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Evaluating a natural gas pipeline steel for blended hydrogen service 
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A B S T R A C T   

An X70 natural gas pipeline steel that is being considered for blended natural gas/hydrogen gas service was evaluated in a high-pressure hydrogen gas environment. 
Fracture toughness testing and fatigue crack growth rate testing were conducted according to ASTM standards and the results are presented in the context of ASME 
B31.12 qualification. While a reduction in fracture toughness was observed, the fracture toughness and fatigue behavior were within acceptable bounds for hydrogen 
service.   

1. Introduction 

New research activity regarding the compatibility of natural gas 
pipeline infrastructures with hydrogen gas is due to an active interest by 
governments and industry in blending 5–15% hydrogen gas with natural 
gas. Hydrogen and natural gas blending was even specifically mentioned 
in a press release about a collaboration between US and Dutch govern-
ments on hydrogen infrastructure technologies (Collaboration Between 
the, 2020). Multiple advantages of blending have been discussed and 
include energy storage of the increased output from green energy 
technologies, and cheaper transportation of hydrogen gas for fuel cell 
use (Melaina et al., 2013). The most recent focus has been on the use of 
blending as a method of reducing the amount of carbon in natural gas 
applications, without significantly reducing energy density or 
completely overhauling the system (Dept. of Energy and HyBle, 2021). 
While the presence of hydrogen mixed in with methane is not novel, as 
manufactured or synthetic gas historically contained as much as 50% 
hydrogen in the mix (Melaina and Grasman, 2016), safety concerns still 
remain. 

One of the main safety concerns with the addition of hydrogen into 
steel pipeline systems is hydrogen embrittlement. When hydrogen atoms 
enter the metal matrix, they can cause a drastic reduction in the ductility 
of steel, also commonly resulting in a reduction in fracture toughness 
and a reduction in fatigue lifetime (Martin et al., 2020). Although 
certain alloys, such as austenitic stainless steels are more resistant to 
hydrogen effects, pipeline steels tend to be ferritic due to cost consid-
erations and are particularly vulnerable to reductions in fatigue lifetime 
(San Marchi et al., 2010; Slifka et al., 2014a, 2015; Ronevich et al., 
2016). While much of the research on hydrogen effects on fracture 

toughness and fatigue are performed in pure hydrogen, studies of mix-
tures of methane and hydrogen gas show that small percentages of 
hydrogen can have dramatic effects on fracture toughness (Nguyen 
et al., 2020) and fatigue crack growth rates (Meng et al., 2017; Chandra 
et al., 2021) of pipeline steels. For simplicity, testing in pure hydrogen 
gas is generally performed, as it constitutes a “worse-case scenario” for 
the effects on mechanical properties. 

There are only a limited number of laboratories with the capability 
for in situ gaseous hydrogen testing, which can be required by the ASME 
B31.12–2019 code for certifying pipeline steels for hydrogen service (as 
well as the API 5 L code) (Hydrogen Piping and, 2020). Many companies 
opt for “Option A′′, which requires Charpy testing (in air) within a 
specific energy range. However, to compensate for the lack of testing in 
hydrogen, there are many safety factor requirements that are further 
imposed for the use of materials certified in this manner. This results in 
overdesign of the pipelines, which can be costly. “Option B′′ requires 
testing in hydrogen, including the determination of fracture toughness, 
fatigue crack growth rate (FCGR), and stress intensity factor threshold. 
Each of these tests must show results that are better than the minimum 
acceptable values stated within the standard under conditions similar to 
the expected operating conditions of the material, such as service 
pressure of hydrogen. While only a limited number of laboratories are 
capable of testing in gaseous hydrogen, even fewer perform in situ tests 
of stress intensity threshold. Additionally, the constant-displacement 
stress intensity threshold measurement has been shown to give 
non-conservative results when the plasticity accompanying the fracture 
is large. Materials which are suitable for hydrogen service will have 
large amounts of plasticity, as this plasticity gives rise to greater fracture 
resistance; so constant-displacement stress intensity factor threshold 

* Corresponding author. 
E-mail address: may.martin@nist.gov (M.L. Martin).  

Contents lists available at ScienceDirect 

Journal of Natural Gas Science and Engineering 

journal homepage: www.elsevier.com/locate/jngse 

https://doi.org/10.1016/j.jngse.2022.104529 
Received 29 November 2021; Received in revised form 11 March 2022; Accepted 12 March 2022   

mailto:may.martin@nist.gov
www.sciencedirect.com/science/journal/18755100
https://www.elsevier.com/locate/jngse
https://doi.org/10.1016/j.jngse.2022.104529
https://doi.org/10.1016/j.jngse.2022.104529
https://doi.org/10.1016/j.jngse.2022.104529
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jngse.2022.104529&domain=pdf


Journal of Natural Gas Science and Engineering 101 (2022) 104529

2

measurements are especially likely to give non-conservative assessments 
of hydrogen behavior (Nibur et al., 2013; Dadfarnia et al., 2010). For 
these reasons, FCGR and fracture toughness tests are less likely to be 
overly- or under-conservative, so these tests are most useful to assess 
materials for hydrogen/natural gas service. As a result, there are dis-
cussions within the ASME B31.12 code committee about removing the 
stress intensity threshold testing requirement from future drafts of the 
standard and simply requiring FCGR and ASME E1820 fracture tough-
ness testing (Slifka and Stalheim, 2021). 

Commercially obtained X70 pipeline steel that is of interest for use in 
blended natural gas/H2 gas service is being tested for certification. 
Fracture toughness and FCGR testing were performed in hydrogen gas 
and the test results are presented in the context of ASME B31.12 qual-
ification. Fracture toughness testing was performed in accordance with 
ASTM E1820-20 (Standard Test Method for, 2019) and FCGR testing was 
done in accordance with ASTM E647-15 (Standard Test Method for, 
2017). It is important to note that this paper is not presenting intrinsic 
materials parameters, but the relative degradation of performance due 
to the hydrogen environment. 

2. Material and testing methods 

Specimens were cut from a section of X70 pipe that has not seen 
service but was from a lot prepared for natural gas service. The pipe had 
a wall thickness of 21.5 mm. Chemistry for the steel is shown in Table 1. 
Cubes were sectioned and mounted in epoxy to examine the three di-
rections of the pipe (rolling/longitudinal RD, transverse/circumferential 
TD, and through-thickness TT). A section was also taken to examine the 
through thickness of the seam weld. The specimens were polished and 
etched with a 2% nital (nitric acid in methanol) solution for optical 
microscopy analysis and scanning electron microscopy (SEM) imaging 
analysis. Specimens were then polished to a mirror finish with 0.05 μm 
colloidal silica for electron backscattered (EBSD) analysis in an SEM. 
Grain size and microstructural texture were derived from the crystal 
orientation data. 

This X70 pipeline steel shows a ferritic/pearlitic microstructure with 
~15% pearlite, Fig. 1. There is a clear banded microstructure associated 
with rolling, evident from the pearlite grains in fine bands along the 
rolling direction. The pearlite grains consist of very fine cementite plates 
in a ferrite matrix, usually in a band that is a single grain wide, and 
several grains long in the rolling direction, Fig. 2. Grains are slightly 
elongated, and the texture is strongly <101> in the rolling direction 
with more of a <111> texture in the transverse direction, Fig. 2. The 
average grain size across all three planes is 4.9 μm. The grain size ho-
mogeneity factor, defined as the ratio of the grain size of the 20% area 
fraction distribution (the D20 grain size) to the average grain size, is 2.7 
in the both the TD and RD planes, and 6.0 in the TT plane. This suggests 
higher grain size homogeneity in the TD and RD directions than in the 
TT direction. 

The weld specimens were cut from a longitudinal (“seam”) weld. The 
weld was a commercial induction weld. The weld is composed of two 
beads, one on either side of the plate, Fig. 3. The macrostructure clearly 
shows the results of solidification, with long prior austenite grain 
structures radiating from the root to the surface of the bead consisting of 
fine Widmanstätten ferrite plates with allotriomorphic ferrite along the 
prior austenite grain boundaries. On both sides of both weld beads, there 
are wide (~2 mm) heat affected zones (HAZs). 

Fracture toughness (JQ) tests were performed according to ASTM 
E1820 (Standard Test Method for, 2019) on side-grooved compact ten-
sion (CT) specimens in air and in 10 MPa ultra-pure grade hydrogen gas 

(99.999% pure). Specimens were machined from the pipe wall accord-
ing to the ASTM E1820 standard (Standard Test Method for, 2019) with 
a nominal width (W) of 40.6 mm, a thickness (B) of 20 mm, and were 
side-grooved to have a net thickness (Bn) of 16 mm. Specimens were 
oriented with the crack direction in the rolling direction for the base 
metal and with the crack to the side of the weld beads to capture the heat 
affected zone (HAZ), as well as weld metal, for the seam weld metal. This 
means the crack plane is the plane normal to TD. The crack plane for the 
HAZ specimens are marked with the yellow dashed line in Fig. 3, and a 
schematic of the CT specimen position relative to the weld bead can be 
found in Fig. 4 of Ref. (Slifka et al., 2015). This geometry best captures 
the hoop stresses on the pipe, which are expected to be the largest. The 
fracture toughness was determined from J-R curves, which were 
measured using a crack mouth opening displacement (CMOD) sensor 
and the compliance method to determine crack extension. Fracture 
surfaces from the fracture toughness specimens were examined in an 
SEM operated at 30 kV. 

Fatigue crack growth rate (FCGR) tests were performed on CT 
specimens without side grooves in 10 MPa ultra-pure grade hydrogen 
gas (99.999% pure) from the base metal (3 specimens) and the weld (3 
specimens). The CT specimens for FCGR tests had a thickness (B) of 9.45 
mm. The base metal fatigue specimens were cut with identical orienta-
tions to the fracture toughness specimens, with the cracking direction in 
the rolling direction. For the weld specimens, this orientation results in 
the crack following the center of the two weld beads as marked with the 
red solid line in Fig. 3, with the crack propagating in the rolling direction 
(into the page in Fig. 3). Pre-cracking was performed in air at room 
temperature with load ratio R = 0.1 and loading frequency of 15 Hz. 
These specimens were run simultaneously in a chain, see (Drexler et al., 
2016) for details on the experimental setup, such that they all experi-
enced the identical gaseous environment during mechanical loading. 
Fatigue tests were conducted with R = 0.5 at a loading frequency of 1 
Hz. 

Table 1 
Composition of X70 steel in this study in mass %. Remainder Fe.  

C Si Mn P S Cu Al Cr Ni Nb Ti N 

0.084 0.35 1.75 0.014 0.0007 0.03 0.031 0.04 0.04 0.045 0.014 0.0039  

Fig. 1. Microstructure of X70 steel, showing the 3 directions in the steel plate. 
Etched with 2% nital solution. 
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3. Results 

3.1. Fracture toughness 

Relationships between the force and CMOD during the fracture 
toughness tests of the base metal in air, the base metal in 10 MPa 
hydrogen gas, and the HAZ in 10 MPa hydrogen gas are shown in Fig. 4. 
A lower maximum force is observed for both the base metal and the weld 
tested in hydrogen gas compared to the base metal in air. Further, the 
CMOD at which the maximum force is reached is decreased due to 
hydrogen, from approximately 2.45 mm in air to approximately 0.9 mm 
in H2. For the two tests in hydrogen gas, the CMOD at which the 
maximum force is reached are roughly the same, however the maximum 
force was higher for the base metal compared to the HAZ (51 vs 38 kN). 
A noticeable step in the force vs. CMOD data was observed for the base 
metal tested in hydrogen, where the force decreased significantly and 
the CMOD increased, starting at a CMOD of approximately 1.2 mm. This 
may be due to delaminations, which were observed in both the base 
metal and HAZ fracture surfaces for the specimens tested in hydrogen 
gas, Fig. 5. A delamination in this case is a secondary crack that is 
perpendicular to the primary crack plane. A similar step was observed at 
a CMOD of approximately 1.75 mm for the HAZ material, though the 
magnitude of the force drop was significantly smaller than for the base 
metal. A delamination is also observed in the fracture surface of the base 
metal tested in air; however this delamination did not occur during the 
fracture toughness test, during which the crack grew only ~1.3 mm. 
Rather, the delamination occurred during the fast fracture performed 

Fig. 2. SEM imaging and EBSD mapping 
of TD plane microstructure. (Rolling di-
rection is ~y-axis of image.) Grains are 
elongated in rolling direction. Pearlite 
grains (lighter grains) are thin and elon-
gated. Strong <111> texture in TD (out- 
of-plane) direction with a weaker <110>
component. Strong <101> rolling (in- 
plane) texture. Note: While the y-axis 
inverse pole figure only shows the y-axis 
component of the grains measured in the 
TD plane and not the z-axis of the RD 
plane, in this case, it is representative of 
the RD plane.   

Fig. 3. Macro- and microstructure of seam weld. Optical image of weld cross-section on left. The red line indicates the approximate position of the crack plane in the 
“weld” specimens. The dashed yellow line indicates the approximate position of the crack in the “HAZ” specimens. Crack front propagation is into the page 
(Longitudinal/RD direction, along TD plane). SEM image of weld bead material on right. Etched with 2% nital. 

Fig. 4. Force vs CMOD curves of base metal in air and in hydrogen and of HAZ 
in hydrogen. 
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after the test to expose the fracture surface. Therefore, the data for the 
base metal in air in Fig. 4 do not show a similar feature as the data for the 
tests in hydrogen. However, the large number of complicated features, 
including multiple delaminations and evidence of crack arrest events, on 
the base metal in H2 surfaces make it difficult to ascertain for certain that 
the delaminations are the cause, or sole cause, of the force drops. 

In Fig. 5, it can be seen that the base metal tested in air shows 
significantly more ductility than either of the materials tested in H2 gas. 
There is a significant necking of the specimen around the region of 
primary cracking, which is absent in the H2-tested specimens, as well as 
a more matte or darker grey-scale finish to the cracking region itself, 
compared to the brighter finish on the H2-tested specimens. Looking at 
the fracture features in air, the material clearly failed by ductile 
microvoid coalescence. In hydrogen, the fracture surfaces display flatter 
and brittle-appearing transgranular features. 

Fig. 6 shows representative J-Δa curves for the base metal in air, the 
base metal in 10 MPa hydrogen gas, and the HAZ in 10 MPa hydrogen 

gas. JQ is determined as the intersection of the J-Δa fit curves with the 
0.2 mm offset line, also called the “construction line”, where the J-Δa 
data points between the 0.15 mm offset line and the 1.5 mm offset line 
were used in the regression analysis to determine the fit curves. The JQ 
under each condition is compared in the bar chart in Fig. 7. The base 
metal in air clearly has a significantly higher JQ (675 ± 20 kJ/m2) 
compared to either material in 10 MPa hydrogen. The HAZ and base 
metal JQ in 10 MPa hydrogen are similar, though the base metal has a 
slightly higher JQ (38 ± 6 kJ/m2 in the base metal compared to 31 ± 8 
kJ/m2 in the HAZ). Consistent with fractography, Fig. 5, the high JQ in 
air indicates a huge amount of plastic deformation near the crack tip 
without associated crack growth, while the hydrogen embrittled steel 
had significantly less plastic deformation as the crack extended. 

3.2. Fatigue 

Fig. 8 shows the FCGR test results for the base and weld metals tested 
in hydrogen as a function of crack tip stress intensity factor (ΔK), the 
change in crack tip stress intensity factor. The plot also shows the 

Fig. 5. Optical (top row) and SEM (bottom row) images of fracture toughness specimens. The large horizontal cracks in the fracture surfaces (top row) are de-
laminations. Note that the delamination in the Base Metal – Air specimen occurred during the fast-fracture process after the test to expose the fracture surface. 

Fig. 6. J-Δa curves for base metal in air and in hydrogen and of HAZ material 
in hydrogen. 

Fig. 7. Fracture toughness values of base metal in air and in hydrogen gas, and 
of HAZ material in hydrogen gas. 

M.L. Martin et al.                                                                                                                                                                                                                               



Journal of Natural Gas Science and Engineering 101 (2022) 104529

5

“Master Curve”, from the ASME B31.12 standard (Hydrogen Piping and, 
2020). Note that the points in Fig. 8 include data encompassing all four 
tests of the base and all four tests of the weld. In general, for both the 
weld and base material, the FCGR increases with ΔK, spanning from 
~10− 5 mm/cycle when ΔK is ~10 MPa m1/2 to ~10− 3 mm/cycle when 
ΔK is ~20 MPa m1/2. At ΔK of approximately 12 MPa m1/2, there is a 
clear “knee” in the data where the log-log plot is observed to transition 
from a higher to a lower slope. For all measured ΔK, the FCGR for both 
the weld and base metal is below the Master Curve. For comparison, 
in-air data of another X70 steel spanned ~5 × 10− 6 to ~5 × 10− 5 

mm/cycles over the same ΔK range (Slifka et al., 2014b). The difference 
between the literature in-air and this study’s H2 curves varies from half 
the FCGR rate at the lower ΔK = 10 MPa m1/2 range, to nearly 2 orders 
of magnitude slower crack propagation at the higher ΔK = 20 MPa m1/2 

range. 
In addition to the lower FCGR the weld, there is also a larger spread 

in measured FCGR between specimens of the weld material compared to 
the base metal. Both effects may be due to residual stresses within the 
weld region, as well as differences between the microstructure of the 
base metal and the weld. Compressive residual stresses can be found 
near welds, as the residual stress profile is often highly complicated 
(Ronevich et al., 2018a). The effect of these compressive residual 
stresses has been modeled as a change in effective R ratio due to a 
change in effective stress intensity factor K (Ronevich et al., 2018a). 
However, for the purposes of this paper we have not accounted for this 
change in effective R from the applied R. Qualitatively, compressive 
residual stresses are consistent with the observed decrease in FCGR in 
the weld compared to in the base material. Further, the residual stresses 
can vary across the pipe, which is consistent with the additional vari-
ability observed in the weld specimens compared to the base material 
specimens. 

4. Discussion 

Fracture toughness results for the base metal results show a dramatic 
reduction in toughness in the presence of hydrogen. At the same time, 
the fracture mode changes from ductile microvoid coalescence to a 
flatter brittle-appearing mode. This is expected for a ferritic pipeline 
steel. The fracture toughness in hydrogen closely matches that observed 
for other high strength low alloy (HSLA) pipeline steels (Stalheim et al., 
2010). While the fracture features do not exactly resemble features 

frequently labeled “quasi-cleavage” in the literature (Martin et al., 2011; 
Neeraj et al., 2012), this may be due in part to the strong rolled texture of 
the microstructure, as well as the presence of pearlite banding. The 
fracture features in the HAZ tested in hydrogen more closely resemble 
these more classic “quasi-cleavage” features, which may be due to 
recrystallization effects in the HAZ that remove or reduce the strong 
texture. 

A potential large influence on the fracture behavior of this material is 
the presence of delaminations during failure. There are multiple de-
laminations present, particularly in the base metal specimen, but the 
largest delaminations in the specimens appear close to what would be 
the mid-line of the steel plate. This suggests these secondary cracks 
initiate at inhomogeneities in the microstructure, such as is commonly 
associated with the mid-line of a steel plate. The smaller delaminations 
may have initiated at features resulting from the banded microstructure. 
Delaminations of this sort have been previously observed during frac-
ture toughness testing in hydrogen (San Marchi et al., 2011). 

This steel was designed and deployed for natural gas transportation; 
it was not designed for gaseous hydrogen service. As such, certain as-
pects, such as the carbon content, do not satisfy the stringent recom-
mendations in place for hydrogen service by standards codes such as 
ASME B31.12. It is an open question whether steel pipelines designed for 
natural gas can withstand the addition of 5%–10% hydrogen. While 
adding the requirement for new natural gas pipelines to be constructed 
according to the ASME B31.12 standard is possible, it may be too 
stringent and expensive to be feasible, and does not address the issue of 
using the current pipeline system. There is also the question of whether 
or not such demanding requirements are necessary. Some studies look-
ing at partial pressures of hydrogen in an inert gas have shown that only 
small amounts (<5 vol%) are needed to observe a dramatic hydrogen 
effect (Meng et al., 2017; Chandra et al., 2021). However, impurities 
such as oxygen are able to mitigate the effect of hydrogen in concen-
trations of only tens of parts per millions (Somerday et al., 2013; Briottet 
and Ez-Zaki, 2018; Ronevich et al., 2018b), including causing a transi-
tion back to ductile failure modes. Natural gas is likely to include plenty 
of impurities that influence the hydrogen cracking behavior. As such, 
testing in pure hydrogen is an extreme case, representing the most 
conservative position. And this steel performed well in fatigue, falling 
below the Master Curve (Hydrogen Piping and, 2020). The fracture 
toughness does decrease significantly in hydrogen, however both the 

base metal and HAZ had a fracture toughness (KJQ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E
(1− ν)JQ

√
= 95 MPa 

m1/2 and 86 MPa m1/2, respectively) in hydrogen above the recom-
mended minimum (55 MPa m1/2) outlined in ASME B31.12. As such, the 
performance of this X70 with a natural gas blended with low percent-
ages of hydrogen gas may be acceptable, as may be the case for several 
steels currently in service as extant pipelines. While further studies are 
needed to fully define the impact of all impurities within natural gas, as 
opposed to laboratory methane gas, as well as determining the rela-
tionship between pipeline microstructure and hydrogen performance, 
these sorts of datasets will allow standard developing organizations and 
governing bodies to make the proper assessment prior to greenlighting 
blending. 

5. Conclusions 

Base metal and weld metal specimens sectioned from an X70 grade 
pipeline designed for natural gas service were tested in high pressure 
hydrogen to evaluate its suitability for blended natural gas/hydrogen 
gas service. Hydrogen had a notable impact on the fracture toughness, 
but the fracture toughness and fatigue behavior were within acceptable 
bounds for hydrogen service. The fatigue crack growth rate data fell 
below the Master Curve which delineates the limit of acceptable bounds 
for performance in hydrogen, and it was worth noting that these mea-
surements were conducted identically to those which created the Master 
Curve. While it is beyond the purview of the authors to make 

Fig. 8. FCGR curves of base and weld metal and the “Master Curve” from 
(Hydrogen Piping and, 2020). Note that both the Base and Weld data sets 
encompass results from four simultaneously run tests. 
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recommendations on acceptable usage for this steel, these sorts of 
datasets are critical for evaluating the feasibility of hydrogen/natural 
gas blending in existing natural gas pipeline systems. Given the data in 
the literature showing that the addition of hydrogen to an environment 
decreases a steel’s mechanical performance until reaching a bound of 
behavior defined in a pure hydrogen environment, if a material is 
certified for H2 service, then it should be suitable for blended natural 
gas/H2 service as well. And while it is not feasible that the steel of every 
extant pipeline can be tested in a hydrogen environment, a comparison 
to steels in the literature tested in hydrogen with similar properties and 
microstructure may give information as to the suitability of these 
pipelines for blended service. 
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