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ABSTRACT

This study conducts a statistical re- analysis of experimental data from the literature to assess the influence of hydrogen on key 

mechanical properties, including the medium- /high- cycle fatigue strength and the threshold value of the stress intensity factor 

range. The analysis employs linear regression, S- N curve plotting, and Paris' law regression. The results indicate that hydrogen 

has a minimal effect on the endurance limit of steel (estimated at 2 × 106 cycles to failure), in contrast to the reductions in lifespan 

observed in the medium- cycle fatigue regime. Regarding crack propagation, the threshold value of the stress intensity factor 

range is reduced in the presence of hydrogen, particularly in conventional steel, which is more susceptible to hydrogen embrittle-

ment than stainless steel. Conversely, systematic evaluation of constants linked to Paris' equation across various material types 

revealed considerable variability, suggesting a non- discernible trend in the response to hydrogen.

1   |   Introduction

Hydrogen is increasingly valued as a clean energy source, 

sparking renewed interest in its impact on the mechanical 

properties of various steel grades, including medium- strength, 

high- strength, and stainless steels. Regarding the effect of hy-

drogen on the fatigue and fracture behavior of steel, the primary 

technical issue is associated with hydrogen embrittlement. This 

phenomenon results in the degradation of the material's me-

chanical properties (including strength and ductility), leading 

to premature failures during in- service operations. Recognizing 

the critical nature of hydrogen embrittlement, this topic has 

been systematically studied by the international scientific com-

munity since the early twentieth century. The physical mecha-

nism of hydrogen embrittlement in steels has been thoroughly 

explored and systematically discussed in the literature [1–4]. In 

essence, when exposed to hydrogen—either through gaseous 

environments or electrochemical processes—additional degra-

dation mechanisms can significantly accelerate fatigue damage. 

This phenomenon is referred to as hydrogen- assisted fatigue 

or hydrogen- enhanced fatigue crack growth. Hydrogen atoms 

diffuse into the metal lattice, preferentially accumulating at re-

gions of high triaxial stress such as crack tips. Once inside the 

material, hydrogen can reduce cohesive forces between atoms 

(hydrogen- enhanced decohesion), facilitate dislocation motion 

(hydrogen- enhanced localized plasticity), or promote phase 

transformations and embrittlement. These mechanisms lead 

to reduced fatigue life, increased crack propagation rates, and 

a lower fatigue threshold. The combined effect of cyclic loading 

and hydrogen presence can result in premature failure, particu-

larly in high- strength alloys and welded joints where hydrogen 

susceptibility is elevated.
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The enormous body of research work on hydrogen effect on the 

behavior of steels has been summarized in several review articles 

(see, for instance, [5–13] for the associated physical mechanisms 

and [14–19] for static behavior and the corresponding physical 

mechanisms). However, examination of these articles shows that, 

over the years, attention has been mainly focused on summarizing 

and describing qualitatively the interaction between hydrogen and 

metals, with a particular focus on the underlying mechanisms. In 

contrast, to date, no studies have attempted to review quantita-

tively the effect of hydrogen on the fatigue and fracture behavior 

of steel. This explains why the underlying mechanisms are not ad-

dressed in the present investigation.

To address this knowledge gap, it is essential to assess the impact 

of hydrogen on the fatigue properties of steel through statistical 

and quantitative methods. This paper reports on an in- depth 

re- analysis of datasets to investigate the fatigue behavior of con-

ventional steel and stainless steel in the presence of hydrogen. 

Statistical and quantitative methods (such as linear regression 

analysis, S- N curve plotting, unified S- N curve construction, and 

Paris' law regression) were systematically and consistently applied 

to post- process experimental results taken from the technical 

literature. In this setting, this review primarily focuses on two 

main areas: plain material fatigue properties (e.g., endurance limit 

and slope of the S- N curve) and the fatigue crack growth proper-

ties (e.g., threshold value of the stress intensity factor range and 

crack propagation rate) of steel used in the gas transportation in-

dustry such as stainless steels—e.g., 17- 4PH (AISI 630), AISI304, 

AISI316, AISI347—or carbon steels—e.g., SCM435 (AISI4135), 

API 5L X52 pipeline steel, and Si- Cr steel (AISI 9254). The re- 

analyses presented in this paper are aimed to serve as a valuable 

reference for researchers, industrialists, and professionals engaged 

in hydrogen- related structural engineering issues, enhancing our 

quantitative understanding of the effects of hydrogen exposure 

on steel structural integrity. In particular, the ultimate aim of this 

investigation is not to provide engineers and researchers with de-

finitive reference values for use in design and structural integrity 

analysis. Instead, the goal is to identify potential trends in the con-

stants associated with S- N and Paris' curves when steel compo-

nents operate in hydrogen- rich environments.

Finally, it is worth noting that, although alternative models 

could have been used to post- process the experimental results 

considered in this review, we deliberately chose to adopt stan-

dard approaches during the design of this study. The selected 

models are widely recognized and utilized not only within the 

research community but also in industry. While the use of more 

advanced models to describe fatigue strength and crack growth 

behavior might have yielded different results, such approaches 

are not yet universally accepted or included in standard guide-

lines. This explains the reasoning behind the selection of the 

models used for data post- processing.

2   |   Database

The effect of hydrogen on the fatigue and crack growth behavior 

of steel was assessed through an analysis of experimental fatigue 

data, which were post- processed in terms of either S- N curves or 

crack growth curves. In the following two subsections, the fun-

damental theoretical concepts used in the analyses discussed 

below will be briefly reviewed, not only to avoid possible termi-

nological misunderstandings but also to unambiguously explain 

the meaning of the adopted symbols.

2.1   |   Fatigue Strength of Un- Cracked Metals

The S- N curve, also known as the Wöhler (or Basquin) curve, 

is a graphic representation of the relationship between the ap-

plied stress and the number of cycles to failure for a material 

under specific testing conditions. Figure 1 presents a schematic 

representation of an S- N curve for steel on a log–log scale. The 

schematic diagram consists of three distinct regimes, namely, 

the low- cycle fatigue (LCF) regime, the medium- cycle fatigue 

(MCF) regime, and the high- cycle fatigue (HCF) regime.

Low- cycle fatigue occurs under high- stress conditions, where 

the material is typically subjected to plastic deformation leading 

to a failure within a relatively small number of cycles. For me-

tallic materials, this usually occurs in the range of 1 to 103 cycles 

to failure. The fatigue limit is defined as the material- dependent 

stress level below which the material under investigation can 

theoretically withstand an infinite number of cycles to failure. 

For materials with a fatigue limit, the S- N curve in the high 

cycle fatigue regime features a horizontal asymptote, with the 

corresponding stress amplitude (or range) representing the ma-

terial's fatigue limit [20]. This classic definition predates more 

modern findings in the giga- cycle fatigue regime [21]. Modern 

research has revealed that many factors can eliminate the fa-

tigue limit, leading to a different reference strength definition 

for high- cycle fatigue. Accordingly, when a fatigue limit cannot 

be identified unambiguously or when the materials under in-

vestigation do not exhibit a fatigue limit (such as, for instance, 

aluminum alloys), a reference strength is estimated at NA cycles 

to failure. This usually lies in the range 5 ⋅ 105 ÷ 107 cycles to 

failure [22]. This reference stress is referred to as the “endur-

ance limit.” Given the challenges in defining the fatigue limit for 

different materials, in the present investigation, the endurance 

limit concept was used, with this high- cycle fatigue reference 

strength being estimated at NA = 2 × 106 cycles to failure. In this 

context, it is important to clarify that a material being at its en-

durance limit does NOT mean it can endure an infinite number 

FIGURE 1    |    Schematic representation of an S- N curve and its asso-

ciated scatter band.
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of cycles at that stress level. Rather, the endurance limit signi-

fies that the material can survive up to a specific number of cy-

cles—referred to as NA in this study. However, at the endurance 

limit stress level, the material may still fail shortly after reaching 

a number of cycles equal to NA. These considerations suggest 

that, in this study, the term “endurance limit” is used to denote 

a reference strength in the high- cycle fatigue regime and NOT 

as a conventional “fatigue limit”—i.e., a stress threshold below 

which the material can endure an infinite number of cycles. 

From a quantitative review standpoint, one of the key advan-

tages of using the endurance limit is that, when systematically 

estimated through statistical analysis, it provides a consistent 

basis for comparing and contrasting results from different ex-

perimental trials. Another important implication is that, given 

the negative inverse slope and the endurance limit at NA cycles 

to failure, it is possible to estimate a different reference high- 

cycle fatigue strength for a different number of cycles to failure 

if needed. In this study, NA = 2 × 106 cycles to failure was se-

lected as a reference, following recommendations from estab-

lished standard codes and guidelines for fatigue assessment of 

welded joints, such as Eurocode 3 and the Recommendations of 

the International Institute of Welding.

As far as the effect of hydrogen on the fatigue behavior of metals 

is concerned, this paper focuses on experimental results generated 

in the MCF regime (i.e., the central region in Figure 1). Data re- 

analysis involved calculating the corresponding S- N curve and as-

sociated scatter band in a log–log domain. S- N curves were derived 

by fitting a linear function to experimental results, as shown below 

[20, 23]:

where Nf  is the number of cycles to failure (i.e., the fatigue life-

time), � is the stress level (that can be expressed in terms of ei-

ther range, amplitude or maximum value), and Co and C1 are the 

intercept and inverse slope of the log–log linear function, respec-

tively. These are constants that vary for different materials, load 

ratios and environmental conditions.

In the present study, the linear regression method (LRM) was 

applied to fit the mean S- N curve to the experimental fatigue 

datasets that were collected. The LRM uses the least squares 

approximation [24, 25] to determine the slope and intercept of 

the mean curve by minimizing the sum of the square of the dif-

ferences between the observed dependent variable (fatigue life) 

and the output of the linear function of the independent variable 

(stress levels). Constants C0 and C1 are estimated from the exper-

imental results as follows [26]:

where n is the sample size and i = 1, 2 … n. log �i is the mean of 

the log of the stress levels and logNi is the mean of the log of the 

number of cycles to failure.

Equation (1) can also be rewritten as suggested by Wöhler and 

Basquin, i.e., by directly using a power law relationship between 

the applied stress and the number of cycles to failure [27]. Given 

two reference points having coordinates equal to (�A, NA)—at 

the endurance limit—and to (�, Nf), respectively, Wöhler's (or 

Basquin's) equation takes on the following form:

where k is the negative inverse slope which is linked with con-

stant C1 as follows:

Substituting the negative inverse slope in Equation (1), the mean 

S–N becomes:

Accordingly, the endurance limit for the predicted mean curve 

at the reference number of cycles, NA, can be expressed as:

In Equation (7), subscript 50% is used to explicitly denote that 

the endurance limit refers to the mean curve, that is to a fatigue 

curve characterized by a probability of survival, PS, equal to 50%.

The reference stress level at NA cycles to failure can be computed 

for different probabilities of survival via the standard deviation 

of the population, the endurance limit for Ps = 50% and another 

statistical constant, q, depending on the desired survival proba-

bility, confidence level, and sample size [28–31].

Thus, the endurance limit at NA cycles to failure takes on the 

following values for Ps = P% and Ps = (1- P) %, respectively:

where the variance, s, is calculated as:

The size of the scatter band associated with the data set being 

analyzed is defined as the ratio between �A,(1−P)% and �A,P%. In 

the present investigation, the level of scattering was quantified 

as follows [26]:

(1)Log Nf = Co + C1Log �

(2)C1 =

n
∑

i= 1

�

log
�

�i

�

log�i
��

log
�

Ni

�

− logNi

�

n
∑

i= 1

�

log
�

�i

�

− log�i
�2

(3)C0 = logNi − C1log�i

(4)�
kNf = �A

kNA = constant

(5)k = −C1

(6)logNf = Co − k ⋅ log�i

(7)�A,50% =

[

10C0

NA

]
1

k

(8)�A,P% = �A,50%

[

NA

10log(NA)+qs

]
1

k

(9)�A,(1−P)% = �A,50%

[

NA

10log(NA)−qs

]
1

k

(10)
s2 =

n
∑

i= 1

�

LogNf −LogNi

�2

n − 1

(11)T
�
=

�A,10%

�A,90%
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where �A,10% and �A,90% are the endurance limits calculated for 

probability of survival PS equal to 10% and 90%, respectively.

As examples, Figure 2a,b show two S- N curves with the asso-

ciated scatter bands for two datasets taken from the literature 

[32, 33] and used in the re- analyses discussed in what follows. 

In Figure 2, σa is the stress amplitude and R is the load ratio, 

which is defined as the ratio between the minimum, σmin, and 

maximum, σmax, stress applied in the fatigue cycle.

The analyses summarized in what follows will focus on compar-

ing parameters derived from S- N curves under conditions with 

and without the presence of hydrogen. Key aspects detailed in 

Section  3 will include the degree of scatter, T
�
, the endurance 

limit, �A,50%, for the predicted mean curve at NA = 2 × 106 cycles 

to failure, and the inverse slope,k.

2.2   |   Fatigue Behavior in the Presence of Cracks

The crack propagation behavior of steel in the presence of hydro-

gen was investigated using crack growth curves. Figure 3a illus-

trates a schematic diagram of a crack growth curve, also known 

as Paris' curve, which graphically represents, using a log–log 

scale, the relationship between the crack growth rate, da∕dN, 

and the stress intensity factor range, ΔK. In this graph, a denotes 

the crack size, and N represents the number of cycles. Based on 

the schematic representation of Figure 3a, three distinct differ-

ent regimes are identifiable as follows.

• Regime I. The stress intensity factor range, ΔK, is below 

the threshold value of the stress intensity factor range, ΔKth
, meaning that the crack growth rate is so low that, from 

an engineering perspective, no propagation is assumed to 

occur.

• Regime II. This is the central region of Paris' diagram, 

where the crack growth rate,da∕dN, follows a power- law 

relationship with ∆K.

• Regime III. In this region, the maximum value of the ap-

plied stress intensity factor approaches the material's 

fracture toughness, Kc, causing the crack growth rate to ac-

celerate rapidly until a sudden, catastrophic failure occurs 

[35].

This paper focuses specifically on the threshold value of the 

stress intensify factor range, ΔKth, and the crack growth be-

havior in Regime II. As far as Regime II is concerned, for a 

given dataset, the associated curve was generated by fitting 

the experimental results via the least squares method to de-

termine constants C and m in the following well- known rela-

tionship [36]:

(12)
da

dN
= C ⋅ ΔKm

FIGURE 2    |    Comparison between the S- N curve in air and in hydro-

gen for SCM435 steel (AISI 4135) [32] (a) and AISI 316 stainless steel 

[33] (b).

FIGURE 3    |    Schematic representation of a fatigue crack propagation 

curve (a) and comparison between the crack growth curve in inert envi-

ronment and in hydrogen for AISI 304 stainless steel [34] (b).
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From a mathematical standpoint, the linear regression proce-

dure followed is similar to that used for post- processing S- N 

curves, as previously described.

Since, according to ASTM E647- 23a [37], the threshold value of the 

stress intensity factor range is determined using data characterized 

by da/dN values in the range of 10−9 to 10−10 m/cycle, constants C 

and m in Equation (12) were determined by post- processing only 

the data points with da/dN values greater than 10−8 m/cycle. This 

strategy allowed us, on the one hand, to effectively estimate the 

constants C and m by focusing on the region of the Paris diagram 

where a linear relationship (in a log–log representation) exists be-

tween da/dN and ΔK; and, on the other hand, to determine these 

constants across the various datasets in a consistent manner, en-

abling meaningful comparisons. Further, to ensure that the data 

re- analyzed using Equation (12) exhibited a strong linear relation-

ship within Regime II, the correlation coefficient [38] was calcu-

lated for each individual dataset. In 94% of the regression analyses, 

the correlation coefficient exceeded 0.9, with the lowest recorded 

value being 0.66. These results confirm that the values of the con-

stants C and m reported in Tables 3 and 4 are associated with a 

strong linear relationship between da/dN and ΔK.

The threshold stress intensity factor range, ΔKth, was estimated 

using the standard procedure recommended by ASTM E647- 23a 

[37]. According to these guidelines, the operational definition 

of ΔKth involves identifying the ΔK value corresponding to a 

finite crack growth rate, da∕dN, equal to 10−10 m/cycle. More 

specifically, ΔKth was determined from the best- fit line obtained 

via linear regression of log (da/dN) versus log (ΔK), using all 

(da/dN, ΔK) data points collected for each dataset within the 

crack growth rate range of 10−9 to 10−10 m/cycle. In line with 

the ASTM recommendations, datasets containing fewer than 

five experimental points within this growth rate range were ex-

cluded from post- processing for the determination of ΔKth.

The re- analyses discussed below were performed by referring 

to standard recommendations, as the ASTM standards are the 

most widely used in industry. Furthermore, it is important to 

highlight that this widely recognized ASTM approach was ad-

opted also due to the absence of a specific standard addressing 

the fatigue cracking behavior of metals in hydrogen- rich envi-

ronments. A key advantage of using the ASTM approach is that 

ΔKth is estimated by extrapolating the stress intensity factor 

range value at da∕dN equal to 10−10 m/cycle. This methodology 

enables consistent comparison of ΔKth values across different 

investigations. In summary, we chose the ASTM- recommended 

approach because, on the one hand, there is no specific standard 

for hydrogen- related situations, and on the other hand, it pro-

vides a standardized method suitable for comparing ΔKth values 

obtained from different experimental trials.

An illustrative example of crack growth curves generated in the 

presence and absence of hydrogen is presented in Figure  3b, 

with data extracted from Ref. [34]. In line with the ASTM stan-

dard approach, the reported values of ΔKth were determined by 

post- processing data points in the range of 10−9 to 10−10 m/cycle. 

In contrast, the constants C and m were determined by consid-

ering data points with da/dN values greater than 10−8 m/cycle. 

For this specific material and testing conditions, the chart in 

Figure 3b shows that the presence of hydrogen led to a reduction 

in the ΔKth value, along with an increase in crack growth rate 

in Region II.

2.3   |   Construction of the Database

The effect of hydrogen on the fatigue and crack propagation be-

havior of metallic materials was investigated by focusing atten-

tion on both conventional and stainless steel. Welded steel was 

also considered in the analysis of fatigue cracking behavior. The 

experimental results used to compile this review were selected 

from relevant technical literature [32–34, 39–115]. The list of all 

the metallic materials that were considered in the present inves-

tigation is reported in Table 1. This table also reports the testing 

temperature, as well as the hydrogen pressure during both test-

ing and soaking. The material properties seen in Table 1 include 

Young's modulus, E, yield strength, σy, ultimate tensile strength, 

σUTS, elongation at failure, Ef, and Vickers hardness, HV.

The fatigue results and fatigue crack growth data were extracted 

from the original graphs and plots by using open- access soft-

ware WebPlotDigitizer.

The fatigue data sets considered in the present investigation are 

listed in Table 2 for un- cracked metals and in Tables 3 and 4 for 

un- welded and welded cracked metallic materials, respectively.

Table 2 summarizes the fatigue behavior of un- cracked steel 

in terms of material designation and testing conditions. The 

experimental fatigue data for each material were re- analyzed 

using linear regression [30]. The resulting S- N curves are 

summarized in Table 2 in terms of load ratio, R =

�min

�max

, inverse 

negative slope, k, endurance limit, �A,50%, at NA = 2·106 cycles 

to failure and scatter ratio, T
�
.

Tables  3 and 4 summarize the fatigue cracking behavior of the 

considered un- welded and welded metallic materials, respectively, 

in both the absence and presence of hydrogen. For each material, 

Tables 3 and 4 detail the hydrogen exposure condition, the load 

ratio, R, testing frequency, F, values of constant C and exponent 

m in Paris' equation, Equation (12), and the threshold value of the 

stress intensity factor range, ΔKth, extrapolated at a crack growth 

rate of 10−10 m/cycle as recommended by the ASTM standard pro-

cedure [37]. The comparison of the parameters mentioned above, 

along with a discussion of the results, is presented in Section 4. 

Finally, it is worth noting that the majority of the fatigue crack 

growth tests were conducted using C(T) specimens, with efforts 

made to adhere as closely as possible to ASTM recommenda-

tions. This was done while simultaneously managing the addi-

tional complexities introduced by the hydrogen charging process. 

Readers are referred to the original sources for a detailed descrip-

tion of the experimental procedures followed.

3   |   Hydrogen Effect on the Fatigue Behavior of 
Un- Cracked Steel

As far as the fatigue behavior in the presence of hydrogen is con-

cerned, the materials investigated included both conventional 

steels and stainless steels. The associated S- N curves parameters 

are summarized in Table 2. The re- analyzed data were divided 
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TABLE 1    |    Mechanical properties of the materials considered in the present investigation [32–34, 39–115].

Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

A286(AISI 660) Stainless steel [33] Precipitation hardened Room 

temperature 

(RT)

0.12 198 600 967 23 393

AISI 316 Stainless steel [33] 30% Pre- strained RT 0.12 192 699 746 36 264

[99] Heating, rapid cooling RT 10 242 610 81.8 163

[101] RT 100 283 602 63

[102] RT 90 245 551 40

[105] Electric discharge 

machining

RT 14.7 550

[53] RT 78–115 200 263 586 61 140

Welded stainless 

steel

[88] Plasma arc welding RT 0.2

AISI 304 Stainless steel [33] 30% Pre- strained RT 0.12 192 657 889 40 311

[96] 40% pre- strained RT 0.22 955 1027 26 358

[101] RT 100 279 646 60

[102] RT 90 205 520 40

[34] Cold- rolled, annealed RT 351 617 57.4

AISI 304 Stainless steel [40] Heat- treated at 1100 °C, 

water quenching

RT 0.7 274 628

[53] RT 78–115 200 258 612 66 155

[77] Laser welding and laser 

surface treatment

RT 0.2 367 720 68

[85] RT 5 × 10−5- 3 259 655 58

Welded stainless 

steel

[87] Plasma arc welding RT 0.2

(Continues)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

JIS G4052 Grade 

SCM435H(AISI 

4135)

Chromium 

molybdenum steel

[32] RT 0.7–90 1061 1091 14 368

[33] Quenched and tempered RT 0.12 206 788 944 21 293

[93] Quenched, water- 

sprayed and tempered

RT 5.5/34 671 824 256

[95] Tempering, heating 

and oil quenching.

RT 0.1 2050 600

[106] Surface polished RT 45 781 958 58

[42] Water- quenching after 

keeping the temperature 

at 830 °C for 2 min

RT 63 835–

1080

980–

1180

330

0.7C- 13Cr (AISI 420) Stainless steel [92] RT 675

API 5L X52 Pipeline steel [97] 410 528 15.8

[47] RT 1.7–48 429 493 200–250

[56] 1.4–20.7 206 325 526

[57] Tempered at 550 °C, 

hot rolling

RT 6.3 497 592 15.9

[61] RT 5.5/34 325 526

JIS G3106 Grade 

SM490B

Structural steel [93] Quenched, water- 

sprayed and tempered

RT 115 671 824 256

[60] Annealed and 

cold worked

RT 0.1–90 360 540 17 153

[72] 298–423 K 0.7–90 360 537

JIS SWOSC- V (AISI 

9254)

Silicon- 

chromium steel

[107] Austenitized, oil 

quenching and tempering

1849

17- 4PH (AISI 630) Stainless steel [94] Water quenching, 

precipitation hardening, 

air cooling

RT 35/100 1013

(Continues)

TABLE 1    |    (Continued)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

JIS G4051 Grade 

S45C (AISI 1045)

Medium 

carbon steel

[98] Annealed, machined RT 185

UFG16- 10 (AISI 321) Stainless steel [99] Heating, rapid cooling RT 10 585 793 50 295

CG16- 10 (AISI 321) Stainless steel [99] RT 10 156 629 66.2 145

AISI 347 Stainless steel [103] RT 34.5 720 1378 43

[104] Heat- treated, water 

quenched

RT 310 658 61

SCM440 (AISI 4140) Chrome alloy 

structure steel

[106] Surface polished RT 45 875 1018 54

[54] Tempered at 843 K RT 917 1036 18 325

[68] Heated at 1133 K for 

2.5 h and tempered 

at 733 K for 3 h

RT 9 1232 1365 11.7 437

API 5L X100 High- strength steel [43] RT 260 440

Welded high- 

strength steel

[91] Gas metal arc welding RT 21 207 705 780

ASTM A333 steel Alloy steel [44] RT 0.11 355 481 44 136

(Continues)

TABLE 1    |    (Continued)

 14602695, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/ffe.14687 by UNIVERSITY OF SHEFFIELD, Wiley Online Library on [03/06/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License



9 o
f 32

Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

API 5L X80 High strength steel [45] TMCP rolling finishing 

above the Ar3 followed 

by ACC (water) cooling

RT 5.5/11/20.7 541 596 40

[46] Polished with a 2000 

grade SiC paper 

and then cleaned 

ultrasonically in acetone

RT 12 523.9 656.39 26.88

[41] RT 6 552 655 24

[71] RT 10 660 724

[74] RT 30 209 507 677 26

Welded High 

strength steel

[89] Spiral welding RT 12

[90] Spiral submerged 

arc welding

RT 0.7–115 205 599.7 566.2 18.8

API 5L X60 High strength steel [39] RT 6.9

[45] TMCP rolling finishing 

above the Ar3 followed 

by ACC (water) cooling

RT 5.5/11/20.7 435 486 42

A106 Gr B pipeline 

steel (AISI 1020)

Welded carbon 

steel

[86] GTAW (gas tungsten arc 

welding) + SMAW (shield 

metal arc welding)

RT 380 502

API 5L X70 High strength steel [39] RT 6.9

[50] RT 6.9 485 600

[66] Polished to a fine 

surface finish

RT 5.5/34 509 609 13

Welded High 

strength steel

[49] RT 7–21 525 619.1 218.8

API 5L X42 High strength steel [39] RT 6.9

[56] 6.9 206 366 511

(Continues)

TABLE 1    |    (Continued)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

A516 (AISI 1330) Carbon steel [39] RT 6.9

2- 25Cr- 1Mo steel 

(AISI 4140)

Alloy steel [48] Heat- treated RT 0.138 500 610

[59] Austenitized at 925 °C 

for 90 min, austenitized 

at 940 °C for 30 min, 

quenched in water, 

tempered at 600 °C for 

2 h in water, tempered 

at 650 °C for 2 h

RT 19.5 622 710 22 201

[81] RT 0.133 748 819 21

[82] Normalizing for 5.5 h 

at 954 °C, air cooling, 

tempered for 8 h at 

691 °C, stress relieved 

for 15 h at 593 °C, 22 h at 

649 °C, and 18 h at 691 °C

RT 345 528 29

SA- 542- 3 (ASTM 

A542)

Alloy steel [48] Heat- treated RT 0.138 770 820

JIS- SNCM439 (AISI 

4340)

Conventional steel [51] Heat treated, quenching RT 0.7–80 100 903–

933

[83] Annealing, quenching, 

and tempering

RT 9.9 832 991 10.2

22- Cr- 5- Ni (AISI 

2507)

Stainless steel [52] RT 190–

210

565 827 35

25- Cr- 7- Ni (AISI 

2507)

Stainless steel [52] RT 190–

210

556 814 31

(Continues)

TABLE 1    |    (Continued)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

AISI 4130 steel Conventional steel [55] Heat treated RT 45/70/87.5/100 214 700 830

[62] Quenched and 

tempered, with a 

tempered martensitic 

microstructure

RT 220 715 950

[70] Quenched at 900 °C 

and tempered at 615 °C, 

followed by air cooling

RT 92 719 839

API 5L Grade B Conventional steel [56] 1.4/20.7 206 371 539

S25C (AISI 1025) Conventional steel [58] RT 21 252 464

S55C (AISI 1055) Conventional steel [58] RT 21 289 615

SUH660 steel (AISI 

660)

Stainless steel [108] Solution treated for 

1 h at 980 °C, aged for 

16 h at 720 °C, and 

then air cooled

RT 10 664 1065 27.6

11.4Ni stainless steel 

(AISI 304)

Stainless steel [109] RT 10 234 790 61

AISI 4140 steel Conventional steel [63] RT 10 1313 393

[65] Quenching and 

tempering, austempering.

RT 0.02 1474 1701 13

1528 1720 11.9

HSLA steel (AISI 

4140)

Conventional steel [64] RT 650 740 280

AISI 301 Stainless steel [111] Cold rolled 293 K 1462 1550 490

Vascomax T- 250 

(AISI 250)

Conventional steel [67] Laser surface 

annealing (LSA), H900 

aging treatment

RT 1720 520

DP1180 Conventional steel [112] Cold- rolled RT 780 1180 8.7

(Continues)

TABLE 1    |    (Continued)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

16Mn TWIP steel Twinning- Induced 

Plasticity steel

[69] Gas- phase thermal 

hydrogen charging at 

300 °C, 16 MPa, for 200 h, 

mechanically ground, 

polished, and etched

RT 5 334 830 73.8

25Mn TWIP steel Twinning- Induced 

Plasticity steel

[69] Gas- phase thermal 

hydrogen charging at 

300 °C, 16 MPa, for 200 h, 

mechanically ground, 

polished, and etched

RT 5 370 820 57.8

Ni- based superalloy 

718

Nickel- based 

superalloy

[73] Mirror- finished by 

polishing with a 1- μm- 

diamond suspension

RT 95 100 1100 1350

[111] Precipitation- hardenable, 

annealed for 1 h at 975 °C 

and cooled in air. Heat 

treatment occurs at 

720 °C for 8 h and then 

cooled by 50 °C/h in an 

oven for 2 h until 620 °C

293 K 0.15–0.2 1100 1375 450

Ti–6Al–4V alloy 

(AISI B1112)

Titanium alloy [75] Mill- annealed RT 0.245 916 936 18

SAE52100 (AISI 

52100)

Conventional steel [76] Oil- quenched from 

1113 K, tempered at 

643 K, machined to 

final dimensions after 

tempering and finished 

by buffing after polishing 

with #2000 emery paper.

RT 100 1794 1900

GB 20 grade steel 

(AISI 1020)

Conventional steel [78] Hot- rolled RT 0.4 288 422

(Continues)

TABLE 1    |    (Continued)
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Material Type Ref. Remarks

Testing 

temperature 

[K]

Testing 

pressure 

[MPa]

Soaking 

pressure 

[MPa]

Mechanical properties
Vickers 

hardness 

(HV)

E σy σUTS Ef

[GPa] [MPa] [MPa] [%]

JIS- SS400 (AISI 

1030)

Conventional steel [79] Hot- rolled RT 1/40 314 443 43.3

Zeron 100 duplex 

stainless steel

Stainless steel [80] RT 0.095 600 700–

800

JIS- SUJ2 (AISI 

52100)

Conventional steel [84] Tempered at 823 K, 

quenching

1200 1400 400

Cr- Ni- Mn austenitic 

stainless steel (AISI 

304)

Stainless steel [113] Cast, hot rolled into 

a 13 mm thick plate, 

and solution treated

223 K 40 287 663 72

Cold- drawn 

eutectoid steel (AISI 

1060)

Conventional steel [114] Cold drawing and low- 

temperature annealing 

at 473 K for 15 min

203 K 2495 40 557

SUS420 (AISI 420) Stainless steel [115] Heat- treated and 

cold- rolled

1250 7

Custom 465 (AISI 

465)

Conventional steel [111] Precipitation hardened 

(H1000) and kept 

for 4 h at 538 °C

293 K 0.15–0.2 1510 1593 540

TABLE 1    |    (Continued)
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TABLE 2    |    Summary of the results from the post- processed S- N curves (endurance limits extrapolated at NA = 2·106 cycles to failure; subscript H denotes results from tests conducted in the presence of 

hydrogen).

Ref. Material Testing condition R F [Hz] S- N curve kH/k σA,50%- H/

σA, 50%

No. of 

specimens
k σA,50% 

[MPa]

Tσ

[32] SCM435 (AISI 

4135) Series 1

Test in air 0.1 1 7.7 156.6 1.38 1.76 1.10 8

Test in gaseous H2 0.1 1 13.5 172.2 1.23 15

[33] A286 (AISI 660) Test in air −1 18.7 2.1 129.8 2.64 2.63 2.00 5

Test in gaseous H2 −1 18.7 5.4 259.2 1.18 6

[33] AISI 316 Series 1 Test in air −1 20 3.2 146.0 2.18 2.24 1.01 3

Test in gaseous H2 −1 20 7.1 146.8 1.36 4

[33] AISI 304 Series 1 Test in air −1 18.7 4.4 162.9 1.11 1.07 1.54 5

Test in gaseous H2 −1 18.7 4.7 251.5 1.46 6

[33] SCM435 (AISI 

4135) Series 2

Test in air −1 18.7 3.8 161.7 1.65 2.45 1.09 5

Test in gaseous H2 −1 18.7 9.4 175.6 1.04 4

[92] 0.7C- 13Cr (AISI 420) Test with un- soaked specimens in air −1 1–1000 10.2 606.6 2.37 2.20 0.43 5

Test with hydrogen pre- soaked specimens in air −1 1–1000 22.4 263.5 3.01 3

[93] JIS- SM490B Test in air −1 1 14.9 239.7 1.13 0.88 0.90 7

Test in gaseous H2 −1 1 13.1 216.2 1.05 4

[93] SCM435 (AISI 

4135) Series 3

Test in air −1 1 10.9 323.6 1.22 1.37 1.03 6

Test in gaseous H2 −1 1 14.8 332.5 1.27 7

Test in air −1 1 21.8 274.8 1.41 3

Test in gaseous H2 −1 1 1

[94] 17- 4PH (AISI 630) Test with uncharged specimens in air −1 1 3.5 96.8 1.09 1.42 0.96 4

Test with gaseous hydrogen pre- charged specimens in air −1 1 5.0 93.1 1.70 4

[95] SCM435 (AISI 

4135) Series 4

Test in air −1 20 6.9 483.6 1.31 1.50 1.37 6

Test in gaseous H2 −1 20 10.3 660.4 2.00 4

Test in gaseous N2 −1 20 19.6 763.8 1.36 3

(Continues)
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Ref. Material Testing condition R F [Hz] S- N curve kH/k σA,50%- H/

σA, 50%

No. of 

specimens
k σA,50% 

[MPa]

Tσ

[96] AISI 304 Series 2 Test with uncharged specimens in air −1 20 6.7 197.2 7.04 1.08 0.91 3

Test with hydrogen cathodically charged specimens in air −1 20 7.2 180.2 4.21 4

Test with gaseous hydrogen pre- charged specimens in air −1 20 6.6 175.8 16.05 3

[97] API 5 L X52 Test with uncharged specimens in air 0.1 10 43.8 249.1 1.02 1.79 1.01 8

Test with hydrogen electrochemical 

pre- charged specimens in air

0.1 10 78.5 252.1 1.01 6

[98] JIS- S45C (AISI 1045) Test with hydrogen pre- soaked specimens in air −1 20 17.5 213.7 1.15 1.22 1.04 4

Test with un- soaked specimens in air −1 20 14.4 206.4 1.17 3

[99] UFG16–10 (AISI 321) Test with uncharged specimens in air −1 15 7.3 244.6 2.00 5.09 1.39 3

Test with gaseous hydrogen pre- charged specimens in air −1 15 37.3 338.7 1.01 3

[99] CG16–10 (AISI 321) Test with uncharged specimens in air −1 15 41.9 205.9 N/A 0.84 0.90 2

Test with gaseous hydrogen pre- charged specimens in air −1 15 26.4 186.0 N/A 2

[99] AISI 316 Series 2 Test with uncharged specimens in air −1 15 32.0 207.2 1.33 0.84 0.89 4

Test with gaseous hydrogen pre- charged specimens in air −1 15 26.8 183.4 1.00 3

[100] AISI 304 Series 3 Test with un- soaked specimens in air 0.1 0.1–10 5.2 109.6 1.25 1.84 0.94 11

Test with hydrogen pre- soaked specimens in air 0.1 0.1–10 9.6 102.6 1.13 5

[101] AISI 304 Series 4 Test in air −1 1 15.2 218.0 1.09 2.15 1.10 10

Test in gaseous H2 −1 1 32.7 239.3 1.13 7

[101] AISI 316 Series 3 Test in air −1 1 16.4 213.8 1.08 1.49 1.07 9

Test in gaseous H2 −1 1 24.5 228.6 1.16 7

[102] AISI 304 Series 5 Test in air −1 1 12.5 176.8 1.29 1.13 0.95 5

Test in gaseous H2 −1 1 14.1 167.6 1.28 5

[102] AISI 316 Series 4 Test in air −1 1 5.3 92.3 1.08 1.27 1.16 4

Test in gaseous H2 −1 1 6.8 107.4 1.08 4

(Continues)

TABLE 2    |    (Continued)
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Ref. Material Testing condition R F [Hz] S- N curve kH/k σA,50%- H/

σA, 50%

No. of 

specimens
k σA,50% 

[MPa]

Tσ

[103] AISI 347 Series 1 Test in gaseous He 0.1 20 24.9 566.0 1.43 1.49 1.07 4

Test in gaseous H2 0.1 20 37.0 604.8 1.08 4

[104] AISI 347 Series 2 Test in air 0.1 5 13.1 167.8 1.10 0.42 0.57 6

Test in H2SO4 solution 0.1 5 5.4 96.0 1.24 7

[105] AISI 316 Series 5 Test in air −1 20 15.6 211.2 1.17 1.24 1.01 4

Test in gaseous H2 −1 20 19.3 214.2 1.15 4

Test in air −1 20 27.7 206.1 1.18 0.75 0.96 5

Test in gaseous H2 −1 20 20.6 197.0 1.25 6

[106] SCM435 (AISI 

4135) Series 5

Test in gaseous H2 −1 1–10 5.3 283.2 2.54 1.59 0.69 4

Test in air −1 1–10 3.3 196.5 2.86 8

[106] SCM440 (AISI 4140) Test in gaseous H2 −1 1–10 5.5 325.5 1.14 1.81 0.49 5

Test in air −1 1–10 3.0 160.1 1.70 4

[107] Si- Cr steel (AISI 9254) Test with uncharged specimens in air 83 27.7 587.8 1.05 5

Test with hydrogen electrochemical 

pre- charged specimens in air

83 7.8 405.6 1.12 0.28 0.69 4

[40] AISI 304 Series 6 Test in air 0.1 1 9.1 87.1 1.46 1.54 1.14 6

Test in gaseous H2 0.1 1 14.0 99.3 1.98 5

[41] API 5 L X80 Test in gaseous N2 0.1 1 5.1 63.5 1.42 1.39 1.13 12

Test in gaseous H2 0.1 1 7.1 71.5 1.50 12

[108] SUH660 steel (AISI 660) Test with uncharged specimens in air −1 55 6.4 221.9 1.29 1.08 1.15 6

Test with gaseous hydrogen pre- charged specimens in air −1 28 6.9 255.7 2

[109] 11.4Ni SS (AISI 304) Test in gaseous He 0.1 1 6.6 134.7 1.39 1.33 1.25 6

Test in gaseous H2 0.1 1 8.8 168.1 1.66 7

[110] SNCM439 (AISI 4340) Test with uncharged specimens in air −1 20 4.9 162.8 1.54 2.88 2.09 5

Test with gaseous hydrogen pre- charged specimens in air −1 20 14.1 340.0 1.92 4

(Continues)
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Ref. Material Testing condition R F [Hz] S- N curve kH/k σA,50%- H/

σA, 50%

No. of 

specimens
k σA,50% 

[MPa]

Tσ

[111] AISI 301 Test in air −1 2 4.5 434.9 1.27 0.93 0.97 9

Test in gaseous H2 −1 2 4.2 422.9 1.31 10

Custom 465 (AISI 465) Test in air −1 2 5.3 447.6 1.62 0.96 1.08 10

Test in gaseous H2 −1 2 5.1 484.1 1.39 10

Inconel 718 Test in air −1 2 4.1 249.2 1.47 1.26 1.26 11

Test in gaseous H2 - 1 2 5.2 313.9 1.31 9

[112] DP1180 Test with uncharged specimens in air 0.1 1 11.5 335.6 1.28 0.94 1.00 9

Test with hydrogen electrochemical 

pre- charged specimens in air

0.1 1 10.9 334.1 1.19 6

[113] Cr- Ni- Mn austenitic 

stainless steel (AISI 304)

Test in air 0.1 1 6.5 190.9 1.17 0.76 0.71 7

Test in gaseous H2 0.1 1 4.9 135.5 1.22 7

[114] Cold- drawn eutectoid 

steel (AISI 1060)

Test with uncharged specimens in air 0 30 3.4 490.7 1.83 1.81 3

Test with hydrogen electrochemical 

pre- charged specimens in air

0 30 6.1 889.0 1.65 4

[115] AISI 420 Test with uncharged specimens in air 0.1 30 7.0 160.4 1.22 0.96 0.78 3

Test with hydrogen electrochemical 

pre- charged specimens in air

0.1 30 6.7 124.9 2.90 4

TABLE 2    |    (Continued)
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TABLE 3    |    Summary of the results from the post- processed fatigue crack growth curves generated by testing un- welded steel (threshold value of the stress intensity factor range extrapolated at da/

dN = 10−10 m/cycle; constant C was determined by measuring ΔK in units of MPa·m1/2 and da/dN in units of m/cycle; CH indicates the hydrogen concentration).

Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[39] API 5L X70 Test in gaseous H2 0.1 1 3.25·10−12 4.3

Test in gaseous N2 0.1 1 1.25·10−11 2.9

API 5L X42 Test in gaseous H2 0.1 1 3.81·10−14 6.5

Test in gaseous N2 0.1 1 5.27·10−13 3.9

API 5L X60 Test in gaseous H2 0.1 1 6.94·10−12 3.8

Test in air 0.1 1 3.06·10−13 4.2

A516 (AISI 1330) Test in gaseous H2 0.1 1 5.06·10−14 5.5

Test in air 0.1 1 9.83·10−13 3.7

1020 (AISI 1020) Test in gaseous H2 0.1 1 2.93·10−12 4.0

Test in air 0.1 1 1.11·10−12 3.4

[40] AISI 304 Test in air 0.1 1 3.30·10−12 3.28

Test in gaseous H2 0.1 1 1.01·10−11 3.57

[41] API 5L X80 Test in gaseous N2 0.1 1 2.43·10−7 1.42

Test in gaseous H2 0.1 1 3.76·10−13 7.31

[42] SCM435 (AISI 4135) Test with H- uncharged specimens - 1 20 5.31·10−12 2.6

Test with hydrogen cathodic charged specimens - 1 20 8.62·10−10 1.4

Test with H- uncharged specimens - 1 2 1.07·10−11 2.5

Test with hydrogen cathodic charged specimens - 1 2 5.18·10−9 1.2

Test with H- uncharged specimens - 1 0.2 1.37·10−11 2.5

Test with hydrogen cathodic charged specimens - 1 0.2 2.66·10−10 2.1

[43] API 5L X100 Test with specimens cathodic charged in NS4 solution: CH = 0.209 ppm 0 1 6.30·10−11 4.8

Test with specimens cathodic charged in NS4 solution: CH = 0.456 ppm 0 1 5.48·10−10 4.3

Test with specimens cathodic charged in NS4 solution: CH = 0.001 ppm 0 1 4.23·10−12 5.8

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[43] API 5L X100 Test with specimens cathodic charged in NS4 solution: CH = 0.209 ppm 0 1 2.36·10−11 5.2

Test with specimens cathodic charged in NS4 solution: CH = 0.514 ppm 0 1 1.58·10−12 6.2

Test with specimens cathodic charged in NS4 solution: CH = 1.231 ppm 0 1 9.52·10−12 5.7

[44] ASTM A333 steel Test in pure gaseous H2 0.1 20 5.86·10−18 8.0

Test in gaseous H2 + 1000 vppm CO 0.1 20 7.42·10−18 8.0

Test in gaseous H2 + 10,000 vppm CO 0.1 20 1.19·10−16 6.9

Test in gaseous H2 + 100,000 vppm CO 0.1 20 7.58·10−17 6.9

Test in air 0.1 20 1.25·10−13 4.4

[45] API 5L X80 Test in gaseous H2 0.5 1 4.48·10−14 6.2

Test in air 0.5 1 5.09·10−13 4.1

API 5L X60 Test in gaseous H2 0.5 1 1.78·10−13 5.7

Test in air 0.5 1 1.79·10−12 3.6

[34] AISI 304 Test in Argon 0.1 10 6.08·10−12 3.0 6.32

Test in moist air 0.1 10 1.34·10−11 2.8 5.87

Test in gaseous H2 0.1 10 3.33·10−11 2.8 4.74

[46] API 5L X80 Test in gaseous N2 0.1 1 9.13·10−12 2.8

Test in gaseous N2 + 5 vol% H2 0.1 1 1.04·10−10 2.8

Test in gaseous N2 + 10 vol% H2 0.1 1 2.84·10−10 2.6

Test in gaseous N2 + 20 vol% H2 0.1 1 5.85·10−10 2.4

Test in gaseous N2 + 50 vol% H2 0.1 1 1.20·10−9 2.4

[47] API 5L X52 Test in gaseous H2 + 10vppm O2 0.5 1 2.56·10−13 5.0

Test in gaseous H2 + 100vppm O2 0.5 1 7.40·10−14 5.3

Test in gaseous H2 + 1000vppm O2 0.5 1 5.57·10−17 7.4

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[48] 2- 25Cr- 1Mo steel (AISI 4140) Test in 30%RH moist air 0.05 50 1.12·10−12 3.5 7.03

Test in gaseous H2 0.05 50 5.39·10−12 3.0 4.51

Test in 30%RH moist air 0.05 2 5.95·10−13 3.7

Test in gaseous H2 0.05 2 2.41·10−16 6.6

Test in moist air 0.05 50 7.80·10−12 2.9

Test in dry gaseous H2 0.05 50 6.98·10−12 2.8

Test in air 0.1 5 7.08·10−12 2.9

Test in gaseous H2 0.1 5 8.42·10−13 4.0

Test in H2 sulfidic 0.1 5 3.40·10−11 3.3

[48] SA- 542- 3 (ASTM A542) Test in moist air 0.05 50 1.27·10−12 3.5 7.99

Test in gaseous dry H2 0.05 50 2.97·10−12 3.2 5.43

[49] API 5L X70 Test in air 0.3 0.1 7.23·10−12 3.1

Test in 100% gaseous CH4 0.3 0.1 2.11·10−11 2.9

Test in 5% gaseous H2 balance CH4 0.3 0.1 1.34·10−10 3.1

Test in 1% gaseous H2 balance CH4 0.3 0.1 4.13·10−11 3.3

Test in 10% gaseous H2 balance CH4 0.3 0.1 9.61·10−11 3.1

[50] API 5L X70 Test in air 0.1 10 7.03·10−14 4.02 8.67

Test under hydrogen electrochemical charging conditions 0.1 10 6.08·10−13 3.50

[51] JIS- SNCM439 (AISI 4340) Test in gaseous N2 0.5 1 2.15·10−11 2.02

Test in gaseous H2 0.5 1 5.76·10−13 4.15

[52] 22 Cr 5 Ni duplex stainless 

steel (AISI 2507)

Test in air 0.1 1 9.59·10−12 2.68 7.32

Test under hydrogen electrochemical charging conditions 0.1 1 2.15·10−11 2.65

25 Cr 7 Ni super duplex 

stainless steel (AISI 2507)

Test in air 0.1 1 3.89·10−12 2.96

Test under hydrogen electrochemical charging conditions 0.1 1 2.40·10−12 3.50

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[53] AISI 304 Test in air 0.1 1 1.93·10−12 3.46

Test in gaseous H2 0.1 1 6.06·10−12 3.92

AISI 316 Test in air 0.1 1 4.26·10−12 3.18

Test in gaseous H2 0.1 1 1.69·10−12 3.92

[54] SCM440H low- alloy 

steel (AISI 4140)

Test with uncharged specimens in air 0 7.83·10−12 2.87

Test with hydrogen cathodic charged specimens in air 0 1.02·10−9 2.00

[55] AISI 4130 steel Test in air 0.1 1 1.21·10−9 1.50

Test in 45 MPa gaseous H2 0.1 1 2.20·10−8 1.39

Test in 70 MPa gaseous H2 0.1 1 3.77·10−8 1.33

Test in 87.5 MPa gaseous H2 0.1 1 4.60·10−8 1.32

Test in 100 MPa gaseous H2 0.1 1 2.81·10−8 1.50

[56] Grade B pipeline 

steel (AISI 1020)

Test in air 0.1 10 1.31·10−13 4.30

Test in gaseous H2 0.1 10 3.05·10−13 5.04

API 5L X42 Test in gaseous N2 0.1 1 8.21·10−13 3.83

Test in gaseous H2 0.1 1 6.16·10−14 6.22

API 5L X52 Test in air 0.5 1 1.09·10−12 3.61

Test in gaseous H2 0.5 1 1.45·10−14 5.90

[57] API 5L X52 Test in gaseous N2 0.1 1 1.92·10−11 2.69

Test in gaseous H2 0.1 1 1.24·10−10 2.90

[58] S25C carbon steel (AISI 1025) Test in air 0.1 1 2.28·10−12 3.37

Test in 0.7 MPa gaseous H2 0.1 1 1.17·10−15 6.57

Test in air 0.1 1 2.01·10−12 3.41

Test in 90 MPa gaseous H2 0.1 1 8.61·10−10 2.44

S55C carbon steel (AISI 1055) Test in air 0.1 1 1.08·10−12 3.64

Test in 0.7 MPa gaseous H2 0.1 1 7.64·10−15 5.50

Test in air 0.1 1 1.03·10−12 3.66

Test in 90 MPa gaseous H2 0.1 1 3.24·10−11 3.28

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[59] 2.25Cr- 1Mo steels (AISI 4140) Test with uncharged specimens in air 0.1 1 8.39·10−11 2.32

Test with gaseous hydrogen pre- charged specimens in air 0.1 1 9.10·10−8 0.69

[60] JIS- SM490B Test in air 0.1 1 7.34·10−13 3.70

Test in gaseous H2 0.1 1 5.83·10−11 3.07

[61] API 5L X52 Test in air 0.5 0.1 4.30·10−13 3.91

Test in gaseous H2 0.5 0.1 1.92·10−13 5.21

[62] AISI 4130 steel Test with uncharged specimens in air 0.1 0.1 9.55·10−12 2.77

Test with hydrogen cathodic charged specimens in air 0.1 0.1 6.90·10−7 0.61

[63] AISI 4140 steel Test with uncharged specimens in air 0.1 5 3.71·10−12 3.34

Test under 150 h hydrogen electrochemical charging conditions 0.1 5 1.34·10−13 5.25

Test under 200 h hydrogen electrochemical charging conditions 0.1 5 1.57·10−12 4.39

Test under 250 h hydrogen electrochemical charging conditions 0.1 5 3.12·10−13 4.81

[64] HSLA steel (AISI 4140) Test with uncharged specimens in air 0.1 1 3.10·10−12 3.42

Test with hydrogen cathodic charged specimens in air 0.1 1 1.04·10−8 1.07

[65] AISI 4140 steel AT300 Test in air 0.1 20 2.03·10−12 3.34

Test in gaseous H2 0.1 20 1.57·10−12 3.70

AISI 4140 steel QT300 Test in air 0.1 20 4.64·10−12 3.39

Test in gaseous H2 0.1 20 6.39·10−13 4.75

[66] API 5L X70 Test in air 0.1 1 1.04·10−12 3.62

Test in gaseous H2 0.1 1 4.31·10−11 3.61

[67] Vascomax T- 250 (AISI 250) Test in air 0.1 1.45·10−10 2.19

Test in gaseous H2 0.1 8.66·10−10 1.99

[68] JIS SCM440 steel (AISI 4140) Test in air 0.1 5 1.79·10−11 2.73 4.33

Test in gaseous H2 0.1 5 8.24·10−19 10.38 4.46

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[69] 16Mn TWIP steel Test in gaseous N2 0.1 1 1.70·10−12 3.37

Test in gaseous H2 0.1 1 2.00·10−11 2.95

25Mn TWIP steels Test in gaseous N2 0.1 1 3.10·10−12 3.25

Test in gaseous H2 0.1 1 2.00·10−11 2.91

[70] AISI 4130 steel Test in air 0.1 1 1.25·10−12 3.38

Test in gaseous H2 0.1 1 7.90·10−12 4.04

[71] API 5L X80 Test in air 0.1 1 4.23·10−10 1.72

Test in gaseous H2 0.1 1 4.24·10−12 2.06

[72] JIS- SM490B Test in air 0.1 1 3.32·10−13 3.92

Test in gaseous H2 0.1 1 6.89·10−12 4.01

[73] Ni- based superalloy 718 Test in air 0.1 1 4.83·10−12 2.89

Test in gaseous H2 0.1 1 3.09·10−11 2.78

[74] API 5L X80 Test in air 0.1 10 3.51·10−12 3.20

Test in gaseous H2 0.1 10 1.94·10−12 4.39

[75] Ti–6Al–4V alloy (AISI B1112) Test in air 0.1 5 3.62·10−11 3.03

Test in gaseous H2 0.1 5 2.55·10−11 3.06

[76] SAE52100 (AISI 52100) Test with uncharged specimens in air 0.1 20 2.36·10−12 3.89

Test with gaseous hydrogen pre- charged specimens in air 0.1 20 1.15·10−11 4.37

[77] AISI 304 Test in air 0.1 20 1.16·10−14 4.82

Test in gaseous H2 0.1 20 1.09·10−12 3.94

AISI 304 Test in air 0.1 20 6.10·10−14 4.26

Test in gaseous H2 0.1 20 3.67·10−12 3.47

[78] GB 20 grade steel (AISI 1020) Test in air 0.1 1 3.50·10−14 4.47

Test in gaseous H2 0.1 1 5.97·10−14 4.42

[79] JIS- SS400 (AISI 1030) Test in air 0.1 5 9.08·10−12 2.99

Test in gaseous H2 0.1 5 4.21·10−11 3.29

(Continues)
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Ref. Material Testing conditions R F [Hz] C m ΔKth [MPa·m1/2]

[80] Zeron 100 duplex 

stainless steel

Test in air 0.1 5 5.28·10−13 3.86

Test in gaseous H2 0.1 5 6.89·10−12 3.54

[81] 2¼ Cr- 1 Mo (AISI 4140) Test in vacuum 0.1 5 5.37·10−13 3.45

Test in gaseous H2 0.1 5 7.28·10−13 3.96

[82] 2¼ Cr- 1 Mo (AISI 4140) Test in air 0.05 50 3.37·10−14 4.55 8.68

Test in gaseous H2 0.05 50 5.70·10−13 3.64 7.32

[83] SNCM439 steel (AISI 4340) Test in argon 0.1 5 1.70·10−14 5.06

Test in gaseous H2 0.1 5 1.28·10−13 6.34

[84] JIS- SUJ2 (AISI 52100) Test with uncharged specimens in air - 1 1 1.24·10−10 1.85

Test with gaseous hydrogen pre- charged specimens in air - 1 1 6.98·10−10 1.55

[85] AISI 304 Test in air 0.1 1 1.68·10−14 4.99

Test in 3 MPa gaseous H2 0.1 0.1 6.16·10−11 3.56

Test in 45 MPa gaseous H2 0.1 0.1 1.41·10−11 4.09

Test in 5 kPa gaseous H2 0.1 0.1 1.67·10−12 4.36

Test in 50 Pa gaseous H2 0.1 0.1 3.54·10−12 3.80

Test in 70 MPa gaseous H2 0.1 0.1 2.61·10−12 4.63
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into four groups by steel type (i.e., conventional and stainless 

steel) and load ratio (i.e., R = 0.1 and R = −1).

Given these four groups of data, a comparative analysis was 

conducted to compare behaviors in hydrogen and inert environ-

ments, focusing on fatigue quantities k and �A,50%. In the ratios 

used for the reanalyses as reported in Table 2 and Figure 4, the 

subscript “H” indicates the presence of hydrogen.

Figure  4a,b depict the correlation between endurance limit, 

�A,50%, negative inverse slope, k, and ultimate tensile strength, 

�UTS, for conventional and stainless steels subjected to load ra-

tios of −1 and 0.1. The �UTS values used in these figures were 

obtained from tests conducted in the absence of hydrogen.

Figure 4a details the effect of hydrogen on the inverse slope, 

𝑘, of the S- N curve, where the ratio of 𝑘 for hydrogen- treated 

to hydrogen- untreated materials is plotted against �UTS. Each 

data point represents the ratio of the 𝑘- value in the presence 

of hydrogen to the 𝑘- value in the absence of hydrogen for one 

of the selected materials. As shown, hydrogen generally in-

creases 𝑘, resulting in a flattening of the S- N curve. This is 

TABLE 4    |    Summary of the results from the post- processed fatigue crack growth curves generated by testing welded steel (threshold value of the 

stress intensity factor range extrapolated at da/dN = 10−10 m/cycle; constant C was determined by measuring ΔK in units of MPa·m1/2 and da/dN in 

units of m/cycle).

Ref. Material Environmental condition R F [Hz] C m

[49] API 5L X70 girth welds 100% gaseous CH4 0.3 0.1 1.95·10−14 4.5

1% gaseous H2 balance CH4 0.3 0.1 2.51·10−15 5.5

10% gaseous H2 balance CH4 0.3 0.1 5.37·10−16 6.1

5% gaseous H2 balance CH4 0.3 0.1 4.64·10−12 3.9

API 5L X70 longitudinal seam welds 100% gaseous CH4 0.3 0.1 1.64·10−11 2.7

1% gaseous H2 balance CH4 0.3 0.1 2.99·10−14 4.8

5% gaseous H2 balance CH4 0.3 0.1 1.93·10−15 5.7

10% gaseous H2 balance CH4 0.3 0.1 3.56·10−12 3.8

API 5L X70 girth weld HAZ 100% gaseous CH4 0.3 0.1 2.66·10−12 3.1

5% gaseous H2 balance CH4 0.3 0.1 1.01·10−11 3.5

1% gaseous H2 balance CH4 0.3 0.1 1.56·10−12 4.0

10% gaseous H2 balance CH4 0.3 0.1 1.86·10−12 3.9

API 5L X70 longitudinal seam welds HAZ 100% gaseous CH4 0.3 0.1 3.37·10−12 3.3

5% gaseous H2 balance CH4 0.3 0.1 8.09·10−16 6.1

1% gaseous H2 balance CH4 0.3 0.1 3.89·10−12 3.2

10% gaseous H2 balance CH4 0.3 0.1 4.32·10−13 4.7

[86] A106 Gr B steel pipe (AISI 1020) Test in air 0.1 1 1.29·10−12 3.8

Test in gaseous NaCl 0.1 1 1.96·10−10 2.5

Test in mixed gaseous NaCl and H2S 0.1 1 2.10·10−9 2.3

[87] AISI 304 stainless steel welds Test in air 0.1 20 1.35·10−14 4.5

Test in gaseous H2 0.1 20 4.18·10−12 3.1

[88] AISI 316 stainless steel welds Test in air 0.1 20 6.94·10−14 4.2

Test in gaseous H2 0.1 20 6.43·10−12 3.1

[89] API 5L X80 pipeline steel welds Test in air 0.1 20 1.46·10−11 2.7

Test in gaseous H2 0.1 20 1.22·10−9 2.1

[90] API 5L X80 pipeline steel welds Test in gaseous N2 0.1 1 1.07·10−12 3.7

Test in gaseous H2 0.1 1 1.79·10−10 3.0

[91] API 5L X100 pipeline welds Test in air 0.5 1 3.15·10−12 3.2

Test in gaseous H2 0.5 1 1.87·10−26 17.4
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evident from the majority of data points being above a ratio of 

1 in Figure 4a.

Figure 4b illustrates the relationship between endurance limit in 

the presence, �A,50%−H, and in the absence, �A,50%, of hydrogen for 

both conventional and stainless steels under a stress ratio of −1 as 

well as of 0.1. As far as conventional steels are concerned, the con-

centration of the �A,50%−H to �A,50% ratios around 1 indicates that 

hydrogen has a negligible effect on the endurance limit, regard-

less of the R value. Conversely, for stainless steels, the increased 

negative slope of the fatigue curves observed in a hydrogen envi-

ronment results in a modest increase in endurance limit values. 

Consequently, the �A,50%−H to �A,50% ratios are slightly above unity.

It is important to reiterate that all the analyses discussed above 

are based on the endurance limit estimated at NA = 2 × 106 cy-

cles to failure. The first key consideration is that, as it is not a 

fatigue limit, fatigue cracks can still initiate at stress levels 

lower than �A,50% and �A,50%−H. Furthermore, altering the num-

ber of cycles to failure used to define NA would inevitably affect 

slightly the trend observed in Figure  4b. However, leveraging 

Equation (4), the results summarized in Figure 4b can be readily 

recalculated for different NA values.

By focusing attention on Figure  2, the fatigue behavior in 

the presence of hydrogen is further illustrated by comparing 

the S- N curves and scatter bands for hydrogen- treated and 

untreated conditions for SCM435 steel (AISI 4135) [32] and 

AISI316 stainless steel [33]. Quantitative analysis reveals that 

while the endurance limits remain largely unaffected at 2 × 106 

cycles to failure, the S- N curves exhibit significant flattening, 

indicating reduced fatigue life in the medium- cycle fatigue 

regime for hydrogen- exposed steels. This suggests a shorter 

fatigue life in the medium- cycle fatigue regime for hydrogen- 

treated steels compared to untreated steels at the same stress 

amplitude.

Based upon this experimental evidence, the subsequent step in 

the reasoning was to attempt to determine a unified S- N curve 

that can assess the impact of hydrogen, particularly within the 

MCF regime. This approach aimed to standardize fatigue anal-

ysis under hydrogen exposure by normalizing results via the �a 

to �UTS ratio, where �a represents the applied stress amplitude 

and �UTS denotes the material's ultimate tensile strength in the 

absence of hydrogen. The results of this normalisation process 

for a load ratio, R, of −1 as well as of 0.1 are summarized in 

the S- N log–log charts of Figure 5a,b, respectively. The diagram 

of Figure 5a demonstrates that fatigue life in the MCF regime 

FIGURE 4    |    Effect of hydrogen on the negative inverse slope (a) and 

on the endurance limit (b).

FIGURE 5    |    Unifying S- N design curves under a load ratio equal to 

−1 (a) and to 0.1 (b).
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under R = −1 can be estimated using a fatigue curve with a neg-

ative inverse slope, k, of 2 and an endurance limit to ultimate 

tensile strength ratio of 0.03 for a probability of survival, PS, of 

95% and 0.02 for PS of 99%. Similarly, The S- N curve in Figure 5b 

indicates that fatigue life under R = 0.1 can be predicted using a 

fatigue curve with a negative inverse slope, k, of 2.6. For a 95% 

probability of survival, the endurance limit to ultimate tensile 

strength ratio is 0.02, whereas for PS = 99%, the ratio reduces 

to 0.01. In conclusion, while the two S- N curves reported in 

Figure 5 provide a safe basis for estimating fatigue life, they are 

characterized by an excessive level of conservatism. This high-

lights the need for bespoke experimental investigations as the 

only effective way to significantly reduce this high degree of 

conservatism.

4   |   Effect of Hydrogen on Fatigue Crack 
Propagation in Steel

Tables 3 and 4 summarize the post- processed literature data for 

un- welded and welded steel, respectively. These tables present val-

ues of ΔKth, C, and m for different materials with and without hy-

drogen. Unfortunately, due to the stringent conditions required to 

determine ΔKth in accordance with ASTM recommendations [37], 

it was only possible to determine the threshold value of the stress 

intensity factor range for a limited number of materials.

The results reported in Table 3 and 4 indicate that hydrogen sig-

nificantly influences fatigue crack growth behavior in metallic 

materials, but clear trends or patterns are difficult to identify. 

These tables clearly demonstrate that the effect of hydrogen on 

fatigue cracking is influenced by the material's morphology and 

properties, load frequency, and, seemingly, the hydrogen charging 

technique as well [116]. Therefore, for practical applications, if hy-

drogen's impact must be evaluated through experiments, it is im-

portant to avoid hydrogen charging techniques that are excessively 

damaging compared to in- service conditions.

To further clarify the above crucial aspects in a quantitative way, 

the effects of hydrogen on crack propagation were evaluated for 

stainless steel, carbon steel, and welded steel, with a particular 

focus on the threshold stress intensity factor, ΔKth, as well as 

on exponent m and constant C in Paris' equation, Equation (12). 

The determined values for these parameters are summarized in 

Tables 3 and 4. The results of the post- processing work are pre-

sented in Figures 6 and 7, where the �UTS represents the values 

obtained from tests performed in the absence of hydrogen.

Figure 6 presents the ratio of the threshold stress intensity fac-

tor range for hydrogen- treated materials, ΔKth−H, to untreated 

materials, ΔKth, plotted against the ultimate tensile strength, 

�UTS. Each data point corresponds to a specific dataset for con-

ventional steel or stainless steel. The horizontal baseline at a 

ratio of 1 indicates no change in the threshold value of the 

stress intensity factor range due to the presence of hydrogen. 

The diagram in Figure 6 confirms that, regardless of material 

type or �UTS value, the limited data points all fall below the 

reference line, indicating that hydrogen generally has a det-

rimental effect on the threshold stress intensity factor range. 

However, while the detrimental effect is clear, no consistent 

trend in terms of reduction magnitude emerges. The lack of 

a clear trend may also be attributed to the threshold value of 

the stress intensity factor range in Figure 6 being determined 

through extrapolation according to the ASTM E647- 23a guide-

lines [37], rather than being experimentally determined.

FIGURE 6    |    Effect of hydrogen on the threshold value of the stress 

intensity factor range, ΔKth.

FIGURE 7    |    Effect of hydrogen on constants m (a) and C (b) in Paris' 

crack growth equation. [Colour figure can be viewed at wileyonlineli-

brary.com]
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Figure 7a,b present an analysis for the constant C and exponent 

m (against �UTS) in Paris' equation for conventional steel, stain-

less steel, and welded steel. Constant C is a material- specific 

parameter that determines the magnitude of the crack growth 

rate for a given ΔK value. A higher 𝐶 value indicates a material 

more prone to faster crack propagation under identical loading 

conditions, reflecting its inherently lower resistance to fatigue. 

m represents the slope of the curve on a log–log plot of da∕dN 

vs. ΔK. It quantifies the material's sensitivity to variations in the 

stress intensity factor range. A steeper slope, 𝑚, suggests that 

small changes in ΔK, result in significant variations in crack 

growth rate, indicating that the material is highly sensitive to 

fatigue loading conditions.

In the charts reported in Figure 7a,b, the subscript H denotes 

constants determined by testing hydrogen- treated specimens. 

Data points exhibit significant scatter, with values ranging both 

above and below 1 regardless of material type or �UTS value. 

This indicates that there is no clear general trend in how hy-

drogen affects the crack growth exponent m and constant C: for 

the exponent m, 47% of the data points are above the baseline, 

while 53% fall below 1. In contrast, for constant C, 66% of the 

data points are above the baseline, with 34% of the remaining 

points below 1.

5   |   Conclusions

This review presents a comprehensive quantitative analysis of 

hydrogen's effects on the fatigue strength and fatigue crack 

propagation behavior of metallic materials. By systematically 

re- examining a large dataset of experimental results collected 

from the literature, we provide a unified framework to sum-

marize how hydrogen influences the structural integrity of 

metals. Regarding the conclusions reported below, it is crucial 

to reiterate that the fatigue behavior of uncracked metals in 

the high- cycle fatigue regime was assessed in terms of the en-

durance limit estimated at NA = 2 × 106 cycles to failure, rather 

than the fatigue limit. This distinction implies that when the 

stress level is set equal to the endurance limit, the material 

is expected to survive at least up to 2 × 106 cycles, but not an 

infinite number of cycles. For cracked materials, the threshold 

value of the stress intensity factor range, ΔKth, was extrapo-

lated at a crack growth rate, da∕dn, equal to 10−10 m/cycle, 

following the ASTM standard approach [37]. It is worth not-

ing that this approach is not specifically tailored for hydrogen- 

soaked metals. The use of the endurance limit and ΔKth values 

determined according to the ASTM methodology [37] enabled 

a consistent and systematic comparison of datasets obtained 

from various experimental campaigns.

Key findings from this analysis can be summarized as follows.

• Overall, hydrogen has a negligible effect on the endurance 

limit of steel estimated at NA = 2 × 106 cycles to failure, re-

gardless of material type or load ratio.

• Hydrogen generally increases the inverse slope of the S- N 

curve, flattening it, regardless of material type or load ratio. 

As a result, for a given stress level, a hydrogen environment 

reduces fatigue life compared to an inert environment.

• In the absence of specific experimental results, the effect 

of hydrogen on the fatigue behavior of metallic materials 

can be assessed using the unifying fatigue curves shown in 

Figure 5.

• Hydrogen reduces the threshold value of the stress inten-

sity factor range of carbon steels, stainless steels, and steel 

weldments.

• A systematic evaluation of Paris' constant C and exponent 

m across all material types revealed significant scatter, 

indicating no clear trend in their response to hydrogen. 

However, the presence of hydrogen generally tends to cause 

an increase in exponent m for conventional steel and a de-

crease in exponent m for welded steel. Further, the presence 

of hydrogen tends, on average, to increase the value of con-

stant C.

• The mechanistic phenomena occurring in metallic mate-

rials subjected to fatigue loading and exposed to hydro-

gen are inherently complex, with multiple degradation 

physical processes acting simultaneously. The specific 

characteristics of these mechanisms can result in vary-

ing degrees of damage. This complexity explains why, in 

experimental setups, the influence of hydrogen on the 

fatigue and fracture behavior of metallic materials is sig-

nificantly affected by the hydrogen charging method em-

ployed. Consequently, the experimental approach must 

replicate, as closely as possible, the conditions experi-

enced during in- service operation.

Nomenclature
a crack length
da∕dn fatigue crack growth rate
k inverse slope of the S- N curve
m Paris’ law exponent
C Paris’ law constant
E Young’s modulus
Ef  elongation at failure
F testing load frequency
HV  Vickers hardness
N  number of cycles
Nf  number of cycles to failure
NA reference number of cycles to failure
Ps probability of survival
R load ratio (R=�min ∕�max)
T
�
 scatter ratio

ΔK range of stress intensity factor
ΔKth threshold value of the stress intensity factor range
�a stress amplitude
�y yield stress
�A endurance limit amplitude
�A,50% endurance limit amplitude for a probability of survival of 50%

�UTS ultimate tensile strength
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