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A B S T R A C T

Hydrogen embrittlement (HE) poses a critical challenge to the durability of metallic components in hydrogen 
infrastructure, threatening the global transition to sustainable and clean energy. Additive manufacturing (AM), 
with its unique design flexibility, material efficiency, and potential for microstructure control, offers new op
portunities to mitigate HE-related degradation. This review focuses exactly on the current state of research at the 
intersection of AM and HE, highlighting the potential of AM-fabricated metallic materials to enhance perfor
mance in hydrogen-rich environments. Applications in aerospace, shipbuilding, and automotive sectors are 
discussed, emphasizing sustainability gains and production advantages. Uniquely, the review analyzes how key 
microstructural features of AM materials, such as grain size, dislocation density and dislocation morphology, 
secondary phases, and molten pool characteristics, influence HE resistance. Furthermore, it evaluates processing 
strategies, such as multi-material AM and heat treatments, to reduce hydrogen-induced damage. Despite 
promising advances, knowledge gaps remain in understanding hydrogen diffusion pathways and their in
teractions with AM-specific microstructures. This article outlines critical future research directions for enabling 
hydrogen-compatible, AM-based metallic systems, supporting the broader goal of decarbonized energy 
infrastructures.

1. Introduction

Greenhouse gases (GHGs) generated by fossil fuel combustion and 
industrial processes threaten global sustainability. This threat has been 
further exacerbated by the sustained rise in greenhouse gas (GHG) 
emissions, including N2O and CO2, since the mid-19th century (1850) 
(Fig. 1). Hydrogen, whether gaseous or liquid hydrogen (LH), offers 
potential to mitigate global warming and pollutant emissions as a clean 
energy carrier with favorable metrics, particularly its minimal contri
bution to global warming potential post-energy release. Unlike fossil 
fuel combustion, which generates global warming gas NOx and CO2, 
hydrogen combustion primarily produces H2O [3]. Hydrogen energy 
also possesses various energy-conveying properties, including high en
ergy density [4] and low containment production after energy release 
[5]. Some research results can demonstrate this conclusion. Corchero 
et al. [6] found that the fuel consumption of kerosene in aircraft, 
31.56 kg/(KN⋅s), is 2.8 times higher than that of LH. Furthermore, Yusaf 
et al. [7] pointed out that the utilization of LH rather than fossil fuel can 
decrease the emission of NOx gas. Therefore, the advantages offered by 

LH can potentially drive advancements in the aerospace and automotive 
industries, potentially serving as a future alternative to fossil fuels in 
transportation [7]. Recognizing this potential, the European Union has 
initiated the REPowerEU plan, which aims to invest a substantial sum of 
65 billion euros in developing hydrogen infrastructure for the produc
tion, importation, and transportation of 20 million tonnes of hydrogen 
by 2030 [8].

However, it is inevitable for hydrogen embrittlement (HE) phe
nomena to occur in the storage equipment for hydrogen energy, 
resulting in premature failure [9]. This premature failure would pref
erentially happen locally in HE-prone areas (e.g., welding seams, valves, 
tread lines, end caps), dramatically shortening the life span of storage 
equipment. The HE also poses a widespread threat to the durability of 
metallic components [10,11], as shown in Table 1. It leads to premature 
failure and threatens the sustainability of metallic components serving 
in other areas, since it could be associated with aqueous environments 
(such as seawater, rainwater [12], and river water [13], chemistry so
lutions [14]), or humid air [15]. In 2021, the estimated economic impact 
of corrosion on equipment and facilities reached up to 6 trillion dollars 
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[16], with a considerable share linked to metallic materials and 
hydrogen embrittlement. The replacement of failed components results 
in the emission of GHGs (e.g., generating 2.1 t CO2 for 1 t of new steel 
[17]). More seriously, HE can result in sudden premature of large-scale 
buildings, transportation equipment, or facilities without any visible 
signs [18,19]. Such failures can manifest in vital infrastructure, 
including bridges, skyscrapers, aircraft, and maritime vessels, resulting 
in devastating accidents and profound loss of human life. Given the 
widespread occurrence and huge economic loss of hydrogen embrittle
ment, researchers have embarked on studying this phenomenon since its 
early recognition [20]. In 1874, Johnson documented the decrease in 
the elongation of steel wires caused by HE resulting from exposure to the 
acidic solution. This early observation of HE highlights its longstanding 
presence as a challenge in industrial sectors [12]. However, the potential 
of HE-induced failure in components hindered the application in LH and 
hydrogen gas.

Luckily, additive manufacturing (AM) has emerged as a novel 

manufacturing method, offering numerous advantages [21,22]. AM 
enables the production of components with high structural complexity 
[23], microstructural flexibility [24], high strength [25,26], and low 
surface roughness [27]. Moreover, AM allows for the utilization of a 
wide range of metallic materials and has the potential to significantly 
reduce waste production and materials consumption [28,29]. In a case 
study, Top et al. [30] demonstrated that the manufacturing process 
using a laser-based additive manufacturing system consumed 60.45% 
less material and resulted in significantly lower CO2 emissions compared 
to conventional manufacturing methods. Consequently, AM is poised to 
replace conventional manufacturing processes (such as casting, forging, 
and cutting) in response to the call for sustainable development. How
ever, the HE problems have not disappeared in AM-fabricated compo
nents [31]. Luckily, the AM provides more opportunities for customers 
to relieve HE-induced corrosion, as its potentials can be summarized as 
three points. 

(I) High degree of shaping complexity. This merit could enhance the 
HE resistance of components and assemblies. Compared with the 
conventional manufacturing process, the design freedom affor
ded by AM allows for the integration of multiple components into 
a single structure [32], reducing the number of junctions (such as 
welding seams [33]) and connectors (such as fasteners and bolts 
[34]) susceptible to HE. Additionally, the exceptional shaping 
flexibility of AM provides potential for structural optimization. 
This optimization could mitigate HE processes accelerated by 
stress concentrations [35]. It can also eliminate redundant 
post-processing steps, which may accelerate the hydrogen 
ingress. For instance, previous studies have demonstrated that 
post-forging cutting processes can degrade the HE resistance of 
materials due to the generation of pronounced striations in the 
cutting-edge area, promoting stress concentration and crack 
initiation due to the notch effect [36]. Although AM involves 
thermal cycles similar to welding, the underlying thermal physics 

Fig. 1. Annual emission caused by fossil fuel for (a) CO2, (b) N2O, (c) global 
emission for CO2 and N2O with year [1,2]. Data and images from the Our World 
in Data website.

Table 1 
Typical examples of metallic materials serving in the hydrogen environment.

Industrial field Components Materials Main 
fabrication 
method

Hydrogen sources Loading Condition

Combustion 
Chambers

Cu-Cr-Nb, Inconel 625, and Cu-Cr- 
Nb/Inconel 625 (Ni-based) 
bimetallic alloy [45].

Laser powder 
bed fusion

High-temperature 
water vapor

950 to 1100 ◦C, and pressure up to 
100 bar [46].

Hydrogen storage 
cryogenic vessels

2219 Al alloys, 2A14 Al alloy, and 
2219 Al-Cu alloy, CoCrFeMnNi high- 
entropy alloy [47].

Rolling, 
welding

Liquid hydrogen 20.35 K at 1 bar [48].

Fuselage for 
commercial flight

Al7075 alloy [49]. Stamping Rainwater, humid air When cruising at around 
12000 m, the sujectsed stress is 
about 25 to 45 MPa [50].

Propeller shaft 17-4 PH martensitic stainless 
steel [51].

Cutting, 
molding

Seawater Bearing the torsional load, axial 
thrust, and bending load [52].

Ship hull Carbon steel St41, steel 15G2ANb 
(AH36), and steel 17HNMBVA 
(E690) [53].

Rolling, 
welding

Seawater, humid air Bearing the hull deflections, 
vertical bending moment, and 
wave-induced load [54].

Ship deck EH36 low-carbon and low-alloy 
steel [55].

Rolling, 
welding

Seawater, humid air Bearing cargo loads and wave- 
induced loads [56].

Car body MS-AHSS steel [53]. Stamping Rainwater, humid 
air, pickling acid 
liquid

Bearing the static stiffness loads 
and cyclic loads [57].

Fasteners 316L stainless steel, 60Si2Mn spring 
steel [34].

Forging, 
cutting, 
drilling

Rainwater, humid air Bearing the pre-load and cyclic 
load [58].

Hub bolt Zinc-coated SCM435 steel, USIBOR 
1500® steel, and USIBOR 2000® 
steel [38].

Forging, 
cutting

Rainwater, humid air Bearing the pre-load and cyclic 
load [58].

Hydrogen-storing 
fuel cell

silica-sphere-coated aluminum alloy 
7075 [59].

Casting Gas hydrogen 700 bar at ambient temperature 
[60].
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differs significantly. AM processes, particularly laser powder bed 
fusion, exhibit cooling rates orders of magnitude higher (105 to 
106 K/s) compared to conventional welding. This rapid solidifi
cation suppresses the formation of coarse, segregated micro
structures often found in the heat affected zones (HAZ) of 
traditional welds, which are typical initiation sites for hydrogen 
cracking. Furthermore, the process is free from constraints 
imposed by joining semi-finished components [37]. This freedom 
enables AM-fabricated samples to replace macroscopic hetero
geneous weld joints with microscopic, homogeneously distrib
uted melt pools, thereby achieving optimized microstructures 
and reduced residual stress concentrations that decrease the 
overall sensitivity to HE.

(II) The excellent fabrication flexibility. The strength of AM helps 
impede the diffusion of hydrogen atoms into the substrate. In the 
past, ceramic coatings (e.g., Zinc [38] and silica-sphere [39]) 
have been applied to protect metallic substrates from HE corro
sion, but the coating process will also introduce hydrogen atoms 
into the metallic matrix. For example, Xu et al. [38] observed 
HE-induced cracks in the fracture surface of zinc-coated SCM435 
steel, attributing it to the Zinc electroplating process, which in
troduces hydrogen atoms into the iron-based alloy matrix. 
Furthermore, traditional coating processes are challenging to 
implement on components with intricate geometries [40]. 
Fortunately, the advent of multi-material additive manufacturing 
(MMAM) enables the fabrication of ceramic-metal composite 
components without the need for post-treatment processes [41], 
or it can modify the microstructure of susceptible areas [42] to 
alleviate HE corrosion. Nevertheless, the application of MMAM in 
preventing HE corrosion remains an underexplored research 
area.

(III) Possibility in microstructure optimization. The AM process pro
duces components with distinct microstructures compared to 
those fabricated via conventional manufacturing methods, which 
can lead to improved resistance to HE. For example, Baek et al. 
[43] observed that the AM process significantly improved the HE 
resistance of 304L austenitic stainless steel compared to rolled 
304L. While decreases in HE resistance have been observed in 
other materials [44]. This finding offers a new avenue for miti
gating HE-related challenges, which will be further discussed in 
detail in the subsequent sections.

In this article, the authors will first summarize the AM methods and 
application scenarios, as well as the investigation methods of compo
nents serving in hydrogen environments. These aspects are helpful for 
readers to gain a clear understanding of the service conditions of ma
terials exposed to HE and to establish suitable research targets for sub
sequent AM-related studies. Then, the research progress on the 
microstructure of AM-fabricated materials serving in hydrogen 

environments will be introduced. Finally, this review will prospect 
future development and highlight the deficiencies in current research.

2. AM methods for metal shape-formation

Fig. 2 shows the classifications of AM methods for metal forming. 
Within the scope of the current review, the investigation of metallic 
components for HE primarily focuses on those manufactured using 
powder bed fusion (PBF) and direct energy deposition (DED) methods. 
Consequently, this chapter will place greater emphasis on PBF and DED, 
while acknowledging the vast research potential of other AM 
techniques.

2.1. Powder bed fusion

On the bias of beam type, PBF can be further subdivided into two 
categories: (1) laser powder bed fusion (LPBF), and it is also known as 
selective laser melting (SLM) or selective laser sintering. (2) Electron- 
beam powder bed fusion (EPBF). In the PBF process, the powder is 
transferred from the powder chamber to the building chamber via a 
scrapper. Subsequently, a laser or electron beam is employed to fuse the 
powder particles, resulting in the formation of components. The powder 
plates and building chamber move in synchronized motion, with the 
powder feeding rate and layer thickness determining their respective 
vertical movements. This powder-feeding model utilized in PBF enables 
the conveyance of fine powder particles with a small average diameter 
(typically below 20 μm [45,46]) into the building chamber (Fig. 3a), 
which contributes to shaping workpieces with high precision. A detailed 
explanation and comparison with DED for this characterization will be 
elaborated in Section 2.2. Additionally, unlike conventional casting or 
forging processes, the PBF method enables in-situ monitoring to detect 
defects and analyze the microstructure during the formation process, 
providing valuable data for parameter optimization [47]. However, it is 
important to note that the size of the PBF machine significantly limits 
the volume of the components that can be produced [48].

2.2. Direct energy deposition

Lots of processes can be categorized in DED methods, including laser 
metal deposition (LMD), laser cladding (LC), and wire arc additive 
manufacturing (WAAM). Similar to PBF, DED can be easily integrated 
with in-situ monitoring systems. The fabrication process of DED, as 
illustrated in Fig. 3b and c, can be summarized as follows [47]: (1)The 
first step involves melting wire or powder using focused thermal energy, 
which can be provided by wire arc, laser, or electron beam. (2)The 
melted material is deposited as heat droplets onto the surface of the 
substrate or printed components. (3)The droplets undergo solidification 
to form the final structure.

Fig. 2. Classifications of AM methods for metal forming.
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2.3. Other methods

1. Sheet lamination (SL)

SL uses a roller to compress metallic sheets and bind them into one 
integrity sheet by sheet [49]. As it is a relatively new method for printing 
metallic components, there has been limited research conducted on this 
technique. 

2. Stereolithography (SLA)

Before the SLA process, the metallic powder was mixed with photo- 
polymerizing resin to create a printable suspension [50]. During print
ing, the suspension is exposed to ultraviolet light emitted by a trans
mitter, causing it to solidify layer by layer. After the SLA process, 
components are removed and heated in a furnace to eliminate residual 
resin. However, SLA-fabricated components often exhibit high porosity 
rates [51], resulting in poor HE resistance and mechanical properties. 
Further improvements are necessary to enhance their performance. 

3. Fused deposition modeling (FDM)

FDM involves the deposition of polymer/metal filaments onto a 
substrate to fabricate components [52]. Subsequently, the components 
are sintered in a furnace to remove the polymer. Similar to SLA, FDM is 
susceptible to producing porous samples. 

4 Inkjet printing

In the inkjet printing process, a liquid (such as polymer/metallic 

suspension or metallic salt) is expelled from a nozzle onto a building 
plate [53]. The printed samples are then solidified either through heat 
curing or by projecting ultraviolet light to achieve compact components. 
However, the high porosity rates observed in inkjet printing-fabricated 
components hinder their application in hydrogen environments [54].

3. Application scenarios

Among many industrial sectors, the aerospace, shipbuilding, and 
automotive industries are representative and popular application sce
narios for AM materials with the HE concerns, as demonstrated in 
Table 1, and additionally show current and potential applications of AM 
technologies and components. Specifically, the aerospace industry rep
resents a critical sector where AM has achieved substantial adoption due 
to high-performance demands, the necessity for lightweight structures, 
and complex geometries that traditional manufacturing methods strug
gle to achieve efficiently. Shipbuilding, with its nature aggressive, 
hydrogen-rich marine environments, has also shown a rapidly 
increasing interest and adoption potential of AM, especially for large- 
scale components. Finally, the automotive industry, while currently 
exhibiting a lower adoption rate of AM technologies, also shows sub
stantial potential for growth in AM adoption, especially in applications 
targeting weight reduction and enhanced manufacturing flexibility. 
Following the progressive trend across these industries, they will be 
individually addressed in the following.

3.1. Components of the aerospace industry

In the aerospace industry, the demanding service requirements and 
complex component topologies in hydrogen environments create 

Fig. 3. Schematic drawings of different AM methods. (a) PBF, (b) DED with powder feeding system, (c) DED with wire feeding system.
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difficulties for traditional processing methods but offer ample opportu
nities for AM. Notably, AM has already been adopted for the large-scale 
production of aerospace parts. General Electric (GE) company, for 
instance, utilized AM to produce over 30,000 fuel nozzles for aerospace 
companies in 2018, as shown in Fig. 4a [55]. Nevertheless, it is 
important to acknowledge that the HE problem persists even with the 
utilization of AM for component fabrication. Balancing HE resistance 
and other essential service properties often involves trade-offs. For 
instance, the addition of excessive chromium elements to GRCop-42 
Cu-based alloy, fabricated via AM, may enhance HE corrosion resis
tance but diminish its thermal diffusion rate [56].

Despite this, the aerospace industry holds considerable potential for 
the application of AM technology. The increasing utilization of LH as a 
propellant in aerospace systems has amplified the demand for LH flaring 
and storage systems, which necessitate materials with enhanced prop
erties but often come at higher costs [57]. In this situation, AM presents 
a promising solution by reducing material consumption and overall 
costs. Unlike fossil fuels, LH must be stored at cryogenic temperatures 
(approximately 20.46 K) to maintain its liquid state and minimize vessel 
storage volume. Additionally, high-pressure vapor water at elevated 
operating temperatures can lead to HE. For example, combustion 
chambers experience service temperatures of up to 3041.85 K and are 
subjected to HE from high-pressure water vapor during ignition [57]. 
Expensive Al-based alloys (e.g., 2219 Al alloys, and 2219 Al-Cu alloys 
[58]) for the cryogenic environment, Nickel-based (e.g., Inconel 625 
[59], Hastelloy X [60]), and steel-based superalloys (e.g., A-286, JBK-75 
[61]) for the high-temperature environment must be applied, but 
significantly increase the production cost. Furthermore, the integration 
of Cu-based alloys with Ni-based or iron-based alloys has been proposed 
to facilitate heat diffusion and protect combustion chambers, a task that 
proves challenging with traditional manufacturing methods [56]. Thus, 
the complex structures and stringent material requirements of LH stor
age and igniting components have garnered significant attention from 
engineers and researchers in the field, who recognize the potential of AM 
to address these challenges. NASA, a pioneering institution in the 
aerospace industry, has already embraced AM methods for fabricating 
spaceflight components intended for LH environments. These compo
nents include combustion chambers, pump volutes, and liquid fuel 
pumps [62]. Notably, certain AM-fabricated components have been 
incorporated into the RS-25 rocket, which features an LH engine. In 
summary, the trend of utilizing AM for fabricating components in 
LH-fueled propulsion systems is gaining momentum within the aero
space industry, driven by the need to overcome HE corrosion challenges 
and meet the stringent material requirements of LH storage and igniting 
components.

3.2. Components of the shipbuilding industry

The shipbuilding industry faces unique challenges compared to the 
automotive and aerospace industries. One significant difference is the 
longer lifespan and extended exposure to moisture for ships. While 
household vehicles typically have an average lifetime of around 12 
years, ships can last for 30 to 50 years, with the majority of their service 
time spent on water [63]. The prolonged exposure to water or moisture 
in the marine environment makes ship components more susceptible to 
HE corrosion. In contrast, although commercial airplanes have a lifespan 
of up to 40 years, their actual service time is shorter and determined by 
flight hours [64]. In addition, production costs rather than service 
properties are more important than those in the aerospace industry, 
since less demanding service environment.

Despite this, AM technology holds the potential to meet the demands 
of shipbuilding industries operating in hydrogen environments. The 
inherent customization capabilities of AM align well with the high-cost 
and low-quantity nature of components required for large ocean 
freighters, such as scupper plugs, which are susceptible to hydrogen 
ingress from seawater [65]. In 2022, Berge Mafadi utilized 
AM-fabricated scupper plugs for its cargo. Traditional manufacturing 
methods for scupper plugs are expensive, given the need for 
engineer-designed, non-generic shapes to prevent contaminant or water 
leakage [66]. Thus, the high forming flexibility of AM is suitable for 
producing scupper plugs rather than casting or forging. Moreover, AM 
exhibits remarkable capabilities in fabricating ship components with 
intricate structures but limited dimensions, such as engines and pro
pellers [67]. Unlike aerospace components, shipbuilding industry re
quirements do not heavily prioritize forming precision and surface 
roughness. Consequently, WAAM is commonly employed in ship
building, since it excels in producing large-scale parts at lower produc
tion costs compared to PBF or DED methods. RAMLAB company 
successfully manufactured propeller shafts with a diameter of 1.35 m via 
WAAM (Fig. 4b), which were installed in the Stan Tug 160 ships [68], 
highlighting WAAM's ability in commercial shipbuilding applications. In 
another case, DNV produced 2-m diameter ship propellers and Panama 
chocks using WAAM, demonstrating twice the yield strength of their cast 
counterparts [69]. Considering the undersea service environment of 
propellers, the HE resistance must be considered for those 
WAAM-fabricated propellers. Regrettably, due to commercial confi
dentiality, the specific HE resistance capabilities of the aforementioned 
AM-fabricated components in their intended application scenarios 
remain undisclosed.

The advantages of AM extend to its potential for producing spare 
parts during voyages. Recognizing that maritime ships may require 
extended periods of navigation without external supply for replacement 
accessories, the US military initiated a project exploring the fabrication 
of spare parts at sea using wire-feed AM [70]. While the entry of 

Fig. 4. (a) Fuel nozzles produced by General Electric, reproduced with permission from Colibrium Additive. (b) propeller fabricated by RAMLAB company via 
WAAM, reproduced with permission from RAMLAB and Damen Shipyards.
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hydrogen from seawater and humid air may potentially impact the 
service properties of AM-fabricated spare parts, it is not clear what the 
result of this project will be [70]. In conclusion, AM holds significant 
application prospects in the shipbuilding industry. However, researchers 
and producers need to address HE-related challenges stemming from 
water and humid air to ensure the optimal performance of 
AM-fabricated components in maritime environments.

3.3. Components of the automotive industry

HE has been a persistent challenge in the automotive industry due to 
the frequent exposure of vehicle components to HE-inducing environ
ments, such as rainwater, humid air, and detergents [71]. Hydrogen 
atoms can also permeate into inner components through openings, 
permeable materials, or moist air [71]. As a result, automotive com
panies often resort to using low-strength steels in fasteners and other 
components, leading to a significant increase in vehicle weight [26], as 
steels with an ultimate tensile strength exceeding 1000 MPa are sus
ceptible to HE corrosion [47]. HE-induced degradation can occur not 
only during the service life of the vehicle but also during post-treatment 
processes. Surface treatments like acid cleaning and electroplating, 
commonly applied to vehicle components, can introduce hydrogen 
atoms into the metallic matrix, potentially compromising the fatigue 
resistance of components [34]. Therefore, HE is a critical challenge 
hindering the development of the automotive industry. However, given 
that the majority of automotive consumers are individual citizens, 
companies and their research teams must strike a balance between HE 
resistance and material cost [72]. Consequently, many vehicle compo
nents are made of cost-effective stainless steel with a level of HE resis
tance that meets the requirements. In addition, traditional processing 
methods continue to maintain their dominant position in the automotive 
industry, since the low fabrication efficiency of AM currently hinders its 
widespread adoption in the automotive industry for mass production 
[73]. Nevertheless, some efforts have already been initiated. BMW has 
begun small-series production of the iX5 Hydrogen model, powered by 
hydrogen energy, and has reported that some components are manu
factured using AM [74]. Despite this, restricted by the limited 

application and investigation of AM in the automotive industry, there is 
a lack of comprehensive investigation into the service properties (e.g., 
lifespan and operational efficiency) of AM-fabricated components in 
hydrogen environments. This presents an emerging area of interest for 
engineering research.

3.4. Other application scenarios

The high production costs, lengthy production times, and limited 
production volumes hinder the widespread adoption of AM. In addition, 
the unique characteristics of different industries further impede the 
application of AM. For example, the project-based nature of civil engi
neering operations makes it less suitable for the rapid implementation of 
AM technology [75]. Nevertheless, this does not undermine the signif
icance of future research on AM in other industrial sectors.

One area where the potential of AM is evident is in the repair of large- 
scale facilities or equipment operating in hydrogen environments. AM 
has already been successfully employed in repairing components with 
HE-induced damage across various industries, including aircraft landing 
gear [76], ship propellers [67], aircraft fuselage [76], car bodies [76], 
nuclear reactors [77], and so on. However, in some cases, the repair 
process itself may occur in a hydrogen environment, such as underwater 
facilities. Previous studies [78] have highlighted that underwater repair 
processes introduce hydrogen into the materials, resulting in the for
mation of large cracks, high surface roughness, and other issues. Re
searchers have made attempts to address this challenge by 
implementing strategies to block the entry of hydrogen. Some attempts 
to block the entry of hydrogen have been conducted by researchers. 
Wang et al. [79] developed an innovative underwater direct energy 
deposition (UDED) setup to repair pre-existing cracks immersed in 
water, as exhibited in Fig. 5; they designed a gas curtain nozzle to create 
a dry air cavity during the UDED process, effectively preventing 
hydrogen diffusion. The maximum hydrogen content observed in all 
samples was 0.618 ml/100g at a water depth of 150 mm, significantly 
below the welding standard of 5 ml/100g. Guo et al. [80] increased the 
protection gas area by modifying the flux-core wire component 
(replacing 60% of Ca2F powder with rutile powder) in the WAAM 

Fig. 5. Schematic diagram of the UDED repairing system [79].
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process. This improvement resulted in a 65% reduction in the remaining 
hydrogen content in the printed 304 stainless steel samples. Unfortu
nately, AM methods for repairing components in hydrogen environ
ments have not yet gained widespread use in engineering and should be 
the focus of future research endeavors.

4. Mechanisms and investigation methods of hydrogen 
embrittlement

4.1. Mechanisms

The main fundamental mechanisms underlying HE in AM-fabricated 
materials are similar to those observed in traditional processing 
methods, and the main HE mechanisms are summarized shortly as fol
lows. It is important to note that these mechanisms may not individually 
impact the mechanical properties but can collectively contribute to the 
overall service performance [81]. 

1 Hydrogen-enhanced localized plasticity (HELP)

This theory suggests hydrogen atoms would enhance dislocation 
mobility, thus softening materials and accelerating the failure process, 
as hydrogen reduces the energy barrier for dislocation gliding by being 
inserted into the matrix. This phenomenon was demonstrated through 
atomic simulations by Huang et al. [82], and their in-situ transmission 
electron microscopy (TEM) for α-Fe. In addition, hydrogen accumulates 
in regions with high tensile hydrostatic stress and increases the dislo
cation mobility in this area, such as crack tips [83]. The promoted 
dislocation movement softens the matrix in crack tips, accelerates crack 
propagation, and leads to the premature failure of the material. 
Conversely, Xie et al. [84], using in-situ TEM, observed that dislocation 
motion in pure Al was dragged and impeded during cyclic compression 
after hydrogen charging. Song and Curtin [85] reported this drag effect 
in α-Fe through atomic simulations. Huang et al. explained this apparent 
contradiction by attributing it to the significantly lower hydrogen con
centration in their experiment compared to earlier studies [82]. There
fore, the applicability of the HELP mechanism is limited and can only 
explain HE in specific cases. 

2 Hydrogen-enhanced decohesion (HEDE)

The HEDE mechanism was first proposed by Pfeil et al., in 1926 [86,
87], and it has been the most accepted theory in HE study. This mech
anism suggests that hydrogen diffuses into the matrix and accumulates 
to high concentrations during the hydrogen charging process, signifi
cantly weakening atomic bonding strength and reducing the material's 
overall strength [88,89]. The atomic-scale mechanism was further 
elucidated through simulations conducted by Hu et al. [90], which 
demonstrated that hydrogen increases the electron density at interstitial 
sites, thereby enhancing Pauli repulsion. This effect leads to lattice 
expansion and the weakening of atomic bonds. Localized degradation is 
further exacerbated by hydrogen accumulation in specific regions, such 
as grain or phase boundaries, vacancies, twins, sites of maximum hy
drostatic stress, crack tips, and dislocations [86]. This localized weak
ening can be quantitatively described by the following equation [86,91]: 

σH = σ0 − aC (1) 

where σH is the local critical cohesive stress decreased by HEDE; σ0 is the 
critical cohesive stress in a hydrogen-free environment; C is the 
hydrogen concentration, and a is a parameter related to the loss of 
cohesive stress due to the HEDE process. According to this model, pre
mature failure occurs when the local stress exceeds σH as a result of 
hydrogen accumulation. 

3 Adsorption-induced dislocation emission (AIDE)

Proposed by Lynch in 1976 [92], the AIDE theory is the combination 
of HEDE and HELP [81]. During service, hydrogen accumulates in the 
crack tip region due to stress concentration. According to the HEDE 
mechanism, this accumulation reduces atomic cohesive strength, 
weakening the material. Simultaneously, the HELP mechanism suggests 
that hydrogen lowers the energy barrier for dislocation glide, promoting 
dislocation emission under the influence of hydrogen. This emission 
facilitates localized strain near the crack tip, leading to the formation of 
microvoids. The interplay between these two degradation processes 
ultimately accelerates crack propagation and results in premature 
failure. 

4 Hydrogen-enhanced strain-induced vacancies (HESIV)

In 2004, Nagumo [93] first introduced the HESIV mechanism. This 
theory proposes that hydrogen reduces the formation energy of 
atomic-scale vacancies during the straining process, thereby acceler
ating strain-induced vacancy generation and promoting the formation of 
vacancy clusters [94]. Stabilized by hydrogen, these clusters subse
quently merge into microvoids, facilitating their growth and ultimately 
leading to premature failure of the material. 

5 Metallic hydride formations

When hydrogen is charged, the matrix or precipitation phases can 
absorb hydrogen atoms and form new phases when the hydrogen con
tent exceeds the solubility [83]. This results in the transformation into 
more brittle phases. For example, the NiTi intermetallic compound can 
absorb hydrogen from HE-induced liquid, transforming into a brittle 
NiTiH phase [95]. Those brittle phases can accelerate crack propagation 
or become the initiation points for cracking due to stress concentration. 

6. Hydrogen molecule recombination

This theory suggests that hydrogen atoms can be absorbed onto the 
surface of samples from the hydrogen environment. These surface- 
absorbed hydrogen atoms then migrate into the matrix, where they 
recombine to form H2 within pores and cracks [96]. This process in
creases the gaseous pressure in these areas, initiating crack initiation or 
propagation. Consequently, the recombination of hydrogen atoms 
severely degrades the mechanical properties of materials.

4.2. Mechanical testing methods

Comparative mechanical testing of hydrogen-charged and hydrogen- 
free samples is an effective approach to quantify hydrogen-induced 
degradation and mitigate the risk of catastrophic failure before mate
rials are deployed in service. However, the method of hydrogen charging 
remains a challenging question for researchers. Currently, hydrogen 
charging techniques can be broadly classified into three categories: 
electrochemical hydrogen charging, gaseous hydrogen charging, and 
tubular hydrogen charging, as illustrated in Fig. 6. Among these, elec
trochemical hydrogen charging is the most widely adopted method due 
to its straightforward and accessible process. Gaseous hydrogen 
charging is typically used to investigate the hydrogen behavior of 
samples in high-pressure hydrogen gas environments. However, the 
complexity and expense of high-pressure autoclaves required for 
gaseous charging limit their application to a relatively small number of 
research groups [97]. Tubular hydrogen charging, on the other hand, is 
versatile as it enables charging with either high-pressure hydrogen gas 
or liquid hydrogen under cryogenic conditions. Compared to gaseous 
hydrogen charging, this method consumes a smaller volume of hydrogen 
gas. Nevertheless, the application of tubular charging is constrained by 
the hollow structure of test samples, which restricts the miniaturization 
and flexibility of testing AM-fabricated samples with high production 
costs.
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Despite the limitations of these charging methods, they can be 
effectively coupled with various mechanical testing techniques for both 
in-situ and ex-situ evaluations. These mainstream testing methods can 
be categorized as follows. 

1 Tensile tests

To quantify the loss of tensile properties caused by HE, slow strain 
rate testing (SSRT) and linearly increasing stress testing (LIST) are now 
widely adopted by researchers [81]. As for SSRT, specimens will be 
stretched with a constant increasing elongation, while specimens will be 
stretched with a slow-increasing load in LIST tests [81]. In both tests, 
specimens are elongated until a fracture occurs in different hydrogen 
environments. As for the hydrogen environment, the electrochemical 
hydrogen charging solutions typically consist of H2O as the solvent and 
various solutes, such as NaAgO2 [98], H2SO4 [99], and NaAsO2 [99]; for 
the gaseous charging, the hydrogen gas is generally made of pure water 
vapor or H2 with high pressure. However, in some research, impurities 
(such as O2 and H2S) are added to hydrogen gas for further investigation. 
As experimental results, the elongation, yield strength, ultimate tensile 
strength (UTS), and reduction of fracture area (RA) after tensile tests in 
the hydrogen-free environment (h1), and hydrogen charging (h2) will be 
used to get hLoss, which can be used to quantitatively determine the HE 
resistance of materials and calculated by the formula [100,101]: 

hLoss =
h1 − h2

h1
× 100% (2) 

2 Electrochemical nano-indentation tests (ENIT)

To investigate the influence of hydrogen diffusion on the shear 
properties of materials, researchers have developed an ENIT technique. 
In the testing process, the test sample is first immersed in a solution that 
induces HE, and then hydrogen is introduced into the sample under a 
cathodic potential. To assess the degradation caused by hydrogen 
diffusion, the test samples are also subjected to anodic potential 
charging to facilitate the desorption of hydrogen from within the ma
terial. This serves as a counterpart experiment to evaluate the effects of 
hydrogen on the material. After the charging process, nanoindentation 
testing is performed to obtain load-displacement curves, from which 
various parameters can be extracted. These parameters include the 
maximum shear stress [102] and pop-in load [103], which helps 
determine the impact of hydrogen diffusion. 

3 Fatigue tests

In fatigue testing, hydrogen significantly accelerates crack growth 
rates, leading to premature failure [104]. Hydrogen-induced degrada
tion can be evaluated by comparing the crack growth rate in air and 
hydrogen environments. To quantify the fatigue resistance of metallic 
materials, pre-cracks are typically introduced into the test samples 

before testing [104]. Then, the crack growth rate per cycle (da
dN) is then 

calculated based on variations in voltage across the cracks. To illustrate 
the fatigue crack growth process, plots of (da

dN) versus the number of 
cycles (Nf ) or stress intensity factor (Δ K) are commonly used. Compared 
to hydrogen-free samples, hydrogen-charged samples generally exhibit 
lower maximum Nf and Δ K, but higher maximum (da

dN). These differ
ences highlight the detrimental impact of hydrogen on the fatigue 
behavior of metals. 

4 Charpy impact tests

Charpy impact testing is a simple yet cost-effective method for 
determining the impact toughness properties of metallic materials, 
which is crucial for assessing the reliability of hydrogen storage mate
rials, particularly those exposed to liquid hydrogen environments [105]. 
Test specimens are typically prepared as long strips with a V-shaped 
notch. Within the scope of the authors' review, Charpy impact testing is 
predominantly conducted under ex-situ hydrogen charging conditions, 
as the testing process would otherwise damage the charging equipment. 
In this method, hydrogen-charged samples are removed from the 
charging cell and subjected to impact by a pendulum released from a 
known height. The stiffness of the sample can be quantitatively evalu
ated by calculating the energy absorbed during the impact. The degree 
of hydrogen-induced degradation (Eloss) can be expressed as: 

Eloss =
Eh − E0

E0
× 100% (3) 

where Eh represents the energy absorbed by the hydrogen-charged 
sample, and E0 denotes the energy absorbed by the hydrogen-free 
sample.

4.3. Measurement methods for hydrogen diffusion, concentration, and 
distribution

1 Thermal desorption spectroscopy (TDS)

Fig. 7a illustrates the mechanism of TDS. When heating specimens in 
the air-lock vacuum chamber (AVC), hydrogen will desorb from 
different trap sites at the corresponding temperature, be pumped into 
the ultra-high vacuum chamber (UVC), and finally be detected by 
spectroscopy. This process helps clarify the type and hydrogen capture 
extent of each hydrogen trap site in materials. The heating rate (φ) of the 
TDS experiment can affect the corresponding temperature and the trap 
activation energy (Ea) of the trap site. Therefore, to calculate the acti
vation energy, multiple heating rates are needed [109]: 

d
(
ln

(
φ
/
Tp

2))

d
(
Tp

− 1) = −
Ea

R
(4) 

where Tp is the temperature of the hydrogen desorption peak and R is 

Fig. 6. (a) Electrochemical hydrogen charging, (b) gaseous hydrogen charging, (c) tubular hydrogen charging.
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the universal gas constant. Usually, at least three TDS tests with different 
φ are conducted to draw the ln

(
φ /Tp

2) versus Tp
− 1, then get the slope 

of the plot (k = − Ea
R ) via the least square method, and finally get the 

value of Ea. 

2. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

With the help of ToF-SIMS, the distribution of hydrogen and its 
corresponding hydrogen content can be detected precisely, as depicted 
in Fig. 7b. In the ToF-SIMS test, the ion beam is emitted to bombard the 
surface of the test sample, getting the secondary ion, and finally deter
mining the distribution and content of the element by analyzing the 
flight velocity of the secondary ion [110]. The presence of ToF-SIMS can 
remedy the shortcoming of energy-dispersive X-ray spectroscopy (EDS), 
which is commonly used for detecting elemental distribution but hard to 
detect elements with low atomic numbers (<11) precisely [111]. 

3. Hydrogen microprinting technique (HMT)

Compared with TDS, the HMT can reveal the hydrogen distribution 
more deeply and precisely, and the mechanism is shown in Fig. 7c. 
During the HMT process, the test specimens will be immersed in the 
AgBr emulsion [112]. Then, the escaped hydrogen will react with AgBr; 
the Ag + ions will be transformed into Ag and left in the position where 
they react with hydrogen. After HMT treatment, the hydrogen diffusion 

paths can be determined by tracking the distribution of Ag atoms via 
scanning electron microscopy (SEM) and transmission electron micro
scopy (TEM). 

4 Hydrogen permeation test (HPT)

The HPT is a straightforward method used to compare the hydrogen 
diffusion resistance of different materials [81]. The experimental setup 
for HPT is depicted in Fig. 7d. Under the influence of electrochemical 
forces, hydrogen diffuses from the hydrogen input side, through the 
tested metal sheet, and eventually enters the hydrogen output side. By 
measuring the hydrogen charging current density, the rate of hydrogen 
absorption by the test samples can be calculated, yielding results that are 
consistent with those obtained from TDS tests [113]. The calculating 
formula will be changed with the variation of test solutions. For speci
mens exposed to a high-pressure air environment in the HPT, the 
hydrogen input side is filled with hydrogen gas rather than a hydrogen 
solution. Nevertheless, the underlying mechanism is similar to that of 
the hydrogen solution HPT.

5. Microstructures affecting the HE resistance properties of AM- 
fabricated materials

The unique microstructure of AM materials has attracted consider
able attention from researchers, as it plays a critical role in determining 

Fig. 7. Schematic diagram of different hydrogen distribution detection methods. (a) TDS [106], (b) ToF-SIMS, (c) HMT [107], (d) HPT [108].
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the service life of components exposed to hydrogen environments. The 
rapid solidification rates inherent to AM, up to 106 K/s [114], generate a 
hierarchical microstructure that fundamentally distinguishes AM alloys 
from their conventionally manufactured counterparts. While AM ma
terials share common metallurgical features such as grain size and 
dislocation density, these conventional factors are often superimposed 
with unique AM-specific characteristics that alter the physical mecha
nisms of HE. Specifically, the repeated melting and solidification cycles 
introduce mesoscopic melt pool boundaries (MPBs) and cellular segre
gation networks that act as distinct hydrogen traps or diffusion high
ways, differing significantly from the random dislocation tangles or 
equilibrium grain boundaries found in casting or forging. Furthermore, 
the strong thermal gradients induce preferential crystallographic tex
tures and spatial orientations of grains that allow for the engineering of 
hydrogen diffusion paths, creating a complex interplay where HE 
resistance is determined by the competition between conventional 
trapping mechanisms (e.g., grain refinement) and unique solidification 
artifacts (e.g., MPB segregation). Consequently, understanding the in
fluence of microstructural characteristics on HE is essential for devel
oping effective strategies to enhance the durability and sustainability of 
such components.

5.1. Grain size

The grain size is a crucial factor influencing the HE resistance of 
materials, as it affects the gross length of grain boundaries [115]. The 
thermal history during forming processes can modify the grain size, 
making it susceptible to change. In the context of AM, the grain size of 
metallic materials differs from those of samples produced by casting 
[25], forging [116], or rolling [117] processes due to the unique thermal 
history involved.

Various methods have been employed to alter the grain size of AM- 
fabricated materials, as summarized in Table 2. Modifying grain and 
sub-microstructure sizes offers a feasible and promising approach to 
enhancing the HE resistance of AM-fabricated materials. Previous re
searchers have made attempts in this direction. For example, He et al. 
[123] investigated pure nickel printed via AM and observed that 
HE-induced cracks tended to propagate preferentially along the areas 
with fine grains in SSRT. As a result, the fabricated pure nickel sample 

with a 67◦ rotation angle for the successive printing layers exhibited a 
more tortuous fracture path due to its fine grain distribution. This 
sample demonstrated improved resistance to HE cracking compared to 
samples printed at 0◦ and 90◦ orientations (Fig. 8). Such findings suggest 
that manipulating grain distribution can be employed to enhance the HE 
resistance of AM-fabricated samples.

Interestingly, the decrease in grain size has a controversial impact on 
the HE resistance in different studies. On the negative side, the grain size 
decrease can increase grain boundaries, providing more paths for 
hydrogen diffusion and trapping. This can accelerate the hydrogen 
diffusion process and the HEDE process during service, ultimately 
degrading the HE resistance of AM-fabricated materials [86]. For 
example, Wan et al. [44] compared the HE resistance of AlCoCrFeNi2.1 
alloys formed by casting and the LENS method. They utilized the TDS 
method and found that the LENS-fabricated AlCoCrFeNi2.1 had higher 
hydrogen content due to the finer grain size and eutectic lamellae 
sub-microstructure compared to the wrought sample. Consequently, the 
elongation in SSRT for AM-fabricated AlCoCrFeNi2.1 (19.6%) was more 
impacted by HE than that of its wrought counterpart (48.5%). On the 
other hand, grain refinement may enhance the HE resistance of mate
rials. Alnajjar et al. [124] found that larger grain size (~20.4 μm for 
LPBF after aging treatment and 9.1 μm for wrought after aging treat
ment) rendered higher HE sensitivity in LPBF-fabricated 17–4 PH 
stainless steel compared with its wrought counterpart in different SSRT 
tests; they proposed the coarser grain size of wrought 17-4 PH steel 
decreases the stresses needed for cracks initiation and propagation, 
resulting in the premature failure of LPBF-fabricated 17-4 PH steel in 
elastic domain. Neikter et al. [125] compared the HE resistance of 
EPBF-fabricated and casting Ti-6Al-4V alloys; they found that the fa
tigue crack growth rate under the hydrogen environment for the 
EPBF-fabricated samples is lower than that of the casting sample, and 
the presence of second cracks in EPBF samples (when stress intensity 
factor, ΔK up to 23 MPa 

̅̅̅̅
m

√
) is later than that in casting samples (ΔK up 

to17 MPa 
̅̅̅̅
m

√
). They attributed the improvement of HE resistance to the 

finer grain size and α laths sub-microstructure of EPBF-fabricated 
Ti-6Al-4V.

Based on the previous literature review in directly comparing the 
materials produced by conventional methods and AM, it can be seen that 
there is no consistent conclusion about which method can produce 
materials with better HE resistance or which grain size can facilitate 
better HE resistance. In the authors’ opinion, those results suggest the 
presence of an optimal grain size for the HE resistance of additive 
manufactured materials. The infiltration of hydrogen can further 
diminish atomic bonding in this region, rendering grain boundaries 
brittle and expediting intergranular crack initiation or propagation, 
according to the HEDE mechanism. Since that, grain size refinement 
may augment overall hydrogen absorption, providing additional trap 
sites and transportation channels for hydrogen, while it concurrently 
diminishes the average hydrogen content per unit length of the 
boundary. Consequently, as pointed out by Zan et al. [126], optimal 
grain size is achieved when the hydrogen content per unit grain 
boundary length is minimized, which is not only a material-dependent 
factor but also strongly influenced by the charging method, time, and 
testing modes, in situ or ex situ. In addition, it is noteworthy that 
HE-induced transgranular fracture may also be accelerated along these 
brittle grain boundaries, further compromising the HE resistance of 
materials [127]. Regrettably, the prediction methods of hydrogen con
tent per unit grain boundary length after the hydrogen charging process 
remain unclear. Although the intrinsic flexibility of AM methods pre
sents considerable opportunities for grain size modification, a lack of 
clarity persists in predicting the hydrogen content per unit grain 
boundary length post-hydrogen charging. Further systematic investi
gative efforts are imperative to establish comprehensive guidelines or 
models capable of accurately predicting the impact of grain and 
sub-microstructure size on HE behavior across various materials and 

Table 2 
Methods for controlling grain or sub-microstructure size of AM-fabricated 
samples.

Methods Examples Published by

Remelting The grain size of Inconel 625 alloys 
fabricated using the LPBF technique was 
increased from 9 μm to 20, 21, and 27 μm 
through three different remelting 
parameters.

Ledwig et al. 
[118]

Adding 
reinforcement 
particles

The average grain size of LPBF-fabricated 
Al7075 alloy was decreased from 
20.25 μm to 1.95 μm along the building 
direction by incorporating TiB2 particles.

Liang et al. 
[119]

Heat treatment The average grain size of AM-fabricated 
IN738 alloy decreased from 17.05 μm to 
11.37 μm after stress-relief annealing at 
600 ◦C for 24 h.

Zhang et al. 
[120]

Altering scanning 
strategies

A comparison study was conducted 
between samples fabricated with 0◦ and 
90◦ rotation between successive layers. 
The result shows that the mean grain size 
of the 0◦ was ~80 μm, while that of 90◦

was ~139 μm.

Angelos et al. 
[121]

Altering printing 
parameters

Researchers increased the arm spacing of 
the dendritic structure in the X-Y plane of 
LPBF-fabricated Haynes 282 alloy from 
0.4801 μm to 0.68 μm and the average 
grain size from 46.08 μm to 72.41 μm by 
increasing the energy density.

Boswell et al. 
[122]
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manufacturing processes.

5.2. Dislocation density and morphology

As menthoed before, AM process usually exhibits much higher 
cooling rates, which are far beyond that of traditional methods. Asso
ciated with the elevated cooling rate during the AM process, dislocation 
cells, and high-density dislocation are more prevalent in AM-fabricated 
samples. This phenomenon significantly impacts the HE resistance of 
materials produced through AM. Various techniques have been 
employed to modify the dislocation density in metals, as summarized in 
Table 3, highlighting the feasibility of modifying dislocation density in 
AM processes.

In general, the increase in dislocation density is detrimental to the 
HE resistance of AM-fabricated materials, based on the coupling effect of 
the HEDE and HELP mechanisms. The increased dislocation density can 
accelerate hydrogen transport, leading to the concentration of hydrogen 
in vulnerable sites such as grain and phase boundaries, resulting in 
premature fracture, according to the HEDE mechanism [88]. In addi
tion, hydrogen is more efficiently transmitted by dislocations with 
higher density, accumulating particularly in dislocations proximal to 
crack tips experiencing stress concentration [88]. The resultant 
hydrogen accumulation intensifies the mobility of dislocations near 
crack tips, thereby expediting HELP-induced fractures [88]. This sum
mary can be reflected in the study proposed by He et al. [131]. Their 
study involved a comparative analysis of LPBF-fabricated pure Ni sam
ples with and without annealing. The research revealed that dislocation 
cells characterized by high dislocation density facilitate the transport of 
hydrogen into grain boundaries, inducing embrittlement and initiating 
cracks along these boundaries according to the HEDE mechanism. Then, 
the propagation process of those intergranular cracks was accelerated by 
the accumulation of hydrogen in dislocations near crack tips accelerates 
the HELP process, ultimately leading to premature fracture. The dele
terious role of dislocations in impairing the HE resistance of materials is 
similarly evident in various studies, encompassing diverse materials 
such as CoCrFeMnNi high entropy alloy [132], 17-4 PH steel [133], and 
alloy 718 [134] fabricated by AM. On the other hand, dislocations can 
serve as pathways for the coalescence of voids; consequently, an esca
lation in dislocation density may expedite the HESIV process [94]. 
Despite this, little research within the realm of AM establishes a 
connection between the failure of hydrogen-charged samples and the 
HESIV mechanism, which should be further investigated by the 
following researchers.

However, in some other cases, the increase in dislocation density has 
a different impact on the HE resistance. Factors such as dislocation 
morphology [135] (e.g., the thickness of dislocation walls and disloca
tion tangles) and matrix properties [131] can strongly influence the 
impact of dislocation density on HE resistance. For instance, in a study 

Fig. 8. Inverse pole figures and schematic of preferential fracture pathway for samples with rotation angle. (a, d) 0◦, (b, e) 90◦, (c, f) 67◦ [123].

Table 3 
Methods for modifying dislocation density of AM-fabricated samples.

Methods Examples Published by

Heat treatment Researchers studied LPBF-fabricated 316L 
stainless steel and observed a significant drop 
in the kernel angle misorientation (KAM) 
value from 0.99 to 0.16 after isothermal 
heating at 1200 ◦C for 2 h. The drop of KAM 
value suggests that isothermal heating can 
effectively decrease the dislocation density in 
the material.

Liu et al. 
[128]

Altering printing 
parameters

The geometric necessary dislocations (GND) 
density was increased from 1.9 × 1015 mm− 2 

to 2.2 × 1015 m− 2 by decreasing the spot size 
of the electron beam and volume energy 
density in the EPBF process.

Sow et al. 
[129]

Laser shock 
peening (LSP)

Researchers investigated the effect of LSP 
treatment on the dislocation density of LPBF- 
fabricated Ti6Al4V alloy. Through TEM 
analysis, they observed an increase in the 
dislocation density in the treated samples. This 
rise in dislocation density corresponded to an 
increase in the hardness of the Ti6Al4V alloy, 
from 361 HV to 420 HV.

Guo et al. 
[130]
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conducted by Zhou et al. [135], a positive influence of increased dislo
cation density on the HE susceptibility of LPBF-fabricated 304L stainless 
steel was observed. The study revealed that entangled dislocations 
served to impede the diffusion of hydrogen over large areas. The 
entangled dislocations consequently lead to a lower elongation loss but 
increased HE resistance in the as-received samples, compared with 
samples heat treated at 950 ◦C for 4 h (HT950-4). Their results are 
depicted in Fig. 9. This is due to the lower binding energy of hydrogen at 
dislocations compared to the activation energy in LPBF-fabricated 304L 
stainless steels with faced-central cubic steel, which impedes the diffu
sion of hydrogen and decelerates the HEDE process in vulnerable sites. 
On the contrary, steels with body-centered cubic structures have a 
higher binding energy of hydrogen at dislocations than activation en
ergy [136].

Additionally, the entanglement of dislocations can enhance the 
ability of dislocations to trap hydrogen, further impeding the diffusion 
of hydrogen along dislocation channels. Interestingly, the interaction 
between hydrogen and dislocations in AM-fabricated materials can 
result in improvements rather than degradation in some cases. Bertsch 
et al. [137] observed that the elongation of annealed DED-fabricated 
316L austenitic stainless steel improved by 7.02% after hydrogen 
charging, while the elongation of the as-fabricated counterpart 
decreased by 20.7% after charging. This improvement can be attributed 
to the ability of hydrogen to refine and stabilize the dislocation cell 
structures generated during the SSRT of the annealed samples. It is 
worth noting that this improvement is more commonly observed in 
samples with low initial dislocation density, particularly in annealed 
samples with lower dislocation density compared to as-fabricated parts, 
although the precise mechanism behind this phenomenon is not yet fully 
understood.

Currently, the influence of dislocation density on HE resistance for 
AM-fabricated materials remains inadequately understood among re
searchers, particularly concerning the underlying mechanisms govern
ing hydrogen transportation and the trapping process at dislocations. 
Furthermore, few researchers have focused on precisely predicting the 

relationship between hydrogen binding and trapping ability of disloca
tions and dislocation morphology of materials, areas that require further 
attention in future research endeavors.

5.3. Molten pools

In various metallic AM methods such as LPBF, DED, and EPBF, 
molten pools are a common microstructural feature. During these pro
cesses, metallic powders are rapidly melted into a liquid state, followed 
by shrinkage due to surface tension forces, and eventually solidification, 
forming semi-arc MPB. Liu et al. [138] investigated the electrochemical 
performance of MPB in LPBF-fabricated 316L steel during the hydrogen 
charging process. They found the dramatic thermal fluctuation process 
leads to the element partition, resulting in the aggregation of hydrogen 
along MPB. This hydrogen concentration enhances the susceptibility to 
cracking in the MPB area, thus initiating HE-induced cracks and their 
propagation from this region, as depicted in Fig. 10.

However, a more comprehensive investigation into the effect of the 
MPB is warranted and should be pursued by researchers. In general, the 
sub-microstructure within or near the MPB area tends to be coarser 
compared to the microstructure within the molten pool. This difference 
in the sub-microstructure may influence the rate of hydrogen diffusion. 
In addition, the sharp angle area (shown in Fig. 11a by a red circle and 
arrows) is subjected to stress concentration in the AM process because it 
is a junction site for different molten pools. The cooling process and 
associated shrinkage in this area can lead to the accumulation of residual 
stresses and concentrations [140]. Additionally, the sub-microstructure 
orientations on both sides of the sharp angle area can be significantly 
different due to the influence of the thermal gradient, as illustrated in 
Fig. 11b [139]. Therefore, cracks are more likely to initiate from the 
sharp angle area during SSRT due to these factors. However, only 
limited research has focused on these specific issues, indicating the need 
for further investigation in future studies.

Fig. 9. TEM images of (a) as-received ed 304 sample with entangled dislocations, (b) HT950-4, engineering stress-strain curves with and without hydrogen charging 
for (c) as-received sample, (d) HT950-4 sample [135].
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5.4. Secondary phases

Secondary phases in AM-fabricated materials originate from two 
primary sources. 

1. Introduced reinforcement particles: this is a common approach to 
enhance the service properties of components. For instance, Han 
et al. [141] successfully eliminated cracks in LPBF-fabricated Has
telloy X alloy by incorporating TiC particles, which prevented pre
mature fracture in high-temperature working environments.

2. Precipitated phases: secondary phases can precipitate from the ma
trix during the AM process or heat treatment, such as the generation 
of M23C6 carbides in LPBF-fabricated Hastelloy X alloy [25].

In general, secondary phases tend to increase the HE susceptibility of 
AM-fabricated materials in most cases. This is primarily because sec
ondary phases can serve as irreversible trap sites for hydrogen 

absorption [142]. Moreover, the interfaces between the secondary 
phases and the matrix can act as fast diffusible paths for hydrogen [143]. 
Consequently, the edges of secondary phases are prone to hydrogen 
concentration, initiating crack formation based on the HELP and HEDE 
mechanisms. Fig. 12 illustrates this phenomenon. In certain instances, 
hydrides may distribute along grain boundaries or sub-microstructure 
boundaries with low cracking resistance, leading to intergranular 
cracking. Yoo et al. [134] found that the distribution of the δ phase along 
grain boundaries increased the hydrogen content in those regions, 
resulting in the initiation of cracks and voids and accelerating the 
fracture of LPBF-fabricated Nickel-based 718 alloy during SSRT. Xu 
et al. [144] similarly observed that γ′ and γ" precipitates formed along 
the boundaries of cellular structures after heat treatment, enhancing the 
HE susceptibility of LPBF-fabricated 718 alloy.

Besides, secondary phases can also form during the hydrogen 
charging process. For example, Kong et al. [145] observed the presence 
of δ-TiHX hydrides in heat-treated LPBF-fabricated Ti6Al4V alloy after 

Fig. 10. Schematic diagram of HE processes in SLM 316L stainless steel. (a, c) hydrogen enrichment and crack initiation in the MPB area during the hydrogen 
charging, (b,d) crack propagation process in SSRT along MPB [138].

Fig. 11. Morphology of molten pool and its boundaries. (a) low magnification image (b) Partial enlargement image of sharp angle area [139].
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hydrogen charging. These brittle hydrides dispersed along the interface 
of α/β phases, transforming the fracture behavior from ductile to brittle. 
It is worth noting that the occurrence of brittle hydrides is quite common 
since δ-TiHX forms from the Ti-based matrix when the hydrogen con
centration exceeds the solubility limit [146]. This aspect should be taken 
into consideration in investigations involving Ti-based alloys. Although 
the impact of low content of secondary phases on HE resistance may not 
be significant in certain studies [136,137,147], it is still an aspect that 
researchers should focus on.

5.5. Defects

Defects in AM-fabricated materials have a detrimental effect on their 
HE resistance. According to the hydrogen molecule recombination 
mechanism, defects can offer cavities for H2 recombination and increase 
the air pressure within defects [80]. For example, H2 is found in the 
cavities of droplets fabricated by underwater WAAM, making them more 
prone to breaking [80]. Defects can also act as sites for crack initiation or 
growth, accelerating the fracture process under a hydrogen environment 
[148], because stress concentration at the edges of defects leads to 
hydrogen accumulation [149]. Liesbet et al. [150] observed hydrogen 
near the porosity in LPBF-fabricated Ti6Al4V samples after SSRT, indi
cating hydrogen concentration in that area.

Defects in AM-fabricated samples are common due to the intense 
temperature changes during the AM process. They can be categorized 
into two types. 

1. Porosity: massive porosity is typically attributed to unsuitable vol
ume energy density (VED) caused by inappropriate printing param
eters [151], which is common in PBF and DED. Intense matrix 
evaporation can occur when the VED is too high. As a result, gas may 
be trapped by the viscous liquid of the molten pool, forming gas 
pores with nearly spherical shapes after cooling. Conversely, if the 
VED is too low, metallic powders may not fully be fused, leading to 
irregular unmolten voids in the material [152]. The porosity rate 
significantly affects the HE resistance of AM-fabricated materials. 
However, limited research has investigated the effect of porosity 
variation caused by process parameters on the HE resistance, or its 
impact may be overshadowed by other factors due to the high den
sity of AM-fabricated materials [144,148,150].

2. Microcracks: various factors can lead to cracking in AM-fabricated 
samples, including intense residual stress accumulated during the 
AM process [153], deteriorated precipitation [154], and low melting 
point eutectic liquid films [141]. Moreover, as-built AM specimens 
often exhibit elevated surface roughness, leading to higher crack 
density in both the surface and subsurface regions. This phenomenon 
can be attributed to the characteristic staircase effect inherent in the 
AM process [150]. In addition to the degradation mechanisms 

common to defects, pre-existing cracks can serve as preferential sites 
for fracture under the influence of the HELP mechanism (as discussed 
in Section 4.1). For instance, Neikter et al. [125] conducted fatigue 
tests on EPBF-fabricated Ti6Al4V in high-pressure H2 and dry-air 
environments. They observed that the crack growth rate in the 
hydrogen environment quickly exceeded that in the dry air envi
ronment when the cycles exceeded approximately 6000 cycles, 
indicating that hydrogen diffusion can accelerate crack propagation 
and degrade the HE resistance of the material.

To eliminate defects in AM materials, Feng et al. [155] applied the 
HIP for LPBF-fabricated CoCrFeNiMn high-entropy alloys; HIP can 
decrease the number of microcracks and micropores, and relieve the 
residual stresses (from 338 ± 4 MPa to 44 ± 4 MPa) inner printed sam
ple, which is beneficial to prevent the growth and initiation of crack. 
Thus, the elongation loss of the charged samples decreases from 80% to 
61.4% after HIP. Other methods, such as LSP [156], and the addition of 
reinforcement particles [157], have also been found to be effective in 
eliminating defects.

5.6. Grain crystallographic and spatial orientation

For materials fabricated by PBF and DED, the grain crystallographic 
orientation is < 001> (along the building direction) in most cases, and 
an elongated grain morphology along the building direction in terms of 
the grain spacial orientation [158,159]. The melting and remelting 
process during AM stimulates preferential grain growth. This preferen
tial grain crystallographic and spacial orientation can result in differ
ences in microstructure on different planes, thereby influencing the HE 
resistance of materials and causing anisotropy in HE performance. While 
the investigation of the effect of the grain crystallographic orientation 
on HE susceptibility remains a blank area, several studies focused on the 
effects of grain spatial orientation.

Hesketh et al. [147] pointed out that HE-induced cracks are more 
prone to propagate along the grain orientation when the hydrogen 
charging orientation is parallel to the grain orientation in AM-fabricated 
components using a sulfuric acid solution (Fig. 13). The preferential 
grain growth also leads to flat grain boundaries along the grain orien
tation, providing pathways for hydrogen diffusion and crack growth. 
Their research showed higher elongation loss (77%) for horizontally 
built samples in the hydrogen environment compared to the wrought 
counterpart (58%). Conversely, when the hydrogen charging orientation 
is perpendicular to the grain orientation, rugged grain boundaries 
relieve hydrogen diffusion and crack propagation, resulting in lower 
elongation loss for vertically built samples (37%) compared to the 
wrought counterpart. Similar results were observed by Deconinck et al. 
[150] and Wu et al. [160], indicating better HE resistance of vertically 
built LPBF-fabricated Ti6Al4V than the horizontally built counterpart in 

Fig. 12. Schematic diagram for hydrogen-induced cracking caused by secondary phases.
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a liquid environment.
Interestingly, Silverstein and Eliezer [161] found that the HE resis

tance of horizontally built Ti6Al4V was better than that of the vertically 
built counterpart in a high-temperature gas environment. This may be 
attributed to the better penetration of high-temperature hydrogen gas 
and the lower total length of prior β grain boundaries in the horizontally 
built Ti6Al4V [150]. The former factor weakens the influence of grain 
orientation on HE resistance, while the latter reduces the speed of 
hydrogen diffusion. This result suggests that the impact of grain spatial 
orientation can be affected by the state of hydrogenation, although the 
exact mechanism is not yet clear.

6. Effect of processing methods and parameters on the HE 
resistance

6.1. AM processing parameters

As discussed in Chapter 5, variations in printing parameters result in 
changes to the microstructure, including grain size, dislocation density, 
and defect distribution. These changes occur because alterations in 
printing parameters significantly influence the thermal distribution and 
solidification process of the material, which in turn impacts the HE 
resistance. This provides a feasible strategy for mitigating HE. For 
instance, Cheng et al. [148] compared the hydrogen-induced elongation 
loss of LPBF-fabricated high-entropy CoCrFeNiMn alloys printed with 

different VED (71.43, 81.02, and 90.23 J/mm3). They found that at a 
VED of 81.02 J/mm3, the CoCrFeNiMn alloy exhibited the highest HE 
resistance, with only a 0.4% elongation loss. In contrast, inappropriate 
VED values resulted in the formation of microcracks, which act as po
tential initiation sites for cracking during the hydrogen charging pro
cess, thereby reducing the alloy's HE resistance. However, it is important 
to note that variations in printing parameters simultaneously affect 
multiple microstructural features. Further research is required to un
derstand how these microstructural changes interact, in order to opti
mize printing parameters for enhanced HE resistance.

6.2. Manufacturing methods

It is a central interest to benchmark the HE performance of the same 
alloys manufactured via AM and conventional methods. Table 4 sum
marizes the comparative studies in the literature with different alloy 
systems. In general, AM-fabricated and conventionally fabricated sam
ples consist primarily of similar phases when produced from materials 
with the same chemical composition. However, the AM process typically 
exhibits much higher cooling rates compared to traditional fabrication 
methods. As a result, AM-fabricated samples generally have smaller 
grain sizes and higher dislocation densities, which significantly influ
ence their HE resistance. The generation of MPBs during AM processing 
also negatively impacts the HE resistance of materials.

Furthermore, the effects of AM methods on hydrogen behavior are 

Fig. 13. Schematic diagram of hydrogen diffusivity in horizontally and vertically printed samples. (a) Microstructure of the transverse section and longitudinal 
section for horizontally and vertically built samples (EBSD images from unpublished work of authors), (b) schematic diagram for the relationship of hydrogen 
diffusion and grain orientation [150].
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also reflected in increased residual stresses. Deconinck et al. [150] 
suggested that intense residual stresses are a key factor that promotes 
hydrogen absorption, thereby decreasing the HE resistance of 
LPBF-fabricated Ti-6Al-4V. These residual stresses can cause matrix 
distortion [165], leading to hydrogen accumulation and accelerating 
crack initiation or propagation due to hydrogen-induced embrittlement. 
This hypothesis was supported by Nishimura et al. [166], who found 
that after hydrogen charging of stretched-formed tempered martensitic 
steel sheets, cracks initiated from regions with the highest residual 
tensile stress. Due to the repeated expansion and shrinkage caused by 
rapid melting and solidification, the residual stresses in AM-fabricated 
samples are typically much higher than in traditionally fabricated 
counterparts [165]. Although residual stresses can be alleviated through 
heat treatment, this process increases production costs and poses chal
lenges for large-scale components.

In addition, HE resistance can be influenced by the choice of AM 
fabrication methods. As mentioned in Chapter 2, PBF and DED are two 
primary fabrication methods for components exposed to hydrogen en
vironments. Compared to PBF, DED generally uses larger powder par
ticles, with an average diameter exceeding 50 μm [167]). This is because 
smaller particles have higher surface energy [168], which makes them 
more likely to aggregate and block the deposition head's channel [169]. 
Moreover, in wire-fed DED, the control of material input is affected by 
the cross-sectional area of the wire. Consequently, DED-fabricated 
samples typically exhibit higher surface roughness than PBF-fabricated 
samples. Deconinck et al. observed that, when comparing 
LPBF-fabricated Ti-6Al-4V before and after machining, the as-fabricated 
Ti-6Al-4V with higher surface roughness demonstrated poorer HE 
resistance because the rough surface increased the effective surface area 
available for hydrogen absorption [150], as shown in Fig. 14. Based on 
this, it can be inferred that DED-fabricated samples may exhibit lower 
HE resistance than PBF-fabricated samples. However, this hypothesis 
has not yet been fully substantiated by published research. Besides 
roughness effects, further research is also needed to compare the effect 
of differences in microstructure features caused by different AM 
methods to the HE resistance.

6.3. Thermal processing

As a widely used thermal processing method, heat treatment can 
significantly influence the grain size and dislocation density, leading to 
the optimization of material microstructure and improved resistance to 
hydrogen embrittlement. In addition, heat treatment can effectively 
reduce the accumulation of residual stresses and microdefects in sam
ples, thus increasing their HE resistance. For instance, Zhao et al. [170] 
reduced the elongation loss from 92% to 0% through solution treatment 
of AM-fabricated 18Ni300 samples charged at a hydrogen current den
sity of 0.05 mA/cm2. Except for heat treatment, emerging thermal pro
cessing techniques like in-situ remelting have shown promise in altering 
grain size and dislocation density, as mentioned in Table 2andTable 3. 
During the in-situ remelting method, printed layers are remelted with an 
additional laser during the printing process, thereby impacting the 
thermal history of the material. Another promising technique is the 
control of pausing time. Philipp et al. [171] applied temporary pausing 
in the DED process and found temporary pausing can modify the thermal 
history of printed materials, enabling the generation of beneficial pre
cipitates like (Ni, Fe)3. Given the thermal history can also affect the 
microstructure (e.g. grain size and dislocation density), adjusting the 
pausing time could be a potential way to optimize the HE resistance of 
the material.

6.4. In-situ additional physics treatments

Utilizing additional in-situ physical treatments has emerged as a 
significant strategy for researchers aiming to enhance the HE resistance 
of metals. Inspired by the casting process, Todaro et al. [172] applied Ta
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(high-intensity ultrasound) HIU during the DED process. This method 
promotes grain refinement (from 500 μm to 117 μm) by creating 
numerous cavitations for nucleation sites in the molten pool. As 
mentioned in Section 5.1, grain refinement is helpful in modifying ma
terial into optimal grain size for HE resistance. However, its full po
tential remains untapped. Molten pool vibration may mitigate element 
segregation and decrease detrimental phase content, thus alleviating the 
hydrogen accumulation in the molten pool and detrimental phases, and 
the detailed mechanism has been elaborated in Section 5.3 and Section 
5.4. Despite this, little research focuses on the function of HIU in HE 
mitigation. The LSP method is another underlying in-situ additional 
physics treatment method. LSP involves transmitting a pulsed, focused 
laser beam through a water-confining layer to impact the surface of 
as-built layers. As indicated in Table 3, LSP significantly increases 
sample dislocation density, thereby reducing hydrogen transportation. 
Additionally, LSP induces compressive stresses and thus closes micro
cracks generated [156] during manufacturing, offering the potential to 
enhance HE resistance in cracked samples. As explained in Section 5.5, 
the removal of cracks can increase the HE resistance of the material. This 
characteristic of LSP may provide a new way to improve the HE resis
tance of cracked samples.

7. Current challenges and future opportunities

7.1. Large-scale components

The demand for AM-fabricated large-scale components emerges with 
the development of technology [173]. Currently, AM-printed compo
nents can exceed 5 m in height and length using the DED method 
without a vacuum chamber [174]. However, when considering printers 
with vacuum chambers, Sciaky company claims to have developed the 
EBAM 300 Series, which is touted as "the largest 3D printer in the world, 
" with a building envelope of up to 6.10 × 1.40 × 1.37 m [175]. It is 
important to note that the EBAM 300 Series requires a large vacuum 
chamber with dimensions of 7.62 × 2.74 × 3.35 m, resulting in signifi
cant gas wastage, increased machine cost, and higher material con
sumption. Therefore, from an economic standpoint, fabricating 
large-scale components in an open-air environment is more practical 
than within a closed vacuum environment. In some cases, the repair of 
large workpieces needs to be conducted in an open-air environment.

However, printing components in the open-air environment inevi
tably exposes the large-scale components to external hydrogen during 
the AM process. Although the application of protective air can mitigate 
hydrogen ingress into the molten pool, it does not completely prevent 
hydrogen entry into the molten pool or the fabricated portion with high 
residual thermal energy [176,177]. For example, Elmer et al. [178] 
fabricated pure tantalum samples via WAAM and protected the molten 
pool using high-purity argon torch shielding gas under an air atmo
sphere; they found that the hydrogen content in the as-fabricated 
tantalum sample was 7.64 ml/100 g, significantly higher than that in 
the wire arc (1.35 ml/100 g). The absorption of hydrogen in the forming 
process may result in hydrogen-induced cracks [179], pores [79], and 
hybrids in as-fabricated samples before service, which leads to the 
presence of substandard workpieces. In the case of large-scale compo
nents, the voluminous size amplifies the consequences and economic 
losses in the event of failure due to HE. In addition, residual thermal 
stresses are more subject to accumulating in bulky samples than in small 
samples [180]. The accumulation of residual stresses can accelerate the 
generation of cracks, thus degrading the HE resistance of components 
[181]. To solve this problem, Derekar et al. [182] applied a cold metal 
transfer technique to reduce the energy input in the WAAM process. This 
decrease in energy input reduced the thermal residual stresses and 
hydrogen absorption, consequently lowering the porosity rate of the 
sample from 0.106% to 0.05%. Nevertheless, the impact of HE on 
large-scale AM-fabricated samples has not received sufficient attention 
from the academic community. It is expected to become a significant 
obstacle in the fabrication of bulky metallic workpieces in the future.

7.2. Energy industry

Currently, the full potential of AM in the energy industry remains 
largely untapped, primarily due to uncertainties surrounding the long- 
term in-service properties of AM-fabricated components, particularly 
their resistance to HE. Unfortunately, the utilization of AM in the energy 
industry is rare, with most applications still in the planning stages. Given 
that energy industry components (as shown in Table 5) often come into 
contact with high-temperature steam, natural gas, hydrogen gas, fuel 
oil, or LH. The possibility of unpredictable HE-induced fractures poses a 
significant risk of causing casualties and severe contamination in the 
energy industry. Consequently, engineers exercise caution when 

Fig. 14. Surface roughness of (a) vertical as built sample, (b) polished sample, (c) Hydrogen content of polished and unpolished sample after hydrogen 
charging [150].
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considering the application of AM technology, resulting in a slower 
adoption rate compared to the aerospace industry [47].

Nevertheless, the significant application potential of AM in the en
ergy sector can be deduced from the emergence of ambitious application 
plans. For instance, GE has predicted a potential income of 2 billion 
dollars from the application of AM in oil and gas exploration and 
transportation facilities [47]. GE has also initiated testing of 
AM-fabricated components, including centrifugal pumps and turbines 
[189]. In the realm of nuclear plant facilities, Westinghouse has suc
cessfully printed a metallic thimble plug weighing 600 kg for practical 
application in a nuclear reactor, with plans to produce more in the future 
[190]. In summary, the demand for the application of AM technology in 

the energy industry is steadily increasing.
The merits of AM exhibit commonalities across various branches of 

the energy industry. To provide an insightful perspective, this article 
will discuss the potential applications of AM in H2 storage and trans
portation, an area that has received limited attention in research 
orientation. Currently, two primary mechanical methods for H2 storage 
are high-pressure gas storage [191] (fit for 800 bar) and cryogenic LH 
storage (holding at 21.15 K) [192]. However, the storage environment 
for H2 presents significant challenges for containment materials. Pro
longed contact with gaseous or liquid hydrogen leads to additional is
sues in metallic containers. Hydrogen gradually permeates the surface of 
the vessel, forming bubbles that result in material embrittlement and 

Table 5 
Components and corresponding materials serving in the hydrogen environment.

Components Materials Components Materials

Boiler tubes of power plants  

(Attributor: Pourabdollah et al. [183])

St.20 steel [184]. High-pressure natural gas cylinders  

(Attributor: 

Arens et al. [185])

Austenitic stainless steel (like 
AISI 316 and 304 and AISI 
316L and 304L [98].

Valve  

(Attributor: 

Kedziora and Cao [186])

AISI 4340 for hydrogen 
storage [186], 17-4 PH 
stainless steel for gas plant 
[187]

Nuclear reactor  

(Attributor: Steve Jurvetson)

Nickel-based Alloy 600 [188].

Fig. 15. Design of triple-layer H2 containers. (a) Overall map, (b) partial enlargement map, (c) Gradient strategies for the MMAM fabricated metallic materials.
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structural failure [193]. Polymer materials possess improved resistance 
to embrittlement, but their strength is not ideal for service applications 
[191]. Ceramics demonstrate excellent low- and high-temperature 
resistance; however, they tend to be porous and brittle [194].

To address these challenges, the authors propose a triple-layer 
design, as illustrated in Fig. 15. The inner side of the containers would 
incorporate a ceramic layer to prevent the cryogenic or high- 
temperature H2 gas from reaching other components. A medium poly
mer layer would serve as a barrier, preventing H2 entry through the 
porous ceramic and into the metallic shell. The outer metallic parts, 
known for their strength and ductility, would protect against external 
impacts or vibrations caused by the natural environment. When 
employing conventional fabrication methods (e.g., vapor deposition 
method and centrifugal casting method), the production of composite 
materials is often a time-consuming process [195]. In addition, tradi
tional approaches tend to result in lower surface quality and bonding 
strength among different layers [196]. This is primarily due to the varied 
thermal expansion efficiency of the distinct layers involved in the 
composite material [197]. Nevertheless, it can be accomplished using 
upgraded AM machines with MMAM capabilities. For example, Han 
et al. [198] developed a projection micro-stereolithography with dy
namic fluidic control, enabling the printing of polymer, ceramic, and 
metal as a single integrated structure. Zhang et al. [197] also upgraded 
their LPBF machine to incorporate MMAM functionality. Another stor
age option, the chemical storage method, can also benefit from MMAM. 
H2 absorption materials (e.g., MgH2/Mg(NH2)2 hydride [199] and 
nanostructure carbon [200]) can be deposited on the surface of the 
metal using MMAM, reducing material costs while increasing the con
tact area between H2 and absorption materials.

To leverage the design freedom of AM for enhancing HE resistance, 
two gradient material strategies are proposed in Fig. 15c. The objective 
is to achieve an optimal combination of HE resistance, structural 
integrity, and cost-effectiveness. 1. Gradient microstructure strategy: 
Based on a single alloy system, this approach tailors local features. An 
HE-resistant microstructure is fabricated on the hydrogen-contact sur
face, transitioning to a core structure optimized for strength or ductility. 
A prime example is grain size engineering. as shown in Fig. 15c, a fine- 
grained outer layer is deposited to maximize HE resistance via the 
dilution effect when the hydrogen conventionally is rather low. This 
gradually transitions to a coarse-grained core to ensure superior bulk 

ductility. 2. Gradient alloying strategy: This multi-alloy approach places 
alloy B, characterized by a low hydrogen diffusion coefficient but lower 
strength (e.g., Al alloys or 316L stainless steel), on the hydrogen-contact 
surface. Simultaneously, a stronger alloy A (e.g., martensitic steel) is 
utilized in the core to provide structural reinforcement or reduce costs. A 
graded transition layer, consisting of tailored proportions of alloys A and 
B, is introduced to ensure metallurgical compatibility and structural 
continuity between the distinct regions.

Moreover, the layer-by-layer fabrication characteristic of AM offers 
significant advantages for the advancement of H2 processing and storage 
equipment and components. It enables the implementation of in-situ 
monitoring during the manufacturing process [201], which is instru
mental in reducing the porosity rate and enhancing the air-tightness of 
H2 containers. Furthermore, this characterization substantially en
hances the design flexibility of AM machines, thereby reducing the 
processing time and cost associated with manufacturing components for 
H2 containers and processing machines with intricate structures, such as 
valves. In conclusion, it can be anticipated that AM technology will 
progressively gain prominence in the energy industry, proving to be 
valuable in the years to come.

7.3. Underlying HE mechanisms

The complexity of HE phenomena in AM fabricated materials has 
been fully elaborated in Chapters 4 and 5. A summary is provided here 
from different length scales, as depicted in Fig. 16. Due to the additional 
extrinsic and intrinsic features brought by the AM processes, the HE 
mechanisms and the triggering features are more complex than those of 
materials by conventional fabrication methods. Therefore, the following 
three scales are distinguished. 

1. Mesco-scale

Reducing the surface roughness is the main challenge in HE resis
tance ability at the mesoscale level. Rough surfaces often harbor cracks, 
providing paths for hydrogen atoms to get in. Conventional surface 
treatment methods such as cutting [202], pickling [203], and laser 
remelting [204] can be applied to AM-fabricated samples to smooth 
surfaces. However, further research is encouraged on their impact on HE 
resistance. 

Fig. 16. Schematic diagram of hydrogen embrittlement in AM-fabricated metals.
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2. Micro-scale

Hydrogen accumulation within AM-fabricated samples occurs at 
various microstructural sites, primarily occupying interstitial spaces, 
grain boundaries, vacancies, and dislocation cores. Additionally, the 
unique nature of AM introduces specific accumulation sites such as 
MPBs and segregated precipitates. This local concentration accelerates 
the HEDE process, a mechanism often facilitated by efficient transport 
channels, specifically, the smooth, continuous grain boundaries of 
columnar grains aligned with the building direction. Moreover, this 
hydrogen accumulation may increase the dislocation mobility, and 
expedite crack propagation, ultimately leading to sample fracture, as 
proposed by the HELP theory.

However, the influence of grain size and dislocation density on HE 
resistance remains controversial. A 'double-sided' effect is observed 
regarding grain size: on one hand, grain refinement creates a 'dilution 
effect,' increasing the total grain boundary area to distribute hydrogen 
and keep local concentrations below the critical threshold for HEDE. On 
the other hand, finer grains can increase the total hydrogen 'uptake,' as 
the dense network of boundaries facilitates absorption and trapping, 
eventually leading to embrittlement once saturation is reached. This 
reveals that HE resistance is not solely determined by intrinsic micro
structure but is also highly dependent on extrinsic factors, such as 
hydrogen concentration and charging conditions. Higher concentration 
and active charging will facilitate the absorption function of the fine 
grain, detrimental to HE resistance, while a lower concentration of 
hydroben will be more on the dilution side. Therefore, more controlled 
studies involving both microstructure and loading variations shall be 
explored. Furthermore, the effects of crystallographic texture and spatial 
grain orientation on HE remain significantly under-explored in the 
literature. Consequently, systematic studies are required to decouple 
these competing mechanisms in AM materials. 

3. Nano-scale

HE mechanisms can be further elucidated from a nanoscale 
perspective. Hydrogen is believed to occupy atomic vacancies or replace 
matrix atoms, weakening interatomic bonding and mechanical proper
ties [205]. However, those assumptions await verification through 
in-situ nanoscale hydrogen movement recording, hindered by the 
volatility of hydrogen atoms. This stagnation hindered the mitigation of 
HE from molecular dynamics.

7.4. Alloying systems

Screening all the reviewed AM alloys, it is evident that Fe-based 
stainless steels have been investigated more extensively than other 
alloy systems. In Fe-based systems, the γ-austenite matrix with an FCC 
structure generally exhibits higher resistance to HE than BCC phases, as 
the significantly higher hydrogen diffusivity in BCC structures promotes 
hydrogen accumulation and facilitates HE-induced cracking [206]. 
Consequently, research efforts have predominantly focused on 
γ-austenitic stainless steels.

A significant gap remains between the mature and rich data of Fe- 
based alloys and the limited data on Ni-based, Ti-based, and Cu-based 
systems. These materials are essential for severe environments, such as 
cryogenic liquid hydrogen storage, yet their behavior in AM forms is not 
fully understood and explored. Overall, future research should move 
beyond simply testing standard commercial powders. Instead, the focus 
must shift to "Alloy design for AM" specifically for hydrogen applica
tions. This means adjusting the chemical composition of powders to 
prevent the formation of harmful phases (like the brittle δ phase in Ni- 
alloys) during the printing process itself, rather than relying solely on 
post-process heat treatments. Furthermore, the emerging alloys, such as 
HEAs, with the capability for MMAM, present a new opportunity to 
decouple mechanical strength from hydrogen susceptibility, as demon

strated in section 7.2. By strategically grading material composition, for 
instance, printing a hydrogen-impermeable high-entropy skin over a 
ductile, high-toughness or high-strength metallic core, AM offers the 
unique potential to engineer component-level resistance with new alloys 
that monolithic materials cannot achieve.

8. Conclusions and outlook

In this article, we have undertaken a comprehensive review of the 
current state of knowledge about the phenomenon of hydrogen 
embrittlement (HE) in metallic materials fabricated through additive 
manufacturing (AM) to support the transition from fossil fuels to 
hydrogen energy. This transition has the potential to reduce greenhouse 
gas emissions and enhance the sustainability of structural components 
operating in different hydrogen environments. Noteworthy conclusions 
and outlooks can be drawn. 

(1) On the component level, compared with the traditional fabrica
tion method, AM offers a distinct advantage in its capacity for 
high manufacturing flexibility concerning shape, microstructure 
design, and the integration of in-situ processing. These advan
tages hold the potential to mitigate the effects of HE in AM- 
fabricated components to avoid the additional processes of 
joining, welding, cutting, etc. in the conventional manufacturing 
processes, which are more prone to hydrogen embrittlement. In 
addition, these benefits help minimize material usage, which in 
turn promotes the sustainability of components.

(2) The prospects for the application of AM to alleviate HE-related 
issues in the industry are promising. However, this potential is 
constrained by several key challenges, including comparatively 
low efficiency, elevated fabrication costs, and a relatively high 
porosity rate in as-fabricated samples. High residual stresses also 
compromise the HE resistance of as-fabricated AM samples. In the 
aerospace sector, there is a discernible shift towards AM as a 
replacement for conventional manufacturing methods, particu
larly for producing components intended for service in HE-prone 
environments. Notably, mass production of certain parts such as 
nozzles has already been achieved. Regrettably, in other appli
cation domains, the adoption of AM remains largely confined to 
laboratory settings or small-batch production.

(3) On the material level, the direct comparison of the HE suscepti
bility between AM-fabricated and conventional materials shows 
controversial results, which are related to inconsistent effects of 
certain microstructure features on the HE mechanisms. The in
fluence of grain size and dislocation density on the HE resistance 
of AM-fabricated components is a subject of interest. However, 
the precise conditions that trigger either positive or negative ef
fects remain unclear. Defects, secondary phases, and the presence 
of molten pools are generally associated with diminished HE 
resistance in most instances. These microstructures can be influ
enced by various factors, including processing parameters, pro
cessing methods, and additional physical or thermal treatments. 
Nevertheless, the underlying mechanisms responsible for these 
effects in AM-fabricated components remain incompletely un
derstood. Consequently, more comprehensive and systematic 
investigations are warranted to elucidate the influence of 
microstructure and processing parameters on HE resistance in 
AM-fabricated materials. Given the intricacies of the HE mecha
nism, there is an urgent need to develop novel methods to miti
gate HE corrosion. In the author's view, LSP, remelting, and 
controlling the pausing time during manufacturing should be 
areas of focus for future research.

(4) On the practical level, the current research on the HE suscepti
bility of AM-fabricated materials is mainly using the electro
chemical charging method, which makes sense for many industry 
sectors involving aqueous conditions, such as seawater, 
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rainwater, acidic solutions, etc. However, for future applications 
related to using hydrogen as an energy supplier, the gaseous and 
liquid hydrogen environments are more relevant to evaluate the 
HE susceptibility. Therefore, future studies using gaseous and 
liquid hydrogen charing are strongly encouraged for the wide 
application of AM-fabricated metallic materials in the hydrogen 
processing, transportation, and storage sectors. In addition to the 
charging methods, more versatile testing methods for HE (e.g., 
Charpy, fracture toughness, fatigue tests) and quantification 
methods of hydrogen diffusion are also needed in future studies, 
as the current literature mainly focuses on tensile properties for 
the HE analysis and thermal desorption spectroscopy for the 
hydrogen update behavior.

(5) Despite the inherent limitations of AM, there are two particularly 
promising avenues for its application. First, the production of 
large-scale components via AM holds significant potential. Sec
ond, there is growing interest in employing AM in the energy 
industry to fabricate components intended for service in HE- 
prone environments. Third, there is still substantial room for re
searchers to investigate the fundamental mechanisms and to 
build a more complete picture of how hydrogen interacts with 
different AM-fabricated alloy systems. Both of these areas present 
exciting opportunities for the future development of AM 
technologies.

(6) Given the inherent complexity and multi-scale nature of HE 
phenomena in AM metallic materials with microstructural fea
tures such as melt pool boundaries, anisotropic grain structures, 
and complex residual stress patterns, etc., there is a clear need for 
advanced modeling and simulation methods tailored specifically 
for HE in AM metals. Future research shall prioritize developing 
predictive multi-scale models, integrating models across scales, e. 
g., molecular dynamics, phase-field modeling, crystal plasticity 
methods, and finally continuum models with hydrogen transport 
simulations. Such computational approaches are essential to 
systematically understand, predict, and quantify HE behavior in 
AM metallic components, ultimately guiding materials design to 
mitigate HE.
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