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ARTICLE INFO  ABSTRACT 
 
 

This is an integrative review deals with the hydrogen-metal interaction mechanisms, reversible and 
irreversible traps and highlights the use of electrochemical permeation as an important tool of evaluation the 
Hydrogen embrittlement (HE) mechanism. Due to its simplicity, flexibility, low cost and low risk, this 
technique is widely used in the study of hydrogen transport and diffusion parameters, contributing to the 
selection of more resistant steels and alloys. On the other hand, it´s important toothose new efforts should be 
made to develop and implement new techniques that can be applied to different temperature and pressure 
conditions. 
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INTRODUCTION 
 
Hydrogen is widely used in various applications, such as in ammonia 
production, methyl alcohol, and in the nuclear energy industry, 
among others. Hydrogen action can lead to changes in mechanical 
properties, phase transformation and eventually cause 
environmentally assisted failure, known as HE (Hydrogen 
Embrittlement). The susceptibility of steels and alloys to this 
phenomenon is directly related to the interaction between traps 
(defects) and hydrogen, and it is proven that the embrittlement 
phenomenon is highly affected by hydrogen trapping mechanisms. 
Given this, understanding the atomic hydrogen adsorption and 
diffusion mechanisms throughout the steel microstructure is essential 
to optimize the resistance of the tubes to the failures associated with 
hydrogen (Safyariet al., 2020). Hydrogen embrittlement in metals is a 
challenging question for proper hydrogen energy use. Despite 
extensive investigations, the mechanism stillis not clearly understood. 
HE has a very important role in the physical and mechanical 
properties of materials in the presence of hydrogen. HE is a 
phenomenon that makes steel fragile, where hydrogen atoms remain 
trapped inside the liquid metal during the solidification process and 
penetrate the interior of the material allowing for the appearance of 
cracks.  

 
 
 
This causes the properties (such as tensile strength and fatigue 
strength) of steel to deteriorate (Metalnikovet al., 2020). To avoid 
failure due to hydrogen embrittlement, it is important to know the 
amount of hydrogen absorbed by certain types of steel in service 
conditions. The electrochemical permeation technique is easy to 
access and has low operation and maintenance costs; moreover, it can 
be applied, in principle, to all metals and alloys that have a high 
solubility for hydrogen. The technique describes the calculation of the 
effective diffusivity of hydrogen atoms in metals to distinguish 
reversible and irreversible trappers. It can also be used to classify the 
relative aggressiveness of different environments in terms of the 
hydrogen consumption of the exposed metal (ASTM G 148-97, 2003; 
ISO 17081, 2004). 
 

METHODS 
 
This is an integrative review, which allows the elaboration of a 
synthesis of the knowledge already reported in the literature on a 
particular topic and promotes an analysis of broad understanding of 
the data found (Kakushiand Évora, 2016).The present study was 
based on a literature search on the use of electrochemical permeation 
as a important tool of evaluation the Hydrogen embrittlement (HE) 
mechanism. Inclusion criteria were established based on the research 
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question, and, for analysis, we chose to include articles published in 
Portuguese, Spanish or English, with full text available online and 
free of charge. As search sources, we used: Academic Googleand 
Scientific Electronic Library (SciELO). The exclusion criteria were 
publications: that were not related to the study theme or that 
presented duplicity. Articles were included regardless of year of 
publication, as they were relevant to this review. As keywords used 
for research, we have: hydrogen embrittlement; hydrogen absorption, 
electrochemical permeation. 
 

LITERATURE REVIEW 
 
Hydrogen-Metal Interaction: In the H-Metal interaction, where the 
metal surface is in direct contact with the gas, the gas dissolves into 
the metal. The dissolution of hydrogen in metals consists of four 
stages: physical adsorption (or physisorption), chemical adsorption 
(or chemisorption), penetration through the surface, and diffusion. At 
the start of this process, gas molecules migrate to the metal surface 
and undergo physical adsorption due to weak attractive forces, 
typically from Van der Waals, between the hydrogen atom and ions in 
the metal matrix. After physical adsorption, dissociation occurs due to 
chemical adsorption where strong interactions occur between gas 
molecules and the solid surface. Then, the atoms that overcome the 
potential barrier penetrate through the surface (absorption), and, once 
inside the metal, diffuse (Landodlt, 1993) (see Figure 1). 
 

 
 

Fig. 1. Schematic of H permeation in dense metallic membrane 
[22] 

 
The equations for each reaction step are: 
 

1) Physical adsorption of the molecule on the metal surface: 
 

2 2( ) ( )H g H ads                                                                (1) 

 
2) Chemical adsorption of the molecule with dissociation into two 

atoms on the metal surface: 
 

2 ( ) 2 ( )H ads H ads                                                          (2) 

 
3) Penetration through the surface (absorption): 

 

2 ( ) 2 ( )H ads H abs                                                           (3) 

 
4) Diffusion into the metal, where the hydrogen remains dissolved: 
 

2 ( ) 2 ( )H abs H dif                                                            (4) 

 

Ideal diffusion, Fick’s laws: The following section presents diffusion 
laws for the ideal case of diffusion without trapping. Then the 
different types of traps that can be encountered in real material are 
presented, along with the expression for diffusion in the presence of 
traps. Due to its small volume, a hydrogen atom can diffuse and 
occupy the interstitial sites inside the material (see Figure 2). 
 

 
 

Fig. 2. Octahedral interstitial sites of face-centered cubic (a) and 
body-centered cubic (b) matrix [23] 

 
Lattice diffusion through interstitial jumps is the main diffusion 
mechanism for hydrogen in steel. A ferritic base-centred cubic (BCC) 
structure enables a high diffusion rate and low solubility due to its 
open lattice structure. In contrast, the austenitic face-centred cubic 
(FCC) structure has a lower diffusion rate and a higher solubility due 
to its closely packed lattice. Martensite is a body-centred tetragonal 
(BCT), but presents the tendency of hexagonal martensite formation 
(HCP) as carbon content increases. These structures are more closely 
packed than BCC. As a result, the diffusion rate of hydrogen in 
martensite is between ferrite and austenite (Koyama et al., 2018). In 
Table 1 several metals with crystallographic structure and their 
respective preferred occupied sites are presented. 
 

Table 1. Interstitial sites occupied by hydrogen in different 
metals, where T are tetrahedral sites and O octahedral sites [23] 

 
Host lattice Crystallographic structure Occupied sites 

α – Fe B.C.C T 
γ – Fe F.C.C O 
Pd F.C.C O 
Ta B.C.C T 
V B.C.C T 
Nb Rhomb. T 

 

Equations Eq. (5) and Eq. (6) show the first and second Fick's Laws, 
respectively: 
 

C
J D

x


 


                                                                               (5)  
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 (6) 

 

where, 𝐷is the diffusion coefficient for the ideal case, where diffusion 
takes place without trapping. For a given material the diffusion 
coefficient is constant. Some values of the diffusion coefficient for 
different materials are presented in Table 2. 
 
Table 2. Diffusion coefficient of hydrogen in different materials at 

room temperature 
 

Material D (m²/s) Ref. 

Carbono steel 2.5 x 10 – 10 [29] 
Ferritic stainless steel 10 – 11 [30] 
Austenitic stainless steel 2.15 x 10 – 16 [31] 
Martensitic stainless steel 2.0 x 10 – 13 [32-36] 
Duplex stainless steel 10 –13- 10 – 14 (depending on 

the ferrite / austenite ratio) 
[30, 37-40] 
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The diffusion coefficient has an exponential expression dependence 
with the temperature expressed by Eq. (7): 
 

0 exp aE
D D

RT
   
 

                                                             (7) 

 
Figure 3 presents the diffusion coefficient adjusted for temperature 
dependency for different steels. 
 

 
 
Fig. 3. Evolution of diffusion coefficient (D) with the temperature 

for different steels [31] 
 
Hydrogen Absorption 
 
According to Stroe (2006), the adsorption of hydrogen atoms takes 
different paths, according to the source of hydrogen. Through 
cathodic polarisation and corrosion reaction, electro-adsorbed species 
are formed on the metallic surface. Alternatively, in the presence of a 
gaseous atmosphere, the molecular hydrogen can undergo 
physisorption or chemisorption. Usually, hydrogen atoms are 
considered to enter the metal either by a two-step (indirect) or a direct 
absorption mechanism. The equations below are written assuming 
that the two processes occur in parallel, which is schematized in 
Figure 4. 

 

 
 

Fig. 4. Scheme of the reaction mechanism used for the 
general interaction of hydrogen with a metal [41] 

 
In a solution under cathodic polarisation, the hydrated hydrogen 
cations, H3O

+, are transported by diffusion/migration towards the 
cathode. There, the cation undergoes reduction and becomes atomic 
hydrogen, H. The atomic hydrogen can recombine to form molecular 
hydrogen, H2 that leaves the metallic surface. For the reduction of 
hydrogen ions, two different reaction mechanisms are possible, 
depending on the nature of the metal: indirect and direct absorption 
mechanisms.The indirect mechanism in which hydrogen is first 
adsorbed on the electrode surface in the Volmer step, also known as 
the overpotential deposition of hydrogen (OPD), can be seen in detail 
in Refs: Bockriset al., 1965; Montella, 2001; Gabrielli et al., 2004; 

Lasia, 2002. The direct hydrogen absorption, where protons are 
reduced to form the subsurface absorbed hydrogen, can be seen in 
detail in Refs: Ash and Barrer, 1960; Bagotskaya, 1962; Frumkin, 
1963; Chen et al., 1996. 
 
Hydrogen trapping sites 
 
When hydrogen diffuses into a metal's crystalline matrix, the atom 
can occupy a normal site or a trapping site. This is because the 
crystalline matrix is not perfect, and possesses a variety of defects 
such as gaps, impurities, interfaces, grain contours, or even 
microstructural flaws present in the metallic matrix (see Figure 5). In 
structures containing defects, hydrogen is responsible for unexpected 
failures, causing local changes in the stress field. These changes can 
lead to the weakening of the steel, contributing to the propagation of 
cracks, bubbles, and loss of plasticity of the material resulting in the 
rupture of vessels and tubes (Pundt andKirchheim, 2006).   
 

 
 

Fig. 5. Hydrogen trapping sites, where the gray and red spheres 
represent the atoms of the crystalline and hydrogen matrix, 
respectively. In (a), the occupation of the interstitial sites; (b) and 
(c) H atoms dissolved at surface and subsurface sites, 
respectively; (d) hydrogen segregation in the grain boundaries; 
(e) accumulation of H in edge-type disagreements; and (f) 
hydrogen trapped in a gap, [60] adapted from [59] 

 
The free energy of atoms in the metal-hydrogen system is lower for 
atoms that reside in trapping sites than in normal sites. Trapping sites 
are classified as reversible or irreversible according to the magnitude 
of their ligation energy with hydrogen. Reversible trapping sites, 
which have low energy, can easily release the trapped hydrogen to 
diffuse. Irreversible trapping sites are those in which hydrogen is kept 
imprisoned and does not contribute to the diffusive process 
(Pressouyre and Bernstein, 1978; LiuandAtrens, 2015). A theory 
proposed by Pressouyreand Bernstein (1978) relates irreversible traps 
to the susceptibility of materials to HE. He noted that evenly 
distributed irreversible traps with a high level of saturation (amount 
of hydrogen that can be captured) are favorable to hydrogen 
embrittlement, reducing the amount of hydrogen that can diffuse to 
critical locations. Reversible traps, on the other hand, can store 
hydrogen until it is energetically favorable for the hydrogen to spread 
further. Carrasco et al. (2019) presented a numerical simulation of the 
reversible and irreversible effects of hydrogen trapping on crack 
propagation. The simulations showed that the appearance of cracks 
increases with the increase in hydrogen concentration due to the 
effect of hydrogen trapping. In addition, the crack start and growth in 
materials with irreversible traps is slower than in materials with 
reversible traps. These results are consistent with macroscopic 
observations of the trapping effect, providing a better understanding 
of hydrogen embrittlement in different steels. The greater the ligation 
energy between hydrogen and the trapping site, the greater the energy 
that must be provided for the hydrogen to be released from this site. 
The reversibility of a site is related to the hydrogen's capacity to 
break free from it. An irreversible trap is associated with a location 
with a high activation energy, such as phase boundaries and 
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inclusion/precipitate interfaces. Hydrogen atoms trapped at these 
locations are considered non-diffusible hydrogen. However, 
reversible traps such as grain contours and offsets have a lower 
activation energy. Hydrogen atoms in reversible traps are diffu
and these traps influence the effective hydrogen diffusivity (Deff) and 
resistance to hydrogen embrittlement (Park et al., 2019).
 
Hydrogen Embrittlement: Hydrogen is considered a promising 
assetto control of global warming by reducing CO
However, hydrogen is associated with a weakening phenomenon that 
causes severe degradation in the mechanical properties of metals. 
Hydrogen embrittlement is a generalized mode of degradation in 
many metallic systems that can occur through various mech
is characterized by loss of ductility and strength, fracture toughness 
and metal fatigue in a hydrogen environment (Pan and Pu, 2019).
Hydrogen atoms can be absorbed by metals during the manufacturing 
process or in various service environments, such as those that include 
hydrogen gas, a corrosive liquid, or cathodic protection. Atomic 
hydrogen can segregate into crystal defects, such as vacancies, 
displacement nuclei and precipitates, which leads to the final rupture 
of metallic systems. Experimental studies show that hydrogen 
permeation is significantly influenced by surface conditions, 
particularly oxide films and internal defects and impurities that trap 
hydrogen and prevent diffusion (Chen et al., 2020). Liu 
highlight the importance of evaluating the influence of microstructure 
on hydrogen diffusion as an essential device to understand and reduce 
the risk of hydrogen embrittlement in metals and structural alloys.
Hydrogen embrittlement is extremely harmful to materials and can
cause catastrophic failures. There are many types of embrittlement 
that affect metals. Of the various embrittlement processes cited in the 
literature, hydrogen embrittlement is responsible for a surprising 
number of failures and is considered the most inf
microstructure, stress concentration, stress gradient
This phenomenon causes engineering alloys to fracture unexpectedly, 
usually at a considerable economic or environmental cost. Inaccurate 
predictions of component life arise from an inadequate understanding 
of how the material's microstructure affects HE (Seita
According to You et al. (2016) the degradation of materials by 
hydrogen is a serious problem and has been a subject of much 
controversy. For Venezuela et al. (2018) the influence of hydrogen 
manifests in a reduction in ductility and in the presence of brittle 
characteristics on the fracture surface.To date, many comprehensive 
works have been published on hydrogen embrittlement 
the following three factors required and responsible for these types of 
failures (see Figure 6): 
 

 
 

Fig. 6. Factors responsible for hydrogen embrittlement [89]
 
Hydrogen Embrittlement Mechanism: Hydrogen damage in metals 
is divided into reversible and irreversible HE. For reversible HE, 
hydrogen atoms migrate and then accumulate at the potential cracking 
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activation energy. Hydrogen atoms in reversible traps are diffusible 
and these traps influence the effective hydrogen diffusivity (Deff) and 

., 2019). 

Hydrogen is considered a promising 
control of global warming by reducing CO2 emissions. 

However, hydrogen is associated with a weakening phenomenon that 
causes severe degradation in the mechanical properties of metals. 
Hydrogen embrittlement is a generalized mode of degradation in 
many metallic systems that can occur through various mechanisms. It 
is characterized by loss of ductility and strength, fracture toughness 

(Pan and Pu, 2019). 
Hydrogen atoms can be absorbed by metals during the manufacturing 

, such as those that include 
or cathodic protection. Atomic 
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that affect metals. Of the various embrittlement processes cited in the 
literature, hydrogen embrittlement is responsible for a surprising 
number of failures and is considered the most influenced by 
microstructure, stress concentration, stress gradient, and strain rate. 
This phenomenon causes engineering alloys to fracture unexpectedly, 
usually at a considerable economic or environmental cost. Inaccurate 
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of how the material's microstructure affects HE (Seitaet al., 2015). 

. (2016) the degradation of materials by 
hydrogen is a serious problem and has been a subject of much 
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characteristics on the fracture surface.To date, many comprehensive 
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for hydrogen embrittlement [89] 

Hydrogen damage in metals 
is divided into reversible and irreversible HE. For reversible HE, 
hydrogen atoms migrate and then accumulate at the potential cracking 

locations, leading to the delayed fracture of the alloys. By contrast, in 
irreversible HE, hydrogen atoms combine with each other to form 
hydrogen molecules at defect sites, generating high hydrogen gas 
pressure and hydrogen-induced cracking. After a hydrogen removal 
treatment is conducted, the reversible hydrogen damage in steels is 
healed, but irreversible HE still remains. So far, many HE 
mechanisms including the hydrogen pressure theory, hydrogen
induced phase transformation (HIPT) theory, hydrogen
decohesion mechanism (HEDE), hydrogen
plasticity mechanism (HELP), and
vacancies (HESIV) have been proposed to explain HE phenomena. 
The hydrogen pressure and HIPT theories can explain irreversible 
HE, while reversible HE is mostly rationalized by the HEDE, HELP, 
and HESIV mechanisms. However
mechanism is widely accepted for explaining all reversible HE 
phenomena (Dwivedi and Vishwakarma, 2019)
 

Fig. 7. Schematic diagrams of HE mechanisms. (a) HIPT [113]: 
hydrogen-induced phase transformation theory; (b) HEDE [113]: 
hydrogen-enhanced decohesion mechanism; (c) HELP [113]: 
hydrogen-enhanced localized plasticity mechanism; (d) NVC 
[114]: nanovoid coalescence mechanism; (e) HEDE
[114]: combined effect of hydrogen
hydrogen-enhanced localized plasticity mechanism

Due to the combined effects of hydrogen concentration and stress 
gradients, hydrogen diffuses toward and accumulate
concentration region. As the local hydrogen concentration reaches the 
critical value, which is still unknown, fracture failure occurs as 
schematically shown in Figure 8
divided into internal hydrogen and exter
hydrogen is produced in the material preparation processes, such as 
smelting, welding, pickling and plating. 
 
Whereas external hydrogen is generated during service due to 
corrosion, hydrogen gas and H
Accordingly, the prevention of HE can be considered based on two 
approaches. The first is the use of surface coating and surface 
modification treatments. These methods are used to prevent external 
HE. The second approach is the modification of the material 
microstructure by adding/eliminating the appropriate alloy elements 
and optimizing the alloy microstructure. Hydrogen embrittlement 
prevention measures can be seen in detail in Refs:
NelsonandMurray, 1984; ChenandWu, 1992; Ratoi
 

Josevânia Rodrigues Jovelino Torres and Eudesio Oliveira Vilar, Hydrogen permeation in metals and alloys: 

locations, leading to the delayed fracture of the alloys. By contrast, in 
rogen atoms combine with each other to form 

hydrogen molecules at defect sites, generating high hydrogen gas 
induced cracking. After a hydrogen removal 

treatment is conducted, the reversible hydrogen damage in steels is 
reversible HE still remains. So far, many HE 

mechanisms including the hydrogen pressure theory, hydrogen-
induced phase transformation (HIPT) theory, hydrogen-enhanced 
decohesion mechanism (HEDE), hydrogen-enhanced localized 
plasticity mechanism (HELP), and hydrogen-enhanced strain-induced 
vacancies (HESIV) have been proposed to explain HE phenomena. 
The hydrogen pressure and HIPT theories can explain irreversible 
HE, while reversible HE is mostly rationalized by the HEDE, HELP, 
and HESIV mechanisms. However, it is of consensus that no one HE 
mechanism is widely accepted for explaining all reversible HE 

Dwivedi and Vishwakarma, 2019) (see Figure 7). 

 
 

Schematic diagrams of HE mechanisms. (a) HIPT [113]: 
induced phase transformation theory; (b) HEDE [113]: 
enhanced decohesion mechanism; (c) HELP [113]: 
enhanced localized plasticity mechanism; (d) NVC 

e mechanism; (e) HEDE + HELP 
[114]: combined effect of hydrogen-enhanced decohesion and 

enhanced localized plasticity mechanisms 
 

Due to the combined effects of hydrogen concentration and stress 
gradients, hydrogen diffuses toward and accumulates at the stress 
concentration region. As the local hydrogen concentration reaches the 
critical value, which is still unknown, fracture failure occurs as 

Figure 8. Usually, hydrogen sources are 
divided into internal hydrogen and external hydrogen. Internal 
hydrogen is produced in the material preparation processes, such as 
smelting, welding, pickling and plating.  

hydrogen is generated during service due to 
corrosion, hydrogen gas and H2S gas acid environments. 

rdingly, the prevention of HE can be considered based on two 
approaches. The first is the use of surface coating and surface 
modification treatments. These methods are used to prevent external 
HE. The second approach is the modification of the material 

adding/eliminating the appropriate alloy elements 
the alloy microstructure. Hydrogen embrittlement 

prevention measures can be seen in detail in Refs: Bhadeshia, 2016; 
NelsonandMurray, 1984; ChenandWu, 1992; Ratoiet al., 2020. 
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Fig. 8. Schematic diagram of the evolution of the hydrogen atom 
and HE failure [115] 

 
Electrochemical permeation of hydrogen: The simplest 
measurement techniqueamongst the techniques and tools for 
measuring hydrogen embrittlement is the permeation test, which is 
also used to measure diffusible hydrogen in steel. If the amount of 
diffusible hydrogen is known, the steel's susceptibility to HE can be 
determined and assessed (De Bruyckeret al., 2018; Bueno et al., 
2014; DevanathanandStachurski, 1962). The electrochemical 
permeation technique was developed by Devanathan and Stachurski 
in 1962 and allowed for the development of a standard test from 
which parameters related to the susceptibility of a material to the 
harmful action of hydrogen can be obtainedsuch as: solubility, 
diffusivity, permeability and hydrogen flow. This method uses two 
adjacent cells, a cathode cell (Load Cell) and an anode cell (Detection 
Cell), separated by a metallic membrane called the working electrode 
(WE). Each of these compartments is also composed of a reference 
electrode (RE) and an auxiliary electrode (AE) (see Figure 9). The 
loading solution can be an acidor an alkaline solution. The usual 
detection solution is 0.1M NaOH (Espinosa-Medina et al., 2017;Silva 
et al., 2020). The method consists of producing hydrogen in the load 
cell where the hydrogen atom adsorbed on the sample surface will 
then be absorbed into the metal due to the difference in concentration 
until it reaches the detection cell. In the detection cell, an anodic 
potential is applied to oxidize the diffused hydrogen (Liu et al., 
2020). The hydrogen oxidation reaction is given by: 
 

H H e                                                                                 (8) 
 
The electrochemical permeation technique is an effective method to 
study the influence of microstructure on hydrogen permeation, since 
hydrogen absorption and diffusion are strongly dependent on 
hydrogen solubility and entrapment in different matrix 
microstructures. Through the electrochemical permeation of 
hydrogen, it is possible to determine, among other parameters, the 
number of trapping sites on metal surfaces, the hydrogen flow, and 
the apparent and effective diffusivity (Folenaet al., 2020; 
Monzamodeth et al., 2021). 
 

 
 

Fig. 9. Devanathan-Stachurski double-cell setup [124] 

During the first charge (first transient) all sites, normal and reversible 
and irreversible, are filled with hydrogen until the flow at the outlet 
reaches its maximum value. After reaching the steady state, where the 
flow of hydrogen is constant, the charge is canceled and the hydrogen 
is oxidized on the detection side where the measurement of the 
experimental device is made. The hydrogen flow decreases 
(desorption) to a value called the bottom. During the discharge 
process only the hydrogens in the matrix and the reversible sites are 
removed, whilst the hydrogens present in irreversible trapping sites 
require a greater amount of energy to be removed. After obtaining the 
second transient, the cathodic current is interrupted to promote 
complete hydrogen desorption (Doyle et al., 1995). The Figure 10 
shows an illustration of the curves obtained for both permeation 
transients. The apparent diffusion coefficient (Dapp) is calculated 
from the first transient; this coefficient includes the effects of all 
existing, reversible and irreversible trapping sites. For the second 
transient, the value of the effective diffusion coefficient (Deff) is 
obtained considering only the reversible trapping sites, since the 
irreversible sites have already been filled with hydrogen in the first 
transient. The results of the permeation tests are usually presented in 
normalized coordinates: normalized flow and normalized time (see 
Figure 11). Each curve will provide the data that will be used to find 
the parameters of diffusivity, permeability and solubility (Oriani, 
1970; ThomasandSzpunar, 2020). 
 

 
 

Fig. 10. Typical permeation curves represented in time-current 
density coordinates [24] 

 

 
 

Fig. 11. Permeation curves represented in normalized 
coordinates [24] 

 
Equation of the diffusion coefficient in electrochemical hydrogen 
permeation methods: During an electrochemical hydrogen 
permeation test, the variation in the concentration of this element in 
the metal will depend on both position and time. The double-cell 
electrochemical permeation model of Devanathan and Stachurski 
(1962) is the classic model used to study hydrogen diffusion in 
metals, which is based on Fick's second law: 
 

2

2

( , ) ( , )
H

c x t c x t
D

t x

 


 
                                                                (9) 
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where 𝐷ுcorresponds to the diffusion coefficient of hydrogen in 
steel, c corresponds tothe hydrogen concentration, and t representsthe 
time.  
 
There are three methods to produce hydrogen: Galvanostatic-
Potentiostatic (GP), Double-Potentiostatic (DP), and under Open 
Circuit Potential in Acid medium (OCPAc). Following the standards 
Refs.ASTM G 148-97 (2003) and ISO 17081 (2004), hydrogen 
diffusivity in various publications is estimated only by the DP 
method, even if the GP and OCPAc methods were also used.The 
referencesBoes and Züchner (1976), McBreen et al. (1966), Leblond 
and Dubois(1986) showed that the first two methods have different 
boundary conditions and, therefore, different solutions to Fick's 
second law. Note that these standards do not justify the use of only 
one equation regardless of the method used to generate hydrogen.The 
following equations (Fick's second law solutions) describe the 
transient flow of hydrogen for the DP (Eq. (10)) and GP (Eq. (11)) 
methods. The boundary conditions for the DP method consider the 
hydrogen concentration on the sample surface constant, while the 
conditions for the GP method consider the constant flow rate: 
 

2 2

2
1

( ) 1 2 ( 1) exp appn

n

n D t
j t j

L






  
         

                        (10) 

2 2

2
1

(2 1)4 ( 1)
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2 1 4

n
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n

n D t
j t j

n L









  
        

             (11) 

 
where eu𝑗∞ is the maximum steady-state current density, L is the 
membrane thickness, and 𝑗(𝑡) is the current density at time 𝑡 (see 
Figure 12). 
 

 
 

Fig. 12. Transient hydrogen permeation current density curve 
measured on X80 steel [134] 

 
From characteristic parameters (maximum current density at steady 
state, 𝑗∞, and time-lag, 𝑡), obtained from the electrochemical 
permeation curve, the apparent diffusion coefficient, 𝐷 is 
obtained. The time-lag time interval, 𝑡, is the point where the 
saturation of the metallic matrix by hydrogen begins to occur, defined 
as the time necessary to reach a current density corresponding to 63% 
of the maximum current density at steady state. Time-lag can also be 
calculated from characteristic equations depending on the method 
used for hydrogen loading, Galvanostatic-Potentiostatic (Eq. (12)) or 
Double-Potentiostatic (Eq. (13)), (Züchner and Boes, 1972). 
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2app
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The norms ASTM G 148-97 (2003) and ISO 17081 (2004) 
standardize electrochemical hydrogen permeation experiments. The 
equations Eq. (12) and Eq (13) are applied according to the method 
used in References (Boes and Züchner, 1976; Züchner and Boes, 
1972). These normsASTM G 148-97 (2003) and ISO 17081 (2004) 
only recommend the use of Eq. (13), where the time interval, 𝑡, is 
defined as 𝑗(𝑡)/𝑗∞ =0.63. According to Carvalho et al. (2017) the 
equations proposed by the norms cited, in principle, underestimate the 
value of diffusivity, and only standardize hydrogen permeation using 
the Double-Potentiostatic method. The authors sought to clarify this 
question by proposing an empirical methodology for calculating the 
apparent diffusivity using the OCPAc method and from the 
permeation curves, they sought a representative mathematical model 
or a phenomenological equation. The sigmoid logistic function (Eq. 
(14)) was the one that most fits the experimental data. The 
correlations proposed by the authors Refs. (Carvalho et al., 2017) for 
the calculation of apparent diffusivity prove to be adequate not only 
for this method, but also for other projects. 
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where, the dependent variable 𝑓(𝑥) was related to the normalized 
current density, 𝑗(𝑡)/𝑗∞, and the independent variables 𝑥 and 𝑥 were 
related to time.  The parameters 𝐴ଵ, 𝐴ଶ and 𝑝 were adequately 
correlated with the physical and chemical properties of the 
phenomenon. In Eqs. (12) and (13), the parameter 𝐴ଶ (Eq. (15)) 
relates the slope of the dimensionless permeation curve associated 
with the saturation time and the physical-chemical characteristics of 
the material to its diffusivity and thickness. The dimensionless 
parameter 𝐴ଶis defined as follows: 
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Given the values of 𝑡 (s), 𝑗 (mol/cm².s) and 𝐷ு (cm²/s), important 
properties can be determined, such as permeability, 𝑃 in mol/cm. s, 
and the solubility, 𝑆, (mol/cm³). Permeability is related to the 
transport of hydrogen at steady state due to a pressure gradient. 
Solubility is related to the material's capacity to store hydrogen in the 
crystalline matrix (Boes and Züchner, 1976; Kupka and Stępień, 
2009).     
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where, 𝑗(mol/cm².s) is the maximum flow of hydrogen in the steady 
state as a function of the maximum current density in the steady state, 
𝑗∞(mA/cm²), and F is the Faraday constant, (96,485C/mol). 
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The concentration of the subsurface, C0, which corresponds to the 
concentration of hydrogen at the cathode side, can be estimated by the 
expression (Yen and Huang, 2003): 
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The previously described parameters are applied to the mathematical 
models to determine the density of hydrogen trapping sites. The 
density of hydrogen trapping sites in metals can be determined 
according to the model proposed by Oriani (1970).  
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where 𝑁 is the density of trap sites per cm³, 𝐶 is the concentration of 
subsurface trap sites in number per cm3, 𝐷 is the normal diffusivity, 
that is, that which would be obtained in a homogeneous lattice, and 
𝐷 is the effective diffusivity, both in cm²/s. 
 
This model allows the density of trap sites in any steel or alloy to be 
determined. However, the absence of the Avogadro constant (NA) 
directly influences the final result. If this mathematical model were 
used in the way proposed by its developers, the value obtained for the 
density of hydrogen trapping sites would be so small that we could 
overlook the effect of hydrogen trapping on the metal; that is, the 
number of capture sites would become insignificant. Also, the scaling 
unit of the N parameter, if not corrected, becomes inconsistent 
because its units would be the number of capture locations per unit of 
volume. In this case, Eq. (20) should be written as follows (Araújo et 
al., 2014): 
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where 𝑁 is Avogadro's constant = 6.022 × 1023 mol−1(IUPAC, 
1997). Another mathematical model used in recent papers by some 
researchers (Quick and Johnson, 1978; BegićHadžipašićet al., 2012; 
Haqet al., 2013) to determine the density of trapping sites in steel and 
alloys is governed by the following equation: 
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where 𝑁் is the density of trapping sites, 𝑁 is the density of the 
interstitial sites in steel, 𝐸 is the hydrogen trap binding energy, 𝑅 is 
the universal gas constant, and 𝑇 is the absolute room temperature. 
However, as can be seen in Refs. (Araújo et al., 2014) the choice and 
application of these models must be made judiciously, because the 
adopted model must be suitable for the proposed case study. This 
criterion is essential to avoid mistakes that can lead to inaccurate 
results or estimates. 
 

CONCLUSION 
 
The Hydrogen embrittlement is a widely known phenomenon that 
occurs in steels and alloys. This brief review dealt with the 
mechanisms of the hydrogen diffusion into these materials 
responsible by the it´s mechanical properties degradation causing 
accidents in the industrial environment related to phenomenons such 
as the appearance of cracks, fissures, and rupture of vessels and 
tubulations. Therefore, to reduce the phenomenon of hydrogen 
embrittlement, the selection of the apropriate material is very 
important. The research and results obtained from the hydrogen 
permeation technique contributes significantly to this selection but 
unfortunately the temperature and especially the pressure variation 
are little explored when using this technique. In many applications the 
metals and alloys can be exposed to temperatures or pressures 
differentsother than 25°C and 1 atm respectively. Thus, efforts should 
be made to develop and implement new techniques that can be 
applied to different temperature and pressure conditions. 
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