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capable of predicting the onset of hydrogen-induced macroscopic crack growth as a function of 
material, loading and environmental variables. The model is implemented using the commercial 
multi-physics simulation package COMSOL and solved as a coupled deformation–diffusion 
problem to define a fracture criterion as a function of residual and externally applied loads and 
hydrogen concentration. The local hydrogen-induced material damage is approximated by a 
parametric dependency of local fracture resistance on hydrogen concentration. As an example, 
we demonstrate the ductile-brittle transition of the failure pattern of a double-notch specimen 
under tension w/o and w/ hydrogen loading. 
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Introduction 

When exposed to hydrogen, many metallic materials experience a significant loss of 

ductility, toughness and fatigue crack growth resistance [1, 2, 3]. This phenomenon, 

known as hydrogen embrittlement (HE), is a major challenge for the development of 

advanced high strength steel applications (e.g. in the construction, transport and energy 

sectors) due to the ubiquity of hydrogen and the higher susceptibility of modern high-

strength alloys [4, 5]. 

The main reason for HE vulnerability is the complex microstructure of high strength 

steels. Structural features like dislocations, grain/phase boundaries and precipitates in 

combination with non-homogenous stress distributions and plastic deformation lead to 
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local hydrogen accumulation and promote material failure by means of mechanisms that 

are still being debated [6, 7, 8, 9] . 

Macroscopic prediction of hydrogen-induced failure and its kinetics is key for adapted 

design and safe usage of high strength steel components. In this paper, we present a 

coupled chemo-mechanical and fracture mechanics-based model that covers the 

complexity of hydrogen transport and damage and is capable of predicting macroscopic 

crack growth as a function of material, loading and environmental variables. The model 

is implemented using the commercial multi-physics simulation package COMSOL and 

solved as a coupled deformation–diffusion problem to define a fracture criterion as a 

function of residual and externally applied loads and hydrogen concentration. The local 

hydrogen-induced material damage is approximated by a parametric dependency of local 

fracture toughness on hydrogen concentration in the hydrostatic process zone near the 

crack tip (strain concentrator). In order to proof the capability of the simulation method, 

we demonstrate a ductile-brittle transition in the failure pattern of a double edge notched 

specimen under tension with and without hydrogen charging. 

Theoretical background: hydrogen uptake and transport 

Hydrogen ingress into steel can occur during manufacturing operations, such as casting, 

welding, machining or electroplating, and through exposure to hydrogenous 

environments such as water vapor, aqueous electrolytes or hydrogen-containing gas. 

Following ingress, atomic hydrogen resides at either interstitial lattice sites or 

microstructural trapping sites (e.g. dislocations, grain boundaries, voids, carbides and 

interfaces).  

The transport of hydrogen in steel is primarily enabled by diffusion of hydrogen on 

interstitial lattice sites. Applying the general Nernst–Planck equation, the hydrogen flux 

density j is driven by the gradient of the chemical potential  of atomic hydrogen on 

interstitial lattice sites [10] 

 𝒋 = −
𝐷 𝑐𝑙

𝑅 𝑇
𝛁𝜇      (1) 

with D as hydrogen diffusivity, cl as lattice hydrogen concentration (hydrogen on 

interstitial lattice sites), T as absolute temperature and R as universal gas constant. In the 

practical case of low hydrogen occupancy of interstitial sites cl / Nl << 1 (Nl … number 

of interstitial lattice sites per unit volume) the chemical potential  is given by [10] 

   μ = μ0 + R T ln (
𝑐𝑙

𝑁𝑙
) − σℎVH   with  σℎ =

1

3
 𝑡𝑟(𝜎𝑖𝑗). (2) 

H denotes the hydrostatic stress and VH the partial molar volume of hydrogen (see Tab.1). 

Combining equations (1) and (2) we obtain the hydrogen flux density j  

𝒋 = −𝐷 𝛁𝑐𝑙 +
𝐷 𝑐𝑙 𝑉𝐻

𝑅 𝑇
𝛁𝜎ℎ.      (3) 

According to (3) external or residual stresses affect hydrogen diffusion by generating 

hydrostatic stress gradients. Tensile hydrostatic stresses extend the volume of the 

interstitial lattice sites, whereas compressive stresses lead to the lattice sites volume 
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reduction. As a result, dissolved hydrogen atoms tend to move to areas of tensile 

hydrostatic stress (e.g. notches, crack tips) where damage takes place. 

As mentioned above, hydrogen does not only reside on interstitial lattice sites, but can 

also be trapped by microstructural features such as point defects, dislocations, 

precipitates, grain/phase boundaries, etc. Therefore, the total concentration of hydrogen 

is the sum of lattice hydrogen concentration cl and trapped hydrogen concentration ct,i [3] 

where i is the index of the trap type  

𝑐𝑡𝑜𝑡 = 𝑐𝑙 + ∑ 𝑐𝑡,𝑖𝑖  .    (4) 

With the presence of traps, the diffusion of hydrogen is modified by trapping and 

detrapping of hydrogen atoms [11]. Mass conservation dictates that the rate of change of 

total hydrogen concentration equals the net flux of diffusing hydrogen atoms 

 
𝜕𝑐𝑡𝑜𝑡

𝜕𝑡
= −𝜵 ∙ 𝒋 .     (5) 

Following Oriani [12], the rate of trapping and detrapping is sufficiently fast for local 

equilibrium to exist between hydrogen atoms at lattice sites and trap sites. For the 

practical case of low occupation of lattice sites l = cl/Nl << 1 we get functional 

relationships between occupation of traps t,i = ct,i/Nt,i  and occupation of lattice sites [11] 

𝜃𝑡,𝑖 =
𝜃𝑙

𝜃𝑙+𝐾𝑡,𝑖
      (i … index of trapping site). (6) 

Nt,i , Et,i  and 𝐾𝑡,𝑖 = exp (
−𝐸𝑡,𝑖

𝑅𝑇
) are the number of trapping sites per unit volume, the 

hydrogen binding energy and the equilibrium constant for type i trapping site respectively. 

With (4) and (6) the rate of change of total hydrogen concentration becomes 

𝜕𝑐𝑡𝑜𝑡

𝜕𝑡
= (1 +

𝜕 ∑ 𝑐𝑡,𝑖𝑖

𝜕𝑐𝑙
)

𝜕𝑐𝑙

𝜕𝑡
 .    (7) 

Introducing an effective diffusivity  

𝐷𝑒𝑓𝑓 = 𝐷 (1 +
𝜕 ∑ 𝑐𝑡,𝑖𝑖

𝜕𝑐𝑙
)

−1

    (8) 

we can use (3), (5) and (7) to obtain a coupled chemo-mechanical diffusion equation for 

hydrogen transport in steel with complex microstructure 

𝜕𝑐𝑙

𝜕𝑡
= 𝐷𝑒𝑓𝑓∇2𝑐𝑙 −

𝐷𝑒𝑓𝑓  𝑉𝐻

𝑅∙𝑇
𝛁 ∙ (𝑐𝑙𝛁𝜎ℎ) .   (9) 

D refers to the hydrogen diffusivity in the perfect lattice (no microstructural effects) and 

takes the form 

𝐷 = 𝐷0 𝑒𝑥𝑝 (−
𝑄

𝑅∙𝑇
) .        (10) 

Typical values of the preexponential factor D0 and lattice activation energy Q for pure 

iron (-Ferrite, -Austenite) are given in Tab.1. As an example, the effective hydrogen 

diffusivity Deff of a ferritic steel according to trapping theory is plotted in Fig. 1 alongside 

with the hydrogen diffusivity of the pure iron allotropes. The diffusivity of the ferritic 

steel is calculated using expressions (6), (8) and (10) assuming two trap types with the 

parameters Nt,i and Et,i (i = 1,2) and D0, Q for -Ferrite (see Tab. 1). 



62 

 

Fig. 1: Temperature dependent hydrogen diffusivity D of pure iron and Deff of ferritic steel 

according to (6), (8) and (10) with two trap types. Parameters are given in Tab. 1. 

Method for damage evolution 

Hydrogen embrittlement is characterized by a loss of ductility and fracture resistance with 

the increase of H-concentration. A number of micro-mechanical mechanisms have been 

identified (e.g., microvoid coalescence, quasi-cleavage fracture), but a detailed 

understanding is still subject of current research [13]. 

In this study we use a simplified phenomenological model in order to capture the 

damaging effect of hydrogen accumulated in the hydrostatic tensile stress zone ahead of 

stress concentrators (notches, cracks). Therefore, the local hydrogen-induced material 

damage is approximated by a parametric dependency of local fracture resistance (critical 

energy release rate Gc) on lattice hydrogen concentration [14] 

𝐺𝑐(𝑐𝑙) = (1 −  𝜒 𝑐𝑙)𝐺𝑐,0     (11) 

with χ as a hydrogen damage coefficient and Gc,0 as critical energy release rate of the 

undamaged material. Following [14] the reduction of Gc is primarily linked with the 

occupation of relevant hydrogen traps at the decohering interface. For ferritic steels we 

assume a trap binding energy of Et,gb = 25kJ/mol [15] at the decohering interface resulting 

in χ = 0.015 m3/mol at T = 293K.  

The evolution of fracture is modeled using a phase field approximation. This means 

the sharp crack geometry is regularized by the nonlocal phase field in the domain material, 

which makes the crack path independent of the mesh elements. The driving force for 

damage depends on the state of deformation in the solid, which governs the evolution of 

the phase field. In turn, the phase field determines the degradation of the solid properties 

in the damaged regions. The phase-field modeling of fracture is intrinsically a multi-field 

coupling approach, and, therefore, can be readily extended to damage simulation in multi-

physics problems. We use the AT1 phase field model [16] implemented in COMSOL and 

solve it in multi-field coupling with the deformation–diffusion problem to define a 
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fracture criterion as a function of residual and externally applied loads and hydrogen 

concentration. The only material input to the damage model is the critical energy release 

rate according to expression (11) and a regularization parameter lint that controls the width 

of the localized phase field. It is a common consensus that lint should be understood as the 

material’s characteristic length scale linked to the material strength [17]  

𝑙𝑖𝑛𝑡 =
3𝐸𝐺𝑐

8 𝜎𝑌
2    (AT1 model, plane stress).      (12) 

With this adjustment of the regularization parameter, the phase-field models are 

capable of quantitative prediction of crack nucleation in a wide range of geometries and 

load cases [17]. For the sake of simplicity, we have substituted the material strength in 

(12) by the yield stress Y.  

Results  

Transport simulation 

The coupled chemo-mechanical diffusion equation (9) is implemented in the multi-

physics simulation package COMSOL using the transport in solids interface and solved 

as a coupled deformation–diffusion problem to model both the concentration and stress 

driven hydrogen diffusion. We consider a single edge notched square plate of ferritic steel 

under static tensile load (Fig. 2). Material parameters are summarized in Tab. 1. 

a)        b) 

Fig. 2: Single edge notched ferritic steel plate for chemo-mechanical transport simulation a) 

geometry and boundary conditions, b) simulation mesh (min. element size =0.05mm) 

 

The ferritic steel plate is constrained on the bottom and right edges with a roller boundary 

condition. A prescribed displacement u is applied at t = 0s on the top boundary to 

produce a mechanical load and study its effect on hydrogen diffusion. Initially, the solid 

is assumed hydrogen free (cl = 0). The environment and surface reactions during 

hydrogen uptake are not modeled explicitly, instead we use the highly simplifying 
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assumption of constant hydrogen concentration at the charging surface, i.e. cl = c0 at the 

left boundary and in the notch (except notch tip). The other boundaries including front 

and backside are assumed to be impermeable for hydrogen. 

 Fig. 3a shows the spatial distribution of hydrostatic stress and the deformed geometry. 

The contour lines (h = 75, 100, 125, 200, 400MPa) highlight the zone of increased 

hydrostatic tensile stress in the vicinity of the notch. The line plot Fig. 3b clearly shows 

the steep increase of h when approaching the notch. At the notch tip (x = 10mm) the 

hydrostatic stress is limited by the yield stress: h,tip = 1/3 . Y = 200 MPa (Y  = 600MPa, 

von Mises). The higher peak value of h ahead of the notch is a result of the multiaxial 

stress state ahead of the notch. 

a)       b)  

Fig. 3: a) Color map and contour plot of hydrostatic stress h [MPa] in deformed geometry (50x), 

b) line plot of h in front of notch for u=0.02mm (0.1% strain) 

 

  

a)      b) 

Fig. 4: Color-map of cl [mol/m3], concentration-driven (white) and stress-driven hydrogen flux 

(black) at a) 24h and b) steady state in deformed configuration (50x) for c0 = 30mol/m3 

 

After mechanical loading hydrogen transport is simulated at T = 293K assuming an 

effective hydrogen diffusivity Deff = 10-10m2/s (ferritic steel) and a hydrogen 

concentration c0 = 30mol/m3 at the charging surface. Figs.4a and 4b show the distribution 



65 

 

of lattice hydrogen concentration, concentration-driven flux (white) and stress-driven 

hydrogen flux (black) after 24h and in steady state condition respectively. 

The stress-induced hydrogen flux (black) and steady state lattice hydrogen 

distribution in Fig. 4b indicate the enhanced hydrogen adsorption driven by the increased 

hydrostatic stress in the vicinity of the notch tip. The time-dependent development and 

steady state distribution of lattice hydrogen concentration in the vicinity of the notch can 

be assessed from the line plots Fig. 5.   

Fig. 5: Line plots of lattice hydrogen concentration cl in front of notch 

 

In steady state the local hydrogen concentration (Fig. 5) is linked to the local 

hydrostatic stress state (Fig. 3b), since thermodynamic equilibrium requires a constant 

chemical potential  throughout the part. Using expression (2) we can set equal the 

chemical potential of hydrogen at the free edges (c = c0, h = 0) with chemical potential 

of hydrogen at the notch tip (c = ctip , h = h,tip). As a result, we get the following relation 

𝑐𝑡𝑖𝑝

𝑐0
= exp (

𝜎ℎ,𝑡𝑖𝑝 𝑉𝐻

𝑅 𝑇
)       (13) 

also known as modified Sieverts law. With a local hydrostatic stress h,tip = 200MPa at 

the notch tip (see Fig. 3b) and c0 = 30mol/m3 expression (13) predicts a steady state lattice 

hydrogen concentration ctip = 35.4 mol/m3 at the notch tip. This is in good agreement with 

the line plot of steady state lattice hydrogen concentration (Fig. 5) at the notch tip  

(x = 10mm).  

 

Damage simulation 

In the following we demonstrate the capability of the model and simulation method to 

capture the effect of hydrogen embrittlement on the failure pattern. Therefore, we 

consider a tensile test of a double edge notched ferritic steel plate (Fig. 6).  
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   a)        b) 

Fig. 6: Double edge notched ferritic steel plate for damage simulation: a) geometry and boundary 

conditions, b) simulation mesh (min. element size 0.04mm)  

 

To properly resolve the phase field and to achieve a stable material behavior, a high 

mesh density is required in the vicinity of the propagating crack. The regularization length 

lint can be considered as being the upper limit of the appropriate mesh size. Using 

expression (12) with the material parameters given in Tab.1 the regularization length is 

lint  = 0.4mm. We use a finer mesh size ~1/10 lint to better resolve the phase field and yield 

a more stable material behavior.  

The damage simulation during tensile testing is performed for two samples: i) without 

hydrogen charging and ii) with hydrogen pre-charging of cl = 30mol/m3. The mechanical 

load (tension) is applied in a quasi-stationary manner maintaining steady state conditions 

in the latter case. Material parameters of the ferritic steel samples are summarized in 

Tab.1 

Fig. 7 shows the hydrostatic tensile stress distribution for a tensile load of u = 

0.02mm (0.05 % overall tensile strain). At this point local plastic deformation near the 

notch tip has started. For the pre-charged sample (case ii) we can estimate the local 

hydrogen concentration at the notch tip using (13): cl = 35mol/m3. According to 

parametric damage law (11) this will cause a 50% reduction of the ferritic steel fracture 

resistance Gc near the notch tip of the pre-charged sample ii.  
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Fig. 7: hydrostatic stress distribution at u = 0.02mm (0.05% overall tensile strain).  

 

Upon further loading u = 0.04mm (0.1% overall tensile strain) sample (i) develops 

significant plastic deformation between the notches (shear band) characteristic for a 

ductile failure (Fig. 8a). In contrast, further loading of sample (ii) initiates cracks from 

the notch tips. The cracks drive the zone of increased hydrostatic stress/hydrogen 

concentration in front of the crack tip and thus also the zone of hydrogen damage/reduced 

fracture resistance causing a brittle failure scenario (Fig. 8b). 

 

a)        b) 

Fig. 8: Hydrostatic stress distribution at u = 0.04mm: a) sample (i) w/o hydrogen charge (ductile 

failure), b) sample (ii) with hydrogen charge (onset of brittle failure) 
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Table 1. Model Parameters  

Parameter Value 

Universal gas constant (R) 

Partial molar H volume (VH) in ferrite 

Lattice site density (Nl) in ferrite 

-Ferrite: diffusion parameter (D0, Q) 

-Austenite: diffusion parameter (D0, Q) 

8.3141 J/(mol.K) 

2.0 10-6 m3/mol [18] 

106 mol/m3 

5.8 10-8 m2/s, 4.5 kJ/mol [19] 

9.9 10-7 m2/s, 52 kJ/mol [20] 

Temperature (T) 293.15 K 

Ferritic steel parameter  

Trap binding energy (Et,1, Et,2) 

Number of trap sites (Nt,1, Nt,2)   

Youngs modulus (E) 

 

10 kJ/mol, 25 kJ/mol 

2 104 mol/m3, 104 mol/m3 

200 GPa 

Poisson ratio () 0.29 

Yield stress (Y) 

Critical Energy Release Rate (Gc,0) 

600 MPa 

2000 J/m2 

Conclusions 

A physically motivated, macroscopic hydrogen transport and damage model has been 

presented and solved as a coupled deformation–diffusion problem using he multi-physics 

simulation package COMSOL. The simultaneous calculation of the stress field and the 

time-dependent local hydrogen concentration was realized. The local hydrogen-induced 

material damage is approximated by a parametric dependency of local fracture resistance 

(critical energy release rate) on hydrogen concentration. In order to illustrate the 

capability of the simulation method, we have demonstrated a ductile-brittle transition in 

the failure pattern of a double edge notched specimen under tension w/ and w/o hydrogen 

charging.  

The presented modelling and simulation approach for the fracture mechanics-based 

assessment of hydrogen-sensitive applications could enable a controlled use of high 

strength alloys, accelerate material certification, and govern inspection planning and 

fitness-for-service assessment. 
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