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APPLICATION
BUCKLE ARRESTORS in Q&T carbon steel ASTM A694-16 F60 
(equivalent to ISO 3183:2019 X60XS/QO PSL2; API 5L 46th ed. X60 QS/QO PSL2; DNVGL-ST-F101 415 SMLS)

• High toughness at low temperature (-30°C).

• SSC resistance.

• Good weldability.
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Fig. 1 – Forged Integral Buckle Arrestor for 30 inch. welded pipeline.



MANUFACTURING PROCESS
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Fig. 2 – The main manufacturing stages for the production of forged Buckle Arrestors.

Fig. 3 – Bainite microstructure, grain size > 8 (x500).   



BM - CHEMICAL COMPOSITION & MECHANICAL TESTS
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• Chemical composition with low C and controlled addition of Cr, Mo and Ni. Pcm ≤0.22.

Table 1 – Tensile test – as is. 
Table 3 – Hardness test – as is. 

Table  5 – Impact test – as is TRANSITION CURVE, FATT @ -73°C 

Table 2 – Tensile test – as is +aging & strain.  
Table 4 – Hardness test – as is +aging & strain.

Table  6 – Impact test – as is +aging & strain.

• Tensile test @ RT, L & T. 
• Hardness tests acc. to fig. H1 ISO 3183:2019, T section. 
• Impact test @-10°C and -30°C, T. 



BM - FRACTURE MECHANICS TESTS
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• CTOD:   Crack Tip Opening Displacement test.

Table 7 – CTOD – as is. 

Table 8 - KIC – as is. 

Table 9 – KISSC – as is. 

Table 10 – KISSC – as is + aging & strain.  

To evaluate the fracture toughness of the material:

• KIC:        Stress Intensity Factor test.
• KISSC :     KI in Sulphide Stress Cracking test. 



BM - RESISTANCE TO CORROSION TESTS
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HIC – Hydrogen Induced Cracking test.

SSC – Sulphide Stress Cracking (FPBT) test.

Table 11 - HIC – as is. 



BM - RESISTANCE TO CORROSION TESTS
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SSC – Sulphide Stress Cracking (FPBT) test.
DEFINITION OF CRACK:

A CRACK HAS A SHARP TIP, HAS 
PARALLEL SIDES AND IS GREATER 
THAN 100 MICRONS IN THE 
THROUGH THICKNESS DIRECTION

Fig. 4 – Micrographic examinations on SSC test specimens – as is. 

Fig. 5 – Micrographic examinations on SSC test specimens – as is + aging & strain.

BM – SSC (FPBT) as is 

BM – SSC (FPBT) as is + aging & strain  



INTERPRETATION METHODOLOGY OF SSC SPECIMENS
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• ExxonMobil Paper no. C2020 - 14845, NACE International
(cited as acceptance criteria in the draft of the new revision of ISO 15156-3; TC67 WG7 Corrosion Resistant Material)

EQUIAXED CORROSION PIT DEEP CORROSION PIT STRESS ASSISTED CORROSION PIT 
Fig. 6 – Acceptable corrosion damage features (pits). 

CRACKLET vs. SULPHIDE STRESS CRACK  STRESS GROOVE vs. CRITICAL STRESS GROOVE
Fig. 7 – Potentially critical corrosion damage features. 

• Metallographic analysis to detect acceptable / not acceptable corrosion features. 



INTERPRETATION METHODOLOGY OF SSC SPECIMENS
ExxonMobil Paper "Micrographic Acceptance Criteria for SSC Testing" no. C2020- 14845, NACE International
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Fig. 8 – ExxonMobil flowchart for SSC specimens acceptance criteria and Eni/Cena  Interpipes amendments.

Micro 100x

200÷500x
Crack is confirmed? 
Pit + crack >100 µm

Crack is confirmed? 
200÷500x

Pit + crack >100 µm
KISSC; CTOD;
3 months SSC;  
HV0.1, etc. 

POSITIVE 
RESULTS
Acceptable 
indications 

NEGATIVE 
RESULTS
critical stress 
groove &
sulfide stress 
crack



ENI/CENA INTERPIPES FLOWCHART  
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-

Eni/Cena Interpipes flow chart:
• is based on micrographic fail/pass acceptance criteria as

per ExxonMobil’s interpretation methodology for SSC
specimens evaluation;

• allows to evaluate the capability of the material to resist
to corrosion, simultaneously considering and evaluating
more aspects.

Fig. 9 – Eni/Cena Interpipes acceptance criteria flowchart. 



BM - EVALUATION OF SSC (FPBT) TEST 
Micrographic examination of SSC test specimens, forged pipe O.D. 836.2mm x w.t. 75.8mm 
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100x; ü 

Fig. 10 – SSC test specimens: equiaxed corrosion pits and deep corrosion pits. 

13 & 11 EQUIAXED CORROSION PITS 
& DEEP CORROSION PITS

-- PASS



BM - EVALUATION OF SSC (FPBT) TEST 
Micrographic examination of SSC test specimens, forged pipe O.D. 836.2mm x w.t. 75.8mm 
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100x; ü 

Fig. 11 – SSC test specimens: deep corrosion pit and SAC. 

1 - PASSDEEP CORROSION 
PIT

SAC



BM - EVALUATION OF SSC (FPBT) TEST 
Micrographic examination of SSC test specimens, forged pipe O.D. 836.2mm x w.t. 75.8mm 
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100x  ü 

Fig. 12 – SSC test specimens: deep corrosion pits and cracklet. 

1 DEEP PIT CRACKLET A=41µm; B=36µm
B/(A+B) CONFORMING SIDES =47%>25% OF DEPTH check
TOTAL DEPTH (A+B)=77µm≤100 µm ü 
AVERAGE HV0.1 (four readings) =195 ≤230  ü 
FOR KISSC & CTOD TEST see related reports ü 

PASS

400x  



BM - EVALUATION OF SSC (FPBT) TEST 
Micrographic examination of SSC test specimens, forged pipe O.D. 836.2mm x w.t. 75.8mm 
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100x  ü 

Fig. 13 – SSC test specimens: deep corrosion pits and cracklet. 

3 DEEP PIT CRACKLET A=65µm; B=16µm
B/(A+B) CONFORMING SIDES =20%<25% OF DEPTH ü 

                                                                     

FOR KISSC & CTOD TEST see related reports ü 

PASS

D/W ASPECT RATIO=3.2 ü 
D=81µm; W=25µm; 

 



BM - EVALUATION OF SSC (FPBT) TEST 
Micrographic examination of SSC test specimens, forged pipe O.D. 836.2mm x w.t. 75.8mm 
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100x  ü 

Fig. 14 – SSC test specimens: cracklets. 

10 DEEP PIT CRACKLET A=18µm; B=36µm; 

 
B/(A+B) CONFORMING SIDES =67%>25% OF DEPTH check

FOR KISSC & CTOD TEST see related reports ü 

PASS

400x  

AVERAGE HV 0.1 (four readings):187 ≤230 ü 
TOTAL DEPTH (A+B) =54µm ≤100 µm ü 



BM - ADDITIONAL OUT OF STD RESISTANCE TO CORROSION TEST
3 months SSC test (FPBT) – as is
to check if corrosion pits continue to propagate and eventually change into cracks (TM0316). 
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Fig. 15 – 3 months SSC test specimens – as is.

-

No sharp but rounded and blunted shapes, all finishing in a very little rounded apex.



CONCLUSIONS 
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Following Eni/Cena Interpipes flowchart, the forged material has been considered NOT SUSCEPTIBLE to
sulphide stress corrosion cracking and applicable to sour environments.

• According to SSC (FPBT) test no "sulphide stress crack" and no "critical stress groove" have been pointed 
out. 

• According KISSC test no crack propagation has been detected. 

• According to 3 months SSC (FPBT) test, corrosion damages have rounded and blunted ends, with no crack 
propagation.

• The fine and homogeneous microstructure; the low and homogeneous hardness values, the very high 
CTOD values strengthen the high performances of the material to resiste to corrosion. 

With these very consistent and homogeneous properties, the CLADDING OPERATION IN INCONEL 625 of 
internal surface of Buckle Arrestor can be AVOIDED. 

A new forged material has been developed to manufacture buckle arrestors for subsea application in sour 
environment and the evaluation of resistance to SSC has been performed according to ExxonMobil’s 
evaluation methodology, as interpreted and integrated by Eni/Cena Interpipes.  



THANKS

HEAVY WALL FORGED BUCKLE ARRESTORS                                                                                           © CENA Interpipes. All rights reserved.

Thanks
Mr. Angelo Ghielmetti 

Mrs. Lucia Torri
Mr. Pietro Policarpo 
Mr. Stefano Franci 

Eni S.p.A. San Donato Milanese (Italy) 

   
Paper: 

“Heavy wall forged buckle arrestors: 
development and characterization of an improved material 

for offshore applications in sour environments”.

   



THANKS

HEAVY WALL FORGED BUCKLE ARRESTORS                                                                                           © CENA Interpipes. All rights reserved.

Grazie – Thanks - Ευχαριστώ
   francesca.cena@cenainterpipes.it 

   

Fig. 16– Forged Buckle Arrestor.
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ABSTRACT 
In the Oil & Gas Industry the development of new fields containing a significant content of H2S (sour) is 
increasing. The sour environment heavily affects the behaviour of pipelines and associated special items, 
some of them made by forged materials and girth welds.  
Submarine pipelines production is rapidly changing in innovation and technological developments, 
particularly in difficult and challenging operation conditions for deep water applications.  
Integral buckle arrestors, thick steel pipes welded at regular intervals along the pipeline, guarantee the 
integrity of the line both during the laying and the service life. They are designed to prevent the propagation 
over long distances of a possible collapse of the pipeline that can occur when the very high external 
pressure combines with other loads. Forged integral buckle arrestors can be especially used in case of large 
diameters and heavy wall thicknesses and under extreme environmental conditions.  
For these reasons a new forged material in carbon steel, with improved properties for impact till -30°C, 
fracture toughness and corrosion resistance, was developed for the manufacture of heavy wall buckle 
arrestors with improvements also in terms of the production cycle performances.    
The steel was produced by EAF/VAD with selected scraps and an appropriate chemical composition with low 
Pcm, then casted in ingot and forged. By the final heat treatment (quenching and tempering) an ASTM A694-
16 F60 (equivalent to ISO 3183:2019 X60 QS/QO) grade was obtained. The final dimensions after 
mechanical operations were: 836,2 mm outside diameter, 75,8 mm wall thickness and 4.298 mm length.   
The component was subjected to a thorough characterization by chemical, mechanical, fracture mechanics 
and corrosion tests in two conditions: quenched and tempered (“as is”) and quenched and tempered plus 
aging for 1 hour at 250 °C and strain 1% (“as is plus aging and strain”). SSC tests were evaluated in 
accordance with ExxonMobil’s flow chart as interpretated by Eni/Cena Interpipes.  
The characterization program was completed by a weldability test. The girth weld was realized between the 
forged pipe machined tapered end and a LSAW pipe with root passes by rods and GTAW (manual) and 
filling with wire (SAW) by automatic system, in accordance with Eni Standard 20413 rev.05 based on 
pertinent sections and relevant appendixes of Standard DNVGL-ST-F101:2017 Submarine Pipeline System. 
No PWHT was applied.  
 
KEYWORDS 
Offshore, deep water, sour service, forged buckle arrestor, high performance material, resistance to sulphide 
stress cracking.  
 
1. INTRODUCTION 
Submarine pipeline development moves towards challenging operating conditions and ultra deep water 
applications. Since new installation and operating scenarios have been explored, maximum performances of 
subsea pipelines and special components under extreme external loads conditions are required. This 
scenario is further complicated by even more complexity of subsea fields often characterized by uneven 
seabed, out of standard parts and complex or unusual shaped tubular components necessary for the 
production and safety transport of hydrocarbons from sea depths to the Earth surface. Each subsea 
component can represent a potential location for threats onset [1].  Therefore, pipe manufacturers are facing 
new challenges coming from new and/or more demanding material requirements, often related to specific 
performances and applications, including sour service combined with other limitations such as maximum 
hardness [2].   
As a consequence, Oil & Gas industry is now asking for modern and forged heavy wall carbon steel pipes for 
buckle arrestor application in ASTM A694/A694M F60 Q&T [3] (equivalent to X60QS/QO IS0 3183, 
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X60QS/QO API 5L and DNV SMLS 415 [4,5,6]) with very demanding requirements for both toughness at low 
temperature and SSC resistance in sour environments, together with easy girth weldability.   
The request for integral buckle arrestor in forged execution is due to the combination of: 
 dimensions of the items, with very big and/or out of standard outside diameters and very heavy wall 

thicknesses; 
 material properties to guarantee on these very thick tubular components.  
While there are significant industrial experiences and important track records pipes manufacturers 
experienced over decades for LSAW and seamless sealines [7], literature for corresponding, but significantly 
heavier, carbon steel forged pipes is not complete and missing, especially in terms of material properties 
(e.g. “no crack at x100” for SSC test), kind of tests (e.g. KISSC test, not common for forged pipes) and test 
conditions (e.g. “aged and strained” conditions) applied to the requested very thick wall of the forgings.   
The very demanding SSC acceptance criteria “no crack at x100” requires to properly differentiate the pit from 
a crack [8] and evaluate the results on the base of the new and recognized ExxonMobil’s interpretation 
methodology, based on micrographic examinations [9].   
The industrial trial presented here was conducted on a buckle arrestor designed for 30” heavy wall LSAW 
offshore pipeline in harsh services with very tight requirements.  OD 836,2mm x WT. 75,8mm forged buckle 
arrestor was required to satisfy the same properties of OD 762mm x WT 38,7mm LSAW line pipe they are 
connected to. There is a great difference in WT: plus 95%, 75,8mm vs. 38,7mm.  
 

 
 

Figure 1: Forged Integral Buckle Arrestor: same ID of the sealine, but greater OD and WT.  
 
These thick buckle arrestors in F60 are not well addressed in the relevant API 5L /ISO 3183/DNV-ST-
F101/S-616 IOGP [10] Codes/Standards they are requested to be equivalent to. For example, it is generally 
accepted that the methodologies for both brittle/ductile transition and minimum Charpy V requirements are 
applicable to thicknesses up to 25-30mm [11].  
 
 
2. MANUFACTURING PROCESS 
The cycle of manufacturing of the improved material for modern and forged buckle arrestor requested a 
preliminary deep analysis of all the material requirements and related tests, also in terms of methodologies 
to be applied.  
The development of the new forged material was performed on the base of the available track records for 
F60 steel grade and internal know how also coming from first trials and preliminary laboratory tests to check 
specific material properties. The analysis was supported by metallurgical investigation, simulation tools and 
mathematical models [12]. 
To manufacture high performance materials, high quality steel shall be produced. For the steel, ad hoc 
chemical composition was designed, with low C and controlled addition of Cr, Mo and Ni to get low Pcm 
(≤0,22) and guarantee good weldability. Starting material was a round ingot. The steel was melted in the 
electric arc furnace using selected scraps, followed by ladle treatment and vacuum process to obtain the 
final properties and in particular high level of cleanliness.  
The ingot was forged and pre-machined, then the hollow forged item was subjected to the Q&T quality heat 
treatment, followed by a special testing program, performed by accredited laboratory, to evaluate chemical, 
mechanical, fracture mechanics and resistance to corrosion material properties. After final machining, NDTs 
were performed to verify the integrity of the material.  
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Then, a forged test ring OD 836.2mm x WT 75.8mm x L=400mm was machined to match the line pipe  
dimension and assembled by girth welds to the pipeline LSAW pipe OD 762mm x WT 38.7mm x L=400mm 
in ISO 3183:2019 L415 MS/MO, as per Figure 2.  
 

  
 

       Figure 2: Girth weld between forged and LSAW test rings.  
 

 
For the girth weld an appropriate pWPS was prepared according to DNVGL-ST-F101:2017 and Eni 
specification 20413 rev.05 [13]. Girth weld was made of full penetration welds by manual GTAW for the root 
pass and hot pass and automatic SAW process for filling passes. The chemical composition of the deposited 
weld metal complied with ISO 15156 [14]. No PWHT was applied.  
After a complete package of NDTs (manual X-ray, UT, MT, VT) the girth weld was subjected to laboratory 
tests for material characterization. Tests were executed in “as welded” condition to assess metallurgical, 
mechanical and corrosion resistance properties, as mentioned in following chapters.  
 
 

                  
 

Figure 3: The main manufacturing stages for the production of forged B.A., weldability trial included.  
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3. TARGET PROPERTIES ON FORGED MATERIAL AND GIRTH WELD  
Tests were performed in pipe conditions i) quenched and tempered (“as is”) and ii) quenched and tempered 
plus aging for 1hour at 250 °C and strain 1% (“as is plus aging and strain”).  
Table 1 summarizes the acceptance criteria required for this modern forged material for heavy wall pipes. 
Despite the WT 75.8 mm, project target properties are tighter than the ones required by ISO 3183 / API 5L / 
DNVGL-ST-F101 International Standards, for offshore and sour service applications.  
 
 

PROPERTY 
 

 

PIPE CONDITION 
 

ACCEPANCE CRITERIA  
 

Heavy wall forged pipe w.t. 75,8mm 
 

Pcm as is ≤0,22% 
Rt 0,5%  as is; as is + aging & strain 415÷515 MPa 
Rm as is; as is + aging & strain 520÷720 MPa 
A  as is; as is + aging & strain ≥18.5 % 
Rt0,5%/Rm as is; as is + aging & strain ≤0.90 
Impact Test:  
Energy, Shear Area 

as is; as is + aging & strain @-10: ≥80J/≥100J ind./avg.; ≥85% avg. 
@-30: ≥35J/≥42J ind./avg.; ≥85% avg. 

Hardness  as is; as is + aging & strain ≤230 HV10 
CTOD  as is @-10: ≥0,40 mm 
KIC as is for info  
KISSC as is; as is + aging & strain for info  
HIC Solution A (96 hours)  as is CLR ≤13%; CTR≤3%; CSR≤1.5% 
SSC Solution A (720 hours) as is; as is + aging & strain no crack  

 

Girth weld wt. 38,7mm  
 

Transverse weld tensile test as welded UTS ≥ 520 MPa 
Transverse all weld tensile test as welded Rt0,5%≥ 495 MPa; Elong ≥ 18% 
All weld tensile test as welded Rt0,5%≥ 495 MPa; UTS ≥ 520 MPa 

Side Bend tests as welded no open defect in any direction ≥3mm  
Impact test   as welded @-30: ≥35J/≥42J ind./avg. 
Hardness as welded ≤250 HV10 WM/HAZ (for root and mid-thk); 

≤275 HV10 weld caps (for weld caps). 
SSC Solution A (720 hours) as welded no crack WM/HAZ 
 

Table 1: Properties for forged Buckle Arrestors in ASTM A694 F60 mod. steel grade, girth weld included. 
 
 
4. RESULTS FOR FORGED MATERIAL  
 
4.1 MICROSTRUCTURE  
The control of the microstructure during the manufacturing steps of forging and quality heat treatment 
allowed to achieve fine grain and homogeneous bainite microstructure, as shown in Figure 4, at x500, mid-
wall: the forged process guarantees the best isotropy of the material which is always desired in critical 
components.  
 

 
                                                                 

 
 
 
 
 
 

 
 
                                                               Figure 4: Bainite microstructure 
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4.2 MECHANICAL PROPERTIES  
The values of the tensile tests were fully in accordance with the steel grade, in the middle of the allowable 
range.  
Hardness values – very homogeneous in the through thickness with mapping as per figure H1 of ISO 3183 - 
were all below 200 HV10, in compliance with project requirement ≤ 230 HV10: the HV10 ranges in “as is” 
and “as is + aging and strain” pipe conditions were respectively [181÷196] and [183÷192].   
Impact tests, till -30°C and in transversal direction, had excellent values of both energy (>340J) and shear 
area (=100%). CVN transition curve transversal direction in “as is” condition from -10°C down to -90°C 
confirmed 50% FATT below -70°C (Figure 5).  
 
 

TENSILE TEST as is  
Dir. T.  

(°C) 
Rt0,5% 
(MPa) 

Rm 
(MPa) 

A 
(%) 

Rt0,5%/ 
Rm 

  415÷516 520÷760 ≥18,5 ≤ 0,9 

T 20 454 547 30 0,83 
L 20 465 560 30 0,83 

 

Table 2A: Tensile test (“as is”). 

TENSILE TEST as is + aging & strain   
Dir. T.  

(°C) 
Rt0,5% 
(MPa) 

Rm 
(MPa) 

A 
(%) 

Rt0,5%/Rm 

  415÷516 520÷760 ≥18,5 ≤ 0,9 

T 20 477 556 30 0,85 
L 20 489 566 28 0,86 

 

Table 2B: Tensile test (“as is + aging & strain”). 
 
 

 HARDNESS ≤ 230 HV10 as is 
Position 1 2 3 4 
1,5mm from ext. surf. 186 185 190 191 
mid-wall 186 182 184 181 
1,5mm from int. surf. 184 190 196 189 

 

Table 3A: Hardness test (“as is”). 

HARDNESS ≤ 230 HV10 as is + aging & strain 
Position 1 2 3 4 
1,5mm from ext. surf. 188 188 189 190 
mid-wall 187 188 184 183 
1,5mm from int. surf. 190 192 189 190 

 

Table 3B: Hardness test (“as is + aging & strain”).  
  

 
IMPACT TEST as is  
Temp. 
(°C) 

Energy 
(J) 

Shear Area  
(%) 

-10 ≥80/100J ind./avg.; ≥85% avg. 
-30 ≥35/42J ind./avg.; ≥85% avg. 
-10 357 344 380 100 100 100 
-30 357 376 387 100 100 100 

 

Table 4A: Impact test (“as is”). 

IMPACT TEST as is + aging & strain 
Temp. 
(°C) 

Energy 
(J) 

Shear Area  
(%) 

-10 ≥80/100J ind./avg.; ≥85% avg. 
-30 ≥35/42J ind./avg.; ≥85% avg. 
-10 366 360 363 100 100 100 
-30 359 375 359 100 100 100 

 

Table 4B: Impact test (“as is + aging & strain”).  
 

 

 
 

Figure 5: Transition Curve, FATT: -73°C (“as is”). 
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4.3 FRACTURE MECHANICS PROPERTIES 
CTOD and KIC tests in “as is” condition and KISSC test in both “as is” and “as is + aging and strain” conditions 
were performed to evaluate the fracture toughness of the material.  
CTOD test were executed at -10°C on 2 specimens, in longitudinal direction, type CT25 according to ISO 
12135. The results satisfied the requirement (≥0,40mm) with completely ductile behaviour and opening 
displacement values greater than 2 mm, respectively equal to 2,346mm and 2,290mm.  
KIC tests were carried out according to ASTM E399 Standard, in air and at room temperature, on 2 CT25 
specimens with values equal to 71,57 MPa∙m1/2 and 64,97 MPa∙m1/2.  
KISSC tests were executed on 5 specimens for each test condition, longitudinal direction, test according to 
TM0177 Method D, with 1 bar H2S applied pressure, pH 3.7 solution, 23°C ±2°C temperature and 15 days 
test duration. The excellent results were always greater than 58 MPa∙m1/2 and 48 MPa∙m1/2 respectively for 
“as is” and “as is + aging and strain” conditions and without any cracks propagation.  
  

CTOD as is  
@-10°C ≥0,40mm 
CTOD #1: 2,346mm  
CTOD #2: 2,290mm  

 

Table 5: CTOD (“as is”). 

KIC as is  
@RT in air; for info 
KQ #1: 71,57 MPa∙m1/2 
KQ #2: 64,97 MPa∙m1/2 

 

Table 6: KIC (“as is”). 
 
 

KISSC as is 
For information 
ID #1 #2 #3 #4 #5 
KISSC MPa∙m1/2 ≥58 ≥60 ≥59 ≥59 ≥61 

 

KISSC as is + aging & strain  
For information  
ID #1 #2 #3 #4 #5 
KISSC MPa∙m1/2 ≥52 ≥48 ≥48 ≥50 ≥49 

 

  

  Table 7A: KISSC (“as is”).                                          Table 7B: KISSC (“as is + aging & strain”).                                                
 
 

 
4.4 RESISTANCE TO CORROSION    
HIC test in “as is” condition and SSC tests in both “as is” and “as is + aging and strain” conditions were 
performed to evaluate the resistance to corrosion.  
HIC tests were performed on 3 specimens obtained according to NACE TM0284, transversal direction, test 
parameters: 1 bar H2S applied pressure, NACE TM0177 Solution A, 96 hours test duration. All values of 
CLR, CSR and CTR were equal to zero, no blistering and crack were detected, conforming the excellent 
cleanliness of the steel.  
 

HIC as is 
Section  CLR  

(%) 
CSR  
(%) 

CTR  
(%) 

≤13 ≤1,5 ≤3 
Avg. A1; A2; A3 0,0 0,0 0,0 
Avg. B1; B2; B3 0,0 0,0 0,0 
Avg. C1; C2; C3 0,0 0,0 0,0 

 

 
       

 

 

  Table 8: HIC (“as is”).                                           
 
 
SSC (FPBT) tests were carried out on 3 specimens for each test condition, obtained according to ASTM 
G39-99 fig. 1c, transversal direction. Test parameters: 1 bar H2S applied pressure, NACE TM0177 Solution 
A, 90% A.Y.S. applied load, 720 hours test duration. For evaluation specimens were longitudinally cut into 2 
sections, at 5 and 10mm. Base acceptance criterion is no crack at x100. Figures 6A & 6B show the typical 
damage features.  
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     Spec. 1: 5mm; 100x; worst field                   Spec. 2: 10mm; 100x; avg. filed                        Spec. 3: 5mm; 100x; worst field                         

    Damage feature depth: avg. value: 60 µm on 26 measures; all ind. values <100µm. 
 
 

 Figure 6A: Micrographic examination on SSC test specimens (“as is”).  
 
 
 
 

                                                    

      Spec.1: 5mm; 100x; worst field                      Spec. 2: 5mm; 100x; worst field                      Spec. 3: 10mm; 100x; avg. field      

                Damage feature depth: avg. value: 62 µm on 16 measures; all ind. values ≤100µm.  

 

 

  Figure 6B: Micrographic examination on SSC test specimens (“as is + plus aging & strain”).  
 
 
4.4.1 ENI/CENA INTERPIPES FLOW CHART FOR RESISTANCE TO CORROSION EVALUATION  
The application of the pass/fail “no crack at x100” rule put in evidence the need to properly define the crack 
and follow a well defined and complete assessment methodology.  In fact, there is no formal guidance in the 
Standards for the differentiation between sharp pits and cracks and this is a subject of ongoing debate in the 
national and international Oil & Gas Community. The only reference is EFC16 International Standard and 
based on measurement (i.e. not on the interpretation SSC indications) with a limit of 0.1 mm = 100 µm: a 
crack has a sharp tip, has parallel sides and is greater than 100 microns in the through thickness direction. 
[15, 16]. 
 
The analysis of SSC tests specimens were conducted following ExxonMobil’s interpretation methodology, as 
described in NACE International C2020-14845 “Micrographic Acceptance Criteria for SSC Testing” paper [9]. 
This methodology is based on metallographic analysis performed on longitudinally seam-welded X65M 
grade pipes with Critical Metal Parameter (Pcm) =0.13÷0.15 and hardnesses ranged between 200 and 230 
HV10. The pass/fail criteria are used to interpret damage features using optical microscopic technique and 
other tests in case of further analysis, as represented in ExxonMobil flow chart. There are different types of 
damage features: corrosion pits (equiaxed corrosion pits and deep corrosion pits) and stress assisted 
corrosion (SAC) pits are acceptable, whereas cracklets and stress grooves are acceptable only when 
specific dimensional ratios are satisfied and further analysis (i.e.: analysis of the same features after 
repolishing; retesting at lower stress; hardness testing of the adjacent microstructures) are positively 
performed; otherwise cracklets and stress grooves are classified as not acceptable sulphide stress cracks 
and critical stress grooves.  
ExxonMobil’s interpretation methodology has been extended and applied to evaluate resistance to corrosion 
of the heaviest wall thickness forged pipes in ASTM A694 F60 Q&T steel grade, with wall thickness equal to 
75,8mm, Pcm ≤0,22 and hardnesses ranged between respectively [181÷196]/[183÷192] HV10 in “as is” and 
“as is + aging & strain” pipe conditions [17]. Figure 7 represents the new Eni/Cena Interpipes flow chart as 
per interpretation and integration of the ExxonMobil one. Figures 8 to 12 represent the application of 
Eni/Cena Interpipes flow chart to properly evaluate SSC specimens starting from micrographic examination.  
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Figure 7: Eni/Cena Interpipes acceptance criteria flow chart.  
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Figure 8 represents the typical shapes of equiaxed corrosion pits (width is greater than depth) and deep 
corrosion pits (pits are deeper, but with a general uniform width without sharp bottoms). The at x100 analysis 
ends positively with no need of further investigation.   
 
                                                                        

      AS IS                                              AS IS + AGING & STRAIN 

                                       
 

PHOTOS FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASS/FAIL 
13 & 11 EQUIAXED CORROSION 

PITS & 
 DEEP CORROSION PITS 

- -  PASS 

 
  Figure 8: Equiaxed corrosion pits and deep corrosion pits. 
 
 
In Figure 9 the damage feature is a combination of deep pit (primary feature – the pit is deeper, but the 
shape is rounded) and SAC pit (secondary feature – branched features with a characteristic angle). As both 
deep pits and SAC pits are acceptable, the at x100 analysis ends positively with no need of further 
investigation.    
 
 
 

 
 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASS/FAIL 
1 DEEP PIT SAC -  PASS 

    
  Figure 9: Deep pit and SAC. 

 
 

In Figure 10 the “as is” damage feature is a combination of deep pit (primary feature) and cracklet 
(secondary feature). It is necessary to measure A and B values respectively equal to 41µm and 36µm and 
evaluate the image at x400. The value of ExxonMobil’s formula B/(A+B)=47%>25% makes the case 
potentially critical. However, the total depth of “deep pit + cracklet” =77µm ≤100µm, the 195 HV0,1 average 
value of the 4 micro-hardnesses of the adjacent microstructure, the high values of KISSC and CTOD (that 
respectively testify the complete absence of crack propagation and the material high toughness) confirm and 
reinforce the positive evaluation of the resistance to corrosion of the forged material. The same consideration 
is valid also for the “as is + aging & strain” damage feature.  
 
 
 

                                                                                                                      

 

 

 

 

                                                                                                                       

                                                                                                                      AS IS + AGING & STRAIN 
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     AS IS 
 

                            AS IS + AGING & STRAIN 
 

 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASSA/FAIL 
1 DEEP PIT CRACKLET A=41 µm; B=36 µm;  

B/(A+B) 
CONFORMING SIDES = 47% OF DEPTH check 
TOTAL DEPTH (A+B) = 77 µm  
AVERAGE HV 0.1 (four readings):195 
For KISSC & CTOD tests see related reports  

PASS 

9 DEEP PIT CRACKLET A=46 µm; B=21 µm;  
B/(A+B) 
CONFORMING SIDES = 31% OF DEPTH check 
TOTAL DEPTH (A+B) = 67 µm  
AVERAGE HV 0.1 (four readings):187 
For KISSC test see related report  

PASS 

 
 

 Figure 10: Deep pit and cracklet.  
 
In Figure 11 the “as is” damage feature is a combination of deep pit (primary feature) and cracklet 
(secondary feature). It is necessary to measure A and B values respectively equal to 65µm and 16µm and 
evaluate the image at x400. The value of ExxonMobil’s formula B/(A+B)=20%≤25% is not critic and allows to 
proceed with the measure of D and W values, equal to 81 µm and 25 µm. Also the result of ExxonMobil’s 
formula D/W=3,2 ≤ 4 is not critic. It is necessary neither to proceed with the depth’s measure of “deep pit + 
cracklet” (even if value is available and equal to D=81µm ≤100 µm) nor to perform micro-hardnesses HV0,1 
of the adjacent microstructure. The HV10 forged material values (low and homogeneous, always lower than 
200 HV10), together with the high values of KISSC e CTOD tests (that respectively testify the complete 
absence of crack’s propagation and the material high toughness) confirm and reinforce the positive 
evaluation of the resistance to corrosion of the forged material. 
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    AS IS 
 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASSA/FAIL 
3 DEEP PIT CRACKLET A=65 µm; B=16 µm; D=81 µm; W=25 µm 

B/(A+B):  
CONFORMING SIDES = 20% OF DEPTH 
D/W: 
ASPECT RATIO =3.2 
For KISSC & CTOD tests see related reports.  

 

PASS 

 
Figure 11: Deep pit and cracklet. 
 
In Figure 12 the “as is + aging & strain” damage feature is a cracklet. It is necessary to measure A and B 
values respectively equal to 18µm and 36µm and evaluate the image at x400. The value of ExxonMobil’s 
formula B/(A+B)=67%>25% makes the case potentially critical. In any case, the total depth of the “cracklet” 
=54µm ≤100µm, the 187 HV0,1 average value of the 4 micro-hardnesses of the adjacent microstructure, the 
high values of KISSC test (that testifies the complete absence of crack propagation) confirm and reinforce the 
positive evaluation of the resistance to corrosion of the forged material. 
 

                                        AS IS + AGING & STRAIN 
 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASSA/FAIL 
10 CRACKLET - A=18 µm; B=36 µm; B/(A+B):  

CONFORMING SIDES=67% OF DEPTH check 
TOTAL DEPTH (A+B) = 54 µm  
AVERAGE HV 0.1 (four readings):187 
For KISSC test see related report.  

 

PASS 

 
Figure 12: Cracklet. 
  

 
SSC test specimens have been evaluated according to Eni/Cena Interpipes flow chart. As no damage 
feature falls in the fail conditions of “sulphide stress cracks” and “critical stress grooves”, as per above 
evaluations, the forged material is positively evaluated for application in sour environment.   
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4.4.2 ADDITIONAL OUT OF STANDARD RESISTANCE TO CORROSION TESTS 
Moreover, to better understand and know the behaviour of the material in sour environments, an additional 
resistance to corrosion, not standard tests were performed in “as is” pipe condition. 
It was a 3 months SSC (FPBT) test (same test’s parameters of 1 month SSC test, but longer duration: 2.160 
hours instead of 720 hours). The aim was to verify if corrosion pits continue to propagate and eventually 
change into cracks over the time [18]. After 3 months, the damage features do not have any sharp shape: on 
the contrary they are rounded and blunted, with the end that always finishes with a little very rounded apex, 
as per Figure 13. The images at high magnification make very evident such a phenomenon.  
                

           
 
 Figure 13: Micrographic examination on 3 months SSC test specimens x100 and x400 (“as is”). 
 
Eni/Cena Interpipes flow chart – applied to heavy wall forged pipes based on micrographic fail/pass 
acceptance criteria as per ExxonMobil interpretation methodology – therefore allows to evaluate the 
capability of the material to resist to corrosion, simultaneously considering and evaluating more aspects: 
a) SSC (FPBT) test assesses the possibility, under stress and corrosion environment, to trigger one crack. 

In our case no sulphide stress crack and critical stress groove have been pointed out in both pipe 
conditions and all damage features are within 100 µm (damage features’ depth average values are 

respectively equal to 60 µm and 62 µm in “as is” and “as is + aging & strain” conditions, for a total of 26 + 
16 measured shapes); 

b) KISSC test assesses the propagation of the crack under tension and sour environment. No crack 
propagation has been detected in both test conditions. KISSC average values are always greater than 59 
Mpa∙m1/2 and 49 Mpa∙m1/2 respectively for “as is” and “as is + aging & strain” conditions without any 
crack propagation.  

c) Should damage features (as per step a) be considered as a trigger point for possible cracks, forged 
material (as per step b) is able to absorb such defects. In fact, taking into consideration the “as is” 3 
months SSC (FPBT) test, the shapes of the damage features present always a rounded and blunted 
end. 

d) Moreover, the fine and homogeneous microstructure, the low and homogenous HV10 and HV0,1 
hardnesses values (always ≤ 200 HV10/HV0,1), the very high CTOD tests results (2,346mm and 
2,290mm) - which represent the local capability of the material to plasticization, developing a geometry 
without stress concentration - strengthen the high performances of the material to resistance to corrosion 
because the material is able to contain both cracks and cracks propagations.  
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5. GIRTH WELD RESULTS 
 
5.1 MACROGRAPHIC EXAMINATIONS 
A total of 5 macrographic examinations (in Figure 14 an example) were performed and one was in 
correspondence of intersection between girth weld and longitudinal weld. Side B and side A respectively 
refer to the forged pipe of the Buckle Arrestor and to the LSAW pipe of the pipeline. The microsection was 
prepared by grinding, polishing and etching on one side to clearly reveal the fusion line and HAZ. According 
to UNI EN ISO 5817 level C and DNV-ST-F101:2021 Appendix D Table D-4, the examinations show the 
absence of indication in the weld metal and HAZ.  
 
 

 
 
 Fig.14: Micrographic examination (“as welded”). 

 
 

5.2 MECHANICAL PROPERTIES  
Tensile tests were performed according to table C-3 DNVGL-ST-F101:2017 and confirm compliance with 
material grade, as per table 9.  
Side bend test, executed on 4 specimens at room temperature with test method according to EN ISO 5173, 
confirms the quality of the girth weld due to the absence of defects.  
Impact test @-30°C with acceptance criteria ≥35J/≥42J min. ind./min. avg. were performed on 10 sets, with 
location according to fig. B-4 of Appendix B, DNVGL-ST-F101:2017. Test results (see table 10) are all above 
minimum requirements.  
Hardness values (an example in Fig. 15) are well within acceptance criteria in accordance with Eni standard 
20413 4ìrev.5 (250HV10 for WM/HAZ for root and mid thickness and 275HV10 for weld caps), with minimum 
and maximum values respectively equal to 161 and 238 HV10. Evaluation was performed also in 
correspondence of intersection between girth weld and longitudinal weld (with min and max values equal to 
185 and 229 HV10). Test method as per ISO 6507-1. 
 
TENSILE TESTS as welded 
Transverse weld tensile test UTS:    565MPa and 536MPa ≥ 520 MPa;  

Fracture located outside weld metal  
Transverse all weld tensile test Rt0,5%:    572MPa and 542MPa ≥ 495 MPa; Elong ≥ 18%  
All weld tensile test Rt0,5%:    569 MPa and 573 MPa ≥ 495 MPa;  

UTS:     631 MPa and 634 MPa ≥ 520 MPa 
 

Table 9: Tensile Tests (“as welded”). 
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IMPACT TEST as welded 
I.D.  T 

(°C) 
POSITION A(J) B(J) C(J) AVG (J) 

≥35 ≥42 
#1 -30 T WM; 2mm from ext. surface  209 107 126 147 
#2 -30 T FL (A); 2mm from ext. surface 336 293 122 250 
#3 -30 T FL (B); 2mm from ext. surface 154 87 195 145 
#4 -30 T FL (A) +2; 2mm from ext. surface 340 382 374 365 
#5 -30 T FL (B) +2; 2mm from ext. surface 350 341 311 334 
#6 -30 T FL (A) +5; 2mm from ext. surface 378 397 368 381 
#7 -30 T FL (B) +5; 2mm from ext. surface 320 367 362 350 
#8 -30 T WM; 2mm from int. surface  97 90 107 98 
#9 -30 T FL (A); 2mm from int. surface 290 290 274 285 
#10 -30 T FL (B); 2mm from int. surface 302 168 225 232 
 

Table 10: Impact Tests (“as welded”). 
 
 
 

 
 

                Figure 15: Hardness test (“as welded”). 
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5.3 RESISTANCE  TO SULFIDE STRESS CRACKING  
SSC (FPBT) tests were carried out on the girth weld from the weld root and mid thickness, on 3 transversal 
specimens each position, obtained according to ASTM G39-99 fig. 1c. The test parameters were the 
following: 1 bar H2S applied pressure, NACE TM0177 Solution A, 90% A.Y.S. applied load (the lowest strain 
of the 2 pipes and WM), 720 hours test duration. After the test and for evaluation, specimens were 
longitudinally cut into 2 sections, at ¼ and mid-wall. Base acceptance criterion was “no crack at x100.” 
Figure 16 shows the typical damage features of the 3 materials (LSAW pipe side A; weld metal and forged 
pipe side B).  
 
       WELD ROOT 

                        
     Spec. 2: ½ wt; 100x; BM (A)                          Spec. 2:  ¼ wt; 100x; WM                                Spec. 3: ¼ wt; 100x; BM (B) 
      
     MID THICKNESS 

                          
      Spec. 4: ½ wt; 100x; BM (A)                         Spec. 6:  ¼ wt; 100x; WM                                Spec. 5: ¼ wt; 100x; BM (B) 
 
 

 
Figure 16: Micrographic examination on SSC test specimens (“as welded”). 
 
The behaviour of forged pipe and WM is similar, with corrosion damage features deeper in correspondence 
of mid-wall where girth weld activity implies a greater heat input. Always in correspondence of mid-wall, 
LSAW pipe doesn’t show any corrosion penetration, but there is a general corrosion phenomenon with a 
decrease of about 0.2÷0.3 mm in the thickness. Girth weld SSC specimens (side A LSAW pipe; side B 
forged pipe and WM) were evaluated according to Eni/Cena Interpipes flow chart, also with greater 
magnification for an easier evaluation.  
 
Figure 17 refers to a micrographic examination of the forged pipe at mid thickness at both x100 and x500 
and represents the typical shape of a stress assisted corrosion (SAC) pit with the distinctive branching and 
characteristic angle. The analysis ends positively, with no need of further investigation.   
 
Figure 18 (at x100 and x500) related to WM at mid thickness is a combination of deep pit (primary feature – 
the pit is deeper, but the shape is rounded) and SAC pit (secondary feature – branched features with a 
consistent angle). As both deep pits and SAC pits are acceptable, the analysis ends positively, with no need 
of further studies. This is the most common SSC damaged feature evaluated for both WM and forged pipe in 
mid-wall.  
 
In Figure 19 the “as welded” damage feature of forged base metal at mid wall is a combination of deep pit 
(primary feature) and cracklet (secondary feature). It is necessary to measure A and B values respectively 
equal to 155µm and 25µm and evaluate the image at x500. The result of ExxonMobil formula 
B/(A+B)=14%<25% is not critic and allows to proceed with the measure of D and W values, equal to 180 µm 
and 55 µm. Also the value of ExxonMobil formula D/W=3,1 ≤ 4 is not critic. The HV10 hardness measures on 
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LSAW and forged base metal and WM are very homogeneous and always below 250HV10 and allow to 
positively evaluate the resistance to corrosion of the forged material. 
 
 
                                         SAMPLE 4 MID-THICKNESS -- BM SIDE B (FORGED) ½ WIDTH 
 

                                    
 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASS/FAIL 
1 SAC - -  PASS 

 
    Figure 17: SAC (forged pipe “as welded”).  
 
 
                                         SAMPLE 5 MID-THICKNESS --  WM ½ WIDTH                                   

                                   
 

PHOTO FEATURE SECONDARY FEATURE SUPPORTING CALCULATION PASS/FAIL 
6 DEEP PIT  SAC -  PASS 

 
    Figure 18: Deep pit and SAC (WM “as welded)” 
 
 

 
                                         SAMPLE 4 MID-THICKNESS -- BM SIDE B (FORGED) ¼ WIDTH                                   

                                    
                      

PHOTO FEATURE SEC.  FEATURE SUPPORTING CALCULATION PASS/FAIL 
3   DEEP PIT  CRACKLET A=155; B=25; D=180; W=55 

B/(A+B): CONFOR. SIDES = 14% OF DEPTH 
D/W: ASPECT RATIO =3.1 

PASS 
 

 
 

       
    Figure 19: Deep pit and CRACKLET (WM “as welded)” 
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SSC test specimens have been evaluated according to Eni/Cena Interpipes flow chart. As no damage 
feature falls in the fail conditions of “sulphide stress cracks” and “critical stress grooves”, as per above 
evaluations, the girth weld is positively evaluated for application in sour environments.   
 
6. CONCLUSIONS 
The paper describes the development and characterization of an improved forged material for heavy wall 
pipes for offshore application and sour environment, based on the tightest acceptance criteria of recent 
deepwater projects which ask for top quality toughness at -30°C, sour resistance and easy weldability.  
The development of this new forged material for harsh environment was the occasion to deeply investigate 
its resistance to sulphide stress cracking, also performing longer and out of standard tests. It was also the 
occasion to detect the proper methodology to evaluate SSC specimens by means of micrographic 
examination and additional tests, as per ExxonMobil’s interpretation methodology, as interpreted by Eni 
and Cena Interpipes in their flow chart.  
Based on the tests results and overall assessment, the material was considered not susceptible to 
sulphide stress corrosion cracking and applicable for sour environments.  
Last but not least, with these high-performance properties, very consistent and homogeneous, the so 
expensive and long activity of cladding (internal welding) in Inconel 625 of the internal surface of the 
Buckle Arrestor could be avoided. 
 
 
7. NOMENCLATURE 
AYS  Actual Yield Strength  
BA  Buckle Arrestor  
CLR  Crack Length Ratio  
CSR  Crack Sensitivity Ratio  
CTOD  Crack Tip Opening Displacement  
CTR  Crack Thickness Ratio  
CVN Charpy V-notch  
EAF Electric Arc Furnace  
FATT  
FPBT 

Fracture Appearance Transition Temperature 
Four Point Bend Test  

GTAW Gas Tungsten Arc Welding 
HAZ  Heat Affected Zone 
HIC      Hydrogen Induced Cracking  
H2S Hydrogen Sulphide 
ID  Inside Diameter  
KIC Stress Intensity Factor 
KISSC KI in sulphide stress cracking 
LSAW Longitudinal Submerged Arc Welding 
MT Magnetic Testing 
NDT Non Destructive Testing  
OD Outside Diameter 
Pcm  Critical Metal Parameter  
pH Potential of Hydrogen 
PWHT  Post Weld Heat Treatment  
pWPS Preliminary Welding Procedure Specification  
Q&T Quench & Tempering  
SAW  Submerged Arc Welding 
SMLS Seamless 
SSC Sulphide Stress Cracking 
UT Ultrasonic Testing 
UTS Ultimate Tensile Test  
VT Visual Testing  
VAD  Vacuum Arc Degassing  
WM Weld Metal  
WT Wall Thickness  
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