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A B S T R A C T

The influence of hydrogen on fatigue crack growth (FCG) was investigated in 90 MPa hydrogen gas using a 3Mn- 
0.2C martensitic steel with a tensile strength of 1500 MPa. Surprisingly, this steel exhibited significant crack 
closure in hydrogen gas under specific loading conditions, resulting in considerably lower FCG rates compared to 
those in air. The roughness- and plasticity-induced crack closure markedly retarded the FCG in hydrogen in a 
relatively low stress intensity factor regime. However, intrinsic FCG resistance, excluding the effect of crack 
closure, was indeed degraded by hydrogen. Further analysis revealed that the reduction in cohesive strength of 
block boundaries depended on the plastic zone size and the inclination angle between the longitudinal axis of the 
blocks and the macroscopic FCG direction. Consequently, hydrogen-enhanced plasticity-mediated decohesion led 
to cycle-dependent acceleration of FCG, even in such high-strength steel under high-pressure hydrogen 
environments.

1. Introduction

In recent years, the pursuit of sustainable energy solutions has 
intensified the exploration of hydrogen as a clean and efficient fuel 
source. With the growing demand for hydrogen-powered technologies, 
the critical need for safe and effective high-pressure hydrogen storage 
systems is becoming increasingly apparent [1,2,3]. In response, high- 
strength martensitic steels have emerged as pivotal materials for the 
development of robust and reliable containment vessels for high- 
pressure hydrogen storage [4,5].

Martensitic steels, known for their excellent balance of high strength 
and cost efficiency, are garnering attention due to their unique ability to 
withstand the demanding conditions of high-pressure hydrogen storage. 
However, susceptibility to hydrogen embrittlement (HE) necessitates 
the use of materials that can maintain structural integrity and ensure 
safety during the storage and transportation processes [6,7,8]. 
Designing components for high-pressure hydrogen environments re
quires consideration of various mechanical properties, such as tensile 
strength, ductility, fatigue life, fatigue crack growth (FCG) rate, and 
fracture toughness [9,10,11]. Furthermore, to design a HE-resistant 
microstructure, a comprehensive understanding of the HE mechanisms 
in different hydrogen-rich atmospheres such as gaseous and 

electrochemical hydrogen is required [12,13]. Nevertheless, research on 
the crack resistance of high-strength steels in hydrogen gas remains 
limited.

Research findings reveal a clear correlation between tensile strength 
and FCG acceleration in high-pressure hydrogen environments, which is 
crucial for ensuring structural integrity and reliability. When the tensile 
strength is below 900 MPa, there is a pronounced acceleration of FCG, 
reaching 20 to 30 times that in air within a stress intensity factor range 
of 20 to 30 MPa•m1/2 [14,15,16,17]. Notably, this acceleration is clas
sified as “cycle-dependent”, meaning that fatigue life, determined by 
crack-growth analysis assuming a pre-existing crack, is governed solely 
by the number of cycles, irrespective of the loading rate. Conversely, for 
materials with tensile strengths above 900 MPa, hydrogen-induced FCG 
acceleration exhibits “time-dependent” behavior [14,18,19]. This in
dicates that the acceleration becomes more pronounced with a decrease 
in test frequency, rendering fatigue life predictions based on the number 
of pressurization cycles unreliable. Consequently, traditional fatigue-life 
design approaches become inapplicable under these conditions.

In this study, to further explore this intricate relationship and obtain 
fundamental insights necessary for identifying superior high-strength 
steels for hydrogen applications, a high-pressure (90 MPa) hydrogen 
gas facility was employed to rigorously test a steel with a tensile strength 
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of 1500 MPa. This testing aims to gain valuable insights into the 
behavior of ultrahigh-strength steels, potentially informing future ma
terial selection and design strategies for high-pressure hydrogen storage 
applications.

During this testing, the material examined in the present study 
exhibited distinctive crack closure, retarding FCG in a low-stress in
tensity factor regime in high-pressure hydrogen. Generally, FCG may be 
accompanied by roughness-induced or plasticity-induced crack closure 
under specific circumstances, thereby affecting FCG behavior 
[20,21,22,23,24,25,26]. Specifically in a hydrogen environment, it has 
been observed that hydrogen localizes the plastic deformation at the 
crack tip, resulting in a shallower plastic wake on the fracture surface 
[27]. This reduction lowers the crack opening force and increases the 
effective stress intensity factor (SIF) range (ΔKeff), which in turn leads to 
smaller crack tip opening displacements (CTODs) at maximum loads 
compared to those in air. All of these factors contribute to a sharper 
crack tip and an increased FCG rate. Furthermore, Ritchie et al. [28,29] 
demonstrated that the increase in FCG rates for Cr-Mo steel in a 
hydrogen environment is attributed to an increased ΔKeff due to the 
absence of oxide-induced crack closure. However, in the present study, 
an unforeseen antagonistic crack closure behavior was observed. Thus, 
this research also investigated the factors responsible for crack closure in 
hydrogen environments and correlated these factors with the micro
structural features and FCG behavior of the material.

This research contributes to a fundamental understanding of 
hydrogen-induced cracking and provides practical insights for 
enhancing the safety and reliability of materials used in high-pressure 
hydrogen storage systems. To achieve this objective, the effects of 
hydrogen on FCG and the underlying mechanisms of crack closure were 
explored through microscopic observations of crack paths and fracture 
surfaces.

2. Methodology

2.1. Material and specimen

The as-cast ingots, with dimensions of 43 × 43 × 18 mm, were heat- 
treated as schematically shown in Fig. 1. The material was austenitized 
at 1100 ◦C for 30 min in a vacuum, followed by ice-brine quenching 
(IBQ) and sub-zero cooling in liquid nitrogen (LN2). The proof strength, 
σ0.2, of 1032 MPa and tensile strength, σUTS, of 1500 MPa were reported 
for the same material in a previous study [30]. Table 1. shows the 
chemical composition of the material. The microstructure of the mate
rial were analyzed using electron backscatter diffraction (EBSD) on a 
JEOL JSM-7001F scanning electron microscope (SEM) at an acceleration 
voltage of 15 kV and a beam step size of 0.25 μm. The material exhibited 
a fully martensitic microstructure consisting of blocks, packets, and 
prior austenite grains (PAGs). The average width and length of the 
blocks were approximately 4.5 μm and 8 μm, respectively. The average 
diameters of the packets and PAG were approximately 70 μm and 180 

μm, respectively.
The shape and dimensions of the compact tension (CT) specimen 

used for FCG tests are shown in Fig. 2. The surface of the CT specimen 
was polished with emery paper and then mirror-finished with a diamond 
slurry.

2.2. Fatigue crack growth tests and observation of cracks

Two types of FCG tests were conducted at a stress ratio (R) of 0.1 
using a sinusoidal waveform, in accordance with the ASTM E647 stan
dard [31]. These experiments were carried out at room temperature in 
both ambient air and 90 MPa hydrogen gas, using the test facility at 
HYDROGENIUS. The purity of the hydrogen gas used was greater than 
99.999 % (5N), and the hydrogen gas in the chamber was maintained in 
accordance with ASME KD-10 [32]. To preserve hydrogen purity in the 
test environment, the chamber was first evacuated and then purged 
multiple times with the same hydrogen gas used in the test before being 
pressurized to the target pressure. The hydrogen purity in the chamber 
was periodically measured after testing. As a result, it was confirmed 
that the purity of exhaust hydrogen gas met the requirements specified 
in the aforementioned standard [11].

The first test, referred to as the load-amplitude constant (ΔP-con
stant) test, established the relationship between the stress intensity 
factor (SIF) range (ΔK) and the FCG rate (da/dN) under two different 
test frequencies (f): 5 Hz in air and 1 Hz in hydrogen gas. The second 
test, known as the ΔK-constant test, was performed at ΔK = 10 MPa⋅m1/ 

2. In this test, f was systematically varied stepwise (1 → 0.1 → 0.01 Hz) 
for a single specimen. Testing in hydrogen gas commenced immediately 
after the chamber was pressurized.

Throughout the test, the crack length was continuously monitored 
using the elastic unloading compliance method with a clip-on gauge 
attached to the crack-mouth [19,33]. To obtain the amount of crack- 
growth per cycle (= da/dN), the change in crack length was measured 
as a function of cyclic load.

After completing both the ΔP-constant and ΔK-constant tests, the 
specimens were fractured by applying a fatigue load in ambient air. 
Subsequently, the fracture surfaces were examined using SEM at an 
acceleration voltage of 15 kV. The roughness profiles and the arithmetic 
mean roughness of the fracture surfaces were measured using laser 
profilometry for crack closure analysis.

Additionally, the cross-section of the crack path at the mid-thickness 
of the CT specimen was observed using EBSD after the ΔP-constant and 
ΔK-constant tests. For this observation, the CT specimen was bisected 
along its mid-thickness, and the surface was polished using emery paper, 
diamond slurry, and colloidal silica suspension to remove any machined 
layers. The microscopic crack path was then analyzed using EBSD at an 
acceleration voltage of 15 kV with a beam step size of 0.25 μm.

3. Results

3.1. da/dN- ΔK curves

Fig. 3(a) shows the relationship between da/dN and ΔK as deter
mined from the ΔP-constant tests in air and 90 MPa hydrogen gas. In air, 
the da/dN-ΔK curves were almost straight on the double logarithmic 
graph and nearly coincident with each other, following the Paris- 
Erdogan equation [34].

Surprisingly, the da/dN-ΔK curves for specimens in 90 MPa 
hydrogen gas did not follow the expected pattern. Generally, hydrogen- 
induced FCG acceleration is moderate but higher than in air in the lower 
ΔK regime, and greatly amplified in the higher ΔK regime [14,35,36]. 
However, in the present study, a peculiar deviation from the linear and 
increasing trends was observed in the FCG rate in hydrogen. Initially, in 
the lower ΔK regime, the FCG rate decreases, becoming lower than the 
FCG rate in air, and then increases. Due to this unconventional FCG 
behavior, crack closure was analyzed using the method introduced by Fig. 1. Schematic illustration of the heat treatment.
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Elber [37], which adopts an effective SIF range (ΔKeff) defined by Eq. 
(1). 

ΔKeff =
ΔPeff

B
̅̅̅̅̅
W

√
(2 + α)

(1 − α)3/2 (0.886 + 4.64α − 13.32α2 + 14.72α3 + 5.6α4)

(1) 

where α = a/W, a is the crack length, and W is the width of the CT 
specimen, 

ΔPeff = Pmax − Po, if Po > Pmin, and (2) 

ΔPeff = ΔP = Pmax − Pmin, if Po < or = Pmin (3) 

The crack-opening force (Po) is an important parameter for studying 
crack-closure effects. Although various methods exist for verifying and 
assessing crack closure [38,39,40], in the present study, the unloading 
elastic compliance method was employed to determine Po using the 

load-differential displacement (P-Δδ) curve proposed by Kikukawa et al. 
[41].

Significant crack closure was observed in the specimen tested in 
hydrogen upon analyzing the crack-opening force (Po). Fig. 3(b) shows 
the relationship between da/dN and ΔKeff. Due to the substantial crack 
closure correction, ΔKeff was used as an intrinsic parameter to quantify 
the FCG properties. At higher ΔKeff, the FCG rate in hydrogen was four 
orders of magnitude greater than in air. It is worth noting that no crack 
closure was observed during the ΔP-constant tests in air or the ΔK- 
constant test in hydrogen. The factors responsible for the initial crack 
closure and the accelerated FCG in hydrogen are discussed in Section 4.

3.2. Frequency dependence of crack-growth acceleration

Fig. 4 presents the relative FCG rate, (da/dN)H/(da/dN)Air, as a 
function of test frequency (f), determined from the ΔK-constant test 
conducted at ΔK = 10 MPa⋅m1/2 in air and 90 MPa hydrogen gas. Since 
there was little crack closure during the ΔK-constant test, ΔK is nearly 
equivalent to ΔKeff. This behavior is markedly different from that 
observed in the ΔP-constant test. The factors responsible for this dif
ference are discussed in Section 4.

The relative FCG rate in 90 MPa hydrogen gas was approximately 30 
times higher than in air. The data points from the ΔK-constant test at ΔK 
= 10 MPa⋅m1/2 are also shown in Fig. 3(a) and (b). As mentioned earlier, 
materials with tensile strengths greater than 900 MPa typically exhibit 
“time-dependent” FCG acceleration at ΔK levels ranging from 20 
MPa⋅m1/2 to 30 MPa⋅m1/2. However, this material, with a tensile 
strength of 1500 MPa, exhibited “cycle-dependent” behavior indepen
dent of frequency, although the ΔK = 10 MPa⋅m1/2 applied here is lower 
than the ΔK levels used in previous studies. It can be readily inferred 
from the ΔP-constant test (Fig. 2) that, at higher ΔK levels (e.g., ΔK =
20 MPa⋅m1/2), the FCG acceleration may transition to “time-dependent” 
behavior, as previously reported in the literature [14,18,19]. This 
finding is quite interesting and practically important, as it suggests that 
the present material may be compatible with 90 MPa hydrogen gas if 
utilized at low ΔK levels. The factors responsible for this behavior are 
discussed in detail in the following sections through comprehensive 
analyses of fracture surfaces and EBSD maps of crack paths.

Table 1 
Chemical composition of 3Mn-0.2C steel.

Element Mn C Si P S Al N O Fe

wt. % 3.02 0.18 0.01 < 0.002 0.001 0.002 0.002 0.001 Bal.

Fig. 2. Shape and dimensions of the CT specimens. All the dimensions are 
in mm.

Fig. 3. Relationship between fatigue crack growth rate, da/dN, and (a) stress intensity factor range, ΔK, and (b) effective stress intensity factor range, ΔKeff, for 
specimens tested in air and 90 MPa hydrogen gas.
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3.3. Fractography

Fig. 5(a) shows an overall view of the fracture surface of the spec
imen subjected to the ΔP-constant test in air. A transgranular quasi- 
cleavage (QC) surface is evident at all ΔK levels. Fig. 5(b) and (c) 
show magnified views of the fracture surface, highlighting finely 
serrated markings at ΔKeff = 7 MPa⋅m1/2.

Fig. 6(a) and (c) show the crack paths on the front and back surfaces 
of the specimen in the unloaded condition after the ΔP-constant test in 
90 MPa hydrogen gas. It is evident from the figures that a macroscopic 
kink occurred in the crack path through the thickness during crack 
propagation. Fig. 6(b) presents an overall view of the fracture surface of 
the specimen tested in 90 MPa hydrogen gas, showing the pre-crack 

surface, crack closure surface, and the transition from QC fracture to 
inter-block (IB) fracture along block boundaries, as well as intergranular 
(IG) fracture along prior austenite grain boundaries (PAGBs). Such crack 
kinking is one of the contributing factors to the significant crack closure, 
which is discussed in Section 4.

Fig. 7 shows the fracture surfaces of specimens tested in 90 MPa 
hydrogen gas. At ΔKeff = 7 MPa•m1/2, QC and IG surfaces are observed 
(cf. Fig. 7(a)), and a magnified view of the QC region exhibiting river- 
like patterns is presented in Fig. 7(b). At ΔKeff = 10 MPa•m1/2, QC, 
IB, and IG fracture surfaces are observed (cf. Fig. 7(c)). Fig. 7(d) shows a 
magnified image of the IB region, revealing distinct step-like features. 
Notably, the widths of these step-like features closely match the visually- 
observed block widths in the previous study [30], suggesting that frac
ture occurred along block boundaries, i.e., an inter-block crack propa
gation. Additionally, Fig. 7(e) and (f) show the fracture surfaces at ΔKeff 
= 12 MPa•m1/2 and ΔKeff = 17 MPa•m1/2, respectively, where IB and IG 
fractures predominate throughout.

4. Discussion

4.1. Factors responsible for the crack closure

In this section, the factors responsible for crack closure are discussed 
from the perspective of the crack path and the surface morphology of the 
crack closure region.

As shown in Fig. 6, during the initial crack propagation at ΔKeff ≈ 7 
MPa•m1/2 in hydrogen, a kink in the crack path increased the roughness 
of the fracture surface, leading to roughness-induced crack closure 
[20,21,22]. To verify this, laser profilometry was performed on the 
fracture surface of specimens subjected to the ΔP-constant test in air and 
in 90 MPa hydrogen gas. Fig. 8(a) shows the roughness profiles of the 
fracture surface of the specimen tested in air (cf. Fig. 5(a)). Due to the 
QC fracture observed throughout the fracture surface, the arithmetic 
mean roughness, Ra, was approximately 150 µm. Fig. 8(b) and (c) show 
the roughness profiles of the fracture surface of the specimen tested in 
90 MPa hydrogen gas (cf. Fig. 6(b)). The Ra of the QC surface formed in 

Fig. 4. Relative fatigue crack growth rate, (da/dN)H/(da/dN)Air as a function of 
test frequency, f, measured during the ΔK-constant test at ΔKeff (≈ ΔK) of 10 
MPa•m1/2 in 90 MPa hydrogen gas.

Fig. 5. SEM images of (a) the overall fracture surface of the specimen subjected to the ΔP-constant test in air, (b) the fracture surface at ΔKeff = 7 MPa⋅m1/2, and (c) a 
magnified view of the fracture surface.
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hydrogen was approximately 1400 µm, roughly ten times greater than 
that in air. This suggests that in hydrogen gas, the crack propagates 
along a zig-zag path following the weakest microstructural features 
deteriorated by hydrogen. Moreover, in hydrogen gas, the average 
roughness of the crack closure region (QC) is smaller than that of the 
regions without crack closure, consisting of IB and IG fractures. This 
implies that crack closure is not solely due to roughness but also requires 
a mismatch between mating fracture surfaces [21]. It is well-known that 
hydrogen-related QC fracture is closely associated with plastic defor
mation [23,24,25]. In QC fracture, shear displacement can enhance the 
crack-face mismatch, whereas minimal plastic deformation occurs dur
ing IG and IB fractures. Thus, it can be concluded that fatigue crack 
closure results from a combination of roughness and plasticity.

Moreover, it has been suggested that crack closure affects hydrogen- 
assisted cracking (HAC) [26 42]. When a crack experiences closure, 
compressive hydrostatic stresses develop near the crack tip. This 
compressive stress field can significantly influence hydrogen diffusion, a 
critical factor in HAC. According to Sofronis and McMeeking [43], hy
drostatic stress gradients drive hydrogen transport in metals, with ten
sile stresses promoting hydrogen accumulation and compressive stresses 
impeding it. Under compressive hydrostatic stress, the hydrogen solu
bility decreases, reducing the equilibrium hydrogen concentration at the 
crack tip [44]. Additionally, the compressive stress gradient opposes 
hydrogen migration toward the crack tip, effectively retarding diffusion 
[45]. This phenomenon can delay hydrogen embrittlement by limiting 
the availability of hydrogen at critical locations, thereby slowing crack 
propagation. Experimental studies by Turnbull et al. [46] on steel 
specimens confirmed that crack closure mechanisms, such as plasticity- 
induced shielding, reduce hydrogen uptake at the crack tip due to 
compressive stresses. Thus, crack closure-induced compressive 

hydrostatic stress serves as a mitigating factor against HAC, retarding 
crack growth even under the influence of hydrogen. Therefore, 
compressive residual stress resulting from initial crack closure in the 
lower ΔK regime is primarily responsible for the retardation of FCG in 
hydrogen, compared to air. However, in the higher ΔK regime, FCG in 
hydrogen is accelerated relative to air, as expected, and the factors 
responsible for this acceleration are discussed in the following sections.

4.2. Crack growth along hydrogen deteriorated microstructural features

Fig. 9(a) shows the crack path on the surface of the specimen in the 
unloaded state after the ΔP-constant test in air, and Fig. 9(b) presents the 
inverse pole figure (IPF) map obtained by EBSD analysis of the marked 
region in Fig. 9(a). In air, the crack path is relatively straight and 
transgranular, propagating predominantly through the blocks.

Fig. 9(c) shows the crack path on the surface of the specimen in the 
unloaded state after the ΔP-constant test in 90 MPa hydrogen gas, with 
the corresponding IPF map for the marked region presented in Fig. 9(d). 
The IPF maps in Fig. 9(b) and (d) correspond to the same ΔKeff range, 
clearly revealing the differences in crack morphology. Compared to the 
specimen tested in air, the crack path in hydrogen exhibits pronounced 
undulation due to propagation along a zig-zag path following micro
structural features deteriorated by hydrogen.

Fig. 9(d) indicates that in the high ΔKeff regime in hydrogen, the 
crack propagates primarily along PAGBs, with portions of the crack 
following block boundaries. Numerous studies have shown that strain 
incompatibility between martensitic blocks, enhanced by hydrogen- 
induced strain localization, leads to stress concentrations, thereby pro
moting hydrogen-assisted crack propagation along block boundaries 
[47,48,49,50]. Therefore, strain incompatibility and the reduction in 

Fig. 6. SEM images of the front (a) and back (c) sides of the specimen in the unloaded state, highlighting the heavily kinked crack paths after the ΔP-constant test in 
90 MPa hydrogen gas, and (b) the fracture surface.

A. Arora et al.                                                                                                                                                                                                                                   International Journal of Fatigue 202 (2026) 109235 

5 



cohesive strength at PAGBs and block boundaries due to hydrogen are 
the primary factors contributing to accelerated crack propagation at 
these specific sites in this material. The potential mechanism responsible 
for the reduction in the cohesive strength at interfaces, such as PAGBs, is 
currently under intense debate; however, hydrogen-enhanced decohe
sion (HEDE) has been proposed and extensively discussed in the litera
ture [51,52,53].

Fig. 10 summarizes the area fractions of different fracture surface 
morphologies observed on specimens tested in 90 MPa hydrogen. Fig. 10
(a) presents the area fractions of QC, IB, and IG fractures at various ΔKeff 
levels, while Fig. 10(b) shows these area fractions at different fre
quencies during the ΔK-constant test conducted at ΔKeff = 10 MPa•m1/ 

2. As shown in Fig. 10(a), QC fracture is predominant at lower ΔKeff 
levels. However, as ΔKeff increases, the fracture mode transitions to
wards IB and IG. This transition suggests that the decohesion of block 
boundaries and PAGB is influenced not only by hydrogen but also by the 
mechanical state ahead of the crack tip, represented by ΔKeff.

To investigate this hypothesis, EBSD analysis was conducted on the 
crack path of a specimen subjected to the ΔP-constant test in 90 MPa 
hydrogen at lower ΔK levels, as shown in Fig. 11. The analysis confirmed 
that in the ΔKeff ≈ 10 MPa•m1/2 range, the segments exhibiting the IB 
fracture mode began to increase, corroborating the area fraction trends 
observed in Fig. 10(a).

For further analysis, assuming small-scale yielding based on Eq. (4), 

the size of the plastic zone ahead of the crack tip under cyclic loading, 
Δrpl, can be estimated for plane strain conditions using ΔKeff and the 
yield stress (σy = σ0.2), regardless of the presence or absence of crack 
closure [24]. 

Δrpl =
ΔK2

eff
4πσ2

y
(4) 

At ΔKeff = 10 MPa•m1/2, Δrpl is approximately 8 µm for this material, 
comparable to the average block length (see Fig. 12 for the distribution 
of block lengths). This suggests that when Δrpl is smaller than the 
average block length, the crack predominantly propagates via QC frac
ture. As Δrpl approaches the average block length, the fracture mode 
transitions to IB fracture. However, detailed examination of all the EBSD 
maps obtained in this study revealed that even at ΔKeff ≥ 10 MPa•m1/2, 
IB fracture occurred only when the inclination angle (θ) between the 
longitudinal axis of the blocks and the macroscopic crack growth di
rection was less than approximately 38◦. Similar dependence of the 
crack paths on the orientation of blocks, packets, and PAGBs has also 
been observed in previous studies [54].

The inclination dependence of IB cracking can be analyzed by 
considering the elastic stress field near the crack tip as the driving force 
for crack propagation. The distribution of normal stress, σθ, near the 
crack tip in polar coordinates (r,θ) is given by: 

Fig. 7. SEM fractographs of specimens tested in 90 MPa hydrogen gas at (a) and (b) ΔKeff = 7 MPa•m1/2, (c) and (d) ΔKeff = 10 MPa•m1/2, (e) ΔKeff = 12 MPa•m1/2, 
and (f) ΔKeff = 17 MPa•m1/2. In each image, the FCG direction runs from bottom to top.
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σθ =
KI
̅̅̅̅̅̅̅
2πr

√

(
3
4

cos
θ
2
+

1
4

cos
3θ
2

)

(5) 

Fig. 13 shows the distribution of the normalized stress intensity 
range at the crack tip, Δσθ

̅̅̅̅̅̅̅
2πr

√
/ΔKI, as a function of the inclination 

angle (θ) based on Eq. (5). Particularly within the range |θ| ≤ 38◦, the 
normalized stress intensity range is notably high, which can enhance the 
decohesion of block boundaries. Additionally, Fig. 14 shows the varia
tion of fracture modes observed in hydrogen as a function of the absolute 
inclination angle of blocks relative to the macroscopic FCG direction 
(|θ|) and ΔKeff.

The favorable conditions for IB crack propagation occurs when the 
cyclic plastic zone size is comparable to or greater than the average 
block length (i.e., Δrpl ≥ 8 µm), at ΔKeff ≥ 10 MPa•m1/2, and |θ| ≤ 38◦. 
Due to the higher probability of favorable conditions for IB near ΔKeff =

10 MPa•m1/2, the fracture mode transitioned from QC to IB. As the 
plastic zone size further increases, a competition arises between favor
able conditions for IB fracture and the presence of PAGBs near the crack 
tip. Consequently, at higher ΔKeff values, both IB and IG fracture modes 
dominate, as shown in Figs. 7, 10, and 14.

It has been reported in several studies that the fatigue crack growth 
rate and fracture mode in metallic materials change around the ΔK level 

where the plastic zone size becomes comparable to the grain size 
[55,56]. However, the exact mechanisms by which the relative di
mensions of these two features influence crack propagation remain 
unclear. In this study, the plastic zone size was selected as a measure of 
the extent of plastic deformation at the crack tip, and the average block 
length was chosen as a representative microstructural length scale for 
comparison. Although this point will be briefly revisited in later sec
tions, the underlying mechanisms governing their competition merit 
further detailed investigation.

4.3. Cycle-dependent fatigue crack growth

As mentioned in the Introduction, commercial-grade low-alloy steels 
with a martensitic structure and tensile strengths exceeding 900 MPa 
exhibit a “time-dependent” acceleration of hydrogen-enhanced FCG in 
the relatively high ΔK regime (e.g., ΔKeff = 20 to 30 MPa•m1/2). In the 
ΔK-constant test at ΔKeff = 10 MPa•m1/2, the present material exhibited 
cycle-dependent acceleration (cf. Fig. 4), where the amount of crack 
growth per cycle was independent of loading frequency. It should be 
noted that this material would also exhibit time-dependent acceleration 
at higher ΔK levels (e.g., ΔK > 20 MPa•m1/2).

Setoyama et al. [19] interpreted the time-dependent FCG observed in 

Fig. 8. Laser profilometry of fracture surfaces for specimens tested in (a) air, and (b), (c) 90 MPa hydrogen gas. The unit of SIF range is MPa•m1/2.
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Fig. 9. Crack paths and corresponding IPF maps obtained via EBSD analysis for specimen subjected to the ΔP-constant test: (a) crack path on the surface of the 
specimen tested in air, with (b) the corresponding IPF map of the area indicated by the black rectangle. (c) Crack path on the surface of the specimen test in 90 MPa 
hydrogen, with (d) the corresponding IPF map of the area indicated by the black rectangle; red arrows denote the orientations of the blocks.

Fig. 10. Area fractions of quasi-cleavage (QC), inter-block (IB), and PAGBs (IG) fracture modes observed on the fracture surface of specimens tested in 90 MPa 
hydrogen: (a) as a function of ΔKeff under ΔP-constant test conditions; (b) as a function of test frequency at ΔKeff = 10 MPa•m1/2 under ΔK-constant test conditions.
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Fig. 11. IPF map showing the FCG path in the specimen tested in 90 MPa hydrogen, from ΔKeff = 9 MPa•m1/2 to ΔKeff = 12 MPa•m1/2. The map illustrates QC 
fracture and its transition to IB fracture at ΔKeff ≈ 10 MPa•m1/2. Red arrows indicate the orientations of the blocks.

Fig. 12. Distribution of the block length.
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0.4 %C Cr-Mo steel, JIS-SCM440, at ΔK = 30 MPa•m1/2 as resulting 
from competition among the strengths of different boundaries ahead of 
the crack tip. They noted that if the local driving force (e.g., normal 
stress) exceeds the fracture resistance of microstructural boundaries 
ahead of the crack tip (e.g., critical normal stress for fracture along 
PAGBs, block, and packet boundaries), these boundaries will fracture. 
Furthermore, the combination of the tensile stress field ahead of the 
crack tip and stress-induced hydrogen diffusion causes the crack growth 
per cycle to become proportional to the loading duration, thus exhibit
ing time-dependent behavior.

However, the cycle-dependent FCG in the present material at ΔKeff =

10 MPa•m1/2 is attributed to the dominance of the IB fracture mode over 
the QC and IG modes. This suggests that the block boundaries segregated 
with hydrogen atoms acted as the weakest link in determining the crack 
path. Although the exact mechanism has yet to be established, it may 
involve a reduction in the local yield strength due to hydrogen-enhanced 
plasticity [57] in combination with hydrogen-enhanced decohesion 
(HEDE) [52,58].

When the material can accommodate displacement or crack 
advancement through plastic deformation—either by directly or indi

rectly promoting dislocation emission ahead of the crack tip 
[59,60,61,62], or by any HE mechanism [63,64,65] dominating the 
FCG—the driving normal stress does not exceed the fracture resistance 
of microstructural boundaries, resulting in FCG independent of loading 
duration or frequency. Furthermore, under favorable conditions influ
enced by hydrogen (Δrpl ≥ 8 µm and |θ| ≤ 38◦), the crack predominantly 
propagates via decohesion of block boundaries.

This implies that when the plastic zone becomes sufficiently large 
around ΔKeff > 10 MPa•m1/2, to encompass the average block length, 
localized plasticity initially occurs due to hydrogen segregation at block 
boundaries. Subsequently, decohesion of block boundaries occurs once 
the normal stress acting on the inclined block becomes sufficient to 
cause fracture. Therefore, through the hydrogen-enhanced plasticity- 
mediated decohesion mechanism responsible for IB fracture [66], this 
material exhibits cycle-dependent FCG acceleration.

Fig. 15(a) and (b) present schematics of the FCG process at ΔKeff =

10 MPa•m1/2 in air and hydrogen gas, respectively, illustrating 
hydrogen-assisted crack propagation along block boundaries with 
different inclination angles. Fig. 15(c) shows the IPF map obtained from 
the mid-section of the specimen tested in hydrogen, revealing typical IB 
crack propagation.

In summary, crack closure due to roughness and plasticity positively 
contributes to the retardation of FCG in high-pressure hydrogen. It is 
evident that the cyclic plasticity ahead of the crack tip, combined with 
the hydrogen-enhanced plasticity-mediated decohesion of block 
boundaries, plays a crucial role in determining the cycle-dependent 
behavior in steels with strengths around 1500 MPa. Furthermore, the 
reduction in the cohesive strength of PAGBs due to hydrogen-enhanced 
decohesion (HEDE), along with IB fracture accelerates the FCG in high- 
pressure hydrogen. Interestingly, hydrogen-induced degradation of 
block and packet boundaries causes stress-driven/time-dependent FCG 
in JIS-SCM440 (0.4 %C Cr-Mo) steel [19] but not in this (3Mn-0.2C) 
steel. It should be noted, however, that in the ΔK-constant test, the ΔK 
level for this (3Mn-0.2C) steel is lower (e.g., ΔK = 10 MPa⋅m1/2) than 
that for JIS-SCM440 (0.4 %C Cr-Mo) steel (e.g., ΔK = 20 MPa⋅m1/2). 
Therefore, future research should investigate the influence of potential 
factors (e.g., chemical composition, microstructure, and loading condi
tions) on the microscopic mechanisms responsible for hydrogen-induced 
degradation of block boundaries.

5. Conclusions

A steel alloy containing 3% Mn and 0.2% C, with a tensile strength of 
1500 MPa, underwent fatigue crack growth (FCG) tests in both air and in 

Fig. 13. Distribution of normalized stress range at the crack tip as a function of the inclination angle (θ) of the blocks relative to the macroscopic crack 
growth direction.

Fig. 14. Variation of fracture mode with the absolute inclination angle of 
blocks relative to the macroscopic crack growth direction (|θ|), plotted 
against ΔKeff.
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90 MPa hydrogen gas. The results revealed an initial notable decelera
tion due to crack closure, followed by significant FCG acceleration in 
hydrogen gas. At a ΔKeff of 10 MPa⋅m1/2, the acceleration rate in the 
material was found to be insensitive to loading frequency, despite its 
very high strength.

After thorough examinations of fracture surfaces, crack paths, and 
mechanical states ahead of the crack tip, the following conclusions 
regarding the mechanism of cycle-dependent FCG acceleration were 
drawn: 

1. Scanning electron microscopy observations of the crack path and 
laser profilometry of the fracture surfaces revealed that fatigue crack 
closure results from a combination of fracture surface roughness and 
crack-tip plasticity, leading to significant FCG retardation in the 
lower ΔK regime in 90 MPa hydrogen gas compared to air.

2. The degradation of block boundaries due to hydrogen-enhanced 
plasticity-mediated decohesion, driven by cyclic plasticity ahead of 
the crack tip, results in cycle-dependent FCG acceleration.

3. A reduction in the cohesive strength of prior austenite grain 
boundaries (PAGBs) is attributed to hydrogen-enhanced decohesion 
(HEDE). Consequently, the hydrogen-enhanced plasticity-mediated 
decohesion of block boundaries, in combination with HEDE of 
PAGBs, accelerates FCG in high-pressure hydrogen.
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