a rolling reduction of 74% at 673 K. To produce
the LH and HH materials, two types of treatments were
applied to both materials after hot rolling. For LH materials,
to vary the hydrogen concentration, the thermal cycle process
was performed under a vacuum of 5 x 107#Pa. The
temperature range of the thermal cycle was 300-633 K, the
heating rate was 1.7 K/min, and the number of cycles was set
to 2. According to Oikawa ef al., who observed micro-
structures after the same thermal cycling process for the same
materials, grain size and structure were not changed by the
present thermal cycling process.”” Solution treatment at
748 K for 120 min was then conducted, also in a vacuum. In
contrast, for HH materials, after hot-rolling, solution treat-
ment in air was conducted. Immediately after the solution
treatment, both materials were aged at 300 K for 5760 min, at
393K for 360 min, and finally at 423 K for 300 min.

The gauge length and cross-sectional area of the specimen
for the in-situ tensile tests were 0.7mm and 0.6 mm x
0.6 mm, respectively; the same dimensions as in the previous
report.”) All specimens were machined so that the tensile
load was applied in the rolling direction. Hydrogen was
charged into HH materials using electrical discharge
machining (EDM) in water, as in previous report.'" To
prepare the specimen with extremely high hydrogen
concentration, first, HH materials were cut into plate-like
form with a thickness of 0.8 mm. Next, 0.05 mm was cut out
from both sides of the plate surface. Cutting twice in this way
results in a final thickness of 0.6 mm. An interval of 1440 min
was maintained between the two cuttings so as to distribute
the charged hydrogen to the specimen interior.?® Finally, the
specimen for the in-situ tensile test was cut out from the plate
by EDM in water. In contrast, LH materials were prepared by
EDM in oil to suppress hydrogen charging during EDM. The
four types of materials, which were prepared using the above
processes, are respectively called HFeSi-HH, HFeSi-LH,
LFeSi-HH, and LFeSi-LH materials.

The total hydrogen concentration in each material were
measured using a gas chromatography-type thermal desorp-
tion analyzer (PDHA-1000, Nissha FIS, Inc.). The thermal
desorption experiment was performed by heating from room
temperature to 773 K at a heating rate of 1.5 K/min. High
purity (6N) argon carrier gas was passed through a quartz
tube at a flow rate of 20 mL /min. Figure 3 shows the thermal
desorption curves obtained from all the materials. The

Table 1 Chemical compositions of the two alloys used (mass%).
Si Fe Cu Mg Zn Ti Zr Al
HFeSi  0.30 0.30 1.5 2.4 10.0 0.04 0.15 Bal.
LFeSi 0.01 0.01 1.5 2.4 10.0 0.04 0.15 Bal.
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Fig. 2 Schematic diagrams of the processes used to prepare (a) low hydrogen concentration and (b) high hydrogen concentration
materials. The processes performed under vacuum are indicated in blue.
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Fig. 3 Thermal desorption curves of hydrogen for each material. Heating
rate was 1.5 K/min. The solid lines and dotted lines were obtained from
HH and LH materials, respectively.

cumulative hydrogen concentrations from room temperature
to 773K in each material were respectively 5.4, 2.4, 5.7,
and 2.1 mass ppm in HFeSi-HH, HFeSi-LH, LFeSi-HH, and
LFeSi-LH materials.

2.2 In-situ tensile test and measurement of 3D image-
based analysis

An in-situ tensile test for each specimen using X-ray
microtomography (herein called XMT) was performed at
BL20XU beamline in SPring-8, Japan. A monochromatic
X-ray beam with an energy of 20 keV was used. The image
detector was a 2048 x 2048 pixel element digital CMOS
camera. The distance from the specimen to the image detector

was 20mm. A total of 1800 images were captured in 0.1°
increments over a range of 180°. The pixel size of the image
detectors was 0.5 um. Scans were performed while holding
an applied strain for 55.6 min at each tensile step.

3D images were reconstructed using a convolution back-
projection algorithm. A linear absorption coefficient of —30
to 40cm™' was collected to fit the 8-bit grayscale from 0
to 255 as in the previous report.?) The Marching Cubes
algorithm was used to calculate the gravity center, volume,
surface area, and equivalent diameter of the Al;Cu,Fe
particles in each specimen.?” To eliminate the inaccuracies
generated from image noise, only Al;Cu,Fe particles over 9
voxels in volume were counted. Figure 4 shows virtual cross-
sections of 3D reconstructed images prior to the deformation.
The tensile load was applied in the rolling direction. Volume
fractions of the Al;Cu,Fe particles were 1.19%, 1.40%,
0.09%, and 0.36% in HFeSi-HH, HFeSi-LH, LFeSi-HH,
and LFeSi-LH materials, respectively. In the present study,
the same materials (same lot and same ingot) were used to
prepare LFeSi and HFeSi materials. The error in volume
fraction of the Al;Cu,Fe particle in LFeSi materials could
be from scattering of the distribution of the Al;CuyFe
particles. To measure the distribution of 3D plastic strain,
the microstructural tracking technique was applied by
tracking all the Al;Cu,Fe particles throughout the deforma-
tion.”® High-density 3D plastic strain mapping was also
achieved by calculating the physical displacement of
identical particles.”®

2.3 Hydrogen partitioning behavior

The hydrogen occupancy of each trap site can be
calculated using eq. (1) and (2). The calculation of hydrogen
concentration in the micropores, Cpy., is detailed in the
previous reports.??3? Hydrogen trap behavior of lattice
defects, precipitates and IMC particles in the aluminum
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Fig. 4 Virtual cross-sections captured by X-ray microtomography showing typical distributions of micropores (black), Mg,Si particles
(gray) and Al;Cu,Fe particles (white) in each material; (a) HFeSi-HH, (b) HFeSi-LH, (c) LFeSi-HH, and (d) LFeSi-LH.

alloys was studied using first-principles calculations.'®3%3¢)

They revealed the major hydrogen trap sites in the Al-Zn—
Mg alloys to be solute Mg atoms, vacancies, dislocations,
grain boundaries, precipitate interfaces, Al;Cu,Fe particles,
and micropores.'*303% Mg,Si particles and AlZr precip-
itates were distributed in the alloys used in the present study.
Yamaguchi ef al. and Xu et al., who studied hydrogen trap
behavior of Mg,Si particles and Al;Zr precipitates using first-
principles calculations, revealed that they act as hydrogen
trap sites.?*373% However, the amount of hydrogen trapped
at these trap sites is quite low due to the low trap site density
or hydrogen trap energy.>*373% The present analysis did not
take into account the influence of Mg,Si particles and AlsZr
precipitates, since it is the influence of these trap sites on
hydrogen partitioning behavior appears to be negligible.
Hydrogen is partitioned according to the trap site density and
the trap energy of each trap site. The hydrogen trap energies
have been analyzed using first-principles calculations, and
are summarized in Table 2.1%3%39 To estimate the trap site
densities of each trap site, the number of solute Mg atoms,
vacancy concentration, dislocation density, volume fraction
of Al;Cu,Fe particles, and surface areas of precipitates and
micropores were calculated. The distribution of vacancy
concentration and dislocation density that is increased by
deformation was calculated using the 3D equivalent plastic

Table 2 Summary of the hydrogen trap energies derived using first-
principles calculations.'-30-3¢)

Trap site Binding energy, E, (kJ/mol)  Ref.

Edge dislocation 7.7 31

Solute Mg atom 11.6 32

Screw dislocation 16.4 31

Grain boundary 19.3 33
Vacancy 28.9 34

Precipitate (Coherent interface) 8.6-32.6 35
Precipitate (Semi-coherent) 53.8 36
Al,Cu,Fe particle (Inside) 54.0 19
Pore surface 67.5 30

strain distribution referred to in the previous reports.'®?!) The
fractional area of grain boundaries was calculated from the
average grain size which was measured in the previous
report'? using an optical microscope. The fractional area
of the precipitate interface was obtained via transmission
electron microscopy (TEM).>**? The volume of Al,Cu,Fe
particles and surface area of micropores were measured using
a reconstructed 3D image obtained in the XMT experiment.
Details of the quantification of the trap site densities are
available elsewhere.!3:1621:41)

The number of hydrogen atoms that a trap site can trap per
unit number, unit length, unit area, and unit volume (herein
called the hydrogen trap interval) has been reported using
first-principles calculations.!3!%393% The reported hydrogen
trap intervals are 1.0 atomH/atom for the solute Mg atoms,>?
1.0 atomH/nm for the edge dislocation,>" 1.2 atomH/nm for
the screw dislocation,3? 8 atomH /vacancy for the vacancy,*¥
21.9 atomH/nm? for the grain boundary,*® 17.1 atomH/nm?
for the coherent interface of the MgZn, precipitate,'>*
5.6 atomH/nm? for the semi-coherent interface the MgZn,
precipitate,® 13.2 atomH/nm? for the Al;Cu,Fe particle,'”)
and also 20 atomH/nm? for the micropore.3?)

3. Experimental Results

3.1 Macroscopic fracture behavior

Figures 5 and 6 respectively show the nominal stress-strain
responses and the fracture surfaces. The results of in-situ
tensile test are summarized in Table 3. With increasing IMC
particle content, the strain at which cracks initiated decreased
by 60-78% and fracture strain decreased by 17-58%. The
fractured strain decreases due to the presence of brittle IMC
particles. With increasing hydrogen concentration, the strain
at which crack initiate decreased by 45-69%, and fracture
strain decreased by 54-74%. Reduction in crack initiation
and fracture strain with hydrogen concentration is due to the
difference in hydrogen concentration at the MgZn, precipitate
interface. Fracture surfaces of all materials are composed
of quasi-cleavage and ductile fractures. All quasi-cleavage
cracks initiated near the specimen surface and then gradually
propagated towards the center of the specimens. Fractional
areas of quasi-cleavage fracture, which are framed in yellow
in Fig. 6, increased with increasing hydrogen concentration.
It can be inferred that hydrogen charging enhanced the
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Fig. 5 Nominal stress-strain responses obtained by the in-situ tensile tests.

Fig. 6 Fracture surfaces after the in-situ tensile tests; (a) HFeSi-HH, (b)
HFeSi-LH, (c) LFeSi-HH, and (d) LFeSi-LH. The quasi-cleavage crack
regions are indicated in yellow solid lines.

initiation and propagation of quasi-cleavage cracks, even-
tually leading to ductility loss. An inverse relationship
was found between amounts of Fe and Si and the fractional
area of quasi-cleavage fracture in HH and LH materials. The

H. Fujihara, K. Shimizu, H. Toda, A. Takeuchi and M. Uesugi

Pore or void (red)
(a,)/ ;’}17C1:1 Ee(l?}{ue) (13/) g?

NI

PN s

Loading direction

Fig. 7 3D observation of the quasi-cleavage cracks in (a) HFeSi-HH at
applied strain e,y = 3.1%, (b) HFeSi-LH at g, = 4.3%, (c) LFeSi-HH
at gapp = 1.7%, and (d) LFeSi-LH at 4,51 = 14.0%. Micropores and voids
are shown in red. Al;Cu,Fe particles and cracks are indicated in blue and
yellow, respectively.

difference in the fractional area of quasi-cleavage fracture
between HFeSi-LH and LFeSi-LH materials was small (1%),
and it can be expected that the opposite trend may be found
if the microstructure is slightly different. Although the same
material (same lot and same ingot) was used in the present
study, the microstructure differs slightly according to cutting
location. It can be inferred that the slight difference in the
microstructure in each specimen led to the opposite trend in
HH and LH materials.

3.2 HE crack initiation and propagation behavior

The strains at which cracks initiate decreased with
increasing hydrogen concentration, as summarized in
Table 3. In LH materials, cracks were initiated after the
maximum stress. The influence of the local distribution of
Al;CuyFe particles on crack initiation was evaluated.
Figure 7 shows the 3D distribution of Al;Cu,Fe particles
and micropores around the initiated quasi-cleavage crack in
each material. The volume fraction, V;, and mean equivalent
diameter, d,,, of Al;Cu,Fe particles in both the whole
specimen and the local region ahead of the crack tip
associated with Figs. 7 are summarized in Table 4. The
volume fraction in these local regions, Vi jocat, Was 3.1-12.7
times less than in the whole specimen, Vg yhoe. Cracks

Table 3 Summary of results from the in-situ tensile tests of each material.

HFeSi-HH HFeSi-LH LFeSi-HH LFeSi-LH

Strain at which crack initiate (%) 3.1
Fracture strain (%) 6.2

Fractional area of QCF (%) 25

43 1.7 14.0
13.6 7.5 28.8
2 19 3
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Table 4 Results of 3D image analysis of Al;Cu,Fe particles showing their
mean equivalent diameter in the whole specimen, dy, whole, their volume
fraction in the whole specimen, ¥ whole, and ahead of the crack tip, V; iocal-

HFeSi-HH HFeSi-LH LFeSi-HH LFeSi-LH

i whote (um) 3.2 3.7 2.8 37
Ve whote (%) 1.19 1.40 0.09 0.36
Ve tocat (%) 0.38 0.11 0.01 0.04
Viwhote/ Vetoal 3.1 12.7 9.0 9.0

initiated in local regions where the Al;Cu,Fe particles were
sparsely distributed.

To investigate the influence of the Al;Cu,Fe particles on
the propagation behavior of quasi-cleavage cracks, local
hydrogen partitioning behavior ahead of the crack tip was
evaluated. The plastic strain distribution was measured to
calculate increments of vacancy concentration and disloca-
tion density during deformation. Figure 8 shows the
equivalent plastic strain distributions in regions where
quasi-cleavage cracks propagated. The ranges of calculated
applied strain were from no loading to the step at which a
crack initiated. In LH materials, the equivalent strain was
localized at the center of the specimens, caused by necking.
The equivalent strain in HH materials was lower than that
in LH materials because the cracks were initiated before
necking in HH materials.

The local hydrogen partitioning behavior ahead of the
crack tips in each material was analyzed according to eqgs. (1)
and (2). The increment in vacancy concentration and
dislocation density by deformation was calculated using the
equivalent plastic strain distribution. Figures 9(a) and (b)
show the hydrogen concentration and occupancy of each trap
site, respectively, in each material. The sum of hydrogen
atoms trapped at the Al;Cu,Fe particles, semi-coherent
interfaces of the MgZn, precipitates, and micropores is more
than 99.8% in all the materials, as shown in Fig. 9(a).

Fracture path

Loading direction

RD
A L)TD

100 um

Shimizu et al., who assessed the hydrogen trapping and
partitioning behavior at the interface of the MgZn,
precipitate, reported the hydrogen concentration at the
precipitate interface to be more than 90% of the total
concentration in materials without IMC particles.’® In the
present study, the hydrogen concentration at the precipitate
interface was approximately 80% of the total concentration,
even for LFeSi-HH material, which has the highest hydrogen
concentration at the precipitates. Hydrogen concentrations
at each trap site correspond to the hydrogen trap energy of
each trap site.!*!>) Since the trap energies of the MgZn,
precipitate (i.e., 53.8 kJ/mol) and the Al;Cu,Fe particles (i.e.,
54.0kJ/mol) are approximately the same, and hydrogen
partitioning to the MgZn, precipitate is suppressed, even in
the presence of a single particle. In the analyzed region ahead
of the crack tip in LFeSi-HH material, there was single
Al;Cu,Fe particle, and hydrogen partitioning to the MgZn,
precipitate was suppressed.

The suppression of hydrogen partitioning to the MgZn,
precipitate was stronger in HFeSi material than in LFeSi
material because the decreasing value of hydrogen concen-
tration is a function of the local trap site density (i.e., volume
fraction) of the particles. The hydrogen concentration and
occupancy of the precipitate interface in HFeSi-HH material
decreased to mid-level between LFeSi-HH material and LH
materials, as shown in Fig. 9. The relationship between
quasi-cleavage fracture and the hydrogen occupancy of the
semi-coherent interface of the MgZn, precipitate is summa-
rized in Fig. 10. It was found that the fractional area of the
quasi-cleavage fracture decreased with decreasing hydrogen
occupancy of the MgZn, precipitate interface. However,
the fractional area of quasi-cleavage fracture of HFeSi-HH
material was deviated from this trend and showed a
maximum value despite having similar hydrogen occupancy
of the MgZn, precipitate to LH materials. The inverse
relationship was found: that a relationship between the
amount of Fe and Si and the fractional area of quasi-cleavage
fracture between HH and LH materials could be caused by a
slight difference in the microstructure in each specimen, as
described in Section 3.1.

Fig. 8 3D equivalent strain, &, distribution, calculated from &y, of 0 to (a) 3.1% in HFeSi-HH, (b) 4.3% in HFeSi-LH, (c) 1.7% in
LFeSi-HH, and (d) 14.0% in LFeSi-LH. The fracture paths are shown as black lines.
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trap site.

4. Discussion

4.1 Influence of hydrogen and particles on crack
initiation

The quasi-cleavage cracks in HH materials were initiated
earlier than those in LH materials. According to Tsuru et al.,
the interfacial cohesive energy of the MgZn, precipitate
interface decreases with increasing in hydrogen concentration
at the interface.!” Based on this report, the interfacial
cohesive energy in HH materials was less than that in LH
materials, and the interface may debond earlier in HH
materials. Eventually, nano-cracks associated with debonded
precipitate interfaces coalesce, which could finally enhance
quasi-cleavage crack initiation in HH materials.

Osaki et al. reported the initiation of hydrogen-induced
transgranular cracks to be associated with microcracks
initiated at the interface between the Al;Cu,Fe particles and
the aluminum matrix.*? Based on this report, it might be
expected that the number of cracks at the surface would
increase with an increased number of particles. However, as
shown in Fig. 6, there is no clear change in the number of
quasi-cleavage cracks and the crack-initiated region around
the surface between HFeSi and LFeSi materials. On the other
hand, according to the crack initiation mechanism proposed
by Tsuru'® and local thermal equilibrium relationship
(eq. (1)),!* hydrogen partitioning to the MgZn, precipitate
and associated HE behavior is promoted by a decrease in
the number of Al;Cu,Fe particles. Wang et al. showed that
hydrogen partitioning to the MgZn, precipitate interface
could not be suppressed in regions where the spatial

distribution of the Al,Cu,Fe particles was sparse.’® In the
present study also, it was found that quasi-cleavage crack
initiated in the region in which the Al;Cu,Fe particles were
sparsely distributed, even if the number of Al;Cu,Fe particles
was high throughout the specimen. It can be inferred that the
strain at which the cracks initiated varied due to a difference
in hydrogen partitioning to the MgZn, precipitate interface
caused by the difference in hydrogen concentration and 3D
local particle distribution, rather than by the presence of
particles at the specimen surface. It can therefore be expected
that finely distributed Al;Cu,Fe particles in 3D can
significantly suppress hydrogen partitioning to MgZn, and
associated quasi-cleavage crack initiation.

4.2 Influence of hydrogen and particles on crack
propagation

Osaki et al. indicated that surface microcracks initiated at
the interface between particles and the aluminum matrix
propagate as transgranular cracks, following the hydrogen-
enhanced localized plasticity (HELP) mechanism.*?) Accord-
ing to this report, HE cracks propagation might not be
suppressed in spite of Al;Cu,Fe particles, which have high
hydrogen trap energy, being present in the vicinity of crack
tip. In the present study also, the fractional area of quasi-
cleavage fracture in HFeSi-HH material was not suppressed
despite the suppressed hydrogen occupancy of the MgZn,
precipitate, as shown in Fig. 10. Only eq. (1) is used to
calculate hydrogen partitioning behavior in a thermal
equilibrium relationship between the interstitial site and a
trap site. It can be inferred that one of the reasons why the
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Fig. 10 Relationship between fractional area of QCF and hydrogen
occupancy at the semi-coherent interface of the MgZn, precipitate.

quasi-cleavage fracture is not suppressed in HFeSi-HH
material is that a thermal equilibrium relationship between
the interstitial sites and Al;Cu,Fe particles was not achieved.
While load is kept applied, hydrogen accumulates around the
crack tip, where hydrostatic stress is concentrated.*) The
authors found the quasi-cleavage cracks propagated in such
hydrogen-accumulated region ahead of the crack tip by
multimodal image-based simulation combined with the
crystal plasticity finite element method and hydrogen
diffusion analysis.*¥ MgZn, precipitates trap hydrogen at
its interface, according to Tsuru et al.>> The precipitates can
immediately trap accumulated hydrogen. On the other hand,
the Al;CuyFe particles can trap hydrogen in their interior,
according to Yamaguchi.!” Figures 11(a) and (b) illustrate
the schematic diagrams of hydrogen distribution in the
thermal equilibrium state and the non thermal equilibrium
state, respectively, in the regions where hydrogen accumu-
lated. Hydrogen must be sufficiently diffused to the particle
interior at thermal equilibrium, as shown in Fig. 11(a).
Accumulated hydrogen can diffuse to the particle interior via

Al,Cu,Fe

Precipitates

==

(@  Hydrogen

Fig. 11
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two processes: (i) passing through the matrix/particle
interface and (ii) diffusion within the particle interior.

First, the effect of matrix/particle interface (process (i))
was considered. Chan ef al., who investigated hydrogen
diffusion behavior in a martensitic steel, reported that the
hydrogen diffusivity was slowed by hydrogen trapping
behavior at the interface between martensite and austenite.*>)
According to Oriani,'¥ hydrogen diffusivity is reduced if a
hydrogen trap site is present on the diffusion path. It was
reported that the interface between the matrix and IMC
particles has extremely high hydrogen trapping energy
However, the amount of hydrogen trapped at these trap sites
is quite low due to the low trap site density or hydrogen trap
energy.?*374647) The interface of the Al;Cu,Fe particles may
also strongly traps hydrogen. Hydrogen diffusion into the
interior of the Al;Cu,Fe particles is likely delayed by the
presence of strong trap sites on the diffusion path from the
matrix into the interior of the Al;Cu,Fe particles.

Second, the effect of hydrogen diffusion behavior in the
particle (process (ii)) was considered. From the displacement
holding time (55.6 min) during tensile testing and the mean
equivalent diameters of the particles (2.8-3.7 um), as listed
in Table 4, the diffusivity required for sufficient diffusion to
the particle interior was higher than 1 x 10~'>m?/sec. There
are reports on hydrogen diffusivity in intermetallic com-
pounds.**4 For example, at room temperature (300 K), the
hydrogen diffusivity inside Mg,NiH,4 and Al,O5 are reported
to be 2.9 x 107""m?/sec*® and 2.1 x 10715 m?/sec,*”
respectively. If the hydrogen diffusivity inside the Al;Cu,Fe
particles at room temperature is similar to that in Mg,NiH,
(2.9 x 107" m?/sec),*® hydrogen cannot sufficiently diffuse
to the particle interior, as shown in Fig. 11(b). When the trap
site density was estimated in terms of the volume of particles
into which hydrogen could diffuse, it was approximately 27%
of the total trap site density. Approximately 73% of the
hydrogen concentration in the Al;Cu,Fe particles shown in
Fig. 9(a) may be partitioned to the sites other than the
particles. Based on the relationship of trap energies of each
trap site, most of such hydrogen is likely partitioned to
the MgZn, precipitate interfaces.'*!'> It was inferred that
hydrogen partitioning to the MgZn, precipitate could not be

Crack path

T O
 — o
3 —9 C—»
=
— b

Schematic illustration of the effect of Al;Cu,Fe particles on the suppression of hydrogen embrittlement in the regions where

hydrogen accumulated. (a) thermal equilibrium and (b) non thermal equilibrium states.
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suppressed because the particles could not sufficiently trap
the accumulated hydrogen at the crack tip. On the other
hand, if the hydrogen diffusivity inside the Al;Cu,Fe
particles at room temperature is similar to that of Al,Os
(2.1 x 1079 m?/sec), hydrogen can be sufficiently diffused
to the particle interior, resulting in HE suppression. Since HE
was not suppressed in HFeSi-HH material, it was expected
that the Al;CuyFe particles could not sufficiently trap
hydrogen due to the delay in diffusion at the interface
(process (i)). It can be therefore inferred that, in HFeSi-HH
material, hydrogen partitioning to the MgZn, precipitate and
associated HE was suppressed only partially because the
Al;CuyFe particles could not sufficiently trap hydrogen due
to its slow diffusion through the particle interface and/or in
the particle interior.

To fully employ the suppressive effect of Al;Cu,Fe
particles on quasi-cleavage crack propagation, the time
required for sufficient diffusion into the particle interior must
be shortened, which can be achieved by reducing the size of
the particles. In addition, reducing the size of the particles is
effective even when hydrogen diffusion in the particle interior
is extremely slow. In this case, as shown in Fig. 11(b), the
trapped hydrogen in the particles is just below the surface of
the particles. The total hydrogen concentration in the particles
increases with increasing the surface area of the particles.
Therefore, suppression of HE crack propagation by adding
the Al;Cu,Fe particles appears to become more effective by
reducing the particle size. In summary, it can be expected that
HE can be suppressed in a material in which there is a fine
distribution of small particles.

To discuss and confirm the quantitative HE suppressing
effect of particles such as Al;CuyFe, which has high
hydrogen trapping energy, it is necessary to study
quantitatively the hydrogen diffusion behavior both in the
interior of and at the interface of the particles, since there are
no existing reports on hydrogen diffusivity in IMC particles.

5. Conclusion

In the present study, 4D HE behavior in two Al-Zn-Mg
alloys with different hydrogen and IMC particle contents was
observed. To investigate the specific conditions of a method
for HE suppression, the influence of the Al;Cu,Fe particles
on the local HE crack initiation and propagation behavior
was evaluated. The following conclusions were obtained.

(1) The applied strain at which quasi-cleavage cracks
initiate decreased with increasing hydrogen concen-
tration, resulting in loss of ductility. The quasi-cleavage
cracks initiated in a local region in which the Al;Cu,Fe
particles are sparsely distributed. This is because the
effect of suppressing hydrogen partition to the MgZn,
precipitate interface was less effective.

(2) Even at high hydrogen concentrations, hydrogen
partition to the MgZn, precipitate interface was
suppressed due to the higher volume fraction of the
Al;CusFe particles. However, the highest fractional area
of quasi-cleavage fracture was observed in HFeSi-HH
material. Hydrogen partitioning to the MgZn, precip-
itate and associated HE are minorly suppressed because
the Al;Cu,Fe particles could not sufficiently trap

H. Fujihara, K. Shimizu, H. Toda, A. Takeuchi and M. Uesugi

hydrogen due to its slow diffusion through the particle
interface and/or in the particle interior.

(3) To summarize the effects of the distribution and size of
Al;Cu,Fe particles on the initiation and propagation of
HE cracks, it appears that HE can be suppressed by a
fine distribution of small Al;Cu,Fe particles. In future,
analysis of the hydrogen diffusion behavior within the
particles and at the interface between matrix and
particles will be needed to develop HE suppression
strategies.
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