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Abstract: Hydrogen-assisted cracking is one of the most dominant failure modes in metal hydrogen-
facing materials. Therefore, the hydrogen-assisted cracking mechanism has been a hot topic for a
long time. To date, there is very little published research on numerical methods to describe hydrogen-
assisted cracking. This paper presents a new method for the description of hydrogen embrittlement
crack growth: an explicit phase-field formulation, which is based on the phase-field description of
cracks, Fick’s mass diffusion law, and the relationship between hydrogen content and fracture surface
energy. A novel computational framework is then developed using the self-developed FEM software
DYNA-WD. We numerically calculate several typical conditions in the 3-D coordinates to validate
the effectiveness of the proposed computational framework. Specifically, we discuss (i) the failure of
a square plate in a hydrogenous environment, (ii) the CT specimen failed with the inner hydrogen,
(iii) the plate/failed with the corrosives, and (iv) the failure of the disk test. Finally, the relationship
between Mises stress, the concentration of hydrogen, the thickness of the disc, and the loading rate
is investigated.

Keywords: hydrogen assisted cracking; phase-field formulation; FEM; failure; explicit computation

1. Introduction

Hydrogen atoms will be able to permeate into the inner part of the material under
the conditions of hydrogen, welding, surface heat treatment, and acid medium. Then,
hydrogen atoms will be induced by stress to diffuse and enrich at the crack tip or stress
concentration points. Under the action of high hydrogen concentration and high stress,
the cracks spread quickly, resulting in what is known as hydrogen embrittlement at the
low load [1-5]. Hydrogen embrittlement is a common problem in high-end manufacturing,
transportation, and new energy industries. Especially in the new energy field, it is a key
issue that needs to be urgently addressed during the storage, transport, and use process of
high-pressure hydrogen containers.

Depending on the cause of hydrogen embrittlement, hydrogen embrittlement failure
can be divided into three categories: (i) hydrogen reaction embrittlement (HRE), (ii) internal
reversible hydrogen embrittlement (IRHE), and (iii) hydrogen environmental embrittlement
(HEE) [4,6-8]. So far, there have been increasing studies to explain the mechanism of
the above three types of hydrogen embrittlement failure. Accordingly, several theories
have been formed [1,9-13], such as (i) hydrogen pressure (HP), (ii) hydrogen adsorption
reduced surface energy (HARSE), (iii) hydrogen-enhanced localized plasticity (HELP),
(iv) hydrogen-enhanced decohesion (HEDE), and (v) Adsorption-Induced Dislocation
Emission (AIDE). HP suffers from a lack of explanation for the diffusion and enrichment
of hydrogen caused by stress, whereas HARSE is not capable of describing the hydrogen-
induced fracture of the plastic metals.

In particular, the HELP and HEDE theories have been widely used in the explanation
of the cracking of metallic materials. The former is based on the coupling of H2 and
structural stress field, and the second is the effect of hydrogen concentration on the bonding
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of metallic atoms [14,15]. A few researchers have applied the HELP + HEDE theory to
simulate the failure of metallic materials. For instance, Wasim et al. [16] proposed the
HELP + HEDE model and analyzed the interaction of HELP with HEDE. Djukic et al. [17]
examined the influence of the combination of HELP and HEDE on fracture mechanics.

The phase-field method (PFM), based on fracture mechanics, is widely used in the
failure simulation of materials. On the one hand, it can overcome the grid dependence of the
diffuse crack method. On the other hand, it can effectively and conveniently describe crack
propagation with arbitrary paths and multi-crack propagation [18]. According to the theory
of early phase field, both tension and compression deformation can lead to the release of
fracture energy [1-3]. However, this leads to some errors in the calculation. Therefore,
it is limited to describing mode I failure mode with purely tensile loading. For mode
II and mixed-mode failure, the effects of the tensile and compressive stress components
must be considered separately. To expand the application of the phase-field method,
Miehe et al. [19,20] proposed a strain-energy tension-compression spectrum decomposition
method. The effectiveness of the improved phase-field model was then verified numerically.

Based on the phase-field description of fracture, Fick’s mass diffusion law, and the re-
lationship between hydrogen content and fracture surface energy, Martinez et al. proposed
a computational framework for hydrogen embrittlement fracture in the phase field [3].
Under the computational framework, Wu et al. [2,21] proposed a phase-field regular-
ized cohesion zone model (PF-CZM) to simulate the propagation of multiple cracks for
hydrogen-assisted fracture. Meanwhile, they studied the fracture mechanism of HEDE
theory. Furthermore, they investigated the calculation results of hydrogen-assisted fracture
under the phase-field model of brittle fracture and the PF-CZM model, and deeply studied
the influence of relevant parameters in the calculation results of hydrogen embrittlement
fracture [22]. In addition, based on Martinez’s calculation framework, Li et al. [1] simulated
the hydrogen-induced fracture behavior of 45CrNiMoVA high-strength alloy steel (CT)
samples and calculated the load-displacement curves with the tensile load of CT specimen
under different initial hydrogen concentrations. It is noteworthy that the above studies all
only involve mode I failure. Comparably, based on the spectral decomposition method of
tensile and compressive strains proposed by Miehe, Chen et al. [23] developed a phase-field
hydrogen embrittlement fracture calculation program using MATLAB, and calculated the
hydrogen embrittlement fracture processes of both mode I and mode II failure, though
there is a slightly larger calculation error due to a larger element size.

The above phase-field descriptions of hydrogen embrittlement fracture are mostly
calculated implicitly in ABAQUS by the user-defined subroutine UMAT [1,3]. Most of the
calculations are performed in 2-D coordinates. However, it is more appropriate to employ
an explicit algorithm for dynamic cracks. Thus, based on previous research, we propose
an explicit phase-field formulation coupled stress field, the hydrogen concentration field,
and the phase field. Subsequently, we develop a new computational framework in the
self-developed software DYNA-WD. The computational framework can simulate mode
I, mode II, and mixed failure of hydrogen-assisted cracking in 3-D space, which can be
considered an improvement to existing research.

The remainder of the paper is organized as follows. In Section 2, we derive the theories
and models, including the classical phase-field fracture model and governing equation,
hydrogen diffusion equation, spectral decomposition of strain energy, Cy shell element,
finite element implementation of the computational framework, central difference method,
and Rodriguez transform. Section 3 provides the numerical calculations and analysis of the
results. We analyze the calculation results of three typical Type I damage cases. In addition,
typical mixed-type failure, i.e., in the hydrogen embrittlement disk test, is numerically
studied. Finally, concluding remarks are given in Section 4.

2. Method

In this section, we mainly discuss the computational framework of explicit phase-field
formulation. As described above, the numerical scheme is involved in the field of phase-
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field method, Fick’s mass diffusion law, FEM, and Euler method of differential equations.
Focusing on these theories, we derived the calculation equations as follows.

2.1. Classical Phase-Field Fracture Model and Governing Equation

In the phase-field fracture model, on the finite element node, we first introduce a phase-
field variable ¢ to describe the damage of the material. In one-dimensional coordinates, the
phase-field variable ¢, which is related to coordinate x, reads [3]

_ lx=d

px) =e @

here, a is the tip coordinate of the crack, and [ is the length-scale parameter, which
represents the spread width of the crack. When [y tends to 0, ¢ represents a crack with
almost zero width. In Equation (1), ¢ € [0,1]. Moreover, ¢ = 0 and ¢ = 1 denote the intact
and completely fragmented states of the material, respectively. The relationship between
the distribution of ¢ and x, a, and [ is shown in Figure 1.
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Figure 1. Distribution of phase-field function.

Then, we compute the first and second derivatives ¢'(x), ¢”(x). The following relation-
ship can be obtained analytically:

¢ (x) >0 as x = +oo )

{4)(x)—>0 as x — oo
—¢" () + ;¢(x) =0

Following [24-27], it is necessary to satisfy the boundary conditions in Equation (2),
and the quadratic functional of the differential equation can be expressed as follows:

=3 [(4%(90)2 + 11%4;(;()2] ©
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In 3-D coordinates, ¢ is a function of x, y, and z. At this time, the crack density function
can be defined as [3,24,25]

1 I
O(p) = 597+ 5 V- V¢ )
0
The gradient V¢ can be written as
W 2 9\l
vo= (3% % %) ®)

During the transformation of a component from a continuum to a non-continuum, the
fracture energy generated can be approximately calculated as [3]

_ - 1o gy,
YC_/FGC(G)dSN/QGC(G)(zloq) + 29 V4>)dV ©)

where G.(0) is the energy release rate, I is the crack surface, and () is the geometry.

In the continuum damage mechanics model, parameters to characterize material
damage are introduced. Moreover, a kind of stress degradation function is introduced in
the phase-field method. We couple it with the material constitutive calculation to describe
the effect of cracks on components. Referring to [3], the stress degradation function can be
defined as

g(@)=(01-¢)+k )

where a small amount k is introduced to avoid calculation termination caused by unit
distortion. When calculating, k =1 x 10~7 [3]. When it does not take into account material
damage, we define the strain energy as ¥7;. After material degradation, the strain energy
can be calculated as

Fe = g(¢p) ¥ ®)

Using the coupling effect of the stress field and the phase field, the function of the total
potential energy can be expressed as

V=YY, = ./Q{GC(G)<2§0¢2+ ZZOV¢.V¢> + (1= ¢ +K] lIff}dv )

Considering the existence of the stress degradation function g('¥), the Cauchy stress
can be obtained [21] as
BUUR:L 4 10
which is calculated by taking the first derivative of the strain energy with respect to the
strain tensor.
Accordingly, the governing equation based on phase-field fracture reads,

V.o +pb=puinQ
o-n = t" on 002
Ge(6) [£9 —10Vp] —2(1—9) ¥2 =0
V¢n=20

(11)

2.2. Hydrogen Diffusion Equation

In HELP and HEDE theories, it is found that hydrogen will diffuse under the stress
field and phase field and reduce the aggregation energy between metal atoms. Thus, the
material undergoes brittle fracture without undergoing a plastic phase. Alvaro et al. [28]
performed extensive calculations based on first principles. Subsequently, they fitted the
linear relationship between the critical energy release rate of the material and the hydrogen
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attachment rate 6. The result has been adopted by many scholars [1-3,21]; thus, the critical
energy release rate G.(f) at the hydrogen concentration 6 can be defined as

Ge(0) = Gc(0)-(1 = x9) (12)

herein, G(0) is the energy release rate of non-hydrogen-facing or non-hydrogen-containing
materials, and yx is the hydrogen damage coefficient which indicates the degree of influence
of hydrogen on the brittle fracture of materials. The surface hydrogen concentration 6 can

be calculated as c

9 =
C +exp(—Ag)/RT)

(13)

where C is the volumetric hydrogen ion concentration, R is the universal gas constant, T is
the temperature, and Ag) is Gibbs free energy.

The diffusion of hydrogen in metal follows the law of conservation of mass, that is,
it satisfies

<y / J-ndS = 0 (14)
o dt a0y,

where d(); is the hydrogen concentration boundary. The above calculation must satisfy the
boundary conditions. J is obtained as

D
J=—-DVC+ ﬁCVHV(TH (15)

where D is the concentration diffusion coefficient, Vy is the partial molar volume of
hydrogen in the solid solution, and ¢y is the hydrostatic pressure.
Accordingly, the governing equation for hydrogen diffusion reads

dc J=
7 +VJ]=0 (16)
J-n=qonadQ)y
where g is the flux of hydrogen concentration. This equation satisfies the law of conservation
of mass and the boundary conditions. In particular, it is noted that the Formulas (12)—(16)
come from literature [3,23].

2.3. Spectral Decomposition of Strain Energy

After considering material damage, Equation (8) gives the calculation of strain energy.
It is clear from this equation that the stress degradation function has an influence on the
whole stress tensor. That is, in both tension and compression, energy is released when
failure occurs. Of course, it is not physically realistic. Therefore, when the strain energy
is not decomposed under tension, the analytical frame can only be used for the failure of
the tensile stress, that is, the mode I failure. To overcome this problem, Miehe et al. [20]
proposed a spectral decomposition method of strain energy. In 3-D coordinates, the tension
and compression strain can be decomposed into [23]

3
ex = ) (&))am; On 17)
i-1

Herein, ¢; is the main strain, <e> is Macaulay brackets. When damage is not considered,
the strain energy can be calculated as

A
¥(e) = (e +er+ea) +p(ed + e +3) (18)
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where A and y are lame constants. After spectral decomposition, from the tensile and
compressive strain energies generated by the tensile and compressive strains, we calculate,
respectively, as

(997 (0) = Ster +eatea)h +pe((en) + (e2)h + (ea)2) (19)

Calculated by Equation (19), the strain energy after material degradation can be
obtained as

() =) [ #] (e + [ 2] (o) 0)

considering the material damage caused by tensile strain, we decompose the stress into
tensile and compressive stress tensor. Tensile and compressive stress tensor can read as

oL = [/\<£1+€2+83>j: +2y(ei>i}ni®ni (21)

Mo

I
—

1

We note that Equations (18)—(21) are derived from [19].

2.4. Cy Shell Element
Referring to [29-31], the 3-node C shell element is shown in Figure 2.

Figure 2. 3-node Cy shell element.

The Eulerian coordinates at its arbitrary point in the current configuration can be

x(&,1,0) =x(& 1)+ X(&n,0) (22)

where x(¢,7) is the position coordinate associated with natural coordinates (&, 77) on the
reference surface, the expression for which can be seen in Equation (23). X(¢, 7, () is the
coordinate correction value along the thickness direction based on the position coordinate
vector [32].

X(é'ﬂ) = Na(g' U)xﬂ a= 1r2r3 (23)

where x, is the node coordinates and Nj is the shape function at node a.
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The shape function at each node can be obtained as

Ni(gn)=1-¢—n
No(&m) =28 (24)
N3(&m) =7
X(&,7,8) = Na(&,1)2a(0)2a (25)
24(0) = N4 (D)zf + N-(0)zz (26)
N @)= 1 N = 1Y @)

where &, is the vector along the thickness direction at node 4, and z, is the thickness
direction function. The forces and torques at the nodes can be calculated as

®6x1:A<B£/I)6X3[ﬁ§c J?yRy J%}T (28)

T R a1 T
(m)6><l = A<BZI\ZI> Thﬁx ﬁl?y mgy} + A(Bg) {f)lczz fsz} (29)
6x2
where B}, is the membrane strain and B! is the contribution of the bending strain to the
B matrix.
Note that Equations (22)-(29) are derived from LS-DYNA'’s source [29,30].

6><3[

2.5. Finite Element Implementation of Computational Framework

Referring to [33], the displacement field u, the phase-field parameter ¢, and the
hydrogen concentration C at its arbitrary point in the cell can be calculated as, respectively,
the following:

3
u(x,t) = Y Nyi(x)us(t) (30)
i=1
3
¢ (x 1) = ; Nopi ()¢5 (1) (31)
3
C(x,t) = ) Nei(x)Ci(t) (32)
i=1

In Equation (30), u is the generalized displacement. In the shell element, u =
[ux Uy Uz O, @y]T. Ny, Ny, and Nc are the finite element shape functions [33].
The driving equations for the displacement field u, the phase-field parameter ¢, and the

hydrogen concentration C can be obtained as, in the explicit finite element calculation

Mii = F* () — F™ (u, ¢) (33)
Cop = (Y(u,)), (34)
C=Y, (35)

where u = {u}, ¢ = {¢°}, and C = {C°}. Referring to [33], one can readily identify a
mass matrix,

e=1
e

M= (A%, [ p(No) NV (36)
a node external force,

= (A0 [ e NG bV 4+ ()Y [ p(Ng)TEaS @)

e e
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a node internal force,

P = (A | g(9)(BS) odv )
and Cy tensor,
N T
Cp = (A%, | n(Ng) av (39)

Accordingly, we obtain
Yy =(A)N / 8y _2(1-¢)H (M)T+ I (BE)TV- av (40)
= We=1 L |1y ) 8clo( By ¢

where (A)i,\]:e 1 represents the element-to-global assembly in FEM, N is the total number of
units, N, and pr both represent [N1, N2, N3], pr is the derivative of shape functions with
respect to global coordinates [33,34]. V - ¢ is the phase-field gradient, and V - ¢ = Bg, ¢.

2.6. Central Difference Method and Rodriguez Transformation

In the FEM explicit calculation, the plane displacement vector u, = [uy, uy, u;], phase-
field variable ¢, and hydrogen concentration C can be updated by the central difference
method [35-37]. The computational time axis is given in Figure 3. Here, t = 0 is the initial
moment, t;_1, is the intermediate moment between t,_1,, and t,, and At 1, is the
difference between t, and t,,_1. Thus, the updated formula can be obtained as

Upi1/2 = Up—1/2 + Dtyily (41)
U1 = Uy + Dty 2ty 12 (42)
Pui1 = Pn + Atyi1/2$,1 /9 (43)
Cup12=CH((Y(1,9)),) (44)
Cuy1 = Cn+ Abyi1/2Cuy1/2 (45)
- At, q
ln-172 t, Liv12 i1

| | | | -

- At 1 %4 Aty % Time ¢

Figure 3. Computational time axis.

We use the Rodriguez transformation [38,39] to calculate rotation vector [éx, 9y ] In
shell elements, the angular coordinates at nodes are explicitly stored by the fiber vectors.
Therefore, we use the Rodriguez transformation to update the fiber vector during calcula-
tion. The vector rotation schematic is given in Figure 4. At t, we assume that the angular
displacement vector of a certain node is e (t) = [e; (), e (t), e3 (t)], and the corresponding
angular velocity is w = [wy, wy, w3]. Accordingly, the vector e (t + At) = [e1 (t + At), ex (£ +
At), e3 (t + At)] at time ¢t + At can be calculated as

Ei(i’) = RIJ(AQ)El(t -+ At) (46)
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Figure 4. Vector rotation schematic.
The R;j(A0) is given by
1 (20;; + ASjx)AS;
Rij(A0) = 6+ 5 (29 5 i) ASix (47)
m
For ASi]', Dm, and (51']',
AS;; = el A6y (48)
Dy =1+ %(AQ% + 863 + 63 (49)
(=]
5i={y 7] 0
where
AQ,’ = wl-At (51)
ik [li=j=k
€ = { 0, else (52)

3. Numerical Experiment

From Equation (17), the most outstanding work is considering the contribution of
tension and compression strain energy to the stress field and phase field respectively. There-
fore, it can be assumed that the original calculation framework can be used in mode I, mode
II, and mixed failures. In this section, we analyze the calculation of hydrogen embrittle-
ment fracture for several typical thin-walled structures in the hydrogen environment and
internal hydrogen condition. Furthermore, we investigate the computational accuracy and
effectiveness of our computational framework.

3.1. Mode I Failure of Square Plate in a Hydrogenous Environment

As in [1-3,21], we study the crack propagation process of a square steel plate in a
hydrogenous environment and tensile loading, denoted as Case 1 for short. An elastic-
plastic material model is used for the steel, and single point integral Cy shell elements are
employed to discrete the square plate. Model geometry, loads, and boundary conditions
are given in Figure 5. Firstly, we set the initial hydrogen concentration to be uniformly
distributed and satisfy the following: C(t = 0) = Cy [3]. Secondly, in the numerical calculation
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process, we set the boundary to be a constant hydrogen concentration, C = Cp,. All outer
boundaries of the specimen are closely related to the environment, including the crack face.
Thirdly, the parameter values are shown in Table 1, following [3,19].

pretteeetttettttteeeee

N

0.5mm

Constraint

0.5mm

7

7
0.5mm 0.5mm

(a) Model (b) Mesh

Figure 5. Model diagram of Case 1.

Table 1. The parameter values in Case 1.

Parameter Settings Parameter Settings
Young’s modulus, E 210 GPa X 0.89
Poisson’s ratio, v 0.3 Vu 2000 mm?3 /mol
Density, p 7900 kg /m?3 D 2 x 1074 mm?/s
Gc(0) 2.7 Mpa mm Iy 0.002

In [3,23], the values of [j are 0.05 mm and 0.0075 mm, respectively. Their findings
have shown that cracks show weaker accumulation due to the larger characteristic length.
Correspondingly, the value is set to 0.002 mm in our study. To balance calculation accuracy
and calculation efficiency, we use refined mesh in the failure area and stress concentration
point, and coarse mesh in the rest. As shown in Figure 5b, the sizes of the refined and
coarse meshes are 0.0025 and 0.015, respectively.

We calculate the mechanical effects of square steel plates with different hydrogen-
facing environments, that is, the values of Cg are 0, 0.1 wt ppm, 0.5 wt ppm, and 1.0 wt ppm.
The calculated load-displacement curves are consistent with the results in reference [3].
Accordingly, the validity of the new computational framework has been validated. Figure 6
illustrates the load-displacement curves for different concentrations of hydrogen. It is
anticipated that the greater the hydrogen concentration, the more vulnerable the member
is to the hydrogen embrittlement, and the lower the critical failure load. It is worth noting
that a finer grid size was used in our study. Compared with the coarse mesh, the critical
failure load is slightly lower and the whole crack propagation lasts longer.

In this study, a displacement load in the tensile direction is applied on the upper
boundary of the steel plate. As a result, the entire process is a model I failure. The stress
is concentrated at the initial crack tip at the beginning. With the increase in the load, the
crack starts from the tip and spreads horizontally. Based on the initial concentration of
Co = 0.5 wt ppm, the crack propagation process, i.e., the phase-field variable cloud diagram,
is illustrated in Figure 7. The results obtained in this paper agree with those of [2,3,23].

The length scale parameter [y determines the crack spread width. The distribution
of the field variable ¢ after complete failure is shown in Figure 8, when [ takes values
of 0.05 mm, 0.0075 mm, and 0.002 mm, respectively. As evident from Figure 8a, when
the characteristic length is 0.05 mm, the calculated crack length is quite different from
the actual one, and it is difficult to obtain accurate simulation results. When Cy = 0.5 wt
ppm, the load-displacement curves corresponding to different [y are shown in Figure 9.
Obviously, when the length dimension is at the order of 103, the simulation results are
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in good agreement. However, the calculation results have a large deviation when the
length dimension is at the order of 102 (0.05 mm). Consequently, the length dimension is
unsuitable for actual engineering.

900 Ll Ll Ll Ll 1 1
800 4 |Emilio et al. (2018)
— Co =0
700 1 |— Co=0.1wt ppm
—~ 600 F 1 |— Cy=0.5wt ppm
a — Cp= 1.0wt ppm
o 500 F \ .
O :
3 400 F \ | |Novel computing
“ 1 | | framework
™300 - | .
\ | — - Cy=0.1wt ppm
2001 | || | ! 1 |—- Co=0.5wt ppm
100 | Ll L) =G Lowtppm
0 1 1 1 \I |l 1 1 l 1 ‘

0 1 2 3 4 5 6 7
v - displacement (mm) x107

Figure 6. Load-displacement curves with different hydrogen concentrations.

¢5 1.000e+00
9.000e-01 :I
8.000e-01 _
7.000e-01 _
6.000e-01
5.000e-01 :I
4.000e-01 _
3.000e-01 _
2.000e-01
1.000e-01 ]
0.000e+00 _|

(a) #=0.00365mm (b) #=0.00372mm (¢) #=0.00380mm

Figure 7. Crack growth process in Case 1 (Cy = 0.5 wt ppm).

1.000e+00
9.000e-01
8.000e-01 _
7.000e-01 _
6.000e-01
5.000e-01
4.000e-01 __
3.000e-01 _
2.000e-01
1.000e-01
0.000¢+00 _|

(a) Ip=0.05mm (b) Iy=0.0075mm (¢) Ip=10.002mm

Figure 8. The relationship between crack width and [ [3,23].
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500 1 1 1 1 1
400

loy=00020
— — [,=0.0075
— - - 1,=0.0500

300
200

y - force (N)

100

0 1 2 3 4 5 6
y - displacement (mm)

Figure 9. Load-displacement curves under different [y (Cyp = 0.5 wt ppm).

As is found in Equations (14) and (15), the diffusion rate of hydrogen is positively
correlated with the hydrostatic pressure oy. Another significant finding is that stress con-
centration tends to occur at the crack tip. Therefore, during the stretching process, hydrogen
ions diffuse to the crack tip [2,3]. As can be seen in Figure 10, hydrogen accumulates near
the crack tip with increasing external load and hydrostatic stress.

CICy
7.271e+01

6.554e+01 :I
5.836e+01 _|
5.119e+01 _
4.402e+01
3.684e+01 ]
2.967e+01
2.249e+01
1.532e+01 |
8.147e+00
9.736e-01 _|

(a) u=0.003620mm (b) u=0.003625mm (¢) u=0.003630mm

Figure 10. Cloud map of hydrogen concentration during crack growth (Cy = 0.5 wt ppm).

With the increase in hydrogen concentration, the critical energy release rate is de-
creased. Therefore, this facilitates the initiation and subsequent propagation of cracks.
Figure 6 illustrates the load-displacement curves at various concentrations of hydrogen. In
summary, our initial conclusions were confirmed.

3.2. Mode I Failure of CT Specimen with Internal Hydrogen

Residual hydrogen atoms are usually found in the local regions of the metal parts after
casting, welding, electro-chemical processing, or surface heat treatment. In the beginning,
the hydrogen atoms are caused by stress or stress concentration at the edge of the crack,
and then become rich. Furthermore, under the action of high hydrogen concentration
and high-stress interaction, the initiation and propagation of cracks occurred. At last,
hydrogen-assisted cracking takes place in the metallic elasticity phase. The phenomenon is
known as internal hydrogen-assisted cracking. In response to this phenomenon, Li et al. [40]
conducted an experimental study on the cracking threshold Ky of hydrogen embrittlement
of high-performance martensitic steel AerMet100. Subsequently, Martinez et al. carried out
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(a) u=0.22mm

simulation studies corresponding to the experiments. Referring to [3,40], we investigate
Krg, crack growth process, and load-displacement curves for AerMet100 CT specimens,
denoted as Case 2 for short. The geometry, loading, and finite element mesh of Case 2
are shown in Figure 11. Firstly, we employ the Cy shell to discrete specimens, and we
simulate the quasi-static loading with a 0.1 mm/min velocity load. Secondly, the number
of elements is 36,965 and the element size is 0.03 mm. Thirdly, Table 2 gives the material
parameter values.

W=38.1
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Figure 11. Model diagram of Case 2: (a) geometry model, (b) FE mesh.

Table 2. The parameter values in Case 2 [3].

Parameter Settings Parameter Settings
Young’s modulus, E 194.4 GPa X 0.89
Poisson’s ratio, v 0.3 Vu 2000 mm?/mol
Density, p 7900 kg/m?3 D 2 x 1074 mm?/s
G(0) 30 kJ/ m? Iy 0.15

Note that Kry is an important parameter in the description of fracture mechanics
failure. The results show that the crack will be unstable when the Kty reaches the critical
value. The dimension of Kypy is MPa/m9>.

Figure 12 gives the crack growth process of the CT specimen with the Cy = 1.0 wt ppm.
The calculated results are in good agreement with those in reference [3].
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(b) u=0.25mm (¢) u=0.28mm
Figure 12. Crack growth process of CT specimen.

Moreover, we compared the results of explicit phase-field formulation for the fracture
strength threshold K7y with experimental results in [40]. As can be seen from the results
shown in Figure 13, the two particular analysis results are as follows.
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Figure 13. Ky as a function of the hydrogen concentration C in AerMet100 [40].

1.  The simulation results are in good agreement with the experimental results;
In the range of 0~1 ppm, K7p decreases sharply with the increase in hydrogen content.
In this case, the internal hydrogen embrittlement is especially severe for this kind of
high strength steel, and at 1~8 ppm, it is not sensitive to the amount of hydrogen.

As is found in [41], Li et al. conducted a series of experimental studies on 30CrMo
steel, and the second conclusion is similar to their experimental results. Figure 14 is a
schematic drawing of a finite element with cracks in 2-D coordinates. In this case, the K1y
can be represented as follows:

Kry = 0y 27y (53)

Oy

- o
A
Yy
- e
O, ] | Ox
e o
Crack

D ——_—
- o

Oy

Figure 14. Schematic drawing of a finite element with cracks.

Equation (53) shows that there is a positive correlation between Kty and the stress oy,
which is vertical to fracture direction. Due to hydrogen, there is a great difference between
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0y and the breaking strength when failure. It is considered that hydrogen is one of the
reasons for the fracture of the CT, and at the concentration of hydrogen above 1 ppm, the
contribution of hydrogen to failure is essentially constant.

3.3. Mode I Failure for a Plate with Corrosion Pits

As is well known, metal failure is often caused by a combination of hydrogen and
other corrosion. For instance, in aqueous or acidic solutions, working components fail
rapidly under the combined action of corrosion and hydrogen [42]. A common occurrence
is field pipes often rupturing from corrosion pits under the action of hydrogen [3]. Another
interesting occurrence is that castings and weldments often suffer from hydrogen embrittle-
ment fractures from machining defects. Previous research has found that corrosion pits and
defect points have complexity in shape and uncertainty in location and number. Therefore,
it is particularly necessary for the established calculation frame to be capable of describing
the propagation of many cracks and the splitting and joining of the cracks. In this section,
we investigate the propagation of the crack under the action of the displacement load on a
sheet with three initial defects, which is referred to as Case 3. The geometry, loading, and
FEM meshes of the defect are shown in Figure 15.

22.5
D —»
-] Unit :mm I
i —
] —
g —
R2.5
u - — u
30.0
— b
— b
<
-— = —»
R2.0
35.0 . 25.0
(a) Model (b) Mesh

Figure 15. Model and mesh in Case 3.

In reference [3], the element size is set to 0.6 mm, and the characteristic length is
3.6 mm. In their simulation, the crack width is larger. Therefore, the characteristic length
herein has a value of 0.8 mm. Besides, referring to [3], the following physical parameters
are assumed: Young’s modulus E = 20 GPa, energy release rate Gc(0) = 30 k] / m?, Poisson
ratio v = 0.3, density p = 7900 kg/m>. At room temperature, the diffusion coefficient of
iron D=1 x 1078 mm?/s. The initial hydrogen concentration of the entire specimen is
Co =1 wt ppm, and the loading speed u = 0.0416 um/s. We mention that, even though the
elastoplastic constitutive model has been applied to describe the mechanical performance
of the sheet, it has no significance in setting the yield strength because of hydrogen em-
brittlement. The crack growth process is compared with that of literature [3], as shown
in Figure 16. As can be seen from Figure 16, the error of the calculation results of the two
methods is small. Significantly, it is close to the analytical result predicted by fracture
mechanics in the literature [43].

The hydrogen diffusion mechanism on the meta-microscale has long been the focus
of researchers [4]. On this case, it is concluded that the novel computational framework
coupling RVE can be used to mode the hydrogen diffusion in the welding process.
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Figure 16. Comparison of crack growth process for Case 3 [3].

3.4. Mode II Failure for Disk Test

The disk test is mostly used to evaluate the hydrogen embrittlement susceptibility of
metal materials. Compared with other tests, the disk test is more convenient to use, lower
in cost, and higher in efficiency, due to simple equipment and small gas consumption. Ac-
cordingly, the disk test method is the most suitable method for the performance evaluation
of hydrogen storage materials [44]. For standardization, the International Organization
for Standardization (ISO) and the American Society for Testing Materials (ASTM) have
formulated standards ISO 11114-4 and STM F1459-2006, respectively. Previous studies
have demonstrated that the mechanical properties of metal materials in disk tests are
related to strain rate [45], hydrogen concentration [46], and disk geometry. To verify the
effectiveness of the proposed computational framework for mode II failure, we established
the corresponding simulation model, denoted as Case 4 for short, referring to the tests in
the literature [44]. The schematic diagram of the test equipment for Case 4 is shown in
Figure 17.

According to the test, the geometric dimensions, constraint condition, and load of the
disk in the model are given in Figure 18a. Following the literature [44], the test results show
that the failure location is approximately within a circular area with a diameter of 20 mm.
To improve the calculation efficiency, we make the mesh denser in the area, with a diameter
of 30 mm. The mesh is given in Figure 18b. In the FE model, we set a total of 14,388 nodes
and 28,690 elements. The minimum element size is 0.15 mm, and the characteristic length is
0.3 mm. We apply a full contraction on the blue region shown in Figure 18a. Additionally,
the values of other physical parameters are as follows: Young’s modulus E = 210 GPa,
energy release rate Gc(0) = 30 k] /m?, Poisson’s ratio v = 0.3, density p = 7900 kg/m3.

We numerically calculated the fracture process of high chromium alloy MANETA
under the conditions of Cyp =0, 1.5, 1.9, 2.5, 3.0, and 3.5 ppm. Moreover, we extracted
the Mises stress at the crack tip when failure, denote by . The comparison between the
calculated results and test results is shown in Table 3.
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Figure 17. Schematic diagram of test equipment for Case 4.
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Figure 18. Model and mesh in Case 4.

Constraint

Table 3. Comparison between simulation and test for Case 4.

Co (ppm) Thick (mm) Exp. Press (MPa) Sim. Press (MPa) Error (%)
0.0 0.525 26.10 26.34 0.92
1.5 0.531 27.20 27.11 0.33
1.9 0.479 24.70 25.50 3.24
2.5 0.520 26.10 24.89 4.64
3.0 0.520 12.50 13.37 6.96
3.5 0.525 11.70 10.75 8.12

Remark: Because of the manufacturing error of the disc, the thickness of the disc was not identical.
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When Cj = 3.5 ppm and the thickness of 0.525 mm, the propagation process of the
hydrogen embrittlement crack is given in Figure 19. The hydrogen embrittlement cracks
occur in a circular area with a radius of about 18 mm, which is consistent with the test
results of 20 mm. It is important to note that the final failure pattern of the disc, as illustrated
in Figure 20, is identical to that in the paper [44].
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Figure 20. The final crack of the disk.

As shown in Table 3, the maximum error is 8.12% between numerical calculation and
test results. So, the numerical computation frame can be applied to simulate the formation
of hydrogen embrittlement cracks in 3-D for mode II failure.

When the diffusion speed reaches the speed of dislocation movement, hydrogen
atoms segregate near the dislocation to hinder the movement of dislocation. Consequently,
plastic loss of material is caused. It is reasonable to say that the strain rate is one of the
most important control parameters in the disc test. Moreover, the thickness is one of the
most important factors to influence the strength of thin-wall structures. Accordingly, we
investigate the variation curve of o, when Cy = 3.5 ppm, under different disk thicknesses h
and different loading rates. The results are given in Figures 21 and 22 respectively.
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According to the 4th strength theory of material, the Mises press at one point ¢ can be
written as follows:

24 (0, — 0x)* + 6(T§y + T, + TZZX) (54)

_ 1 2
0=—7=4/(ox—0y)" + (0y — O
S\ =)+ (-
without hydrogen, when it meets Equation (55), this point is in yield phase.
Tg>0 S (55)

When failure occurs due to hydrogen, 7 is less than ¢, also known as the so-called
hydrogen embrittlement. Smaller ¢ results in less hydrogen embrittlement resistance. In
other words, the less T there is, the more sensitive hydrogen embrittlement is. Figure 21
shows that resistance to hydrogen embrittlement is improved with the increase in the
thickness h. In Figure 21, as the disk thickness & increases, 7 also increases. It can be seen
that increasing the thickness is still an effective means to improve the structural strength.

As outlined in Figure 22, when the loading rate is 10 MPa/min, the susceptibility to
hydrogen embrittlement of the material is the highest. There is a more plausible explanation
for this result. When the loading speed is low, such as 0.1 MPa/min, the loading process
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takes a long time. Consequently, the hydrogen atoms can fully diffuse to the crack tip so that
the accumulated hydrogen atoms accelerate the plastic loss of the material. Comparatively,
when the loading speed is large, such as 100 MPa/min, the large loading speed causes
the whole loading process to not belong to quasi-static loading, so that the dynamic effect
accelerates the crack growth.

4. Conclusions

In this work, we propose an explicit phase-field formulation for hydrogen-assisted
cracking. Using the proposed explicit phase-field formulation in the 3-D coordinates, we
more accurately describe the propagation of hydrogen embrittlement crack, unlike the 2-D
models in previous literature [1-3,21,23,27]. Moreover, mode II failure and mixed failure
caused by bending stress can also be described by the calculation framework proposed.
Additionally, to validate the effectiveness of the proposed computational framework, we
numerically calculate several typical conditions, such as (i) failure of the square plate
in a hydrogenous environment, (ii) failure of the CT specimen with Internal hydrogen,
(iii) failure of a plate with corrosion pits, and (iv) failure of disk test. The results show that
the calculated results agree well with the experimental results both for mode I and mode
II failure. Finally, for the computational case of the disk test, we show that increasing the
thickness remains a valid method for enhancing the intensity of structure in a hydrogen
environment. Under the influence of the dynamic impact load and hydrogen diffusion rate,
the Mises stress is minimal, at 10 MPa/min. However, due to the limitation of computation
efficiency, we have not used large-scale engineering computation. Therefore, our future
work is the development of the RVE element.

Author Contributions: Methodology, D.W.; Formal analysis, D.W.; Investigation, D.W.; Data cura-
tion, D.W.; Writing—original draft, EM.; Writing—review & editing, H.C.; Project administration,
D.W.; Funding acquisition, D.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the Natural Science Foundation of Xinjiang Uygur Autonomous
Region (No. 2021D01C115).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, Y,; Zhang, K. Analysis of Hydrogen-Assisted Brittle Fracture Using Phase-Field Damage Modelling Considering Hydrogen
Enhanced Decohesion Mechanism. Metals 2022, 12, 1032. [CrossRef]

2. Wu, ].Y;; Mandal, TK.; Nguyen, V.P. A phase-field regularized cohesive zone model for hydrogen assisted cracking. Comput.
Methods Appl. Mech. Eng. 2020, 358, 112614. [CrossRef]

3. Martinez-Pafieda, E.; Golahmar, A.; Niordson, C.F. A phase field formulation for hydrogen assisted cracking. Comput. Methods
Appl. Mech. Eng. 2018, 342, 742-761. [CrossRef]

4. Moshtaghi, M.; Loder, B.; Safyari, M.; Willidal, T.; Hojo, T.; Mori, G. Hydrogen trapping and desorption affected by ferrite grain
boundary types in shielded metal and flux-cored arc weldments with Ni addition. Int. J. Hydrogen Energy 2022, 47, 20676-20683.
[CrossRef]

5. Shimotomai, M. Heuristic Design of advanced martensitic steels that are highly resistant to hydrogen embrittlement by e-carbide.
Metals 2021, 11, 370. [CrossRef]

6. Kim, S.G,; Shin, S.H.; Hwang, B. Machine learning approach for prediction of hydrogen environment embrittlement in austenitic
steels. J. Mater. Res. Technol. 2022, 19, 2794-2798. [CrossRef]

7. Komoda, R.; Kubota, M.; Staykov, A.; Ginet, P.; Barbier, F.; Furtado, J.; Prost, L.; Nagao, A. Effect of gas pressure on hydrogen
environment embrittlement of carbon steel A106 in carbon monoxide mixed hydrogen gas. Metall. Mater. Trans. A 2022, 53, 74-85.
[CrossRef]

8. Michler, T.; Wackermann, K.; Schweizer, F. Review and assessment of the effect of hydrogen gas pressure on the embrittlement of

steels in gaseous hydrogen environment. Metals 2021, 11, 637. [CrossRef]


http://doi.org/10.3390/met12061032
http://doi.org/10.1016/j.cma.2019.112614
http://doi.org/10.1016/j.cma.2018.07.021
http://doi.org/10.1016/j.ijhydene.2022.04.260
http://doi.org/10.3390/met11020370
http://doi.org/10.1016/j.jmrt.2022.06.046
http://doi.org/10.1007/s11661-021-06491-3
http://doi.org/10.3390/met11040637

Materials 2023, 16, 1708 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.
36.

Barrera, O.; Bombac, D.; Chen, Y.; Daff, T.D.; Galindo-Nava, E.; Gong, P.; Haley, D.; Horton, R.; Katzarov, I.; Kermode, J.R.; et al.
Understanding and mitigating hydrogen embrittlement of steels: A review of experimental, modelling and design progress from
atomistic to continuum. J. Mater. Sci. 2018, 53, 6251-6290. [CrossRef]

Martin, M.L.; Dadfarnia, M.; Nagao, A.; Wang, S.; Sofronis, P. Enumeration of the hydrogen-enhanced localized plasticity
mechanism for hydrogen embrittlement in structural materials. Acta Mater. 2019, 165, 734-750. [CrossRef]

Kholtobina, A.S.; Ecker, W.; Pippan, R.; Razumovskiy, V.I. Effect of alloying elements on hydrogen enhanced decohesion in bec
iron. Comput. Mater. Sci. 2021, 188, 110215. [CrossRef]

He, S.; Ecker, W.; Pippan, R.; Razumovskiy, V.I. Hydrogen-enhanced decohesion mechanism of the special 5 (0 1 2)[1 0 0] grain
boundary in Ni with Mo and C solutes. Comput. Mater. Sci. 2019, 167, 100-110. [CrossRef]

Shi, Y.; Joseph, S.; Saunders, E.A.; Sandala, R.S.; Walker, A.; Lindley, T.C.; Dye, D. AgCl-induced hot salt stress corrosion cracking
in a titanium alloy. Corros. Sci. 2021, 187, 109497. [CrossRef]

Yuan, S.; Zhu, Y.; Huang, M,; Liang, S.; Li, Z. Dislocation-density based crystal plasticity model with hydrogen-enhanced localized
plasticity in polycrystalline face-centered cubic metals. Mech. Mater. 2020, 148, 103472. [CrossRef]

Wilson, B.T; Robson, J.D.; Shanthraj, P; Race, C.P. Simulating intergranular hydrogen enhanced decohesion in aluminium using
density functional theory. Model. Simul. Mater. Sci. Eng. 2022, 30, 035009. [CrossRef]

Wasim, M.; Djukic, M.B.; Ngo, T.D. Influence of hydrogen-enhanced plasticity and decohesion mechanisms of hydrogen
embrittlement on the fracture resistance of steel. Eng. Fail. Anal. 2021, 123, 105312. [CrossRef]

Djukic, M.; Bakic, G.; éijaéki-Zeravéié, V.; Rajicic, B.; Sedmak, A.; Wasim, M.; Perisi¢, J. The synergistic action of HELP and
HEDE mechanisms of hydrogen embrittlement in steels. In Proceedings of the Research Symposium on Hydrogen-Materials
Interactions, Kyushu, Japan, 28-29 January 2021; Kyushu University: Fukuoka, Japan, 2021.

Yang, L.; Yang, Y.; Zheng, H. A phase field numerical manifold method for crack propagation in quasi-brittle materials. Eng.
Fract. Mech. 2021, 241, 107427. [CrossRef]

Miehe, C.; Welschinger, F.; Hofacker, M. Thermodynamically consistent phase-field models of fracture: Variational principles and
multi-field FE implementations. Int. |. Numer. Methods Eng. 2010, 83, 1273-1311. [CrossRef]

Miehe, C.; Hofacker, M.; Schanzel, L.M.; Aldakheel, F. Phase field modeling of fracture in multi-physics problems. Part IL
Coupled brittle-to-ductile failure criteria and crack propagation in thermo-elastic—plastic solids. Comput. Methods Appl. Mech.
Eng. 2015, 294, 486-522. [CrossRef]

Jianying, W. On the theoretical and numerical aspects of the unified phase-field theory for damage and failure in solids and
structures. Chin. |. Theor. Appl. Mech. 2021, 53, 301-329.

Mandal, T.K.; Nguyen, V.P.; Wu, J.Y. Comparative study of phase-field damage models for hydrogen assisted cracking. Theor.
Appl. Fract. Mech. 2021, 111, 102840. [CrossRef]

Chen, P; Ma, Y,; Peng, F.; Zhou, L. Simulating hydrogen embrittlement fracture based on phase field method. Xibei Gongye Daxue
Xuebao/]. Northwestern Polytech. Univ. 2022, 40, 504-511. [CrossRef]

Bui, T.Q.; Hu, X. A review of phase-field models, fundamentals and their applications to composite laminates. Eng. Fract. Mech.
2021, 248, 107705. [CrossRef]

Diehl, P; Lipton, R.; Wick, T.; Tyagi, M. A comparative review of peridynamics and phase-field models for engineering fracture
mechanics. Comput. Mech. 2022, 69, 1259-1293. [CrossRef]

Carlsson, J.; Isaksson, P. A statistical geometry approach to length scales in phase field modelling of fracture and strength of
porous microstructures. Int. J. Solids Struct. 2020, 200, 83-93. [CrossRef]

Wu, J.Y.; Chen, W.X. On the phase-field modeling of fully coupled chemo- mechanical deterioration and fracture in calcium
leached cementitious solids. Int. J. Solids Struct. 2022, 238, 111380. [CrossRef]

Alvaro, A.; Jensen, I.T.; Kheradmand, N.; Levvik, O.M.; Olden, V. Hydrogen embrittlement in nickel, visited by first principles
modeling, cohesive zone simulation and nanomechanical testing. Int. |. Hydrogen Energy 2015, 40, 16892-16900. [CrossRef]
Livermore Software Technology. LS-DYNA®Keyword User’s Manual Volume II Material Models; LS-DYNA R13; Livermore Software
Technology: Livermore, CA, USA, 2021.

Hallquist, J.O. Ls-Dyna Theory Manual; Livermore Software Technology: Livermore, CA, USA, 2019.

Abdollahzadeh, M.A.; Kefal, A.; Yildiz, M. A comparative and review study on shape and stress sensing of flat/curved shell
geometries using Cy-continuous family of iFEM elements. Sensors 2020, 20, 3808. [CrossRef]

Wang, D.; Xu, W.; Chen, S.; Zang, M. An extrinsic cohesive shell model for dynamic fracture analyses. Theor. Appl. Fract. Mech.
2018, 97, 165-176. [CrossRef]

Wang, T,; Ye, X.; Liu, Z.; Chu, D.; Zhuang, Z. Modeling the dynamic and quasi-static compression-shear failure of brittle materials
by explicit phase field method. Comput. Mech. 2019, 64, 1537-1556. [CrossRef]

Ren, H.L.; Zhuang, X.Y.; Anitescu, C.; Rabczuk, T. An explicit phase field method for brittle dynamic fracture. Comput. Struct.
2019, 217, 45-56. [CrossRef]

Soares, D., Jr. A locally stabilized central difference method. Finite Elem. Anal. Des. 2019, 155, 1-10. [CrossRef]

Garoz, D.; Gilabert, FA.; Sevenois RD, B.; Spronk, S.W.E,; Van Paepegem, W. Consistent application of periodic boundary
conditions in implicit and explicit finite element simulations of damage in composites. Compos. Part B Eng. 2019, 168, 254-266.
[CrossRef]


http://doi.org/10.1007/s10853-017-1978-5
http://doi.org/10.1016/j.actamat.2018.12.014
http://doi.org/10.1016/j.commatsci.2020.110215
http://doi.org/10.1016/j.commatsci.2019.05.029
http://doi.org/10.1016/j.corsci.2021.109497
http://doi.org/10.1016/j.mechmat.2020.103472
http://doi.org/10.1088/1361-651X/ac4a23
http://doi.org/10.1016/j.engfailanal.2021.105312
http://doi.org/10.1016/j.engfracmech.2020.107427
http://doi.org/10.1002/nme.2861
http://doi.org/10.1016/j.cma.2014.11.017
http://doi.org/10.1016/j.tafmec.2020.102840
http://doi.org/10.1051/jnwpu/20224030504
http://doi.org/10.1016/j.engfracmech.2021.107705
http://doi.org/10.1007/s00466-022-02147-0
http://doi.org/10.1016/j.ijsolstr.2020.05.003
http://doi.org/10.1016/j.ijsolstr.2021.111380
http://doi.org/10.1016/j.ijhydene.2015.06.069
http://doi.org/10.3390/s20143808
http://doi.org/10.1016/j.tafmec.2018.08.010
http://doi.org/10.1007/s00466-019-01733-z
http://doi.org/10.1016/j.compstruc.2019.03.005
http://doi.org/10.1016/j.finel.2018.12.001
http://doi.org/10.1016/j.compositesb.2018.12.023

Materials 2023, 16, 1708 22 of 22

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Zheng, M.; Yuan, Z.; Tong, Q.; Zhang, G.; Zhu, W. A novel unconditionally stable explicit integration method for finite element
method. Vis. Comput. 2018, 34, 721-733. [CrossRef]

Maritz, M.E. Rotations in Three Dimensions. SIAM Rev. 2021, 63, 395-404. [CrossRef]

Hectors, K.; De Waele, W. An X-FEM based framework for 3D fatigue crack growth using a B-spline crack geometry description.
Eng. Fract. Mech. 2022, 261, 108238. [CrossRef]

Thomas RL, S; Scully, ].R.; Gangloff, R.P. Internal hydrogen embrittlement of ultrahigh-strength AERMET 100 steel. Metall. Mater.
Trans. A 2003, 34, 327-344. [CrossRef]

Li, Y;; Zhang, K; Lu, D.; Zeng, B. Hydrogen-Assisted Brittle Fracture Behavior of Low Alloy 30CrMo Steel Based on the
Combination of Experimental and Numerical Analyses. Materials 2021, 14, 3711. [CrossRef]

Sun, Y.; Cheng, Y.F. Hydrogen-induced degradation of high-strength steel pipeline welds: A critical review. Eng. Fail. Anal. 2022,
133, 105985. [CrossRef]

Klinsmann, M.; Rosato, D.; Kamlah, M.; McMeeking, R.M. An assessment of the phase field formulation for crack growth. Comput.
Methods Appl. Mech. Eng. 2015, 294, 313-330. [CrossRef]

Beghini, M.; Benamati, G.; Bertini, L. Hydrogen embrittlement characterization by disk pressure tests: Test analysis and application
to high chromium martensitic steels. J. Eng. Mater. Technol. 1996, 118, 179-185. [CrossRef]

Safyari, M.; Moshtaghi, M.; Kuramoto, S. Effect of strain rate on environmental hydrogen embrittlement susceptibility of a
severely cold-rolled Al-Cu alloy. Vacuum 2020, 172, 109057. [CrossRef]

Kuperman, A.M.; Sergeev, A.Y.; Turusov, R.A.; Solodilov, V.I. Influence of a Sealing Layer on the Physical and Mechanical
Properties of the Shell of a High-Pressure Vessel for Hydrogen Storage. Russ. J. Phys. Chem. B 2022, 16, 1172-1179. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s00371-017-1410-9
http://doi.org/10.1137/19M128867X
http://doi.org/10.1016/j.engfracmech.2022.108238
http://doi.org/10.1007/s11661-003-0334-3
http://doi.org/10.3390/ma14133711
http://doi.org/10.1016/j.engfailanal.2021.105985
http://doi.org/10.1016/j.cma.2015.06.009
http://doi.org/10.1115/1.2804884
http://doi.org/10.1016/j.vacuum.2019.109057
http://doi.org/10.1134/S1990793122060070

	Introduction 
	Method 
	Classical Phase-Field Fracture Model and Governing Equation 
	Hydrogen Diffusion Equation 
	Spectral Decomposition of Strain Energy 
	C0 Shell Element 
	Finite Element Implementation of Computational Framework 
	Central Difference Method and Rodriguez Transformation 

	Numerical Experiment 
	Mode I Failure of Square Plate in a Hydrogenous Environment 
	Mode I Failure of CT Specimen with Internal Hydrogen 
	Mode I Failure for a Plate with Corrosion Pits 
	Mode II Failure for Disk Test 

	Conclusions 
	References

