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Abstract 
 

With the necessity of finding alternative energy sources towards a greener world, new technical 

challenges are emerging. The improvement and development of existing or new materials is a 

requirement needed to implement these new alternatives energy sources. As hydrogen is believed to 

be a potential energy carrier, which can produce electricity with no emission of CO2, the interaction 

of hydrogen with the mentioned materials has to be understood, so that these can perform safely in 

such environments. The effect of hydrogen on materials has been studied for many years but the 

different experimental methodologies and results obtained lead to different interpretations and 

controversies.  

The main focus of this thesis was devoted to developing a novel experimental methodology to 

study hydrogen effects. A sophisticated novel approach, which combines in-situ hydrogen charging, 

tensile testing and high-resolution observation was developed. The method allows monitoring the 

deformation of any metallic sample without the risk of hydrogen outgassing. This is critical in materials 

with high hydrogen diffusivity that upon ex-situ hydrogen charging would lose the hydrogen once the 

test is started.  

The novel in-situ method was applied to study the effect of hydrogen on three materials: a nickel-

based alloy, a complex phase steel and a tungsten-based alloy. The mechanical properties, fracture 

surface morphologies and crack propagation behavior were investigated with and without hydrogen, 

proving different hydrogen embrittlement susceptibility degrees for each material. Moreover, 

hydrogen concentration was calculated with a simple analytical model and with a more sophisticated 

simulation model.  

Finally, recently developed in-situ and in-operando methods were reviewed. All of these methods 

can be applied to study materials used in different hydrogen-related applications and should be 

considered in our pathway towards a green energy society.   
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1. Motivation and aim of the work 
With the present increasing global energy demand and the tendency towards a greener world, 

renewable energies have gained notable attention. Based on the current consumption rate, the 

present supply of fossil fuels may be finished in less than 50 years. Moreover, the emissions of CO2 

due to fuel burning contribute to the global climate change. In other words, the implementation of 

alternative energy sources is the only way towards a safe future.  

Even though these new energy supplies could help solving the main environmental problems, their 

development and implementation present many challenges that need to be addressed. Hydrogen (H) 

plays an important role in greener energy supplies being an attractive alternative energy carrier, and 

one of the main challenges is related with the materials needed for this application. These materials 

have to be able to perform under H atmosphere without losing their properties. 

Since many years, it has been known that H can have detrimental effects on the mechanical 

properties of certain metals, with the risk of provoking a failure of the components. Due to this reason, 

the study of H-material interactions is an ongoing research topic that has attracted the attention of 

many scientists due to the controversial findings and interpretations. Although many mechanisms of 

H effects have been proposed, there are still no agreements on how H acts. These controversies arise, 

from one side, due to the fact that it is very challenging to investigate the effect of such a small atom, 

and on the other side, that the results have a great dependency on the experimental setup used and 

the conditions of the tests.  

Therefore, the aim of this work is to develop and implement a novel in-situ method to study H-

material interactions in order to progress in the study of H-related effects to lay out pathways to 

design and/or modify materials with outstanding mechanical properties that can perform in H-

environments. 
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2. Introduction  
2.1. The importance of hydrogen 

The depletion of fossil fuels and the global growth in energy demand is a factor of concern at the 

present, leading to the search of other sources of energy. As shown in Fig. 1a, the world electricity 

consumption is in constant increase and, as depicted in Fig. 1b, the majority of the energy supply 

comes from non-renewable energy sources, such as coal, oil and natural gas [1]. In contrast, the 

renewable energy sources provide only a small portion of the energy needed. In order to decrease 

CO2 emissions and meet the energy demand in the long-term future, green energies have to be 

considered and H is believed to be a possible future energy source. Its ability to replace fossil fuels 

could address one of the world’s major environmental problems [2]. 

 

Figure 1. (a) Electricity consumption and (b) total energy supply. (Data taken from [1]) 

 Fuel cells (FCs) are electrochemical devices that convert the chemical energy of a fuel, usually H, 

and efficiently produce electricity [3]. FCs produce electricity by the energy released from the reaction 

of H and oxygen atoms. Fig. 2 [4] shows a scheme of a very simple FC, which consists in two platinum 

electrodes submerged in an aqueous acid electrolyte. H2 dissociates into protons and electrons in the 

left electrode, and the flow of electrons from left to right produces electricity. Electrons recombine 

with protons and oxygen when they reach the right electrode, producing water as product. FCs have 

many advantages compared to combustion technology. For instance, they are much smaller in size, 

more efficient, silent, have no or low environmental impact and can cover a wide range of applications 

[5].  
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Figure 2. Scheme of a simple fuel cell  

Currently, the main user of fossil derived products is the automotive industry [6] and FC 

vehicle (FCV) has been expected to improve the content of exhaust gas from vehicles, and thus 

contribute to the realization of a clean environment. The current target in the development of 

FCVs is high-pressure H storage at a final pressure of approximately 70 MPa [7]. Many metallic 

materials have been used for the high-pressure H storage. For example, aluminium alloys for a 

metallic liner in the H storage tank in FCV; a low-alloy steel for the metallic pressure vessel in the 

H station; stainless steels for the pressure valve, gauge, safety valve, spring and pipe; Ni-based 

superalloys for the H flow measuring instrument; and copper alloys for the reducing valve in the 

high-pressure system [7]. Metals used in these devices are exposed to H and thus, H 

embrittlement (HE) is the most critical factor for the safe use of FCVs.  

Therefore, current regulations and standards highly restrict the component materials that can 

be exposed to high-pressure H.  For example, only two types of metallic materials with excellent 

H resistance, a stainless steel and an aluminum alloy, are allowed according to the JARI (Japan 

Automobile Research Institute) standards [8]. The use of steels with body-centered cubic (b.c.c.) 

structure, which are highly susceptible to H, is restricted for those high-pressure H components 

[9]–[12]. However, for the widespread commercialization of H systems, carbon steels and low 

alloy steels are likely to be used to reduce production costs. To enable such H-sensitive steels to 
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be used in commercial FCVs and H refuelling stations, it is necessary to understand the mechanism of 

H-induced degradation and how to prevent it.  

H has an important role, not only in FCVs, but also in nuclear fusion energy. This is also an 

alternative for clean energy, as it has no emission of CO2 and can produce around ten million times 

more energy than combustion of a carbon atom in coal [13]. Components within the reactor core have 

to withstand severe environmental conditions and must tolerate high temperatures, corrosion and 

radiation damage. For instance, the development of plasma facing materials is one of the challenges 

in the design of nuclear reactors. Their role is to protect the first wall from the high particle flux and 

transport thermal energy away from the surface [14]. The materials should, therefore, have high 

resistance to erosion by particle bombardment and high thermal conductivity. Fig. 3 shows the 

synergetic factors which act on plasma-facing components. Thermal loads can produce failure of 

joints, cracking and recrystallization; the bombardment of neutrons can produce irradiation damage; 

and the exposure to plasma can produce sputtering, H retention or even HE leading to component 

failures [15], [16]. Therefore, also for this application, the study of H-material interaction is of crucial 

importance.  

 

Figure 3. Synergetic factors on plasma-facing components 

 

2.2. The effect of hydrogen on materials 

The use of high-strength structural materials for a number of lightweight applications is nowadays 

a huge necessity. Besides FCVs, common uses of these materials include aerospace, marine, chemical 

process and medical applications. Even though developing materials with high tensile strength and 

Plasma 
exposure Neutrons 

Thermal 
load 
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high fracture toughness is possible, their outstanding properties can be negatively affected in the 

presence of H [17]–[24].  

HE can be linked to corrosion and corrosion-controlled processes. The ductility and load 

bearing capacity of a component can be reduced by the introduction of H. Susceptible materials 

can have catastrophic brittle failures at stresses below the yield stress under the presence of H. 

HE does not affect all metallic materials equally and the susceptiblity depends on the materials’ 

microstructure, the tensile strength, H concentration, among others [25]. The common HE 

features are an applied tensile stress and H dissolved in the material. 

H can be loaded during service, but also upon fabrication. During service, it can be loaded in 

off-shore structures, which are structural pieces under cathodic protection; in gas storage and 

transport, as mentioned above; in acidic environment; among others. Regarding loading during 

fabrication, since the H solubility in the molten metal is much higher than when it is in the solid 

condition, H can be loaded in the metallurgical process [26]. It can also be loaded during 

fabrication processes, such as roll forming, machining, welding and drilling; but also in treatments 

like carbonizing, cleaning, phosphating and electro-plating [27], [28].  

In most metals, the solubility of H at room temperature is very low. Anyways, its presence 

strongly influences their mechanical properties. Even at low temperatures, H atoms can diffuse 

rapidly through the crystal lattice and can thus be trapped at defects possessing a sufficient 

binding energy. However, the small number of H atoms causing this effect poses a big challenge 

on experimental studies. 

The first reports about HE were published as early as 1875 by Johnson [29]. He saw that after 

immersing iron in different acids like hydrochloric or dilute sulphuric acid, the metal showed a 

decrease in toughness and strength but only temporary in character. Even though Johnson’s 

description remains appropriate, the reduction in metal’s mechanical properties has been shown 

to occur within a certain temperature and strain rate range and is reversible if H is removed [9], 

[30]–[34]. Nevertheless, since Johnson’s first report, various strong views on the mechanisms of 

HE have been vigorously reviewed in the literature and the nature, causes and control of H-related 

degradation of metals have been studied by many scientists. This has led to numerous partly 

controversial findings and interpretations [1], [2], [3], [4]–[10], [11]–[20], [21]–[24].  

HE susceptibility depends on the strength of the material and residual stresses; pressure, 

temperature and exposure time; applied strain rate and surface condition of the material; the 
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concentration of H and H traps; the presence of metallic coatings; the microstructure of the material; 

heat treatment of the material, among others [44]. All of these factors can be grouped into three main 

groups, as shown in Fig. 4 [45]. These factors can be divided into mechanical, material and 

environmental factors and HE will only occur if the three of them coexist [45].  

 

 

Figure 4. Description of HE interaction aspects  

- Mechanical factors: These refer to the type of loading to which the material is subjected. This is 

related to whether it is a monotonic or cyclic loading, if there are residual stresses present, the load 

and state of stress, etc.  

In general, the contact between H gas and a steel surface at room temperature, for example, 

cannot be considered as a problem. On the one hand, the dissociation constant of H2 at room 

temperature is very high, and on the other hand, the diffusion coefficient is very low [46]. 

Nevertheless, the formation of cracks is possible if there is a combined effect of mechanical stress 

concentration and H dissociation. H can penetrate into the metal lattice easier if there is a tension 

field, even if only microscopically [47].  

- Material factors: HE depends on the crystal structure, the presence of second phases, H solubility 

and diffusion, hydride formation, among others. Material strength is one of the most important 

parameters regarding HE susceptibility [48]. As strength increases, materials become harder, less 

ductile, less tough and more susceptible to HE. For example, when considering steel microstructures, 

martensitic structures are considerably more susceptible than ferrite, austenite or bainitic steels. 

Mechanical Environmental 

Material 

HE 



 
 

7 

Moreover, coarse-grained materials are more susceptible to embrittlement than fine ones. 

Additionally, impurities and non-metallic inclusions, result from uncontrolled heat treatments, can 

dramatically increase the HE susceptibility [49].  

- Environmental factors: There is a dependence on the H source, whether an electrolyte, gas, 

aerosol, plasma, etc.; on the H fugacity, since it has been documented that high H fugacities 

promote measurable effects on mechanical properties; on whether external and/or internal H is 

present; among others. Thereby, internal H refers to test specimens that are pre-charged with H 

prior to testing and external H refers to specimens that are tested in H atmospheres.  

There are several manifestation of HE and depending on the damage produced and the source 

of H, HE can be classified as “internal hydrogen embrittlement” (IHE) or as “hydrogen environment 

embrittlement” (HEE) [25]. 

IHE involves concentration of pre-existing H in regions of high hydrostatic stress, resulting in 

cracking under applied stresses below yield stress. Materials inherently retain a small amount of 

residual H as they are produced. Vacuum degassing techniques have improved to the extent 

where H concentrations are roughly in the order of 1 ppm. Internal H can also be introduced during 

the manufacturing processes. For example, steels are typically electroplated with Zn, which acts 

as sacrificial metal, and, since the process is not 100% efficient, H can be absorbed during the 

coating deposition [28]. On the other hand, HEE involves subcritical cracking of materials under 

sustained loads in H atmospheres. Thereby, H may originate from gaseous H or be generated from 

a corrosion reaction [25].  

Materials have been shown to behave differently in HEE and IHE conditions. A previous work 

by Symons [50] comparing IHE to HEE proposed many differences and similarities between them. 

The difference between both could be related to a changes in the characteristic fracture distance 

(which is a microstructure-related parameter) and in the embrittlement mechanism. The 

mentioned work on the alloy X-750 showed that, while both H-induced decohesion and H-

enhanced plasticity might be responsible for IHE, HEE appeared to be caused by H-induced 

decohesion.  

Once H is loaded into the material, solute H occupies and diffuses between interstitial lattice 

sites in metals, and can be trapped at other sites. The trapping sites include some solute atoms, 

free surfaces and sites between the first few atomic layers beneath surfaces, mono-vacancies and 

vacancy clusters, dislocation cores and strain fields, grain boundaries, precipitate/matrix 
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interfaces and strain fields around precipitates, inclusion/matrix interfaces, and voids and internal 

cracks. These traps have different trapping strengths and are characterized by their nature, i.e., 

reversible or irreversible, saturable or unsaturable [51]. For example, a dislocation core is a saturable, 

reversible trap; while voids and cracks are unsaturable, reversible traps. An example of irreversible 

traps are precipitate/matrix interfaces or carbide particles, among others.  

Regarding H diffusion, diffusivity in pure metals at ambient temperatures is primarily determined 

by the crystal structure, with H-diffusion coefficients  around four to five orders of magnitude higher 

for b.c.c. metals compared with face-centred-cubic (f.c.c.) and hexagonal close-packed (h.c.p.) metals 

[52]. This can be explained considering the distance between nearest-neighbor interstitial sites, which 

is smaller in b.c.c. lattices. Larger distances are correlated with lower diffusivities [53]. In alloys with 

complex microstructures, effective diffusion values at ambient temperatures decrease with increasing 

number and strength of traps. Also, H diffusivity increases with increasing temperature, since H can 

be released from deeper traps and diffuse to surfaces more rapidly. Furthermore, H can be 

transported faster by mobile dislocations than by lattice diffusion when it is present at dislocation 

cores or as atmospheres around dislocations [25].  

2.3. Proposed hydrogen embrittlement mechanisms 

There are several mechanisms proposed for HE and the most commonly cited mechanisms include 

[54], [55]:  

§ H pressure buildup mechanism, in which the pressure of H bubbles provides the stress for the 

formation and propagation of a crack.  

§ H-induced reduction of surface energy, in which H is adsorbed at the crack tip or surface 

imperfections, reducing the surface energy for crack propagation.  

§ H-induced decohesion, in which H reduces of the cohesive strength of the lattice.  

§ H accumulation at precipitates and second-phase particles, which can lead to dislocation 

generation or crack nucleation and growth.  

§ Formation and fracture of a brittle hydride.  

§ H-induced reduction in the stacking-fault energy.  

§ H-enhanced localized plasticity, in which H promotes the dislocation mobility. 

§ H-enhanced strain-induced vacancies.  

§ Adsorption-induced dislocation emission. 
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It is not only thought that one of these mechanisms predominates, but it also believed that 

more than one model work in parallel to each other leading to HE. The operative mechanism/s 

depend on the material, the H charging conditions and the loading state. From these candidate 

mechanisms, some have evolved over the years and have been supported by experimental 

observations and strong personal views:  

2.3.1.  H-induced decohesion (HEDE)  

HEDE was first proposed by Geberich and Oriani [56], [57]. In this mechanism, the atomic 

bonding at the crack tip is weakened by the presence of H in solid solution, as shown in Fig. 5. 

Direct evidence of this mechanism has not been shown until now and is supported primarly by 

observations in some non-hydride forming systems, where there is no significant local 

deformation, by theoretical and thermodynamics calculations. 

 

Figure 5. Scheme of HEDE mechanism 

The decohesion theory [57] for H-induced crack propagation postulates that the chemical 

potential of dissolved H is lowered in some regions at crack fronts and larger H concentrations 

than that of equilibrium are reached. As a consequence, the large H accumulation lowers the 

maximum resistive cohesive force between atoms. The decohesion hypothesis states that 

weakening of interatomic bonds occur in preference to slip.  

Direct experimental evidence of the HEDE model is difficult to obtain, since there are hardly 

any techniques for directly observing events on the atomic scale at crack tips. The model is mainly 

supported by the analysis of the fractured morphological features obtained from macroscopic 

tests and by models with several simplifications, which remain to be validated. [58]  Moreover, it 

lacks supporting evidence from direct experimental observations.  
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2.3.2. H-enhanced localized plasticity (HELP) 

This mechanism is based on the increased dislocation mobility and the failure is produced by 

plastic deformation mechanisms. It was first suggested by Beachem [59], who based on 

observations of tear ridges and dimples on fracture surfaces of H embrittled steels suggested that 

the effect of H was to “unlock” rather than “lock” dislocations. He proposed that H allowed 

dislocations to multiply or move at reduced stresses.  

Later on, the HELP mechanism was  presented by several authors [60]–[63], based on observations 

that in certain range of temperatures and strain rates, the presence of H in solid solution decreased 

the barrier to dislocation motion, thereby increasing the amount of deformation that occured in a 

localized region adjacent to the fracture surface. The fracture process is believed to be a highly 

localized plastic failure  rather than an embrittlement. Robertson et al. [61] reported that by adding H 

to an environmental cell, the dislocation mobility of stresses specimens increased and decreased by 

removing H. They observed this behaviour for edge, screw and mixed dislocations and for isolated 

dislocations, in addition to dislocation tangles in b.c.c., f.c.c. and h.c.p. metals which exhibited HE. 

Furthermore, increased dislocation velocity was also observed for Frank-Read sources and 

dislocations terminating at surfaces.  

It was proposed [62] that H forms an atmosphere around dislocations and other elastic stress 

centres. H is believed to reduce the interaction energy between dislocations and obstacles, as well as 

among themselves, so they can move at lower levels of applied stress. Direct experimental evidence 

was provided by deformation experiments inside a transmission electron microscope (TEM) [61], [63], 

[64]. A scheme of the model is shown in Fig. 6. 

  

Figure 6. Scheme of HELP mechanism 

The HELP model is mainly based on in situ observations of the dislocations in an environmental 

TEM. As a descriptive mechanism, HELP has found widespread support; however, there are still 

disagreeing voices. For example, it is found not to be realistic in b.c.c. metals, since a large amount of 
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H concentration would be required to reach the softening effect that HELP proposes as a result of 

the reduction of dislocation interactions due to H shielding effect [65]. Furthermore, it has been 

argued that dissociation and ionization of the H2 molecule be the electron beam increased the 

fugacity by several orders of magnitude [66]. 

 

2.3.3. Adsorption-induced dislocation emission (AIDE) 

Based on similarities between H-assisted cracking and adsorption-induced liquid-metal 

embrittlement observed in many materials, Lynch proposed the AIDE mechanism [35], [67]–[69], 

shown if Fig. 7. It claims that H weakens interatomic bonds, promoting dislocation emission from 

crack tips. As a result, the greater proportion of dislocation activity leads to faster crack growth. 

In this model, the term “dislocation emission” involves not only nucleation, but also their 

subsequent movement away from the crack tip. The nucleation stage involves the formation of a 

dislocation core and surface step by shearing of atoms over several atomic distances. Thus, 

adsorbed H facilitates this process by weakening of interatomic bonds.  

 

Figure 7. Scheme of AIDE mechanism 

In the AIDE model, crack growth involves not only dislocation emission from crack tips, but 

also nucleation and growth of microvoids ahead of a crack tip. This can also occur at other sites in 

the plastic zone ahead of cracks, such as second-phase particles and slip-band intersections, since 

the stresses required for dislocation emission are rather high. Void formation contributes to crack 

growth and resharpening of crack tips.  

Comparing the schemes of the proposed mechanisms, while in the HEDE mechanism the crack 

tip is sharp, in HELP and AIDE there is a blunting of the crack. The HELP mechanism proposes that 

there is a small localization of deformation, which is shown in the figure with color, result of high 

hydrostatic stresses and the concentration of H. AIDE, on the other hand, can be considered as a 
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combination of HEDE and HELP and even that in this case there is no localization of deformation, the 

dislocation activity in front of the crack leads to small crack tip opening angles. In ductile crack growth, 

in comparison, only a small portion of the dislocations emanated from crack tip sources intersect the 

crack tip to produce crack advance. When H is present, on the other side, the coalescence of cracks 

with voids occur at lower strains and shallower dimples are produced [25].  

 

2.4. State of the art  

One of the major causes of the arguments of HE mechanisms is due to the difficulty of capturing 

the effect in the different time and length scales associated with the phenomenon. H diffusion is 

considered fast and can vary with different test temperatures and stress/strain rates. The interaction 

between H and metal atoms, defects and/or cracks require an analysis under atomic and/or 

mesoscopic length scale. There are several different methods to analyse the effect of H, and the 

experimental conditions (e.g. H charging conditions, geometry of the sample and structure stability) 

must be carefully controlled to justify if inconsistencies are found or to explain the origin of possible 

contradictions.  

Since HE failures are time-dependent, the time component should also be incorporated in any 

experimental method to investigate H effect. HE testing can be performed by means of sustained load 

tests, which consists in applying a specific static load for a fixed period of time. Other analytical 

alternatives are slow strain rate (SSR) tests or the incremental step load test. In these tests, there is 

increase of the applied load until rupture of the sample and, therefore, the time component is 

incorporated in the test. When the loading rate is slow enough, the measurement of the HE threshold 

stress for a given material under H concentration is possible.  

Fracture-mechanics parameters, such as threshold stress-intensity factors and crack velocities at 

high K-values for statically loaded specimens, are other common measures of susceptibility. Many 

researchers have worked on this topic over the past years. Kim et al. [70] developed an analytical 

model to investigate H effect on the Kc value and fracture toughness of steels. Song and Curtin [71] 

also develop a model to investigate the effect of H on a crack tip in Ni and created a mechanism map 

that predicts the transition from ductile to brittle fracture. Experimental work has also been 

performed by testing, for example, notched micro- beams with and without H [72]–[75]. By testing 

micro cantilevers, the effect of H on fracture toughness can be evaluated. Rogne et al. [72] showed 
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the influence of H on the initiation of the fracture and plasticity of the crack tip in an iron aluminide 

intermetallic alloy.  

The effect of H on materials can also be investigated microscopically regarding the fatigue 

crack growth behaviour [20], [76]–[78]. From the viewpoint of the H movement and the 

concentration of H at fatigue crack tips, the H content of materials, the H diffusion rate, the cyclic 

load frequency and the stress fields in the vicinity of crack tips must be considered for studying HE 

with this approach. Ogawa et al. [78] analyzed the influence of H on fatigue crack growth behavior 

of stainless steels. They investigated fatigue mechanisms, martensitic transformation and H 

content, and showed that martensitic transformation accelerated fatigue crack growth under H 

atmosphere.  

Regarding H charging conditions, H can be delivered into specimens by several different ways, 

for example by cathodic charging [41], [45], by exposure to high-pressure H gas [79], via H plasma 

[80], [81], among others. Electrochemical charging is the most conventional charging method and 

has been used in combination with nanoindentation [82]–[85], with microcantilever bending tests 

[75] and with SSR tests [22], [43], [86]–[88]. Despite its ease of use, it has several disadvantages. 

For instance, under certain conditions, the charging can produce damage in the material by the 

charging itself and not due to H action. Therefore, plasma charging has received attention and is 

gaining popularity as a H source. Depover et al. [89] compared plasma with electrochemical 

charging on a dual phase steel and concluded that, even though the effect of electrochemical 

charging was more pronounced, both methodologies exhibited the same tendency.  

HE studies can be made either with ex or in-situ charging. In the cases where in-situ studies 

are not possible, samples have to be pre-charged with H. Issues concerning the pre-charging 

approach are the outgassing of H when the sample is removed from the charging device (in 

particular in materials with high H diffusivity), structural degradation of the metal due to cathodic 

charging (in the case where H is charged by this method), and that the charging potentially 

introduces H only within the surface layer of the samples and the center remains uncharged. With 

in-situ H charging, on other hand, there is a continuous supply of H, which avoids the risk of 

outgassing. Moreover, in-situ H charging can be combined with in-situ observation [74], [80], [81], 

[90]–[92] to monitor deformation in order to focus not only on the analysis of post-mortem 

morphologies, but also to gain knowledge about the H-microstructure interaction.  

Many in-situ experimental methods have been developed in the last years. One of the first in-

situ approaches, already mentioned, was developed by Robertson, Birnbaum and Sofronis [62], 
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[90]. They performed small scale tests in an environmental TEM and their observations of the 

movement of dislocations under H atmosphere led to the proposal of the HELP mechanism. 

Nanoindentation combined with electrochemical charging has also become very popular for HE 

studies [41], [45], [82]–[84], [93], [94]. With this technique it is possible to analyze the effect of H on 

the hardness and Young’s modulus, on the dislocation nucleation and perform multiple tests in a single 

grain. In this case there is no in-situ observation, but in-situ H charging while mechanical testing. Based 

on this, Kim et al. [92] developed a technique to perform both microstructural and mechanical analysis 

while H charging. This method is similar to the previous mentioned but, in this case, nanoindentation 

is performed inside a scanning electron microscope (SEM). Besides the analysis of mechanical 

properties with H charging, having in-situ observation allows, for example, the investigation of H effect 

at specific microstructural features. Furthermore, in combination with silver decoration, H distribution 

and diffusion paths can also be investigated. 

Following the line of in-situ observation, micro-cantilever bending tests have been also applied 

inside an SEM to obtain a full observation of H effect on deformation processes [73], [75], [91]. In 

these cases, H charging was performed either by electrochemical charging or by atomic H, product 

from the reaction of the tested alloy and water. Another possible charging used recently in in-situ 

methods is with H-plasma [80], [81], [89], [95], [96]. With these methods, H was charged in-situ inside 

an SEM while performing a tensile test, allowing a high-resolution observation during the test. 

Comparing plasma and electrochemical charging, plasma charging has the advantage that the surface 

damage is minimized, providing reliable results, which are not influenced by the charging itself.  

In conclusion, HE is a well-known phenomenon that affects a large number of high-performance 

materials. Nevertheless, until today, it is not clear which is the mechanism that predominates. In 

addition, although there is considerable evidence from some experiments, researchers do not agree 

on the fundamental mechanisms causing the embrittlement. The previously mentioned proposed 

models of H-cracking may occur conjointly in some cases, and depend on the material, its 

microstructure, the environment, the temperature, the applied strain-rate or stress-intensity factor, 

which can lead to difference in fracture modes. Furthermore, depending on the experimental 

approach, results can differ and be classified as one or another mechanism. For this reason, it is crucial 

to have experimental methodologies with well-defined parameters and reliable results.  
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3. Summary of the results 

In this chapter, the most important results of the thesis will be presented, together with their 

discussion and impact. Fig. 8 shows a scheme of the papers done within this work. The first paper 

consists of the development of the method and a case study that shows its validity. The second 

paper deals with the application of the method to investigate the effect of a H in a fast diffusion 

material, showing that only observation during in-situ charging allows addressing H effects. Finally, 

the third paper reviews recently developed in-situ and in-operando methods that can be 

implemented and applied in many H-related technologies. These three papers are summarized in 

the next section.   

 

Figure 8. Scheme of investigated topics and publications done within this work 

This section will be divided into the development of the methodology, the effect of H on a Ni-

based alloy, a complex phase steel and a W-based alloy, and an overview of recently developed 

methodologies that can be employed in H-related technologies.  
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3.1. Development of in-situ plasma charging method 

As aforementioned, the controversies in the results over the past years make it necessary to 

develop new methodologies with well-defined parameters, which can provide reliable results. With 

this aim, a novel in-situ method was developed to investigate H-material interactions. This 

methodology combines in-situ H charging, mechanical testing and observation, defining the three HE 

interaction parameters; mechanical, material and environmental, from Fig. 4.  

Radio frequencies plasma discharges are commonly used for materials processing, such as thin 

film deposition, surface modification and etching. Therefore, this configuration was chosen for H 

charging. Fig. 9 depicts a scheme of a radio frequency plasma discharge. It consists in two electrodes 

confined in a vessel, in which H gas is supplied creating, as a result, H plasma.   

 

Figure 9. Scheme of a radio-frequency plasma discharge 

Fig. 10a shows a scheme of the miniaturized plasma cell in the SEM and 10b a cross section of the 

tensile sample with the H-charging and observation directions [80]. The miniaturized plasma cell 

consists in a stainless-steel cup, which is powered by a high-frequency power supply and has a 2 mm 

opening at the top. A metallic tensile sample, which acts as counter electrode is, is placed on the top 

of the cup and is, in this way, charged from the bottom. Deuterium was chosen as the working gas so 

that H content can be determined more precisely by thermal desorption or nuclear reaction analysis.  
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Figure 10. (a) Scheme of miniaturized plasma cell inside the SEM and (b) cross section of tensile sample 

with H-charging and observation directions  

In order to obtain a faster H-diffusion through the thickness of the sample, the center area 

has a thickness reduction. The charging is conducted inside an SEM equipped with a tensile 

module in order to monitor the deformation in the center charged area of the samples during H-

charging. Since the charging is conducted from the bottom, the top observed surface is 

contamination-free. A Teflon disk with an aperture in the center and an indium wire gasket is used 

to seal the cell and allows the displacement of the sample due to its low friction coefficient.  

As mentioned, the designed sample geometry deviated from standardized geometries. 

Therefore, a three-dimensional mechanical finite element simulation was performed to 

investigate stresses distribution through the thickness of the samples. The results showed that the 

hydrostatics stress, maximum principal stress and Von Mises stress were homogenous, proving 

that the geometry design did not have an influence on the results.    

Plasma parameters were investigated with a first protype with Langmuir probe 

measurements. This method consists in inserting a tungsten wire into the plasma and measure 

the current (I) drained by varying the applied bias voltage (U). With these values, different I-U 

curves can be obtained for different gas flow rates, and with their analysis, the electron density, 

electron temperature and ion flux can be calculated, as detailed in reference [80] 

With the ion flux jI, an analytical model, which is based on ion-driven permeation in plasma 

charging, can be used to calculate H concentration. Fig. 11 shows the concentration profile of a 

sample charged with plasma from one side and subjected to vacuum on the other side.  
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Figure 11. H concentration profile in a plasma-charged sample 

The concentration increases linearly until the mean implantation depth rimpl and from this point 

decreases linearly until 0 at the top of the sample. With a Monte-Carlo program [97], rimpl (where the 

maximum concentration is) and the implanted and reflected coefficients can be calculated. There are 

three possible permeation processes, depending on the relative rate of recombination and diffusion 

on both sides of the sample. One is diffusion-limited on both sides and the H concentration can be 

calculated with Equation 1. The other two cases are recombination-limited on one side and diffusion-

limited on the other side, and recombination-limited in both sides. For these two cases, Equation 2 

can be used. 

𝐶!"# =
$!"#$∗('())∗+!

,∗-%
  (1) 

𝐶!"# = √∅!
/&

  (2) 

Here Cmax is the maximum lattice concentration, rimpl the mean implatantion depth, R the reflection 

coefficient, jI the ion flux, r the density of the material, DH the H diffusion coefficient and kf the 

recombination coefficient.  

With the values calculated with the Monte-Carlo program, the density and diffusion coefficient of 

H of the selected material, and the recombination coefficient, which can be calculated from different 



 
 

19 

sources [98]–[100], the maximum concentration of H in the material can be calculated for the 

three types of permeation cases.  
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3.2. Effect of hydrogen on a Ni-based alloy 

To validate the in-situ method, the first material selected was a Ni-based alloy (Alloy 718) in the 

solution annealed condition. The H susceptibility of this material has already been widely studied and 

reported [21], [37], [101]–[103], making the Alloy 718 a perfect model material. Fig. 12 shows the 

microstructure of the material with an inverse pole figure, showing the presence of twin boundaries. 

The grain size is around 100 µm. 

 

Figure 12. Inverse pole figure in the normal direction of Alloy 718 

Two batches were used to investigate the effect of pre-charging time and pre-straining. For the 

first case, samples were pre-charged with different time durations and also charged while testing, 

while in the second case the samples were first pre-strained, below and beyond yield point, and then 

charged with H before continuing the tensile test. For all the cases a SSR test was performed. This 

testing technique was chosen since usually the embrittlement effect is enhanced with slower strain 

rates as H has more time to diffuse to areas with higher stress concentrations.  

Due to the non-standard sample geometry configuration, load-elongation instead of stress-strain 

were analyzed. In the first set of experiments, all the curves converged to approximately the same 

maximum load and the elongation was reduced in all charged specimens. Moreover, with the in-situ 

images it was possible to monitor crack propagation. As expected, with increasing H charging time, 

crack propagation rate increased. The fracture surfaces were also investigated after the tests and they 

changed from ductile microvoid coalescence failure, in the uncharged case, to brittle intergranular 

and “quasi cleavage” failure, in accordance with previous reports in literature [22], [43], [104], [105]. 
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Regarding H concentration, for Ni-based materials, since H diffusivity is low, the permeation 

is diffusion-limited on both sides of the sample. Using the analytical model described in the 

previous section and Equation 1, H concentration was calculated. The average solute 

concentration was between 2 and 2.5 wppm. 

Fig. 13a depicts the load-elongation curves and 13b the normalized crack length over time of 

the pre-straining experiments. On the one hand, in the sample pre-strained before yield, the effect 

of H was similar to the previous cases exhibiting a reduction in elongation and an increase in the 

crack propagation rate. On other hand, the sample pre-strained beyond yield was somehow less 

sensitive to HE. In this case, the crack propagation rate was decreased, and the fracture surface 

consisted mostly of dimples, typical of ductile fracture. A possible explanation is that there could 

have been strain hardening in the uncharged sides of the sample, lowering the crack propagation 

rate. 

 

Figure 13. (a) Load-elongation curves and (b) crack propagation rates of pre-strained and H-charged Alloy 

718 samples  

a b 
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3.3. Effect of hydrogen on a complex phase steel 

As already mentioned, the combination of high-strength and low-weight, makes the advanced 

high-strength steels (AHSS)  excellent candidates for the automotive industry [12], [106]. They are also 

used in chemical and refinery industries, in power plants, marine structures, gas transportation 

pipelines and as aircraft components. Despite their excellent mechanical properties, they are 

susceptible to HE and can lose their ductility through H absorption. Even though AHSS are usually 

electroplated, if the sacrificial coating corrodes in service, the exposed areas act as cathodic sites, 

resulting in H absorption into the material. Complex phase (CP) steel belongs to the group of AHSS 

and its main microstructural phases are martensite, tempered martensite, bainite with a small content 

of retained austenite. Fig. 10 shows the microstructure of the material [96]. The grain size is 

approximately 3 µm.  

 

Figure 14. (a) Secondary electron image. (b) Inverse pole figure in the normal direction of CP steel  

First of all, the strain rate sensitivity of the material was analyzed. This was done by analyzing 

stress-strain curves resulting from different strain rates of tensile tests of uncharged specimens and 

by nanoindentation strain-rate jump tests. Moreover, nanoindentation was also used to determine 

the modulus and hardness of the material.  

The strain rate sensitivity index was calculated from the slope of the plot lnσ vs. lnε giving a value 

of almost 0, indicating that the material exhibits no significant strain rate sensitivity in the investigated 

regime. This was further verified with the nanoindentation strain-rate jump tests results. This is 

important to note as the results will depend only on H effects and not on the effect of different loading 

conditions.  

The effect of H was studied with the in-situ plasma charging method described in the first section 

[80], which combines in-situ H-charging, mechanical testing and high-resolution observation in an 
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SEM. The influences of different H charging conditions (different concentrations, charging and 

discharging and pre-charging times) were examined.  

Regarding the effect of pre-charging time, tests were performed with 3 and 6 h of pre-charge, 

both followed by continuous charge during the tensile test, and compared with an uncharged 

specimen. From the analysis of the load-elongation curves, it was observed that the initial part of 

the curve was unaffected but with increasing H charging time, the elongation to failure decreased 

and there was a more pronounced load drop when cracks where initiated, as shown in Fig. 11 [96].  

 

Figure 15. Load-elongation curves of uncharged and charged CP specimens 

As in the previous section, crack propagation rate was calculated from the in-situ images. It 

can be seen in Fig. 12 [96] that with increasing charging time, final fracture was 1.27 and 1.45 

times faster in the 3 and 6 h pre-charged samples than the uncharged one.  
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Figure 16. (a) Normalized crack evolution. (b) Crack growth rate 

EBSD analysis was also performed on these samples. From misorientation analysis, it was seen 

that in the sample with longer charging time, there was a localized plastic deformation in areas next 

to secondary cracks, meaning that H could promote a greater dislocation activity in some localized 

regions.  

With testing a charged and discharged sample, the reversibility of HE was proved. There was no 

effect in the stress-strain characteristics and the fracture surface exhibited a typical ductile microvoid 

coalescence failure. This also verifies that HE is produces by diffusible H, which can diffuse out of the 

specimens at room temperature. Considering that in this material H is trapped mainly at dislocations 

and martensitic lath boundaries, which are not deep traps, all the H can effuse during discharging.  

From the SEM fracture surface images, the dimple size of all samples of each case study was 

estimated. It was found that all charged samples had smaller dimple size than the uncharged ones. A 

reduction in the dimple size can be attributed to the effect of H on fracture behavior, representing an 

increase in dimple nucleation.  

For the H concentration estimation, the analytical model from the first section was implemented, 

in this case the material follows the behavior from Equation 2, and the concentration was also 

calculated using a simulated diffusion model. The recombination coefficient kf was taken from three 

different sources, Shu et al. [98], Zhou et al. [99] and Baskes [100]. The analytical model gave a lattice 

concentration in the order of 10-5-10-4 wppm. The simulation, on the other hand, takes into account 

not also the H stored in interstitial lattice positions, but also H in traps.  
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Fig. 13 depicts the simulated H concentration through the thickness of the sample [96]. It can 

be seen that the lattice concentration is in the same range than the one calculated with the simple 

model. Nevertheless, when trapping is included, the concentration is around a factor of 350 

higher. However, the maximum concentration is still rather low and it has been demonstrated 

that a H concentration above 2 wppm leads to a pronounced HE [107]. It is also shown that there 

is a H concentration gradient with the lowest value at the top observed surface. However, an 

advantage is that after approximately only 500 s, a steady state concentration is reached. 

 

Figure 17. (a) H concentration distribution through the thickness of the samples, the arrows indicate H 

charging direction (b) H flux over time in the evaluation node marked on the top surface 

Even though the total H concentration was low, slight modifications in fracture characteristics 

were observed and there are some alternatives to generally increase the concentration in the 

microstructure, such as impermeable nm thick coatings, transparent to the electron beam, 

reducing the sample’s temperature, among others. Comparing these results with the H absorbed 

in specific applications, for example during the body in white painting process, where steels 

absorb approximately 0.4 wppm of H [88], it can be concluded that CP steel is a suitable material 

for that application. 
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In comparison with more conventional charging methods, where having in-situ observation can 

be very challenging, this methodology allows not only direct observation, but it is also combined with 

in-situ H charging. For fast diffusion materials, such as the studied CP steel, this is the only way to 

address H effects. 
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3.4. Effect of hydrogen on a tungsten-based alloy 

The tungsten heavy alloy is a two-phase composite consisting of W grains in a matrix of Ni-Fe. The 

so called HPM 1850 consists of 97 wt.% W, 2 wt.% Ni and 1 wt.% Fe and is fabricated by liquid phase 

sintering. Due to its unique combination of strength, density, ductility, machinability and corrosion 

resistance, it is a potential material for divertor target in fusion devices [108], [109]. Despite its 

corrosion resistance, it has been shown that the alloy can be embrittled by H [16]. Fig. 14 shows the 

microstructure of the material. The grain size is around 56 µm.  

 
Figure 18. (a) Backscattered electron image and (b) Inverse pole figure in the normal direction of HPM 

1850 

In order to investigate H effects on this material, the in-situ method was applied, and a sample 

was pre-charged followed by continuous charging while testing and compared with an uncharged 

specimen. The maximum H lattice concentration was also calculated with the simple analytical model, 

giving a maximum concentration of around 2.34 wppm.   

Fig. 15 depicts the stress-strain curves of both samples. While the elongation to failure of the 

uncharged specimen was around 10.5%, in the presence of H this was drastically reduced to 2%.  

 

 

a b 
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Figure 19. Stress-strain curves of uncharged and charged samples of HPM 1850 

The fracture surfaces of the specimens were analyzed after the tests and are shown in Fig. 16. 

Comparing both images, there is not a clear difference between them. In both cases they are 

composed of brittle fractured W grains with dimples in-between, which correspond to the ductile 

matrix. Anyways, H does not always modify the fracture surface and since in the uncharged 

specimen there is already a high amount of brittle fracture, it is difficult to distinguish whether or 

not this is altered.  

 
Figure 20. Fracture surfaces of (a) uncharged and (b) charged HPM 1850 samples 

To gain a better understanding of H effect, the crack propagation path was also analyzed, and the 

amount of transgranular/intergranular failed grains calculated. It was observed that in the presence 

of H, the crack path changed from mostly transgranular to intergranular failure.  These images are 

shown in Fig. 17. 

a b 
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Figure 21. Crack propagation path of (a) uncharged and (b) charged HPM 1850 specimens 

   

  

a b 
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3.5. Prospects of understanding hydrogen effect on material with novel in-

situ and in-operando methods 

Recently developed in-situ and in-operando H charging methods were reviewed. They can be 

potentially implemented to study H-material interactions in a wide range of materials used in different 

H-related applications. Fig. 18 depicts a scheme of the materials typically used in different energy 

sources applications, which have to perform under H environment [110]. These energy sources are 

subsea oil and gas, nuclear fusion and fuel cells. Each of them has different material properties 

requirements and for all of these materials, the different in-situ methods can be applied to investigate 

mechanical properties, H-absorption characteristics and HE susceptibility.   

 

Figure 22. Applicability of in-situ methods to materials used in H-related applications 

Fig. 19 depicts some the in-situ techniques. Fig. 19a and b consist of in-situ electrochemical 

charging with nanoindentation testing [82], [83]. This technique allows the possibility to perform 

multiple tests within a single grain and even though the volume of deformation is small, it is large 

enough to activate multiple slip systems under the indenter. With nanoindentation it is also possible 

to evaluate the effect of H on the hardness and Young’s modulus of materials. Even though these 
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approaches combine in-situ H charging and mechanical testing, having in-situ observation can be 

very challenging. The technique from Fig. 19c was developed to perform both microstructural and 

mechanical analysis while electrochemical H charging [92]. Fig. 19d depicts in-situ micro-cantilever 

bending tests with nanoindentation in an ESEM [73], [91]. This method also allows in-situ H 

charging, mechanical testing and observation but it has the disadvantage that it is only applicable 

to materials that produce atomic H from the reaction with water vapor. Fig. 19e and f show two 

methods that use low pressure H plasma as the charging source. In the first method, a plasma 

cleaner is connected to an ESEM chamber equipped with a tensile module [81]. In-situ imaging is, 

nevertheless, not possible while H-charging due to high H flammability. On the other hand, in the 

technique depicted in Fig. 19f, H-plasma is ignited through a radio frequency discharge and in-situ 

imaging is possible in this case while charging and tensile testing.  
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Figure 23. Schemes on in-situ H methods. (a) Nanoindentation combined with electrochemical charging. 

(b) Modified version of electrochemical nanoindentation test. (c) Electrochemical nanoindentation inside an 
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SEM. (d) Microcantilever bending test inside an ESEM. (e) Tensile test combined with H-plasma inside an 

ESEM. (f) Tensile test with a miniaturized plasma cell inside an SEM  

All of the previous mentioned methods can be applied to investigate H effect on materials 

used in subsea oil and gas applications, in nuclear fusion and in fuel cell technology (including 

storage and the automotive industry), as shown in Fig. 18.  

Regarding subsea oil and gas, Ni-based alloys and high-strength steels are the most used 

materials. They have to face high temperatures and pressures combined with corrosive 

environments. Even though these materials have corrosion resistance, they are susceptible to HE 

[22], [43], [104], [111], [112]. The described methods should be used to address H effects on the 

microstructure and modify and improve the alloys accordingly.  

As nuclear fusion concerns, W and W alloys are the candidate materials for the first wall of 

fusion devices. As plasma facing materials, they have to withstand extreme heat and radiation 

damage [14]. To investigate the suitability of this alloys for this application, the methods with 

plasma-charging from references [80], [81] in particular, can be used to simulate close to real 

conditions.  

For fuel cell technology, H storage represents one of the main technological challenges. The 

chemical composition, structure and thermodynamic and kinetic properties of the selected 

materials have to be investigated and improved to maximize the storage efficiency. For storage of 

liquid H in cryogenic tanks, Ni-based austenitic steels are good candidates for structural materials. 

Nevertheless, they can be susceptible to HE, specially if a’-martensite is formed during 

deformation in metastable alloys [18], [76], [113], [114].  They mentioned methods can be used 

to examinate H effect on the deformation processes, which cannot be investigated with post-

mortem analysis.  For chemical storage, metallic hydrides are the material of choice. The in-situ 

and in-operando methods can give information about H-absorption characteristics and hydride 

formation and their relationship with different microstructural features. 

Fuel cell technology is currently being implemented in the automotive industry and, therefore, 

the effect of H on used materials needs to be addressed. High-strength steels are excellent 

candidates for this application but they are sensitive to HE and can lose their properties in the 

presence of H [27]. HE susceptibility on high-strength steels is mainly studied with ex-situ H-

charging [17], [39], [86], [88] with the risk of H outgassing, especially in ferritic grades with high H 
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diffusivity. This can lead to an alteration of the results. For these materials, only in-situ approaches 

can be used to investigate the effect of H.  

As described, each application has different requirements and function under different conditions. 

The described techniques are essential to understand the effect of H on the materials that perform 

under H atmospheres. Moreover, small scale testing offers a wide range of possibilities to study 

deformation mechanisms and valuable information can be obtained with these techniques.  
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4. Conclusions 

The main objective pursued during this work was the development and implementation of a new 

methodology for studying H-material interaction. This method is based on in-situ charging materials 

with H plasma inside an SEM, while performing a tensile test. It provides well-defined material, 

mechanical and environmental factors, which is essential in the investigation of H effects. Even though 

there is a gradient in the H concentration since the charging is conducted from one side of the sample, 

there is a constant supply of H, which leads to a dynamic equilibrium of concentration.  

Compared with conventional approaches, where having direct observation combined with in-situ 

H charging can be very challenging, this method represents a valuable tool, especially considering 

materials with high H diffusivity. Moreover, H concentration in the material can be calculated with a 

simple analytical model or with a more sophisticated simulation model. 

To validate the method, the effect of H on three materials was investigated. In the solution 

annealed Alloy 718, H increased the crack propagation rate and decreased the ductility of the studied 

samples. Moreover, fracture surfaces changed from ductile microvoid coalescence to brittle 

intergranular failure and quasi-cleave with river marking features. 

 Regarding the CP steel, the H concentration in the material was rather low, and slightly below the 

critical value to produce embrittlement. Anyways, slight modifications in fracture characteristics and 

crack propagation rates were evident. 

In regard to the tungsten heavy alloy, it was shown that the ductility was greatly affected in the 

presence of H, and even though the fracture morphology did not exhibit any drastic changes, the 

investigation of the crack propagation path showed that the failure changed from mostly 

transgranular to intergranular.  

All of the previous results correspond to a certain range of H concentrations. In order to determine 

whether the materials are suitable for the required application, the H concentration, under which they 

will have to perform, needs also to be taken into account.  

In addition, the current status of in-situ and in-operando methods were investigated and 

reviewed. Their applicability to study H-material interaction in H-related energy sources was 
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demonstrated. All of these methods can provide valuable information previously not accessible and 

are key elements towards a green world.  

The scientific research conducted within this work represents an important step in the H 

community since a unique versatile methodology was developed, which can be implemented in any 

laboratory and is applicable to any metallic sample.  
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Abstract 

An in situ hydrogen (H) plasma charging and in situ observation method was developed to 

continuously charge materials, while tensile testing them inside a scanning electron microscope 

(SEM). The present work will introduce and validate the setup and showcase an application allowing 

high-resolution observation of H-material interactions in a Ni-based alloy, Alloy 718. The effect of 

charging time and pre-straining was investigated. Fracture surface observation showed the expected 

ductile microvoid coalescence behavior in the uncharged samples, while the charged ones displayed 

brittle intergranular and quasi-cleavage failure. With the in situ images, it was possible to monitor the 

sample deformation and correlate the different crack propagation rates with the load-elongation 

curves. H-charging reduced the material ductility, while increasing pre-strain decreased hydrogen 

embrittlement susceptibility due to the possible suppression of mechanical twinning during the tensile 

test and, therefore, a reduction in H concentration at grain and twin boundaries. All the presented 

results demonstrated the validity of the method and the possibility of in situ continuously charging of 

materials with H without presenting any technical risk for the SEM. 

 

A. 1. Introduction 

 Considering an increasing depletion of fossil fuels and the necessity to implement alternative 

sources of energy to mitigate the serious climate changes, hydrogen (H) is believed to be a promising 

future fuel for energy storage [1]. With this aim, materials have to be developed to transport and store 

H, and the most critical factor for safe use is a loss in ductility due to hydrogen embrittlement (HE). 

Nowadays, the use of high-strength structural materials for lightweight applications becomes a 
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necessity. Although it is possible to develop materials with high tensile strength and high fracture 

toughness, many of them can be affected by H [2], leading to a severe degradation of their outstanding 

properties if exposed to H environments. Moreover, materials such as Ni-based superalloys, which are 

mainly used in the gas and oil industry, have to withstand extreme conditions avoiding stress corrosion 

and hydrogen embrittlement failure [3]. 

HE is a severe type of failure that affects a large number of metals and alloys. The first detrimental  

effects of H were reported in the 1870s Johnson [4]. He observed that the toughness of iron was 

reduced when immersed in acid and that this effect was reversible on a macroscopic point of view, 

concluding that H was responsible for this phenomenon. Since Johnson’s first reports, many scientists 

have studied the nature, causes and control of H-related degradation of metals on a microscopic scale 

[5-18]. This has led to numerous controversial findings and interpretations on the HE mechanisms [5-

7, 18]. 

There are two main approaches in literature to study the HE effects. One is focused on the analysis 

of post-mortem morphological features. From these studies, two mechanisms were proposed. The 

hydrogen enhanced decohesion mechanism (HEDE), first suggested by Gerberich and Oriani [5, 12], 

postulates that H diffuses to crack fronts, and the local accumulation of H reduces the cohesion 

between atoms. This reduction in cohesion in Ni and the effect of some co-segregation elements was 

recently studied by He et al. [19]. Thus, in the presence of H, the local maximum tensile stresses, 

controlled by the externally applied load and the crack front geometry, can exceed the maximum 

lattice cohesive force, giving rise to failure. Following this approach, Lynch proposed the adsorption 

induced dislocation emission (AIDE) mechanism [6, 20, 21], which states that H promotes dislocation 

emission from crack tips as a result of the weakening of interatomic bonds, implying that a greater 

proportion of dislocation activity results in faster crack growth.  

The second approach for studying HE effects focuses on in-situ experiments. Robertson, Birnbaum 

and Sofronis [7, 22-24] proposed the hydrogen enhanced localized plasticity (HELP) mechanism based 

on in-situ environmental transmission electron microscopy (TEM) results. They suggested that H 

increases the rate of dislocation generation and velocity. Furthermore, H lowers the interaction 

between dislocations and elastic obstacles, leading to a reduction in shear stress for dislocation 

motion and promoting localized deformation.  

One important aspect in the study of HE is the H source. From the charging point of view, H can 

either be pre-charged into the material or introduced in-situ. In the first case, considering that H 

exhibits fast diffusion in some materials [25], there is a significant probability that outgassing occurs. 

In-situ charging experiments prevent this issue by continuously supplying H. Among these, the most 

popular ones are performed either with H gas at high pressure [8] or by electrochemical cathodic 
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charging [9, 10]. However, in these cases, a high-resolution observation during deformation is difficult. 

In-situ observation during H charging is limited by the difficulty of operating a H source in a high 

vacuum environment. Environmental SEM and TEM have been used to test H effects in an H 

environment with nanomechanical testing [26, 27], allowing an observation of the defect behaviour, 

but with a limited field of view and potential sample size effects [28]. 

A third charging possibility, rarely developed though, is plasma charging. Plasmas are generated 

by supplying energy to a neutral gas causing the formation of charge carriers. There are various ways 

to supply the necessary energy for plasma generation. The most commonly used method of generating 

and sustaining a low-temperature laboratory plasma is by applying an electric field to a neutral gas 

[29]. Any volume of neutral gas always contains a few electrons and ions and when the electric field 

is applied, these free charged particles are accelerated and collide with atoms and molecules in the 

gas, thereby creating new charged particles. Thus, an avalanche of charged particles is generated, 

which is eventually balanced by charge carrier losses to arrive at a steady-state plasma.   

Wang et al. [30, 31] used low-pressure H plasma in an environmental SEM to study HE of a ferritic 

alloy with in-situ mechanical testing by connecting a plasma cleaner to the SEM chamber. 

Unfortunately, they found in-situ observation by normal SEM mode to be limited and were not able 

to perform in-situ imaging with high-voltage. The challenge in this case lies on the difficulty of having 

an in-situ observation in the H environment due to the high H flammability. Consequently, their 

investigations were only feasible when the chamber was again evacuated to the high-vacuum state 

after charging.  

 

A. 2. Experimental method 

To overcome these issues and establish more defined ways to study H-material interactions, a 

new in-situ H charging method with plasma charging has been developed to allow in-situ H charging 

inside an SEM while performing a macroscopic deformation test. Therefore, a miniaturized plasma cell 

using Radio Frequency (RF) power was built. This configuration consists of two electrodes confined in 

a vacuum vessel. One of the electrodes is grounded while the other one is powered by a high 

frequency (13.56 MHz) power source, and an exchangeable working gas is fed into the system through 

an inlet. In this study, deuterium gas was chosen so that in the future the retained H content can be 

determined by nuclear reaction analysis or by thermal desorption. Furthermore, a matchbox is 

necessary to match the impedances of the RF generator and the plasma to optimize power absorption 

[32].  

Fig. 1-a shows a scheme of the in-situ setup in the SEM. A stainless steel cup of 25 mm diameter, 

20 mm height and an aperture of 2 mm is used as the vessel and powered electrode, while the 
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grounded sample acts as counter electrode. Tensile specimens were fabricated by electrical discharge 

machining with the geometry of 32 mm length, 5 mm width and thicknesses ranging between 0.65 

and 1.40 mm. Since the aperture of the powered vessel cup is 2 mm diameter, only the centre region 

of the samples was charged with H. This allows H charging of a localized region of the sample where 

the in situ observation will be performed. To provide a faster H diffusion through the thickness of the 

material, a reduction in the thickness to approximately 0.2 mm was made in the charged area (see Fig. 

1-b). Furthermore, since the charging is conducted only from the bottom of the samples, a 

contamination free top surface for SEM observation is provided. An Indium wire gasket was used to 

seal the sample to the cell, and a Teflon disk with an aperture in the centre of the sample was used to 

attach the sample to the Indium seal. This arrangement keeps the cell not only sealed, but also allows 

a friction-less displacement of the sample during the mechanical test as well as the surface 

observation through the electron beam.   

 
Figure 1. (a) Scheme of miniaturized plasma cell implemented in the SEM. (b) Cross section of tensile 

sample with indicated charging and observation directions. (c) Top view of the plasma device with the tensile 

stage inside the SEM 
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As the sample geometry deviates from standardized geometries, a fully three-dimensional 

mechanical finite element (FE) simulation was conducted to account for the heterogeneity of stress 

distribution across the thinned centre region of the samples, as shown in Fig. 2. The thickness of the 

centred region was 200 µm in the model. The FE modelling has been performed with the commercial 

software package Abaqus [33]. The sample geometry is meshed using tetrahedral continuum elements 

with quadratic shape functions. An average element size of 0.05 mm was used in the thinned area of 

the sample. In the rest of the model, the element size length was 0.2 mm. The applied material model 

describes the elasto-plastic behaviour of the solution-annealed Alloy 718 by means of a von Mises 

yield function with isotropic hardening. The hardening function is based on a data field approach 

considering the measured true stress-true strain dependency. The Young’s modulus was assumed to 

be 210 GPa and the Poisson’s ratio was 0.3.   

 
Figure 2. Stresses distribution in cross section of the sample. (a) Hydrostatic stress (MPa). (b) Maximum 

principal stress (MPa). (c) Von Mises stress (MPa). The pictures were taken for a plastic strain of 1% in the 

middle of the thinned area where the plasma charges the sample from below   
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The tests were performed in an SEM Stereoscan 440 operated at an acceleration voltage of 10 kV 

for imaging. A Kammrath & Weiss tensile stage, equipped with a 10 kN load cell and an inductive 

displacement sensor was used for the mechanical tests. The accuracy of the load cell is in the order of 

~1 N, and the accuracy of the displacement sensor is ~0.5 μm. For all tests, a displacement rate of 0.2 

μm/s was set. Teflon tubes were used for gas inlet and outlet inside the SEM chamber and the gas 

flow was controlled with a Bronkhorst Mass Flow Controller In-Flow. A CESAR RF power generator 

with an impedance matching box served to supply energy to the deuterium gas to produce plasma. 

For delivering the energy to the plasma cell, a 50 Ω coaxial cable was selected.    

To investigate the plasma parameters, Langmuir probe measurements were conducted in a first 

prototype of the plasma cell built at the Max-Planck-Institut für Plasmaphysik, in Garching. The 

Langmuir probe consisted of a tungsten wire of 5 mm length and 0.15 mm diameter. The gas flow 

used was 0.75 sccm (standard cubic centimetres per minute) with power ranging from 0.8 to 1.4 W. 

The resulting DC bias voltage was 100 V. The current (I) drained by the probe for each bias voltage (U) 

supplied was measured as shown in Fig. 3.  

 
Figure 3. Langmuir Probe curves of the plasma cell prototype for a gas flow of 0.75 sccm and power 

ranging from 0.8 to 1.4 W. With these curves, electron temperature (~ 1 eV) and ion flux (~1020 m-2 s-1) were 

calculated 

 

The following equations [34, 35] were used to analyse the curves: 
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where ne = electron density, e = elementary charge, S = probe surface = lπd, Te = electron 

temperature, φfl= floating potential (I=0), U = probe potential, mi = ion mass = 6 amu (D3
+ ions), Is = ion 

saturation current, Vp = plasma potential and η = ion flux.  

The exponential part of the I-U curve (eq. 1), if plotted semi-logarithmically versus the probe 

potential U, should be a straight line and the slope of the curve is 1/Te. To determine the plasma 

potential, one method is to take the point where Ie starts to deviate from exponential growth, that is 

where Ie’ (U) is maximum or Ie’’ (U) is zero [36]. For a gas flow of 0.75 sccm and power between 0.8 

and 1.4 W, the resulting electron densities (eq. 2) were in the range of 1016 m-3, electron temperatures 

around 1 eV and ion fluxes (eq. 3) in the range of 1020 m-2 s-1.  

Material 

To demonstrate the versatility of the design, a Ni-based alloy (Alloy 718) in the solution annealed 

condition, with a grain size of ~100-200 μm, was tested with this novel method. This material was 

chosen as a model material to be examined, since its microstructure and its susceptibility to H have 

been reported previously in literature [37-42], permitting comparison to the in situ data. The 

composition of the material is shown in Table I, in conformity to AMS specification.  

 

Table I. Chemical composition of Alloy 718 [wt. %] 

Ni 

(+Co) 

Cr Fe Nb 

(+Ta) 

Mo Ti Al Co C Mn Si P S B Cu 

50-55 17-

21 

Balance 4.75-

5.50 

2.8-

3.3 

0.65-

1.15 

0.2-

0.8 

1 

max 

0.08 

max 

0.35 

max 

0.35 

max 

0.015 

max 

0.015 

max 

0.006 

max 

0.30 

max 

 

With the ion flux η calculated from the Langmuir Probe data and the H diffusion coefficient in Alloy 

718 [43], H concentration can be calculated. Assuming D3
+ ions at 100 V bias (i.e., 33 eV/D) and a pure 

Ni target for simplicity (the alloy has a similar stopping power); the mean implantation depth rmean was 

calculated using a Monte-Carlo program, SDTrim.SP 6.0 [44]. The resulting rmean is 1.15 nm. About 41% 

of the particles are implanted (the remaining 59% are reflected directly and do not contribute to the 

D concentration).  
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A simple analytical model [45] was assumed considering the case of diffusion-limited 

recombination at both sample surfaces. Since H solubility in Alloy 718 is low, solute H has a strong 

tendency to leave the sample once it reaches the surface. Assuming that recombination of H to H2 (or 

D to D2) is fast (reasonable for a clean surface exposed to plasma) the entire amount of H/D diffusing 

to the surface of the sample is immediately lost, i.e., the solute H/D concentration at the plasma-

exposed surface is 0. Furthermore, the sample thickness (200 μm) is much larger than the implantation 

range (~1 nm) and any H/D that is implanted starts diffusing. In steady state, there is a constant H/D 

concentration gradient towards either surfaces, according to Fick’s law:  

 

𝑗 = −𝐷: ∗
;,%
;#

                                                (4) 

 

where j = diffusion flux, DH = H diffusion coefficient, ρH = H density. 

The highest concentration is reached at the implantation range and it decays linearly towards 

either surface. Since the implanted surface is much closer to the implantation range than the opposite 

surface (which is observed by the SEM), this gradient is steeper and, accordingly, the diffusive flux 

towards this surface is larger. In good approximation, nearly all deuterium particles that are implanted 

diffuse back to the plasma-exposed surface and desorb there. Only a small fraction of the implanted 

flux (0.001 μm/200 μm= 5*10-6) diffuses into the bulk and, eventually, to the observed surface.  

The following equation can be used to calculate the concentration maximum at the implantation 

range (the fraction of diffusion into the bulk can safely be neglected): 

 

𝐶!"# =
	$"'()∗('())∗=

,∗-%
                                          (5) 

 

where Cmax= maximum H/D concentration, R= reflection coefficient, η = ion flux, ρ= density, DH= H 

diffusion coefficient. 

This leads to a maximum H solute concentration between ~120-150 ppm. Since the decay towards 

the back surface is assumed linear, the average solute concentration would be exactly half of that, i.e. 

~60-75 ppm.     

Testing conditions     

Two different batches of samples were tested with different charging conditions. The first set 

(samples S1 to S4 in Table II) was tested with different charging times, from uncharged conditions to 

1 h of pre-charging. The pre-charged samples were also in-situ charged while testing, taking into 

account that the tests lasted approximately one hour. In the second set (S5 to S7 in Table II), the pre-

straining effect was analysed. S5 was used as an uncharged and not pre-strained reference sample. S6 
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sample was pre-strained for 370 μm (pre yield point, which corresponds to approximately 7.7% strain 

in the centre of the sample) while S7 for 400 μm (post yield point, corresponding to 8.3% strain in the 

same region as sample S6). Both samples were held in the strained condition and were pre-charged 

with hydrogen for 4 h. Afterwards, the tensile test was continued until failure. All tests were conducted 

under constant strain rate conditions with a constant displacement rate of 0.2 μm/s.  

 

Table II. Overview of Alloy 718 samples tested 

Sample Testing condition Overall 

thickness (mm) 

Reduced 

thickness 

(mm)  

Failure 

time (min) 

S1 Uncharged 0.65 0.20 72.58 

S2 Charged while 

testing 

0.65 0.23 67.5 

S3 0.5 h pre-charged+ 

charged while testing 

0.65 0.20 70.25 

S4 1 h pre-charged+ 

charged while testing 

0.65 0.23 69.3 

S5 Uncharged 1.42 0.15 64.5 

S6 Deformed below 

yield point+ 4 h pre-

charged 

1.41 0.19 55.4 

S7 Deformed beyond 

yield point+ 4 h pre-

charged 

1.40 0.15 51.7 

 

After the tensile tests, fracture surfaces of the failed samples were analysed ex-situ with an SEM 

LEO 1525 using an acceleration voltage of 20 kV.  

 

A. 3. Results 

Effect of pre-charging time 

Fig. 4 shows the load-elongation curves of samples S1 to S4. The noise in the signal arises from 

interference between the RF power supply and the electronics of the tensile module, which could not 

be completely suppressed by shielding of the cables. At the beginning of the deformation experiment, 

the force value was not zero due to clamping and friction effects, which would also affect the apparent 
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initial loading regime. Notably, for increasing deformations, the loading data converged for all samples 

and the maximum load value was approximately the same for all the tested samples, which is 

controlled by the failure of the uncharged thick side parts of the tensile sample (as shown in Fig. 1-c, 

only the centre-thinned area is charged). Importantly, all the charged specimens failed at lower 

elongations than the uncharged sample. Focusing only on the shaded areas, the elongation region 

from where cracks were initiated until final failure can be compared, i.e. the comparison of the crack 

propagation rather than initiation times. Comparing the shaded areas in the graph, it can be seen that 

the longer the charging time, the smaller the shaded area, i.e. the greater the decrease in the 

elongation of the samples.  

 

 
Figure 4. Load-elongation curves of Alloy 718 S1, S2, S3 and S4 samples. Points 1 to 4 in the curve of the 

uncharged sample S1 correspond to the points where in-situ images were taken. Charged samples S2, S3 and 

S4 failed at lower elongation than uncharged S1 sample. The shaded areas show that with increasing charging 

time, the loss of elongation was higher 

 

Fig. 5 shows the in-situ images of the centre of sample S1. The first decrease of the load 

corresponds to the appearance of a crack, while the last image relates to the final failure of the sample.  

 

 

  1 
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Figure 5. In-situ images of Alloy 718 S1 (uncharged) sample. Points 1 to 4 correspond to the points marked 

in the load-elongation curve in Fig. 4, where the crack propagation stages can be correlated with the different 

load and elongation values  

 

From the in-situ images, crack propagation can be readily monitored, and the linear intercept 

crack length was estimated for each sample at different loading steps, as shown in Fig. 6. All the 

charged samples failed before the uncharged one, but for comparison purposes, the crack initiation 

times were normalized to 0 s. Comparing the slope of the curves, which correspond to the crack 

propagation rate, S4 shows the fastest crack propagation rate. In S3, the crack propagation rate was 

lower than in the uncharged sample. Nevertheless, when the crack reached the uncharged parts of 

the sample, the propagation rate decreased. In the load-elongation curve in Fig. 4, it can be seen that 

there is at first a rather steep decrease in the load. Afterwards, there is a stage with more or less 

constant value, which corresponds to deformation of the uncharged parts of the sample, proving that 

there was an effect on the sample. Contrary to this, in the uncharged specimen, the crack propagation 

rate did not decrease when reaching the “thicker” parts of the sample. 
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Figure 6. Crack length over time for Alloy 718 S1, S2, S3 and S4 samples with crack initiation times 

normalized to 0 s. Considering that the slope of the curves represents the crack propagation rate, S4 shows the 

fastest rate 

 

Fig. 7 shows the post-mortem fracture surfaces of the samples. Since these images were taken 

with a field emission SEM, the resolution is better than the in-situ images of Fig. 5, where a tungsten 

filament SEM was used. Sample S1 (Fig. 7-a) exhibits a typical ductile fracture surface with larger 

primary dimples and smaller secondary ones. Fig. 7-b shows the fracture surface of S2, with a 

completely different character than the uncharged one. This sample exhibits a brittle failure by 

decohesion along grain boundaries with rather smooth facets. Samples S3 and S4 have several 

different morphologies, as can be seen in Fig. 7-c and d. There are regions of microvoid coalescence, 

flat “featureless” regions and regions with striations, the last marked with dashed boxes in the figure.  
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Figure 7. Fracture surfaces of (a) S1, (b) S2, (c) S3 and (d) S4 Alloy 718 samples. (e) View of the cross 

section of the samples with the direction of plasma charging indicated. S1 (uncharged) sample shows a ductile 

failure while the charged samples show either intergranular or regions of “quasi-cleavage” (marked with 

dashed boxes) fracture behaviour 

 

Effect of pre-straining 

Fig. 8 shows the load-elongation curves of the second set of samples, where different amounts of 

pre-strain were applied. Comparing the shaded areas of S5 and S6, it can be seen that, compared to 

the previous cases, the presence of H reduces the elongation until failure of the sample more 

significantly. From points 1 to 3 in S6, the crack propagates through the centre region of the sample, 

which is in contact with H, as it can be seen in the in-situ images in Fig. 9. On the other hand, S7 shows 

a different character. As soon as a crack is initiated, point 5, the propagation was retarded, maintaining 

an almost constant value of load, until point 6, followed by a decrease in the load to point 7 and 
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another step of constant load before final failure. In this case, the shaded area of the deformed sample 

was larger than the one of the uncharged S5 sample, i.e. in S7 the crack propagation was retarded to 

a higher extent than samples S5 and S6. 

 
Figure 8. Load-elongation curves of Alloy 718 S5, S6 and S7 samples depicting influence of pre-strain. 

Points 1 to 4 in the S6 curve correspond to the points where in-situ images were taken and 5 to 7 in the S7 

curve show the regions where there are plateau regions of the force. The shaded areas show a reduction in 

elongation in the S6 charged and pre-strained below yield-sample compared to the uncharged sample but an 

increase in the S7 charged and pre-strained above yield-sample.    
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Figure 9. In-situ images of Alloy 718 S6 (pre-strained before yield and 4 h pre-charged) sample. Points 1 to 

4 correspond to the points marked in the load-elongation curve in Fig. 8. Crack initiation and propagation steps 

can be correlated with load and elongation values of the curve 

 

 As in the previous experiments, the crack length over time was calculated from the in-situ 

images, displayed in Fig. 10. The uncharged sample, S5, is the last one to fail. Comparing the time from 

which cracks are initiated until final failure, it can be seen that the crack propagation rate of S6 is 

higher than S5. However, S7 shows a slower propagation than the uncharged S5 sample (990 s of crack 

propagation compared with 570 s for S5). This is in agreement with the load-elongation curves in Fig. 

8.  
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Figure 10. Crack length over time for Alloy 718 S5, S6 and S7 samples with crack initiation normalized to 0 

s. The slope of the curves corresponds to the crack propagation rate. Samples S5 and S6 show a similar 

behaviour but the propagation rate in sample S7 was retarded 

 

 Fig. 11 shows the fracture surfaces of the samples. The sample S5 without pre-strain, Fig. 11-

a, exhibits a typical ductile failure where small dimples within large ones can be seen, similar to the 

uncharged sample of the previous set of samples. The inclusions present on the fracture surface, 

marked with arrows, are most likely formed during the production process of the alloy [46]. This was 

the only sample in which inclusions were seen. The fracture surface of sample S6 exhibits some 

similarities with S3 and S4. This specimen also shows dimples and regions with river markings indicated 

by dashed boxes. On the other hand, S7 presents to a large extent only dimples.  
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Figure 11. Fracture surface of (a) S5, (b) S6 and (c) S7 Alloy 718 samples. The charging for all samples is 

from the bottom as shown in Fig. 7-d. Inclusions were present in S5 sample, marked with arrows in (a). S5 and 

S7 show a ductile fracture while “quasi-cleavage” regions can be seen in S6 sample, marked with dashed boxes 

in (b) 

 

Moreover, optical micrographs of the top surface were taken after sample failure next to the 

fracture surface, as shown in Fig. 12. Mechanical twinning can be observed in the samples in the 

proximity to the fracture surface.  
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Figure 12. Optical micrographs of (a) S5, (b) S6 and (c) S7 Alloy 718 samples showing deformation and 

mechanical twinning next to the fracture surface  

 

A. 4. Discussion 

Method 

The method developed allows direct charging of materials for the investigation of H effects for a 

wide range of sample sizes with the advantage of testing macroscopic samples. The simulation results 

in Fig. 2 confirmed that, although the geometry is not standardized, the stress distribution in the 

charged and thinned area is sufficiently homogenous, eliminating possible undesired stressed-driven 

H diffusion to regions with higher hydrostatic stresses in the sample.   

An important advantage of this method is that samples can be continuously charged while testing, 

which is crucial for materials with high H diffusivity and simultaneously low H solubility, for example 

ferritic steels. Moreover, there is no risk of sample corrosion as can happen with electrochemical 

charging, with the possibility of sample failure. Furthermore, with cathodic charging there can be a 

pre-damage in the samples, which can alter the effect of H. For instance, it has been reported [47] 



 
 

71 

that cathodic charging alone generated slip lines and surface and subsurface cracks. The pre-damage 

caused by the charging resulted finally in a reduction of yield strength and an increased embrittlement.  

To the authors’ knowledge, the presented method is the first one reported that combines in-situ 

charging and tensile testing inside an SEM, presenting no risk for the SEM even when the sample 

fractures.  

Effect of pre-charging time 

In the load-elongation curves from Fig. 4, the elongation of S4 seems to be larger than S2 and S3. 

Nevertheless, if only the elongation is considered from the point where cracks are initiated (first drop 

in the load) until the final fracture of the sample, it can be seen that with increasing charging time the 

elongation was decreased. In the S4 sample, the load dropped abruptly from point 1 to point 2 (zero 

load), while in S2 and S3 samples failure was not so abrupt. This behaviour was also evidenced in the 

in-situ images and the crack propagation in Fig. 6. For S4 only two in-situ images of the crack were 

recorded, since the failure of the sample occurred immediately after crack initiation. Furthermore, as 

mentioned before, the crack propagation rate of S4 was the highest. In this context, sample S4 showed 

a greater susceptibility to H due to the higher amount of pre-charged H. Contrary to this, although 

crack initiation of S2 and S3 was before S4, the propagation was slower, especially in the areas that 

were not in contact with the H source. A possible reason for this behaviour is that there is a gradient 

in H concentration, and since H diffusion in Ni is low [48, 49], there is not enough time for H to diffuse 

to the sides of the samples (which are not in direct contact with the plasma) so crack propagation is 

not accelerated in such areas, in contrast to the directly H-charged regions. 

In ductile crack growth, there is almost no emission of dislocation directly from crack tips due to 

strong bonding. Most of the egressing dislocations, around crack tips, produce crack blunting and 

plastic deformation rather than crack advance. The coalescence of large voids involves nucleation and 

growth of small voids, and large dimples with smaller dimples appear on fracture surfaces [50], as it 

can be seen in Figs. 7-a and 11-a in the uncharged specimens.  

The morphologies of H-enhanced fractures can be unaffected or changed from ductile microvoid 

coalescence to quasi-cleavage, cleavage or intergranular failure. In sample S2, the fracture behaviour, 

Fig. 7-b, was clearly affected by H changing to a brittle intergranular failure dominated by grain 

boundary decohesion.  

Regarding the flat “featureless” regions and the regions with striations of samples S3 and S4, they 

are referred in literature as “quasi-cleavage” [51] and occur when both transgranular cleavage and 

ductile failure operate together. Materials that fail with a quasi-cleavage mechanism usually show 
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river markings, which are originated inside the grains and run approximately parallel to the crack 

propagation direction. These markings can be seen in Figs. 7-c, d and 11-b running parallel to the crack 

propagation direction, i.e. perpendicular to the loading direction.    

Lynch explained the presence of dimples in the charged samples with his Adsorption Induced 

Dislocation Emission (AIDE) model [2]. It states that dislocation emission in the presence of H is 

different from crack growth in an inert environment. Dislocations are emitted from the crack tip on 

suitable inclined slip planes as a result of interatomic bonds weakening by H. Consequently, a greater 

proportion of dislocation activity results in crack growth, the coalescence of cracks with voids occurs 

at lower strains (in accordance with the load-elongation curves in Fig. 4) and shallower dimples are 

produced on fracture surfaces.  

Although the crack propagation rate is greater in S4, with the observation of fracture surfaces it 

seems that the S2 sample is more susceptible than S3 and S4. This behaviour can be explained 

considering the plasma conditions. Although all the samples were tested with the same bias voltage 

plasma, in the S2 sample the power supplied was 4 W compared to 7 W in the other two samples. This 

increase in power can increase the temperature of the sample, increasing the H diffusivity in the 

sample and thus decreasing the H concentration. Unfortunately, in the current realization it is not 

possible to measure (or actively control) the sample temperature during experiments, but this is 

planned to be implemented for future work.   

Effect of pre-straining 

According to the results presented, pre-straining the sample before yield (S6) shows similar H 

susceptibility as in the previous experiments. This specimen displayed similar effects as the charged 

samples in the previous set. The elongation was reduced and the crack propagation rate increased. 

Furthermore, the fracture surface exhibited a quasi-cleavage mode. Contrarily, it seems that pre-

straining the sample to a post yield condition (S7) reduces the sensitivity for HE.  

Ji. et al. [52] detected similar effect in 310S stainless steel and they suggested that pre-strain 

hinders the formation of fresh mechanical twins and H delivery to twin boundaries, avoiding a high H 

concentration in twin boundaries. Since S7 exhibits lower susceptibility to detrimental H effects, it is 

possible that the H concentration was lowered at twin and grain boundaries. High-resolution SEM was 

used to compare the density of mechanical twins between the samples but no clear difference was 

observed. Another explanation for the behaviour of S7 could be that there is a strain hardening effect 

in the uncharged sides of the sample that lowers the crack propagation rate, giving rise to steps of 

constant load, as shown in Fig. 8.   
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A. 5. Conclusions and outlook  

 A novel in-situ method for HE studies has been developed and successfully implemented. This 

methodology is based on in-situ continuously charging materials with H plasma inside an SEM and 

allows having high-resolution observation while deforming the material of interest. In addition, 

although H outgassing from the material cannot be avoided (H arriving at the surface recombines and 

desorbs), there is a constant supply of H, which leads to a dynamic equilibrium of the H concentration. 

It is worth mentioning that the standard tungsten filament SEM used for this work only provides 

limited resolution of in-situ images, which could be highly improved by transferring the setup to a new 

field emission gun SEM. Nevertheless, in the present proof-of-principle case, the observations were 

sufficient to monitor the sample deformation and crack propagation and correlate them with the load-

elongation curves.  

With respect to the studied solution annealed Alloy 718 material, in all the charged samples, with 

the exception of S7 sample, the crack propagation rate was increased and the ductility decreased 

when H was present. Furthermore, with the in-situ images it was possible to detect that the crack 

propagation rates were decreased once the crack run into the regions that were not in contact with 

plasma, which were the last parts of the sample to fail.    

 Fracture surface observation of uncharged samples showed a typical ductile fracture with the 

presence of dimples. The charged samples, on the other hand, displayed either a brittle intergranular 

failure or a quasi-cleavage with river markings features. This difference could be attributed to a change 

in the sample temperature when applying more power to strike the plasma.  

 Future efforts will relate to modify the sample to introduce cracks in order to allow detailed 

crack microstructure interaction observations at higher magnifications, as well as detailed 

determination of the H concentration in the material.  
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Abstract 

Hydrogen embrittlement (HE) is one of the main limitations in the use of advanced high-strength 

steels in the automotive industry. To have a better understanding of the interaction between 

hydrogen (H) and a complex phase steel, an in-situ method with plasma charging was applied in order 

to provide continuous H supply during mechanical testing in order to avoid H outgassing. For such fast-

H diffusion materials, only direct observation during in-situ charging allows for addressing H effects 

on materials. Different plasma charging conditions were analysed, yet there was not a pronounced 

effect on the mechanical properties. The H concentration was calculated while using a simple 

analytical model as well as a simulation approach, resulting in consistent low H values, below the 

critical concentration to produce embrittlement. However, the dimple size decreased in the presence 

of H and, with increasing charging time, the crack propagation rate increased. The rate dependence 

of flow properties of the material was also investigated, proving that the material has no strain rate 

sensitivity, which confirmed that the crack propagation rate increased due to H effects. Even though 

the H concentration was low in the experiments that are presented here, different technological 

alternatives can be implemented in order to increase the maximum solute concentration. 
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B. 1. Introduction 

One of the main goals in the automotive industry is the reduction of weight while maintaining an 

adequate strength and toughness, at low cost, and enhancing both safety and fuel economy. In this 

scenario, advanced high-strength steels (AHSS) are excellent candidates for this application, since they 

combine both high strength and low weight [1,2]. The most important ones are dual phase (DP), 

ferritic-bainitic (FB), martensitic, transformation-induced plasticity (TRIP), and complex phase (CP) 

steels. DP steels consist of martensitic islands in a ferritic matrix and they combine low yield strength 

combined with high ultimate tensile strength. FB steels have a microstructure of fine ferrite and 

bainite and strengthening is obtained by both grain refinement and second phase hardening with 

bainite. Martensitic steels show the highest tensile strength level and they are often subjected to post-

quench tempering in order to improve ductility. TRIP steels exhibit superior strength and good 

formability as a result of the transformation of metastable retained austenite to martensite during 

deformation. The microstructure of CP steels contains small amounts of martensite, retained 

austenite, and pearlite within a ferrite/bainite matrix. An extreme grain refinement is created in this 

material by retarded recrystallization or precipitation of microalloying elements, such as Ti or Nb [3].  

Despite their remarkably good mechanical properties, AHSS are susceptible to hydrogen 

embrittlement (HE), and this can lead to a loss of ductility. When AHSS are electroplated with a 

sacrificial metal, typically Zn, H can be absorbed during the coating deposition, as the process is not 

100% efficient. Moreover, if the sacrificial coating corrodes in service, the exposed areas of the steel 

substrate will act as cathodic sites and H can be absorbed into the material [4]. H can also be 

introduced into the material during the painting process of a body in white structure. Lovicu et al. [5] 

measured the H content absorbed during the production process of autobody components, in which 

cathodic reactions in water solution take place in the phosphatizing and electrophoresis stages of the 

painting process. During these reactions, atomic H can form on the steel surface and diffuse into the 

material. The absorbed H during the painting process was lower than about 0.4 wppm. In this context, 

H is one of the main limitations in the use of AHSS, since it can reduce the ultimate tensile strength, 

ductility, fatigue strength, and/or fracture toughness of the steels [6]. This degradation becomes 

apparent when the material is under residual or applied tensile stresses. Absorbed H diffuses through 

the metal facilitating crack propagation and, the higher the stress level of the material, the more 

susceptible it is to undergo detrimental HE effects [7].  

The mechanism of HE has been under discussion for many years, leading to different 

interpretations and controversial findings [8–16]. Nevertheless, it is accepted that HE can only occur 
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for a critical combination of local stress and local H concentration [6,17–19]. This critical value for H 

concentration may depend on applied stress, microstructure, trapping state, and tensile strength 

level, among others. Moreover, it is believed that there is a saturation level above which there is a 

minimal change in HE susceptibility [17]. Drexler et al. confirmed that this is the case for AHSS [18,19].  

High-strength materials are more prone to HE due to an increased number of potential fracture 

initiation sites, with martensite usually being the most susceptible steel phase [7]. The morphology of 

H-assisted fracture in AHSS depends on the steel microstructure and H concentration and it can be 

either unaffected or changed from ductile microvoid coalescence to quasi-cleavage, cleavage, or 

intergranular failure [17–20].  

The effect of H on high-strength steels has been widely studied [5,6,18–35], but there are few 

studies regarding the interaction between H and CP steels. Malitckii et al. [32] investigated the role of 

retained austenite in CP steel and proposed that fatigue intergranular areas might be formed due to 

H accumulation at the austenite/martensite interfaces, followed by H-induced decohesion. Loidl et al. 

studied the effect of H on a CP1200, among other different AHSS. They showed that the degree of 

embrittlement was similar to martensitic steels and that TRIP steels presented the highest tendency 

to HE [33]. Lovicu et al. [5] concluded that martensitic microstructures exhibit great susceptibility to 

HE and, the higher the tensile strength, the lower the critical H concentration to produce damage in 

the material. Duprez et al. [29] studied the effect of H on a DP steel, a TRIP steel, a FB steel, and a 

ferrite-cementite grade. They demonstrated that the ductility of all the samples was reduced after 

electrochemical charging, with TRIP and DP steels the most susceptible ones. Nevertheless, after 

discharging the samples for one week, a large part of the ductility was recovered. This proved that the 

damage was caused by the intrinsic presence of H and not by an irreversible damage mechanism. Rehrl 

et al. [34] investigated the effect of different loading rates in four grades of AHSS and showed that, at 

high strain rates, there was no effect of H on the mechanical properties. Only with slow strain rate 

testing, the elongation at failure was reduced. This was explained when considering that at a high 

strain rate, the H diffusion is too slow to reach highly stressed microstructure regions. Drexler et al. 

studied the local H accumulation and its effect on HE for cold formed, punched, and heat treated 

CP1200 and DP1200 [18–20].  

In all of the studies mentioned above, the investigations were made either with ex-situ H charging 

or without in-situ observation. These two approaches can lead to a misinterpretation of the results. 

When the materials are ex-situ charged, there is a risk of H outgassing before the test is performed, 

especially in some steels where H diffusion is very fast [35]. Without in-situ observation, the H effect 
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can only be analysed post-mortem and not during the test. Even though the effect on mechanical 

properties can be determined, details on crack dynamics cannot be investigated without an in-situ 

approach. In order to overcome these limitations, several studies have already been made with in-situ 

charging [36–40] and, in the present work, the interaction between H and a CP steel was investigated 

by implementing an in-situ method, which allows for in-situ H charging during a tensile test inside a 

scanning electron microscope (SEM).  

B.2. Materials and methods 

2. 1. Material 

A CP1200 steel was investigated in this work. The main microstructural phases are martensite, 

tempered martensite, and bainite, with a small content (<2%) of retained austenite. Table 1 shows 

the chemical composition of the material.  

 

Table 1: Chemical composition of the investigated industrial steel grade. 

 C Mn Si Cr S Nb Ti Al 

wt

% 

<0.2

0 

<2.

6 

<0.

8 

<1.0

0 

<0.01

0 

<0.0

5 

<0.1

5 

0.015

-1.0 

 

The microstructure analysis was conducted on a field emission SEM Zeiss LEO 1525 (Carl Zeiss 

GmbH, Oberkochen, Germany) while using an acceleration voltage of 20 kV and by EBSD using a pixel 

size of 59 nm and a working distance of 15.7 mm. Figure 1 depicts the microstructure of the material. 

Figure 1a exhibits the secondary electron image and Figure 1b shows the inverse pole figure map in 

the normal direction of the same region. The average prior austenite grain size was measured to be 

~3 μm.  

 

a b 



 
 

82 

Figure 1. (a) Secondary electron image and (b) inverse pole figure in the normal direction of the 

investigated CP1200 microstructure  

The as-delivered material had a thickness of 1.2 mm and tensile samples with the geometry of 

32 mm length, 5 mm width, and 0.5–1.10 mm thickness were fabricated by electrical discharge 

machining parallel to the rolling direction. The samples were then ground and polished with 9 μm, 3 

μm and 1 μm diamond paste to remove surface damage from machining. In the centre of the 

sample, in a rounded area of 4 mm diameter, the thickness was reduced to ~120–200 μm to reach 

steady-state permeation through the thickness of the charged samples more quickly. Table 2 

displays the thicknesses of the samples.  

Table 2. Case studies and sample thicknesses 

Case Study 
Overall Thickness 

(mm) 

Center-Reduced 

Thickness (mm) 

Rate Dependence of Flow Properties 

(Tensile Samples) 
1.06 ± 0.01 – 

Effect of H Pre-Charging Time 0.5 ± 0.01 0.12 ± 0.01 

Effect of Plasma Parameters 1.10 ± 0.01 0.18 ± 0.01 

Effect of H Charging-Discharging 1.10 ± 0.01 0.20 ± 0.01 

In-situ mechanical tests were performed in an SEM Zeiss Stereoscan 440 (Carl Zeiss GmbH, 

Oberkochen, Germany) operating at an acceleration voltage of 10 kV for imaging. A Kammrath & Weiss 

tensile stage (Kammrath & Weiss GmbH, Dortmund, Germany) equipped with a 10 kN load cell and an 

inductive displacement sensor was used for the tensile tests. The accuracy of the load cell is in the 

order of ~1 N, and the accuracy of the displacement sensor is ~0.5 μm. 

The effect of strain rate was studied by tensile testing uncharged specimens with nominal strain 

rates of 3 × 10−5 s−1, 1.5 × 10−4 s−1, and 3 × 10−4 s−1. For these tests, samples with uniform thickness and 

no thinned area were used. To further study the strain rate sensitivity and measure depth-dependent 

properties, nanoindentation testing was performed on a KLA G200 platform nanoindenter (KLA, 

Milpitas, CA, USA) that was equipped with a three-sided diamond Berkovich tip (Synton-MDP). Six 

constant strain rate indentations with an applied indentation strain rate of 0.05 s−1 and additionally 

five strain-rate jump tests with a strain-rate profile of 0.05 s−1, 0.005 s−1, 0.05 s−1, 0.001 s−1, and 0.05 s−1 

(applied changes in the strain rate every 500 nm) were executed [41]. The continuous stiffness 

measurement technique was utilized to continuously measure the contact stiffness and, thereby, the 

hardness and Young’s modulus over indentation depth. This technique involves applying a dynamic 
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load that is then used to measure the stiffness, which is further processed in order to calculate the 

modulus and hardness of the material. This method allows for the measurement of the depth-

dependent properties of materials [41]. 

2.2. Plasma H Charging 

The effect of H-material interaction was studied on the CP steel while using a dedicated in-situ 

design. H was charged into the material via localised loading by a deuterium plasma cell, allowing for 

the combination of in-situ charging, mechanical testing, and observation in an SEM. The applied 

method consists of a miniaturized radio frequency-plasma cell, in which two electrodes are confined 

in a vacuum vessel and deuterium gas is supplied. The tensile sample, operating as the grounded 

electrode, can, in this way, be charged from the bottom side with the H isotope, providing a 

contamination free top surface for observation. Only the thinned centre of the samples was charged 

and the observation was localized in this region. The main advantage of this method, when compared 

to conventional electrochemical charging, is that it allows having a high-resolution observation during 

H charging and deformation. Furthermore, there is no risk for the SEM, since the plasma turns off 

automatically when the sample fractures. For more details of the method, see ref. [40]. 

The influence of different H charging conditions was examined by applying different power 

settings, obtaining plasmas with different bias voltages. A higher bias voltage can be correlated with 

a higher ion flux and implantation range and, consequently, higher ion concentrations. Power levels 

of 5 W, 6 W, 8 W, and 11 W were applied, resulting in DC bias voltages of 110 V, 127 V, 173 V, and 174 V, 

respectively. All of the samples were consistently only charged during the tensile test, i.e., no pre-

charging was performed. It was demonstrated [42] that, in the presence of H, the reduction of fracture 

area increases with decreasing deformation rate and that only with slow strain rate testing the 

elongation to failure of a material can be decreased [34]. With a slow deformation rate, diffusible H 

has more time to migrate towards the crack tip, which results in an embrittlement of the material. For 

this reason, the tensile tests were performed with a slower strain rate than the previous cases, using 

a displacement rate of 0.1 μm/s. Afterwards, the fracture surfaces were observed in the FEG-SEM LEO 

1525. 

A sample was charged for 4 h and then discharged for 12 h before starting the test in order to 

address the potential reversibility of HE and the possibility of plasma damage. The results were 

subsequently compared with an uncharged specimen. 

Moreover, maintaining plasma parameters fixed, the effect of pre-charging time was investigated. 

Three samples were tested: an uncharged sample for reference and two charged samples with 3 h and 

6 h of H pre-charge, respectively. After the pre-charging time, the charging was also maintained during 
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the tensile test (~1 h duration). Afterwards, the surfaces were analysed using EBSD and fractography 

was performed with the FEG-SEM using the previously mentioned parameters.  

2.3. H Uptake and Diffusion Simulation 

The model described in [43] was utilised in order to assess the present H concentration. This is a 

model for ion-driven permeation of H in plasma-facing materials at steady state. In steady-state, the 

incident flux is balanced with the reflected and permeated fluxes. Depending on the relative rate of 

recombination and diffusion on front and back sides of the membrane, there are three possible ion-

driven permeation processes: diffusion-limited on both sides (DD regime), recombination-limited on 

both sides (RR regime), and recombination-limited on one side and diffusion-limited on the other side 

(RD regime). Equation (1) shows the estimation of the maximum concentration for a RR and RD 

regimes. In these regimes, the surface recombination is the rate-limiting step and is valid for fast-

diffusion materials. Because the parameters on the back side do not affect the maximum 

concentration at steady state [43], the equation is the same for both cases.  

𝐶!"# = √
𝜂
𝑘$

 
(

1) 

where Cmax is the maximum lattice H concentration, η the ion flux, and kf the recombination 

coefficient. The ion flux was calculated from Langmuir Probe measurements and it is described in 

detail in [40]. A Monte-Carlo program, SDTrim.SP 6.0 [44] was used for estimating the implanted 

fraction/particle reflection yield and the mean implantation range. The value of kf was calculated 

according to three different sources [43,45,46]. 

For a more detailed analysis, the H concentration was calculated using a more sophisticated 

diffusion model [47,48], developed and implemented as subroutine (UMATHT) in the finite element 

simulation software package Abaqus (version 2019) [49]. Newton–Raphson scheme is used to solve 

the system of equations, whereas Crank–Nicholson procedure is used for the time integration. This is 

a sequentially coupled diffusion-mechanical model, which considers concentration driven diffusion, 

stress driven diffusion, as well as physically meaningful boundary conditions. The interplay between 

trapped and lattice H is considered by the following relationship written in its multiple trap 

formulation [50]: 

𝛾%"&&'()'1 − 𝛾&*"+,-*
𝛾&*"+,-(1 − 𝛾%"&&'())

= exp0−
𝛥𝐸-
𝑅.𝑇

5,					(𝑘 = 1,… ,𝑚) 
(

2) 

With 𝛾>"??@A0 as site fraction of lattice H, 𝛾?$"B,/ as trap site fraction and 𝛥𝐸/ as trapping energy 

for the kth sort of trap. The parameters of the model can be either determined from permeation 

experiments [51,52] or from thermal desorption spectroscopy measurements [53,54]. The applied 
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model for the CP1200 steel only considers one effective trap with a trap energy of 30 kJ/mol and a 

trap density of 5.7 × 10−7 [18]. A trapping energy of about 30 kJ/mol is representative for dislocations 

and some kinds of grain boundaries and it is related to rather shallow traps. The three-dimensional 

(3D) sample geometry was modelled making use of a quarter symmetry and it was discretised by finite 

elements with linear shape functions (DC3D8) and an element size of interest of 2 × 10−3−2 × 10−2 mm, 

resulting in a number of 13 elements alongside the flux direction. A mesh convergence study was done 

in order to avoid mesh dependency of the results. The applied flux boundary condition on the plasma-

oriented surface in the 3D model results from the incident ion intake flux 𝜙@  of 1020 m−2s−1 in 1.15 nm 

depth and on the recombination flux 𝜙$ = 𝑘D𝑐>"??@A0E , with 𝑐>"??@A0 being the locally corresponding 

lattice hydrogen concentration. Due to narrow distance between the flux due to plasma loading and 

the recombination flux, the one-dimensional (1D) hydrogen permeation FE model calculated net influx 

is used to prescribe the hydrogen intake in the 3D model. Figure 2 depicts the boundary conditions 

applied to the 1D hydrogen permeation model. In fact, the boundary conditions on the SEM-oriented 

face of the sample were chosen corresponding to, both, the RR (𝑓𝑙𝑢𝑥 = 𝑘D𝑐>"??@A0E ) and the RD 

(𝑐>"??@A0 = 0) regimes, and the differences were negligible. Therefore, only the model and results of the 

RD case are shown in the present paper. 

 

 

Figure 2. RD boundary conditions of the one-dimensional (1D) hydrogen permeation model. The time 

history of the sum of the incident ion flux and the recycling flux is applied as boundary condition at the H 

charging area in the three-dimensional (3D) model. 

B. 3. Results 

3.1. Rate Dependance of Flow Properties 

Figure 3a shows the stress–strain curves of three specimens that were tested with 3 × 10−5 s−1, 1.5 

× 10−4 s−1, and 3 × 10−4 s−1. The initial part of the curve that corresponds to 3 × 10−5 s−1 strain rate does 

not start with zero stress, due to possible friction effects, but after approximately 1% strain, the curve 

exhibits a normal behaviour. There is almost no difference between the three curves; the yield stress is 

~1060 MPa, the tensile strength ~1200 MPa, and strain to failure ~9%. The strain rate sensitivity of a 
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material can be verified by the value of the strain rate sensitivity index, m, from a simple power-law 

relationship [55]:  

𝜎 = 𝜀! 
(

3) 

where σ is the flow stress and ε the strain rate. The value of m can be then determined as the 

slope of the plot of lnσ vs. lnε. Figure 3b depicts the flow stress vs. strain rate for the strains that are 

indicated in the box in Figure 3a. The calculated m for three curves was almost zero, proving that the 

material exhibits no significant strain rate sensitivity in the investigated strain rate regime.  

 

Figure 3. (a) Stress-strain curves of CP 1200 steel tested strain rates of 3 × 10−5 s−1, 1.5 × 10−4 s−1, and  

3 × 10−4 s−1; (b) ln flow stress-ln strain rate plot for the strains indicated in the box in (a), showing no significant 

strain rate sensitivity. 

At a macroscopic level, the three samples exhibited a high degree of ductility (necking). Figure 4 shows 

the fracture surfaces of the three specimens, where the same ductile failure behaviour was observed 

for all specimens, i.e., microvoid coalescence, leading to the presence of dimples on the fracture 

surfaces. The size of approximately 50 dimples in each of the three samples were estimated from the 

SEM images, giving a bimodal distribution with sizes of 14.5 ± 0.8 µm and 6.6 ± 0.6 µm. No effect of 

strain rate was observed in the tested range.  
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Figure 4. Fracture surfaces of complex phase (CP) steel tested with strain rates of (a) 3 × 10−5 s−1; (b) 1.5 × 10−4 

s−1; (c) 3 × 10−4 s−1. 

From the constant strain rate indentation tests, the average hardness and Young’s Modulus were 

calculated to be 5.13 GPa and 233 GPa, respectively. Similar hardness values were reported for 

tempered martensite and martensitic steels with similar C content [56,57]. Figure 5a depicts the load-

indentation depth plot that corresponds to the strain rate jump tests and Figure 5b shows the 

exemplarily resulting hardness and Young’s modulus over indentation depth. The Young’s modulus is 

independent of the applied strain rate and the differences in data points is due to the differences in 

testing times with different strain rates. The hardness levels clearly shift with strain rate, even though 

by only a small amount. The decreasing hardness at very shallow indentation depths is related to the 

indentation size effect [58], but it does not affect the analysis of strain rate sensitivity. The calculation 

of the strain rate sensitivity m in nanoindentation experiments is made with the hardness, which is 

directly related with the stress through Equation (4):  

𝜎 = 𝐻/𝐶∗ 
(

4) 

a b 

c 
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where σ is the flow stress, H the hardness and C* a constraint factor. The calculated strain rate 

sensitivity m was on average 0.006 ± 0.0005. This result confirms that the material exhibit almost no 

strain rate sensitivity within the tested parameter range. 

 

 

Figure 5. (a) Load-indentation depth plots corresponding to jump tests with 0.05 s−1, 0.005 s−1, 0.05 s−1, 

0.001 s−1, and 0.05 s−1, with a change in the strain rate every 500 nm; (b) the exemplarily resulting hardness 

and Young’s modulus. 

3.2. Effect of H Charging 

3.2.1. Effect of Pre-Charging Time 

Figure 6 depicts the load-elongation curves of an uncharged sample and two charged samples with 

different pre-charging times, both also continuously charged during the tensile test. The first linear 

part of the curve is not affected by the presence of H. However, a trend can be observed in the plastic 

part, after the crack onset, which is indicated by an arrow. With increasing H-charging time, the 

elongation to failure decreased slightly, and there was a more pronounced drop in the load at  

~ 200 μm, which is when cracking was initiated.  
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Figure 6. Load-elongation curves of three CP steel samples: uncharged, 3 h, and 6 h pre-charged. 

In Figure 7, the fracture surfaces of the three samples are presented. The uncharged sample, 

Figure 7a, exhibits a ductile failure. When comparing with the uncharged samples from Figure 4, they 

do not look very similar, since, in this set of samples, the thickness was reduced in the centre of the 

sample, as described above, which gives rise to a somewhat different appearance of the fracture 

surface. The charged samples presented in Figure 7b,c, on the other hand, exhibit some differences 

when compared to the uncharged specimen. In Figure 7b, in addition to voids, some flat regions can 

be seen. In the sample with the longer charging time, Figure 7c, there is a marked difference between 

the upper and lower part of the fracture surface, as indicated with a red line. Only in the upper part 

of the surface microvoids can be observed, while the lower part, where the H was supplied, shows 

another failure mechanism with more localized damage. Even though the lower part of Figure 7a also 

exhibits some surface damage, this is less pronounced than for the charged sample. 

Crack onset 
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Figure 7. Fracture surfaces of the (a) uncharged; (b) 3 h pre-charged; and, (c) 6 h pre-charged CP steel 

samples. 

From in-situ SEM images that were recorded during the tests, the linear intercept of the crack length 

was estimated at different loading steps for each sample, as shown in Figure 8a. For comparison 

purposes, the crack initiation times were normalized to 0 s. When comparing the slopes of the curves 

for each sample, it can be seen that the crack propagation rate increased with charging time. Figure 8b 

shows a linear estimate of the crack growth rate for the three samples. While the crack growth rate for 

the uncharged sample was ~1.5 µm/s, the 3 h pre-charged sample exhibited a rate of 2.5 µm/s, while, 

for the 6 h pre-charged one, it further increased to 3 µm/s.  
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Figure 8. (a) Normalized crack length evolution; (b) crack growth rate of the uncharged, 3 h pre-charged 

and 6 h pre-charged CP steel samples. 

The surface of samples in regions near the fracture site was analysed using EBSD. The Inverse Pole 

Figure maps in the normal direction are shown in Figure 9. Secondary cracks, highlighted with arrows, 

can only be seen in the sample with the longer charging time, Figures 9c and d. Nevertheless, while the 

secondary cracks seem to follow interfaces in Figure 9c, it was not possible to determine whether the 

cracks started at grain boundaries or inside the grains. No secondary cracks were observed in the 

uncharged and 3 h pre-charged samples.  

  

a b 
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Figure 9. Inverse Pole Figure maps in the normal direction of the (a) uncharged, (b) 3 h pre-charged, (c) 6 h 

pre-charged CP steel samples near the fracture and (d) misorientation map of 6 h pre-charged CP steel sample. 

3.2.2. Effect of Plasma Parameters 

Figure 10 shows the load-elongation curves of samples tested under different plasma conditions. 

The noise that was observed in some of the curves was due to interference between the radio 

frequency power supply and the electronics in the tensile module, despite the shielding of the cables. 

While inconvenient, this does not affect the data. It is important to mention that, since the samples 

used for each case study correspond to a different machining set, the difference in thickness gives rise 

to different maximum loads.  

The linear loading regimes of the curves are approximately the same for all tested samples. 

Nevertheless, there are some differences in the maximum load (tensile strength) and elongation to 

failure. It was expected that the samples with higher power and, therefore, higher H concentration, 

would be the first ones to fail, but no clear trend was observed. Because load is plotted instead of 

stress due to the locally thinned sample geometry, the differences in tensile strength could be 

attributed to small differences in the thickness of the samples due to fabrication. Even a slight difference 

of ~0.02 mm in the thicknesses of the thinned area of the samples tested could lead to an error of 

around 5.5% and 3.5% in the maximum load and elongation to failure, respectively, which is consistent 
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with the differences observed in Figure 10. Considering that the H concentration increases with the 

power (a higher power results in a higher plasma bias voltage), the sample that was tested with 11 W 

should have the smallest elongation to failure, while the sample with 5 W, the largest. In Figure 10 it 

can be seen that, even though the sample with 11 W has lower elongation to failure than the samples 

with 6 W and 8 W, the one with 5 W has approximately the same.  

 

Figure 10. Load-elongation curves of CP 1200 steel tested under different plasma charging conditions. 

Power levels of 5 W, 6 W, 8 W, and 11 W were applied for running the plasma. 

Figure 11 displays the fracture surfaces of the tested samples within the reduced thickness area. 

Although all of them failed in a ductile manner, they exhibited less degree of necking than the 

uncharged specimens and there were some differences at the microscopic level. Figure 11a,b show a 

very similar morphology. While the upper part of the surfaces exhibit the presence of dimples, the 

lower parts show a rather smooth surface with less dimples. Figure 11c, on the other hand, shows a 

mixture of dimples with areas (marked with a box) that could be shear fracture or grains specially 

oriented. In Figure 11d, the fracture surface morphology is more uniform than the previous cases, 

being dominated by the presence of small dimples.  
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Figure 11. Fracture surfaces of the CP steel specimens tested with (a) 5 W; (b) 6 W; (c) 8 W; and, (d) 11 W. 

The red box in (c) indicates an area with shear fracture or specially oriented grains. 

3.2.3. Effect of H Charging-Discharging 

In Figure 12, the stress-strain characteristic of an uncharged sample is compared to a sample that 

was charged and tested after a discharging time of 24 h. There are some differences in the data, but 

these are related to small dimensional differences. This would support the notion that HE is a 

reversible effect. Fractography was also performed to fully support this statement.  

a b 

c d 
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Figure 12. Load-elongation curves of an uncharged CP 1200 steel sample and one initially charged for 4 h 

and tested after discharging for additional 12 h in vacuum. 

Figure 13 shows fracture surfaces corresponding to the uncharged and charged and discharged 

samples. It can be seen that, while the uncharged sample exhibits a typical ductile microvoid 

coalescence failure, see Figure 4, the charged and discharged sample display some regions where the 

morphology is similar to the one presented in Figure 11c, with a mixture of dimples and more flat 

features. 

 

Figure 13. Fracture surfaces of the (a) uncharged and (b) charged and discharged CP steel specimens. 

3.3. H Concentration 

The Monte-Carlo program STrim.SP 6.0D gave a rmean=1.15 nm and that 41% of the particles are 

implanted. From Langmuir Probe measurements [40], the ion flux was calculated to be 1020 m−2s−1. 

Table 3 shows the recombination coefficients that were calculated according to refs. [43,45,46] and 

a b 
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the resulting H concentration. Because the different sources resulted in different concentration 

values, it is considered that they give a range for H concentration. It is important to mention that these 

values correspond to lattice H, i.e., the analytical calculation does not consider the trapping effect and, 

therefore, a higher concentration is expected in the material.  

Table 3. Recombination coefficient and lattice H concentration calculated with different sources. 

Source kf (m4 s−1) Clattice (wppm) 

Shu et al. [43] 1.75 × 10−21 1.31 × 10−4 

Zhou et al. [45] 5.56 × 10−21 7.34 × 10−5 

Baskes [46] 5.00 × 10−24 2.45 × 10−3 

Figure 14 shows more elaborated simulation results. Here, Figure 14a depicts the cross section 

with two different views of the tensile samples, where the arrows indicate the direction of H charging. 

The concentration decreases through the thickness of the sample, resulting in 0 wppm at the top 

surface. The lattice concentration shows very good agreement with the analytical calculation made 

with ref. [46]. However, the total H concentration summing over the H stored in the interstitial lattice 

positions and in H traps reaches 0.82 wppm, and it is around a factor of 350 higher than the 

corresponding lattice H. Figure 14b shows the corresponding flux for the three sources in the 

evaluation node. Even though the values differ, the three cases show that a steady state is reached 

after approximately 500 s.  
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Figure 14. (a) H concentration distribution through the thickness of the CP steel sample, the arrows 

indicate the direction of H charging from the bottom of the samples; and (b) H flux over time in an evaluation 

node on the top surface of the sample. 

B. 4. Discussion 

The H degradation behaviour is known to be dependent on the concentration of the absorbed H 

[58]. Zackroczmski et al. studied the effect of H concentration on a duplex stainless steel and 

concluded that the intensity of HE was strongly dependent on the concentration of the absorbed H. 

Furthermore, HE does not occur below a critical H concentration value [6,17]. Generally speaking, a 

higher DC self-bias voltage leads to a higher ion concentration [60]. This means that, increasing the 

power supplied to the RF discharge, an increase in the H concentration should be obtained. Taking 

this into account, it was expected that, with increasing power in Figure 10, the total elongation (related 

to the ductility of the specimens) should decrease. As mentioned before, this behaviour was not 

observed in the samples that were tested with 5 W, 6 W, 8 W, and 11 W, and considering that the 

accuracy of the displacement sensor is ~0.5 µm, the small differences in elongation to failure could be 

attributed to the 3.5% error arising from the slight differences in thickness. 
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Although there were no marked differences in the load-elongation curves, the fracture surfaces 

exhibited different characteristics. When comparing with the fracture surfaces of the uncharged 

samples shown in Figure 4, there are some differences with the charged samples in Figure 11. The 

uncharged samples exhibit a typical ductile failure, formed by the coalescence of large voids involving 

the nucleation and growth of small voids leading to the presence of large and small dimples on the 

fracture surface with a bimodal distribution [61]. On the other hand, although, in the charged samples, 

dimples can also be observed, these have smaller size than in the uncharged case. The dimple size of 

the samples tested with 5 W and 6 W, as estimated from the SEM images, was 1.4 ± 0.2 µm. The 

sample tested with 8 W exhibited a dimple size of 2.4 ± 0.5 µm and the 11 W sample, 1.8 ± 0.4 µm. 

While these values do not follow a specific trend, they are smaller than the uncharged specimens, 

which presented a bimodal distribution with sizes of 14.5 ± 0.8 µm and 6.6 ± 0.6 µm, as before 

mentioned. This is in agreement with many previous studies, which showed that the presence of H 

reduces the dimple size on the fracture surface [58–66].  

Moreover, the samples depicted in Figures 11a and b show similar features: the lower part of the 

fracture surface is rather flat with less dimple features, while the upper part looks more similar to 

ductile failure. This flat part could be the result of the plastic deformation of the sample. Nevertheless, 

the dimples in this case are uniform in size and there is not a bimodal distribution present as compared 

to the uncharged specimens. The similarities between these two samples, with 5 W and 6 W, could be 

attributed to similar H concentration values. When considering that the H charging is conducted from 

the bottom of the sample, it is reasonable that with a gradient in H concentration, a gradient in the 

fracture surface morphology is obtained. In contrast to these two specimens, the ones that were 

tested with 8 W and 11 W exhibit a more uniform fracture surface, less plastically deformed, and also 

different to the ones seen in the uncharged specimens. Both of the samples have smaller dimples than 

the uncharged ones and the main difference between the two charged samples is that in the 8 W 

condition there are some with flat features. It has been reported [67] that a reduction in dimple size 

can be a consequence of H effect and it represents a large increase in dimple nucleation. 

The load-elongation curves presented in Figure 12 demonstrate that there is either no effect on 

the mechanical properties caused by the presence of H, or that this effect is reversible, and the 

properties of the material are restored once the H is eliminated from the samples. These facts would 

be in line with the premise that diffusible H, which can allegedly diffuse out of the specimens at room 

temperature, is responsible for HE [68], while trapped H has little to no effect. It has been reported 

[16] that, in this material, H is mainly trapped at dislocations and martensitic lath boundaries, which 

are not deep traps. Therefore, it is believed that all of the H effuses when discharging the material. 
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Anyways, the observation of the fracture surfaces in Figure 13 demonstrates that the failure 

characteristic is somewhat affected.  

In Figure 6, the load-elongation curves depict a different trend than in the previous cases. Notably, 

the three specimens tested converged to approximately the same maximum load. This is mostly set 

by the unaffected uncharged specimen parts. However, once the failure in the thinned charged parts 

of the samples started, there was a larger drop in the load with increasing charging time. Furthermore, 

the crack propagation rate, as shown in Figure 8, also increased in the presence of H and the ultimate 

strain was reduced by the presence of H. Even though the crack propagation rate was accelerated with 

increasing charging time, the final elongation was approximately the same for the charged samples. 

This is in agreement with the result presented in Figure 14b, where it is shown that a steady-state is 

reached after a very short charging time and the H concentration does not further increase. It is also 

worth mentioning that the material exhibits diminishing strain rate sensitivity (see Section 3.1.), which 

means that the changes in crack propagation rate does not relate to different loading situations, but 

due to H effects on crack propagation.  

The fracture surfaces in Figure 7 depict that, in the presence of H, the fracture morphology 

changed. In the 3 h pre-charged sample, as in Figure 7b, there are “flat” regions, while, in the sample 

with 6 h of H pre-charge, there is damage in the bottom part of the surface. Although none of the 

samples exhibited brittle fracture characteristics, the fracture morphology was affected by the 

presence of H for both pre-charging times, (Figure 7b and c). It is known that the morphologies of H-

enhanced fracture surfaces can be changed from microvoid coalescence to quasi-cleavage, cleavage 

or intergranular fracture, or they can also be unaffected [69]. Furthermore, dimple size was also 

calculated from the SEM images for these samples, again confirming again that, in the presence of H, 

the dimple size was reduced. The uncharged specimen exhibited a dimple size of 3.2 ± 0.9 μm, while 

the sizes of the 3 h pre-charged and 6 h pre-charged samples were 1.3 ± 0.1 and 1.4 ± 0.2 μm, 

respectively. 

To gain a better understanding on the H effect on these samples, the surfaces of the samples were 

also investigated through EBSD. Analysing the EBSD scans next to the fracture site, it was evident that 

in the 6 h pre-charged sample secondary cracks formed, and a larger amount of local misorientation 

in their surroundings was present, as shown in Figure 9d. Misorientation maps can be used as an 

approach for visualizing plastic deformation. They are a measure of the geometric dislocations in the 

crystalline lattice and, therefore, measures of plastic deformation at the microstructural level [70]. 

Although there is a lack of quantitative measures of deformation (strain, strain gradient, dislocation 

density, etc.), it can be locally related to the density of geometrically necessary dislocations. This 

indicates that in the sample with 6 h pre-charging, there is a localized plastic deformation in the areas 
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next to the secondary cracks, which means that H could promote a greater dislocation activity in some 

regions of the microstructure that eventually lead to the formation of many secondary cracks.  

The calculation of the present H concentration using two different approaches, a simple analytical 

method and a more sophisticated simulation approach, generally results in a low value. As expected, 

there is a gradient through the thickness of the sample, giving the lowest value at the top surface 

subjected to observation. On the plus side, a steady state concentration profile is reached after only 

500 s. This is almost immediately after starting the charging, meaning that varying the pre-charging 

times would not have any effect in the results, as confirmed by the final elongation of the charged 

samples presented in Figure 6. Nevertheless, this does not explain why the crack propagation rate 

increased with charging time and why secondary cracks were only observed in the 6 h pre-charged 

sample. A possible explanation is that with pre-charging deeper traps are filled up causing more 

damage. 

The low H concentrations could explain why there were no major differences in the load-

elongation curves presented in Figure 10, i.e., the mechanical properties were not strongly affected. 

According to the simulation results that are shown in Figure 14, the maximum H concentration in the 

plasma-exposed surface is 0.83 wppm and Drexler et al. [18] found that for the same CP1200 steel 

there is a minor effect on the fracture strain at this H exposure. When considering that during body in 

white painting process, steel absorbs around 0.4 wppm of H content [5], it would be safe to assume 

that the CP steel will maintain its mechanical properties during this production process. Drexler et al. 

[18] showed that a pronounced HE starts at a H concentration of around 2 wppm. Nevertheless, as 

mentioned previously, some differences in the fracture surfaces were observed, especially when 

compared with the uncharged specimens, already indicating an onset on material behaviour 

modification at quite low H concentration, but without losing their strength and ductility.  

Low H concentrations will always be a challenge for this high-diffusivity material, but different 

technological alternatives can be implemented in order to solve this issue. In the future, for example, 

impermeable nm thick coatings, transparent to the electron beam, could be used to limit the 

outgassing on the top surface of the sample. For instance, Baskes et al. [46] proposed that permeation 

barriers made of, for example, Ti or Zr could be used to reduce the recombination coefficient by more 

than 10 orders of magnitude giving a significant increase in the total H concentration in the material. 

Another alternative could be to reduce the sample temperature. A higher temperature enhances 

diffusion and, thereby, reduces the maximum concentration [71]. 

Even though it is not possible to fully eliminate the gradient in the H concentration, the maximum 

solute concentration would be higher. Furthermore, the swift diffusion of H defines that only by using 
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an in-situ charging approach any modification can be observed. Ex-situ charged samples would 

immediately return to their original condition, as shown in Figure 12. 

B. 5. Conclusions 

The presented methodology allowed for having a direct observation of H effect on a CP steel 

during tensile tests, enabling monitoring the deformation and crack propagation with their correlation 

to the load-elongation curves. With more conventional charging methods, such as H gas or 

electrochemical charging, it can be very challenging to have in-situ charging and observation and, for 

such fast diffusing materials, only direct observation during in-situ charging, as established here, will 

allow addressing H effects on materials. 

Different approaches were performed in order to investigate the behaviour of the steel under the 

effect of H. The combination of the applied charging conditions and a material exhibiting high H 

diffusivity resulted in a low H concentration, slightly below the critical value in order to produce 

embrittlement in the samples. Even though there was a constant supply of H, which led to a dynamic 

equilibrium of H concentration, this value was not sufficient to have a large impact on the mechanical 

properties of the material. When comparing these results with the H concentration absorbed during 

the body in white painting process, it can be concluded that the CP steel is a suitable material to build 

body in white components.  

As aforementioned, there are already slight modifications in fracture characteristics and crack 

propagation rates, even noticeable at these concentrations. Furthermore, a number of possible future 

alternatives to generally increase the total H concentration in the material microstructure exist.  
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Abstract 

A main scientific and technical challenge facing the implementation of new and sustainable energy 

sources is the development and improvement of materials and components. In order to provide 

commercial viability of these applications, an intensive research in material-hydrogen (H) interaction 

is required. This work provides an overview of recently developed in-situ and in-operando H-charging 

methods and their applicability to investigate mechanical properties, H-absorption characteristics and 

H embrittlement (HE) susceptibility of a wide range of materials employed in H-related technologies, 

such as subsea oil and gas applications, nuclear fusion and fuel cells.  

C. 1. Introduction 

The increasing demand for energy supply leads to the necessity of providing more sustainable 

energy sources. The main energy sources used nowadays include coal, oil, natural gas and nuclear 

energy [115]. These energy sources are largely responsible of global warming as carbon dioxide (CO2) 

is emitted from these fossil fuels. To reduce greenhouse emissions, it is necessary to find an alternative 

to the present fossil fuel technologies, and many political and technological measures have been 

adopted throughout the world to decrease the amount of CO2. 

 H is expected to play a key role as a potential future energy source. It can be generated from 

renewable sources and produces electricity when reacting with oxygen in fuel cells, being water the 

only by-product [116]. Fuel cells are formed by two electrodes, which are separated by a solid or liquid 

electrolyte or membrane. H (or a H-containing fuel) and oxygen are fed into the anode and cathode 

of the fuel cell, respectively, and electrochemical reactions assisted by catalysts take place at the 

electrodes. The electrolyte or membrane enables the transport of ions between the electrodes, and 

the electrons flowing through an external circuit provide, in this way, an electrical current [116]. H 

based electrical energy has many advantages over other energy sources: Higher efficiency (65%) 
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compared to diesel (45%) or gasoline (22%), higher specific energy content than gasoline and diesel 

and, as mentioned above, it produces only renewable waste [117]. 

With the introduction of H as an energy source, H technology plays an important role in many 

applications, and the interaction between H and the materials used in such applications needs to be 

considered and investigated to ensure a successful technology implementation. For instance, in 

comparison with other fuels, H is difficult to store and transport. In this scenario, H storage is 

considered as one of the most crucial and technically challenging barriers to the widespread use of H 

as an effective energy carrier [118]. As such, a future H economy will require two types of storage 

systems: one for transportation and one for stationary applications.  

For transportation applications, the material should be capable of containing a high weight per 

cent and a high-volume density of H, and also be able to rapidly absorb and desorb it at room 

environment conditions. Ideally, such material should be created using low energy-preparation 

methods, have a good thermal conductivity, be safe and reusable on exposure to air, and have the 

ability to be recycled and reused [116].  

There are several different established  storage methods [119], which can be categorized either 

as physical storage (compressed gas and cryogenic storage) or as storage in solid materials 

(physisorption and chemical storage). Materials used in physical storage applications are mainly 

selected for their mechanical properties in order to improve the structure of the vessels. While 

chemical storage materials are selected primarily for their physical properties [120].  

Nuclear fusion energy is another potential alternative for electric power generation. Compared to 

energy produced by combustion, nuclear fission can produce about ten million times more energy 

[13]. In addition to high specific energy, nuclear energy has the advantage of not releasing CO2 into 

the atmosphere. Another advantage is that the fuel can be reprocessed and reused, conserving natural 

resources. The downside of this technology is that long-term storage of nuclear waste is an issue [13]. 

The selection of candidate materials for advanced nuclear reactors require a thorough understanding 

of their performance under severe environmental conditions combined with radiation damage [121].  

Oil and gas production also play a key role in the growing energy demand. Even though this source 

is not renewable, this industry sector is still popular and important reserves of oil and gas are left to 

be discovered and exploited. With the depletion of the continental shelf reserves, offshore exploration 

and production is moving to ultra deepwater. These are usually challenging locations and under 

extreme environments, facing high pressure and/or high temperature [122]–[124], and require the 

development of new materials, methodologies and technologies.  

As can be anticipated from the requirements mentioned above, in conjunction with the tendency 

of H to cause material embrittlement, the main scientific and technical challenges facing the described 
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potential energy sources are cost reduction and increased durability of materials and components. 

This requires an intense research regarding the development of improved or new materials, to provide 

commercial viability of these applications. 

Small-scale testing of materials has gained prominence, initially by providing a methodology to 

examine small material volumes [125] . This was widely explored and opened new possibilities to study 

mechanical properties and deformation mechanisms of materials. For example, Korte et al. [126] 

performed micropillar compression to examine the plastic flow of individual phases. Studying 

plasticity in brittle materials requires the suppression of cracking. By making micropillars with 

diameters in the order of a micron, not only cracking is suppressed, but also it is possible to produce 

singly crystals test samples [127], [128]. With this testing method, they were able to study the 

differences in flow behavior in different hard phases. Furthermore, ion beam radiation damage has 

been investigated [129] by combining nano-compression with in-situ observation of the deformation 

behavior. Due to the limited penetration depth of ions, testing small volumes is essential to assess the 

properties of ion beam irradiated materials. Micropillar compression can also be used to study 

individual phases. For instance, Jun et al. [130] investigated the local strain rate sensitivity of the � 

phase in a dual-phase Ti alloy. Since deformation of Ti alloys is elastically and plastically rather 

anisotropic at the grain scale [131], the strain rate sensitivity could  differ with grain orientation and 

slip systems, making the local investigation using small-scale testing crucial. Micropillar compression 

has also been used to analyze different deformation mechanisms by designing micropillars with 

specific orientation and microstructure [132], allowing examination of variable deformation 

mechanisms in non-trivial crystal structures.  

To study nanostructured materials, such as thin films, small-scale testing methods are designated 

as best suited approaches to provide valuable insights into the mechanical behavior. Glechner et al. 

[133] investigated the mechanical properties of transition-metal carbide and nitrides using various 

micromechanical testing methods. They carried out nanoindentation, uniaxial compression tests on 

nano-pillars and bending tests on nano-cantilever beams. In this way, they were able to compare the 

mechanical behaviour of different thin films. Furthermore, small-scale testing can be used for local 

property mapping, for example using nanoindentation. This technique can be a very useful in the study 

of the effects of H on deformation since it is very localized and can be used to test small volumes. 

Maier-Kiener et al. [134] performed nanoindentation testing to analyze the phase stability of a 

nanocrystalline high-entropy alloy by detecting phase decomposition via changes in hardness, Young’s 

modulus and strain rate sensitivity. Spherical nanoindentation can also be used to examine local flow 

properties by converting hardness to representative stress in materials with small internal-length 

scales [135]. Local processes and details happening during crack propagation can also be studied with 
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micromechanical testing. For example, recently Burtscher et al. [136] tested miniaturized notched 

cantilevers to investigate the effect of different interface types on crack propagation.  

It can be anticipated that small-scale testing offers a wide number of possibilities to study 

deformation mechanisms. The present work will give an overview of the suitability and potential 

implementation of different recently developed small-scale in-situ and in-operando H-charging 

methods to study the interaction of H with a wide range of materials that are currently used in H-

related applications, such as structural and gas applications, H storage, in the automotive industry, 

among others. Fig. 1 depicts a scheme of the applicability of the methods in the mentioned 

applications. Notably, due to their versatile nature, they can be used to study the mechanical 

properties, H absorption characteristics and HE susceptibility of almost any material.   

 
Figure 1. Applicability of in-situ methods to materials used in H-related applications 

C. 2. Current status of in-situ and in-operando methods for studying H effect 

on materials 

To study the interaction between H and any material, environmental, mechanical and material 

aspects should be well defined [45] in order to ensure a conclusive analysis. One of the first in-situ 

studies controlling these three factors was performed by Vehoff et al. [137]. They developed a bulk 

method for studying crack propagation under a controlled environment and controlled plastic strain 

conditions. Nevertheless, it was only defined for macroscopic single crystals with specific orientation 
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and challenging to apply on complex microstructures. Robertson, Birnbaum and Sofronis [62], [90] 

also developed an in-situ approach for small scale investigations using straining experiments in an 

environmental transmission electron microscope (TEM). With this technique it was possible to directly 

observe the effect of H on dislocations, which seems to play an important role in HE of metals [45]. 

However, there were some uncertainties in the experimental conditions of their approach. For 

instance, the interpretation of crack growth was difficult, as the electron beam dissociated the H 

molecules, making the environmental conditions not defined well enough, and although the 

observation was with high-resolution, the field of view was limited to the transparent region of the 

sample, which is typically in the �m regime. 

Following the in-situ approaches, another micro- and nanoscale mechanical testing method widely 

used in studying HE is the combination of electrochemical charging with nanoindentation testing [41], 

[45], [82], [83], [85], [93], [94], as shown in Fig. 2a. Nanoindentation is capable of resolving dislocation 

nucleation in samples with low dislocation density. Furthermore, this technique offers noticeable 

advantages such as the possibility to perform multiple tests within a single grain. And even though the 

volume of deformation is small, it is large enough to activate multiple slip systems under the indenter 

[82]. The primary focus of most of these studies was on the effect of H on the pop-in load in the load-

displacement curves, which corresponds to the homogeneous dislocation nucleation at the onset of 

plasticity. These dislocations are nucleated from dislocation-free material. However, this analysis only 

applies for coarse-grained materials with a low dislocation density.  

With nanoindentation it is also possible to investigate the effect of H on the hardness and Young’s 

modulus of the materials. The evaluation of the effect of H on hardness can be correlated to the effect 

of H on dislocation mobility as well as solid solution strengthening or softening. Ebner et al. [83] 

developed a method, Fig. 2b, to perform electrochemical nanoindentation tests with continuous 

stiffness measurement, which allows a continuous measurement of Young’s modulus and hardness 

over indentation depth. With such measurement, information on external influences, such as frame 

stiffness or depth-dependent properties in more complex material systems can be obtained.  

Even though these approaches combine in-situ H charging and mechanical testing, it is not 

possible to have high-resolution observation during the tests to investigate the effect of H on the 

microstructure. Kim et al. [92] developed an in-situ technique to perform both microstructural and 

mechanical analysis during electrochemical H permeation, as depicted in Fig. 2c. During 

electrochemical charging, liquid electrolytes can contaminate sample surfaces by corrosion. 

Therefore, they charge the samples from the bottom surface to provide an objective surface without 

contamination for high-resolution observation. They used their technique to perform H mapping, 

investigate H-induced phase transformation, and conducted in situ nanoindentation with a scanning 
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electron microscopy (SEM). H distribution influences the damage nucleation, which plays an important 

role in HE susceptibility. For instance, in materials with more than one phase, such as duplex stainless 

steels consisting of ferrite and austenite, the H diffusivity differs largely in both phases. Knowledge of 

the H distribution and the preferred diffusion paths, for example employing silver decoration [138], 

[139], can help to detect the weak phases or features in the microstructure. Furthermore, real-time 

SEM imaging during H charging can provide the observation of phase transformations, while EBSD 

analysis can document the formation of hydrides in hydride forming materials. Moreover, with in-situ 

H charging and in-situ nanoindentation in an SEM, the effect of H on mechanical properties at a 

specific microstructural feature of interest can be investigated.  

Deng et al. [73], [91] performed in-situ micro-cantilever bending tests with nanoindentation in an  

environmental SEM (ESEM) to have a full observation of potential H effects on the deformation 

process and microstructure evolution on a FeAl alloy, Fig. 2d. Atomic H was produced by the reaction 

of Al with water vapor, which was used as the default environment in the ESEM. Micro-cantilever 

bending tests with in-situ H charging provide a good compromise by using micro-sized samples, small 

enough to capture H effects, while at the same time having enough volume capacity to avoid the 

disadvantages from ETEM tests, which do not ensure a certain constant strain/stress state and can 

have proximity effects since smaller samples are used. The downside of their method is that it is only 

applicable to materials that produce atomic H by reaction with water vapor. Hajilou et al. [75] also 

performed micro-cantilever bending tests, in this case with an in-situ miniaturized electrochemical 

charging cell, to investigate the effect of H on the crack propagation of notched micro-cantilevers. To 

maintain the dimensional integrity avoiding local corrosion on the sample, they used a glycerol 

electrolyte instead of aqueous solutions. With their approach, they were able to confine the H 

interaction with the sample to a localized region in the vicinity of the notch and allow to observation 

of the H effect with high resolution.  

Another strategy of in-situ testing to allow high-resolution observation during mechanical testing 

is with H-plasma charging [80], [81], [89], [95]. Wan et al. [81] developed an in-situ method using low 

pressure H-plasma in an ESEM chamber to allow in-situ mechanical testing with in-situ H charging. 

They connected a plasma cleaner to the SEM chamber, and a H generator was connected to the 

working gas inlet of the plasma cleaner, as shown in Fig. 2e. A tensile specimen was then installed into 

a tensile/compression module. The limitation in their method is to have an in-situ observation by using 

normal SEM mode. Due to high flammability of H, they had to evacuate the chamber before imaging. 

Therefore, rather than in-situ imaging, it was limited to in-situ in position and ex-situ in environment. 

An important advantage of their charging method is that, since the plasma phase is not directly 

injected on the specimen surface, the surface would have the least possible damage from exposure 
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to plasma and only the active particles could take part in the reaction. With their method, they were 

able to perform tensile tests as well as fatigue crack growth experiments.   

Massone et al. [80] also performed in-situ studies using plasma charging. Their method, depicted 

in Fig. 2f, also consists of in-situ mechanical testing and in-situ H charging in the SEM. An in-situ 

observation using the SEM is in this case possible while charging. They built a miniaturized plasma cell 

in which a plasma is ignited through a radio frequency discharge. The tensile sample, acting as the 

grounded electrode of the setup, is charged from the bottom, leaving a contamination-free top 

surface for SEM observation, similar to the unidirectional charging approach in reference [92]. A 

disadvantage of these two concepts, where the samples are charged in a unidirectional way, is that a 

H concentration gradient is created, with the objective surface having the lowest concentration. 

Nonetheless, a constant supply of H leads to a dynamic equilibrium of the H concentration, thereby 

the charging time to detect H effects on the objective surface depends on the thickness of the sample 

and the H diffusivity. A difference between the methods from references [80] and [92] is that in the 

first case, the sample can be tested until fracture, since the plasma turns off automatically when the 

sealing of the plasma cell is lost. In the second case, on the other hand, only non-destructive 

mechanical tests can be conducted since the sample isolates the electrolyte from the vacuum 

environment.  
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Figure 2. Schemes on in-situ H methods. (a) Nanoindentation combined with electrochemical charging. 

(b)Modified version of electrochemical nanoindentation test. (c) Electrochemical nanoindentation inside an 
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SEM. (d) Microcantilever bending test inside an ESEM. (e) Tensile test combined with H-plasma inside an 

ESEM. (f) Tensile test with a miniaturized plasma cell inside an SEM  

C. 3. H absorption mechanisms 

In order to study H-material interactions, it is instructive to understand the different involved 

supply methods and their limits. The sources of H in the previously described methods are either via 

electrochemical charging or through H plasma. In electrochemical charging, H evolution reaction may 

proceed through the following reaction steps in a neutral/alkaline solution [140]: 

𝐻E𝑂 +𝑀 + 𝑒(↔𝑀𝐻"F6 + 𝑂𝐻G     Volmer     (1) 

𝑀𝐻"F6 +𝐻E𝑂 + 𝑒(↔𝐻E + 𝑂𝐻( +𝑀     Heyrovsky     (2) 

 

Equation 1 corresponds to H adsorption, which is followed by electrochemical, equation 2, 

desorption reactions. The last step of the process is the absorption of H from the surface to the bulk. 

Fig. 3 shows a scheme of the H evolution reaction in these two steps during electrochemical charging 

in a neutral/alkaline solution. By controlling the electrolyte solution concentration, the potential and 

current density and the charging time, different H concentrations can be obtained.  

 
Figure 3. H evolution reaction in Volmer-Heyrovsky mechanism during electrochemical charging 

In plasma charging, on the other side, ion-driven permeation (IDP) takes place. This differs from 

electrochemical H absorption and gas-driven permeation (GDP) in the way by which H isotopes enter 

the material. In GDP, the molecules of H2 must be adsorbed on the surface, dissociate and be absorbed 

in the bulk, resulting in a comparatively small permeation rate. On the contrary, in IDP H ions enter 

the bulk with excess energy, resulting in a comparatively large permeation rate [141]. Depending on 

the relative rate of recombination (R) and diffusion (D) on both sides of the samples, one in contact 

with plasma and the other subjected to observation, the IDP process of H isotopes can be divided into 

three categories.  
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• RR regime: Rate limited by recombination on both sample sides. 

 

• RD regime: Rate limited by recombination on the plasma-exposed side and diffusion on the 

observation side.  

 

• DD regime: Rate limited by diffusion on both sides.   

Usually, the maximum permeation flux appears in the RR regime and the minimum in the DD 

regime, respectively. The IDP transport regime of H isotopes depends on the incident ion flux and 

parameters of the plasma-exposed side (mean implantation depth, recombination coefficient and 

diffusion coefficient), as well as parameters of the other side (sample thickness, recombination 

coefficient and diffusion coefficient) 

Fig. 4 shows schematically the H concentration profile for electrochemical charging (a) and the IDP 

model at steady-state (b) across the thickness of the material. In the IDP model, Φi is the incident ion 

flux, Φr is the reflected flux and Φp the permeated flux. In steady-state, the condition Φi= Φr+ Φp is 

obeyed.  

 

Figure 4. H concentration profile for (a) an electrochemical charged sample and (b) the model of ion-

driven permeation at steady-state with plasma charging 

Equations 4 and 5 show the maximum concentration for RR/RD and DD regimes, respectively.  

𝐶))/)- = √+!
/&

      (4) 

𝐶-- =
$!"#$+!
-&

      (5) 

Hereby, φi is the incident flux, kf a recombination coefficient, rimpl the mean implantation depth 

and Df the diffusion coefficient. The equations for RR and RD regimes are the same since usually the 

recombination coefficient on the plasma-exposed side is much larger than on the observation side 

[141]. 
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As shown in Fig. 4b, the maximum H concentration for IDP appears at a distance x=rimpl (mean 

implantation depth), which can be calculated using for example a Monte-Carlo program [97]. The 

maximum concentration depends only on the incident ion flux and the parameters at the plasma-

exposed side (rimpl, kf
 and D). The parameters on the observation side do not affect the maximum 

concentration at steady-state. Since the other side of the plasma-charged surface in [80] is under 

vacuum, the concentration on the top-observed surface is considered to be 0.   

Baskes et al. [100] classified the metals as exothermic metals (e.g. Zr and Ti), which have no entry 

barrier for an H atom entering the bulk; or endothermic metals (e.g. Ni, Fe, Al), where the barrier is 

the sum of the solution and diffusion activation energies. For exothermic metals, surface 

recombination is the rate-limiting step and large bulk concentrations may be easily obtained. 

Contrarily, surface recombination is not the limiting step for the endothermic metals. Fig. 5 depicts 

the recombination constant and H concentration as a function of inverse temperature for various 

metals for an ion flux of 1016 m-2s-1 [100]. Notably, this is the same flux expected with the plasma cell 

from the method described in reference [80]. It is shown in Fig. 5 that exothermic metals, such as Zr 

and Ti, can reach a much higher surface concentration than their endothermic counterparts.  

 
Figure 5. Recombination constant kf as a function of inverse of temperature for various metals and H 

concentration for an ion flux of 1016 m-2s-1. This figure has been reproduced from [100] with the author’s 

consent. 

This analytical model by Baskes [100] has been applied to the in-situ H plasma charging method 

from [80] and compared with simulation results [96], and it has been confirmed that the simulated 

concentration of lattice H shows a very good agreement with the analytical calculation. Nevertheless, 

it is important to mention that this model only considers the solute fraction concentration. When 

considering the total concentration, i.e., H stored in interstitial lattice positions and H in traps, the 
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values tend to be higher. Therefore, the following calculations of H absorption will correspond to a 

lower bound of the expected total concentration, since any material with lattice defects can trap H. 

For instance, interfaces of non-metallic inclusions are strong trapping sites for H with high trap 

activation energy; while lattice imperfections, grain boundaries, dislocations and microvoids are 

shallow traps [142]. 

The respective recombination coefficient kf for the concentrations corresponding to RR/RD 

regimes was calculated according to reference [99]:  

𝑘D = 4.8	𝑥	10(E'exp	 OI.KL	(09)
/1

P     (6) 

where k is the Boltzmann constant and T the temperature. 

Table 1 shows the calculated H concentrations using equations 4-6 for different materials at room 

temperature, while Fig. 6 depicts the transport regimes as function of temperature for a list of 

materials for an ion flux of 1020 m-2 s-1. The materials in Table 1 were classified by their transport regime 

according to Fig. 6. Nevertheless, both lattice concentrations from equations 4 and 5 are displayed. It 

can be seen that all H concentration values corresponding to the DD regime are larger than the other 

regimes. The transport parameters with the corresponding regime determination depend on the 

temperature and the ion flux [141]. Therefore, it is not possible to determine a specific transport 

regime for each material. For a general overview, at temperatures below ~100°C, for example, W, Al, 

Mo and Ni, among others, exhibit a DD characteristic and therefore, a higher H concentration is 

expected in these materials in comparison with the other materials in Table 1.  

 
Figure 6. Transport regimes as a function of temperature for various materials [141], [143]. This figure has 

been reproduced with the author’s consent. 

Table 1.  Lattice H concentrations for RR/RD and DD permeation regimes 

DD Regime

RD Regime

RR Regime

!!=1020 /m2s
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DD 

regime 

Material Clattice RR/RD [wppm] Clattice DD [wppm] 

Al 2.1E-04 11760.1 

Mo 5.6E-05 0.8 

Ni 6.4E-05 734.3 

W 3.0E-05 466.5 

RD/RR 

regimes 

Fe 7.3E-05 8.1E-04 

Mg 3.3E-04 2.6E-03 

Pd 4.8E-05 0.2 

Pt 2.7E-05 0.1 

Ti 1.3E-04 3.5 

V 9.4E-05 1.1E-02 

Zr 8.8E-05 67.4 

Zircaloy 8.8E-05 27.4 

 

Asadipoor et al. [144] analysed the effect of H on a dual phase steel using ex-situ electrochemical 

charging, in-situ H-plasma charging and the combination of both. They demonstrated that with in-situ 

H-plasma charging, ductile fracture modes dominated over brittle modes, while with ex-situ 

electrochemical charging the brittle features were dominant. This indicated that plasma charging 

provides a lower H concentration than electrochemical charging. Nevertheless, as shown in Table 1, 

the upper limit of the range corresponding to the DD permeation regime is for most materials in the 

range of some wppm and thus high enough to produce an effect. This critical concentration to induce 

an observable H effect depends on the material, and not only on the strength level but also on the 

stress concentration factor [145].  

C. 4. Applicability of novel in-situ methods towards challenges in H-related 
energy sources 

 

4.1. Subsea oil and gas  

The first group of H-related energy sources shown in Fig. 1 corresponds to subsea oil and gas 

applications. Both nickel-based alloys and high-strength steels are among the most widely used 
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materials in the oil and gas industry due to their outstanding mechanical properties and corrosion 

resistance. Deep wells that face corrosive environments, combined with high temperature and high 

pressure require high-strength materials with sufficient corrosion resistance that can withstand this 

harsh conditions [146]. Although Ni alloys fulfil these requirements, they are highly susceptible to HE 

[22], [33], [43], [104], [111], [112]. Both solution annealed and aged conditions suffer a ductility loss 

in the presence of H, being the aged condition the most affected one. Even though the effect of H on 

Ni-based alloys has been widely studied [22], [33], [43], [83], [102], [104], [111], [112], it is still an 

ongoing research and the implementation of the recently developed in-situ methods could provide 

detailed information concerning the identification of the susceptible microstructural features and 

related modification to improve the alloys accordingly, thereby maximizing strength while avoiding 

detrimental H effects. 

4.2. Nuclear fusion 

Nuclear fusion has a very attractive potential to offer an environmentally friendly and safe energy 

source. A fusion power plant is free from concern of exhaustion of fuels and production of CO2. 

Furthermore, the product of the fusion reaction is helium, which is not radioactive, limiting the nuclear 

waste only to structural materials with neutron-induced activation [147]. Despite its advantages, there 

are still scientific and technological problems that have to be solved before the successful 

commercialisation of fusion power. Among these, a challenge is the selection and development of the 

plasma facing materials, which will experience extreme heat and particle flux [148]. Plasma facing 

materials have two main roles, the protection of the first wall from high particle flux and the 

transportation of thermal energy away from the surface. Therefore, the selected materials should 

have high thermal conductivity and high resistance to erosion by particle bombardment [14]. 

Tungsten (W) is among the few possible plasma-facing candidate materials for the first wall of 

fusion devices [149]. It has very low solubility for H, high resistance to sputtering, high thermal 

conductivity and a high melting point. The amount of H that can be permanently retained in W is 

determined by the microstructure and the defect density in the material [150], [151]. These defects 

act as trap sites for H, while excess solute H diffuses out even at room temperature. Radiation damage, 

either by incident H ions or by fast neutrons from the deuterium fusion reaction, can increase the 

natural defect density [149]. In this way, the number of trap sites is for H retention is increased. The 

ions produce damage only in the near-surface regions due to saturation of the implantation zone 

leading to high stress fields, which produce cracks and gas-filled cavities [152]. These defects degrade 

the thermo-mechanical stability and also act as trap sites for H.  

To study the suitability of W and W alloys as plasma-facing materials, the in-situ plasma charging 

methods from references [81] and [80] can be used to simulate real (or close to real) conditions. In 
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reference [80], deuterium plasma with different bias voltages can be ignited, giving the possibility to 

analyse the effect of different plasma parameters on the tungsten-based materials. Also, the 

mechanical properties can be investigated, allowing the characterization of crack growth behaviour 

and the mechanical stability after ion implantation.   For instance, Yoon et al. [16] reported that W 

heavy alloys can suffer HE during the sintering process under H atmosphere. They showed that the 

elongation and UTS decreased in the presence of H, but the mechanical properties were restored by 

a heat treatment in vacuum. On the other hand, Li et al. [108] did not see any obvious HE effect on 

the W heavy alloy specimen after deuterium implantation under the analysed conditions. 

Nevertheless, they stated that the mechanism of deuterium transport and retention in tungsten heavy 

alloys is still not well understood and the impact of deuterium implantation could vary under different 

experimental conditions. For this reason, the application of the in-situ plasma charging methods to 

investigate the embrittlement effect under different plasma conditions would provide valuable 

insights.   

4.3. Fuel cell technology 

Materials suitable for H storage have to meet specific requirements in order to be used in the 

development of H-based technologies. In order to improve and maximize the efficiency of H storage 

systems, the characteristics and properties of the used materials, such as chemical composition, 

structure and morphology, and their thermodynamic and kinetic properties, have to be deeply 

understood [153]. In this context, the described in-situ methods could provide valuable information 

regarding the mechanical properties, the microstructural characterization and H-absorption 

characteristics of potentially suitable materials. 

4.3.1. Storage 

Liquid H in cryogenic tanks 

When considering the scheme from Fig. 1, the first group of materials for H storage suitable for 

implementing in-situ H charging methods are nickel-based austenitic steels. These are good 

candidates for the structural materials used in H storage systems based on liquid H, for components 

of fuel cell vehicles and stationary fuel cell systems and for equipment for H stations, H pipelines and 

transport systems [76], [154]. In these systems, there is a direct exposure to high-pressure H and thus 

the austenitic stainless steels can suffer HE. Furthermore, austenitic stainless steels with low Ni 

content are generally metastable and form α’-martensite during deformation [155]. It has been 

reported that these steels are more susceptible to HE due to the faster H transport through the stress-

induced martensite near the crack tip [18], [34], [76], [113], [114], [154], [156], [157]. Even though the 

presented methods cannot exactly simulate the operating conditions under high-pressure H gas, as 

they use electrochemical or plasma charging, they can provide a detailed analysis of the 
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microstructure evolution under deformation, a thorough examination of the H-material interaction 

and related changes in the deformation and failure processes not easily accessible from post-mortem 

inspections.  

Chemical storage 

Metallic hydrides are the materials of choice used for chemical H storage. When comparing with 

liquid H storage, storage by absorption as chemical compounds has definite advantages from the 

safety perspective, since energy input is required to release H. Furthermore, metal hydrides have 

higher H-storage density than H gas or liquid H [158]. Liquid H requires an additional refrigeration unit 

to maintain a cryogenic state, adding weight and energy costs, resulting in a 40% energy loss [159]. 

Typical materials used in this application have the form MH, MH2 and MH3, with H fitting into 

octahedral or tetrahedral sites in the lattice or a combination of both, and also metallic hydrides of 

intermetallic compounds with the form ABxHn. The variation of elements allows tailoring the 

properties. Element A is usually a rare earth metal and tends to form a stable hydride. Element B is a 

transition metal and forms only unstable hydrides. This element plays a catalytic role in enhancing the 

hydriding/dehydriding characteristics, it can alter the equilibrium pressures for the H 

absorption/desorption, and it should enhance the stability of the alloys. Some examples of  

intermetallic compounds suited to form metallic hydrides are LaNi5, ZrV2, ZrMn2, TiMn2, CeNi3, YFe3, 

Y2Ni7, Th2Fe7, Y6Fe23, TiFe, ZrNi, Mg2Ni, Ti2Ni [153].  

Hydride forming elements such as Ti, V and Zr are typically dominated by a RR or RD H transport 

regime at room temperature (Fig. 5). Therefore, a rather low H lattice concentration is expected with 

plasma charging in these materials, as shown in Table 1.  The typical storage density of hydride 

materials is around 1.3-1.5% in weight of H [160], which is equivalent to 13000-15000 wppm. This 

means that the gravimetric capacity of metal hydrides is much larger than the total amount of H that 

can be supplied by the previously mentioned methods. Nevertheless, they can provide the possibility 

to study characteristics of H-absorption and their relation with the materials microstructure, as the 

hydride formation will cause local modifications and potential damage in the material microstructure. 

Furthermore, assessment between different microstructural features in terms of H-absorption and 

hydride formation, as well as a comparison between different materials and alloys is possible and 

would benefit alloy selection microstructure design.    

4.3.2. Automotive industry 

The implementation of fuel cell technology in the automotive market is currently gaining 

worldwide popularity due to higher fuel efficiency, longer driving range and fast refuelling of fuel cell 

[5]. The next group of materials in the scheme in Fig. 1 represents high-strength steels. These are 

excellent candidates for the automotive industry, since they combine light weight and high strength, 
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two essential characteristics in this industry. However, high strength steels are sensitive to HE and the 

higher the strength, the larger the susceptibility of the material. Their use is mainly limited by H, since 

it can reduce their ultimate tensile strength, ductility, fatigue strength and/or fracture toughness [27]. 

H uptake in autobody components can already result from assembling and/or finishing processes. 

Usually, advanced high strength steels are electroplated with a sacrificial metal, and H can be absorbed 

during this coating deposition. H can also be absorbed if the sacrificial coating corrodes during service 

and the exposed areas start acting as cathodic sites [28]. Moreover, during the painting process, 

cathodic reactions in water solution take place [161]. In this process, H is generated and part of it can 

be absorbed and diffuse into the steel. Lovicu et al. [88] analysed the H concentration after a real 

production cycle (phosphatizing, electrodeposition and curing) in four types of advanced high-

strength steels and showed that all samples absorbed less than 0.4 wppm. This value is lower than the 

usual critical concentrations, which are approximately between 1 and 4 wppm [88], suggesting a safe 

use to build body-in-white components. Nevertheless, the H uptake ability as well as the critical H 

concentrations to produce embrittlement are different for each steel.  

Most of the studies made on high-strength steels are performed using ex-situ H charging [9], [17], 

[31], [39], [86], [88], [162], [163] with the consequent risk of H outgassing taking place before testing 

the material, in particular in the case of steels with fast H-diffusion, such as ferritic grades. Therefore, 

this approach introduces an inherent error source that can alter the results.    

Kim et al. [92] applied the electrochemical in-situ setup for a duplex stainless steel and a ferritic 

stainless steel. Even though they did not control the H concentration in the materials, they detected 

the presence of H at the objected surface of the duplex stainless steel using the silver decoration 

technique and saw an effect of H on the mechanical properties of the ferritic stainless steel. This 

proves that enough H can be absorbed even in fast diffusion steels via electrochemical charging to 

cause HE effects. 

Considering the values of H lattice concentration with plasma charging in Table 1 for Fe, it can be 

seen that they are in the order of 10-5-10-4 wppm. Nevertheless, as mentioned before, these 

correspond only to the lattice concentration, and the total value including traps is expected to be 

higher. For example, in reference [96] the total H concentration was calculated for a complex phase 

steel, resulting in 0.82 wppm, which was around a factor of 350 higher than the corresponding lattice 

H. This means that the plasma charging method from reference [80] provides a higher H concentration 

than the one expected in the painting process, opening the possibility to study H effect on steels in a 

condition similar to a real production cycle.   

C. 5. Conclusions 
The current status of in-situ H-charging methods has been reviewed, demonstrating their 

applicability to study the interaction of H with different materials used in a wide range of industrial 
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applications. With the necessity of new renewable energy sources based on H, it is essential to 

understand its effect on materials that must perform under H atmospheres. The described methods 

are based on in-situ electrochemical or plasma charging combined with mechanical testing, and in 

some cases even allow for in-situ observation. Each of them has their own limitations and advantages, 

but all of them can provide previously inaccessible novel information of the effect of H on metallic 

materials. As such, they should be considered as valuable tools in our road towards a green energy 

society.    
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