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Evolution Behavior of Hydrogen-Induced Nano Voids
in Al-Zn-Mg—Cu Aluminum Alloys under Loading
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Synchrotron X-ray nanotomography, which offers a state-of-the-art resolution, has been applied for the 3D observations of hydrogen
induced nano voids under different strain levels in Al-Zn-Mg—Cu aluminum alloys. A great number of nano voids are initiated uniformly across
the whole specimen during a loading process. The average diameter and number density of initiated nano voids is 300nm and 5 x 10> m™=3,
respectively. No evidence has been observed that the formation of nano voids results in the propagation of hydrogen induced quasi-cleavage
cracks and premature fracture of Al-Zn—-Mg—Cu aluminum alloys. Since nano void is one of the hydrogen trap sites in Al-Zn—-Mg—Cu aluminum
alloys, the majority of hydrogen can be repartitioned to nano voids during deformation due to their high density.
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1. Introduction

Al-Zn-Mg—Cu aluminum alloys have been drawn
attention in the fields of structural materials due to its high
specific strength and low cost compared to steels and titanium
alloys.” Meanwhile, these alloys suffer from a limited
ductility and unexpected premature fracture in aggressive
environments such as moist air, sea water and hydrogen
atmosphere due to their high hydrogen embrittlement
susceptibility, which is treated as one of the key issues for
the safe design and further improvement of Al-Zn-Mg—Cu
aluminum alloys as an engineering material in the fields of
aerospace, marine and nuclear industry.>

In recent years, a series of experiments and simulations
have been applied to reveal the initiation and propagation of
hydrogen-induced fracture and related hydrogen embrittle-
ment behavior in metals.*> Martin, ef al. have revealed that
nano voids initiated at the intersections of slip plane results in
the propagation of hydrogen-induced quasi-cleavage cracks
in pipeline steels in terms of hydrogen enhanced localized
plasticity (HELP) model.) In contrast, Neeraj, et al. have
revealed that the propagation of quasi-cleavage cracks is
attributed to the coalescence of nano voids which is formed
due to the stabilization and agglomeration of vacancies in the
presence of hydrogen.”® It can be inferred that nano voids
play a significant role in the hydrogen embrittlement of
metals, although there still exists a controversy on the
formation and evaluation of nano voids in the presence of
hydrogen. With the help of transmission electron microscopy
(TEM), Su, et al. have observed the existence of hydrogen-
induced nano voids in the strain localization region and
proposed its influence on the repartitioning behavior of
hydrogen among various trap sites during deformation in Al—
Zn-Mg—Cu aluminum alloys.”

In the present research, the aim is to reveal the 3D
evolution behavior of nano voids and related hydrogen
repartitioning behavior within nano voids in Al-Zn-Mg—Cu
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aluminum alloys during deformation. Ultra-high-resolution
X-ray nanotomography, which enables the visualization of
the initiation, growth of each nano void, is applied to clarify
the above issues.

2. Materials and Experimental Methods

In order to increase the strength of Al-Zn-Mg—Cu
aluminum alloys, an aluminum alloy with chemical
compositions of 10mass% Zn, 2.4mass% Mg, 1.5mass%
Cu, 0.05mass% Fe and 0.05mass% Si was applied for the
present study. The heat treatment technology is T7651,
specimens were homogenized at 743K for 24h and hot
rolled at 473 K. Then, the rolled plates were solution treated
at 748K for 2h, followed by water quenching and then
artificially aged at 393K for 6h and then 423K for 5h.'?
In-situ tensile test specimens were sampled and hydrogen
charged (Charged hydrogen content is 6.97 mass ppm) by an
EDM (electro discharge machine) wire order. /n-sifu tensile
tests via ultra-high-resolution X-ray nanotomography were
performed with a photon energy of 20keV at beamline
BL37XU in SPring-8. The system was consisted of a beam
diffuser, high precision stages, a center beam stop, a
condenser zone plate (CZP), a Fresnel zone plate (FZP)
and an X-ray image detector. The X-ray image detector is
composed of a 2048 x 2048-element CMOS camera, a
single-crystal scintillator (GdO,S: Tb) and a lens. A series
of radiographs were obtained every 0.1°, and the maximum
rotation angle was 180°. Image slices were reconstructed
by the conventional filtered back projection algorithm. The
isotropic voxels in the reconstructed images were (62 nm)?
in size. The other details of the imaging procedure have been
published elsewhere.'?

3. Results and Discussion
3D observations of pre-existing hydrogen micro pores and

nano voids under different strain levels are shown in Fig. 1.
Both pre-existing hydrogen micro pores and nano voids are
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3D reconstructed images of nano voids and pre-existing hydrogen micro pores in Al-Zn-Mg—Cu aluminum alloys under different

applied strains: a) &, = 0%, b) &, = 11%, ¢) e, = 17%, d) &, = 24% and e) e, = 36%.
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Fig. 2 a) Evolution of the volume fraction of newly initiated nano voids and b) the size distribution of nano voids under different strain
steps (e, = 0%, 11%, 17%, and 24%) in Al-Zn—-Mg—Cu aluminum alloys.

observed at unloading state. Hydrogen micro pores are
distributed heterogeneously in the matrix while nano voids
are distributed uniformly across the whole specimen, as
shown in Fig. 1(a). Turnbull, ef al. have revealed that
numerous hydrogen atoms are adsorbed into aluminum alloys
and trapped at various trap sites such as dislocations,
vacancies, particles and grain boundaries during the casting
process due to the destruction of an oxide film.'? Hydrogen
micro pores are initiated heterogeneously on the intermetallic
particles during the homogenization process.”!*) In contrast,
vacancies due to extensive plastic deformation are stabilized
and agglomerated into nano voids in the presence of hydrogen
during the rolling process.'® During the in-situ tensile tests,
it can be seen that nano voids are initiated uniformly across
the whole specimen with an increase in applied strain levels,
as shown in Fig. 1(b) to (e). In addition, hydrogen micro
pores that heterogeneously initiated on particles induces strain
concentration and high stress trixiality, which accelerates the
growth of pre-existing hydrogen micro pores under loading,
as shown as Pore A in Fig. 1. The growth of pre-existing
hydrogen micro pore is consistent with the results that
observed in both Al-Cu and Al-Mg aluminum alloys.'*!%
Microstructural tracking (MT) technique'® has been
applied for the analysis of the initiation and growth behavior
of hydrogen-induced nano voids under different applied
strain levels; the volume fraction and number density of nano

voids during deformation is shown in Fig. 2. The volume
fraction of pre-existing hydrogen micro pore and nano voids
is approximately 0.002 at unloading state and remain stable
during the applied strain ranges from 11% to 24%; the
growth in volume fraction from 0.002 to 0.004 at an applied
strain of 36% is mainly attributed to the coalescence of pre-
existing hydrogen micro pores and voids at high strain levels,
as shown in Fig. 1(e) and Fig. 2(a). In contrast, the volume
fraction of hydrogen induced nano voids initiated at high
applied strain levels (¢, = 17% and 24%) is much higher
compared to that of pre-existing hydrogen micro pores and
nano voids and increases with an increase in applied strain
levels, as shown in Fig. 2(a). The size distribution of the
newly initiated nano voids is narrow, with a mean diameter
of approximately 0.2 um regardless of the applied strain
levels, as shown in Fig. 2(b). Although the most frequency
observed size range is not so different, numerous nano
voids of approximately 3.7 x 10" m™3 in number density are
observed to be initiated at the strain of 24%. Due to the
initiation of nano voids, the average diameter decreases
with an increase in applied strain levels. No cluster or
concentration of nano voids has been observed even in high
strain levels, as shown in Fig. 1(e) and 2(b).

The 3D strain mapping observed along the x-z (RD-TD)
virtual cross-section is shown in Fig. 3. The strain
map reveals a highly heterogeneous strain in the strain
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Fig. 3 3D strain maps of tensile tests between the 2nd (¢, = 11%) and 3rd
(e, = 17%) loading steps on an x-z virtual cross section: a) normal strain
in the direction of loading, ¢, b) shear strain in the z-x direction, y,,,
c) equivalent strain, &, and d) hydrostatic strain, &j,

components of ¢, and y,, as shown in Fig. 3(a) and (b).
Compared Fig. 3(c) with (d), it can be seen that regions of
high hydrostatic strain appear to be located in the equivalent
strain concentration region. Su, ef al. have proposed that
internal hydrogen tends to be accumulated in the equivalent
strain concentration region during deformation.'® Nagumo,
et al. have revealed that vacancies are stabilized and
agglomerated into nano voids in the presence of hydrogen.'”
Therefore, it can be inferred that the heterogeneous
concentration of hydrostatic strain in the strain localization
region might be attributed to the initiation of some invisible
nano voids (<100nm) due to localized vacancy concen-
tration in the strain localization region. In addition, Su, et al.
have revealed that the size of these nano voids in the
hydrostatic strain concentration region is approximately
10nm in size in Al-Zn—-Mg—Cu aluminum alloys with the
help of transmission electron microscopy (TEM).”

With the help of the X-ray nanotomography technique,
it has been revealed that hydrogen-induced nano voids are
initiated across the whole specimen during deformation in
Al-Zn—Mg—Cu aluminum alloys. In steels, it has been
reported that nano voids are initiated ahead of the crack tip
and act as the propagation route of hydrogen induced quasi-
cleavage cracks.”!” With the help of the transmission
electron microscopy (TEM) and the first-principles simu-
lation, Hachet, ef al. have revealed that the formation of
hydrogen-induced nano voids and hydrogen-vacancy culsters
causes a degradation in mechanical properties of single
crystal nickel alloys.'® Unlike typical hydrogen-induced
nano voids in steels and nickel alloys, numerous nano voids
are formed uniformly during deformation in Al-Zn-Mg—Cu
aluminum alloys. Neither the propagation of hydrogen-
induced cracks nor the premature fracture that is attributed
to the initiation and growth of nano voids has been observed
in the present research.

H. Gao et al.

On the other hand, nano void is one of the main hydrogen
trap sites in aluminum alloys. Toda, et al. have reported
that molecular hydrogen are trapped within nano voids;'?
Kirchheim, et al. have proposed that hydrogen atoms are
adsorbed on the inner surfaces of nano voids.??) Therefore,
the total hydrogen content trapped within nano voids (C) is
expressed as:

C = 6,N, + 2n,Ny (1

where 6y is the trapped occupancy of adsorbed hydrogen, N
is the number of hydrogen atoms adsorbed on the inner
surface of nano voids per unit volume. N, is the Avogadro’s
constant and 7, is the number of hydrogen molecules trapped
within a hydrogen induced nanovoids, and is given by:

n, = 4yV/dRT 2)

Where y is the surface energy of aluminum, / is the volume
of a nano void, d is the diameter of a nano void, R is the gas
constant and 7 is the temperature. According to Kirchheim,
et al., the surface energy of aluminum is reduced due to the
adsorption of hydrogen at the inner face of nano void:??

y= 70— B+ RTION, 57 G)
where 6, is the trapped occupancy of interstitial sites, 6, is the
trapped occupancy of nano voids and the binding energy of
adsorbed hydrogen E, = 67.2kJmol~" obtained through the
first principles simulation®" and A is the surface area of the
inner surface of nano voids.

According to eq. (2) and (3), it can be inferred that the
amount of adsorbed hydrogen atoms and molecule within
nano void is influenced by the hydrogen trapped occupancy
of interstitial lattice due to a thermal equilibrium among
various trap sites,”” as shown in Fig. 4. The content of
adsorbed hydrogen atoms increases with an increase in
trapped occupancy of interstitial lattice ranges from 1 x 10~'6
to 1 x 107'; then remains at a value of approximately
5 x 102 atomsHm ™. In contrast, the content of molecular
hydrogen decreases with an increase in trapped occupancy
of interstitial lattice due to the decrease in the surface
energy of nano voids, as shown in Fig. 3. Although the
content of adsorbed hydrogen atoms decreases with a
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Fig. 4 Variations in hydrogen molecules and adsorbed hydrogen atoms
trapped within nano voids corresponding to the occupancy of lattice sites.
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decrease in trapped occupancy of interstitial lattice during the
repartitioning process among various trap sites, it can still be
obtained based on eq. (1) that the content of hydrogen trapped
within nano voids increases from 0.02 mass ppm at unloading
state to 0.44 massppm at an applied strain of 36% due to
numerous formation of nano voids during deformation. In this
approach, as a tensile strain is applied, numerous nano voids
are homogeneously initiated in the matrix and both atomic
and molecular hydrogen is trapped within nano voids,
resulting in the repartitioning of hydrogen among various
trap sites during deformation. In addition, it can be inferred
that these newly nucleated nano voids directly affect the
hydrogen repartitioning behavior in Al-Zn-Mg—Cu alumi-
num alloys, together with newly initiated dislocations and
vacancies due to their high trap density during deformation.

4. Conclusion

In-situ tensile tests under the X-ray nanotomography show
that nano voids nucleate dramatically during deformation in
the presence of hydrogen. Since both hydrogen molecules
and adsorbed hydrogen atoms are trapped within newly
nucleated nano voids during loading, it can be inferred
that repartitioning of hydrogen within nano voids during
deformation is necessary to be considered for the occurrence
of hydrogen induced premature fracture and related hydrogen
embrittlement behavior.
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