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Abstract

Hydrogen is the energy carrier for a sustainable future without fossil fuels. As this requires a reliable transportation infra-
structure, the conversion of existing natural gas (NG) grids is an essential part of the worldwide individual national hydrogen
strategies, in addition to newly erected pipelines. In view of the known effect of hydrogen embrittlement, the compatibility
of the materials already in use (typically low-alloy steels in a wide range of strengths and thicknesses) must be investigated.
Initial comprehensive studies on the hydrogen compatibility of pipeline materials indicate that these materials can be used
to a certain extent. Nevertheless, the material compatibility for hydrogen service is currently of great importance. However,
pipelines require frequent maintenance and repair work. In some cases, it is necessary to carry out welding work on pipelines
while they are under pressure, e.g., the well-known tapping of NG grids. This in-service welding brings additional challenges
for hydrogen operations in terms of additional hydrogen absorption during welding and material compatibility. The challenge
can be roughly divided into two parts: (1) the possible austenitization of the inner piping material exposed to hydrogen, which
can lead to additional hydrogen absorption, and (2) the welding itself causes an increased temperature range. Both lead to
a significantly increased hydrogen solubility in the respective materials compared to room temperature. In that connection,
the knowledge on hot tapping on hydrogen pipelines is rare so far due to the missing service experiences. Fundamental
experimental investigations are required to investigate the possible transferability of the state-of-the-art concepts from NG
to hydrogen pipeline grids. This is necessary to ensure that no critical material degradation occurs due to the potentially
increased hydrogen uptake. For this reason, the paper introduces the state of the art in pipeline hot tapping, encompassing
current research projects and their individual solution strategies for the problems that may arise for future hydrogen service.
Methods of material testing, their limitations, and possible solutions will be presented and discussed.
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decisive contribution to a sustainable energy supply. Par-
ticularly important is the decarbonization of heavy indus-
try like steel foundries and mills as well as cement plants.
Therefore, a reliable supply of hydrogen over long distances
and on a large scale must be guaranteed. A long-distance
hydrogen pipeline grid can achieve this purpose. As building
a completely new pipeline grid is economically not justifi-
able, a dual-way strategy of mostly repurposing natural gas
(NG) pipelines but also newly built pipelines is intended. In
Europe, dedicated plans for a hydrogen pipeline grid already
exist, as the so-called “European Hydrogen backbone”
(EHB) [1]. Currently, 28 countries are working together on
the EHB to establish a hydrogen grid of almost 53,000 km
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in 2040. Figure 1 shows the national strategy of Germany,
the so-called “Wasserstoff-Kernnetz” (hydrogen backbone)
planned for 2032. As intended part of the EHB, it covers a
length of 9.700 km, whereas 60% are converted NG pipe-
lines (solid lines) and 40% newly built pipelines (dashed
lines). The planned capacity only for Germany is: 100 GW
hydrogen (gas feed in) and 87 GW (feed out). The calculated
invest is approx. 20 billion €, in Germany only. This empha-
sizes the need for a reliable transportation infrastructure of
long-distance pipelines on both national and international
scales [2].

1.1 Compatibility of materials and service
experience for hydrogen pipelines

Material compatibility for hydrogen service of steels utilized
in existing NG grids has been a focus in research for sev-
eral years. For example, in the project HIGGS [3], constant
displacement (constant strain) specimens that are kept in
a static state of deformation and therefore are under stress
were developed for testing pipeline materials. The API 5L
[4] steel grades X42, X52, X60, and X70, their welded joints
as well as other components like valves and their couplings,
a filter, a pressure regulator, and a gas meter (representing
a pressure regulation station of a gas grid) were tested in
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Fig. 1 Plan for the German national hydrogen transportation pipeline
grid, the so-called “Wasserstoff-Kernnetz” (hydrogen backbone) for
2032 using repurposed NG (solid lines) and newly constructed pipe-
lines (dashed lines), with kind permission of © FNB Gas e.V. [2]
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a 0.2 Mol H, blend in CH, at a pressure of 80 bar. After
3000 h neither cracking in the steel specimens nor damage
of the tested components was determined. For the NG grid
in Germany, the project “SyWestH2” [5] focused on crack
tip opening displacement (CTOD) experiments under 100%
H, atmosphere on specimens from 32 pipeline steels and
their respective welding joints. All specimens fulfilled the
minimum fracture toughness specified in the ASME B31.12
[6]. While this proves the material compatibility from a frac-
ture mechanical viewpoint, it does not necessarily include
the influence of geometric defects. NG pipelines need to
be carefully inspected and assessed individually before the
repurposing to hydrogen transport. Still, it has been con-
cluded that NG pipelines are generally suitable for hydrogen
transport, assuming they are in a well-maintained condition.
Of course, exceptions may apply, e.g., for the special case
of in-service welding or the mentioned geometrical defects.

To further investigate the material compatibility and
prove it in a practical context, blending of hydrogen into the
NG grid is carried out in many research projects and in-field
tests. Hereby, it must be mentioned that the NG grid includes
different types of pipelines. Long-distance transmission
pipelines, as seen in Fig. 1, will transport large quantities
of gas at high pressure from > 16 bar up to 100 bar [7]. To
accommodate the high hoop stresses due to the pressured
gas, these pipelines are typically made of pipeline steels in
both a wide range of strengths [7, 8] and many wall thick-
nesses (up to 30 mm) [8]. Additionally, for the short-distance
transport, there are the so-called local distribution grids.
These operate at lower pressures (<16 bar) [7] and thus
consist mainly of pipes with smaller wall thicknesses. For
this reason, polymers are, e.g., widely used in these distri-
bution grids in addition to pipeline steels. Additional parts,
like valves and pressure regulators, however, may include
steel components. In this context, first experiments on mate-
rial compatibility were carried out in the project “H2-20”
[9]. As a first large field study, 20% H, has been blended
into the local distribution NG grid in a test area in northern
Germany. The tested grid was designed for a pressure of 1
bar (DP1) and consists of 44 km of polymer tubes and 1 km
of steel pipelines with a yield strength below 360 MPa. The
tested grid showed no safety-relevant restrictions for the 20%
blended H, service compared to pure NG. Another success-
ful test of 20% H, in a local distribution grid was conducted
in the “GRHYD” project in France [10]. Tests with higher
hydrogen contents are done in the project “Wasserstoff-
Insel-Ohringen” [11, 12], with blending of up to 30% H,
successfully tested. Furthermore, the final increase to 100%
H, is planned. A very similar project is the “H2-Infra” [13]
that entails long-term service tests of typical components
used in local NG distribution grids in an experimental pipe-
line section. Project “H2-SWITCH100” [14] is another pro-
ject that investigates the existing materials and components
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in a NG distribution grid for the compatibility to transport
100% H,. The transition to pure hydrogen is planned in 2027
and includes steel pipes to a certain extent. The first NG
pipeline has already been converted to 100% H, transport
(service pressure 0.35 bar) in Germany in October 2022
and encompasses a 500-m medium pressure (DP1) pipeline
made from PE 100 (high density polyethylene polymer with
a minimum required strength of 10 MPa) [15]. Since Sep-
tember 2023, the use of 100% H, in a small local distribution
grid has already been implemented (project “H2Direkt” [16,
17] as part of the joint project “TransHyDE” [18]).
Historically, hydrogen as “by-product” has already been
transported in local gas grids, e.g., in cast-iron pipes since
the nineteenth century. This so-called “town gas” was pro-
duced as synthetic gas (syngas) by coal gasification and
consisted of up to 50% H,. It was widely used up to the
1960s in Germany [19] and in Switzerland [20]. Already
since 1974, the company “Hawai’i Gas” operates its gas grid
with syngas that contains up to 12% H, [21]. However, both
synthetic NG and town gas also contained carbon monox-
ide (CO) in reasonable amounts, which acts as an effective
inhibitor for hydrogen-induced crack growth [22]. From that
point of view, the transferability of the gas grid operators’
experience is limited for hydrogen services, especially in
terms of 100% hydrogen gas and hydrogen-NG blends [22].
So far, diverse research projects have proved that transport
of hydrogen in steel pipelines is generally possible without
severe hydrogen embrittlement. From the international per-
spective, the German Technical and Scientific Association
for Gas and Water (DVGW e.V.) claimed in 2023 for the
first time that “[...] Germany’s gas pipelines are ready for
hydrogen [...]” [23] (joint project “SyWestH2” [5]). None-
theless, the research on material compatibility of pipeline

steels, especially of repurposed NG grids, was within the
focus of manifold research projects (including large scale
field tests) [3, 5, 9, 10, 15], is still ongoing [11, 13, 18] or
planned in the near future [14, 16].

1.2 Pipeline materials in NG grids and perspective
use in hydrogen service

Table 1 shows a brief summary of currently applied steel
grades in NG grids worldwide, while Table 2 gives an
overview for comparable steel grades of oil pipelines [4,
8, 24-29]. A large variety of these pipeline steel grades
will potentially be exposed to pressurized hydrogen ser-
vice in the future as rules and regulations for hydrogen
pipelines like the ASME B31.12 [6] already state that low
and intermediate strength carbon and low alloy steels are
acceptable for gaseous hydrogen service. Therefore, these
pipeline materials must also be suitable when it comes
to in-service welding processes. The designation in the
different standards is typically based on the design yield
strength/proof stress of the steel grades. This implies
that, e.g., the designation X42 in the API 5L code [4]
equals a yield strength/proof stress of 42 ksi in impe-
rial units, which corresponds to the L290 in the harmo-
nized ISO 3183 system [26], with 290 N/mm?. Of course,
especially older pipelines were designed in accordance
with national standards in the past like the corresponding
St 43.7 or StE 290.7 as specified in DIN 17172 [27, 28].
These standards differ in certain aspects, such as testing
criteria or the maximum tolerated content of trace ele-
ments like phosphorus (P) or sulfur (S). From this point
of view, each statement on the applicability of in-service
welding (see detailed description in “Sect. 2”) and its

Table 1 Overview of typical
pipeline steels classified by
strength level

Yield strength/proof
stress (approx.)

Designation according to standard

[MPa] [ksi] API 5L [4] ISO 3183 [26] DIN 17172:1978 [28] DIN 17172:1966 [27]
(outdated) (outdated)

200 29 A * StE 210.7 St 34.7

245 36 B L245 StE 240.7 St 38.7

290 42 X42 L290 StE 290.7 St43.7

317 46 X46 * StE 320.7 St47.7

360 52 X52 L360 StE 360.7 St53.7

386 56 X56 * * *

414 60 X60 L415 StE 415.7 *

448 65 X65 L450 StE 460.7 *

485 70 X70 L485 StE 480.7 *

555 80 X80 L555 StE 550.7 *

827 120 X120 * * *

*Not defined
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Table 2 Overview of oil pipeline steels according to API 5CT [29]

Yield strength/proof stress (approx.) Designation
according to
standard

[MPa] [ksi] API5CT [29]
(oil pipelines)

276-552 40-80 H-40

379-552 55-80 J-55

379-552 55-80 K-55

552-758 80-110 N-80

655-758 95-110 R-95

448-586 65-85 M-65

552-655 80-95 L-80

621-724 90-105 C-90

655-758 95-110 T-95

758-828 110-120 C-110

758-965 110-140 P-110

862-1034 125-140 Q-125

specifications (see “Sect. 3.6”) should be subjected to a
thorough material-specific evaluation for the respective
NG grids if repurposed for hydrogen service. Accord-
ingly, the various ongoing research projects on hydrogen
compatibility of pipeline materials should be systemati-
cally integrated into the assessment when determining the
feasibility of in-service welding procedures.

Referring to the European Gas Pipeline Incident Data
Group (EGIG) report for the period of 1970-2022[8],
pipeline diameters from 127 to 1,194 mm and wall
thicknesses from 5 to 30 mm were typically used in the
European region. This encompasses material strength
from grade A to grade X80, which corresponds to yield
strength of about 200 to 555 MPa but mostly grades B,
X52, X60, and X70 (according to API 5L[4]designation,
see Table 1) were utilized. Since 1998, also high-strength
steels with a yield strength/proof stress of approximately
830 MPa, such as grade X120, were invented [24, 25,
30]. Meanwhile, these high-strength pipeline materials
are specified in API 5L [4] and are partially employed as
pipeline materials. Typically, gas pipelines are subjected to
maximum operating pressures starting from 16 up to 100
bar but predominantly the pressures are 65 bar and some-
times higher [7, 8]. Although new pipelines get installed
regularly, the European NG pipeline grid consists mostly
of pipelines constructed between 1964 and 1973, meaning
a service age of already 50 to 60 years, including some
pipelines that are significantly older [7, 8]. Last but not
least, all pipelines are welded on site in terms of pipe-to-
pipe joints. Hence, welding operations play a vital role in
the assessing of pipelines for the conversion to hydrogen.

@ Springer

1.3 Current and future challenges for hydrogen
pipelines

A question that arises by the conversion of NG grids to hydro-
gen gas is if state-of-the-art concepts, e.g., for repair or grid
extension (welding of tees or branches) can be transferred
without major adjustments. In that connection, in-service
welding on or onto pressurized gas and crude oil pipelines is
widely accepted [31-33]. Concepts such as hot tapping (drill-
ing into pressurized pipelines, see detailed description in
“Sect. 2”) and “stoppling” (sealing off pipeline sections after
installing bypasses or pressure relieves) allow the repair of
damaged pipeline sections or the installation of new branches
without shutting the pipeline down. This is of vital interest
as in most cases shutting down a pipeline is merely techni-
cally possible or impossible from an economic standpoint of
view (availability of permanent gas supply and high expen-
ditures for de- and recommissioning). In that connection, the
HSG253 already stated in 2006 that hot tapping and stoppling
are “not appropriate for systems containing hydrogen [...]”
[34]. In contrast, the EIGA 121/14 guideline pointed out in
2014 that “[...] a hydrogen hot-tap shall not be considered
aroutine procedure, [...]” [35], which is in accordance with
what ASME B31.12 [6] declares. This means that a hydrogen
hot-tap is generally considered possible. ASME PCC-2-2022
[36] goes one step back and states “Hot tapping should not be
used for hydrogen service, [...]” but also claims in the same
sentence “ [...], unless an appropriate engineering review
has been performed to permit welding on such equipment
[...]” [36]. This shows that the transferability of these in-
service welding concepts to hydrogen pipelines is of utmost
importance and its limits are still to be properly investigated
and discussed.

For this reason, this paper gives a comprehensive over-
view on existing in-service welding concepts in NG steel
pipeline grids and the challenges and needs for the success-
ful transferability to the intended hydrogen service. The
complexity of this transferability lies in the large variety of
the pipelines in terms of the materials (low alloyed steels, as
shown in Table 1), pipeline diameters, wall thicknesses, and
corresponding welded joints used in NG grids. The material
compatibility of both repurposed NG pipelines and pipelines
in new condition must be investigated. Particularly for repur-
posed/used pipelines, the effect of a pre-matured/corroded
inner surface and sometimes insufficient documentation of
the material “history” needs to be considered. An overview
on projects with respect to hydrogen effects on pipeline
materials and in-service welding of hydrogen pipelines is
given. One focus is also the limits of possible material test-
ing methods (electrochemical vs. gas-phase charging). In
this regard, current difficulties, limits, and possible solutions
will be discussed.
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2 In-service welding of gas pipelines

In-service welding on or onto pipelines is carried out either
(1) if a critical pipeline condition is observed, e.g., due to
corrosion, external mechanical/thermal influence, or mate-
rial defect (repair welding) or (2) in case of grid exten-
sions. In this context, repair welding by attaching a patch
on the pipeline with a comparatively low effort is not always
enough. More complex in-service procedures like hot-tap-
ping and stoppling are often necessary. As mentioned, in-
service welding procedures are well established for NG pipe-
lines and frequently used for the connection of new pipelines
in the case of necessary grid extensions.

2.1 Hot-tapping

Hot-tapping is a procedure for drilling a hole in a pressur-
ized pipeline without releasing gas into the environment. A
typical hot-tapping setup is described in detail in [36]. For
hot-tapping, two half sleeves are placed on the pipeline. At
least one is a tee section to flange on a driller later, see Fig. 2.
First, the two sleeves get welded together with two longitu-
dinal butt welds. After that, the sleeve gets crimped for a
precise fit to the pipeline. Crimping means to mechanically
press the edges of a sleeve to the pipeline, usually using hot
deformation processes to create a suitable weld gap. Then,
the circumferential fillet welds are done to connect the sleeve
to the pipeline. When welding is finished, a closeable flange

inductive heating coils

longitudinal butt weld

preparation for circular fillet weld

Fig. 2 Installed split tee sleeve on a DN1000 pipeline with mounted
heat-treatment equipment for pre- and post-heating: a (own photo-
graph with kind permission of Open Grid Europe GmbH) and corre-

|

valve gets flanged to the tee sleeve. A drilling unit is then
attached to the closable flange valve. The driller is equipped
with a pilot drill to ensure the cut-out pipeline piece does
not remain in the pipeline. Once the cut-out pipeline piece
on the pilot drill is withdrawn, the valve with the closeable
flange seals off the pressurized pipeline from the flanged
driller unit, which can be deinstalled after as it is no longer
needed. Then, a branch, a bypass, or further equipment for
following procedures can be installed on the closable valve.

2.2 Stoppling

The stoppling technique is used for installing a bypass to,
e.g., replace a damaged pipeline section [37]. Therefore, two
more tees are welded in between two previously installed
tees which are connected to each other forming a bypass.
The two additional tees in between the bypass are located
directly before and after the damaged section and are used
for the stoppling. After the drilling process, a stopple for
cutting off the gas flow and pressure is introduced into the
pipeline. At this point, the gas flow is redirected through
the bypass. Once pressure in the damaged pipeline section
between two stopples is released, the pipeline can be main-
tained or even replaced without pressure.

These in-service welding procedures are well established
for long-distance NG pipelines. Consequently, a large variety
of NG pipelines with different geometries, steel grades, and
ages are maintained by hot-tapping and stoppling, like, e.g.,
shown in Table 1 and “Sect. 1.2,” covering diameters up

flange ~

pressurized
gas flow

pipeline

split tee
sleeve

(1) longitudinal

(2) circular
filletweld  tee sleeve butt weld
[P

AN J

sponding scheme b with longitudinal butt weld (1) and circular fillet
welds onto pipeline (2)

pipeline
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to 1194 mm and a wall thickness of 30 mm [8]. In-service
welding procedures must also be validated for hydrogen ser-
vice purposes of such legacy NG pipelines, including vari-
ous pipeline geometries. From that point of view, new and
legacy pipeline materials must be differentiated, as they may
behave differently during in-service welding procedures.
Repurposed, used NG pipelines commonly show corrosion
phenomena or deposits of dirt on the inner surface that could
influence the hydrogen absorption. Both must be examined
in detail to approve the suitability of such in-service proce-
dures for the entire hydrogen grid shown in Fig. 1, including
converted NG pipelines.

Typical welding processes used for the hot-tapping of
circumferential fillet welds (see Fig. 2) are shielded metal
arc welding (SMAW) and gas tungsten arc welding (GTAW)
[35]. The burnthrough is assumed to be the major risk while
in-service welding on or onto hydrogen pipelines (see
“Sect. 3.17), especially on thin-walled pipes, and perhaps
hydrogen assisted cracking (HAC) or the well-known hydro-
gen embrittlement (HE), see “Sect. 3.3”. For NG pipelines,
safe in-service welding has been possible for a long time
already. When considering welding on hydrogen pipelines,
however, additional hydrogen diffusing from inside the pipe-
line into the welding area and the HAZ increases the risk of
HE and HAC.

3 Challenges by pressurized hydrogen
service

As for NG-pipelines, known challenges like burnthrough
must be avoided for hydrogen pipelines as well as specific
hydrogen-related phenomena like degradation of mechani-
cal properties or embrittlement with subsequent cracking. A
selection of the most important challenges is given in detail
in the following.

3.1 Burnthrough and flammability of hydrogen

Just as for NG pipelines, a burnthrough while welding on
a pressurized pipeline is a major risk when it comes to
hydrogen pipelines. The terminology burnthrough may be
misleading in terms of the emergence of a burnthrough on
pressurized pipelines. The main reason for burnthrough of
pipelines is not literally “burn a hole” into the pipe wall
with the welding torch like in the case of inappropriate
welding parameters, e.g., for welding thin sheet metal. It
is rather a mechanical effect when a critical softening is
reached due to the elevated temperatures while welding. As
the decreased high-temperature strength of the material is
lower than the mechanical effect of the gas pressure in the
pipeline, a hole opens and the heated, softened material is
more or less squeezed or blown out. To avoid such effects,
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a minimum wall thickness for safe welding is necessary,
e.g., in accordance with DIN EN 12732 [33]. However, a
specific minimum wall thickness is not stated. The risk of
burnthrough can also be decreased by choosing adequate
welding parameters that result in a maximum inside pipe
surface temperature of < 982 °C [38]. Of course, the maxi-
mum inner surface temperature is directly influenced by the
wall thickness, as a constant welding heat input results in
higher localized temperatures with decreasing wall thick-
ness. Additionally, DIN EN 12732 [33] recommends a mini-
mum gas flow to limit the inner surface temperature due to a
cooling effect (heat dissipation into the gas flow). This may
be even more effective for hydrogen pipelines than for NG
pipelines due to the higher heat capacity of hydrogen, but
systematic reviews on this special topic are not really avail-
able or depend on the practical experience of the individual
gas grid operators. Further, pressure relief is recommended
as a possible procedure to minimize the risk of burnthrough
due to the reason that this eliminates the mechanical effect
of the gas pressure on the pipe wall [33]. However, this is
often not possible, especially for long-distance pipelines.
Nonetheless, a pressure reduction to a certain extent is sen-
sible. Regarding the in-service welding procedure, DIN EN
12732 [33] recommends a maximum stick electrode diam-
eter for manual shielded metal arc welding (SMAW) for
a given pipeline wall thickness, e.g., a maximum 2.5-mm
electrode diameter for a wall thickness of <7.0 mm. This
makes sense because, for larger diameter electrodes, typi-
cally a higher welding current is applied, which leads to an
increased heat input. A high heat input increases the local
material softening due to elevated temperatures, and there-
fore a greater risk of burnthrough is given. Of course, this is
a generalization and is dependent on the interaction of the
applied welding parameters, e.g., welding speed, pendulum
width, electrode distance, and tip angle [39]. Nonetheless,
the electrode diameter is a possible way to control the risk
of burnthrough.

Moreover, hydrogen, precisely hydrogen/oxygen mix-
tures, have an even lower ignition energy than methane and
a wider range of flammability in air [35, 40]. For hydro-
gen/air mixtures, the minimum ignition temperature is only
500°C [35]. This leads to a higher risk not just in case of
a burnthrough, but also for hot-tapping. When drilling a
hole in a pressurized hydrogen pipeline, an explosive gas
mixture could result in the cavity due to the hydrogen from
the pipeline and possible oxygen in the flanged-on driller
section. This could be avoided by additional inertization
and purging of the driller unit. To summarize, the safety
measures when working on pipelines carrying hydrogen
or methane/hydrogen mixtures should be higher than with
NG pipelines. This is because a burnthrough on methane/
hydrogen mixtures can more easily result in ignition, and on
100% hydrogen pipelines, it even is highly likely to result in
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ignition. Furthermore, the flames of an ignited burnthrough
on a hydrogen pipeline are invisible to the human eye, which
causes additional threats in the surrounding area of damaged
pipes [35, 40].

3.2 Geometrical defects

External geometric defects, like dents, cracks, delamina-
tions, corrosion, or hard spots and, in general, all imper-
fections or changes in the wall thickness of a pipeline are
considered a weak spot in terms of fracture mechanics, as
they cause local stress gradients. When exposed to hydrogen,
local stress peaks can result in locally increased hydrogen
concentrations [41]. As this causes a higher risk of crack
initiation or growth, geometric defects are considered a more
critical factor for hydrogen pipelines when compared to NG
pipelines. Another factor that influences hydrogen-assisted
fracture is the hardness of the material. Higher hardness
leads to a reduced fracture toughness [42] and is more likely
to cause cold cracking and HE [33, 36, 43, 44]. Because of
this, it is already specified in API 5L [4] that a spot with a
hardness >327 HBW (35 HRC) and a dimension > 50.8 mm
is considered an imperfection. Furthermore, delaminations
have a major impact on in-service welding in particular,
as they imply a loss of wall thickness, which significantly
increases the risk of burnthrough [45].

In fact, approximately 18% of incidents from 2013 to
2022 reported to EGIG were caused by construction defects/
material failure, which is in the “hitlist” just behind the
reported incidents originating from ground movement (ca.
19%), external interference (ca. 23%) and corrosion (ca.
26%) [8]. Inside the reported causes due to construction
defects/material failure, the predominant occurring type of
defects is further described as pinholes/cracks. This type of
defect includes imperfections eventually created by (repair)
welding [24]. Especially crack tips are known as regions
where diffusible hydrogen preferentially accumulates (area
of tensile residual stress, concentration of lattice defects,
e.g., vacancies [46]). For this reason, pre-existing crack-like
defects on the inner pipe surface can perhaps significantly

H, from
welding

promote HE [47]. The failure frequency of NG pipelines
per year and a 1000-km pipeline length in Europe is con-
stantly decreasing since 1985, according to EGIG [8]. At
the moment, it is difficult to predict if this rate will rise due
to hydrogen service. Nonetheless, in the case of severe acci-
dents, the public acceptance (and the economic situation for
pipeline operators) could be negatively affected. Therefore,
additional countermeasures should be taken for in-service
welding procedures on or onto hydrogen pipelines to ensure
the pipeline safety and integrity.

3.3 Hydrogen sources during in-service welding
and influence on embrittlement

An important challenge for in-service welding of hydrogen
pipelines is the well-known, possible HE of metallic mate-
rials. Molecular hydrogen dissociates to atomic hydrogen
on metallic surfaces where it can get absorbed in the mate-
rial, especially at higher temperatures [48, 49] that occur
while welding. This may lead to material degradation due
to embrittlement effects and therefore can be critical for the
pipeline safety and integrity [37, 44, 49-52]. In the case
of in-service welding of hydrogen pipelines, an increased
hydrogen uptake must be considered due to (1) the initial
hydrogen concentration inside the pipeline material by ser-
vice, (2) hydrogen uptake that commonly arises from the
welding processing (e.g., from the stick electrodes), and (3)
additional uptake from the inner pipeline surface exposed to
the pressurized hydrogen due to the welding heat input and
microstructural changes in the parent pipeline material and/
or the surface oxide formations or transformations (e.g., iron
oxide reduction to hydrogen gas [53], also see “Sect. 4.4”),
as schematically shown in Fig. 3.

Therefore, a material degradation in presence of the
combined hydrogen uptake by (1) to (3) must be investi-
gated to determine whether modifications of the existing
in-service welding procedures are necessary [37], e.g., in
terms of welding heat input or tolerated wall-thickness.
In the context of HE, only diffusible hydrogen diffuses
through the material, which can lead to two main events.

2) WM
W e |

ST

(3)

Pressurized H,

Fig.3 Hydrogen sources for in-service welding of pipeline in case of
circumferential lap joint for installation of sleeve: (1) hydrogen from
pre-charged pipeline due to service, (2) during welding (e.g., welding

consumable) and (3) the additional hydrogen uptake from inner hot
pipe surface during welding

@ Springer



Welding in the World

First, if diffusible hydrogen recombines at respective
inner material defects like pores, pressurized cavities
filled with hydrogen gas are formed [54]. Second, the
hydrogen can diffuse and accumulate at a respective loca-
tion in the material, e.g., a crack tip where it may affect
the local mechanical properties significantly and leads
to material degradation [44, 46, 51, 55, 56]. Especially,
areas of high hardness are susceptible to HE these have a
reduced ductility and toughness on its own. The hardness
is mostly influenced by the cooling rate between 800 and
500°C after welding (Afg_s). Due to the cooling effect
of the inner gas flow in the pipelines a fast cooling rate
and therefore a relatively high HAZ hardness must be
taken into account [43]. In particular because hydrogen
has a higher heat capacity compared to NG potentially
resulting in a faster cooling rate for welding on hydrogen
pipelines. Additionally, the gas flow rate is planned to
be higher for hydrogen as the volumetric energy density
of hydrogen is lower compared to NG and needs to be
compensated to reach the same energy transmission [57].
This potentially leads to faster cooling rates if the gas
flow is not reduced for welding maintenance. The risk of
HAC can be controlled by usage of filler materials with
low diffusible hydrogen content and limiting HAZ hard-
ness [43]. To ensure a sufficient slow cooling rate and
control HAZ hardness an established procedure for NG
pipes is preheating and constant heating throughout the
whole welding procedure in the weld area via inductive
heating and/or heat mats, in accordance with Fig. 2a).
Welding procedure specifications for in-service welding
on NG pipelines are determined with consideration of
these matters and must be for future in-service welding
on hydrogen pipelines, too.
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3.4 Hydrogen solubility of steels and consequence
for in-service welding

To assess the question of a certain hydrogen embrittlement, the
hydrogen solubility of the pipeline materials and the micro-
structural changes during welding must be anticipated. In gen-
eral, the hydrogen solubility of steels is highly dependent on
the lattice structure (bcc or fcc) and the temperature [58] as
shown in Fig. 4a. It is well-known that austenitic steels (fcc)
have a higher hydrogen solubility than ferritic steels (bcc) due
to the different number of available octa- and tetrahedral sites
[46]. This is accompanied by a significantly low hydrogen dif-
fusivity of the fcc austenite compared to bee ferrite (Fig. 4b).
Further hydrogen traps in both lattice types are dislocations
and grain boundaries [59], whereas especially precipitates have
a dominant role in bec steels with ferritic, pearlitic, bainitic,
or martensitic microstructure [59]. In addition, geometrical
imperfections like pores or inclusions can influence the hydro-
gen trapping in a material. Figure 4a shows the temperature-
dependent solubility in austenitic (fcc) and ferritic (bec) steels
of hydrogen according to the Sievert’s law. Nonetheless, the
calculated concentration can be different from real experiments
as hydrogen trapping is not considered [58]. Independent of the
steel microstructure and lattice type, the solubility increases
with increasing temperature. As shown in Fig. 4b, the hydro-
gen diffusivity is also strongly dependent on the temperature.
Typically, the presented diffusion coefficients are so-called
“effective” diffusion coefficients encompassing the lattice dif-
fusion and the respective reversible hydrogen traps at a respec-
tive temperature level. This is important as only diffusible or
reversibly trapped hydrogen can diffuse through the material
and accumulate at certain areas (e.g., highly strained regions)
causing HE of the respective pipeline materials.
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Fig.4 Comparison of Sievert’s solubility constant (a) and diffusion coefficient (b) in dependence on temperature of ferritic and austenitic steels,

according to [58]
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3.4.1 Consequences for in-service welding

The increased solubility and diffusion with increasing
temperature is of great importance, keeping in mind the
high temperatures while in-service welding of pipelines.
A significant volume of the parent pipeline metal gets aus-
tenitized due to the welding heat input, besides a generally
occurring heat affected zone (HAZ). In this way, a signifi-
cantly larger amount of hydrogen can be absorbed in this
local austenitized area while the diffusion coefficient is
lower than in the surrounding ferritic microstructure [58,
60]. As the temperature decreases after welding, the mate-
rial undergoes a phase transformation back to the ferritic
phase. The effect of a possible accumulation of hydrogen
must be investigated. As shown in Fig. 5, the main factor is
the welding heat input that is directly connected to the joint
geometry via the welding parameters. Figure 5a shows the
case for a thin-walled in-service weld, and Fig. 5b for a
thicker pipeline section, assuming a constant welding heat
input for both. It is obvious that the appearing temperature
field causes higher peak temperatures on the inner pipe
wall in the case of thin pipes, causing partial austenitiza-
tion (see also Fig. 9 for real monitored temperatures). If
this happens, an increased hydrogen uptake and concentra-
tion “Cy” into the pipeline material must be expected, as
indicated in Fig. 5¢ compared to a decreased absorption
in Fig. 5d for thicker pipes.

As the main consequence, it is important to define
which minimum wall thickness is tolerated for certain in-
service welding conditions to exclude hydrogen embrit-
tlement, see further explanations in “Sect. 3.6”. Hence,
detailed measurements and simulations of temperature dis-
tributions, phase transformations, and the corresponding
hydrogen diffusion during in-service welding on different
pipeline geometries need to be conducted.

Fig.5 Influence of welding
conditions and pipe thickness
on assumed absorbed hydrogen

concentration: a for thin-walled
pipes, b for thick-walled pipes, ¢

Thin-walled pipe

Fillet weld H‘ Sleeve
900 °C —» Pipe

3.5 Influence of hydrogen service on the pipeline
and in-service welding

As shown in Fig. 3, case (1) represents the hydrogen con-
centration that is already present in the pipeline due to the
pressurized hydrogen. In this context, many publications
reported the mechanical properties of pipeline steels under
hydrogen influence, e.g., as shown in [5, 45, 47, 61-63].
However, the results are typically not put into direct cor-
relation with the actual hydrogen content in the material or
the transferability is limited as it is merely unknown which
hydrogen absorption occurs during the service of the pipe-
line. The reason is that practical and empirical knowledge
on hydrogen transportation pipelines is literally not existing
due to the absence of the intended infrastructure. Nonethe-
less, the references allow an overview of which hydrogen
concentration/solubility can be reached in the pipelines. For
this reason, the next sections summarize references on the
two experimental approaches for hydrogen charging of steels
using (1) gaseous high-pressure (HP) hydrogen charging and
(2) cathodically generated hydrogen via electrochemical
(EC) hydrogen charging.

3.5.1 Hydrogen absorption from pressurized gaseous
hydrogen

Table 3 summarizes data from diverse publications regard-
ing HP charging. It reflects the real condition of hydrogen
uptake due to the contact of the material with (pressurized)
hydrogen gas, as it will be the case for future hydrogen
pipelines. Since solubility data of gas pipeline steels are
rare so far, besides ferritic-pearlitic L450 steel, the ferritic
steel 1.4511 (X3CrNb17), and the martensitic steel grades
L80 and P110, which are commonly used in the gas and
oil industry for sour service applications, are included. In

Thick-walled pipe

Fillet weld H‘ Sleeve

900 °C —> Pipe

with a high hydrogen absorption
during in-service welding of
thin-walled pipes, and d with a
moderate hydrogen absorption
for thick-walled pipes
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Table 3 Absorbed hydrogen

. . Material Structure p [bar] T[°C] t[d] T [°Cl H [ml/100g Fe] Ref
concentration from HP charging

of steels, iron with respective Pureiron  Ferritic 20 25 * 950 0.12 [48]

e conditions [46, 32 Pureiron  Ferritic 100 25 * 950 0.19 [48]

1.4511 Ferritic 275 300 21 300 0.95 [65]

P110 Martensitic 20 80 30 950 0.20 [64]

P110 Martensitic 100 25 3 900 0.29 [67]

P110 Martensitic 100 200 3 900 0.52 [67]

P110 Martensitic 1000 200 3 900 1.51 [67]

L485ME * 100 25 30 400 0.14 [69]

L485ME * 100 25 7 400 0.18 [69]

X70 * 100 25 30 400 0.17 [69]

X70 * 100 25 7 400 0.16 [69]

X65 * 100 25 30 400 0.10 [69]

X65 * 100 25 7 400 0.13 [69]

L450 Ferritic-pearlitic 100 100 21 400 0.32 [68]

L450 Ferritic-pearlitic 1000 50 21 400 0.73 [52]

X52M * 100 25 30 400 0.16 [69]

X52M * 100 25 7 400 0.08 [69]

X52N * 100 25 30 400 0.17 [69]

X52N * 100 25 7 400 0.04 [69]

L80 Martensitic 100 25 30 950 0.17 [64]

L80 Martensitic 100 80 30 950 0.34 [64]

L80 Martensitic 100 200 3 900 0.47 [67]

L80 Martensitic 1000 25 3 900 1.22 [67]

316L Austenitic 980 250 3 600 112.04 [66]

*No data reported

sour service, electrolytes and corrosion of the pipeline steel
are potential sources of atomic hydrogen due to reduction
processes. Atomic hydrogen can then be absorbed into the
material [64]. Pure iron and a representative austenitic steel
as elementary references for steels are shown as well.

All steels shown in Table 3 were hydrogen charged in
autoclave experiments under 100% hydrogen atmosphere at
given pressure “p” in bar and temperature “T” in °C for a
certain dwell or charging time “t” in days. The value “H”
represents the respective measured hydrogen concentration
in ml/100 g Fe, typically by hot extraction methods with
an extraction temperature “T,,.” between 300 and 950 °C.
The hydrogen uptake of low alloyed and ferritic steels or
pure iron is generally lower than known from, e.g., austenitic
steels [60, 65, 66]. Table 3 gives an austenitic 316L steel
with a hydrogen concentration over 100 ml/100 g Fe to have
a comparison of the much higher hydrogen uptake of aus-
tenitic steels. Against that, the maximum hydrogen content
for low alloyed or ferritic steels measured given by literature
does not exceed 1.51 ml/100 g Fe (P110) and therefore is
orders of magnitudes lower. This is in accordance with the
much higher hydrogen solubility of austenitic steels given
in Fig. 4a. Further, the hydrogen content in low alloyed fer-
ritic steels at moderate charging conditions of 20 to 100 bar

@ Springer

and 25 to 200 °C only reaches a maximum value of 0.52
ml/100 g Fe (for martensitic P110 at 100 bar and 200 °C,
[67]). This value only gets exceeded when an extremely high
hydrogen pressure of 1000 bar is applied (e.g., 1.51 ml/100
g Fe for martensitic P110 at 1000 bar and 200 °C, [67])
or a high pressure combined with a high temperature (e.g.,
0.95 ml/100 g Fe for the ferritic steel 1.4511 at 275 bar and
300°C, [65]) is used for charging. As the maximum operat-
ing pressure in gas pipelines is 100 bar [7], these high pres-
sures are not a realistic charging approach for gas pipeline
materials.

However, for in-service welding, a maximum interpass
temperature of 250°C is typically considered. Although
interpass temperature relies on the specific WPS and codes
used, an increased temperature near 300 °C for several hours
should be considered due to the welding procedures. Look-
ing at the given hydrogen content from Jiirgensen et al. [65]
after charging at a temperature of 300°C for 21 days, still
only 0.95 ml/100 g Fe was measured in ferritic steel 1.4511
(see Table 3). Even though a pressure of 275 bar was used,
which far exceeds the maximum design pressure for pipe-
lines that leads to the conclusion that elevated temperatures
up to 300°C and do not have a significant impact on the
hydrogen uptake of ferritic steels. Therefore, the hydrogen
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uptake from the insider due to elevated temperatures while
preheating, interpass temperature, or DHT (dehydrogena-
tion heat treatment) seems to be negligible. However, this
statement is based on a single publication [65] where HP
charging at 300 °C was performed and should be further
investigated and verified. Nonetheless, a couple of charg-
ing experiments of Eichinger et al. [67] at 200 °C and
at< 100 bar resulted in a hydrogen uptake of 0.5 ml/100
g Fe and support this statement. However, in the case of
PWHT (post-weld heat treatment), the applied temperature
would significantly exceed 300 °C, but there is currently no
available data on the hydrogen uptake at such elevated tem-
peratures. According to German gas grid operators, PWHT
is not used after in-service welds on NG pipelines, nor is
it anticipated to be applied on future hydrogen pipelines.
Nonetheless, the ASME B31.12 code (hydrogen piping and
pipelines) [6] recommends the application of PWHT for a
nominal weld thickness above 20 mm for C-steels (which
includes pipeline steels). However, the code does not explic-
itly state whether this recommendation also applies to the
special case of in-service welds or only to pipeline produc-
tion weldments. While welding a single pass, a significant
area of the pipeline material can exceed the austenitization
temperature (see Fig. 5). For this reason, Table 3 addition-
ally includes a typical example of an austenitic steel. The
material selected is the austenitic steel 316L (see bottom
row in Table 3). The measured hydrogen concentration of
112.04 ml/100 g Fe [66] emphasizes the potential for sig-
nificantly increased H-absorption in austenitic steels due to
their higher hydrogen solubility (see “Sect. 3.4 and Fig. 4a).
This phenomenon could also be relevant during partially
austenitization while in-service welding.

Consequence for in-service welding Continuing, the hydro-
gen uptake into the low-alloyed steels for conditions <
200°C and <100 bar (representing idealized normal opera-
tion conditions for pipelines, bold written lines in Table 3)
is limited to a maximum of 0.34 ml/100 g Fe, even for long-
term charging experiments over 30 days. Considering future
pipelines will be exposed to hydrogen for decades, 30 days
is not much. However, the time of charging seems to have
a negligible influence on the hydrogen content. Comparing
the given charging experiments between 3 and 30 days under
normal operation conditions (bold), no increased hydrogen
content was measured for the partly ten times longer charg-
ing time of 30 days. That could be linked to the significantly
lower trap density of octa- and tetrahedral sites in ferrite
compared to austenite, which leads to a higher diffusion rate
of hydrogen in ferritic steels and therefore to a faster satu-
ration [46]. This suggests the presumption that hydrogen
uptake under permanent hydrogen exposure and for normal
operation conditions is limited, i.e., HE of pipeline materi-
als is unlikely to occur. This is in accordance with [44] and

the results from the presented “SyWestH2”-Project [5], see
“Sect. 1.1.”

Furthermore, only four references [52, 65, 68, 69] pro-
vide the diffusible hydrogen content according to ISO 3690
[70] (extraction at a maximum of 400°C, see Table 3). The
hydrogen content in these steels did not exceed a maximum
value of 0.95 ml/100 g Fe (measured for ferritic steel 1.4511,
[65]) even though charging parameters including high pres-
sure up to 1000 bar and high temperature up to 300 °C
for a comparatively long charging period of 21 days were
used as shown in Table 3. The other steels were consist-
ently extracted at a temperature of > 900 °C, leading to the
measurement “trapped’” hydrogen that is thermally activated
above 400°C. This means different extraction temperatures
can result in different and misleading hydrogen contents as
a totally extracted hydrogen concentration does not neces-
sarily correspond to the “critical” diffusible hydrogen at a
lower temperature. Hence, the data comparability is limited.
Of course, this also depends on both the material and the
hydrogen charging parameters.

In addition, practical problems arise when testing typical
pipeline steels, which are mostly ferritic or ferritic-pearlitic,
because hydrogen has a high diffusion rate in ferrites, as
seen in Fig. 4b. A high diffusion rate may lead to a signifi-
cant hydrogen loss while the specimen is transferred to the
hydrogen measurement unit, especially when the specimen
has an elevated temperature due to the respective charging
parameters. Since there are barely any statements about the
quantified hydrogen loss of ferritic steels, a valid charac-
terization of the maximum hydrogen absorption possible
is difficult. Nonetheless, autoclave experiments at elevated
temperatures are highly interesting with regard to in-service
welding on hydrogen pipelines. Though, unfortunately, gase-
ous HP charging at elevated temperatures is technically dif-
ficult because of the facts mentioned, and results thus are
still rare. Overall, the comparability of autoclave charging
experiments must be discussed deeply, as there is no com-
monly used instruction of action or generally valid standard
available. Hence, differences in specimen handling, e.g.,
specimen removal from autoclave after charging, or simply
the specimen geometry and surface roughness, as well as
the hydrogen measurement itself may lead to scattering of
results. Therefore, the interpretation of the results is difficult.

Summarizing Table 3, the hydrogen uptake is limited for
normal operation conditions and for elevated temperatures
up to 300 °C. However, the hydrogen content itself gives no
evidence regarding a possible degradation of the mechani-
cal properties but seems to be too low to influence pipelines
critically (in accordance with “SyWestH2”-Project [S] and
N. Gallon [44]). Nonetheless, considering that during in-
service welding, much higher temperatures are temporarily
present due to the welding process itself. These temperatures
exceed 300 °C by far and even temporary austenitization of
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a large area of the pipeline material occurs (see “Sect. 4.4)”.
Hence, a much higher hydrogen uptake must be assumed.
There was no publication found for gaseous hydrogen charg-
ing experiments with autoclaves at such high temperatures.
This is because of technical difficulties (e.g., insulation) and
high safety standards that apply when working with pressur-
ized hydrogen at high temperatures. Therefore, a different
strategy to investigate hydrogen uptake at high temperature
due to welding is needed.

3.5.2 Hydrogen absorption from electrochemical charging

Another approach for hydrogen charging is EC charging.
This charging process is based on an electrolytic solution
surrounding the specimen and applying a specific current for
creating an EC potential to force the hydrogen into the mate-
rial over a specific time [71]. It is considered an “easier”
procedure than gaseous charging. Additionally, charging
times are typically in the range of hours compared to days
or weeks for gaseous charging. Table 4 gives an overview
of EC charging experiments on pipeline steels from litera-
ture for charging times between 2 and 24 h. The charging
time has a less pronounced effect on the measured hydrogen
content compared to the charging current density, with a
significant effect. This can be seen for the charging experi-
ments of Jin et al. [54] on X100 grade for current density
range from 10 up to 100 mA/cm?, leading to hydrogen con-
tents from 2 up to 20 ml/100 g Fe, respectively. However,
this high hydrogen content of 20 m1/100 g Fe does not rep-
resent the solubility of the material. In that case, the high
current density results in an excessive hydrogen charging in
combination with insufficient hydrogen diffusion. Whereby
insufficient hydrogen diffusion means that a heterogeneous
hydrogen distribution with strong gradients in the hydrogen
content is formed in the material. As a result, the sub-surface
region of the samples is hydrogen supersaturated, provoking
the occurrence of hydrogen blisters by the recombination of
atomic to molecular hydrogen with an anticipated pressure
increase. According to reference [54], the blistering occurred

for current densities > 50 mA/cm?. This suggests that acidic
electrolytes (e.g., like aqueous solution of H,SO,) and/or a
high charging current density are not suitable for charging.
Furthermore, a critical hydrogen concentration for HE was
found at 3.56 ml/100 g Fe for 30 mA/cm?. Although [54]
notes that this value depends on the specific microstructure
and especially depends on respective inclusions in the steel.
In addition, acidic electrolytes like H,SO, generally lead to
an increased hydrogen absorption for pipeline steels com-
pared to alkaline NaOH as charging electrolyte. Hu et al.
[72] confirms that the activity of hydrogen in X80 steel is
higher due to EC charging in H,SO, solution because of a
smaller diffusivity and subsurface hydrogen concentration
compared to alkaline NaOH solution.

Consequence for in-service welding EC charging is not a
realistic experimental approach to reflect pressurized hydro-
gen service and the expected hydrogen uptake by long-term
service into the pipeline material. Therefore, the differences
between HP and EC charging must be considered, in accord-
ance with [63]. Firstly, the underlying mechanism of the
atomic hydrogen generation and adsorption are fundamen-
tally different. In the case of EC charging, the parameter
setting (electrolyte, pH value, charging current or potential)
is highly important to prevent unwanted corrosion processes
on the specimen which influence the charging process. In
addition, the charging temperature cannot be as high as for
HP charging (increasing corrosion rates and finally the boil-
ing point of aqueous electrolytes). Furthermore, Zhao et al.
[76] conclude a heterogeneous distribution of hydrogen for
EC charged austenitic steel (316L) where hydrogen is highly
concentrated at the surface area, which is confirmed for pipe-
line steel X65 by Hagen et al. [71] due to high overpotential.
This is in contrast to gaseous charging, where Zhao et al.
[76] state a homogeneous hydrogen distribution through the
bulk. A reason for that may be the fact that hydrogen gets
“forced” into the material by the applied current and the
potential difference, as the large scattering of the hydrogen
content in Table 4 shows for different charging parameters.
Hence, a (local) oversaturation and blistering can take place

Table 4 Absorbed hydrogen

. . Material Electrolyte t [h] Current [mA/cm?] T [°Cl H [ml/100g Fe] Ref

concentration from EC charging

for selected pipeline steels with StE 210, 0.1 N NaOH 24 5t0 15 * 0.30 to 1.01 [73]

respective charging conditions StE 360,

[54,73-75] StE 480
X70 0.5 M H,SO, 6 0.8 300 0.99 [74]
X80 0.5 H,SO,+Na,S 2 4 melted 6.90 [75]
X100 0.1 M H,SO, 20 10 60 2.00 [54]
X100 0.1 M H,SO, 20 30to 70 60 3.56t011.24 [54]
X100 0.1 M H,SO, 20 100 60 19.69 [54]
*Not reported
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[54,71, 76]. Summarized, EC charging is “simple and fast”
screenings of HE behavior of materials but not suitable for
future high-pressure gas service, especially for the charac-
terization of hydrogen uptake of pipeline materials as one
of the three possible major hydrogen sources (see Fig. 3).

However, in-situ testing of the mechanical properties and
HE effects is technically complex for both methods. This is
because the specimen needs to be mounted in a respective
testing machine while exposed to EC solution or hydrogen
(pressure) gas [77-80]. An alternative approach is the hol-
low specimen method, described in ISO 7039 [81]. In this
method, tensile test specimens are provided with a longi-
tudinal hole where pressurized hydrogen can be applied.
Mostly, slow strain rate testing is conducted for testing
pipeline steels. Right after specimen failure, the specimen
can get frozen in liquid nitrogen to quantify the hydrogen
amount later, using carrier gas hot extraction (CGHE) or
similar methods [55, 82]. The hollow specimen gives the
potential to directly link the mechanical properties of a
specimen to its hydrogen content and therefore is a highly
capable approach to determine the suitability of steels (or
other metallic materials) for hydrogen service. But in fact,
currently, this technique is also not suitable for the testing
of in-service conditions due to the small sample size, inde-
pendently of HP or EC charging.

3.6 Current recommendations for in-service
welding on hydrogen pipelines

Both the EIGA 121/14 (hydrogen pipeline systems) [35] and
the ASME B31.12 code (hydrogen piping and pipelines) [6]
imply the risks involved when welding on or onto pressur-
ized/in-service hydrogen pipelines by stating that in-service
welding procedures shall be avoided “[...] if possible [...]”

and “[...] not as routine procedure [...]”. Nevertheless, both
describe procedures and provide safety-relevant information
for in-service welding on hydrogen pipelines. Also, in 2021,
the DIN EN 12732 [33] supplemented its area of application
to “ [...] non-conventional gases such as biomethane and
hydrogen [...]”, and also the guideline DVGW GW 350 (A)
[31] implemented hydrogen transportation aspects.

On the one hand, the ASME B31.12 [6] gives some
restrictions for hot-tapping conditions, e.g., the verification
of the wall thickness and the material hardness in advance of
the hot-tap process, as shown in Table 5. On the other hand,
it does not give detailed practical recommendations for the
hot-tapping process. Nonetheless, any peening or strength-
ening of the weld seam is not allowed in principle. Patch
welds are entirely prohibited for hydrogen pipelines; only
full encirclements or a hot taps shall be used. Additionally,
a hot tap thermal analysis program shall be used to analyze,
review, and provide the gas flow and welding parameters
during hot tapping.

The EIGA 121/14 [35] declares the possibility of metal-
lurgical changes of the pipe material due to localized heat-
ing adversely affecting the pipe integrity. It also describes
the influence of hydrogen absorption into metallic materi-
als and the possible embrittlement effect. Regardless, the
potential risk of significantly increased hydrogen absorp-
tion due to elevated temperatures during in-service welding
and potential austenitization of the inner pipe wall is not
clearly pointed out. Nonetheless, the EIGA 121/14e gives
some clear restrictions to hot-tapping in hydrogen service,
shown in Table 5. For example, the pipe wall should have a
minimum wall thickness of 6.4 mm, which corresponds with
what ASME B31.12 [6] demands (6.35 mm). This automati-
cally has an influence on the maximum temperature on the
inner pipeline surface (in general a thicker wall leads to less
temperature on the inner surface when using the same heat

Table 5 Restrictions for
hydrogen pipeline hot-taps
according to ASME B31.12 [6]

Hot-tap conditions

Limits according to

ASME B31.12 [6] EIGA 121/14 [35]

and the EIGA 121/14 [35]
Wall thickness

Specified minimum yield strength (SMYS) *

Operation temperature
Ambient temperature
Operating pressure
Pipeline hardness
Distance to flange weld
Distance to girth weld
Internal lining or coating

Rotating or reciprocating equipment

>6.35 mm >6.4 mm
<360 MPa

* <121°C

* >0°C

* <62 bar

<225 HB <225 HB

* >46 cm

>7.5cm >7.6 cm

None None

Equipment upstream of hot-
tap (unless it is protected)

Equipment upstream of
hot-tap (unless it is
protected)

*Not defined

@ Springer



Welding in the World

input). As practical recommendations for in-service welding
on hydrogen pipelines, the EIGA 121/14 [35] points out that
the pressure shall be minimized while the gas flow shall be
maintained at any time. Last mentioned is highly important
from a material degradation standpoint because of the cool-
ing effect of the flowing gas on the inner pipeline surface.
The hydrogen absorption of a material is directly correlated
to the temperature, which in this case means less hydrogen
absorption due to lower temperature because of maintain-
ing the gas flow. For hydrogen pipelines, that cooling effect
is expected to be greater than for NG pipelines. This is due
to the higher heat capacity of hydrogen compared to NG.
However, a high cooling rate increases the hardness, which
possibly requires PWHT of the welded joint. Regarding the
hardness, the EIGA 121/14 and the ASME B31.12 [6] both
give a limit of 225 HB, see Table 5. For the hot-tapping
itself, the attached assembly shall be pressure tested and
purged from oxygen with at least five pumping cycles. The
removal of oxygen is of utmost importance due to the high
explosivity of hydrogen/oxygen mixtures. For that reason,
the EIGA 121/14 [35] intends to use an oxygen detector for
the hot-tapping.

The standard DIN EN 12732 [33] and the technical rec-
ommendations of the German Association for water and gas
DVGW GW 350 (A) [31] refer to each other, respectively. The
aim of both is clearly stated as “[...], minimizing the hydrogen
ingress into the weld seam [...]”, i.e., limiting the hydrogen
from the welding process itself (case 2, see Fig. 3). The main
points mentioned according to the hydrogen content and possi-
ble cracking are: usage of low hydrogen electrodes (HD 5 clas-
sification [33]) is generally recommended [31, 33]. Further, for
welding of fillet and HV welds (single bevel groove butt welds
for T-joints in case of nozzle welds) with SMAW, no cellu-
lose-coated electrodes are allowed [31]. Further recommended
procedures are: (1) preheating, (2) reducing the gas flow rate
(reduction of cooling effect), (3) temper bead technique, and
(4) potentially endangered weld seams shall be inspected after
welding and monitored for at least 24 h after welding [33].
However, low alloyed pipeline steels are meanwhile regarded
as less susceptible to HE due to their relatively low strength,
hardness, and vice versa their high ductility and toughness. In
particular, (5) dissimilar ferritic/austenitic weld joints are not
permitted [31]. Furthermore, (6) the inner surface (exposed
to hydrogen gas) temperature shall be controlled. According
to DIN EN 12732 [33], the inner surface temperature should
be < 120°C, but no reference is given about how this tem-
perature limit was selected. However, to stay below 120°C
on the inner surface while in-service welding is not realistic
for the vast majority of weld joints, especially on thin-walled
pipelines. Therefore, more specific investigation is needed to
determine the inner surface temperature due to different weld-
ing parameters. Additionally, numerical simulation models to
predict the inner surface temperature are needed, as the direct/
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in-situ and in-field control of the inner surface temperature for
in-service pipeline welds is challenging or simply impossible.
Of course, the models also require validated realistic experi-
mental approaches.

All mentioned references agree that for in-service weld-
ing on or onto hydrogen pipelines, a high effort evaluating
the process prior (e.g., to review thermal stress, select proper
welding parameters, checking welding location for imperfec-
tions) is needed, just as general high safety standards and an
in-depth follow-up NDT inspection. The current findings can
be summarized like the following:

e Increased temperatures (especially on the inner pipeline
surface exposed to hydrogen gas) will lead to increased
hydrogen in the pipeline material. This is mainly influ-
enced by the heat input and the wall thickness of a pipe-
line. The effect of different heat inputs on the temperature
field during welding on a given pipe geometry should be
investigated in detail.

e Consequently, the definition of a minimum wall thick-
ness for safe in-service welding on hydrogen pipelines is
perhaps necessary. Currently, DVGW GW 350 (A) [31]
gives a minimum pipe wall thickness of 3.2 mm for in-
service welding that generally must be maintained, while
ASME B31.12 and EIGA 121/14 are more conservative
for hydrogen pipelines and only allow hot-taps on pipe
walls with a minimum thicknesses of 6.35 mm (ASME)
or 6.4 mm (EIGA).

¢ In addition, hydrogen uptake of pipeline steels during
welding and resulting effects on mechanical properties
need to be measured. This requires suitable testing meth-
ods that might include gaseous charging experiments or
the development of mock-ups or component-like tests
[37].

4 Overview on dedicated research projects
on in-service welding on hydrogen (and
blended) pipelines

Research projects specifically focusing on in-service weld-
ing on or onto pure hydrogen or NG pipelines blended with
hydrogen are rare so far. Nonetheless, dedicated projects
already conducted basic experiments and some component-
like welding tests to investigate the transferability of NG
grid in-service welding concepts like hot-tapping to hydro-
gen or hydrogen blended NG pipelines.

4.1 International project “In-service welding
of methane/hydrogen mixture pipelines”
by DNV and industry

Detailed investigations of the material behavior and hydro-
gen absorption of different pipeline steels was the aim of the
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research project by DNV (as certification body) and industry
partners [40, 83, 84]. The project focused on single bead-on-
pipe welding experiments on component-like, pressurized
demonstrators (constructed from pipeline sections, as shown
in Fig. 6) to simulate different pipeline variants. On the one
hand, the tested variants consisted of “older” materials (pre-
1960) with lower strength (e.g., X42) and therefore relatively
high sulfur and carbon content. In addition, “newer” high-
strength steels (after 1980) were also investigated, such as
X52. The results of the investigation include various depend-
encies and provide a good representation of NG grids, which
include both reused NG grids and newly constructed pipe-
lines. Two different wall thicknesses (7.1 mm and 3.9 mm)
for the different material grades were investigated as the
most important material dimension. Tests were carried out
to weld a single bead on a pipe section under the pressure of
mixed NG and pure hydrogen. The aim of the project was
to determine limits for the inner surface temperature and to
define a maximum (i.e., tolerable) limit for the HAZ hard-
ness. In this regard, DNV recommends limiting the inner
surface temperature to below the austenitic transformation
temperature (< 723 °C). They concluded that this is not too
restrictive for thicker-walled pipelines, but it may be chal-
lenging for thinner-walled pipelines. If it is not possible to
stay below the recommended limit of 723 °C on the inner
pipe wall surface, e.g., due to thin-walled pipelines, addi-
tional measures should be taken by further limiting the max-
imum allowable HAZ hardness [83]. Therefore, DNV refers
to their previous work [43] on developing HAZ hardness
acceptance criteria depending on the weld hydrogen level,
the carbon equivalent (CE;y, level) and the corresponding
pipeline wall thickness. The DNV developed HAZ hard-
ness limits for certain CEyy levels and wall thicknesses for

Fig.6 Developed procedure for
a a mechanized single bead-on-
pipe weld, b a completed weld
on the pressure vessel-like pipe
section, and ¢ cryogenic sample
extraction from weld seam with
kind permission of DNV

weld hydrogen levels <4 ml/100 g Fe, <8 ml/100 g Fe, <16
ml/100 g Fe, and approximately 40-60 ml/100 g Fe. Fur-
ther details on the exact limits are published by Bruce and
Etheridge in [43].

Additionally, the project by DNV investigated the influ-
ence on the weld hydrogen level after long-term exposure to
blends of methane and hydrogen. Therefore, vessels with a
wall thickness of 7.1 mm were pressurized with a mixture of
70% methane and 30% hydrogen at 55.2 bar (16 bar hydro-
gen partial pressure) at ambient temperature for approxi-
mately 4.5 months. Experiments were conducted on lower
strength “older” steel and higher strength “newer” steel with
different insider surface conditions, respectively. The inner
surface as-is and in polished condition were tested to inves-
tigate the influence of mill scale and oxides. After long-term
exposure with the pressurized blends, welding experiments
on the pipeline sections of the vessels with a single heat
input were conducted.

The weld hydrogen level of all welds was quantified by
gas chromatography after hot extraction at 150 °C for 6 h
[83]. Therefore, the weld seam was rapidly cooled down
with liquid nitrogen (LN,) and then stored under cryogenic
conditions after welding to prevent hydrogen effusion.
Finally, sample extraction was conducted by cryogenic
machining for the same reason (see Fig. 6¢). It is impor-
tant to notice that the measured hydrogen content in the
samples (including pipe wall/HAZ and weld metal) was
referred to the weld metal according to ISO 3690 [70] or
AWS A 4.3 [85]. In general, for the thicker materials (7.1-
mm wall) a small or moderate increase in weld hydrogen
level of 1 ml/100 g Fe to 1.3 ml/100 g Fe depending on
the welding heat input (higher heat input causes increased
hydrogen levels in the weld joint) can be expected for
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methane with 30% hydrogen. The pressure or material
had no significant effect. However, for thinner-walled
materials (3.9 mm) a more significant increase in weld
hydrogen level of up to 7.8 ml/100 g Fe was investigated.
The measured hydrogen levels on thin-walled materials
depend on the heat input as for the thick-walled ones.
Further, the “older” steels seem to be affected by the gas
pressure but not the “newer” steels. In terms of the long-
term exposure to hydrogen/methane blends before weld-
ing, the weld hydrogen level did not significantly increase
compared to the experiments without long-term exposure
before welding.

Finally, a series of burnthrough experiments with hydro-
gen/methane blends and pure hydrogen was performed
[40]. It has been demonstrated that burnthrough with pure
hydrogen is highly likely to ignite, and the resulting flames
are invisible (see “Sect. 3.1”). Burnthrough with methane/
hydrogen blends is more likely to ignite than pure methane.
In summary, burnthrough in conjunction with hydrogen
has been confirmed to be a threat to be taken seriously, and
every effort should be made to avoid it.

The experiments and subsequent hydrogen quantifi-
cation that were done in this project gave a first indica-
tion of the possible hydrogen absorption by welding on
pressurized pipelines and supported the assumption of
increasing hydrogen absorption due to the (partial) aus-
tenitization of the material on the inner surface of the
pipeline. A detailed investigation of the transferability of
the demonstration concept to on-site and in-service weld-
ing is nevertheless necessary. In this respect, the single
bead-on-pipe welding carried out should be extended by
realistic multi-layer fillet welds. Furthermore, to deter-
mine a critical limit for hydrogen in the material, the dete-
rioration of the mechanical properties must be related to
the hydrogen content. Therefore, a further extension to
different material grades, welding parameters, and geom-
etries (wall and weld thickness) must be made.

Fig. 7 Full scale a test setup
and b welding on pressurized
pipeline section with kind
permission of N.V. Nederlandse
Gasunie
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4.2 National project“HyTap” by N.V. Nederlandse
Gasunie, DNV, T.D. Williamson Pipeline
(Netherlands)

In 2023, the Dutch gas grid operator N.V. Nederlandse
Gasunie in collaboration with DNV (as certification body)
and the hot-tapping equipment supplier and developer T.D.
Williamson Pipeline (USA) has conducted a field test of a
full scale in-service welding on a hydrogen pipeline section,
as shown in Fig. 7. For the first time worldwide, a full hot-
tapping and stoppling procedure was successfully conducted
on a realistic test setup consisting of a DN500 pipeline with
a wall thickness of 7.8 mm, pressurized with pure hydro-
gen to 66 bar [86, 87]. As a pre-examination, a parametric
study was performed on a segment of the pipeline used in
the experiment. This was done to identify welding param-
eters that would result in a maximum inner wall temperature
below 700 °C during hot-tapping. On the one hand, this was
a safety measure to minimize the risk of burnthrough; on the
other hand, it prevented austenitization (at 723 °C) on the
inner pipeline surface. After completion of the experiment,
the weld seams were monitored for 72 h. During this time-
frame, no hydrogen induced cracking was observed. HyTap
was the first research project aimed at adapting the hot-tap-
ping procedure to a hydrogen pipeline, and it successfully
achieved this goal. However, it was based on a single experi-
ment with a specific geometry and weld parameter sequence.
Therefore, the transferability to a diverse hydrogen grid is
limited. To comprehensively investigate in-service weld-
ing on hydrogen pipelines, further studies are necessary to
evaluate the influences of different materials, pipe geom-
etries, and welding parameters. The project demonstrated
the general feasibility of safe hot-tapping on or onto pressur-
ized hydrogen pipelines. No validated information regard-
ing the implementation or planning of additional tests could
be found in the literature. However, further investigations
appear to be conceivable.
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4.3 National project “The LTS Futures Project”
by SGN (United Kingdom)

This United Kingdom (UK) based project consists of six
main elements/parts. Koronka et al. [57] present first results
of “Element 2, Laboratory Material Testing” and ““ and
“Element 3, Offsite Testing”. The tested materials were
from three vintage pipelines (grade X52 or L360) installed
between 1969 and 1976 with a diameter of 457 mm (9.5 mm
and 6.4 mm wall thickness) and 610 mm (with 11.9 mm wall
thickness). The pipelines base materials and respective girth
welds have been investigated. Results of Element 2 show
that only two of the pipelines met the requirements for the
chemical composition of the specifications at the time of con-
struction, while only one pipeline met the requirements in the
current API Spec 5L [4]. Nonetheless, the carbon equivalent
(CE) for all pipelines was below the limit of 0.43 given in the
recommendation “IGM/TD/1 Edition 6 Supplement 2 — High
pressure hydrogen pipelines” [88] used in the UK. Due to
this, an additional assurance for pipeline welding experi-
ments is assumed. A relatively high hardness up to 272 HV5
was measured in one pipeline but only in the HAZ of girth
welds. Further, tensile testing (SSRT and standard rate) in
gaseous hydrogen and air was performed. Main findings were
a reduced reduction of area (RA) for BM and WM under
hydrogen gas compared to air. This indicates a loss of ductil-
ity and is in accordance with other publications [46, 47, 63].

As special interest, Element 3 demonstrated that weld-
ing and drilling as parts of hot-tapping can be conducted
safely on hydrogen pipelines as also demonstrated in the
“HyTap” project (see “Sect. 4.2”). An appropriate welding
procedure for the welding of two split tees under hydrogen
service was developed by the ROSEN Group. Therefore,

Fig.8 Welding of a horizontally
aligned split tee to a pipeline
section in the constructed
hydrogen flow loop as part of
“The LTS Futures Project”, with
kind permission of Scotia Gas
Networks, Edinburgh, UK

a flow loop for hydrogen was conducted using a pipe sec-
tion with a 457-mm diameter and 6.35-mm wall thickness.
Prior to the welding trials, an NDT inspection of the pipe
was conducted by MT and UT to ensure defect-free welds
within the intended hot-tapping area and the pipe is within
all geometrical tolerances. In advance, heat decay and weld
cooling trials were performed for different pressures (7.1 bar
to 18.7 bar) and flow rates (0 m/s to 5.6 m/s) to understand
heat transfer/decay on hydrogen pipes. During actual weld-
ing experiments on the hydrogen pipeline, the gas flow rate
varied between 1.25 and 3 m/s at a pressure of 20 bar. This
resulted in hoop stresses of 20% of the specified minimum
yield strength (SMYS) of the pipeline material. The loop was
pressurized for 69 days at ambient temperature to simulate
the service behavior of the hydrogen pipeline (case 1, see
Fig. 3). After that, the split tees were successfully welded to
the pipe with circumferential fillet welds, as shown in Fig. 8.
After finishing, the welded tee was decommissioned for fur-
ther material testing of the component. The material test-
ing results (e.g., fatigue tests) are not published yet (March
2025). As outcome, Koronka et al. [57] concluded, “[...] live
welding, tee attachment and under-pressure drilling can be
safely conducted on hydrogen pipelines in accordance with
appropriate procedures [...]".

Additionally, full-scale burst and fatigue tests on ves-
sel-like components were performed with water and with
hydrogen to determine the effect on pipeline defects from
hydrogen exposure. Therefore, external (e.g., dents, gouges,
blunts, and cracks) and internal defects (cracks) with defined
dimensions were introduced. Before hydrogen testing, the
material was “hydrogen soaked” for 96 h, pressurized with
14 bar hydrogen while applying heat to the defect. Further,
the vessels were pressurized to 20 bar hydrogen after heating
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was removed and remained for 98 days at this pressure. The
burst pressure of external defects was not significantly dif-
ferent when comparing water and hydrogen conditions. This
is in accordance with Lukécs et al. [89], who also performed
full-scale burst tests under hydrogen influence and with exter-
nal notches on P355 vessels with respective girth welds. The
components withstood multiple times the operational pres-
sure. However, the burst pressure of the internal defect under
hydrogen influence was lower than predicted (47.1 bar) as
shown in [57]. Detailed information on the conducted test can
be found in [90]. Fatigue tests on vessels with similar defects
are in progress and not yet published. The project demon-
strates, similar to “HyTap” (see “Sect. 4.2”) that hot-tapping
can be applied to hydrogen pipelines. However, further stud-
ies are necessary, especially for higher-strength materials like
X60 and X70, which will be the preferred choice for newly
installed pipelines (smaller wall thickness, related welding,
and labor cost effects for pipe-to-pipe joints).

4.4 National project“H2-SuD” by BAM, industry
and DVGW (Germany)

In this ongoing collaborative project by Bundesanstalt fiir
Materialforschung und -priifung (BAM), the German Technical
and Scientific Association for Gas and Water (DVGW), as well
as numerous NG grid operators like ONTRAS Gastransport
GmbH and Open Grid Europe GmbH, a comprehensive inves-
tigation of the influence of hydrogen and welding on pipeline
steels is in the focus. The project entails gaseous HP charging
experiments to quantify the hydrogen content of different pipe-
line steels resulting from normal operating conditions (similar
to the “LTS Futures Project”, see “Sect. 4.3") up to 100 bar and
to 60°C as well as elevated temperatures up to 250°C.
Further, welding experiments are carried out on a simulta-
neously developed simplified test setup/mock-up (“type I”’) to
allow the measurement of temperature fields during welding

TsT,
Tl
Ty,
R RLER 7S

Fig.9 Simplified test setup/mock-up “type I": a measurement of ther-
mal field during welding, b attached thermocouples on plate (7}, T5),
outer pipe (T, T,, T3) and inner pipe surface (T, T, Tg), ¢ exemplary
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for different pipeline geometries [37], a typical example is
shown in Fig. 9. As mentioned in “Sect. 3.4”, the temperature
monitoring is of vital interest to characterize the hydrogen
uptake and especially the diffusion in the welded joints during
welding and cooling. The experiments are done on materi-
als with different strength levels, in used and new conditions.
Materials in used condition are segments of NG pipelines,
which partially were in service for several decades while new
materials are from fabricated pipeline sections that never were
in use (stock items). All produced weld seams are character-
ized by metallurgical investigation, hardness measurements,
and determination of residual stresses by X-ray diffraction
(XRD). All gathered data from these experiments is used to
create models for the numerical simulation of the welding pro-
cess and resulting hydrogen diffusion and distribution.

Finally, experiments on a mock-up “type II”” are con-
ducted representing in-service welding on pipelines pres-
surized with 100% hydrogen at pressures up to 100 bar. The
test concept and first results are closely described in [91,
92]. One of the most important outcomes is the possible
quantification of the different shares of hydrogen sources vs.
the total absorbed hydrogen in the weld seam. The sources
are in accordance with Fig. 3:

e Case (1): the pipeline itself due to the service-load with
hydrogen, which is identified via autoclave charging of
HP charged coupons of the investigated materials,

e Case (2): the welding consumable and welding process
parameter effects, which are ensured by measurements in
accordance to ISO 3690 [70] and

e Case (3): the welding onto the pipeline itself, which is
examined by sample extraction from the mock-ups of
“type II”” as shown in the following.

If compared to the DNV project (bead-on-pipe seam, see
“Sect. 4.17), the “H2-SuD” allowed for the first time the
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Fig. 10 Scheme of a mock-up
“type II”” concept and b sample
extraction routine for hydrogen
quantification

bracket

welding

diffusible hydrogen quantification from real girth welds. For
this reason, Fig. 10a shows the developed mock-up “type II”
geometry (developed and tested at Open Grid Europe GmbH)
and Fig. 10b shows the sample extraction routine for the
hydrogen quantification, respectively. The extraction routine
includes quenching and storing the demonstrator/samples
at —196 °C in liquid nitrogen (LN,). Hence, the diffusible
hydrogen content is of interest; this is done to minimize the
diffusion and effusion of hydrogen after the welding experi-
ments are finished and before CGHE. Milling for sample
extraction was as well performed at cryogenic temperatures
due to that reason [91]. For CGHE, the cryogenically stored
samples got defrosted and the diffusible hydrogen content
measured at 400 °C (according to ISO 3690 [70]) using a G8
Galileo hydrogen analyzer (Bruker AXS, Germany) with a
coupled mass spectrometer ESD 100 (InProcess Instruments,
Germany) [92]. Further details on hydrogen quantification
using CGHE can be found in [93].

The investigations of project H2-SuD described above
represent a holistic approach to examine the transferability
of in-service welding procedures from NG to hydrogen pipe-
lines in depth. The focus clearly is on investigating the influ-
ence of hydrogen absorption and possible material degrada-
tion, particularly for the special case of in-service welding.

Preliminary results of the H2-SuD project indicated that
virtual hydrogen uptake into the pipeline steel under nor-
mal operation conditions takes place in case 1 (see Fig. 3),
which is in accordance with the findings of Table 3. Fur-
thermore, the initially supposed high temperature hydrogen
attack (HTHA) could not be detected after autoclave experi-
ments on specimens at 100 bar hydrogen pressure for 21
days at 300°C (HTHA is a special HE mechanism in metals
exposed to hydrogen at elevated temperatures and pressures
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[94]). However, for case 3 (welding on the pipeline), first
experiments with the mock-up “type I’ (see Fig. 9) dem-
onstrated that the austenitization temperature of 723 °C on
the inner pipeline surface was reached or surpassed when
applying welding parameters commonly used on NG pipe-
lines by German gas grid operators, especially in the case
of thin-walled pipelines with a thickness < 6 mm. Addition-
ally, first results from mock-up “type II”” experiments under
hydrogen pressure confirmed a locally increased hydrogen
uptake while welding. Correlations between inner surface
temperature and hydrogen uptake can be drawn based on
increasing hydrogen content measured for decreasing wall
thickness or increasing weld heat input. For example, on one
hand, when using comparable welding parameters, a maxi-
mum hydrogen content of 4.9 m1/100 g Fe was observed for
a wall thickness of 4.1 mm, compared to 2.1 m1/100 g Fe for
a wall thickness of 5.7 mm. On the other hand, the hydrogen
content measured was nearly the same (6.9 ml/100 g Fe and
7.3 ml/100 g Fe); although, the wall thickness and welding
heat input were much different (4.1 mm wall thickness and
10.8 kJ/cm versus 7.1 mm and 24.8 kJ/cm) [92]. Further-
more, the results indicate that additional hydrogen uptake is
probably not solely related to the higher inner surface tem-
perature, but also to the austenitization of the inner surface
and conversion of surface oxides. The conversion of surface
oxides particularly means the reduction of iron oxides on
the inner pipeline surface by gaseous hydrogen acting as
a reductant. Iron oxides form easily on low alloyed ferritic
steels and can be expected on newly fabricated pipelines as
well as, to a much greater extent, on NG pipelines that were
in-service previously. The underlying phenomenon is the
possible iron oxide reduction to metallic iron through up to
three (temperature-dependent) reversible reactions occurring
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in series: (1) hematite (Fe,O5) reduces to magnetite (Fe;0,),
(2) the magnetite reduces to wiistite (FeO) (this reaction
only occurs at temperatures > 1116.15 °C), and (3) eventu-
ally metallic iron (Fe) is formed [53]. Reactions (2) and (3)
produce water (H,0) [53], which may undergo immediate
thermal dissociation due to the elevated inner pipeline sur-
face resulting from the welding heat input. This would pro-
vide the presence of atomic hydrogen (H*) directly adsorbed
onto the steel surface, potentially resulting in an increased
absorption of hydrogen into the material. With increasing
temperature, the reduction rate also increases [95] which
possibly leads to a higher concentration of atomic hydrogen
at the steel surface and, consequently, to an elevated hydro-
gen absorption rate. However, this mechanism has not yet
been conclusively proven.

Accordingly, a multi-layer welding technique with thin
passes should be preferred compared to large weld seams.
The reason is the tailored weld heat input that limits the
maximum inner surface temperature exposed to the hydrogen
flow. Conclusively, the overall aim is to keep the hydrogen
below a potential crack critical level. However, investigations
are still ongoing. Therefore, additional mock-up experiments
using NG pipes, which were in service for several years and
have highly corroded inner surfaces, are planned.

5 Conclusions

Hydrogen is the energy carrier for a sustainable future and
requires a reliable transportation infrastructure. In that con-
nection, a two-way strategy of the conversion of existing
national natural gas (NG) grids and the erection of new
hydrogen pipelines is followed worldwide. In some cases,
it is necessary to carry out welding work on pipelines while
they are under pressure, e.g., the well-known hot-tapping in
NG grids. This in-service welding brings additional chal-
lenges for hydrogen operation. Fundamental experimental
surveys are required to investigate the possibility of the
transferability of the state-of-the-art concepts from NG to
hydrogen pipeline grids. For this reason, the current study
introduces and briefly summarizes the state-of-the-art in-
service welding concepts for NG pipelines as well as the
current challenges that arise from hydrogen service. Current
research projects are introduced and their individual solution
strategies for the problems that may arise. Different hydro-
gen charging methods and their limitations are presented and
discussed. The following conclusions can be drawn from
the study:

e In view of the known effect of hydrogen on a embrittle-
ment (HE), the compatibility of the pipeline materials
(especially in use) must be investigated. Initial compre-
hensive studies on the hydrogen compatibility of low-
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alloyed steels for typical NG pipeline materials indicate
that they can be used to a certain extent. However, hydro-
gen pipelines will require frequent maintenance or some-
times repair work.

The available EIGA 121/14 or ASME B31.12 recom-
mendations, as well as DIN EN 12732 and DVGW GW
350 A, give first boundary conditions for hot-tapping
of hydrogen pipelines but must be further specified.
Especially, limiting values for the minimum tolerable
wall thickness must be evaluated. The reason is the
maximum inner surface temperature to limit the hydro-
gen uptake during the welding operation.

In general, a multi-layer welding technique with thin
passes should be preferred compared to large weld
seams. The reason is the tailored weld heat input that
limits the maximum inner surface temperature exposed
to the hydrogen flow. The explanation is to keep the
hydrogen below a potential crack critical level. In addi-
tion, the tailored heat input limits both the welding
residual stresses and the hardness achieved. Hence,
the cracking susceptibility can be a priori additionally
decreased (avoidance of critical microstructure and
additional mechanical loads by welding).

Especially for pressurized hydrogen service, basic test-
ing of pipeline steels e.g., by EC charging and tensile
testing is insufficient. The reason is the questionable
transferability of the hydrogen charging and loading
conditions of tensile samples to real pipelines. From
that point of view, component-like tests with weld
joints on scaled mock-ups or demonstrators are strongly
recommended. In this connection, the “LTS Futures
Project” and “HyTap” project were pioneering for full-
scale field tests demonstrating the successful adaption
of the hot-tapping concept to hydrogen. In terms of
basic material screenings for hydrogen compatibility,
only high-pressure charged samples should be inves-
tigated. In that connection, the relatively new hollow
cylinder tensile sample concept is of high interest [81].
Due to the complexity of the applied pipeline mate-
rials (e.g., divergent strength, wall thicknesses and
diameter), a large variety of welding heat inputs and
material combinations should be investigated. For that
purpose, the introduced worldwide research projects
deliver already a large data base. Nonetheless, specific
“critical” combinations of high hydrogen uptake and
mechanical loading (e.g., in case of thin wall-thick-
nesses and high-strength materials such as L485 or
X72) should be individually assessed.

Both the “In-service welding of methane/hydrogen
mixture pipelines” (international) and “H2-SuD” pro-
ject (Germany) allowed insights in realistic hydrogen
uptake during welding on pressurized mock-ups. First
results show that an increased hydrogen uptake must
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be anticipated but was not critical for the investigated
mock-ups. Nonetheless, the transferability on larger
diameter pipelines must be investigated.

e Last but not least, the partially controversially discussed
effect of geometrical imperfections (e.g., the depth of
holes or dents on the surface or allowance of slags/layers)
needs special consideration in case of in-service weld-
ing. Currently, it is not fully secured if maximum limits
for pipeline material defects need to further be limited.
In that case, this could influence the applicability of the
weld repair concepts, especially for old, used pipeline
materials (but currently remains an open question).
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