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In recent years, many synthetic natural gas demonstration projects have been put into operation all over the world, and hydrogen
is usually contained in synthetic natural gas. X80 is the most commonly used high-grade pipeline steel in the construction of
natural gas pipelines. *e compatibility between high-grade pipeline steel and hydrogen directly affects safety and reliability of
long-distance pipelines. *erefore, in order to study the effect of hydrogen content on fatigue properties of high-grade pipeline
steel, fatigue specimens were taken from base metal, spiral welds, and girth weld of submerged arc spiral welded pipes, re-
spectively. Specifically, the total pressure was 12MPa and hydrogen content was from 0 to 5vol%. Experimental results indicate
that the hydrogen significantly increases the fatigue crack growth rate for both base metal, spiral weld, and heat-affected zone of
X80 pipeline steel for about ten times compared with reference environment nitrogen, hydrogen would greatly reduce the fatigue
life of the X80 pipeline steel, and the fatigue lifetime would decrease with the increase in hydrogen volume fraction. In order to
ensure the safe operation of SNG pipeline, the hydrogen content should be controlled as low as possible.

1. Introduction

With the substantial increase in energy demand, many
countries have increased the exploitation of oil and gas
resources to meet the demands of the market. Although oil
and gas will be purified before long-distance pipeline
transportation, there are still high content of corrosive
medium in oil and gas under certain conditions. In addition,
with the environmental pollution problem becoming in-
creasingly serious, the clean utilization of fossil energy such
as coal is imminent. *e feasibility of synthetic natural gas
(SNG) technology has been verified in the coal gasification in
the United States for 30 years. In recent years, China has also
planned some large-scale coal-gasification projects, and
pipelines such as Xinjiang-Guangdong-Zhejiang synthetic
natural gas pipeline project have been constructed to
transport SNG. Compared with the traditional natural gas,
SNG usually contains a higher hydrogen content, which

brings the problem of the hydrogen embrittlement of
pipelines [1–7].

In recent years, in order to prevent pipeline failure
caused by hydrogen and ensure the service safety of synthetic
natural gas (SNG) transmission, some scholars have begun
to study the effect of hydrogen on the mechanical properties
of pipeline steel. Many efforts have been devoted to develop
high-grade pipeline steel for hydrogen transmission, and the
highest pipeline steel grade reaches X80. Nevertheless, the
research on girth weld is relatively limited, and in recent
years, girth weld is the most vulnerable part of failure in the
pipeline system due to structure and other factors. In this
regard, this study studied not only the base metal and spiral
weld but also girth weld [8, 9]. Moreover, the composition
and microstructure of X80 pipeline steel have changed
greatly. *erefore, the most typical X80 pipeline steel for
pipeline construction is adopted as the research object in this
paper.
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*is study attempts to investigate the effect of hydrogen
content on fatigue properties of high-grade pipeline steel for
SNG transmission. Specifically, fatigue tests on X80 line pipe
under different hydrogen contents were conducted on
specimens cut from different locations of a typical X80
pipeline, i.e., base metal, spiral weld, and girth weld to study
the influence of hydrogen on fatigue properties of high-
grade pipeline steel, and the fracture surface of fatigue
samples was analyzed; finally, the influence mechanism of
hydrogen embrittlement for different locations of high-
grade pipeline steel was evaluated.

2. Experimental Method

2.1.Materials. Taking a typical X80 spiral welded pipe which
has been widely applied for natural gas pipeline construction
as a sample, the influence of hydrogen content on fatigue
properties of high-grade pipeline steel was studied. Specif-
ically, the size of the X80 pipe is Φ1219mm× 18.4mm, and
the chemical composition of the material is listed in Table 1.

2.2. Sampling Method. From the pipeline steel test stan-
dards, such as API 5L and ASTM A370, the sampling lo-
cations aremainly based on the principal stress direction and
structural factors, as shown in Figure 1. For the base metal
sample, the notched specimens (N) are taken horizontally
(the pipe is under the maximum stress in this direction), and
the notch direction of compact tensile (C(T)) samples is
parallel to the axial direction. For the spiral weld and girth
weld metal samples, the notch direction of the samples is
parallel to the weld joint, and the notch center line is located
at the welding joint. For the heat-affected zone samples, the
notch direction of the C(T) sample is parallel to the weld
joint, and the distance from the notch center line to the
welded joint is 1mm.*e requirements of ASME VIII-3 KD
10 should be met at the same time [10].

2.3. Test Methods

2.3.1. Test Environment. According to the composition
statistics of hydrogen content of SNG, four hydrogen
contents are adopted, i.e., 0% for reference environment, 1%
for the highest measured hydrogen content, 2.2% for the
highest design hydrogen content, and 5% for the maximum
allowable value of hydrogen content in synthetic natural gas
standards. *e test environment is presented in Table 2.

*e purity of nitrogen and hydrogen adopted in this test
meets the high purity grade (99.999%) of National Standard
of China GB/T 8979-2008 “pure nitrogen, high purity ni-
trogen, and ultrapure nitrogen” and National Standard of
China GB/T 3634.2-2011 “pure hydrogen, highly pure hy-
drogen, and ultrapure hydrogen,” respectively. In particular,
the test was carried out at room temperature (25°C).

2.3.2. Test Equipment. *e Instron universal testing ma-
chine with high-pressure hydrogen compatibility was
adopted to carry out the fatigue test in the high-pressure gas
environment containing hydrogen. In particular, the tests

can be carried out in high-pressure hydrogen environment
including fatigue crack growth rate test, low cycle fatigue
test, and fracture toughness test.

2.3.3. Procedures of Low Cycle Fatigue Test. Based on ASTM
E466 and GB/T 34542.2, the notched round bar specimens,
as shown in Figure 2, were placed in the four environments,
respectively. *e uniaxial tension cyclic load was applied to
the specimen with a stress ratio of 0.1. *e minimum and
maximum forces were 2 kN and 20 kN, respectively, and the
loading frequency was 1Hz. *en, the number of cycles to
failure (fatigue life) of X80 pipeline steel in high-pressure
hydrogen environment was obtained [11].

2.3.4. Procedures of Fatigue Crack Growth Rate Test.
Based on ASTM E647, ASME VIII-3 KD 10, and GB/T
34542.2, the precrack was introduced on the C(T) specimen,
as shown in Figure 3, in air. *e sinusoidal waveform cyclic
load was applied to the specimen with a stress ratio of 0.1.
*e loading frequency was 5Hz, and the initial force was
25 kN. *e periodic load reduction process is tabulated in
Table 3. After the crack length reached 3.0mm, the speci-
mens were placed in high-pressure environment with dif-
ferent hydrogen contents, the load frequency was changed to
1Hz, and the load force was kept at 19 kN. *en, the re-
lationship between the crack length and the stress intensity
factor with the number of loading cycles can be obtained and
based on which the fatigue crack growth rate of the X80
pipeline steel in different environments was obtained.

3. Test Results

3.1. Low Cycle Fatigue Test Result. *e fatigue results of the
base metal are shown in Figure 4. It can be obtained from
Figure 4 that the average fatigue lives of base metal of X80
pipeline steel under reference environment and other en-
vironments containing hydrogen are 4274, 1461, 1198, and
398.5 times, respectively. It can be concluded that hydrogen
greatly reduces the fatigue life of the X80 base metal, and the
fatigue life would decrease with the increase in hydrogen
volume fraction. Specifically, compared with reference en-
vironment, the relative cycle times in 1vol% H2, 2.2vol% H2,
and 5vol% H2 environment are 34.18%, 28.03%, and 9.32%,
respectively. However, the degradation degree of fatigue
performance is related to the stress concentration factor of
notched round bar specimen.

Figure 5 shows the fatigue results of the spiral weld, and
the average fatigue life of X80 spiral weld under reference
environment and other environments containing hydrogen
is 43611, 717.5, 645.5, and 283.5 times, respectively. It can be
concluded that hydrogen greatly reduces the fatigue life of
the X80 spiral weld. Specifically, compared with reference

Table 1: Chemical composition of the X80 spiral welded pipe
(wt.%).

C Nb V Ti Cu Cr
0.06 0.07 0.03 0.02 0.01 0.26
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Figure 1: Sampling locations: (a) sampling of base metal; (b) sampling of spiral weld; (c) sampling of heat-affected zone; (d) sampling of
girth weld.

Table 2: *e test environment.

Test environment no. Hydrogen content Nitrogen content Total pressure
1 0vol% 100vol%

12MPa2 1vol% 99vol%
3 2.2vol% 97.8vol%
4 5vol% 95vol%
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Figure 2: Dimensions of notched fatigue specimens.

Mathematical Problems in Engineering 3



environment, the relative cycle times in 1vol% H2, 2.2vol%
H2, and 5vol% H2 environment are 19.87%, 17.88%, and
7.85%, respectively.

*e fatigue life obtained from the girth weld fatigue test
is shown in Figure 6. From Figure 6, the average fatigue life
of girth weld of X80 pipeline steel under reference envi-
ronment and other environments containing hydrogen is
2546.5, 658.5, 434.5, and 304.5 times, respectively. It can be

concluded that hydrogen greatly reduces the fatigue life of
the X80 girth weld, and the cycle time would decrease with
the increase in hydrogen volume fraction. Specifically,
compared with reference environment, the relative cycle
times in 1vol% H2, 2.2vol% H2, and 5vol% H2 environment
are 25.86%, 17.06%, and 11.96%, respectively.

3.2. Fatigue Crack Growth Rate Test Result. *e fatigue crack
growth rate obtained from the fatigue crack growth rate test
of the X80 base metal is shown in Figure 7. It can be
concluded from Figure 7 that the fatigue crack growth rate of
the base metal in the environments containing hydrogen
increases obviously, the fatigue crack growth rate in 1vol%
H2 is about 7.2 times than that in nitrogen environment, the
fatigue crack growth rate in 2.2vol% H2 is about 11.2 times,

Table 3: *e periodic load reduction process.

Load force (kN) 25 23 21 19
Crack length (mm) 0 1.0 2.0 3.0

0

1000

2000

3000

4000

5000

Cy
cle

 (t
im

es
)

87654321
Sample number

3573 3649

721 714 661
212 355

630

0% H2

1% H2

2.2% H2

5% H2

Figure 5: Fatigue life of X80 spiral weld.
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Figure 3: Dimensions of C(T) specimens.
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Figure 4: Fatigue life of X80 base metal.
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Figure 6: Fatigue life of X80 girth weld.
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and the fatigue crack growth rate in 5vol% H2 is about 13.5
times. Meanwhile, the fatigue crack growth rate increases
slightly with the increase in hydrogen volume fraction.

Figure 8 shows fatigue crack growth rate of the X80 spiral
weld. From Figure 8, the results are similar to those of base
metal. It can be concluded that the fatigue crack growth rate
of the spiral weld in the environments containing hydrogen
increases obviously, and the fatigue crack growth rate in 1vol
% H2 is about 6.2 times of that in nitrogen environment, the
fatigue crack growth rate in 2.2vol% H2 is about 6.8 times,
and the fatigue crack growth rate in 5vol% H2 is about 8.4
times. Meanwhile, the fatigue crack growth rate increases
slightly with the increase in hydrogen volume fraction.

*e fatigue crack growth rate obtained from the fatigue
crack growth rate test of the X80 heat-affected zone is shown
in Figure 9. It can be concluded from Figure 9 that the results
are similar to those of base metal as well. *e fatigue crack
growth rate of the heat-affected zone in the environments
containing hydrogen increases obviously, the fatigue crack
growth rate in 1vol% H2 is about 7.9 times than that in
nitrogen environment, the fatigue crack growth rate in
2.2vol% H2 is about 8.4 times, and the fatigue crack growth
rate in 5vol% H2 is about 9.3 times. Meanwhile, the fatigue
crack growth rate increases slightly with the increase in
hydrogen volume fraction.

It can be obtained from Figure 10 that the fatigue crack
growth rate of the girth weld in the environments containing
hydrogen increases obviously, the fatigue crack growth rate
in 1vol% H2 is about 8.5 times than that in nitrogen envi-
ronment, the fatigue crack growth rate in 2.2vol% H2 is
about 11.3 times, and the fatigue crack growth rate in 5vol%
H2 is about 13.1 times. Meanwhile, the fatigue crack growth
rate increases slightly with the increase in hydrogen volume
fraction. However, in the environment of 2.2vol% H2 and
5vol% H2, there are obvious fluctuations on the fatigue crack
growth rate curve, which may be related to the

inhomogeneous mechanical properties and defect locations
of girth weld.

4. Discussion

Based on the obtained fatigue lives of specimens cutting
from different sampling locations, the influence of sample
locations on fatigue life of X80 pipeline steel was studied. As
shown in Figures 4∼10, the fatigue lives of X80 base metal,
spiral weld, and girth weld under different environments are
presented. Results indicate that hydrogen greatly reduces the
fatigue life for the X80 base metal, spiral weld, and girth
weld. Moreover, the fatigue performance of girth weld is the
worst in the reference environment, and the fatigue per-
formance of base metal is the best in the environments
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Figure 7: Fatigue crack growth rate of X80 base metal.
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Figure 8: Fatigue crack growth rate of X80 spiral weld.

807060504030 10090

∆K (MPa · m1/2)

0% H2

1% H2

2.2% H2

5% H2

1E – 5

1E – 4

0.001

0.01

0.1

da
/d

N
 (m

m
/c

yc
le

)

Figure 9: Fatigue crack growth rate of X80 heat-affected zone.
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containing 5vol% H2; the fatigue cycles of girth weld and
spiral weld are similar in the environments containing
hydrogen.

In the environment containing hydrogen, the order of
fatigue crack growth rate from large to small is girth weld,
base metal, heat-affected zone, and spiral weld, respec-
tively. And the difference in fatigue crack growth rate
would be more obvious as the hydrogen volume fraction
increases.

It can be concluded that microstructure and hydrogen
permeation characters pose great influence on the fatigue
crack growth rate [12, 13]. Moreover, the hydrogen per-
meation and diffusion behavior are mainly controlled by
chemical composition, lattice defects, and microstructure.
*e fracture morphology of fatigue specimens from different
locations of X80 pipeline steel is presented in Figures 11–13.
*e microstructure of base metal is mainly composed of
banded and acicular ferrite, the microstructure of spiral weld
is mainly composed of acicular ferrite and long strip pro-
eutectoid ferrite, and the microstructure of heat-affected
zone is mainly composed of fine-grained bainite. *e grain
size of spiral weld and heat-affected zone is very fine, which
reduces the hydrogen permeation and diffusion rate to a

certain extent. Compared with fine-grained bainite, acicular
ferrite has higher toughness, and many large angle grain
boundaries may hinder the crack growth. *erefore, the
spiral weld has the least fatigue crack growth rate. In ad-
dition, the welding material used for spiral weld may have
better crack propagation resistance than the base metal.

*e fatigue crack growth rate of girth weld is more
sensitive than other locations, which may be related to the
inhomogeneous mechanical properties and defect distri-
butions [14–23], as shown in Figures 14–17.

As shown in Figure 15, the microstructure of the girth
weld consists of bainite ferrite, which grows from the grain
boundary to intragranular in parallel ferrite laths. *e ferrite
bundles of different orientations divide the prior austenite
grains into different regions. *ere are some ferrite bundles
passing through the prior austenite grains, which is detri-
mental to crack propagation resistance due to long slip
length. *e microstructure of HAZ of girth weld is shown in
Figure 16. *e size of prior austenite is significantly reduced
compared to the weld. *e size of prior austenite grains is
about 20 μm. *e microstructure of position 3 of girth weld
consists of granular bainite and ferrite, as shown in Fig-
ure 17.*e contour of prior austenite grains is not clear. *e
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Figure 10: Fatigue crack growth rate of X80 girth weld.
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Figure 11: Fracture morphology of fatigue specimen of base metal: (a) reference environment; (b) environment containing 5% hydrogen.
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size of average grain is about 5 μm, which has better me-
chanical properties than weld and HAZ.

As a result, a lot of fluctuations appear on the fatigue crack
growth curve. Some studies had shown that the residual stress
in girth weld can accelerate the fatigue crack growth [24–27].
In addition, if the effect of residual stress is ignored, the fatigue
crack growth rate of girth weld will approach to that of base

metal.*erefore, in the process of operation andmaintenance
of SNG pipeline, girth weld should be one of the most
concerned parts. Moreover, in the process of pipeline con-
struction, girth weld defects and hydrogen embrittlement
sensitivity of welding materials should be strictly controlled,
and good counterpart of pipes should be realized to control
the structural stress at the lowest level.

(a) (b)

Figure 12: Fracture morphology of fatigue specimen of spiral weld: (a) reference environment; (b) environment containing 5% hydrogen.

(a) (b)

Figure 13: Fracture morphology of fatigue specimen of girth weld: (a) reference environment; (b) environment containing 5% hydrogen.
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(a) (b) (c) 

20 μm 20 μm 

Figure 14: Microstructure characteristics of girth weld on different positions: (a) backing weld; (b) filling weld; (c) covering weld.
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5. Conclusions

Hydrogen greatly reduces the fatigue life of the X80 base
metal, and the fatigue lifetime would decrease with the
increase in hydrogen volume fraction. Hence, in order to
ensure the safe operation of SNG pipeline, the hydrogen
content should be controlled as low as possible. *e order of
fatigue crack growth rate from large to small is girth weld,
base metal, heat-affected zone, and spiral weld, respectively,
and in the process of operation andmaintenance of synthetic
natural gas pipeline, girth weld should be one of the most
concerned parts.

*e difference in fatigue crack growth rate at different
locations is related to the difference in microstructure and
hydrogen permeation characters. *e fatigue crack growth
rate of girth weld is more sensitive than other locations,
which may be related to the inhomogeneous mechanical
properties and defect distributions.
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