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Summary 

In connection with the construction of new high-pressure gas pipelines or their conversion, the 
suitability of the materials used within the context of complex fracture-mechanical 
investigations has to be evidenced in line with the DVGW Code of Practice, depending on 
pipeline design and the materials used. In order to simplify this currently necessary process, 
the DVGW initiated the SyWeSt H2 research project whose objective was to investigate the 
fracture-mechanical material behaviour of the steel grades in use. 

As part of this project, fracture-mechanical tests were performed on a representative cross-
section of typical pipeline steel grades used in Germany (and, in some cases, elsewhere in 
Europe). With respect to all tested pipeline steel grades, the investigations demonstrated their 
suitability for hydrogen transmission since both the stipulated minimum fracture toughness was 
adhered to and crack growth behaviour corresponded to the expected values. 

In comparison to ASME B 31.12, it was possible to extend the scope of application with regard 
to the description of crack growth. This particularly relates to the additional introduction of the 
influence of both mean stress and hydrogen pressure on crack growth. 

Due to the established relatively low-level scatter for crack growth in materials of a different 
strength and a very different age, it can be concluded that comparable materials which were 
not tested in this project are covered by the test results. Thus, the intended objective of the 
SyWeSt H2 research project was achieved for the group of pipeline steel grades and the 
pipeline steel grades used in plants. 

Because the test programme necessarily focussed on steel grades used in pipelines and 
plants, only a few materials which are normally used for valve housings could be tested. These 
tests also predominantly demonstrated the suitability of the materials involved for use with 
hydrogen. Since the range and possible microstructures of these frequently cast materials 
could, however, not be covered by the research project by a long way, it is recommended to 
perform further tests, at least for this group of materials. 
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1 Terms of Reference 

For hydrogen transmission within the German gas grid, it is imperative to obtain a clearly 
defined assessment of steel components for hydrogen suitability and relevant implementation 
in the DVGW Codes of Practice. Within this context, DVGW Code of Practice G 409 [1] (for 
the conversion of pipelines to hydrogen transmission) and DVGW Code of Practice G 463 [2] 
(for the construction of new pipelines), for example, have been specifically aligned to hydrogen 
as a transmission medium. Both these codes of practice may require a fracture-mechanical 
assessment of pipelines and pipeline components, with fracture-mechanical parameters being 
required as input variables. 

So far, it was only in ASME B 31.12 [3] that these parameters were specified in an international 
code of practice. They specifically involve minimum fracture toughness (KIc) and the 
description of crack toughness (da/dN) with hydrogen as a medium. However, the parameters 
specified in ASME B 31.12 were based on investigations on US materials which are very 
similar, but not identical, to the materials used in Germany and elsewhere in Europe. 
Furthermore, the conversion of existing older natural gas pipelines (comprising older materials) 
is of very considerable interest particularly for the scope of application of the DVGW Code of 
Practice, although a direct transferability of the US investigations was considered to be 
problematic. 

Hence, within the context of the DVGW’s extensive SyWeSt H2 research project, fracture-
mechanical investigations were performed specifically for the pipeline steel grades used in 
Germany (and, in some cases, elsewhere in Europe) with hydrogen as a medium. The 
objective of this project was to compare the established fracture-mechanical parameters with 
the results on which ASME B 31.12 is based for the purpose of validating their application to 
steel grades used in Germany and, where applicable, drawing up a modified correlation for 
crack growth. 
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2 Basic Procedure for Performance of Fracture-
Mechanical Tests 

The material to be investigated was obtained from high-pressure gas pipeline sections 
featuring different pipe diameters and wall thicknesses, focussing not only on the base material 
but also on the weld areas (longitudinal welds, spiral welds, on-site girth welds (Figure 2.1). 

 

Figure 2.1: Cross-section of a submerged arc-welded steel pipe 

Due to the different pipe geometries of gas transmission pipelines, the  sample size for fracture-
mechanical testing is in some cases restricted. Because of the, in some cases, thin walls, the 
standard samples were so small that they were no longer capable of being tested from a 
technical point of view and the validity of the test results was limited. For reasons of 
comparability, the dimensions of the samples from different pipes are to be similar. Hence, a 
sample form corresponding to the contour of a C(T)20 sample was selected (Figure 2.2). As a 
rule, a sample thickness of 10 mm was used wherever possible. This sample thickness was 
reduced in some cases (e.g. in the case of an excessively thin wall). 
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Figure 2.2: Sample geometry for static tests (left) and cyclical tests (right) 

The samples were marked on the pipe and sawn out and a blank was then milled. On weld 
joints, the front faces were also ground and slightly etched in order to make the weld visible. 
The notch plane was then defined on the marking table so as to serve as a reference plane for 
production. The bolt holes and the notch contour of the samples were cut out by means of the 
wire-eroding method. 

 

Figure 2.3: Removal of samples from a spiral welded pipe 

Prior to testing, an approx. 2 mm fatigue crack has to be made on the samples. The conditions 
applicable for subjecting the samples to cyclical load are specified in ASTM E1820-20 [4]. The 
maximum load when subjected to cyclical load has to be less than the load at the beginning of 
the actual test. The samples for the cyclical tests have an initial crack depth ratio of approx. 
0.3. In the static crack resistance curve tests, this ratio is about 0.5. After being subjected to 
cyclical load, the C(T) samples of the static tests were 20% side-notched at the crack tip on 
the crack plane in order to increase the multiaxiality of the stress condition. 
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2.1 Test Set-up for Performance of Fracture-Mechanical Tests in 
Hydrogen Atmosphere 

In order to establish the impact of hydrogen, the samples had to be exposed to a pressurised 
hydrogen atmosphere during testing. 

The hydrogen atmosphere was provided in autoclaves which enabled the load to be applied 
to the sample by way of a suitably sealed piston operation (Figure 2.4). 

 

Figure 2.4: Servohydraulic testing system of MPA Stuttgart using an integrated hydrogen 
autoclave 

Prior to testing, the sample was clamped in the autoclave whose lid was then closed. The 
necessary level of gas purity was obtained by flushing the sample with hydrogen several times. 
The hydrogen was then added at the pressure intended for test purposes. The autoclave is 
provided with thermal elements and a clip gauge for the purpose of monitoring the test 
parameters. The level of force applied is measured by a load cell installed outside the 
autoclave. 

2.2 Cyclical Tests: Testing and Evaluation as per ASME E647 [5] 

The test load F was calculated from the load K applied at the beginning of the test and from 
the ratio Kmin/Kmax (R ratio). Testing was performed load-controlled at a specified frequency. 
Due to crack growth a, cyclical stress intensity K increases at a constant load range F 
(Figure 2.5). 
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Figure 2.5: Increase in cyclical stress intensity K due to crack growth 

Testing was terminated and the sample removed at the specified end of the test (achievement 
of a certain K value, a certain crack growth a or fracturing of the sample). The sample was 
deep-cooled in liquid nitrogen in order to expose the fractured surface and then, when brittle, 
broken up without deformation. Both the initial and final crack depths were measured on the 
fractured surface. During testing, the upper load and the lower load were measured using a 
load cell and a clip gauge was used to measure crack opening displacement (COD). The value 
pairs Fmax-CODmax and Fmin-CODmin result in a straight line which corresponds to the 
momentary rigidity of the sample. Crack growth causes rigidity to change, i.e. crack opening 
displacement increases at constant loads. The current crack depth can be calculated from the 
rigidity (Figure 2.6). 
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Figure 2.6: Crack depth and stress intensities Kmin, Kmax and K depending on the number of 
cycles during testing 

The correlation between crack depth and rigidity is calibrated using the initial crack depth and 
the initial rigidity. This correlation is checked on the basis of the final crack depth and the final 
rigidity and the crack growth values are adjusted as appropriate. 

The area of the crack growth curve shown as a straight line in the double-logarithmic 
representation (Figure 2.7: area 2) can be approximated by the so-called Paris equation: 

d𝑎

d𝑁
= 𝐶 ⋅ 𝛥𝐾  

  
Figure 2.7: Schematic representation of crack growth depending on cyclical stress intensity 

K 

Parameters C and m are referred to as Paris parameters. At lower ∆K values, the crack growth 
rates decrease more considerably (area 1) until any measurable crack growth no longer 
occurs. The relevant ∆K value is designated as a threshold value. At higher ∆K values, the 
crack growth rate increases considerably (area 3). Due to increasing (alternating) plastification, 
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the sample in each cycle is subjected to over-elastic deformation until the crack has grown to 
such an extent that the force Fmax is sufficient to rupture the sample. 

2.3 Static Fracture-Mechanical Testing: Testing and Evaluation as per 
ASTM E1820 

The sample for static fracture-mechanical testing was subjected to a load in a strain-controlled 
condition, i.e. a certain increase in notch opening per time unit was specified. The test machine 
provided the relevant necessary load. Consequently, the sample can continue to be subjected 
to stable testing, even after exceeding the maximum load. Continued load application was 
stopped at defined intervals and the currently applied load was reduced by 20%. Testing was 
then continued until the next reduction in load (Figure 2.8). 

 
Figure 2.8: Load-crack opening diagram (F-COD) 

During testing, the sample was subjected to increasing plastic deformation at the crack tip. At 
the same time, crack growth increased, causing the sample’s load capacity to decrease. If the 
crack has increased sufficiently without the sample being fractured beforehand, the load 
applied to the sample is removed and the test is terminated. During testing, the load (F) and 
crack opening displacement are measured. 

The area below the F-COD curve represents the deformation energy absorbed by the sample, 
from which the J integral is calculated. The load reduction steps are used to calculate the 
sample’s rigidity at different stages of the test. As is the case with the cyclical tests, crack 
growth is calculated from the changes in rigidity and is compared with the initial and final values 
subsequently measured on the fractured surface. The combination of the J and a values from 

each load reduction step results in the J-a points. A curve of the shape  

𝐽 = 𝐴 ⋅ 𝛥𝑎  

is plotted through the valid points between the offset lines at a growth rate of 0.15 and 1.5 mm 
as an approximation. This curve involves the crack resistance curve or JR curve (Figure 2.9). 



 

10 | DVGW Research Project G 202006 

 
Figure 2.9: Crack resistance curve (JR curve) 

Using this curve and the 0.2 mm offset line, the fracture-mechanical parameter JIc is 
established as the point where the curve intersects with this offset line. This JIc value can be 

formally determined with E (modulus of elasticity 210,000 MPa and 0.3 for steel) using the 
following formula: 

𝐾 =
𝐸 ⋅ 𝐽

1 − 𝜇
 

In contrast to the KIc value, the KJIc value is an elastic-plastic parameter which includes the 
deformation energy of the test. 
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3  Investigated Materials 

By way of a summary, Figure 3.1 shows the investigated materials, the investigations 
performed and the main test parameters. 

For this purpose, MPA Stuttgart was provided with several pipeline steel grades and some 
pipe steel grades used in existing plants. In addition, a few steel grades which are typically 
used in valve pressure vessels were also investigated. The test programme was implemented 
for the majority of samples at a constant hydrogen pressure of pH2 = 100 bar. 

In order to check the impact of hydrogen pressure on the resulting fracture-mechanical 
properties, testing was also performed on selected materials at hydrogen pressures of pH2 < 
100 bar. 

In the currently valid ASME B 31.12, the scope of validity of the described crack growth 
equations is limited to R values of ≤ 0.5. For this reason, crack growth tests at R values of 0.1 
and 0.7 were also performed for two selected materials (L360 and L485). 

Since ASME B 31.12 describes additional limitations in terms of the maximum hardness of 
welds, the impact of different hardnesses on fracture-mechanical properties was also 
investigated on the material L485 as an example. 
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The range of tested materials extends from St35 with relatively low strength, dating back to 
1930, through to GRS550 (X80). Within the context of the availability of the test material, it was 
ensured that comparable, more recently and older manufactured materials were investigated 
as far as possible also in terms of strength comparison. Thus, for example, the yield strength 
and the tensile strength of both X70 and L485 are almost identical, whereas their ductility 
properties and, in particular, their notched-bar impact work values differ considerably. 

The sample material is thus selected in line with the approach described in [6] (Figure 3.2), 
according to which the materials used in pipeline construction can be categorised into material 
classes. 

Material Testing da/dN & KIC R-value

L290 NE BM, SAWL
Grade A BM, SAWL

St35 BM Legend
15 k (St.35) BM, SAWL, GW da/dN Crack growth

X42 BM, ERW, GW, HAZ KIC Fracture toughness
RR St 43.7 BM BM Base material
P355 NH BM HAZ Heat-affected zone
L360 NE BM SAWL Submerged arc longitudinal weld
StE 360.7 SAWL, BM SAWH Submerged arc spiral weld
L360 NB SAWL BM ERW Electric Resistance Weld
14 HGS BM, LW, GW GW Girth weld

TStE 355 N BM LW Longitudinal weld
WSTE 420 BM WM Weld material

St53.7 GW, BM 
X56.7 BM, SAWL, GW
St60.7 BM, GW 0.5

P 460 NH SAWL, BM
X70 BM, SAWH, HAZ
X70 BM, GW, HAZ

L485 BM, SAWH, HAZ
GRS550/X80 BM, SAWL

L485 (HV high/low) BM, GW, HAZ
L415 (curve) BM, SAWL

P355 NL1 (Valve) BM
GJS 400 (Valve) BM
C22.3 (Valve) BM

GS C25 N (Valve) BM
P460 QL1 (Valve) BM

St35 BM
L485 BM

L360 NB BM, WM
StE 320.7 BM, GW               10 / 100

StE 480.7 TM BM, SAWL, GW
L485 BM
L360 BM

H2 Test pressure [bar]

100

0 / 0.2 / 1 / 2 / 5 / 10 / 20 / 100

100 0.1 / 0.5 / 0.7

Figure 3.1: Investigated materials 
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Figure 3.2: Material classes in pipeline construction 

The following pages show the characteristics (where available) of each investigated steel 
grade: year of construction, production standard, specific minimum characteristics and 
measured characteristics, chemical composition, and tested fracture toughness. The crack 
growth in the investigated steel grade is then shown. In addition, hardness measurements 
were performed for selected steel grades. Depending on the material involved, the base 
material, the weld material and the heat-affected zone were tested. All measured values 
related to a Vickers hardness measurement with HV10. 
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3.1 L290 NE 

The samples were taken from a longitudinally submerged arc-welded pipe with a diameter of 
711 mm and a wall thickness of 12.5 mm. 

The base material features the following data: 

Table 3.1: Characteristics for L290 NE 

Production year 2020 
Production standard ISO 3183 (2018-09) 
Specific minimum characteristics Re [MPa] 290 

Rm [MPa] 415 
Kv

1 [J] 40 
Material characteristics Re [MPa] 422 

Rm [MPa] 560 
Kv

 1 [J] 158 
 

Table 3.2: Chemical composition of L290 NE 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.2 1.57 0.02 0.002 0.15 0.15 0.05 

Ni V Ti Nb  

0.15 0.01 0.017 0.02 

 

Table 3.3: Fracture toughness of L290 NE 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L290 NE Base material 39 153.4 
L290 NE Weld material of 

longitudinal weld 
39 156.4 

 

The curves describing crack growth in fatigue testing in a hydrogen atmosphere are shown 
below. Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and 
an R value of 0.5. 

Samples were taken from the following areas: 

- base material (BM) 
- weld material of the longitudinal weld (WM-LW) 

 

 
1 Transverse notched-bar impact =90°; V-sample as per DIN EN ISO 148-1 at -20 °C 
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Hardness measurements were performed on two metallographic samples from item no. 39. 
The results of these hardness measurements are shown in Figures 3.4 to 3.9.

Figure 3.3: Crack growth L290 NE 
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Figure 3.4: Hardness measurements of L290 NE (1) 
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Figure 3.5: Hardness measurements of L290 NE (2) 
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Figure 3.6: Hardness measurements of L290 NE (3) 
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Figure 3.7: Hardness measurements of L290 NE (4) 
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Figure 3.8: Hardness measurements of L290 NE (5) 
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Figure 3.9: Hardness measurements of L290 NE (6) 
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3.2 5L Grade A 

The samples were taken from a seamless hot-rolled pipe with a diameter of 406.4 mm and a 
wall thickness of 10 mm and a pipe bend with a wall thickness of 13 mm. 

The relevant material-specific data is as follows: 

Table 3.4: Characteristics of 5L Grade A 

Production year 1962 
Production standard API-STD 5L 
Specific minimum characteristics Re  [MPa] 207 

Rm [MPa] 331 
Kv [J] No requirements 

Material characteristics Re [MPa] 297 
Rm [MPa] 422 
Kv [J] 17 

 

Table 3.5: Chemical composition of 5L Grade A 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.14 0.57 0.017 0.02    

Ni V Ti Nb  

    

 

Table 3.6: Fracture toughness of 5L Grade A 

Material Location Item no. KJIc [ MPa√𝑚 ] 
5L Grade A (pipe) Base material 42 109.5 
5L Grade A (bend) Base material 42 107.4 

 

The curves describing crack growth in fatigue testing in a hydrogen atmosphere are shown 
below. Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and 
an R value of 0.5. 

Samples were taken from the base material. 
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Figure 3.10: Crack growth 5L Grade A 
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3.3 St35 

St35 from pipelines dating back to two different construction years was tested. 

First, the results from a pipeline constructed in 1930 are shown. The samples were taken from 
a pipe with a diameter of 400 mm and a wall thickness of 10 mm. 

The relevant material-specific data is as follows: 

Table 3.7: Characteristics of St35 

 

Table 3.8: Chemical composition of St35 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.199 0.268 0.612 0.059 0.015 0.11 0.004 0.009 

Ni V Ti Nb  

0.017 0.001 0.002 0.001 

 

Table 3.9: Fracture toughness of St35 

Material Location Item no. KJIc [ MPa√𝑚 ] 
St35  Base material (100 bar) 1 101.9 
St35  Base material (20 bar) 31 96.1 
St35  Base material (10 bar) 30 100.8 
St35  Base material (5 bar) 29 133.3 
St35  Base material (2 bar) 28 135 
St35  Base material (1 bar) 27 148.1 
St35  Base material (0.2 bar) 26 147.3 
St35  Base material (air) 25 170.5 

 

For fatigue testing in a purely hydrogen atmosphere at an overpressure of 100 bar, a frequency 
of 1 Hz and an R value of 0.5, the samples were taken from the base material. The relevant 
crack growth curve is shown below. 

 
2 Notched-bar impact test as per DIN EN 10045; V-notch, circumferential direction 

Production year 1930 
Production standard DIN 1629 
Specific minimum characteristics Re [MPa] 235 

Rm [MPa] 350 
Kv  [J] No requirements 

Material characteristics Re [MPa] 294 
Rm [MPa] 458 
Kv

 2 [J] 10 
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Figure 3.11: Crack growth St35 
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In addition, the material was investigated at different hydrogen pressures of 0 bar, 0.2 bar, 
1 bar, 2 bar, 5 bar, 10 bar and 20 bar. The results of the crack growth measurements are 
shown below. 

For St35, further samples were taken from pipes dating back to 1937. The results are shown 
below. 

The samples were taken from a pipe with a diameter of 323 mm and a wall thickness of 
7.75 mm. 

The relevant material-specific data is as follows: 

Table 3.10: Characteristics of St35 

 
3 Notched-bar impact test as per DIN EN 10045, V-notch, Charpy longitudinal 

Production year 1937 
Production standard DIN 1629 
Specific minimum characteristics Re [MPa] 235 

Rm [MPa] 350 
Kv  [J] No requirements 

Material characteristics Re [MPa] 347 
Rm [MPa] 490 
Kv

 3 [J] 94 

Figure 3.12: Crack growth St35 at different pressures 



   

DVGW Research Project G 202006 | 27  

Table 3.11: Chemical composition of St35 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.116 0.13 0.4 0.032 0.017 0.065 0.02 0.005 

Ni V Ti Nb  

0.032 0.001 0.001 0001 

 

Table 3.12: Fracture toughness of St35 

Material Location Item no. KJIc [ MPa√𝑚 ] 
St35  Base material (100 bar) 41 111.6 
St35  Base material (20 bar) 41 111.6 
St35  Base material (10 bar) 41 125.3 
St35  Base material (5 bar) 41 151.1 
St35  Base material (2 bar) 41 135 
St35  Base material (1 bar) 41 140.9 
St35  Base material (0.2 bar) 41 140.9 
St35  Base material (air) 41 173.9 

 

This material was investigated at different hydrogen pressures of 0 bar, 0.2 bar, 1 bar, 2 bar, 
5 bar, 10 bar, 20 bar and 100 bar. The crack growth curves are shown below. 

 

 

Figure 3.13: Crack growth St35 (item no. 41) at different pressures 



 

28 | DVGW Research Project G 202006 

3.4 15k (St35) 

The samples were taken from a pipe with a diameter of 420 mm and a wall thickness of 8 mm. 

The relevant material-specific data is as follows: 

Table 3.13: Characteristics of 15k (St35) 

 

Table 3.14: Chemical composition of 15k (St35) 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.16 0.13 0.42 0.013 0.043 0.14 0.02  

Ni V Ti Nb  

    

 

Table 3.15: Fracture toughness of 15k (St35) 

Material Location Item no. KJIc [ MPa√𝑚 ] 
15k (St35) Base material 23 98.4 
15k (St35) Weld material 23 99.6 

 

The curves describing crack growth in fatigue testing in a hydrogen atmosphere are shown 
below. Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and 
an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material of the longitudinal weld 

 

 
4 Transverse notched-bar impact =90°; V-sample as per DIN EN ISO 148-1 at 0 °C 

Production year 1955 
Production standard GOST 5520-79 
Specific minimum characteristics Re [MPa] 225 

Rm [MPa] 370 
Kv

 4 [J] 39 
Material characteristics Re [MPa] 316 

Rm [MPa] 458 
Kv [J] Not measured 



   

DVGW Research Project G 202006 | 29  

 

Hardness measurements were performed on four metallographic samples from item no. 23. 
The results of these hardness measurements are shown in Figures 3.15 to 3.21. 

Figure 3.14: Crack growth 15k (St35) 
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Figure 3.15: Hardness measurements of 15k (St35) (1) 
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Figure 3.16: Hardness measurements of 15k (St35) (2) 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



 

32 | DVGW Research Project G 202006 

 

Figure 3.17: Hardness measurements of 15k (St35) (3) 
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Figure 3.18: Hardness measurements of 15k (St35) (4) 
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Figure 3.19: Hardness measurements of 15k (St35) (5) 
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Figure 3.20: Hardness measurements of 15k (St35) (6) 
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Figure 3.21: Hardness measurements of 15k (St35) (7) 
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3.5 X42 

The samples were taken from a longitudinally electric resistance-welded pipe with a diameter 
of 406 mm and a wall thickness of 9 mm. 

The relevant material-specific data is as follows: 

Table 3.16: Characteristics of X42 

Production year 1961  
Production standard DIN 2470 / API Special Regulations (API 5 LX) 
Specific minimum characteristics Re [MPa] 289 (29.5 kg/mm2) 

Rm [MPa] 414 (42.2 kg/mm2) 
Kv  /A [kgm/cm2 ] 4 

Material characteristics Re [MPa] 297 (30.3 kg/mm2) 
Rm [MPa] 466 (47.6 kg/mm2) 
Kv

 5 /A [kgm/cm2 ] 5  
 

Table 3.17: Chemical composition of X42 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.17 0.24 0.65 0.013 0.042    

Ni V Ti Nb  

    

 

Table 3.18: Fracture toughness of X42 

Material Location Item no. KJIc [ MPa√𝑚 ] 
X42  Base material 3 88.6 
X42  Girth weld 3 118.6 
X42  Heat-affected zone 

of girth weld 
3 115.7 

X42  Electric resistance 
weld 1/2 

3 104.1/105.2 

 

The curves describing crack growth in fatigue testing in a hydrogen atmosphere are shown 
below. Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and 
an R value of 0.5. 

Samples were taken from the following areas: 

- base material (GW) 
- electric resistance-welded longitudinal weld (ERW) 
- girth weld (GW) 
- heat-affected zone of the girth weld 

 
5 Transverse notched-bar impact =0°; DVM as per DIN 50116 
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Hardness measurements were performed on two metallographic samples from item no. 3. The 
results of these hardness measurements are shown in Figures 3.23 to 3.26. 

Figure 3.22: Crack growth X42 
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Figure 3.23: Hardness measurements of X42 (1) 
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Figure 3.24: Hardness measurements of X42 (2) 
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Figure 3.25: Hardness measurements of X42 (3) 
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Figure 3.26: Hardness measurements of X42 (4) 
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3.6 RR St43.7 

The samples were taken from a seamless pipe with a diameter of 406.4 mm and a wall 
thickness of 14.2 mm. 

The relevant material-specific data is as follows: 

Table 3.19: Characteristics of RR St43.7 

Production year 1972 
Production standard DIN 17172 
Specific minimum characteristics Re [MPa] 294 

Rm [MPa] 422 
Kv /A [kgm/cm2] 4 

Material characteristics Re [MPa] 318 
Rm [MPa] 487 
Kv /A [kgm/cm2] Not measured 

 

Table 3.20: Chemical composition of RR St43.7 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.17 0.26 0.93 0.0025 0.0017    

Ni V Ti Nb  

    

 

Table 3.21: Fracture toughness of RR St43.7  

Material Location Item no. KJIc [ MPa√𝑚 ] 
RR St43.7  Base material 22 101.9 

 

For fatigue testing in a purely hydrogen atmosphere at an overpressure of 100 bar, a frequency 
of 1 Hz and an R value of 0.5, the samples were taken from the base material. The relevant 
crack growth curve is shown below. 

 

 



 

44 | DVGW Research Project G 202006 

 
Figure 3.27: Crack growth RRSt43.7 
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3.7 P355 NH/NL2 

The samples were taken from a plate with a thickness of 15 mm. 

The relevant material-specific data is as follows: 

Table 3.22: Characteristics of P355 NH/NL2 

Production year 2019 
Production standard DIN EN 10028-3 (10/17) 
Specific minimum characteristics Re [MPa] 355 

Rm [MPa] 490 
Kv 6 [J] 27  

Material characteristics Re [MPa] 389 
Rm [MPa] 541 
Kv

 6 [J] 108 
 

Table 3.23: Chemical composition of P355 NH/NL2 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.18 0.34 1.19 0.009 0.001 0.2 0.03 0.003 

Ni V Ti Nb  

0.25 0.009 0.005 0.02 

 

Table 3.24: Fracture toughness of P355 NH/NL2 

Material Location Item no. KJIc [ MPa√𝑚 ] 
P355NH  Base material 13 101.9 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the base material. 

 
6 V-sample as per DIN EN ISO 148-1 at -50 °C 
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Figure 3.28: Crack growth P355 NH 
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3.8 L360NE 

The samples were taken from an HFI longitudinally welded pipe with a diameter of 400 mm 
and wall thickness of 10 mm. 

The relevant material-specific data is as follows: 

Table 3.25: Characteristics of L360NE 

Production year 2018 
Production standard ISO 3183 (11/12) M 
Specific minimum characteristics Re [MPa] 360 

Rm [MPa] 460 
Kv [J] 40 

Material characteristics Re [MPa] 445 
Rm [MPa] 570 
Kv

 7 [J] 190 
 

Table 3.26: Chemical composition of L360NE 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.21 1.42 0.012 0.001 0.03 0.04 0.004 

Ni V Ti Nb  

0.04 0.002 0.003 0.03 

 

Table 3.27: Fracture toughness of L360NE 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L360 NE Base material 7 151.1 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5, 0.1 
and 0.7. 

Samples were taken from the base material. 

 
7 Testing in line with Charpy, longitudinal; V-notch at -20 °C 
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Figure 3.29: Crack growth L360 NE 
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3.9 L360NB (Batch 2) 

The samples were taken from a pipe with a diameter of 406.4 mm and a wall thickness of 
12.5 mm. 

The relevant material-specific data is as follows: 

Table 3.28: Characteristics of L360NB 

Production year 2010 
Production standard EN 10208-2 
Specific minimum characteristics Re [MPa] 360 

Rm [MPa] 460 
Kv [J] 40 

Material characteristics Re [MPa] 449 
Rm [MPa] 592 
Kv

  [J] 145 
 

Table 3.29: Chemical composition of L360NB 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.18 1.39 0.014 0.002 0.05 0.05 0 

Ni V Ti Nb  

0.04 0 0 0.02 

 

Table 3.30: Fracture toughness of L360NB  

Material Location Item no. KJIc [ MPa√𝑚 ] 
L360NB Base material Batch 2 150 (100 bar) / 148 (10 bar) 
L360NB Weld material Batch 2 140 (100 bar) / 164 (10 bar) 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar and 10 bar, a frequency of 1 Hz and an R value 
of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material 
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Figure 3.30: Crack growth L360NB  
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3.10  X46 / StE320.7 

The samples were taken from a pipe with a diameter of 406.4 mm and a wall thickness of 
8.8 mm. 

The relevant material-specific data is as follows: 

Table 3.31: Characteristics of X46 / StE320.7  

Production year 1964 
Production standard DIN 17172 
Specific minimum characteristics Re [MPa] 320 

Rm [MPa] 460 
Kv [J] 47 

Material characteristics Re [MPa] Ø 413 
Rm [MPa] Ø 528 
Kv

  [J] Ø 107 
 

Table 3.32: Chemical composition of X46 / StE320.7  

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.23 0.23 0.94 0.015 0.037 0.18 0.04 0.01 

Ni V Ti Nb  

0.05 0 0 0.01 

 

Table 3.33: Fracture toughness of X46 / StE320.7  

Material Location Item no. KJIc [ MPa√𝑚 ] 
X46 / StE320.7 Base material    85 (100 bar) /   91 (10 bar) 
X46 / StE320.7 Weld material of 

girth weld 
 115 (100 bar) / 135 (10 bar) 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar and 10 bar, a frequency of 1 Hz and an R value 
of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material of the girth weld 
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Figure 3.31: Crack growth X46 / StE320.7  
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3.11  StE360.7  

The samples were taken from an HF longitudinally welded pipe with a diameter of 273 mm and 
a wall thickness of 8 mm. 

The relevant material-specific data is as follows: 

Table 3.34: Characteristics of StE360.7 

Production year 1996 
Production standard DIN 17172 
Specific minimum characteristics Re [MPa] 360 

Rm [MPa] 510 
Kv [J] 47 

Material characteristics Re [MPa] 451 
Rm [MPa] 554 
Kv [J] 281 

 

Table 3.35: Chemical composition of StE360.7 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.105 0.151 1.1 0.02 0.005    

Ni V Ti Nb  

 0.001   

 

Table 3.36: Fracture toughness of StE360.7 

Material Location Item no. KJIc [ MPa√𝑚 ] 
StE360.7  Base material 18 135.9 
StE360.7  Longitudinal weld 18 81.8 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the base material and the longitudinal weld (LW). 
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Hardness measurements were performed on two metallographic samples from item no. 18. 
The results of these hardness measurements are shown in Figures 3.33 to 3.36. 

Figure 3.32: Crack growth StE360.7 



   

DVGW Research Project G 202006 | 55  

 

Figure 3.33: Hardness measurements of StE360.7 (1) 
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Figure 3.34: Hardness measurements of StE360.7 (2) 
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Figure 3.35: Hardness measurements of StE360.7 (3) 
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Figure 3.36: Hardness measurements of StE360.7 (4) 
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3.12  StE480.7 TM 

The samples were taken from a pipe with a diameter of 813 mm and a wall thickness of 
13.4 mm. 

The relevant material-specific data is as follows: 

Table 3.37: Characteristics of StE480.7 TM 

Production year 1997 
Production standard DIN 17172 
Specific minimum characteristics Re [MPa] 480 

Rm [MPa] 600 
Kv [J] 48 

Material characteristics Re [MPa] 508 
Rm [MPa] 616 
Kv [J] 253 

 

Table 3.38: Chemical composition of StE480.7 TM 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.09 0.39 1.59 0.013 0.001 0.03 0.03 0.01 

Ni V Ti Nb  

0.04 0.06 0.00 0.04 

 

Table 3.39: Fracture toughness of StE480.7 TM 

Material Location Item no. KJIc [ MPa√𝑚 ] 
StE480.7 TM Base material  138 (100 bar) / 132 (10 bar) 
StE480.7 TM Weld material of 

longitudinal weld 
 146 (100 bar) / 190 (10 bar) 

StE480.7 TM Weld material of the 
girth weld 

 139 (100 bar) / 145 (10 bar) 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar and 10 bar, a frequency of 1 Hz and an R value 
of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material of the longitudinal weld 
- weld material of the girth weld (WM-GW) 
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Figure 3.37: Crack growth StE480.7 TM 
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3.13  L360 NB 

The samples were taken from an HFI longitudinally welded pipe with a diameter of 400 mm 
and a wall thickness of 8 mm. 

The relevant material-specific data is as follows: 

Table 3.40: Characteristics of L360 NB 

Production year 2013 
Production standard DIN EN 10208-2 
Specific minimum characteristics Re [MPa] 360 

Rm [MPa] 460 
Kv 8 [J] 40 

Material characteristics Re [MPa] 423 
Rm [MPa] 583 
Kv

 8 [J] 156 
 

Table 3.41: Chemical composition of L360 NB 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.19 1.39 0.09 0.001 0.02 0.04 0.01 

Ni V Ti Nb  

0.03 0.004 0.03 0.027 

 

Table 3.42: Fracture toughness of L360 NB 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L360 NB  Base material 20 128 
L360 NB  Weld material of 

longitudinal weld 
20 132.4 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the base material and the longitudinal weld. 

 
8 V-sample as per DIN EN ISO 148-1 at 0 °C 
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Hardness measurements were performed on two metallographic samples from item no. 20. 
The results of these hardness measurements are shown in Figures 3.39 bis 3.42. 

Figure 3.38: Crack growth L360 NB 
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Figure 3.39: Hardness measurements of L360 NB (1) 
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Figure 3.40: Hardness measurements of L360 NB (2) 
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Figure 3.41: Hardness measurements of L360 NB (3) 
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Figure 3.42: Hardness measurements of L360 NB (4) 
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3.14  14HGS 

The samples were taken from a pipe with a diameter of 529 mm and a wall thickness of 9 mm. 

The relevant material-specific data is as follows: 

Table 3.43: Characteristics 14HGS 

Production year 1964 
Production standard GOST 5058 -65 
Specific minimum characteristics Re [MPa] 343 

Rm [MPa] 491 
Kv  /A [kgm/cm2 ] 4 

Material characteristics Re [MPa] 392 (40 kp/mm2) 
Rm [MPa] 510 (52 kp/mm2) 
Kv  /A [kgm/cm2 ] 9 5  

 

Table 3.44: Chemical composition of 14HGS 

 
Chemical 
composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.149 0.48 1.05 0.032 0.025 0.13 0.70 0.005 

Ni V Ti Nb  

0.07 0.002 0.009 <0.001 

 

Table 3.45: Fracture toughness of 14HGS 

Material Location Item no. KJIc [ MPa√𝑚 ] 
14HGS  Base material 21 105.2 
14HGS  Weld material of 

longitudinal weld 
21 105.2 

14HGS  Weld material of the 
girth weld 

21 100.8 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- longitudinal weld 
- girth weld 

 
9 Notched-bar impact test performed at -40 °C 
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Hardness measurements were performed on four metallographic samples from item no. 21. 
The results of these hardness measurements are shown in Figures 3.44 to 3.53. 

Figure 3.43: Crack growth 14HGS 
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Figure 3.44: Hardness measurements of 14HGS (1) 
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Figure 3.45: Hardness measurements of 14HGS (2) 
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Figure 3.46: Hardness measurements of 14HGS (3) 
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Figure 3.47: Hardness measurements of 14HGS (4) 
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Figure 3.48: Hardness measurements of 14HGS (5) 
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Figure 3.49: Hardness measurements of 14HGS (6) 
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Figure 3.50: Hardness measurements of 14HGS (7) 
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Figure 3.51: Hardness measurements of 14HGS (8) 
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Figure 3.52: Hardness measurements of 14HGS (9) 
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Figure 3.53: Hardness measurements of 14HGS (10) 
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3.15  WSTE 420 

The samples were taken from a normalised plate with a thickness of 15 mm. 

Its base material has the following mechanical properties: 

Table 3.46: Characteristics of WSTE 420 

Production year 2010 
Production standard DIN 17102 
Specific minimum characteristics Re [MPa] 420  

Rm [MPa] 530 
Kv [J] 21 

Material characteristics Re [MPa] 416 
Rm [MPa] 542 
Kv

 10 [J] 179 
 

Table 3.47: Chemical composition of WSTE 420 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.18 0.2 1.57 0.007 0.001 0.02 0.05 0.01 

Ni V Ti Nb  

0.58 0.18 0.001 0.002 

 

Table 3.48: Fracture toughness of WSTE 420 

Material Location Item no. KJIc [ MPa√𝑚 ] 
WSTE 420 Base material 10 99.6 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 

 
10 Sample produced as per ISO-V 450; test performed at -20 °C 
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Figure 3.54: Crack growth WStE 420 
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3.16  St53.7 

The samples were taken from a longitudinally submerged arc-welded pipe with a diameter of 
770 mm and a wall thickness of 14.27 mm. 

The base material has the following properties: 

Table 3.49: Characteristics of St53.7 

Production year 1972 
Production standard DIN 17172 
Specific minimum characteristics Re [MPa] 363 

Rm [MPa] 510 
Kv  /A [kgm/cm2 ]11 4  

Material characteristics Re [MPa] 381 
Rm [MPa] 560 
Kv  /A [kgm/cm2 ]11 8,8  

 

Table 3.50: Chemical composition of St53.7 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.195 0.355 1.385 0.017 0.017    

Ni V Ti Nb  

    

 

Table 3.51: Fracture toughness of St53.7 

Material Location Item no. KJIc [ MPa√𝑚 ] 
St53.7  Base material 19 117.7 
St53.7  Weld material 19 128.9  

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- girth weld 

 

 
11 Notched-bar impact test as per DIN 50115; form DVM 
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Hardness measurements were performed on two metallographic samples from item no. 19. 
The results of these hardness measurements are shown in Figures 3.56 to 3.59. 

Figure 3.55: Crack growth St53.7 
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Figure 3.56: Hardness measurements of St53.7 (1) 
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Figure 3.57: Hardness measurements of X56.7 (2) 
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Figure 3.58: Hardness measurements of X56.7 (3) 
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Figure 3.59: Hardness measurements of X56.7 (4) 

 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



   

DVGW Research Project G 202006 | 87  

3.17  X56.7 

The samples were taken from a longitudinally welded pipe with a diameter of 914.4 mm and a 
wall thickness of 13.6 mm. 

The relevant material-specific data is as follows: 

Table 3.52: Characteristics of X56.7 

Production year 1990 
Production standard API STD 5 LX 
Specific minimum characteristics Re [MPa] 392 

Rm [MPa] 540 
Kv  /A [kgm/cm2 ] 4 

Material characteristics Re [MPa] 486 
Rm [MPa] 615 
Kv

 12 [J] 23 
 

Table 3.53: Chemical composition of X56.7 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.2 0.32 1.36 0.03 0.02 0.09 0.08 0.01 

Ni V Ti Nb  

0.04 0.01 0.01 0.01 

 

Table 3.54: Fracture toughness of X56.7 

Material Ort Item no. KJIc [ MPa√𝑚 ] 
X56.7  Base material 12 99.6 
X56.7  Weld material 12 122.5 
X56.7  Weld material of the 

girth weld 
12 132.4 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- longitudinal weld 
- heat-affected zone (HAZ) 

 
12 Notched-bar impact test as per Charpy (EN ISO 148-1) at 0 °C 
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Hardness measurements were performed on four metallographic samples from item no. 12. 
The results of these hardness measurements are shown in Figures 3.61 to 3.70. 

Figure 3.60: Crack growth X56.7 
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Figure 3.61: Hardness measurements of X56.7 (1) 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



 

90 | DVGW Research Project G 202006 

 

Figure 3.62: Hardness measurements of X56.7 (2) 
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Figure 3.63: Hardness measurements of X56.7 (3) 
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Figure 3.64: Hardness measurements of X56.7 (4) 
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Figure 3.65: Hardness measurements of X56.7 (5) 
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Figure 3.66: Hardness measurements of X56.7 (6) 
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Figure 3.67: Hardness measurements of X56.7 (7) 
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Figure 3.68: Hardness measurements of X56.7 (8) 
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Figure 3.69: Hardness measurements of X56.7 (9) 
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Figure 3.70: Hardness measurements of X56.7 (10) 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



   

DVGW Research Project G 202006 | 99  

3.18  St60.7 

The samples were taken from a spiral welded pipe with a diameter of 950 mm and a wall 
thickness of 13 mm. 

The base material has the following properties: 

Table 3.55: Characteristics of St60.7 

Production year 1973 
Production standard DIN 17172  / DIN 2470 
Specific minimum characteristics Re [MPa] 412 

Rm [MPa] 549 
Kv  /A [kgm/cm2 ]  4  

Material characteristics Re [MPa] 517 
Rm [MPa] 663 
 Kv  /A [kgm/cm2 ]13 6.7  

 

Table 3.56: Chemical composition of St60.7 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.17 0.29 1.39 0.02 0.011    

Ni V Ti Nb  

 0.06   

 

Table 3.57: Fracture toughness of St60.7 

Material Location Item no. KJIc [ MPa√𝑚 ] 
St60.7  Base material 6 148.1 
St60.7  Weld material 6 129.8 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material 

 
13 Notched-bar impact testing as per DIN 50115; notch form: DVM; temperature: 0 °C 
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Hardness measurements were performed on two metallographic samples from item no. 6. The 
results of these hardness measurements are shown in Figures 3.72 to 3.75. 

Figure 3.71: Crack growth St60.7 
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Figure 3.72: Hardness measurements of St60.7 (1) 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



 

102 | DVGW Research Project G 202006 

 

Figure 3.73: Hardness measurements of St60.7 (2) 
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Figure 3.74: Hardness measurements of St60.7 (3) 
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Figure 3.75: Hardness measurements of St60.7 (4) 
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3.19  P460 NH 

The samples were taken from a pipe-shaped sleeve with a diameter of 700 mm and a wall 
thickness of 20 mm. 

The relevant material-specific data is as follows: 

Table 3.58: Characteristics P460 NH 

Production year 2017 
Production standard DIN EN 10028-3 
Specific minimum characteristics Re [MPa] 445 

Rm [MPa] 570 
Kv [J] 40 

Material characteristics Re [MPa] 488 
Rm [MPa] 652 
Kv 14[J] 80 

 

Table 3.59: Chemical composition of P460 NH 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.177 0.253 1.508 0.013 0.009 0.018 0.046 0.012 

Ni V Ti Nb  

0.024 0.143 0.002 0.001 

 

Table 3.60: Fracture toughness of P460 NH 

Material Location Item no. KJIc [ MPa√𝑚 ] 
P460 NH  Base material 8 104.1 
P460 NH  Weld material 8 154.9 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- longitudinal weld 

 
14 Notched-bar impact test as per DIN EN 10045, V-notch, transverse 
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Hardness measurements were performed on two metallographic samples from item no. 8. The 
results of these hardness measurements are shown in Figures 3.77 to 3.81. 

Figure 3.76: Crack growth P460 NH 
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Figure 3.77: Hardness measurements of P460 NH (1) 
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Figure 3.78: Hardness measurements of P460 NH (2) 
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Figure 3.79: Hardness measurements of P460 NH (3) 
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Figure 3.80: Hardness measurements of P460 NH (4) 
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Figure 3.81: Hardness measurements of P460 NH (5) 
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3.20  X70 

The samples were taken from a spiral welded pipe with a diameter of 1100 mm and a wall 
thickness of 15 mm. 

The relevant material-specific data is as follows: 

Table 3.61: Characteristics of X70 

Production year 1974 
Production standard DIN 2470/2 / DIN 17172 / Ruhrgas Standard 

RN 4205  
Specific minimum characteristics Re [MPa] 491 

Rm [MPa] 598 
Kv  /A [kgm/cm2 ] 4  

Material characteristics Re [MPa] 517 
Rm [MPa] 648 
Kv  /A [kgm/cm2 ]15 7.1  

 

Table 3.62: Chemical composition of X70 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.12 0.25 1.56 0.02 0.009    

Ni V Ti Nb  

 0.05  0.049 

 

Table 3.63: Fracture toughness of X70 

Material Location Item no. KJIc [ MPa√𝑚 ] 
X70  Base material 11 122.5 
X70  Weld material 11 94.9 
X70  Heat-affected zone 11 88.6 
X70  Base material   4 81.8 
X70  Weld material   4 103.0 
X70  Heat-affected zone   4 76.0 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 
Item no. 4 (spiral weld area) and item no. 11 (girth weld area) were investigated. 

Samples were taken from the following areas: 

- base material 
- weld material (WM) 
- heat-affected zone 

 
15 Transverse notched-bar impact test, sample form DVM, as per DIN 50115, at 0 °C 
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Figure 3.18: Crack growth X70 (item no. 4) 

Figure 3.19: Crack growth X70 (item no. 11) 
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3.21  L485 

The samples from items nos. 17, 32, 33, 34, 35, 36, 37, 38, 40 and 43 were taken from a spiral 
welded pipe with a diameter of 1016 mm and a wall thickness of 16.8 mm. The samples from 
item no. 2 were taken from a spiral welded pipe with a diameter of 1200 mm and a wall 
thickness of 23 mm. 

The relevant material-specific data for the first-mentioned item numbers is as follows: 

Table 3.64: Characteristics of L485 

Production year 2017 
Production standards DIN EN ISO 3183 Annex M 
Specific minimum characteristics16 Re [MPa] 485  

Rm [MPa] 605  
Kv [J] 90 

Material characteristics Re [MPa] 527 
Rm [MPa] 627 
Kv

17 [J] 280 
 

Table 3.65: Chemical composition of L485 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.05 0.229 1.41 0.01 0.001 0.181 0.034 0.004 

Ni V Ti Nb  

0.258 0.004 0.038 0.059 

 

 
16 As per DIN EN ISO 3181 and RN 268-022 (May 2016) 
17 Notched-bar impact test as per Charpy (DIN EN ISO 148) with V-notch at 0 °C 
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Table 3.66: Fracture toughness of L485 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L485  Base material 2 134.2 
L485  Weld material 2 129.8 
L485  Heat-affected zone 2 92.4 
L485  Base material 17 124.3 
L485  Weld material 17 146.5 
L485  Weld material of girth 

weld 
17 100.8 

L485  Base material (air) 32 480.418 
L485  Base material 

(0.2 bar) 
33 203.2 

L485  Base material (1 bar) 34 198.6 
L485  Base material (2 bar) 35 186.7 
L485  Base material (5 bar) 36 173.9 
L485  Base material (10 bar) 37 175.8 
L485  Base material (20 bar) 38 163.6 
L485  Weld material of girth 

weld (hardened) 
40 74.4 (crack) 

L485  Heat-affected zone of 
girth weld (hardened) 

40 67.9 

L485  Weld material of heat-
affected zone 

43 148.8 

L485 Weld material of girth 
weld 

43 100.8 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- heat-affected zone of the girth weld 
- heat-affected zone 

 

 
18 Estimated value since, due to the toughness properties of the material, evaluation could not be performed as per standard 
practice 
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Furthermore, crack growth was also established at an R value of 0.1 and 0.7. These curves 
are shown below. 

 

Figure 3.82: Crack growth L485 (item no. 17) 
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Furthermore, this material was investigated at different hydrogen pressures of 0 bar, 0.2 bar, 
1 bar, 2 bar, 5 bar, 10 bar and 20 bar. The curves are shown below. 

 

 

Figure 3.83: Crack growth L485 at different pressures 
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The curves describing crack growth at item no. 43 (girth weld area tempered to Ø  296 HV) in 
hydrogen atmosphere are shown below. Crack growth was investigated at an overpressure of 
100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- weld material 
- heat-affected zone 

 

In order to achieve maximum hardness, the samples from item no. 40 were quenched in water. 
The hardness of these samples (from the area of the girth weld near the inner surface) was 
approx. 360 HV. 

Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R 
value of 0.5. 

Graphical test evaluation (item no. 40) shows that considerable crack acceleration (instable 
crack growth) occurred even at relatively low cyclical stress intensities. 

Figure 3.84: Crack growth L485 (item no. 43; tempered) 
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Hardness measurements were performed on two metallographic samples from item no. 17 and 
on one metallographic sample from item no. 40. The results of the hardness measurements 
for item no. 17 are shown in Figures 3.86 to 3.89 and for item no. 40 in Figures 3.90 to 3.91. 

Figure 3.85: Crack growth L485 (hardened) 
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Figure 3.86: Hardness measurements of L485, item no. 17 (1) 
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Figure 3.87: Hardness measurements of L485, item no. 17 (2) 
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Figure 3.88: Hardness measurements of L485, item no. 17 (3) 
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Figure 3.89: Hardness measurements of L485, item no. 17 (4) 
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Figure 3.90: Hardness measurements of L485, item no. 40 (5) 
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Figure 3.91: Hardness measurements of L485, item no. 40 (6) 
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The samples from item no. 2 were taken from a spiral welded pipe with a diameter of 1200 mm 
and a wall thickness of 23 mm. 

The relevant material-specific data is as follows: 

Table 3.67: Characteristics of L485 

Production year 2009 
Production standard DIN EN ISO 3183 Annex M 
Specific minimum characteristics Re [MPa] 485 

Rm [MPa] 570 
Kv [J] 58 

Material characteristics Re [MPa] 559 
Rm [MPa] 656 
Kv [J] 230 

 

Table 3.68: Chemical composition of L485 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.096 0.313 1.729 0.013  0.145 0.016  

Ni V Ti Nb  

0.202 0.008 0.027 0.045 

 

The results of crack growth investigations in hydrogen are as follows: 

 

Hardness measurements were performed on two metallographic samples from item no. 2. The 
results of these hardness measurements are shown in Figures 3.93 to 3.98. 

Figure 3.92: Crack growth in L485 (item no. 2) 
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Figure 3.93: Hardness measurements of L485, item no. 2 (1) 
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Figure 3.94: Hardness measurements of L485, item no. 2 (2) 
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Figure 3.95: Hardness measurements of L485, item no. 2 (3) 
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Figure 3.96: Hardness measurements of L485, item no. 2 (4) 

BM 2 

HAZ 2 

WM 

HAZ 1 

BM 1 



   

DVGW Research Project G 202006 | 131  

 

Figure 3.97: Hardness measurements of L485, item no. 2 (5) 
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Figure 3.98: Hardness measurements of L485, item no. 2 (6) 
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3.22  L485 ME 

The samples were taken from a pipe with a diameter of 813 mm and a wall thickness of 
17.5 mm. 

The relevant material-specific data is as follows: 

Table 3.69: Characteristics of L485 ME 

Production year 2017 
Production standards ISO 3183 
Specific minimum characteristics19 Re [MPa] 485 

Rm [MPa] 570 
Kv [J] 48 

Material characteristics Re [MPa] 520 
Rm [MPa] 621 
Kv

20 [J] 183 
 

Table 3.70: Chemical composition of L485 ME 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.08 0.35 1.59 0.015 0.002 0.04 0.09 0.01 

Ni V Ti Nb  

0.06  0.01 0.04 

 

Table 3.71: Fracture toughness of L485 ME 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L485 ME Base material  115 (100 bar) / 154 (10 bar) 
L485 ME Weld material  159 (100 bar) / 179 (10 bar) 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar and 10 bar, a frequency of 1 Hz and an R value 
of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material 

 

 
19 As per DIN EN ISO 3181 and RN 268-022 (May 2016) 
20 Notched-bar impact test as per Charpy (DIN EN ISO 148) with V-notch at 0 °C 
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Figure 3.99: Crack growth L485  
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3.23  L485 (Batch 2) 

The samples were taken from a longitudinally welded pipe. 

The relevant material-specific data is as follows: 

Table 3.72: Characteristics of L485 (batch 2) 

Production year 2022 
Production standards DIN EN ISO 3183, Annex M 
Specific minimum characteristics Re [MPa] 485  

Rm [MPa] 605  
Kv [J] 90 

Material characteristics Re [MPa] 521 
Rm [MPa] 632 
Kv 21[J] 264 

 

Table 3.73: Chemical composition of L485 (batch 2) 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.084 0.35 1.75 0.014 0.0007 0.03 0.04 0.01 

Ni V Ti Nb  

0.04  0.014 0.045 

 

Table 3.74: Fracture toughness of L485 (batch 2) 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L485  Base material 47 106.3 
L485 Weld material 47 163.6 

 

The curves describing crack growth in fatigue testing in a hydrogen atmosphere are shown 
below. Crack growth was investigated at an overpressure of 100 bar, a frequency of 1 Hz and 
an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material 

 

 
21 Notched-bar impact test as per Charpy (DIN EN ISO 148) with V-notch at 20 °C 
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Figure 3.100: Crack growth L485 (batch 2) 

Hardness measurements were performed on two metallographic samples from item no. 47. 
The results of these hardness measurements are shown in Figures 3.101 to 3.106. 
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Figure 3.101: Hardness measurements of L485, item no. 47 (1) 
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Figure 3.102: Hardness measurements of L485, item no. 47 (2) 
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Figure 3.103: Hardness measurements of L485, item no. 47 (3) 
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Figure 3.104: Hardness measurements of L485, item no. 47 (4) 
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Figure 3.105: Hardness measurements of L485, item no. 47 (5) 
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Figure 3.106: Hardness measurements of L485, item no. 47 (6) 
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3.24  GRS550/X80 

The samples were taken from a longitudinally welded pipe with a diameter of 1200 mm and a 
wall thickness of 18.3 mm. 

The relevant material-specific data is as follows: 

Table 3.75: Characteristics of GRS550/X80 

Production year 1992 
Production standard DIN 17172 / API STD 5L 
Specific minimum characteristics Re [MPa] 550 

Rm [MPa] 620 
Kv [J] 27 

Material characteristics Re [MPa] 584 
Rm [MPa] 728 
Kv

 22 [J] 130 
 

Table 3.76: Chemical composition of GRS550/X80 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.1 0.4 1.97 0.016 0.001 0.03 0.05 0.01 

Ni V Ti Nb  

0.03  0.017 0.044 

 

Table 3.77: Fracture toughness of GRS550/X80 

Material Location Item no. KJIc [ MPa√𝑚 ] 
GRS550/X80  Base material 5 140.9 
GRS550/X80  Weld material 5 154.2 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material of longitudinal weld 

 
22 Notched-bar impact test with V-notch at 0 °C 
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Hardness measurements were performed on two metallographic samples from item no. 5. The 
results of these hardness measurements are shown in Figures 3.108 to 3.113. 

 

  

Figure 3.107: Crack growth GRS550/X80 
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Figure 3.108: Hardness measurements of GRS550/X80 (1) 
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Figure 3.109: Hardness measurements of GRS550/X80 (2) 
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Figure 3.110: Hardness measurements of GRS550/X80 (3) 
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Figure 3.111: Hardness measurements of GRS550/X80 (4) 
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Figure 3.112: Hardness measurements of GRS550/X80 (5) 
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Figure 3.113: Hardness measurements of GRS550/X80 (6) 
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3.25  L415 

The samples were taken from a longitudinally welded pipe bend with a diameter of 660 mm 
and a wall thickness of 11.1 mm. 

The relevant material-specific data is as follows: 

Table 3.78: Characteristics of L415 

Production year 2020 
Production standard EN ISO 3183 
Specific minimum characteristics Re [MPa] 415 

Rm [MPa] 520 
Kv [J] 27 

Material characteristics Re [MPa] 468 
Rm [MPa] 618 
Kv [J] 192 

 

Table 3.79: Chemical composition of L415 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.098 0.254 1.369 0.016 0.0013 0.017 0.041 0.108 

Ni V Ti Nb  

0.35 0.002 0.003 0.022 

 

Table 3.80: Fracture toughness of L415 

Material Location Item no. KJIc [ MPa√𝑚 ] 
L415  Base material 9 108.5 
L415  Weld material 9 138.4 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Samples were taken from the following areas: 

- base material 
- weld material of the longitudinal weld 
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Figure 3.114: Crack growth L415 
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3.26  P355 NL1 

The samples were taken from a seamless steel pipe with a diameter of 368 mm and a wall 
thickness of 37 mm. 

The relevant material-specific data is as follows: 

Table 3.81: Characteristics of P355 NL1 

Production year 2013 
Production standard API Spec. 5L (2013) / EN 10216-3 
Specific minimum characteristics Re [MPa] 345 

Rm [MPa] 490 
Kv [J] 43 

Material characteristics Re [MPa] 365 
Rm [MPa] 529 
Kv

 23 [J] 224 
 

Table 3.82: Chemical composition of P355 NL1 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

0.15 0.2 1.3 0.1 0.002 0.14 0.12 0.04 

Ni V Ti Nb  

 0.05 0.001 0.013 

 

Table 3.83: Fracture toughness of P355 NL1 

Material Location Item no. KJIc [ MPa√𝑚 ] 
P355 NL1  Base material 15 111.6 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 
23 Sample form as per ASTM A 370 transverse at 0°C 
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Figure 3.115: Crack growth in P355 NL1 
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3.27  GJS400 

GJS400 (spheroidal graphite) is sometimes used in the pressure vessels of valves. The 
sample used involves a casting sample. 

The relevant material-specific data is as follows: 

Table 3.84: Characteristics of GJS400 

Production year 2022 
Production standard EN 1563 
Specific minimum characteristics Re [MPa] 240 

Rm [MPa] 370 
Kv [J] 14 

Material characteristics Re [MPa] 294 
Rm [MPa] 421 
Kv

 24 [J] 15 
 

Table 3.85: Chemical composition of GJS400 

 
Chemical composition 
[%] 

C Si Mn P S Cu Cr Mo 

3.822    0.0038    

Ni V Ti Nb  

    

 

Table 3.86: Fracture toughness of GJS400 

Material Location Item no. KJIc [ MPa√𝑚 ] 
GJS400  Base material 14 62.2 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 

 
24 Notched-bar impact test as per DIN EN ISO 148-1; notch form: KV2; test temperature: 0 °C 
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Figure 3.116: Crack growth GJS400 
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3.28  P460 QL1 

P460 QL1 (cast steel) is also used in valve pressure vessels. The sample has a thickness of 
50 mm. 

The relevant material-specific data is as follows: 

Table 3.87: Characteristics of P460 QL1 

Production year 2019 
Production standard EN 10028-6 (2017) 
Specific minimum characteristics Re [MPa] 460 

Rm [MPa] 550 
Kv [J] 27 

Material characteristics Re [MPa] 464 
Rm [MPa] 562 
Kv

 25 [J] 282 
 

Table 3.88: Chemical composition of P460 QL1 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.081 0.376 1.35 0.007 0.0005 0.159 0.058 0.087 

Ni V Ti Nb  

0.27 0.05 0.002 0.018 

 

Table 3.89: Fracture toughness of P460 QL1 

Material Location Item no. KJIc [ MPa√𝑚 ] 
P460 QL1  Base material 16 118.6 

 

The curves describing crack growth in a hydrogen atmosphere are shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 
25 Notched-bar impact test as per DIN EN ISO 148-1 at -60 °C, form: CV 
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Figure 3.117: Crack growth P460 QL1 



   

DVGW Research Project G 202006 | 159  

3.29  C22.3 

The samples were taken from a plate with a thickness of 20 mm. 

The relevant material-specific data is as follows: 

Table 3.90: Characteristics of C22.3 

Production year 2022 
Production standard WB364 
Specific minimum characteristics Re [MPa] 240 

Rm [MPa] 410 
Kv 26[J] 31 

Material characteristics Re [MPa] 347 
Rm [MPa] 490 
Kv

 27 [J] 94 
 

Table 3.91: Chemical composition of C22.3 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.16 0.154 0.741 0.026 0.012 0.027 0.017 0.005 

Ni V Ti Nb  

0.001 0.001 0.001 0.001 

 

Table 3.92: Fracture toughness of C22.3 

Material Location Item no. KJIc [ MPa√𝑚 ] 
C22.3 Base material 44 104.1 

 

The curve describing crack growth in a hydrogen atmosphere is shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 

 
26 Notched-bar impact test as per DIN EN ISO 148-1 (2017-05), notch form: KV2; test temperature: 20 °C 
27 Notched-bar impact test as per DIN EN ISO 148-1 (2017-05); notch form: KV2; test temperature: 0 °C 
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Figure 3.118: Crack growth C22.3 
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3.30  GS C25 N  

The sample was taken from a valve housing. 

The relevant material-specific data is as follows: 

Table 3.93: Characteristics of GS C25 N 

Production year 1993 
Production standard DIN 17245 
Specific minimum characteristics Re [MPa] 245 

Rm [MPa] 440 
Kv [J] 27 

Material characteristics Re [MPa] 311 
Rm [MPa] 472 
Kv

 28 [J] 18 
 

Table 3.94: Chemical composition of GS C25 N 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.2 0.403 0.678 0.035 0.014 0.234 0.235 0.059 

Ni V Ti Nb  

0.136 0.001 0.003 0.001 

 

Table 3.95: Fracture toughness of GS C25 N 

Material Location Item no. KJIc [ MPa√𝑚 ] 
GS C25 N Base material 46 111.6 

 

The curve describing crack growth in a hydrogen atmosphere is shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 
28Notched-bar impact test as per DIN EN ISO 148-1 (2017); sample form: KV2; test temperature: 0 °C; longitudinal 
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Figure 3.119: Crack growth GS C25 N 
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3.31  TStE 355N 

The samples were taken from a plate with a thickness of 20 mm. 

The relevant material-specific data is as follows: 

Table 3.96: Characteristics of TStE 355N 

Production year 2002 
Production standard DIN 17102 
Specific minimum characteristics Re [MPa] 355 

Rm [MPa] 490 
Kv 24[J] 55 

Material characteristics Re [MPa] 434 
Rm [MPa] 530 
Kv

 29 [J] 281 
 

Table 3.97: Chemical composition of TStE 355N 

 
Chemical 
composition [%] 

C Si Mn P S Cu Cr Mo 

0.14 0.201 1.311 0.017 0.007 0.088 0.094 0.022 

Ni V Ti Nb  

0.039 0.025 0.003 0.03 

 

Table 3.98: Fracture toughness of TStE 355N 

Material Location Item no. KJIc [ MPa√𝑚 ] 
TStE 355N Base material 45 133.3 

 

The curve describing crack growth in a hydrogen atmosphere is shown below. Crack growth 
was investigated at an overpressure of 100 bar, a frequency of 1 Hz and an R value of 0.5. 

Only the base material was investigated. 

 

 
29Notched-bar impact test as per DIN EN ISO 148-1 (2017); sample form: KV2; test temperature: 0 °C; longitudinal 
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Figure 3.120: Crack growth TStE 355N 
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4 Results of Crack Growth Measurements 

4.1 Crack Growth at pH2 = 100 bar and R=0.5 

As was the case with the static tests, the cyclical fracture-mechanical tests were performed on 
the majority of samples at a constant hydrogen pressure of pH2 = 100 bar. In conformance with 
the underlying test parameters in line with [3] and [7], the test frequency was set to f = 1 Hz 
and the stress ratio to R = 0.5. 

Figure 4.1 shows the results of the cyclical crack growth tests for the base material, the weld 
and the heat-affected zone of the weld of the investigated materials. For purposes of 
comparison, the crack growth relationship as defined by ASME B 31.12 is also plotted as a red 
line. 

 

   

 
During testing, the crack growth rates were established in the range of stress intensities K of 
approx. 10 to approx. 40 MPa m1/2. However, the tests performed did not focus on establishing 
the lower threshold value (Kth). Knowledge of very low stress intensities is not so important 
in connection with predictions for a gas pipeline’s service life since low stress intensities have 
practically no influence on the results of these predictions. 

In concurrence with the investigations performed in the USA, the measured crack growth 
curves principally form a relatively homogenous range below the crack growth relationship as 
defined by ASME B 31.12, although very different materials were tested in terms of strength, 
microstructure and ductility. 

Figure 4.1: Established crack growth of the investigated materials in hydrogen (100 bar, R = 0.5) 
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In a more precise comparison with the crack growth relationship as defined by ASME B 31.12, 
the crack growth measured in this project tends to be slightly higher for lower stress intensities 
and the crack growth relationship is lower for higher stress intensities. 

Hence, by dividing the crack growth law into two bilinear areas (Figure 4.2), a more precise, 
conservative approach to the measurement data can be obtained. This usual procedure was 
already suggested in [8], for example. 

  

 

Figure 4.2: Conservative description of the established crack growth in hydrogen for pH2 = 
100 bar and R = 0.5 

The following crack growth law was derived on the basis of the established test data for 
pH2=100 bar and R=0.5: 

for ∆K ≤ 12.851 𝑀𝑃𝑎√𝑚                  = 1.1 ⋅ 10 ⋅ 𝛥𝐾           

for ∆K ≥ 12.851 𝑀𝑃𝑎√𝑚                  = 3 ⋅ 10 ⋅ 𝛥𝐾   

pH2 bar ; ∆K MPa m0.5 ; da/dN mm/load cycle 
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4.2 Crack Growth Law Depending on Hydrogen Pressure pH2 

Figures 4.3 to 4.5 show the results of crack growth measurements of the materials St35 and 
L485  which were performed at hydrogen pressures of pH2 = 0.2 bar to pH2 = 100 bar. It was 
revealed that crack growth, particularly for lower stress intensities and lower hydrogen 
pressures, initially behaves similar to crack growth in air. If cyclical stress intensity increases, 
crack growth approaches the typical crack growth for higher pressures or for pH2 ≈ 100 bar. 
When applying the bilinear crack growth law as shown in Figure 4.2, this behaviour can be 
approximately described by taking into consideration a pressure dependence in the crack 
growth relationship for lower stress intensities. For higher stress intensities, it is assumed that 
the crack growth relationship is independent of hydrogen pressure and thus corresponds to 
behaviour at pH2 = 100 bar. This procedure was also already suggested in [8] and checked for 
applicability to the data presented here. 

In Figures 4.3 to 4.5, the exemplary description of crack growth for the corresponding hydrogen 
pressures is shown in the form of bilinear straight lines in the same colour as the relevant 
measurement. 

 

Figure 4.3: Crack growth in hydrogen for different hydrogen pressures and bilinear model 
(St35, item no. 25ff at R = 0.5) 
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Figure 4.4: Crack growth in hydrogen for different hydrogen pressures and bilinear model 
(St35, item no. 41 at R = 0.5) 

 

 

Figure 4.5: Crack growth in hydrogen for different hydrogen pressures and bilinear model 
(L485, item no. 32ff at R = 0.5) 
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A more precise analysis of crack growth behaviour for different hydrogen pressures pH2 reveals 
the following: 

- At lower stress intensities and hydrogen pressures, crack growth is comparable 
with crack growth in air / natural gas. 

- At higher hydrogen pressures, crack growth very rapidly approaches the 
behaviour at pH2 = 100 bar, already at lower stress intensities. 

- The position of the transitional area from “slow” crack growth to H2-typical rapid 
crack growth depends on the hydrogen pressure, although it cannot be predicted 
exactly. 

Measurements on L485 (Figure 4.5) show, for example, a crack growth which is comparable 
to that in air within the entire measured range of stress intensities for pressures of pH2 = 0.2 bar 
to pH2 = 2 bar. At a pressure of pH2 = 5 bar, the crack growth rate above stress intensities of 
∆K > 22 MPa m0.5 approaches the typical crack growth rate in hydrogen. At a hydrogen 
pressure of pH2 = 10 bar, the transition towards a high crack growth rate starts already at stress 
intensities of ∆K ≈ 12 MPa m0.5 . 

Measurements on St35 (Figures 4.3 to 4.4) also show a crack growth behaviour which 
corresponds to that in air for low hydrogen pressures of pH2 = 0.2 bar and pH2 = 1 bar (in one 
case even for pH2= 5 bar) for all investigated stress intensities ∆K. However, crack growth for 
the same stress intensity at pH2 = 2 bar was greater than at pH2 = 5 bar (see Figure 4.4) or at 
pH2 = 10 bar partially lower than at pH2 = 2 – 5 bar (see Figure 4.3). 

Hence, the influencing factors which determine the dependence of crack growth with regard to 
the hydrogen pressure level appear to be very complex and are probably governed by the 
locally existing microstructures of the materials involved. 

Within the context of applying a conservative safety concept, it is, however, helpful to introduce 
a conservative estimate of crack growth. 

The established test data results in a conservative description of crack growth for R=0.5: 

for ∆K ≤ 3.6667 ⋅ 10 𝑝   
,

 𝑀𝑃𝑎√𝑚           = 1.1 ⋅ 10 ⋅ 𝛥𝐾 ⋅  𝑝   

for ∆K ≥ 3.6667 ⋅ 10 𝑝   
,

 𝑀𝑃𝑎√𝑚           = 3 ⋅ 10 ⋅ 𝛥𝐾   

pH2 bar ; ∆K MPa m0.5 ; da/dN mm/load cycle 

Note: The given equations contain the equations specified in Section 4.1. 

4.3 Additional Consideration of Mean Stress (R Value) 

ASME standard [9] contains a suggestion for converting crack growth behaviour to any R 
values insofar as the relevant tests have been performed at a constant R value. Figures 4.6 
and 4.7 show a comparison of the measured crack growth curves as calculated in line with [9] 
for R = 0.1 and R = 0.7, assuming that these curves have been calculated from the measured 
curves for R = 0.5. 
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Figure 4.6: Calculated and measured impact of the R value on crack growth behaviour (L360, R 
= 0.1, R = 0.5, R = 0.7 pH2 =100 bar) 
 

 

Figure 4.7: Calculated and measured impact of the R value on crack growth behaviour (L485, R 
= 0.1, R = 0.5, R = 0.7 pH2 =100 bar) 
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For both materials, the curves calculated for R = 0.7 highly correspond to the actually 
measured crack growth curves. For R = 0.1, concurrence between the calculated and 
measured curves may be described as sufficiently accurate, within the context of usage in 
service life estimates. 

For the purpose of illustrating the impact of the R value on the bilinear crack growth law applied 
here, the R values (for R = 0.1 and R = 0.7) are plotted in Figure 4.8 as dotted red lines. 

 
Figure 4.8: Bilinear crack growth law for R=0.1, R=0.5 and R=0.7 (pH2 =100 bar) 

 

The following crack growth law was derived on the basis of the established test data: 

for ∆K ≤  3.6667 ⋅ 10 𝑝   
,

 𝑀𝑃𝑎√𝑚   = 4.4 ⋅ 10 ⋅ (1 + 3 ⋅ 𝑅) ⋅ 𝛥𝐾 ⋅  𝑝   

for ∆K ≥  3.6667 ⋅ 10 𝑝   
,

 𝑀𝑃𝑎√𝑚             = 1.2 ⋅ 10 ⋅ (1 + 3 ⋅ 𝑅) ⋅ 𝛥𝐾   

pH2 bar ; ∆K MPa m0.5 ; da/dN mm/load cycle 

Note: The given equations contain the equations specified in Sections 4.1 and 4.2. 

 

R=0.7 
R=0.5 
R=0.1 
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5 Selected Results for Fracture Toughness 

5.1 Results for pH2 = 100 bar 

Figures 5.1 to 5.4 show an overview of the results for fracture toughness KIc at a test pressure 
of pH2 = 100 bar. The data indicated in “blue” refers to tests performed on the base materials, 
whereas the “red” data relates to tests on welds and heat-affected zones. The minimum value 
stipulated by the codes of practice (KIc = 55 MPa m½) is also indicated. 

 

Figure 5.1: Established fracture toughness (KIc) for the tested pipeline materials (1) 
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Figure 5.2: Established fracture toughness (KIc) for the tested pipeline materials (2) 

 

 

Figure 5.3: Established fracture toughness (KIc) for the tested pipeline materials (3) 
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All investigated samples complied with the minimum requirement for fracture toughness KIc 
> 55 MPam½ as per ASME B 31.12. 

 

5.2 Results for pH2 < 100 bar 

For the material St35, the impact of hydrogen pressure on the resulting fracture toughness 
was investigated for two different production years (Figures 5.5 and 5.6). Hydrogen pressure 
was varied for the base material exclusively. The highest fracture toughness values (KIc  
170 MPa m½) were established in air (0 bar H2). A reproducible reduction in fracture toughness 
was established already at a low hydrogen pressure of pH2 = 0.2 bar. It was decreased to 
fracture toughness values of around KIc  100 MPam½ at hydrogen pressures of pH2 = 10 – 
20 bar. If hydrogen pressure is further increased, this fracture toughness remains 
approximately constant. 

Figure 5.4: Established fracture toughness (KIc) for line pipe materials (plants) and valves 
(pressure vessels) 
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Figure 5.5: Fracture toughness depending on hydrogen pressure (St35, item no. 25ff) 

 

Figure 5.6: Fracture toughness depending on hydrogen pressure (St35, item no. 41) 
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For material L485 which is the currently used material, Figure 5.7 shows the dependence of 
fracture toughness on hydrogen pressure pH2. The following results also refer to the base 
material only. In the case of this material, a distinct reduction in fracture toughness was 
established already at low hydrogen pressures. In this case, fracture toughness continuously 
decreases as hydrogen pressure pH2 increases. However, the stipulated minimum value of KIc 
> 55 Mpam0.5 was always considerably exceeded. 

 

Figure 5.7: Fracture toughness depending on hydrogen pressure (L485) 
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6 Conclusions and Outlook 

The primary objective of the SyWeSt H2 project was to investigate the applicability and 
transferability of the fracture-mechanical parameters specifically indicated in ASME B 31.12 
for hydrogen as a transmission medium to the pipe materials featured in the German high-
pressure gas pipeline grid. 

For this purpose, fracture-mechanical crack growth investigations were performed on a 
representative selection of pipeline steel grades of very different ages and material strengths 
and the relevant results were compared with the crack growth relationships defined by ASME 
B 31.12. This comparison indicated that there is considerable concurrence, also in quantitative 
terms, between the crack growth relationships defined by ASME and the crack growth 
relationships established in this project. 

Hence, all pipeline steel grades investigated in this project are fundamentally suitable for 
hydrogen transmission. 

Considered in detail, in comparison to ASME B 31.12, crack growth as established in this 
project is somewhat greater for lower cyclical stress intensities and somewhat less for higher 
cyclical stress intensities. 

In practical application within the context of service life predictions to be performed, the 
application of both crack growth equations ought to lead to very similar results. Compared to 
the ASME crack growth equations, the bilinear relationships as established here also include 
the impact of hydrogen pressure and the mean stress level (R value). This enables more 
precise service life predictions which then result in longer predicted operating periods if higher 
stress intensities are decisive or relatively low hydrogen or partial hydrogen pressures apply. 
The latter can be particularly the case in distribution grids or with the blending of hydrogen. 

In addition to crack growth behaviour, the minimum value for fracture toughness as specified 
in ASME B 31.12 and the DVGW codes of practice was investigated. This value was also 
exceeded by all investigated pipeline steel grades, in the majority of cases even very 
considerably. This also demonstrates the fundamental suitability for hydrogen transmission. 

In addition to the tests on pipeline steel grades, a number of orienting fracture-mechanical 
tests were performed on materials which are used as pressure vessels for valves. It was shown 
that, in the majority of cases, the relevant results obtained are comparable with those for 
pipeline steel grades. Hence, the application of fracture-mechanical concepts for valve 
materials is possible or recommendable. Since, however, the wide range of potentially usable 
materials is very great, the initiation of an additional test programme specifically for these 
materials is highly advisable. 

The SyWeSt H2 project covers a large quantity of data, and further analyses / evaluations 
would also appear highly advisable. This particularly relates to questions to what extent, for 
example, the age, strength level, phosphorus and sulphur content or carbon equivalent 
influence the fracture-mechanical properties of the materials. 

The impact of weld hardness on the resulting fracture-mechanical properties was only 
exemplarily investigated by the SyWeSt H2 project. However, indications resulted that the 
maximum hardness specified by ASME B 31.12 is very conservative, whereas the maximum 
possible hardness defined by the DVGW code of practice is too high with a view to potential 
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embrittlement due to hydrogen. Systematic additional investigations would have to be 
performed in order to viably define precise threshold values. The initiation of an appropriate 
test programme is currently being discussed at the European level. 

The crack growth relationships derived from the SyWeSt H2 project include the impact of 
hydrogen or partial hydrogen pressure, although this was estimated very conservatively (i.e. 
“on the safe side”). In fact, however, no impact by hydrogen on crack growth behaviour for 
hydrogen pressures of pH2 ≤1 bar was established in the measurements performed. If this 
result can also be evidenced for further materials, this could have a very beneficial effect on 
the operation of gas grids with low pressure levels or additions of hydrogen in large-scale grids. 

Fundamentally, a more precise description of the impact of average stress (R value) would be 
desirable. However, considering the existing complexity and the associated scope of research, 
the work on this topic is to be considered as very intensive.
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8 List of Abbreviations 

BM Base material 

COD crack opening displacement 

DVGW Deutscher Verein der Gas- und Wasserwirtschaft (German Technical and 
Scientific Association for Gas and Water) 

ERW Electric Resistance Welding 

GW girth weld 

HAZ heat-affected zone 

LW longitudinal weld 

WM weld material 

WM-GW weld material of the girth weld 

WM-LW weld material of the longitudinal weld 
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9 List of Symbols 

Re Minimum yield strength MPa 

Rm Minimum tensile strength MPa 

Kv Notched-bar impact work J 

KJIc Fracture toughness calculated from JIc value MPa√𝑚 

Kv  /A  Notched-bar impact strength kgm/cm2  

E Young's modulus MPa 

µ Poisson's ratio - 

Kmin/Kmax R ratio - 

C ∆Km Paris equation mm/load cycle 

J J integral J/mm2 

A Sample cross section mm2 

Δa Change in crack depth mm 

f Test frequency Hz 

R Mean stress ratio - 

K Cyclic stress intensity MPa√𝑚 

Kth Lower threshold value for crack growth MPa√𝑚 

pH2 Hydrogen pressure bar 

da/dN Crack depth growth per load cycle mm/load cycle 
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