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Abstract: This review examines hydrogen embrittlement (HE) in precipitation-hardenable aluminum
alloys, focusing on the role of precipitates as hydrogen traps. It covers hydrogen entry mechanisms,
the effects of microstructural features such as dislocations and grain boundaries, and secondary phase
evolution during heat treatment. The interaction between hydrogen and precipitates, including the
role of coherent and incoherent interfaces, is analyzed in view of the impact on HE susceptibility.
Various techniques used to assess the interaction between hydrogen and aluminum alloys are also
compared. The goal is to summarize the state-of-the-art understanding of the microstructural factors
influencing the resistance of aluminum alloys to HE.
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1. Introduction

Aluminum stands as the most abundant non-ferrous structural metal, with 8% of the
Earth’s crust containing aluminum in the form of bauxite, making it an accessible mate-
rial [1]. Despite its high standard equilibrium potential value, which suggests susceptibility
to corrosion, aluminum is successfully used in environments where an oxide layer forms
on its surface, serving as a protective barrier. One of the greatest advantages of aluminum
is its low density, which enables lightweight constructions; however, its softness poses
limitations. Adding specific alloying elements enhances strength while preserving the low
density of the final alloy, allowing these materials to be used in very demanding industries
such as aerospace or automotive [2].

Precipitation-hardenable aluminum alloys vary in their alloying element composi-
tion but share the characteristic that their strengthening is driven by the formation of
precipitates [3]. During the aging process, secondary phase particles form, impeding the
movement of dislocations and consequently strengthening the material [4–6].

Hydrogen embrittlement (HE) is a complex phenomenon in materials science and
engineering, leading to degradation of the mechanical properties of high-strength alu-
minum alloys [7]. Numerous factors affect susceptibility to HE, including material strength,
environment composition, pressure, temperature, exposure duration, strain rate, surface
condition, amount of absorbed hydrogen, amount and type of hydrogen trapping sites,
and coatings [8]. Precipitates serve as significant hydrogen traps, impacting susceptibility
to HE [9]. Moreover, the role of specific elements, microstructural intricacies, and nuances
of heat treatment cannot be overlooked.

Several useful reviews on this subject have been published. In 2012, Scully et al. [10]
described in detail the interaction between gaseous hydrogen and water environments
and selected aluminum alloys, including surface reactions, characterization of trapping
sites, hydrogen transport, and HE mechanisms. The review of Lynch et al. [11] is not
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specifically focused on the use of aluminum alloys but provides a wealth of information
on the mechanisms of HE, linking together hypotheses and existing studies on the subject.
Chen et al. [12] focused on HE in aluminum alloys used for hydrogen storage tanks,
providing an overview of essential information on the mechanism, detection methods, and
prevention of HE.

The purpose of this review is to summarize information on the effect of precipitates
in aluminum alloys on HE. The initial section provides an overview of the fundamental
mechanisms underlying hydrogen entry and structure–hydrogen interaction, as well as
the mechanisms of HE. Additionally, the methods for the detection and evaluation of HE
in aluminum and its alloys are described. The second part of this review is devoted to
the description of selected series of aluminum alloys, namely 2xxx, 6xxx, 7xxx, and Al–Li.
The interaction of hydrogen with secondary phase particles is described in detail, as are
the effects of hydrogen on the mechanical properties of the materials at different stages
of aging.

2. Principal Factors Controlling Susceptibility to HE
2.1. Hydrogen Entry

HE only occurs when hydrogen is present in the material as a consequence of an
interaction with the environment [8]. Based on the source of hydrogen, HE is sometimes
divided into two categories: Internal Hydrogen Embrittlement (IHE) and External Hydro-
gen Embrittlement (EHE). Although this distinction is widely used, it has no fundamental
background and can thus be misleading. In IHE, hydrogen is introduced to a material
during manufacturing, becoming dissolved in the matrix prior to loading. EHE occurs
when a material degrades due to hydrogen from the gaseous environment or as a result of
an electrochemical reaction introducing hydrogen during the product’s lifetime [13].

2.1.1. Hydrogen Uptake During the Manufacturing Process

The initial critical phase occurs during the production of aluminum itself. Aluminum
is typically manufactured through the Hall–Héroult process, which involves reducing
alumina in electrolytic cells with a molten cryolite bath [14]. During this process, the
electrolyte reaches temperatures close to 950–960 ◦C [15]. At such high temperatures,
aluminum may react with water vapor, introducing hydrogen into the structure and
potentially leading to later degradation of the material by IHE. To prevent hydrogen uptake
during this process, it is important to maintain a controlled atmosphere [16] or bubble the
melt with inert gas or a mixture of inert gas and chlorine [17].

Any manufacturing procedure that involves an aqueous environment poses a potential
source of hydrogen. For instance, processes like water quenching or rolling with water-
cooled rollers can introduce hydrogen. Additionally, pickling, a common method for
removing harmful metallurgical phases through surface treatment, can lead to hydrogen
uptake as well [10].

2.1.2. Hydrogen Gas Exposure

The interaction between aluminum and hydrogen becomes significant in applications
involving hydrogen storage, such as transportation systems. Aluminum alloys reinforced
with carbon fibers are commonly used in hydrogen storage vessels for fuel cell vehicles
or industrial applications [12,18]. Storage tanks operating under high-pressure conditions
are often filled with liquid hydrogen at pressures ranging from 30 to 70 MPa [12]. The
high pressure presents the risk of HE compromising the structural integrity of the storage
tanks [19,20]. Molecules of gaseous hydrogen are too large to enter the lattice of any metal;
therefore, diffusion is only possible for atomic hydrogen.

Generally, the interaction between a solid and a gas can be described as a series
of three processes: physisorption, chemisorption, and absorption. Physisorption works
on the principle of weak electrostatic interaction, known as Van der Waals forces. This
reversible process easily reaches equilibrium at room temperature and does not include the



Metals 2024, 14, 1287 3 of 37

reaction of hydrogen [10,21]. The second step, which usually occurs at higher temperatures,
is chemisorption. During this process, a covalent bond forms between the dissociated
(atomized) absorbed hydrogen gas molecule and the metal surface. Chemisorption involves
a chemical interaction over a short distance, taking place in a single atomic layer. Hydrogen
dissolution is the third step. Hydrogen diffuses into the material due to the hydrogen
concentration gradient [22].

For aluminum, the passive layer of Al2O3 does not dissociatively chemisorb atomic
hydrogen. The energy barrier is approximately 1 eV/atom. As a consequence, the adsorp-
tion rate of hydrogen in dry hydrogen gas at laboratory temperature is low to negligible,
showing an increase with temperature and hydrogen pressure, especially above 500 K.
Since molecular dihydrogen does not dissociate on Al2O3, chemisorption on the aluminum
surface requires a direct supply of monoatomic hydrogen [10,23,24].

2.1.3. Corrosion-Induced Hydrogen Uptake

For aluminum and its alloys, hydrogen entry usually occurs in humid conditions
when the oxide layer is damaged. For instance, during mechanical loading, when water
vapor reacts with the freshly exposed metal surface [25–27], see Equation (1).

Al oxidation in water vapor:

2Al + 3H2O → Al2O3 +6H+ + e− (1)

At the oxide–metal interface, water reduction leads to the formation of chemisorbed
atomic hydrogen by a single-electron transfer reaction, known as the Volmer reaction [28].
The mechanism of this process depends on the pH of the aqueous solution [29].

In an acidic solution:
H3O+ + e− → Hads + H2O (2)

In a neutral or alkaline solution:

H2O + e− → Hads + OH− (3)

Hydrogen produced during corrosion is partly desorbed as molecular hydrogen on the
metal surface through chemical recombination (Equation (4)) or electrochemical reactions
(Equations (5) and (6)), known as Tafel and Heyrovsky reactions, respectively [10,30].

Tafel reaction:
Hads + Hads → H2 (4)

Heyrovsky reaction in an acidic solution:

Hads + H3O+ e− → H2 +H2O (5)

Heyrovsky reaction in a neutral or alkaline solution:

Hads + H2O+ e− → H2 + OH− (6)

In parallel with the desorption reaction, atomic hydrogen enters the metal [10,30]:

Hads → Hmetal (7)

Alloys containing elements with varying nobility are particularly susceptible. When
intermetallic particles are more noble than the surrounding aluminum matrix, galvanic
coupling occurs, further supporting the corrosion process [31]. Mechanical tests confirm
that HE in aluminum alloys might be caused by hydrogen absorbed during corrosion
processes [32,33]. Specific examples are mentioned in the chapters on individual alu-
minum alloys.
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2.1.4. Artificial Hydrogen Charging

High-pressure hydrogen gas exposure allows for the introduction of a relatively high
amount of hydrogen into the material. This technique requires hydrogen pressure of several
MPa and temperature above 500 K for the material to absorb hydrogen. Hydrogen content
in materials exposed under these conditions exceeds the equilibrium hydrogen content for
atmospheric pressure and temperature [23,24].

Other methods for introducing hydrogen into the metal structure, which can be used
to study HE, are plasma gas charging and electrochemical charging [34,35]. In the plasma
gas charging technique, hydrogen molecules are converted into H plasma, increasing
the hydrogen fugacity and enabling its ingress into the material. This process can be
conducted at low temperatures, which is a notable advantage of the technique [36,37]. In
the electrochemical charging process, an overpotential is applied to a metal, resulting in a
high concentration of hydrogen on the surface [35]. However, there is no single universal
technique for electrochemical charging of pure aluminum and its alloys. Various conditions
and solutions are used, as described in Table 1.

Table 1. Conditions for electrochemical charging of aluminum and its alloys.

Material Solution Current Density
[mA·cm−2] Time [h] Reference

Al 99.999% 1 N H2SO4 + 0.25 g·L−1 NaAsO2 50 24 [38]
Al 99.999% 1 N H2SO4 + NaAsO2, pH 1, 35 ◦C 50 24 [39]

5754 3 N HCl 25–300 2 [40]
7050 1 N H2SO4 + As2O3 20 6–24 [41]
7075 3.5% NaCl 1 NA [42]
7075 3.5% NaCl + 0.01 N NaOH 1–10 NA [43]
7085 5% (NH4)2SO4 5 480 [44]

7B05-T5 0.1 N HCl + 150 mg·L−1 SC(NH2)2 2 96 [45]
Potential

[V vs. SCE]

2024 10 mN H2SO4 −0.8 40 [46]
2024 10 mN H2SO4 −0.8 5–48 [47]
7075 3.5% NaCl −1.1 NA [48]

Al–Zn–Mg H2SO4, pH 2 −1.45 72 [49]

NA: Information not available.

2.2. Interaction of Hydrogen with Microstructure

Once hydrogen enters a metal, it diffuses into the material’s structure. At room
temperature, hydrogen lattice transport in aluminum is very slow [26]. The measured
diffusion coefficient of hydrogen in pure aluminum at room temperature ranges from
1.3 × 10−14 to 2.3 × 10−11 m2·s−1 [50–52]. For context, the hydrogen diffusion coefficient
for pure iron at the same temperature is 7.5 × 10–5 m2·s−1 [53].

In the crystal lattice, a significant number of defects serve as trap sites for atomic hy-
drogen [54,55]. These sites are generally divided into reversible and irreversible hydrogen
traps, depending on the energy at which the hydrogen is bound [25]. In reversible hydrogen
traps, low energy is required to release hydrogen, so it is common for this type of trap to
transfer hydrogen to traps with higher binding energy [51]. The release of hydrogen from
reversible trapping sites with lower binding energy can be triggered by the application of
external stress to the material. Once released, hydrogen becomes diffusible and moves to lo-
cations characterized by high-stress fields, where it can initiate the formation of cracks [56].
This is also why these traps are more readily filled, as they retain hydrogen more easily.
Unfilled traps pose a barrier to hydrogen diffusion [57,58]. Homogeneously distributed
irreversible hydrogen traps could improve resistance to HE by binding hydrogen diffusing
through the material [59].

There are three basic structures that act as trapping sites: the crystal lattice, disloca-
tions, and vacancies. The highest energy is required to release hydrogen from vacancies
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(desorption energy Ed = 85 ± 32 kJ·mol−1) [51]. While the number of vacancies is low in
the absence of hydrogen, it significantly increases with a high hydrogen chemical potential.
Vacancies are created during the dissolution of metal and subsequently migrate to surround-
ing regions. These vacancies accumulate until an equilibrium is reached between vacancy
and hydrogen concentrations, ultimately resulting in the formation of a significantly flawed
area near the corroding surface [55,60].

Lower energy values are observed for hydrogen traps associated with dislocations
(Ed = 44 ± 18 kJ·mol−1). Hydrogen trapped in the crystal lattice exhibits the lowest values of
desorption energy (Ed = 15 ± 5 kJ·mol−1). Beyond these primary trapping sites, hydrogen
can also be trapped at grain boundaries, near substitutional atoms, or at phase interfaces,
including the interface between the precipitate (blue) and the matrix, see Figure 1.
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Precipitation-hardenable aluminum alloys are characterized by the presence of sec-
ondary particles which significantly enhance their mechanical properties [61], see Figure 2.
These second phase particles form during heat treatment in a process known as aging [62].
The presence of second phase particles influences hydrogen trapping, depending on prop-
erties such as coherency, size, density, distribution, and localization. A critical factor in
hydrogen trapping is the phase interface between the precipitate and the matrix. The size
of the precipitate is directly related to the amount of hydrogen that can be trapped at the
interface [63].

Another crucial property of the interface affecting hydrogen retention is its coherence
with the matrix. If the precipitate is coherent with the matrix, it exhibits very high binding
energy, acting as an irreversible trap. Hydrogen trapping occurs at the phase interface here.
Conversely, incoherent or semi-coherent interfaces lead to hydrogen trapping at misfit
dislocations, characterized by a notably low diffusion barrier and serving as reversible
hydrogen traps. Such interfaces increase the susceptibility to HE due to weak hydrogen
binding [64,65]. The various coherence states are illustrated schematically in Figure 3.

The density of secondary phase particles has a significant effect on hydrogen trapping.
A higher concentration of these particles within the matrix corresponds to a greater number
of traps available in the material. There are also precipitate-free zones (PFZs) within the
material, which exhibit markedly different mechanical and electrochemical responses com-
pared to hydrogen-loaded grain boundaries. Reducing PFZs will mitigate these differences,
yielding a positive effect on material performance [32].
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In addition to density, the uniformity of distribution of the secondary phase particles
is of great importance. A denser and more regular distribution enhances hydrogen capture
efficiency and reduces the diffusion rate through the material [59]. A specific location
where precipitates can be found is at grain boundaries. Here they inhibit the diffusion of
hydrogen along grain boundaries, thus modifying the kinetics of hydrogen diffusion [32].

2.3. Mechanisms of HE

The presence of hydrogen within a metallic structure can cause HE, often resulting in
severe failure. Currently, four primary mechanisms, besides hybrid mechanisms, for this
phenomenon are known. They are discussed in detail by Lynch [11].

The hydride formation mechanism is observed only in environments where hydrides
remain stable or become stabilized through a stress field. This phenomenon occurs within
specific temperatures and strain rates when hydrogen diffuses into the space behind the
crack tip and forms brittle hydrides. This promotes crack propagation, see Figure 4 [11,66].
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Hydrogen-Enhanced Decohesion (HEDE) involves weakening of interatomic bonds
due to hydrogen accumulation, resulting in separation of atoms. The process is illustrated
in Figure 5. Decohesion is assumed to be a simple, gradual separation of atoms occurring
when the critical crack tip displacement is reached, typically around half the interatomic
distance [11,25,68].
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Hydrogen-Enhanced Localized Plasticity (HELP) involves the interaction of dislo-
cations and hydrogen at the crack tip. Hydrogen reaches the crack tip either through
the action of hydrostatic stress or by directly entering the metal structure at the crack, as
shown in Figure 6. The movement of dislocations is facilitated by the presence of hydrogen,
promoting their rapid propagation and the formation of microcavities that subsequently
merge with the growing crack [11,25,66].

In the Adsorption-Induced Dislocation Emission (AIDE) mechanism, hydrogen at the
crack tip promotes dislocation emission ahead of the crack tip. It leads to crack propagation
through the formation of microvoids, see Figure 7. As a result, small, shallow dimples can
be observed on the cleavage-like fracture surface.
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Some authors propose that the true mechanism of HE is a combination of the theories
mentioned above. Lynch et al. [69] suggested that it is a combination of AIDE and HEDE.
The two mechanisms switch according to the current preference for one or the other. AIDE
diminishes under stress from ejected dislocations, while it resumes as the crack progresses
away from the region of high back stress. Recent theories suggest that HELP is a precursor
to HEDE. However, there is no convincing evidence for this combination, as crack growth
is usually caused by local plasticity or nanovoid coalescence rather than decohesion [70,71].
At this time, it is not yet possible to identify a preferred mechanism or combination of HE
mechanisms for aluminum and its alloys.

2.4. Methods for Hydrogen Detection and Evaluation of HE

Several techniques are employed for hydrogen detection and visualization in alu-
minum alloys. These include secondary ion mass spectroscopy (SIMS), tritium emission
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microscopic autoradiography (TEMA), atom probe tomography (APT), and scanning Kelvin
probe (SKP) force microscopy (SKPFM). Meanwhile, thermal desorption analysis (TDA)
and electrochemical permeation test (EPT) serve as efficient tools for studying hydrogen
diffusion and trapping behavior. For assessing the impact of hydrogen on mechanical
performance of aluminum alloys, the primary approach involves conducting a slow strain
rate test (SSRT) followed by fractography analysis.

2.4.1. Secondary Ion Mass Spectroscopy

SIMS is a powerful tool utilized for elemental depth profiling in the near-surface layer
with high sensitivity and spatial resolution. A sample is bombarded by primary ions from
a cesium, oxygen, argon, or gallium ion source. The bombardment leads to the emission of
ionized secondary species from the sample surface. These secondary ions are then detected
by a mass spectrometer. Detection of hydrogen using SIMS presents several challenges,
such as sample contamination by hydrogen-containing species from residual gas in the
chamber or instrument background at low mass ranges [72,73]. The capability of SIMS can
be improved by detection of hydrogen isotopes, deuterium, or tritium.

Several research groups have utilized SIMS for hydrogen-depth profiling in aluminum
and aluminum alloys. Early SIMS experiments proved instrumental in studies related to
hydrogen precipitates. For instance, Bond et al. [74] reported a deuterium profile along
precipitate in deuterium-charged AA 7050. Rozenak et al. [75] observed a penetration
depth of about 1 µm for deuterium after 2 h of chemical and electrochemical charging of
pure aluminum. Larignon et al. [76] demonstrated hydrogen-penetration depths of up to
600 µm using SIMS after 72 h of pre-charging of AA 2024.

Interestingly, SIMS did not accurately capture the hydrogen depth profile for pre-
charged AA 7075. It detected hydrogen only in the native oxide layer. In contrast, the
hydrogen penetration depth revealed by SKPFM varied between 75 and 275 µm, depending
on the metallurgical state of the alloy.

Larignon et al. [77] highlighted the limited utility of SIMS in mapping hydrogen
absorbed in corrosion defects in AA 2024. In such cases, it is crucial to differentiate the
signal of hydrogen trapped in the material and hydrogen originating from corrosion
products, particularly hydroxides. To improve accuracy and confirm the presence of
hydrogen within the bulk of the material, it is beneficial to use a combination of hydrogen
detection techniques.

2.4.2. Tritium Electron Microautoradiography

The TEMA method is used for observation of hydrogen trapping by visualization of
tritium distribution at the microscale. The procedure begins with cathodic charging in a
solution containing tritium, followed by maintaining the sample at room or slightly freezing
temperatures to release excessive hydrogen and achieve an equilibrium distribution of
hydrogen. Next, the sample is sectioned into discs, and electrolytic polishing is applied
to remove surface film. An emulsion containing AgBr particles sensitive to beta radiation
is applied on the sample surface. During several days or weeks of exposure, beta rays
emitted from tritium interact with AgBr in the detection layer. This interaction leads
to creation of tiny silver particles, which provide information about tritium localization
within the microstructure. The spatial distribution of silver is subsequently examined using
transmission electron microscopy (TEM).

TEMA has been proven to be a powerful technique for studying hydrogen trap-
ping in various aluminum alloys, such as Al–Cu, Al–Mg–Si, Al–Zn–Mg, and Al–Li [78–80].
Researchers have correlated the distribution of tritium with characteristics of the precipitate-
matrix interface, thereby providing valuable insights into hydrogen-microstructure interac-
tions. In addition to the traditional TEMA approach, a tritium release experiment can be
conducted to observe hydrogen release from the specimen. In this experiment, the sample
is charged in a tritium solution and immersed in a scintillator solution for several hours.
The released hydrogen atoms are then revealed by radioactivity detected with a scintillation
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counter. Saitoh et al. [81] utilized the tritium release experiment to compare hydrogen
trapping efficiency in Al–4Cu and Al–1Mg2Si alloys. Iijima et al. [79] linked changes in the
hydrogen trapping efficiency evaluated by this technique with the formation of different
precipitates in Al–Zn–Mg alloy.

2.4.3. Atom Probe Tomography

APT allows observation of the precise position of trapped hydrogen atoms. This
technique provides perfect chemical and spatial resolution in three dimensions, making it
unique among hydrogen detection methods [82]. APT allows for hydrogen detection at
interfaces and defects. A needle-shaped specimen with a sharp tip, approximately 100 nm
in radius, is prepared using either an electro-polishing procedure or focused ion beam
milling. Under ultra-high vacuum conditions, a high positive voltage is applied to the
specimen, generating an electrostatic field at its tip. Atoms from the tip are evaporated
as ions and accelerated toward a positron-sensitive detector. A cryogenic cooling unit is
integrated into the apparatus to suppress thermal atomic vibrations, thereby enhancing APT
resolution [82]. However, the use of APT for hydrogen detection presents challenges due to
the low mass of hydrogen, resulting in low detection efficiency, and the presence of residual
hydrogen in the ultra-high vacuum chamber, which can cause artefacts in the hydrogen
signal. Charging samples with deuterium or tritium can help mitigate these challenges.

In studies of aluminum alloys, APT is useful for visualization of hydrogen trapping at
the precipitates/matrix interface. He et al. [83] obtained a hydrogen concentration profile
from a 3D reconstructed APT image of pre-charged AA 2024, revealing hydrogen segrega-
tion at several precipitate interfaces and within particles. Gong et al. [84] reported hydrogen
segregation on a second phase interface of AA 7075 in an APT study. Parvizi et al. [85] and
Zhao et al. [32] observed effective hydrogen trapping by dispersoid particles in AA 2024
and 7xxx series alloys, respectively. Sun et al. [86] investigated a 7xxx series aluminum
alloy, distinguishing particles that act as hydrogen trapping sites from those that do not
and observing hydrogen segregation at grain boundaries.

2.4.4. Scanning Kelvin Probe Force Microscopy

SKPFM is a mode of atomic force microscopy (AFM) that combines exceptional spatial
resolution (better than 100 nm) with high-sensitivity surface potential measurement, mak-
ing it capable of hydrogen detection. A conductive cantilever tip vibrates above the sample
surface and scans it at a constant distance. The interaction between the tip and sample
surface induces a force gradient, which is translated into topography and potential maps.
The Kelvin probe technique is based on the principle of compensating for the work function
difference between the tip and specimen surface by applying an external bias. Thus, the
output of the technique is usually termed the “contact potential difference”. SKPFM can be
used for hydrogen detection as hydrogen absorbed in the surface layer alters its potential
measured by SKPFM.

A palladium layer applied to the sample surface can serve as an effective sensor for
absorbing hydrogen desorbed from the specimen due to its high affinity for hydrogen.
While some researchers have deposited a palladium layer on aluminum alloy samples
studied by SKPFM [64,87], it is not necessary for hydrogen detection. Larignon et al. [76]
claimed that diffusing hydrogen destabilizes the natural passive film on the sample surface,
affecting electronic output work and consequently the surface potential value. This claim
was based on open-circuit potential measurements conducted on hydrogen-charged and
hydrogen-free AA 2024 samples.

SKPFM enables local hydrogen detection, particularly detecting hydrogen permeating
through grain boundaries or the particle/matrix interface. Safyari et al. [87] observed
changes in potential map contrast in an Al–5Mg alloy reinforced by carbon fibers, indicat-
ing hydrogen release as the potential difference between the matrix and particle interface
increased with time after charging. Larignon et al. [76] demonstrated corrosion-induced hy-
drogen localization at grain and subgrain boundaries of AA 2024, documented by SKPFM
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maps. Another approach used SKPFM to study hydrogen penetration depth in aluminum
alloys [47,59,88,89]. The potential measurement was performed perpendicular to the charg-
ing side, showing the difference between the potential at a certain distance from the charged
side and the potential in the core of the sample. This measurement can be used to evaluate
the hydrogen diffusion coefficient. Oger et al. [88] demonstrated the effect of hydrogen
trapping by precipitates in aged AA 7046 on hydrogen diffusion depth determined by
this method. In their subsequent work [59], they showed that the effect of dislocations
on hydrogen penetration depth was less significant compared to the effect of precipitates.
Lafouressee et al. [47] utilized the approach and observed hydrogen desorption from AA
2024 samples by measuring the potential gradient evolution of pre-charged samples. The
authors reported complete hydrogen desorption after 48 h at room temperature.

2.4.5. Thermal Desorption Analysis

TDA is a general term covering several techniques for analysis of gases released from
metals, especially focusing on hydrogen. In TDA, a sample is subjected to controlled
heating to induce gradual desorption of hydrogen gas from the material. The heating is
conducted under vacuum or in an inert gas atmosphere, typically nitrogen. One common
variation of TDA is thermal desorption spectroscopy (TDS), where the released hydrogen
flux is ionized and analyzed using a mass spectrometer. The analysis relies on mass-to-
charge ratio quantification. Another widely used approach in TDA involves detection
of hydrogen effused into carrier nitrogen gas employing a thermal conductivity detector.
The amount of hydrogen is quantified based on the difference in conductivity between
pure nitrogen flow and the hydrogen–nitrogen mixture. While both methods are widely
used for hydrogen desorption studies, detection by mass spectrometer provides superior
resolution [90].

The amount of diffusible and trapped hydrogen can be determined by integrating the
obtained desorption spectra. Furthermore, analysis of TDA data allows for determination of
trap binding energy, trap site density, and concentration of hydrogen in individual trapping
sites [64]. In aluminum alloys, TDA is mainly used for hydrogen trapping characterization.
The heating rates employed for analysis of trapping sites in aluminum alloys vary from 90
to 1200 ◦C per hour, see Table 2. Some studies combine non-isothermal heating with an
isothermal step to achieve complete hydrogen degassing [91].

Table 2. TDA regimes used for various aluminum alloys.

Alloy Heating Rate [K·h−1] Heating Range [◦C] Reference

2024 300 RT–600 [92]
2024 300 RT–600 [28]
2024 600 RT–600 [91,93]
2090 600 RT–600 [49]
2219 100, 200, 300 100–550 [25]
2xxx 200 100–550 [94]
6061 1200 100–570 [27]
7xxx 300 100–550 [9]
7xxx 100, 200, 300 RT–550 [65]
7xxx 120, 240, 360 100–550 [64]
7xxx 100, 200, 300 100–550 [95]
7xxx 960 RT–400 [32]
7xxx 90 RT–550 [63]

RT: Room temperature.

The trap desorption energy is determined from the desorption peak shift towards
higher temperatures with increasing heating rates. To ascertain trap desorption energy, the
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desorption analysis typically involves measurements under three different heating rates, such
as 100, 200, and 300 ◦C per hour [25,65,94,95]. The evaluation relies on Kissinger’s formula:

d
(

ln
(

Φ
T2

m

))
d
(

1
Tm

) = −Ed
R

(8)

where Φ is the heating rate, Tm is the temperature of the desorption peak, Ed is the des-
orption energy of each trap site, and R is the gas constant. The desorption energy can be
calculated for each peak from the slope of the Arrhenius plot ln

(
Φ/T2

m
)

vs. 1/Tm, known
as the Choo–Lee method [96].

TDA is also used for determination of the total hydrogen content [47,59,76,88]. The
sample is melted, and hydrogen content is measured using a thermal conductivity detector.
The hydrogen content obtained via the melt extraction method is significantly higher than
that released by heating below the melting point, typically to 600 ◦C. Lafouresse et al. [47]
compared the total hydrogen content in uncharged and electrochemically pre-charged AA
2024 specimens. The added total hydrogen content varied from 5 to 10 ppm depending on
the charging duration.

2.4.6. Electrochemical Permeation Test

EPT can also be used for the determination of hydrogen trapping characteristics, but its
primary application is for assessing the hydrogen diffusion coefficient. The method utilizes
the Devanathan–Stachurski setup, which consists of two cells with a sample between them
acting as a membrane. On one side of the sample, hydrogen entry is induced, typically
through cathodic polarization, although immersion in a solution or exposure to humid
air inflicting corrosion can also be employed. The hydrogen flow is detected in situ on
the opposite side of the membrane by measuring the change in anodic current resulting
from oxidation of escaping hydrogen. To prevent corrosion on the hydrogen detection
side, it can be palladium or nickel plated. Hydrogen flux as a function of time is obtained.
Diffusion and trapping characteristics are evaluated from permeation curves measured
until hydrogen flow reaches a steady state. A series of build-up and decay transients may
be applied to study hydrogen trapping and detrapping, where reversible trapping sites
release hydrogen upon termination of hydrogen entry, while irreversibly trapped hydrogen
remains bound.

The diffusion coefficient can be determined using the time lag method, which estimates
the diffusion rate based on the delay before hydrogen starts to permeate through the
membrane. Alternatively, it can be calculated by fitting the experimental permeation curve
to an equation based on Fick’s second law [53]. While both methods yield comparable
values, the time lag method is more commonly employed.

The employment of EPT for aluminum and aluminum alloys faces several challenges.
Even for pure aluminum, a wide range of diffusion coefficient values have been reported,
ranging from 10−3 to 10−7 cm2·s−1 [52]. Possible reasons for such variation include different
testing conditions, sample preparation methods, and the presence of an aluminum oxide
layer acting as a barrier for hydrogen transport [97]. Danielson et al. [97] reviewed studies
on determining the hydrogen diffusion coefficient in aluminum alloys, reproduced the
experiments, and reported corrosion on the hydrogen detection side due to inadequate
protective layers. They proposed an improved approach involving optimal palladium
deposition and EPT conditions and evaluated hydrogen diffusion coefficients for AA 5083
and AA 6061 alloys. Zheng et al. [98] investigated hydrogen permeation in nickel-plated
AA 7075. Ai et al. [99] employed a modified Devanathan–Stachurski test, where the open-
circuit potential was monitored on a palladium-coated membrane instead of the permeation
current. The authors studied the effect of various degrees of sensitization and orientation
on hydrogen diffusivity in AA 5083.
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2.4.7. Slow Strain Rate Test

Mechanical testing allows assessment of the susceptibility of materials to HE. The
most commonly used technique for this purpose is SSRT. A tensile specimen is mounted in
a testing machine and subjected to a constant strain rate, typically ranging from 10−7 to
10−4 s−1. The specimen can either be pre-charged with hydrogen or exposed to a corrosive
environment or pressurized hydrogen gas to induce in situ hydrogen insertion. The low
strain rate provides sufficient time for hydrogen accumulation in critical sites. The effect of
hydrogen on mechanical properties such as ductility and strength is observed.

The HE index is usually evaluated to compare the characteristics of hydrogen-exposed
and reference hydrogen-free specimens. It is calculated using the formula:

IHE =
Xre f − XH

Xre f
·100 (9)

where Xre f and XH are selected parameters, typically elongation or reduction of fracture
area, for hydrogen-free and hydrogen-charged specimens, respectively. The index is a
valuable tool for assessing the impact of hydrogen on material performance.

It is common to use cathodic pre-charging and compare the behavior of uncharged and
pre-charged specimens. Several authors have used various durations of cathodic charging
and correlated the charging time with the ductility loss of 7xxx specimens, linking it to
the increasing amount of absorbed hydrogen [3,41,98,100]. Chen et al. [101] conducted
SSRT on Al–Li alloy specimens pre-charged with hydrogen and uncharged specimens.
Albrecht et al. [102] conducted SSRT on cathodically pre-charged AA 7075 specimens in
a temperature range of −196 ◦C to 20 ◦C and reported an increase in the HE effect with
decreasing test temperature. Zhao et al. [32] tested specimens pre-charged with both hydro-
gen and deuterium and observed a similar effect on the mechanical properties of the Al–Zn
alloy. Dey et al. [43] chose in situ cathodic hydrogenation at different current densities
instead of pre-charging for AA 7075. Krishnan et al. [48] utilized in situ hydrogen charg-
ing and compared SSRT results of hydrogenated AA 7010 with those of freely corroding
specimens exposed to NaCl solution.

Humid air exposure can also be used to introduce hydrogen into tensile specimens.
Safyari et al. [9,64,65] and Moshtaghi et al. [95] evaluated the HE resistance of 7xxx series
alloys by conducting SSRT in humid air with relative humidity varying from 60% to 95%,
while reference specimens underwent SSRT in dry nitrogen gas. Itoh et al. performed
similar experiments on AA 6061 specimens exposed to humid air at 90% RH and dry
nitrogen gas [27].

Fractography analysis with scanning electron microscopy is employed to study frac-
ture surfaces after mechanical tests to identify the fracture mode and estimate the corre-
sponding HE mechanism. The transition from ductile dimples to a mixture of dimples with
cleavage facets and the shift from transgranular to intergranular mode are typically ob-
served due to the presence of hydrogen in specimens [26,43,48,64,95,100]. Faceted cleavage
fracture with secondary cracks might be a sign of a notable hydrogen effect [43]. Addition-
ally, in the case of transgranular ductile fracture, the impact of hydrogen on dimple size
can be evaluated [3,102].

3. HE of Various Aluminum Alloys

Aluminum in its pure form is too soft for most practical purposes. Its strength can be
increased by adding alloying elements. These alloying elements can increase the strength of
aluminum in two different ways: they can replace aluminum atoms in the lattice, forming
a substitutional solid solution, or fine particles of secondary phases can precipitate in the
alloy microstructure. The former approach leads to hardening through induced strain in the
lattice, whereas the latter one causes precipitation hardening [17]. Various heat treatment
processes are explained in Table 3. During the first step of precipitation, Guinier–Preston–
Bagaryatsky (GPB) or Guinier–Preston (GP) zones are formed. These zones are coherent
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with the matrix and increase the strength of the material [17,103–105]. Typically, metastable
precipitates with semi-coherent interfaces with the aluminum-based solid solution are
formed from these zones. The final over-aged stage is characterized by the formation of
stable incoherent precipitates. They enlarge with time, causing a decrease in mechanical
properties [62,106–110]. The changes are shown schematically in Figure 8.

Table 3. Heat treating temper codes and their descriptions.

Code Description Source

T1 Cooled from an elevated temperature and naturally aged [111]
T2 Cooled from an elevated temperature, cold worked, and naturally aged [112]
T3 Solution heat-treated, cold worked, and then naturally aged [113]
T4 Solution heat-treated and naturally aged to a stable condition [113]
T5 Cooled from an elevated temperature shaping process and artificially aged [114]
T6 Solution heat-treated and artificially aged [113]
T7 Solution heat-treated and over-aged [113]
T8 Solution heat-treated, cold worked, and artificially aged [113]
T9 Solution heat-treated, artificially aged, and then cold worked [113]
T10 Cooled from an elevated temperature, artificially aged, then cold worked [115]
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During corrosion, the interface between the precipitates and bulk is prone to hydrogen
evolution, which can cause HE. This is due to the different nobility of the alloying elements
and the aluminum matrix [30,31,116]. In relation to hydrogen, precipitates can also act as
hydrogen traps, where strong trapping reduces the rate of hydrogen diffusion through the
material [20,59,88].
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3.1. 2xxx Series Alloys (Al–Cu)
3.1.1. Microstructure

The 2xxx AA series consists of aluminum with approximately 4% copper and less than
1.5% magnesium. These materials achieve the desired mechanical properties through a
process known as aging, which induces microstructural changes. Among this series, AA
2024 has been extensively studied. Bagaryatsky et al. [117] described a 4-phase precipitation
sequence during aging in 1952. It starts with a supersaturated solid solution (SSS), followed
by a short-range arrangement of magnesium and copper, termed the Guinier–Preston–
Bagaryatsky (GPB) zone [105]. These GPB zones can be understood as clusters of rod-
shaped structural units with a diameter below a nanometer [118,119]. The GPB zones
dominate the strengthening period over the aging curve. The subsequent phase in the
aging process involves the formation of the S′′ phase (Al2CuMg) intermetallic compound,
which evolves from the GPB zones to small, fully coherent precipitates [62,107]. The
formation of the S phase (Al2CuMg) is observed during the over-aging period, when
softening has already occurred, and exhibits a rod-like morphology in three dimensions
and is incoherent with the aluminum matrix [62,106]. Depending on the aging temperature,
two different types of S phase particles can form. In solution-treated, quenched, and
then cold-worked samples, extensive Type I formation occurs, while Type II formation
is inhibited. Type II is characterized as a more stable, non-coherent precipitate with an
orientation relationship rotated by approximately 4◦ compared to Type I. The precipitation
sequence can be summarized as follows:

SSS → Clusters → S′′ → S (Type I) → S (Type II)

Another type of precipitate present in the 2xxx AA series consists of aluminum and
copper. It originates from GP zones, which grow to form θ′′ (Al3Cu). During the aging
process, θ′′ transforms into θ′ (Al2Cu). In this transformation, some precipitates dissolve,
providing additional copper atoms to newly forming precipitates due to the higher copper
content present in θ′ compared to θ′′ precipitates [120]. At longer aging times or higher
temperatures, an equilibrium phase, θ (Al2Cu), is observed [121].

3.1.2. Corrosion-Induced Hydrogen Entry

Hydrogen entry is closely linked to the process of localized corrosion. The 2xxx series
is primarily alloyed with copper, the most noble among the typical alloying elements.
The standard potentials of aluminum (−1.662 V vs. SHE) and copper (0.342 V vs. SHE)
exhibit significant disparity [122]. Intermetallic particles with notable copper content act as
cathodes, contrasting with the surrounding aluminum matrix and inducing local galvanic
coupling [116]. The first step of the corrosion process is the release of Al and Mg, leading to
the formation of a porous particle structure and an increase in the copper content percentage
within the particle [31,116]. Kosari et al. [123] observed this phenomenon after only 30 min
of exposure to 0.01 M NaCl, as shown in Figure 9. This process further enhances the
cathodic behavior of the particle, and oxygen reduction occurs on its surface. The matrix
surrounding the particles becomes increasingly passive; however, a different scenario
emerges at their interface. Oxygen reduction on the particle surface induces alkalization,
destabilizing the alumina oxide and resulting in the formation of deep trenches around
the particle. The dissolution of the matrix can then lead to the separation of S phase
particles [31,116]. During the corrosion process, the formation of rings of corrosion products
is observed, accompanied by hydrogen evolution and extensive grain boundary attack at
these points [30]. Some hydrogen can be absorbed into the material. Localized hydrogen
entry is driven by galvanic coupling arising from copper-rich intermetallic particles.
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3.1.3. Hydrogen Interaction with Microstructure

AA 2024 is the subject of extensive study in terms of its interaction with hydrogen.
TDS serves as the primary analytical technique, enabling the identification of hydrogen
trapping sites based on the temperature at which hydrogen is released.

In AA 2024, TDS detects four primary hydrogen trapping sites, labeled TS1–TS4
based on the temperature of hydrogen release in TDS measurements. According to
Kamoutsi et al. [28] and Charitidou et al. [92], the site TS1, characterized by the lowest
binding energy, is reversible and associated with hydrogen at interstitial sites. The subse-
quent sites are considered irreversible. The TS2 site is linked to the semi-coherent interfaces
of the strengthening phases or the incoherent interfaces of the dispersoids and the matrix
lattice. The formation of Mg hydride is associated with TS3, while the trapping state TS4 is
attributed to Al2CuMg (S phase). However, a recent study by Safyari et al. [94] presents a
different perspective on hydrogen trapping phenomena in 2xxx series alloys, particularly
in AA 2219. TS1 is associated with hydrogen at interstitial sites. The second peak, TS2, in
the TDS spectrum exhibits maximum intensity in cold-rolled specimens with the highest
dislocation density near grain boundaries, indicating hydrogen trapped in dislocations.
TS3 is associated with hydrogen released from the S′ phase, as evidenced by the peak’s
presence only in specimens with S′ phase content. The highest binding energy for hydrogen
is found in vacancies and grain boundaries. In this study, the last peak in the TDS spectrum,
TS4, is linked to the desorption of hydrogen trapped in vacancies, as desorption from grain
boundaries requires a higher temperature.

The same research team studied the influence of the coarseness of intermetallic par-
ticles, focusing on Al2Cu particles rather than the S phase. Their findings suggest that
particle size significantly affects the quantity of hydrogen they can capture. Moreover, the
mechanism of HE is suggested to involve decohesion accompanied by void formation in
coarse Al2Cu particles [25]. These findings are summarized in Table 4.
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Table 4. Trapping sites of hydrogen in 2xxx ordered by rising temperature.

Temperature [◦C] Binding Energy [kJ/mol] Source of Desorbed Hydrogen Reference

100 NA Hydrogen at interstitial sites [10,28,92]
197 NA Lattice [25]
200 NA Semi-coherent phases and dispersoids interface [92]
209 NA Hydrogen at interstitial sites [94]
291 19.30 Al2Cu fine particles [25]
374 28.38 Dislocations [25]
382 15.92 Dislocations [94]
410 NA Decomposition of MgH2 [92,124]
457 40.32 Al2Cu coarse particles [25]
458 35.99 S′ phase [94]
500 NA S phase [92,93]
505 50.89 Vacancies [94]
518 50.89 Vacancies [25]

NA: Information not available.

During aging, the microstructure of the material gradually changes, as described above.
During evolution of second phase particles, their interface with the matrix undergoes
changes. GPB zones and S′′ precipitates are coherent with the Al matrix, as evidenced
by the absence of dislocation strain fields [125]. They are not present during aging at
temperatures higher than 250 ◦C. According to Kamoutsi et al. [91], hydrogen is bound by
these trapping sites by stress fields around precipitates. As the microstructure evolves, the
precipitates transition from coherent GPB/S′′ precipitates to semi-coherent S′ phase and
finally to incoherent S precipitates. In the case of incoherent precipitates, it is the interface
between the precipitate and the matrix that is responsible for hydrogen trapping [91].

In addition to the S phase, the θ phase also undergoes evolution during heat treatment.
Initially, coherent plate-like GP zones are present. As in the case of GPB zones, hydrogen is
bound by tensile elastic fields at the particle-matrix interface. Later, plate-like, metastable,
and semi-coherent θ’ precipitates evolve from GP zones. The edge of the plate is incoherent
with the matrix, while the surface of the plate is coherent with the matrix. The coherency
strain is weaker than in the case of GP zones, but incoherent edges can act as hydrogen
traps. In the final stage of heat treatment, equilibrium θ precipitates are present. Hydrogen
is not trapped by the interface between θ and matrix but by the precipitate itself [80].

A frequently studied aluminum alloy in this series is 2024, which contains manganese
or magnesium as alloying elements in addition to copper. He et al. [83] studied the
concentration profiles of hydrogen-charged 2024-T3 AA. The results indicated that co-
segregation of magnesium and hydrogen occurs when S phase particles are located near
grain boundaries. Similar observations of the co-segregation of magnesium and hydrogen
have been made at the matrix interface with θ and T phases (Al20Cu2Mn3).

3.1.4. Effect of Hydrogen on Mechanical Properties

Several studies have reported that exposure of Al alloys to a corrosive environment
results in a minor decrease in yield and tensile strength but significant decreases in elon-
gation to failure and strain energy density [62,77,91,126–128]. Mechanical properties tend
to deteriorate with prolonged corrosion exposure. Only yield and tensile strength were
restored after the mechanical removal of corrosion products, but not ductility. The ductility
of the corroded material was restored to its original values after heat treatment. The tem-
peratures employed during the heat treatment were equivalent to the thermal desorption
energy of certain hydrogen trap sites [28,33]. This indicates that the reduction in ductility
was caused by hydrogen absorbed during corrosion.

The material’s susceptibility to HE is closely related to the stage of heat treatment. Dur-
ing the heat treatment process, the microstructure of the material changes fundamentally, as
well as the coherence of the forming precipitates. The most studied alloy of the 2xxx series,
2024, was examined in three states of heat treatment. The T3 state, characterized by natural
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aging only, is considered an under-aged specimen. The T3 state with additional artificial
aging up to the peak-aged condition or over-aged condition was also examined [62,126].

During the under-aged stage, coarse precipitates are not yet formed in the material;
however, GPB zones are present. These GPB zones may preferentially develop around
grain boundaries, especially in the plastically deformed state. As a result, hydrogen is
mainly trapped around the grain boundaries [62,77,129]. Grain boundaries also act as
pathways for hydrogen short-circuit diffusion [77]. This explains why the loss of ductility
is most pronounced in this state, as the grain boundaries are affected by hydrogen. In the
peak-aged stage, S′′ and S′ precipitates are formed. They are coherent and semi-coherent
with the aluminum matrix. In the case of a coherent interface, hydrogen is captured by
stress fields around precipitates. Consequently, minimal ductility loss caused by hydrogen
is observed in this stage [62,91]. In the over-aged stage, hydrogen is trapped by the interface
between the matrix and incoherent S phase particles, which act as strong hydrogen traps.
The fact that the ductility loss is not negligible in over-aged conditions suggests that the
coherence of the precipitates is an important factor for hydrogen trapping [62,91]. Table 5
summarizes the changes in mechanical properties induced by hydrogen.

Table 5. Effect of HE in different stages of the aging process in AA 2024.

Heat Treatment Stage Microstructure State Ductility Loss Explanation Reference

Under-aged GPB zones 26%
Hydrogen diffusion through grain
boundaries, hydrogen traps near

grain boundaries
[62,77]

Peak-aged S′ and S′′ phases 11%
Coherent and semi-coherent phases,

hydrogen trapped by stress fields
around precipitate

[62,91]

Over-aged S phase 22% Precipitates incoherent with matrix,
strong hydrogen traps [62,91]

Other authors observed an even stronger loss of ductility. Kermanidis et al. [128]
reported a 69% ductility loss after exposure of a sample to an exfoliation corrosion solution
for 24 h. Zeides and Roman [127] charged 2024 AA in an ultrasonic bath with 0.1 M NaOH
for 840 h, resulting in a 46% ductility loss due to HE. Larignon et al. [130] investigated the
effect of hydrogen on the mechanical properties of AA 2024. The relationship between
hydrogen content and ductility loss is summarized in Table 6. It is assumed that hydrogen
trapped at the interface between the matrix and precipitate relaxes the coherency stresses
and reduces local cohesion energy. This facilitates cavity nucleation, leading to lower values
of elongation to failure.

Table 6. Hydrogen content in relation to ductility loss of AA 2024 within various times of cathodic
charging. Adapted from Ref. [130].

Charging Time Hydrogen Content Ductility Loss

7 h 16 wppm 50%
24 h 22 wppm 75%
48 h 27 wppm 70%

3.2. 6xxx Series Alloys (Al–Mg–Si)
3.2.1. Microstructure

The typical 6xxx series alloys are defined by the addition of approximately 0.4 wt.%
Mg and 1.0 wt.% Si [131], an alloying ratio required to form Mg2Si. All alloys within
this series are heat treatable, with two primary heat treatment methods, T4 and T6. Both
methods begin with dissolution annealing at temperatures above 580 ◦C, where dissolution
of the alloying elements results in the formation of a solid solution. Subsequently, rapid
quenching in water prevents precipitate formation, resulting in the alloys treated under the
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T4 mode. In the T6 mode, artificial aging occurs at temperatures ranging from 150 ◦C to
200 ◦C, leading to precipitate formation. Precipitate strengthening is more important in the
6xxx series than strengthening caused by mechanical deformation [110,132]. The amount
of alloying elements not only impacts strength enhancement, but the addition of Si, Cu,
and Ag accelerates age-hardening kinetics [133].

At the beginning of the aging process, a supersaturated solid solution forms as a
result of the rapid cooling process during quenching. The first step is the formation of Si
and Mg clusters [104], as seen in Figure 10a. It is suggested that the clustering process
is controlled by the migration of Si and Mg [133]. These clusters then form GP zones,
which consist of Mg–Si co-clusters [104]. The primary precipitates, known as β′′ (beta
double prime) Mg5Si6, are shown in Figure 10b. They are coherent with the matrix and
rod-shaped. Dense dispersion of these precipitates enhances mechanical properties [110].
Over-aging, beyond the peak hardness level, leads to the transformation of β′′ into several
other metastable phases, such as β′, B′, U1, and U2 [132]. It is assumed that β′ is easier to
precipitate than other metastable phases, and an excess of Si also facilitates the formation
of this type of precipitate [134]. The final stage of precipitation evolution involves the
formation of incoherent precipitates β (Figure 10c), which are a characteristic feature of
over-aged conditions and are associated with diminished mechanical properties [109,110].
The addition of Cu (0.5 wt.%) as an alloying element improves mechanical properties by
introducing a new type of precipitate particle known as Q′. Q′ is based on the quaternary
equilibrium phase Q (AI5Cu2Mg6Si6) phase. Together with β′, Q′ plays a significant role in
improving mechanical properties [109,135–137].

3.2.2. Hydrogen Embrittlement

Compared to other reviewed types of aluminum alloy, the 6xxx series alloys are
considered to have good HE resistance [27,138]. This is confirmed by several mechanical
tests comparing samples exposed to a hydrogen source and a reference, as shown in
Table 7. However, they are not completely immune. Itoh et al. [27] demonstrated that
alloy 6061 with high Si content is susceptible to hydrogen when exposed to humid air
at 90% RH. Osaki et al. [139] also exposed samples from the 6xxx series (0.7 wt.% Mg,
1.1 wt.% Si) to high humidity and observed a loss of mechanical properties, although
relatively minor. Intermetallic particles (Fe,Mn,Cr)3SiAl12 had the greatest impact on
hydrogen trapping. The particles possess extremely high desorption energy compared to
other trapping sites, effectively hindering hydrogen diffusion deep into the material [20].
This blocking effect is clearly visible in Figure 11, where the occurrence of hydrogen can be
observed precisely in regions with elevated concentrations of iron, silicon, and chromium.
The more concentrated occurrence of these elements indicates the presence of secondary
particles. Hydrogen trapped by second phase particles and microvoids can be detected in
the TDS spectrum within the temperature range of 470 ◦C to 560 ◦C, where a peak appears
regardless of environmental humidity. Hydrogen desorption can also be observed at lower
temperatures, corresponding to the release of hydrogen from dislocations [27].

Table 7. Ductility loss of 6xxx series aluminum alloys after exposure to a source of hydrogen.

Material Ductility Loss Reference

6061 7% [138]
6070 7% [138]
6013 7% [138]
6066 13% [138]

6061 0.1% Fe 18% [140]
6062 0.2% Fe none [140]
6063 0.7% Fe none [140]

6xxx (0.7 wt.% Mg, 1.1 wt.% Si) 17% [139]
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During the aging process, the microstructure of the material undergoes a grad-
ual change. During the evolution of second phase particles, the interface between the
particles and the matrix also evolves, as does the way in which hydrogen is captured.
Saitoh et al. [80] investigated this process using tritium electron microautoradiography. Ini-
tially, needle-like GP zones are present, which lack the ability to trap hydrogen. Hydrogen
is repelled by compressive elastic fields surrounding GP zones. This phenomenon is known
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as the Gorsky effect, whereby dissolved hydrogen in metal crystals moves from a region
with compressive elastic stress fields to a region with tensile elastic stress fields. In the later
stages of the aging process, β′ precipitates are present. In this case, hydrogen is trapped at
the interface between the β′ precipitates and the matrix. This interface contains dislocations
that act as hydrogen trapping sites. In the final over-aged stage, β precipitates form. Due to
their incoherency, numerous dislocations appear at the interface between the β precipitates
and the aluminum matrix, accumulating trapped hydrogen.
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Figure 11. Imaging of hydrogen trapped in a sample of AA 6061-T6 charged with hydrogen using
both two-dimensional (2D) and three-dimensional (3D) secondary ion mass spectrometry (SIMS).
Reprinted with permission from ref. [20], 2017 Hydrogen Energy Publications LLC. Published by
Elsevier Ltd. (A) 2D images of 1H−, and 28Si−, 52Cr−, 56Fe− (B) 3D image of 1H− (C) 3D image of
1H− after TDA measurement.

Even a minor change in the composition of aluminum alloy could make a significant
difference. In Al–Mg–Si systems, the inclusion of minor quantities of iron (ranging from 0.1
to 0.7 wt.%) can inhibit HE by trapping hydrogen within the Fe–Si intermetallic [140]. As
illustrated in Figure 11, intermetallic particles containing Si, Cr, and Fe elements exhibit
the highest concentration of trapped hydrogen [20]. In contrast to Fe, a higher Si content
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(0.81 wt.%) without excess Mg addition increases the sensitivity of 6xxx alloys to HE. This
is probably due to the reaction between aluminum and water vapor to produce hydrogen,
which penetrates into the sample and accumulates on the Si-rich phase at grain boundaries.
This accumulation leads to a reduction in interface strength with the matrix phase [138].

Due to the presence of coherent or semi-coherent interfaces of precipitates, there are
increased free volumes or local lattice distortions. These features could act as hydrogen
traps and affect the cohesion energy. Therefore, HEDE is considered a model for HE [141].

3.3. 7xxx Series Alloys (Al–Mg–Zn)
3.3.1. Microstructure

The characteristic alloying components for the 7xxx aluminum alloy series are zinc
and magnesium. Additionally, other alloying elements such as copper, manganese, silicon,
magnesium, zinc, zirconium, nickel, cesium, cobalt, and iron can be added [4]. These
alloying elements lead to the formation of several types of precipitated phases [142].

The primary alloying elements form precipitates η (MgZn2), which are sometimes
referred to as “M” precipitates [108]. The precursor to these precipitates is η′ (MgZn2),
which serves as the primary strengthening phase in this alloy series. Another notable phase
is Al2Mg3Zn3, known as the T phase. Copper addition increases the number of precipitated
η′ phases, thereby enhancing tensile strength and elongation. Furthermore, the presence of
copper allows the formation of Al2Cu θ or S′ and S phase particles, which are described in
more detail in the chapter on 2xxx aluminum alloys [4,142,143]. The presence of chromium
in the 7xxx AA series leads to the formation of E-phase Al18Mg3Cr2 precipitates [84].

The fraction of precipitating phases is significantly affected by the specific cooling
path followed during solidification. This dependence indicates that modifying the cooling
conditions can result in the formation of different amounts of precipitating phases within
the material. Figure 12 illustrates how the equilibrium fraction of these phases changes
with temperature.
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3.3.2. Hydrogen Interaction with Microstructure

The 7xxx series are notable for their superior mechanical properties. However, this
advantage comes at a cost due to their susceptibility to hydrogen-induced failures [144].
Already in 1974 it was reported by Gest and Troiano that HE contributes to the stress
corrosion cracking process of 7075 aluminum alloy [145]. Further studies have confirmed
that the presence of hydrogen in 7xxx alloys results in both brittle transgranular and
intergranular fractures [33,59,144,146]. The content of brittle fractures is found to increase
as the hydrogen content rises, as evidenced by Figure 13 [41]. An increasing degree of
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brittle fracture is manifested by a reduction in the number of dimples, which are typically
associated with plastic deformation.
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The phenomenon of hydrogen trapping in precipitated particles, as described in the
chapter on the 6xxx series, is also observed in the 7xxx series. The presence of precipitates
reduces the diffusion rate of hydrogen into the material [59,88]. Figure 14 shows that in the
absence of η-MgZn2, a typical second phase for 7xxx series aluminum alloys, hydrogen
tends to be captured at grain boundaries and dislocations. In the presence of precipitates,
hydrogen penetration into the material is impeded because the precipitates act as strong
hydrogen traps [59]. This claim is supported by a study conducted by Zhao et al. [32], which
argues that in the initial stage of HE, hydrogen primarily accumulates on intermetallic
phases rather than in the matrix or (Mg–Zn)-rich precipitates. At this stage, the material
exhibits low susceptibility to HE. However, if saturation of these primary trapping sites
occurs, hydrogen becomes trapped at grain boundaries. At this stage, the presence of
magnesium further enhances the affinity of hydrogen for grain boundary deposition. This
can result in grain boundary decohesion and crack formation [32,100]. As outlined by
Sun et al. [86], when zinc clusters form at grain boundaries, an increased concentration
of hydrogen is observed. This indicates that the presence of zinc in the material could
cause segregation of hydrogen at grain boundaries. Figure 14b shows that in materials
with precipitates, hydrogen is concentrated closer to the surface than in materials without
precipitates, see Figure 14a. In the study, second phase particles formation in 7046-T4
aluminum alloy was achieved by additional artificial aging for 20 h at a temperature of
150 ◦C [59]. The addition of chromium, which causes formation of the E-phase, resulted
in significant segregation of hydrogen between this phase and the matrix. This behavior
could lead to a higher susceptibility to HE in this grade [84].
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During the aging process, second phase particles evolve continuously. They change
properties such as stability, geometry or coherence with the matrix. These properties are
closely related to the hydrogen trapping mechanism. In the early stages of aging, spherical
GP zones are present. The particles are coherent with the matrix and exhibit a compressive
elastic stress field, due to the Gorsky effect, which describes the movement of hydrogen in
metal crystals from a region with compressive elastic stress fields to a region with tensile
elastic stress fields. GP zones have been observed to repel hydrogen. Plate-like, metastable,
and coherent η′ precipitates form from GP zones. Due to their coherence and the absence
of a stress field around the precipitates, they do not trap hydrogen. In the over-aged state,
rod-like equilibrium and incoherent η precipitates form. Incoherence with the aluminum
matrix results in an increase in hydrogen trapping capacity around the precipitates in
over-aged material [79].

3.3.3. Effect of Hydrogen on Mechanical Properties

The 7xxx aluminum alloys susceptibility to HE is significantly affected by heat treat-
ment [147]. Various heat treatment regimens result in distinct microstructures, leading
to varying degrees of susceptibility to HE in 7075 aluminum alloy, as outlined in Table 8.
The impact on HE diminishes with increasing aging time. There is also a visible correla-
tion between the coherence of precipitates and their effect on HE. The greatest effect is
observed in the under-aged state with coherent GP zones, while the effect is the lowest in
the over-aged state with semi-coherent precipitates. This dependence is demonstrated by
comparing the reduction of the fraction area in Table 9. Upon lowering the test temperature
from 20 ◦C to −98 ◦C, the HE effect increases significantly for the over-aged state, whereas
HE susceptibility of the under-aged state shows no temperature dependence [102].

For 7050 AA, Qi et al. [41] showed the same trend, see Figure 15. Hydrogen had the
highest influence on degradation of mechanical properties in the under-aged state, while
it was the lowest for the over-aged and medium for the peak-aged states. Takano [148]
observed a severe decrease in elongation to fracture and tensile strength of 7075 AA.
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Table 8. Effect of different stages of the aging process on HE in AA 7075. Adapted from Ref. [102].

Heat Treatment Stage Microstructure State Effect on HE Explanation

Under-aged GP zones (coherent precipitates)
at grain boundaries Largest

Passing dislocations can cut GP zones,
local softening, formation of

concentrated slip bands

Peak-aged
Mixture of GP zones and η′; η at

grain boundaries; precipitate-free
zones formation

Moderate

Mixture of GP zones and
semi-coherent precipitates causes

non-homogeneous slip distribution;
homogeneity improves with

increasing strain

Over-aged
Coarse η′ particles in matrix; large
η and T-phase at grain boundaries;
growth of precipitate-free zones

Smallest Semi-coherent precipitates result in a
homogeneous slip distribution

Table 9. Percentage reduction of fraction area in tensile tests for hydrogen-charged and reference
samples of AA 7075. Adapted from Ref. [102].

Under-Aged Peak-Aged Over-Aged

Uncharged [%] 28 29 33
Charged [%] 15 20 28

Difference [%] 48 30 16
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Kumar and Namboodhiri [3] conducted a study to evaluate the susceptibility of AA
7020 to HE using different cooling techniques after solution annealing at 480 ◦C, namely
water quenching or air cooling. Samples quenched in water exhibited greater hardness
compared to those that were air-cooled, but they also displayed increased vulnerability to
HE [3]. It is noticeable that HE is only present in the alloys quenched in water, as indicated
in Table 10. Solution treatment and quenching are crucial as they anneal mechanically
deformed surfaces (e.g., after polishing and grinding). These surfaces contain a high num-
ber of dislocations that could affect hydrogen permeability and transport through mobile
dislocations [149–151]. Dislocations also offer a protective effect against HE, according
to Oger et al. [89]. An increase in dislocation density correlates with a reduction in HE
susceptibility. The effect has been attributed to hydrogen trapping by dislocations, limit-
ing its diffusion and reducing the amount of hydrogen trapped in grain boundaries. A
high concentration of hydrogen at locations with high dislocation density, mainly behind
the crack tip, leads to the expansion of the plastic zone. Under these circumstances, the
assumed mechanism of HE for 7xxx alloys is HELP [7]. The HELP mechanism is fre-
quently referenced in the literature due to the presence of microvoids on a small fraction
of the fracture surface [48,95]. Additionally, Aboura et al. [152] proposed that, besides
the HELP mechanism, environmentally assisted transgranular cracking observed in their
experiment could be explained by the AIDE mechanism. Bal et al. [153] put forth the hy-
pothesis that HELP and HEDE coexist in aluminum alloy 7075. The prevailing mechanism
is temperature-dependent, with the HELP mechanism prevailing at elevated tempera-
tures (100 ◦C). Furthermore, numerous authors also tend to favor the HEDE mechanism,
where hydrogen affects the coherent energy of the grain boundaries and precipitate in-
terfaces [3,9,32,64,154]. Given the range of opinions within the scientific community, it is
likely that the mechanism for this type of alloy will be a complex combination of the above
mechanisms, dependent on ambient conditions and specific alloy composition.

Table 10. Maximum strain during tensile test at strain rate 10−5/s for AA 7020. Adapted from Ref. [3].

Air Cooled Water Quenched

Uncharged 0.19 0.19
Charged 0.19 0.14

Difference [%] 0 26

3.4. Al–Li Alloys
3.4.1. Microstructure

Aluminum–lithium (Al–Li) alloys are promising materials for aerospace applications
due to their enhanced stiffness and reduced density compared to conventional aluminum
alloys [155]. In aluminum alloys containing more than 1 wt.% lithium, metastable and coher-
ent precipitates δ′ Al3Li emerge. When these precipitates are homogeneously distributed,
mechanical properties are significantly improved [156]. For instance, the peak-aged condi-
tion of AA 8090 was measured after 40 h of aging at 190 ◦C [157], as shown in Figure 16C.
The precursor for δ′ are GP zones and δ′′ phase [103,158]. After reaching the over-aged
phase, heterogeneous precipitation of the equilibrium phase δ AlLi occurs. Heterogeneous
nucleation takes place at grain boundaries, resulting in lithium-depleted, precipitate-free
zones (PFZs) near grain boundaries [103,156]. The space between the δ′ precipitates in-
creases with aging time, while the δ′-PZF around grain boundaries becomes wider with
aging time, see Figure 16 [157].
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Crucial alloying elements in Al–Li alloys are magnesium, copper, and zirconium.
Magnesium promotes δ′ precipitation and participates in the formation of precipitate
T Al2MgLi in over-aged conditions. Copper contributes to the formation of θ′ Al2Cu2,
particularly when the Cu:Li ratio exceeds 1:3 (wt.). Copper is also present in T1 Al2CuLi.
Zirconium inhibits recrystallization and forms β′ Al3Zr precipitates [103].

3.4.2. Hydrogen Embrittlement

Lithium has a distinct property among alloying elements in aluminum alloys due
to a high affinity for hydrogen. Consequently, Al–Li alloys can accommodate up to ten
times more dissolved hydrogen than other aluminum alloy series. The main source of
hydrogen absorption is the contact of Al–Li alloys with atmospheric moisture during
melting [156,159].

δ′ precipitates act as hydrogen traps only when they are coherent and metastable.
Semi-coherent metastable δ′ does not act as a trapping site for hydrogen. In the case of
equilibrium δ precipitates, hydrogen is trapped at the incoherent interface between δ and
the matrix by interfacial dislocations. It is important to note that dislocations act as trapping
sites for hydrogen and also as short-circuit paths for hydrogen diffusion [78].

Trapping energies of microstructural features found in Al–Li alloys are summarized
in Table 11. The binding energy of δ′ Al3Li precipitates is lower than that of precipitates
formed in the presence of copper, T1 Al2CuLi [49]. T1 precipitates facilitate hydrogen
entry to the material structure. One possible explanation is that the T1 phase exhibits a
low hydrogen overpotential. The hydrogen reduction reaction then occurs on the copper
atomic layers within the precipitate structure. Subsequently, hydrogen is free to diffuse
along the T1–matrix interface. At the same time, precipitates strongly bind hydrogen due
to their high binding energy, reducing HE susceptibility, as hydrogen is trapped inside the
T1 precipitates rather than at phase interfaces. The trapping capacity suppresses hydrogen
diffusion to the grain boundaries, which also contributes to high HE resistance [49,160,161].
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Table 11. Trapping energies of microstructural features in Al–Li AA. Adapted from Ref. [49].

Trapping Site Binding Energy [kJ/mol]

Interstitial 0.0
Li in solid solution 2.6

δ′ 25.2
Dislocations 31.7

High-angle grain boundaries 35.0
T1 38.0

The microstructure of a material has a significant impact on its susceptibility to HE.
The best resistance to HE is typically observed when the material is in the peak-aged
condition, likely due to the ideal distribution of δ′ in the matrix. If the aging time is too
long and transformation of δ′ or θ′ precipitates to T1 occurs, strain is induced at grain
boundaries. This leads to an increase in the critical concentration of hydrogen, resulting
in a higher susceptibility to HE compared to the peak-aged condition. Al–Li alloys in
under-aged condition are highly susceptible to planar slip, which facilitates the transport
of hydrogen and increases the exposed surface area of the material by producing numerous
slip steps. The increase in exposed surface area provides additional sites for hydrogen
reduction to occur, promoting hydrogen ingress into the material [162]. A summary can be
found in Table 12.

Table 12. Effect of different stages of the aging process in Al–Li alloy (2.30% Li, 1.24% Cu, 0.80% Mg,
0.12% Zr) on ductility loss. Adapted from Ref. [162].

Heat Treatment Stage Ductility Loss Short Explanation

Under-aged 25%
Planar slip favors hydrogen transport by

dislocations and also causes an increase in the
surface area

Peak-aged 17% Optimum distribution of δ′ phase, which acts as
a strong hydrogen trap

Over-aged 23% Strain on GB developed, leading to an increase in
the critical concentration of hydrogen

The susceptibility of Al–Li alloy to HE was also examined by Chen et al. [101] through
mechanical testing and fracture analysis. A notable effect of hydrogen on the ultimate ten-
sile strength and yield strength was evident at slower strain rates. The hydrogen-saturated
samples also showed a significant decrease in plasticity. This was further confirmed by frac-
ture investigations, where at a higher strain rate of 3.4 × 10−3 s−1, ductile fracture occurred
at grain boundaries, whereas at lower strain rates of 3.4 × 10−4 and 3.4 × 10−5 s−1), brittle
fracture at grain boundaries was observed. When the strain rate is slow and excessive
hydrogen is present (hydrogen-charged sample), dislocation core atmospheres form as a
result of hydrogen–dislocation interactions. Hydrogen is then carried into the PFZ, causing
cracking and enhancing dislocation slip on the slip plane in the PFZ.

4. Current Knowledge and Challenges of Future Research
4.1. Mechanism of HE of Aluminum Alloys

The mechanism of hydrogen embrittlement (HE) in aluminum alloys is a topic of
ongoing research, with several competing theories. Nevertheless, further evidence is
required to substantiate the involvement of a specific mechanism. This would assist in
determining whether a single process or a combination of mechanisms is responsible for
HE in these materials.

As mentioned in Section 2.3, recent research by Lynch et al. [69] suggests that HE is a
combination of HEDE and AIDE mechanisms. Scully et al. [10] lean towards the HEDE
mechanism. The presence of precipitates, specifically MgZn2, also contributes to HE via
this mechanism. During the oxidation of the aluminum surface, vacancies are injected,
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as aluminum atoms leave their positions to form the oxide layer. These vacancies, in
combination with the high trapping capacity of the precipitates, result in the concentration
of hydrogen in the surface layer. Hydrogen then can diffuse to the crack tip, where its
accumulation leads to an enhanced rate of crack propagation.

The lack of convincing studies is attributed to the low lattice solubility of hydrogen in
aluminum alloys, which complicates hydrogen quantification [10]. Advanced, sensitive
techniques are required to detect these low hydrogen concentrations and further our
understanding of HE. Consequently, elucidating the mechanism of HE of aluminum alloys
depends on current research studies.

4.2. Investigation of HE of Aluminum Alloys

Research on HE in aluminum alloys includes the process of saturating the metal with
hydrogen. Artificial hydrogen charging methods aim to achieve a specific distribution and
concentration of absorbed hydrogen within the alloy. However, variability in these methods,
particularly in electrochemical hydrogen charging conditions, introduces challenges in
achieving consistent results.

Another critical aspect is hydrogen content measurement. While most researchers
focus on determining the distribution of hydrogen within various trapping sites using
TDA, accurate hydrogen concentration data are also crucial. For instance, a significant
gap remains in understanding the critical hydrogen content needed to induce HE under
different stress levels in aluminum alloys. Unlike steel, there is no consensus on standard-
ized approaches for measuring hydrogen content in aluminum alloys, and distinguishing
between reversible and irreversible hydrogen trapping is still not well-defined. The total
hydrogen content is often reported in studies; however, it is more critical to identify the
proportion of diffusible hydrogen that contributes to crack initiation and propagation.
In contrast, irreversible hydrogen trapping can actually reduce susceptibility to HE by
preventing hydrogen from reaching critical areas. Therefore, it is essential to study the trap-
ping capacity of various microstructural constituents, including precipitates, to accurately
predict and manage HE susceptibility in aluminum alloys.

Research typically focuses on one type of aluminum alloy, and comprehensive studies
covering multiple types are rare. Additionally, minor changes in alloy composition can
lead to different microstructures, potentially affecting hydrogen behavior in the mate-
rial [109,135,136,140]. Consequently, even studies within the same series of alloys may
yield disparate results due to variations in microstructure.

Aluminum alloys may contain hydrogen absorbed during manufacturing, processing,
or storage due to exposure to wet environments. This initial hydrogen content should be
minimized before testing, as it can impact the results of various measurements, such as
hydrogen permeation tests and hydrogen content analysis after pre-charging. However, it
is worth noting that many researchers tend to overlook the presence of this initial hydrogen
content in aluminum alloys in their studies.

To advance the understanding of HE in aluminum alloys, it is crucial to standardize
hydrogen charging methods and measurement techniques. Currently, the lack of stan-
dardized methodologies has resulted in significant discrepancies in the results reported by
different authors. Such standardization would allow for more reliable comparisons and
contribute to the development of alloys with improved resistance to HE.

4.3. Precipitates and Their Influence on HE Susceptibility

Secondary phase particles can affect HE in aluminum alloys through two main mecha-
nisms: by acting as hydrogen traps and accumulating hydrogen in their vicinity and by
participating in the hydrogen formation process as part of corrosion, particularly if there is
a significant potential difference between the precipitate and the matrix.

The characteristics of precipitates, including their size, shape, and interface with the
matrix, and consequently their hydrogen trapping ability, depend on the aging conditions.
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Table 13 demonstrates a correlation between the state of the alloy and hydrogen-induced
ductility loss.

Table 13. Ductility loss after hydrogenation [%]. Adapted from Refs. [62,102,138–140,162].

2xxx 6xxx 7xxx Al–Li
Under-aged, UA 26 x 48 25
Peak-aged, PA 11 0–17 30 17
Over-aged, OA 22 x 16 23

The 6xxx series alloys are considered to have good resistance to HE in peak-aged
conditions [27,138]. Consequently, research into other heat treatment states is limited
and would benefit from further investigation. After hydrogen saturation, the other alloys
showed the greatest decrease in mechanical properties in the under-aged state compared
to states with longer aging times. At this stage, the microstructure is dominated by the
presence of coherent GP and GPB zones.

The under-aged state alloys have shown the greatest susceptibility to HE. The principle
by which precipitates interact with hydrogen at this stage varies significantly depending
on the material composition. In the 6xxx and 7xxx series, these precipitates repel hydrogen,
while in the 2xxx series, they act as hydrogen traps. This behavior is mainly due to different
types of stresses around the GP zones, according to the Gorsky effect. In the 7xxx and 6xxx
series, the GP zones have a compressive stress field in contact with the matrix, whereas
in the 2xxx series, the GP zones have a tensile stress field, causing hydrogen to transition
from a compressive to a tensile stress field [62,79,80].

The low resistance of aluminum alloys in the under-aged state can be attributed to
the fact that some types of GP zones do not act as hydrogen traps at all and do not inhibit
the diffusion of hydrogen to critical areas in the material [59]. Although the GP zones of
the 2xxx series are capable of trapping hydrogen, the desorption curves indicate that the
formation of coarser precipitates in the 2xxx series results in stronger binding of hydrogen.
GP and GPB zones represent the smallest form of precipitates and, as a consequence, are
unlikely to trap hydrogen as effectively as AlCu2 or S phase particles. Additionally, the
susceptibility of the 2xxx series at this stage of heat treatment can be attributed to the
GBP zones at grain boundaries, where hydrogen accumulates, leading to weakened grain
boundaries [25].

In the later stages of heat treatment, the mechanism of hydrogen trapping by different
types of precipitates varies significantly between alloy types studied, making it difficult
to identify patterns and general dependencies. However, after a longer aging period,
hydrogen trapping by the already enlarged secondary phase particles is much more efficient.
Although the mechanism of hydrogen trapping varies considerably depending on the
composition of the precipitate and its interface with the surrounding matrix, there is
generally an improvement in resistance to HE compared to the under-aged state. This is
because the precipitates formed in the later stages of heat treatment slow the diffusion of
hydrogen by trapping it irreversibly [57–59]. However, if an excessive amount of hydrogen
trapping precipitates are present in the material, they may increase susceptibility to HE due
to hydrogen-induced decohesion of those particles [9]. An overview of the general effect of
precipitates in different stages of heat treatment on HE susceptibility is shown in Figure 17.

Not only do precipitates participate in hydrogen susceptibility of aluminum alloys, but
dislocations can intersect coherent precipitates, leading to local softening and formation of
concentrated slip planes. These dislocations themselves act as hydrogen traps and facilitate
hydrogen transport. Grain boundaries also act as hydrogen traps and can contribute to the
embrittlement process [80]. Furthermore, it is challenging to isolate the influence of pre-
cipitates from other microstructural constituents. Variations in heat treatment parameters
can alter dislocation density and grain boundary characteristics, complicating the study
of hydrogen–precipitate interactions. This complexity makes research on the interplay
between hydrogen and microstructural features particularly challenging.
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The concept of mitigating HE in aluminum alloys via precipitates is based on the
principle of irreversible hydrogen trapping. A uniform distribution of these particles
essentially improves HE resistance in general. However, with a constant source of hydrogen,
deep hydrogen traps can become saturated. Once these deep traps are filled, hydrogen
that accumulates in reversible trapping sites can contribute to the HE process. Therefore, a
thorough quantification of hydrogen trapping and its effects is essential.

Understanding the role of precipitates in HE is critical for improving the performance
of aluminum alloys. A key strategy for mitigating HE involves controlling precipitates to
optimize mechanical performance while ensuring effective hydrogen trapping. Analyzing
the hydrogen trapping ability in different types of aluminum alloys at various stages of
aging, and thus with different precipitate characteristics, using standardized approaches,
could yield valuable insights. Such research will complement existing knowledge on
the interaction of hydrogen with precipitates and could lead to improved methods for
precipitate control, ultimately enhancing the resistance of aluminum alloys to HE.

5. Conclusions

• Role of precipitates. Precipitates in aluminum alloys act as hydrogen traps, influencing
material susceptibility to HE. The type of interface between precipitates and bulk mate-
rial (coherent, semi-coherent, or incoherent) plays a critical role in hydrogen trapping.

• Impact of aging.

# Alloys in the under-aged state, dominated by coherent GP and GPB zones,
exhibit the highest susceptibility to HE due to less effective hydrogen trapping.

# The presence of semi-coherent precipitates in peak-aged alloys leads to moderate
susceptibility to HE. Stress fields around precipitates reduce hydrogen diffusion.

# Incoherent precipitates dominate in the over-aged state. Because these pre-
cipitates trap hydrogen strongly, the overall susceptibility to HE decreases
compared to the under-aged stage.

• Microstructural evolution. As an alloy undergoes heat treatment, the evolution of
secondary phase particles alters how hydrogen interacts with the matrix. Coherency
strain and the presence of dislocations at precipitate interfaces are key factors.

• Hydrogen detection. Techniques such as TEMA, APT, and TDA have enhanced the
understanding of hydrogen trapping and distribution in aluminum alloys, but further
development is needed to accurately study hydrogen–microstructure interactions.

• Future directions. Standardizing hydrogen charging and detection methods is es-
sential to improve the consistency of research outcomes. Understanding the exact
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hydrogen trapping mechanism and refining heat treatment processes could lead to the
development of alloys with greater resistance to HE.
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