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Abstract
Green hydrogen has become an essential energy carrier to achieve a climate-neutral economy. The production, storage, 
transport and usage of green hydrogen require safe and sustainable facilities and systems. The present contribution provides 
a procedure guideline to investigate the compatibility of steel welds for pressurised gaseous hydrogen applications under 
quasi-static mechanical loads, utilising the slow strain rate test and hollow specimen technique. Exemplarily, a weld of the 
low-alloyed steel P355NL1 was investigated and compared to an X65 weld. The results indicate that the base metal exhibits 
a higher ductility than the weld metal for both steels. Generally, hydrogen-exposed specimens exhibited a reduced strain, 
as compared to reference specimens. The hydrogen degradation, evaluated by the hydrogen embrittlement index, was more 
pronounced in the weld metal compared to the base P355NL1 material, whereas the X65 exhibited a larger hydrogen degrada-
tion of the base material than in the weld metal. Fractographic analysis of the test specimens revealed that hydrogen causes 
a transition from ductile to brittle features. Generally, the results of this study indicate a mild but significant degradation of 
the mechanical properties in terms of the ductility of the welds in the respective pressurised hydrogen atmosphere.
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1  Introduction

Green hydrogen offers a competitive energy source with 
immense potential to reduce the use of hydrocarbons 
and subsequently reduce the global carbon footprint. 
This clean energy source is produced through an electro-
chemical process that splits water using electrical energy 
from renewable energy sources. Namibia is one of the 
few places in the world with abundant renewable energy 

sources, such as wind and solar [1–4]. This makes Namibia 
a significant place to produce green hydrogen cheaply to 
meet increasing hydrogen demands in the energy indus-
try. In a green hydrogen economy, hydrogen gas needs to 
be produced, transported and stored safely [5]. Selecting 
the right structural materials is crucial in achieving such 
requirements. For the hydrogen gas infrastructure, such as 
storage tanks and transportation pipelines that are mainly 
operated at lower intermediate pressures, higher-strength 
low-alloyed steels (HSLA) are commonly applied [6–8]. 
One of the major safety concerns in a hydrogen network 
is the degradation of the mechanical properties of the 
structural materials from hydrogen exposure. Likewise, 
low-alloy steel can undergo degradation of its mechanical 
properties in a hydrogen environment [9, 10]. Hydrogen-
assisted cracking (HAC) refers to the loss of ductility in 
metals caused by hydrogen absorption into the crystal lat-
tice. The diffusion and concentration of atomic hydrogen 
around zones of high triaxiality promote local embrittle-
ment mechanisms [6, 11–15]. This process commonly 
causes a transition in material behaviour from ductile to 
brittle response [12, 16–18]. As a consequence, HAC is 
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one of the most demanding concerns for metals operat-
ing in hydrogen environments due to the risk of sudden 
breaks without prior evidence. Previous studies of HAC 
on low-alloyed steel exposed to gaseous hydrogen have 
shown that the HAC effect is more strongly influenced by 
strain than by strength, particularly under tensile loading 
conditions [6, 17, 19].

Low-alloy steels are commonly used as structural mate-
rials in energy facilities due to their high strength, good 
weldability, resistance to environmental degradation and 
cost-effectiveness [20]. P355 NL1 is a high-strength low-
alloy (HSLA) steel specifically designed for pressure ves-
sel applications, as specified in EN 10028–1 [21]. Although 
widely used in various industrial systems, its performance 
in reactive environments such as hydrogen must be carefully 
evaluated due to the risk of hydrogen-induced degradation.

Due to their considerable size, hydrogen storage tanks 
and pipeline structures are commonly fabricated using 
welding joining techniques [22]. Welding parameters and 
applications must be carefully selected to avoid defects such 
as porosity, hot cracking and cold cracking in welded steel 
structures, among others. When steel pieces are welded 
together, the resulting non-homogeneous microstructure 
promotes non-uniform mechanical properties, which should 
be characterised properly in order to foresee and prevent 
undesirable component’s behaviour [23]. In general, the 
welded metal (WM) and heat affected zone (HAZ) exhibit 
different metallurgical properties from base metal (BM) due 
to the effects of temperature gradient, phase transformations, 
grain growth, residual stresses and potential emergence of 
defects during the welding process [12, 24–26]. In general, 
the welded zone is proven to be more susceptible to hydro-
gen degradation due to microstructural inhomogeneities, the 
presence of residual stresses from the welding process and 
localised soft zones that exhibit lower hardness and strength 
[27, 28]. The weld joints have been discussed by Sharma 
and Maheshwari [8] and Azevedo [29] as the region that 
can be negatively affected by hydrogen in the storage and 
pipeline network. The installation of welded components in 
pressurised hydrogen environments poses significant safety 
and reliability concerns for the structural integrity of the 
distinctive infrastructures. Understanding better insight into 
the HAC behaviour of materials and their welds is essential 
for assessing the compatibility of structural facilities and 
establishing relevant performance indicators.

Based on the rough overview above, the present contribu-
tion aims at three main objectives:

1.	 Give a short overview regarding the various test pro-
cedures recently applied to evaluate the resistance of 
structural steels in gaseous hydrogen environments.

2.	 Provide a condensed and applicable procedure to evalu-
ate the compatibility of welds in pressurised hydrogen 

gas by utilisation of the hollow specimen technique 
(HST).

3.	 Evaluate a welded pressure vessel P355 NL1 steel under 
tensile loading utilising the procedures.

4.	 Compare the performance of the P355 NL1 base and 
weld metal to a welded pipeline X65 steel.

2 � Methodology

Generally, HAC in structural materials and their welds is 
characterised by the interaction of three main local fac-
tors: microstructure, mechanical loading and hydrogen 
concentration [12]. Each of these main factors has spe-
cific characteristics. The local mechanical load can be of a 
quasi-static, fatigue or impact type. The local microstruc-
ture of the materials and welds is significantly dependent 
on the processing and manufacturing conditions. The local 
hydrogen concentration is predominantly dependent on 
the environment from which hydrogen has been absorbed. 
The interaction of the three factors commonly causes a 
degradation of the material properties in terms of their 
deformation capabilities, commonly referred to as a reduc-
tion in ductility. In consequence, the applied mechanical 
loading might initiate brittle cracking and fracture, and 
thus, the phenomenon is called hydrogen-assisted crack-
ing. The severity of hydrogen degradation and respective 
susceptibility to HAC can be assessed by evaluating the 
change in ductility of the investigated material dependent 
on the respective hydrogenising environments. Ductility 
change can be captured by specimen change in length or 
a change in the fracture surface area between the refer-
ence specimen and the hydrogen-tested specimen. For a 
specimen tested in the slow strain rate test (SSRT) test, 
specimen elongation can be captured through data acqui-
sition. Similarly, ductility can also be obtained from the 
fracture surface area as given by Eq. 1. The reduction 
in area (RA) difference between the reference specimen 
and the hydrogen-tested specimen captures the intensity 
of HAC, as represented by the hydrogen embrittlement 
index (HEI) as given by Eq. 2. It should be noted that the 
area of the hollow is subtracted in the calculation of the 
hollow specimen cross-section.

where:Ao - original cross-section area of the specimen at 
gage length.

Af  - final cross-sectional area at fractured surface

(1)RA(%) =
Ao − Af

Ao

× 100

(2)HEIRA(%) =
RAAr − RAH2

RAAr

× 100
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where: RAAr - reduction in the area of the reference speci-
mens tested in argon.

RAH2
  - reduction in the area of the hydrogen-tested 

specimen.
Generally, for the evaluation of hydrogen degradation and 

subsequent HAC of respective materials and their welds, 
they have to be exposed to environments from which they 
can absorb hydrogen in significant sub-surface concentra-
tions, which can then diffuse into the respective microstruc-
tures of the base materials and welds. In hydrogen charging 
for metallic materials, two procedures might be applied; 
these are electrochemical and gaseous hydrogen charging. 
Electrochemical charging generates hydrogen adsorption and 
absorption at the specimen surface via an electrochemical 
reaction in a liquid aqueous electrolyte. However, these con-
ditions differ significantly from those in gaseous hydrogen 
environments. For instance, hydrogen is absorbed in much 
higher concentrations under electrochemical charging, cre-
ating large diffusion fluxes into the material. Consequently, 
the hydrogen will be distributed less homogenously in the 
test specimens but will also be less deeply trapped due to the 
faster diffusion as a consequence of the larger concentration 
differences. Thus, electrochemical charging of specimens in 
the laboratory will reveal results less representative of real-
world applications involving hydrogen gas. Testing in gase-
ous hydrogen thus provides more representative and reliable 
results for applications in connection with facilities for green 
hydrogen technologies (GH2T).

Gaseous hydrogen charging and testing can principally 
be conducted in two ways: ex situ and in situ. For ex situ 
testing, specimens are first exposed to hydrogen for a speci-
fied period and then tested mechanically outside the hydro-
gen environment. Ex situ testing is generally not suitable 
for materials having a high hydrogen fugacity, meaning that 
the pre-charged test specimen will lose significant hydro-
gen concentrations in the near-surface regions, which will 
lead to respective concentration profiles over the respective 
cross-sections which, in turn, might significantly deteriorate 
the reliability and applicability of such test results. In con-
trast, in situ testing applies mechanical loading to the speci-
men while it remains continuously exposed to the hydrogen 
environment.

Currently, autoclave testing is the most used and stand-
ardised method for in situ charging and testing materials to 
evaluate hydrogen degradation under pressurised hydrogen 
gas, as defined in standards such as ASTM G142 [30] and 
ISO 11114–4 [31]. This method provides a comparable envi-
ronment to industrial gaseous hydrogen storage and trans-
portation applications. However, testing in an autoclave does 
not fully replicate the actual operating conditions of pres-
surised structures like storage containers and pipelines [20]. 
Furthermore, the complexity of the autoclave comes with 
the higher hydrogen volume and pressure requirement for 

the experiments. Application of higher hydrogen pressures 
at respectively high volumes of autoclaves also creates larger 
hydrogen volumes to be handled in respective laboratories, 
and the respective higher safety measures must be assured 
[8, 19, 27]. These factors limit not only the amount of data 
that can be obtained in a given time due to the limited number 
of laboratories capable of performing autoclave tests; it also 
makes them extremely expensive.

At the same time, with the growing demand for hydro-
gen in the energy transition, the demand for proven, relia-
ble material for the hydrogen economy is on the increase. 
This means that material compatibility testing has to be 
interlocked with the rapid push in the GH2T. Therefore, 
the cost, time and operationally complex autoclave tests 
cannot meet the demand [6, 32]. These shortcomings 
have motivated the development and standardisation of 
the HST, which enables the simultaneous exposure of 
metallic specimens to pressurised gas and mechanical 
loading [3, 13]. The technique has been formalised under 
ISO 7039:2024 [33], which specifies a method for testing 
metallic materials under pressurised gases. However, it 
does not specify a step-by-step procedure for evaluating 
hydrogen degradation specifically in welded components 
for GH2T.

2.1 � Guideline for testing welds in gaseous 
hydrogen applications using SSRT‑HST

Any facility for the production, storage, transport or 
usage of green hydrogen needs to be designed, manu-
factured and operated with a strong focus on reducing 
potential failure risks to the lowest possible minimum. 
The predominant failure type to be investigated in this 
respect is HAC. Thus, the reduction of the failure risk 
applies to metallic components, especially the welded 
ones on the respective plants, which usually represent 
the majority. To evaluate if welded structural steel com-
ponents are sustainable and safe for gaseous hydrogen 
applications, the compatibility of the materials and welds 
to such applications needs to be tested. Due to the rapid 
technology push and respective needs to build hydrogen 
production, storage, transportation and usage facilities, 
not every single material and weld can be evaluated for 
their compatibility with gaseous pressurised hydrogen 
applications. The following procedure guideline provides 
essential steps to reduce the test efforts and to come to 
a conclusive evaluation of the materials and weld com-
patibility in respective metallic components for green 
hydrogen facilities. For this, the SSRT with the HST has 
been utilised. However, following the procedure accu-
rately is crucial for reliable results and to reduce the 
failure probability to a minimum and, with this, to build 
trust in the safety of such facilities.
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2.1.1 � Step 1: Identify the most critical component 
in the facility (pressure, temperature, hydrogen 
concentration etc.)

This step is essential to narrow the test efforts down to those 
components exposed to the highest risk of failure, mean-
ing those exhibiting the highest probability of failure within 
hydrogen production plant as illustrated in Fig. 1. Regarding 
the three main influencing factors, these are usually those 
which contain weld microstructures with higher hardness 
and less deformation capacities in the HAZ, for instance. 
Sometimes, such components also have crossing welds, as 
they appear frequently when circumferentially crossing lon-
gitudinal welds at pipelines or pressure vessels, for instance. 
From the mechanical loading and hydrogen absorption per-
spective, the most critical components are typically those 
which are exposed to the highest temperatures and pressures 
governing potential hydrogen dissociation and absorption 
and those experiencing the highest mechanical loads in 
terms of pressure, pressure cycles and straining during day 
and night cycles, for instance.

2.1.2 � Step 2: Identify the most critical region 
in the respective components (material composition 
and microstructure—usually the welds)

Once the most critical components have been identified in 
the technical system of a green hydrogen facility, they need 
to be examined in more detail to identify the most failure-
critical regions of such components. Again, this typically 
applies to the welds, particularly in components made of 
steel. Other critical regions could be notches, crevices and 
highly pre-deformed bows in pipings, to name only a few 
examples. It has to be considered that the surface condi-
tions, as well as the various microstructures dependent on 
the chemical composition, will significantly influence poten-
tial hydrogen dissociation and pick-up, but also hydrogen 
diffusion and trapping, i.e. the local hydrogen concentration 

as one of the main HAC influencing factors [10, 12, 29, 
34–36]. From the mechanical loading perspective, another 
main influencing factor that has to be considered is that the 
weld microstructures might be harder and less deformable. 
Thus, it already has a reduced ductility in comparison to 
the base metal microstructures, even before it is exposed to 
hydrogen.

Once those regions have been identified, the worst loading 
conditions these critical regions of the identified components 
might be exposed to during service need to be reflected. These 
might differ from region to region in critical components, and 
thus, these issues have to be taken carefully into consideration. 
To identify such critical regions, real or full-scale tests might 
become strongly recommendable, which provide the best 
insight regarding type, time and location of potential failures 
in such critical components. However, assessment of the com-
patibility of structural steel in a hydrogen environment often 
involve more worse service conditions, usually with respect 
to pressure and temperature cycles, purity of hydrogen and 
surface conditions, to name only a few [32]. Therefore, imple-
menting a more efficient screening method such as HST can 
simplify the compatibility evaluation process.

2.1.3 � Step 3: Conduct SSRT using HST

Once the most critical components and regions have been 
identified, down-scaling of testing can be applied; i.e. 
material can be carefully cut out from these regions with-
out affecting the microstructure during specimen fabrica-
tion. As outlined above, HST provides one of, if not the 
fastest, smartest and easiest ways to evaluate the materials 
and microstructure compatibility for gaseous green hydro-
gen exposure. The procedure for setting up a typical tensile 
test to evaluate HAC using SSRT is outlined by Freitas 
[32] and is shown in Fig. 2. To emphasise this again, the 
worst-case conditions of long-term service should then be 
applied under careful consideration of their effects on such 
specimens. This is not only regarding gaseous hydrogen 

Fig. 1   Schematic illustration 
of the Cleanergy Pilot Plant, 
selection of components to be 
investigated (red arrows)
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pressure, purity, temperature, mechanical loads (cycling) 
etc. But also, surface states and their effects might change 
over time, and as another worst-case condition, respec-
tive surfaces might need to be cleaned. This might include 
cleaning the surface from hydrogen ingress hampering 
CrxOy layers on the internal surface, representing a diffu-
sion barrier if it comes to testing of high-alloyed stainless 
steels, for instance (Shaanika, unpublished).

If it comes to the sampling from welded regions, the 
shape of respective components, regions and welds has 
also to be considered. For example, welds at pressure ves-
sels or pipelines are frequently round. The closed pressure 
vessel tends to undergo two types of stress, transverse and 
longitudinal, in service. The transverse stress ( �

T
) is also 

referred to as circumferential stress and acts perpendicular 
to the axis of the vessel. The longitudinal stress ( �

L
 ) acts 

on the wall of the pressure vessel and in the direction paral-
lel to the axis. Equations 3 and 4 provide the mathemati-
cal formulas for calculating these stresses. The schematic 
representation of the orientation of stress acting on a typi-
cal cylindrical pressure vessel due to internal pressure is 
presented in Fig. 3.

The continuous pipeline with no closed end may be consid-
ered to primarily be exposed to circumferential or transverse 
stress. Based on the stress equations (Eqs. 3 and 4), the longi-
tudinal stress acting on the vessel is half that of the transverse 
stress. Therefore, it is essential to evaluate the tensile strength 
of welded pressure vessels and pipeline structures using a 
transverse section that experiences the highest stress. Large 
storage pressure vessels are made from steel plates. The grains 
of the steel plates are typically elongated in the rolling direc-
tion, resulting in higher tensile strength along the longitudinal 
direction compared to the transverse direction. Also, in this 

(3)�L =
Pd

4t

(4)�T =
Pd

2t

respect, evaluating the material compatibility should be carried 
out preferentially in the transverse direction [21].

As mentioned above, the various weld microstructures 
have different mechanical properties and might exhibit dif-
ferent hydrogen absorption and diffusion behaviours. This 
means that, sometimes, such properties of the different 
weld microstructures might not comply with each other 
or might even lead to a compensation of effects. Thus, the 
overall testing of all weld microstructures of a weld within 
one specimen might not reveal the most critical one. To 
evaluate the compatibility of weld joints, it is sometimes 
practical to extract test specimens of the welds at different 
weld orientations. This approach aims to identify the weak-
est weld microstructure in comparison to the base material 
when the specimen is extracted transverse to the weld, i.e. 
from a weld cross-section. Specimens extracted longitudi-
nally to the weld are particularly suitable to test the com-
patibility of weld (filler) metals for gaseous pressurised 
hydrogen applications. When it is not feasible to perform 

Fig. 2   Experimental setup, 
illustrating the arrangement of 
components, and test specimen 
for in situ hydrogen charging 
and testing using the hollow 
specimen technique (HST) [32]

Fig. 3   Schematic of circumferential (transverse) stress and longitudi-
nal (tangential) stress acting on the pressure vessel’s wall
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actual weld on the material of investigation, weld sampling 
might also be extended by specimens of experimentally 
simulated weld microstructures, i.e. the coarse and fine-
grained heat affected zones, for instance, in low-alloyed 
steels. Such targeted sampling and testing will provide a 
clearer insight into the weld’s mechanical properties and 
their compatibility with gaseous green hydrogen applica-
tions if the cross-sectional testing is not already revealing 
the most critical weld microstructures, as it has come out 
from the tested welds.

2.1.4 � Step 4: Vary the strain rate

Absorption and diffusion of hydrogen, particularly in the 
gaseous state, are time-dependent processes. It has also to 
be considered that mechanical strains and stresses might 
influence the hydrogen absorption and diffusion processes 
in a specific microstructure. Thus, the degradation of the 
mechanical properties by hydrogen takes time. Therefore, 
the mechanical loading rate in any kind of testing for HAC 
avoidance should be sufficiently low to show any hydrogen-
related effects in steel welds, particularly the reduction of 
ductility. Regarding these effects, it has also to be considered 
that after the starting of cracking, hydrogen will be absorbed 
at its flanks. Again, the diffusion and degradation of the 
strained region ahead of the crack tip will take time. For 
these reasons, the local hydrogen concentration influencing 

HAC as one main factor will generally become higher with 
decreasing strain rates [37].

To consistently exhibit any effects of hydrogen deg-
radation and cracking, SSRT-HST should be carried out 
at different strain rates. It is recommended to lower the 
strain rate to such an extent that no further significant 
reduction in ductility occurs. This can best be evaluated 
by so-called Time-Strain-Fracture (TSF) diagrams, as 
they have already been introduced earlier for testing the 
material compatibility and hydrogen-assisted corrosion 
cracking resistance for offshore applications. The effects 
of the strain rate on the reduction in ductility by TSF 
diagrams are schematically illustrated in Fig. 4. It also 
shows the correlation between the typical engineering 
stress–strain and the TSF diagram. Please note that the 
effects of higher absorbed hydrogen concentrations with 
time are generally much more pronounced in a reduction 
of fracture strain, i.e. of deformability of a material, than 
in a reduction in strength. Also, with decreasing strain 
rates, the material strain at failure (fracture strain) typi-
cally decreases while the loading time to failure increases. 
From the TSF diagram, an increasing steepness of the 
fracture strain–time curve is already an indication of an 
increased susceptibility of the respective microstructure 
for hydrogen absorption, degradation and respective HAC. 
To exhibit the materials’ microstructural compatibility to 
gaseous hydrogen applications clearly and consistently, it 

Fig. 4   Schematic illustration of the influence of strain rate on the 
fracture strain and time to failure (Time-Strain-Fracture (TSF) dia-
gram) of welded materials in critical components under a hydro-
gen environment. Note that in this illustration, a strain rate of 10−7 
appears as sufficiently low to exhibit complete degradation of the 

ductility of a specific weld microstructure. Generally, for many mate-
rials, a strain rate of 10−6 has been considered sufficiently low for 
evaluation of the materials and weld compatibility in environments 
where hydrogen might be absorbed in the respective microstructures
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is generally recommended to carry out the SSRT-HST at a 
strain rate where no further reduction of the fracture strain 
can be observed at even lower strain rates.

2.1.5 � Step 5: Evaluation of the material compatibility

Generally, technical components are designed in a way that 
the design yield strength of the base materials should not be 
exceeded by monotonic unidirectional mechanical loads in 
service. In addition, all microstructures of the welded mate-
rials should exhibit a ductility reserve if the yield strength is 
exceeded. Usually, this is ascertained by providing enough plas-
tic deformation capabilities between the yield strength and the 
ultimate tensile strength (UTS). If the UTS is exceeded by ser-
vice loads, necking might occur, and the materials start to flow 
quite rapidly under a respective quasi-constant service load.

This in turn means that the degradation of the material 
properties caused by hydrogen should not exceed a reduction 
of ductility in a way that the uniform strain between yield 
and tensile strength is affected. To say this in other words, 
if hydrogen only affects the deformability of the material or 
a specific weld microstructure in the necking range, there is 
still enough plasticity reserve left that the material or spe-
cific weld microstructure can compensate for overloading. 
Thus, as a first approach, a base material or respective weld 
microstructure can be regarded as compatible for pressur-
ised gaseous hydrogen applications under quasi-static ser-
vice loads if the testing with SSRT-HST does not reveal 
any reduction in ductility below the uniform strain corre-
sponding to the UTS. However, it has to be emphasised at 
this point that this only applies to quasi-static mechanical 
loading. For dynamic loading and hydrogen-assisted fatigue, 
other limits will have to be applied and found.

3 � Experimental

Exemplarily, a low-alloyed P355 NL1 steel weld has 
been investigated by the SSRT-HST, applying the above-
described procedure, taking into account especially the 

different behaviour of the weld microstructures (WM) in 
the transverse direction in comparison to the base material 
(BM). The respective weld was produced with single-wire, 
multi-pass submerged-arc welding on 57-mm-thick plates 
to provide a welded joint needed for the study. The welding 
wire used was OE SD 3, with Flux OP 121 TT. Based on the 
manufacturer’s data sheet, the weld seam was produced with 
a heat input of 2.5–3 kJ/m and a preheat of 100–125 °C, and 
the interlayer temperature was kept between 100 and 180 °C. 
The specimen fabrication follows the sequence of cutting, 
drilling, turning and honing to produce the desired speci-
men, according to the geometry and position of the weld as 
shown in Fig. 5. The BM specimens were extracted from 
the 57-mm-thick P355 NL1 steel base plate in the transverse 
direction to the rolling direction. The WM specimens were 
extracted transverse to the welding direction and comprised 
the BM, HAZ and WM in the gage length, as illustrated in 
Fig. 5. The welding joint thus forms the middle section of 
the gage length.

An optical microscope was used to evaluate the mate-
rial microstructural grain size and orientation. To clearly 
observe the microstructural features of the WM, including 
the BM, HAZ and fusion zone, the specimen was ground 
and polished. Etching was done with 2% nital in ethanol. 
The composition of alloying elements was measured with 
Spectrotest Optical Emission Spectroscopy (OES, SPEC-
TRO GmbH, Kleve, Germany). For this, cuboids measuring 
10 × 10 × 30 mm were extracted from the material’s base 
position and weld seam to measure the chemical composi-
tion for the WM and the BM.

A 100-kN Cormet machine (Cormet, Vantaa, Finland), 
with up to 25 kN set-ups, was used to conduct the SSRT-
HST. Before the SSRT, the specimens were cleaned of 
lubricating oil as well as other surface contaminations. 
For this, the specimens were first rinsed with 99.8% 
acetone, dried with nitrogen, before brushed with a soft 
brush. This was followed by rinsing them with 99.2% 
ethanol and drying again with nitrogen. To ensure that a 
5.0 (99.999%) purity of hydrogen is filled in the speci-
men during the test, six purging cycles were carried out 

Fig. 5   Location of the welded specimen of the P355 NL1 welded steel and the geometry of the pressure steel grade specimen
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from a pressure of 60 to 10 bar. After the 6 th purging, 
the pressure was accurately set to the required test value 
of 60 bar. All tests were carried out at ambient tempera-
ture that ranged between 20 and 25 °C. These tempera-
ture changes do only, if at all, have marginal influences 
on the hydrogen absorption, diffusion, degradation and 
cracking of the specimens. It is well known that in-ser-
vice temperatures for the buffer tanks at real hydrogen 
plants, particularly in Namibia, might be higher, but such 
investigations are going beyond the frame of this study 
and, thus, have to be left to later publications, addressing 
particularly such temperature effects. Argon was selected 
as an inert reference test gas, ensuring that any changes 
in the material’s properties are due to hydrogen exposure 
alone, and to exclude reactions with media for the ref-
erence specimens, like ambient air always containing a 
certain amount of moisture. The spectrum of strain rates 
according to Step 4 of the above-described guideline 
was 1 × 10

−4s−1 , 1 × 10
−5s−1 , 1 × 10

−6s−1 and 1 × 10
−7s−1 . 

The strain rate for the reference specimens was kept at 
1 × 10

−5s−1.
To investigate the effects of hydrogen on the fracture 

topography and to calculate the reduction of ductility 
and the HEI, the fracture surfaces were evaluated using 
a Keyence VHX 5000 digital light microscope (Key-
ence, Osaka, Japan) and a Phenom XL Scanning Elec-
tron Microscope (SEM, Thermo-Fisher Phenom, Eind-
hoven, Netherlands).

4 � Results and discussion

The chemical composition of the BM and WM ranged 
within the specifications by the supplier and is listed in 
Table 1. Figure 6 shows the cross-sectional weld microstruc-
tures, exhibiting an acicular ferrite and a granular ferrite 
in the weld metal, while the HAZ grains show elongated 
bands with no specific orientation. The microstructure of the 
base material shows a ferritic-pearlitic microstructure, with 
slightly banded grains oriented in a transverse direction.

4.1 � Base metal

The results of the SSRT-HST of the P355 NL1 BM are sum-
marised by the engineering stress–strain curves in Fig. 7 for 
the various strain rates under 60-bar internal hydrogen pres-
sure as compared to the tests in Ar. These results clearly 
indicate the highest ductility in terms of the engineering 
fracture strain for the reference specimen at a value of 
31.8%. Already at a considerably high strain rate, the frac-
ture strain is reduced by 1 to 30.8% in hydrogen. Reduc-
ing the strain rate further leads to lower fracture strains of 
26.8 at 1 × 10

−6s−1 . Interestingly, the lowest fracture strain 
of 26.4% was observed for specimens tested at the strain 
rate of 1 × 10

−5s−1 . However, this can be regarded as a mar-
ginal difference, also the slight decrease of the curve for the 
strain rate of 1 × 10

−6s−1 in comparison to that for a strain 
rate of 1 × 10

−5s−1 with respect to the strength properties. 

Table 1   Alloying element 
concentration of the P355 NL1 
base metal and weld metal 
measured with OES

P355 NL1 C Si Mn P S Cr Ni Mo Al Cu Nb Ti V

Base metal 0.15 0.48 1.51 0.013  < 0.002 0.04 0.03 0.01 0.05 0.02 0.02  < 0.01  < 0.01
Weld metal 0.08 0.33 1.65 0.012 0.002 0.03 0.02 0.01 0.02 1.65 0.01 0.002 0.002

Fig. 6   Microstructure image of the P355 NL1 weld joint’s cross-section
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In total, no significant influence of hydrogen on the strength 
of the material was thus observed, as indicated by the yield 
strength and UTS. Also, hydrogen affects the BM only 
beyond the UTS in the necking region. According to the 
above-described procedure, the P355 NL1 base material 
might thus be regarded as compatible to pressurised gaseous 
hydrogen applications up to 60 bar at ambient temperature 
and a hydrogen purity of 5.0.

A closer insight into the hydrogen effects on the base 
material is provided by the fractographic analysis. As 
expected, the reference specimen tested in Ar exhibits 
visible necking. The microscopic images of the fracto-
graphic surface of the reference specimens of BM are 
shown in Fig. 8 and reveal a typical ductile cracking as 
represented by the large numbers of dimples distributed 
on the fracture surface. No features of brittle cracking 
could be observed. However, more shallow dimples have 
been observed in region B towards the outer surface of 
the specimen.

In contrast to the reference specimen, the sample tested 
at 60-bar internal hydrogen pressure and at a strain rate of 
1 × 10

−5s−1 did not reveal significant necking, as shown 
in Fig. 9. Near the internal surface exposed to hydrogen, 
this specimen exhibited a severe quasi-cleavage fracture 
topography, region C. Such quasi-cleavage cracking is 
characterised by flat cleavage regions that show a feather-
like gliding under 45° at the end of the facets, indicating 
some remaining ductility of the respective microstructure. 
Anyway, such quasi-cleavage cracking is typical for brittle 
cracking of such ferritic-pearlitic microstructures due to 
hydrogen degradation of the ductility and is a clear indi-
cation that such microstructures have absorbed hydrogen 
in significant concentrations. Also typical for such HAC 
is the appearance of side cracking that is also featured 
by the fracture topography near the outer surface (region 

Fig. 7   SSRT of P355 NL1 base metal tested at varying strain rates

Fig. 8   Fractographic image 
of P355 NL1 BM reference 
(argon) specimen, at the strain 
rate of 1 × 10

−5s−1
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D). Considering the lower magnification selected for the 
investigation of region D, similar quasi-cleavage crack-
ing with associated side cracking was also observed near 
the outer surface of the specimen. This indicates, at least 
with some preliminaries, that the specimen was thoroughly 
hydrogenised during the test.

4.2 � Weld metal

The engineering stress–strain curve of P355 NL1 WM 
obtained by the SSRT-HST is summarised in Fig. 10. The 
applied strain rates also ranged between 1 × 10

−4s−1 and 
1 × 10

−6s−1 . For comparison and to test if the ductility 
is further reduced at very slow strain rates, also a test at 
1 × 10

−7s−1 has been conducted. All weld microstructure 
specimens did not reveal a pronounced yield strength, as 
observed in the base material specimens. The WM speci-
mens were tested at the same hydrogen purity of 5.0 and at 
the same internal hydrogen pressure of 60 bar.

In comparison to Fig. 7, it becomes clearly visible that 
the WM specimens already exhibit a decreased ductility 
in neutral Ar reference environments in terms of the frac-
ture strain, as compared to the BM specimens. However, 
they were maintaining a comparable tensile strength. The 
reference specimen exhibited the highest strain of 14.7%. 
Thus, the WM exhibits per se a reduced ductility of 17.1% 

as compared to the base material. The stress–strain curve of 
the specimen tested at a strain rate of 1 × 10

−4s−1 in hydro-
gen exhibited nearly the same shape and fracture strain of 
14.7%. This strain rate is obviously too high to exhibit any 
hydrogen degradation effects in the P355 NL1 WM during 
SSRT-HST. Decreasing the strain rate towards 1 × 10

−7s−1 

Fig. 9   Fractographic image 
of P355 NL1 BM hydrogen 
specimen, at the strain rate of 
1 × 10

−5s−1

Fig. 10   SSRT of P355 NL1 weld metal tested at varying strain rates
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resulted in a significant and continuous decrease of ductility 
in terms of the fracture strain, which was 12.3% at a strain 
rate of 1 × 10

−5s−1 and 11.7% at a strain rate of 1 × 10
−6s−1 . 

As to be expected, the lowest fracture strain of only 11.1% 
was observed at a strain rate of 1 × 10

−7s−1.
In total, the influence of hydrogen on the ductility of the 

P355 NL1 WM ranged at 3.6% (Fig. 10). This is a similar 
ductility decrease by hydrogen than that of 4.6% in total 
observed in the BM (Fig. 7).

However, from Fig. 10, it can be drawn that at the lowest 
strain rates of 1 × 10

−6s−1 and 1 × 10
−7s−1 , the original UTS 

of the weld metal is not reached any more, which is associ-
ated with a slight decrease in the uniform strain.

The fracture surface of the P355 NL1 WM tested at a 
strain rate of 1 × 10

−5s−1 in the Ar reference atmosphere 
(Fig. 11) exhibits generally a coarser structure than that of 
the BM (Fig. 8). Similarly to the BM, also, the WM exhib-
its a pronounced necking, indicating already ductile behav-
iour. This was evidenced by the fracture topography near the 
internal surface (region A) and also at the external surface 
(region B). The fracture surfaces feature abundant presence 
of dimple patterns. Corresponding to the necking behaviour, 
also, shear lips could be observed at the internal as well as 
external surface.

In contrast, the specimen tested in hydrogen (Fig. 12) 
exhibits a fracture surface characterised again by cleav-
age facets ending at feather-like slightly ductile gliding at 
the internal surface (region C), the typical quasi-cleavage 

cracking for hydrogenised ferritic austenite-decomposition 
microstructures. Near the outer surface, the fracture topog-
raphy even exhibits some very shallow sheared dimples 
between the quasi-cleavage facets, which indicates some 
ductile behaviour that might correspond to some small shear 
lips at the outer surface and thus, to a not thoroughly hydro-
genised specimen at this strain rate.

4.3 � Comparison of base metal vs weld metal

The above results already demonstrate that the weld 
metal of the P355 NL1 steel has a more reduced ductil-
ity as reported in a previous study by [27]. The compat-
ibility of the welded P355 NL1 has thus been evaluated 
further according to Step 4 of the procedure descrip-
tion above and is summarised by the TSF diagrams in 
Fig. 13. As the strain rate is decreased further for the 
testing of the WM in 60-bar hydrogen, the reduction in 
ductility does not change significantly below a strain rate 
of 1 × 10

−6S−1 . In total, the significantly lower ductility 
of the WM as compared to the BM shows that the weld 
region is much more vulnerable to HAC in 60-bar hydro-
gen with a purity of 5.0 than the BM. For the TSF dia-
gram of the P355 NL1 BM, a slight ductility increase can 
be observed by lowering the strain rate from 1 × 10

−5s−1 
to 1 × 10

−6s−1 . This behaviour might represent an indica-
tion that the material is approaching its hydrogen solu-
bility limit under the given conditions, as discussed by 

Fig. 11   Fractographic image 
of P355 NL1 WM reference 
specimen, at the strain rate of 
1 × 10

−5s−1
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Drexler et al. [37] or a low migration energy of hydrogen 
atoms at such hydrogen saturations [38].

However, in total, it can be derived from these that a 
strain rate of 1 × 10

−6s−1 is sufficiently low to test the full 
range of potential hydrogen effects in such materials. It thus 
represents another indication that this strain rate, which 
is recommended also for SSRT with respect to corrosion 
cracking resistance evaluations in aqueous hydrogenising 
environments, is also suitably low to evaluate the material 

compatibility of low-alloyed steel welds in gaseous pres-
surised hydrogen environments.

4.4 � Comparison of P355 NL1 vs X65 weld

Due to the fact that the P355 NL1 steel is also consid-
ered a pipe material for welded long-distance hydrogen 
transport lines, the results obtained in the present study 
following the above-described procedure for P355 NL1 

Fig. 12   Fractographic image 
of P355 NL1 WM hydrogen 
specimen, at the strain rate of 
1 × 10

−5s−1

Fig. 13   TSF curves for P355 NL1 WM specimens and BM specimens (derived from the results in Fig. 6 and Fig. 9)
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weld microstructures and base material were compared to 
those obtained for a welded common pipeline steel of the 
X65 type which was investigated in a previous study [27]. 
For this, the engineering stress–strain curves of the speci-
mens tested at a strain rate of 1 × 10

−5s−1 were compiled in 
Fig. 13 and Table 2 for both welded steels and respective 
base materials.

In general, the engineering stress–strain curves of BM 
and WM of P355 NL1 and X65 show a similar behaviour in 
the reference gas Ar as well as under 60-bar internal hydro-
gen pressure at a purity of 5.0 (Fig. 14).

A more detailed inspection of the engineering 
stress–strain diagrams shows that the ductility of the P355 
NL1 base material is significantly higher, indicated by an 
about 7% higher fracture strain. However, in this connection, 
it has to be considered that the yield strength and the tensile 
strength of the X65 steel are about 100 and 80 MPa higher, 
respectively. Also, the X65 base material does not show a 
pronounced yield strength as it was observed for the P355 
NL1 base material.

Anyway, the higher fracture strain of the P355 NL1 
steel generally provides a larger ductility reserve for 
potential gaseous hydrogen applications. Consequently, 
SSRT-HST at a strain rate of 1 × 10

−5s−1 in a 60-bar inter-
nal hydrogen pressure reveals for both materials nearly 
the same reduction of ductility by about 5 to 7%, which, 
again, provides a higher ductility for the hydrogenised 
P355 NL1 base material. As can be drawn from the engi-
neering stress–strain curves, but also from Table 2, both 
base materials did not show any reduction of the UTS. 
Also, the plastic uniform engineering strain at UTS was 
not reduced when testing the base materials under 60-bar 
internal hydrogen pressure at this strain rate. That means 
that for both base materials, the compatibility at ambient 
temperature for pressurised hydrogen applications of up to 
60 bar and a purity of 5.0 is given.

The weld microstructures of both materials exhibit a 
significant increase in strength without any pronounced 
yield points and a respective reduction of ductility as 
compared to the base materials. Exposure to 60-bar 

Table 2   Mechanical values of 
the tested specimens

Specimen UTS (MPa) UTS strain—
plastic (%)

Strain max—
plastic (%)

RA (%) HEIRA (%)

P355 NL1 BM in Ar 535 19 31.8 67.2
BM in H2 531 19.1 26.4 61.7 8.3
WM in Ar 557 8.5 14.7 67.2
WM in H2 554 9.2 12.3 56.9 15

X65 BM in Ar 564 14 25 73.4
BM in H2 564 14 22 51.3 30.2
WM in Ar 574 7 14 71.9
WM in H2 571 7 12 52 27.7

Fig. 14   Stress–strain curve of P355 NL1 and X65—WM specimens and BM specimen tested in argon and hydrogen at 60 bar
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internal hydrogen reduces the ductility at this strain rate 
in both weld microstructures, and by about 2.5% in the 
P355 NL1 weld as compared to about 4% in the X65 weld, 
respectively. Similar to both base materials, also, the UTS 
and the corresponding uniform strains are not reduced in 
the 60-bar hydrogen atmosphere, and it can be deduced 
that also the compatibility of the welds under this hydro-
genising conditions is given. However, this has also been 
evidenced by further investigations of the P355 NL1 
base materials and weld microstructures for the recom-
mended lower strain rate of 1 × 10

−6s−1 , as will be shown 
in another contribution.

According to Table 2, there is also a distinct difference 
in HEI, with P355 NL1 exhibiting a higher value in WM 
than in BM. This correlates to the loss of ductility of the 
WM. Overall, the X65 shows significantly higher values 
of the HEI in the BM and in the WM, as compared to the 
P355 NL1 base material and weld microstructures, indi-
cating also a lower material compatibility of the pipeline 
X65 steel weld and base material.

5 � Conclusions

From the present contribution, the following conclusions 
can be drawn:

1.	 The compatibility of steel welds in components for 
gaseous pressurised hydrogen applications, as for 
instance for welded low-alloyed steel buffer tanks or 
transport lines for green hydrogen facilities, can be 
evaluated consistently by application of the guideline 
outlined in this contribution, which includes slow 
strain rate tests (SSRT) utilising the hollow speci-
men technique (HST).

2.	 The exemplarily investigated P355 NL1 base material 
and weld microstructures show significant degradation 
of the mechanical properties in terms of ductility under 
exposure to 60-bar gaseous hydrogen of the purity 5.0 
and ambient temperature. However, the ultimate tensile 
strength and the corresponding uniform are not affected 
under such conditions, which reveals sufficient compat-
ibility for respective applications in facilities for green 
hydrogen technologies.

3.	 In comparison, the mechanical properties, in particular 
the ductility, of the investigated P355 NL1 steel weld 
are less affected under exposure to such hydrogenis-
ing conditions, revealing in general a better material 
compatibility than that of a similar X65 weld.

4.	 Further investigations of both material compatibility at 
hydrogen pressures of up to 100 bar and at elevated tem-
peratures of up to 80 °C will result in further insights 

into the applicability in welded components exposed to 
the day-night temperature cycles under the marine and/
or desert climates in Namibia.
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