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Аннотация. Исследовано влияние насыщения водородом стальных образцов 

на результаты их стандартизованного тестирования на стойкость к водородному 
растрескиванию. При моделировании учтен водородный скин-эффект, который 
наблюдается при стандартизованном насыщении образцов водородом в различных 
растворах электролитов. Использована классическая декогезионная модель водородной 
хрупкости HEDE. Показано, что, несмотря на микроскопическую глубину скин-слоя, 
скин-эффект приводит к двойственному характеру разрушения, когда на изломе образца 
наблюдаются как площадки водородной хрупкости, так и области обычного разрушения. 
Сопоставление расчетных результатов с экспериментальными показало сильное влияние 
водородного скин-слоя на результаты стандартизованного тестирования металлов. 
Этот скин-эффект играет существенную роль в распространении процесса разрушения 
по металлическому образцу и должен приниматься во внимание при проведении 
промышленных испытаний, моделирования и экспериментальных исследований.

Ключевые слова: водородный скин-эффект, индуцированное растрескивание, 
декогезия, насыщение водородом, диффузия водорода 
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Introduction

The so-called metallurgical dissolved hydrogen accumulates in metals and metal products 
during the manufacturing process. It negatively affects all mechanical and technological char-
acteristics of metals, is one of the main causes of embrittlement, porosity and flaking in rolled 
products. Production facilities introduce different measures for monitoring the concentration 
of metallurgical hydrogen. It is maintained at a level of about 1,000,000–1 or less in steels and 
aluminum alloys.

The second source of dissolved hydrogen is an aggressive external environment to which metal 
parts are exposed during operation. Any corrosion process is accompanied by release of hydrogen 
and its absorption inside the metal. External mechanical loads and the presence of pure hydrogen 
in the environment can considerably accelerate hydrogen degradation of metal properties.

A system for standardized testing for resistance to hydrogen-induced cracking (HIC) has 
been developed and implemented in the manufacturing industry over the recent decades [1–3]. 
Typically, the procedure consists of an exposure phase (hydrogen saturation) of metal specimens 
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in a corrosive environment that lasts up to 100 h. The second phase consists of mechanical tests 
and microscopic studies of the specimens: the surfaces of fractures and cracks induced by hydro-
gen are recorded.

These tests allow to achieve high resistance to HIC in modern pipe steels. While hydrogen-in-
duced cracks tended to evolve inside steel specimens tested by the procedures developed in the 
1970s [4], modern steels are characterized by only minor microcracking. At the same time, the 
mechanical characteristics of the specimens considerably deteriorate after saturation with hydro-
gen, and high-strength steels are characterized by a proportional decrease in crack resistance 
[5, 6]. Numerous fractographic studies [7–10], carried out experimentally for steels fractured 
during mechanical tests, indicate the presence of two characteristic fracture regions: brittle and 
ductile. Modern alloys are widely used in various fields of energy and manufacturing industries. 
Therefore, the effect of their rapid degradation upon saturation with hydrogen should be investi-
gated and mitigated.

The mean partial concentration of hydrogen atoms to matrix atoms in the metal increases 
to no more than 1:30,000 during HIC testing [11]. Furthermore, recent studies have observed a 
skin effect of hydrogen saturation in aqueous corrosive solutions during cathodic polarization, 
where all hydrogen absorbed by the metal is concentrated in a thin surface layer of specimens 
about 50–100 μm thick [12–15]. If the working diameter of the specimen is 8–10 mm, this layer 
can be attributed to layers with small thickness (the ratio of 1:100 is typical for theory of thin 
shells). Thus, from a mechanical perspective, we are dealing with a problem on the influence of 
a small parameter.

To date, several approaches have been proposed to describe hydrogen-induced degradation.
One of the first models was Hydrogen-Enhanced Decohesion (HEDE) [16]. It describes brittle 

fracture resulting from accumulation of hydrogen at the crack tip and development of hydrogen 
embrittlement without plastic deformations. At the microscopic level, the approach is based on 
the idea that interstitial hydrogen expands the metal lattice of crystals, thus contributing to a 
decrease in the adhesion strength of atoms [17]. From the standpoint of energy, hydrogen atoms 
lower the energy barrier for fracture, which leads to segregation of grains, or decohesion.

A fundamentally different approach to modeling hydrogen degradation of the mechanical prop-
erties of materials is taken within the model of hydrogen-enhanced localized plasticity (HELP) 
[18, 19]. Hydrogen dissolved in the metal is interpreted within this model as a chemical that 
reduces the energy required to initiate dislocations. It is assumed that ‘softening’ of the metal, or 
localized plasticity, is observed at the tip of the crack, where hydrogen is concentrated under the 
action of internal stresses.

The dual nature of the fracture observed in HIC testing is commonly interpreted by using a 
combination of both models: HELP + HEDE. Brittle HEDE mechanism is assumed to work if 
the local hydrogen concentrations in the tip of the crack are above a certain ‘switching threshold’, 
and HELP is assumed to apply for concentrations below the threshold one. One of the problems 
of this approach is the exponential increase (up to 100 times) in hydrogen concentration during 
plastic deformation, which directly follows from the equations of the HELP model [20]. Thus, if 
the models are sequentially ‘combined’, the localized plastic deformation induced by hydrogen 
should lead to a manifold increase in its local concentration, triggering a mechanism of brittle 
decohesion for the fracture.

In addition, the HELP model essentially describes an increase in ductility due to a decrease 
in the yield strength of the material. However, the bulk of the experimental evidence does not 
suggest a decrease in the yield point during specimen testing [6]. All of this indicates that existing 
experimental and theoretical data contradict the hypothesis that the HELP model is initiated, 
determining the principal fracture surface.

These HELP + HEDE paradoxes allow us to settle on a decohesion model of hydrogen cracking.

Description of the model

The modern concept of the HEDE-model comprises the following key elements:
equations of elastic or viscoelastic solid medium with hardening (in particular, for materials 

with hardening);
equations of diffusion describing the redistribution and accumulation of hydrogen;
dependences describing hydrogen degradation of cohesive parameters.
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Hydrogen transport within a solid has been traditionally understood as a diffusive process, and 
the equation of Fick’s second law [21] was used to describe it:

( ), ,C D T C
t

∂
 = ∇ ⋅ ∇ ∂

r (1)

where C is the hydrogen concentration, t is the time, r is the coordinate vector, D is the diffusion 
coefficient, T is the absolute temperature, ∇ is the nabla operator.

However, modern approaches typically introduce components accounting for the thermody-
namic or chemical potential [22]:

( )0 ln .HT RT C V pµ = µ + −

In this case, Eq. (1) takes the form

( ), ,HCVC D T C p
t RT

 ∂  = ∇ ⋅ ∇ − ∇  ∂   
r (2)

and the following form accounting for the effect of mechanical stresses:

2 2 ,H HDV DCVC D C C p p
t RT RT

∂
= ∇ − ∇ ⋅∇ − ∇

∂
(3)

where p is the pressure in spherical stress tensor, V H is the partial molar volume of hydrogen [23].
According to Gorsky’s law [24], hydrogen tends to migrate to regions of maximum tensile 

stresses. An increase in its concentration in these regions unavoidably lowers the cohesion of the 
crack edges, which is what leads to decohesion [16]. The model characterizes this phenomenon 
by introducing the parameter θ for the degree to which the free surface of crack edges is filled 
with hydrogen atoms:

,
exp H

C
gC

RT

θ =
∆ + − 

 
(4)

where ΔgH is the difference in Gibbs free energy for hydrogen between the state adsorbed inside 
the crystal lattice and the free state (established experimentally). 

This expression was proposed by Serebrinsky [24] based on the thermodynamic relationship 
for the partial molar volume of hydrogen inside and on the surface of a single crystal, obtained 
by McLean [25]. 

Notably, if the partial volume of impurity is used in this relationship, accounting for the value 
of C (10–6), expression (4) takes the form:

6

6

55.85 10 .
55.85 10 exp H

C
gC

RT

−

−

⋅ ⋅
θ =

∆ ⋅ ⋅ + − 
 

(5)

The value of the parameter θ allows calculating the specific energy γ(θ) of the free surface, 
depending on the sorption of hydrogen on it. Most existing studies use the formula proposed by 
Serebrinsky to describe this relationship [25]: 

( ) ( ) ( )21 1.0467 0.1687 0 ,γ θ = − θ+ θ γ (6)

where γ(0) is the surface energy in the absence of hydrogen.
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Next, the brittle fracture model takes into account the identity for energy

( ) ( )2 , ,Zc cG f= γ θ = σ δ (7)

where G is the fracture energy; f(σZc,δc) is a linear function depending on the maximum cohesive 
stresses σZc normal to the crack edges, and on the maximum relative displacements δc of the crack 
edges at which the bonds between them do not break (or decohesion does not occur). 

The form of the function f(σZc,δc) is determined by the cohesive law.
Assuming the value of δc to weakly depend on the value of θ, the HEDE-model introduces the 

law of hydrogen degradation:

( ) ( ) ( )21 1.0467 0.1687 0 ,Zc Zσ θ = − θ+ θ σ (8)

where σZ(0) are cohesive stresses, normal to the crack edges acting in the absence of hydrogen.
According to the criterion for initiation and propagation of the crack by the HEDE mecha-

nism, the crack preserves its configuration as long as the level of elastic stresses normal to its edges 
and acting near the tip of the crack does not exceed the cohesive stresses bridging the crack. As 
soon as the hydrogen accumulated at the tip of the crack under the action of chemical potential 
reduces these stresses so that this condition is violated, the crack starts to grow, with a new free 
surface forming. On the other hand, this cracking produces a local increase in the level of normal 
stresses in the new position of the crack tip, in turn leading to an increase in the local hydrogen 
concentration. The cohesive stresses once more decrease to a value violating the condition for 
crack stability, and the process is repeated again and again.

On the other hand, the energy required for fracture can be expressed in terms of material 
parameters. For a crack opening normally, it can be written as



2

,IcKG
E

= (9)

where KIc is the critical stress intensity factor acting in the vicinity of the crack tip; the quantity 
Ê = E(1 – ν2) is either Ê = E for the cases of plane stress or plane strain state, respectively (E is 
Young’s modulus, ν is Poisson’s ratio).

In view of identity (7), we can prove that a decrease in the specific energy of the free surface 
due to an increase in the hydrogen concentration also leads to a decrease in KIc:

( )
( )
( )

2
2

2 1 1.0467 0.1687 .
0 0

Ic

Ic

K
K

γ θ
= = − θ+ θ
γ

Thus, the magnitude of the critical stress intensity factor (the parameter characterizing the crack 
resistance of the material) depends on the hydrogen concentration as

( ) ( )21 1.0467 0.1687 0 ,Ic IcK Kθ = − θ+ θ (10)

where KIc(0) is the experimentally established value of crack resistance in the material in the 
absence of hydrogen. 

It follows that the presence of hydrogen dissolved in the material modifies the force criterion 
of Irvine fracture (KI = KIc) [27, 28], so cracking becomes possible at a lower value of KI.

Problem statement

We consider a problem on uniaxial stretching of a cylindrical rod with an elliptical notch, 
saturated with hydrogen. We refrained from using standard finite element packages with in-built 
modules for cohesive zone modeling and crack propagation, since specialized fictitious cohesive 
elements have to be introduced in them following a particular cohesive law. This means that 
a large number of additional model parameters have to be introduced and several additional 
assumptions have to be adopted.
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The model was implemented with the C++ code developed in Microsoft Visual Studio, allow-
ing to obtain numerical solutions to problems on the stress-strain state of bodies using the finite 
volume method.

The procedure comprised two consecutive stages. 
Stage 1. The problem on the stress-strain state in a pre-stretched specimen is solved.
Stage 2. The diffusion problem on the redistribution of hydrogen along the rod is solved.
As part of the second stage, the cohesive stresses σZc and the crack resistance parameter KIc 

were also calculated.
A system of equations (11)–(13) from linear elasticity theory was solved at the first stage of 

the problem. The system includes a differential equilibrium equation (11), equation for the linear 
strain tensor (12) and generalized Hooke’s law (13):

( )

0,
1 ,
2

2 ,G

∇⋅ + =
 = ∇ + ∇


= λθ +

f

u u

E

σ

ε

σ ε

(11)

(12)

(13)

where σ is the Cauchy stress tensor; f is the body force intensity; u is the displacement vector; λ, 
G are the Lamé parameters; θ = tr(ε) is the relative volume change for the hydrostatic pressure 
p = 1/3tr(σ).

A method proposed by Wilkins [28] was used to numerically solve Eq. (11).
The characteristics of the stress-strain state of the specimen obtained in the first step of the 

technique were recorded in the second stage. Eqs. (3), (5), (8) and (10) that we described earlier 
were solved.
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 σ θ = − θ+ θ σ


θ = − θ+ θ

Eq. (3) was also numerically solved based on Wilkins’s determination method [29].
The instantaneous SIF in the vicinity of the crack tip was calculated from the approximate 

Benthem–Koiter formula [30, 31], obtained for the case of a crack with the length c initiating in 
an edge notch in a cylindrical rod with the diameter D under the action of uniaxial tension σ∞

z:

2

.net Z
D
d

∞  σ = σ  
 

(14)

The conditions for cracking were found based on the results obtained in the second stage by 
the criterion for cohesive stresses or the Irwin force criterion for fracture.

We selected the model relying on the experimental data to be able to compare and evaluate the 
results obtained by the finite-volume solution. We were guided by a recently published study [8], 
investigating the effect of hydrogen on the properties of chromoly steel. The article considers a 
specimen of 2.25Cr1Mo ferritic steel shaped as a cylindrical rod 9.0 mm in diameter with a radial 
notch 2.0 mm deep, 1.2 mm wide and with a rounding radius of 0.15 mm.

Fractographic images of the fracture surface obtained after tensile tests of the specimen pre-sat-
urated with hydrogen by cathodic polarization revealed a circular region of brittle fracture w up 
to 1 mm wide and an internal region of ductile fracture.
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We considered uniaxial tension of a cylindrical rod of the same geometry (Fig. 1), made of the 
same steel (the tensile load was 650 MPa). The computations were carried out in a two-dimen-
sional axisymmetric formulation. By virtue of symmetry, the geometry of the modeled specimen 
was a quarter of the longitudinal section of the bar (Fig. 2).

The following properties of the 2.25Cr1Mo steel were used in the computations: 

Physical properties of 2.25Cr1Mo steel 

Yield strength σB 895 MPa
Flow stress σT  761 MPa
Density ρ 7,750 kg/m3

Shear modulus μ 80 GPa
Poisson’s ratio ν 0.3
Bulk modulus of elasticity K 140 GPa
Fracture toughness KIc(0) 64.1 MPa∙m½

Let us also give the values of the remaining computational parameters. The diffusivity was 
assumed to be constant, amounting to D = 2·10‒11 m2/s; the partial molar volume of hydrogen 
VH = 2·10‒6 m3/mol [32]; the difference in Gibbs free energies for the state of hydrogen adsorbed 
inside the crystal lattice and its free state was ∆gH = 30 kJ/mol [32], the absolute temperature 
T = 298 K. The magnitude of the stresses included in Eq. (8), taking into account the recom-
mendations from [33], was assumed to be σz(0) = 30 σT.

a) b)

Fig. 1. Image of cylindrical steel specimen with radial notch (a) 
and its half cross-section at the notch root (b) (dimensions are given in mm)

Fig. 2. Computational finite-volume model for a quarter of longitudinal section 
of the bar (see Fig. 1,a); geometry, boundary and initial conditions are shown

the arrows indicate the direction of extension
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The initial distribution of hydrogen over the specimen was established as follows: uniform 
background concentration c0

~= 0.1∙10–6 throughout the region and the concentration c0 = 10∙10–6 
in the surface layer with a thickness of one structural element (t = 20 μm). The latter characterizes 
the experimentally observed hydrogen concentration in metal specimens, accumulating on the 
surface. (hydrogen saturation due to the skin effect), see enlarged fragment in Fig. 2.

By virtue of symmetry, displacement along the horizontal axis Ox is prohibited for the left face, 
and displacement along the vertical axis Oy for the bottom face. A tensile stress σ acting along the 
axis Ox was applied to the right edge of the region.

The initiation and propagation of the crack was modeled as follows. After the characteristics of 
the body’s stress-strain state are obtained, analysis of the diffusion problem on the redistribution of 
hydrogen over the specimen was performed at the second stage of the computational technique. The 
behavior of two inequalities was monitored in the analysis: σel < σZc(θ) for stresses and KI < KIc(θ) for 
SIFs at the nodes of the finite-volume mesh along the hypothetical line of crack propagation line 
(along the left face of the region). As soon as one of these inequalities was violated in the node due to 
an increase in hydrogen concentration or an increase in the level of elastic stresses, the restriction on 
displacements along the horizontal axis Ox was removed in this node, reproducing a broken bond with 
the node at the opposite edge of the crack. The node could then move freely under the applied load.

Results of finite-element modeling

Fig. 3 shows the dependence for the time range between the instants when the fracture crite-
rion is satisfied in two consecutive nodes of the finite volume model. This is a time range neces-
sary for hydrogen to redistribute under the influence of elastic stresses and subsequently accumu-
late in the given node, with the resulting decrease in cohesive stresses σ(θ) or the crack resistance 
parameter of the material KIc(θ).

It is evident from Fig. 3 that the criterion for bond breakage by the decohesion mechanism is 
instantly fulfilled in the first two nodes of the mesh. This is due to high content of hydrogen in 
the surface layer of the specimen, so the cohesive stresses bridging the nodes of the material are 
greatly reduced as a result, and fracture by the HEDE mechanism occurs at the first time step 
of the problem solution. The distributions of the components of elastic stresses acting along the 
horizontal axis and the hydrogen content in the vicinity of the crack tip at different times are 
shown in Figs. 4 and 5, respectively.

However, the time for diffusion increases with distance from the specimen surface, with the 
process reflected accordingly in the solution of the diffusion problem. A certain amount of time 
has to pass for hydrogen to be redistributed, diffused and accumulated in the current crack tip 
until the facture criterion is satisfied. For this reason, the dependence is shown by an increasing 
segment starting from the third node (see Figs. 4,b and 5,b), but the propagation of the crack still 
follows a HEDE fracture mechanism.

This scenario continues until the sixth node of the mesh. After that, elastic stresses (see 
Fig. 4,c) acting near the stress concentrator start to exert a considerable effect. Their values grad-
ually increase, so it is sufficient to decrease the cohesive stresses initiated by hydrogen to a smaller 
degree to trigger the decohesion mechanism (see Fig. 5,c). Consequently, an ever shorter time is 
required to solve the diffusion problem.

Notably, the value of the crack resistance parameter also decreases substantially at this stage 
of monitoring due to the presence of hydrogen in the material, but it still turns out to be higher 
than the value of the SIF acting near the crack tip.

As seen from Fig. 3, the decreasing trend in the critical hydrogen concentration at which 
decohesion occurs continues with distance from the specimen surface. At the same time, the 
magnitude of elastic stresses acting at the tip of the crack becomes so large at a distance of about 
0.97 mm (corresponding to the seventeenth node of the mesh) that the crack can propagate fur-
ther even at a background value of hydrogen content.

After that, the crack extends to a considerable size, so that the SIF reaches a high value near 
its tip, immediately exceeding the crack resistance of the material (also reduced by the presence 
of hydrogen in the bar) in the next node, with fracture propagating by only 1.0 mm (see Fig. 4,d 
and 5,d). Evidently, as the crack grows further, the level of the active stresses only increases. This 
explains the observed continuous propagation of the main crack after switching of the fracture 
mechanism, which happens after the force criterion for fracture is satisfied.
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Fig. 3. Time required for the crack to propagate over 1 mesh 
spacing as a function of distance from the specimen surface

decohesion mechanism and crack resistance are shown in blue and red, respectively

c) d)

a) b)

Fig. 4. Distributions of elastic stress components (MPa) acting in the horizontal direction 
at different time instants when decohesion is observed in the first (a), 
third (b), sixth (c) mesh nodes; switching of fracture mechanism (d) 
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Fig. 6 shows the distribution of hydrogen concentration over the sample radius at crucial 
moments characterizing the evolution of the process from the initial state to propagation of the 
crack to half the specimen thickness. Apparently, as the crack propagates, hydrogen gradually 
redistributes from the surface of the specimen and moves deep into the material under the action 
of the chemical potential of the applied stresses. Importantly however, the penetration depth does 
not exceed 1 mm, because further fracture of steel occurs at the initial background hydrogen 
content, due to high stresses near the crack tip.

Thus, simulating the process allowed detecting and tracking the mechanism relating the sat-
uration of specimens with hydrogen and the nature of fracture in the metal alloy under load 
(skin effect).

Results and discussion

Let us consider the finite-volume solution of the equations from the classical HEDE model 
for brittle fracture accounting for the skin effect of hydrogen saturation of the specimens. We 
adopt the approach of linear cracking theory and a classical model of hydrogen embrittlement. 
The computational results indicate that fracture follows the brittle decohesion mechanism at 
first, due to the high concentration of hydrogen in the surface layer. Hydrogen diffuses under 
the action of both the concentration gradient and the chemical potential along the crack propa-
gation line, but its concentration in the moving crack tip drops to background values due to the 
slow progress of the diffusion process. At the same time, the balance between the length of the 
crack induced by hydrogen and the load level is important, since the crack can grow further after 
reaching a certain critical length with the background concentration of hydrogenby the standard 
cracking mechanism.

c) d)

a) b)

Fig. 5. Distribution of hydrogen concentration (10–6) at the same instants as in Fig. 4
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The images showing the regions with the distribution of hydrogen over the rod cross-section 
(Fig. 7) present a clear illustration for the evolution of the given process. Brittle fracture associ-
ated with increased hydrogen concentration is observed along the crack edges; sites of hydrogen 
embrittlement are detected in this region. Normal fracture occurs in the central part of the spec-
imen, in accordance with the cracking theory.

The simulation results quantitatively and 
qualitatively agree with the experimental data 
presented in [8, 34]. The region of hydro-
gen-induced brittle fracture was 1 mm wide. 
We carried out computations varying the skin 
layer thickness, hydrogen concentration and 
the magnitude of the applied load. The results 
indicate that this thickness depends only on the 
level of load applied to the specimen (or the 
extension rate of the specimen): the larger it is, 
the smaller the hydrogen embrittlement region. 
This is qualitatively consistent with the experi-
mental data [35].

Thus, the classical models we used allow 
describing the critical influence of the skin effect 
region (a small parameter) with a small volume 
on the fracture of specimens, relating the exper-
imentally observed dual nature of the fracture in 
the specimens with the procedure used to satu-
rate them with hydrogen. Our findings can serve 
to explain the differences between the results for 

testing steel specimens and for operation of parts and assemblies manufactured from the same 
steels in aggressive environments.

Conclusion

We have carried out finite-volume simulation for fracture in a cylindrical dumbbell-shaped 
steel specimen with an elliptical cutout saturated with hydrogen. The mechanism of hydrogen-
enhanced decohesion (HEDE) was used as a model of hydrogen embrittlement. The skin 
effect from saturating the specimens with hydrogen, established experimentally, was taken 
into account.

Fig. 6. Distribution of hydrogen concentration over the specimen radius (from the surface 
to the central axis) at crucial moments in the process: initial state (1), decohesion in the 3rd (2) 

and 6th (3) mesh nodes, switching of fracture mechanism (4) and crack extending 
to half the specimen thickness (5)

Fig. 7. Schematic representation of hydrogen 
redistribution regions within the specimen: 

HSL is the hydrogen skin layer; BHC is the 
normal (background) hydrogen concentration.
The arrow indicates the direction of hydrogen 

diffusion during crack growth
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The computational results indicate that fracture begins at the surface of the specimen as brittle, 
initiated by hydrogen. A crack then appears, and, as it reaches a certain length, continues to 
propagate naturally with typical background values of hydrogen concentration. This change in the 
nature of fracture produces a dual picture: regions of both hydrogen embrittlement and standard 
fracture are observed in the specimen cross-section.

Moreover, the simulations revealed that the skin effect in the distribution of hydrogen con-
centration may be the main reason behind the dual behavior of fracture; on the other hand, the 
general consensus is that this duality can be attributed to the simultaneously evolving HELP and 
HEDE mechanisms at the tip of the main crack.

The skin effect from hydrogen charging has a major influence on fracture of metal specimens 
despite its small depth, so it should definitely be taken into consideration in industrial tests, exper-
imental studies, theoretical analysis, and simulation.
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