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!BSTRACT�
A martensitic stainless steel seamless pipe for 

linepipe application, KL-HP12CR, has been developed 
with good weldability, mechanical properties and corro-
sion resistance. Weldability is improved by the reduction 
of both C and N content. C reduction is also effective to 
the improvement of CO2 corrosion resistance achieving 
the corrosion rate less than 0.127 mm/y under the CO2 
environment at 160°C and 2.0 MPa. It can be applied 
under the H2S environment at pH4.0 and 0.001 MPa, 
since the resistance to sulfide stress cracking (SSC) is 
improved by Mo addition. The pipe has X80-grade 
strength and sufficient low temperature toughness for the 
practical use as a linepipe. Post weld heat treatment 
(PWHT) in a few minutes, the reduction of C content and 
addition of Ti are effective to prevent intergranular 
stress corrosion cracking (IGSCC) at the heat affected  
zone. Further application of the pipe is expected for the 
transportation of product fluid with corrosive gas such 
as CO2, as an economical material with low life cycle 
cost.

1. Introduction

$UE�TO�INCREASING�CONCERN�ABOUT�THE�DEPLETION�OF�OIL�
RESOURCES��OIL� AND�GAS�WELLS� ARE�BEING�OPERATED�AT� EVER

HIGHER� TEMPERATURES� AND� PRESSURES�� AND� THE� PRODUCTION�
mUID�GENERALLY�CONTAINS�#/���MAKING�IT�MORE�CORROSIVE��
!S�A�RESULT��IT�IS�IMPORTANT�TO�PREVENT�#/��CORROSION�FOR�
THE� PIPELINES� CALLED� mOWLINES� AND� GATHERINGLINES� WHICH�
TRANSPORT� THE� mUID� BEFORE� ELIMINATING� CORROSIVE� SUB

STANCES�AND�WATER��&URTHERMORE��THE�mUID�OFTEN�CONTAINS�
TRACE� AMOUNTS� OF� (�3�� SO� MEASURES� TO� PREVENT� SULlDE�

STRESS�CRACKING� �33#	�ARE�ALSO�NEEDED��5NDER� SUCH�COR

ROSIVE� ENVIRONMENTS�� THE� CONVENTIONAL� METHOD� OF� PRE

VENTING�CORROSION�IS�TO�USE�CARBON�STEELS�AS�THE�LINEPIPE�
MATERIAL� AND� TO� INJECT� AN� INHIBITOR� INTO� THE� mUID�	��#OR

ROSION� PREVENTION� BY� AN� INHIBITOR�� HOWEVER�� INCREASES�
THE� OPERATING� COST� PARTICULARLY� IN� OFFSHORE� PIPELINES�� SO�
INHIBITORS� ARE� BEING� USED� LESS�� PARTICULARLY� IN� VIEW� OF�
THE� RECENT� FOCUS� ON� LIFE� CYCLE� COST��!NOTHER� REASON� FOR�
NOT� USING� INHIBITORS� IS� CONCERN� ABOUT� POLLUTION� CAUSED�

POST� WELDING� HEAT� TREATMENT� �07(4	�� #ONSEQUENTLY��
MARTENSITIC� STAINLESS� STEELS� ARE� RARELY�USED� FOR�PIPELINES�
IN� VIEW� OF� PIPE
LAYING� EFlCIENCY�� .EVERTHELESS�� MAR

TENSITIC�STAINLESS�STEELS�HAVE�AN�APPROPRIATE�LEVEL�OF�#/��
CORROSION�RESISTANCE��AND�ARE�INEXPENSIVE�COMPARED�WITH�
DUPLEX�STAINLESS�STEELS�

7ITH� THIS� BACKGROUND�� *&%�3TEEL� HAS� USED� ITS� EXTEN

SIVE� STEEL
MAKING� TECHNOLOGIES� TO� IMPROVE� THE� WELD

ABILITY� OF� MARTENSITIC� STAINLESS� STEELS� BY� DECREASING� THE�
#�AND�.�CONTENTS��AND�BY�CONTROLLING�THE�ADDED�ALLOYING�
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2. Progress of Development

2.1 Target Characteristics

4HE� TARGET� CHARACTERISTICS� FOR� DEVELOPMENT� WERE� AS�
LISTED�BELOW�
��	� 7ELDABILITY��7ELDING�WITHOUT�PREHEATING
��	� (!:�MAXIMUM�HARDNESS��(6����OR�SMALLER
��	� #/��CORROSION� RESISTANCE��2ESISTANCE� TO�A�CORROSIVE�

ENVIRONMENT�OF����.A#L��#/��PARTIAL�PRESSURE�OF�����
-0A����� #

��	� 33#�RESISTANCE��2ESISTANCE�TO�AN�ENVIRONMENT�OF����
.A#L��������-0A�(�3��P(���

��	� 3TRENGTH�� 8��� GRADE� �����-0A� OR� HIGHER� YIELD�
STRENGTH��93		

��	� ,OW�TEMPERATURE� TOUGHNESS������*�OR� LARGER�#HARPY�
ABSORBED�ENERGY�AT��� #

2.2 Composition Design Concept

4HE� COMPOSITION� OF� THE� STEEL� PIPE� WAS� DESIGNED�
CONSIDERING� THE�EFFECTS�OF�ALLOYING�ELEMENTS� IN� THE�MAR

TENSITIC� STAINLESS� STEEL� ON� THE� WELDABILITY�� CORROSION�
RESISTANCE�� HOT
WORKABILITY�� AND� OTHER� CHARACTERISTICS��
3PECIlCALLY��THE�IMPROVEMENT�OF�WELDABILITY�WAS�STUDIED�
BASED�ON�A�COMPOSITION�OF�+/
��#R������#
��#R
����.	�
FOR� /#4'� FOR� A� #/�� ENVIRONMENT�� WHILE� MAINTAINING�
EQUIVALENT� CORROSION� RESISTANCE� IN� THE� BASE� MATERIAL��
&ROM� THE� RESULTS� OF� THE� STUDY� CONCERNING� THE� EFFECT� OF�
CHEMICAL� COMPOSITION� ON� THE� HOT
WORKABILITY� AND� OTHER�
CHARACTERISTICS�MENTIONED�BELOW�� THE�COMPOSITION�OF� THE�
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2.2.3 SSC resistance

3INCE� 33#� IN� MARTENSITIC� STAINLESS� STEELS� BEGINS�
FROM� PITTING�� IMPROVING� THE� RESISTANCE� TO� PITTING�
IMPROVES� THE� 33#� RESISTANCE�� 4HE� ALLOYING� ELEMENT�
MOLYBDENUM� IS� KNOWN� TO� IMPROVE� RESISTANCE� TO� PIT

TING�� Figure 2� SHOWS� THE� EFFECTS� OF� .I� AND� -O� ON� THE�
33#� RESISTANCE�	��!S� CAN�BE� SEEN�� AN� INCREASE� IN� THE�.I�
CONTENT� FROM����TO����MAKES�NO�DIFFERENCE� TO� THE� TEST�
RESULTS��WHILE�INCREASING�THE�-O�CONTENT�FROM����TO����
MOVES� THE�BOUNDARY�OF�33#�OCCURRENCE� TOWARD� LOW�P(�
AND� HIGH� (�3� PARTIAL� PRESSURE�� OR� TO� SEVERER� ENVIRON

MENTS��4HIS� PHENOMENON� SUGGESTS� THAT� ADDING� ��� -O�
IS�SUFlCIENT�TO�ENSURE�33#�RESISTANCE�UNDER�THE�ENVIRON

MENT�OF����.A#L��������-0A�(�3��P(�����WHICH�IS� THE�
DEVELOPMENT�TARGET��3INCE��HOWEVER��THE�RESISTANCE�TO�PIT

TING�AT�THE�(!:�MAY�BECOME�LOWER�THAN�THAT�OF�THE�BASE�
MATERIAL�	�����-O�WAS�ADDED� TO� THE�DEVELOPED�MATERIAL�
TO�SECURE�STABLE�RESISTANCE�TO�PITTING�

3. Characteristics of Developed Steel Pipe

4HIS�CAPTER�DESCRIBES�THE�CHARACTERISTICS�OF�THE�DEVEL

OPED�STEEL��FOCUSING�ON�THE�RESULTS�OF�TESTS�ON�A�SEAMLESS�
STEEL�PIPE�OF�����MM�IN�OUTER�DIAMETER�AND������MM�IN�
WALL�THICKNESS��!�SEAMLESS�STEEL�PIPE�WAS�MANUFACTURED�
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MAXIMUM�HARDNESS�AT� THE�(!:�IS�ABOUT�(6�����WHICH�
SATISlES�THE�TARGET�VALUE�OF�(6����OR�SMALLER��Figure 4�
SHOWS� THE� RESULT� OF� #HARPY� TESTS� FOR� THE� WELDED� JOINT��
4HE� ATTAINED� ABSORBED� ENERGY� IS� ABOUT� ����*� EVEN� AT�

�� #�AS�WELL�AS�AT��� #��WHICH�PROVES�THE�EXCELLENT�
LOW�TEMPERATURE�TOUGHNESS�OF�THE�DEVELOPED�STEEL�

3.2 CO2 Corrosion Resistance

4HE�#/��CORROSION�RESISTANCE�WAS�EVALUATED�BY�MEA

SURING�WEIGHT� LOSS� IN� AN� IMMERSION� TEST� UNDER� AN� ENVI

RONMENT�OF�HIGH�TEMPERATURE�AND�HIGH�#/��PARTIAL�PRES

SURE��Figure 5� SHOWS� THE� TEST� RESULTS�PLOTTED�AGAINST� THE��
TEST� TEMPERATURE�AND�#/��PARTIAL�PRESSURE��4HE�NUMERAL�
GIVEN� TO� EVERY� PLOT� IS� THE� CORROSION� RATE�� !SSUMING�
THAT� A� CORROSION� RATE� OF� ������MM�Y� ���MPY	� IS� GENER

ALLY� ACCEPTABLE� AS� A� STANDARD�� THE� DEVELOPED�MATERIAL� IS�
JUDGED� TO� BE� SUITABLE� UNDER� AN� ENVIRONMENT� OF� ��� #�
AND�����-0A�#/��

3.3 SSC Resistance

�䔀�� P倀Y	� IS	SSUTANCE
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CAN�APPLY� LARGER� STRAINS��WAS�USED��Figure 7�GIVES�PLOTS�
OF�3##�TEST�RESULTS�UNDER�THE�SECOND�PASS�CONDITION��4HE�
lGURE�SHOWS�THAT�SOME�OF�SAMPLES�WITH�THE�SECOND�PASS�
THERMAL�CYCLE� SUFFERED�CRACKS��4HE� SAMPLES�WHICH�WERE�
SUBJECTED�ONLY�TO�THE�lRST�PASS�DID�NOT�SUFFER�CRACKS�

4HESE� RESULTS� SUGGEST� THAT� THE�CAUSE�OF� )'3##� IS� AS�
FOLLOWS�� 7HEN� CARBON�� WHICH� IS� DISSOLVED� UNDER� HIGH�
TEMPERATURE� HEAT� CYCLES�� PRECIPITATES� DURING� THE� SUB

SEQUENT� HEAT� CYCLE� AS� CARBIDE� AT� THE� GRAIN� BOUNDARY� OF�
PRIOR
AUSTENITE��A�#R
DEPLETED�ZONE�FORMS�IN�THE�VICINITY�
OF�THE�CARBIDE�AT�THE�GRAIN�BOUNDARY��THEREBY�SENSITIZING�
THE�MATERIAL�

4.2 Method to Prevent IGSCC

3INCE� )'3##� IS� PRESUMABLY� CAUSED� BY� THE� #R

DEPLETION� ZONE�� POTENTIAL� METHODS� TO� PREVENT� )'3##�
INCLUDE�PERFORMING�07(4� TO�DIFFUSE�#R� FOR� RECOVERING�
FROM�#R�DEPLETION��AND�ESTABLISHING�VERY� LOW�#�CONTENT�
AND�TO�ADD�4I�FOR�SUPPRESSING�THE�PRECIPITATION�OF�#R�CAR

BIDE�

4O� CONlRM� THE� EFFECT� OF� 07(4�� A�MATERIAL� CONTAIN

ING�����PPM�OF�#�WAS�SENSITIZED�BY� TWO�PASSES�OF�HEAT�
CYCLES��FOLLOWED�BY�A�THIRD�PASS�OF�HEAT�CYCLES�UNDER�VAR

IOUS� CONDITIONS��4HUS� PREPARED� SAMPLES� WERE� EVALUATED�
BY�THE�5
BEND�3##�TEST�SIMILAR�TO�THAT�DESCRIBED�ABOVE��
4HE�RESULTS�ARE�SHOWN�IN�Fig. 8��!S�SHOWN��THE�SENSITIZED�
SAMPLES� DID� NOT� SUFFER� CRACKS� AFTER� HEATING� TO� A� TEM

PERATURE�RANGE�FROM���� #�TO���� #�FOR�SEVERAL�MINUTES��
4HIS�EFFECT�WAS�PROBABLY�BECAUSE�THE�HEAT�TREATMENT�SAT

ISFACTORILY� ENHANCES� #R� DIFFUSION�� THUS� DIMINISHING� THE�

#R
DEPLETED�ZONE��)'3##�WILL�BE�PREVENTED�BY�APPLYING�
07(4� FOR� A� SHORT� TIME�� WITHIN� SEVERAL� MINUTES�� WHICH�
DOES� NOT� SIGNIlCANTLY� HINDER� THE� EFlCIENCY� OF� PRACTICAL�
PIPE
LAYING�

4O� CONlRM� THE� EFFECT� OF� REDUCTION� IN�#� CONTENT� AND�
ADDITION�OF�4I��MATERIALS�WITH�VARIOUS�#�AND�4I�CONTENTS�
WERE�EVALUATED��7ITH�THE�SAMPLES�TREATED�BY�A�HEAT�CYCLE�
OF� ��� #� FOR� ������S�� A� CONDITION� THAT� EASILY� INDUCES�
SENSITIZATION��A�5
BEND�3##�TEST� SIMILAR� TO� THAT�APPLIED�
BEFORE�WAS�PERFORMED��!S�A�SEVERER�TEST�CONDITION��SAM

PLES�WHICH�HAD� A�NOTCH�OF� STRESS� CONCENTRATION� FACTOR���
AT� THE� 5
BEND� SECTION� WERE� SEPARATELY� TESTED�� Figure 9
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SHOWS�THE�3##�TEST�RESULTS�ARRANGED�BY�THE�#�AND�4I�CON

TENTS��4HE�lGURE� SHOWS� THAT� REDUCTION� IN�#�CONTENT� AND�
ADDITION� OF�4I� SUPPRESS� THE� CRACKS��4HIS� IS� PRESUMABLY�
BECAUSE� THE� SUPPRESSION� OF� DISSOLVED�#�DURING�WELDING�
AND� THE�CONVERSION� TO�4I�CARBIDE�SUPPRESS� THE�PRECIPITA

TION�OF�#R�CARBIDE�WHICH�CAUSES�#R�DEPLETION��4HEREFORE��
REDUCTION� IN� #� CONTENT� AND� ADDITION� OF�4I� ARE� EFFECTIVE�
WAYS� OF� IMPROVING� THE� RESISTANCE� OF� THE� MATERIAL� TO�
)'3##�

5. Conclusion

4HIS� PAPER� DESCRIBED� THE� DEVELOPMENT� AND� CHARAC

TERISTICS� OF� A� SEAMLESS� STEEL� PIPE� MADE� OF� MARTENSITIC�
STAINLESS� STEEL� FOR� LINEPIPES�� HAVING� IMPROVED�WELDABIL

ITY��4HE�WELDABILITY�OF�THE�STEEL�PIPE�HAS�BEEN�IMPROVED�
BY� DECREASING� THE� #� AND� .� CONTENTS�� AND� THE� EXCELLENT�
MECHANICAL� PROPERTIES� AND� CORROSION� RESISTANCE� HAVE�
BEEN�ACHIEVED�BY�THE�OPTIMIZATION�OF�OTHER�ALLOYING�ELE

MENTS��

4HE�MAJOR�CHARACTERISTICS�OF�THE�STEEL�ARE�GIVEN�BELOW�
��	� 4HE� STEEL� HAS� EXCELLENT� WELDABILITY� FREE� FROM� WELD�

CRACKING�EVEN�WITHOUT�PREHEATING�
��	� 4HE�STEEL�HAS�8���GRADE�STRENGTH��AND�LOW�TEMPERA


TURE� TOUGHNESS� OF� ����*� OR� LARGER� #HARPY� ABSORBED�
ENERGY�AT��� #�

��	� 4HE� STEEL� HAS� EXCELLENT� #/�� CORROSION� RESISTANCE��
GIVING�������MM�Y�OR�SMALLER�CORROSION�RATE�UNDER�AN�
ENVIRONMENT�OF���� #�AND�����-0A�#/��

��	� 4HE� STEEL� HAS� EXCELLENT� 33#� RESISTANCE� UNDER� AN�
ENVIRONMENT� OF� P(���� AND� (�3� PARTIAL� PRESSURE� OF�
������-0A�

��	� )NTERGRANULAR� STRESS� CORROSION�CRACKING� IS�PREVENTED�
BY�A�SHORT�PERIOD��SEVERAL�MINUTES	�OF�07(4��2EDUC


TION� IN� #� CONTENT� AND� ADDITION� OF�4I� ARE� EFFECTIVE� TO�
IMPROVE�THE�)'3##�RESISTANCE�OF�THE�MATERIAL�
3INCE�THE�MATERIAL�HAS�EXCELLENT�WELDABILITY��MECHAN


