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h i g h l i g h t s
� The risk of hydrogen assisted cracking is low with �65 up to 100 bar H2 in the absence of gas contaminants.

� The decrease in fracture toughness is minimal under dry H2 even though some embrittlement is visible in the fractured surface.

� The fracture toughness in gaseous H2 significantly decreases in presence of humidity with traces of H2S.

� The extent of hydrogen induced cracking, even in the in presence of humid H2S contamination, remains low.

� The hydrogen ingress assessed through TDS measurement was extremely low.
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With the international drive to deploy green energies and decarbonized intermediates in

the place of fossil fuel sources, a large number of developed countries are actively pre-

paring for a future where hydrogen plays a strategic role as an energy storage medium.

Producing and using hydrogen requires the rapid expansion of a dedicated, economically

viable industrial sector. Nevertheless, questions on how to safely store, transport and

distribute hydrogen remain an important priority today. In countries with existing natural

gas transport grids, the possibility to retrofit these networks to store and transport

hydrogen-natural gas blends is being studied.

A key challenge is to evaluate how pressurized H2 would interact with steel structures

with regards structural embrittlement of the latter, with a view to exploiting existing

transport infrastructures for storage and transport applications. In this work, we evaluate

the H2-performance of a non-hydrogen service �65 pipeline steel. The cracking suscepti-

bility of this steel grade has been evaluated at 100 bar H2 using slow strain rate testing,

Constant strain testing and fracture toughness measurements. Accompanying hydrogen

permeation tests under pressure provide diffusion data and elucidate the discussion. Ex-

posures were carried out in dry or wet H2 and with or without H2S contamination at levels

representative of biogas. The results underline that the impact of dry or wet hydrogen on

this grade are moderate. The presence of traces of H2S together with humidity could risk

seriously degrading the mechanical performance of the �65 steel grade.
stitut-corrosion.fr (C. Mendibide).
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Introduction

With the international drive to decrease dependance of fossil

energies and the imminent requirement to develop green al-

ternativesandclean intermediates,hydrogenappears tobeone

of the most promising power sources in the near future. By

2050, hydrogen e through conversion to electricity via a fuel

cell, as a feed source to produce synthetic natural gas or

through direct combustion - intends to cover between 8 and

24%of theEuropeanenergydemand [1]. The development ofH2

energy will however need the construction and ramp-up of

dedicated industrial sectors, including steam reforming and

electrolysis plants, through the development of efficient elec-

trolysers, fuel cells, catalysts or chemicals crackers, safe

transport and storage sites, safe vehicles and development of

H2 refueling station networks in the different European coun-

tries [2,3].

From amaterial qualification standpoint, several questions

are raised considering that hydrogen can be easily absorbed

by metallic alloys with well-known risk of embrittlement and

premature failure through modifications to the fracture

toughness/strains to failure if service conditions are not

controlled [4,5]. This risk is on the forefront of preoccupations

related to the safe retrofitting of the existing natural gas

transport grids for hydrogen transport and to hydrogen

blending in natural gas [6,7].

Previous work indicates that blending natural gas with

hydrogen is possible up to limited levels [8,9]. For instance, the

injection of H2 into natural gas networks is already carried out

today at blends up to 10% H2 in certain European nations [10],

and plans are in place to increase this concentration.

Crucially, moving to higher hydrogen/natural gas blends

warrants further understanding on the hydrogen e material

response, through qualification and risk assessments. Several

questions remain unanswered on the suitability of using

ferritic steel to transport H2 blends, since this gas is recog-

nized as an agent (once absorbed) that leads to embrittlement

and premature component failure [11e13].

Another material integrity challenge relates to under-

ground storage [14,15], where hydrogen could be humid

(either liquid water or water vapor) in the presence of impu-

rities such as H2S or oxygen gas. Both contaminants are

indeed present in biomethane, up to some hundreds of parts

per million (ppm) each [16], depending on the feedstock

considered. At least for storage applications, H2S can also

come from microbial activity and therefore may reach higher

contents, constituting therefore a corrosive and potentially

more hydrogenating environment.

For a risk assessment approach, several types of hydrogen

assisted failure should be considered. The first is hydrogen

induced cracking (HIC) or stress oriented induced cracking

(SOHIC) which are well-known type of cracking in the petro-

leumproductionand refining sectorswhenH2S ispresent in the
environment. Brittle cracking of low-alloyed steel can occur

when diffusible hydrogen accumulates at microstructural sin-

gularities (inclusions, segregation, dislocations …) and recom-

bines in a gaseous form. Some research results underline that

the threshold content of diffusible hydrogen for cracking in�65

pipeline steel is about 1 ppm [17], although this can vary

depending on themicrostructure state and the rate of hydrogen

uptake. Under dry pressurized hydrogen, in transport and

storage application, it is suggested that such high levels cannot

be reached in pipeline steel grades [18]. However, diffusible

hydrogen contents close to 1 ppmhave beenmeasured in cold-

worked specimen exposed to condition simulating hydrogen

transport [19]. This observation may underline a risk of HIC

failure even under dry H2 pressure in the case of uncontrolled

maintenanceoperationsoratpipelines irregularities likewelds.

Considering the retrofitting of natural gas steel pipeline

network, the possible impact of the use of aged pipeline ma-

terial having been operated for years with only methane is

also a relevant parameter since decades of operations can

affect the mechanical properties [20].

Odorant compounds are generally added to natural gas and

the use of ductile material ensures non-brittle cracking; the

detection of odorant smells indicates leaks that may be

repaired. Hydrogen, however, is difficult to contain and may

present frequent leaking issues. A possible adverse impact of

hydrogen once employed in retrofitted networks is indeed the

risk of toughness loss of the pipeline steel. Considering the

well-known risk of embrittlement and associated loss of

toughness generated by hydrogen ingress in the material

structure, dramatic brittle pipeline failures is possible if the

material loses ductility and/or decreases its fracture tough-

ness. This has been demonstrated particularly true with aged

pipeline steel materials [21,22]. This loss of ductility can be

evaluated through slow strain rate test (SSRT) on smooth or

notched specimens to evaluate the effect of hydrogenblending

on the crack initiation susceptibility [23e25], and by evaluating

the resistance to crack propagation through different stan-

dardized techniques that can be adapted to testing under H2

pressure. Some of these techniques are specified in existing

ASMEdocuments [26,27]. Their application toevaluatepipeline

steels suffer, however, from certain limitations due to the very

high ductility of the material that prevent establishing the

validity checks specified in the standards.

Somepublishedworks [23,28] also show, that the value of the

stress intensity factor under hydrogen (KIH, MPa.m1/2) strongly

depends on the stress application mode (i.e. constant displace-

ment or constant stress). This is particularly important for steels

with the low yield strengths which corresponds to pipeline

steels. Both works prove the limitation of the tests using con-

stant strain to determine the KIH for line pipe steel. ThisKIH, also

sometimes referred to as the steel fracture toughness under

hydrogen, of standard low-grade pipeline steels remains gener-

ally sufficiently high under typical transport and distribution

pressures [29e36] but can be critical for high grades [29,37].
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Table 1 e Composition of the tested steel in %wt determined by optical emission spectroscopy compared with the
minimum requirement for the levels PSL1 and PSL 2 from API 5 L.

C Si Mn P S Nb Ti V N CEPcm

Requ. PSL1 0.26 max 1.45 max 0.03 max 0.03 max 0.15 max

Requ. PSL2 0.12 max 0.45 max 1.85 max 0.02 max 0.01 max 0.15 max 0.25 max

Actual 0.052 0.031 1.53 0.01 <0.001 Nb þ Ti þ V ¼ 0.055 0.003 0.15

Table 2e : Mechanical properties of the tested steel comparedwith theminimum requirement for the levels PSL1 and PSL 2
fromAPI 5 L. sy, 0.2% (MPa)¼ yield strength 0.2%, sy, 0.5% (MPa)¼ yield strength 0.5%, sUTS (MPa)e ultimate tensile strength,
Ef (%) ¼ elongation to failure (%), RA (%) ¼ percent reduction in cross-sectional area of tensile sample after fracture ((initial
area e final area)/(initial area) £ 100).

sy, 0.2% (MPa) sy, 0.5% (MPa) sUTS (MPa) sy, 0.5%/UTS Ef(%) RA (%) Core Hardness (HV10kg)

Req. PSL1 n/a 450 max 535 min n/a n/a n/a

Req. PSL2 n/a 450e600 535e760 0.93 max 16 min n/a

Actual 532 537 608 0.88 21.5 85 205
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From a literature standpoint, the decrease of the fatigue

resistance of low alloyed steel under dry hydrogen has clearly

been established with an impact on the crack initiation (the

number of cycles necessary to initiate a crack is lower under

hydrogen) [38] and propagation (the propagation rate can be

higher under hydrogen) [39]. From several references [40e47],

it seemshowever that the resistance to fatigueunderhydrogen

pressure is strongly dependant on the loading conditions.

Under a thresholdamplitude,no effect of hydrogen is observed

up to very high partial pressures (100 bar and higher) whereas,

if an amplitude threshold is reached, a dramatic decrease of

the resistance is observed. This conclusion was corroborated

by fatigue tests conducted in the frame of a European project

completed to address the risk of blending natural gas with

hydrogen [48,49]. This project underlined that, for an operating

pressure of 67 bar, no effect of hydrogen up to a blend level of

100% is observed if a�52 steel grade is fatigue loaded under an

amplitude of 7.3 MPa√m. On the contrary, with an amplitude

of 11.3MPa√m, an effect of hydrogen is highlighted for a blend

level as low as 20%. In the same project, a lower fatigue resis-

tance in presence of hydrogen was highlighted on “vintage”

structure (pipelines having been operated for years under

natural gas) underlining a possible increased risk of failure in

case of retrofitting application. In transport applications, if a

risk of fatigue failures is clearly established from the literature,

it seems therefore that it could be mitigated by a strict control

of the in-service loading conditions.

To contribute to the growing body of work in this domain,

our study focuses on the characterization of the effect of

hydrogen up to a partial pressure of 100 bar on the service

properties of an�65 pipeline steel. The objective is to evaluate

the risk of hydrogen-induced mechanical failure, in the

presence of humidity or H2S traces, of a steel material that is

not specifically designed for operation under hydrogen.
Fig. 1 e Microstructure of the studied £65 steel after Nital

Etching.
Materials and methods

Material

The material selected for this work was a �65 seam welded

pipeline steel produced according to a thermomechanical
controlled process. The composition of the selected grade is

given in Table 1 and its mechanical properties in Table 2.

The selected grade is appropriate for oil & gas application

but not designed for sour service because it can suffer from

hydrogen induced cracking in the presence of H2S. Indeed,

ensuring that hydrogen assisted failures of this grade could be

observed if the test conditions are critical was the primary

reason for the selection of this grade for the study. The grade

complies with the PSL2 level specified in the API 5 L con-

struction code [50].

The grade has a ferritic microstructure with pearlite at

grain boundaries (Fig. 1). No macro-segregations are visible

after nital etching (2% nitric acid in ethanol).

Standard HIC tests

To check if the material considered in the study was suscep-

tible to cracking, standard HIC tests were first conducted ac-

cording to NACE TM0284 [51]. The results were analyzed by

determining the different crack-length ratio through metal-

lographic cross-sections after first conducting ultrasonic in-

spections to observe HIC indications.

https://doi.org/10.1016/j.ijhydene.2023.05.309
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Fig. 2 e Schematic of the electrochemical H-permeation Devanathan-Stachurski cell.
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The sampling and preparation of the specimens

(20 � 12 � 100 mm3 cuboid) were performed as per standard

practices. The HIC specimens were machined using milling

with the 2 last finalmachining passes removing notmore than

25 mm of material each. After machining the average rough-

ness was lower than 0.8 mm. The specimens were then pol-

ished with a P320 SiC grit and degreased before testing.

The following test procedure was applied.

- Deaeration of the test solution (NACE A, 0.5% acetic acid in

50 g/L NaCl) in a separate preparation reservoir with argon

bubbling at a flow rate higher than 100mL/min. In this step,

the test cell containing the specimens is connected to the

reservoir outlet to be deaerated simultaneously;

- Transfer of the solution to the cell from the reservoir under

gas pressure;

- Continuous deaeration in the cell with dissolved oxygen

measurement;

- Saturation of the solution with 100% H2S if [O2] < 10 ppb;

- Exposure for 4 days.

- Ex situ evaluation of HIC
Hydrogen permeation test

Hydrogen diffusion through a metal membrane is tradition-

ally studied by employing a Devanathan-Stachurski (DS) type

permeation cell [52]. This technique was used to perform

permeation test under pressure. The cell comprises two in-

dependent compartments, that can hold a volume of solution

or a pressurized gas, that clamp and secure in place a metal

membrane (the �65 steel) between them. One of the com-

partments is the hydrogen charging cell whereas the other

serves as the anodic or oxidation cell (containing 0.1 M NaOH

liquid solution). In the charging cell, hydrogen is adsorbed and

absorbed �65 steel surface under the pressure of the studied

test gas. A quasi-equilibrium between adsorbed and absorbed

hydrogen is established at this “entry” surface and atomic

hydrogen diffuses across the membrane thickness under a
diffusion gradient to the other, “exit” oxidation face. Through

the application of an anodic potential vs. the reference elec-

trode at this exit surface of the alloy membrane, the diffusing

hydrogen is oxidized, and the corresponding current is

measured through the counter electrode. The evolution of this

oxidation current is informative on hydrogen diffusion across

the alloy, and serves to evaluate the uptake of hydrogen, its

diffusivity, and retention within the alloy under question.

A schematic of the cell is shown in Fig. 2.

This double compartment cell permits us to impose a high

pressure on a single metallic membrane (exposed area ¼ 2.85

cm2/Thickness 2 mm). The hydrogen charging (left) and

anodic oxidation (right) cells can hold a volume of 70mL, and a

potentiostat is used to measure the hydrogen oxidation

current.

Practically, the detection cell is equipped with an external

Ag/AgCl reference electrode capable of operating under pres-

sure. The anodic detection cell is also pressurized to avoid/

minimize a plastic deformation of the membrane under

hydrogen pressure from the opposite compartment. The

membrane is used as the working electrode and the metallic

detection cell as the counter electrode.

Three test conditions were considered.

- 1) Dry hydrogen: the charging cell was pressurized under

100 bar of dry hydrogenusing a commercial cylinder of high

purity. To ensure that the gas was dry in the experiments,

some desiccant crystals were added in the charging cell.

- 2) Wet hydrogen: the charging cell was pressurized under

100 bar under 100 bar H2 but a small volume of deminer-

alized water was introduced in the charging cell before

pressurizing with the test gas. This water humidifies the

gas but was not in contact with the test specimen during

the exposures. According to the test temperature consid-

ered (around 25 �C), the water vapor pressure in these

selected test conditions is 33 mbar. Considering the ideal

gas law, this level of partial pressure corresponds to not

more that 10�4 mol of water. Therefore if at least this

quantity of water is introduced in a closed vessel, i.e. a

https://doi.org/10.1016/j.ijhydene.2023.05.309
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Fig. 3 e Schematic of the specimen used in the SSRT

experiments (dimensions in mm).
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volume of 18 mL in our experimental device, water satura-

tion is achieved in the gas phase. Considering this analysis

and the fact that traces of water are enough to saturate the

gas phase with water vapor, we can consider that each

experiment was conducted under 100 bar H2 and more

than 90% of relative humidity.

- 3) Wet hydrogen þ H2S: the charging cell was pressurized

under 100 bar of humid hydrogen with 1000 ppm of H2S to

simulate a contamination. This value corresponds to a

maximum level that can be present as a residual contam-

inant in biogas. For testing purposes, 99 bar of pure

hydrogen was introduced in the vessel and made up to

100 bar with an “Argon þ10%H2S” gas mixture. In this

condition, the corresponding partial pressures were 99 bar

of humid H2, 1 mbar of H2S and 9 mbar of Argon.

The following test protocol was employed. The mem-

brane was first polished to 1200-grit SiC paper. The mem-

brane is then set-up in the permeation cell before

completing a leak test with pressurized helium. The exit

surface of the membrane is then pickled in concentrated

inhibited HCl inhibited with hexamethylenetetramine

(corrosion inhibitor) and then coated with palladium. This

coating is applied through electrodeposition using a solution

containing 5 g/L of PdCl2 in ammonia 28% under a galva-

nostatic polarization at �2 mA/cm2 for 90 s. After rinsing

with demineralized water, the 0.1 M NaOH solution used for

electrochemical extraction is introduced in the detection

side and the cell is pressurized to 50 bar using Argon. This

pressure is just below the maximum operating pressure of

the reference electrode. The membrane is then polarized to

þ100 mV/Ag/AgCl until a background current density not

higher that some tens of nA/cm2 is measured. The charging

cell is then vacuumed using a pump and loaded at 100 bar

with the gas of interest (100%H2 or “99% H2 þ 0.9% Ar þ 0.1%

H2S”) and the permeation flux monitored. In all experiments,

the detection cell was pressurized at 50 bar which ensured

that any deformation of the membrane by pressurization of

the charging cell remains in the elastic range of the tested

material. The increase in pressure was completed “step-by-

step” in both cells to equilibrate the pressures during

experiment start. Subsequently, hydrogen oxidation current

was tracked over 150 h.

Hydrogen induced cracking (HIC) tests

The hydrogen induced cracking experiments were conducted

in a standard autoclave using a similar protocol as the one

selected for permeation. The test specimens were first intro-

duced in the vessel before leak testing with several cycles of

pressurization release using Helium. The vessel was then

pressurized with the test gas for 1 month.

The specimens considered in each experimentwere loaded

using a 4-point bend jig. The applied load in each case was

100% of the actual yield strength of the base metal measured

by standard mechanical tests. All specimens were sampled in

the longitudinal direction of a pipe section at mid-thickness.

In all experiments 2 specimens were tested. The first

sampled in the base metal and the second through the girth

weld of the pipe.
After the period of exposure, the specimens were carefully

observed using an optical microscope to highlight crack ini-

tiations and ultrasonic inspected for internal cracking.

In all experiment non-loaded test coupons were also

introduced in the autoclave for thermal desorption spectros-

copy analysis (TDS) after exposures. After each test, these

coupons were immersed in liquid nitrogen to avoid hydrogen

effusion until the TDS experiments were started. The

hydrogen content was measured using a Bruker G8 Galileo

analyzer (Thermal conductivity detection). The quantitative

analysis of hydrogen content was carried out by heating the

samples up to 950 �C in a flow of pure nitrogen gas, using a

constant heating rate of 0.33, 1 and 2 �C/s. Calibration of the

instrument was performed using helium gas. The filters

(molecular sieve, Schütze reagent and activated carbon) were

changed prior to calibration and measurements.

Slow strain rate tensile tests (SSRT)

Published data on �80 pipeline steel underline that embrit-

tlement can be observed on smooth tensile specimens [25,53].

On this basis, and to evaluate the susceptibility of thematerial

to crack initiation, slow strain rate tests were conducted on

smooth tensile samples machined in the longitudinal direc-

tion. A slow strain rate test bench was set-up with an auto-

clave containing a tensile specimen. The same start-up

procedure as the one described in section Hydrogen induced

cracking (HIC) tests was considered. After pressurizing the

autoclave with the gas, the specimenwas loaded to failure at a

fixed extension rate of 10�6 inch s�1. In all experiments, a

NACE subsize specimen machined as per the schematic in

Fig. 3 was used.

This specimen has a gauge length of 1 inch leading to a

strain rate of 10�6 s�1 after reaching the yield point. The ma-

terial properties were compared to a reference test conducted

under 100 bar of Helium. Only the base material was tested

using SSRT.

Incremental step loading e fracture toughness evaluation

To evaluate the amount of stress required to propagate an

existing crack/flaw in the different H2 environments (fracture

toughness), incremental or rising step loading (RSL) tests were

https://doi.org/10.1016/j.ijhydene.2023.05.309
https://doi.org/10.1016/j.ijhydene.2023.05.309


Fig. 4 e Schematic presentation of the test set-up for

fracture toughness evaluation.
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conducted. For each test, the specimens were set-up in an

autoclave fixed on a tensile machine as schematically pre-

sented in Fig. 4. A displacement and force monitoring are

ensured at the top of the loading line using calibrated linear

variable differential transformer (LVDT) sensor and force cells

(outside the autoclave). The autoclave is placed in a sealed

polycarbonate cabinet flushedwith nitrogen during the test to

avoid hydrogen ignition during the loading in case of leak.

The crack initiation was checked using electric crack

growth monitoring (ECGM), as detailed further below, and

variations in the crosshead displacement under the constant

force steps.

The compact tension (CT) specimens selected for the ex-

periments were chosen according to the pipeline wall thick-

ness limitation. The maximum possible CT size was 15 mm in
Fig. 5 e Sketch of a standard
thickness and 30 mm in width (B15W30) as shown at Fig. 5,

with.

- B ¼ 15 mm

- W ¼ 30 mm

- Wt ¼ 39 mm

- Lt ¼ 36 mm

- L ¼ 16.5 mm

Prior to testing, the specimens were pre-cracked in fatigue

with a target of initial crack length (a0) of 15 mm.

RSL tests were done on a 100 kN tensile machine pro-

grammed to track the rising load sequence. The specimens

were also equipped with 4 stainless-steel wires laser-welded

on the face, to monitor crack propagation through ECGM

(Electric Crack Growth Monitoring using the alternating cur-

rent potential drop (ACPD) approach). Two of thesewires were

used to apply a low frequency alternative current (AC), and the

others allowed to measure a potential to estimate the resis-

tance of the specimen. The wires were protectedwith a Teflon

sheath and a varnish layer to reinforce the welds.

From the schematic of the specimen presented in Fig. 5, the

electrical resistance of the specimen is expressed as

R¼ r
L
S

(1)

with S ¼ B� ðW�aÞ the section, L the length and r the elec-

trical resistivity (xx ohm) of the material

Considering R0 the initial resistance of the specimen and

R(t) the resistance monitored during the test, we obtain:

R
R0

¼W � a0

W � a
(2)

with a0 the initial crack length after pre-cracking in fatigue.

During each test, it is therefore possible to calculate the

crack length a (mm) as a function of the measured resistance

as:

aðtÞ¼W �
�

R0

RðtÞ ðW�a0Þ
�

(3)
CT B15/W30 specimen.
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The fracture toughness of the material was then estimated

through a post treatment of the data considering the force

level at which the crack starts to initiate and not only the force

at fracture.

The same start-up procedure defined for SSRT was used.

Once the autoclave was pressurized, the specimens were

submitted to a loading sequence consisting of 10 loading

stages of 2 h and 10 loading stages of 4 h with each load

increment corresponding to 5% of the air fracture toughness

expected for the pipeline material considered. Since the force

sensor was outside the autoclave, the force at failure was

systematically corrected for the effect of pressure on the

loading line measured at the pressurization stage.

After testing, the force step at which the crack propagation

is detected from ECGM was used to calculate KIH according to

the formula in Equation (4) from ASTM F1681. To estimate the

threshold force, the evolution of the variation of the loading

line is also used and cross-checked with the resistance mea-

surement, to estimate the threshold stress. Indeed, since the

load is under force control and the displacement of the line is

measured, the initiation of the crack propagation can lead to

slight increases in the displacement monitoring.

K¼
�

P

B:W
1
2

�
f
�a0

W

�
(4)

Where

f
�a0
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�
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W

	3
2
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0:886þ4:64

�a0

W

�
� 13:32

�a0

W

�2

þ14:72
�a0

W

�3

�5:6
�a0

W

�4
� (5)

With.

- a0 the initial crack length measured through fractographic

observations considering a minimum of 5 measurements.

- B, W, the dimensions of the CT specimen used (see Fig. 5)

- P the force at failure.

Considering that some ductility is observed in the fracture

of the specimens and that the geometrical validity require-

ment of the ASTM F1681 cannot be met due to pipeline size

limitation, the KIH values calculated should be considered only

in relative manner to assess the effect of the environment.

Only the specimen tested with H2S met all the standard re-

quirements leading to an accurate evaluation of the fracture

toughness. According to a preliminary work not presented in
Fig. 6 e Example of HIC cracks observed in the se
this paper, all KIH values higher than 60e70 MPa√m are

affected by plasticity and probably underestimated. This issue

is also expected to be encountered if the crack arrest test

method described for H2 service qualification of pipeline steels

in ASME standards and recommendations [27,38] is used.
Results

Standard HIC under aqueous H2S (NACE TM0284)

Hydrogen induced cracking was observed after cross-section

of the �65 steel test coupons after exposure to the standard

test environment specified in NACE TM0284). An example of

internal crack observed is given in Fig. 6.

The following crack ratio were determined according to

NACE TM0284.

- Crack length ratio (CLR): 43.1 ± 12.9%

- Crack thickness ratio (CTR): 5.2 ± 2.0%

- Crack sensitivity ratio (CSR): 1.2 ± 1.0%

According to ISO 15156, a pipelinematerial is acceptable for

sour service if all the following criteria are met: CLR�15%/

CTR�5%/CSR�2%. Therefore, the selected alloy is clearly not

acceptable for sour service and susceptible to cracking in the

presence of H2S, i.e., in conditions encouraging high hydrogen

uptake.

Hydrogen permeation

Fig. 7 compares the hydrogen permeation flux through a 2mm

thick membrane exposed to each of the 3 conditions consid-

ered in the work. Several replicates of each condition were

performed and there is some scattering in the test results. For

instance, the steady state current under dry H2 varied in the

range 0.1e0.3 mA/cm2, in presence of humidity in the range

0.1e0.5 mA/cm2 and with humid H2S reached always several

mA/cm2. Therefore, only a selection of representative experi-

ments was considered in the figure to ease the understanding

of the reader.

Nonetheless, the general hydrogen permeation trends are

clearly visible after multiple experiments. The rate of

hydrogen uptake in wet H2 is slightly higher than that

observed in dry H2. Contamination with H2S is even more

critical, generating a permeation flux at least one order of
lected £65 material after standard HIC test.
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Fig. 7 e Permeation test result in the different test conditions selected. Membrane thickness 2 mm. (a): during 150 h. (b):

zoom on the first hours of exposure.

Table 3 e Total hydrogen content measured in the
coupons exposed under H2 pressure during the 4 PB tests.

Test condition Htotal (ppb)

Base metal Weld

100 bar dry H2 0e50 0e50

100 bar humid H2 20 10e60

100 bar humid H2 þ H2S 20e50 80e100

Fig. 8 e Slow strain rate test results in the different

conditions selected.
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magnitude higher than those measured in both conditions

without H2S. It is also obvious that humid hydrogen is amedia

that is slightlymore severe than dry hydrogen regards the risk

of hydrogen embrittlement, and the role of corrosion towards

easing hydrogen uptake becomes relevant. The presence of

H2S renders the environment even more critical. In this latter

case, we expect that the wet H2S that is the cause of the

hydrogen uptake is mechanistically different (possibly elec-

trochemical charging at the surface from corrosion) instead of

only the hydrogen from a gas phase. The contribution of the

hydrogen gas is possibly limited.

4 PB tests

To correlate the cracking susceptibility with the hydrogen

uptake assessed through permeation experiments, 4 PB tests

were conducted in the same environment as those considered

for permeation i.e. dry H2, wet H2 and wet H2 contaminated

with H2S. The specimens were loaded at 100% actual yield

strength (AYS) of the base material but, in each condition, the

base material as well as girth weld were tested. Since the test

were conducted on smooth specimens, these tests can be used

to address the susceptibility to crack initiation in the test

environment considered. None of the tests led to failure, nor

to crack initiation. The absence of crack initiation was

assessed using ultrasonic checks.

For each test condition, coupons for TDS measurements

were also introduced in the autoclaves for post-test TDS

measurements and analysis of the hydrogen trapping. The

results are displayed in Table 3.

The measured amount of total hydrogen was very low and

the diffusible hydrogen therefore even lower (see Table 3). The

levels measured are at least one order of magnitude lower

than the 1 ppm threshold known as critical to trigger internal

cracking according to literature [17,19] and experience. These

levels were also those expected for non-stressed specimens,

but higher levels are expected if a stress is applied to the

material [19], i.e. during the different mechanical tests per-

formed in the hydrogen containing environment.

Slow strain rate tests

Fig. 8 present the plots of the stress versus strain obtained

after slow strain rate experiments. The parameters extracted
from the test are given in Table 4. The reader is reminded that

the tests were performed on a constant extension rate ma-

chine which means that no extensometer was used. The

elasticmodulus and total elongation and all data usedwithout

removing the elastic offset are non-consistent. Only the yield

strength at 0.2% of elastic offset, the UTS, plastic elongation

and reduction of area can be used.

The Table 4 gathers the mechanical parameters obtained

from these curves (Ef%) or measured on the specimen (RA%)

used to assess the embrittlement of the material during the

test. Lower Ef and RA with respect to the control result under

100 bar He indicate some embrittlement. The Ef and RA ratio

are the ratio of the plastic elongation and the reduction of

https://doi.org/10.1016/j.ijhydene.2023.05.309
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Fig. 10 e KIH measured on £65 under dry/wet H2 or under

wet H2 with H2S contamination.

Table 4 e Plastic elongation, reduction of area, elongation
ratio and reduction of area ratio determined after each
SSR test.

Ef% RA% Ef ratio
Ef(env)/Ef(ref)

RA ratio
RA(env)/RA(ref)

Reference e 100 bar

Helium

14.9 61 e

Dry H2 e 100 bar 14.8 58 0.99 0.95

Wet H2 e 100 bar 13.3 53 0.89 0.87

Wet H2 100 bar

þ 1000 ppm H2S

9.7 26 0.65 0.42
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cross-sectional sample area respectively obtained in the H2

environment compared against the one obtained in the inert

reference He test. The higher this ratio, the lower is the rela-

tive susceptibility to hydrogen embrittlement.

It is obvious that the embrittlement in dry or wet H2 is

very low, or even negligible since the ductility loss is not

higher than 13%. On the contrary, the presence of H2S

dramatically reduced the ductility of the material by at least

35%e58%.

The stress-strain behaviour in the elastic zone is compa-

rable in all 4 cases, and indeed up to UTS. Hydrogen embrit-

tlement is manifested after the initiation of necking. Indeed,

the literature shows that the necking produces stress and

strain localization and likely ruptures the native oxide layer

present at the surface of the specimens that favors localized

hydrogen intake and thus embrittlement [54e56]. The effect of

hydrogen is stronger on notched specimens, and even more

on cracked specimens, because the stress and strain locali-

zation are large at the notch root and even larger at the crack

tip [57e59]. This recurrent conclusion from the literature is

also evident in the rising step load tests for fracture toughness

described in the next section.

RSL tests

Fig. 9 presents the monitoring recorded during a RSL test

completed under dry H2 and another under wet H2 with H2S

contamination. The advantage of the RSL test against the

SSRT is HE susceptibility from local hydrogen uptake can be

distinguished with greater sensitivity (native oxide rupture/

repair during dynamic straining). These data highlight that
Fig. 9 e Example of monitoring during RSL tests. (a):Test und
two different behaviors can be observed depending on the test

environment. When loaded under dry hydrogen, Fig. 9 (a), the

ECGM monitoring (R/R0) indicates that the crack does not

propagate before the last force step (23.5 kN) at which a sud-

den failure is observed. The crack propagation mode is

therefore critical when the dry hydrogen KIH level is reached.

On the contrary, underwet hydrogenwith H2S contamination,

the ECGM (R/R0) highlights that the measured electrical

resistance across the material starts increasing at and beyond

an applied force of 15 kNwhile the final failure occurs at about

19 kN. A sub-critical crack propagation initiates therefore

before the final failure. Thus, the parameters corresponding to

this step when the propagation starts that ought to be

employed for the KIH calculation.

Fig. 10 present the KIH values estimated from the RSL

experiment conducted in the same environments as those

considered for the other test methods. The KIH have been

estimated from the evolution of the force versus displacement

and up to the threshold at which a propagation start is high-

lighted through ECGM.

The drop in fracture toughness under 100 bar of dry H2, is

moderate and approximately 5e10%. The drop is quite com-

parable in the presence of humidity.

With H2S contamination, the KIH value becomes non-

acceptable for hydrogen service according to ASME BPVC

as per the fracture mechanics-based design approach.
er dry H2. (b) Test under wet H2 and H2S contamination.
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Indeed, this standard specifies that any grade dedicated to

H2 service shall have a minimum KIH of 50 ksi√in

(55 MPa√m). With 1000 ppm of H2S contamination, the KIH

measured is only 40 MPa√m corresponding to a drop of

more than 60% of the fracture toughness compared to the

reference condition.

It is made clear that the results for the inert, dry H2 andwet

H2 were not obtained in conditions compliant with the

geometrical validity checks of the ASTM F1681 as the pipeline

wall thickness was too thin, with respect to their KIH. The

results should therefore only be considered in relative

manner. Only the tests performedwith H2S contamination are

compliant with all validity checks and it can therefore be

argued that this material is clearly not acceptable in presence

of wet H2S contamination.

The fractographic observations of the CT specimens using

SEM are presented in Figs. 11 and 12.

After test under hydrogen, dry, or wet, the fractured sur-

face is very comparable. A brittle crack propagation initiated

from the fatigue pre-crack tip but the propagation did not

proceed homogeneously along thewidth of the specimen. The

surface is rather clearly brittle in the core of the specimen and

ductile on the edges. The brittle fracture extends far in the

center of the specimen, with thick plastically deformed edges.

This could be due to a preferred diffusion of hydrogen in the
Fig. 11 e Fractographic observations of the CT specimen tested

surface observations. (b-c-d): SEM observations of the areas high

the brittle fracture propagated in the middle of the specimen an
central region, where the hydrostatic stress is high, promoting

a brittle fracture there. In the example presented, the brittle

crack initiated in the center but homogeneous crack initiation

along the pre-cracked front were also obtained in test repli-

cates, with reproducible higher brittleness in the center.

After tests in wet hydrogen with H2S contamination, the

fractured surface is completely different. The expected ho-

mogeneous transgranular crack propagation is visible, which

in this case advanced until the remaining material ligament

was too short to sustain the tensile stress applied, thus lead-

ing to a final ductile fracture. Here, no deep extension of the

brittle zone is noted within the central part of the ruptured

specimen, as previously observed in the tests without H2S.

This could be due to a smaller sensitivity of hydrogen diffu-

sion to hydrostatic stress, or more simply, to the relatively

lower value of the hydrostatic stress, as the fracture load was

much lower than for the other tests.

Despite the rather low sensitivity of the steel to hydrogen

embrittlement under 100 bar of dry or wet hydrogen gas ac-

cording to RSL tests, the fractographic analyses revealed

brittle failure, at least in the mid-section of the CT samples.

According to the fracture mechanics theory, it could be

assumed that this area was closed to plane strain conditions,

resulting in higher stress triaxiality [60]. In this case, the

diffusion of hydrogen to the mid-section would be favored to
under 100 bar of dry H2 with RSL. (a): cartoon of fractured

lighted by rectangles on the figures(a) and (b) showing how

d ductile failure on the edges.
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Fig. 12 e Fractographic observations of the CT specimen tested under 100 bar of wet H2 þ H2S with RSL. (a) cartoon of what is

observed on the fractured surface. (b-c-d): SEM observations of the areas highlighted by rectangles on the figures (b) and (c)

showing an initial brittle propagation crack followed by a ductile final fracture. (d) evidence of MVC on the non-pre-cracked

edge suggesting ductile failure at this site.
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this high hydrostatic stresses, resulting in higher local

hydrogen concentration [61, 62]. From electrical monitoring,

no sub-critical cracking was measured. On this basis, the

crack growth rate must have been quite high on the last load

increment. Thus, the crack could have first propagated from

the pre-crack at the location of the highest hydrogen activity,

which was the mid-section of the sample, followed by rapid

expansion through the entire section at the application of the

higher load.

For the specimens tested with and without H2S addition

(Figs. 11 and 12) an oval-shaped brittle area can been seen

some millimeters ahead the tip of the pre-crack. The
hydrostatic stress concentration ahead a crack tip is sug-

gested to be confined within the first 500 mm [64]. Thus, this

pattern could not be explained by local hydrogen over-

saturation prior to cracking due to the stress triaxiality. An

effect of elemental macro-segregation cannot be ruled out

considering the sampling location of the CT at mid-wall

thickness of the pipelines.

Further analyses of the fracture surfaces would be required

to understand the cracking scenario and explain such brittle

areas. It was indeed unexpected to observe brittle facets

associated with high KIH levels. Analysis using statistical

fractography may elucidate this result.
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Discussion

According to the hydrogen permeation experiments, it is

obvious that the presence of humidity tends to increase the

severityof thepressurizedhydrogenenvironment leading toan

increased hydrogen uptake if compared against the dry

hydrogen atmosphere. On the contrary, the presence of a H2S

contamination as low as 1000 ppm, in humid pressurized H2,

dramatically increases the hydrogen flux by at least one order

of magnitude. No experiment was conducted with H2S in dry

environment, since it iswell known that the effect of this gas as

a hydrogen entry promoter exists in aqueous environments

througha catalytic electrochemical process.Althoughnostress

wasappliedonthemembraneduring testing, thesepermeation

tests were used to correlate the hydrogen flux in the material

exposed to a given environment to the crack susceptibility.

Regarding the susceptibility to crack initiation using SSR

tests, it was highlighted that the effect of dry or wet hydrogen

on the plastic elongation and reduction of area of the speci-

mens is very limited whereas the impact is higher when some

H2S is present in the gas phase. However, no significant dif-

ferencewas observed between the differentmedia considered

after constant strain tests using 4 PB. Regardless of the envi-

ronment, none of the 4 PB specimens failed and no HIC initi-

ation was visible after ultrasonic inspection.

On the contrary, the susceptibility to propagation of a pre-

existing crack seems well correlated to the intensity of the

hydrogen uptake: the higher the permeation flux and the

lower the KIH determined using RSL test. From these RSL re-

sults, the impact of hydrogen gas, dry or wet, on the crack

propagation up to 100 bar seems somewhat limited with

respect to the control data under 100 bar He. In any case, the

measured KIH are largely higher than the threshold limits

specified in ASME BPVC for hydrogen service.

On the contrary, the fracture toughness of the material

exposed to 100 bar of humid hydrogen contaminated with

1000 ppm of H2S is further decreased and becomes unac-

ceptable for hydrogen service according to ASME re-

quirements [26,27]. This effect is attributed to sour hydrogen

uptake, well known to generate sour cracking, and not to the

presence of hydrogen gas.
Conclusion

To address the risk of embrittlement in conditions represen-

tative of hydrogen storage and transport, this study was

conducted on an �65 steel low carbon steel grade susceptible

to hydrogen assisted cracking. Three different pressurized

environments were considered, namely dry hydrogen, wet

hydrogen, andwet hydrogenwith H2S contamination to levels

that representative of higher extreme quantities that may be

present in biogas.

The main conclusions are.

- According to permeation experiments, the presence of hu-

midity slightly increases the severity of the environment

but H2S contamination increases this severity by at least

one order of magnitude. This increase is attributed to H2S
only (sour charging), not to any effect of hydrogen and

should therefore also occur with only biogas if humidity is

present.

- Dry hydrogen under 100 bar only slightly affects the

resistance of the material to hydrogen assisted crack

initiation.

- On the contrary, the modification of the environment

strongly affects fracture toughness. The material remains

acceptable for service as per ASME BPVC in absence of H2S

but, with traces of this contaminant in a humid atmo-

sphere, the fracture toughness dramatically decreases

down to unacceptable levels.
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