Abstract:

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 CO, corrosion resistance achieving
the corrosion rate less than 0.127 mm/y under the CO,
environment at 160°C and 2.0 MPa. It can be applied
under the H,S environment at pH4.0 and 0.001 MPa,
since the resistance to sulfde stress cracking (SSC) is
improved by Mo addition. The pipe has X80-grade
strength and suffcient 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 fuid with corrosive gas such
as CO,, as an economical material with low life cycle
cost.

1. Introduction

SBUEDTOI INCREASINGICONCERNIABOUTITHE DEPLETIONIOFI OILL
RESOURCESI OILTANDIGASIWELLST AREIBEINGIOPERATEDI ATIEVERD
HIGHERT TEMPERATUREST ANDI PRESSUREST] ANDI THET PRODUCTION!
mUIDIGENERALLYCCONTAINSI# /Z [T MAKINGI IT: MOREICORROSIVELL
¥ STATRESULTIITTISTIMPORTANTITOI PREVENTI# / ] CORROSIONIFOR!
THEI PIPELINEST CALLEDI mOWLINESC ANDI GATHERINGLINEST WHICH!
TRANSPORTI THEI mUIDI BEFORET ELIMINATINGC CORROSIVEI SUBI
STANCESIANDIWATERI! &URTHERMOREZI THEImUIDIOFTENICONTAINS!
TRACET AMOUNTS] OFZ ;301 SOT MEASURESI TOI PREVENTI SULIDEL

0o

STRESSICRACKINGI I33# ] AREL ALSOINEEDEDI SNDERTSUCHI COR
ROSIVEL ENVIRONMENTSII THET CONVENTIONAL] METHOD! OF PREL
VENTINGICORROSIONIISITOIUSEICARBONZ STEELSIASITHEILINEPIPE]
MATERIALTANDITOZ INJECTDANT INHIBITORT INTOI THEI mUID 11 #£ORT
ROSIONI PREVENTIONC BYT ANC INHIBITORI. HOWEVERI! INCREASES!
THET OPERATINGT COSTI PARTICULARLYT INI OFFSHOREL PIPELINESLI SOI
INHIBITORSL ARET BEINGI USEDT LESST! PARTICULARLYT INI VIEW!I OF]
THEZRECENTI FOCUSI ONILIFEI CYCLEL COSTI ¥ NOTHERTREASONI FORT
NOTI USINGI INHIBITORST 1ST CONCERNZ ABOUTE POLLUTIONI CAUSED!I

POSTC WELDINGI HEATI TREATMENTI [O7 (401 #ONSEQUENTLYI
MARTENSITICI STAINLESST STEELSI AREIRARELYC USEDIFORIPIPELINES]
IND VIEWI OFI PIPECLAYING EFECIENCYII - EVERTHELESSI] MARC
TENSITICISTAINLESSISTEELSIHAVEIANIAPPROPRIATEILEVELIOFI# /
CORROSIONZRESISTANCELIANDIAREZINEXPENSIVEICOMPAREDIWITHL
DUPLEXISTAINLESSISTEELS!

7 ITHITHISI BACKGROUNDI *&%I 3TEELIHASIUSEDI ITSTEXTENT
SIVEL STEELIMAKING] TECHNOLOGIEST TOT IMPROVEL THE] WELDT
ABILITYC OF] MARTENSITICI STAINLESS STEELSC BYZ DECREASINGL THEL
#IANDI - CCONTENTSIANDIBYICONTROLLINGITHEJADDEDIALLOYINGL
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2. Progress of Development

2.1 Target Characteristics

4HET TARGETI CHARACTERISTICSI FORT DEVELOPMENT. WEREL AST

LISTEDIBELOW!

000 "ZELDABILITYI ZELDINGIWITHOUTIPREHEATING

0000 ¥ - IMAXIMUMIHARDNESSI ( 6000IORISMALLER

(000 #/ I CORROSIONIRESISTANCEDI 2ESISTANCELTOZ A CORROSIVEL
ENVIRONMENTIOFIOOIT - A#LII#/ JPARTIALLPRESSUREZOF. O
—OAIIDOD #

0007 33A{RESISTANCEII 2ESISTANCEITOIANIENVIRONMENTIOFID L
- A#LII000D0—O0AI (3P (IO

0007 STRENGTHI 80T GRADEL [0DOI—OAT ORI HIGHERT YIELD!
STRENGTHIIOSLI

0000, OWITEMPERATUREITOUGHNESS I OUOM I ORILARGERI#HARPY!
ABSORBEDIENERGYIATI—0D #

2.2 Composition Design Concept

4HEL COMPOSITIONI OFI THEL STEEL! PIPEI WASI DESIGNED!
CONSIDERINGITHELEFFECTSCOFIALLOYINGIELEMENTSIINITHEI MARL
TENSITICT STAINLESSI STEELT ONI THEI WELDABILITYCD CORROSIONI
RESISTANCET] HOTIWORKABILITYIL ANDI OTHERI CHARACTERISTICSI!
3PECI ICALLYIITHEIIMPROVEMENTIOFIWELDABILITYCWASISTUDIEDL
BASEDIONIAICOMPOSITIONIOF)+/ D00ARIIDIDO#000#RIDIOD - I
FORI /#4 = FORT Al #/ ;] ENVIRONMENTII WHILEZ MAINTAINING!
EQUIVALENTI CORROSIONI RESISTANCET INI THEI BASEI MATERIALL
&ROMI THEI RESULTST OFI THEL STUDYZ CONCERNING! THEL EFFECT. OFL
CHEMICALI COMPOSITIONZ ONZ THETHOTCWORKABILITYZ ANDZ OTHERT
CHARACTERISTICSIMENTIONEDI BELOWIITHELCOMPOSITIONZ OFI THEL
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2.2.3 SSC resistance

3INCEL 33# INI MARTENSITICE STAINLESST STEELST BEGINS!
FROMI PITTINGIT IMPROVINGI THEL RESISTANCED TOT PITTINGI
IMPROVEST THEI 33# RESISTANCEIl 4HED ALLOYINGI ELEMENTL
MOLYBDENUM 1S] KNOWNL TOT IMPROVEL RESISTANCET TOI PITO
TINGI Figure 21 SHOWSI THED EFFECTSI OF] . 1T ANDZ — Ol ONI THEL
33#RESISTANCE™T ¥ STCANTBE] SEENTIANT INCREASET INITHEL - IT
CONTENTIFROMICTIITOI D CITMAKESINOI DIFFERENCEI TOL THEITEST!
RESULTSICWHILEZINCREASINGLTHEI — OICONTENTIFROMIOOIITOI O]
MOVES.THEIBOUNDARYL OF1 334 OCCURRENCEL TOWARDILOWIP ([
ANDT HIGH ;30 PARTIAL] PRESSUREI ORI TOT SEVERER] ENVIRONT
MENTSI 4HIST PHENOMENONL SUGGESTSI THATI ADDING. DI — 01
ISISUFICIENTITOIENSUREI 334 IRESISTANCECUNDERITHEIENVIRONC
MENTIOFIOON - A#LIZ0I0001—O0AL (3P (IO WHICH ISITHEL
DEVELOPMENT.TARGETII3INCETTHOWEVERITHEIRESISTANCEITOIPITE
TINGIATITHEI (¥ - IMAYIBECOMELLOWERITHANITHATIOFITHEIBASEL
MATERIAL"" 10 J7 — 0T WASIADDEDITOI THEI DEVELOPED] MATERIALT
TOISECUREISTABLEIRESISTANCEITOIPITTINGI
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3. Characteristics of Developed Steel Pipe

4HISICAPTERIDESCRIBESITHEICHARACTERISTICSIOFITHEIDEVELL
OPEDISTEELIIFOCUSINGIONITHEIRESULTSIOFITESTSIONIATSEAMLESS!
STEELIPIPEIOFIDOOIMMIINIOUTERI DIAMETERIANDIDDIOIMMIINI
WALLITHICKNESSI] ¥ [SEAMLESSI STEELIPIPEIWASI MANUFACTUREDI
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MAXIMUMZHARDNESSIATITHEL ( ¥ z[ISIABOUTI (60O WHICHL
SATISIESITHECTARGET]VALUEIOF] (6L UOIORISMALLERTT Figure 41
SHOWSI THEI RESULTL OFT #HARPY! TESTSI FORI THE! WELDED! JOINTI]
4HET ATTAINEDT ABSORBEDI ENERGYT ISI ABOUTI OUDI*T EVENT AT
—00 #IASIWELLIASIAT! — 00 #WHICHIPROVESITHEIEXCELLENT!
LOWITEMPERATUREITOUGHNESSIOF.THEIDEVELOPEDISTEEL!

3.2 CO, Corrosion Resistance

4HE[#/ ICORROSIONIRESISTANCEIWASIEVALUATED.BYIMEAL
SURINGC WEIGHTLOSST INCANC IMMERSIONZ TESTI UNDERI ANIENVI
RONMENTIOFIHIGHITEMPERATUREZANDIHIGHI# / ;IPARTIALI PRES
SURELL Figure 5]SHOWSITHEITESTIRESULTSI PLOTTEDI AGAINSTI THED
TESTITEMPERATURE. ANDI#£/ 1 PARTIALI PRESSURELZ4HE. NUMERAL
GIVENI TOT EVERYT PLOTI ST THET CORROSIONL RATELT ¥ SSUMINGI
THATI AT CORROSIONI RATET OF1 DIODOIMMIYT IOIMPYI IST GENERD
ALLYTACCEPTABLEZ ASL ATSTANDARDII THET DEVELOPEDI MATERIALL 1S]
JUDGED! TOT BEL SUITABLET UNDERT ANI ENVIRONMENTI OFL 000 #1
ANDIOIOI—O0A#/ [

3.3 SSC Resistance
100 00 PO YOU ISOSSUTANCE
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CANIAPPLYCLARGERI STRAINSIWASIUSEDII Figure 7]GIVESIPLOTS!
OFI 3### TESTIRESULTSIUNDERITHEISECONDIPASSICONDITIONTAHE!
1 GUREISHOWSITHATISOMEZOFISAMPLESIWITHITHEISECONDIPASS!
THERMALI CYCLEI SUFFEREDI CRACKSII4HEL SAMPLES]WHICHI WEREL
SUBJECTEDZONLYTOITHEL BRSTIPASSIDIDINOTISUFFERICRACKS!

4HESEIRESULTSI SUGGESTITHATITHEL CAUSELOFT) = 3##ISIAS]
FOLLOWSII "7’ HENI CARBONII WHICHT IST DISSOLVEDI UNDER? HIGHL
TEMPERATURED HEAT] CYCLES] PRECIPITATEST DURINGI THED SUBI
SEQUENTI HEAT. CYCLEL ASI CARBIDEL ATZ THEL GRAINI BOUNDARYT OF!
PRIORIAUSTENITELIAT#RIDEPLETEDIZONEIFORMSIINITHEZVICINITYT
OFITHEICARBIDELATITHECGRAINIBOUNDARYIITHEREBYZSENSITIZING!
THEIMATERIAL!

4.2 Method to Prevent IGSCC

3INCEL ) = 3##( IS] PRESUMABLYL CAUSEDL BY[ THED #Rl
DEPLETIONI ZONELI POTENTIALL METHODSI TOI PREVENTI ) = 3##
INCLUDEI PERFORMINGI0"7 (4ITOI DIFFUSEL #R. FORIRECOVERING
FROMI#RIDEPLETIONII ANDI ESTABLISHINGE VERYILOW! #1CONTENT!
ANDITOIADDI4IIFORISUPPRESSINGITHEIPRECIPITATIONIOFL#RICARD
BIDE!

40_CONIRMITHEIEFFECTIOF1 07 (411ATMATERIALI CONTAINE
INGIDOOIPPML OFI #I WASISENSITIZEDIBYL TWOL PASSES! OFT HEAT!
CYCLESIIFOLLOWEDIBYZAITHIRDIPASSIOFZHEATICY CLESIUNDERIVARL
I0USI CONDITIONSII4HUST PREPAREDI SAMPLES] WERET EVALUATED!
BYITHEI SIBENDI3##ITESTISIMILARITOITHATIDESCRIBEDIABOVE
AHEIRESULTSIAREISHOWNCINZFig. 811 ¥ SISHOWNIITHEISENSITIZED!
SAMPLEST DIDT NOTI SUFFERT CRACKST AFTERT HEATINGL TOT AT TEMI
PERATURECRANGEIFROMIUUD #TOI0OD #IFORISEVERALIMINUTESI
A4HISIEFFECTIWASIPROBABLYIBECAUSEITHEIHEATITREATMENTISATD
ISFACTORILY] ENHANCES #RC DIFFUSIONZI THUSI DIMINISHINGI THE!
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#RODEPLETEDIZONEIL) = 344 IWILLIBEIPREVENTEDIBYIAPPLYINGL
077 (4IFORIAI SHORTI TIMEZI WITHINC SEVERALI MINUTESII WHICHE
DOESINOTISIGNI I CANTLYZ HINDERI THEI EF I CIENCYT OF] PRACTICALL
PIPELLAYINGI

407 CON IRMITHEI EFFECTI OFIREDUCTIONT INZ#CONTENTZ ANDL
ADDITIONIOFI41IT MATERIALSIWITHIVARIOUSI#IANDI41TCONTENTS]
WEREIEVALUATEDIZ ITHITHEISAMPLESITREATEDIBYIATHEATICY CLE]
OF1 000 #( FORT DIOOOCST AT CONDITIONT THATI EASILYT INDUCES!
SENSITIZATIONIIAI SIBENDI 3## TEST. SIMILARITOI THATC APPLIED!
BEFORETWASIPERFORMEDT ¥ STATSEVERERITESTICONDITIONIISAMI
PLESIWHICHI HADI AZNOTCHL OF1 STRESSICONCENTRATIONI FACTORC LIt
ATI THET SOBENDI SECTIONI WERET SEPARATELYITESTED Figure 9
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SHOWSITHE 344 TESTIRESULTSIARRANGED BY TTHE A ANDI41:CON?
TENTSTI4HE? 1 GURET SHOWS] THATZREDUCTION? INI #1 CONTENT! ANDI
ADDITION? OF? 417 SUPPRESS] THE? CRACKS I 4HIS! IS1 PRESUMABLY:
BECAUSEZ THET SUPPRESSIONI OFZ DISSOLVED: # DURINGI WELDING!
ANDITHEICONVERSIONIT01417 CARBIDEI SUPPRESS! THEI PRECIPITAT
TIONIOF #RICARBIDE/WHICHICAUSES #RIDEPLETIONTI4HEREFOREL!
REDUCTION? IN #1 CONTENT: ANDI ADDITION] OF1 417 ARE] EFFECTIVE
WAYS? OF: IMPROVING] THEI RESISTANCEZ OF? THE] MATERIALT TO:
)™ 3##]

5. Conclusion

4HIS] PAPERI DESCRIBED! THE[ DEVELOPMENTI ANDI CHARACE

TERISTICST OF1 AT SEAMLESSL STEEL PIPE] MADET OF MARTENSITICI

STAINLESSI STEELTFORILINEPIPESITHAVINGL IMPROVED. WELDABILD

[TYZJ4HEIWELDABILITYZOFCTHELSTEELIPIPEZHASIBEENIIMPROVED!

BYIDECREASINGI THEI #1 ANDI - T CONTENTSII ANDI THET EXCELLENTI

MECHANICAL! PROPERTIES! ANDI CORROSIONI RESISTANCEI HAVEL

BEENIACHIEVEDIBYITHEIOPTIMIZATIONZOFIOTHERIALLOY INGZELET

MENTST
4HEIMAJORICHARACTERISTICSIOF.THEISTEELIARELGIVENIBELOW!

0007 4HED STEELT HAST EXCELLENTI WELDABILITYI FREET FROMI WELD!
CRACKINGIEVENWITHOUTIPREHEATINGL

0007 4HEISTEELTHAST 8T GRADEISTRENGTHIZANDILOWITEMPERAL
TUREI TOUGHNESST OFI DOOI*T ORI LARGERT #HARPYT ABSORBEDI
ENERGYTATI—00 #1

(000 4HED STEELT HAST EXCELLENTI #/ ;1 CORROSIONI RESISTANCEL
GIVINGIDIOOOIMMIYLORISMALLERICORROSIONZRATECUNDERIANL
ENVIRONMENTIOFIOOO #IANDIOIOI—O0AI#/

0007 4HED STEELD HASI EXCELLENTC 33#1[ RESISTANCEL UNDER! ANI
ENVIRONMENT OFC P (0000 ANDI (53! PARTIALL PRESSUREL OF!
0l000I—0Al

0000 )NTERGRANULART STRESST CORROSIONI CRACKING 1S_ PREVENTED!
BYIAISHORTIPERIODIISEVERALIMINUTESLIOFIO 7 (4112EDUCT
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TIONL INT# CONTENTC ANDTADDITIONI OF1 417 AREL EFFECTIVEITOl
IMPROVELTHEL) = 3##RESISTANCEIOFITHEIMATERIALL
3INCEITHEIMATERIALHASIEXCELLENTCWELDABILITYZIMECHAN
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