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A B S T R A C T   

An attractive approach to mitigate hydrogen embrittlement (HE) is to use nano-sized particles to immobilize 
hydrogen. However, the atomic scale relationship between different particle-matrix characteristics in aluminum 
alloys and the susceptibility to HE is unknown. In this study, the effects of interactions between various interfaces 
and hydrogen in aluminum alloys are investigated using a comprehensive multiscale experimental and 
simulation-based approach that includes atomic-scale observations, simulation and advanced hydrogen mapping 
techniques. Depending on the nature of interfaces, e.g., coherency, size, and crystal structure, some are useful for 
mitigating HE, others provide hydrogen to sensitive sites, and some act as crack initiation sites.   

1. Introduction 

The susceptibility of high-strength aluminum alloys to environmen
tally assisted hydrogen embrittlement (HE) has been until now the 
subject of significant attention due to their extensive applications in 
commercial aircraft [1,2]. Nowadays, with the approach of energy 
transition in aerospace industries to green energies, there are extensive 
demands for designing a new series of high-strength light alloys that can 
withstand possible environmental HE. A new generation of 
zero-emission aircraft is currently being developed by top-tier aircraft 
manufacturers. The state-of-the-art design of zero-emission aircrafts 
includes hydrogen combustion through modified gas turbine engines of 
the existing commercial aircraft. This design was established based on 
using liquid hydrogen as a fuel for combustion with oxygen. The 
hydrogen burning results in the production of a high amount of water 
vapor, exposing the applied high-strength aluminum alloys to the water 
vapor for a long time. Under the combined influence of tensile stress and 
absorption of hydrogen through water vapor, hydrogen is produced by 
reactions on newly generated surfaces where a part of atomic hydrogen 
can enter into the aluminum alloy [3]. The atomic hydrogen moves into 

the bulk of the alloy and may be trapped at a variety of preferential sites. 
Despite the high demand for a new series of aluminum alloys for the 
application in zero-emission aircraft, the fundamental understanding of 
the role of micro/nanostructure variables on microstructure-based ma
terial design of high-strength aluminum alloys for application in 
zero-emission aircraft is not clarified yet. 

Some efforts have been made to enhance the HE resistance via 
chemical composition optimization [4] or alloy processing such as aging 
treatment, solution treatment [2], pre-deformation [5], a combination 
of pre-deformation and heat treatment [6], and surface treatment [7]. 
However, these results lead to sacrificing mechanical properties in 
preference to HE resistance. Homogenization is a high-temperature heat 
treatment carried out after casting and consists of three distinct steps: 
heat-up, soak, and cool-down. This procedure is performed at 
450–500 ◦C on various alloy compositions in order to decrease the 
micro-scale solute segregations that appeared through casting. 
Furthermore, some nanoparticles appear during homogenization in Zr, 
Sc, Cr, or Mn-containing alloys. The nanoparticles have a considerable 
effect on inhibiting grain growth and reducing recrystallization during 
the next high-temperature treatments [8]. Thus, homogenization 
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considerably influences the micro/nanostructure variables and corre
sponding mechanical properties of 7xxx series aluminum alloys. 

Several studies have been conducted about the HE behavior of 
aluminum alloys. Some studies have been conducted to examine the 
effect of Zr alloying on the HE behavior of high-strength aluminum al
loys. Some of these reports showed that Zr dramatically increases the HE 
sensitivity of high-strength aluminum alloys [9,10] while Zhao et al. 
[11] reported that the addition of Zr to high-strength aluminum alloys is 
beneficial to reduce HE sensitivity. However, it is still not clear when Zr 
addition exacerbates HE and when suppresses it. This is due to the lack 
of investigations on the characteristics of the Zr-containing particles in 
previous studies. Thus, the role of nanoparticle engineering in Al alloys 
for hydrogen storage was not understood yet. Understanding the effect 
of these nanoparticles in suppressing or exacerbating environmentally 
induced hydrogen embrittlement will help to pave the way for the 
development of a high-strength aluminum alloy that resists hydrogen 
embrittlement for hydrogen storage in hydrogen-powered aircraft. 

Robson [12] indicated that the shape, size, and number density of 
nanoparticles are influenced by homogenization time and temperature. 
Further, Liu et al. [13] showed the change in the fracture toughness of an 
aluminum alloy by altering the size, volume fraction, and characteristics 
of nanoparticles. Wouters et al. [14] reported a decrease in the ductility 
of 2024 aluminum alloy as a result of increasing the size of nanoparticles 
via increasing homogenization temperature. On the other hand, several 
studies have reported that altering the size, shape and coherency of the 
particles can significantly change the corrosion rate [15] or the sensi
tivity of different alloys to HE [16–18]. However, the underlying 
mechanism is not yet well understood. Therefore, a deeper under
standing of hydrogen/ particle interactions needs a detailed investiga
tion of the hydrogen trapping at the second phase particles and the 
related mechanism. 

Several reports suggested that the particle shape and/or coherency 
have determinant effects on the HE behavior. For instance, sphere-like 
MnS acts as a hydrogen trap and mitigates HE [19,20] while the 
plate-like MnS inclusions are mainly hydrogen-assisted crack initiation 
sites. The misfit strain and the elastic modulus of carbides/Fe interfaces 
have been reported to be key factors determining the hydrogen trapping 
capacity of the carbides [16,17,21–23]. Motivated by this context, in the 
present study, the possible mechanisms of the hydrogen/nanoparticles 
interactions in a 7xxx aluminum alloy are investigated. Different 
nanoparticle sizes and number densities are produced during homoge
nization at different temperatures. Thermal desorption spectroscopy 
(TDS) is employed to investigate the mechanism of hydrogen distribu
tion at the trap sites including the nanoparticles. Thus, the main pa
rameters which influence the hydrogen trapping at the nanoparticles 
can be elucidated. Furthermore, in addition to the effects of nano
particles on HE, their effect on the micro/nanostructure variables and 
hydrogen properties are also discussed in detail to achieve both opti
mum strength and HE resistance. 

2. Methods 

2.1. Materials 

Overall chemical compositions of samples were determined using the 
X-ray fluorescence (XRF) technique, and that was Al-8.46Zn- 2.30Mg- 
2.62Cu- 0.14Zr (%wt). The molten alloy was poured into a mold with 60 
mm thickness. Then some specimens were cut from the center of the 
castings. Isothermal homogenization treatments were conducted in a 
salt bath at different temperatures of 350, 410, 490, and 550 ◦C for 48 h. 
Following the homogenization treatments, all the specimens were 
quenched in cold water. The specimens were subjected to hot rolling at a 
reduction rate of 80% at 410 ◦C to a final thickness of 1.25 mm. The hot- 
rolled sheets were solution heat-treated at 480 ◦C for 1 h in an argon 
atmosphere followed by ice water quenching and aging at room tem
perature for 48 h and then at 120 ◦C for 24 h. Fig. 1 represents a sche
matic diagram of the processing schedule of the specimens for the 
current study. 

2.2. High-resolution EBSD 

A Hitachi 5000 SEM equipped with an EBSD detector was used. The 
specimens were prepared with electropolishing followed by flat ion 
milling in 6 kV, and tilting of 50 ◦ for 20 min. The tests were performed 
with a scanning step size of 0.5 µm with a beam voltage of 20 kV to 
observe the recrystallized structures of the specimens which were pol
ished along the rolling direction beforehand. 

2.3. STEM characterizations 

The microstructures of the specimens were observed using an atomic 
resolution electron microscope (JEOL-JEM-ARM200F) which is equip
ped with spherical aberration correctors to perform typical HAADF- 
STEM and bright field TEM imaging. For this, the specimens were first 
mechanically ground and then electro-polished at 15–20 V and − 25 ◦C 
using the twin jet polishing method and a solution (20% HNO3 + 80% 
Methanol) as an electrolyte. ImageJ was used to calculate the volume 
fraction of spheroidal nanoparticles in STEM images. Images were 
converted to black and white mode by adding a brightness threshold, 
and then the area fraction of secondary phases was calculated [24]. To 
make sure about the accuracy of the ImageJ analysis, we compared the 
results once with the conventional TEM method which were obtained 
from the averaged precipitate volume and the precipitate number den
sity measured by TEM [25]. 

2.4. Atom probe tomography 

APT was performed using a Cameca-LEAP-4000X-HR with a reflec
tion detector system with 37% detection efficiency. The samples were 
prepared via focused ion beam (FIB) lift-out with a 30 kV Ga+ beam. The 

Fig. 1. Schematic diagram of processing schedule of the specimens.  
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APT was conducted by high-voltage pulses with a repetition frequency 
of 200 kHz to initiate field evaporation with the specimen bias voltage 
adjusted to obtain the average detection rate of 2 kHz. 

2.5. In-situ tensile tests 

Mechanical properties tests were performed on the samples by a slow 
strain rate tensile testing machine at the initial strain rate of 1.67 × 10− 7 

s− 1. The gauge length, width, and thickness of the specimens were 
12 mm, 5 mm, and 1 mm, respectively. To investigate the HE resistance, 
SSRTs were carried out in dry nitrogen gas (DNG) and humid air (HA) 
with a relative humidity of 1% and 60%, respectively. To quantify the 
HE susceptibility, the index, IHES, is defined as the HE susceptibility [18]. 

IHES = 1 −
δHA

δDNG
(1)  

where δ is the elongation. The HE sensitivity increases when the index, 
IHES, varies from 0 to 1. 

2.6. Characterization of fractured specimen via SEM, FIB and TEM 

The fracture surfaces after tensile testing were characterized via 
SEM. To be able to correlate the fracture behavior with microstructure, 
TEM was performed on the rolling direction (RD)-short transverse (ST) 
of the specimens. The TEM sample preparation was done using FIB. The 
FIB lift-out technique has been described in detail elsewhere [26]. 

2.7. In-situ SKPFM experiment procedure 

The scanning kelvin probe force microscopy (SKPFM) measurements 
were performed under DNG at room temperature using Agilent 5500 
AFM. The hydrogen was introduced into the as-solution treated speci
mens via exposure to hot HA (80 ºC, > 90% relative humidity) for 36 h, 
and then a thin layer of Pd was physically deposited on the surface of the 
specimens The Pd layer can be used as a perfect layer for detecting the 
accumulation of hydrogen, because due to the very low chemical po
tential of hydrogen in Pd, there is a strong driving force for hydrogen to 
penetrate the Pd layer and change the potential contrast. Therefore, the 
potential measured by the SKPFM depends on the hydrogen concen
tration in the Pd layer. The SKPFM contains a probe with a conductive 
Pt-coated silicon tip. The tip is vibrated over the surface at different 
frequencies to measure the potential contrast, which provides important 
information about the different rates of hydrogen desorption from the 
traps. 

2.8. Thermal desorption spectroscopy 

To investigate the hydrogen trapping behavior of the specimens, 
some tensile tests under HA were stopped at the strain of 0.06 before the 
fracture of the specimens. Then, the parallel length part (12.0 × 5.0 ×

1.0 mm3) of each specimen was cut immediately and placed in the TDS 
furnace. The desorption energy (Ed) can be obtained via heating a 
sample at some different heating rates (Φ) and using the following 
equation [27]: 

d(ln( φ
T2

m
))

d( 1
Tm
)

= −
Ed

R
(2)  

where Tm is the temperature corresponding to the center of the peaks 
and R is the gas constant. Then Ed of each trap can be obtained by 
considering the slope between d(ln( φ

T2
m
)) as a function of d( 1

Tm
). 

2.9. Density functional theory calculations 

To evaluate the hydrogen trapping ability on the unstrained and 

strained considered systems, we performed Density Functional Theory 
(DFT) framework as part of the Vienna Ab Initio Simulation Package 
(VASP) [28]. The standard Generalized Gradient Approximation via 
Perdew Burke Ernzerhof (GGA-PBE) functional [29] was used 
self-consistently through the theory of the Projector Augmented Wave 
(PAW) by the plane wave basis set with a 500 eV kinetic-energy cutoff 
and the electronic self-consistent energy and forces convergence criteria 
during the geometry relaxations through the conjugate-gradient algo
rithm were set to 10− 6 eV and 10− 3 eV/Å, respectively. 

The Monkhorst-Pack method [30] is employed for the k-point grid 
with an 8×8x8 grid used for Al (Fm3‾m) structure and a 12×12×12 grid 
used for L12 -Al3Zr (Pm3‾m) and D023-Al3Zr (Pm3‾m) structures. These 
geometrical optimizations are performed within a supercell size of 
3×3x3. The criterion for identifying the appropriate hydrogen trapping 
site was estimated based on the solution energy (ES = E (trap+H) - E 
(trap) – 1/2E(H2)) of a hydrogen atom at the trapping sites. In addition, 
hydrogen diffusion was investigated based on the Climbing Image 
Nudged Elastic Band (CI-NEB) approach [31] which needs to input the 
initial and final positions of hydrogen diffusion and then, generates a 
number of intermediate configurations by the linear interpolation. Next, 
the energy barrier corresponding to hydrogen diffusion between the 
initial and final states (i.e., from the most stable tetrahedral site to the 
nearest tetrahedral site) is computed by minimizing the energy and 
atomic forces in all configurations. 

3. Results 

3.1. Microstructure 

Fig. 2a-d show the high-angle annular dark-field scanning trans
mission electron microscopy (HAADF-STEM) micrographs of the nano
particles present in different specimens after solution heat treatment. In 
Fig. 2e, an example of the selected area diffraction (SAD) pattern shows 
that the HAADF images use (010) superlattice reflection, and the SAD 
pattern contains a superlattice spot related to the Al3Zr ordering along 
with the main α-Al reflections. Also, the different homogenization 
treatment temperature leads tothe preparation of four types of speci
mens which are hereafter called according to their homogenization 
temperatures as H350, H410, H490, and H550, respectively. The finer 
Al3Zr nanoparticles with a higher number density can form by low- 
temperature homogenization. The size of nanoparticles and also the 
widths of the particles-free zone were significantly increased by 
increasing the homogenization temperature. The average diameter of 
the nanoparticles was statistically measured to be ~12.5 nm, 21.2 nm, 
29.3 nm, and 31.5 nm with volume fractions of 4.46%, 4.78%, 5.69%, 
and 5.94% for H350, H410, H490, and H550 conditions, respectively. 
Therefore, changing the homogenization temperature has been shown to 
be an effective approach to control the distribution of fine nanoparticles. 
HAADF-STEM was used to observe the Al3Zr nanoparticles (Fig. 2f and 
g). From the inverse fast Fourier transform (IFFT) image of the H410 
specimen (Fig. 2h) the mean D-spacing of the (111) plane in the Al3Zr 
nanoparticles was measured as 2.345 Å, while that of the Al matrix was 
2.332 Å, indicating that the Al3Zr particles are fully coherent with the 
matrix, with a 0.56% lattice mismatch. The fully semi-coherent Al3Zr 
nanoparticles were observed in the H490 specimen. The IFFT image 
(Fig. 2j) of (111) reflection indicates that the lattice mismatch of the 
semi-coherent Al3Zr particles and the Al matrix increased to 1.81% in 
this specimen. The obtained results appear to be consistent with the 
studies [32,33] that reported that the critical radius for coherency loss of 
Al3Zr nanoparticles in the matrix is ~25 nm meaning that the interfaces 
of Al3Zr nanoparticles with a size smaller than 25 nm are completely 
coherent with the matrix, whereas the coarser ones loss their coherency 
as shown in Fig. 2g and j. It is obvious that the particles which form in 
lower temperatures than 410 ◦C and higher temperatures than 490 ◦C 
are also fully coherent and semi-coherent, respectively. 

Fig. 2j and m also shows that it is more favorable to generate the 
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Fig. 2. HAADF-STEM micrograph of the (a) H350, (b) H410, (c) H490, (d) H550; (e) an example of the selected area diffraction (SAD) pattern; and HAADF image of 
Al3Zr dispersoids in (f) H410 and (g) H490 specimens; and (h,j) corresponding inverse fast Fourier transform (IFFT) of the particle/matrix interface in the <001>
zone axis of H410, and H490 specimens, respectively. (i,k) Enlarged HAADF-STEM image from the marked region in Fig. (f,g) indicating the atomic structure of the 
Al3Zr particle. (l,m) The atomistic simulations of the unstrained coherent particle/matrix interface (Fig. l) and the incoherent particle/matrix interface (Fig. m) are 
reconstructed to observe the interface status. Figs. l and m are rotated compared to the HAADF atomistic observation (Figs. i and k) to be able to see the interfaces. 

Fig. 3. Individual Zr and Zn maps from atom probe tomography of (a) H350 and (b) H550 specimens.  
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interfacial misfit dislocations in the nanoparticles/matrix semi-coherent 
interfaces when the size of nanoparticles is higher than the critical size 
[34]. The interfacial misfit dislocations shown in Fig. 2j are evidence of 
the fact that these nanoparticles have lost their coherency during 
coarsening. In addition, the enlarged image presented in Fig. 2i showed 
an ordered form of the aluminum face-centered-cubic (fcc) lattice in 
which Al atoms occupy the face centers and Zr atoms occupy the cell 
corners. This means that Al3Zr particles precipitate with an L12 crystal 
structure in the H410 specimen. By increasing the temperature, a tran
sition to the D023 equilibrium crystal structure occurred (Fig. 2j and k). 
The D023 structure with tetragonal symmetry is a crystal system with 
atoms on the sites of the fcc lattice when c = 4a, z1 =

3
8, z2 =

1
8. 

The APT measurements show that the spherical particles are found to 
be Zr-rich particles (Fig. 3). The results indicate that the L12-Al3Zr 
nanoparticles are inert with respect to the major alloying elements like 
Zn (Fig. 3a), however, a slight concentration of Zn was observed in the 
Al3Zr particles with D023 crystal structure (Fig. 3b). The presence of Zn 
in the semi-coherent particles can affect the interaction of the absorbed 
atomic H in the microstructure and particles which will be clarified in 
the next section. 

The bright field TEM images of the H410 and H490 specimens in T6 
conditions are presented in Fig. 4a, b. The representative SAD pattern 
(Fig. 4c) shows that the precipitates near the grain boundaries are 
mainly η’-phases. No significant differences in the shape, size, and dis
tribution of these precipitates were observed around the grain bound
aries of the samples with different homogenization temperatures. In 
addition, Fig. 4d shows that the matrix/Al3Zr particles in H410 
remained coherent after solution treatment and aging, indicating that 
the next heat treatment does not affect the nature of the interfaces. 

An example electron backscattered diffraction (EBSD) inverse pole 
figure (IPF) map of the rolling direction-long transverse (RD-LT) plane of 
the samples with different homogenization temperatures ranging from 
350 to 550 ◦C can be seen in Fig. 5a-d. The fraction of recrystallized 
grains of the specimens in different homogenization conditions increases 
when the homogenization temperature increases, so that recrystallized 
grains did not appear in H350 specimen which was homogenized at the 
lowest temperature. The fractions of the grain boundary types are also 
calculated from Fig. 5e-h, plotted and shown in Fig. 5i. The results 
indicate that as the homogenization temperature decreases from 550 to 
490 ◦C, the fraction of high-angle grain boundaries (HAGBs) has a slight 
decrease. The grain sizes of both specimens (H550 and H 490) are 
relatively smaller than the other specimens (H410 and H350), however, 
a little grain size increase can be seen in H490. Also, by decreasing the 
homogenization temperature from 490 to 410 ◦C, the fraction of HAGBs 

decreased significantly for the specimen in H410 condition, in which an 
increase in the grain size can be clearly observed. That means the lower 
recrystallization happens in H410 specimen compared to the H550 and 
H490 specimens with relatively higher homogenization treatment 
temperature. By further decreasing the homogenization temperature 
from 410 to 350 ◦C, no obvious increase in the fraction of the HAGBs 
was observed. This result matches the comparable grain sizes of H410 
and H350 specimens. The length of low-angle grain boundaries (LAGB) 
in H350 and H410 specimens is similar and higher than those of H490 
and H550 specimens. The LAGBs are known to not be able to trap 
hydrogen in 7xxx series aluminum alloys [35], meaning that LAGBs do 
not affect the hydrogen embrittlement of these specimens. 

3.2. Hydrogen embrittlement assessment 

Fig. 6 shows the nominal stress-strain curves of the specimens ob
tained by the slow strain rate tensile test (SSRT) technique in dry ni
trogen gas (DNG) and humid air (HA) environments. The hydrogen 
embrittlement sensitivities of the specimens were calculated, and the 
results are presented in Table 1. From the results in Fig. 6a, it can be 
found that by increasing the homogenization temperature from 350 to 
410 ◦C, the mechanical properties of the alloy slightly change meaning 
that the strengths and elongations of H350 and H410 are comparable. 
Further increasing the homogenization temperature to 490 ◦C results in 
the deterioration of both strength and elongation of the alloy. Slight 
changes in mechanical properties can be observed by further increasing 
the homogenization temperature from 490 to 550 ◦C. In H350, H490, 
and H550 specimens, the total elongations of the specimens were 
drastically reduced under HA, while the total elongation of H410 
specimen decreased slightly. Comparing the values of HE sensitivity 
indices (IHES) of the specimens shows that HE resistance can be improved 
considerably by homogenization at 410 ◦C. Fig. 7a and b show the TEM 
micrographs of H410 and H490 specimens. The presence of some 
dislocation loops in Fig. 7a (arrows) shows that Orowan looping is the 
predominant deformation mechanism in H490 specimen. The formation 
of these Orowan loops makes the subsequent movement of dislocation 
more difficult leading to the accumulation of a large number of dislo
cations in the specimen. While more uniform, finer, and denser Al3Zr 
nanoparticles in H410 specimen can be sheared by dislocations leading 
to a decrease in the dislocation density in the specimen (Fig. 7a). 
Furthermore, as the homogenization temperature increases, the number 
and size of dimples decrease. Fig. 7c-h show the fracture surface of the 
specimens after testing at HA. The fracture surface of H350 specimen 
exhibited a mixture of transgranular brittle fracture indicated by the 
quasi-cleavage facet formation in the surface, and the intergranular 
fracture mode (Fig. 7c). It has been reported [36] that the formation of 
quasi-cleavage facets is controlled by the initiation of the cracks from 
precipitates and/or nanoparticles. Shallow dimples were found adjacent 
to intergranular fracture regions in the fracture surface of the H410 
specimen. This observation was consistent with the SSRT results, where 
the elongation of the H410 specimen was slightly affected by the envi
ronment. The fracture surface turned to fully intergranular fracture 
mode accompanied by some secondary cracks in H490 and H550 spec
imens (Fig. 7g and h). The secondary cracks were attributable to the 
H-assisted crack propagation along the grain boundaries [37]. To 
identify the crack initiation sites in the H350 specimen, a TEM investi
gation was performed. Fig. 7d shows the cross-section FIB images of 
TEM lamellae. This cross-section is parallel to the RD-LT plane of the 
tensile-tested H350 specimen in HA. Fig. 7e shows a TEM image of 
lamellae containing the crack. The image indicates the formations of 
voids and secondary cracks in boundaries between the aluminum matrix 
and Al3Zr particles in H350 specimen. The corner areas of the fracture 
surfaces after the tensile testing under DNG are shown in Fig. 8. In all 
specimens both small and large dimples as an indication of the ductile 
fracture mode, were observed interspersed on the flat surfaces. In 
contrast to tensile testing in HA, all specimens show a reasonable trend 

Fig. 4. TEM images of the T6 aging state specimens under different homoge
nization temperature: (a) H410, (b) H490 specimen, (c) an example of the 
selected area diffraction (SAD) pattern, and (d) Al3Zr particle and the corre
sponding IFFT and EDS map of the particle/matrix interface in H410 specimen 
in T6 aging state. 
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in ductility by changing with dispersoid size. 

3.3. The hydrogen trapping behavior 

Fig. 9a and b show the potential maps obtained from H410 and H490 
specimens using scanning kelvin probe force microscopy (SKPFM) after 
8 and 120 h measuring times for the same area for each specimen. After 
8 h, the matrix and the interiors of nanoparticles have a lower potential 
than the interface regions in both specimens. The observation of a bright 
ring around the nanoparticles in SKPFM images implies that the inter
facial regions trap more hydrogen than the matrix and interior of 
nanoparticles. After 120 h, the potential of the matrix and interfacial 

Fig. 5. Inverse pole figure (IPF) micrographs of the specimens with different homogenization temperatures (a) H350, (b) H410, (c) H490, (d) H550; The grain 
boundaries maps of (e) H350, (f) H410, (g) H490, and (h) H550 specimens, and (i) the grain boundary type fractions. 

Fig. 6. Slow strain rate testing curves of the specimens in (a) DNG, (b) HA.  

Table 1 
Mechanical properties and HES indices obtained through slow strain rate test in 
DNG and HA atmospheres.  

Specimen DNG HA IHES 

UTS el% UTS el% 

H550  533 10.7  530 7  0.345 
H490  545 11.5  547 7.7  0.33 
H410  562 14  566 13.1  0.05 
H350  571 15  567 8.8  0.41  
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regions drastically dropped in the H490 specimen, while, despite a 
reduction in the potential of the matrix in the H410 specimen, the po
tential of interfacial regions in this specimen remained high. The pres
ence of dark contrast in the potential maps after 120 h indicates a release 
of hydrogen from the matrix and interior of nanoparticles in both 

specimens and also from the interfacial region of the H490 specimen. 
The hydrogen release from the interfacial regions in H410 was not 
observed even after 120 h suggesting that the matrix/ nanoparticle in
terfaces are a strong trap of hydrogen. Furthermore, the potential 
measured over the matrix in H410 specimen was initially lower than 
that of H490 specimen. This is most likely due to the irreversible char
acter of the matrix/ nanoparticles interface that can reduce the mobility 
of hydrogen in the matrix. These results indicate that nanoparticles with 
different hydrogen trapping abilities can be formed in specimens with 
different homogenization temperatures. 

Fig. 7. TEM micrographs showing the particles/dislocation interactions in (a) H410, and (b) H490 specimens. Corner of fracture surface of (c) H350 specimen 
ruptured in HA, and (d) FIB cross section of the lamella containing microcracks, and (e) Microcracks and voids formed in matrix/ Al3Zr interfaces in H350 specimen. 
Corners of fracture surfaces of (f) H410, (g) H490, and (h) H550 specimens ruptured in HA. 

Fig. 8. Corner of fracture surface of (a) H350, (b) H410, (c) H490, and (d) 
H550 specimens ruptured in DNG. 

Fig. 9. SKPFM Observation of (a) H410 and (b) H490 specimens over the time.  
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The rates of the hydrogen desorption of the specimens versus tem
perature under a constant heating rate of 4 ◦C/min are presented in  
Fig. 10a. The TDS results of the specimens were deconvoluted with the 
Gaussian ideal peak model, as shown in Fig. 10b. The lattice, dislocation, 
and vacancy traps which are concluded from their excellent agreement 
with Refs. [18,38] exist in all four specimens. However, H410 and H350 
specimens contain another peak (Peak 3) in addition to the mentioned 
peaks. The SKPFM images showed that the matrix/Al3Zr nanoparticle 
interfaces in the H410 specimen are irreversible hydrogen traps. This is 
in good agreement with the desorption energy of Peak 3, which is 
44.95 kJ.mol− 1 (relatively irreversible). Therefore, it can be deduced 
that Peak 3 is related to the hydrogen trapped at the Al3Zr coher
ent/matrix interfaces. The TDS results also show a higher concentration 
of hydrogen at the matrix/Al3Zr coherent interfaces in the H350 spec
imen than that in the H410 specimen. A detailed explanation of the 

reason for thisf phenomenon can be found in the next section. Moreover, 
the TDS (Table 2) results showed that the dislocations contain the 
highest and lowest amount of trapped hydrogen in H550 and H350 
specimens, respectively. The difference in the amount of hydrogen 
trapped at dislocation is due to the different dislocation densities of the 
specimens that resulted from a different dislocation/particle interaction 
in each specimen (as can be seen in Fig. 7a and b). 

4. Discussion 

4.1. Engineering of nanoparticles by controlling processing parameters 

Ghosh and Ghosh [39] reported that the dissolution of η phase par
ticles (remaining from previous thermal processing like casting) occurs 
in temperatures more than 475 ◦C. Thus, during homogenization in 

Fig. 10. (a) Effect of the nanoparticle engineering on the thermal desorption spectrum of the studied alloy, (b) deconvolution of the TDS result of H410 specimen into 
various peaks, (c) the hydrogen desorption spectra of H410 specimen at different heating rates, and (d) the corresponding energy calculation by Choo-Lee method 
(Eq. (2)). 

Table 2 
Calculated hydrogen binding energies and average concentration of hydrogen of the hydrogen traps.  

Peak Approx. peak position [◦C] Trap site Desorption energy, 
Ed [kJ mol− 1] 

Average concentration of H (mass ppm) 

H350 H410 H490 H550 

1 210 Lattice  16.1 0.053  0.057 0.048 0.061 
2 350 Dislocations  32.28 0. 206  0.232 0.356 0.484 
3 425 Al3Zr / matrix interface  44.95 0.741  0.413 - - 
4 > 550 Vacancies  60.40 0.822  0.795 0.776 0.758  
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lower temperatures namely 350 and 410 ◦C, a number of η phase par
ticles are still present in the matrix. It is well accepted that the micro
structure defects in which surrounding lattice distortion leads to the 
storage of distortion energy in the matrix, supply preferred nucleation 
sites for the precipitates [40]. This is due to the fact that the stress field 
generated by different defects provides the driving force for mass 
transfer [41]. In the same way, Al3Zr nanoparticles can precipitate at the 
interface of a η phase during the homogenization process, since the 

interface of a η phase provides a fast diffusion path for Zr clusters. The η 
phase has its highest amount in H350 specimen, meaning that higher 
heterogeneous nucleation of Al3Zr nanoparticles can occur in this 
specimen. The higher nucleation of Al3Zr nanoparticles in this specimen 
uses the majority of the Zr content of the matrix leading to a slower 
growth rate of Al3Zr nanoparticles. In contrast, the higher homogeni
zation temperature in H490 and H550 specimens can increase the 
diffusion rate of Zr to produce a coarser and more scattered distribution 

Fig. 11. Theoretical analysis based on DFT simulation: (a,b) The solution energies Es of hydrogen at the octahedral and tetrahedral sites of Al matrix and fully 
optimized coherent Al/Al3Zr interface that was calculated using DFT, showing the tetrahedral interstitial sites are preferred sites for hydrogen; the computed solution 
energy as a function of in-plane strain for Al matrix (c), Al/Al3Zr- L12 (d), and Al/Al3Zr-D023 (e); and their corresponding volume after the hydrogen trapping at the 
tetrahedral interstitial site in Al matrix (f), Al/Al3Zr-L12 (g), and Al/Al3Zr-D023 (h). 
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of Al3Zr nanoparticles at the same holding time of homogenization (see 
Fig. 2c, d). 

According to the Zener mechanism [42], the drag force for the 
migration of grain boundaries is equal to (f

r), where f and r are the 
volume fraction and the average size of the nanoparticles, respectively. 
Thus, in H350 and H410 specimens the denser distribution of nano
particles with a finer average size results in a greater (f

r), and the higher 
ability to inhibit recrystallization (as can be seen in Fig. 5a and d). The 
coarse Al3Zr nanoparticles in H490 and H550 specimens cannot affect 
properly retarding recrystallization leading to a non-uniform micro
structure (Fig. 5c and d). 

4.2. Suitability of mechanical responses 

The SSRT in DNG showed that lowering the homogenization tem
perature results in much higher elongations and tensile strengths. The 
reason for this increase in mechanical properties can be explained by the 
microstructural changes induced by different homogenization temper
atures. Particle shearing and particle bypassing by Orowan looping were 
observed in the TEM observation of the H410 and H490 specimens, 
respectively (Fig. 7a, b). When a dislocation shears a coherent Al3Zr 
nanoparticles the anti-phase boundaries are generated within the 
sheared nanoparticle [43]. The critical stress required for the generation 
of the anti-phase boundaries by dislocation gliding is greater than the 
required stress for bowing a dislocation around the particles. Moreover, 
particle shearing reduces the dislocation pile-ups (Fig. 7a, b) and thus 
increases the ductility of the specimens. Therefore, the denser distri
bution of the fine and coherent Al3Zr nanoparticles in the specimens 
with the highest homogenization temperatures can enhance the strength 
and total elongation of the material. Furthermore, uniform, fine and 
dense Al3Zr nanoparticles result in a more uniform grain size in H350 
and H410 specimens by inhibiting the recrystallization. This uniform 
grain size will significantly increase the elongation and ductility of the 
specimens [36]. 

4.3. Key factors for mitigating hydrogen embrittlement 

The SKPFM results of the specimens showed that hydrogen accu
mulation occurs in the matrix/nanoparticles interfaces. To find the most 
favorable site of a single hydrogen atom in the interface and matrix, the 
solution energies of all potential sites for hydrogen, including octahedral 
and tetrahedral sites, were calculated using DFT. The results are sum
marized in Fig. 11 and Table 3. The solution energies of hydrogen at the 
tetrahedral sites in the aluminum matrix and Al3Zr/matrix interface 
were measured to be much lower than octahedral sites suggesting that in 
agreement with the previous report [44] for pure aluminum, hydrogen 
tends to occupy the tetrahedral sites rather than octahedral sites. It was 
known that when the size of nanoparticles is lower than the critical 
radius for coherency loss, the elastic strain (ε) at the nano
particle/matrix interface is the largest value and is proportional to 
(adis − amat

amat
) where adis and amat are the interplanar distances between the 

planes of the nanoparticles and matrix, respectively [16]. Since in 
L12-Al3Zr nanoparticle adis > amat, the nature of the ε is a tensile strain 
(ε > 0) (see Fig. 2). The increasing of the size of nanoparticles to a size 
larger than the critical value results in coherency loss by introducing the 
misfit dislocations (Fig. 2j). The average strain values at the matrix close 
to the Al3Zr particles for H410 (containing coherent nanoparticles) and 
H490 (containing semi-coherent nanoparticles) specimens were 
measured by CalAtom software that were + 2.05% and + 0.26%. The 
effect of the elastic strain state on hydrogen trapping at the coherent and 
semi-coherent interfaces was studied using DFT. The hydrogen solution 
energy corresponding to the tetrahedral sites has a negative value 
(− 0.02 eV) in the coherent interface under the strained condition, while 
the solution energies corresponding to the tetrahedral sites at the 
semi-coherent interface under the strained condition and bulk 
aluminum matrix are 0.28 and 0.58 eV, respectively. This might be 
because of the increase in the volume of the tetrahedral sites at coherent 
particle/matrix interface as the result of higher tensile elastic strain 
compared with the semi-coherent interface and aluminum matrix as can 
be seen in Fig. 11. These results imply that it is energetically favorable 
for hydrogen to trap at tetrahedral sites at the coherent interface than 
those in the bulk aluminum and semi-coherent interface. The diffusion 
barriers calculated using DFT (Table 3) show a higher diffusion barrier 
for hydrogen in the fully relaxed coherent interface of Al3Zr /matrix 
than that for the fully-relaxed interface. This is in good agreement with 
the results of SKPFM (Fig. 9a, b) showing that hydrogen trapped irre
versibly at the coherent interface of Al3Zr/matrix (H410 specimen), 
while in the semi-coherent interface of Al3Zr/matrix, hydrogen trapped 
reversibly (H490 specimen). These results showed that high hydrogen 
diffusion barrier and strong hydrogen trapping at the engineered 
nanoparticles in H410 specimen provide an excellent aluminum alloy 
for hydrogen storage applications. 

In addition to the influence of the elastic strain on the volume of the 
tetrahedral sites, the segregation of Zn with a larger atomic radius than 
Al at the interface of the semi-coherent particles (as shown in Fig. 3b), 
may contribute to the decrease in volume of tetrahedral sites at this area 
thereby resulting in the much lower possibility of H trapping by the 
tetrahedral sites at semi-coherent interface of Al3Zr/matrix. Instead, 
hydrogen trapping by misfit dislocations most likely will be favored and 
this is supported by no peak indication in TD spectra of the specimens 
with the semi-coherent Al3Zr particles (Fig. 10a). 

The TDS results (Fig. 10 and Table 2) also revealed that due to the 
larger number density of Al3Zr particles in H350 specimens and the 
comparable ε values in H350 and H410 specimens, the amount of 
trapped hydrogen in Al3Zr/ matrix interface in H350 specimen is 
significantly higher than that of H410 specimen. This result shows that 
other factors in addition to ε may affect hydrogen trapping ability at 
Al3Zr/ matrix interface. The trap site occupancy (θT) for Al3Zr/ matrix 
interfaces in H350 and H410 specimens can be calculated as θT = CT

NT 

[45], where CT and NT are trapped hydrogen and trap density, respec
tively. If it is assumed that the mean distance between Al3Zr particles in 
H350 and H410 specimens are 20.92 nm and 48.33 nm, respectively, 
the trap site occupancy of Al3Zr particles in H350 will be 3.80 × 10− 17 

mass ppm/ particle and in H410 will be 9.66 × 10− 17 mass ppm/par
ticle. This shows that despite the higher total hydrogen accumulation in 
Al3Zr particles in H350 specimen, the number of hydrogen atoms trap
ped at each Al3Zr particle in H350 specimen is lower than that in H410 
specimen. It is reasonable to expect that the misfit elastic area decreases 
by decreasing the nanoparticle size (as it was indicated in Fig. 12), that 
most likely leads to less hydrogen trapping and also saturation of trap 
with a lower amount of hydrogen. Added to this, the fracture surface of 
H350 specimen is covered mainly with brittle transgranular fracture 
features which are related to the crack initiation in Al3Zr nanoparticles 
in the presence of hydrogen (Fig. 7). Given that all parameters except the 
size of Al3Zr particles are comparable in H350 and H410 specimens, the 
observation of transgranular fracture mode in H350 can be attributed to 

Table 3 
H solution energy calculation and H diffusion barrier obtained using DFT 
calculation. The energy barrier is for hydrogen diffusion from the most stable 
tetrahedral site to the nearest tetrahedral site for each of the three cases pre
sented in the table.  

Interstitial sites 
(Tetrahedral) 

Solution Energy 
(eV) 

Diffusion barrier 
(eV) 

Al 0.58 0.19 
Al3Zr/Al Coherent interface 0.28 0.16 
Al3Zr/Al Incoherent interface 0.32 0.05 
Strained Al3Zr/Al Coherent interface 

(2.05%) 
-0.02 - 

Strained Al3Zr/Al Incoherent interface 
(0.26%) 

0.28 -  
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the smaller size of Al3Zr particles. Thus, this can be inferred that in H350 
specimen, the Al3Zr/matrix interfaces reach the critical amount of 
hydrogen necessary for crack nucleation and then a crack takes place at 
the interface (as can be seen in Fig. 7). This is because of the fact that the 
size of nanoparticles can directly affect the number of tetrahedral sites 
that have relatively low hydrogen solution energy. Therefore, it is 
concluded that coherent nanoparticles can provide irreversible traps 
inside the alloys and the size of them influences the HE behavior of the 
alloy by changing the trap site occupancy and also the critical hydrogen 
concentration necessary for a crack to nucleate. This agrees with the 
results reported by Pressouyre [3] indicating that in the external 
hydrogen situation, some irreversible traps may act as potential flaws 
and crack initiation sites as the amount of trapped hydrogen reaches 
quantities higher than the critical hydrogen concentration needed for 
crack nucleation. 

Furthermore, the amount of H trapped at interstitial sites and va
cancies is comparable in all specimens while the amount of hydrogen 
trapped at dislocations increases with an increase in the dislocation 
density. Hydrogen/dislocation interactions are a very important phe
nomenon in aluminum alloys. In addition to trapping hydrogen, dislo
cations can play a dominant role in the hydrogen uptake during plastic 
deformation in HA [46,47], as well as the distribution of hydrogen [48] 
inside the specimens. This is due to the relatively low binding energy 
and reversible nature of the dislocations in aluminum alloys [3,7]. Since 
dislocations can reversibly trap hydrogen, they cannot be saturated by 
hydrogen, and thus they cannot operate as crack initiation sites [49]. 
However, they can work as hydrogen sinks that can locally provide 
hydrogen to the irreversible traps and crack initiation sites [50]. 

In specimens with high homogenization temperature, semi-coherent 
nanoparticles contribute to the higher dislocation density via the Oro
wan mechanism (Fig. 7) on one hand, and on the other hand, the misfit 
dislocations are generated in their interface with the matrix, leading to 
the production of a higher density of hydrogen sources which can 

exchange hydrogen with the mobile dislocation, irreversible traps, and 
grain boundaries. As the hydrogen concentration increases in grain 
boundaries, the fracture surfaces become flat containing some second
ary cracks. In the H550, H490 specimens, the tensile specimen fractures 
within 6.8% and 7.5% strains, respectively, indicating a large amount of 
ductility loss due to the presence of hydrogen at the grain boundaries. In 
these specimens, we supposed that the HE mechanism is mainly the 
hydrogen-enhanced decohesion (HEDE) mechanism, where the cohesive 
strength of the grain boundaries is greatly reduced by hydrogen 
[51–53]. In addition, the change in the fracture mode from ductile 
dimples to a mixture of dimples with intergranular fracture (Fig. 7) in 
presence of hydrogen in H410 specimen, indicates that the HEDE 
mechanism was also active in this specimen. However, irreversibly 
hydrogen trapping at a high density of homogeneously distributed Al3Zr 
nanoparticles in H410 specimen mitigates the repartitioning of 
hydrogen at intergranular crack tips leading to improving the HE 
behavior of the specimen. 

The nanoparticles in H350 specimen have relatively lower hydrogen 
occupancy; thus, the interfaces between matrix and nanoparticles can be 
more easily occupied by hydrogen, and then nano-voids can be formed 
in these areas leading to the transgranular failure [54]. This failure 
mechanism is related to the hydrogen-enhanced localized plasticity 
(HELP) mechanism [55,56] that increases the concentration of the slip 
bands as can be observed on the fracture surface (Fig. 7). The fracture 
surface also shows that in addition to HELP mechanism, HEDE is also 
active, however, the HELP mechanism is dominant (HELP > HEDE), 
since the fractography of the specimen revealed a dominant trans
granular fracture mode. 

In the present work, the effect of the size and coherency of the Al3Zr 
nanoparticles on their hydrogen-trapping ability, HE sensitivity as well 
as mechanical properties of the alloy have been studied based on a 
synergistic experimental-simulation approach. The hydrogen trapping 
at the semi-coherent interface of the Al3Zr nanoparticles, which forms 

Fig. 12. The schematic depiction of the concept of nano engineering of the particles showing the hydrogen trapping status in different coherent and incoherent 
interfaces and different hydrogen trapping performances. 
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during homogenization in the range of 490–550 ◦C, is because of the 
hydrogen residing at the misfit dislocations. These dislocations may act 
as hydrogen sources inside the alloys leading to the accumulation of the 
needed hydrogen value at grain boundaries to cause intergranular fail
ure and poor performance in the hydrogen environment. The elastic 
coherency strain of coherent interfaces increases the volume of the 
tetrahedral sites and higher diffusion barrier for hydrogen and thus acts 
as irreversible hydrogen trap sites. The amount of hydrogen that can be 
trapped by coherent particles depends on the volume of the particles. 
The smaller Al3Zr nanoparticles can trap a lower amount of hydrogen 
due to the lower number of tetrahedral sites. Hence, they can be satu
rated by hydrogen in lower hydrogen contents, leading to initiation of H- 
assisted crack at the interface. 

5. Conclusion 

Using multiscale comprehensive experimental and simulation ap
proaches including Kelvin probe force microscopy, atom probe tomog
raphy, thermal desorption spectroscopy, scanning transmission electron 
microscopy, and density functional theory calculations, we could suc
cessfully engineer the nanoparticles in aluminum alloys for the first time 
to provide ideal material for hydrogen storage applications. The 
following conclusions can be summarized:  

1. Engineering of nanoparticles during production processes is a 
determinant and important measure for designing aluminum alloys 
with superior comprehensive properties combining outstanding 
mechanical properties and excellent resistance to HE.  

2. The elastic coherency strain of coherent interfaces of nanoparticles 
increases the volume of the tetrahedral sites and higher diffusion 
barrier for hydrogen and thus acts as irreversible hydrogen trap sites 
with high hydrogen trapping capacity.  

3. The smaller Zr nanoparticles can trap a lower amount of hydrogen 
due to the lower number of tetrahedral sites, leading to easier satu
ration of hydrogen at tetrahedral sites and thus, crack initiation of 
the interface.  

4. The loss of coherency in the semi-coherent nanoparticles leads to 
reversibly trapping of hydrogen at misfit dislocations accompanied 
by a very low diffusion barrier of hydrogen. This increases the 
hydrogen diffusion and exacerbates the hydrogen embrittlement 
sensitivity. 

5. Depending on the characteristics of particles, e.g. coherency, inter
face, size, volume and crystal structure of nanoparticles, some are 
useful to mitigate HE and they are an excellent candidate for use in 
hydrogen storage applications, some provide hydrogen for vulner
able sites within the alloy, and some act as crack initiation sites. 
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