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Steelalloytype Keynotesforapplication
FCAW SMAW GTAW

Steelalloytype Keynotes
forapplication

GMAW SAW

Productname AWSclass. Productname AWSclass. Productname AWSclass. Productname AWSclass Productname AWSclass
(wire)

304 General [P]DW-308 E308T0-1/-4 [P]NC-38 E308-16 [P]TG-S308 ER308 304 General [P]MG-S308 ER308 [P]PF-S1/[P]US-308 ER308[P]DW-308P E308T1-1/-4
304H Hightemperatureoperation [P]DW-308H E308HT1-1/-4(Bi-free) [P]NC-38H E308H-16 −−− −−− 304L General [P]MG-S308LS ER308LSi [P]PF-S1/[P]US-308L ER308LLowcarbon(0.04%max.)�General [P]DW-308L E308LT0-1/-4 [P]NC-38L E308L-16 [P]TG-S308L ER308L

[P]DW-308LP E308LT1-1/-4 General [P]MG-S316LS ER316LS [P]PF-S1M/[P]US-316
(Singlepass)

ER316[P]DW-308LH E308LT1-1/-4(Bi-free)
304,304LGaugeplate [P]DW-T308L E308LT0-1/-4 −−− −−− −−− −−− [P]PF-S1/[P]US-316

(Multipass)
ER316

304,304L LowCr(VI)infume [P]DW-308L-XR E308LT0-1/-4 −−− −−−
[P]DW-308LP-XR E308LT1-1/-4 −−− −−− 316,316L [P]PF-S1M/[P]US-316L

(Singlepass)
ER316LCryogenictemperature(27Jmin./−196°C) [P]DW-308LTP E308LT1-1/-4 [P]NC-38LT E308L-16 [P]TG-S308L ER308L

[P]DW-308LT E308LT0-1/-4 [P]PF-S1/[P]US-316L
(Multipass)

ER316LTIGrodforrootpasswelding
withoutbackpurginggas

−−− −−− −−− −−− [P]TG-X308L R308LT1-5

General [P]DW-316L E316LT0-1/-4 [P]NC-36 E316-16 [P]TG-S316 ER316 Dissimilarmetal
andoverlay
welding

[P]DW-316LP E316LT1-1/-4 [P]NC-36L E316L-16 [P]TG-S316L ER316L General [P]MG-S309 ER309 −−− −−−[P]DW-316H E316LT1-1/-4(Bi-free)
Gaugeplate [P]DW-T316L E316LT0-1/-4 −−− −−− −−− −−−
LowCr(VI)infume [P]DW-316L-XR E316LT0-1/-4 −−− −−− −−− −−− 321,347 General [P]MG-S347S ER347Si [P]PF-S1/[P]US-347 ER347[P]DW-316LP-XR E316LT1-1/-4

316,316L Hightemperatureoperation [P]DW-316H E316T1-1/-4(Bi-free) −−− −−− −−− −−− 317L General −−− −−− [P]PF-S1/[P]US-317L ER317LCryogenictemperature
(27Jmin./−196°C)(316L)

[P]DW-316LT E316LT1-1/-4 [P]NC-36LT E316L-16 [P]TG-S316L ER316L

Duplexstainless
steel

Standardduplex
(ASTMS31803,S32205)

−−− −−− [P]PF-S1D/[P]US-2209 ER2209316LMod.�Urea(lowferritecontent) −−− −−− [P]NC-316MF −−− [P]NO4051 −−−
[P]TG-S310MF −−−

TIGrodforrootpasswelding
withoutbackpurginggas

−−− −−− −−− −−− [P]TG-X316L R316LT1-5 410 General [P]MG-S410 ER410 −−− −−−

General [P]DW-309L E309LT0-1/-4 [P]NC-39 E309-16 [P]TG-S309 ER309 LNGstoragetank −−− −−− [P]PF-N4/[P]US-709S
(Horizontalposition)

ERNiMo-8[P]DW-309LP E309LT1-1/-4 [P]NC-39L E309L-16 [P]TG-S309L ER309L
[P]DW-309LH E309LT1-1/-4(Bi-free) 9%Ni [P]PF-N3/[P]US-709S

(Flatposition)
ERNiMo-8

Dissimilarmetal
andoverlay
welding

Gaugeplate [P]DW-T309L E309LT0-1/-4 −−− −−− −−−
LowCr(VI)infume [P]DW-309L-XR E309LT0-1/-4 −−− −−− −−−

[P]DW-309LP-XR E309LT1-1/-4
TIGrodforrootpassweldingwithoutbackpurginggas −−− −−− −−− −−− [P]TG-X309L R309LT1-5
General [P]DW-309MoL E309LMoT0-1/-4 [P]NC-39MoL E309LMo-16 −−− −−−

[P]DW-309MoLP E309LMoT1-1/-4
Highferritecontent [P]DW-312 E312T0-1/-4 [P]NC-32 E312-16 −−− −−−

310,310S General [P]DW-310 E310T0-1/-4 [P]NC-30 E310-16 [P]TG-S310 ER310
General [P]DW-347 E347T0-1/-4 [P]NC-37 E347-16 [P]TG-S347 ER347

321,347 Hightemperatureoperation [P]DW-347H E347T1-1/-4(Bi-free) −−− −−− −−− −−−
Lowcarbon [P]DW-347LH E347T1-1/-4(Bi-free) [P]NC-37L E347L-16 [P]TG-S347L ER347L
TIGrodforrootpassweldingwithoutbackpurginggas −−− −−− −−− −−− [P]TG-X347 R347T1-5
General [P]DW-317L E317LT0-1/-4 [P]NC-317L E317L-16 [P]TG-S317L ER317L

317L [P]DW-317LP E317LT1-1/-4
[P]DW-317LH E317LT1-1/-4(Bi-free)

Leanduplex(ASTMS32101,S32304) [P]DW-2307 E2307T1-1/-4 −−− −−− −−− −−−

Duplexstainless
steel

Standardduplex(ASTMS31803,S32205) [P]DW-2209 E2209T1-1/-4 [P]NC-2209 E2209-16 [P]TG-S2209 ER2209
[P]DW-329AP E2209T1-1/-4

TIGrodforrootpassweldingwithoutbackpurginggas [P]TG-X2209 −−− −−− −−− [P]TG-X2209 −−−
Superduplex(ASTMS32750,S32760) [P]DW-2594 E2594T1-1/-4 [P]NC-2594 E2594-16 [P]TG-S2594 ER2594

410 General −−− −−− [P]CR-40 E410-16 [P]TG-S410 ER410

13Cr-4Ni Martensiticstainlesssteelforhydroturbine [P]DW-410NiMo E410NiMoT1-1/-4 [P]CR-410NM E410NiMo-16 −−− −−−
[P]MX-A410NiMo EC410NiMo

Ferritic13Cr-Nb [P]DW-410Cb E409NbT0-1 [P]CR-40Cb E409Nb-16 [P]TG-S410Cb −−−
405,409 Bufferlayerfor13Croverlaywelding [P]DW-430CbS E430NbT0-1 [P]CR-43Cb E430Nb-16 −−− −−−

[P]CR-43CbS −−−
430 17Cr-Nbforcarexhaustsystem [P]MX-A430M −−− −−− −−− −−− −−−

Alloy625and825�Overlaywelding�dissimilarjoint [P]DW-N625 ENiCrMo3T1-1/-4 [P]NI-C625 −−− [P]TG-S625 ERNiCrMo-3

Nialloy Claddingandgirthweldingofcladpipe(5G,6G) [P]DW-N625P ENiCrMo3T1-1/-4 [P]NI-C625 −−− −−− −−−
Alloy600and800�Dissimilarjoint [P]DW-N82 ENiCr3T0-4 [P]NI-C70A ENiCrFe-1 [P]TG-S70NCb ERNiCr-3
AlloyC276 [P]DW-NC276 ENiCrMo4T1-4 −−− −−− −−− −−−
LNGstoragetank [P]DW-N70S −−− [P]NI-C70S ENiCrFe-9 [P]TG-S709S ERNiMo-8

9%Ni [P]DW-N709SP ENiMo13T1-4/T0-1 [P]NI-C1S ENiMo-8
[P]DW-N625 ENiCrMo3T1-1/-4

1.TheferritenumbersorpercentageindicatedbyFN,FNWorFSinthisbrochureare:
FN:ferritenumberbyDeLongDiagram
FNW:ferritenumberbyWRC(WeldingResearchCouncil)Diagram-1992
FS:ferritepercentagebySchaefflerDiagram

2.InconelisthetrademarkofSpecialMetalsCorporation,Hastelloy,thetrademarkofHaynesInternational,
Inc.andSUPER304H,thetrademarkofNipponSteel&SumitomoMetalCorporation,respectively.

3.Abbreviationsandmarks
(1)AWS:AmericanWeldingSociety
(2)Weldingpositions
F:flat
HF:horizontalfillet
VU:verticalupwardorverticaluphill

(3)Weldingprocedures
FCAW:FluxCoredArcWelding
SMAW:ShieldedMetalArcWelding
GTAW:GasTungstenArcWelding
GMAW:GasMetalArcWelding
SAW:SubmergedArcWelding
ESW:ElectroslagWelding

(4)FCW:FluxCoredWire

(1)[P]designatesPREMIARCTM
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Carbon or low-alloy steel
Carbon or low-alloy weld

304 or 304L clad

E308 or E308L
weld metal

304 or 304L clad

DW-309L
weld metal

Austenitic stainless steel welding consumables
for general use
(Types 308L, 316L and 309L)

Basemetal Type FCAW
(AWSA5.22)

SMAW
(AWSA5.4)

GTAW
(AWSA5.9)

304,
304L

308L
(20Cr-10Ni)

DW-308L
DW-308LP
(E308LT)

NC-38L
(E308L-16)

TG-S308L
(ER308L)

316,
316L

316L
(18Cr-12Ni-
2.5Mo)

DW-316L
DW-316LP
(E316LT)

NC-36L
(E316L-16)

TG-S316L
(ER316L)

Carbonsteel
/304L

(Carbonsteel
/304)

309L
(24Cr-12Ni)

DW-309L
DW-309LP
(E309LT)

NC-39L
(E309L-16)

TG-S309L
(ER309L)

Table1:Austeniticstainlesssteelweldingconsumables

1.General
Theausteniticstainlesssteelweldingconsumablesare
typicallyofthe308L,316L and309L types.
Type308Lisusedforwelding304or304Lstainless
steels.Type316Lisforwelding316Lstainlesssteel,
whiletype309Lisforweldingdissimilarmetals,
under-layingonferriticsteelsorbuffer-layingonclad
steels(Table1).

Austenitic stainlesssteelshave a single phase
austeniticstructureduetoheattreatmentduringthe
steelmakingprocess,whileausteniticstainlesssteel
weldingconsumablescontain5to15% ferriteto
prevent hot cracking during welding.Typical
microstructuresofboth304Lstainlesssteelbasemetal
andNC-38LweldmetalareshowninFigures1and2,
respectively.

Theferritecontentinweldmetalcanbecalculated
fromthechemicalcompositionofweldmetalbyusing
Schaeffler,DeLongorWRC-1992diagrams.Allthree
diagramsplottheNickelequivalent,madeupof
austeniteformingelementssuchasC,Mn,NiandN,
againsttheChromiumequivalent,whichrepresentsthe
ferriteformingelementssuchasCr,Mo,SiandMn,in
theweldmetal.

The Schaeffler diagram (Figure3) classifies
microstructureswithNiandCrequivalentsinawide
range.Therefore,itcanestimateferritecontentaswell
asweldabilityandcrackresistancepriortoperforming
dissimilarweldingbetweenstainlessandcarbonsteel.
However,inthecaseofweldmetalswithahighferrite
microstructure,suchasE309L,theSchaefflerdiagram
willtendtoshowalargerdeviationthanaFeritscope,
asshowninFigure4.

TheDeLongdiagram (Figure5)enablesamore
precisecalculationofferritecontentbyusingaFerrite
Number(FN)intherangeof0to18,thoughthe
applicablechemicalcompositionrangeisnarrower
thanthatoftheSchaefflerdiagram.

TheWRC-1992diagram (Figure6)allowsoneto
estimatetheferritecontentintheweldmetalsof
E309Laswellasduplexstainlesssteel,whichisquite
highinferritecontent.

Table2showsHueycorrosiontestresults(65%nitric
acidtest)ofallweldmetalswith308and316type
stainlesssteelweldingconsumables.IntheHueytest,
specimensareboiledina65%nitricacidsolution,and
theintergranularcorrosionsusceptibility resulting
fromprecipitationofchromium(Cr)carbidesandσ
phaseisevaluated.

Type308or316stainlesssteelweldmetals,which
containhigherCrcontent,havebettercorrosion
resistanceagainstsuchoxidizingacidsasnitricacid.
Ontheotherhand,theyalsoexperiencereduced
intergranularcorrosionresistancewhenkeptatthe
temperaturerangebetween 600 and 800°C for
extendedperiodsbecauseC in theweld metal
combineswithCrtoformCrcarbides.Thisisknown
assensitization.AWSandotherbodiesspecifylow
carbon welding consumablesin orderto raise
intergranularcorrosionresistance.

Sensitizedweldmetalscanhavecorrosionresistance
restoredthroughquenching,whichdissolvestheCr
carbidesbyfirstheatingtheweldmetaltoabout
1050°Candthencoolingitrapidly.

Ontheotherhandforsuchreducing acidsas
hydrochloricorsulfuricacids,theadditionofNi,Mo
and/orCuincreasescorrosionresistance,andthishas
ledtothedevelopmentof316typestainlesssteels.

2.309Ltypeweldingconsumables
Moststructuresandequipmentinoilrefineries,
chemicalplants,powergenerationplants,chemical
tankers,liquefiedgasplantsandcarriers,andfood
processingplantsconsistofdissimilarmetaljointsand
cladsteelcomponentsondifferentscale.Thisisto
minimize the material costs and maximize
performance.

Type309Lstainlesssteelweldingconsumablesare
designedsothattheweldmetalscanaccommodatethe
adverseeffectscausedbydilutionofcarbonorlow-
alloybasemetals.Theseadversitiesincludethe
formationofmartensite(abrittlestructure)aswellas
austeniticstructure,which,asnon-ferrite-bearing
austenite,issensitivetohotcracking.Type309L
stainlesssteelweldingconsumablesarethussuitable
fordissimilarmetaljoints,whichcancontainvarious
combinationsofausteniticstainlesssteelandcarbonor
lowalloysteelsasshowninFigures7and8.

PWHT Corrosionweightloss(g/m2・h)

As-welded 5

650°C×2hrs�AC*1 9

1050°C×30min�WQ*1 6

Product
name

Chemicalcomposition(mass%) ipm(inch/month)

C Si Mn Ni Cr Mo As-welded650°C×2hrsAC*1
1050°C×30min

WQ*2

NC-38 0.050.411.5 9.3 19.8 − 0.000560.00095 0.00044

NC-38L0.030.371.5 9.5 19.8 − 0.000520.00069 0.00047

NC-36 0.06 0.4 1.5 12.2 19.2 2.2 0.00171 − −

NC-36L0.03 0.4 1.5 12.0 19.2 2.1 0.00138 − −

Table2:Hueycorrosiontestresultsofall
weldmetal(65%nitricacidtest)

*1:Air-cooling
*2:WaterquenchingFigure5:DeLongdiagram

Table3:GeneralcorrosiontestresultsofNC-36Lallweld
metalby5%dilutedsulfuricacid(JISG0591)

*1:Air-Cooling
*2:WaterQuenching

Figure6:WRC-1992diagram

Figure3:Schaefflerdiagram

Figure1:Microstructureof304Ltypebasemetal
(fullyausteniticstructure)

Figure7:
Under-laying
onferritic
steelpart
ofcladsteel

Figure2:Microstructureof308Lweldmetal
(austenite+ferrite)

Figure4:Comparisonofferritecontentbetween
SchaefflerdiagramandFeritscope

3 4



Carbon or low-alloy
base metal

DW-309L
buffer layer

E308 or E308L
weld metal

308 or 304L
base metal

Welding Current (A)

DW
 w

ire
 0.

9m
m

Stick electrode 4.0mm

DW
 w

ire
 1

.2
m

m DW
 w

ire
 1

.6
m

m

MIG
 w

ire
 1.

6m
m

D
ep

os
iti

on
 R

at
e 

(g
/m

in
)

140

120

100

80

60

40

20

0
0 100 200 300 400

A
rc

 v
ol

ta
ge

 (V
)

Welding Current (A)

40

36

32

28

24

20
50

DW wire, 0.9mm
(CO2)

DW wire, 1.6mm
(CO2)

DW wire, 1.2mm
(CO2)

MIG wire, 1.2mm
(Ar+2%O2)

100 150 200 250 300 350 400

Over-Head

Holizontal

Vertical Upward Vertical Downward

S
pa

tte
r g

en
er

at
io

n 
(g

/m
in

.)

Other company’s
E308LT0 type

DW-308L

200A

Ar-25%CO2

250A

100%CO2

200A

100%CO2

150A

100%CO2

0.0

0.2

0.4

0.6

0.8

1.0

DW-308L

Fu
m

ue
m

is
si

on
 ra

te
 (m

g/
m

in
.)

0

100

200

300

400

500

600

Other company’s
E308LT0 type

100%CO2

Ar-25%CO2

Welding speed
40cm/min

30cm/min
Proper
dilution
for 1st
layer

20cm/min

30

20

10

150 200

Welding current (A)

D
ilu

tio
n 

(%
)

0

1.2mmΦ

Welding speed
40cm/min

30cm/min

20cm/min

Welding current (A)

D
ilu

tio
n 

(%
)

1.6mmΦ

40

30

20

200

10

0

Proper
dilution
for 1st
layer

250 300

3.Weldingprocesses
Inadditiontosecuringtherequiredquality,welding
proceduresmustbeperformedwithinaspecifiedtime
andbudget.Onewaytoselectanappropriatewelding
processistocomparethedepositionratesofGTAW,
SMAW,FCAW,SAW aswellastherespective
advantagesanddisadvantagesofeachprocess.Figure
9showsthedepositionrateofeachweldingprocessas
afunctionofweldingcurrentandFigure10,the
optimumrangeoftheirweldingparameters.

KobeSteelprovidestwotypesofFCWsforstainless
steels:oneforflatandhorizontalfilletweldingandthe
otherforall-position welding including vertical,
horizontalandoverheadpositions.FCWsforflatand
horizontalfilletweldingcanprovidethebeautifulbead
appearanceparticulartostainlesssteelbecausethey
allowbeadsurfacestobecoveredwithuniformslagas
showninFigure11.All-positionweldingbyDW-308LP
isshowninFigures12.

Inaddition,KobelcoFCWsprovidestablearcdueto
thattheirsmoothwirefeedingminimizesthearc
lengthfluctuationaswellaslittlespatterandfume
generation.Thespattergenerationcomparisonandthe
fumeemissionratecomparisonbetweenDW-308Land
thesame308LtypeFCWsfromothersupplierare
showninFigures13and14,respectively.

Weldingstainlesssteelinverticalandoverhead
positionsisconsideredtobemoredifficultthanmild
steelbecauseitsmoltenmetalwasmorelikelytodrop.
Thisisduetothedifferencesinthephysicalproperties
ofstainlesssteel:ithasalowermeltingpoint(1400-
1427°C)thanmildsteel(1500-1527°C),andless
thermalconductivity(0.04cal/cm/sec/°Cinthe0-
100°Crangeasopposedto0.11cal/cm/sec/°Cinthe0-
100°Crange).

4.GeneralapplicationsofFCAW
4.1Buttjointwelding
Applicableplatethicknessesare2mmormorewitha
1.2mmdia.wireand5mmormorewitha1.6mmdia.
wireinflatposition.P-seriesFCWsenableweldingof
thinplateswith3-4mmthicknessinverticalposition.

One-sideweldingcanbeappliedtoasingleV-shape
groovewitha3-4mmrootopeninginflat,horizontal
andverticalpositionsbyusingabackingmaterialof
FBB-3(Tsize).

4.2Horizontalfilletwelding
Aweldingspeedofapproximately30-70cm/minis
recommendedtoobtainsmoothbeadappearanceand
sufficientpenetrationinhorizontalfilletwelding.With
atype309FCW,dissimilar-metalweldingofstainless
steelagainstcarbonsteelcanbeperformedwiththe
sameweldingconditionsasusedforstainlesssteel
welding.Inordertosecuretheoptimum ferrite
content,however,theweldingcurrentshouldbe200A
orlessandtheweldingspeed,40cm/minorslower
witha1.2mmdia.FCW.

4-3Overlayandclad-steel
welding

Thefirstlayerofoverlayweldingontoacarbonsteel
basemetalshouldbeweldedwitha309(or309MoL)
FCW bythehalflappingmethod.Ifdilutionbythe
basemetalisexcessive,theferritecontentoftheweld
metaldecreases and hotcracking may occur.
Therefore,itisimportanttouseappropriatewelding
conditionstocontroldilution,particularly,onthefirst
layer.Inordertoobtaintheproperdilutionratio,
weldingcurrentsshouldbe200Aorlowerandwelding
speed,20-40cm/minwitha1.2mmdia.FCW.Witha
1.6mmdia.FCW,useweldingcurrentsinthe200-250
Arangeandweldingspeeds,inthe20-30cm/min
range(seeFigures15and16).

Figure8:Buffer-layingofdissimilarmetaljoint

Figure13:Spattergenerationcomparison
Figure9:Depositionrateasafunctionofweldingcurrent

Figure14:Fumeemissionratecomparison
Figure10:Optimumrangesofweldingcurrentandarc

voltage

Figure15:Dilutionratioasafunctionofweldingcurrent
(1.2mmdia.)

Figure11:BeadappearanceofDW-308Lhorizontalfillet
weldingbyDW-308L

Figure12:Cross-sectionofmacrostructureofDW-308LP
filletweld(304Lbaseplateof3mmthick)

Figure16:Dilutionratioasafunctionofweldingcurrent
(1.6mmdia.)
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Consumables for overlay welding of 
pressure vessels
(Types 347 and 317L stainless steels)

1.Preface
Pressurevesselssuchasnuclearreactorsandoil
refiningreactors(fordesulfurization)aregenerally
comprisedoflessexpensive,highstrengthlowalloy
steels.In orderto ensureappropriatecorrosion
resistance,however,theinsidesofthesepressure
vesselsareoverlay-weldedwithausteniticstainless
steelweldingconsumables.

Whenafacilitylikeadesulfurizationreactorthat
handleshydrogensulfideunderhightemperatureand
pressureisoutofoperation,polythionicacidisoften
generatedandmaycausestresscorrosioncracks
(SSC).Therefore,onaninternalstructureoran
overlayweld,type347stainlesssteeliscommonly
used,insteadofconventionalausteniticstainlesssteel.
Type347steelisableto preventintergranular
corrosionbecauseitincludesniobium (Nb)inits
composition.

Type317Lstainlesssteelcanalsobeusedforreactors
handlingoilrichinsulfur(S).

2.Overlayweldingprocedure
Anumberofweldingmethodsareappliedinthe
internalweldingofdesulfurizationreactorsasshown
inFigure1.Stripoverlayweldingisanefficient
processforsuchlarge-sizedreactors,whileautomatic
GTAW isusedfortheinsidesofsmall-diameter
nozzles.FCAW/SMAWisappliedforoverlaywelding
ofbuttjointpartsandalsoforassemblinginternal
equipment.

SAWandESWaretwomethodsforcarryingoutstrip
overlaywelding,theprocessthataccountsforthe
largestconsumptionofweldingconsumables.Among
thedifferencesbetweenthetwomethods(seeTable1),
themostsignificantisthatSAWgeneratesanarcthat
meltsthestrip,whileESW meltsthestripviathe
electricresistanceofmoltenslag.SAW requiresless
heatinputthanESW,resultinginlowsusceptibilityto
hydrogen-induceddisbonding.Ontheotherhand,with
ESW,alowbasemetaldilutionratioproduceslow
carbonweldmetalwithsuperbcorrosionresistance.It
also providesa smooth overlapped connection,
especiallywhenmagneticcontrolisapplied.

3.PropertiesofKobelcooverlaywelding
consumables

Pressure vesselsusually require post-weld heat
treatment(PWHT)duringfabricationforstressrelief
(SR)oflow alloy base metals and quality
improvementofthematerials.However,theapplied
PWHTtemperaturecanproduceharmfulintermetallic
compoundsorprecipitatesintheweldmetals,leading

toembrittlementandreducedcorrosionresistance.Itis
therefore necessary to control both welding
consumablesandweldingproceduresinorderto
obtainoptimum chemicalcompositionsandferrite
contentontheoverlayweldmetal.

Table2showsallweldmetalchemicalcompositions
oftype347weldingconsumables,Table3,austenitic
stainlesssteelweldingconsumablesforstripoverlay
weldingandTable4,chemicalcompositionsoftype
347weldingconsumablesforstripoverlaywelding.

AsallofKobelcoweldingconsumablesareoptimized
intermsofchemicalcompositionsandferritecontent,
theyperformwellagainstcrackingandembrittlement

duringPWHT.WhileitiswellknownthatNbintype
347stainlesssteelhasanadverseeffectonslag
removal,Kobelco’s type 347 consumables are
designedforsuperbslagremovabilityasshownin
Table1.

4.Specialcareforoverlaywelding
Whenoverlayweldingisconductedoncarbonorlow
alloysteels,thebasemetaldilutionratiomayfluctuate
dependingontheweldingparametersusedatthefirst
layer,causingchangesinchemicalcompositionsfrom
whatisrequiredintheweldmetal.Figure2showsthe
influenceofweldingspeedonweldthicknessand
dilutionratioinstripoverlaywelding.Itcanbeseen
thatthebasemetaldilutionratiovariesgreatly
accordingtochangesinweldingspeed.Itis,therefore,
necessary to confirm thewelding conditionsin
advancesuchasweldingcurrent,andstripstick-out
length.

Process SAW ESW

Schematic
view

Arcgeneration Yes No

Electrode
meltedby Archeat Heatofmoltenslag

resistance

Dilutionratio 15-20% 5-10%

Magneticcontrol Notpossible Possible

Bead
appearance

Cross-sectional
macrostructure
(Overlapped
connectionpart)

Process GTAW SMAW FCAW

Productname TG-S347 TG-S347L NC-37 NC-37L DW-347

AWSclass. A5.9
ER347

A5.9
ER347L

A5.4
E347-16

A5.4
E347L-16

A5.22
E347T0-1/4

Polarity DCEN ACorDCEP DCEP

Shielding
gas 100%Ar − − CO2or

Ar+CO2

C 0.05 0.03 0.06 0.04 0.02

Si 0.40 0.39 0.55 0.58 0.37

Mn 2.1 1.5 1.5 2.3 1.2

Ni 10.0 9.4 10.1 9.7 10.3

Cr 19.3 18.9 19.6 19.1 18.3

Mo 0.07 0.11 0.04 0.03 0.06

Nb 0.60 0.66 0.67 0.59 0.60

FN 6 10 8 8 5

FNW 7 10 6 8 5

Process
Application

SAW ESW

Strip*2 Flux Strip*2 Flux

Type
308L

Singlelayer − − US-B309L PF-B7FK

Doublelayer*1US-B308L PF-B1 US-B308L PF-B7FK

Type
316L Doublelayer*

1 − − US-B316ELPF-B7FK

Type
317L Doublelayer*

1 − − US-B317L PF-B7FK

Type
347

SinglelayerUS-B347LP PF-B1FP
US-B309LCbPF-B7FK

US-B24.13LNb PF-B7HM

Doublelayer*1US-B347LD PF-B1FK US-B347LDPF-B7FK

Bufferlayer US-B309L PF-B1 US-B309L PF-B7FK

Process SAW ESW

Application SinglelayerDoublelayer Singlelayer Doublelayer

Product
name

US-B347LP
/PF-B1FP

US-B347LD
/PF-B1FK

US-B309LCb
/PF-B7FK

US-B24.13LNb
/PF-B7HM

US-B347LD
/PF-B7FK

Basemetalor
bufferlayer

ASTM
A387Gr22

US-B309L
/PF-B1 ASTMA387Gr22 US-B309L

/PF-B7FK

C 0.05 0.04 0.03 0.04 0.03

Si 0.58 0.50 0.60 0.49 0.42

Mn 1.4 1.3 1.8 1.4 1.8

Ni 10.0 10.4 10.7 9.6 10.1

Cr 19.4 19.4 19.2 18.7 18.5

Mo 0.19 0.04 0.12 0.28 0.03

Nb 0.53 0.53 0.50 0.56 0.53

FN 9 8 8 8 5

FNW 7 7 7 8 6

Table4:Chemicalcompositionsoftype347stainlesssteel
weldingconsumablesforstripoverlaywelding

Table1:Conceptsofoverlayweldingprocesses
(SAWandESW)withstripelectrodes
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Table2:Allweldmetalchemicalcompositionsoftype347
stainlesssteelweldingconsumables
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SMAWandFCAW:AllweldmetalofACand100%CO2,respectively.

Table3:Weldingconsumablesforstripoverlaywelding

Figure1:Schematicviewofpressurevesselandoverlay
welding

*1Doublelayer:Thefirstlayerofthedoublelayerrequiresbuffer
layerweldingwithatype309Lstainlesssteelweldingconsumable.

*2Stripsize:0.4mmthick×25,50and75mmwideor
0.5mmthick×30,60and90mmwide

Figure2:Influenceofweldingspeed
(Stripelectrodewidth:75mm)
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Figure1:Relativecomparisonbetweentensilestrengthand
pittingcorrosionresistanceindex(PREW)
ofvariousstainlesssteels

1.Preface
Duplex stainlesssteel,which hasa dual-phase
microstructureconsistingofferriticandaustenitic
grains,as shown in Photo 1,overcomes the
weaknessesassociatedwithtwotypesofsteelby
offeringhigherresistancetostresscorrosioncracking
than austenitic stainlesssteeland betternotch
toughnessthanferriticstainlesssteel.Duplexstainless
steelplaysan importantrole in such diverse
applications as petro-chemical plants, chemical
carriers,offshorestructuresandbridgesasshownin
Photos2and3.Thisarticlewilldiscussthefeaturesof
duplexstainlesssteelsaswellastheirmostsuitable
weldingconsumables.

2.Featuresofduplexstainlesssteels
Themicrostructureofduplexstainlesssteelshowsthat
theausteniticgrainshaveprecipitatedonacompletely
ferriticphasewithaphasebalanceofapproximately
50%ferriteand50%austenite.Asthisconditionisthe
moststableofmicrostructures,thefeaturesofduplex
stainlesssteelcanbehighlighted.

Incomparisonwithausteniticstainlesssteel,duplex
stainlesssteeloffersthefollowingadvantages:

·smallerthermalexpansioncoefficientandlarger
thermalconductivity,
·higherroomtemperaturestrength,
·excellentresistanceagainstpittingcorrosionand
stresscorrosioncracking�

butalsosomedisadvantages:
·highernitrogen(N)content
·largermicrostructuretransformationcausedbyheat
treatmentandeasierpropertydeteriorationincluding
corrosionresistance

Theeffectsofmicrostructuretransformation are
particularlynoticeableattheheataffectedzone(HAZ)
andwillbediscussedlater.

Duplexstainlesssteelisproducedmainlyinthree
gradesinrelationtochemicalcompositions:standard,
superandlean.

A.Standardduplexstainlesssteel:Composedof22%
Cr-5%Ni-3%Mo-0.15%Ni,itisliterally the
standard.

B.Superduplexstainlesssteel:AmountsofMoandN
areaddedtothestandardinordertoincreaseroom
temperature strength and pitting corrosion
resistance.

C.Leanduplexstainlesssteel:AmountsofNiandMo
arereducedfromthestandardinordertolowerthe
cost.

Table1showsthetypicalchemicalcompositions
ofthethree gradesofduplex stainlesssteels.
Figure1showsarelativecomparisonbetweentensile
strengthandthepittingcorrosionresistanceindex
[PREW=Cr+3.3(Mo+0.5W)+16N]ofvariousstainless
steels.AlargerPREW meansbetterpittingcorrosion
resistance.

3.Featuresoftheweldedzoneof
duplexstainlesssteel

3.1HAZofduplexstainlesssteel

Induplexstainlesssteel,thedualphasesofaustenitic
andferriticgrainsarebalancedintheheattreatment
process.Bycontrast,attheHAZofduplexstainless
steel,pittingcorrosionresistanceandmechanical
propertiescandeteriorateoccasionally,becausethe
phasebalanceandchemicalcompositionsofthedual
phaseschangeinaccordancewiththecoolingrate,
whichisinfluencedbyweldingheatinputorplate
thickness.

Tobemoreprecise,atthehightemperatureHAZ(HT-
HAZ)closetotheweldinterface,theausteniticgrains
dissolveintotheferriticphasefirstandthenprecipitate
asausteniticgrainsduringthecoolingprocessand
createthedualmicrostructuresattheend.However,
whenahighcoolingrateoccursduetoexcessivelylow
heatinput,austeniticgrainre-precipitationisdelayed,
andCrcarbidesand/orCrnitridesprecipitateintothe
ferriticgrains.Asaresult,aCr-depletedlayerwill
formaroundtheHAZ,leadingtoadeteriorationin
corrosionresistance.

Ontheotherhand,atthelowtemperatureHAZ(LT-
HAZ),awayfromtheweldinterface,alowcooling
rateduetohighheatinputcancauseferriticgrain
coarseningandprecipitationoftheσ (sigma)phase,
Cr-carbides,and Cr-nitrides,thereby decreasing
corrosionresistanceandnotchtoughness.

Toconclude,theHT-HAZrequiresrelativelyslow

cooling so as to enable the
austeniticgrainstoprecipitatesufficiently,whilethe
LT-HAZneedsmuchfastercoolingsoastosuppress
the harmful precipitates from precipitating.
Accordinglyitisnecessarytocontrolthecoolingrate
tosatisfytherequirementsofboththeHT-HAZand
LT-HAZthroughappropriateweldheatinput,pre-
heatingandinterpasstemperatures.

3.2Weldmetalofduplexstainlesssteel
Theweldmetalofduplexstainlesssteelisadjustedto
obtain therequired propertiesin theas-welded
conditionasshowninPhoto4�incontrasttothestable
distributionoftheferriticandausteniticphasesin
duplex stainlesssteel,in weld metalthey are
distributedmuchmorehaphazardly.

Figures2and3showthecorrelationsbetweenthe
ferritenumber(FN),i.e.theferritecontent,andtensile
strength/proofstress,andbetweentheFNandnotch
toughnessontheweldmetalbytheAWSE2594type
FCW,respectively.

ItcanbeseeninbothfiguresthatwhentheFN
increases,roomtemperaturestrengthimproveswhile
notchtoughnessdeclines.AstheFNalsoinfluences
pitting corrosion resistance, good mechanical
propertiesaswellaspittingcorrosionresistancecanbe
obtainedbyselectingthemostsuitablewelding
consumablesand controlling welding procedures,

Grade UNS C SiMn P S Cu Cr NiMo W N PREW

Standard
S318030.020.51.50.020.0010.422.16.03.0 − 0.1233.9

S322050.020.41.40.030.0010.322.15.63.1 − 0.1835.2

Super
S327500.020.40.70.020.0010.125.67.03.80.10.2842.8

S327600.030.30.70.020.0010.625.47.03.50.60.2141.3

Lean
S321010.030.74.90.030.0010.221.61.50.2 − 0.2225.8

S323040.020.51.50.020.0010.222.74.70.3 − 0.1025.3

Figure2:CorrelationbetweenFNandtensilestrength/0.2%
proofstressofE2594typeFCWweldmetal

Table1:Typicalchemicalcompositionsofduplex
stainlesssteels(mass%)

Figure3:CorrelationbetweenFNandnotchtoughnessof
E2594typeFCWweldmetalPREW=Cr+3.3(Mo+0.5W)+16N Photo4:Microstructureofduplexstainlesssteelweldmetal
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includingbasemetaldilutionand/orthecoolingrate,
toputtheweldmetalFNwithinarangefrom30to65.
Inaddition,becausetheweldmetalislesscorrosion
resistantthanthebasemetal,whichisproduced
throughaprocessofthermalrefining,itisdesignedto
holdslightlyhigheramountsofalloyingelements
(higherPREW)thanthebasemetal.TheNicontentof
theweldmetalisalsodesignedtobehigherthanthat
ofthebasemetalinordertooptimizetheratioof
austenitic and ferritic grains under as-welded
conditionsinmanycases.

BecausetheweldmetalFNinfluencesmechanical
propertiesaswellaspittingcorrosionresistance,itis
importanttocheckandcontrolit.(TolearnhowFNis
measured,pleaseseetheappendix.)

4.Kobelco’sduplexstainlesssteel
weldingconsumables

Kobelco’sduplexstainlesssteelweldingconsumables
areavailableforallgradesofduplexstainlesssteeland
arelistedinTable2togetherwiththeirchemical
compositionsandmechanicalproperties.

Akeyfactorinthedesignofweldingconsumablesfor
duplexstainlesssteelishow tocontrolforthe
relatively high amountofnitrogen (N),which
frequently causes porosity problems such as
blowholes,pitsandelongatedporosityaswellaspoor
slagremoval.Itcanalsocausetheradiographic
property(X-rayproperty)influxcoredarcwelding
(FCAW)orshieldedmetalarcwelding(SMAW)tofail
inthehorizontaloroverheadpositions.Inorderto
countertheporosityproblems,Kobelco’swelding
consumablesaredesignedtoincreaseNsolubilityby
adjustingtheweldmetalchemicalcompositionsandto
optimizetheslag solidification temperature and
viscosity.Improvingslagremovabilityisnecessary
sinceNintheweldmetalmakesthatdifficulteven

thoughtheslaggeneratedfrom theslagforming
componentsinthecoatingflux(onSMAW)orinthe
flux(onFCAWorSAW)coverstheweldmetalduring
welding.Poorslagremovalmaycauseslagtoremain
hereandthereonthebeadsurfaceandmayprevent
smoothweldingand/orcauseslaginclusions.Kobelco
welding consumablesare therefore designed to

optimizetheslagformingcomponentsinthecoating
ofcoveredelectrodesandinthefluxofFCWsand
SAWfluxesforeasyslagremoval.

Photo5showsthebeadappearanceandmacro-
structuresofabuttjointweldedbyDW-2594and
Photo6,thesamebySAW withUS-2209wire/
PF-S1Dflux.

Kobelcoduplexstainlesssteelweldingconsumables
provideexcellentmechanicalproperties(seeTable2),
highpittingcorrosionandporosityresistanceaswell
assuperbslagremovability.

5.Selectionofweldingconsumables
When welding duplex stainless steels, it is
recommendedtoselecttheweldingconsumablesof
thesamegradeorhigher,dependingonthesituation.
Forexample,whenweldingstandardduplexstainless
steel,aweldingconsumableequivalenttoAWSE2209
orE2594(ahighergrade)canbechosen.Theselection
guideisshowninTable3.

Incasesofdissimilarweldingbetweencarbonsteelor
austeniticstainlesssteelandduplexstainlesssteel,309
Lor309MoLweldingconsumablesorthosefor
duplexstainlesssteelsareapplicable.Theselection
guideisshowninTable4.

6.Notesonusage
Theweldingproceduresforduplexstainlesssteelsare
similartothoseofausteniticstainlesssteelsingeneral
butspecialcareshouldbepaidinordertomaximize
theirstrengths.

6.1Heatinputlimitation
Theheatinputlimitationiscommoninallwelding
processes.However,duplexstainlesssteelcontains
higheramountsofCrandMothanusual.Ifweldmetal
coolsdownextremelyslowlyduetoexcessiveheat
inputandremainsinatemperaturerangeof700-
800°Cforalongtime,itformstheσ (sigma)phase,
whichdeterioratesnotchtoughness.Ontheotherhand,
whenthecoolingrateoftheweldmetalistoohighdue
toextremelylowheatinput,Crnitrideprecipitatesat
theHAZclosetotheweldinterfaceand,asaresult,
formsaCr-depletedlayer.Thiswillcausecorrosion
resistancetodeteriorate.Becausethecoolingratealso
influencestheamountofweldmetalFN,itis
necessarytoavoidheatinputthatistoohighortoo
low.The American Petroleum Institute (API)
recommendsheatinputof5to25kJ/cm asits
guideline.

6.2ShieldinggascompositiononGTAW
TIGweldingusuallyadopts100%Arastheshielding
gasforcircumferentialrootpassweldingofstainless
steelpipes.However,if100%Arshieldinggasisused
forTIGweldingwithasolidfillerrodforduplex
stainlesssteel,theamountofNintheweldmetalmay
belessthanthatintheTIGfillerrod.Thisresultswhen
theNintheTIGfillerroddoesnotcompletelytransfer
totheweldmetal�instead,someoftheNisdischarged
asN2gasfromthemoltenpoolinside.

Thiswillcauseexcessiveferriteintheweldmetaland/
oraPREWdrop,resultinginthepossibledeterioration
ofnotchtoughnessandpittingcorrosionresistance.In
ordertoavoidsuchproblems,itisrecommendedto
addabout2%N2gasintotheshieldinggas,depending
ontheNcontentintheweldmetaland/orbasemetal.

6.3PreventionofhotcrackonSAW
Itshouldalsobenotedthatduplexstainlesssteel
weldingconsumablesaremoresusceptibletohot
cracksthanstandardausteniticstainlesssteelwelding
consumablesexceptforfullyausteniticstainlesssteel
weldingconsumables.Inthissense,thereisahighrisk
ofhotcrackswithSAW,whichapplieshighheatinput
ingeneral.Asthesusceptibilitytohotcracksis
influencedbybeadshapesaswell,itisrecommended
toavoidnarrowgapwelding,largeweldingcurrents
andhighweldingspeeds.Suchweldingconditions
mustbeconfirmedthoroughlybeforeactualwelding
takesplace.

Welding
consumablegrade2307type 2209type 2594type

Duplex
stainless
steelgrade

Product
name

Base
metal

GTAW − TG-S2209 TG-S2594

SMAW NC-2209 NC-2594

FCAW DW-2307 DW-329AP
DW-2209 DW-2594

SAW US-2209/PF-S1D

Lean UNSS32101
UNSS32304 ◎ ○ ○

Standard UNSS31803UNSS32205 × ◎ ○

Super UNSS32750
UNSS32760 × × ◎

Duplexstainless
steelgrade

Carbonsteel/Low
alloysteel

Austeniticstainlesssteel

304Ltype 316Ltype

Lean Typesof309L,
309MoL,2307

Typesof309L,
309MoL,2307

Typesof309MoL,
2307

Standard Typesof309L,
309MoL,2209

Typesof309L,
309MoL,2209

Typesof309MoL,
2209

Super Typesof309L,
309MoL,2594

Typesof309L,
309MoL,2594

Typesof309MoL,
2594

Grade Welding
process

Product
name AWSclassification

Chemicalcompositions(mass%) Mechanicalproperties
Remarks

C Si Mn Ni Cr Mo N PREW*1 FNW 0.2%PS
(MPa)

TS
(MPa)

El
(%)

vE0°C
(J)

Standard
duplex

stainlesssteel

GTAW TG-S2209 A5.9/A5.9MER2209 0.0080.391.67 8.7 22.73.100.16 35.5 51 598 773 39 270 DCEN,100%Ar

SMAW NC-2209 A5.4/A5.4ME2209-16 0.0280.541.14 8.8 23.13.340.15 36.5 51 667 845 30 97 DCEP

FCAW DW-329APA5.22/A5.22ME2209T1-1/-40.0230.570.66 9.4 23.03.400.14 36.4 49 605 823 30 55 DCEP,100%CO2

FCAW DW-2209 A5.22/A5.22ME2209T1-1/-40.0280.610.74 9.1 22.73.300.13 35.6 46 639 820 28 73 DCEP,80%Ar+20%CO2

SAW US-2209/
PF-S1D A5.9/A5.9MER2209(Wire)0.0210.311.56 8.9 23.03.280.15 35.9 57 618 798 29 69 DCEP

Superduplex
stainlesssteel

GTAW TG-S2594 A5.9/A5.9MER2594 0.0190.440.57 9.3 25.03.820.28 42.0 42 721 870 31 286 DCEN,98%Ar+2%N2

SMAW NC-2594 A5.4/A5.4ME2594-16 0.0350.550.66 9.8 26.63.860.25 43.3 50 750 935 28 55 DCEP

FCAW DW-2594 A5.22/A5.22ME2594T1-1/-40.0260.501.18 9.6 25.73.790.24 42.0 49 712 905 27 55 DCEP,80%Ar+20%CO2

Leanduplex
stainlesssteelFCAW DW-2307 A5.22/A5.22ME2307T1-1/-40.0260.451.26 7.9 24.60.030.15 27.1 41 571 750 29 58 DCEP,

80%Ar+20%CO2

Table2:Kobelco’sweldingconsumablesforduplexstainlesssteel,theirchemicalcompositionsandmechanicalpropertiesofallweldmetal

*1:PREW=Cr+3.3(Mo+0.5W)+16N

Table3:Selectionofduplexstainlesssteelwelding
consumables

Photo5:Beadappearanceandmacro-structureof
DW-2594buttjoint

Note:1.Weldingposition:Verticalupward(3G)
2:Weldingparameters:160A-26V-15cm/min
3:Shieldinggas&polarity:80%Ar-20%CO2�DCEP
4:Passsequence:2passes/1stlayer�1pass/2ndlayer
5:Wiresize:1.2mmdia.

◎:Applicableweldingconsumablesofsimilarcompositionmetals
○:Applicableweldingconsumables
×:Notapplicable

Table4:Selectionofdissimilarweldingconsumables

Photo6:Beadappearanceandmacro-structureof
US-2209/PF-S1Dbuttjoint

Note:1.Weldingposition:Flat(1G)
2:Weldingparameters:450A-32V-35cm/min
3:Polarity:DCEP
4:Passsequence:1passeachand2layers
5:Wiresize:3.2mmdia.
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Flat butt joint

Overhead butt joint
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(a) Longitudinal bulkhead
     (Stainless-clad butt joint)

(c) Bottom plate to 
     trans-bulkhead
     (Stainless-clad to
      stainless fillet joint)

(d) Bottom plate to
     longi-bulkhead
      (Stainless-clad to
      stainless-clad fillet joint)
(e) Bottom plate to
      bottom plate
      (Stainless-clad to
      carbon steel butt joint)

Stainless steel and weld metal 
Carbon steel and weld metal 

(b) Transverse bulkhead
      (Stainless butt joint)

60 deg.

⑤
④

Stainless steel
cladding metal

Carbon steel base metal Carbon steel weld metal

2.
5

16①
②
③

① ② ④
③
⑤ ⑦
⑧

⑥

Carbon
steel

Carbon
steel

: Carbon steel and weld metal

: Stainless steel and weld metal

317L steel

317L steel

Filler metal selection:
1. Buffer layer
     ④ and ⑤ : DW-309MoL
2.Final layer
     ⑥,⑦ and ⑧: DW-317L

Welding of chemical tankers

Chemicaltankerscarrymanycorrosiveliquidssuchas
petroleumandchemicalproducts,acids,alkalis,even
molasses,animaloils,andvegetableoils.Therefore,
whilechemicaltankerhullsmaybemadeoflow-cost
carbonsteel,theircargotanksandpipingsystems
requirecorrosion-resistantstainlessandstainless-clad
steels.Becauseoftheuseofspecialsteelmaterials,the
weldingproceduresusedduringthemanufacturingof
chemicaltankersalsoneedspecialconsideration.

1.Severalstainlesssteeltypesareused
Thestainlesssteelgradesusedincargotanksand
pipingsystemsaremainlyaustenitic316L,316LNand
317L which provideexcellentpitting corrosion
resistanceinchloride-richenvironments.Nitrogen-
bearing316LN offershighertensilestrengthand
strongerresistancetopittingcorrosion.Inrecentyears,
theuseofduplexstainlesssteel:UNSS31803hasalso
increasedduetoitssuperiorresistancetostress
corrosioncrackinganditshighertensilestrength.
Table1showsthetypicalchemicalandmechanical
requirementsforthesegradesofstainlesssteel.

These stainless steel materials are used for
monometalliccomponentsandstainless-clad steel
componentsforthecargotanksandpipingsystems.
Duringwelding,severalcombinationsofmaterials
havetobejoinedinallpositionsasshownFigures1
and 2.When welding these monometallic and
dissimilarmetaljoints,carefulconsideration is

requiredinselectingfillermetalsinordertoobtain
soundwelds.

2.Weldingconsumablesforsimilarjoints
ofstainlesssteels

Table2showssuitableweldingconsumablesfor
austeniticandduplexstainlesssteels.316Land317L
stainlesssteelscommonlyusematchingfillermetals,

but316LNstainlesssteelrequiresfillermetalswith
higheramountsofCrandNi(317L-typefillermetals)
toprovidetheweldmetalwithpittingcorrosion
resistanceequivalentorsuperiortothebasemetal.For
UNSS31803duplexstainlesssteels,thespecificfiller
metalsshowninTable2arerecommended.

3.ExcellentperformanceofFCAWleadsto
wideapplications

Inweldingstainlesssteelandstainless-cladsteel
assemblies,SMAW,FCAW,GTAW andSAW are
commonlyused.SMAWissoversatilethatitisused
forsuchassembliesasplate-to-platejointsandpipe-to-
pipejointsinallpositions.FCAW withCO2orAr-
CO2 mixture shielding offershigherefficiency,
smootherbeadappearance,betterslagremoval,and
lowerspatter,therebycuttingweldingcosts.Forcargo
tanksthatconsistofout-of-positionjointsasshownin
Figure1,all-positiontypeFCWsareparticularly
versatile.Inaddition,whencomparedwithGMAW
usingsolidwires,FCAW leavestheweldmetalwith
less carbon and,thus,superior resistance to
intergranularcorrosion.Becauseoftheseadvantages,
FCAWiswidelyusedinfilletandbuttjoints.

4.Buttjointsandfilletjointsof
stainless-cladsteels

Austeniticstainlesssteelisoftenusedforthecladding
metalbondedwiththecarbonsteelbasemetalto
producestainless-cladsteel.Forweldingstainless-clad
steeljoints,afillermetalwithhigheramountsofNi-Cr
isneededinadditiontothoserequirementsdiscussed
abovetopreventhotcracksinthebufferlayerofthe
weldmetal.Table3showscommoncombinationsof
fillermetalsforFCAW ofstainless-cladsteelbutt
joints.

DW-309MoLisalsousedforstainless-cladsteelfillet
jointsaswellasstainless-cladsteeltocarbonsteelbutt
jointsasshowninFigure3.Itshowsatypical
selectionoffillermetalsforstainless-cladsteelfillet
joints.

SAWisnotsuitableforweldinginthegrooveofthe
stainless-cladsidebecauseitspenetrationisdeeper,
whichincreasesdilutionofthebasemetalandmay
causehotcracking.GTAWisbetteratminimizingbase
metaldilutionduetoshallowerpenetration,butits
weldingefficiencyislower.SMAW andFCAW are
widelyusedforweldingstainless-cladsteeljoints,
however,FCAWismorewidespreadbecauseitis3to
4timeshigherindepositionrateandabout2times
higherindepositionefficiencythanSMAW.

TypicalpasssequencesandFCWsforstainless-clad
steelbuttjointareshowninFigure3andTable3,
respectively.TypicalpasssequencesandFCWsfor
stainless-cladsteelhorizontalfilletjointareshownin
Figure4.①,② and③ weldingareforcarbonsteel

Properties
Typeofstainlesssteel

316L 316LN 317L S31803

C ≦0.030 ≦0.030 ≦0.030 ≦0.030

Si ≦1.00 ≦1.00 ≦1.00 ≦1.00

Mn ≦2.00 ≦2.00 ≦2.00 ≦2.00

Cr 16.00-18.00 16.00-18.00 18.00-20.00 21.0-23.0

Ni 10.00-14.00 10.00-14.00 11.00-15.00 4.50-6.50

Mo 2.00-3.00 2.00-3.00 3.00-4.00 2.50-3.50

N − 0.10-0.16 − 0.08-0.20

0.2%PS(MPa) ≧170 ≧205 ≧205 ≧450

TS(MPa) ≧485 ≧515 ≧515 ≧620

El(%) ≧40.0 ≧40.0 ≧40.0 ≧25.0

Typeof
stainless
steel

Weldingprocess
SMAW FCAW(1) GTAW SAW

316L NC-36L DW-316LP TG-S316L/
TG-X316L PF-S1M/US-316L

316LN NC-317L DW-317L TG-S317L PF-S1/US-317L

317L NC-317L DW-317L TG-S317L PF-S1/US-317L

S31803 NC-2209DW-329AP TG-S2209 PF-S1D/US-2209

Typeof
stainless-cladsteel

FCAW
Bufferlayer(④pass) Finallayer(⑤pass)

316L DW-309MoL DW-316LP

316LN DW-309MoL DW-317L

317L DW-309MoL DW-317L

Table2:Weldingconsumablesforausteniticandduplex
stainlesssteels

Table3:FCWsforstainless-clad
steelbuttjoint

(1)Shieldinggas:100%CO2orAr-CO2mixture
(2)TG-X316Lforrootpassweldingwithnopurginggas

Figure3:Typicalpasssequenceofacladdingbuttjoint

Figure1:Crosssectionalviewofcargotank

Figure4:TypicalpasssequenceandFCWsof
horizontalfilletweldingof317Lcladdingmetal

Table1:Chemicalandmechanicalrequirementsforaustenitic
andduplexstainlesssteelwroughtproducts(1)
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) Figure2:Varietiesofweldjointsincargotanks

(1)InaccordancewithASTMA204
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H-series stainless steel flux cored wires
for high-temperature applications
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joints,and④ and⑤ ofabuttjointand④-⑧ ofa
horizontalfilletjointarefordissimilarjoints.

Thechemicaland mechanicalpropertiesofthe
recommendedFCWs,whicharetailoredtocontaina
smallamountofferriteintheweldmetaltoimprove
theirhotcrackresistance,areshowninFigure4.

5.Shippingapprovals
ShippingapprovalsofKobelco’sweldingconsumables
forduplex,316LN and317Lstainlesssteelsand
dissimilarmetalsareshowninTable5.

1.Preface
ConventionalstainlesssteelFCWsgenerallycontaina
minuteamountofbismuthoxide(Bi2O3)inthefluxto
improveslagremoval.Theresultingweldmetal,
therefore,containsaverysmallamountofBi.When
thisweldmetalisexposedtotemperaturesover600°C,
theductility(elongation)oftheweldmetalisreduced
becauseofsegregationofBiatthegrainboundaries,
andcracksmayoccur.

2.Bismuth(Bi)freestainlesssteelFCWs
Incontrasttothis,theH-seriesDW stainlesssteel
FCWsshowninTable1containnobismuthoxidein
theflux and,thus,no Biin theweld metal.
Consequently,elongationoftheweldmetalathigh
temperaturesishigherthanthatofconventionalFCWs
asshowninFigures1and2.ThisiswhytheBi-free
FCWsaresuitableforhightemperatureapplications,
includinghightemperatureequipmentandpostweld
stabilization heattreatment.TheH-seriesFCWs
containadvancedfluxcompositions(withoutBi2O3)
thatmakeslagremovalcomparabletoconventional
FCWs.

Whereweldsaresubjecttosolidsolution heat
treatmentaswellashotrolling,theH-seriesDW
stainlesssteelFCWsshouldalsobeusedtoprevent
reducedductility.

3.Bicontentintheweldmetalfor
hightemperatureserviceorPWHT
isspecifiedbyAWSA5.22-2012

InthearticleA8.1.4ofAWSA5.22-2012,itisstated
thatstainlesssteelelectrodescontainingbismuth(Bi)
additionsshouldnotbeusedforsuchhightemperature
serviceorpostweldheattreatmentaboveabout500°C.
Weldingconsumablemanufacturersarerequiredto
reportBianalysisresultsofalldepositedmetalsifBi
isintentionallyaddedinstainlesssteelFCWsorifitis
knowntobepresentatlevelsgreaterthan0.002%in
alldepositedmetal.

Itis,therefore,forecastthatdemandforBifreeFCWs
willincreaseinaccordancewithgrowingdemandfor
processingatelevatedtemperaturesandenergy-related
equipmentforhightemperatureoperations.

Figure3showsthebeadappearanceofDW-316H
weldmetalineachlayerofthebuttjoint.

ProductnameDW-308H DW-308LH DW-316H DW-316LH DW-347H DW-309LH

AWSclass. E308HT1-1/-4
E308L
T1-1/-4

E316
T1-1/-4

E316L
T1-1/-4

E347
T1-1/-4

E309L
T1-1/-4

C 0.052 0.026 0.050 0.023 0.027 0.028

Si 0.42 0.41 0.38 0.45 0.38 0.47

Mn 1.50 1.35 1.10 1.08 1.18 1.24

Ni 9.62 10.20 11.60 11.94 10.20 12.58

Cr 18.68 18.70 18.75 18.47 18.87 24.17

Mo − − 2.40 2.45 − −

Nb − − − − 0.57 −

Bi <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

FNW 4 5 7 8 6 20

TS(MPa) 575 540 570 540 602 578

El(%) 48 52 42 45 43 39

Purpose Duplex 316LN&317L Dissimilar

Product
Shipping name
Classification

DW-329AP
100%CO2
1.2mm

DW-317L
100%CO2
1.2mm

DW-309LP
100%CO2
1.2mm

DW-309L
100%CO2
1.2mm

DW-309MoL
100%CO2
1.2mm

NK
Grade KW2209 MG KW309LG(C) KW309LG(C) KW309MoLG(C)

WP FVH F FVOH F FVH

LR
Grade S31803 MG

(E317LT0-1)
Dup/CMn,
SS/CMn SS/CMn SS/CMn

WP FVH F FVOH F FVH

DNV
Grade Duplex 317L 309L 309L 309MoL

WP FVH F FVOH F FV

BV
Grade 2205 UP 309L UP UP

WP FVH F FVOH F FVH

CCS
Grade 2205 - - - -

WP FVH - - - -

Productname DW-316LP DW-317L DW-309MoL DW-329AP
AWSclass. E316LT E317LT E309LMoT E2209T

C 0.028 0.025 0.025 0.027

Si 0.60 0.59 0.65 0.58

Mn 1.50 1.10 0.78 0.78

Ni 12.65 13.01 12.62 9.42

Cr 18.35 19.81 22.67 23.34

Mo 2.68 3.35 2.69 3.42

N − − − 0.14

Cu − − 0.05 0.02

0.2%PS(MPa) 370 380 535 620

TS(MPa) 540 590 698 830

El(%) 43 37 30 29

Table4:Chemicalcompositionsandmechanicalproperties
ofallweldmetalsofFCWs
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Figure1:
Comparisonofhigh
temperatureelongation
betweenDW-308Hand
conventional308FCW

Figure2:
Comparisonofhigh
temperatureelongation
betweenDW-347Hand
conventional347FCW

Table5:ShippingapprovalsofFCWsforduplex,316LNand317Lstainlesssteelandfordissimilarmetals

Table1:Typicalchemicalcompositionsandmechanical
propertiesofH-seriesDWstainlesssteelFCW
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Weldingconditions:
Weldingconsumableanddiameter:DW-316H&1.2mmdia.
Weldingparameters:200A-30V
Shieldinggas:100%CO2
Basemetal&thickness:Type316Lplate&15mmthick
Jointtype:Buttjoint
Weldingposition:1G

Figure3:BeadappearanceofDW-316LHweldmetal
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XR series: 
Low Cr(VI) stainless steel flux cored wires
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Figure1:Thetypicalchemicalcompositionofwelding
fumesgeneratedbyaconventional308L-typeFCW

1.Preface
AsFCAW generatesmoreweldingfumesthanother
stainless steelwelding methods,itpresents a
burdensomesafetychallenge.Weldingfumeisan
oxidethatformswhenmetalvapor,generatedbythe
arc,coolsandsolidifiesintheair.Inaddition,the
weldingfumesemittedbystainlesssteelFCAW
contain5-20%chromium(Cr)oxideintheformof
Cr2O3asshowninFigure1,apartofwhichexistsas
highlytoxicCr6+,notedasCr(VI).Figure1showsthe
typicalcomposition offumesgenerated by the
conventional308L-typeFCW.Thesefumeswere
collectedfollowingISO15011-1:2009andtheCr(VI)
inthefumeswasanalyzedaccordingtoISO16740:
2005.

2.OSHAamendment
ThetoxicityofCr(VI)hasrecentlybeenre-evaluated
inaccordancewithmovestowardregulatingitmore
strictlyintheworkplace.Forexamplein2010the
American Occupational Safety and Health
Administration(OSHA)amendedtheexistingstandard
ofthepermissibleexposurelimit(PEL),from52to5
μg/m3,cuttingtheamountofairborneCr(VI)allowed
inworkplaceby90%.Itgoeswithoutsayingthatthe
mosteffectivemethodofreducingCr(VI)associated
withstainlesssteelweldingistoinstallmorepowerful
ventilationsystemstoremovefumes.Ontheother
hand,ifweldingfumescontainedlessCr(VI)tobegin
with,theeffortandexpenseforbetterventilationcould
bereduced.

3.DevelopmentofXRseriesFCWs
ReducingCr(VI)inweldingfumesthemselvesisan
effectivealternative.KobeSteelhasdevelopedanew
FCW series,the“XR series,”forflatposition/

horizontalfilletweldingaswellasforallposition
weldingthatdrasticallyreducestheCr(VI)contentin
theweldingfume.ThehighlyversatileXRseries
FCWstargetthreetypesofstainlesssteels,namely
308L,316Land309L.Table1showsalistofXR
seriesFCWs.

AsshowninFigure2,decreasingtheamountofNa
andK,addedtofluxasarcstabilizers,canreduce
Cr(VI)intheweldingfume.Inordertomaintainstable
usability,however,therelativeamountsofother
additives,suchasfluoridesaswellasNaandK,may
havetobeadjusted.

4.Cr(VI)emissionratesofXRseries
TheCr(VI)emissionratesofXRseriesFCWsare
greatlyreducedto1/5or1/10theamountemittedby
conventionalstainlesssteelFCWsasseeninFigure3.

Thechemicalcompositionsandmechanicalproperties
ofallweldmetalsdepositedbyXRseriesFCWs,
showninTable2,arealmostidenticaltothoseofthe
conventionalFCWsforstainlesssteels.

5.Buttjointtestresults
Buttjointswereweldedintheflat(1G)andvertical
upward(3G)positionswithL-XRseriesandLP-XR
seriesFCWsundertheconditionslistedinTables3
and 4,respectively.Figure 4 showsthe bead

appearanceandmacrostructurewith
DW-308L-XRandFigure5,withDW-308LP-XR,
respectively.

6.Specialcareforsafety
AlthoughuseoftheXRseriesFCWswillsubstantially
reduceexposuretoCr(VI)intheworkplace,itisalso
recommendedtocontrolexposurebyusingrespiratory
protection,ventilationequipmentandprotectivework
clothingtoachieveasaferworkplaceenvironment.

Welding
position

Product
name AWSA5.22 Availablesize

(mm)

Flatposition
andhorizontal
filletwelding

DW-308L-XR E308LT0-1/-4 1.2

DW-316L-XR E316LT0-1/-4 1.2

DW-309L-XR E309LT0-1/-4 1.2

Allposition
welding

DW-308LP-XR E308LT1-1/-4 1.2

DW-316LP-XR E316LT1-1/-4 1.2

DW-309LP-XR E309LT1-1/-4 1.2

Productname DW-308
L-XR

DW-308
LP-XR

DW-316
L-XR

DW-316
LP-XR

DW-309
L-XR

DW-309
LP-XR

C 0.026 0.023 0.020 0.023 0.031 0.030

Si 0.66 0.74 0.67 0.70 0.72 0.57

Mn 1.13 1.58 1.16 1.03 0.95 0.75

P 0.016 0.018 0.016 0.018 0.018 0.015

S 0.008 0.002 0.008 0.003 0.007 0.002

Cu 0.015 0.05 0.025 0.06 0.028 0.02

Ni 9.6 10.2 12.0 12.5 12.3 12.3

Cr 18.8 18.9 18.5 18.5 23.3 23.4

Mo 0.01 0.01 2.4 2.8 0.03 0.02

Nb 0.01 0.01 0.01 0.01 0.01 0.02

N 0.016 0.015 0.021 0.015 0.015 0.019

FN 11 9 12 13 18 18

FS 9 7 8 8 13 13

FNW 8 7 8 8 17 18

0.2%PS(MPa) 367 367 404 407 410 412

TS(MPa) 550 540 542 545 543 545

El(%) 44 43 36 43 38 36

C 0.027 0.026 0.025 0.029 0.030 0.032

Si 0.74 0.82 0.74 0.75 0.76 0.67

Mn 1.29 1.79 1.28 1.19 1.10 0.95

P 0.016 0.017 0.016 0.017 0.018 0.014

S 0.008 0.002 0.008 0.003 0.007 0.002

Cu 0.016 0.04 0.025 0.05 0.028 0.01

Ni 9.5 10.4 12.0 12.5 12.4 12.3

Cr 19.4 19.5 18.9 19.0 24.1 24.2

Mo 0.01 0.02 2.4 2.8 0.03 0.02

Nb 0.01 0.01 0.01 0.01 0.01 0.02

N 0.016 0.014 0.022 0.014 0.015 0.017

FN 14 12 14 14 18 18

FS 11 8 9 8 15 15

FNW 11 8 9 9 21 22

0.2%PS(MPa) 396 386 400 429 454 430

TS(MPa) 583 551 548 566 608 562

El(%) 42 42 42 41 32 37

Grooveshape
and

passsequence
Location

Welding
current
(A)

Arc
voltage
(V)

Interpass
temperature
(°C)

Platethickness:15mm
Grooveshape:SingleV
Grooveangle:70°
Backside:3passes
Finalside:2pass

Back 200 29 <300

Final 200 29 <300

Grooveshape
and

passsequence
Location

Welding
current
(A)

Arc
voltage
(V)

Interpass
temperature
(°C)

Platethickness:15mm
Grooveshape:SingleV
Grooveangle:60°
Backside:3passes
Finalside:1pass

Back 160 28 <300

Final 160 28 <300

Table1:XRseriesFCWs

Table2:Typicalchemicalcompositionsandmechanical
propertiesofXRseriesFCW

Table3:ButtjointweldingconditionsofL-XRseriesin1G
position
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Figure2:Relationshipbetweenfluxcomponentsand
Cr(VI)inweldingfume

Figure4:Beadappearanceandmacrostructureof
DW-308L-XRbuttjointweldmetal(1Gposition)

Table4:ButtjointweldingconditionsofLP-XRseriesin3G
position
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Figure3:ComparisonofCr(VI)emissionratesbetween
conventionalFCWsandXRseriesFCWs
:Weldingcondition:100%CO2�200A-31V

Figure5:Beadappearanceandmacrostructureof
DW-308LP-XRbuttjointweldmetal
(3Gupwardposition)
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DW-T series FCW
1.2mm dia.

Conventional FCW
0.9mm dia.

Conventional FCW
1.2mm dia.

T-series stainless steel flux cored wires for 
sheet metal

Whenitcomestoweldingsheetmetalswiththickness
ofaround2mm,weldershavebeenaccustomedto
usingsmalldiameter–andmoreexpensive–solid
wireorFCW(e.g.0.9mmdia.)atweldingcurrentsof
150Aorlower.Moreconvenientandlessexpensive
largerdiameterwires(e.g.1.2mmdia.)werenot
suitableforweldingsheetmealsduetoinferiorarc
stabilityatsuchalowweldingcurrent.

Toaccomplishthetechnicallydemandingchallengeof
using1.2mmdia.FCWwithgoodarcstabilityatlow
weldingcurrent,theDW-Tseriesofstainlesssteel
FCWs(DW-T308L,DW-T316LandDW-T309L)has
beendevelopedbyKobeSteelasshowninTable1.

The DW-T series FCWs offers outstanding
performancewithshieldinggasesof100%CO2and
Bal-Ar-20~25%CO2.Whentheweldingcurrentis
lowerthan130A,100%CO2isstronglyrecommended
toachievethebestperformance.

ConventionalpowersourceswithDC-constantvoltage
canbeusedinDCEP.Althoughboththyristorand
inverterpowersuppliescanalsobeutilized,itis
recommendedtoapplythepowersourcewithoutpulse
controlevenifpulsecontrolisavailable.Some
featuresthatcontributetotheexcellentperformanceof
theDW-TseriesFCWsaredescribedbelow.

(1)Excellentarcstabilitywithsmoothmoltendroplet
transfergenerateslittlespatterandfumesinawide
rangeofweldingparametersfrom 80-240A.This
coversthemostcommonweldingparametersfor
conventional0.9and1.2mmdia.FCWs(seeFigure
1).

(2)Smallerfilletlegscanbeobtainedbyusinghigher
weldingspeeds(Figure2)duetoexcellentarcstability
atlowweldingcurrentsandarcvoltagesandhigher
depositionratesoverconventional1.2mm FCWs.
Figure3showstypicalapplicationsofDW-T308Lfor
304L1.5-2.0mmthicksheetmetals.

(3)Failure-freearcrestartingenablesmoreefficient
intermittentweldingclippingoffthewireend(see
Figure4).Thisisbecausethesolidifiedmoltendroplet
atthetipofthewireafterarcstoppingcanbesmaller
andcoveredbyconductiveslagasshowninFigure5.

(4)Higherdepositionratecontributestohigher
weldingspeedor,conversely,lowerheatinputfor
gettingthesameamountofdepositedmetalwhen
comparedwithconventionalFCWsasshowninFigure
7.

Applicableweldingproceduresareone-sidewelding
withbackingmaterialsandbothsideweldinginflat
andhorizontalfilletpositionsduetotheexcellentX-
rayandmechanicalpropertiesoftheDW-Tseries
FCWs.SeeTables2and3foranexampleofchemical
compositionsandmechanicalpropertiesofDW-T
seriesFCWswith100%CO2shielding.

Photo1showson-siteweldingwithDW-Tseries
FCWsforabeertankjacketusedforwatercooling.

Productname AWSA5.22 Availablesize(mm)

DW-T308L E308LT0-1/-4 1.2

DW-T316L E316LT0-1/-4 1.2

DW-T309L E309LT0-1/-4 1.2

Product
name

Chemicalcomposition(mass%) Ferrite
content

C Si Mn P S Ni Cr Mo FS FNW

DW-T308L0.030.621.250.030.029.719.3 - 9 10

DW-T309L0.030.681.210.030.0212.524.1 - 13 20

DW-T316L0.030.611.240.030.0212.218.62.3 7 7

Product
name

0.2%PS
(MPa)

TS
(MPa)

El
(%)

vE0°C
(J)

DW-T308L 372 551 43 45

DW-T309L 448 572 37 35

DW-T316L 386 552 42 40

Horizontalfilletwelding:
120A-22V-40cm/min
(100%CO2)
SUS304Lbasemetal(2mmt)
DW-T308L(1.2mmΦ)

Horizontalfilletwelding:
100A-19V-40cm/min
(100%CO2)
SUS304Lbasemetal(1.5mmt)
DW-T308L(1.2mmΦ)

Comerjointwelding:
120A-22V-40cm/min
(100%CO2)
SUS304Lbasemetal(2mmt)
DW-T308L(1.2mmΦ)

Lapfilletwelding:
120A-22V-30cm/min
(100%CO2)
SUS304Lbasemetal(2mmt)
DW-T308L(1.2mmΦ)

Figure7:ComparisonofdepositionratesbetweenDW-T
seriesFCW(1.2mm)andconventionalFCWs
(1.2and0.9mm)

Figure4:WireendofDW-TseriesFCW

Figure1:Optimumweldingparameterrangesandfilletweld
profiles

Table2:Chemicalcompositionofallweldmetal
Table1:DW-TseriesFCWs

Table3:Mechanicalpropertiesofallweldmetal

Figure5:ArcrestartinginDW-T308LvsconventionalFCWs
Figure2:Leglengthvsweldingspeedin2Fwelding

Photo1:On-siteweldingwithDW-TseriesFCWFigure3:Applicationofsheetmetalwelding
(1.5and2mmthickness)
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Flux cored wires for Ni-based alloy

DemandisincreasingforNi-basedalloy,whichcan
serveasaheat-resistantsuperalloywithsuperior
strengthathightemperatureorasacorrosion-resistant
alloyinenvironmentsthatreducethedurabilityof
conventional stainless steel. This demand is
particularlydrivenbychemicalplantsthat,dueto
environmental concerns and new exhaust gas

regulations,arerequiredtorunefficientlyathigher
temperaturesandpressuresandunderconditionsthat
induceincreasedcorrosion.

In2007,AWSA5.34[SpecificationforNickel-Alloy
ElectrodesforFlux Cored Arc Welding]was
establishedunderconsiderationthatweldingwith

FCWswouldenhanceefficiencyinthisfield.Table1
showsKobelco’sFCWsforNi-basedalloysteelsthat
meetAWSA5.34:DW-N82,DW-N625,DW-N625P
andDW-NC276.

Lowerweldingcurrentsandspeedsarerecommended
forweldingNi-basedalloysteelsbecausetheyand
theirresultingweldmetalshavefullyaustenitic
structuresandaresensitivetohotcracking.

TheFCWsshowninTable1featureamorestablearc
inthelowweldingcurrentrangethanconventional
FCWswhileretainingtheirexcellentworkability.
DW-N82isdesignedforflatpositionandhorizontal

filletwelding.DW-N625and
DW-NC276 areforallposition welding,while
DW-N625Pisdesignedforwelding5G(horizontally
fixed)or6G(45-degree-fixed)positionedpipes.

AlowFetypeofDW-N625forweldingInconel625is
availableuponrequest.AsspecifiedinAWSA5.34-
2007,itsdepositedmetalisdesignedtofulfillthe
chemicalcontainerrequirementofFeequaltoorless
than1.0%.

Threelayersoftheweldmetalwereoverlay-weldedon
ASTMA36steelundertheconditionsshowninTable
2.Figure1showsthemacrostructureoftheoverlay

ProductName DW-N82 DW-N625 DW-N625P DW-NC276
AWSA5.34 ENiCr3T0-4 ENiCrMo3T1-4 ENiCrMo4T1-4

Features

Suitableforwelding
Ni-basedalloy:Inconel
600,anddissimilar

metaljointsofNi-based
alloytolowalloysteel,
andofstainlesssteelto

lowalloysteel

Suitableforwelding
Ni-basedalloy:Inconel
625,dissimilarmetal
joints,overlayand
9%NisteelforLNG
storagetanks

Suitableforclad
weldingaswellasgirth
weldingofclad-steel
pipe(5G,6G)

Suitableforwelding
Ni-basedalloy:

HastelloyC276and
superaustenitic
stainlesssteel

Weldingposition F,HF F,HF,Vu Pipe5G,6G F,HF,Vu

Chemicalcompositionandmechanicalpropertiesofallweldmetal(Ar-20%CO2shieldinggas)

C 0.038 0.029 0.031 0.018

Si 0.23 0.36 0.21 0.16

Mn 3.40 0.31 0.02 0.74

P 0.002 0.005 0.007 0.009

S 0.006 0.002 0.004 0.004

Cu <0.01 <0.01 0.01 0.06

Ni 70.6 62.9 65.2 57.5

Cr 21.2 21.9 21.3 15.5

Mo − 8.5 8.8 15.9

Co − − − 0.02

V − − − 0.02

Ti 0.31 0.15 0.17 −

Fe 1.5 2.1*1 2.0 6.2

Nb+Ta 2.30 3.50 3.23 −

W − − − 3.6

0.2%PS(MPa) 383 475 479 459

TS(MPa) 649 752 765 720

El(%) 46 46 45 48

vE0°C(J) 128 90 84 67

vE−100°C(J) − 85 78 59

vE−196°C(J) − 78 70 53

Polarity DC-EP Grooveconfiguration

WeldingPosition Flat(1G)

Current-Voltage 180A-29V

Runningspeed 30cm/min.

ShieldingGas Ar-20%CO225L/min.

Interpass-temp. 100~150°C

Wirestick-out 18mm

Passsequence 3layers,half-lapmethod Basemetal:ASTMA36

Layer C Si Mn P S Cu Ni Cr Mo Ti Fe Nb

3rd 0.028 0.42 0.34 0.005 0.003 0.06 63.1 21.6 8.6 0.18 2.1 3.4

2nd 0.031 0.42 0.37 0.006 0.003 0.08 62.4 21.4 8.5 0.18 2.9 3.4

1st 0.036 0.43 0.40 0.006 0.003 0.05 62.0 21.0 8.1 0.17 4.3 3.3

BasemetalA36 0.14 0.42 1.33 0.012 0.001 0.22 0.18 0.02 0.05 − − −

Table1:Kobelco’stypicalFCWsforNi-basedalloys

Table2:WeldingconditionsofDW-N625inoverlay-welding
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Figure1:MacrostructureofDW-N625overlayweldmetal Figure2:Side-bendtestresultsofDW-N625

Table3:ChemicalcompositionsofDW-N625overlayweldmetal(mass%)

*1:AccordingtoAWSA5.34-2007(thatisidenticalwithASME2013SECTIONII,PARTC,SFA-5.34/SFA-5.34M),theiron(Fe)is1.0maximum
(mass%),whenspecifiedbythepurchaser,thoughitspecifiesthestandardcontentas5.0maximum.

PassNos1,2,6and7 Carbonsteelweldingconsumables
PassNos3,4and5 DW-N625

Figure3:MicrostructureofDW-NC276alldepositedmetal
inas-weldedcondition

Figure4:Schematicdrawingofthepasssequencefor
weldingcladsteelbyDW-N625
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Macrostructure: 1G

Macrostructure: 3G

3 o’clock

6 o’clock

2mm

30mm

45°

TG-SN625

DW-N625P

6 o’clock
welding position

4 o’clock
welding position

3 o’clock
welding position

3 o’clock

6 o’clock

weldmetal,Table3,thechemicalcompositions
analyzedineachlayer,andFigure2,thesoundnessof
theweldexaminedbytheside-bendtest,respectively.
Nodefectwasfoundineitherspecimenandthe
sufficientsoundnessandductilityareconfirmed.

ThemicrostructureofDW-NC276alldepositedmetal
intheas-weldedconditionisshowninFigure3.The
metallographicstructuresofNi-basedalloyweld
metalsexhibitasinglephaseausteniticstructurewhich
remainsstablefrom room temperaturetoelevated
temperature.Therefore,weldingconsumablesforNi-
basedalloysteelscanbeappliedindissimilarwelding
betweencarbonorlowalloysteelsandstainlesssteels,
orforsuperstainlesssteelslikesuperausteniticor
superduplexstainlesssteels.

Figures4and5showaschematicpasssequenceand

theweldingresults(beadappearancein3Gvertical-
upwardpositionandmacro-structuresin1Gand3G
vertical-upwardpositions)ofcladsteelweldingwith
DW-N625,respectively.

Figure6showsapipebeinggirth-weldedwitha
MagnatechmachinewithDW-N625Pinthe5G
position�Figure7showsthepipeweldingmachine
suppliedbyCRCEvans.

GTAWandFCAWwereusedtoconductpipewelding
accordingtotheweldingconditionslistedinTable4.
GTAW wasusedfortheroot,hotand3rdpasses(3
passes)withTG-SN625rod,andFCAW wasused
fromthe4thpasstothecappass(10thpass)withDW-
N625P.

Thebeadappearancesfrom6to3o’clockofthe4th
passandthecappassareshowninFigures9and10,
respectively.Themacrostructuresof6,4and3o’clock
positionsareshowninFigures11,12and13,
respectively.Table5showstheimpacttestresultsof
the3o’clockpositionatthedifferenttemperatures
downto−196°C.

Thesetestsshowthatingirthweldingexcellentbead
appearancewasobtainedatthe6,4and3o’clock
positions,themostdifficultpositionsfromwhichto
achievedefect-freewelds.

Welding
position 5G(6→12o’clock) Passsequence

Kindofsteel Carbonsteel
(forcheckingtheusabilityofDW-N625Ponly)

Pipesize Wallthickness30mm
Outerdiameter267mm

Weldingprocess 1-3passes:GTAW
4-10passes:FCAW

Wire
1-3passes:TG-SN6252.4mmdia.

(AWSA5.14ERNiCrMo3)
4-10passes:DW-N625P1.2mmdia.

Shieldinggas 1-3passes:100%Ar(Backpurge:100%Ar)
4-10passes:80%Ar-20%CO2(25l/min)

Wirestick-out 4-10passes:15mm(160A)

Torchangle 10°back-hand

Interpasstemp. ≦150°C

Position Testedtemp.(°C) Absorbedenergy(J)

3o’clock

0 Av.96

−30 Av.93

−100 Av.87

−196 Av.82

Table4:Weldingconditionsofgirthwelding

Figure11:Macrostructureoftheweldmetalinthe6
o’clockposition

Beadappearance:3G
Figure9:Fourth-passbeadappearance

Figure5:Beadappearanceandmacro-structureof
DW-N625onInconel825cladsteel

Figure12:Macrostructureof4o’clockpositionweldbead

Figure7:CRCEvansM300-Cweldingmachine

Table5:Impacttestresultsofgirthwelding

Figure6:WeldingofcladpipebyDW-N625PandMagnatech
machine.

Photographsupplied,courtesyofMagnatechInternationalB.V. Figure10:Cap-passbeadappearance Figure13:Macrostructureof3o’clockpositionweldbead
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DW-410NiMo and MX-A410NiMo are FCWs
designed to weld 410NiMo stainlesssteels,in
particularfortheproductionofhydraulicturbine
components,suchasCA6NM(ASTMA352,A356,A
487&A743),acorrosionresistantstainlesssteel
casting.

DW-410NiMo shows
excellentusabilitywith
BalAr-20~25%CO2and
even with 100%CO2
shielding gas in all-
positionwelding,while
themetaltypeMX-A
410 NiMo features
superbimpactproperties
inflatpositionduetothe
lowoxygenintheweldmetalwith98%Ar-2%CO2,
98%Ar-2%O2andBalAr-20~25%CO2shieldinggas.

Table1showstheapplicablecodesandclassifications
ofDW-410NiMoandMX-A410NiMo.

As410NiMotypeweldmetaliscomposedofa
martensiticmicrostructure,itissensitivetocold
cracking�therefore,heatcontrol(i.e.preheating,
interpasstemperaturecontrolduringwelding,andpost
heatingrightafterwelding)isindispensable.Applying
postweldheattreatment(PWHT)aftertheweldmetal
coolsdown to an ambienttemperatureisalso
necessarytotempertheweldmetalaswellastheheat
affectedzone(HAZ).Therecommendedheatcontrol
isshowninTable2,andthetypicalchemical
andmechanicalpropertiesofallweldmetalof
DW-410NiMoandMX-A410NiMoareshownin

Tables3and4,respectively.

Because410NiMoweldmetalissensitivetocold
cracking,specialprecautionsareperformedwith
regardtothepackagingofDW-410NiMowire.Figure
1showsthatthewireiswoundonabasketspooland
packagedinanaluminumfoilpack,whichprotectsthe
wirefrom humidityandpreventsthespoolfrom
burningduringtherecommendedredryingat250°C
for2hours.

ThediffusiblehydrogencontentsofDW-410NiMo
(1.2mmΦ and1.6mmΦ)intheas-openedandredried
conditions,andMX-A410NiMointheas-opened
conditionweremeasuredaccordingtoAWSA4.3.The
DW-410NiMotestresultsareshowninFigures2and
3.ResultsforMX-A410NiMoareshowninTable5.

Buttjointweldingresultsareshownbelow for

reference.Table6showstheweldingconditionsby
DW-410NiMo and MX-A410NiMo. The pass
sequenceandweldingparametersusedwiththesetwo
FCWsareshowninTables7and8,respectively.

The weld bead appearance,the macrostructure,
hardnesstestaswellastheimpacttestresultsofthe
DW-410NiMobuttjointweldmetalareshownin

Figures4,5and8andTable9.The
microstructure,hardnesstestaswellastheimpacttest
resultsoftheMX-A410NiMobuttjointweldmetalare
showninFigures6,7and9andTable10.

Applicablecode
Classification

DW-410NiMo MX-A410NiMo

AWSA5.22/A5.22M:2012 E410NiMoT1-1/-4 EC410NiMo

Heatcontrol
Temperature(°C)

DW-410NiMo MX-A410NiMo

Preheating 150-200 100-150

Interpass 100-200 100-200

Post-heating 200-300 200-300

PWHT 590-620 590-620

C Cr Ni Mo Mn Si P S Cu

DW-410NiMo0.015 11.6 4.3 0.55 0.52 0.34 0.0240.004 0.03

AWSA5.22
E410NiMoT 0.06 11.0-12.5

4.0-
5.0

0.40-
0.70 1.0 1.0 0.04 0.03 0.75

MX-A410NiMo0.02411.75 4.35 0.61 0.46 0.23 0.0210.005 0.02

AWSA5.22
EC410NiMo 0.06 11.0-12.5

4.0-
5.0

0.40-
0.70 0.6 0.5 0.03 0.03 0.75

Productname PWHT
Tensiletest Absorbedenergy

(J)

0.2%PS
(MPa)

TS
(MPa)

El
(%) −20°C 0°C

DW-410NiMo
600°C×1hr,AC*1 846 926 17 41 44

600°C×25hrs,FC*2 699 855 20 51 52

MX-A410NiMo595C×8hrs,AC*1 813 888 19 58 67

200A 280A

0.3,0.3,0.4(Ave.0.3) 0.7,0.4,0.6(Ave.0.6)

Productname DW-410NiMo MX-A410NiMo

Wirediameter(mm) 1.2

Basemetal ASTMA743CA6NM

Shieldinggas 80%Ar-20%CO2

Postheating 250°C×2hrs

PWHT
600°C×1hr(AC)

590°C×8hrs(AC)
600°C×25hrs(FC)

Grooveshape,
&weldingposition Side Layer/

pass

Welding
current
(A)

Arc
voltage
(V)

Interpass
temp
(°C)

Face4layers/4passes 240 31 150-
200

Back6layers/6passes 240 31 150-
200

Groovepreparation PositionSide
Layers
and
passes

Welding
current
(A)

Arc
voltage
(V)

Inter-
pass
temp.
(°C)

Flat
Face 5layers-

10passes 250 33 150-
200

Back 5layers-6passes 240 33 150-
200

Side 600°C×1hr,AC(J) 600°C×25hrs,FC(J)

Face 39,35,36(Avg37) 51,51,53(Avg52)

Back 36,36,36(Avg36) 53,53,55(Avg53)

Side vE(−20°C) vE(0°C)

Face 49,56,60(Ave55J) 69,66,69(Ave68J)

Back 49,46,49(Ave48J) 57,57,51(Ave55J)

Figure3:
Diffusiblehydrogen
contentofDW-410NiMoall
weldmetal(1.6mmdia.)

Figure2:
Diffusiblehydrogen
contentofDW-410NiMoall
weldmetal(1.2mmdia.) Figure4:

Beadappearance
ofDW-410NiMo

Figure5:
Macrostructureof
DW-410NiMoweldmetalModelofhydraulicturbine

runner(byToshibaCorp.)
Table5:DiffusiblehydrogencontentofMX-A410NiMo

allweldmetal(cc/100g)

Table6:ButtjointweldingconditionsbyDW-410NiMoand
MX-A410NiMoTable3:Chemicalcompositionsofallweldmetal(mass%)

Figure7:
Microstructureof
MX-A410NiMoweldmetal

Figure6:
Macrostructureof
MX-A410NiMoweldmetal

Table9:ImpacttestresultsofDW-410NiMoweldmetal
at0°C

Table4:Mechanicalpropertiesofallweldmetal
Table7:Passsequenceandweldingparameterby

DW-410NiMo

Table10:ImpacttestresultofMX-A410NiMo

Table1:Applicablecodeandclassification

*1:Aircooling
*2:Furnacecoolingtoambientat40°C/hr

Table8:Passsequenceandweldingparameterby
MX-A410NiMoTable2:Recommendedheatcontrol

Figure8:
Hardnesstestresultsof
DW-410NiMoweldmetal

Figure9:
Hardnesstestresultsof
MX-A410NiMoweldmetal

Figure1:OuterpackageandbasketspoolofDW-410NiMo (Testedlocation:3mmbelowthefacesidesurface)
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Welding direction

Re-start the arc
when solid slag remains

Re-start the arc at
the 10-mm backward point
from the crater edge

Cross-sectional solid slag
Cross-sectional 
weld metal

Preceding bead
Proper bead connecting point
in the uphill position

Welding direction of
the succeeding bead

Center of pipe

Root of joint

FCW filler rods for
TIG root pass welding of pipes

ProductnameTG-X308LTG-X309LTG-X316L TG-X347TG-X2209

AWSA5.22
ClassificationR308LT1-5R309LT1-5R316LT1-5R347T1-5 −

C 0.02 0.02 0.02 0.02 0.02

Si 0.8 0.8 1.0 0.8 0.6

Mn 1.8 1.9 1.9 1.9 0.9

Ni 10.7 12.5 12.4 10.2 9.5

Cr 20.1 24.8 19.5 19.1 23.1

Mo 0.1 0.1 2.2 0.1 3.3

Nb 0.1max 0.1max 0.1max 0.7 0.1max

N 0.03 0.03 0.03 0.03 0.15

FN 12 24 14 11 −

FNW 10 25 10 9 47

Table2:Chemicalcompositionsandferritecontentofallweld
metals
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(1)TG-Xfillerrodsizeandlength:2.2mmdia.×1000mmlong
(2)Weldingcurrent:DCEN105A
(3)Torchshieldinggas:Ar(withoutbackshielding)

Grooveshape SingleV(70°)with1.0mmshoulder

Wallthickness(mm) 4 6 10min.

Rootgap(mm) 2.0 2.5 3.0

Weld metalWelding direction

Molten metalKey hole

Root gap

0.1-0.2mm

0.1-0.2mm

Wallthickness(mm) 3-5 6-9 10min.

Current(A) 80-90 90-105 90-110

Tungsten electrode

Base metal

4-
6

2-
3

1

Root pass

TIG torch nozzle

Turn the crater onto the groove face to terminate

Change the welding mode to crater treatment

Root pass welding directionRoot pass welding direction

1.Eliminatingbackshieldingwith
TG-X-TIGfillerrods

WeldingstainlesssteelpipeswithatypicalTIGsolid
fillerrodrequiresbackshielding,orelsetherootpass
weldcannotpenetratethebacksideofthejoint
properly.Thiscanbeattributedtosignificantoxidation
oftherootpassweldduetoitshighchromium(Cr)
content.Therefore,backshieldingwithaninert(Ar)
gasisamust.Therearetwocommonbackshielding
methods:wholepipeshielding and localzone
shielding.However,witheithermethod,thelarge
amountoftimeandArgasrequiredforshieldingraises
costsenormously.

ThosecostscanbecutwiththeTG-XseriesofFCW
fillerrodsforTIGrootpasswelding.Theyeliminate
theneedforexpensivebackshieldingandallow
operatorstoworksafelyinsidepipeswithoutthe
dangerofasphyxiation.Figure1showspiperootpass
weldingonsitebyusingTG-Xfillerrod.

ThefluxinsidetheTG-Xfillerrodproducesenough
slagtocompletelycoverboththebackandsurface
sidesofthebead,protectingthemfromexposuretoair
andpreventingoxidationevenwithoutabackshield.
Theslagcoveringbothsidesofthebeadiseasily
removedwithalighttapandleavesabeautifulbead.
TheTG-Xfillerrodalsoprovidessmoothanduniform
penetrationthroughthepipewallinallpositionsas
showninFigure2.

2.CuttingcostswithTG-Xfillerrods
Table1comparesfourcostfactorsassociatedwithroot
passweldingwithTG-Xandsolidfillerrodsonapipe
withaninsidediameterof305mm.

ItisclearthattheuseofTG-Xfillerrodscanreduce
laborcostsbyaremarkable23-74%andArgascosts
by55-91%,bothofwhichmakeupalargepartofthe
totalcost.

3.Chemicalandmicroscopicproperties
ofrootpasswelds

Chemicalcompositionsandferritecontentoftheroot
passweldswithindividualTG-Xfillerrodsareshown
inTable2.Thelownitrogen(N)contenteveninthe
reversesurfaceareaaswellasuniformdistributionof
ferriteprecipitation in theaustenitematrix was
observedbyElectronProbeMicro-Analysis(EPMA).

4.TipsforusingTG-Xfillerrods
InordertosecureasoundbackbeadwithTG-Xfiller
rod,itisessentialtofollowspecifictechniques.
(1)Properrootgapforsufficientpenetration

(2)Keyholeforming

Byformingakeyholeduringwelding,asufficient

amountofmoltenslagwillflowto
thebacksideofthegrooveandcoverthebacksideof
thebead.

(3)HigherfeedingspeedofTG-Xfillerrod
ThefeedingspeedofTG-Xfillerroddiffersslightly
fromthatofconventionalsolidTIGfillerrod.Ithasto
befedatahighpaceandlittlebylittle,withattention
paidtonotfeedingtoomuchatonetime.

(4)Properweldingcurrentandshortarclength

Itisrecommendedtokeepthenozzleincontactwith
thegroovefusionfaceswithanappropriateextension
ofthetungsten(W)electrode.

(5)Cratertreatmenttoavoidcratercracking
Turnthecraterontothegroovefacetopreventcrater
crackingaswellasshrinkagecavitiesinthecrater.

(6)Beadconnection
Itisalsoimportanttomaintainthebeadconnection
properlytopreventoxidationinthepenetrationbead
andtoobtainanormalpenetrationbeadcontour.

Maintainsolidslagbothonthecraterandtheback
beadwhenre-startinganarctojoinaprecedingbead.
There-arcingpointshouldbeplacedbackfromthe
edgeofthecraterbyabout10mmasshownbelow.

In5Gpositionwelding,terminatethesucceedingbead
ontothecrateroftheprecedingbeadintheuphill
positiontocontrolmoltenslagandtherebytohelp
createthekeyhole.

Fillerrod TG-X Solid

Groove
preparation

Backshielding
lengthofpipe

Withoutback
shielding

300mm
forlocal
shielding

6000mm
forentire
shielding

Prepurging(1) Notrequired 5.2min. 104min.

Settingjigs Notrequired 10min. Notreq.

Welding(2) 35min. 30min. 30min.

Arctimerate 50% 50% 50%

Totalman-hour 35min. 45min. 134min.

Totalfillerrod
consumption 120g 100g 100g

Prepurging(1) Notrequired 122.2liter 2444liter

Welding(2) 263liter 225liter 225liter

Backshield(3) Notrequired 240liter 240liter

Totalargongas
consumption 263liter 587liter 2909liter

Totalpower
consumption 0.405kwh 0.358kwh 0.358kwh

Table1:ComparisonoffourcostfactorsbetweenTG-X
andsolidfillerrodsinpiperootpasswelding

Figure1:SiteweldingbyTG-Xfillerrod

Backbeadofapipe
weldbyTG-Xfillerrod

(1)PrepurgingisperAWSD10.11-7X(GuideforRootPassWelding
andGasPurging).

(2)Weldingparameters:110A/13V
Shieldinggasflowforwelding:15liter/min

(3)Shieldinggasflowforbackshielding:8liter/min
Figure2:MacrostructuresofTG-X308Lweldson

apipe(12mmthick×150mmdia.)in5Gposition
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Austenitic stainless steel TIG wire
for coal-fired steam boilers:
TG-Super304H

Inthefieldofpowergeneration,ultrasupercritical
(USC)coal-firedboilers,inwhichtheoperational
temperatureisincreasedfromtheconventional550°C
to650°C,areincreasinglyseenasawayofnotonly
increasingefficiencybutofhelpingtomitigatethe
issuesofglobalenergy consumption and CO2
emissions.

Inthe1990’s,high-efficiencyUSCcoal-firedboilers
withasteamtemperaturelevelof600°Cwerefirstput
intopracticaluseinJapan,whileinrecentyears,the
constructionofsuchfacilitieshasstartedinsuchAsian
emergingeconomiesasIndiaandChina.

Because of the high temperature requirements
associatedwithUSCcoal-firedboilers,thestainless
steelsandrelevantweldingconsumablesfortheheat
exchangertubesmustbeausteniticratherthanferritic.

TG-Super304H,developedforweldingSUPER304H®,
theheatexchangertubeforUSCfossil-firedboilers,
providesexcellentcreeprupturestrength,hotcrack
resistanceandweldability.

ThechemicalcompositionsofTG-Super304Hareshown
inTable1andthemechanicalproperties,inTable2.

ThemicrostructureofTG-Super304Hallweldmetalis
showninFigure1.

CreeprupturetestresultsofTG-Super304Hallweld
metalareshowninTable3andFigure2.Thetypical
creeprupturecharacteristicsofSUPER304H® steel
tubesarealsoshowninFigure2forreference.

Ahotcracktestwasperformedunderthewelding
conditionsasshowninTable4,andtheresultswere
judgedbyasidebendtest,asshowninFigure3.

ButtjointweldingwasconductedwithTG-Super304H
wireandSUPER304H®steeltube(outerdia.:51mm)
with4mmand11mmwallthicknesses,respectively,
accordingtotheweldingconditionslistedinTable5.

Thetensiletestresultsoftheabove-mentionedbutt
jointsareshowninTables6and7,respectively,and
thehardnessdistributionofthebuttjointwithan11
mmwall-thicknessisshowninFigure4.

Theexcellentappearanceoftheouterbeadandroot
passbead,asshowninFigures5and6,wereobtained
duetotheexcellentweldabilityofTG-Super304H.

C Mn Cu Ni Cr Nb W N

0.1 3 3 16 20 0.5 2 0.2

Tested
temperature Tensiletest

°C 0.2%PS
(MPa)

TS
(MPa)

El
(%)

RA
(%)

23 573 796 28 51

550 392 574 19 25

650 355 477 11 28

750 326 373 5 7

Testtemperature
(°C)

Creeprupturetest
Stress(MPa) Rupturetime(hrs)

600 300 3172

600 200 >14400*

650 250 552

650 190 4239

650 140 >14400*

700 140 6502

Polarity Weldingposition

Welding
current
(A)

Arc
voltage
(V)

Welding
speed
(cm/min)

Preheat
temp.
(°C)

Interpass
temp.
(°C)

DCEN 1G 150 11 10 RT 100-150

No 1 2 3 4 5

Indication
ofdefect <0.5mm×1 ND*1 ND*1 <0.5mm×1 <0.5mm×1

No 6 7 8 9 10

Indication
ofdefect ND*1 ND*1 ND*1 ND*1 ND*1

Thickness
(mm)Polarity

Welding
position

Welding
current
(A)

Arc
voltage
(V)

Welding
speed
(cm/min)

Preheat
temp.
(°C)

Interpass
temp.
(°C)

4 DCEN 1G 110 13 10 RT Continuous

11 DCEN 1G 120 13 7-10 RT Continuous

Testedtemperature
(°C)

TS
(MPa) Fracturedposition

RT 665 Basemetal

500 490 Basemetal

550 479 Basemetal

600 465 Basemetal

650 413 Basemetal

Testedtemperature
(°C)

TS
(MPa)

El
(%) Fracturedposition

RT 649 72 Basemetal

500 493 66 Basemetal

550 472 66 Basemetal

600 445 64 Basemetal

650 395 64 Basemetal

Table6:Tensiletestresultsofbuttjoint(4mmwall-thickness)

Table7:Resultsofbuttjoint(11mmwall-thickness)tensile
tests

Table4:Weldingconditionsforhotcracktest

Figure1:Microstructureofallweldmetal

Table3:Creeprupturetestresultsofallweldmetal

Figure4:Hardnessdistributionofbuttjoint
(11mmwall-thickness)

Table1:Chemicalcompositions(mass%)

*:undertesting

Table2:Mechanicalpropertiesofallweldmetal
Figure5:Buttjointouterappearance
Note:Tubeouterdia.:51mm

Figure3:Hotcracktestresultbysidebendtest
*1ND:NoDefect

Table5:Weldingconditionsofbuttjointwelding

Weldingparameters:150A-12V-8cm/min
Wirefeedingspeed:10g/min
Heatinput:13.5kJ/cm
Preheattemp:Roomtemp�Interpasstemp:100-150°C

Figure2:Creeprupturetestresultsofallweldmetal.
Note:TypicalcreeprupturecharacteristicsofSUPER304HⓇ

steeltubearerepresentedbythesolidlines. Figure6:Root-passbeadappearance
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7% and 9% Ni steel welding consumables
for LNG storage tanks

Forsafeoperationsundercryogenicconditions,LNG
storagetanksaregenerallymadeof9%Nisteelplates.
Recently,however,7%NiTMCPsteelplatehasbeen
developed,whichreducesthecontentofexpensiveNi
bynearly20%.Table1showsthespecificationsof9%
Nisteeland7%NiTMCPsteel.

Theweldingconsumablesthataregenerallyusedfor
welding9%Nisteelarethehighnickelalloytypes
suchastheInconeltype(Ni-Cr)andtheHastelloytype
(Ni-Mo)eventhoughtheirchemicalcompositionsare
quitedifferentfrom thatof9% Nisteel.While
versatilehighNialloyweldingconsumablessuchas
Alloy625andAlloyC276arewidelyusedoutside
Japan,KobeSteelhasbeen supplying welding
consumablesexclusivelydevelopedfor9%Nisteels
forover30years,andtheyhavebeenhighlyreputedin
AsiaaswellastheMiddleEast,NorthAmericaand
SouthAmerica.

Theweldingconsumablesusedforwelding9% Ni
steelsarealsosuitableforwelding7% NiTMCP
steels.AlthoughthestrengthofhighNialloyislower
thanthatof9%Nior7%NiTMCPsteel,itdoesnot
causebrittlefractures,evenatcryogenictemperatures,
becauseofitsfullausteniticmicrostructure.

Table2listsKobelco’stypicalweldingconsumables
andtheirproperties.

AnimportantdrawbackofAlloy625typewelding
consumablesistheformationoflow-meltingpoint
compoundssuchasNi3Nbthatcausehotcracks.
DW-N625,anAlloy 625 typeFCW,hasbeen
developedespeciallyforwelding9%Niand7%Ni
TMCPsteels.Itprovideshighhotcrackresistanceas
wellasexcellentimpactpropertiesundercryogenic
conditionsthrough theoptimization ofchemical
compositionsofthedepositedmetals.

DW-N625isrecommendedfor3Guphillposition
weldingwiththefollowingweldingparametersin
ordertopreventhotcracks:aweldingcurrentat200A
max.aswellasaweldingspeedof30cm/minmax.

Table3showstheweldingconditionsandFigure1,
thegrooveshapeandthemacrostructureofabuttjoint
ona10mmthickplateweldedbyDW-N709SPinthe
3Gposition.Itsmechanicalpropertiesareshownin
Table4.

AFISCOtestwasconductedwithDW-N625and
DW-N709SPfollowingthetestprocedureshownin
Figure2.TheresultsareshowninFigure3.

Notesonusage
HighNialloyweldingconsumablesarehotcrack
sensitiveingeneral,andLNGtankstypicallyrequire
much dissimilarwelding.The following special
precautionsagainsthotcrackandbasemetaldilution
havetobetaken.

(1)Easymagnetization
Because9%Niand7% NiTMCPsteelsareeasily

magnetized,itisadvisednottousemagnetjigsor
liftingtoolstogetherwiththesesteels.Residual
magnetisminthemwillcausemagneticarcblow.

(2)Cratercrack
Itisstronglyrecommendedthatusersgrindthecrater
downeachtimethearcstops,inordertoavoidcrater
cracks.

(3)Dilution
Dilutionofthebasemetalintotheweldmetalbythe
arccauseschangesintheweldmetalchemistry,
resultinginthedecreaseofweldmetaltensilestrength.
Usersmustensurethatthetensilestrengthand0.2%
proofstrengthfulfilltherequirementsinaprocedure
testinadvance.

Standard
ASTM JISG3127

A553
TypeI

A841GrG
SL9N590 SL7N590

Cl.9 Cl.10
Max.platethick(mm) 50 50 100 50
Heattreatment QT TMCP QT TMCP

C ≤0.13 ≤0.13 ≤0.12
Si 0.15-0.40 0.04-0.15 ≤0.30
Mn ≤0.90 0.60-1.20 ≤0.90 ≤1.20
P ≤0.035 ≤0.015 ≤0.015
S ≤0.035 ≤0.015 ≤0.015
Ni 8.50-9.50 6.00-7.50 8.50-9.506.00-7.50

0.2%PS(MPa) ≥585 ≥585 ≥620 ≥590
TS(MPa) 690-825 690-825750-885 690-830
El(%)�Thick
(mm) ≥20 ≥20 ≥21(6≤t≤16)

≥25(t>16)
vE−196°C(J) ≥34 ≥34 ≥41
LE(mm)at
−196°C*1 ≥0.38 ≥0.38(6≤t≤32)

≥0.48(t=50)*2 − −

SMAW FCAW SAW

Product
name NI-C70S NI-C1S DW-N709SP DW-N625

PF-N4(flux)
/US-709S
(wire)*1

AWS A5.11
ENiCrFe-9

A5.11
ENiMo-8

A5.34
ENiMo13T1-4/T0-1

A5.34
ENiCrMo3T1-4

A5.14
ERNiMo-8(wire)

Features

·Inconeltype
·Excellentin
eadshapeand
slagremoval
·Excellentin
X-rayproperty
in4G

·Inconeltype
·Usedforrepair
weldingof
PF-N4/
US-709S

·Hastelloytype
·Ar-CO2gasfor3G
positionwelding
andCO2gasfor1G,
1Fand2Fwelding
·Excellentinhot-
rackresistanceand
CTODvalues

·Inconeltype
·Suitablefor3G
welding
·Excellent
weldability

·Hastelloytype
·Suitablefor2G
position
welding

·Excellentin
hot-crack
resistance

Polarity AC AC DCEP DCEP DCEP
Ni 64.1 69.3 62.1 64.7 70.1
Cr 16.3 1.9 6.9 21.4 1.9
Mo 5.1 18.4 17.6 8.2 19.1
W 0.6 2.8 2.4 − 3.0
Nb+Ta 1.1 − − 3.4 −
Fe 12.0 6.5 7.7 1.3 5.6

0.2%PS(MPa) 475 463 450 475 435
TS(MPa) 716 731 710 752 716
El(%) 39 46 46 46 48
vE−196°C(J) 62 76 90 78 71

Polarity DCEP
Shieldinggas&gasflowrate 80%Ar-20%CO2&25l/min

Weldingposition 3G
Interpasstemperature 150°C

Welding
parameters

Faceside
1stlayer 140A-24V-17cm/min
2ndlayer 160A-26V-16cm/min

BacksideFinallayer 160A-26V-15cm/min

Properties Measurements
TS(MPa) 759�764(Fracturedatbasemetal)

Notchtoughness(J)at−196°C 62,65,60(Avg.62)*1

Longitudinalbending,180° Nodefect

SMAW FCAW SAW
Ship
class.

Grade&welding
position(WP)

NI-C70S
/AC3.2-5.0mmdia.

NI-C1S
/AC3.2-5.0mmdia.

DW-N709SP/Bal80%Ar-
20-25%CO2,1.2mmdia.

DW-N625/Bal80%Ar-20-
25%CO2,1.2mmdia.

PF-N4/US-709S
1.6&2.4mmdia.

ABS
Grade MG(ENiCrFe-9) − MG(ISO12153:TNi1013PM212) MG(ENiCrMo3T1-4) MG(ERNiMo-8)
WP F,Vu,O,H − F,Vu,HF F,Vu,HF F,H

LR
Grade 5Ni,9Ni − 9Ni − 9Ni
WP F,Vu,O,H − F,Vu,HF − F,(H)*1

DNV
Grade NV9Ni − NV9Ni − NV9Ni
WP F,Vu,O,H − F,Vu,HF − F,H

BV
Grade MG(ENiCrFe-9) − MG(ISO12153:TNi1013PM212) MG(ENiCrMo3T1-4) MG(ERNiMo-8)
WP F,Vu,O,H − F,Vu,HF F,Vu,HF F,H

Others NK:KMWL91,CCS:9Ni NK:KMWL92 CCS:9Ni − NK:KAWL92M

Table3:WeldingconditionsofDW-N709SP
・Basemetal:9%NiSteel
・Wiredia.:1.2mm
・Weldinglength:300mm
・Polarity:DCEP
・Shieldinggas:80%Ar-20%CO2(25liter/min)
・Weldingposition:Flat
・Distancebetweencontacttipandbasemetal:
20mm

Figure2:TestprocedureofFISCOtest

Figure1:Grooveconfigurationandmacro-structureof
DW-N709SPweldmetal

Table4:Weldedjoint(platethickness:10mm)propertiesby
DW-N709SP

Figure3:ResultofFISCOtest

*1:Specimensizeis7.5mm×10mm

Table2:TypicalKobelco’sweldingconsumablesfor7%and
9%Nisteel

Table1:JISandASTMspecificationsfor7%NiTMCPand
9%Nisteels
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Table5:Listofshippingapprovals

Ch
em
ica
lco
mp
osi
tion
s(m
ass
%)

Note:*1:LE:LateralExpansion
*2:LEvaluebetweentheplatethickness32and50shallbe
determinedbylinearinterpolation.

MG:Makerguarantee
*1:AlthoughLRdoesnotspecifytheH(horizontal)positionwelding,itisallowedtouseitiftheLR’sapprovalofitsweldingprocedureisobtained.*1:ChemicalcompositionsofUS-709Swire
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APPENDIX
1. About stainless steel

1.Aboutstainlesssteel
Stainlesssteelisaniron-basedmaterialwithahigh
levelofcorrosionresistance.With11% ormore
chromium(Cr),thematerialformsafineCroxidefilm
(calledpassivatedfilm)onthesurfacethatfunctionsas
abarrieragainstcorrosion.Thecorrosionresistanceof
stainlesssteelcanbeimprovedbyadjustingthe
amountofsuchalloyingelementsasnickel(Ni),
molybdenum(Mo)aswellasCr,orbydecreasingthe
amountofcarbon(C)dependingonthenatureofa
particularcorrosiveenvironment.Stainlesssteelisa
versatilestructuralmaterialthatcanperformwellata
rangeoftemperaturesdependingonwhetherits
propertiesaredesignedforhighstrength(forelevated
temperatures)ortoughness(forextremely low
temperatures).Itis,therefore,importanthowtochoose
astainlesssteelthatbestsuitstheexpectedservice
temperatureand/orcorrosivenessintheenvironment.

Thefollowingfourkindsofstainlesssteelsarewell
knownandusedinmanyindustries.
①Austeniticstainlesssteel
②Ferriticandmartensiticstainlesssteels
③Duplex(austeniticandferritic)stainlesssteel

①Austeniticstainlesssteelfeaturesanaustenitic
microstructurecontainingNiinadditiontoCrand
isnonmagnetic.Itisthemostwidelyapplied
stainlesssteelbecauseofitsductility,workability
andexcellentcorrosionresistanceandusability.Itis
used in awiderangeoftemperaturesfrom
extremelylowtoveryhigh.

Table1showstypicalchemicalcompositionsof
austeniticstainlesssteels.Inausteniticstainlesssteel,
Crcarbidegrainboundaryprecipitationoccursover
timeatelevatedtemperatures,resultinginanincrease
ofintergranularcorrosionsusceptibility,alsoknownas
sensitization(Figure1).AsshowninFigure2,the
highertheCcontentinthestainlesssteelat500-800
°C,themoreeasilyitissensitized.TheL(lowcarbon)
gradesofstainlesssteelinTable1,whichcontain
0.03%orlesscarbon,aswellastypes347or321,
whicharestabilizedbyanadditionofNborTi,can
preventstabilization.Austeniticstainlesssteelisalso
susceptibletostresscorrosioncracking(SCC)�
however,thissusceptibilitycanbelessenedwith
additionsofNi,whichalsoreducesworkhardening
because itstabilizes the austenitic phase and

helps restrain deformation-induced martensitic
transformation.

②Ferriticandmartensiticstainlesssteelsobtainthe
samebody-centeredcubic(BCC)orbody-centered
tetragonal(BCT)microstructureasnormalcarbon
steelandfeaturelowerNithanausteniticstainless
steelornoNiatall�thus,theyarecalledCr-type
stainless steels.Low levelofcomparatively
expensiveNireducesthepriceofthesesteels.

Ferriticandmartensiticstainlesssteelsdifferin
relationtotheeffectthatheathasonthem.Ferritic
stainlesssteelgrowscoarsecrystalgrainsathigh
temperatures,asshowninFigure4,andmayforma
martensitic phase during rapid cooling after
welding.Asaresult,itsmechanicalproperties
deteriorate,loweringusability.Ferriticstainless

steelisalsosensitiveto475°C embrittlement
becauseofthewayCr-richαferriteformsfromFe-
richferrite.However,itcanberecoveredby
heatingthesteelabove600°C.Ferriticstainless
steelisalso sensitiveto sigma(σ )phase
embrittlementduetotheprecipitationofFe-Cr
intermetalliccompound.

Duringwelding,heatinputshouldbecarefully
controlledsince,whentheCrcontentishigher,itis
easyforcrystalgrainstocoarsenorthesigmaphase
toform(Figure3).

Bycontrast,martensiticstainlesssteel,which
containslowerCrandhigherC to improve
hardenability,performswellatroom orhigh
temperaturesduetoitshighstrengthandsolid
properties.On the otherhand,itscorrosion
resistanceispoorer.

Table2showstypicalchemicalcompositionsof
ferriticandmartensiticstainlesssteels.

③ACr-Nitypeofstainlesssteel,duplexstainless
steeliscomposedofadualphasemicrostructureof
ferriticandausteniticgrains.ItfeatureshighN
content,which provideshigherstrength than
austeniticstainlesssteelandallowsforthinnerplate
thicknesses.

Asforcorrosionresistance,duplexstainlesssteelis
highlyresistanttostresscorrosioncracking(SCC),
a weak pointof austenitic stainless steel.
Additionally,duplexstainlesssteelcontainingMo
showssuperbpittingcorrosionresistance(PCR),
whichisanimportantfactorinenvironments
containingchloridesuchasseawater.Figure5
showsatypicalexampleofpittingcorrosioninan
austeniticstainlesssteel(304)weldjoint.

Inadditiontostandardduplexstainlesssteels,the
marketnow offerssuperduplexstainlesssteel,
havingapittingresistanceequivalent[PREW=Cr+

Type/
Grade

UNS
No

Chemicalcomposition(mass%)

C Si Mn P S Cr Ni Mo N Others

201 S20100 0.15 1.00 5.5-
7.5 0.06 0.03 16.0-

18.0
3.5-
5.5 -- 0.25 ---

202 S20200 0.15 1.00 7.5-
10.0 0.06 0.03 17.0-

19.0
4.0-
6.0 --- 0.25 ---

301 S30100 0.15 1.00 2.0 0.045 0.03 16.0-
18.0

6.0-
8.0 --- --- ---

304 S30400 0.08 1.00 2.0 0.045 0.03 18.8-
20.0

8.0-
10.5 --- ---- ---

304HS304090.04-0.10 1.00 2.0 0.045 0.03 18.0-
20.0

8.0-
10.5 --- --- ---

304LS30403 0.03 1.00 2.0 0.045 0.03 18.0-
20.0

8.0-
12.0 --- --- ---

304LN S30453 0.03 1.00 2.0 0.045 0.3 18.0-
20.0

8.0-
12.0 --- 0.10-

0.16 ---

309 S30900 0.20 1.00 2.0 0.045 0.03 22.0-
24.0

12.0-
15.0 --- --- ---

309SS30908 0.08 1.00 2.0 0.045 0.03 22.0-
24.0

12.0-
15.0 --- --- ---

310 S31000 0.25 1.50 2.0 0.045 0.03 24.0-
26.0

19.0-
22.0 --- --- ---

310SS31008 0.08 1.50 2.0 0.045 0.03 24.0-
26.0

19.0-
22.0 --- --- ---

316 S31600 0.08 1.00 2.0 0.045 0.03 16.0-
18.0

10.0-
14.0

2.0-
3.0 --- ---

316HS316090.04-0.10 1.00 2.0 0.045 0.03 16.0-
18.0

10.0-
14.0

2.0-
3.0 --- ---

316LS31603 0.03 1.00 2.0 0.045 0.03 16.0-
18.0

10.0-
14.0

2.0-
3.0 --- ---

316LN S31653 0.03 1.00 2.0 0.045 0.03 16.0-
18.0

10.0-
14.0

2.0-
3.0

0.10-
0.16 ---

317 S31700 0.08 1.00 2.0 0.045 0.03 18.0-
20.0

11.0-
15.0

3.0-
4.0 --- ---

317LS31703 0.03 1.00 2.0 0.045 0.03 18.0-
20.0

11.0-
15.0

3.0-
4.0 --- ---

321 S32100 0.08 1.00 2.0 0.045 0.03 17.0-
19.0

9.0-
12.0 --- --- Ti:5×C

321HS321090.04-0.10 1.00 2.0 0.045 0.03 17.0-
19.0

9.0-
12.0 --- --- Ti:5×C

347 S34700 0.08 1.00 2.0 0.045 0.03 17.0-
19.0

9.0-
13.0 --- --- Nb:

10×C

347HS347090.04-0.10 1.00 2.0 0.045 0.03 17.0-
19.0

9.0-
12.0 --- --- Nb:

8×C-1.0

254
SMO S31254 0.20 0.80 1.00 0.0300.01019.50-20.50

17.50-
18.50

6.00-
6.50

0.180-
0.220

Cu:0.50-
1.00

904LN08904 0.02 1.00 2.00 0.0450.03519.0-23.0
23.0-
28.0

4.0-
5.0 --- Cu:

1.0-2.0

Figure1:CrcarbideprecipitationsinstainlesssteelTable1:Chemicalcompositionofausteniticstainlesssteels

Figure4:GraingrowthinHAZofferriticstainlesssteel
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Figure2:Effectofcarboncontentoncarbideprecipitation

Note:Eachsinglevalueofchemicalcompositionsindicates
maximumunlessotherwiseshown. Figure3:Binaryiron-chromiumequilibriumphasediagram
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APPENDIX
2. Welding of stainless steels
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3.3(Mo+0.5W)+16N]equaltoormorethan40,as
wellasleanduplexstainlesssteel,whichreduces
materialcostsbycontainingsmalleramountsof
expensiveMoandNi.

Somedrawbacksofduplexstainlesssteelinclude
poortoughnessatextremelylowtemperaturesand
sigma(σ)embrittlementatelevatedtemperatures.
The steel,therefore,is applied in ambient
environmentsingeneral.

Table3showstypicalchemicalcompositionsof

duplexstainlesssteels.

Themicrostructuresofaustenitic(304),ferritic(409),
martensitic(410S)andduplex(S32750)stainless
steelsareshowninFigure6.Table4comparesthe
propertiesofcarbonandstainlesssteels.

2.Stainlesssteelwelding
2-1Groove,passsequenceandelectrode
manipulation

Edgepreparationisanimportanttaskbeforestartingto
weld.Selectingtheoptimum grooveconfiguration,
withregardtojointtype,basemetalplatethickness,
weldingmethod,weldingconsumablediameterand
weldingpositionisessentialforgettingsound,defect-
freeweldmetalefficiently.Typicalgrooveshapesare
showninTable1.

Edgepreparationisperformedeitherbythermal
cuttingwithplasmaorlasersorbymachining,which
providesafinefinish.Thermalcutting requires
grindingtoremoveoxidefilmfromthecutsurface.If
anorganicoilsuchasmachineoil,greaseorpaint
adherestothegroovesurface,ithastobecleaned(e.g.
with acetone)to preventthe oilfrom being
decomposedbythearcandgeneratinggasthatcreates
porosity.

2-2Weldingprocesses
Stainlesssteelweldingisgenerallycarriedoutwith
GTAW,SMAW,GMAWandSAW.Additionally,when
overlayweldingisappliedtoprovidethecorrosion
resistantsurfaceoncarbonsteels,SAWorelectro-slag
welding(ESW)withwidestripelectrodesisused.
Table2showsthetypicalweldingdefectsandtypesof
corrosionthatmayoccurinastainlesssteelweldjoint.

2-2-1GTAW
InGTAW,afillerrodisinsertedinthearcgenerated
betweenatungsten(W)electrode,connectedindirect
current-electrodenegativepolarity(DCEN),andabase
metal.Aninertgas,suchasArgon(Ar)orHelium
(He),isappliedasashieldinggas.Argascontaining1-

Defect/Corrosion Type Cause

Weldingdefect

Lackofpenetration
slaginclusion Weldingparameter

Poorbeadshape
(undercut,etc) Weldingparameter

Porosity Water,nitrogen,
chemicalcomposition

Surfaceoxidation Lackof(back)shielding

Hotrack
(solidificationcrack)

Impurity,ferritecontent,
restraint

Corrosion

Sensitization Carbideprecipitation

Stresscorrosioncrack Corrosiveenvironment,stress

Hightemperature
corrosion

Oxidation,carburization,
sulfidationat
hightemperature

Pittingcorrosion,
crevicecorrosion Chlorine

Galvaniccorrosion
Electricpotential
differencebetween
dissimilarmaterials

Embrittlement Sigmaembrittlement PWHTcondition,
ferritecontent

Type/
Grade

UNS
No

Chemicalcomposition(mass%)

C SiMn P S Cr Ni Mo N Others

S31803 0.03 1.00 2.00 0.03 0.0221.0-23.0
4.5-
6.5

2.5-
3.5

0.08-
0.20 ---

S32304 0.03 1.0 2.5 0.04 0.0421.5-24.5
3.0-
5.5

0.05-
0.20

0.05-
0.20

Cu:0.05
-0.60

S32550 0.03 1.0 1.5 0.04 0.0324.0-27.0
4.5-
6.5

2.9-
3.9

0.10-
0.25

Cu:1.5
-2.5

S32750 0.03 1.0 1.2 0.0350.0224.0-26.0
6.0-
8.0

3.0-
5.0

0.24-
0.32 Cu:0.5

S32760 0.03 1.0 1.0 0.03 0.0124.0-26.0
6.0-
8.0

3.0-
4.0 0.30

Cu:0.5
-1.0
W:0.5
-1.0

Density

Specific
electric
resistance
(μΩ·cm)

Magnetism
Specific
heat

(Cal/g/°C)

Linear
expansion
coefficient
(10-4/°C)

Thermal
conductivity
(10-2cal/cm
/sec°C)

Carbon
steel(A36) 7.9 15 Yes 0.12 11.5 11.2

Austenitic
type(304) 7.9 72 No 0.12 17.3 3.9

Ferritic
type(430) 7.7 60 Yes 0.11 10.4 6.2

Martensitic
type(410) 7.8 57 Yes 0.11 9.9 6.0

Duplex
type 7.8 89 Yes 0.12 10.6 5.0

Type/
Grade

UNS
No C SiMn P S Cr Ni Mo N Others

430 S43000 0.12 1.001.000.0400.030 --- 16.00-
18.00 --- --- ---

436 S43600 0.12 1.001.000.0400.030 --- 16.00-
18.00

0.75-
1.25 ---

Nb+Ta:
5×C
-0.70

405 S40500 0.08 1.001.000.0400.030 11.5-14.5 --- --- --- Al:0.10
-0.30

409 S40900 0.08 1.001.000.0450.04510.50-11.75 0.50 --- --- Ti:6×C
-0.75

439 S430350.0301.001.000.0400.03017.00-19.00 0.50 --- 0.030

Ti:0.20+
4(C+N)
-1.10
Al:0.15

444 S444000.0251.001.000.0400.03017.5-18.5 1.00 1.75-
2.50 0.025

Nb+Ti:
[0.20+4×
(C+N)]
-0.80

410 S41000 0.15 1.001.00 0.40 0.03 11.5-
13.5 --- --- --- ---

420 S42000 0.15min 1.001.00 0.04 0.03 12.0-
14.0 --- --- --- ---

440 S440020.60-0.75 1.001.00 0.04 0.03 16.0-
18.0 --- --- --- ---

410SS41008 0.08 1.001.000.04000.030 11.5-13.5 0.60 --- --- ---

Typeof
joint Grooveshape t,G,f

andα*1 Note

I-joint t:0-5mm
G:0-1/2t

Bothsideoroneside
welding

V-joint

t:3-30mm
G:0

F:0-3mm
α:45-90°

Bothsidewelding
Gougingfromback
sideandwelding

V-joint

t:≥3mm
G:2-3mm
F:0-2mm
α:45-90°

OnesideweldingRoot
passweldingbyTGX
fillerrodorwithCuor
ceramicbacking

U-joint

t:≥3mm
G:2-3mm
F:0-2mm
α:20-60°

Weldingofsmall
diameterpipe

Rootpasswelding
byTGXfillerrod

X-joint

t:≥10mm
G:0-2mm
F:0-2mm
α:45-90°

Bothsidewelding
Gougingfromback
sideandwelding

T-joint t:≥3mm
G:0-2mm Horizontalfilletwelding

T-joint
t:≥5mm
G:0-2mm
α:45-60°

Onesideweldingor
Gougingfromback
sideandwelding

T-joint
t:≥10mm
G:0-2mm
α:45-60°

Bothsidewelding

Table2:Chemicalcompositionofferriticandmartensitic
stainlesssteels

Fe
rri
tic

Table3:Chemicalcompositionofduplexstainlesssteels

D
up
le
x

Table1:Typicalgrooveshapes

M
ar
te
ns
iti
c Note:Eachsinglevalueofchemicalcompositionsindicates

maximumunlessotherwiseshown.

Table2:Typesofdefectsandcorrosioninstainlesssteel
weldjoints

Note:Eachsinglevalueofchemicalcompositionsindicates
maximumunlessotherwiseshown.

Figure6:Microstructureofaustenitic(304),ferritic(409),
martensitic(410S)andduplex(S32750)
stainlesssteels

Figure5:Pittingcorrosionona304weldjoint
Table4:Propertiesofcarbonsteelandstainlesssteels

*1t,G,Fandα:platethickness(mm),rootgap(mm),rootface(mm)
andgrooveangle(°),respectively
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3%N2maybeusedwhenweldingduplexstainless
steelcontainingahighamountofN.WhileGTAW
provideshighlypure,slag-freeweldmetals,the
depositionrateislow,resultinginlow efficiency
becauseacutfillerrodhastobefedmanuallyintothe
arc.Ontheotherhand,itslowheatinputmakesit
suitableforthinplateorpipewelding.Incaseofroot
passwelding(orone-sidewelding),thebottomofthe
groovehastobefilledwithArgasasabackshieldto
protecttheweldandHAZfromoxidization.Thefiller
rodisspecifiedinAWSA5.9/A5.9M.

2-2-2SMAW
ElectrodesforSMAWarecomposedofacorerodand
coatedflux.Anexcessivelyhighweldingcurrenthas
tobeavoidedtopreventelectrodeburn-out,whichcan
occurwhenan alloying electrodeisoverheated
throughitselectricresistance.

Dryingelectrodesinanovenbeforewelding,asshown
inFigure1,isalsoessentialtopreventporosities,
whicharecausedbyabsorbedmoistureinthecoated
flux(SeeFigure2).Followingtherecommended
dryingconditionsisnecessary,particularlyforferritic
andmartensiticstainlesssteelelectrodesbecauseofthe
needtoreducehydrogenthroughahigherdrying
temperature.Thestainlesssteelelectrodeisspecified
inAWSA5.4/A5.4M.

2-2-3GMAWandSAW
GMAWwithsolidwireismainlyusedinsinglepass
andhighspeedweldingforthinplateslikeautomobile
exhaustsystemcomponents.Whenitisusedinmulti-
passweldingforthickplategroovejoints,thesolidCr
oxidescalethatformsonthebeadsurfacemaycause
slaginclusionsorlackofpenetrationasthenumberof
passesincreases.Highsiliconsolidwire,classifiedas
AWSA5.9/A5.9M,contains0.65to1.00%Siwhereas
standardgradecontains0.30to0.65%.Itprovides
betterwettingandissuitedtomulti-grooveGMAW
welding.FCAWisfrequentlyusedinsteadofGMAW
formulti-passwelding.

SAWisappliedlessonstainlesssteelthanonnormal
carbonsteels.Stainlesssteelplateisusuallythinner
thanthatofcarbonsteel.Additionally,thethermal
expansioncoefficientforausteniticstainlesssteelis
largewhilethermalconductivityislow(seeTable4,
Appendix1).Thesefactorscanleadtodistortionunder
thehighlevelofheatgeneratedbySAW.

2-2-4FCAW
FCAWforstainlesssteelisessentiallyaformofgas-
shieldedweldingthatuses100%CO2orBalAr-20~
25%CO2.100%CO2 providesdeep and stable
penetrationwhileAr-CO2mixedgasoffersexcellent
all-positionweldingwhilegeneratinglowamountsof
spatterandfume(seeTable3).Lowheatinputis
advisedinweldingausteniticstainlesssteelinorderto
minimizedistortionandmaintaincorrosionresistance
intheheataffectedzone(HAZ).Ashortstickout
lengthof15to20mm isrecommendedsoasto
maintainastablearcinspiteofthehighJouleheat

generatedthroughitshighelectricresistance.

Figure4showshowweldingconditionscaninfluence
rootpenetrationinhorizontalfilletwelding.Increasing
weldingcurrentandspeedevenwhilemaintainingheat
inputand leg length willprovidegreaterroot
penetration.Excessiveweldingcurrentandspeed,
however,maycausehotcracking.

2-3Weldingofausteniticstainlesssteels
Selecting“matchingfillermetals”foraustenitic
stainlesssteelweldingiskeyinprovidingweldmetals
withthesamelevelofcorrosionresistanceasthebase
metals.Avoidinghotcracksisanotherimportant
consideration.Asitsnamesuggests,ahotcrackoccurs
onoreveninsidetheweldmetalsurfaceduringthe
coolingthatfollowsthesolidificationofthehotweld
metal.

Thesolidificationofweldmetalcanbeunderstoodas
involvingdifferentsolidificationmodes.TheFmode
iswhensolidificationiscompletedinasingleferritic
phase.TheAmodeiswhenitiscompletedinasingle
austeniticphase,whileinFAmode,solidificationis
completedinasingleausteniticphaseaftertheferrite
crystallizesoutoftheliquidphase.

Itisalsowellknownthattheformationoftheferritic
phaseinthesolidificationprocessreduceshotcracking
susceptibility.Thisphenomenonhasbeenappliedin
thedesignofweldingconsumablesthatdevelopa
smallamountofferriticmicrostructureintheweld
metaltocounterhotcracking.Figures5and6show

how effectively the
ferritecontentintype
308or309weldmetal
preventsmicrocracks.

Theferritecontentinthe
weldmetalisquantified
asaferritenumber(FN).
TheFerriteScopeshown
in Figure7 is a
convenientandportable
device that measures
ferrite contentin the
ferritic phase (that
obtainsmagnetism)by
probingtheweldmetal
surfaceinawork shop.Theothermethod of
measuringFNistouseadiagramaftercalculatingthe
CrequivalentandNiequivalentfromthechemical
compositionoftheweldmetal.Schaeffler,DeLong
andWRC-1992diagramsarewidelyusedforthis
purpose.

Forweldingtype6Mostainlesssteel(S31254),which
offerssuperiorpittingaswellascrevicecorrosion
resistanceinchlorideenvironments,thematchingfiller
metalcannotsecurecorrosionresistanceequivalentto
thatofthebasemetal�therefore,aNi-basealloysuch
asE(R)NiCrMo-3orE(R)NiCrMo-4isusedinstead.

Notpreheatingandkeepingtheinterpasstemperature
at150°Corbelowarealsobasictoausteniticstainless
steelwelding.Thetemperatureofaweldedportionis
usuallymeasuredwithathermocoupleoracontact
thermometer.Highinterpasstemperaturesarenot
recommendedonausteniticstainlesssteelweldmetal
withhighferritecontentbecausethecoolingratioof
theHAZwillslow down,leadingtosensitization
acrossawiderareaoftheweldedzone.PWHTis
generallynotnecessary,butifrequiredforstressrelief

100%CO2 BalAr-20~25%CO2

Modeofmolten
droplettransfer

Globulartransfer
(largedroplets)

Spraytransfer
(smalldroplets)

Merit
·Deeppenetration
·Smoothwettability
·Lowgascosts

·Littlespatterandfume
·Easyverticalupwardwelding

Table3:Featuresofshieldinggascompositions

Figure6:Effectof(P+S)andFerriteNumberonhotcracking
susceptibilityintype309weldmetal

Figure7:FerriteScope

Figure1:Ovenforredryingelectrodes

Figure3:Modesofmoltendroplettransfer

200A-32V-45cm/min
Heatinput:8.5kJ/cm
100%CO2shieldinggas

240A-33V-55cm/min
Heatinput:8.6kJ/cm
100%CO2gasshielding

Figure4:Effectsofweldingparametersonpenetration
(*:leglength)

Figure5:Relationshipbetweennumberofmicrocracks
andFerriteNumberintype308weldmetalFigure2:Moistureabsorptionofcoveredelectrodes
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HAZHAZ Carbide 
precipitation zone

Solid solution
zone

Deposited
metal

Type 304 
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atthe600°Cregionthatcorrespondstothesensitizing
temperature,shorttimePWHT isrecommended.
Solid-solutionheattreatmentrequiresrapidcooling
withwateraswell.

2-4Weldingofferriticandmartensitic
stainlesssteel

Because ferritic and martensitic stainless steels
develop a BCC/BCT microstructure with low
hydrogensolubilityandahighhydrogendiffusion
rate,preventingdelayedcrackscausedbyhydrogenis
important.Coveredelectrodesrequireredryingbefore
weldingtodischargeabsorbedmoisture,asourceof
hydrogen.Adryingtemperatureof300-350°Cfor
aboutonehouringeneralisrecommended.

Preheating and maintaining higher interpass
temperaturesareneededinordertoremovethe
diffusiblehydrogenthatmaycausedelayedcracking.
Specificpreheatingandinterpasstemperatureranges
dependonthetypeofstainlesssteelaswellasplate
thickness.While100-200°Cisoptimum forferritic
stainlesssteel,200-350°Caswellasimmediatepost
heatingisnecessaryformartensiticstainlesssteel
becauseithashigherstrength�theriskofdelayed
crackingisalsohigherinthickerplates.

PWHTontheweldmetalandHAZofmartensiticand
ferriticstainlesssteelsisperformedinordertorecover
ductilityandtoughness.However,PWHT isnot
recommendedwithausteniticstainlesssteelwelding
consumablesliketype309LasPWHTcanleadto
embrittlementofweldmetal.Ferriticstainlesssteel
with15%orhigherCrisparticularlysusceptibletoa
formknownas“475°Cembrittlement”whenexposed
totemperaturesof350-550°Cforalongtime.Itis,
therefore,necessarytopassthroughthistemperature
rangequicklyduringthecoolingprocessbyensuring
thatpreheatingaswellasinterpasstemperaturesare
notkepttoohigh.

Whilematchingfillermetalsareavailableforferritic

andmartensiticstainlesssteels,austeniticconsumables
suchas309and309Lcanbeusedtorestrainhydrogen
diffusionfromtheweldmetaltotheHAZand,thereby,
preventdelayedcracking.However,choosingtoapply
austeniticconsumablesrequiresconsiderationofthe
operatingenvironmentaswellaswhetherornotto
applyPWHT,becausethedifferenceinthethermal
expansioncoefficientbetweenthebaseandweldmetal
maycausethermalstressagainstjoints,andbecause
PWHTmaycauseembrittlementintheweldmetal.

2-5TheHAZandcorrosionresistance
Figure8showsaschematicdrawingoftheHAZ.

Afterbeingheatedtoameltingpointof1500°Cbythe
weldingarc,thebasematerialincontactwiththeweld
interface,coolsdownrapidlyassoonasweldingstops.
Theareaalittlefurtherfromtheweldinterfacethatis
heatedtobelow1000°Ccoolslessrapidly,resultingin
longerexposuretotemperaturesbetween500and
800°C.Thiscancausesensitization–orprecipitation
ofCrcarbides–andcorrosionresistancedropsasa
result.Inthesensitizedarea,intergranularcorrosionas
wellasstresscorrosioncrack(SCC)easilyoccurs.
Therefore, special care in selecting welding
consumablesandweldingproceduresisessentialwhen
theweldedstructureistobeusedinahighlycorrosive
environment.

There are several methods that can prevent
sensitization.Oneistoapplyalowcarbonstainless
steel,suchas304Lor316L,orastabilizedstainless
steel,suchas321(withTi)or347(withNb),eitherof
whichcanformcarbidesmoreeasilythanCr,thus
preventingCrcarbideprecipitation.Lowcarbongrade
withCcontentequaltoorlessthan0.03% largely
reducestheriskofintergranularcorrosion,becausethe
heatingandcoolingcyclesusedinconventional
weldingaretooshortfortheHAZtobesensitized.

Anothermethodthatpreventssensitizationisaquick
passthroughthe500-800°Ctemperaturerangethatis
associatedwithsensitizationbyminimizingheatinput
and maintaining the lowest possible interpass
temperatureinordertospeedupthecoolingrateatthe
HAZ.AstheCrcarbidesdissolve,reheatingtoover
1000°Cwithsolidsolutionheattreatmentwillthen
restorecorrosionresistance.

2-6Dissimilarwelding
Dissimilarweldinginthissectionistheterm for
joiningstainlesssteeltoacarbonorlowalloysteelby
welding.Inordertoselectthebest-suitedwelding
consumables,onemusttakeintoconsiderationthat
chemicalcompositionsfromtwodifferentbasemetals
willdilute in the weld metal.Itisbasically
recommendedtoselectaweldingconsumablethat

providestheweldmetalwithhigherpropertiesthanthe
basemetalthatislowerinstrengthandcorrosion
resistance.IfPWHTistobeconductedorifthe
dissimilarjointistobelocatedinahightemperature
environment,theriskofembrittlementmustalsobe
consideredwhenselectingtheweldingconsumables.

Foradissimilarjointbetweenanausteniticstainless
steelandacarbonorlow alloysteel,awelding
consumablethatishighinferriteandthatisdesigned
toprovidetheweldmetalwithhighCrand/orNilike
type309shouldbeusedingeneral.Thisselectionhas
theadvantageofnotgeneratingamartensiticphasein
theweldmetal,evenifCrand/orNiintheweldmetal
decreasesduetocarbonsteeldilution.Analternative
wouldbetoapplyafullyausteniticconsumable,such
astype310,oraNi-basealloythatcontainsnoferritic
phase�however,weldingwouldhavetoproceedwith
carebecausehotcrackingcanbeanissue.

Yetanothersolutionistobutterthegroovefaceofthe
carbonsteelsidewithatype309consumableandthen
weldthejointwithaconsumablethatmatchesthe
stainlesssteel(seeFigure9).Thistechniquewill
minimizethedifferenceinchemicalcompositions
betweenthetwosteels.Ifaconsumablehighinferrite,
liketype309,isselectedforadissimilarjointand
PWHTisappliedorthejointistobelocatedinahigh
temperatureenvironmentover315°C,sigma(σ)
embrittlementmayoccuratthelocationofhighferrite
intheweldmetal.Tocounterthisproblem,buttering
orapplyingaNi-basealloyweldingconsumablethatis
lesssusceptibletoembrittlementisrecommended.

Figures10and11showtheeffectofthewelding
consumableonsigma(σ)embrittlement.Bothfigures
showthemacrostructureandsidebendtestresultsofa
dissimilarjointwithtype304stainlesssteel(leftside)
andheatresistant(Cr-Mo)steel(rightside).InFigure
10,thejointwasweldedbyaNi-baseconsumable
(ENiCr3)withPWHT(690°C×4hours)whileFigure
11showsasimilarjointbyatype309consumable

withthesamePWHT.Allsidebendtestspecimens
weldedwiththetype309consumablefaileddueto
lossofductilityintheweldmetal,whereastheNi-base
weldmetalmaintainedductilityevenafterPWHT.

Ni-basealloyisalsoeffectiveatreducingthermal
fatigue.Becauseitsthermalexpansioncoefficientis
betweenthatofcarbonandausteniticstainlesssteel,it
experienceslessthermalstressinoperationsinvolving
repeatedheatingandcooling.

Whenferriticormartensiticstainlesssteelisweldedto
carbon,low alloyorausteniticstainlesssteel,the
applicationofatype309weldingconsumableisthe
leastriskybecauseitcanpreventhotorcoldcracking.
Inthesecases,PWHTtemperatureshouldbereduced
to around 620°C orless,in orderto avoid
embrittlementcausedbyPWHT.However,whenaNi-
baseconsumableisused,ahigherPWHTtemperature

Figure10:Macrostructureandsidebendtestresultsofa
dissimilarjointweldedbyNi-basealloy(ENiCr3)

Figure11:Macrostructureandsidebendtestresultsofa
dissimilarjointweldedbytype309

Figure14:Sigma(σ)phaseformationdiagramof
308Lweldmetal

Figure8:SchematicdrawingoftheHAZ
Figure9:Dissimilarmetaljoint
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canbeapplied.

Indissimilarweldingbetweenstainlesssteeland
carbonorlowalloysteel,itisimportanttocontrolthe
dilutionratioofthecarbonorlowalloysteel.Inshort,
thisisequaltocontrollingtheferritecontentinthe
weldmetal.Oneofthemethodsofcontrollingferrite
contentistouseaconstituentdiagram suchas
Schaeffler,DeLongorWRC-1992.Asanexample,
Figure12showstheSchaefflerdiagramusedwithbase
metalsoftype304stainlessandcarbonsteel.Using
theirCrequivalents(Creq)andNiequivalents(Nieq),
thetwobasemetalsareplottedfirstonthediagram.As
thebasemetalsaresupposedtomeltatthesamerate
duringwelding,thefusionofthetwoweldmetals
wouldberepresentedbythechemicalcomposition
located atPoint(a).Therefore,the chemical
compositionoftheweldmetalweldedbytype309
weldingconsumable(plottedasPointE309)existson
astraightlinebetweenPoints(a)andE309,andits
locationchangesaccordingtothedilutionratio.Asa
certainamountofferritecontentisneededintheweld
metalinordertopreventhotcracking,itisnecessary
toensurethattheferritecontentisabove0%(Pointd)�
inotherwords,thepenetrationratioshouldbeequalto
orlowerthan33%.However,ifitistoolow,the
chemicalcompositionoftheweldmetalwillbetoo
closetothatoftype309stainlesssteel,andtheweld
metalmayeasilyexperiencesigmaembrittlementafter
PWHT.Figure13showsanexampleofasigmaphase
generatedin309LMoweldmetalafterlong-time

operationat800°C.

Figure14 isaTime-Temperature-Transformation
diagramshowingtheagingof308Lweldmetal.It
showsthatthesigmaphaseformsin20hoursat730°C
followingM23C6typeCrcarbideprecipitationatan
earliertimeofaging.Thetendency forsigma
formationincreasesasCr,MoandSiincreaseorNi,C
andNdecrease.

Inthecaseofweldingabasemetalwithhighcarbon
contentandaNieqlikethatofcastiron,atype309
weldingconsumableisnotidealselectionbecausethe
weldmetaloftenconsistsofanausteniticsinglephase
(AregioninFigure12).Instead,type309LMoor312
weldingconsumableswithhigherferritecontentare
moreappropriatesoastoputtheweldmetalintotheA
+Fregion.

Inadissimilarjointbetweenstainlessandlowalloy
steel,PWHTisanimportanttemperingprocedurethat
improvesthemechanicalpropertiesoftheHAZofthe
lowalloyside,whichishardenedbyweldingheat.
WhenajointofsteelswithdifferentamountsofCris
heatedtoahightemperature,thecarbondiffusesfrom
thelowCr-steeltothehighCr-steel,resultingina
decarburizedlayerforminginthelowCr-steel(i.e.
carbonsteel)andacarburizedlayerinthehighCr-
steel(i.e.stainlesssteel).Figure 15 shows
decarburized and carburized layersafterPWHT
(710°C×32hours).Figure16showsthehardness
distributionofadissimilarjoint.Itcanbeseenthat
whilethedecarburizedlayerissoftened,thecarburized
layerishardened.

Thecarburizedlayerconsistsofcarbideprecipitated
bycarbonmovementandhasVickershardnessof300
ormore.Intheinterfacebetweenthedecarburizedand

carburizedlayers,microcracksmayoccurinabend
test.Ingeneral,becausethecarbonmovementis
influencedmorebytemperaturethantimeduring
PWHT,loweringthePWHTtemperaturewilldecrease
thehardnessofdecarburizedlayer.ApplyingaNi-base
alloy,whichhasaslowcarbondiffusionrate,willalso
help avoid theformation ofadecarburized or
carburizedlayer.

2-7Overlaywelding
Overlayweldingonacarbonsteelsurfacewitha
stainlesssteelwelding consumable can provide
corrosionresistanceonlytoaparticulararea.Although
selectinganappropriateweldingconsumablefor
overlayweldingisnearlythesameasthatfor
dissimilarwelding,particularcarehastobepaidin
regardstothedilutionofthebasemetalduring
welding.

Itisalsoadvisabletoutilizeaconstituentdiagram,in
overlayweldingoncarbonsteelbyatype309welding
consumable.Controllingthebasemetal(carbonsteel)
dilutionisparticularlyimportant,forifthebasemetal
dilutionishigh,theferritecontentwilldrop,resulting
inhotcracking.Ifitincreasesfurther,themartensitic
phasewillform intheweldmetal,leadingto
deterioratedductilityandtoughness.Andextreme
dilutionofthebasemetalwillcausepoorcorrosion
resistanceduetoexcessivedropsintheamountsofCr
andNiintheweldmetal.

Thebasemetaldilutionratevariesdependingon
weldingconditions(weldingprocess,weldingcurrent,
arcvoltageandshieldinggas)aswellaspasssequence
(amountofoverlappingineachpassandnumberof

layers).Itis,therefore,recommended
tostudytheabove-mentionedinapreliminarytest,set
upanappropriateweldingprocedurespecification
(WPS)andexecutetheoverlayweldingaccordingto
theWPS.

2-8Cladsteelwelding
Intheweldingofcladsteelcomposedofcarbonand
stainlesssteelbasemetals,thesameconceptasthose
fordissimilaroroverlayweldingcanapply.Inother
words,theweldingconsumablecanbeselectedby
understandingthattheweldingthatmeltsbothcarbon
andcladstainlesssteelisaformofdissimilarwelding
whileweldingonthecarbonsteelsideonlyisoverlay
welding.

Table4showshowtochooseweldingconsumables,
dependingonthetypesofcladstainlesssteelsand
Figure17,weldingsequenceofcladsteel.

Typeofclad
stainlesssteel No.oflayer Weldingconsumable

(AWSExxx)

304
1st(Bufferlayer) 309or309L

2ndonward 308or308L

304L
1st(Bufferlayer) 309L

2ndonward 308L

316L
1st(Bufferlayer) 309Lor309LMo

2ndonward 316L

321,347
1st(Bufferlayer) 309Lor309LNb

2ndonward 347

405
1st(Bufferlayer) 430Nb 309(L)

2ndonward 410Nb 309(L)

Figure12:Schaefflerdiagramforestimatingferritecontentof
weldmetalobtainedbydissimilarwelding

Figure16:Hardnessdistributionofdissimilarjoint
(PWHT:625°C×30hrs)

Table4:Selectionofweldingconsumables

Figure13:Sigmaphaseprecipitation

Figure17:WeldingsequenceofcladsteelFigure15:DecarburizedandcarburizedlayersafterPWHT
(710°C×32hrs)

(Upperside:309Lweldmetal�Bottomside:Basemetalof
2.25Cr-1Mosteel)

Reference:ASMSpecialtyHandbook“STAINLESSSTEELS”,
ASMInternational
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