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Abstract A series of fracture toughness and fatigue crack growth rate tests were
performed on the X70 pipeline steel base and weld metals under 10 MPa of a natural/hydrogen
gas mixture with 1 % H, blends. It is observed that the 10 MPa gas mixture with 1 % H,causes
a significant reduction in the fracture toughness in both metals. The fatigue crack growth rates
are markedly accelerated under the gas mixtures with 1 % hydrogen blend compared with the
tests performed in ambient air. The obtained fracture parameters serve as inputs for fatigue life
assessment analyses under the effect of a hydrogen-containing environment. The observed
design fatigue life depends strongly only on the environmental conditions. The design fatigue
strength of the structural pipeline exposed to hydrogen is much shorter than that under ambient
air owing to the decrease in fracture toughness properties and acceleration of the fatigue crack
growth rate.

1. Introduction

Natural gas (NG) has been widely used in the last several decades as an environmentally
friendly energy source. Even though the development of new commercial renewable energy
sources such as solar, wind, and hydrogen are expected to accelerate over the next decades,
the use of NG s still expected to constitute an increasingly important part of world energy con-
sumption because its reserves can meet the forecasted demand [1, 2]. However, the use of NG
often faces the logistical challenge that it must be transported over long distances from the
original extraction point to reach the final consumer. Therefore, pipeline infrastructure and
maintenance are often associated with considerable cost. On the other hand, NG is an ex-
tremely flammable substance and its structural transportation pipelines often operate under
conditions of high pressure and severe cyclic loading. Failure of these structural pipelines may
cause economic losses and risks to human life. Safety issues such as leakage and explosion
are always present during natural gas production and transportation [3-5]. It has been reported
that the major problems occurring in the transport of natural gas through pipeline systems are
often related to environmental cracking, such as stress corrosion or hydrogen-induced cracking
[6-8]. Proper safety precautions and regulations for the practical use of structural pipeline sys-
tems have become a challenging issue for commercialized systems utilizing NG.

In general, high-strength low-alloy steels are most commonly used for constructing natural
gas and sewage systems. The excellent strength and toughness of this group of materials al-
low them to withstand higher pressures and decrease the pipe thickness. They also have good
weldability, which can provide lower installation and repair costs. However, it has been exten-
sively reported that this type of structural pipeline steel is sensitive to various forms of environ-
mental attachment, which may degrade the mechanical properties of the transportation materi-
als [6-11]. The higher strength of the materials may increase their susceptibility to hydro-
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gen embrittlement (HE). The actual condition of the NG may
include a small portion of unfavorable components such as
hydrogen sulfide or hydrogen, which can also be introduced
into the materials through exposure to an aqueous hydrogen
sulfide (H,S)-containing environment [12-14]. Moreover, the
use of hydrogen energy as a carrier energy has been intro-
duced in many countries, necessitating its transportation
through existing pipeline structures. Therefore, the safety re-
garding hydrogen-assisted fracture of pipelines has become a
challenging issue for commercialized NG-utilizing systems.
There is a strong need to improve the understanding of the
mechanical behavior of pipeline steels in hydrogen-containing
environments in order to derive safety guidelines for the design
of these pipelines [15, 16].

In general, nondestructive inspection is the primary step
necessary for the residual life assessment of pipelines, and this
step is used to detect any potential defects, such as the length
of defect flaw initiations existing in the structural components.
Continuing to use a structural component with a defect crack
may present a large hazard risk and is cause for concern [17-
19]. The situation can become more serious under a synergis-
tic effect between the severe stress conditions and hash envi-
ronmental factors [20, 21]. It has been reported that the pres-
ence of any defect flaw may induce more HE susceptibility, as
a high stress/strain concentration at the defect can enhance
the hydrogen diffusion rate, causing the critical hydrogen con-
centration for hydrogen environmental assisted cracking to be
achieved more readily [22, 23]. Assessment of the remaining
life of a component containing a defect is necessary to ensure
that the material is eligible for service under current standards.
Moreover, high-pressure pipeline structures are often sub-
jected to severe cyclic loading conditions. The understanding
of fatigue crack growth behavior is important for the life predic-
tion of structural components and should be carefully consid-
ered for safe design. Although modern numerical techniques
using the finite element analysis method have been developed
to predict the fatigue crack propagation process [24-26], the
implementation procedures for fatigue life assessment using
analytical solutions are still convenient for use in fundamental
evaluation methods.

In this study, the effects of a natural gas environment con-
taining hydrogen on the fracture toughness, K and fatigue
crack growth rate (FCGR) properties of X70 pipeline steel are
investigated. The hydrogen-induced deterioration of the frac-
ture parameters is characterized by changes in the fracture
mechanism. Under this fracture mechanics-based approach,
the fatigue life assessment of a high-pressure structural pipe-
line is demonstrated under various environmental conditions.

2. Effect of hydrogen on fracture proper-
ties
2.1 Material and experimental procedures

The material used in this research was API 5L X 70 pipeline
steel, which is the structural pipeline material most commonly

Table 1. Chemical compositions of the API X70 pipeline steel, wt.%.

C Mn P S Cr Ni Cu
0.07 1.68 0.012 0.01 0.07 0.14 0.10
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Fig. 1. (a) Pipe dimensions and specimen layout; (b) typical microstructure
of the API X70 pipeline steel observed by SEM.

used for the transmission of natural gas in pipeline systems.
The chemical composition is listed in Table 1. The specimens
for fracture toughness and FCGR testing were extracted from a
real pipeline component with an external diameter of 762 mm
and a thickness of 12.7 mm in the transverse-longitudinal direc-
tion, as shown in Fig. 1(a). The fracture toughness test was
carried out by measuring the crack-tip opening displacement
(CTOD) using 0.5 compact tension (CT) specimens in accor-
dance with ISO 111140 [27]. The load line displacement rate
was 1 mm/min. FCGR tests were carried out on 1.0 CT speci-
mens with the thickness of specimen was reduced by half
(12.7 mm) in accordance with ASTM standard E647, with a
frequency of 1 Hz and a load ratio of R = 0.1 in the load control
[28]. Before the tests, a fatigue pre-crack was introduced into
the specimen at the notch tip through cyclic loading. During the
test, a clip gauge was applied to measure the crack opening
displacement. After completing the tests, the specimens were
fractured at liquid nitrogen temperatures to evaluate the aver-
age length of crack propagation. Details regarding the geome-
try of the tested specimens and the experimental procedure
have been presented in previous research [29, 30].

The tests were performed at room temperature (25 °C) in
ambient air and under a 10 MPa CH,/H, gas mixture containing
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Fig. 2. Mechanical system used for fracture toughness and FCG testing
under high-pressure hydrogen.

1 % H,. The use of this hydrogen concentration was motivated
by the small hydrogen concentrations that can be introduced
into materials through electrochemical reactions in the pipeline
cathodic protection process or in the form of H,S. To simplify
the experimental procedure, the gas mixture was preordered
from an outside vendor before charging. The testing equipment
was a specially designed autoclave with a maximum pressure
of 120 MPa installed on a servo-hydraulic material testing
frame, as depicted in Fig. 2. The system was also able to han-
dle multiple specimens simultaneously. The load was meas-
ured by a load cell located inside the autoclave, and the crack
open mouth displacement were measured using clip-on exten-
someters inside the pressure vessel. Prior to starting the test,
an initial procedure including the creation of vacuum conditions
and purging with high-purity helium and the corresponding gas
was repeated at least three times to ensure gas purity. The
fracture surface and fracture characteristics were analyzed via
scanning electron microscopy (SEM) after the tests.

2.2 Effect of hydrogen on fracture toughness

A comparison of the CTOD and the corresponding fracture
toughness values under ambient conditions and in 1 % H, is
presented in Fig. 3 and Table 2. The equation for the relation-
ship between the CTOD and K¢ values is expressed as fol-
lows:

_4 Ky
7t0'yE

5 Q)

where o, is the yield strength, and E is the Young's modulus,
which was reported in previous studies [29]. On this basis, the
variability in the fracture toughness, K¢, has a similar tendency
as the CTOD results. The CTOD of the specimen under ambi-
ent air is approximately 0.42 mm, which corresponds to an
equivalent K¢ of 204 MPa-m"2. However, these values are

Table 2. CTOD and fracture toughness under three environmental condi-
tions.

Test condition CTOD (mm) Kic (MPa‘m'?)
atm, RT 0423 204.8
10 MPa, 1% H, 0.210 1442
10 MPa, 100 % H, 0.110 104.2
0.6 300
3 CTOD '
05 Air - 250,

ZzZ2a Equivalent K .

e
~
T

10 MPa
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Fig. 3. Change in the fracture toughness and fatigue crack growth proper-
ties under three hydrogen-containing environments.
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Fig. 4. Change in the fracture toughness and fatigue crack growth proper-
ties under two hydrogen-containing environments: (a) and (c) under ambi-
ent air; (b) and (d) under 1 % H, gas mixture at 10 MPa.

decreased markedly to approximately 0.21 mm and 144.2
MPa-m"?, respectively, when the specimen is tested in 1 % H,
gas mixture conditions.

The influence of hydrogen on the crack initiation behavior
during the CTOD test is shown in Fig. 4. Under the ambient air
environment, the interface between the fatigue pre-crack and
the propagating zone is visually divided into three distinct re-
gions: the fatigue pre-crack region, stretch zone, and stable
crack growth regions, as shown in Fig. 4(a). The microscopic
fracture characteristics of the propagation region are illustrated
by a completely ductile fracture morphology with dimples. The
crack-blunting deformation behavior of the fatigue pre-crack tip
can be observed from the side view of the haft specimen. This
image was obtained at the middle location of the crack front
after forced opening, polishing, and etching. A significant al-
teration of the crack tip fracture behavior under the 1 % H, gas
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mixture is shown in Fig. 4(c). Mechanically, the CTOD can be
evaluated directly using crack tip parameters such as the width
and angle of the crack propagation direction of the stretch zone
face. Some micro-voids are also observed ahead of the crack
tip. The stretch zone was not visually observed, and the transi-
tion region between the fatigue pre-crack region and the
propagating zone exhibits a pronounced crack. The dimples in
the propagation zone have disappeared, and the fracture sur-
face exhibits typical hydrogen-induced brittleness with a quasi-
cleavage fracture mode. Based on the results obtained in this
SEM fractography analysis, an illustration of the influence of
hydrogen on the crack tip deformation and initiation is depicted
schematically in Figs. 4(b) and (d). Extensive crack tip blunting
can reduce the stress concentration at the crack tip; corre-
spondingly, the CTOD is much larger when tested in ambient
air. On the other hand, in the presence of hydrogen, the crack
propagation is pronounced owing to hydrogen-promoted strain
localization, resulting in the formation of hydrogen-assisted
crack initiation on either side of the crack tip. The obtained
results are also consistent with those reported in the literature,
which indicate that a remarkable loss of fracture toughness
often occurs in harsh environments containing hydrogen [31-
33].

2.3 Effect of hydrogen on the fatigue crack
growth properties

A comparison of the FCGR properties obtained in ambient
air and under 1 % H, is presented in Fig. 5. In addition, the
results are also compared to those obtained under 100 % H, at
10 MPa [34]. It can be seen that the relationship between the
FCGR and the stress intensity factor range, AK, is expressed
well as a straight line on a log-log plot with high confidence.
The distinction between the results tested in ambient air and
under 1 % H, is demonstrated by the presence of two separate
regression lines. In particular, the FCGRs of the tests per-
formed in the 1 % H, gas mixture condition were approximately
an order of magnitude greater than those obtained under am-
bient air. In addition, the present results are also compared to
that in 10 MPa of 100 % H,, which was reported in previous
research [34]. It is observed that the FCGR tested under 10
MPa of 100 % Hzwas little greater than that tested in 1 % H,.
These results are consistent with those in the literature, which
also reported that hydrogen enhances the FCGR. The values
of C and m, which are used to investigate the fatigue life, are
listed in Table 3.

Fig. 6 presents a comparison of the fracture characteristics
obtained for the fatigue crack growth tests in ambient air and
under the 1 % H, gas mixture. Striations can be clearly distin-
guished on the fracture surface of the specimens tested in
ambient air. However, in the tests performed in the 1 % H, gas
mixture, it can be virtually impossible to distinguish the striation
forms, and the fracture surface exhibits a complete quasi-
cleavage fracture. In addition, the spacing of these striations is
more pronounced at higher AK than at low AK when tested in

Table 3. Summary of the calculated Paris constants for X70 pipeline steel
base and weld under different test conditions.

Material Test condition C m
Base atm, RT 2.06E-12 3.15
metal 1%H; % &1 % H,—720h 1.26E-11 3.20
Weld atm, RT 7.18E-13 3.46
metal 1%H; % &1 % H, —720h 1.26E-12 3.82
104 g

E Lo ~
r o4 O Ambient air .~
105 ove 1% Hz - 10 MPa -
E ® 100% Hz - 10 MPa
s [
S 08
L2 E
E I
gk 7
-E i’ -
° F -
FCG - X70 Pipeline Steel
10¢ E R = 0.1, Frequency:
E 1 Hz, K - increasing test
105 il 1 1 1 1 1 1 1

10" 102

AK (MPa.m'?)

Fig. 5. Fatigue crack growth properties of APl X70 pipeline steel under
three environmental conditions.

Slip & Plastic

Crack face Zons Gide cycle zone

Fig. 6. Change in the fatigue fracture morphology under two hydrogen-
containing environments: (a) at low AK under ambient air; (b) at high AK
under ambient air; (c) under 1 % H, gas mixture at 10 MPa; (d) under
100 % H, at 10 MPa; schematic representations of the fatigue fracture
morphologies under; (e) ambient air; (f) a hydrogen-containing environ-
ment.
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ambient air. Schematic illustrations of the fatigue crack growth
behavior under ambient air and in an environment containing
hydrogen are depicted in Figs. 6(e) and (f). The fatigue crack
growth mechanism is generally attributed to the formation of a
plastic zone region ahead of the crack tip, resulting in either
blunting or re-sharpening during cyclic loading. Under ambient
air, an increment of fatigue crack propagation is a result of the
formation of the stretch zone at the maximum loading stage.
When the applied load changes to the minimum state, the slip
direction and plastic deformation zone at the crack tip are re-
versed, resulting in crack tip re-sharpening. According to this
mechanism, the amount of crack growth during one cycle can
be evaluated through measurement of the corresponding stria-
tion spacing. On the other hand, the plastic zone and localized
slip deformation remain relatively small owing to the hydrogen-
enhanced decohesion embrittlement (HEDE) mechanism,
resulting in a sharp crack and a larger crack growth increment
per cycle [35-37]. It is suggested that the fracture mechanism
in the maximum loading stage in one fatigue cycle during cyclic
loading in either ambient air or an environment containing hy-
drogen can be considered comparable to the fracture mecha-
nism during fracture toughness testing. However, the more
severe loading conditions during the CTOD testing resulted in
a more pronounced stretch zone and hydrogen-assisted crack-
ing, which could be observed visually on the millimeter scale as
shown in Fig. 4.

3. Fatigue life assessment
3.1 Assessment procedure

The internal surfaces of pressurized components are often
considered the most critical locations in structural pipes be-
cause they are often exposed directly to harsh environments. A
leak before break is more likely to occur in a situation with an
internal surface flaw. Therefore, the remaining life assessment
often focuses on a suggested model with an existing defect
located at the interior surface. Based on the design fatigue life
calculation, it is assumed that the crack propagation will start
from the first pressure cycle. When the crack growth rate is in
the mid-growth rate regime, the relationship between the
amount of fatigue crack growth per cycle, da/dN, and the stress
intensity factor range, AK, is generally described as a power
function (Paris’s law):

da m
—=C(AK 2
N (AK) )
where C and m are constants, and AK can be written as

AK =F Aoma A3)

where Ao and F are the stress range and boundary correction
factor of the crack model, respectively. The stress intensity
factor range, AK, is defined as the difference between the

maximum and minimum K at the crack tip, as shown in Eq. (3).
Therefore, Eq. (2) can be written as:

;’—;= c(Faoyra)’ )
Then,

j a{ffz =CF"(Ac)'z™ } dN (5)
v 2 [ L 6

f m mo, m- m-2
(m—2)CY"(Ac) n”[(an)‘ P (o)

where C and m are the fatigue crack growth rate properties.
These were obtained from the curves in Fig. 5 using the least
squares method, and the corresponding results are presented
in Table 2. The initial crack depth was determined based on
the ability of the nondestructive method to detect small cracks
or defects in the pressure vessel component. According to
KHK 0220 [38], the suggested initial crack depth, a,, is de-
pendent on the wall thickness, ¢, as follows: a, = 0.5 mm when t
<16 mm, a, = 1.1 mm when 16 <t <51 mm, and a, = 1.6
when t =2 51 mm. The initial crack aspect ratio, which is deter-
mined as the depth/length ratio, is assumed to be alc = 1/3;
this ratio is supposed to remain constant during crack propaga-
tion. It is noted that the crack aspect ratio may vary continu-
ously during the crack propagation process. In future works,
the effect of the aspect ratio values should be analyzed in order
to ensure the reliability of the obtained results. On the other
hand, the critical size is defined as either the cumulative crack
size when Ki < K¢ (ASME Section VIII, Division - 10) [39] or the
crack size equal to 80 % of the wall thickness (KHK 0220 -
standard), whichever occurs first. Therefore, the unknown vari-
ables in Eq. (6) are mainly a function of the stress range and
the boundary correction function of the crack model.

In general, the actual defects existing in structural pipelines
are usually irregular in shape. These complex shapes may
result in difficulties in evaluating the crack growth behaviors as
well as the reliability of the life assessment. Based on historical
service experience, most typical flaws in high-pressure vessels
are assumed to have an elliptic surface shape located in the
radial-axial plane (i.e., axial/circumferential internal semi-
elliptical surface crack) (as shown in Fig. 7(b)) or appear as a
radial-circumferential ~ through-thickness flaw (i.e., radial/
circumferential internal semi-elliptical surface crack), as shown
in Fig. 7(c), on the internal surface of the vessel [40-42]. The
crack parameters are defined based on the depth of the crack
(@), half-length of the crack (c), pipe thickness (t), internal di-
ameter of the pipe (R), and outer diameter of the pipe (R,). In
general, the deepest point is the most critical location along the
crack front, at which the estimated fatigue life can be used to
represent the most conservative life of the pipeline structure.

The stress intensity factor, K, for a surface flaw can be de-
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Fig. 7. (a) Geometric parameters of the proposed crack models; (b) detail of
the crack geometry of an axial/circumferential internal semi-elliptical surface
crack in a cylinder; (c) detail of the crack geometry of a radial/circumferen-
tial internal semi-elliptical surface crack in a cylinder.

termined from the internal pressure, P, and wall thickness us-
ing the analytical solution or simulations. The most well-known
solution for the K of an elliptic surface crack located in the ra-
dial-axial plane on the internal surface of a thick-walled cylinder
was derived by Newman and Raju [43, 44] as follows:

a a a t
K= —F|—,—,—, 7a
a,/ﬂQ [t cR (p] (7a)

where o is the remote tensile stress, F is the boundary correc-
tion factor, and Q is the shape factor for the elliptical crack. The
ratio between the crack depth (a) and the half the crack length,
(c) on the surface can be defined as the aspect ratio, (a/c)
while the crack depth ratio (a/t) is defined as the ratio of the
crack depth to the thickness of the pressure vessel. Because
the surface crack located in the axial/radial plane on the inter-
nal surface grows mainly due to the hoop stress in a pressur-
ized cylinder, the remote stress function can be written as fol-
lows:

o, =% (7b)

The shape factor for an elliptical crack, Q, can be approxi-
mated using Eq. (7c):

0=1+1.464 (1) V (7c)

c

The dimensionless F function for the external axial surface
crack depends on the crack parameters. The integrated func-
tion for F is numerically defined as follows:

F:O.97{m1 +m, (%]H+m3 (%J }fqogf(, (7d)
m =1.13—0.o9[£j (7e)
C
m, = 05428 (7f)
02+2
C
m=0.5 - — 10 +14(1—3j 2“ (79)
0.65+% ¢
C
f'ﬁ{[ﬁcosqu +sin’ qo}4 (7h)
[
g=1+|:0.1+0.35[%) :|(1—sin(p)2 (7|)
B (1 +k2) t .
f(-{—l — +1-0.5\v x (77)

On the other hand, the radial—circumferential surface cracks
propagate mainly because of axial stress in a pressurized cyl-
inder. The solution for the stress-intensity factor F of a radial
partial through-wall flaw was developed by Zahoor [45] as fol-
lows:

a a t
K=o0.\ma F| —,—,—, 8a
a [: p— (/)J (8a)

where o is defined as a function of the radial stress under the
effect of internal pressure.

o =1t (8b)

The boundary correction factor F is defined as:

9 0.855 9
F=1.1+ {0.15241 +16.772 (ﬁ—j +14.944 (1— ﬂﬁ
t T t t

(8c)
6=— (8d)

i

The variables are defined in the same manner as for the
case of the semi-elliptical crack in the axial direction.

Fig. 8 presents a schematic algorithm for the fatigue life as-
sessment of an inner surface crack in a pipeline. At the begin-
ning stage, a suitable range of geometric variables, operation
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Table 4. Pressure range and parametric dimensions of the pipeline steel
considered in the design fatigue life evaluation.

8,10, 12, 15, 21
610 (24), 660 (26), 762 (30), 1000 (40)
119,14.3,159, 175

Design pressure, MPa

Pipe diameter, mm (inch)

Pipe thickness, mm

Data Input L. ..
L Termination condition
= Geometric variables

= Operation condition = Critical crack size, acyisical
= Material properties I = Fracture toughness, K¢

Determination of K; function

!
v

Apply Paris’s law
da/dN = C(AK,)"

]

= Calculate K at an increment time

= Calculate crack size, a; at an increment time

False

True

Stop calculation &
Summarizing results

Fig. 8. Algorithm for the fatigue life assessment of an inner surface crack in
a pipeline [40].

conditions, material properties, and terminal conditions must be
determined. Based on the assumption of equivalent cracks in
the components, the stress intensity factor function is deter-
mined based on the corresponding crack model. Then, based
on the assumption of an appropriate time step, the increment
of the crack length is calculated based on the stress intensity
factor function and FCGR properties. Finally, the terminal con-
dition of the slope is evaluated based on a comparison of the
accumulated crack length and the critical crack length values.
This result mainly focuses on investigating the effect of a
10 MPa environment containing hydrogen on the design fa-
tigue life of a natural gas pipeline with an outer diameter of
762 mm and wall thickness of 15.9 mm. For improved applica-
bility, the fatigue life evaluation is also extended to the cover
fluctuations in the pressure from 8 MPa up to the maximum
allowable pressure of the pipeline of 21 MPa and variations in
the design parameters of the pipeline, such as the pipe diame-
ter and thickness. All of the analysis cases are summarized in
Table 4. Based on the pre-calculation of K with Egs. (7a) and
(8a), using the terminal conditions in KHK0220 will provide a
more conservative fatigue life prediction compared with the
conditions in ASME because the value of the critical crack size
when K| at the deepest crack location equals K¢ is much larger
than 80 % of the wall thickness of the pipe under all three envi-
ronmental conditions. Therefore, the terminal condition for the

[ 1MPa=10MPa
I Thickness: 15.9 mm

Solid: Radial-axial crack
OD: 762 mm (30 Inch) Dash: Radial-circumferential crack
a,= 0.5 mm

Woriea = 12.7 mm

o
|

|
I
I

-
=]

T T ¥

P
|
I

1
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i

Fig. 9. Crack depth growth behavior as a function of fatigue life under vari-
ous environmental conditions in two crack models for an initial crack depth
of 0.5 mm and a crack aspect ratio, alc, of 1/3.

crack size in the following calculations will adopt the KHK0220
regulation, which was described previously. It is noted that it is
possible to trace the crack propagation process in both the
depth and length directions.

3.2 Evaluation of fatigue life

Fig. 9 presents an illustration of the fatigue life calculation for
a structural pipeline with an outer diameter of 762 mm and wall
thickness of 15.9 mm under ambient air, 10 MPa of 1 % H,,
and 10 MPa of 100 % H, with both crack models and an initial
crack depth of 0.5 mm. For each calculation, the estimated
fatigue life is defined as when the accumulated crack size
reaches 12.5 mm, which is equal to 80 % of the wall thickness.
As can be seen, the fatigue life under 1 % H, at 10 MPa is
approximate 3 times longer than that under 100 % H, at 10
MPa, while it is much shorter than that under ambient air condi-
tions in both crack models. For example, under the radial-axial
crack model, the design fatigue life under ambient air is more
than 164000 cycles, while it is significantly decreased to less
than 23000 cycles in 1 % H, at 10 MPa and less than 8000
cycles under 100 % H, at 10 MPa.

Fig. 10 presents the variations in the estimated design fa-
tigue life with different initial crack sizes under three environ-
mental conditions with two crack models when the pipe thick-
ness is 15.9 mm and the outer diameter is 762 mm. When the
initial crack size is small, the estimated fatigue life decreases
gradually and almost linearly with increasing initial crack size
under the three environmental conditions in both crack models,
while the rate of decrease becomes much steeper in the sec-
ond stage as the crack depth increases further. From these
results, it can be argued that the crack propagation process
during the small crack stage can dominate the total fatigue life.
Comparing the two crack models, it can be seen that the fa-
tigue life in the radial-axial crack model (represented by the
solid line) is much longer than that in the radial-circumferential
model (represented by the dashed line) under the three envi-
ronmental conditions. Therefore, under actual conditions, pres-
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surized components with a radial-axial surface crack from the
inner surface are in a more dangerous situation than those with
a radial-circumferential surface crack model. Therefore, for
more conservative remaining life assessment results, it is nec-
essary to focus the analyses on the radial-axial crack model,
which represents the worst-case scenario in actual operating
conditions.

Fig. 11 shows the change in the estimated fatigue life of the
radial-axial crack model with varying operating pressures from
8 MPa to 21 MPa under three environmental conditions for a
pipe thickness of 15.9 mm and initial crack size of 0.5 mm. It
can be seen that the fatigue life sharply decreases with in-
creasing operating pressure in the range from 8 MPa to 21
MPa. In general, the fatigue life requirement of a structural
component usually depends on the characteristics of the actual
operating conditions. In general, ASME B31.3 [46] recom-
mends that the design fatigue life requirement for a structural
pipeline should be approximately 7000 cycles. As shown in Fig.
7, the estimated fatigue life under ambient air is greater than
7000 cycles for the entire pressure range. However, to satisfy
the ASME requirement, the working pressure cannot exceed
16.5 MPa under a 1 % H, gas mixture, while it may not be

practical to use X70 pipeline steel as a structural material when
the pressure exceeds 11.75 MPa in a 100 % H, environment.

In general, a series of mechanical tests, such as slow strain
rate tensile and fatigue life tests, are typically required to estab-
lish quantitatively that a material is eligible for hydrogen service.
Depending on the typical working conditions of these structures,
additional tests are often required, and a quantitative evalua-
tion of the synergistic action in the experimental results is often
considered. Based on the above results, it is found that the
design fatigue life of practical materials is not only sensitive to
environmental conditions, but also changes according to varia-
tions in the operating pressure and the geometric parameters.
ASME Section VIII, Division 3 regulates the design pressure,
pipe thickness, and diameter of a pressurized component ac-
cording to the properties of the material used [39]. In the com-
parison of the influence of those factors, it can be seen that the
effect of the operating pressure on the design fatigue life is
more pronounced than the effects of varying the outer diameter
or pipe thickness, as shown in Figs. 11-13. As mentioned
above, the evaluated fatigue life of X70 pipeline steel under the
practical parameters of a pipeline system is asymptotic to the
standard design requirement even under a pure hydrogen
environment. At present, pipelines are considered as the low-
est-cost transportation system for water electrolytic hydrogen,
which can replace NG in existing pipeline systems [47]. How-
ever, the widespread commercialization of API pipeline steel
for storing and transporting H, is still highly hazardous under
current regulations and standards, as this group of high-
strength low-alloy steels are categorized as extremely embrit-
tled materials owing to their high degree of susceptibility
[48, 49]. Thus, this application may be accompanied by exten-
sive upgrades and high costs.

It is noted that the estimated fatigue life results depend not
only on the operating pressure of the pipe, but also on the me-
chanical performance, such as the fracture toughness and
fatigue crack growth rate properties of materials tested under
the same operating pressure. Experimental FCGR data ob-
tained at pressures higher than 10 MPa H, are not available.
Therefore, all of the fatigue life evaluations at hydrogen pres-
sures of greater than 10 MPa have been carried out based on
the assumption that the fracture toughness and FCGR proper-
ties tested at higher pressures will be similar to those tested
under 10 MPa in a hydrogen-containing environment. Even
though the environmental hydrogen-assisted FCGR may reach
a plateau when the pressure is higher than 5.5 MPa, the fa-
tigue crack growth properties under higher pressures may also
be accelerated, especially under a 1 % H, gas mixture, owing
to the increase in the partial hydrogen pressure [48]. Therefore,
the fatigue life in the actual hydrogen condition above 10 MPa
H, may be shorter than the estimated values in the present
study. Additionally, it should be noted that the FCGRs are also
dependent on the loading ratio, and the general trend is that
the FCGR is accelerated at higher loading ratios [9, 15, 50].
The fluctuation in the operating pressure is also not constant at
0.1. These effects were not directly accounted for in this re-
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search. Therefore, additional FCGRs at higher pressures and
under varying loading ratios are required to provide more effi-
cient and accurate data for the evaluation of the failure pres-
sure of steel pipelines.

Moreover, a large number of cycles can occur during the de-
velopment process from a blunt notch to crack initiation in ac-
tual operating conditions, whereas the fatigue life assessment
often assumes that the initial flaw has a very sharp notch and
crack propagation will occur in the first cycle. In this circum-
stance, the estimated fatigue life seems to be too conservative.
Furthermore, a large portion of the fatigue crack propagation
life is in the small-crack stage, and thus it is critically important
to choose an appropriate initial crack size, as the assumption
of the initial small crack will significantly affect the prediction of
the total fatigue life. Therefore, in the life assessment of in-
service pressurized structures, controlling the initial crack depth
is an effective means to enhance the design fatigue life of
pressurized components. The estimated fatigue life results are
adequate to withstand the fluctuation in operating pressure and
varying pipe geometries in the practical range. Extensive con-
sideration of the effect of the loading ratio, the effect of a blunt-
ing notch before crack propagation, and the pressure depend-
ency of the FCGR should be further analyzed to provide more
accurate results.

4. Conclusions

The influence of a low partial hydrogen in a hydrogen/natural
gas mixture on the crack tip deformation behavior and the frac-
ture toughness of X70 pipeline steel was investigated. Based
on the results obtained for the fracture parameters, an analyti-
cal procedure for the fatigue life assessment was established.
The following conclusions can be drawn:

Both base and weld metal exhibits a significant degradation
in fracture resistance as expressed in CTOD reduction when
tested under 1 % H, gas mixture conditions. The reduction
trend in the base metal is consistent with that in the weld metal.
The CTOD remarkably dropped by more than 55 % compared
to that in the ambient air. The fracture toughness of the speci-
men tested in a 10 MPa gas mixture with 1 % H, was de-
creased by 30 % compared to the specimen tested in ambient
air.

The FCGR was markedly accelerated under the 1 % hydro-
gen blend gas mixture compared with the tests performed in
ambient air. The trend of enhancement in FCGR in 1 % hydro-
gen was observed to be of the same order in both base metal
and weld specimens within the experimental AK range in this
study. The accompanying change in the fracture mechanism
under the 1 % H, gas mixture conditions was discussed.

The estimated fatigue life of the structural pipeline under 1 %
H, gas mixture conditions is much shorter than that under am-
bient air owing to the decrease in fracture toughness and ac-
celeration of the FCGR. A large portion of the fatigue crack
propagation life takes place in the small-crack stage; therefore,
the estimated fatigue life is strongly affected by the initial crack

initiation size. The radial-axial surface crack model from the
inner surface was more dangerous than the radial-
circumferential crack model.
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Nomenclature

a : Crack depth

a, : Initial crack depth

aciical : Critical crack depth

C : Fatigue crack growth coefficient
c : Half of crack length

CTOD : Crack tip opening displacement
F : Boundary correction

FCGR : Fatigue crack growth rate

K : Stress intensity factor for mode | crack
Kic : Fracture toughness

m : Fatigue crack growth exponent
P . Internal pressure

Q : Shape factor

Ri : Inner radius of cylinder

Rm : Mean radius of cylinder

Ro : Quter radius of cylinder

t : Wall thickness of cylinder

o : Stress and stress rate, respectively
Oh : Hoop stress in cylinder

or : Axial stress in cylinder
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