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Abstract 

In the framework of hydrogen production and storage for clean energy generation, the 
resistance to hydrogen embrittlement of a newly developed austenitic stainless steel is 
presented. Gas-atomized metal powders prepared from secondary-sourced metals were 
employed to manufacture test specimens with Laser Powder Bed Fusion (LPBF) technol-
ogy. After machining and exposure to a controlled, pressurized hydrogen atmosphere at 
high temperature, the effect of hydrogen charging on the mechanical performance under 
static and dynamic conditions was investigated. The stabilizing effect of the optimized 
chemical composition is reflected in the absence of degradation effects on Yield Stress 
(YS), Ultimate Tensile Stress (UTS), and fatigue life observed for specimens exposed to 
hydrogen. Moreover, despite a moderate reduction in the elongation at fracture observed 
by increasing the hydrogen charging time, ductility loss calculated as Relative Reduction 
of Area (RRA) remains substantially unaffected by the duration of exposure to hydrogen 
and demonstrates that the austenitic steel is capable of resisting hydrogen embrittlement 
(HE). 

Keywords: hydrogen embrittlement resistance; stainless steel; additive manufacturing 
(AM); laser powder bed fusion (LPBF); metal recycling 
 

1. Introduction 
In the global effort towards reduction of carbon emissions and mitigation of climate 

change, hydrogen is one of the key assets to pursue worldwide sustainability goals [1]. 
The chemical and physical properties of hydrogen gas make it a versatile vector for energy 
transport, storage, and management, alongside conferring suitable characteristics as fuel 
for generating clean energy with near-to-zero emissions to the environment. 

Nonetheless, despite the potential benefits associated with hydrogen, technical issues 
currently hinder the deployment of an effective and reliable hydrogen value chain: pro-
duction based on electrolyzers, storage, distribution, and consumption in fuel cells are 
still affected by material compatibility issues [2]. Corrosion and embrittlement phenom-
ena have limited the applicability of traditionally used materials, specifically concerning 
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metals and their alloys, as structural and critical components [3]. Corrosion issues due to 
harsh environmental conditions related to either strongly acidic or basic environments are 
typical of electrolyzer technology [4,5], whereas temperature plays a fundamental role in 
the field of fuel cells [6,7]. At the same time, hydrogen embrittlement (HE) may degrade 
the mechanical performance of metallic components, especially pipelines and vessels pre-
sent in the storage and distribution sectors, leading to enhanced cracking susceptibility 
and eventually resulting in catastrophic failures [3]. 

Mechanisms governing HE are complex and typically related to internal and external 
factors such as materials and microstructures, stress state, and environmental parameters. 
In particular, various modes have been identified with regard to the pathway from hy-
drogen entering a metal component, to promoting internal changes, and eventually lead-
ing to failure. Among them, the main mechanisms are hydrogen-enhanced decohesion 
(HEDE), hydrogen-induced phase transformation (HIPT), hydrogen-enhanced local plas-
ticity (HELP), hydrogen-enhanced strain-induced vacancy (HESIV), and adsorption-in-
duced dislocation emission (AIDE) [3,8]. Despite giving a comprehensive understanding 
of the internal changes caused by hydrogen, these physical models must still be comple-
mented by experimental assessment of the mechanical performance in the presence of hy-
drogen to give a reliable indication of the resistance to HE of the candidate materials for 
hydrogen service. 

Various metals, polymers, and composite materials have been studied and tested for 
hydrogen applications [3,9,10]. The class of iron-based alloys has been identified as most 
suitable for use as structural materials. In particular, austenitic steels are deemed to ex-
hibit the highest resistance to HE, due to solubility of hydrogen in their FCC crystalline 
structure, and with a performance related to the stability of the austenite phase [3,11]. 

In this field, the chemical composition and microstructure of the alloy further affect 
the mechanical performance in the presence of hydrogen. The resistance of austenite to 
transformation into martensite phases, which are more susceptible to HE, could be pre-
dicted by means of descriptors such as the nickel-equivalent content (Nieq) and Stacking 
Fault Energy (SFE). The first one is based on a simple equation that considers the concen-
tration of austenitizing elements on the alloy to estimate the HE, whereas the second one 
accounts for intrinsic thermodynamic properties of the crystalline structure in terms of 
austenite to martensite transformation and their interactions with dislocations [12,13]. It 
has been reported that the major impact on austenitic stabilization is given by nickel (Ni) 
concentration in the stainless steel, which increases the SFE value, whereas molybdenum 
(Mo) could be considered as a moderate austenite stabilizer, and high chromium (Cr) con-
tents are generally preferable to ensure good corrosion resistance [9,14,15]. 

In combination with the local chemical environment, metallurgical features charac-
terizing the microstructure of metal alloys also play a significant role in determining HE 
susceptibility. The grain size and orientation, the nature and distribution of precipitates, 
and the defects of the crystalline lattice all interact with hydrogen atoms and contribute 
to the well-known HE mechanisms [16–18]. Processing parameters such as solidification 
rate can be tuned in order to obtain tailored microstructural features and defects of the 
crystalline lattice, such as dislocations. If properly controlled, those could be used as trap-
ping sites for hydrogen atoms and thus decrease HE susceptibility. Therefore, recent in-
vestigations have focused on the effects of the peculiar solidification structures derived 
from the Additive Manufacturing (AM) of stainless steels, which may offer advantageous 
features in the AM material with respect to their counterpart by a conventional route by 
virtue of the density and distribution of dislocations that effectively slow down the diffu-
sion of hydrogen atoms [19–27]. 

Specifically, a limited number of research groups evaluated the effects of HE on 316L 
material manufactured by Laser Powder Bed Fusion (LPBF) technology, as reported in 
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recent comparative studies and reviews [23,25]. By comparing the tensile properties of the 
material with or without hydrogen charging, it was possible to highlight appreciable 
changes in tensile strength and ductility. Although not always consistent throughout the 
scientific literature, the most observed general behavior is that of reduced ductility of pre-
charged specimens. Considering either the Reduction of Area due to necking of the metal 
subjected to tensile load, or the elongation at fracture, the measured values of these prop-
erties are typically lowered due to the presence of hydrogen. Despite deeper knowledge 
having been provided regarding the fundamental mechanisms of HE, some differences 
still remain in the experimental results, mainly due to significant changes in the process 
parameters for hydrogen pre-charging, namely the methodology (electrochemical or ther-
mally assisted gaseous charging), charging current, environmental temperature, hydro-
gen pressure, and duration of charging step. Moreover, a direct comparison of different 
results should also take into account the synergistic effects of chemical composition and 
microstructure of the AM materials, making it even more difficult to build a reference for 
future research work. 

In this study, the chemical composition of an austenitic stainless steel of the 316 fam-
ily was tuned to aim for stabilization of the mechanical performance of the alloys in hy-
drogen-rich environments. Starting from 316L scrap metal, chemical composition has 
been enhanced by the addition of specific alloying elements, such as Ni, Cr, and Mo, to 
improve the resistance to HE. With this reference, powders atomized by gas atomization 
from secondary-sourced metals were used as feedstock for printing test specimens with 
LPBF. The tensile strength and fatigue life were then evaluated before and after exposure 
to thermal hydrogen charging conditions. The results of the investigations presented in 
this paper highlight the excellent resistance to hydrogen-induced embrittlement for the 
additively manufactured austenitic stainless steel with optimized chemical composition. 

2. Materials and Methods 
2.1. Scrap Material Sourcing and Preparation 

In order to obtain the customized alloy designed, austenitic stainless steel 316L was 
employed as the base material. Secondary-sourced 316L scrap, comprising obsolete com-
ponents and leftovers from machining, was collected and selected for processing. The ma-
terial was melted in a Vacuum Induction Melting (VIM) furnace (ALD Vacuum Technol-
ogies, Hanau, Germany). Targeted alloying elements—specifically chromium, nickel, and 
molybdenum—were introduced to adjust the chemical composition of the melt towards 
targeted values. 

Following the melting process and compositional adjustments, the alloy was cast into 
ingots to be used as feedstock in the gas atomization process. 

2.2. Powder Atomization and Characterization 

The gas atomization process was carried out using a laboratory-scale Vacuum Inert 
Gas Atomizer (VIGA) (ALD Vacuum Technologies, Hanau, Germany). The pre-processed 
metal feedstock was melted by an induction coil, in a refractory crucible that was heated 
to 1750 °C, under an inert atmosphere of nitrogen gas at a controlled pressure of 0.5 bar. 
The liquid metal was poured into a preheated nozzle, where it was broken down by an 
inert gas jet of 30–60 bar at 500 °C, thus forming droplets that detached from the liquid 
phase and solidified into micrometer-sized spherical powder. 

The resulting powder was subjected to a sieving procedure inside a glove box, using 
a cyclone separator system working under inert conditions. 

Comprehensive characterization of the atomized metal powder was conducted to 
evaluate its suitability for LPBF applications. Chemical composition of the metal powders 
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was analyzed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
(LECO, Saint Joseph, MI, USA). Morphological analysis was performed using scanning 
electron microscopy (SEM) (TESCAN, Kohoutovice, Czech Republic). Particle size distri-
bution (PSD) was measured by laser diffraction-based analysis (Malvern Panalytical, Mal-
vern, United Kingdom) in accordance with ISO 13320:2020 standard [28]. 

Apparent density and tap density were measured according to ASTM B212 [29] and 
ASTM B527 [30], respectively, using a Hall funnel (Bettersize, Liaoning, China) and an 
automatic tap density device (Bettersize, Liaoning, China). Flowability was further evalu-
ated through Hall flow rate testing according to ASTM B213 [31] standards. 

2.3. Printing of Atomized Powders and Preparation of Test Specimens 

Specimens for mechanical testing were fabricated using LPBF on a standard EOS 
M290 system(EOS, Krailing, Germany). Standard process parameters for Stainless Steel 
316L were used during printing, because of the compositional alignment with the custom-
ized alloy. The printing process was performed under an inert atmosphere, using a layer 
thickness of 40 µm, a laser power of 370 W, a scan speed of 1200 mm/s, a hatch distance 
of 0.10 mm, and a ‘chessboard’ pattern scanning strategy. 

Following printing, the samples were machined to conform with ASTM E8 [32] for 
tensile testing and ASTM E466 [33] for fatigue testing, while planar control samples were 
used to assess the concentration of absorbed hydrogen. 

2.4. Testing Mechanical Performance and Resistance to Hydrogen Embrittlemen 

The experimental matrix presented in Table 1 was designed to simulate the aging 
process affecting metallic components in hydrogen-rich environments, aiming to evaluate 
the influence of internal hydrogen, resulting from prolonged hydrogen exposure, on the 
material’s fatigue resistance and tensile properties. Hydrogen pre-charging was con-
ducted under controlled conditions at a pressure of 100 bar and a temperature of 300 °C. 

Table 1. Test matrix for simulating hydrogen aging on customized stainless steel specimens. 

Test Type Condition No. of Specimens 

High Cycle Fatigue (HCF) As-machined 1 3 
Pre-charged—360 h 3 

Tensile Test 
As-machined 1 4 

Pre-charged—120 h 4 
Pre-charged—360 h 4 

Hydrogen content 
As-machined 1 1 

Pre-charged—120 h 1 
Pre-charged—360 h 1 

1 Pre-charging was not performed. 

Figure 1 shows the aging process applied to the printed samples to simulate their 
exposure to hydrogen-rich environments, with the goal of investigating the impact of pro-
longed hydrogen exposure on the material’s properties. Panel (a) displays the autoclave 
equipment used for pre-charging in hydrogen at 100 bar and 300 °C, while panel (b) shows 
the sample holder to be mounted inside the controlled environment of the charging setup. 
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(a) (b) 

Figure 1. Aging process simulated to investigate the impact of prolonged hydrogen exposure of AM 
Stainless Steel: (a) autoclave equipment used for pre-charging in hydrogen, and (b) sample holder 
to be inserted in the pre-charging setup, with specimens for fatigue and tensile tests, and measure-
ment of hydrogen content. 

Mechanical properties of both the as-machined and pre-charged conditions were 
measured. Static properties were assessed through tensile testing in accordance with 
ASTM E8 [32], and fatigue tests followed the ASTM E466 [33] standard. The hydrogen 
content absorbed in the specimens was measured by means of inert gas fusion (LECO, 
Saint Joseph, MI, USA). All mechanical testing was performed at room temperature. Frac-
tographic observations were conducted by both SEM and Optical Microscopy (OM) 
(ZEISS, Oberkochen, Germany). 

3. Results 
3.1. Optimization of Chemical Composition 

Table 2 presents the evolution of the chemical composition throughout the produc-
tion process, from secondary-sourced 316L metal to the VIGA atomized powders. 

Table 2. Optimization of chemical composition in the 316L material, from scrap to powder. 

Element 
Metal Scrap 316L 

[wt. %] 
Target Composition 

[wt. %] 
Atomized Powder 

[wt. %] 
Fe Balance Balance Balance 
Cr 16.80 17.00–19.00 18.0 
Ni 10.17 13.00–15.00 13.9 
Mo 2.07 2.25–3.00 2.63 
C 0.02 <0.03 0.027 

Mn 1.7 <2.00 1.13 
Cu 0.40 <1.00 0.44 
P 0.03 <0.045 0.028 
S 0.02 <0.030 0.014 
Si 0.34 <1.00 0.36 
N 0.06 <0.10 0.04 
O N/A * <0.10 0.027 

* N/A (not assessed). 
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The composition of the stainless steel scrap served as a starting point. Specifically, 
the following values were measured for three key elements in the 316L: Cr (16.80 wt.%), 
Ni (10.17 wt.%), and Mo (2.07 wt.%). During the VIM process, targeted alloying adjust-
ments were implemented to enhance corrosion resistance and mechanical response of the 
alloy in hydrogen-rich environments, as previously noted from the literature findings. 
Here, Cr, Ni, and Mo were increased reaching levels such as Cr (18.0 wt.%), Ni (13.9 wt.%), 
and Mo (2.63 wt.%) in the atomized powder, in accordance with target composition levels 
reported in Table 2. In addition, minor reductions in some of the well-known impurities 
were detected, reflecting the enhancement in purity due to the VIGA process. 

3.2. Characterization of Powders Atomized from Scrap Metal 

The particle size distribution (PSD) of the atomized metal powder within the 20–63 
µm size range was measured by laser diffraction-based analysis. The resulting PSD exhib-
ited a unimodal profile, with the key percentile values determined as D10 = 20.9 µm, D50 
= 34.3 µm, and D90 = 55.2 µm, confirming a well-centered distribution. Physical properties 
such as apparent density, tap density, and flowability were evaluated and the resulting 
properties are reported in Table 3: 

Table 3. Hall flowability, apparent density, and tap density values for 316L-customized powders. 

Hall Flowability 
[s/75 g] 

Apparent Density 
[g/cm3] 

Tap Density  
[g/cm3] 

15.5 4.1 4.8 

Concerning the morphology of the particles, SEM images reported in Figure 2 
showed that the powders presented adequate sphericity, according to the characteristics 
of the VIGA atomization process. The presence of elongated particles, satellites, or ag-
glomerates was limited, suggesting an optimal processability. 

  
(a) (b) 

Figure 2. SEM images of the atomized 20–63 µm fraction powders, observed at (a) lower and (b) 
higher magnification. 

3.3. Effect of Hydrogen Loading on Mechanical Properties of AM Stainless Steel 

Hydrogen content was assessed by means of inert gas fusion on plate-shaped speci-
mens representative of both the as-machined and pre-charged conditions. Due to limited 
available space in the aging chamber where hydrogen charging was conducted, only one 
sample was used for each condition. The results, summarized in Table 4, indicated a sig-
nificant increase in hydrogen content of the specimens pre-charged for 120 h and 360 h. 
Moreover, it appears that a plateau condition is reached after 120 h, since the hydrogen 
content is not varying significantly by exposing the stainless steel for three times longer 
duration. 
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Table 4. Results of inert gas fusion analysis on as-machined and pre-charged specimens. 

 As-Machined 1 Pre-Charged for 120 h Pre-Charged for 360 h 
Hydrogen content 

[ppm] 1.2 ± 0.7 40.4 ± 6.8 36.8 ± 6.1 

1 Pre-charging was not performed. 

This increase moderately affected the mechanical properties, supporting the hypoth-
esis that hydrogen atoms altered the material’s microstructure sufficiently to see minor 
changes in its mechanical response. 

Table 5 shows the tensile test results for customized stainless steel samples. Each 
value shown corresponds to the average of the four measurements for each condition. The 
associated extended uncertainty (U) is calculated at a 95% confidence level using a cover-
age factor k = 2, based on the standard deviation of the measurements. 

Table 5. Tensile test results of non-charged and hydrogen pre-charged samples. 

Condition UTS  
[MPa] 

YS 

[MPa] 
Ef  

[%] 
Ψ 

[%] 
As-machined 1 559.5 ± 2.0 464.0 ± 7.1 43.5 ± 2.7 63.5 ± 6.6 

Pre-charged 120 h 564.5 ± 4.2 465.0 ± 7.7 39.1 ± 5.3 62.8 ± 5.3 
Pre-charged 360 h 569.3 ± 3.8 472.3 ± 9.9 35.5 ± 5.3 65.0 ± 3.7 

1 Pre-charging was not performed. 

The following mechanical properties were determined during the test: Ultimate Ten-
sile Stress (UTS), Yield Stress (YS), elongation at fracture (Ef), and Reduction of Area (Ψ). 
The tensile Stress–Strain (σ-ε) diagrams for pre-charged and non-charged specimens are 
shown in Figure 3 as the result of an averaging process of four specimens for each condi-
tion. 

 

Figure 3. Stress–Strain (σ-ε) diagrams for pre-charged and non-charged specimens. 
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Hydrogen charging causes a change in the mechanical properties of the specimens, 
as shown in Figure 3. Hydrogen impacted on the strength of the material by increasing 
both the Yield and Tensile Stress. The reduction in elongation at fracture was consistent 
and revealed a moderate loss of ductility under hydrogen exposure. On the other hand, 
values of the Reduction of Area were statistically similar for specimens under as-ma-
chined and pre-charged conditions. 

Fractographic examination completed the analysis of fractured specimens to gain 
deeper insight into the role of hydrogen in the modification of mechanical properties of 
AM-customized stainless steel. An overview of all the tested conditions is included in Fig-
ure 4, where SEM and OM observations are shown for exemplary specimens of each con-
dition: 

 

Figure 4. Fracture surfaces of specimens after tensile tests. SEM micrographs and OM views of frac-
tured specimens are shown for (a,b) as-machined condition, (c,d) pre-charged at 100 bar and 300 °C 
for 120 h, and (e,f) pre-charged at 100 bar and 300 °C for 360 h. 

The fatigue stress response of the as-machined and pre-charged for 360 h samples 
was evaluated by High Cycle Fatigue (HCF) testing, with three samples for each condi-
tion. The tests were carried out at room temperature, under axial loading with a stress 
ratio of 0.1—i.e., the ratio of minimum and maximum applied stresses—and sinusoidal 
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wave form at a frequency of 99 Hz. Failure was observed for all tested samples in order 
of 105 cycles. The results are reported in Table 6. 

No degradation was induced by hydrogen exposure of the metallic specimens. In-
deed, the fatigue strength was increased in samples subjected to a hydrogen-rich environ-
ment. Fractographic examination was performed on the specimens with the highest fa-
tigue strength behavior. Figure 5 shows the fracture surface after fatigue testing. The right-
hand column (a,b,c,d) shows the results obtained for the as-machined sample, while the 
left-hand column (e,f,g,h) shows the results for the sample subjected to 360 h of hydrogen 
aging. 

 

Figure 5. Fracture surfaces of specimens after fatigue tests. OM views of fractured specimens are 
shown for (a) Nf = 5.0 × 105 cycles and (e) Nf = 4.1 × 105 cycles. SEM images of (b,f) crack initiation 
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sites, (c,g) crack propagation, and (d,h) final fracture features are presented. Presence of dimples 
(blue arrows) and brittle propagation lines (red dashed arrows) have been marked for (d) as-ma-
chined and h) pre-charged specimens. 

Table 6. Results of the fatigue test on AM-customized stainless steel. 

Condition 
Fatigue Life 

[Cycles] 
Average Fatigue Life  

[Cycles] 
Std. Deviation 

[Cycles] 

As-machined 1 

2.8 × 105 

3.9 × 105 
 

3.8 × 105 1.1 × 105 
5.0 × 105  

Pre-charged for 360 h 
3.9 × 105   
6.2 × 105 4.8 × 105 1.3 × 105 
4.1 × 105   

1 Pre-charging was not performed. 

4. Discussion 
The chemical composition of secondary-sourced metal was optimized to stabilize the 

austenitic phase without large deviations from the conventional compositional ranges of 
316L stainless steel. As a result, an appreciable increment in the concentration of Cr, Ni, 
and Mo was reached, as reported in Table 2, and positively impacted on the mechanical 
properties of pre-charged specimens as demonstrated by the tensile and fatigue behavior 
of tested specimens. Indeed, higher concentrations of Ni and Mo have been convention-
ally considered to directly stabilize the austenitic phase of the stainless steel materials [9]. 
On the other hand, a higher Cr content has a double beneficial effect because it promotes 
the formation of protective oxide layers that function as a hydrogen permeation barrier, 
as well as giving superior resistance to generalized corrosion in the working environment 
[34]. Even though a direct comparison of the elemental concentrations of different stain-
less steel formulations is not possible, it is worth mentioning that the findings presented 
in this paper are well aligned with previous studies. Specifically, Bertsch et al. [21] pre-
sented a composition with a similar value for Nieq compared to this study—namely 31.79% 
compared to 30.98%—which yielded an overall resistance to HE under comparable pa-
rameters for the thermal hydrogen charging process. 

Regarding the assessment of stainless steel performance, measurement of the hydro-
gen content, tensile tests, and fatigue tests were conducted as exhaustive methods to quan-
tify the incorporation of hydrogen into the pre-charged specimens and then evaluate the 
effect of the incorporation of the mechanical response of the material to static and cyclic 
loads. 

Concerning the static tensile properties, from the comparison of samples with and 
without pre-charging, it could be noted how the hydrogen incorporation impacted the 
strength of the material by moderately increasing both the yield and tensile strength. A 
more pronounced effect was detected for the specimens pre-charged for 360 h, as reported 
in Table 5. The reduction in elongation at fracture was consistent with the trend observed 
for strength, whereas the Reduction of Area showed changes in opposite directions for 
the samples pre-charged at 120 h and 360 h. Nevertheless, considering the uncertainties 
associated with the measurements, it could be noted that the difference between the prop-
erties of as-machined and pre-charged specimens are minor. Several approaches have 
been considered to generate metrics for HE of materials. The conventionally accepted fig-
ure is represented by the Relative Reduction of Area (RRA), calculated as the ratio of val-
ues of Reduction of Area of the specimen in the presence of hydrogen and in a reference 
environment (i.e., without hydrogen) [9]. Additionally, embrittlement indexes based on 
the relative loss of either the Reduction of Area or elongation at fracture have been 
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suggested [24]. With respect to the data presented in this study, the RRA parameter was 
calculated and resulted in values higher than 95% for both pre-charging conditions, 
whereas the loss of elongation at fracture was in the range of 10–20%, further supporting 
the observation that the newly developed material for AM is characterized by a significant 
resistance to HE compared to other stainless steel alloys reported in the scientific litera-
ture. 

As observed by SEM and OM fractography on representative specimens for each test 
condition, the fracture surface of as-machined specimens was highly irregular and oval-
shaped, with the core part characterized by the presence of dimples. The ratio between 
the maximum and minimum diameter was equal to 0.8235 mm/mm (Figure 4a,b). After 
pre-charging for 120 h, on the other hand, the fracture surface was less irregular, with a 
broader ductile region with the presence of dimples at the core of the sample, whereas flat 
and quasi-cleavage features were detected at the edges. The shape changed again from 
circular to elliptical, with a diameter ratio of 0.8450 mm/mm (Figure 4c,d). Finally, after 
pre-charging for 360 h, the fracture surface presented a higher fraction of quasi-cleavage 
features than the other two conditions. In this case, some of the laser scan tracks were still 
observable and the failure was most probably due to decohesion of the two adjacent 
printed layers. The shape of the specimen was affected the most, with the ratio of mini-
mum and maximum diameters being 0.7692 mm/mm (Figure 4e,f). These observations 
were in accordance with the trends in variation in mechanical properties, implying that 
there might be a transition from ductile to brittle fracture by increasing pre-charging time. 

Complementing the observations made on static properties, fatigue tests led to con-
sistent conclusions. It was clear that no degradation was induced by hydrogen pre-charg-
ing during the HCF testing. Indeed, the resistance of the material exposed to hydrogen 
before the fatigue test was even improved compared to the as-machined conditions. Once 
again, to better understand the effect of hydrogen on fracture mode, the surfaces of the 
representative as-machined sample that failed at 5.0 × 105 cycles and the pre-charged sam-
ple that failed at 4.0 × 105 cycles were compared. The fracture surface of the as-machined 
sample (Figure 5a–d) was characterized by a crack initiation zone, a crack propagation 
zone, and a final fracture. The crack was triggered at a defect located near the surface 
(Figure 5b) and propagated, with clear marks from the propagation lines (Figure 5c) until 
the cross-section could not support the load. At that point, the fracture occurred in a duc-
tile manner, as demonstrated by dimples observed in Figure 5d. Regarding the pre-
charged specimen, similarly to the previous case, the fracture surface was characterized 
by a crack initiation zone, a propagation zone, and a final fracture. The crack was also 
initiated near a discontinuity in the material (Figure 5f), after which it advanced (Figure 
5g) until the final ductile fracture occurred (Figure 5h). In this case, however, the propa-
gation lines were more pronounced and were also present in the final fracture zone of the 
specimen, where only the dimples typical of ductile fracture should be visible. This could 
indicate the presence of secondary cracks due to the local stress state induced by molecu-
lar hydrogen, which may have begun to propagate inside the specimen to a certain extent 
during the test. However, for low-amplitude loads, these secondary cracks do not nor-
mally cause the specimen to fail and only become visible after the final fracture. Never-
theless, a more detailed analysis, with the use of fatigue testing coupled with tomographic 
analysis, would be required to confirm the hypothesis. 

To balance the results presented in this paper with those from previous studies, it 
must be mentioned that degradation of fatigue properties due to HE in austenitic stainless 
steels have been extensively investigated for both conventionally manufactured and AM 
materials, comparatively to the same materials tested under the reference conditions with-
out hydrogen charging [35–41]. Our findings on crack mode for pre-charged materials, 
although partially in contrast with previous studies on HCF behavior of 316L from 
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conventional manufacturing [36], are aligned with the previously reported outcomes for 
AM steels. In fact, an increased resistance to fatigue could be attributed to the combined 
effects of two factors. On the one hand, hierarchical microstructures resulting from the 
LPBF process may already hinder crack nucleation. Additionally, the modification of the 
chemical composition may contribute to the increase in the stability of austenite phase 
even under stress concentration, thus enhancing the resistance to fracture growth. Never-
theless, a comprehensive understanding of the impact of HE on the performance of aus-
tenitic steels under cyclic loads, normalized over several testing methods and parameters, 
is still lacking and further research is expected to close this knowledge gap. 

5. Conclusions 
A novel austenitic stainless steel with optimized chemical composition for hydrogen 

service was developed. Powders atomized from secondary-sourced metal were used as 
feedstock for the LPBF process to manufacture specimens, which were subsequently ther-
mally charged with hydrogen and tested under static and cyclic loads. The analysis con-
ducted with the following observations: 

• Tuning of the chemical composition does not affect printability and yields high me-
chanical performance under both reference and pre-charged conditions. 

• Thermal charging for 120 h and 360 h in a hydrogen-filled autoclave at 100 bar and 
300 °C has a minor impact on the static tensile properties. 

• Fatigue life for the specimens pre-charged for 360 h is improved with respect to the 
reference counterpart not exposed to hydrogen. 

Potentially higher costs of production for the optimized alloy due to increased con-
centration of alloying elements, such as Ni and Mo, would be well compensated by im-
proved mechanical performance. Moreover, the use of secondary-sourced material would 
also be beneficial to balance the total cost of production. 

In conclusion, despite the observed minor changes in the mechanical properties of 
the material, the optimized formulation of the austenitic stainless steel allowed us to ob-
tain promising mechanical performance, comparable to initial levels and in accordance 
with general standards for the application of AM 316L, thus suggesting that the AM ma-
terial would demonstrate high stability during operation in hydrogen-rich environments. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

HE Hydrogen Embrittlement 
HEDE Hydrogen-Enhanced Decohesion 
HIPT Hydrogen-Induced Phase Transformation 
HELP Hydrogen-Enhanced Local Plasticity 
HESIV Hydrogen-Enhanced Strain-Induced Vacancy 
AIDE Adsorption-Induced Dislocation Emission 
AM Additive Manufacturing 
LPBF Laser Powder Bed Fusion 
VIM Vacuum Induction Melting 
VIGA Vacuum Inert Gas Atomizer 
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 
SEM Scanning Electron Microscopy 
PSD Particle Size Distribution 
OM Optical Microscopy 
UTS Ultimate Tensile Stress 
YS Yield Stress 
HCF High Cycle Fatigue 
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