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ABSTRACT 

 
Hydrogen ions produced during corrosion or through hydrogen blending into natural gas pipelines can 
lead to the degradation of ductility of metals used in these transmission pipelines. The effect of hydrogen 
on the mechanical properties of pipeline steels was studied for three grades of API 5L steels: X56, X65, 
and X100. These steels are either commonly used in or considered for use in natural gas transmission 
pipelines which are being considered for use in hydrogen blending. These steels were subjected to 
constant strain rate tensile testing after charging with electrochemically generated hydrogen. This paper 
reports on work to extend the life of the natural gas pipeline network via understanding the effect of 
hydrogen embrittlement induced by corrosion processes. 
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INTRODUCTION 

 

Increased interest in hydrogen research in the U.S. is in part driven by the desire to reduce dependence 
on fossil fuels and decarbonize many energy sectors by blending hydrogen in existing natural gas 
pipelines. Typical acceptable ranges for end-use systems have been suggested as 5-20% hydrogen1. 
The primary benefit of blending hydrogen into existing natural gas pipelines will be reducing greenhouse 
gas emissions from utilizing low-carbon sourced hydrogen1.  



  

The natural gas pipeline network in the U.S. consists of more than 210 individual pipeline systems and 
approximately 3 million miles consisting of distribution mains, distribution service lines, and transmission 
lines1–4. This makes the U.S. natural gas pipeline network the most extensive pipeline delivery system in 
the world. Natural gas accounts for approximately 38.5% of the electrical generation5 and 34% of the 
total energy consumption in the U.S.6 The majority of the transmission pipelines in service, approximately 
300,000 miles of pipelines made of carbon steel, regulated by the American Petroleum Institute (API), 
were installed in the 1950s and 1960s3,4.  

Hydrogen in natural gas pipelines has the possibility of negatively affecting the steel pipelines that contain 
the gas. Hydrogen can be absorbed due to its presence as a transmission gas or due to electrochemical 
reactions such as corrosion. Regardless of the absorption method, there is potential to have significant 
negative consequences. Specifically, hydrogen exposure can reduce the mechanical strength and 
fracture resistance, which is referred to as hydrogen embrittlement (HE)5. While there is much debate in 
the literature as to mechanisms of hydrogen embrittlement, the effect of hydrogen is quantified by the 
loss of ductility of a material that can result in decreased fracture resistance and subcritical cracking7. 
Hydrogen embrittlement experiments have been carried out in gaseous hydrogen for both API 5L X658 
and X1009,10. 

Steel grades typically used in transmission pipelines include medium strength API 5L: X52, X56, X60, 
X65, and X704. High strength steels are known to have higher susceptibility to hydrogen embrittlement11, 
while the low strength steels used in distribution mains (API 5L A, B, X42, and X46) are known to not be 
susceptible to hydrogen embrittlement1,4. The medium strength steels, X56 and X65, and high strength 
steel, X100, studied in this paper are of primary interest as they are either already used extensively in 
natural gas transmission pipelines4 or are being considered for use with higher pressure transmission 
pipelines12. This research attempts to assist in the determination of the feasibility of blending hydrogen 
with natural gas in the existing and proposed transmission pipelines. 

 
 

EXPERIMENTAL PROCEDURE 
 
The three API 5L steels that are tested in this experiment are either typical for natural gas transmission 
pipelines (X56 and X65) or being considered for use (X100). The X56 samples were machined from 
commercial pipes manufactured in 2002 with a yield strength of 61 ksi (422 MPa). The X65 samples were 
machined from commercial pipes made by Nippon Steel with a yield strength of 71 ksi (491 MPa). The 
X100 samples were machined from experimental pipes fabricated in the late 1990s with a yield strength 
of 106 ksi (731 MPa). The manufacturer-provided chemical compositions of the three API 5L carbon 

steels are displayed in Table 113. 

 

Table 1: Composition (wt.%) of API 5L Carbon Steels 

Elements C Mn P S Al Cr Cu Mo Nb Ni Si Ti Fe 

X56 0.056 1.09 0.008 0.004 0.03 0.04 0.11 0.01 0.02 0.05 0.21 0.01 Bal. 

X65 0.080 1.17 0.009 0.003 - 0.018 0.011 0.001 0.001 0.013 0.2 0.016 Bal. 

X100 0.085 1.69 0.0013 <0.001 0.029 0.19 0.14 0.17 0.047 0.24 0.24 0.017 Bal. 

 
The microstructure of the API 5L carbon steels were previously characterized13 and are displayed in 
Figure 1. The microstructure of X56 is ferritic with martensitic needle structure within the lattice. The 
microstructure of X65 is ferritic as well [α-Fe]; however, the grain boundaries contain cementite (Fe3C) 
[θ-Fe] precipitates. The microstructure of X100 is primarily fine ferrite and bainite structure (elongated θ-
Fe} in a α-Fe matrix 10). 



  

 

The hydrogen embrittlement experiments were carried out using specimens printed to dog-bone tensile 
bar shape, Figure 2a. The mechanical tensile testing samples were machined to 20.3 mm gauge length 
and 0.89 x 5.84 mm cross-section. A second set of tensile experiments was performed with a stress 
concentration (SC) to enhance the visualization of hydrogen embrittlement14. A SC factor of Kt ~2.7 was 
created in the dog-bone samples via machining a hole of 0.5 mm, Figure 2b. The reduced cross-section 
has a blended radius without an undercut, Figure 2. Hydrogen embrittlement testing was performed on 
samples charged with hydrogen prior to mechanical testing (ex-situ) and charged electrochemically. 
Therefore, clean surfaces were necessary, and prior to testing, samples were ground using silicon 
carbide paper (320, 400, and 600 grit), rinsed with isopropanol in an ultrasonic bath and air dried.  
 
 

 
Figure 2: Hydrogen embrittlement dog-bone sample geometry with and without SC. 

 

Specimens were charged galvanostatically (-1 mA/cm2) in sulfuric acid (0.1 M H2SO4) with thiourea (1 
g/L CH4N2S) for 72 hours. Thiourea is a hydrogen recombination poison which was added to inhibit atomic 
hydrogen recombination, thereby increasing hydrogen uptake15. Hydrogen embrittlement testing was 
initiated within 15 minutes of removing the sample from the hydrogen charging environment. A 1123 
Instron test frame with a 25kN testing capacity and 5800-control system was used for the mechanical 
testing. The strain rate utilized for testing the specimens was ε̇ = 6.32∙10-6 s-1 until failure. 

In order to compare the effect of hydrogen charging on the API 5L steels, hydrogen-charged samples 
were compared to as-received samples via mechanical testing plots, plotting stress vs. relative extension. 
The reduction in failure (RF) was calculated according to Equation 1, where ε is the extension at failure, 
for both the as-received and the hydrogen embrittled samples. An extensometer was not used for these 
experiments; therefore, the values are presented as relative extension instead of strain. After failure, the 
fracture surfaces of the failed samples were imaged using the SEM at 10keV. 
 

𝑅𝐹 =
𝜀𝐴𝑅 − 𝜀𝐻𝐸
𝜀𝐴𝑅

(1) 

 

   

Figure 1: Microstructure of API 5L carbon steels13. 

 



  

For hydrogen embrittlement experiments, hydrogen is introduced to samples electrochemically via the 
hydrogen evolution reaction (HER), electrochemically splitting water with a cathodic reaction. HER can 
be carried out in either alkaline or acidic solutions16. The experiments were carried out in an acidic 
solution, and the global HER reaction is displayed in Equation 2, taking hydrogen ions in solution and 
forming hydrogen gas. The global mechanism can be broken down between three processes: 
electrochemical adsorption (Volmer), Equation 3; electrochemical desorption (Heyrovsky), Equation 4; 
and/or chemical desorption (Tafel), Equation 516–20. Adsorbed hydrogen (Hads) and absorbed hydrogen 
(Habs) represent hydrogen atoms adsorbed on the external and internal surfaces, respectively. Some 
hydrogen adsorbed onto the external surface permeate into the specimen by dissolution, becoming 
absorbed on the internal surface, Equation 6. 

Acidic HER 

2𝐻+ + 2𝑒−
𝐺𝑙𝑜𝑏𝑎𝑙
↔    𝐻2 (2) 

𝐻+ +𝑀 + 𝑒−
𝑉𝑜𝑙𝑚𝑒𝑟
↔    𝑀𝐻𝑎𝑑𝑠 (3) 

𝑀𝐻𝑎𝑑𝑠 +𝐻
+ + 𝑒−

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦
↔       𝑀 +𝐻2 (4) 

2𝑀𝐻𝑎𝑑𝑠
𝑇𝑎𝑓𝑒𝑙
↔   2𝑀 + 𝐻2 (5) 

 

Diffusion 

𝑀𝐻𝑎𝑑𝑠 ↔ 𝑀𝐻𝑎𝑏𝑠 (6) 

 
The electrochemical process for acid HER during the hydrogen diffusion experiments can be visualized 
in Figure 3. With the assistance of an external current, hydrogen ions via the electrochemical Volmer 
reaction are converted to adsorbed hydrogen. Some of this hydrogen recombines to form hydrogen gas 
via either the electrochemical Heyrovsky or chemical Tafel reactions. The hydrogen that does not 
recombine on the HER surface absorbs into the sample and diffuses through the steel. The acidic HER 
reaction used in the embrittlement experiments can be visualized in Figure 3. The entire steel surface is 
under HER. Hydrogen ions in the acidic solution are adsorbing onto the surface via the Volmer reaction 
and recombining to gas via the Heyrovsky and Tafel reactions. 
 

 
Figure 3: Acidic HER for embrittlement experiments. 



  

 
 

RESULTS 

 
The mechanical behavior of the three API 5L steels is displayed in Figure 4. The stress vs. relative 
extension curves for each alloy (X56, X65, and X100) compare one as-received specimen (solid line) to 
3-4 replicate hydrogen-charged specimens (dash/dotted lines). Examining the reduction in failure 
extension of the hydrogen-charged specimens in comparison to the as-received specimen was used to 
determine if a hydrogen embrittlement response was detected. A noticeable reduction is expected in 
samples with a significant hydrogen embrittlement response. 
 

 
Figure 4: Hydrogen embrittlement stress strain curves comparing as-received specimen to 
specimens charged for 24 hours in 0.1 M H2SO4 with 1 g/L CH4N2S at -1 mA/cm2. 

 
 
The stress-extension curves for X56, Figure 4a, shows that the yield (YS) and ultimate tensile strength 
(UTS) are within experimental error between charged and as-received conditions. The relative reduction 
in extension of the hydrogen-charged X56 specimens, in comparison to the as-received specimen, was 
-5.4 ± 13.2% according to Equation 1. Though scatter in elongation is expected, there is no measurable 

indication of embrittlement for X56 with this ex-situ methodology. The stress-extension curves for X65, 
Figure 4b, shows good conformity of YS and UTS and are within experimental error for the charged and 
as-received conditions. Though there was one exception as the Charged 2 specimen had slightly larger 
YS and UTS than the rest of the specimens. The relative reduction in extension of the hydrogen-charged 
X65 specimens was 10.9 ± 11.9%. Only the X65 Charged 2 specimen showed significant signs of 

embrittlement. The stress-extension curves for X100, Figure 4c, shows YS and UTS are within 
experimental error for all conditions. The reduction in relative extension for the hydrogen-charged X100 
specimens was 27.6 ± 2.4%.   

In conformity with previous research, the majority of the electrochemically generated hydrogen that 
travelled into the specimens remained near the surface21. The long edge of the specimens is where the 
maximum hydrogen concentration is expected; therefore, Figure 5 shows representative fractographs 
along that region. Both X56 and X65 show shear lips and shear dimples near the edge of specimens 
regardless of whether the sample was as-received or hydrogen-charged. This demonstrates that the 
primary failure mode was ductile. Figure 5d corresponds to the X65 Charged 2 sample that the stress-
extension graphs indicate would have the largest degree of embrittlement; however, there were no 
significant signs of brittle fracture. The X100 as-received samples, Figure 5e, showed shear lips and 



  

ductile dimples, which would indicate primarily ductile failure. The X100 hydrogen-charged fractographs, 
Figure 5f, revealed mixed brittle and ductile failure response. The primary failure mode appears to be 
quasi-cleavage with flatter features on the fracture surface. 
 
 

(a) X56 as received (b) X56 charged 

(c) X65 as received  (d) X65 charged  

(e) X100 as received  (f) X100 charged  

Figure 5: Fracture surface of mechanically tested (a-b) X56, (c-d) X65, and (e-f) X100. 

(a, c, and e) are as-received API 5L steels and (b, d, and f) are API 5L steels charged 

with hydrogen before mechanical testing. 

 



  

The indication for hydrogen embrittlement is defined as a reduction in tensile reduction when comparing 
hydrogen-charged specimens to as-received specimens. However, Blach et al.14 has reported a method 
of using a combination of reduction in notched tensile strength with embrittlement surface fractography 
in order to determine material sensitivity to hydrogen embrittlement. The API 5L steels in this document 
were tested with a stress concentration Kt of 2.7 introduced. The notched tensile strength is displayed in 
Figure 6 and the fractography is displayed in Figure 7. The notched tensile strength tests did not result 
in significant differences between the hydrogen-charged and as-received specimens for X56, X65, or 
X100. However, the fracture surfaces did verify signs for hydrogen embrittlement near the stress 
concentration. The fractography near the stress concentration is displayed in Figure 7. The as-received 
specimens, Figure 7a, c, and e, display ductile failure. The X56 hydrogen-charged specimen, Figure 7b, 
shows a mix of shear and cleavage failure up to 15 µm from the stress concentration surface. The 
replicate X56 hydrogen-charged sample did not contain the mixed behavior and displayed ductile failure. 
The X65 and X100 hydrogen-charged specimens, Figure 7d, and f, show brittle cleavage features. The 
change from shear dimples to planar cleavage type failure near the stress concentration is apparent. For 
X100, the reduction in area near the stress concentration appears to be zero (~750 µm from stress 
concentration on both sides). The replicates for X65 and X100 repeated this brittle behavior on the 
fracture surface near the stress concentration. 

 
 

Figure 6: Bar chart of notched tensile strength for API 5L steels with Kt of 2.7. HE 

denotes hydrogen pre-charged with hydrogen and AR denotes virgin specimens. 

 

 



  

(a) X56 virgin with SC (b) X56 charged with SC 

(c) X65 virgin with SC (d) X65 charged with SC  

(e) X100 virgin with SC  (f) X100 charged with SC  

Figure 7: Fracture surfaces of specimens with a stress concentration. A) X56 virgin, 

B) X56 pre-charged, C) X65 virgin, D) X65 pre-charged, E) X100 virgin, and F) X100 

pre-charged. 

 
For the stress-reduction curves the, the loss in specimen ductility and corroborating fracture surfaces can 
indicate hydrogen embrittlement. The reduction in tensile elongation and the corroborating fracture 
surface was observed for X100 and indicates clear signs of hydrogen embrittlement for that API 5L steel.  
Only one of three tests showed any appreciable reduction in tensile elongation for X65 (without 
corroborating fracture surfaces). No signs of embrittlement were observed for X56. 



  

This research is corroborated by the fact that higher strength steels are generally more susceptible to 
hydrogen embrittlement1,4,11. The strength order precedes highest from X100, X65, to X56. X100 showed 
clear signs of hydrogen embrittlement, while X65 and X56 showed less indications of hydrogen 
embrittlement. X65 showed inconsistent hydrogen embrittlement behaviour, which is likely due to the low 
level of hydrogen penetration typical of ex-situ electrochemical hydrogen generation. In-situ or even high 
pressure and temperature gaseous charging may provide more consistent embrittlement results for 
X6521,22.  

Multiple authors have reported that Kt enhances the embrittlement effect of hydrogen14,23–26. M. Wang et 
al.25 has shown Kt > 2.1 have an appreciable effect on notched tensile strength with as little as 0.5 ppmw 
of diffusible hydrogen. This research also shows enhancement of the embrittlement effects with stress 
concentrations. All steels from mild X56 to stronger X100 showed evidence of brittle failure near the 
stress concentration. However, unlike other publications this research did not find a correlating drop in 
notched tensile strength. 

 

CONCLUSIONS 

 
An appreciable embrittlement response was observed for API 5L X100 steel. A reduction in tensile 
elongation and change in fracture morphology was observed when comparing hydrogen-charged and 
as-received specimens. The API 5L X65 steel results were inconsistent. One of the three specimens 
showed an embrittlement response. The API 5L X56 steel showed no embrittlement response with or 
without a stress concentration. Specimens with a stress concentration factor showed a change in fracture 
morphology when charged with hydrogen. 

Through hydrogen embrittlement mechanical testing, X56 was demonstrated to have the best qualities. 
No embrittlement response was found in X56 specimens without a stress concentration. Although X56 
was shown to be more resistant to hydrogen embrittlement than the other steels examined, this research 
also shows the potential for the alloy to be embrittled where stress concentrations exist such as through 
holes in fastener joints or fatigue-induced crack tips. Based on this research, it was found that X56 can 
be a candidate for hydrogen pipelines; however, further research, particularly in-situ methodology, is 
warranted. 
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