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In this paper, the basic material behavior and mechanical properties of linepipe steel under high-pressure hydrogen were
investigated. A hydrogen exposure test was first conducted to evaluate hydrogen absorption into the steel from gaseous
hydrogen at pressures of up to 25 MPa. It was found that about 0.1 ppm hydrogen was absorbed into the steel, which
is the level of hydrogen absorption in a mildly sour environment. This result reminds us of the possibility of hydrogen
stress cracking; accordingly, the proper material is recommended for hydrogen use. Then, fracture toughness and fatigue
crack growth tests were conducted using a recently produced Grade X65 longitudinal submerged arc welded linepipe with
a fine-grained bainitic microstructure, revealing excellent performance of fracture and fatigue resistance under a 21 MPa
high-pressure hydrogen condition. Fatigue crack growth analysis of the hydrogen pipeline was finally conducted based on
the American Society of Mechanical Engineers hydrogen pipeline design code.

INTRODUCTION

The infrastructure for hydrogen storage and transportation
needs to be safely used for a carbon-neutral society. One of the
most important issues for the integrity of a hydrogen system is
material degradation caused by hydrogen. It is well understood
that solute hydrogen in steel causes the degradation of mate-
rial properties—so-called hydrogen embrittlement. The hydrogen
effect on the mechanical properties of linepipe steels has been
extensively investigated in the past decades. A slow strain rate ten-
sile test with a smooth round bar specimen under gaseous hydro-
gen showed a modest loss of ductility, while yield and tensile
strength do not show a large influence by hydrogen (Hoover et al.,
1981; Cialone and Holbrook, 1985; Stalheim et al., 2010). On the
other hand, the hydrogen effect on ductility becomes significant
in the case of a notched specimen and shows a large drop in the
reduction of area because a quasi-cleavage fracture appeared on
the fracture surface (Hoover et al., 1981; Zhou et al., 2021). Frac-
ture toughness is also reduced in high-pressure gaseous hydrogen
(Hoover et al., 1981; Gutierrez-Solana and Elices, 1982; Cialone
and Holbrook, 1985; Stalheim et al., 2010). It seems that low-
grade linepipe steels such as X42 or X52 tend to show a lower
fracture toughness value in hydrogen (KIH) than more recent
high-grade steels. But further higher-grade linepipe such as X100
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exhibits a lower KIH value (Ronevich and San Marchi, 2021).
Abnormal fractures such as separations were seen on the frac-
ture surface of the specimen tested in hydrogen (Stalheim et al.,
2010). The fracture toughness of linepipe welds is also reduced
in hydrogen (Ronevich and San Marchi, 2021). The most signifi-
cant effect by hydrogen is seen in fatigue crack growth behavior.
The fatigue crack growth rate (FCGR) is largely accelerated in
gaseous hydrogen, and there are many experimental investigations
of linepipe steels (Cialone and Holbrook, 1985; San Marchi et al.,
2010; Slifka et al., 2013, 2018). The hydrogen effect is modest
under a low ãK region—typically below ãK = 10 MPa·m1/2—
but the ratio of FCGR in hydrogen to that in the air increases
with increasing ãK. Linepipe welds show a fatigue crack growth
behavior similar to the base material (Slifka et al., 2015). This
may suggest that fatigue crack growth in hydrogen is not largely
affected by steel microstructure. However, it was reported that
steel with a finer microstructure by an optimized plate rolling
condition exhibits a smaller FCGR (Stalheim et al., 2020). The
effects of hydrogen partial pressure on fracture and fatigue prop-
erties were investigated for the consideration of hydrogen trans-
portation where hydrogen is blended into an existing natural gas
pipeline (Meng et al., 2017; Nguyen et al., 2020; Ronevich and
San Marchi, 2021). It was demonstrated that even a small mix-
ture of hydrogen can reduce the fracture and fatigue properties of
linepipe steels significantly.

The above-mentioned degradation of mechanical properties of
steels under high-pressure gaseous hydrogen is considered to be
caused by hydrogen embrittlement. Once hydrogen atoms uptake
into steel, they can easily diffuse in the steel lattice and accu-
mulate at a region with mechanical discontinuity, such as crack
tips and defects driven by the hydrostatic stress gradient (Sofronis
and McMeeking, 1989; Krom et al., 1999; Ishikawa et al., 2015).
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