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Abstract

The duplex stainless steels (DSS) have many advantagesdue to unique structural
combinationof ferrite and austenitegrains. The structuralchangeof thesematerialsis very
complex during welding and it deterioratesthe functional properties. This research
investigatesdifferent welding processessuch as laser beam, resistance,TIG, friction stir,
submergedarc, and plasmaarc weldings consideringthe researchavailablein the literature.
The welding mechanism,changeof material structureand control parametershave been
analysedfor everywelding process.This analysisclearly showsthat duplex stainlesssteel
meltsin all mostall welding processedut the thermalcycle and maximum heatinput are
different. This difference affects the resulting structureand functional propertiesof weld

significantly.

Key words: welding, weldabilty, ferrite, austenite stainless,steels,structures temperature,

duplex.


mailto:akprama@yahoo.com

1. Introduction

DSS are madeof austeniteand ferrite microstructureg1]. The structureof duplex stainless
steelshasalmostequalpartsof thesephasesafter properheattreatment2]. Thereareseveral
advantage®f this steelgradecompareto generalstainlesssteels.The lesserphaseof this
material should not be less than 30% by volume to maintain required propertiesof this
material. DSS are strongerthantheir constituentq3, 4]. Thosealso havetwice of the yield
strengthscompareto that of austeniticgradeswhile holding worthy ductility and toughness
[5]. The thermal expansioncoefficient and the heat transfer propertiesof the DSS are
intermediatebetweenits constituent.The cost of duplex stainlessis less sensitiveto nickel
price asit containssmalleramountof nickel compareto that of commonausteniticstainless
steel[6].

DSSarequite old materialsandavailablesince1930s.Thefirst-generatiorDSS, suchastype
329 havedecentlocalizedresistancdo corrosionbecausef the high contentsof chromium
andmolybdenumaAlloying with nitrogenhasinspired themanufacturef manyDSS, most of
which are marketedas trademarkedproduces.Among those, 2205 alloy is extensively
availableand the broadly usedsecondgenerationDSS [6]. Many of the secondgeneration
DSS are obtainableas castingsalong with wrought produceswhich have improved the
variety of application of thesealloys. Alloy 2205 is applied to handle the problematic
cracking of tanksand piping of hot water systemdue to stresscorrosion[3]. Duplex alloy
grade2205 hasbeenusedin chemicalcarrier wherethe damagedue to thermalshock may
ariseinto austeniticstainlesssteelin harshand corrosiveenvironmentsWider applicationof
DSSis notedin oil and gasindustriesdue to the favourablearrangemenbf strengthand

corrosionresistancg6, 7].

In mostof the applicationsthe duplexstainlesssteelsneedto undergowelding processwhile
joining two partstogether.The heatingcycle in welding processsignificantly affectsthe
propertiesof thesematerialsaroundthe weldedjoints. During heating(around1350°C) and
holding period, most of the austenitephasesn the duplex structuredissolveinto the ferrite
matrix, and ferrite grainsgrow coarse.During the cooling stagein the temperaturegangeof
1350to 800 °C, austenitere-precipitatesaroundferrite grain boundariesThe final structure
dependon the parameter®f thermalcyclessuchasholding time, peaktemperatureandthe

cooling ratefrom 1350to 800 °C.Among these the rateof cooling from 1350to 800 °Cis
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significant. Usually, high cooling rate result in exceptionallycoarseferrite grains, which is
detrimentalto both mechanicabnd corrosionproperties[3, 8]. However, conversion of
sufficient amountof austeniteand preclusionof intermetallic compoundsare necessaryo
maintain the quality. Generally, greater than 75% (approximately)of ferrite content is
undesirabldor mostof the useg 6]. Extremeexposureof DSSin the rangeof 700-955°Chas
a tendencyto generateintermetallic compoundsof iron, molybdenumand chromium [3].
Thesecompoundsare disadvantageout toughnessand resistanceof corrosion[9]. The
speedof forming thesecompoundsis extremeat 815 to 870°C. The understandingf the
factorsthat affect the weldability of duplex stainlesssteelis critical for practicalapplication
of thesematerialsas the welding processis widely usedto processthose[5, 10, 11]. It is
alreadymentionedthat the balanceof ferritei austeniteremarkablyaffect both the corrosion
and mechanicalbehavioursof DSS [2]. Nearly equal proportionsof austeniteand ferrite
phasegrovide optimumcharacteristic®f this material. The phasebalancein basemetalsis
achieved by an appropriate combination of composition and solution heat treatment.
However,control of the ferrite/austenitébalancein weldsis not as straightforwardasin the
basemetals[12]. The main goal in welding of DSSis to have outstandingcorrosionand
mechanicalcharacteristicsn fusion and heat affectedzonesfor different applications[10].
DSSgenerallydemonstratiomlecentweldability [ 1]. However,the heatingandcoolingcycles
during welding degradethe favourablestructureof thesematerials.Generally,the islandsof
austeniten ferrite aretransverseaswell asparallelto therolling pathin the duplexstainless
steels.However,intergranularand intragranularaustenitegrainsas well asthe coarseferrite
grains are producedduring fusion welding which changethat microstructureof welding
zones[13-15]. It hasbeendemonstratethat microstructure®f weld and heataffectedzones
dependson the cooling rate from peaktemperaturd16]. Thus, properregulationof the weld
metal constituentsand welding parametersare required during the process[15, 17, 18].
Consequentlyijt is expectedthat the ferrite/austenitebalancein fusion zoneis affectedby

type of weldingprocesg 10, 19].

The above discussionclearly shows the importance of the duplex stainlesssteels and
associatedomplexitiesto retainpropertiesof thesematerialsafter welding. Researcherbave
applieddifferentwelding methodsandanalysedhe changeof microstructuresThe changeof
microstructurels a complexprocessand dependson the welding parameter$20-22]. Thus,
the welding of this materialis still challengingbut the availabledatais not well organised,

not linked properly and difficult to follow. Considering the above facts this paper



systematically analysesthe different welding mechanismand subsequentchangesin
microstructurebasedon the researchavailablein the literature. This will be beneficial for
better understandingand comparedifferent welding methods of duplex stain less steal in
easierway and help industry peopleto optimize welding processand minimize the cost of
duplexwelding.

2. Laser beamwelding

In laserbeamwelding, high intensity heasourceis usedwhich causesigh coolingrate after
welding procesq23]. This changeghe behavioursand configurationof DSS[24-26]. At the
time of the solid-statecooling to ambienttemperaturethe o-austenitephasesn the duplex
stainlesssteel nucleate at U-ferrite grain boundaries.The volume of austeniteat room
temperaturelependon the thermalhistory of welding procesq27, 28). Thusit is critical to

control the cooling rate which generallydependson the ma t e rtheranal grgpertiesand
heat input. The rate of cooling can only be controlled by heat input when the material
propertiesdo not change.The heatinput during laserwelding generallydependson speed,
absorptionand power of the laser. Among these,controlling the absorptionis very difficult

asit dependn the beamwavelengthand workpiecematerials.Thus, the heatinput can be
regulatedby laserpoweror welding speed 29, 30]. The increasedateof coolingandhigher
initial temperaturancreasederrite phasein the welded material[27, 29]. Pekkarineret al.,

[29] noted15 percentagéncreaseof ratio of ferrite to austeniteby adjustingthe heatof laser.
Decreasef heatinput andincreaseof speedcanintroducea low cooling ratein a preferable
thermal cycle. Thus, a favourableausteniteferrite ratio can be achievedby regulatingthe
laserheatandthe rateof coolinginstead otsinga filler. The compositionof steeldefinesthe
limits of welding parameterghat control the ferrite-austeniteratio. The 2205 gradeduplex
steel generatesapproximatelyten percentagehigher ferrite count than that in 2101 grade
underthe sameheat input [29]. 2101 gradeduplex steel has lower nickel (1.6%) content
compareto that (5.7%) of 2205 grade duplex steel. Filler metals contain the elementsto

stabilizing austeniteare generally used to recompensehis effect. In addition, nitrogen
enhancedshielding and backing gasesare also believedto reducethe austeniteformation
effectively[31, 32].

According to Mourad et al., [10] the optimal parameterdor butt welding of 2205 duplex
stainlesssteelby carbondioxide type laserare power8 kW, distanceof defocusingd.0 mm,

speed0.5 m/min and rate of gasflow 20 I/min. The macrographf the top and cross
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sectionalviews of the laserbeamweldedjoint producedby the abovementionedparameters
are shownin Fig. 1. In this case,the fusion zoneis slightly tapered(Fig. 1b) which hasa
relatively high depthto width ratio (1.4). It is noteworthythat a symmetricalfusion zonewas
producedaboutthe axis of the laserbeamand the fusion zone interfaceis smoothwith no
inflections (Fig. 1). Higher welding speed( 6 m/min) or a lower laser power ("4 kW)
produceincompleteweld penetrationj.e., a lower ratio of depthto width and unsatisfactory
weld profile. The Fig. 2 demonstratethe weldedstructureof the 2205 DSS basemetal. The
ferrite and austenitephasesare designatecas F and A respectivelyin the micrographs.The
microstructureof duplexconsistf almostequalportionof ferrite andaustenitgphase$10].

Fig. 1 Macrographf (a) thetop and(b) crosssectionalviews of the laserbeamweldedjoint
showing the different welding regions,where BM-basemetal, WM-weld melt, HAZ T heat
affectedzone[10].

Fig. 2 Structureof 2205DDS afterwelding at optimumconditions[10].

Capelloet al., [27] carried out welding testsby making beadson plates. The welding was
performedin 6 kW transversdlow CO; laserwhich generated quality parameteiof M2x8.

A 200 mm parabolicmirror wasusedto focusthe beam.Nz flowed 30 I/min asshieldinggas
at 10 barand 60° from the weldedside. To counterbalancamountof different phasesn the
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weldedjoint, heattreatmentof welded surfacewas done by the samelaser.Fig. 3 displays
that the asweld structurecontainselongatedprimary ferrite which was orientatedaccording
to the directionof heatflux. Austenitewasnotedin smallamountwhich precipitatedasfiner
state primarilyfrom the grainboundarie®f ferrite.

Fig. 3 Fromleft (a) weld metalzonemicrostructure (b) microstructued fusion line[27].

The rangeof laseraffectedregiondependson the distanceof the locationfrom the weld top
[33]. Figure 4 showsthe heat treatedweld structuresat different distancefrom the top
surface.This samplewastreatedat laserpower 1.20kw, scanspeedl mm/sandfocusheight
65 mm. The heattreatedweld metalstructurecontainshigherquantityof austenitevhich was
formed at intragranularlocationsand grain periphery.The figure also showsthat the ferrite
phasedecomposegbartially dueto the growth of the austenitephasefrom the initial coarse

grain peripheriesand formation and/or developmentof slight precipitatesin ferrite grains

[27.

Chenet al., [3] studiedeffect of cooling rate during fusion welding of duplex stainlesssteel
2304wherethe peaktemperaturavas1350 °C whickvasheld for 2sandthencooleddownto
800 °C at different rates,suchs 10, 20, 30, 50 and 100 °C/s.The compositionsof HAZ at
different cooling ratesare presentedn Tablel. The resultsshowthatthe contentof austenite
increaseprogressivelywith thereduction(100-10 °C/s)of the cooling rate.For all the cases,
austenitephasewas surroundedby ferrite phaseand, austenitegrains becomelonger and
broaderwith the decreas®f the rateof cooling. The formationof austenitas organizedby a
parabalancedconversionmechanisni34] wherethe reductionof the cooling rate yields the
dispersionof austenitebalancingelementgN and Ni) and confirmsthe conversionof ferrite
to austenite.



Fig. 4 Weld structureafter heattreatment(a) nearthe top surfaceand(b) 1.1, (c) 2.1 and(d)
2.7 mmbelowthetop[27].

Tablel Amountof differentphase®f 2304DSSat variouscoolingrates

Coolingrate (°C/s) Ferrite (%) Austenite (%)
100 72.2 27.8
50 71.5 28.5
30 68.4 31.6
20 66.1 33.9
10 64.3 35.7

3. Resistancewelding

The resistancewvelding processdoesnot needfiller metaland no castnuggetis formed. It
mergesthe entire adjoining surfacessimultaneoushyby the heat generatedy resistingthe
flow of electricity betweerthe two surfacesln addition,the pressureas appliedwhenheating
is considerablyfinished [35-37]. Initially, the heatingis producedby the irregular arc and
restrictedin the welding area.The weld matesare heatedo the melting point and materialis
pressedut throughthe adjacentareasWhenthe materialis flashedaway aminor arcandthe
heatingare continueduntil the whole surfacesreachthe melting point. The heatis localized



andvery high dueto flashingaction. Thus,the metallurgicalchangesare obviousin the weld
joint [38§].

Kurodaand Shimada[38] obtainedthe temperaturess time graphduring flash butt welding
for superDSS (329J4L). The curvesare given in Fig. 5. The heatingwas regulatedand
heatedto 1373 Kfor 30, 20, and 10 secwhich varied the condition of contactbetweenthe
adjoining samplesThe temperatureehangeduring heatingis known aszig-zagphenomenon
in the curve, continued until the temperaturestarts to drop. The zig-zag phenomenon
confirmsthe joining processThesezig-zagphenomenare hardly shownwhenthe samples
are heatedwithout joining. Consequentlythe zig-zag phenomenonndicatesthe presenceof

flashingactionduringjoining.

The bondingwas not perfectwhenthe welding was heatedto temperatureof 1373K in 10s
nearthe bondasshownin Fig. 6(a). Few attachmentamongaustenitgphasesvere notedbut
the bondingamongferrite phaseds occasional.The microstructuredemonstratesolid state
bonding mechanismamongthe austenitegrains when the heatingtime increasedo 20 sec
(Fig. 6(b). The austenitephaseelongatesand continuesto other sample,and the joining
becomedlawless.However,bondingamongferrite phasesand ferrite to austenitgphasesare
insufficient. When the heatingtime is further increasedio 30 sec, various fine grains are

notedalongthejoining line (Fig. 6(c). This is dueto longerflashactionin slow heating.
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Fig. 5 Temperaturgime curvef flashbutt weldingfor DSS[3§]



Fig. 6 Bondinginterfaceof 329J3LDSS holdingtime: (a) 10, (b) 20, (c)30sec[3§]

Kurodaand Shimada[39] also notedtemperaturdluctuationduring welding the superDSS
with Zr-basedmetallic insert. This showsthe presenceof micro flashing during this kind of
welding. A narrow layer of uniform thicknessintermetalliccompound,suchas ZrCr, forms
in betweenthe DSS andthe Zr-basedinsert. The Zr-basedmaterial becameliquid phaseat
higher heatwhich obtrudedoutsideof the specimen.The projectiondischargedoxide films
onthejoining facesandthe metallurgicalbondingoccursbetweerfreshsurfacesThe joining
of Zr-basedmetallic glasswith ferrite phaseas well as austenitephasein super duplex

stainlesssteelweresuccessful39].
4. Tungsteninert-gaswelding

Tungstenas long lasting electrodeand inert gasfor shielding arc are main componentsn

tungsteninert-gas(TIG) welding [25, 40, 41] wherethe tungstenelectrodeincursan electric
arcwith the workpiecematerialto generatehe heatrequiredto melt downwhich is shielded
by aninert gas[42-45]. Thetrustworthinessandpropertiesof the TIG welding aresuperiorto

that of anyotherarc welding methodq46, 47]. Duplextypefiller materialcanbe usedduring
TIG welding of duplex stainlesssteel. This producesmore austeniticstructureat the TIG

WM compareto other types of welding where no filler materialis used[48]. In addition,
applicationof nitrogenas backinggas substituteghe loss of N at the time of melting and
solidifying stepg49, 50].



The pictureof fusion zoneof 2205DSSis shownin Fig. 7 which showsthatthe structureof

this zone comprisesof austenitephase precipitatedwithin ferrite phasewhere solidified

substructureborders are visible due to quick dispersionof alloying and contaminating
elementsBadiji et al., [5]] divided the heataffectedzone(HAZ) into partially annealedand
overheatedones.The overheatedone(very nearto the fusion boundary)consistsof a lesser
guantity (25%) of austenitecompareto the melted and partly annealedregionswhich is

becauseof the too high topmosttemperaturan this zone. The phasetransformationof this

areatakes place partially during cooling where the time is insufficient for chromium to

disperseall throughthe ferrite phase.The partly heattreatedareaof the HAZ consistsof

substantialdevelopmentof grain compareto that of basemetal (Fig. 8). It seemsthat the

heatingof this portion of the HAZ takesplaceabovethe solutionannealingtemperaturend
large amountof ferrite transformsinto austeniteon cooling. Generally,the central region

which experienceslower cooling rate compareto the fusion boundariesontainshigh amount
of austenite.

Fig. 7 Fusionareain 2205DSS[51]
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Fig. 8 Structuref (a) partially annealedgand(b) overheateghartof the HAZ [51].

Nitrogengasin TIG welding generateshick austeniticphasein the WM (weld metal) as it
hasa strongausteniteforming power. This may introducenitrogenin WM [52] which was
confirmed by Taban[48] with the ferrite contentmeasurementsf 30-35% in the WM by
TIG. It is alreadymentionedthat the amountof ferrite is controlled by the compositionof
WM, the rateof cooling and heatinput during welding [53]. The amountof heatappliedin
TIG welding generallyvariesfrom 3.5 to 4.1 kJ/mm which is higher thanthe upper limit
(3.45kJ/mm)endorsedy the producersof steel[48]. Thus,the higherheatinput deteriorates
behavioursof the weldings.However,thesecanbe improvedby reducingthe runsof welding
which ultimately reducethe numberof heatingandcooling cycleswhile heatingwasdoneto
a certainlimit of temperaturg¢54)]. In addition,Badiji et al.,[51] annealedhe WM, HAZ, and
BM of 2206 DSS at 850°C and notedthe sigma phasesat the interfacesof ferrite-austenite
phases.Theseinterfacesare privileged nucleationlocationsfor the dissimilar formation of
intermetalliccompoundsThe sigmastructuresn DSSform from the breakdownof U ferrite
by eutectoidconversionandit growson the neighbouringl ferrite phasesafter the nucleation
process.The precipitation of Cr23Cs carbidesalso occursfirst at the U-0 interfaces,and
developson the U ferrite grains. The formation and developmentof Cr,3Cs carbidesare
supplementedhroughmovementfrom interfaes of U-2 structuresnto the U phase[51]. No
intermetallicphasesvere notedandthe microstructurecomprisederrite and austenitephases
afteronehour 1050°C anneal.The grain size of U ferrite increasesignificantly comparedo
austenitegrain whenthe annealingtemperaturencreasedrom 1050to 1200 °C thoughthe

destructiorof the uniguebandedstructure wasotedat this temperature rand®1].

The effectsof variousgason the microstructureof the weldswere investigatedoy Sathiyaet
al., [46]. Usually nitrogenis lost and presenceof the elementthat stabilizesferrite is noted

when the shielding gasargonis appliedin GTAW (gastungstenarc welding) joints. This
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causesinevenbalancen thetwo phasesThushigherpercentagef ferrite is noted(shownin
Fig. 9(a)) becausef the higheramountof Mn. Nitrogenplaysanimportantrole asanactive
stabilizerof austeniteandthe weldability of duplexsteelis enhancedy addingthis element
at raisedtemperaturg55, 56]. The austenitephaseis generatedn three modesfrom ferrite.
These are allotrimorphs, Widmanstattenside-plates and intragranular precipitateswhich
dependonthe appliedheatandtemperatureycles[46]. The requiredamountof nitrogencan
be maintainedby selectingright amount of heat and temperaturecycles to reducethe
differencebetweenferrite and austenitecontentin the Ar-shieldedwelding comparedo that
of He-shieldedwelding. In addition, the grainsof the Ar-shieldedweld metalare of better
quality (Fig. 9(a)). The Fig. 9(d) demonstratethat the austenitan the weld metalsare either
intragranular precipitatesor Widmanstattenwhich are diagonalto the long-axis. Higher
amountof Widmanstatteraustenitein the heliumshieldedwelding thanthat in Ar-shielded
weldingis becaus®f the energyrich arcin heliumshieldedwelding.

Fig. 9 (a) Ar-shieldweld metal,(b) Ar-shieldheataffectedzone,(c) He-shieldweld metal(d)
He-shieldheataffectedzone[46]

ConventionalTIG welding canbe improvedby activatedflux. This is knownasactivatedTIG
welding. Oxide, chloride, and fluoride powdersare generallyare dissolvedinto acetoneor
ethanolto makean activatingflux [57]. This enlargeshe penetratiorby 200E300%[58, 59]
which reducesthe weld time, costsand variation of basematerial constituents.Chern et
al.,[57] studiedvariationof the autogenoud |G welding processby using thin layer of the
flux madeof oxidesof Ti, Mn, Si, Mo, andCr to 2205DSS. The structureof the hot rolled

2205 duplex stainlesssteel plate consists of 45.9% and 54.1% ferrite and austenite
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respectively.The percentagesf thesetwo phasesn the DSSwith varioustypesof flux after
twelding areshownin Fig. 10. It showsthatthe percentag®f ferrite improvedfrom 45.9to
63.4% after TIG weld without flux. This is due to solidification of this material as delta
ferrite. Due to higher rate of cooling, the conversionto austenitefrom delta ferrite was
incompletewhich resultedhigheramountof ferrite in weld metal. The oxide fluxes raisethe
percentagef ferrite from 52.3to 57.5%in activatedTIG weld metalwhich is lesserwhen
comparedwith that which was generatedwith no flux. This was resultedbecauseof the
increasedappliedheatwhich reducegherateof cooling. Thus,the conversiornto austeniteof
delta ferrite attainsthe equilibrium phasesand resultsin lower amountof ferrite. Close
percentage®f ferrite (52.3%) and austenite(47.7%) in the weld metalswere note when
SiO; flux wasused[57].
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Fig. 10 Percentagesf ferrite andaustenitavith differenttypesof fluxes [57]

Fig. 11(a) showsthe different welding regions(BM, HAZ and WM) in a GTA weldedjoint
wherewelding parametersvere current110 A, voltage12 V, speedof welding 0.15 m/min
and the rate of shieldinggas (argon)flow 15 I/min [10]. A relatively wider HAZ with the
coarsergrainedzone next to the fusion line was noted. This was broughtaboutfrom nearly
thorough austenitedissolutiondue to heating and successivegrowth of ferrite. The HAZ
comprisesof bigger ferrite with uninterruptedgrids of austeniteand intragranularaustenite
precipitatesat the grain boundariesof ferrite (Fig. 11 (a) and (c)). The Widmanstatten
austenitewhich depositedrom the austenitegrain peripherywas notedin the weld metal. A

crystallographicorientationwith the ferrite was maintainedby the intragranularaustenite
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which nucleatedavourablyalong prior solidified subgrainboundariesTheseare considered
to benormalmicrostructure®f GTA weld [10, 60].

(c

Fig. 11 Optical micrographsof GTA welded joint crosssection.(a) Joint different regions
(BM, HAZ andWM) (b) and(c) Higher magnification$or HAZ region[10].

Eghlimi et al., [61] claddedsuperDSSfiller metalson high strengthsteelsubstratesy the
tungstenarc welding wherepulsedand constantcurrentswereusedto characterizeéhe pulsed
currenteffect on the phasecompositionand microstructureof the claddings.In this casetwo
successivdayersweredepositecon the substratdo reducethe dilution effectin thetop layer.
The microstructuref the claddingsin the top-surfaceproducedby the pulsedand constant
currentsare shownin Fig. 12. Generallyhigher cooling rate occursin the pulsed current
claddingwhich retardsthe transitionfrom ferrite to austeniteat 600ELO00°C [62, 63]. Onthe
otherhand,the constantcurrent(73°C/sinduceslower cooling rate (55°C/s)which facilitates
the diffusion rate of alloying elementsand generatesigher quantitiesof austeniteand may

helpthe precipitationof the intermetalliccompounds§1].
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Fig. 12 Representativiep surface microstructuref claddings:(a) Pulsecturrentand(b)
Constantcurrent.Where,PTA - partiallytransformedaustenite,IGA - intragranular

austenite WA - Widmanstattermustenite anGBA - grainboundaryaustenite[61]

Underlying and side weld metals are reheatedby depositionof the subsequenpassesn
multi-passwelding. The thermalcyclesin thereheatedegionsarevery similar to thoseof the
heat affected zone. Thus, the presenceof intragranularand acicular morphologies of
secondaryausteniteis expected.The austenitegrecipitatedduring the initial weld cooling
and subsequenteheatingare referredas primary austenite( ) and secondaryaustenite(

respectively.lt is provedthat [64, 65 the solidification modeof SDSSsis actually ferriticE
austeniticand 15220% of the austenitephaseremainswhenthe alloy is reheatedo solidus

temperatureThat remainder of primary austenite (01) is usually referredto as partially
transformedaustenitg PTA) which is beneficial[66, 67] asit canobstructthe segregatiorof

chromiumandmolybdenunmat solidustemperature anlimit the graingrowth [61].

The secondaryaustenitewith different morphologiesalso forms suchas, the allotriomorphic
grain boundaryaustenitg GBA) which is reportedto re-precipitateat 1350to 800°C[3]. The
sideplate Widmanstatten austenite (WA) may initiate from the allotriomorphic
austenitehg and/orfrom PTA [69] if enoughtime is given. WA canform by heatingSDSSs
at in therangeof 650to 800 °Cwherediffusion is fast[70, 71]. The intragranularaustenite

(IGA) may form within a -ferrite grains in multi-pass welding which requires more
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undercoolingas a driving force compareto GBA and WA[16] becausef higher activation
energyfor lattice diffusion. Thusthe growthof IGA is lesscompareto GBA andWA phases
as shownin Fig. 12. The predominantlGA precipitationtakesplace in 10061100 °C for

superDSSs[65]. The Fig. 12 showsthat the total amountof the reformedaustenites higher

when constantcurrent is used. With only 30% cooling rate the pulsed current causesa

considerablalifferencein austenitefraction[65]. By comparingthe microstructuresit canbe

seerthatthe constantturrentdevelopamore GBA andWA, but lessIGA [61].

The rate of cooling and amountof undercoolingcontrol the structureof the fusion zone
significantly in pulsed GTAW when similar amountof heat is input [72-75]. The cross
sectionsof the weld by usingdifferent parametersinderthe sameheatinput aregivenin Fig.
13. It presentsthat the depthto-width ratio of weld for pulsed DC is around0.252 (Fig.
13(b)) which is biggerthanthat (0.238) of unpulsedDC weld (Fig. 13(a)) both are at same
temperatureof 25 °C. The ferrite phasesare generallycolumnarin the solidified metal for
unpulsedDC weld (Fig. 13(a)). Theseferrite phasedendto be equiaxed(Fig. 13(b) and (c))
with the applicationof pulsedDC welding and/orthe fasterrateof cooling. However the Fig.
13(c) that the microstructurecontainsalmost fully equiaxedgrains for pulsedDC weld at
7 °C. Table 2 comparesthe GTAW welds with different parametersAround 37 vol% of
austenite carbe achievedin the absenceof nitrogenor postweld heattreatmentwhenthe
weld pool solidifies at a fasterrate of cooling (139°C/s). The pulsedweld metal at 7 °C
containsconsiderableguantity of neededintragranularaustenite (IGA)within the matrix of
the ferrite phase in addition to Widmannstattenaustenite (WA) and grain boundary
austenite (GBA).This brings about even dispersal of hardnessand other mechanical

propertieq 72).

Fig. 13. TheL/D in weld sectionsof the beadon-platefor 2205DSS:(a) 1/0.238 dat 25 °C,
(b) 1/0.252pulseddc at 25 °C, (c) 1/0.275 dat 7 °C, (d) 1/0.244pulseddcat 7 °C[72].
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