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Abstract

The constantly increasing demand for renewable energy sources leads to the necessity of transporting large amounts of hydro-
gen. Since pipelines enable a cost-effective way for the distribution of gaseous hydrogen, the interaction of hydrogen and the
pipeline materials must be carefully investigated as hydrogen can cause a degradation of the mechanical properties under
certain conditions. Especially welds, which are assumed to be more susceptible to the degradation enhanced by hydrogen,
are of great interest. The aim of this study is to investigate the effect of gaseous hydrogen on the mechanical properties of
an X65 pipeline, and the longitudinal submerged arc welding (SAW) welded joint. The tests are conducted using the hol-
low specimen technique on two types of specimens: one extracted from the base material (BM) and the other extracted as a
cross-weld (CW) specimen consisting of BM and weld seam. The specimens are charged in situ under a pressure of 60 bar
and tested using slow strain rate (SSR) tensile tests with a nominal strain rate of 107> s~!. The properties obtained of speci-
mens tested in hydrogen atmosphere are compared to the properties of comparable specimen in inert argon atmosphere as
a reference. The performed tests showed a decrease of the reduction of area (RA) from 72% in inert atmosphere to 52% in
hydrogen atmosphere for the CW specimen and a decrease from 73% in inert atmosphere to 51% for the BM. Metallographic
analyses showed the crack initiation between fine-grained heat-affected zone (FGHAZ) and BM for the specimens tested
in hydrogen atmosphere as well as for the reference specimens. This leads to the conclusion that the location of the crack
initiation does not change due to the presence of gaseous hydrogen.

Keywords Hollow specimen - Hydrogen embrittlement - Cross-weld specimen - Slow strain rate (SSR) tensile test -
Submerged arc weld (SAW) pipeline - Ferritic steel

1 Introduction
Recommended for publication by Commission IX—Behaviour of

Metals Subjected to Weldin L. . .
! £ Achieving a climate neutral economy drives the demand of

carbon-free energy production, utilizing sustainable hydro-
gen technologies. Repurposing the existing natural gas grid
seems to be a cost-efficient solution to distribute the required
amount of hydrogen rapidly and allows a faster ramp-up of
these technologies [1, 2]. Many components of the existing
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natural gas grid, e.g., in-service pipelines, are commonly
made from low-alloyed steels [3].

Especially for low-alloyed steels, the presence of hydro-
gen can lead to the degradation of the mechanical properties
of the material, which is commonly referred to as hydrogen
embrittlement (HE). Hydrogen is absorbed into the mate-
rial, is trapped, and reduces the integrity of the component.
Underlying mechanisms have been studied for decades
but are still under debate today [4, 5]. Understanding the
influence of hydrogen on complex microstructures is an
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important part of the ongoing investigations. For example,
the diffusion and solubility of hydrogen can be significantly
influenced by the chemical composition, the grain structure,
or even the heat treatment [6, 7]. This means that micro-
structural properties have to be considered not only for the
base material (BM) but especially for the weld seams includ-
ing the heat-affected zone (HAZ) [8]. Steppan [7] showed a
reduced diffusion rate of hydrogen in the HAZ compared to
the BM in fine-grained low-alloyed steels. The aim of this
work is to investigate the possible effects of different micro-
structures created by the welding process of X65 pipeline
steel on the mechanical properties in the presence of gaseous
hydrogen.

The impact of hydrogen on the mechanical properties
especially for low-alloyed steels should be obtained apply-
ing the experiments in situ, which can be done by different
methods, as they are described by Freitas et al. [9]. However,
to solve the upcoming lab safety issues, which rise by the
handling of great amounts of hydrogen, the approach of the
hollow specimen has been chosen. The hollow specimen
technique provides an easy, cost-effective, and affordable
solution to perform test in hydrogen atmosphere. Compared
to tests in pressurized autoclaves, the specimen acts as a
pressure containment itself [10]. This method has gained
increasing attention in the last couple of years, due to the
high demand for rapid materials qualification.

Ogata et al. have applied this method, mostly to study
austenitic stainless steels (ASS) [11-14], while Michler
et al. investigated ASS as well as low-alloyed ferritic steels
[15-18]. They studied the influence of gas quality/purging
cycles on the HE of X60 pipeline steel [15] and showed the
applicability to determine the yield strength (YS) and the
ultimate tensile strength (UTS) using the hollow specimen
technique for several ASS [19] as well as for low-alloyed fer-
ritic steels [20]. Campari et al. [21] compared the mechani-
cal properties and the impact of different surface roughness
in a X65 grade taken out of a system after 40 years of ser-
vice and a modern one which was not in use. Boot et al.
[22] as well as Shin et al. [23] adopted a hollow specimen
geometry and performed tests with specimens featuring an
outside notch, to control the initiation of a failure. In the
work of Boot et al., it was observed that the weld of a X60
pipeline [22] has less susceptibility to HE in the WM com-
pared to the BM in 100 bar hydrogen, while Shin et al. [23]
reported a slightly increased susceptibility to HE in the WM
of a X70 pipeline weld compared to the BM. Faucon et al.
[24] used a hollow specimen including a notch inside the
hole, to perform fatigue testing. For a X60 pipeline weld,
they reported a 68% decrease in lifetime of the weld due to
hydrogen, which was even a 1.8 times greater decrease than
for the BM.

In order to include different microstructures of the weld,
the hollow specimen technique is combined with the use
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of cross-weld (CW) specimens. Conventional CW speci-
men are used to validate the WM through failure in the
BM [25] related to the weld strength mismatch [26]. Weld
strength mismatch is not subjected to an unambiguous defi-
nition [26]. In general, mismatch is defined by the differ-
ence in mechanical properties of weld metal compared to
base metal. According to the British Standard BS7910 [27],
strength mismatch can be defined, as the ratio of the yield
strength (YS) of the weld metal (WM) to that of the base
material (BM). When the match coefficient M is greater
than, equal to, or less than 1, the terms are referred to as
overmatch, evenmatch, and undermatch, respectively [26].

Midawi et al. [28] used CW specimen and digital image
correlation (DIC) for comprehensive investigations concern-
ing the yielding of X80 pipeline steel welds for different
match coefficients. Davani et al. [29] used notched CW spec-
imen to study mechanical properties of BM and HAZ of X65
pipeline steel under electrochemical hydrogen charging and
reported an increase of yield strength. In contrast, Nguyen
et al. [8] did not observe any influence on the tensile strength
of CW specimen out of X70 pipeline steel in 100 bar gase-
ous hydrogen.

The combination of the hollow specimen technique as
a promising method for in situ hydrogen testing with the
well-established CW configuration is used to investigate the
influence of pressurized gaseous hydrogen on the mechani-
cal properties of the SAW welded pipeline joint. The aim is
to determine the influence of hydrogen on the location of
failure and to quantify the embrittlement caused by hydrogen
for BM and CW samples.

2 Experimental

The following subsections describe the steps conducted for
analyzing the material to understand how hydrogen interacts
with the material in CW specimen consisting of both BM
and WM in comparison to specimens solely extracted from
the BM.

2.1 Material characterization

The material investigated in this study was a longitudinal
welded pipeline segment made out of X65 pipeline steel,
according to the DNV OS 101 Standard [30]. The nomi-
nal outer diameter of the pipeline segment was 610 mm,
with a nominal thickness of the sheet metal of 28.58 mm.
According to the pipe manufacturer, the sheet metal was
delivered in a quenched and annealed condition. The weld-
ing was performed by multi-pass submerged arc welding
with UP-101 INi % Mo as a consumable of 4 mm diameter
and OP121TT flux. The concentrations of the alloying ele-
ments of the base metal as well as the fusion zone of the
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weld material were measured by spectrotest optical emission
spectroscopy (SPECTRO GmbH, Kleve, Germany) and are
given in Table 1.

The microstructure of the weld, the HAZ, and the BM
was analyzed and is summarized in Fig. 1. For this pur-
pose, the cross section was grinded and polished. After-
wards, the sample was etched with 2% Nital solution for
approximately 5 s. Light microscopic (LM) images were
taken with a Keyence VHX 5000 (Keyence, Osaka, Japan)
digital light microscope (LM). A hardness mapping was per-
formed using a BAQ UT200 5.79 Ultrasonic Contact Imped-
ance (UCI) Hardness Tester (BAQ GmbH, Braunschweig,
Germany). Figure la reveals a clear decrease in hardness
in the adjacent area next to the weld with an approximated
hardness of 160 HV 0.1. While the weld shows a hardness
of approximated 230 HV 0.1 across the entire thickness,
the hardness of the BM shows a clear gradient, while the
outer regions are characterized by an increased hardness of
around 270 HV 0.1, the center has a decreased hardness
down to approximately 160 HV 0.1. Figures 1b—e summa-
rize the microstructures of the tested CW specimens. Fig-
ure 1b presents the microstructure of the base metal, with
ferrite as a main fraction. Figure 1c shows the transition
from the base metal towards the fine-grained heat-affected
zone (FGHAZ), clearly indicated by decreasing grainsize
(from left to right). The coarse-grained heat-affected zone

(CGHAZ) shown in Fig. 1d consists of a higher amount of
bainite compared to the base material. At the same time, the
weld metal itself, presented in Fig. 1e, shows mostly acicular
ferrite and granular ferrite.

2.2 Mechanical testing

For the mechanical testing, the BM and the CW specimens
were extracted from the pipe. Due to geometrical restric-
tions, the specimens are placed nearly in the center of the
wall thickness, slightly shifted towards the inner wall due to
the curvature. The position of the CW sample as well as the
sample dimensions is given in Fig. 2.

The BM samples were extracted at a comparable position
of the wall thickness and as close as possible to CW speci-
mens in the circumferential direction to obtain properties of
the BM that are as comparable as possible for both sample
configuration.

Following the extraction of the material from the pipe, for
CW and BM specimens, the geometry of the inner hole of
the specimen was machined by drilling 2.8 mm followed by
reaming to a nominal diameter of 3.0 mm. This process was
performed in order to achieve a smoother surface roughness
of the inner hole, yielding an approximated surface rough-
ness of R, 2.15 um and R, 0.28 um. Afterwards, the outer
geometry was machined by turning followed by grinding.

Table 1 Chemical composition

C Si M P S C C M Ni Al F
of the fusion zone of the weld ! " ’ v ° ! ¢
and the base material in wt.% Base metal 0.04 032 131 0008 <0002 005 002 021 044 0037 bal

Weld metal 005 028 133 0008 <0002 003 004 022 065 0021 bal

Fig. 1 Hardness map for weld joint (a) and images of the associated microstructure (b—e)
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Fig.2 Dimensions (in mm) (a) and position (b) of the CW hollow
specimen in the weld

Slow strain rate (SSR) tensile tests were performed using
a 100 kN Cormet machine (Cormet, Vantaa, Finland). The
machine was adapted to test the hollow samples with pres-
surized gases. A detailed description of the test setup is
reported elsewhere [31].

The specimens were rinsed in 99.8% acetone; thereaf-
ter, the hole was mechanically cleaned with brushes. The
specimens were then rinsed in 99.2% ethanol and dried
in an argon gas flow. As the last step, the specimens were
assembled in the SSR tensile test machine. Specimens tested
in hydrogen ran through a purging process using 99.999%
hydrogen. The purging process consisted of evacuation of
the specimens to a pressure of at least 5x 10~ mbar, fol-
lowed by 6 purging cycles from 60 to 10 bar. This procedure
was repeated two times, before the specimen was filled up
to the final test pressure of 60 bar. The testing pressure is
in accordance with a realistic service pressure of a pipeline
[32]. To determine the effect of hydrogen, reference samples
were tested in a comparable procedure using inert argon gas
instead of hydrogen to pressurize the samples.

Tensile tests were performed with a constant displace-
ment rate of 15.24 um/min; this results in a nominal strain
rate of 1x10° s™!. For each configuration, 2 samples were
tested. Tests were performed without an extensometer. As a
result, the approximated yield point (YP) must not be seen as
a valid value for the yield strength. The YP was determined
according to Eq. 1.

F,
YP[MPa) = % )

0

where F| 5 is the force at 0.5% plastic deformation of the
sample, estimated by the machine displacement, and A, is
the initial nominal cross section of the specimen before test-
ing, equal to 24.6 mm?. Since the machine stiffness remained
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the same throughout all experiments, the values of YP can
be used for comparing different sample configurations
within this present work. The ultimate tensile strength is not
affected by the machine stiffness and calculated using Eq. 2.

F
UTS(MPa) = % Q)
0

where F,,, is the maximum force within a test.

2.3 Evaluation of the reduction in ductility

The fractographical analyses were performed using a
Keyence VHX 5000 (Keyence, Osaka, Japan) digital light
microscope (LM) and a Phenom XL scanning electron
microscope (SEM, Thermo-Fisher Phenom, Eindhoven,
the Netherlands).

Overview images taken with the LM were used to deter-
mine the areas of the cross section after fracture to calcu-
late the reduction of area (RA) using Eq. 3.

Ay — Ay
RA(%) = ——— x 100 3)
Ay
where A, describes the nominal cross section of the untested
specimen and Ay describes the cross section after fracture.
Both values only consist of the ring-shaped cross section;
the cross section of the hole is not considered. Figure 3 illus-
trates the determination of the cross section of a fractured
specimen. The outer shape is determined using a polygon,
while the shape of the inner hole is approximated as a circle.

The RA was used to calculate an embrittlement index
(EI) based on the RA, according to Eq. 4.

RA ;s —RAy

Elpa(%) =~ :
TC!

x 100 4)

where RA ., is the average of the single RA values for either
BM or CW specimens tested in argon as reference atmos-
phere and RAy is the average reduction of area for either BM
or CW samples tested in hydrogen.

Another indicator to evaluate the ductility of materials
is the elongation at fracture. Since the ductility in the hol-
low tensile specimen is to be investigated as a function of
the medium, it is necessary to ensure the presence of the
medium over the entire test. Therefore, the pressure drop is
defined as a criterion for the fracture of the specimen, even if
it may not be completely fractured at this point and still has a
load-bearing residual cross section. If the pressure within the
sample drops below the value of 4 bar, the fracture criterion
is set as fulfilled and the elongation at this point (el ) is
used to determine the elongation at fracture. The elongation
is estimated based on the displacement of the crosshead.
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Fig. 3 Illustration of the deter-
mination of the cross section
after fracture

Based on the elongation at fracture for samples tested in 3 Results and discussion
argon as the reference atmosphere (el ., ,.¢) and specimen
tested in hydrogen (el

pres, n)> an embrittlement index EL.cis  The force-displacement curve of one sample of each tested

defined according to Eq. 5. configuration is shown in Fig. 4, exemplarily. Correspond-
el el ing test data and calculated properties are given in Table 2.
EL,. (%) = _presref  presH L 00 ) At first, the differences between the two specimen catego-
L~ ries, BM and CW, are explained by describing the properties

of the specimens tested in 60 bar argon.

A difference concerning the YP is noticeable. CW speci-
mens seem to show a higher YP compared to the BM speci-
mens; the YP values are 512 MPa and 462 MPa respectively.
These differences occur due to expected gradients in the
mechanical properties and nonuniform straining response

Fig.4 Force—displacement 18000
curve of CW specimen and —— CW-specimen 60 bar Argon -== BM-specimen 60 bar Argon
BM specimen tested in 60 bar : : . : ;
hydrogen and 60 bar argon 16000 4 —— CW-specimen 60 bar H, BM-specimen 60 bar H,
14000 -
12000 A
Z 10000 A \
@ 1
ot 1
S 8000 A :
I
6000 - !
1
1
4000 A :
l
2000 - :
-
O T T T T T T
0 1 2 3 4 5 6 7

Displacement [mm]
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Table 2 Test data and properties

of the tested samples Specimen YP (MPa) UTS (MPa) RA (%) elppes (mm) Eljes (%) Elg, (%)
BMinH, 475+3 564+0.2 51.3+10.23 4.62+04 27.6+0.73 30.2+0.14
BMinAr  462+7.5 564+2.2 73.4+0.07 6.37+0.02
CWinAr 512+1.38 574+2 71.9+1.75 3.37+0.01
CWinH, 507+23 571+0.7 52+4.72 222+0.156  34+0.66 27.7+0.07

of the different microstructures in the CW specimen, which
also prevents the determination of the yield strength in CW
specimen [25].

The UTS measurements giving 564 MPa for the BM
specimens and 574 MPa for the CW specimens indicate a
slightly higher maximum strength of the CW specimens.
This phenomenon might also be related to the different
straining responses of the various microstructures, result-
ing in differentiating necking behavior and therefore non-
comparable stress states. For a more precise investigation,
local strain measurements of the individual microstructural
areas, e.g., using DIC, would be desirable.

Additionally, a significant decrease in the elongation at
fracture was present for the CW specimens. The elongation
at pressure loss was determined to be 3.37 mm for the CW
specimens in argon atmosphere, which is significantly lower
than the elongation of the BM specimens (6.37 mm).

Considering the two sample types, CW and BM, they
show a qualitatively similar influence of hydrogen on the
mechanical properties. The elastic regime is not affected by
hydrogen as well as the plastic regime until necking occurs.
As aresult, the YP and UTS are not affected by hydrogen for
both specimen configurations. For the BM specimens, the
YP values are 462 MPa in argon and 475 MPa in hydrogen,
respectively. Due to scattering, no hydrogen effect can be
distinguished. The UTS is equal to 564 MPa for both envi-
ronments. For the CW specimen, YP is 512 MPa in argon
and 507 MPa in hydrogen. The UTS is 574 MPa in argon

a) CW-specimen tested in argon atmosphere 66
16000 —— Force e Pressure
14000 80
12000

10000 r 60

Force [N]

8000 -

Pressure [bar]

r 40
6000 -

4000 -
20

2000 A

T T T T T T 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Displacement [mm]

and 571 MPa in hydrogen. Unaffected values for YS and
UTS for comparable types of steel under comparable gase-
ous loading conditions are also reported in literature [8, 15,
16, 18, 20, 23, 31, 33].

A significant influence is observed regarding the plas-
tic behavior of the samples. In the last stage of the tensile
test, which is related to the fracture process of the speci-
men, the slope of the force—displacement curve decreases
continuously for the samples tested in argon. In contrast,
the last region of the force—displacement curve for the sam-
ples tested in hydrogen can be divided into two stages. The
first stage shows a steep but continuous decrease in force,
which is comparable to the behavior of the reference sam-
ples pressurized with argon. At a medium level of force,
the force—displacement curve shows a knee for the samples
in hydrogen. This manifests a significant difference in the
fracture behavior of samples tested in hydrogen and sam-
ples tested in argon as reference atmosphere. Similar behav-
ior is already reported and assumed to be attributed to the
loss of hydrogen pressure [31], but was not clearly linked
to the inner pressure of the specimen. Figure 5 combines
the force—displacement curve and the pressure—displace-
ment curve for a representative CW specimen tested in
hydrogen and another representative CW specimen tested
in argon as reference atmosphere. For the specimen tested in
hydrogen, a constant pressure level exists inside the hollow
specimens during the first stage of the test, followed by a
sudden decrease in pressure to O bar. This loss in hydrogen

b) CW-specimen tested in hydrogen atmosphere

100
—— Force e Pressure

r 60

16000 A

14000 A

12000 A

10000 A

8000 -

Force [N]
Pressure [bar]

r 40
6000 -

4000 -
r 20

2000 A

0

- : r : ' T 0
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
Displacement [mm]

Fig.5 Force—displacement curve and inner pressure for CW specimen test in 60 bar argon (a) and test in 60 bar hydrogen (b)
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pressure and the point of the unsteady force—displacement
behavior appear simultaneously (Fig. 5b). In comparison,
the loss of argon pressure for the reference specimen cannot
be correlated to a distinct point in the force—displacement
curve (Fig. 5a). As a conclusion, it is assumed that the sud-
den release of the hydrogen gas leads to the appearance of
the second stage of the fracture process. This behavior is
independent of the BM or CW geometry, as it is also present
for the BM specimens.

This effect underlines the necessity to define the point
of pressure loss as the point of fracture. This conclusion is
based on the assumption that hydrogen effects on materials
properties cannot be determined accurately after the release
of hydrogen. It thus emphasizes the reasonability of this
method as described in Eq. 5, in order to ensure a possible
interaction of the pressurized gas with the material over the
entire test duration.

As a result of the hydrogen interaction with the material,
the elongation at fracture is clearly reduced for the specimen
tested in hydrogen, compared to the specimen tested in argon
as reference atmosphere. This loss of ductility in hydrogen
atmospheres in similar steels has also been reported in other
publications [15, 23, 29, 34-37].

After the samples fractured, fractographic analyses were
performed using LM and SEM. The overview images of the
fractured surfaces, as well as the detailed SEM images, are
summarized in Fig. 6.

For both test configurations, CW and BM, the specimens
tested in argon as reference atmosphere showed a ductile
behavior. This is indicated by the pronounced necking shown
in Fig. 6a and f, as well as the dimple structure shown in the
SEM images in Fig. 6b and g. Similar fractographic prop-
erties for comparable steels have been reported by other

authors. This is valid for conventional tensile specimens
[38], and hollow specimens [16, 22, 33] extracted from
base metal, as well as for conventional CW specimens [8].
This ductile behavior is also reflected by the RA values for
the tests in argon atmosphere, which is 71.9% for the CW
specimens, whereas the BM specimens show an average RA
of 73.4%.

To identify the location of the fracture for the CW
specimen, a longitudinal section preparation of the frac-
tured sample was performed. The LM image of the etched
longitudinal section is shown in Fig. 7a and b. The images
clearly show the location of the fracture outside the weld
material. This proves an overmatch, due to higher YS in
the weld compared to the base metal and the HAZ [28].
Despite the necking in the region of the fracture, another
necking region on the opposite side of the weld is vis-
ible (indicated by the arrow in Fig. 7a). It is assumed that
the weaker zones outside the WM lead to a pronounced

Fig.7 Longitudinal section of the CW specimen tested in argon, as
reference atmosphere (a, b), and hydrogen atmosphere (c, d)

Fig.6 Fractographic images of BM specimens (a—e) and CW specimens (f-j) for tests performed in argon, as reference atmosphere (a, b and f,

). as well as in hydrogen atmosphere (c—e and h—j)
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localized straining in the base material part. Since hard-
ness often correlates with strength, the HAZ, as shown
in Fig. la, is considered the weakest region, leading to
localized deformation in this area. It is therefore assumed
that the decreased elongation at fracture, in relation to
the entire gauge length, is a result of pronounced plastic
behavior in a relatively small area of the CW specimens.
On the other hand, the RA values of the two samples are
nearly equal, which indicates no change in the ductility of
the material.

Entire samples tested in hydrogen show different fracture
surfaces. For each sample tested in hydrogen, fracture sur-
faces seem to be divided into two regions as shown in the
overview images (Fig. 6¢ and h). The first region, marked
with a dotted red line, is characterized by a shiny appear-
ance, while the second region, marked with a solid green
line, appears slightly mat and without shine. The appearance
of the second region is comparable to the appearance of
the reference samples tested in argon atmosphere. Detailed
SEM images (cf. Figure 6d, e, i, and j) give additional vali-
dation to the assumption of two differing fracture surfaces.
Therein, the first region, which appears shiny in the LM
image, shows quasi-cleavage fracture (QCF), whereas the
second region shows visible dimples. Appearance of QCF
is related to the presence of hydrogen and is common for the
interaction of the material with hydrogen [16, 22, 29, 35]
resulting in lower ductility. In this sense, the change in frac-
ture topography, due to the presence of hydrogen, leads to a
significant decrease in RA compared to the observations in
the reference samples tested in the presence of argon. While
the CW specimens tested in hydrogen show an average RA
of 52%, the BM specimens tested in hydrogen show a RA of
51.3%. As aresult, the Ely , is 27.7% for the CW specimens
and 34% for the BM specimens.

Similar to the CW specimens tested in argon, the longi-
tudinal section of CW specimens tested in hydrogen was
analyzed to identify the position of crack initiation. The LM
images of the longitudinal section of the specimen are shown
in Fig. 7c and d. Similarly, to the specimen tested in argon
atmosphere, the specimen tested in hydrogen shows the
crack initiation outside the weld metal. Also, the two neck-
ing areas, located on both sides next to the weld, are present
in the sample tested in hydrogen. Nevertheless, the necking
in the fractured area seems to be less pronounced. The crack
initiation outside the weld metal proves that the presence of
hydrogen does not influence the overmatch behavior of the
CW specimen. This is in accordance with the findings of
Boot et al. [22], Nguyen et al. [8], and Shin et al. [23], who
reported no significant loss in the strength of the WM due to
hydrogen. Because of the stable YS and UTS of the WM in
combination with the unaffected YS and UTS of the BM, the
localization of the crack appearance is also not affected by
hydrogen. This finding is in good agreement with the nearly
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equal values of RA for BM specimen and CW specimen
tested in hydrogen.

Despite the similar crack initiation side, the crack itself
appears to have a different topography. While the crack in
the reference sample, which is tested in argon atmosphere, is
slanted to the loading axis, the crack in the specimen tested
with hydrogen is partially orientated at 90° to the loading
axis (cf. Figure 7). Similar observations have been obtained
by visualizing the crack morphology in hollow specimens
using pCT [31]. Another difference is the appearance of sec-
ondary cracks (cf. Figure 7d), which are only visible for the
specimen tested in hydrogen. Similar phenomena are also
observed by Boot et al. [22], Nguyen et al. [8], and Michler
et al. [16]. It should be noted that the secondary cracks are
only present in the BM and not in the weld itself. Further-
more, the secondary cracks could only be detected near the
slanted fracture surface and not in the region of the fracture
surface, which is oriented 90° towards the loading axis.

4 Conclusions

This study focuses on the application of hollow specimens
to investigate the hydrogen influence on the mechanical
properties of X65 pipeline steel including the welded joint.
The hollow specimen geometry is applied to both the base
material and the weld seam material. The typical force—dis-
placement behavior of the tested specimens as well as the
fractographic properties are shown and discussed. The fol-
lowing conclusions are drawn:

e The hollow specimen technique provides an easy and
affordable method to investigate the effect of hydrogen
on the material properties. The technique allows to obtain
a significant reduction of ductility as well as quasi-cleav-
age fracture as a characteristic fracture topography in
steels under hydrogen atmospheres, while only a small
volume of hydrogen is needed.

e The knee in the last region of the force—displacement
curve for hollow specimen tested in hydrogen is related
to the loss of hydrogen pressure and regain of ductil-
ity. Further research should be carried out concerning
possible influence on the reduction of ductility due to a
premature loss of the affecting medium.

e The tested SAW weld joint is characterized by an over-
match, resulting in the crack initiation outside the weld
material.

e This crack initiation is not affected by the presence of
hydrogen for the tested conditions. The detected over-
match in the CW samples leads to a stable crack initiation
outside the weld material. The CW specimens tested in
hydrogen show comparable results in the reduction of
ductility to the BM specimens.
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e Nevertheless, the crack morphology is different for CW
specimens tested in hydrogen compared to reference
tested in argon. Specimens tested in hydrogen show mul-
tiple secondary cracks in the base metal.

e It should be noted that the tests are performed on speci-
men extracted from the middle of the pipe. Thus, result-
ing in the most pronounced overmatch. Future research
should focus on different match ratios of pipeline weld
joint, using unnotched CW specimen, as well as on
detailed studies on the effect of hydrogen on the mechan-
ical properties of the weld and HAZ. These results could
be studied by notched hollow specimen or by unnotched
specimen with simulated microstructures.
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