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ARTICLE INFO ABSTRACT

Handling Editor: Ramazan Solmaz The high potential of hydrogen as a key factor on the pathway towards a climate neutral economy, leads to rising
demand in technical applications, where gaseous hydrogen is used. For several metals, hydrogen-metal in-
teractions could cause a degradation of the material properties. This is especially valid for low carbon and high-
strength structural steels, as they are commonly used in natural gas pipelines and analyzed in this work.

This work provides an insight to the impact of hydrogen on the mechanical properties of an API 5L X65
In-situ testing pipeline steel tested in 60 bar gaseous hydrogen atmosphere. The analyses were performed using the hollow
Slow strain rate testing specimen technique with slow strain rate testing (SSRT). The nature of the crack was visualized thereafter uti-
uCT lizing pCT imaging of the sample pressurized with gaseous hydrogen in comparison to one tested in an inert
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Nondestructive testing atmosphere.

Compressed gaseous hydrogen

The combination of the results from non-conventional mechanical testing procedures and nondestructive

imaging techniques has shown unambiguously how the exposure to hydrogen under realistic service pressure
influences the mechanical properties of the material and the appearance of failure.

1. Introduction

Hydrogen plays a major role in the transition of the European energy
supply towards a COy emission-free economy [1]. Structural materials,
such as low-alloyed steels, are commonly used for the distribution of
hydrogen, e.g. for the majority of natural gas infrastructure components
[2]. Along the intention of Europe to blend and transport hydrogen in
the existing infrastructure, the relevance of these steels is increasing. In
this manner, under specific circumstances, hydrogen can be absorbed
into the material and lead to degradation of the mechanical properties
manifested mainly through the loss of ductility and facilitation of crack
initiation and propagation in the material [3-6], especially in
low-alloyed structural steels [7-11]. This process is commonly defined
as hydrogen embrittlement (HE) or hydrogen assisted cracking (HAC)
and has been the subject of debate for several decades [12].

Elucidation of crack initiation, development and determination of
the influence of hydrogen on the mechanical properties are essential to
establish lifetime assessments and further understanding of the active
mechanisms by combining them with existing theories and models for
hydrogen embrittlement.
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The operation of classic mechanical tests under gaseous hydrogen
atmosphere can be performed in autoclaves to investigate its effect on
the mechanical properties. For this method there are guidelines and
standards available, as they are given e.g. in ASTM G142 [13] or ISO
11114-4 [14]. Despite the available standard procedures, there are
several drawbacks of this technique. The standard procedure includes
the use of relatively high volume of hydrogen, which is needed to
pressurize an autoclave, this test method holds safety risks which must
be managed by time and high costs to cover the risks during an operation
of the test in a laboratory. These efforts do not go hand in hand with the
essential rapid qualification of materials for the market ramp-up via the
need of numerous tests. In the last decade, several researchers world-
wide developed a different approach to perform tests in hydrogen at-
mosphere in a faster, easier and more applicable way, with less safety
measures necessary — the hollow specimen technique. Here, by modi-
fying the geometry of the test piece, the specimen itself acts as a
containment for the pressurized gaseous atmosphere [15]. This function
is gained by the fabrication of a longitudinal hole in the center of the
sample (Fig. 1). The main advantage of this technique is the fact that an
autoclave is not needed to expose the sample to a pressurized gaseous
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hydrogen atmosphere. Several investigations have shown, how this
technique in various modifications can asses the impact of hydrogen
atmospheres on the material properties in comparison to reference at-
mosphere [16-20].

Based on the mentioned advantages of the hollow specimen tech-
nique, this approach is used in this study to investigate the influence of
pressurized hydrogen on the material properties and the cracking
behavior of a ferritic pipeline steel. Here we present the investigation of
the adopted specimen geometry, slow strain rate testing (SSRT) and
micro X-ray computed tomography (uCT). The specimens were extrac-
ted from a pipeline section.

2. Experimental methods

The samples for the investigations were machined out of a longitu-
dinal welded pipe made of X65, which is comparable to L450 in Euro-
pean standard DIN EN ISO 3183 [21]. The concentration of alloying
elements was measured by Spectrotest Optical Emission Spectroscopy
(SPECTRO GmbH, Kleve, Germany), given in Table 1 and is within the
required range. According to the manufacturer, the pipe was assembled
by applying submerged-arc welding process on a 28.58 mm sheet, which
was delivered in a quenched and tempered condition. The samples were
extracted from the base metal far from the weld seam to exclude any
influence by the weld metal or the heat affected zone (HAZ).

The samples are orientated longitudinally to the pipe axis. The outer
geometry of the samples was machined by turning and the outer surface
was machined by grinding afterwards. The inner hole was manufactured
by conventional drilling. In order to be able to manufacture the sample
internally, a diameter of 3 mm was chosen for the inner hole. The
diameter of 3 mm also enables an easy surface measurement. The
average roughness of the hole is R, = 2.1 pm and R, = 11.7 pm. Whereas
R, is the calculated mean value of all deviations of the roughness profile
from the center line of the defined reference section and R, describes the
mean value of the maximum height differences of 5 consecutive indi-
vidual measurement sections in the roughness profile. The sample ge-
ometry is shown in Fig. 1.

The slow strain rate tensile tests were performed with a 100 kN
Cormet machine (Cormet, Vantaa, Finland). Before testing, the samples
were rinsed in Acetone with a purity of 99.8 %, the hole was mechani-
cally cleaned and afterwards rinsed in Ethanol with a purity of 99.2 %.
Before assembling the samples, they were dried in a nitrogen flow. The
samples were filled with hydrogen in a purity of at least 99,999 %
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hydrogen (Linde GmbH, Pullach, Germany). As a first step before filling
each sample, it was evacuated to a pressure of 5%102 mbar. Afterwards
the sample was purged 6 times, where in each purging cycle hydrogen
was filled to 60 bar and released to 10 bar. After the last purging cycle,
the sample was filled up to the test pressure, which was, in accordance
with a realistic service pressure of a hydrogen pipeline, also defined as
60 bar. The mechanical loading was started immediately after the
sample was filled with hydrogen. The overall duration of the purging
and filling process was about 5 min. Tests were performed with a con-
stant displacement rate of 15.24 pm/min, which is equivalent to a
nominal strain rate of 1¥107° s71,

After testing, the fracture surface was imaged using a Keyence VHX
5000 (Keyence, Osaka, Japan) digital light microscope to gain overview
images and to determine the cross-section-areas after fracture.

The measured values are used to calculate the reduction of area (RA)
using Eq. (1):

Ay — Ay

* 100 1

Where A is the nominal cross section of the specimen and Ay the cross
section after fracture. It has to be mentioned that the area of the hole is
subtracted and therefore not part of the cross-section. Furthermore, the
averaged reduction of areas was used to determine the Embrittlement
Index (EI), defined in Eq. (2):

RA .y — RAy
ref

EI %) = 100

Where RA.s describes the reduction of area in reference atmosphere and
RAp describes the reduction of area for the samples tested in hydrogen.
Detailed analyses of the fracture surface, fracture type and identifi-
cation of the different zones were conducted using a Phenom XL scan-
ning electron microscope (SEM, Thermo-Fisher Phenom, Eindhoven,
Netherlands) acquired with CeBg source. The images were taken using
secondary electron detector and acceleration voltage of 15 kV.

Two types of tests were performed using the SSRT. In the first round,
tests were performed using hydrogen and argon (as reference) until a
complete fracture occurred (resulting in two halves of the specimen).
This means that the force decreased from the ultimate yield force to
0 (equivalent to 100 % decrease in force). These tests provided a com-
plete force-displacement behavior of the sample. In the second round of
tests, samples (with hydrogen or argon) were strained to a point before
fracture. The second round enabled to identify the regions where the
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Fig. 1. a) Sketch of the specimen including dimensions and b) sample assembly.
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Table 1
Measured chemical composition and nominal composition according to API Specification 5L PSL 2 [22].
C si Mn P S Cr Cu Mo Ni Nb v Ti Nb + V + Ti
Measured 0.04 0.31 1.31 0.008 <0.002 0.05 0.02 0.21 0.44 <0.01 0.04 <0.01 <0.05
Nominal <0.18 <0.45 <17 <0.025 <0.015 <0.5 <0.5 <0.5 <0.5 - - - <0.15
cracks initiate, the nature of crack opening and the path of crack prop-
agation in the bulk using pCT as a nondestructive test method. For the -—- 60 barArgon Y& knee
reference sample in argon the test was stopped at a load of 8000 N (28 % 16000 1. 60 bar H> ® abort
decrease in force), whereas the sample, tested in hydrogen, was stopped 14000 4 N
at a load of 12,000 N (14 % decrease in force). The nominal values of the “,..--"‘"' Tl
decreased forces are given in Table 2 and approximated points of the 12000 4 tf . ‘\\
abort are indicated by red dots in Fig. 2. s \\

It must be noted that the different loading levels in the second round Z 10000 4 : x
were selected based on results from previous tests with hydrogen sam- g H : f
ples at a decreased load of 8000 N. These tests indicated that the crack E 8000/ * ‘.
has already penetrated the complete wall thickness at a certain spot in 6000 4 :: :I
the circumference. : !

Subsequently to the termination of the mechanical loading the gas 4000 {1 L
was released, and the samples were disassembled from the SSRT- { H
machine. After the abortion, the samples were investigated using uCT. 2000 + ,:' i
The fundamentals of X-ray computed tomography are described in - g
several textbooks [23,24] and are omitted here. Two systems were used 0 0 1 > 3 2 5 6

for the X-ray tomographic measurements of the hollow tensile speci-
mens. The specimen tested with hydrogen was examined with the
commercial 3D X-ray microscope “ZEISS Xradia 620 Versa” (Carl Zeiss
AG, Oberkochen, Germany). The X-ray tube in this system is a micro-
focus X-ray tube from the manufacturer Nordsen DAGE “QuadraNT”
with a focal spot of 0.95 pm. To take account of the high density of the
hollow tensile specimen, the acceleration voltage was 130 kV, with a
power of 19.5 W. The projections were recorded with the flat panel
X-ray detector (FPX) “Dexela 2315N2” (CsI scintillator, 3072 x 1944
pixel, pixelpitch: 75 pm). Since the X-ray tube emits a cone beam,
appropriate selection of the distance from the tube to the detector, as
well as the distance from the tube to the sample, result in a reconstructed
voxel size of 5 pm. The data reconstruction was performed using the
internal reconstruction software ZEISS Reconstructor. A prefilter was
used to reduce beam hardening (caused by the polychromatic X-ray
beam). To achieve a sufficient signal-to-noise ratio (SNR), 2400 pro-
jections were acquired with 2.26 s exposure time per projection. The
data was visualized, processed and analyzed using the commercial
software VG Studio Max version 3.4.5 (Volume Graphics, Heidelberg,
Germany, 3 2021).

The sample tested in Argon was examined using a system which is an
in-house development in cooperation with the company Sauerwein
Systemtechnik, today RayScan Technologies GmbH (Meersburg, Ger-
many). The X-ray source is a microfocus X-ray tube XWT-225-SE from X-
Ray WorX GmbH (Garbsen, Germany) with a focal spot of 6 pm. The
detector is made by PerkinElmer Inc. (Waltham, MA, USA), bears the
designation XRD1620 (CsI scintillator, 2048 x 2048 pixel, pixel pitch:
200 pm) and is supplemented with a self-built water cooling system. To
ensure the comparability of the results, the measurements were carried
out on both devices with the same parameters.

3. Results and discussion

The comparison between the test of a sample filled with gaseous
hydrogen and one tested with argon is shown in Fig. 2. The force-

Table 2
Nominal forces for the test abortion.
Round I Round II
Hydrogen 0 N (fracture) 12,000 N
Argon 0 N (fracture) 8000 N
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Fig. 2. Force-displacement curve of hollow specimens tested in argon
and hydrogen.

displacement curves indicate clear differences between the samples.
The two curves are mostly qualitative representative for the tested
configurations. The elastic regime in the force-displacement curve is
unaffected either by hydrogen or by argon. Moreover, no hydrogen
related influence on the yield point of the material has been observed in
all tested samples. Furthermore, for the experimental conditions given
(room temperature and 60 bar) the ultimate tensile strength (UTS) is not
affected by the presence of hydrogen. This is in accordance to the results
of Michler et al. for an API 5L X60 M steel [18] and other steels con-
sisting of mostly ferritic microstructure [25] tested at room temperature
and 100 bar hydrogen. The most significant difference is observed in the
maximum elongation. While the reference sample with argon is elon-
gated to 5.2 mm, the sample tested with hydrogen failed at an elonga-
tion of 2.9 mm: This indicates a significant loss of ductility, which has
been shown for these types of steels under hydrogen atmosphere [7,8,
16-18,26,271].

Another visible phenomenon has been observed in addition to the
quantitative differences in the maximum displacement. In the region
which describes the fracture of the specimen, the reference sample
shows a smooth and constant decrease of the force gradient. In contrast
to the sample tested with argon, the curve describing the fracture pro-
cess can be divided into two regions for the sample tested with
hydrogen. The change from one region to the other is indicated by an
asterisk in Fig. 2. The first region (before the asterisk) is characterized by
a strong gradient in the decrease of force and therefore in a certain sense
have the same nature as the curve of the reference sample. Contrary to
the reference sample this gradient is not constant until fracture but is
significantly decreased at a medium level of force, indicated by a knee in
the Force-Displacement-Curve. It has to be mentioned, that for different
samples tested in hydrogen, the value of this force level highly scattered.
It is assumed that the knee indicates the point in which the crack reaches
the outer surface of the specimen at a certain direction. This behavior
can be compared to observations of crack propagation in conventional
tensile tests of materials with ductile behavior after a “cup bottom”
formation [28]. For the fracture behavior of tubes, Lange [29] has
shown the relationship between the appearance of rapid decrease in
force and the evolution of fracture surface orthogonal to the highest
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tensile stress.

Following the tensile tests, samples from the first round of tests (with
a complete failure) were analyzed by light microscopy and SEM to
characterize the fracture surface and are shown in Fig. 3. The images
emphasize the differences between the samples tested with hydrogen
and the ones tested with Ar. The reference sample shows a fully ductile
fracture across the complete fracture surface area (Fig. 3a). The proof of
a ductile fracture, shown in Fig. 3b, affiliated with a typical dimple
structure. This type of fracture is common for the tested steel with no
hydrogen. This type of fracture has also been shown in conventional
tensile tests and tests with hollow specimens by other authors such as
Boot et al. Michler et al. and Alvaro et al. [17,18,27]. In contrast to the
reference sample, the sample tested in hydrogen shows two different
regions divided by their distance to the inner hole. The region closer to
the inner hole appears to be reflective in the light microscope image
(Fig. 3d), whereas the other region with a bigger distance to the inner
hole has a mat appearance. The differences between the two regions are
shown in more detail in the SEM images (in Fig. 3c and e). Similarly to
the fracture surface of the reference sample, the matt region of the
fracture surface in the sample with hydrogen shows dimples as well
(Fig. 3c). The region closer to the inner hole is characterized by
quasi-cleavage fracture (Fig. 3e). This type of fracture indicates a clear
change in the material’s properties and the influence of hydrogen, as it
was shown by other authors in the last decade [8,17,18,26].

Considering the different types of fractures (i.e. regions) in the
sample tested with hydrogen, it is assumed that the change in the frac-
ture nature is due to the expected loss of hydrogen during the test. This
assumption is supported by the fact that the crack does not propagate
fully concentric over the whole surface but reaches the outer surface of
the sample at a confined area. Also Lee et al. [16] reported a transition
zone for hollow samples, tested filled with gaseous hydrogen. It is
assumed, that as soon as hydrogen is released from the sample through
the most developed crack, there is no further uptake of hydrogen into
the material. Therefore, hydrogen does not affect the material and the
material’s behavior returns to a ductile behavior. Therefore, the outer
part of the fracture surface shows the formation of dimples at a bigger
distance from the inner hole, which indicates a ductile behavior.

All measured and calculated values for the cross-section after frac-
ture, the RA and the EI are summarized in Table 3. Each configuration
was tested 3 times. Here, the measured cross-section after fracture in-
dicates a clear loss in ductility due to the presence of hydrogen atmo-
sphere. While the RA in the reference sample tested with argon is 72 %,
the samples tested with hydrogen show a RA of 42 %. This result pro-
vides an EI of 41 %, which indicates a clear susceptibility of the material
to HE.

As mentioned above, the step beyond the state of the art has been
achieved by combining the hollow specimen technique with an imaging
technique to obtain a more detailed understanding of the crack
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Table 3
Data of SSRT tests expressed in cross-section after fracture, RA and EI.
Reference 60 bar hydrogen
Cross-section after fracture [mm?] 6,87 + 0,36 14,17 +£ 0,37
Reduction of Area [%)] 72 +£1,52 42 +1,5
Embrittlement Index [%] - 41

propagation in the bulk during the tensile test, pCT-investigations were
performed to gain a visualization, without damaging the strained
specimens, of the development of the cracks, which are leading to the
failure of the samples. The results are shown in Fig. 4.

While the reference sample shows a pronounced area where necking
occurs (Fig. 4a and c), the sample tested in hydrogen does not show the
formation of necking (Fig. 4b and d). As described above, the tests were
stopped at different force levels (see Table 2). Despite these differences
in both samples, a significant crack is observed. The crack propagation is
directly related to high stress concentration at the crack tip. Therefore, it
is assumed that no significant further necking can occur during the test
until the sample is fully fractured. Li et al. [30] investigated this
behavior using a Finite-Element model to describe the necking forma-
tion process in metal tubes of various dimensions. The simulations have
shown that there is no significant change in the necking after a crack is
initiated. Taking this into account, the differences in the necking shape
shown in Fig. 4d compared to the necking behavior in the reference
sample shown in Fig. 4c, can be associated to the presence of hydrogen.
In addition to the different appearance of the necking region, the
number of secondary cracks as well as the orientation of the cracks are
different between the two samples. The reference specimen has one
visible crack which propagates in 45° to the longitudinal axis of the
sample, which is the direction of applied mechanical load. The orien-
tation of 45° is the direction of the highest shearing stress [28]. The
formation of crack along the plane of the highest shearing stress in-
dicates a ductile behavior of the material [31]. Under this orientation
the sample fails by a classic sheared cone fracture, as it is also described
by Lange [29]. On the other hand, the sample tested in hydrogen shows
one dominant crack which propagates orthogonal to the loading direc-
tion and some additional visible secondary cracks. Comparing Fig. 4c
and d and , the inner surface of the hydrogen sample seems to have a
higher roughness than the reference sample. Considering that both
samples were manufactured the same way, it is assumed that the higher
inner roughness of the sample tested with hydrogen is due to the pres-
ence of hydrogen during the mechanical loading. A possible reason
could be the formation of multiple secondary cracks at the inner surface.
It is assumed that the starting point of these cracks is given by grooves in
the inner surface, produced by manufacturing of the hole [17] by dril-
ling. The growth of a dominant crack is assumed to occur due to in-
homogeneities or local stress concentrations in the inner wall resulting

Fig. 3. Fractographic analysis of fractured tensile specimen a), b) specimen tested in 60 bar Argon c), d), e) specimen tested in 60 bar hydrogen.
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Fig. 4. pCT images of a), ¢) and e) sample loaded in Argon and b), d) and f) sample loaded in hydrogen.

in a favorable notch, which becomes later the dominant crack and de-
velops further. Another difference is the crack propagation path. While
the crack in the sample tested with argon (reference) seems to propagate
in a nearly symmetric way, the crack in the sample tested with hydrogen
propagates in a preferred direction. On one hand this is shown by the
different length of the crack over the circumference of the hollow
specimen as it is shown in Fig. 4 comparing Fig. 4c and d. This is also
shown by the comparison of Fig. 4e and f and. While the cross-section of
the sample tested in Argon (Fig. 4e) is nearly symmetrical, the
cross-section of the sample tested in hydrogen (Fig. 4f) is characterized
by a localized material separation indicated by the black regions.

4. Conclusions

The hollow specimen technique presented in this work is shown as a
useful tool which can facilitate experiments to observe the effects of
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pressurized gaseous hydrogen on the mechanical properties of metallic
materials. The results showed how using much smaller volume of
hydrogen within the sample is sufficient to result in a reduction of
ductility of the tested X65 pipeline steel. The effectiveness of this
method is also emphasized by fractographic analyses in which the sus-
ceptibility of the material to hydrogen embrittlement has been observed
by the formation of quasi-cleavage fracture for the sample tested with
hydrogen.

This work presents a novel combination of tools to visualize the crack
propagation in ferritic steel under gaseous hydrogen atmospheres. The
easily applicable and therefore promising method of the hollow spec-
imen technique was utilized and combined with the nondestructive X-
Ray. This provided a unique insight into the process of crack formation
and growth and should be further developed by analyzing more steps in
the failure process. The images showed significant change in the crack
orientation in samples tested with hydrogen compared to samples tested
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in reference atmosphere. In addition, the number of secondary cracks is
much higher in the samples tested in a hydrogen atmosphere. After
nucleation of several cracks, one crack masters the crack propagation
leading to the final fracture and failure of the sample. This crack is
oriented orthogonal to the tensile loading direction and its progress is
asymmetrical across the bulk surrounding the inner hole.

As a first step, the analyses using pCT were performed at an inter-
mediate stage of the tensile test. With the existing tools it is possible to
perform a following experiment in which the visualization takes place
during crack formation. Using such procedure can provide a deeper
insight to the mechanisms leading to crack initiation and propagation
under hydrogen atmosphere. This step will contribute to a better un-
derstanding of the degradation processes in structural materials.
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