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ABSTRACT

Hydrogen embrittlement significantly accelerates fatigue crack growth in pipeline steels, threatening the safe
operation of hydrogen transmission pipelines. A coupled phase-field model integrating hydrogen diffusion, fatigue
degradation, and brittle fracture is used to investigate hydrogen-assisted fatigue crack propagation in X52 pipeline
steel under internal pressure fluctuations. The process comprises three stages—energy accumulation, accelerated
growth, and rapid fracture—accounting for approximately 20%, 72%—74%, and 3%—6% of the simulated fatigue
life under the adopted stage definitions. The relative hydrogen concentration in the crack-tip region peaks at crack
initiation (point N2) and then decreases. In the present model, the maximum hydrogen concentration occurs
approximately 0.1-0.2 mm ahead of the crack tip, and this distance increases with crack growth and hydrogen
pressure. The relative critical energy release rate decreases with crack extension; within the linear-elastic pressure
range considered, degradation peaks in Stage II. Within the linear-elastic pressure range, the model indicates that
higher hydrogen pressure promotes earlier degradation, whereas fatigue effects dominate during the prolonged
propagation stage. These model-based findings illustrate trends under the stated assumptions and are not validated
quantitative criteria for predicting the fatigue life of hydrogen pipelines.

Keywords: Hydrogen pipeline; Phase-field method; Fatigue crack propagation; Hydrogen concentration;
Critical energy release rate; X52 pipeline steel

1. Introduction

Hydrogen energy is widely regarded as a key driver of global decarbonization strategies because of its abundant
reserves, cleanliness, and versatile applications [1]. However, the widespread adoption of hydrogen energy faces a
critical challenge: hydrogen embrittlement [2]. The ingress of hydrogen into metallic materials significantly alters
their fracture resistance, ductility, and fatigue crack growth rate [3], [4], [5], with changes reaching several orders
of magnitude. This phenomenon is of particular concern for hydrogen transmission pipelines, because pipeline
materials experience alternating mechanical loads in service, creating conditions for synergistic hydrogen
embrittlement and fatigue damage [6], [7].

Extensive experimental studies have confirmed that hydrogen significantly accelerates the fatigue crack growth in
pipeline steels [8], [9].Research has shown that the fatigue crack growth rate of X52 pipeline steel in high-pressure
hydrogen environments is substantially higher than that in air, typically by one to two orders of magnitude. The
main influencing factors include hydrogen pressure, stress ratio (R), loading frequency, and temperature[10], [11],
[12].However, experimental methods are inherently limited in resolving the complex multi-physics interactions at
the crack tip, especially the coupled evolution of the stress field, hydrogen concentration, and material degradation.
Traditional linear elastic fracture mechanics and cohesive zone models can provide valuable insight into
hydrogen-assisted fracture, but they struggle to capture the complex behaviour in hydrogen environments[13].
These methods typically rely on predefined crack paths and cannot naturally simulate crack initiation, branching,
or the dynamic coupling between hydrogen diffusion and fracture [14], [15].In recent years, the phase-field
method has emerged as a powerful computational tool for fracture modelling, offering significant advantages over

discrete fracture approaches [16].Unlike approaches that explicitly track crack surfaces, the phase-field method



represents cracks as a continuous scalar field, enabling the natural simulation of complex fracture processes,
including crack nucleation, propagation, coalescence, and branching[17]. Its variational framework is rooted in
Griffith's fracture theory [18], providing a thermodynamically consistent description of crack evolution.

Cui et al.[19] developed a comprehensive phase-field model for hydrogen-assisted fatigue that integrates fracture
and fatigue descriptions with stress-assisted hydrogen diffusion and toughness degradation. Their predictions
show good agreement with experimental data across various load ratios, hydrogen pressures, and loading
frequencies, without requiring calibration specifically for hydrogen-assisted fatigue data. Golahmar et al. [20]
proposed the first phase-field theoretical framework for hydrogen-assisted fatigue, systematically elucidating the
competition between loading frequency and hydrogen diffusion on crack growth rates. Their formulation
successfully reproduced Paris-law behaviour and virtual S-N curves. Liu et al. [21] further established a unified
variational phase-field framework that couples mechanical deformation, hydrogen diffusion, and cyclic fatigue
damage, systematically revealing the synergistic effects of hydrogen concentration and loading frequency on
fatigue crack propagation life. Kristensen et al. [22] provided a comprehensive review of phase-field applications
in modelling hydrogen-assisted failures, highlighting the capability of the method to capture complex cracking
phenomena such as nucleation from multiple sites and coalescence of numerous defects. Although these models
have successfully captured key features of hydrogen-assisted fatigue in general settings, their application to
pipeline-specific geometries and loading conditions remains limited.

Despite these advances, several aspects relevant to engineering applications involving pipeline steels under
internal pressure fluctuations remain insufficiently investigated. First, the interaction between the crack-tip stress
field and hydrogen diffusion under cyclic loading has not been systematically characterised, particularly the
migration of the maximum stress point relative to the advancing crack tip. Second, although existing models have
predicted fatigue crack growth rates, the three-stage evolution of the propagation process—from energy
accumulation to accelerated growth and rapid fracture—and its dependence on hydrogen pressure and stress ratio
remain unclear. Third, the degradation of the critical energy release rate at different propagation stages and the
relative contributions of hydrogen embrittlement and pure fatigue damage to material degradation have yet to be
quantified.

This study aims to fill these gaps by using a coupled phase-field-diffusion-fatigue framework to investigate
hydrogen-assisted fatigue crack propagation in X52 pipeline steel under internal pressure loading. The specific
objectives are (1) to characterise the three-stage evolution of fatigue crack propagation and quantify the duration
of each stage under various hydrogen pressures and stress ratios; (2) to characterise the migration behaviour of the
maximum stress point relative to the crack tip and its dependence on hydrogen pressure and crack extension in the
model; (3) to quantify the degradation behaviour of the critical energy release rate under coupled hydrogen-fatigue
effects; and (4) to illustrate the possible contributions of hydrogen and fatigue to material degradation at different
stages of crack propagation. The findings provide model-based trends within the linear-elastic pressure range and

are not intended as validated quantitative criteria for pipeline integrity assessment.



2. Phase-Field Model Formulation

2.1 Hydrogen diffusion theory and hydrogen degradation function

The diffusion of hydrogen into metallic materials in a hydrogen-containing environment
follows the law of mass conservation, which relates the rate of change of hydrogen
concentration Cto the hydrogen flux through the external surface. For a body of volume Q and
surface area S, the integral form of the hydrogen diffusion governing equation is given by[23]:

dC

—dV+ |J-ndS=0 (1)
[a]
Applying the divergence theorem, the strong form of Eq. (1) is obtained as
dac +V-J=0 2)
dt

The mass flux J obeys the linear Onsager relation:
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where D is the hydrogen diffusion coefficient, C is the hydrogen concentration, Rg is the gas
constant, T is the absolute temperature, Vp is the driving force of the chemical potential, u® is the
chemical potential at the standard state, 0. is the lattice site occupancy, 8. = ¢/N, and on is the
hydrostatic stress.
When the lattice occupancy is very low and the concentration of interstitial sites is constant

(VN =0), the mass flux J can be expressed as:

J= —DVC+%I7HVGH %)
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Therefore, the critical energy release rate in a hydrogen environment can be related to the

hydrogen coverage 6 [24], [25]:
fe(C)=1=7" ©)

where y is the damage coefficient quantifying the reduction in fracture energy caused by
hydrogen.

The hydrogen coverage 0 is related to the hydrogen concentration by the following expression:
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where A g is the Gibbs free energy for hydrogen segregation, taken as 30 kJ/mol.

2.2 Fatigue degradation theory

When a material undergoes fatigue, its mechanical properties deteriorate; that is, fatigue

damage accumulates. Fatigue damage is represented by a degradation function of the form:
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Where & is the accumulated history variable, &zg(¢)l//0 ;a; 1s the fatigue threshold

arameter, o :i Q. 1s the critical energy release rate for crack propagation.
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where H denotes the Heaviside function, which ensures that crack growth occurs only during
cyclic loading and that no crack healing is permitted.

2.3 Phase-field description of crack evolution

The phase-field method introduces an auxiliary scalar field, the phase field ¢, to represent the
crack topology [26]. In a one-dimensional setting, the topology of a sharp crack can be described by
the auxiliary field variable ¢(x):

§(x) - exp(ﬂ] (10)

IO

where a denotes the crack position and /ois the length scale that controls the degree of crack
diffusion; =0 and ¢ =1represent the intact and fully fractured states of the material, respectively.
Extending Eq. (11) to two and three dimensions, the crack surface density function is

introduced as:

y(¢)=%{lov2¢+i¢2} (11)

The regularised surface energy is then given by:

" =IQ¥{10VZ¢+%¢2}19 (12)



A stress degradation function g(¢) :(1—¢) +k is introduced, where k is a small positive
parameter used to avoid numerical singularities. Thus, the strain energy density, accounting for the

influence of the phase field, becomes:
' :IQ[(1—¢)2+k};/e(5)dQ (13)
The total potential energy functional is expressed as:
y(gu)=y' +y’ (14)

From this, the governing equations for the displacement field and the phase field in quasi-static

fracture can be derived [27]:
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where o is the stress tensor and n is the outward unit normal vector to the surface.

3. Model Setup and Validation

3.1 Model Geometry and Boundary Conditions

A three-dimensional pipe model is used to simulate hydrogen-assisted fatigue crack propagation in X52 pipeline
steel under internal pressure fluctuations. The pipe has an inner radius of 217.5 mm, a wall thickness of 11 mm,
and a length of 500 mm, as shown in Figure 1(a). A semi-elliptical axial crack is introduced on the inner pipe
surface with an initial depth a, = 1.1 mm and half-length ¢, = 1.1 mm, corresponding to an aspect ratio a/c =
1.0 and a relative depth a/t = 0.1, as shown in Figure 1(b), where t; the model remains three-dimensional, and
field quantities are presented along a plane section through the wall thickness for visualisation, as shown in Figure
1(d).

The material is X52 pipeline steel with a Young's modulus of E = 200 GPa, Poisson's ratio v = 0.3, and an
initial critical energy release rate of G, = 2700 N/m [28]. Four hydrogen pressure levels are considered: 5.5, 6.89,
21, and 34 MPa. A constant maximum pressure is maintained throughout the cyclic loading, with a baseline stress
ratio R =0.8 and a loading frequency f =1 Hz. Additional simulations are conducted at R =
0.5,0.7, and 0.9 to investigate the effect of stress ratio. The material and model parameters used in the simulations

are summarised in Table 1.
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Figure 1 Schematic diagrams: (a) pipeline; (b) crack model; (c) fluctuations in hydrogen pressure within pipelines;

(d) plane-section visualisation of cracks along the wall-thickness direction

Table 1 Material and model parameters used in the simulations

Parameter Value
Young's modulus E/GPa 200
Poisson's ratio v 0.3
Minimum yield strength sys/MPa 360
Temperature T/K 300
Hydrogen diffusivity D/(mm?/s) 0.0127
Initial critical energy release rate Ge/(N/m) 2700
Phase-field length lo/mm 0.1
Regularisation parameter k 1E-7
Hydrogen damage coefficient y 0.89
30

Gibbs free energy gg /(kJ/mol)

— 2.0x10°
Hydrogen partial molar volume V' /(mm?3/mol)

3.2 Boundary and Loading Conditions

3.2.1 Hydrogen Concentration Boundary Conditions

The pipe is assumed to be pre-charged with hydrogen and continuously exposed to a hydrogen-containing
environment during the full fatigue test. The surface hydrogen concentration at the inner wall and crack faces is

determined by Sievert's law:

Csu;ff = S\/sz (17)



where S =0.077wt.ppm - MPa™"? is the hydrogen solubility in X52 steel [19] and Pu, is the hydrogen partial

pressure (in MPa). The four hydrogen pressures yield surface concentrations of approximately 0.18, 0.20, 0.35,
and 0.45 wt ppm for 5.5, 6.89, 21, and 34 MPa, respectively. A Dirichlet boundary condition C = Cg, is applied

on the inner pipe surface and crack faces, and a zero-flux condition J - n = 0 is imposed on the outer pipe surface.

3.2.2 Cyclic Loading Condition

A sinusoidal pressure waveform is adopted to simulate the cyclic internal pressure experienced by in-service

pipelines:
P(t)= Py {R+(1—R)Sin2(ﬂ7t)} (18)

R — pmin
pmax

where ppax and Pmin are the maximum, minimum pressure respectfully, is the stress ratio, and

T = — is the loading period. The stress ratio is defined with the maximum pressure held constant to better

represent actual pipeline operating conditions [29]. A baseline stress ratio of R=0.8 is adopted, with additional
simulations at R=0.5, 0.7, and 0.9.

The loading frequency is set to f = 1 Hz, which is sufficiently low to allow hydrogen diffusion to approach
equilibrium during each loading cycle [20], [25]. Fatigue evolution is tracked as a function of the cumulative cycle
count N. In the reference cyclic loading representation, 20 uniform load increments per cycle are used, and a
convergence study confirmed that refining the temporal resolution (e.g., 40 increments per cycle) alters the
predicted fatigue life by less than 2%.

To keep the high-cycle cases tractable, the fatigue history variable is integrated in the cycle-count coordinate, so

fatigue life is reported in terms of N rather than physical loading time.

3.3 Mesh Sensitivity Analysis and Validation

3.3.1 Mesh Sensitivity Analysis

e . . o . l l l
The mesh sensitivity is evaluated by refining the crack region with minimum element sizes 4 =—%, -, L

547 56 5.8

l . :
and 6_00 corresponding to total element counts of 478467, 525218, 583974, and 638941, respectively. As shown

in Figure 2, when h < ﬁ (element count = 583,974), the variation in relative hydrogen concentration — is
. 0

less than 1%. The predicted fatigue crack propagation life also converges at this refinement level, with further

mesh refinement altering the life prediction by less than 3%. Considering both accuracy and computational



efficiency, a mesh with /4 = % is adopted for all subsequent simulations.
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Figure 2 Mesh sensitivity analysis: relative hydrogen concentration versus normalized crack length

3.3.2 Assessment of Numerical Feasibility

To assess the numerical feasibility of the present coupled phase-field implementation, the predicted fatigue crack
growth behaviour is benchmarked against the reference data reported in under the same model configuration [26].
Specifically, the simulated crack length versus number of cycles is compared with the reference crack-growth data.
The comparison shown in Figure 3 demonstrates that the present implementation reproduces the reference
evolution within 5%. This benchmark confirms the numerical feasibility of the baseline fatigue implementation; it

does not validate the hydrogen-assisted fatigue predictions for X52 pipeline steel.
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Figure 3 Verification of simulation accuracy: comparison between predicted and reference crack growth

4. Results and Discussion

4.1 Three-Stage Fatigue Crack Propagation Process



Figure 4 presents the fatigue crack propagation depth as a function of the number of cycles under hydrogen
pressures of 5.5, 6.89, 21, and 34 MPa. On the basis of the crack growth rate, the fatigue crack propagation
process can be divided into three distinct stages:

Stage I (energy accumulation, N1 — N2, where N1 denotes the initial loading state at N = 0): The crack does not
propagate, but the material strength gradually degrades under combined hydrogen and fatigue effects. The end of
Stage I (point N2) is defined as the cycle count at which the crack first extends beyond 0.01 mm.

Stage II (accelerated propagation, N2 — N4): The crack initiates at point N2and propagates with an accelerating
growth rate. Point Na is defined as the transition point where d?a/dN? changes sign (i.e., the inflection point of
the a—N curve), marking the onset of rapid fracture.

Stage III (rapid fracture, N4 — N5): The crack propagates rapidly until final fracture (point N5), defined as the
cycle count at which the crack penetrates the entire wall thickness.

Figure 5 shows the phase-field contours at points N2, N3, and N4, illustrating the evolution of the crack phase

field during propagation.
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Figure 4 Fatigue crack propagation process under different hydrogen pressures: (a) 5.5 MPa; (b) 6.89 MPa; (c) 21
MPa; (d) 34 MPa



Figure 5 Phase-field contours at different stages: (a)N2(b)N3(c)N4

Tables 2 and 3 summarise the fatigue cycle counts at each characteristic point and the percentage of each stage.
Across the hydrogen pressures and stress ratios considered, the three stages account for approximately 20% (Stage
I), 72%—74% (Stage 1), and 3%—6% (Stage I1I) of the simulated fatigue life. The small variations, especially the
Stage III range of 2.6%—5.8%, indicate that the proportions depend on the chosen stage thresholds and should be
regarded as a model-based observation under the present definitions rather than an intrinsic material property or
design-life fraction.

Under the present 0.01 mm definition of crack initiation, the model suggests that the first approximately 20% of
the simulated life contains no crack extension beyond this threshold. This criterion is definition-dependent and

should not be interpreted as a directly measurable safe inspection interval without experimental validation.

Table 2 Three-stage fatigue cycle distribution at different hydrogen pressures (R = 0.8)

H: pressure

(MPa) N2 N3 N4 N5 Stage [(%)  Stage II(%) Stage I11(%)
5.5 6.20x10°  20.56x10° 26.03x10° 27.58x10° 22.48 71.90 5.62
6.89 1.21x10° 3.79%10° 5.07x10° 5.27x10° 22.96 73.24 3.80
21 2.85%103 9.25x103 12.28%103 12.79x103 22.28 73.73 3.99
34 35 114 151 156 21.79 74.36 3.85

Table 3 Three-stage fatigue cycle distribution at different stress ratios (p = 5.5 MPa)
R N2 N3 N4 N5 Stage 1(%)  Stage I1(%) Stage 111(%)
0.5 2.36x10° 7.91x10% 9.82x10° 10.08x10° 23.41 73.31 2.58
0.7 4.21x10°  13.94x10° 17.58%10° 18.66x10° 22.56 71.65 5.79
0.8 6.20x10°  20.56x10° 26.03x10° 27.58x10° 22.48 71.90 5.62
0.9 13.26x10%  43.83x10° 55.34x10° 58.51x108 22.66 71.92 5.42

The three-stage evolution observed here is qualitatively consistent with the fatigue crack growth behaviour
predicted by Golahmar et al. [20] and Liu et al. [21], both of which reported accelerating crack growth rates under

cyclic loading. However, neither study explicitly quantified the proportional duration of each stage or investigated



its dependence on hydrogen pressure and stress ratio. The present results thus provide a systematic model-based
characterisation of the three-stage process under the stated assumptions, demonstrating internal consistency across

the studied conditions rather than experimental validation.
4.2 Hydrogen Concentration Field Evolution

Under stress, hydrogen diffuses toward and accumulates in regions of stress concentration, leading to material
degradation. Figure 6 shows the distribution of relative hydrogen concentration C/C, along the crack propagation
direction at stages N2, N3, and N4 under 5.5 MPa hydrogen pressure. At point N2 (crack initiation, 6.20 X
10° cycles), C/C, reaches a maximum of 1.266. At point N3 (20.56 x 10° cycles, crack extension 0.3 mm), C/
C, decreases to 1.201. At point N4 (26.03 x 10° cycles, crack extension 2 mm), C/C, further decreases to 1.192.

These results indicate that, in the present model, hydrogen concentration peaks at the moment of crack initiation
and then gradually decreases as the crack propagates. The underlying mechanism is that the stress concentration
that drives hydrogen accumulation moves ahead of the advancing crack tip, leaving behind a region of reduced

hydrostatic stress and thus lower hydrogen concentration.

‘é 125 s gLlx (C)

g g g

E 10 = E L5t

% 115 § § Lol

2110 & &

5 = 2 st

= 105 = =

z z z

= e E E

& 100t = =

o 2 4 5 3 10 0 2 4 § 3 10 0 2 4 3 H 0
Radisl lengf: {ma Radial langth (mad Fadisl len zth (mm)

Figure 6 Hydrogen concentration distribution along the crack propagation direction at stages (a) N2, (b) N3, and (c)
N4 under 5.5 MPa hydrogen pressure

Figure 7 shows the evolution of the maximum relative hydrogen concentration at each stage under different
hydrogen pressures. As hydrogen pressure increases, the peak C/C, increases significantly. For all pressures, C/
C, follows the same trend: it increases to a maximum at N2 and then decreases. Higher hydrogen pressures

produce higher relative concentrations at all stages.
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4.3 Stress Field Characteristics and Migration Phenomenon

A notable observation is that the maximum hydrogen concentration is not located exactly at the crack tip, but
slightly ahead of it. Figure 8 schematically illustrates the distance d between the crack tip and the location of
maximum hydrogen concentration. This phenomenon arises because hydrogen atoms migrate along the stress

gradient toward the stress concentration region, which lies ahead of the crack tip due to stress redistribution.
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Figure 8 Schematic diagram of the maximum hydrogen concentration and crack-tip location

Figure 9 shows stress contours at stages N2, N3, and N4. As the crack propagates, the stress intensity in the
crack-tip region increases, leading to an accelerating crack growth rate.

Figure 10 presents the relationship between stress and phase-field value along the crack propagation direction. The
crack tip is defined where ¢ = 0.95; the sensitivity of this choice is examined below using alternative thresholds.
At N2, the maximum stress is located 0.101 mm ahead of the crack tip. At N3 and N4, this distance d increases to

0.190 mm and 0.199 mm, respectively.
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Figure 10 Distributions of stress and phase field values at different stages under 5.5 MPa hydrogen pressure (a) N2,
(b) N3, and (c) N4

Within the phase-field regularization scale considered here, the migration distance d increases with crack growth
rate and hydrogen pressure. Since the present model assumes linear elastic behaviour without plasticity, this
phenomenon cannot be attributed to plastic blunting. Instead, it is interpreted as a consequence of stress
redistribution ahead of the propagating crack: as the crack advances, the peak hydrostatic stress shifts forward,
and the migrating stress concentration draws hydrogen toward the new peak location. In the present fields, the
increase in migration distance with hydrogen pressure reflects the enhanced stress-assisted diffusion at higher
hydrogen concentrations.

Figure 11 shows the distances from the initial crack tip to the current crack tip and to the maximum stress point
under different hydrogen pressures. Both distances increase with hydrogen pressure. For the same hydrogen
pressure, the migration distance d increases with crack propagation, but the rate of increase diminishes,

suggesting that a steady-state distribution is approached at longer crack lengths.
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Figure 11 Distance between the crack tip and the maximum stress point from the initial crack under hydrogen
pressures of (a) 5.5 MPa, (b) 6.89 MPa, (¢) 21 MPa, and (d) 34 MPa

The choice of ¢ = 0.95 to define the crack tip is based on the convention in phase-field fracture modelling. To
assess the sensitivity of the reported migration distances to this threshold, alternative definitions at ¢ =
0.90 and ¢ = 0.98 were examined. The resulting migration distances varied by less than 8%, confirming that the
observed trends are robust with respect to the exact choice of threshold.

The stress-driven migration of the hydrogen concentration peak has been predicted in the boundary layer model of
Golahmar et al. [20], who showed that the hydrogen concentration ahead of a stationary crack tip depends strongly
on the loading frequency and diffusivity. The present results extend these findings to propagating cracks in a pipe
geometry, showing that the migration distance increases with crack extension and hydrogen pressure in the present
phase-field fields. This comparison supports the stress-assisted diffusion mechanism captured by the model but
does not establish the migration distances as measured physical lengths; their dependence on the phase-field

length scale has not been tested.

4.4 Critical Energy Release Rate Degradation

Hydrogen degrades the critical energy release rate of metallic materials, and fatigue cycling further exacerbates
this degradation. In this section, the evolution of the relative critical energy release rate G;/G, during fatigue
crack propagation is analysed to quantify the combined effect of hydrogen and fatigue on material degradation.

Figure 12 shows the variation of the relative critical energy release rate G,;/G, along the crack propagation
direction at stages N2, N3, and N4 under 5.5 MPa hydrogen pressure. At crack initiation (N2), G;/G, approaches
zero at the crack tip. This is a direct mathematical consequence of the phase-field formulation: as ¢ — 1, the
material is fully cracked and the local fracture resistance vanishes. The physically meaningful quantity is
the maximum G, /G, along the ligament ahead of the crack tip, which is approximately 0.81 at N2. This indicates
that, at the onset of crack propagation, hydrogen has already reduced the critical energy release rate by
about 19% compared with a hydrogen-free environment, demonstrating that hydrogen diffusion to the crack-tip
region is largely completed during Stage I. As the crack propagates from N2 to N3 and then to N4, the

maximum G;/G, along the ligament decreases progressively to approximately 0.55 and 0.21, respectively. This



continuous reduction reflects the combined effect of ongoing fatigue damage accumulation and sustained
hydrogen-assisted degradation ahead of the advancing crack tip. Notably, the reduction is most pronounced in
Stage II (from N2 to N4), which accounts for approximately 75% of the total fatigue life, indicating that the
accelerated propagation stage is accompanied by substantial material degradation across the ligament.
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Figure 12 Variation of the energy release rate along the crack propagation direction at different stages under 5.5
MPa hydrogen pressure (a) N2, (b) N3, and (c) N4
Figure 13 shows the maximum relative critical energy release rate at each stage under different hydrogen pressures.
The degradation patterns exhibit an apparent pressure-dependent transition in the model. For low hydrogen
pressures (5.5 and 6.89 MPa), the most significant degradation occurs during Stage II (accelerated propagation).
At 5.5 MPa, the maximum G;/G, decreases from approximately 0.81 at N2 to 0.21 at N4, representing a
reduction of about 74% during Stage II. At 6.89 MPa, a similar trend is observed, with the degradation
concentrated in the long duration of Stage II, where fatigue cycling accumulates extensive damage over millions
of cycles. Within the model assumptions, this indicates that at low hydrogen pressures, fatigue effects dominate
material degradation during the prolonged accelerated propagation stage. For 21 and 34 MPa, the model shows an
apparent Stage I degradation peak; these pressures lie outside the linear-elastic validity range. At 34 MPa, the
maximum G;/G, drops sharply from approximately 0.52 at N1 to 0.18 at N2, accounting for more than 65% of
the total degradation before any macroscopic crack extension occurs. This apparent trend is therefore not used as a
mechanistic conclusion because the nominal hoop stress exceeds the X52 yield strength under these pressures. No

transition mechanism is claimed because the high-pressure cases lie outside the model's validity range.
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Figure 13 Evolution of the maximum relative critical energy release rate at each stage of fatigue crack propagation
under different hydrogen pressures

5. Conclusions

(1) A coupled deformation-diffusion-fatigue phase-field model was implemented to simulate hydrogen-assisted
fatigue crack growth in X52 pipeline steel. The model captures crack initiation and propagation without requiring
predefined crack paths; coalescence is not exercised in the single-crack cases considered here.

(2) The fatigue crack propagation process is divided into three stages under the present stage definitions: Stage |
(energy accumulation, ~20% of total life), Stage II (accelerated propagation, ~72%—74% of total life), and Stage
I (rapid fracture, ~3%—6% of total life). The proportions are approximately consistent in the cases considered;
they are definition-dependent and should not be interpreted as intrinsic material constants or design-life fractions.
(3) The relative hydrogen concentration (C/C0) evolves in a distinctive pattern in the present model: it increases
towards crack initiation (N2), reaching values of 1.25-1.45 depending on hydrogen pressure, and then decreases
during subsequent propagation in the simulated phase-field fields.

(4) Within the regularization scale considered in this model, the maximum hydrogen concentration is not located
at the crack tip but approximately 0.1-0.2 mm ahead in the simulated phase-field fields. This migration distance
increases with crack propagation and hydrogen pressure; in the present linear elastic model it is attributed to stress
redistribution in the regularised crack-tip field, not to plastic blunting, and its dependence on the phase-field length
has not been established.

(5) The critical energy release rate degrades by approximately 19% in the hydrogen environment at 5.5 MPa
relative to the hydrogen-free baseline. Within the linear-elastic pressure range considered, maximum degradation
occurs during Stage II; the 21 and 34 MPa cases are outside the model's validity range and are not used for
mechanistic conclusions. The single 5.5 MPa hydrogen-free baseline provides an illustrative decomposition of

hydrogen and fatigue contributions. All quantitative results require experimental validation before engineering use.
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