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1 Introduction 
 
This report summarizes the results from the materials screening test programme of the pipeline steels under 
investigation in the HyLINE project. The main objective of the screening programme has been, through 
microstructural characterization and slow strain rate tensile (SSRT) in air and under in-situ electrochemically 
charged hydrogen, to provide a quantitative indication of the hydrogen embrittlement susceptibility of three 
vintage and one modern pipeline steel of X65 and X70 type. Both the base metal and the weld simulated heat 
affected zone of each pipeline material have been included in the programme. The work is motivated by the 
need of a knowledge-based choice of steels to be further investigated in terms of toughness and fatigue crack 
growth rates in the next phase of the project. 
 
The metallurgical characterization (in terms of microstructure and hardness) of the materials as received (i.e., 
base metals and longitudinal welds), is reported in Section 2. The as-received through-thickness 
microstructure, grain size and volume fraction of the identified phases in the materials are presented. The 
pipelines have different wall thicknesses. This should be kept in mind when considering the variations in 
microstructure close to the surface and in the centre of the pipe wall. 
 
The results from the SSRT testing in terms of the hydrogen induced reduction of ductility as well as post-
mortem specimen investigations are summarized in section 3. The description of the procedure used for the 
weld thermal simulation imposed to the different base metals as well as the resulting microstructures  and 
hardness (HV10) are also reported..  
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2 Materials 
 
Four materials have been received for investigation in the HyLINE project. The materials specifics in terms of 
dimension, quantity and production are reported in Table 1. The pipeline steel L-X60) have the thickest pipe 
wall, i.e., 41 mm and the T-X65 pipeline have the thinnest pipe wall of 15.4 mm. Images of the materials as 
received are shown in Appendix A. 
 
Table 1: List of materials received in SINTEF for the initial screening study. 

Material tag Pipe OD 
[mm] 

Pipe WT 
[mm] 

Pipe length 
[mm] Type of pipe 

S - X65 770 26 1000 UOE, longitudinally welded 
L- X70 1100 41 1000 UOE, longitudinally welded 

T-X65 (BM) 321 15.4 6000 (2x3000) Seamless, extruded 

V- X65 810 20.7 3000 UOE, longitudinally welded 
T- X65 (GW) 321 15.4 3000 (1x3000) Girth Welded, seamless, extruded 

 
 

2.1 Metallurgical characterization 
 
A metallurgical characterization has been conducted on all materials listed in Table 1. The metallurgical 
characterization has been performed in both longitudinal and transverse direction of the pipes and in the 
longitudinal- and girth welds where these are present.  
 
Each material has been investigated in three positions in the base metal, namely the outer-, mid,- and inner 
position of the pipe wall. Similar system of investigation is used for the HAZ and welds where these are 
present in the delivered pipes. An illustration of the investigated areas of the materials are shown in Fig. 1, 
whereas each position, numbered from 1 to 12, is presented with an ID name for clarity. The identification 
name for each material, with respect to the investigated orientation, is presented in Table 2. For example, S-
X65 investigated in longitudinal and transverse direction, is identified with S-LM (S-X65- Longitudinal Metal) 
and S-TM (S-X65- Transverse Metal), respectively.  
 
Optical microscopy has been performed on all materials and they have been examined in all positions at four 
different magnifications: 50X, 200X, 500X and 1000X. The optical micrographs presented in this memo, are 
taken with magnification X500. Macros have been investigated and hardness values have been measured for 
the welded materials. 
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Fig. 1: Identification and markings system for the metallurgical examinations performed on the received 
pipes. 

 
Table 2: Investigated pipeline steels with corresponding identification name for relevant orientations. 

Material tag 

Orientation and marking of microstructure test pieces 

Longitudinal* Transverse Transverse (with longi-
tudinal weld cross section)  

S-X65 S-LM S-TM S-LW 
L-X70 L-LM L-TM L-LW 
V-X65 V-LM V-TM V-LW 
T-X65 (BM) TB-LM TB-TM n/a 
T-X65 (GW) TW-LM n/a n/a 

*Specimens longitudinal axis relates to the pipe longitudinal axis. 
 

2.1.1 S-X65 

2.1.1.1 Base material 
 
The S-X65 material has the grade API 5LX X65. The pipeline is produced in 1982 by the Japanese steel 
manufacturer Fukuyama Steel Works. The chemical composition of the material is given in Table 3. 
Representative micrographs of the base metal in both longitudinal and transversal direction (with respect to 
the longitudinal direction of the pipe), are shown in Fig. 2. Examination showed that the S-X65 base metal is 
mainly composed of polygonal ferrite and pearlite in a banded appearance. The pearlite distribution differs 
across the thickness of the pipe wall; banding is more prominent towards the outer surface. It is also observed 
a plate-like microstructure in a banded appearance, suggested to be bainite. The grains for all phases are 
coarser in the mid-section of the pipe wall. Optical micrographs from the transverse direction (Fig. 2(d-f)) 
also confirm the fine-grained appearance towards the outer surface and coarser grains in the middle.  
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Table 3: Chemical composition of the S-X65 material. 

Element C Si Mn P S Cu Cr Ni Mo V Nb Ti N 

wt. % 0.1 <0.6 <1.6 <0.025 <0.015 <0.25 <0.25 <0.25 <0.05 <0.1 <0.05 <0.02 <0.01 

 
 

 
 
Fig. 2: Optical micrographs of S-X65 at X500 magnification, showing the representative microstructure 
from the (a) outer, (b) mid and (c) inner through-thickness area of the pipeline wall in the longitudinal 
direction (LM) and likewise in the (d-f) transversal direction (TM).  

 
The mechanical properties of the as received material (given in the certificate) and from the slow strain rate 
tensile tests campaign performed in SINTEF`s lab facilities, are given in Table 4. Tests are performed in air at 
room temperature (⁓20°C) and with a nominal strain rate of 2.5 E-04 s-1. The results from air and in-situ 
electrochemically charged hydrogen conditions, are given in the following section, 3 Slow Strain Rate Tensile 
Testing.  
 
The phase volume fraction, average grain size and the fraction of non-metallic inclusions have been estimated 
in several positions in the pipe-wall and presented in Table 5. The average grain size of the material is 
determined using the average grain intercept method (AGI), which gives an average grain size of 3.5 µm, 4.2 
µm and 3.7 µm in the outer, mid and inner area of the pipe wall, respectively. The phase and non-metallic 
inclusion volume have been estimated using the grey scale colour coding to distinguish between phases (i.e., 
pearlite and ferrite), as shown in Fig. 3. It should be noted that for steels mainly containing ferrite and 
pearlite, this method is more accurate than for steels having additional phases. For instance, the 
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microstructure of S-X65 contains banding of pearlite and ferrite, as well as bainite. As a result, the volume 
fraction estimated from the black-coloured phases is a combination of pearlite and bainite.  
 
Table 4: Mechanical properties of S-X65 (from certificate) and obtained from mechanical tests of the mid 
and inner in longitudinal direction and inner transverse direction, performed at SINTEF.  

Material σ0.2 [MPa] σUTS [MPa] EL% HV 

As received 526 627 24 - 

S mid 445 584  187 (± 0.6) 

S Inner 518 590  185 (± 0.2) 

S mid (T) 507 598  - 

(T)= Specimens oriented in the transverse direction 
*X65 YS min. = 448 MPa, UTS min. = 531 MPa (API 5L spesifications for Linepipe) 
 
Table 5: Phase volume and grain size of S-X65 microstructure from the outer, mid, and the transversal mid 
position of the pipe wall.  

Material Ferrite 
[%] 

Pearlite/bainite  
[%] 

Grain size 
[µm] 

Non-metallic 
inclusions [%] 

Outer 84.6 15.4 3.5 0.06 

Mid 83 17 4.2 0.06 

Mid (T)* 87 13 3.7 0.04 

*T= data from the mid area of the pipe in the transversal direction.  
 

 
Fig. 3: a) Example of optical micrograph of S-X65 (mid position) microstructure (X500), used for estimation 
of phase volume fraction, as shown in b). The white areas are ferrite, and the black areas are pearlite and 
bainite. 

2.1.1.2 Heat Affected Zone and Weld Metal 
 
The macrograph of the longitudinal two pass submerged arc weld in S-X65 are shown in Fig. 4 and the 
corresponding hardness values are plotted in Fig. 5. The macro hardness profile in the transverse area of the 
welded joint is analysed. Indentations were performed in the base metal, HAZ, weld metal on both sides of 
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the joint and in the outer, mid, and inner position of the pipe-wall. Fig. 5 shows a gradual increase in hardness 
towards the middle of the joint, i.e. the weld metal. The representative microstructures from the HAZ and 
weld metal in the outer, mid, and inner position, are shown in Fig. 6 and Fig. 7, respectively. 
 
The microstructure in the HAZ primarily consists of bainite and ferrite in a coarse-grained appearance, 
depending on its location relative to the weld. The bainitic microstructure is more prominent towards the 
outer and inner surfaces. Typical morphologies of grain boundary ferrite and small amounts of possibly 
acicular ferrite and Widmanstätten ferrite can be seen. The presence of ferrite is more prominent in the HAZ 
mid position, in terms of enlarged grains of polygonal ferrite. The inner HAZ microstructure exhibit nearly 
similar morphology as the HAZ outer. Non-metallic inclusions and possible carbides are observed throughout 
the thickness of the pipe wall. 
 
The microstructure of the weld metal mainly consists of polygonal ferrite and bainite in a fine-grained 
appearance (in contrast to that observed in HAZ). The prior austenite grains with grain boundary ferrite are 
seen throughout the thickness, reaching a maximum in the middle. Moreover, the ferrite grains are larger in 
the middle than towards the outer surfaces (X200). At higher magnification, non-parallel, needle-shaped 
features are observed, assumed to be acicular ferrite. In addition, some features of Widmanstatten ferrite 
and non-metallic inclusions are observed. A detailed report of the hardness measurements is attached in 
APPENDIX B.  
 

 
Fig. 4:  Macrograph of the longitudinal weld in S-X65 with residual imprints from hardness measurements. 



 

PROJECT NO. 
102017484-5 

REPORT NO. 
2020:01325 
 
 

VERSION 
1.1 
 
 

12 of 74 

 

 
Fig. 5: Vickers hardness (HV10) in S-X65 base metal, HAZ and weld in the upper, mid, and lower area, with 
respect to the centre of the joint.  

 
 

Fig. 6: Optical micrographs of HAZ from the longitudinal weld in S-X65 from the a) outer, b) midand c) inner 
area of the pipe wall thickness. Average Vickers hardness values from the representative microstructures 
are given. 

 

Fig. 7: Optical micrographs of the weld metal from the longitudinal weld in S-X65 from the a) outer, b) mid 
and c) inner area of the pipe wall thickness. Average Vickers hardness values from the representative 
microstructures are given. 
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2.1.2 L – X60 

2.1.2.1 Base material 
The L-X60 material has the grade API 5LX X60 and is produced in 2004 by Kashima Steel Works. Chemical 
composition of the material is given in Table 6. Representative micrographs of the base metal in the 
longitudinal and transversal direction (with respect to the longitudinal direction of the pipe), are given in Fig. 
8. The metallurgical features and distribution of phases are comparable with that observed for S-X65. The 
microstructure mainly consists of polygonal ferrite and banded pearlite. The pearlite distribution differs 
across the thickness of the pipe wall; banding is more prominent towards the outer surface. In addition, 
bands of probably bainite are observed in the microstructure throughout the pipe wall thickness. The grains 
of all phases are coarser in the mid-section of the pipe wall. Optical micrographs from the transverse direction 
(Fig. 8 d-f) also confirm the fine-grained appearance towards the outer surface and coarser grains in the 
middle.  
 
Table 6: Chemical composition of L-X60 material measured from both inner and mid position of the pipe 
wall. 

Element C Si Mn P S Cu Cr Ni Mo V Nb Ti N 

wt. % 
Inner 

0.068 0.28 1.58 0.006 <0.001 0.26 0.18 0.42 <0.01 0.047 0.046 0.016 0.002 

wt. % 
middle 

0.066 0.28 1.57 0.006 <0.001 0.26 0.18 0.41 <0.01 0.047 0.045 0.016 0.002 
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Fig. 8: Optical micrographs of the L-X60 material at X500 magnification, showing the representative 
microstructure from the (a) outer, (b) mid and (c) inner through-thickness area of the pipeline wall in the 
longitudinal direction (LM) and likewise in the (d-f) transversal direction (TM). 

The mechanical properties of the as received material (given in the certificate) and from slow strain rate 
tensile tests performed in SINTEF`s lab facilities, are given in Table 7. Tests are performed in air at room 
temperature (⁓20°C) and with a nominal strain rate of 2.5·10-4 s-1. The phase volume fraction, average grain 
size and the fraction of non-metallic inclusions have been estimated from several locations throughout the 
pipe wall thickness and are presented in Table 8. 
 
Table 7: Mechanical properties of L-X60 as received (from certificate) and obtained from mechanical tests 
performed at SINTEF. Data from the mid, inner and mid transverse direction are given. 

Material σ0.2 [MPa] σUTS [MPa] EL% HV 

As received 544* 604 44 - 

L mid 413 530  185 ± 2.1 

L Inner 481 555  197 ± 7.9 

L mid (T) 388 546  - 

*The yield strength given in the certificate is from σ0.5. 
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Table 8: Phase volume and grain size of L-X60 microstructure from the outer, mid, and the transversal 
mid position of the pipe wall. 

Material Ferrite 
[%] 

Pearlite/bainite  
[%] 

Grain size 
[µm] 

Non-metallic 
inclusions [%] 

Outer 93 7 4.6 0.018 

Middle 92 8 6.8 0.017 

Middle (T)* 93 8 8.7 0.039 

*T= data from the middle area of the pipe in the transversal direction.  
 

2.1.2.2 Heat Affected Zone and weld metal 
 
The macrograph of the longitudinal two pass submerged arc weld in L-X60 are shown in Fig. 9 and the 
corresponding macro hardness profile in the transverse area of the welded joint are given in Fig. 10. 
Indentations were performed in the base metal, HAZ, weld metal on both sides of the joint and in the outer, 
mid -and inner position of the pipe wall. The representative microstructures from the HAZ and weld metal in 
the outer, mid, and inner position, are shown in Fig. 11 and Fig. 12, respectively. Average hardness (HV10) 
values are given for each microstructure.  
 
The microstructure in the HAZ in the outer and inner region of the pipe wall, differ significantly from that 
observed in the HAZ middle. A coarse-grained structure with bainite and ferrite is typically observed at the 
outer and inner HAZ. The bainite is seen within the interior of prior austenite grain boundaries. Small amounts 
of acicular ferrite are possibly present. In contrast, the HAZ mid position exhibits a fine-grained structure of 
ferrite and possibly bainite. Several dark spots in the HAZ middle can be seen, which is a result of the 
segregation of alloying elements, seen as dark longitudinal lines at lower magnifications. 
 
The weld metal contains mainly acicular ferrite, together with some grain boundary ferrite and 
Widmanstatten ferrite. The microstructure of the mid area differs from that seen on the outer surfaces, in 
terms of a more fine-grained structure, with the presence of some polygonal ferrite, acicular ferrite and non-
metallic inclusions. Non-metallic inclusions and possible carbides are observed throughout the thickness of 
the pipe wall. A detailed report for the hardness measurements is attached in APPENDIX B.  
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Fig. 9: Macrograph of the longitudinal weld in L-X60 with residual imprints from hardness measurements. 

 
Fig. 10: Vickers hardness (HV10) results for L-X60 base metal, HAZ and weld in the outer, mid, and inner 
position of the pipe. 
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Fig. 11: Optical micrographs of HAZ from the longitudinal weld in L-X60 from the a) outer, b) mid and c) 
inner position of the pipe wall thickness. Average Vickers hardness values from the representative 
microstructures are presented below each image. 

 

Fig. 12: Optical micrographs of the weld metal from the longitudinal weld in L-X60 from the a) outer, b) 
mid and c) inner position of the pipe wall thickness. Average Vickers hardness values from the 
representative microstructures are presented below each image.  

2.1.3 V–X65 

2.1.3.1 Base material 
The V-X65 material has the grade API 5LX X65 and its chemical composition is given in Table 9. The certificate 
for this steel is not available, therefore, as received mechanical properties are not given. Representative 
micrographs of the base metal in both longitudinal and transversal direction (with respect to the longitudinal 
direction of the pipe), are given in Fig. 13 . The microstructure consists of polygonal ferrite and pearlite in 
alternating layers. The microstructure is more fine-grained towards the outer surfaces of the pipe wall, 
leading to smaller distance between the pearlite bands. Also, the bands are more continuous than that 
observed for S-X65 and L-X60, where the pearlite is more scattered in some areas of the pipe. Optical 
micrographs from the transverse direction (Fig. 13 (d-f)) also confirm the fine-grained appearance towards 
the outer surface and coarser grains in the middle.  
 
Table 9: Chemical composition of V-X65 material. 

Element C Si Mn P S Cu Cr Ni Mo V Nb Ti N 

wt. % 0.12 0.26 1.36 0.020 0.003 0.010 0.022 0.25 0.002 0.065 0.041 0.002 0.032 
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Fig. 13: Optical micrographs of the V-X65 material at X500 magnification, showing the representative 
microstructure from the (a) outer, (b) middle and (c) inner through-thickness area of the pipeline wall in 
the longitudinal direction (LM) and likewise in the (d-f) transversal direction (TM). 

 
The tensile properties from slow strain rate testing, are given in Table 10. Testing have been performed in air 
at room temperature (⁓20°C) and with a nominal strain rate of 2.5E10-4 s-1. The phase volume fraction, 
average grain size and the fraction of non-metallic inclusions have been estimated from several locations 
throughout the pipe wall thickness and are presented in Table 11. 
 
Table 10: Mechanical properties of V-X65 obtained from mechanical tests performed at SINTEF. Data 
from the mid, inner and mid transverse (T) direction are given. 

Material σ0.2 

[MPa] σUTS [MPa] HV 

As received - - - 

V mid 440 594 
194 ± 

1.4 

V Inner 474 604 
200 ± 

0.8 

V mid (T)* 500 629 - 
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Table 11: Phase volume and grain size of V-X65 microstructure from the outer, mid, and the transversal (T) 
mid position of the pipe wall. 

Material Ferrite 
[%] 

Pearlite  
[%] 

Grain size 
[µm] 

Non-metallic 
inclusions [%] 

Outer 86 14 3.7 0.034 

Mid 87 13 5.2 0.035 

Mid (T)* 83 17 5 0.047 

 

2.1.3.2 Heat Affected zone and weld metal 
 
The macrograph of the longitudinal two pass submerged arc weld in V-X65 is shown in Fig. 14 and the 
corresponding macro hardness profile in the transverse area of the welded joint are given in Fig. 15. 
Indentations were performed in the base metal, HAZ and weld metal on both sides of the joint and in the 
outer, mid, and inner position of the pipe wall. The representative microstructures from the HAZ and weld 
metal in the outer, mid, and inner position, are shown in Fig. 16 and Fig. 17, respectively. Average hardness 
(HV10) values are given for each microstructure in Fig. 16 and Fig. 17.  
 
Optical microscopy of the HAZ of the longitudinal weld in the V-X65 pipe reveal a coarse-grained 
microstructure consisting of bainite plates in the interior of priori austenite grains. Moreover, grain boundary 
(allotriomorphic) ferrite is present at prior austenite grain boundaries. This microstructure is typically 
observed at the outer and inner area of the pipe. In contrast, the HAZ in the mid-position of the pipe, contain 
a rather fine-grained structure, consisting of polygonal ferrite and bainite embedded within the ferrite grains. 
There is also observed several black spots in the mid-section (Fig. 16 (b)) that possibly occur as a result of the 
etching. 
 
The weld metal (Fig. 17) has a refined microstructure on the outer and inner part of the pipe. The 
microstructure mainly consists of acicular ferrite and allotriomorphic ferrite. The mid-section is composed of 
larger polygonal ferritic grains and acicular ferrite. Non-metallic inclusions are observed throughout the pipe 
wall thickness in the weld metal. A detailed report for the hardness measurements is attached in APPENDIX 
B. 
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Fig. 14: Macrograph of the longitudinal weld in V-X65 with residual imprints from hardness measurements. 

 

 
Fig. 15: Vickers hardness (HV10) in V-X65 base metal, HAZ and weld in the upper, mid and lower area in the 
pipe wall. 

 
Fig. 16: Optical micrographs of HAZ from the longitudinal weld in V-X65 from the a) outer, b) mid and c) 
inner area of the pipe wall thickness. Average Vickers hardness values from the representative 
microstructures are presented below each image. 
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Fig. 17: Optical micrographs of the weld metal from the longitudinal weld in V-X65 from the a) outer, b) 
mid and c) inner area of the pipe wall thickness. Average Vickers hardness values from the representative 
microstructures are presented below each image. 

2.1.4  T–X65 

2.1.4.1 Base material 
 
The T-X65 material with the API 5L grade X65 is a seamless pipe produced in 2019. It is the newest steel 
investigated in the HyLINE project and contains a different microstructure compared to that seen in the highly 
anisotropic pipeline steels. The chemical composition is given in Table 12. Representative micrographs of the 
microstructure in both longitudinal and transversal direction (with respect to the longitudinal direction of 
the pipe), are given in Fig. 18. The metallurgical features and distribution of phases differ from the typical 
banded appearance of ferrite/pearlite observed in the others investigated pipeline steels. The microstructure 
in T-X65 is fine-grained and consist of ferrite and bainite homogeneously distributed, obtained from 
quenching and tempering. Fig. 18 (c) and (f) reveal a larger amount of bainite in the inner area of the pipe 
and a more fine-grained appearance towards the outer surface is observed Fig. 18 (a) and (d). 
 
Table 12: Chemical composition of T-X65 material. 

Element C Si Mn P S Cu Cr Ni Mo V Nb Ti N 

wt. % 0.07 0.22 1.19 0.011 0.003 0.14 0.15 0.15 0.12 0.02 0.019 0.001 0.01 
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Fig. 18: Optical micrographs of the T-X65 material at X500 magnification, showing the representative 
microstructure from the (a) outer, (b) mid and (c) inner through-thickness area of the pipeline wall in the 
longitudinal direction (LM) and likewise in the (d-f) transversal direction (TM). 

The mechanical properties of the as received material (given in the certificate) and from slow strain rate 
tensile tests performed in SINTEF`s lab facilities, are given in Table 13. Tests are performed in air at room 
temperature (⁓20°C) and with a nominal strain rate of 2.5 E-04 s-1. The phase volume fraction, average grain 
size and the fraction of non-metallic inclusions have been estimated from several locations throughout the 
pipe wall thickness and are presented in Table 14. 
 
Table 13: Mechanical properties of T-X65 as received (from certificate) and obtained from mechanical tests 
performed at SINTEF. Data from the mid, inner and mid transverse direction are given. 

Material σ0.2 

[MPa] σUTS [MPa] HV 

As received 498* 583 - 

T mid 495 576 
190 ± 

1.8 

T Inner 564 633 
203 ± 

1.1 

T mid (T) 543 610 - 

*The yield strength given in the certificate is from σ0.5. 
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Table 14: Phase volume and grain size of T-X65 microstructure from the outer, mid, and the transversal 
mid position of the pipe wall. 

Material Ferrite 
[%] 

Bainite  
[%] 

Grain size 
[µm] 

Non-metallic 
inclusions [%] 

Outer 76 24  0.04 

Inner 89 11 ⁓7 0.04 

Mid (T)* 87 13  0.06 

*T= data from the mid area of the pipe in the transversal direction.  
 

2.1.4.2 Heat Affected zone and weld metal 
 
T-X65 pipeline steel does not contain a longitudinal weld as the other steels presented in this report. Thus, a 
circumferential girth weldment was carried out by Technip (procedure and the welding parameters are 
summarized in the certificate in APPENDIX C).  
 
The macrograph of the girth weld is shown in Fig. 19 and the corresponding macro hardness profile in the 
transverse area of the welded joint are given in Fig. 20. Indentations were performed in the base metal, HAZ, 
weld metal on both sides of the joint and in the outer, mid, and inner position of the pipe wall. The 
representative microstructures from the HAZ and weld metal in the outer, mid, and inner position, are shown 
in Fig. 21 and Fig. 22, respectively. Average hardness (HV10) values are given for each microstructure in the 
figures. The detailed report for the hardness measurements is attached in APPENDIX B. 
 
Optical microscopy of the HAZ microstructure of the girth weld, reveal a gradually change towards the inner 
area of the pipe. The outer area shows a refined microstructure (compared to the other areas in this weld) 
with ferrite and bainite. The bainitic microstructure is coarser and larger in the mic section of the pipe and 
appear on prior austenite grains. The prior austenite grains are more prominent in the microstructure 
towards the inner surface of the pipe. Also, the interior of the prior austenite grains, are composed of bainite 
and possibly martensite plates and some grain boundary ferrite are observed at the prior austenite grains. 
The weld metal consists of bainite and ferrite. The microstructure obtains different characteristics 
throughout the pipe wall thickness, whereas a larger amount of bainite is seen in the outer area, a more fine-
grained microstructure is observed in the middle consisting of ferrite and bainite, and a combination of the 
two former descriptions are observed in the inner area of the pipe wall thickness. 
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Fig. 19: Macrograph for the girth weld in the T-X65 material with hardness indentations marks.  

 
Fig. 20: Vickers hardness (HV10) in T-X65 base metal, HAZ and weld in the upper, mid, and lower area of 
the pipe wall.  

 

Fig. 21: Optical micrographs of HAZ from the girth weld in T-X65 from the a) outer, b) mid and c) inner area 
of the pipe wall thickness. Average Vickers hardness values from the representative microstructures are 
presented below each image. 
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Fig. 22: Optical micrographs of the weld metal from the girth weld in T-X65 from the a) outer, b) mid and 
c) inner area of the pipe wall thickness. Average Vickers hardness values from the representative 
microstructures are presented below each image. 
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3 Slow strain rate tensile testing 
Slow strain rate tensile testing in air and under in-situ electrochemically charged hydrogen conditions has 
been performed for all the pipe materials. Testing have been performed on samples from base metal and 
weld simulated heat affected zone, as described in Sections 3.2 and 3.3, respectively. 

3.1 Testing procedure 
Each material and condition have been tested in air and under electrochemically charged hydrogen 
conditions. Two nominal strain rates have been applied: 2.5E-04 sec-1 and 1E-06 sec-1. All tests were carried 
out at room temperature (⁓20 ℃). For the tests in hydrogen, the test specimens were in-situ cathodically 
charged in a 0.1 M Na2SO4 electrolyte under a constant potential of -1050 mVSCE. Multimeters were used 
during the whole test in order to check the values and to keep the electrochemical circuit running as 
designed. The test specimen geometry and the test set-up are presented in Fig. 23: 
  
 

 

a) 
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Fig. 23: a) Specimen geometry used for SSRT; b) Test set-up with mounted specimens and c) in-situ 
electrochemical hydrogen charging ongoing. 

3.2 Base metals SSRT testing 
SSRT testing has been performed on the base metal of all the pipes. The position and the direction of the 
specimens tested, as well as their identification is reported in Fig. 24: 
 
 

 
 

Fig. 24: Schematic sketch of the positioning of the specimens with respect to the pipe with identification 
number reported. 

  

b) c) 
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3.2.1 SSRT results for base metal 
For each of the materials and their position, the comparison of the curves when tested in air and in hydrogen 
conditions is reported together with the picture of their fractured surfaces at two magnifications. Most of 
the test in air has been run at a strain rate of 2.5E-04 s-1. For the samples from position 2 of S-X65 and T-X65, 
the test in air have been run also at the same nominal strain rate as for the testing in hydrogen, i.e. and 1E-
06 s-1. These are indicated with the letters "SS" in the tables and figures below. For each material and position, 
two embrittlement indicators have been calculated and reported. These are: 
 
the hydrogen Embrittlement Index (EI), defined as: 
 

 𝐸𝐸𝐸𝐸[%] =
𝑅𝑅𝐴𝐴,𝑎𝑎𝑎𝑎𝑎𝑎 −  𝑅𝑅𝐴𝐴,𝐻𝐻

𝑅𝑅𝐴𝐴,𝑎𝑎𝑎𝑎𝑎𝑎
∙ 100 Eq. 1 

 
    
where RA indicates the reduction of area; and the ductility reduction defined as: 
 

 𝜀𝜀𝑓𝑓,𝑎𝑎𝑟𝑟𝑟𝑟 =
𝜀𝜀𝑓𝑓,𝐻𝐻

𝜀𝜀𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎
∙ 100 Eq. 2 
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3.2.2 Position 2 results 
S-X65 – Pos2 
 

 

  

  

S2_Air S2_Air 

S2_Air S2_H 
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Fig. 25: SSRT results and post-mortem analysis for the S-X65 material from position 2.  
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L-X60 – Pos2 
 

  

  

L2_Air L2_Air 

L2_Air L2_H 
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Fig. 26: SSRT results and post-mortem analysis for the L-X60 material from position 2.   
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V-X65 – Pos2 
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Fig. 27: SSRT results and post-mortem analysis for the V-X65 material from position 2.  
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T-X65 – Pos2 
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Fig. 28: SSRT results and post-mortem specimen analysis  for the T-X65 material from position 2.  
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3.2.3 Position 3 results 
S-X65 – Pos3 

 

  

  
Fig. 29: SSRT results and post-mortem analysis for the S-X65 material from position 3.   
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L-X60 – Pos3 
 

  

  
Fig. 30: SSRT results and post-mortem analysis for the L-X60 material from position 3.   
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V-X65 – Pos3 
 

  

  
Fig. 31: SSRT results and post-mortem for V-X65 material from position 3. 
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T-X65 – Pos3 
 

  

  
Fig. 32: SSRT results and post-mortem analysis for T-X65 material from position 3.  
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3.2.4 Position 5 results 
S-X65 – Pos5 

 

  

  
Fig. 33: SSRT results and post-mortem analysis for the S-X65 material from position 5.   
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L-X60 – Pos5 
 

  

  
Fig. 34: SSRT results and post-mortem analysis for L-X60 material in position 3.  
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V-X65 – Pos5 
 

  

  
Fig. 35: SSRT results and post-mortem analysis for V-X65 material in position 5. 
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T-X65 – Pos5 
 

  

  
Fig. 36: SSRT results and post-mortem analysis for T-X65 material in position 5.  
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3.2.5 Summary of the SSRT results for base metal. 
All the result presented in the previous sections are summarized in Table 15, in terms of Embrittlement Index 
and reduction of ductility, as defined in Eq. 1 and Eq. 2.:  
 
Table 15: Summary of the SSRT test results for the base materials. The values in blue represent are 
obtained by referring to the tests in air performed at the slowest strain rate of 1E-06 s-1. 

 
 
The plots in Fig. 37 provide a visual comparison of the hydrogen embrittlement susceptibility quantified 
through both EI and εf,red: 
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Fig. 37: Plots reporting the embrittlement index EI and the ductility reduction vs. the specimen position for 
the material tested. 

3.3 Weld simulated heat affected zone 
Slow strain rate tensile testing was also performed on weld simulated heat affected zones. The base materials 
used for the weld thermal simulations have been extracted from position 2 as indicated in Fig. 24. The testing 
procedure is identical to the one presented in section 3.2. Due to limitations with respect to the Gleeble 
thermal-simulator, the diameter of the cross section for the tensile specimen was reduced from 6 mm to 4 
mm. The new tensile specimen design used for the SSRT testing on weld simulated HAZ is reported in Fig. 38. 
 

 
Fig. 38: Specimen design used for SSRT testing on weld simulated HAZ. 

3.3.1 Weld thermal simulations 
The rationale used to define the thermal simulations was to obtain the "worst" acceptable HAZ, based on 
acceptance criteria dictated by DNVGL OSF101 standard, i.e. HV10 values as close as possible to 300. In this 
sense, metallurgical characterization and hardness values have been measured after the simulations and are 
reported below. The specimens were mounted in the thermo mechanical simulator (Gleeble) by using so 
called 'hot grips': stainless steel grips which provide the lowest contact area on the specimen, and the best 
temperature distribution along the axis of the specimen. The specimens were heated to 1350 ℃ and let to 
cool through the grips and jaws down to 1250 ℃. At 1250 ℃ a first air quenching was imposed until the 
specimen reached 850 ℃: at this temperature a second more powerful air quenching was activated. The 
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target cooling rate was obtained through balancing air quenching and resistance heating through the grips. 
Each thermal simulations was instrumented by three thermocouples spotwelded to the specimen (a bar of 
the material with a 6 mm diameter), as indicated in Fig. 39:  
 

 
Fig. 39: specimen used for the thermal simulation in the Gleeble machine with indication of the 
thermocouples positioning. 

The thermocouple placed in the centre of the specimen and indicated as TC2, is the one giving the feedback 
to the whole system while TC1 And TC3, place 15 mm on each side from TC2 are used to obtain the 
temperature outputs. After several attempts followed by metallographic characterization, the following 
thermal treatment cycle was found to be the most suitable to obtain microstructural homogeneity and the 
target HV10 values for the materials extracted from position 2: 
 
Heating rate= 150 ℃/sec; 
Peak temperature 1350 ℃ 
∆T800-500= 5 sec 
 
The relevant plots describing the applied thermal cycles are reported in the following sections. 
 
S-X65 
The applied thermal cycles are reported in Fig. 40 in form of temperature vs. time readings from the 
thermocouples: 
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Fig. 40: Temperature vs. time plots obtained from the three thermocouples mounted on the S-X65 material 
extracted from position 2. These two specimens were tested to obtain the hydrogen susceptibility of the 
material heat affected zone. 

The metallurgical characterization of the thermal simulated specimens is presented in Fig. 41. 
 

 

   
Fig. 41: Metallurgical characterization of heat treated on S-X65 material. The magnified pictures on the 
bottom row are taken to the position in correspondence of the thermocouples, i.e. TC1, TC2 and TC3, 
respectively. 

The microstructure consists of prior austenitic grains, bainite (white) and martensite (brown). There is 
observed a higher concentration of bainite than martensite. The prior austenitic grains are much smaller than 
the ones observed in T-X65, and a little smaller than the ones observed in L-X60. 
 
The representative hardness values and their positioning are reported in Fig. 42. 
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Fig. 42: Hardness values measured on the heat-treated specimen of S-X65 material extracted from position 
2. Indentation ID numbers are taken going from the left to the right of each relevant reference line. 

Overall maximum, minimum and average HV10 values are 316, 264 and 291 (s.d. 12). 
 
  



 

PROJECT NO. 
102017484-5 

REPORT NO. 
2020:01325 
 
 

VERSION 
1.1 
 
 

50 of 74 

 

L-X60 
The applied thermal cycles are reported in Fig. 43 in form of temperature vs. time readings from the 
thermocouples: 
 

  
Fig. 43: Temperature vs. time plots obtained from the three thermocouples spot welded on the L-X60 
material extracted from position 2. These two specimens were tested to obtain the hydrogen susceptibility 
of the material heat affected zone. 

The metallurgical characterization of the thermal simulated specimens is presented in Fig. 44: 
 

 

   
Fig. 44: Metallurgical characterization of heat treated L-X60 material. The magnified pictures on the 
bottom row are taken to the position in correspondence of the thermocouples, i.e. TC1, TC2 and TC3, 
respectively. 

The microstructure consists of prior austenitic grains, bainite (white) and martensite (brown). There is 
observed a higher concentration of bainite than martensite. The prior austenitic grains are much smaller than 
the ones observed in T-X65, and a little bigger than the ones observed in S-X65. This the “band” that’s 
observed has a higher concentration of martensite than bainite. The representative hardness values and their 
positioning are reported in Fig. 45. 
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Fig. 45: Hardness values measured on the heat-treated specimen of L-X60 material extracted from position 
2. Indentation ID numbers are taken going from the left to the right of each relevant reference line. 

Overall maximum, minimum and average HV10 values are 315, 263 and 283 (s.d. 13). The highest hardness 
values are found in the banding in hardness line 3. 
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T-X65 
The applied thermal cycles are reported in Fig. 46 by temperature vs. time readings from the thermocouples: 
 

  
Fig. 46: Temperature vs. time plots obtained from the three thermocouples mounted on the T-X65 material 
extracted from position 2. These two specimens were tested to obtain the hydrogen susceptibility of the 
material heat affected zone. 

The metallurgical characterization of the thermal simulated specimens is presented in Fig. 47. 
 

 

   
Fig. 47: Metallurgical characterization of heat treated on T-X65 material. The magnified pictures on the 
bottom row are taken to the position in correspondence of the thermocouples, i.e. TC1, TC2 and TC3, 
respectively. 

The microstructure consists of prior austenitic grains, bainite (white) and martensite (brown). The prior 
austenitic grains are larger than the ones observed in S-X65 and L-X60. 
 
The representative hardness values and their positioning are reported in Fig. 48: 
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Fig. 48: Hardness values measured on the heat-treated specimen of T-X65 material extracted from position 
2. Indentation ID numbers are taken going from the left to the right of each relevant reference line. 

Overall maximum, minimum and average HV10 values are 324, 273 and 296 (s.d. 13). 
 

3.4 SSRT results for the weld thermal simulated heat affected zone materials 
For each of the materials, the comparison of the curves when tested in air and in electrochemically charged 
conditions is reported together with the picture of their fractured surfaces at two magnifications is reported. 
For the HAZ zones both the testing in air and in electrochemically charged hydrogen has been performed at 
a nominal strain rate of 1E-06 s-1. For this reason, the test in air are identified with "SS" in the tables and 
figures below.  
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S-X65 position 2 – weld simulated heat affected zone. 
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Fig. 49: Results and post-mortem specimen analysis from SSRT performed on weld simulated HAZ from 
position 2 from the S-X65 material.  
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L-X60 position 2 – weld thermal simulated heat affected zone 
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Surface not available due to corrosion 
 
 

Fig. 50: Results and post-mortem specimen analysis from SSRT performed on weld simulated HAZ from 
position 2 of the L-X60 material.  
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T-X65 position 2 – weld thermal simulated heat affected zone. 
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Fig. 51: Results and post-mortem specimen analysis from SSRT performed on weld simulated HAZ from 
position 2 from the T-X65 material.  
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3.4.1 Summary of the SSRT results for weld thermal simulated heat affected zone 
material 

 
All the SSRT results for the weld simulated specimens are summarized in Table 16, in terms of the 
Embrittlement Index and reduction of ductility, as defined in Eq. 1 and Eq. 2. 
 
Table 16: Summary of the SSRT testing performed on the different weld simulated heat affected zones. 

 
 

3.5 Overall summary for the SSRT testing  
 
As a summary, the SSRT test results for the base metals and the weld simulated HAZ indicate that: 
 

• Negligible or no degradation in strength is observed for the materials tested in electrochemically 
hydrogen charging condition as compared to air while they all to a different extent show loss in 
ductility. The trends depicted by the relative reduction of area and hydrogen embrittlement index 
are consistent. 

• Surface cracks are observed on all the specimens tested in hydrogen after testing, both at the necked 
and the uniformly strained section of the specimens. 

• Based on the ductility loss of the base metal specimens the L-X60 and S-X65 materials from position 
2 of the pipe are the most susceptible to hydrogen, with S-X65 being the overall worst. On the other 
hand, the T-X65 material is the overall least susceptible.  

• All weld simulated heat affected zones (obtained from position 2 of the different materials) revealed 
similar embrittlement index values. This is consistent with their similar metallurgy and HV10 values. 

• Fracture surface investigation of BM and weld simulated HAZ in hydrogen consistently shows lateral 
surface cracks both in the necked and uniaxially stressed material zones. Quasi-cleavage and 
secondary cracks are typical fracture morphologies. The centre of the specimens, however, shows 
ductile features (dimples). In proportion, the portion of fracture surfaces which present typical 
hydrogen affected features (QC facets or secondary cracking) for HAZ is more predominant for HAZ 
rather than BM. 

• The T-X65 material (both in for BM and HAZ) showed more presence of secondary cracks as 
compared to the others. 
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A As received material 
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A.3 V –X65 

 
  



 

PROJECT NO. 
102017484-5 

REPORT NO. 
2020:01325 
 
 

VERSION 
1.1 
 
 

64 of 74 

 

A.4 T–X65 

 
  



 

PROJECT NO. 
102017484-5 

REPORT NO. 
2020:01325 
 
 

VERSION 
1.1 
 
 

65 of 74 

 

B Hardness analysis 
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