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: nncmstchre,corromonandmechanmlproperﬁesaﬁerweldmg lfsuchasmngentcntenaxs_'_ - |

usedmadequatelydesmbeﬂleweldabxhtyofamatena“hentherewomdbabutafewal!oys
‘which could be deemed ‘weidable’. As sich this definition was found to be much to restrictive,
- and the author, Yias defined the term ‘weldability’ 3 fhe ability of a material toretalnlts-:_
'corromonandmechamcalproperhes, suchthatthemtegdtyof an as-welded strucmreundera a
_pamcaﬂarsemceenwronmmtwouldbemamtamedtownhmmceptablehmts W‘ththts )
. definition in mind the weldability ofexparunental low-nickei duplex stainless steels contaunng '
chromium, manganese and nitrogen were assessed.  This assessment was based__on the _
" corrosion and mechanical properties of these alloys ‘which were manyial metal arc welded and
plasma arc welded using a range of heat inpnts. The results of these tests showed that the
wrought and spun cast alloys are readily weldable for the range of heat inputs considered.

As a comparison to the welding charactaristics of the high nitrogen alloys, a commercially
| avaﬂablelughcaxboncontmngspuncastduplex stamless steel, MF36, aﬂoywasusedas a

reference material. This alloy proved invaluable in that not only was it possible to show that -

thls alloy faired poorly in comparison with the high nitrogen containing allays, but thc effect of .
nitrogen 4s an interstitial element in weided stainless steelscoﬂdbeoomparedmththat of
“carbon, The results of the Jatter evaluations showed that mtmgen, unlike carbon, does not have
a detrimentat effect on the corrosion or mechanical properties of these alloys, Prowded it is kept
below the solubihty limit uf'the stainless steel.

The appearanice of the microstructures of the bigh nitrogen containing alloys and the reference
+ alloy in the solution annealed condition, wete maintained after welding, with no ra.mpant ferrite
phase growﬂmrextenswe preulpltahonmthe heat nffected zone for the range of heat mputs_
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20.

_ LITERATURE REVIEW _

2.1 Introduction

| '_-mpmmmwsmmmmamwofmeﬁwyomemWhm
a .annealedmtm'osuucturetymcallymequalammtsofmstemteandfembe However,

: _M&sﬁeﬁsmﬁauungmlm%mhmpmﬁamﬁoﬂheMWmmpm
- are also classed as duplex stainless steefs'. Ithasbmnemmmonprmmm&manoys'
 whose microstructure comprise ferrite and sustenite grains as duplex alloys, while alloys
‘.IWMMMMormmmdmmmwumaﬂvref@wdmasduﬂ'

fphasealloys Thlsrewewmﬂconﬂneitselftothepmperhesofdup]@iswnlesssteels These

- alloys, (which have been commercially available since the 1930'5‘»3), offer excellent localised

cums:onresmebecause ofmeuhxgh chromium andmolybdemnn contemts I-Iowever the
grades which typu:a!ly contain fess than 0.02% nitroger by mass showed p00r corrosion

" resistance and toughness after welding because of the dramatic change in the femte__to_austemte _

) phasebalancealohgtheﬁssionbcmdaryandinsomepansuftheMaﬁ'eaedmm&IAZ)

Because of the poor properties assoclatedmthafemthAZ itis oﬁenneoe.ssaryto apply a
postweldheattreahnentmordawobtamthedemredduplwnncmshudure Thepoor

“weldability of the first generation of duplex stainless steels were improved by the introduction

of argon-oxygen decarburization (AOD) technology and the addition of nitrogen. The HAZ of

" nitrogen contsining duplex stainless steels contained balanced quantities of austenite and ferrite

- inthe as-welded condition” thereby eliminating the need for postweld heat treatment.

The advantageous metallurgical characteristics and properties of duplex s_taiiﬂ;ess steels have
been recognised for many years®. Most duplex stainless steels have excelient corrosion and
stress corrosion cracking resistance, as ve:ll as, the required ductility and weldability necessaty
for fabrication. The yield strength of many duplex grades is about twice that o --onventional
austenitic stainless steels Without nitrogen alloying'. Despite all of these beneficial properties
the anstenitic grades have been nsed more extensively in industry because of their better hot
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wmkmbﬂmyand!owammmmmbntﬂanmnmmmmdevmmms The

o -wstemﬁcgradeshmhomw hawmemmsﬂglymmamwsmﬁmmeoftheh:ghand_'

- mivdinmim ofO 8%, but carbon strengt!mrﬁd zinp!mc stainless sicels containing as mich as 03
_'Wt%Cmalseavailable 'Ihemﬂuenceofcomposmonandatemmmgthe phasebalanoe of';'__'_ o
) | iaustemtewmeandﬁsmﬂuenwonthemommdmmhamcalpmpmhasbeen ' -
" extensivély discussed by Solomon and Devine”, Tmsmwwmmmfomfocusmmmymﬂwf? |

mswﬂurgtcalchmmmcsofmtogmmmgdHPI&MSSbefommdaﬂerwddmg | . |

" _--ﬂucmatmg nickel prices. Another problent commonly associtted with austenitic stainless steels

thmrmmoepﬂﬁhtytos&essmmonmckmg(scmwhmhoﬁmmﬂtsmmqm_'

_ _-jeconomclosm Duple::stmn!essstee!scanﬂmbeuseétombsnmwforthamsmucgmdes K |
R wmmmwmmmmmwwhghmmdmmmmm

 Some. of the commercially available duglex stainless siees tngethﬁ' vith the forrite content -

i'umaﬂyibundmthcsaaﬂoysarehswdmﬁhlel Ascanbeseenﬁ'omthmTable, these doplex L
" .'_-”anoysconeam,betweenwtosowﬁ/o Cr it 13 wi% N, 051020 Wil Mn and some 81

"'-thchmaddedtoamst.ndeomdanm 'I'hef,m'boncontentofmostofﬁ\sa'(loysxshnmdtoa -
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~ Table 1: Typxcal compositions (in percentages by mass) of some .of the commonly used .
duplex stainless steels.

2.2 The m&t&aﬂﬂmn‘gy of duplex stainless sﬁeeﬂs

2, 2.1 The infinence of alloying elements on the phase balance @f duplex
stainless steels,

Figure 1 shows the pseudo-binary phase diagram for the Cr-Ni system containing 70% Fe, The
compositions of most duplex stainless stesls, including those presented in Table 1 fall into the
farrite plus austenite phase field of similar pseudobinary Fe-Cr-Ni diagrams. The size, shape
and extent of tixe ferrite plus austenite phase field which is referred to a3 the gamma loop is
strongly dependent upon the composition of the stainless stesl. By controllmg the composition
of a stainless steel, thetemperatzmemngeoverwhlchtheaustemte_-phaselsmblemaybe
extended. Alloying elements such as nitrogen, nickel, carbon, manganese and copper all act to
expand the gamma loop to higher chromium contents. The effectiveness of each of these
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alloying elements in expanding the gamma loop is summatised by an equivalence formula
referred to as the nickel equivalent. In this formula the effectiveness of eath of these alloying - -
elements are compared with that of nickel This formula has been modiffed extensively over the

' ywswmudetheeﬁ‘emsofomerauomadmuommdmm&ﬁrmardmmﬁmm -
of the alloying additions by altering the coefficients, Inth:sequaﬁonacoeﬁmentofonemeans-'
thattheelementmmstase%cﬁwasmckelmmblhmngtbsmuemw |

1 PRIMARY AUSTENITE—| + PRIMARY DELTA FERRITE —

- | l%ﬁ{o”,_:

i
A

g : Feaey \ :

¥ P | °

: E +* ﬁ lE .3 -

Fl, e\, '

£ 3 % 5 EE|§ %’?‘3‘3 Fe-Cr-Ni _

1 §|g E(E"E12EE pscunommaRy |
SRR EL LH
BT =%z
" CHROMIUN EQUIVALENT —

. +— MICKEL EQUIVALENT

| _ Flgure 1: Schematic pseudobma:y dlagra.m for 70% Fe shomng the sttuctures developed
_ in Fe-Cr-Nl alloys

Other alloying elements such as chromium, molybdenum, silicon and niobium reduce the sizs
and extent of the gamma loop, thereby increasing the extent and stability of the ferrite phase
field. The relative ferrite stabilising ability of the latter elements have been summarised by an
equation refésred to as the chromium equivalent. Table 2 lists the weighting factors for the Cr
and Ni equivalent _tmulae proposed by several investigators” #4942 The weighting
mmmammmmwmmmmmmmam'
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.ahuhtynftheeianemshwabeenwmpmdwﬂlmckelmdchmnnmmspecﬂvdy Thus,a

._-waghlzngi‘actorof30forcarhonwmsldmd1catethatcarbon:smumemorepﬁwaihlthan:_ )

* nickel as an sustenite stabiliser. Thxstablealsoshowsthattheremgeneralagreemembetween“ .
f’_'_'.thewﬂmrsthatCrandMomequauyeﬁ%cqumhﬂmgthem Ly

"I'iickei yhich i is ‘both astrong austemte stablksel and forma', hasbeenused suecessﬁz]ly to

obtain dusi phase m:crostrummres Howwer, the lugh and ﬂuctuahng pnce of riickel has_"._' | B
. prompted stainless steel producers o look for steratives to nickel in austenitic and duplex -

 stainless steels, Althougiaﬂsewelghungﬁcmﬁormanganmmggeststhatmmgmesemhalf

2 effective as Ni in stabilising the austaaite, this has boen repeatedly show to'be incorvect,

o Somareseamhershavastateﬁthatonlytheﬁrsttwopmentoanaddmomw stainless steels
fﬁmchonseﬂ'ectwdyasanmstﬁntefunner“ orthatmce:tainallnys,mangamseisacmmlya

weakfemtefomr""““"’"ﬁ Cerbmhasthes&ongestmstemhmgabﬂmyasmqicatedhy" B

thelughwe:ghhngfaotormxthemckeleqmvalent. However, thedemmantalttﬂ‘ectof; |

. pmpmanon reactions duetolm,ga catbon additions on the corroswnandmechmnca] pfm, etis B

' has forced stamless sbealproducdxs to lixmtfhe cmbon content ofmndem &uple:; stainles 3
to below 0.08% C. The mters&:ﬂal e’lenmt nitrogen is also 2 potent aust&mte ot mser .

- alfthough much d:sagreement exist% bﬁwm authors as o its waghmqg factor 7.1;«10,11,1: Smcs 4 .

. eachmvestlgator considered ad-ﬂ'awltme of alloys the dlsagreﬁmemmaybeasaremﬂt of __
memmmmmmeﬁmmmmmmmmmwmﬁam i
Forexample,Nb VandTiaresh'Onémmdt“fomersandmayremoveN thus mﬂuanc.mgme
'austemhestablhtyand thewelghnngfacﬁnrforﬂ o ' '
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1 1.
05 |05 0.11Mn-D.0085 0.5
30 - | 300 . {248 1210
130 - |260 {184 115
_ | 0.41 ot
| 044
1 {1 : i 1
1 11 2 1
15 15 : 0.48 3
0.5 10 - 0.14 4
0.72
2,20
021
248'

“Table 2: Weighting factors for Cr and Ni equivalents.

Through carefis! ueripulation of the chromium and nickel equivalents, stainless steel producers
have been able to develop a range of duplex stainless steels. The compns:tlons of many duplex

- stainless steels are such that the gamma loop separates the fecrite phaseﬁddlm_:o high and low
tempetature fetrite phase fields, The low temperature ferrite forms from the decomposition of
austenite and is denoted as alpha ferrite, Tn most duplex stamless steels the forrite exists -
contlmmusly from sohdlﬁcanon to room temperature and all the ferrite observed in duplex
stmnlesssteels:sthereforereferredtoasdeltafmhe '

Figure 1 predicts the various structures that will develop when ooolmg various Fe-Cr-Ni
stainless stecls. Alloys falling into zone 1, i.e. alloys with less than 18% Cr equivaient and more
than lz%Niequivalengwﬂlbealmostﬁlﬂywstexﬁﬁcvﬁmvmyﬁtﬂeferﬁtelomd at grain
boundaries or between dendrites. The fetrite which forms is the last phase to solidify and is
enriched in impurities. These impurities expand the freezing temperature rangs and promote
hot cracking. Alloys in zone 2 with a hyper-psmdo-euteWG oompos:hon sohdd‘y pnmanly as
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Y]

_'-'mzstenltewmlnghchrommmfemteretmnedmgmmsordwdmaoores Theaushemtefm‘med )
"__mayformasaremitofapentectcreacﬁmofﬂmfemwmthehqmdormawtectlc o

 reaction The eutectic mode of solidification results mﬂwsegregatmn of alloying clements,

e with the austenite phase being enrichéd in austemte—ﬁ:rmmg elements, and the femha phase '

hangemchedmfemtefonmngelemems, Asthedwemﬂnaqmmeﬂtiﬁmmmmel

) phasebeoommmorestableatmomwmpmm Beycndthegamma.loop,aﬂoyssohd:ﬁmg ’
'-__'_ﬁomthenqumemnym(; Several researchers'®?*# have shown that B and § segregate
-_'-to thefembamhyperpseude-aﬁeonc alloys (mne,SZ to 4), andthe segregaﬂon of these

| hannﬁ:l@ementsto the ferrite will be shcwnlate:tofonnpn:mtauanmmmsome duplex

g Jmless ‘ateels The eﬁ'ect of a]loy parhtiomngupon the corrosion remstance of duplex stamless

ste&smﬁlalsobedlswssed.

- Flgure 1 also dhlstra:tes the premp:tatwn of femte and austenite in Fe-Cr-Ni alloys but various -

| other phases, such as sigma, chi, vanous carbld&sandmlndes, copper precipitates, and

2;2,2; “The mmmrm pmperﬁesz- of mm stain&aés steeis .

) Duplex stamless steels possess attracnve mechamcal properues such as excellent tenslle' |

| properhesasshownm'l‘able 3’ providedthattheyarenotﬂxposedto an embritding heat
treatment cycle. The wide acceptance of duplex stailess steels is not dué to thelr supetior -
rechanical pmpenies, tor the wide variety of products which can be fabncated from these |
alloys, but rather because ofthear superior corrosion and stress oorroslon crackmg vesistarice.
The superior corrosion res:stanoeoﬁ‘aedbytheseﬁmnlﬁssteelsm evidemby themderange '_

' ofaggresswe soluuonsmwhxchﬂwy are used, also presmted in Table 3
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o _.-martenmtehavealsobemobserved Thedetamentaleﬂ:'ectofcmblde,mmdeandmgmaphase -
' prec:plta:tes upmthaoorrosionpmpmw of somé duplex stauﬂessstee]swillbe dzsmmsediater



- Sulpghurie acid, phosphoric acld, nih‘lo

. aold, surgical implants. - i
- | HaS, hoat exchangers, pulp and Paner B

315440 | 590-800 applications -~ i

ABO (min)

_ . y OIand gaaapplicaﬁms. nualaar :
450 [ 700.800 . | epplioations. .

_ o Nﬂric neid, phosphoric acld,
 410-450 §80-900 pdyeﬂwlena production

“Table 3: Tanmle propertles and recommended enviromnents for some duplex stamless
" : steels.

.Thecomonremstanneofastamles:n _ dependsupnnitsabxhtytopamvatemapamuﬂar
enwronment. Alﬂ:oughmuchdebaweonuemngﬂmmechmusmofpaswmst&.the
phenomanonlswalldommem:edandpmwdesthebamsforseleehnganalloyforusema
coﬂo&vemedmnx |

2.2.3 The effect of aﬂlloyimg elements on the passivity of stainless steels

Figure 2 shows the influence of different alloying clements on the shape of an ideal anodic
polarisation curve for stainless steels in sulphuric acid, Chromivm has a lower critical *
passivation potential than iron, so a mixture of the two eletnents will produce an intermediate
critical passivation potential 'Ihebemﬁcaale&‘ectofchronmnnmmmmnewﬂ

, aquawssohmonsmomyﬁ:ﬂywa!mdmweacnhcalchmnnummmemdlz%mmeeded
| Increasing the chromium level beyond 12% results in stainless steels which are more resistant to
aolrosweattackmagwatervaﬁetyofaggressmsoluuon& The addition of nickel to Fe-Cr
y mmﬂmstedsﬁmhumduoesﬂmmucﬂmdemtymmedibrpﬂmmypmmnw
thus making these stainless steels more corrosion resistant than the equivalent iron-chromium
stainless steels.
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" 'The addifion of molybdenum to Fe-Cr-Ni duplex saiuless steels further reduces the crifial
' mrrentdmsrty mcreas:ngtheeasemthwhmhmeaestmnlessstvelspassivaw Smee '

”-_'_'mmmlowmmmawmmmmksdmmnsiowerad)
__ -stmnlesss:eelsarenotantablefuruseiahlghlyomdsmngelectrolytes,mchasmmeacld Some_ o
- :mpmvemem in the properhes ofthese stainfess steels in the trmspasswe nsg:on may be -

obtmnedxfmlybdemmm replaéedwthsihoon (smce1=:111c:0n;mreasee.Em.,,q,)”""i |

mnmmmmmsﬁedsmdemmmﬁﬂasmnganﬁemmlﬂ, malnng

. passivation mare‘dﬁﬁmm. For this reason the manganese content of most commercial duplex -

_-_stmnlesssteelslshxmtedtalessthanZ% Manganaseaddmonsmmndemduplexstmnlessare

_ '_pnmamlyuau-;adtomca'ea.svat'heﬂolubﬂttylmtm?ml:mgemn:n:hemoitemataftez aswellasfc"'
: combmewthpote:mallydeunnentalmﬂphuxtofomMnS | |
- ':Copperaddmonshavebeen&lmdtoreduceﬂwmmmonmteofalloysmreducmgamds,' X
- emecm]lyszﬂplnm&amdm Ithasbeenmggested ﬂxebemeﬁmaleﬁ'ectofoopperlsaresult .

of metallic copper precipitates forming onﬁemrfaoeoﬁfthe alloys, aod the consequent sluﬁoi‘-. -

thecorromon potential (Ew) nﬁothe p.assmarﬂnge""’s"“5 -
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ivngure 2 Schematnc diagram showmg the sﬁ*mt of alloymg e]ements on the charactensucs'
e ofthe anodic polanzatmn cutve for stmnless steels in 0. SMH;SO4.

'_f_"- 2 2.4 'H‘Hne effect of aﬂkoymg element pmn'ﬁntmmmlg on tﬂne a:omsmm mnstmce _
EEA nﬁ' duplex s&amﬂess steels. _ o -

". -"I'hetwophases,fb:nmmdmmsemte,mchib:tvarymgaﬁmhesfortheaﬂoymgelemmwmch_'
" ate commonly used to produce duplex stainless steels, The ferrite stabilising elements such as
 Cx, Mo, i, and Nb wil becote more concentrated in the ferite phase, while the austetite

__ stabilising elements such as Ni; C, IVIn,CuandNbeoomemoreooncentratedmthe ausbemi:e'
' phase ﬂusphenomenomwhwhmkmwnaspwhomng,hasapronoumedeﬁ'ectonﬂw .
| cormmonremstanceofduplexstamlesssteels memmwmchmeauoy—.ngelemam_'
partition to either the ferrite or austenite phaselsdependam upon the annealing tempafature .
'. andthem:erwuvemﬂuenceﬂmttheauowgelmmshaveonmhomeﬁ’
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'mmeMPmemmmpmmmmmmmmmmm B
ofalloymg eiemmts in duplex stainfess sbeels These authors qummﬁed their results bing ¢

'parhuomng coeﬁments, Whichthevcleﬁnedasameasweofthe segregatmn ofallovmg]_ .

elements to cither the ferrite or the austemtephasa A partition meﬁ‘ment of zero, would'_' .
therefore mnthatﬁealloymgelementwevenlydmtﬁbutedbemmefame orausi:emte‘_ .

phases, thaus, nopamhomnghas oecurred. Empmcalmq:res&ons developedbyth&seautlmm

| 'mpwdxctparuuomngcoﬁmentsfortheaﬁoymgelanems& MoandNiwa'e,howava' bnly';' o

- -immdtﬂho!dfarduplexamnlessateelseontammgzomm%chronmmﬂc?%mckelandﬁ_ '

" 10 026 % nitrogen. - Déspite tis, these rosults, however, showed that as the snnealing
tempemmremc:easedﬁmngsﬁ"mo 1270“C,therewasadecreasemﬂleextentofparhhomng. |
ofchronnumandmolybdenumtothefemteplmseandmckelmthemstemtephase ’I‘hlsremit_

_ wmnﬁmmdbyraf&uw&waﬂwmai%omthmughtheF&Cthanmyphaseﬁagmm :

which showed the austenite-plus-ferrite phase field to narrow as the tempemture increased,”

_ '_ﬁewﬂmmﬂapﬁdﬂwwomngphmeﬁﬂa%gmn%cwmﬂmoﬁhedm&
- ._parnuomngofmeaﬂoymgelememsbetweenthephases. Thedegreeofpamuomngﬁmt_%

acwmpamesanmeasemthemneuhngtmnperamewasshownwbelmspmnmmoedm_

a]loysmthhlghermtrogencontem_. Nxtrogenwasalsoshowntohavethegreaﬂeﬁ‘ectm'ﬁ .

thepattmordngofC: andalessereﬁ'ectonthepamtmnmgofNiandMo '

The partmomngofallomng elementsto elﬂlerthefemte ottheaustenuephasecanreaﬂtm

_galvamccouphngbetweenthephases 'Ihtshasheendemonstratedbysndharmdm who L

varied tlte riitrogen content of the duplex alloyFemhumZ?.S Thesr found that at low nitrogen
contents general corrosion occurs preferenmllymtheaustemtewhile in the higher mtrog_en' _

| alldys preferential corrosion alternated between the two phases depending on the envxromnent
Preferential corrosion of the austenite was found to occur in sulphutic and phosphoric acid
environments while hydrochloric acid and. oxidising chioride environments were found to
promotepreferenhaldlssolutlon ufthefemtephase This effect can be explamedbythe
partitioning of nifrogen to the austenite, which raises its corrosion resistance in chloride
containing media (i.e. pitting eavironments). Innon-chloﬁde anwronments, however, t!:ehlgher'
Cr and Mo oontmmng ﬁmtelsgmerallymore corrosion resistant. ' |
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Tt is kiown ihat the fieo corrosion potentials of pure Cr, Fe, and N increase in the order -
] Eum(Cr)<Em(Fe)<w Ifextmvepamuomgof(;rtoﬂxe&mteandrqitothﬁ_ '
mstmteocﬁurs,thefenﬁagmmcanbecmnemo&erdaﬂvewthemstmm The

resulting gmvamceﬁ'eawomaresunmmsmmmssoluﬁonofme ferdte and 2 . -

- decreasedoormsmumteofthems;eme 'Ihalawerconsnderauoms,howevm‘ based on &
_ mmphshcapproaqhwhchwymnmdmthepmuomngofﬂlomgeiemmhmngdiﬁm
| free1:.%01'1‘0.«510:11'mtxse|'£lrk“"aL Inprachca,theacﬁvedlssohmgnofmthmphasewmﬂddependona.
'numberofothervanables, Suchastheheattreahnentoftheaﬂoybefbrewsungmdthe

chenncalenwmnmmltmwhwhhesnngmcanduched” R :

The accelerated dissotution of the ferrite phase and tho decreased corrosion rate of the austeniie
- phase was observed by Symnous’“ after performing opes circuit weight loss expenments on
 SAF 2205 in 2M F,80, +0.1MHCL. The results showed that when the phases are in electrical
contact, the corrosion rate of the duplex alloy is greater than the total corrosion rate of the
' isolated austenite and ferrite phase, Also, theoouomonmteofthefanﬂcphasewasobmed
tobefargreaterthanthecormssonrateofthewstemhcphasemthesamesolutlon Theauﬂlor
therefore wmhdedthatthefe;mephasemasasacnﬁmalanodeforthewstemtephase,
mﬂmmah@acmromonmeofthefemtemmareducedcormsnonratefarthe |
austemtaphas&

2.2.5 The effect of alloy partitioning omn the pnttmg corrosion resistance of
dlnap]ex stamﬂess steels |

Although stain!s steels are prone to several types of corrosion, stress corrosion cracking and
 pitting corrosion is the most comanon and potentially serious form of corrosion encpunte.i_'ed in
- practice. Unlike general corrosion, pitﬁng'oomrsétdiscrete points on the metal surface
corresponding to localised weaknesses in the passive layer. The stability of the passive film and
themulhngp:thngcommonmstanoecanbemprovedbytheaddrhon of a number of
alloying elements as is shown in Table 4** . This table shows that there are & number of afloying
~ elements in stainless steels which move the pitting potential in the more noble direction.
" Although their beneficial effects are both complex and iriteractive, attempts have been made by
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rmearchemmdpmdumofstanﬂesssteelstodevelopa'{nﬁungmdm whmh:sbasedon”
--'chmmcaloompomﬂonandwhmhcanbeusedwpredlctﬂwpuﬁngcommmstm&afthe- .

'.stamlesssteel Ihsndeahas!edtoﬁxedwdopmmtofamngeofpmmw

'. ec;uwalent.s,‘"'*""""“"”"""""""s which can be nsed to roughly rank the. pitting and crevice "
. mmmonwmmaofﬂmnhsssteels ’I’iwmdmhowevermﬂfersﬁ'omamajordmwbackm. S

 thatit doesnotconsmdertheﬁc\ofothaalloymgel&nents,mmm or any form of

- precipitation. mmatmmmmpmgietﬁitﬁngmmmonmﬂnepmemeofmetalhngmldeﬁem
lahoratory testing in accon;;n’ge with ASTM G48 (which assesses the critical pitting

':empmmre(cpr))lsoﬂgmsed TheCPTobtamedﬂ'omthelabaraterytesﬁngha&hower o

| '_bemslwwntohaveveryhmﬁedrelwancetomostsemceemmnmm”"” Guevel et ai
'_'3mbsequaﬂydwelopadafastandacwatemmqueforevﬂuammem 'I'histechmqne,

-'(galvanostaucpolansauonapphodtoanalloydunngamnhmoustemper@remcrease) has

showngoudconeiaﬂonvnthemsﬁngnmonmethods 'Iheauthorsa!soshowedagood
: couetaﬁonbehwmtheCPTsfortheaﬂoysobtmnedbyusmgthenewtechmqae,andan :
empmcal equation developedbyx.metal" which relates the CPT of nitrogen contairing

'stmnlesssteelsandironbaseﬂ alloystothmrchenncalcomposmonbyumng lmear-
| '1m;]m-e;mgressxmlan.‘.ilyses'fn "

| CPT ()= 125,51+ T7.76 N% + 6,35 Mo%-+ 1,74 Cr% - 2,32 Ni% - 1,88 Fo%. oquation 1

The beneficial effects of N, Mo anacr-onmmmavidmt'bymemghweighﬁngm
asmgmdtoiheseelemmsmthe equation, Theequauonshomﬂmtmurmngmtmgen |
contentdramaucallynnprovesthaCPT whwhismagmanent\mthworkdonebysevaﬂother
: invesngaiors’"“'“ Thememmmnsofmﬁogenandmolybdenmnaremmﬂ&mnesmghef”
thanthacoeﬁmentofCrmpectvely,whmhamsmﬂartothecoeﬁmmts ofthese elementsas
- desc:ril:oedbythePR‘:‘";equaixv:ms&ﬁtensmalyreporltedf’m"?""35'?"5""'38 |
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Cr,V,Re, N - {#)

C,TiCsNb 0 .
Mn Sl @y orwithout efiect
N (+) or waak positiva effect
o ®)0RCC
zr,'r_.a,w' mﬂ'toutﬁﬁeet .

- Table 4: T'hee%ctofallomngelmmﬂsmthepathngpotentals of stainless steels in
chloride solutions at room )

mamm'mmﬁon,ﬂwmwanoymgampmﬁ@aﬁngmmmm |
and the austenite phases cari result in greferential pitting of either phase, This has been stiown
in independent studies by Miura et al** and Tsuage et al*, who experimented on * g
 comosion tesistance of 22%Cr-3%Mo duplex stainless steel contaiminig various amounté of
nickel and nitrogen. Theamhorsshowedﬂ:attheprmngmﬂomnmmdﬂwaﬂoyswas‘
determined by the concentration of nitrogen and nickel in the austenite. The results showed
mﬂmthemdmlmmewdmthedupl&xsmﬂessmeehthemmngwmmmsmoe
and the CPT of the sample decreased, while the pitting resistance and the CPT of the samples
| increasedasthemtrogencontmtmm'easedforaﬁxedmm ’I‘heeﬁ‘eatsofNandmonthe

| pxmngmmmonre&mwaswdlastheobwvedpnpmpaganmmthewﬂenﬂephmwere_  o

explamedmtemlsofthemtrogenoomemauonmthewstmbe Asthephasepmentaustemte
mcreasedwrthmcreaamgmckelcontmt,thenﬂrogen conceritration in the austenite decreased,
On the other hand, asﬂlemmgmcontentmnreased, thevoh:meﬁachonofwsfmﬁtenmsed,
but so did the nitrogen content in the austenite. In view of the effects of phase proportions and
partitioning of the alloying elements on the pitting cotrosion resistance, Tsuage et al*® found it
more appropriate to consider the pitting corrosion resistance of the individual phasas rathea'
thanthebulkoompomﬁonwhenconsdemgthaplttmgmstame.

From the preceding discussion it is evident that the extent of alloy partitioning between the
ferrite and austenite phase can have a significant effect on the pitting corrosion resistance of the
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" *smresssm Itthereﬁtmbeoomalmponmnﬁlatboﬂlthefemtemdaumwphasehavethe

_ smePRE,soﬂmhtﬂeornopreferermalpxtung\mﬂoccurmthmatherphase. Tfnsvwlllead
_toanovemllumpwvemmtmthepltungmswnremstme Usmgg,oombmatmnofth(;?

R vanousPRE'sdevdopedandpamnomdataavaﬂableﬁomhtmenmpossi’lewwwhte o
them&ogmmﬂwﬂnecessarytoenmmthatﬂmpﬂhngmmmofboththsmmd
'austemephaseamthesame. Bwauseofﬂmm:renthnntahonofthePRE’sdeveloped,

 (which only considers the effect of alloying elements Cr, Mo, ani'N), and the availability of

* partitioning data from literature, an emmpirical equanon has been developed for a oertam .

wm;:ommaalrangwfduplmswn!esssteds . D |

Toy -
R

) i .}!__..\ R

‘ ; ._; .

2.3, 6 Caﬁwﬂaﬂng an empmwﬁ equamn t@ @mﬂwﬁ éhe s:mncm]i mmgm Hevel O u "
. mq_wmﬂ to ]prevmmt pref@mnml pn‘é:mg COrTosion. L

Numerous resenrch&rs have ShOWE that mtrogen addmons nnprove the pitting corms:on'_‘" )
- resistance of stainless steels™¥*5", Theaddedmtrogenwill,however part:hontuthewstwte:""'_" :

 phase which has been shown to have & lower chromqm and molybdetam content than the .

- femu,phase Themmwlﬂchmtrogen,chromnmandmolybdemmpammnwmherthe' o
femteoraustenmephaselssmmnansemeables Theparhuomngdatahstedmthlswblem : :
obtained! fom literature for duplex stainless steels in the solution annealed condxt:on, (water .

- quenched from appro:umately IOSO“C)amaomr wrthmthefollowng mmpouhonai ranges: -
167<Cr<248 15<Mo<30mel<N<02 Themtrogencontemsmthefemteas o
determined by various authors ﬂ’ﬂwﬁ*mplmﬂmﬂwmuogmmmmmme,- S
wlﬁchmgenaraﬂyacceptedmbemtﬁewgtonofomzm% N'm'ogmaddtﬁonsmexcmsof-

0.042 With, but below the solubiity limit of the dupler ailoy, will therefore be moorpomted"_-f’
| mthmﬂlem.lstemtephase ThereSpechvePREsﬁrthefemteandmmtmte,gwenaspecaﬁc

- alloy composition canthus be modxﬁedtobecome |

PRE&W =103(°/°Cf)+126(339’nMo)+0042 evuatiau2a |
PRE istonite =092(%Cr)+074(3 3%M0)+16m-0042) equanonzb
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| Summszry of Partmonmg B&t&farcr, bio andNin Duplex Stainaass Steels

_ Elementandth Crinee . | Criny | Moind | Molny - Nino Nhy .
Partiioning, fracion of | 108 | 0.92 128 . 074 u-.d_éz Tovoner) |
averageconventrmtion | 0 o} 4 1 SRR
%StandardDevlation - {24  j21 {176 [420 |38 ' [—

| Table 5: Summary of partlhomng data for Cr,__Mo, and Nin duplex stamlessszeels”

- 'I‘hemtmgenaddiﬁonmmmedtopmdmeaduplexstumwthboﬂlphamhavmgﬂwm-
PREvaluecanthe:'eforebeo&ftmmdbyequaungthelattertwoequatlonstoyleldthefollomng-

916Cr+1?2M0+0042 ‘0042 0113 -

'Nm._ BERETE

' Ihsequatloncanbausedasagmdeimewhmattempnngtoopttmxsethepxtungpmpernesofa
- duplex stainless steel. Al&wghﬁwPREeqmuongwenbySednks”hasbeenchomasxmﬂah -
appmachcanbefoﬂowedmobtmnauequanonumnganyoftthREequauonsgwenm |

literature®™> %32 Anthorg Nemato et al®® have attempted to combine the effect that

chemical t:Omposmon and fertite/austenite ratios: have on the plthng resistance of duplex -
stainless steels, Aremﬂtﬁomthxsmsﬂg&.m shown in Figure 3, masc}mnaucplotofPRE -
(Cr+2.Mo+25N) as a function of austenite phase percent, Because of the v sy low sohxbﬂ:ty of
nitrogen in ferrite, thePREforthafemtephasewasappmmatedasCﬁZMo From this plot
msev:adeatthatanopﬂnmmaustemtephasepememwumatwhmhbothaustemteandfernte
have equivaient PRE valugs thelatterphasepementbothfemteamlaustemteareequaﬂy
'hkelytop:t, bannganypu :ttauoﬂeﬁ“ﬂcts ' ' C -
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Flgure 3 Schemanc diagramshomngthechanges inl the PRE ofthe fermaeand m.stemte
' phase as a ﬁmctmn of the austemte phase percem:. _ -

2.3.7 The effect of mten‘mettaﬂﬁnc p]hasw and carbide and nitride pmpnmm
on the corrosion resnstame of dupkex sﬂamless steells

Solomon and Deviné® have reviewed the precipitatiqn cfphaseg other than ferrite and austenite
in the duplex stainless steel USO (20.5% Cr, 7.5% Ni, 2.5% Mo, 1.5% Cu, 0.03% C). The
preclpttatlonbehawour afdﬁbitedbythlsaﬂoymayalsobeﬂlumwveofwhat ncqlrsmather
 duplex stamleesateels, pmuculmiyﬂmsecomauﬁngmmuarmmmtsofm Cu, and C. OF
particular interest s the precipitation of M:Cs, MxC, sigma phase premmtates, and mtrldes )
which form in some duplex stamless steqls

Figure 4 shows the tmpmﬁmﬁ precipitationt curves for various ph#ées ubServe& by the o

" authors in the alloy TI50. The curves give an indication of the cooling rate required to avoid
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N thasetypuofpmhpﬁawﬂ TheauthomsuggwthathCscamdeprwpltatesfmmatelevated
 femperatures of between 950 -1050 °C slong the femtafatmtemte interface, Thls form of
premnmﬁonmaybeavmdedfthemomumethmughﬂmlatterwmpmwmmgemm

-lesathaniﬁnnnutesasshovmmFgure-’l Howevm',avo:dmgmeprecipnahonofl\h&_q. o

_ carbzdeprempﬂatesbyoonMngﬁwmhngrateismomdﬁwlt,asthwtalcelessthanone
.nmutetoformatsoo"c Th:stypeoﬁprecapltateusuaﬂyformsatthefemtefmtmtegl'mn -
-"'boundmes,meaydsobeprwentmthe&mtdfanteandwstmdmstmhegmm”
'---_"boundanes,mdtoalesseranentmthefemteandwstemtegmn& Therapadcoohngmtésf'
- reqmredto avmdthe precipitation of thess types of deleterious carbides mmught material is
" often difficult to achieve, as most rolling schedules employed do not exceed these critacal.:-_'

| coolmgratess’ Rlsﬁwﬂnsmasonﬂmtmoststmnlesssteelsnwnufacturerstyandavmdthe

pmmpstahonofmesedeletmouscmbid&sbyhmrmlgthecarboncontenttobelowoos% S

. Tuc T 3 T &1 ¥ L L L T i L

51096'.
- oo
80

e

: Sﬂﬂ 13

5oy

. 400

TIME (HOURS)

- Figure 4: Temperaturé-ti:ﬁe precip_it#tibn curves for various phases observed in ﬂloy 050,
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The effect of:ﬁtmgmmdelaymgme onset. ofdeietenous carbide and intermetallic phase .
-premprtatescanbefmmdﬁomacorrelauanoftheworkperfomedbyﬁetbslehetals’ and.
Jolly et a*® 'Ihecorrelahon mbatweentheonsetofprempltahonmanAFZZ'I‘ypeaﬂoy(21~ )
 23% Cr, 45-6.5% N, 2.5-3.5% Mo and 0,03% C), containing 0,113% nitrogen aod a smilar
ailoyoomammgoo'?:i%mtmgen. Theaddshonofmu'ogenwasshowntodelaytheonsetof_
Cr;l‘i,chlphase,MnCamds:gmaphassprempatamm 1t was also found that/the carbide
' pmpﬁahonmkmnﬂsobemduwdbymnganmaddahons,bwwsemmganesemm
the solubility of carbon and reduces its admty“ | | |

The clnmmumcontents ofthe cmbldestCs and MGy aremtherange afappromma,elyti-z- o
65% ,whlchlstwotofourmJﬁleamount ofchronnmnmthebase material. The o
: mlmedlate surroundings of the precipitated carbides would therefore be deplesed ofclnomhlm. a S
These areas can become replenished with chromium again by holding the alloy a eaey‘ V
temperatures so that rediffssion of cluom:um from the tulk material to these arc.s.can dp BTN
Prolonged penods at elevated tempemtm’es are. often required because the dt‘ﬁ.s;rn o ‘
chromiuien in iron is considerably slower than that of carbon L4 fron, and the equalisanon pfthe
I.CWMWMMdWIMEMOﬂYOMRMIWhmmm :
required for MxCs precipitation. I healing of the chromium depleted zone does nof ocour,
~ these areas become susceptible to corrosion because their chromijum content roay drrsp betow
the corrosion resistance limit of 11.5% Cr. At the same time the activation potetial steeply
increases®™, marking the beginning of, mtergranular corrosion which progresses slong the
chromium depleted grain boundaries,

The selectwe comosion of Femlmm 225 due to chrom:wn depletxon around chmmium mtnde |
 and carbide precipitates wasobservedby Sridhar et al”aﬁerquenclungthe alloyﬁ'om elevated
- terperstures, The authors showed that with rapid quenching from elevated temperatures, the
 saturation of nitrogeén and carbon in the ferdie was relieved by the formation of chromium
' nitride and carbide presipitates, and by the formation of austenite platelets. This resulted in
chromium depleted regions in the ferrite and along the ferrite/austenite grain buundmes wh:ch
were preferentially attacked when exposedto a corrogive enwronment
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AumorsPozahskyetal” h@wever showedﬂmtthe presence ofe:menmveuhmmmmmde;

pmmpltatesmthemdommtﬂwasmwasmforpmm Insfeadthewthe*s S
showedﬂmtmmepresmofamommghlyacuvemmmmﬂonwdpmmahmwmbe. -

_ -oonﬁnedtomemoreacﬂvamtewlndlmthmrcasewasaprempxtateﬁ‘eemea@menttathe"
_ _'austautephase. Thsmmwasprefermmﬂyaﬁmkedmthamlevelmﬂnswglonwas__' |
Qconmderabltherthanﬂlemmmdmgmeas,tlmoﬁhnngmdncedmmstmmpﬁms

" Perhiaps the most déleterious precipitate that can form in duplex stainless stecls issigmahase,

Thefonmuonofthishardmdbmﬂembamem]hcphaseisfawmedbyhighGMOmmmd
molybdenum contents, and by cold work®™, The presence of sigma phase i increases hardness
“while decreasmg the ductility, notch toughness, and corros&on resistance of duplex stainless -

stechs. Thelosaofmmunremstance:saresuhofthg*edueﬁon ofmalybdmmand"_ Uy

_-chrounumintnefembephase, asthwealloylngelementsareusedupmthefot‘matlonofslgma :

phase, Inordertoprevem sngmaphasefornmtxonmthemphwoftheduplexMess\-n"-__ o

el US0, ﬁmnecwsarytocoolnast%O“leessﬂngtoBmlnma,asshownm o
Flgure.4 Tn most service apphcatmns where duplex stamless steelsareumd, the precaprtatlon' '

_ ofmgmaphaseonlybecomesaproblemwherelongwpowesatelevatedtempmunesare

2.3 Review of the meehmﬁsf;ic eﬁ‘&‘e&:&_s @f ﬁﬁitmgcem |
This sectlonprowdee asummary ofthe mechanistic eﬁbctsofnitmgenm stmnless steels, wblch S

hasbewmorethmadequatelydealtmﬂlhrmey“ There are many theoties pertaining to
themechamsmbywluchmtrogmexthermproves, orhasadetmnmmla&‘ectonthemrmmon :

resistance of staifiless steels. ‘I‘hxssmnmaryshall,however dealmthonlysomeofthemore' o

popular theone&
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2.3.1 The production of amumonia around pit initiation sites improving the
pitting corrosion resistance _

Osozawa sind Okata® have performed several investigations into the effects of nitrogen and
" chromium additions on the pitting corrosion resistance of austenitic stainless steels hav_i_liiga

- Dase composition of 21Cr-22Ni-1.5Mo. Their studies have shown that a 0.2% nitrogen

addition to the base composition stainless stesl, results in an improvement in the pitting
corrosion resistance. The improvement was marifested by a rednction in the pit size and the
" only shight change in the critical pH at which active-to-passive transifion occurred when the
ritrogen addition was mwade. The authors also detected the presence of ammonia afier
corrosion testing the nitrogen containing stainless steel in a 20% ferric chloride solution.
These results led the authors fo speculate that when ritrogen in the steel dissolves, it consumes
protons in the pit to form ammonia. - The ammonia in turn prevents a lowering of the pH in the
pit and helps passivate the pit before i can become a steady growing pit. The proton
consuming reaction of the itrogen has been compared with the similar inkibiting effect that
sodiuen ritrate has on the pitting corrosion resistance by forming ammorium ions as shown in
equation 4 - -
| NO; +10H"* +8¢~ = 3,0+ NH; equation 4

Bandy and van Rooyen" have , however, questioned the validity of this simplistic ammonia
theory as it does not account for the observed synergistic effect between nitrogen,
molybdenum and chromium on the pitting corrosion resistance. '

2.3.2 An improvement in the corrosion resistance of high mmgem
containing stainless steels as a result of an enrichment of mtrogem on
the surface

Studies performed by Bandy et al” on an austenitic stainless steel containing 22Cr-6Mo-21Ni-
0.49N showed an improvement in the localised corrosion resistance and a more stable passive
layer when compared to a similar allojr contmmng no nitrogen, The authors used Augéf

electron and X-ray photoelectron analyms (XPS) to identify a possible mechanism to explam
| the improved pitting propertles observed, The results of their investigation showed the outer
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mﬁwlawﬁhm@dm@oﬁm(aM)ofo&mmmdm&eL Th:s’ .
layer showed the obvlaus absence ofany molybdenum desprte the 6% mulybdenum comgined .
in the base alloy. Iusthelcwthisuuterlayer anappmpeakmtrogenconoentratfdnabaut-

 soven times that observed for the rest of the material was detected. About 75% of this nitrogen.

Iayerwasiocahsedatﬁmemﬁa%mdemte:ﬁmmsohdsoluﬁonmﬂwmﬁal, andnuemdemeof
anyreduoedspemesofnumgensuchasmomnormmdewnsmuldbedetwed

Fmﬂmmmthemnlmmfoundsﬁongewdmmmggesttwﬂwnmngmhyensformedas o

a*eszﬂtoftheselecuverernovaloftheothermetalatomsﬁnmthemterface

2.3.3 ']I'lhe nmpmvemem i ﬂne corrosion resnsmce of high m&mgen _
conntanmmxg austemﬁnc stamﬂess sﬁeeﬂs ffhmugh mmdnc segmgatmm :

_ Anodic -segregaﬁonmaybedeﬁmdasapmess wherebyametamrface”beems enriched
mthanelementorseveralelanentswhlchmayremltinanewm.lrfacaphasedtmngananodw--
dissolution process, Inthecaseoftbeaustemucstamlesssteels,AISISManﬂAISI3l71X, |
comammghlghmtmgen,anthorsCIaytonetaL' ﬁnundthenewsurfacetobeenn%dm*

‘nitrogen in the form of nitrides, Thepresenceofthesemmdeswereshowntodepeaduponthe o

ease of amn.onia and smmonium jon formation duting the anodlc dissolution process The _
authors conclusively showed that mtrOgen anodically segregates at all potentials i m the anodic
dissolution scan, Inthepasmverangebthematalsmfaoewasfoundmbeeunchedm
mnmomummnsbut deﬁcwntmannnmua. However, mthetranspasswe region no annnomum |
ions were detected, instead, the strong presence of adsorbed nitrogen and g lesser amount of

© ammonia was observed, Although the authors have detected this layer they are most unclear |
as to the precise location of this amdically segregated !ayer

2. 3 4 The nmpmvemelmfc i ﬂhe corrosion resnsﬁannce of m&mgenx cmmtammg
austenitic staimless sieels as a result of an ennchment of chremimm
- and melybdenum on the sunn'ﬁt‘ace _

Authors Clayton et al® also investigated the surface charactenstlcs of mtrogen alloyed
austenitic stainless steels 304 atd 316 LX by using XPS analysls Theresults of their
mvestlgattonaiterIDsexposweatOmV(SCE)mZMNaCl+OIMHClat22amd45 °C

LITBRATURE REVIEW 22



showedthepasmveﬁlmtobedmmahmﬂyenudledmchmmmmdmnlybdmm Azzz"c*" .
- mmed%hghmwwmmmmmmm_
%mmm&ﬁmmanddrmmmmm&dwﬂﬁebw«nﬁogmaﬂomwhﬂeaﬂ&

°C the passive layer contgined approximately- 12% more Cr and 25% more Mp. Thé authors - - o

' -f'mwﬁﬂmmemummmthammmmmoﬁhﬁehghmmmng o
: mmmmﬁedsmddbemamﬂtof&emtedmofdrmm&f '
: mnlybdmnnmthesmfaoeﬁlm. ' |

2 4 'E‘l}n mm%mvemem m the wrmsmn msnstmme ﬂf mﬂ:mgenn
COm austemitic stainless steels as a result of the =
o mﬁ.ﬂmahm of am@dnc segrregmmn and ammmnia on the
N su 0L, .

'Levey“too, showedthebawﬁmaleﬁ'eetofmﬁogmmmvmgﬂnﬁ:maﬂm,mﬁemm
and stabillty of the passive flm in astenitic stzinless steels. The mechanism proposed by Levey

oombmes,suppprtsandmpplemantsthewmkafdaymetal“ Winenbmchetal“ and Kim
L etal”“’ andlsmmmansedbelow

" leveypmposesthatwhmﬂmepotenﬁalofthemtalmmmdenwremble,a]loyed .
m&ogmwoﬂdtendtoacmﬂateonmemrfaoe,apmmstamdmdmsegregamnby

_Claytonetal“ THsacﬁmﬁahonwouldszMedduamthacathodmreachonratebemg_ a

reduoedasﬂlepotmﬂalofﬂm&wfwelsmmedwmemdmpotenmls As a result of
Maccumﬂaﬁmonthesurfmqm&ogencompwndﬁrmamnsuchasmmmaand

- Ichnmuamnimdesomwhlchufmtheunpmvedeommnmme The mechanismby - -

which ammonia improves on the stability ofﬂlepasmveﬂhnhasbeenwmmansedpmmusly

Chromiim nicides, however, mpmﬂwmabmwmmﬁmofmepasmvemmby-,;. N

supplymgthacf*xonareqwred ﬁoroﬁdeﬁhyowﬂ:mdmmtenanm. |

W
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-2 5 A Tmmeif mvnew o the me&ﬁmms&w effects of m&ﬂybﬂmuﬂm on
o nmpmvmg the mrmswnn msnstam of sﬂ:&mﬂess sﬂ:ec}ls -'

" Although it is well established that molybdemim can have a dramatic effect on improving the
: -corromunmstmceofs&amlesssteds, muchdebﬁemnstsoverthemntmeohmnsmbywhch_

_ __Mo mertsmchanmﬂumce“ Sameofﬁlese pmpnsed mechamsms,whmhmchdes the _
adsorption ofmolybdate ions, the molybdemm ennchment theory aud the stabﬂlsauou ofthe
chlonde saltﬁlmtheorywill bebneﬂydxswssad. _

2.5 1 I[mcﬁ-eased passnvm&mm of ﬂn@ sumrﬁ'ace filumn ﬂhmukgﬁn tﬁae f@mamom @f
mulybdmﬁe ioms -

h Sevmlmthomhweproposedthatthemwdmpmmntmmepmmgmmmmmncei :

mtﬁmmmgmlybdmummMmasamsu&ofthemnﬁhmentofthesur&ceﬁm w:th::-'

' __molybdatemna"”“*” IthasbeenpmposedﬁiatMoonthestamlesssmelsmfaoaminw o
B solution and fornis a complex molybdate jons (MoD.;"") These molybdate ions reattach -

- themselmwﬂwmetalmrfacemmmes,therebyacoelmﬂngmpasmmnm These o

molybdate mnsarepmposedwenmreahomc:geneous, stable passive film, merebypvecludmg )
theadmrpnonofanyoﬂler:ons,suchasclﬂondes,therebynnpmngthecorrosmresxsﬁance -

' Themolybdatemnstheoryhasbeensubstamatedbyassassmgthepuﬂngcormssonresmtance

of various stanﬂesssteelsmapltﬁng solunoncontammgbothMo and the molybdate ion, Asa

result ofthese stamless steels showing an :mprovement in the pitting corrosion resistance, the

w&ommnduded&attheobservedsynergtshceﬁecthethoandtbemlybdmemwf '
| atherasammﬂtofthemolybdatemnundergomgar&acﬁontofbnnMOOzwhzchfomsa

protectlveﬁlmormﬂfconfemngthepasmvatmnpmperues As the formation OfM(JOzlS

thermodynarmically unfavourable in pitting potential ranges, this mechanism was nejected
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2.5.2 Empmvemem& in ¢he pmmg corrosion resnstamce through @ne
umiybda&e ion stamlmmg the chloride salt ﬁﬂm

'I'hlsproposedthenryhasonlybeenvahdatedﬁ:rnotednnprovmentmthapﬁhngandwwoe -
corrosion resistance in chioride containing environments, ‘The authors propose that a chloride
saltﬁhnexistsov&rthemetalwrfaoeatpotentmlsahowﬂmtofthepxtm:gpotemlalm"’”’ E
is suggested that this film (possibly CrCly) is stabilised by the presence of molybdenum, which
could be in the form of the molybdate ion, thereby decreasing the dissolution rato of this salt
layerandhmceunprowngthepxthngoomsionremstm ‘This theory, unfortunately, is hinged

| mnundtheprmofawrfacechlondesaltﬁlm, audthereforecanno‘beusedmmq)hm
improvements in the corrosion resistance in uon-chloride media.

2.5.3 The eurichument of molybdenum in the surface films.

Amolybdemmmchedpmtechvelayerhasbeenobservedbysome azrtho ”". wae' |
mthomhavewpponedﬂlemﬁndmgsbyargmngthatﬂwomdesofmalybdmare-
-'thermodynamlcaﬂymoreihvourabiethanthoseofeitherchromnnnormwlnchresu}tsman-
enrichment of Mo oti the surface of the material during a dissolution reaction. However, an
overwhelming number of other researcheg ™+76:77 /78 have ot detected any Mo ennchmentm
'thepasmveﬁ]m,mhertheyhaveshomﬂnsﬁlmtohemnchedmchmnnum

2.5.4 An improvement in the corrosion ressswnce as @ resulf of ﬂne
accmmuﬂahon of chromium, nickel and moﬂybdemum bheneath the
- passive ﬂayer

This theory varies from the previously mentioned ones, in that the observed improvement in the
corrosion resistance of stainless steels containing Ni and Mo has been explained by the
observed accunmulation of these alloying elements as well as chromium in the metal surface
layer ™", These authors propose that the accunmiation of the a!loying elements lowers the
dissolution rate of the metal in the active state, thereby improving the corrosion resistance.

=

LITERATURE REVIEW 26




2.6 The corrosion propem@s of @mpﬂex stainless steels aﬁ‘teﬁ'
we dinﬁng. . | o

Inmatﬁemptmnmaseﬂxepmduchoncapamty mostmdusimshavethechmce ofelther_
mstalhnganewprooessormureaangtheeapamtyofemmgeqmpment 'I'hechoweoferthar .

route is frequently accomparied by the use of complicated components which may have been

_mlied,fotgedorcast Theseoomponemsarenearlyalwaysfabmatedbyweldmgbecause

. conventional meuhamcal joining methods such as ‘tacking, riveting and bolting do not

| "Bdequatdymedthemqmmmmmofgoodmmonmmmpmperﬂes“ |
Fhwwertheremacertamdegreeofnmecumthatmo&enmuntmdmwddmgshops |
“\gagedmtheweldmgefstamlessstedcomponmts 'Ihesemsewnueswlnchoﬂenanseasa '
mulmfapoorunderstandmg otthemeta]hugxealpmblemsmcoummd during welding, may "
msomﬁmtancesleadtotheprmnawefaﬂmofthefabncatedcompom Aclearermsnght

| into tlwse fai'lmes can be gained through ‘carefu! consideration of the metaIlurglcaI processes
ocw&mgdunngweldmg Thesepmcesseswhmhmchxdethesohdtﬁcaﬁonaftheweldmetd .
ﬂleremysm]hmﬁonsndprempltanon ofdlﬁ'erentphasesandphasetran&formamnsareeﬁeu |
lughlyummtemnature Iranauemptwmlmnmdmmanycasesevemtopredxctthese
”comphcated prowssw, constitutional dmgrams are often used. However there i§ often a
cermdegmeofuncmmnWamOMedmmumngﬂmeequﬂibmﬁagams(ﬂowheahng
and cooling rates), to represent the rapid heating and cooling rates encountered during ‘welding,
Nevertt <255, a wealth of comprehensive literature winw covers the welding of stainless steels
can be fow.d (over 200 papers referenced by Folkard™®) in which constitutional diagrams are
oﬁénrelatedtoﬂwmetalhrgicalpmcesseswhichomduﬁngwe!ding._ A schematic

- constitutional dl..gram with vatious cooling curves superimposed to it will be used later to
show the influence of chemical oompomtionandcoolmgrates on the microstr “n‘esofvamus
duplexstalnlmsstedsaﬁerweldmg

 Before welding, the properties of z duplex stainless steel in a service environnient can be related
to its chemical composition and the heat treatment to which it bas been subjected. These
properties may, however, be aliered after welding as a result of the rapid and non-lmifbnn
thermal cycles experienced during welding which usually alter the misrostructure of the parent
plate adjacent to the weld metal, This area of the parent plate affected by the welding process
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mrefenedmastheheatm%ctedma{AZLmdmayomondbbeﬁmhmmbdmdedmto

the}ughandlowtemperann'eHAZ Becm:seofpmctwal conmderanons,thealtered '
m:crostmcw:'eofthr.pal‘mtplatecanonlymafewmstamesbemvertedtoltsmmnalfomby'
postweldheatu'eaﬂnumssuchassolunonmﬂmg,quemhmgandtempemg In the as-

- welded condition, the microstructure of the parent plate, HAZ and weld metal mitay emergs ",
- with a solidification structure resembling the microstructure shown in Figure 5.

" Figure 5: Microstructure of & duplex stainless stoel, SAF 2205, after manual metal arc
(MMA) weldmg with an zmstemtxc filler rod 309L

2.7 The mﬁcmsﬁrﬁnéﬂ:m"es fomedl im the HAZ aﬂ‘ﬂ:er welding

DlmgwddingsubmﬂthmmdgmdwnwcmdwdopintheHAZ,MmmeﬁeWthmd
gradients in the vicinity of the ﬁxmonboundaryandbeeomg progresavelylesssteep as the
distance from the fuy'on boundary increases. Depending on the temperature profile across the
HAZ, the microstruture of a welded duplex stainless steel may vary from being fully ferritic
near the fusion boundary to a duplex microstructure matching that of the parent plate®®, A
fully ferritic microstracire along the fusion boundary can form if rapid cooling from the high
temperature fetrite region to room temperature suppresses the formation of avstenite. This
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| zonehasbeenlabe]ledas'a'onthennurosttuémoftheweldedduplexstamlesssteel(SAF o

mﬁsmmeshommFgumSmdtheschemaucdiagmmmlugureﬁ Thes:zeoftha&mta
: gramsmth:szowaredependanuponthet:meandtempmm which this zone is exposed
totlmpeekhmperaturemthedeltaﬂmtephaseﬁeld. Furthermwﬂleparentplate, thepeak

temperatures are lower, (betwesn points 2’ and 'b' in Figare 6), whxchcanreslﬂtmsubsta:maﬂy -

more austenite forming upon coolmg depending upon the cooling rate, Atthoughthepercent
' austemtemthlsmnehasbemshm\m,(ﬁgure@, asbemgdetmnedvmauehnemme-

gatama loop, this schematic only serves to emphamsethechmgmgmtampmﬁmthe_

I—IAZtotheparmtplateand should, therefore, not be considered as accuraté. The austenite
:_hasewlnchfonnsdumgmhmﬁcmwmmmaﬂypmpﬂatealmgthefmntegmn
 boundaties o intergranularly as Widmanstétten side plates and allotromorphs™*, These
austenite allotromorphs may form on reheafing resulting from subsequent weld runs. The
extent of forrite-anstesite transformation is dependent upon the material composition and the
- wweld thermal cycle usedSS5% Tl effect of various weld thermal cycles upon the
transformation behaviour of welded duplex stairless steels will be discussed fater.

' The lower peak temperatures experienced away from the fission boundary may result in local
compositional changes due to segregation as well as precipitation of phases other than austenite
and ferrite. Theprempltat:onnfthese phases in the duplex stainless steels USO has been
discussed prekusly with reference to wrought materials, see Figure 4, Although the cooling
rates expri »nced during the processing of wrought miaterials are considerably slower than the
cooliry rates encouatered during welding, the precipitation of chromium carbides and nitrides
are often observed in welded duplex stainless steels because of the very short times required for
their formation. These precipitates are sually observed in the high temperature HAZ along

 grain boundaries and within the femrite grains. The precipitation. of ¢iromium carbides and

nitrides in the férrite is further promoted as a result of the low solubility of carbon and nitrogen
in the feite. By increasing the solubility of carbon and ritrogen the extent of these precipitates
during welding can be reduced. This can be achieved by increasing the volume fraction of
austenite in the high temperature HAZ by reducing the cooling rate through the garhma loop.
An increase in phase percent austenite increases the sohiblity of aus «ite stabilising elements
‘such as nitrogen and carbon, thereby reducing the precipitation of carbides and ritrides. Using
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mmmwmmw Vmwmu“mggemthatacomm' o

of 8 to 30 sec betweett 800 °C and. 500 °C be used in order to minimiss carbide end nitride
pmpﬂaﬂmmdtomeamﬂaelevdofmﬂememthemz These cooling rates are usually

mcounteredwhenmtametﬁateorhghimtngmawusedthnmgwddmg T"-cprempltatwn -

ofchlphasa,RphasemﬂS“CanbuﬁlmﬂnnnyMWMgwelmngasaMOfthe_ '
mpndooohngratesexpuiamd,seeﬁgurﬂ Almthemamtdmnofagmnpimseismmﬂy
nmmmmwmmmmmmmmwmm '
mheavymctmn;omtswnmlhp!em!dmparopmﬂons“ To minimise unfavourable
corrosion resistance from o preupmtaﬂm,duplex;smnl&essteelsare_umallyweldedm
* preheating and the interpass temperature s fimited to 8 maximum of 150°C-250°C. The fect
‘of precipitation upon the corrosion resistance of welded duplex stainless steels vill be discussed
later. ' '
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1gure 6: Schematic representahon of the microstructures formed durmg solidification of &
welded duplex stamless steel.”
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2 Y Tﬁne effect of wuﬁnuﬁg rate mmdl cchemncaﬂ composition u amm
 the transformation of delta ferrite to austenite aﬂ@}mg
HAZ a:nﬁ' Weﬂaﬂeaﬂ ﬁﬂunpﬂex mlmﬂess steels. S

_Asaremﬂtoftherapldheahngandmohngcyclesexpmmcedduﬂngweldmgﬂle
- transfonnattonbehmowofhothaustenm(v)todeltafa'nte(ﬁ)andﬁtovisresmaedmthe '

- HAZ. Ihea&'ectofchemmalmmpomﬂonmdmohngmwsonth:suwfoma&mbehmnour

” | a&erweldmgwshownmﬁgure?‘s Thebegtmnngof&to?tmsfmmatmnandthe )
corresponding phase percent fekrite after performing a single weld bead of three duplex
: stamiesssteelsatdlﬁbrentcoohngmtesmshown 'Ihpcoohngratesnomaﬂyemountered. |
during welding fall within the cooling curves & and b. A compzison of the phaso percent feite |
: _j_-_-.;-;nbtamedmthealloysaﬁerooblng at different rates from 1350°C to room temperature shows

thatfastcou]mg,curvea,ﬁ‘om thesetanperMesmsu&smnwredeltatbtrﬁeretﬁﬂonﬂ:am _ |

_ slower cooling, curve b, Thedemasemmephaseperuentferntexsanaresultoftheshortw :
t:memtervalthea]loyshavefor&tuvﬁansfomﬁon Themcreasedfenmphasepmentm ,_
' the HAZ cost have a significant effect on the corrosion resistance of tho duplex stainless stesl.

This result clearly demonstrates the tieed for the correct dmwe of heat inputs when welding
platesofd:ﬂ'erentthlclmessmthlckemomponentsformlargerheatmrﬂcswlﬁchmaymultm'
s!owercoolmgratesasoomparedwiﬂltlnnneroomponents o
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Flgure 7. The influence of chemical composmononthe beginning of 3 to b tramfomahon
' tmnpmmfor&reeweldmetalgl‘adesmoledatdxﬁ‘ermmaandb :

As mentioned previously & temperature profile exists along the HAZ with the peak temperature
decreasing ftom the fiision boundary to the parent plate. The cooling rate across this zone may
be similar to cooling curves a or b depending upon the heat input used and the number of weld
passes made, As a result of the decreasing peak temperatures experienced in the HAZ thers is
& decrease in the ferrite phase pércent from the fusion boundary to the parent plate (comparison
 of curves a and b), In the vicinity of the fision zone large ferrite grains are often observed as a
result of the time this zone is held in the delta fusrite phase field aud the rapid cooling tirough
the & to y transformation témpe_rature rangs. In multipass welds the delta ferrite contents are
reduced by approximately 10% i comparison with single pass welds. This i as a resuit of the
 reheating effect prodiced by subsequent welding passes which cause some nf“?he supercooled
deltafemtetowverti‘oaustemte Smcebommsmvefemteoontentsandaooursegram
structurg in nmlt:ple pass welds often exert a nepative influence upon to the comrosion
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resistanog,itiéneoessatywpafcmﬂﬂ'atbﬁiﬁontbthecooﬁngmtehﬂiéamymsformatioh L

temperature range', Farﬂlermtotheparentplatathepeaktempemmresarebelowﬂleﬁtoy
E transt‘ormatlontempemnu‘e, andnophase changasareobsm‘ved '

' Theeﬁeﬂofﬂogmmdmckdupontheﬂansfomaﬁonhehmourofﬂelmfemteto austeriite
is also shov in Figure 7. The addition of nitrogen to the 22Cr-3Mo-5.5Ni duplex: stzinless
' steel(cunre 1) shrﬁsthebegmmngof&to'rtransfonnatmnto higher temperatures, curve 2,
Further additiony af mcknl to the mtmgen contaiiig duplex stainless steel (curve 2), also
-mm%ﬁmym@mhmmmmwmmemﬁmmOmmh@hﬁ
te;npe:mes,__bqth' nitrogen and nickel reduce the influence of cooling rate upon the delta
forrite content and the time for coarse grain formation in the weld metal and HAZ, This results
i finer microstructures and more austeits in these zones. Xt is for this reason that high
* nitrogen stainless steels may be eaSﬂy weldsble, as it is not necessary to specify the mininmm
) _heatmmﬂ(mhngrate)tohmﬂthafemteoontemsmtheHAZw Themﬂuenoeofmtrogen
andmckelalloymguponthﬁdeltafemteoontentlsmdentﬁ'omﬁledramaucdmp mthe&mte
" content of both alloys 2 and 3 compared with alloy 1 for cooling rates a and b, A Fuiher
| 'admmageofmeamgmesmnm{bmommpmmmmgmmﬁmkelm@ng |
is evident in multipass welding,- Bach welding pass, subsequent to the root run would be
eqmvalmttoasolutlonameuhngheatueannem, andwﬂlresmmsomeofﬂlempmooled
delta ferrite transforming to austenite,

The strong austenitising ability of nitrogen is evident in that it not only expands the gamma loop
to higher chromium contents, but also moves the loop to higher temperatures, sece the
schematlcdmgrmnpresented mFigure 8. The actentbywhichhlghnitrogen additions increase
the temperature range of the gamma loop hasnotbemquaxmtaﬁvelymvesugated, and whether
the gamma loop is expanded until the solidus line or just below it still needs to be assessed.
. Either way, the high temperature stability of the austenite, stabilises the dual phase
microstructure during both rapid and slow cooling encountered when using either low or lngh
~ heat inputs respectively. Nitrogen thins has the beneficial effect of restricting forrite grain
growth and fimiting the large forrite phase percents™ typically observed in the HAZ and fusion
boundaries of most duplex stainless steels. By limiting forrite grain growth along the fusion
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.Figure 8: Suhematlc diagram showmg the effects of nitrogen alloying on expandmg the
gamma loop to lughertemp{mhues and chromium contents. '

ﬁwmﬁmofswmlaﬂoymgdementsmchdmgmﬂogmmdmd@mdﬁmnmgtbeﬁnﬂ
HAZ femife coatent is illnstrated in Figure 9%, lﬁep-*mhxerehwdtomthsﬁgm'emdeﬁned-

| asaratmoffemhmngelementsmaustmtmgelmnta,and:sdescﬁbedbyﬂlefollomg
equation™; |

-L
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OIS ST 1206
P ™ iy 30(4C) +26(%.N) + 0.7 M) equation 3

O ‘Thig relaﬁonshlp however, does not mclude all alloying elements added to duplex staiaess |
‘stesls, with the noticeable omission: of the ferrifising effect of molybdenum, Allowance was
- madefortheeﬂbctofmolybdenumaddmonsonthefemtephasepemntmtheHAz by

'.assmnmgﬁsfemﬁmgabﬂttytobee@mlemtathatofduomm ’I‘hewdescatterband_ e
-'shnwnml?igure9isasaresultoftherangeocfheazmputsused(06-16k.r/mm) Auincresse

-ﬂwp-valuelsaccompamedbytheconespondlngmm'easemthephasepmdeltaferntem _
| _"theHAZasamultoftheﬁmstabﬁsmgexemenmowemgmeamymnsfommuon_”
' temperatures, Also, bylowmngthe&toytmnsfomaﬂontemperamres rapldfmtegramf
| 'growthcanoucurasthere:sanmcreasemﬂlempmmremngeoverwhmhthsdeltafa‘ntezs;_
~ stable. These results show the importance ofchenncal compomt:on in cmﬁtmlhng the phase
balamemﬂleHAZandweldnwtaL | - -

o

2.9 The eﬁ'ﬁ'&rt of heat mpau& on the mncn‘@sﬁmcmm and mttnnng |
| con‘r@smna n'eswmnce of Weﬂdeﬁ dupﬂex s&amﬂess steels =

There is much debate sn the eﬂ:‘ect ofneat input in determining the mim'ostnicﬂtuife}aiid pitting
corrosion resistarice in the HAZ of welded duplex stainless steels. The apparent disagreement
as to the choice of high, medium or low heat inpiyts when welding a duplex stainless steel is a5 a
result of & poor deﬂmt!on of the heat mpu‘r ranges. For example, the use of high heat inputs in

' producmg sound - welds with good plttmg corrosiots remstance have _been both
| reoomnwnded"”““””"‘"s and cntmsed"'” The spparent disagreement between those |
- authors . 88 4 =gsult of the poor definition of high heat input ranges. Authors criticising the use
of High &.at inputs, refertohlghheatmputsasmerglesmtheregmnofﬁ k¥/mm, wln%ethosem_
favour «f high heat inputs refer to high heat inputs as values ranging ﬁ'om 2.5k¥/mm to
4,5k¥/mm, Inan_attempttoovcrcometheseditﬁctﬂues the term low heat input’ in this text
shall refer to energy values less than 1.5V/mm, while heat input values between 1.5 - 2.5kHum

LITERATURE REVIEW 34



[

mllberefemdtoasmtennedzateheatmputsamdh:ghheatmputsasvaluesbetweenzs 50
kJ’Imm.

 AUSTEWNITE CONTENT IN THE HAZ [56]

pVALUE

Figure 9; The effect of material p-valpe 6n the final austenite content in the HAZ for
multipass arc welds on 0-13mu thick plate atamless steel. Heat-inputs ranging -
between 0.6-1.6k)/mmn were used, '

' The use of excessively high heat inputs (> 6 kJ/mm) can result in a dsterioration of the

corrosion propefties in the HAZ as a result of the pronounced femite grain growth and
enhanced precipitation of chromium carbides and nitrides™. These precipitates which form
along the ferrite-austenite grain boundaries as a result of the reduced cooling rate, are
preferentially attacked, By cooling slightly more rapidly through the ferrite to austenite
transformation temperature range through the use of intermeliate to high heat inputs the
reversion of ferrite to anstenite and the rediffision of chromiura to chromiusm depleted zones
around chromium nitride or carbide precipitates can be encouraged™#™4%  which may
result in an improvement in the corrosion resistance. However, a more rapid cooling rate
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'mmughﬂwfmntewwstmemm{bmhmtempmmmmge,wmchmusuaﬂymommtmd
-_whenlowheatmputs are used, mayremltsmadechnemcorroslonmstame ‘I‘hﬂpam'er o
. corrosion resistance is oﬁmasa.remlt of the e:denmve precipitation of chromium caltldeand

| * pitrides in and aroundthela:gervolumeﬁachonofmpewooled delta&mte These

_prempltateshavebem shown’”""wtobedetnmelml to the pitting corrosion resistance of .'

. .weldedduplexstamlesssteel metheprewdmgdwwsmomtwmﬂdappwasthmghtheuse'.

'MmmmmwMghhemﬂmumwwm&mommdedforwddmgduplmsmmmds .
Thm,however,camotheusedasagenemlmleasﬂlmhavebeenammberofreportedcases' B

_wherethacompomnonoftbeduplexstamlesssteelshavebeenmchthattheprempnamn o
__ pmblemsmﬁluonedahovehavenotbeenmsﬁﬂlymmomethrmghtheuseofhlghheat -
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3.

EXPERIMENTAL PROCEDURE

3.1 General description of the siloys produced

A set of wrought alloys containing chrotium, molybdenum and mitrogen were produced at

Colunibus Stainless Steel,” These alloys were produced in a 20 kg laboratory scale induction

| ﬁmacetopmduce?kgingdts,whichwérembsequenﬂyhotroﬂeddownm12mmthickness _
'The compositions of these alloys which are desighated by their heat numbers, namely 5661,
5671, 5681, 5471 and 5491, are shown in Table 6. The weldability of these selected alloys -

wereoonmderedﬁaﬂowmgthesucoessﬁﬂdevdopmentofasmesof ‘tiickel less’ duplex _

 stainless steels by Jan Benmekom™, -which combined s aderate corrosion resistance and

 excellent mechanical properties. As a resul of these prefininary findings, Columbus Stainless

found it appropriate to evaluate their welding characteristics in an attempt to assess the
feasibility of these alloys for fisture production purposes. Based on the corrosion and

' mechanical properties of the inftial 40 alloys, developed and tested by van Bennekom, the

author found it appropriate to select the alloys 5471 and 5491 Although these alloys displayed
good pitting corrosion resistaice and ea:ca!lent mechanical prommes, they suffered from poor

* genergl corrosiun resistance. Inanattemptat:mprovmgupw .apoorgeneralcormmon'

resistance of these alloys, molybdenum additi. zis, varyitg from 1%_to 3% wete considered. It
was envisaged that molybdernm additions to these alloys would improve on the corrosion
characteristics by lowering the critical crvent density required for passivation; reduce the
corrosion rate; increise the passive potential range and further improve the pitting resistance.
These initial assumptions were later verified as correct after extensive cotrosion testing, Also,
the selection of these alloys containing molybdenum proved to be excellent choice for assessing
the weldability of these duplex stainless steels. Unfortunately, as a result of inadequate facilities
available, the welding dharacteristios of the wrought alloys were confined to their performance
after a series of MMA, weld runs using low heat inputs were made. Also, as result of some the
wrought alloys containing a larger number of entrapped impurities dus to the poor casting
practice, an evaluation of their corrosion and mechanical properties before and after welding

- became extremely difficult. Repeated tests had to be performed on these alloy i an attempt at

obtaining reproducible results. In some cases however, it was not possible to do repeated tests
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astherewasmsuﬁmmtmatenal available, mdtheresultsobtmnedfrommwetestsgaveremﬂts o
whmhtendedtodewateﬁmnthcobsewedtrmd |

Althoughxtwasmwsagedthatforsomeoftheaﬂoyspmduced, themolybdemtmmntent _
wmlldva:yﬁfomltos%,anddlotherelanentaloompomuonsremamndenncal,ﬂusdldnot
oocurasammltofthed:ﬁmﬁhmencounteredwhencas&ngﬂleseaﬂoy.- Nevertheless, the
 observed changes in the ritrogen level in alloys 5661, 5671 and 5681 (Table 6), are within the
realms of expesimental error, and as such, when comparisons between these afloys are made
| 'mthmthetaxtthareﬁ'ectunlwsothermsestatedshallbeambutedtotheeﬁ'ectofthama;or
- component, namelythat ofmolybdenum. '

As the pro}o;ct had been initially structured to evaluate the weldability of the wrought stainless
steels, extensive corrosion and mechanical tests were performed on these alloys, As w111 be
shown fater, these tests included among others salt spray, electrochermical, immersion,
intergranuli, impact, and tensile testing. After extensively testing these wrought alloys, the
high tensile and yield strengths, coupled with the moderate corrosion resistance of the wronght
éﬁoys had prompted Meta!lurglcal Processes to produoe a set of molybdenum containing spun
cast duplex stainlesy steel tubes, see Table 6 (Tubes 1A, 1B and 1C). As the company was
looking at utilising these alloys as pit props for the mining industry, a qulck, yet effective set of |
corrosion and mechanical tests were performed oia some of these new spun cast tubes. The
results of these tests showed improved tensile ad yield strengths as compared with the
wrought alloys. With these excellent mechanical properties and modc rate corrosion resistance,
the company was able to successfully secure the sale of these tubes as pit props for the mining
industry. Further tests on these spun cast tubes pecformed by Whitefield®® revealed excellent
wear charactesistics in comparison with those of the more expensive SAF2205. Subsequernt to
- these tests, it was decided to evaiuate the effect ofdiﬁ'erentheafinputs on the fensile properties
 ofthese alloys, as the excellent wear and mechanical properties of these alloys could potentially
make these alloys a perfoct substitute of the expensive slleys proposed for backfil tubing in the
mines, For the latter cvaluation, Tube 1A was selected from the three spun cast tubes and this
- alloy was compared with a commercially produced alloy by Metallurgical Processes, MP36,
under the same set of conditions.
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As & resuit of the commercial need for an as assessment of the welding characteristics of the
spun cast tubes, only selected, experimental work was performed. As such it would appear that
theovezalltestmfmanassesmﬁotﬂmwddabﬂityof&mduﬁmﬁm&esssﬂhad
been incomplete. However, the test matrix has been ooberenﬂy structured armmdthe
_ weldabﬂltyofthewrouglﬁmpwmtmnlesssteels,audmaddmm somefuﬁhm‘workonaﬁw.
propemesofaselectednmnberofspuncastwbeshasbemmcluded. Unf‘ortuna.tely,asarmult
ofthedlﬁke:uweldmgtechmquesusedandthechmceofﬁﬂermateualforthewroughtalloys'
and spun cast mb&g-momdmonbetwaenﬂlem were looked for.

6,007 | 0,007 | 0,602 | 0.004 |

Table 6: List of chemical compositions of the alloys tested.

3.2 The reasons behind the choice of welding consumables used.

Numierous researchers have shown that favourable corrosion results from as-weldatl wrought o

duplex stainless steels cun be attained by using a filler rod which is shighii; fuore bighly slloyed

than that of the parent plate, These authors usuélly recommend the use of au mnsmn ﬂllea- -
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matemlforduplexmdmperduplexsmﬂess ~s, n:sﬁsrtmsreasonthawhemughtj
duplex: ssinloss sols wero MMA. welded with 8 309L rod. ‘This choice of tho low catbon
gradnanstemtlcmdwasﬁnthermmwatedbyltswdeusemdustnaﬂyandthefac:that:tls-
readily available, Unfortmately, no comparison could ‘be drawm between the as welded spun
| castmbesamdtheas-weldedwmughtal!oysasamsultofthadrﬁ’ermnweldmgpmc&ssand'
filler wire use. Metalhargmal?moesseshadoptadforthesexm-mnomatedweldmgpmcess,--
plasma—arc-weldmg(PAW),fcrthclrspuncastmbeasthequahtyoftheweldm_prodnoedwas
supetior to that of & MMA. weld which is strongly dependent on the welders experience: Also,
tl:lespuucastmbesoouldnmbephsmanwwaded(PAWDwithmemﬁ]lermafeﬁalasthe
' D«Mchldedwoughtaﬂoysasaremﬂtofthehlgheostofpt.rclwslngtlle309Lﬁllerm -
Instead,ammﬂarﬁﬂermre, namdySOSMowmchwasavmhbleatMemﬂurglcﬂPmmwas-_ -
used.

3.3 '-Machiﬁnﬁng and We]ldlﬁmlg pn‘@ced-m'es

3.3.1 The machmmg amd Wel&mg pmaeﬂure foﬁioweﬂ for pmpmmg the as-
welded corrosion md mechanical samplies,

The wrought alloys produced at Columbus Stislsss St_eel were supplied as 12tm thick plate.
A section of these plates were hot rolfed down to 4 mm for salt spray and immersion corrosion
tests. The as-welded salt spray corrosaon samples were prepared for each of the wrought alloys
by cutting two plates of nominsl dimensions, 85x30%4 mm, and machining a 30° V-notch
groove along the 30 mm face for each pair. The two 30° notched faces were then placed
atongside each other and were MMA welded togetherwithaSOQLﬁllerrodusinglow heat
inputs. Inorderto'adﬁeveasoundweldnm,ihe‘rear’ oftheso"groovaplutéshadto be
tacked before a root run could be made. Once the parent plates were tacked together, these
plateswereﬂ!pped over, placedoﬂoaowamicbadMgMpmdweldedvmhlowheatmputs
Thlsweidmg_procedureensuredthatmmtrapmentofslagorpommtyocumdneartha
surfice of the root run,
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The spun cast tubes were welded using standard plasma-m wekhng teclnnques A

o Ani@mtcdmadnnmgmdwdingmepmﬁonmmedwemthﬁofthesahspmysmpleswas sy
_ _-'..-'usedﬂ)rprepmmgthnas-weidedsamesﬁormmionwmnm The size of the |
~. samples, howeves, differed from that of the as-welded salt spray samplss in that smaffer
_-'-'-samplesofd:menswns,SSﬁG%nnn,wereprepared Also,ati«mmd:mneterho!ewasdnﬂed-._""
'_’:mﬂlesamples,snﬂtatth&eewnﬁescouldhemspmdedmthesoluﬂanbym&ansdfaphsuc_
_ .' _'hoak. Althoughtheholemthﬁ s-mnp!ewasnecessaqr,lt gosedawnmﬁemb!{eproblemmthat_' '
xtwted a’ﬁteforprefaenhalcrememﬁosmn,andasmchmayhaverewltedman _
erraueousassesmoftheMpamngrwstameoftheaﬂoy However, as all of the -
o samplmsuﬁ’eredsamﬂarproblems, andastlnstestwasusedm:clusmlyasacamparatwem‘“
-”?'theabaveproblmwasnomnmdmdsxgmﬁm S |

L m yensile properties of the as-welded alloys were evaluated on Ime tbmlc as—welded p]ates S
- which were prepared by cuting 100x80x12 num septions from each of the wiought alloys and
maahmmgat’:c V—notchgrooveperpendxuﬂartothdlmgthoftheseplam Onice notched this
area wad sequentially welded using & 2.5 rm dismeter 309, welding rod and low heat inputs.
' Bach fime a weld bead was woven, the weld face was thoroughly clearied ard allowed to cool

to room temperature before another overlapping wel run was made. Thesepimwerelater B
'-sectlonedtothereqmredsmeformalungwnsilespemmens,mthmeweldareamtheeenﬁeof' o

mrcmnfemnhalv-notchgroovewasmaclunedﬁ’omthespunwstmbes. 'Ihlsgtoovewasthjn o
sequennaﬂyweldedwnhaSDSMoﬁllaw:re Furthemom,therootrunhadtabeweldedwh -

_ alowheatimutwluchwasmdependentof‘heﬁnﬁlheatmput selectedfortheweldinorderto .
* prevent ‘a burning through’ effect. Finaﬂythemtogmouslyweldedsampleswerepﬁnaredby S

usmglowheatmputsamdmﬂllerm o DRI o ‘j._:.
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33, Z The ﬂﬁ@mﬁmﬁﬂ @mpmmﬂ:im Iﬁf a Emear Heat Afﬁ‘ectedl mee W) fmr o i

ﬁmp&c& ffgsﬁmmg @f the wmuagﬂnt aaﬁﬂnys

“The wrought aﬂoys selected for impact, testing were given & sofution ameahng treatment' |

- nons:stmgﬁfa1050°Chea.ttreahnmtforhalfanhmrfollowedbyawaterquenchmg'_"' _
treatment, Samplesofdmenmmmlaoxmx12nm1wmsecﬁonedﬁ'omtheplms,andwere’ _ |
" .thenaumhalﬂpemendimﬂarmthewﬂmmfam Onesldeofthemufaoewasneuedtom-

:-angleofﬁo whﬂethreeﬂatmweldbeadnmswmmadeonﬂzeatherfaceuﬁng‘owheat '
_ "mputsasshomsshmﬂcaﬂymﬁfigwe 10, Eachumeaweidhaadwasadded,slagandﬂux |

-'ﬁ'omﬂleaustemtwweldmgmd,(309L),wererernovedandthebeadgroundﬂatbeﬁareamﬂ1er
weld was made. Omeamﬂﬁcienﬂyth:ckwe“dwasbuﬂtmmﬁwﬂatfac(},ﬂnsfaoewas;mned |

. vaﬂltheGO“mtchedfaeehyasenesofweldmns Bycmeﬁﬂlyfoﬂowmgﬂ;e!atterpr,aeeﬁm’ea
stratghtﬁssnonhuewasobtamed Unfortunately, asaresultofthenarromessofthHAZm”'

these as-welded mught alloys, (o be discussed later) i notchmg these samlzles (‘m
' accordametoBSlBi Partz 1972) exclusrvelymti:eHAZbecamewwally impossible. The

resultsof melmpact{reswwemthereforehglﬂy scatteredwhwhsomemmtendedmwardsi |

values close to those of the parent plate and at othettests much lowet Altlwugh many
repeated tests were performed on these as-welﬁled plates 1o discernible and reproducible values
~could be aahleved Forthlsreasontlwmsults oft}wsetestshavenot been included into the. |
discussion as these results metely served as 2 vague indication ofthe combmmn ofﬂxe '
toughness ofboﬂltheweldnwwiandpmentplam ' '
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. 308L filer metal

Figure 10: Schematic re;ireseﬁtatidn of the welding procedure followed to achieve a linear

| :M (Ja‘ﬂmﬂaﬁmg and selection of Hm‘eat ﬁmpuﬁﬂ:s uﬁﬂﬁmd

'Ammergtesvarymgﬁ'omﬁ?- lﬁldlmmﬂowheatmput)wereuullsedﬁ)rweldmgﬁw
a:pmnwntalwmughtalluy& "This may have inflienced the component behaviour, but other
research indicated he variations were likely to be small relative to that asociated with the -
* range of material compositions examined™. By measuring the welding current, voltage and
travelspeedoftheweldmgrodacrossthewoﬂ;mﬂlearcenerglesmuldeasdybecﬂculated
vnathefonnula

arc energy or heat input = (voltage x current) /travelspeed
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Foi- some of the Spuncasfuibmhehtmputsmngingﬁfom"sﬁgﬁﬂy Jess than 1 kJ/oin to alighﬂy :
hlgherthanskllmm(lughhm:nputs)wereused ’I‘lwseheatmputswereeasilyacluwedasa
r&slﬂtofﬂleﬂmbﬂﬁyoftheplamarcweldmgequqnnantused -

3.5 Corrosion tests
3.5.1 Potentiodynamic general corrosion tests

Potentiodynamic polarisation scans were pafonned usinig '3 Schiumberger 8I : 1280,
electrochemsical measurement unit, for & selected range of alloys in both the solution annealed
and as-welded condition. The results of these tests which were performed in mixed acid
chioride solutions (0.05M sulphuric acid plus 0.025M sodium chloride) at 25 °C, were

_ melpwtedtbroughtheum of a specialised DC polarication software package (OmegaProDC
consultant). This particuiar mixed acid chloride solution was used as worked performed by van
“Bennekom™ showed that a msunct anodic polarisation can be achieved for mnﬂaranoys

“The electrochervical tests samples were prepared by cutting a sample having dnnmsuons of
approximately 1 czn’ from the experimental wrought alloy plates, For the as-welded wrought
altoys, the samples were sectioned from the edge of the as-welded plates and comptised two
{hirds of the parent plate and a third of the weld metal, A se&f-tapping screw was screwed into
a hole which was drilled in the comer of the sample. An insulating wire was soldered onto the
screw and the sample was mounted it ﬁbregiasé tesin. The exposed surfuce of the sample was
prepared for electrochemical corrosion testing by wet grinding the surface to a 1000 grit finish.
‘The surface of the sample was then washed with alcohol to degrease the surface prior to

~ masking the edges of the sample with Pratley Quickset™ to prevent crevice corrbsiof, All the
electrochemical tests were conducted in & hermostatically controlled water béth to ensure 8
~ constant temperature of 25 °C throughout the scan, Ulirahigh purity argon was bubbled

* through the solution for one hour before the tests were started and was left to bubble through
the solution during the tests. . This proccdm‘e ersured that the solutlon was constantly stirred

- and completely deaerated. '
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Fmaqﬁckasmmtofﬂmgmdmm&mnmtesﬂwspecmmmdmmedmm -

mV below Ecorr for 10 minutes. Thereafier the samples were scanned anodically at o rate of 2

mVisecﬁ‘omtheEooxrtommVabweBom Althoughthescanratewasmorethanthescan

rate suggested in the ASTM standards {C. IGmVIsec), the results obtamed were cons;dea‘ed
aweptnble’asthe;wereusedpnmarﬂyforcompmson 'ﬁereproduclbﬂ:tyof‘theeetests_'_ .

_ wwefomﬂmhegocdmdamofthwmforeachaﬂoymsommmemdandw'..
'wddedeanerecamedwt '

_'nms';eammmmmmomhammmhmmﬂmmmﬁedhym'-' -
addiion of various necks to permit the introduction of two praphite counter electrodes, 2 gas
bubbler, asan1pleandasamratedCalomelrefereMeelecimde, allofwlunhcmﬁonntoASIM '
'G5 standard.  This configuration, which is showi. in Figure 11, wasthenmmmtedmthe"
 électrochemical measurement unit,

3 5.2 Salg Spmy Cormsmm Testing

Thesaltspmycomslontestlsawaggfm auoeleratedemosuretestwinchmhsesas%
sodium chloride water solution at 35 °C. Salt spray samples of nominal dirmensions 80x60:4

- mm were cut from both the parent and as-welded plates of the wrought alloys, These samples
werethwpohshedmamennmnahumnaﬁmhalmgmh'ofthefaées,degma@dm
acetone; pasmvatedm?mﬂmosformmumesandﬂmnplaced in the salt spraycabmetfor
1200 hours.

A similar cleaning and passivation treatment was given to the reférence as-welded duplex spun
cast tube MP'36 and Tube 1A for the range of heat inputs considered. The results from these |
wstsmgethez‘mththeremﬂtsﬁ'omthewrought alloysmdmatedthatntwasnotneaessaryto
perﬁwnnanyﬂ:rﬂlersaltspruvtests onthe spuncast'rubm 1B and 1C.

The-salt sprayteatparameterswere chosen to conform to the SABS standard, theDiN 50021
standard and the ASTM B117 standard, Table 7 shows the range allowed in sach of the
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standards a3 well as the conditions under which the tests were performeed. The saiiles were

" inspected every 48 hours to assess the extent of corrosion occurnng.
j
b
Graphiia couminr elocixoday 3
)Y ' -~ Baturated calosmel m_ﬁemmd'cle,cmﬁe
I Argen gas hubbler :
ModiGied I kiler flask

Flgm'eil Thsﬁguwslmwstheelectochenncalceﬂset—upusedm&uheconﬁgurahonof
thecellapparatusinrelauonwthesnmplemeleatrodes

All the st spray samples snowed no signs of comosion under the standard test conditions for

the as-welded and solution annesled wrovght and spun cast tubes after the 1200 hours

exposnmtothesaltsmymwmnmmt. Asmnh,nocmnparahveremltsorphotogmphshm
 been included into the discussion section. .
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‘Table 7: Sak spray standards and tests conditions.

3.5.3 Cyclic Polarization Scans

The%stsamplasuéedférthecycﬁcpolaﬁsaﬁonscans,weregrounddmtba 1000 grit $iC
- paper finish, These samples were then degreased with alcohol, and passivated in approximately
50% niitric acid, at 60 °C, for 30 minutes. This passivation treatment was chosen over the

Passivaﬁcmtréannentgivenpﬁorto potentiodynamic testing, as it was necessary to ensure that .

a uniform oxide layer covered the sample surface, in this way ensuring that o crevicing along
the ednes of the coated samples would occur  With the passivation treatment used during

 potentiodynamic testing  rere crevicing was observed during cyclic polarisation, After the
fiirio acid passivation treatment wrought and MP36 semples were thoroughly rinsed with water
in order to remove any residual nitric acid, The edges of these samples were ther coated with
Pratley™ quick set resin, to prevent any crev:cmg effects along the edges. Tmmediately prior to
t&smg,thesutface of the sampleswererubbed with alumina paste to remove any grease from
the surface, The presence oftheepaxymaslungalongtheedgeswould effectively protect the
oxide layer at the edges thereby preventing crevice corrosion,

Pﬁortoﬂlecyclicpcjlarisaﬁonscansbeing performed the atloys were aflowed to remain in the - '
deaerated 0.025M NaCi solution for 1 hour to allow the alloys to reach their free corrosion
potentials. An anodic polarisation potential was then applied to the samples at a scan rate of 2
mV/sec, from the free oorrosion potent:a] and the scans were reversed once a current density
of 2 mA/en® was exceeded, ' '
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mV/m&ommeﬁeemmmmmLmdmemwmmmomamdmmy E
of 2 mA/em’ wasexceeded |

: Inorderto detectdlstmntplttmg potenhals forthewmught alloysa senes of cychc polansat:on :
- scanswereperﬁmnedmamngeofchlondecontanmgsokmons Inthemoreaggress:ve .
chloride 1 ion solunons, greater than 0. 1i chilofide ion concentration, the samples mﬂ"m'ed
" 'seva‘ecrewmngandmdlsumtp:ﬂmgpotelmalwasobserved. However, dlsﬁmtp;mng
: potenha!swereobserveﬁmamuchlessaggmsweoozmdﬂonde contannng solutton Aﬂa'"'-'
o 'perfonmnganumnmmofthreetests,atmomtempemture, on each of the alloys, s‘eproduuible"
| audmnmwmemmngpmﬂsforﬂmmpmmtﬂwmugbtmmelwmobm&

g Cyc.lwpolansahon scans were slso performed on the spun cast tube MP36 in the as-reoerved _
“and as-welded condition with varying heat inputs. Consistent with the potentiodynamic soan
saﬂiple'preﬁaraﬁén method used, the as-welded spun cast tube samples were cut from the edge
of the wdded zofe which encompassed two thirds of the parent plate and 2 third of tha weld
meta! Thesemmweﬂsoperfomdmo 025M NaCl solus® t25°C

3.5.4 Total immersion in a 6% ferric chloride solution,

The relative pitting resistance of the wrought alloys in both the solution ansaled and as-welded
condition as wel as the spun cast tube MP36 i the as-welded condition (different beat inputs)
were also determined, These tests were performed through total immersion corrosion in a 6%
" ferric chloride soluﬂonatZS °C in accordance with the ASTM standard G48. Prior to testing
" the samples were oarefu]lywelghedtothenearestoomg and the dimensions were car&ﬁjlly
measured. These samples were also thoroughly cleaned with alcohol prior to immersion in the
test solution. After 92 hours immersion in the test solution at room temperature, the samples
wmeranoved,wgomuslyclemedmthambmsh,nnssdthomughlymthwamrand cleaned
with alcohol in an ultrasonic bath. Once the residual ferric chloride staing and corrosion

EXPERIMENTAL PROCEDURE 48



pmductwmmmovedthesaznplmmreagmnwatelywelghedta datenmnethewexght'_{

loss.
355 Total immersion in a 1M sulphuric acid solution.

The general corrosion resistance of the wrougt allogs in both the solution annealed a3 as-
_ we!dedconditlon, aswellasmespuncastmbw lAandMPBtSweldadwmhdlﬂa‘ermtheat
inputs were assessed in 1M sulphuric acid. This solution, however, proved to be nmst-

aggresswe,andasmchﬂ:et&ntssampleshadtobermmvedaﬁﬁ4houm

356 Imtczgmmular corrosion tests

As there is no specific standard for detecting the susceptibility to intergranular atiack in duples
stainless stesls the ASTM standard A 262-85-practice B was adopted. . As this test was.
Sp“cl.ﬂca]ly intended to essess the susceptibility of as-welded alloys and/or pareht“‘plates to
Mergramﬂmattadcasamam&thepmpuauonofwb:des,mmdamdmgmaphase, it
wouki be ideal to evaluate - themtetgramﬂarcomnnresmtanceofthe expenmzntalduplmc
stam!esssteels. Also,asth:stwtwas_dmmdformﬁm%m&m&ﬁwasfeltthatthete@
cmditions-eouldhmwentooaggressiveforthempeﬁmmml alloys: As such the test was
 periodically stopped and the samples assessed for the extent of intergranular corrosion. The
mtpennxmalwroughta]loysperﬁ)rmed extremely well, and the tests were conducted for the
required five days as required by the standards, However, the extensive precipltatlon problems
 ‘with the experimental alloy MP36, (to be discussed later), made it impossible to coraplete the
 tests after the suggested five day period, instead the samples had to be removed afier 3 dags.

Intergra.rmlar samples of notninal dimensions 40x40x3 mm were ground and -polis_héd toal
micron diamond finish on each of the faces. The as-welded wrought specimens were cut so
that no more than 13 men width of unaffected base metal was included on either side of the
weld area. The samples were then measured to determine the surface ares, degreased in
acetone and dried with ~lcohol before weighing them to the nearest milligram. Once the
 samples wers prepared they were placed on a glass stand and immersed into the boiling ferric
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were first thoroughly rinsed with water and aloohol fllowed by dryig before any weight loss

.

— cohdépsartixhe

bolling Sulphuric acld

tast sampla

f~— heating plate

Figure 12: The orientation of the test samples suspended on s glass cradle in the ferric
sulpbate - 50% sulphuric acid test solution, _

3.6 Mechaniwﬂ' Testing -

3.6.1 Tensile Testing

Tensile test samples of 16 mm gauge length and 7 mm diameter were machined from both the
parent and as-welded wrought plates and spun cast stainless steel tubes. The orientation of
these tensile specimens from the wrought alloys and spun cast tubes are shown schematically in
Figure 13 &, The tensile tests were conducted at room temperature using a sttain rate of 4.5
mm/mitaite. This steain rate is in excess of the maximum strain rate suggested in the ASTM
standard E8 of 0.048 mm/minute for sccurete defemination of loads and strains near the yield
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_ pomt Hnmver,theshmnra:emwellvnthmﬁnemmcalmmeof%mmwfor
| 'mmmdammmofmeUTSasspeaﬁe&mASTMEs o

Flgm‘e 13 Thedmacuon of the tensile specitmens t7sen from the spun cast tubes.

.3 6. 2 Empmct tesﬂ.mg

__-Charpynnpactspemmensofdunenﬂons wxmmmmweremcmeaﬁrommandas-? |
* welded afloy plates. - The preparation of the as-welded wrought alloy plates have been
dimssedprevxously(seeseaﬁunswj Ammummot‘thraennpacttestswereoonductedat

| momtemperaﬂn’emanatﬁemptataslnevmgrepro@m’bleremﬂts
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3;."7 Microhardness Tests

3.7.1 Mncroﬁmmﬂm@ss seross the fmsnum Emmdary of ﬂne as—weﬁde& spmm cast
 duplex alloys.

" & seties of microhardness tests were methodically performed from the weld metal to the parent
- plate using a microhardness testing machine. Inan-att_emptatachievingreproduci’oleremltsa.
winimum of three microbardness indentations were performed at each localised area as shown
in Figure 14, These squal localised points were defined by using the fusion boundary as the
 reference point and procesding a fixed distance either side of the fusion boundary. For these
tests & load of 30 g and a dwell time of 5 seconds was used, -

viedd inatol
+— fusssion boundary

The unmacked armows show the arcas considered equivilent

Figure 14; Thzsﬁgureshowsthemethodusedtolocatemmﬂarwgmnsacmsstheﬁlsmn
bmmdmyforhmﬂnessmmnm

3.8 Etchants used for mmﬂﬂq}grapﬁﬁic examination of the alloys.

Samples from both the parent and as-welded wrought and spun cast duplex stainless steels
were examined under the optical microscope in both the longitudinal and transverse directions.
These samples were all given a 1 micron diamond surface finish prior to etching. Dip etching in
~ a modified Berahas etching solution proved extremely useful in revealing tho general
nﬁerostrucmreofthésealloys,whileelectrolyﬁcetchingin 10 M oxalic acid was used to
highlight any chromium carbide and nitride type precipitates. The electrolytic etching voltage
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voliage and fime varied form 7 to 10V and 10 o 30 seconds respectively, depending on the

| Themwﬂsab@nedﬁvmthemagramﬂarmmedegmaphasepmpmwﬂd'
' _havecocu!redaﬂea'weldmgmsmneaﬂoys Inanattempttoconﬁrmthlstheory,tlieseas-."
"wmmmmmmmmzomxoaﬁrmmmmmmv |
' Unﬁbrhmately thlsetchmgtechmquedndnotrevealanymgmaphaseprecxpﬂanonfortherange:'

o ofvnltagesandtmwsconmdemd. _ :

39 The use of the Scanning Electron Microscope (SEM)
Sefected specimens from the Charpy impact tests were examined in the SEM (JOEL 100)111

ordertostudythemodeoffai‘mre Thmemn&honsprovedmvaiuablemﬂlatthem:edv __
ductile-brittle mode offalhn'ewas shiown to oceur consistently in all the duplex stairfess steels.

| Thesmwasalsousedtoldenﬂfyanypreﬁrmmalcormmon ocmrnngaﬁercormslonteshng o
" in. various media. mmmmmmcharlyshowedﬂwdxssohmonofmtherfmﬁeor'_ -

ausbemtea;&erelectrocheamcalteshngat apammlarpotmnalasweﬁasﬂwm-gmnﬂarmode
. ofattackmﬂwHAZ ofthe as—welded alloys. -

Inadditlontotheahove, the e:dent ofmanganese and chrommn partrhonmg between tha_. o

"austemteandfemtephaseswereexmnedandanalysedusmngDAX(Euergydmperswe"
analymsqu-ray)ﬁamlityontheSEIvIusedtmdent:ﬂ(wlnchphaseshadcormdedandwhmh .
phasesbehavedmaduchletobnttlemanner B

Al the specimens studiod were carbon coated to faclitate electron conduction across the
- surface of the specimens and to rgduée the charging etfect on the pfedpitat_m,'panicula'rly |
during analyses, | ' . o
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i mmws AND DISCUSSTON

4 1 'ﬁ‘ﬁm muemsﬁn‘ummm @E &he emmm&maﬂ aﬂﬁays beﬁ‘@m amﬂ
| mmr W@I éﬁung - |

The nncrosuucmres,ofme a:penmemal wroughtand cast alloys were examined both before -

gﬁew;&ldmg Pnortoweldmg,thennmeuuctm ofthe@apenmemalmughtaﬂoysm. :
tiwrsuluﬁon a!mealed oondltlon (1050 °C Water qwench heat treatnmlt), conmsted of aimost
equal parts off&me andaustmamas shown by the typlcal mismstmcture shown in Figure 15,
Thsmmmdmesemmmmﬁﬂmgmwoyshadchmgeﬁmshghﬂyaﬁer
Mweldmgﬁemumng low heat mputs 0.7t 1.6 k¥/mm). F:gure 16 shows a typical
microstruciure of a welded eupeﬁmm aﬂoyntlowmagnﬁcauon Acompmsonbetweenthe "
uncrostruchnres shown in Figure 15 and 16 (although at different magmﬁcanons), shows that
aﬁerweldmgtheregtc ‘ad]aaenttratheﬁmonboundary dlsplayssmnefantegtmngromh )
Thlszaonehowwerls mttremelynarrow amdhasbeu bsetved to hat'eanaveragemdthof" -
appmmnmaymmmromtressunnamthoseoftheotheras-v.emed. ﬂu@ﬁplﬁtﬁ. Asdlight
dxsfancewayﬁ'omﬂusregmn,meg'mnmesmmmmmﬂerﬂhmﬂmOfm»pammPﬁe )
Unfortunately as a rewilt of the rarrewness of this region it was nor possible to accurately
determine the phase percents by image analyses. As an estimate, the total width of the HAZ in
these as-welded wrought plates was 1 larger than 150 micro metres. This is in stark contrast
to the microstructure of a commercial duplex stainlost steel, SAF2205, weld'sd using the same
heat input and filler material, as shown in Figure 5, The microstructure of the SAF2205 shows
the clagsical HAZ, with large ferrite grain growth which becomes progressively less noticeable
further into the parent plate. Degending on the heat input used, eitler low or high, the extent
of this region may be dramatically modified. - |

‘The microstructures of the spun cast alloys welded with the range of heat mputs (1 to 4 kJfmm)
was very similar to that of the as-welded wrought alloys. A plausible explanation for the very
narrow HAZ observed for iheas»welded'all_oysoouldbeasa,result of the effects of the
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intershﬂdelements,carbonmdmbrogmmﬂwgamahep(aq)mongmn'

o

Nomdmofmypmpﬁaﬁon(chmmnunwmdgchmmummmdemdﬁgmphma)mm .
bedatected ﬂ:emughtaﬂoysmﬁesohaﬁmmmealedwh@morthaspuncastmbeam'
thsas-wcawadcondman

y

Flgure 15: Mwmstmdme of the experimmtul 17%-TMn-2Mo alloys in the 301““0“ )
annealedcondmon. Mngmﬂcahon 1005 -
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Figure 16: A typical microstructure of the expemnental 17%Cr-7Mn- Zﬁdo wrought alloy
in the as-welded condition. Magnification 100x

Fxgure ITmowsawcdmmsmwuneofanas-WdedhghmolybdmmOommmngdupm
Waﬂoy,ﬁomg]omhsedmmpﬁhmofchommmmmmembmmdm&
in the HAZ, TheSepmmp!taﬁeswereobsewedmaﬂoftheas-wddedwrwgh:plat&smboth
It is surprisingly though that the high nitrogen contmnmgauoys.also,showedtheseprempxtates,
although the nitrogen content for the high nitrogen containing duplex stainless steels are well
below the solubility limit™ for these alloys. in the as-welded condition. These precipitates have
beenmoreaucmatdychamcteﬁsedﬂmoughﬁiEM-workonthese alloys which were held at
temperatures ranging between 650 - 950 °C. The TEM results showed the distinct
precipitation of needl like Cr;N precipitates near the ferrite grain boundaries as shown in -
Figure 18, Incouuasttothehlghmuogenalloys,mereﬁmceaﬂoymmmmngoz%cmowed
evidence of extensive precipitation, as is showanm 19, Although this figure shows 2
~ continuous networkofchnumumcmbldespredpnatesmmnandalongthefe:megrmn
bmmdanes,asmﬂlarmtworkwa_sobsewedforthel\fﬂ% alloy along the fusion boundary.,
Although TEM work has not been performed on this alloy to characterise the type of
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mmmmmmmmmommmmpmmmmmm '
bemgofthstypeCrnCa. ' '

' Figure 17: A typical microstructure of an as-welded high molybdenum containing alloy,
: showing localised precipitation of chromium nitrides along the gram boundmes
in the HAZ, Mngmﬁcatmn' 500x

Although a sinple test for sigma phase, namely electrolytic etching in 10M KOH for several
seconds, asweﬂasdnpetdmgmBerahasreagemshowedmwm'bleewdmeofdgmaphase '
precipitates it both the high nitrogen and high molybdelmm containing alloys in the as-welded
| mndniémnwmotbecategoncaﬁystmdthatmwepmpuatesdo not exist. ‘The results of
the intergranular cotrosion tests peformed in accordance with ASTM A262 indicate that
minute quantities of these precipitates could be present in thess'alloys. ‘This intergranular test
evaluates for the presence of both the precipitation of chromium carbides/nitrides and sigtna
phase, and although chromium carbides and mitrides have been positively identified, these
precipitates ocour in a very localised area in minute quantities, and catot solely account for the
extensive attack observed. Also, from the temperature time precipitation diagram of alloy US0,
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Flgm‘ﬂ 13 TEM rmcrograph shawmg neadle hke chmmmm mtnde {CroN) preclprtatas
o nearthefemte grmnbmdaﬂes,
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TFigure 19: The extensive precipitation of chromium tmbldes observed throughout the -
crostructure of the reference alloy MP36, Mlgmﬁcauon. 1000x.

4 2 The need to use a welding simulator in order to characterize
the precipitates formed in the HAZ and measure the
corrosion rates across the HAZ

As & rosult of the narrow HAZ snd apparent Jack of precipitation reactions in the HAZ of the
molybdenun containing alloys, a need to simulate 2 HAZ had become appatent. Through the
use of this simulator, both the changing phase percents and the precipitatior: reactions at each
temperature actoss the HAZ, ranging frof 1400 °C to about 700 °C, could be studied more
. accurately. Also, by simulating the HAZ accurately, the corrosion rates cotresponding to a
particular peak temperature in the HAZ could be assessed electrochersically. In this manter,
 any observed pitting or general corfosion problems associated with a particulat temperaturs or
temperature range could be identified, The use of a welding simulator would therefore have
pmwdedanmeﬂentbamsmﬁmhenngmmderstandmgofﬂwpmoessesoowmngdumg '
welding of these alloys, Unfortunately, sponsoring company did not want the suthor to
perform these expetiments and preveated him ffom using equipment that was avilable at the
University of Pretoria. As a result of this setback, the author attempted simulating the HAZ, by
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'_Mngpomomofthemhummealedmmpl&nmvanwspeakwnpmmngtﬂgﬁm
| '--;__4oo°cm4oo°Canawmqummngm This sizngistic procedure suffered from
' mumber of problems in that both the similated weld heating and cooling cycle were not
' representative of what happens in actual welds. Figuro 20, shows the change in the ferrite
" phasc percent as a function of hea tretinent temperature for the simulated FIAZ. Theseresits

shuwthatﬂme:sanmmemﬁephasepmnt /ﬁmﬂwhwmmmmam

 increased from 400°C to 1400°C. The inosse in e femite phase percent with increasing

" temperature would be &ected, as the heat trested smples experiences a long exposure fimy
" inthe el ferrite phase ficld at higher temperatures (sce point ‘4’ in Figure 6). In contrast to
."--mwmﬁmﬁemmmofmaa&wddedﬂmshrmdmwammm ”

i

A0 S0 80 70 800 SO0 M908 00 4200 tm0 1400 :
Heat 'I'reahnent Temperamm (o

Figure 20: Plot of the a;hnnge in the phase fiércent ferrite as a function of eat treatmant .-
temperature. Key code: 5661« blue line, 3671 - red line and 5681 - green line.

' RESULTS AND DISCUSSIONS | 60

RN



I

__r'J? |
| ) __onth_eTE_M tswhlchshowedtheprempltatestobechronnummmdesitwasassmnedthat

| msstheheataﬁ‘ectedzom T!nsdwdlmonbetweenthennmmm ofthe
mmmmmwmmﬁmmmwmemmﬂmm |

L &B 3 The eﬁ’ﬁ'e(cﬁ ggﬁﬂnem it on the microhardnesses acmss the

ﬁ‘nasmna bou saﬁ"y @ﬁ’ he aswweﬂﬁedl aﬂﬁays. .

| Asaqm&bmchmmmmwhﬁhﬂmepwmumormmmm

hadﬂcwrredmtheI;IAZaﬂm'weldlng.nﬂamhardnﬁsmwerepﬁfonned As eatfier studies
- of the microstrictres near the HAZ had showi. very lttle change, this test would esseatially
dmmpmwﬁwp;mmmmmpmﬁm&emwmmbeama
harderor&oﬁarﬁtanthd‘duplatphases Also, thaenntlalfbwswastoevaiuateﬂle
nncrohardmess of the: ag-welded zero percent molybdenum containing alloy (Tube 1A), Based

i ‘ﬂ%ldwer yhdenumoontmnmg a]loyweldedwlthdﬁ'erenthzat inpuis does not show any
sngns of any- mgruﬁcant premp:tatmn, then the higher molybdenur, nitrogen afloys Tube 1B and

1€ would behave_ similacly. Fornmately, this initial assumption was cosrect and as such only

™ theresults of Tube 1A welded different heat inputs will be discussed in detai

L

. Micfoijardness tests across the fiusion boundary of Tube 1A (0% Mo), shown in Figure 21,

o showsm sngmﬁcantchangemthe:mcmhardmssﬁomﬁwﬁmonbounﬂmytoadlstanoeof?.o

: mmmtn the parent platé, For the autogenously welded (low heat input) alloy, an average "

rmcraha.\'dness of approximately 227Hv is maintained across the 'fusion boundary’. This result
was conﬁnned by the metallographic examination which showed no ev'lence of either
chromium nitride/carbide pt_'eclprtatlon or sigma phase, Also, the microsiructure of the parent
‘plate progressing into the fision zone showed little visible change, This result is invaluable as it
suggests that 'I\ube.léu may be autogenously welded using low heat'inputs without any
mgmﬂcantchangemthermmtmctmeoftheparentplm As aresultofthts, the cormmon

and mechanical properties of the autogenously welded sample would be expected to be similar
~ to that of the parent plate. This assumption will later be shown to be valid. Unfortunately, the
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. MICROHARNESSES ACROSS THE
AUTOGENOUSLY WELDED AREA OF TUBE 1A
| USING LOW HEAT INPUTS
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Figure 21: Plot of microhardness as a function of distance into the parent plate for the
autogenously welded zero percent molybdenum spun cast tube.

Figure 22 shows a plot of the microbardness of an as-welded Tube 1A 2s a fimction of the
distance into the parent plate. ‘The microhardness traverses of Tube 1A welded with low,
m:nedlatemdlnghheatm;nmmcsWrdemwalumds. Apart from a distinct change in the
microhandoesses from the softer weld metal 308Mo (betwesn 220Ky and 230HY) to the harder
parent plate (240Hv), no increase in the hardness vahies could be detected in the heat affected
zove. Theso results suggest that heat input does not have an effect on the precipitation
bebaviour of this «lloy. Electrolytically etching these alloys in 10M oxalic acid as well as
etching them potentiostatically in 10% manganous sulphute confirmed the absence of chromium
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- nitrides and carbide prec _ ; )
___'-"_ofanyhmmmmnmmsuchasmgmphasa. a dlstinct increase in the hardness of fho'
HAZ would have bsen observed. mmmmmsunsmsugwmmmm'_”
d:ﬁimonofmemmgen(oz%mﬁmmepm:pmmﬂwwemmmom

'ﬂmmmmﬁmmeﬁ:mbmmomemmoyaﬁammmm-

" oat inputs showed a reglon i wiichi the izsmum hardness s at least 20Flv ligher than that
ufﬂaeparentpiate,asahownmﬁgm'ezz ‘I’h:ﬁzonestar,datﬂneﬁmonboundaryand'
- Untended ifto the perent, plato for a distavce of lum. Ol eching of these as-welded
1 _ shnwedmvepmmpmauonalongthegmmboundmesmﬂwummtyoﬁheweu |
 conguuous nework of fese precpitates being obscrved niar the fision boundary. s
expected thise precipitates wre seen to be mibre dense along the fsion boundary the in the
ﬁareﬂt piam The presence of these precipitates cavild poseiby account for the higher bardness -

» - ebserved in Figure 23, - Although these precpitates were not characterised precisely by TEM. -

md$EM,theywereassmnedtobcchrommmcarbmesasmeca:buncontentoftbxsaﬁoywas--' _
high Lo, 0.2%C. Thoso procipitates will ner bs shown to have  detrimental effect upon the
£ _-corromonanﬁmechmncalproperhesofthlsaﬂoy Also, asammltofthechangemtbeextent |
:_'_oftleAZoon*espondmgtothed:ﬂ‘eremheatmputs.ﬂlemﬂomonpropetmsofﬂus aﬂoymﬂ
be shown to vary considembly w1tn heat i mput
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Figure 22: Plot of microhardness as  function of distance into the parent plate for Tube
1A and the reference alloy, MP36 welded Wlth different heat inputs.

Thehlgherhardnessmtheweldmetalobservedﬁ)rthem6 a[loyweldedusmgalowheat
, mput,lsasareaﬂtnf&eprempﬁaﬂonofchromumcarbtdesmﬂmtheBOSMﬂweldmetal _
Thlsreslﬂtmuldbemq:lamedintmnstherap:ddxﬂ’imonofcatbnnmbotheweldmetalandlts
subsequent entrapment inside the weld mietal during the rapid cooling experienced when using
low heat inputs. This phenomenon was not observed when intermediate and high heat inputs .
wereusedastherewasmomhmefcrcarbontodrﬁhsebackmtoﬂxepareutplam The extent
| towmchﬂwred;snibuuonofcarbonnnoﬂleparmtplateoccwsxsmmmmhemuc
mduchonmxhematofﬂlepremplmedustmdmne,asshownbyﬂlesmaﬂmmm
hardnessesmF‘gurezz '

~ No observable trend in the microhardnesses of the autbg_enou_sly welded MP36 alloy could be
. found.. R thus appears as though the microhardnesses were invariant across the fision
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boundarywhichmggﬁststhattheeﬁemdprecipitaﬁonvﬁthiﬁtheaﬁtbgemus&ﬁeldédmne' :
'andthepa.mnt plate was the same. However, it would be erroneous to conciude that the

~ properties ofthe autogenouslywelded zonewotﬂdbesumlartothatofﬂie parent plateasa

dmﬁncﬂyﬁnergrammwuhmﬂlemmgenouslywddedmnewasobsewed Also severe - |

plmngamkwasobwvedmthsmmsedmglmmmngﬂmpmmmwbedmed
mmoredetaillater Thlsapparentcomdlcumbetweenthenucrohardnessm&med

andthecormmonresults,hlghhghts,thefactthatthenncrohardnessmtscanonlybeusedasa'- -

;-.qmckbemhﬁest, and that the results cannot.beusedw:th absolute certainty to mferchmgésm'
either cofrosion or mechamcal properhes

4.4 The chrmsﬁma pmgnemes ﬁf the expmmemaa aHE@ys befmre
| angd after Weﬂdl ng | | |

44,1 The general corrosion resistance of tlie wrought alloys ' _'

The resuts of the immersion corosion tests performad in 1M 'sulphuric acid at room
temperature for 4 hours on the wrought alloys 5661, 5671 and 5681 are presented graphically
in Figure 23. This figure shows that there is a distinct increase in the general comrosion
resistance ofthea]loyswxﬂlmcreasmgmolybdeamcontents It would Iiywever be more _

acmuatematuibuteﬂmnnpmvemmnmﬂwgenemlwmmnremstameasamsuhofﬁm

combination of both molybdenum and nitrogen as the nitrogen Jevel has nwre_ased by |

- approximately 0.03% for every 1% molybdenum addition, see Table 6. Nevertheless, work
done by Levey™ on the general corrosion resistance of nitrogen cortaining, ::. “entic stainless
stecls, shows nitrogen to have a negligible effect on the general corrosion resistance. As such,
the noted improvemest in the general corrosion resistance of the experimental molyldenum-
nitrogen containing alloys, can be attzibutedtothatofmolybdemm Furl;hennore, as the

- combinations of variables (increasing molybdeman and nitrogen) would be much too dlfﬁcutt to
evaluate, the improvement would rather mmphsbscally be attributed hence forth to that of
molybdemm 'I‘hus for every 1% molybdenum addition there is a thirty percent lmprovement

“RESULTS AND Dlsctrssxons 65



"mthegeneral ommmnmmstanoemthme alloys Th:sreszﬂtunfortunntely couldnotbe
mpps:rted be substantiated by pOtmﬁodynamm corrosion scans paformed in 3, mixed acid-
__chlmﬁesoluhon, asshowanigm'eM Tinsﬁgm-eshowsthatmolybdmmhasmﬁeeﬁect'

| mmemmmdmwhﬁhasme&amtheﬁeemmmpmemﬂmm) In

' orda'formoiybdemmmhavewmgmﬁcamﬁ'eanthemmonmmstmweofthese

* wrought alloys, a noticeable reduction n the eritical current desity and an inorease i the Euur o
- valye, hadtooccm- Iheappnaﬂd:ﬂhmmbetwm&emmm@w% md24} R

_cmﬂdbeasaresultofthechangemso&uﬂons. Nevertheless,thehenaﬁcaaleﬂ'mtof :

" molybdenum on the general corrosion resistarice is we'l established®, but much specmaﬂon .

| mstsoverﬂlemwhamsmbywhmhmolybdenummtsmchabeneﬁmalmﬁuenoe 'I'he o
oonﬁoversyragwaverwhetherornot,orunderwhatmmumstanm m!ybdwummprwentm_

themndelayerwhchrmpartsthebm&ﬁmaloonnmnmp&ﬂes Anmmeﬂentsmnmatyofme .
. 'vanousn‘tolybdemunﬁ'eeornchprotecuveomdelayersposﬂ:laﬁedbytbevanousmrthomzs; -
- pmdedbyeamer‘“ ThesetheoneshauebeencleverlysmmnansedbyGarnm”mtheibrmof'_ .

' apotennalvemspHdmgrmn. Theoonﬂmngev:denceasmwhetherornot,orunderwhat
circumgtanoes,molybdenummprwentintheomdelayermasamﬂtofthemxfaceprepmﬁon |
pmceduresadoptedbytheauthom ’Ihésewrfaceprepamﬁontechmquesandteshqg-

__precadurmmayrewltmthepl-lmdubrrespondingpotenﬂal&fthetesﬁngcondxhonstovary _-

considerably, thus produmng conflicting gesillts. One of  these theories, posuﬂaws that |

. 'molybdemm 1cns (Mo (VD) are n:).,,ased ﬁnto soluhon dunng the early stages of corrosion |

attack. These zonsreabsorb thems&\ves onto ﬂlememl smrface asMoO4, thus mfemng the_-'_'_' _'

good plttmg and general coxmsmn resistance observed.
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. -Figum 23 Plot off".m\saon rates as a fanction of increasing molybdenum aad nitrogen *
e contansfarthewroughtalloysafbermmormlMHszamdfor4hours. N

| Ammbmmeﬁemfmlybmuwmmmmcﬂmmmm
* for passivity, as shown in Figue 24, These beneficial effects of molybdenum additions are
 mulntained after MMA welding these alloys using low heat inputs, es shown in Figire 23,
There are a sumber of reasons which may be cited for the almost identical general corosion
resistance of these alloys after welding, Firstly, as has been mentioned before, these alloys
shawnoemdenoeofﬂﬂmeruhromnnnmmdem'wbndeprempltauon. Seoondly the phase
balance of these alloys is maintsined after welding, thus reducing the extent of ferrite grain
growth in the vicinity of the fusion boundary. Finally, the almost identical corrosion rate befire
and after welding supgesés that there is minimal galvasic coupling between the austenitic wad
metal, 309%,, atid the duplex microstructure of the parest plate. This is an extremely usefil
result in that one of the severest corrosion related problems, namely galvanic coupling, has been
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- Figure 24: Potentmdymnuc scans performed on the wrought alloys in 0. OSM. HZSO.; +

. 0.025M NaCl solution at 25°C. .

In the alloys $471 mds491 mamae&ea&mghﬁmanmmbemﬂyfm

b Figare 23, This figure shows tha the general corrosion fate almocs doubles with  0.1%

'mmasemmu‘ogen. Asmmgmxsbelowthesoh:betylntutofthmaﬂoys,mostofthe

- m&ogenhinsohdsoh;ﬂonmmemte,andasmchprempﬁanonmnmm The
_W&dmmxmﬁobmedmﬁmsmtasamﬁofanyprmpmhmpmblemabutmay_ o

beasamultofmmmemthehtﬂoem Thwes&mmwas;mhofﬁemﬁogen
atoms mpwngmmhuﬂlam@em With increasing nitrogen contents a larger
ﬁacﬁbnnfﬂmelatﬁeesﬁes'areoccupiedmﬁnghhighﬁcormﬁonmtes.
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442 The effect of heslt mpuat Ot &llne genemﬁ wrmsmn menstmnce of ttﬁne spunm o
~cast dwpﬂex stainless steels _ )

Figure 25 shows the corrosion rate results of Tube 1A after irnmersion i 1M sulphuric acid for
4 hours. These results show that there is little difference in the comrosion resistance of the spun
cast tube for the range of heat inputs considered. 'This result s consistent with the results
obtained from potentiodynamic scans performed on Tube 1A. in a mixed acid chloride solution
which is shown in Figure 26, The tesults show no significant change in the poteatiodynamic
curves for the range of heat inputs considered, The free corrosion potentials, critical current
densities and the pasiive ranges also remained a!most identical. These general corrosion results
indicate that the spun cast tube containing zero percent molybdemm may be readily weldable
with any heat input, without adversely affecting its general corrosion rwstance

PLOT OF CORROSION RATE AS A FUNCTION
OF VARIOUS HEAT INPUTS AFTER 4 HOURS
IMMERSION IN 2N SULPHURIC ACID
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Figure 25: Plot of corrosion rates as a function of increasing heat inputs for the zero
percent molybdenum alloy after total immersion in 1M HaSO, for 4 hours.
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Figure 26: Potentiodynamic scans performed on the as-welded spun cast tube (14A) in
0.5M H,S80, + 0.25M NaCl soiution at 25°C, :

The commercial alloy, MP36, howeves, showed significant differences i the genieral corrosion
cates for the rings of héat inputs examined, a3 shown in Figure 27, These results were obtained
‘after immersion in 1M sulphuric acid for 4 hours, and the marked differences in the general
corrosion rates can be ascribed to the extent of chromium carbide precipitation. ~ Although
chromium carbide precipitation was cbserved throughout the parent plate, the difference in
corrosion rates for the varions heat inputs can possibly be as 4 result of the high density of
precipitates in the vicinity of the fasion boundary. Microhardness test results for the alloy
welded with low heat inputs, shown previously, revealed an extensive zone, approximately
1mm, which displayed increased hardnesses. This marked increase in hardness was attributed
to the precipitation of chromium carbides. As the chromium carbides usually contain chrorium
contents of between approximately 42-65%", the immediate surroundings of these precipitates
are depleted of chromium, and are therefore less corrosion resistant, In direct contrast with the
| very high corrosion rates for the MP36 alloy welded with low heat inputs, the sutogenously
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welded MP36 satnple welded with the same heat input showed a reduction in the corfosion rate
(65 mm/a), Thls&ppareﬂmnﬁadichonmasammkoftheabsenceofapreaplﬁanonchsmred.
mne,asrevealedbythemcmhmdnmsvaluesandmoscopw%aﬁonfmth&
autogenously welded sample. Withvezy}ughheatmputs,thenmeatwhnchtbe as-welded alloy
is held at elevated temperature is significantly increased. 'I'hlsrewlmmthepnoroin‘onmm
_depletedmnesbeconnngmplemsbedwthchmmmﬁmnﬂmeandhenoethe
improve_mentmthegenmleommonreszstanee,asshownmmgumﬂ.
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Figure 27; Plot of corrosion rates as a function of increasing heat inputs for the reference
~ alloy, MP36, after imraersion in 1M H,SO, for 4 hours,

“In an attempt to confirm the previous immersion test results, a senes of potentiodynamic scans
were performed in mixed acid-chioride environments. A mixed acid chloride solution was
chosen, as previous mvestlgat:ons” on sitmilar duplex stainless steels showed these solutions to
be very effective in highlighting any differences between various duplex stainless steels.
Various additions of chloride ions to & 0.5M mlphtmc acid solutlon were marle, see Figure 28,
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mmauemptumdymgﬂwmofthevamusdzhndeaddiuommthemmpmpuﬁes; -
ofthesealloys Whenahlgha'clﬂondemncomemnonlsused,themplmmtopuat
much lower potennals, as can be seen in Figure 28. Alsn, the alloys failed to paisivate and
severe arevicing was observed, thus yielding no information sbout the passive rangss of these
alloys.
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Figure 28: The effect of increasing chloride ion concentration on the anodic dlssohzmn
characteristics of the 2% molybdenum containing duplex stainless steel .

Figure 29 shows the potentiodynamic scans for the as-welded MP36 alloys in the mixed acid
chloride solution. In addition to the anodic dissolution curve usually observed around the free
corrosion poteatial, two frther cathodic peaks are also clearly visible at higher potentials. In
an attempt 8¢ understanding which phases weve going into solution above these cathodic
disslmﬁonpeaksﬁleaﬂuyswereheldhetwema'mrfowpomnﬁalrmge above the third
~ cathodic peak. The results of these tests showed that the ferrite phase was preferre:mﬂlly
attacked as shown in Figure 30
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Figure 29; Potenﬂodynanm scans performed on the reference alloy, MP36, in 0.0SM |
H,S0, + 0.025M NaCl sohm°na125 °C. | .

Although the niixed amd chioride solution does not olearly differentiate between the general_ |
corrosion rates of these as-welded alloys, a3 shown in Figure 29, it clearly shows the effect of
increasing heat fnput on the critoal cuprent dessity and the dissolution characteristios in the |
'passive range, 'With increasing heat inguts, the criical current density required for passivatnon -
wasmovedtolowercurrentdenmties,nggeshngthatltwmﬂdbefavoumbletousehgh
heat inputs when welding the MP36 alloy. However, this alloy welded with intermediate and
high heat inputs does not immediately passivate, but instead undergoes both ferrite dissolution,
(smondmodncd&ssohmonam)mdgmnbmmdmydmsohum(thmdamdmd:ssolumn
curve). It would therefore be recommended that the MP36 alloy be welded with low hest
inputs if the alloys sre to be used in service condifions where high potentials might be
tered ' : ' .
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Figure-SO: Microstructure of the referenoe zlioy MP36 after anodically scanning the alloy
within a narrow potential range corresponding to the first anodic loop, for 1
- and a half tiours in 0.5M H;S0, + 0.25M NaCl . .

4.4.3 The pitting corrosion resistance of the wrought alioys

Plttmg corrosion tests were performed using total immersion tests conducted in a 6°/§ ferric
chloride solution for 92 hours in accordance with ASTM G48. Visusl examination of the
gamples after immersion in s 6% ferric chloride solution at room tetnperature showed pitting
almost exclusively along the edges. There seem to be more of a general attack than pitting
attack thus suggesting that the CPT’s were well above the room temperature, Unfortunately,
the CPT"s of these alioys were not determined. The results of these tests therefore gives an
indication of the mass loss as a result of a mixture of pitting and general corrosion,
Nevertheless, Fignre 31 shows the results of these tests for the molybdenum containing
 wrought alloys, 5661, S671, and 5681, These results clearly show the beneficial effects of
molybdemum additions to the pitting corrosion resistance. This improvement in the pitting
corrosion resistance has been extensively reported, and is also predicted by the pitting:
resistance equivalent (PRE) fomular which was discussed previously™. Using orie such PRE
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- Figure 31; Plét of corrosion rates as a function of increasing molyhdenum content of the
' wrought alloys, after testing in a 6% ferric chloride solution at 25°C,

Tramersion pitting corrosion tests pecformed on the high nitrogen containing alloys 5471 and
5491 in 6% feric chioride solution after 92 hours (Figure 33), shows the beneficial effect of
increasing nitrogen additions, This effect has been well documenbed in literature®™*, With
increasing nitrogen additions, the pitting corrosion rate is reduced from 8.2 mm/a for the alloy
containing 0.2%N to 5.6 mm/a for the 0.3%N alloy. These results are consistent with the
pitting potentials obtained for the alloys from cyclic polarisation scans performed in 0.025M
NaCl. Pitting potentials obtained from these scans showed an increase of 148mV for a 0.07%
increase in the nitrogen content. Several authors have demonsirated the beneficial effects of
nitrogen by assigning 2 high weighting factor to this element in the PRE formulag, although
there is much disagreement as to its weighting which ranges from 10 to 30. The mechanism by
which pitrogen exerts this beneficial influence, is not clearly understood, and several theories
have been proposed™>®, of which the most plausible, seems to be the nitride-ammonia
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tl:teory61 Bneﬂy th:stheory states that, a5 the o:ndatlon ofmt.rogemsvﬁyslugglsh, and*’.é__. '
correspanﬂmg mduchon reaction slows down asthepobe:maltmdstobemore ox:dxsmg, there
isa resulﬁmg accunmilation ofmtrogen on the smface which leads totha formation ofmtndes' -

(CraN). These surfuce ritrides dct as a precursor to the formation of the passive fim, and when

. theﬁlmmmpmﬁedthenmgmfomamomawmuhmmmsethnﬁmdmsts :
: 'repassivahon. In’tlusmanner the fonnanon, mamtenance and sta'bmty ofthe passmﬁlm is
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F1gure 32: Cyclic polanzatxon scans of the molybdenum contmmng Wrought alloys after
testmg in 0.025M NaCl at £25 °C. .
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Figure _33: Plot of corrosion rates as a function of increasing nitrogen content of the
: - wrought alloys, These tests were performed in 8 6% ferric chloride solution at
25°C. ' o I

‘The pitting cotrosion resistance of the wrought alloys after welding is shown in Figure 31. This
figure siows that with the exception ofthe alloy contmmng one percent IﬁblybdenunL the other
alloys show a decrease in the pitting corrosion resistance after welding. The corrosion rate of
" the 2%Mo alloy doubles from 4mm/a in the solution annealed condition to almost 8mm/a in the
as-welded condition, while the increase in the 3% Mo alloy is less dramatic. These increass. in
the pitting corrosion rates could be as 2 result of the precipitation of chromium carbides/nitrides
in the temperature rangs of 700 - 900 °C (see previous discussion on microstructures). These
precipitates are usually not observed in the solution atnealed alloys as the cooling rate through
- the Iatter temperature range occurs too rapidly for any significant precipitation to occiie. As yet
it is not clear as o the reason for the noted improvement in the pitting corrosion resistance of
the as-welded alloy containing 1% Mo. This apparent deviation from the expected trend could
be as a result of the presence of defects such as laminates and inclusions in the wrought alloy.
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' .Thesedefentswouldactassatesofprefermﬂalmd:,ﬂmscreahngthennpreamonﬂmthe
mughtaﬁoyhaspoorpmmngwrmmonrwmncemthesohhmamealedoondmon

Am&amsﬁb!emsmforﬁedwmmdmﬁngmmnmmﬁnwobsmmdaﬁerwd&ng -
__canbefoundmanmv&eﬁgahonperfonnedby(:‘ama” ‘fhis author showed the detrimental
ﬂﬁedofweldﬂgonthepfﬁng&M&mmmtmceofmsﬁmﬂcm&tmﬂsmmgmmmg

molybdetwncontents Heamnmtedﬂuseﬂ:ec:toheasaremﬂtofthemsegmgamofm o

_ audCrtoﬁwgrainbmmdmesdurlngscﬂxd:ﬁcatlonoftheaustemt:cweldmetal,thmleavmg”

- _’thedmdmeumsdep1eeedoftheseelmmammusmpub1emp¢mgm Although_- |

'Gmm”mpmdmepﬁhngomoswnmmofpmﬂaﬁemdwﬂdmlofamﬁem -

alloy,thspnnmple of the possible nncrosegregauon of the alloying elaments MoandCrtothe”_:’_f'
gramboundanes yemajns, Above all, the mlcrosegreganon of these ailoymg elements would
'havetoommﬁunavmynmwtanperaﬁrermgemwddthéyamﬂocaksedpamng
atbackobservei : : A -

FigmeBS showsﬂmtrendsmﬂprgconoﬂonremstancesfortheanoysmmmnmghlgh'

mh-ogenaﬂerweldmg,andcanalsabemcplamedmtermsofﬂwaddxﬂoﬁélpmmtanonof- -
o chromium pitrides in the HAZ, Vimalexmmaﬁanofthesurfamoftheas—weidedsample& o
.a&erlmmermonmtheﬁ%fancchlondesoluuon, showsad!stlnctband ofloca]xsedpltbng__ .
attack, ascanbeseenmli‘igureﬁ Tmsscver&hcahsedpltﬂngaﬁadcwlﬂdbeasamsultof .

the extensive precipitation of chromium carbides or niteides whchwere observedaﬁeretchmg
- the samples in lo%mmlganous sulphate soluﬁonfor‘? seoonds The ocourrence of these
premprtateswﬁmnanarrowregtonwas substanﬁatedﬁ*omTEMmrkpedbrmedcnthese

- alloys'™, TheTWazmnaumoftheseaﬂoysaﬂerheatmemshowedmeprempmuon: L

 of needle like chromiom nitride precipitates to occur i the temperature range 650 - 950 °C
after less than 5 minuszs. Once agin, it s not clealy understood why the 0.2% nitrogen
containing alloy should show L~ difibrence between the plthng 001'1'081011 resistance m the as--
 welded and solution annealed condition.
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Fiéum 3% mmagraph showing the condition of the as-welded high nm'cgen containing
wrwghtalloyaﬂertotmnmnemmm%femochlondeatz.‘*”Cfor%houm

4.4 4 The effect of ]hemt mput on the pntamg corrosion resistance of the spun
cast dupﬁex stamﬂess steels

Figure 35 shows the results  the total immersion pitting corrosion tests of the MP36 alloy
performed in the 6% frric cirioride solution after 92 hours, These results clearly: show the
detrimental effict high heat inputs have on the piiting corrosion resigtance. The comrosion rate
more than doubl:s from 7 mmva for the alloy welded with low heat inpyts to 15 mm/a when
high heat inputs are used, Ttis dramaic decrease in the pitting corrosion resistance as the hes:
inputincreasescoﬂdpossiblybeésamaﬂtofmepmmdeofapmdpimqh.wtered;mmin
the HAZ. This assumption is supported both by visual inspection of the sample after the
immersion test, Figure 36, and microstructural examination after etching the sample in oxalic
acid. Although all of the samples displayed a precipitate rich zone, the extent of this zone is
dramatically increased whea ligh beat inpits are used to weld this alloy. As a result of the
increase in the volume fraction of precipitates in the precipitate clustored zone through image
analyses techniques became exceedingly difficult. . It is for this reason that no quantitative data
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'_.--Figure35 Plotufcorrosmnratesasaﬂmcnonofmeraamngheewmutfortheas-welded:
S - reference alloy, MP36, aﬂertota!munmmnmaﬁ%femcchloﬁdesohnﬁonat '
25"Cfor9"'houm

The high pitting corrosion taes for the autogenously welded MP36 sample could be a5 a result
ofﬂ:eextmwdummmmrbmdepmpﬂahonalmgthegmnbmmdmesmthemzm _
© gutogenously v wvimgemm.mxsmsmungcanbawppomdbyﬂlemlocahsedmck
 slong the av Mv'ddedareaasshommﬁgum%,aswﬁlasﬂaermaomm
presentedelg:le
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Flgure 36 The surface appearance of the as-welded reference alloys, MPSG aﬁer tatal. B
: ﬂnmermon in 6% ferric chlonde at 25°C for 92 haurs, o _

Cyolic polarisation scans of the MP36 alloy welded with different heat inputs, Figare 37, shows
the strange occurrence of the pitting potentials being almost identical for the range of heat

mputsoonssdered Asyetaphumbleam!anahonforthelatero@cmenwcouldn&befomd o

—and ﬁﬂtherwork still needsto be done.
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\. " Figure 37; C-}élié"pblaﬁzation scans of the reference alloy MP36,. aﬁer welding \mh
Cue . different heat inputs, The teats were performed in 0.025M NaCl at 25°C.

- 4._4..55. The Iihtergraﬁular corm’sibm reéisﬁnte of the wrought alloirs before
| ~ and after welding, | .

Tatergranular corrosion tests served as a useful bench mark to ascertain the susceptibility of the
alloys to corrosion attack, especially if there is significant precipitation. As there is 1o specific
standard for assessing the intergramular cofrosion resistance of duplex stainless stesls, thess
tests were initially set for a 24 hour peried in accordance with ASTM A262, which is the
standard for ferritiu stainless steels. After observing the remarkably good intergramular
| corro_sibn resistance of these elloys, these tests were intetrupted peﬂodicélly, and allowed to
contitue for 5 days in accordance with ASTM A262 (standard for susteritic stainless steels).
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Fl@rezs showsﬂlecormmonratesforﬂxemolybdemmomigmoughtanoys%&
671, mdSGSlaﬁatSdaysmmmmnmtheboﬂmgSD% sulphutic acld,femcmﬂphm
~solution. Theresuitsshowthaiwhmcreamngmobbdenummnmﬁmﬂl%tﬂ%mvexy
'httledlﬁ'erenuemﬂmmterganularcmm&onrwmmbenoted ‘Iheseremﬂtsararather
-asaremﬂtofthemeaseiuthemnﬁmaﬁonofbothmlybdmummdni&ogmaﬂdmﬂd
therefomwmlmnﬂmapparemmmadwhmbetweenﬂwbeneﬁddeﬂWomedamm '
| repoﬂedmkteraﬁn'eandtheobmedresults k

THF INTEEGRANULAR CORROSION RESISTANGE
OF THE EXPERIMENTAL ALLOYS BEFORE ANF
AFTER WELDING

COHAOSION RATES fom/a)

1% Mo 2% Mo - 8% Mo 0.2%N ~ O3%N
: EXPRRIMENTAL- ALLOYS T

PARENT PLATE AS WELDED

Figure 38: The intergranular corrosion ra‘tés of the wrought altoys after 5 days exposure to
the 50% sulphuric- ferric sulpbate solution,

The results of the mtergranular tests performed on the alloys containing high mtrogen, are
shown in Figure 38, 'This figure shows that high nitrogen additions, below the solubifity limit,
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as no effct of the intergranular corrosion resistance. These fuzults show that the frther
addition. of 0.1%N does notmeasethesusceptibﬂrtyto attack, thus suwmlgthat the

-chrommmmmdesandtharesmmchmmnmdepletedmgmnswbewmmﬂymchmged This -

 assumption is supported by the tesults of image analyses for these solution annealed samples
Wlmhmwadnomsibleprecqmahonofdromnmmmdesorcarbtdm Othetwoﬂcperformed
_ons;mﬂaralloyshas acmﬂlyshownthattheaddihonofnmgenzmprovesﬂzeresistanceuf .
| theseaﬂoystouﬁergrmﬂarcommonwhmmﬂmsoMonannealedoonMon‘“
'_ Inmxattemptatcotrelaungthe ootrosmnresastanoeofthewmught alloysbeforemid after -
welding, & 'k’ ﬁmtor has been formulated. This factor is snnply the ratio- of the corrogion

'remstmmeofmemoughtalloyaﬂ:a-weldmgmnsmmonmmmmmesomuon E |

annealed condition. The results ofﬂuscorrelanonﬁarthemought allcy31sah0wan1g1u'e39 |
~and showsmmeasemthe i factorforbothﬁa{s of wrought aﬂoyscontmnmgmcmsmg"'_
- ‘molybdenum and nitrogen contents. -The *’ factor for the molybdenum containing alloy
'measesﬁ'ommstmomthanone,ﬁ)rthel%MoalloytOJustunderHorthealloyeomammg '
3%Mo Themcreasemﬁnecormmonmtesshownmﬁgnﬁs caﬂpossiblybeaaaresﬂtof
ﬂlemapmpnaﬁonmthmananuwtempemmmrmge, typlcaxlyenommtereddunngthe _

weld cooling cycle, Asthewvmofthemmmmmackmmeasedwhmgha
. molybdemnncorrtents, see Figure 40, msassmuedthatthe detnmantal effects obsa'ved,areas _
a esult of the fyecipitation of chromium carbides and nitrides, and possibly even that of sigma
~ phase, Ttis well known® that with increasing molybdenum, the propensity for sigma phase
formation: 1sumsedw1thmthatempmturemgeof‘700 950"0, evenfbrvexyshort
penods ofexposure to thsstm'zperature range of?rrunsorless o :
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THE INTERGRANULAR CORROSION RESISTANCE
" OF THE EXPERIMENTAL ALLOYS

| " : i
2% Mo 3% Mo  02%N  03%N
EXPERIMENTAL ALLOYS

K = [OCHROSION RATE OF WELDED PLATE}
{ODARQIION RATE OF PARENT PLATR

Figure 39: Plot of The ratio of the corrosion rates of the alloys before welding to those
after welding for the wrought alloys in the solution annealed condition.

F1gure40 Theappemeofthewrought alloysaﬂ;ers days m:posureto themtergrmmlar
: teste:mromnent
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Fxguref:‘%alsoshowsthat merensanmcreasemthecorrosionratesofmslughmn*ogm

contaizing alloys (5471 and 5491) after weldmg Visudl examination of the as-welded alloys '-

- after testing also showeda;tenssvelocahsed attack approximately 1.5mm divay from the fusion
boundary. The increased localised attack coutd possibly be as a result of a farger cluster of
. chromium nitrides within a distinct band corresponding to & particular temperature range. It is
behevedthattlns temperaturerange conld be between 700 - 950 °C, as TEM work on these |
alloysmthelatertempemturerangeshowed mgmﬁcantprempztahon of small nesdle like _
chromium nitrides'® . This assuroption is further supported by the microscopic examination of
these as-welded samples which showed precipitation of chromium carbides/nitrides to ocour
exclusively in a narrow band of the as-welded samples, while no precipitation was noted in the
sofution annealed smnplés.

4.5 The mechamcaﬁ pmpemes of the ex]pmmemmﬁ aﬂluys before
- and after welding,

45,1 The effect of m@lybdenum oR ﬂne tensile pmpem&s of the
experimental wrough‘& alloys and spun cast tubes 1A and MP%

 Figure 41 shows the effect of molybdeoum on the tensile and yield - strengths of the
experintental wrought alloys in the solution annealed and as-welded condition. These results
showalineardecreaseinthéultimatetensi_le strength with increasing molybdenum content for
the wrought alloys in the solution annealed condition. The decrease in the observed UTS is as
a result of a decrease in the extent of ths transformation induced plasticity (TRIP) behaviour
exhibited by the higher molybdenum contzining alloys. This behaviour, has been characterised
by the austenite phase undergoing a phase transformation to martensite with increasing lattice
strain. As molybdenum is known to depress Ms temperatures (start of martensite formation
temperatm‘é) in these alloys™ , the higher molybdenum contsining alloys have lower Ms |
temperatures than the lower molybdenum alloys. This results in the higher molybdenum
 containing alloys having more stable austenite in the matrix, which would not transform as
easily to martensite as the lower molybdenum containing alloys during tensile testing, Figure
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42 shows a typical icrostruchure of the molybdenum contanmg wrought alloys after ténsile "

testing. . The%ansﬁmnatm of some of the austenite matnx to martensite is e&early visible. -

- Unlike the u}bmate tensile strength values, the y:eld stresses of these wmught alloys remained "

constant forﬂlerange of molybienum contents, as showantgure 4-1 'I'he latterxs related ta

5 thefactthattheymldstrengthﬁrstneedstobeexceadedbeforeﬂme&hctsofmﬂ’behmour o
. ‘can be noted. ThepresmceofTRIPhehaﬁourwﬂlﬂiemforehavenoeﬂ‘ectontheyield '

' "strengths,ashasbeenobserved

- —-$--~ masmtpém&maa} :_
—H— Yigld Stress (a-welded) -

. - e UTS(rowided)

1000 -

Sgop- -

StresaCMPa) .
g

I ——
ot SRR T 3.
Roiyhdenum C.‘qnl:cnt (%} '

Figure 41: The effect of molybdenum on the mechanical pmpertles of the expenmental
wrought alloys '
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F;gure 42; Mcmstrucmre of an experimental wrought alloy cnntannng 1'7%01--7%Mn
B Z%Mn aﬁertensxle testing. Magnﬁcatmn.looo:z ’

Exsimination. of the fraciure surfaces of the as-welded wrought alloys, after tensile testing
showadneohngandﬁnalﬁwturetoommthesmwddmetal These observations were
suppmeytheooMUTSvahwufG%Wa(F‘m&),ﬁ)rﬂmemolybdemm
_oontwmngas-weldeda!loya This result would be expected as the UTS of the austenitic filler
metal, 309L, is substantially tower than that of the experimental parent metal. Tt would
-'ﬁmfetbmbamomappmpnatetowddthemMghmolybdemmwmmmgdloyswuhm
mmﬁﬂermatmalhmgahgherms,inmatmnptatca;mlmngmmegmdulhmm
tensile strengths of the parent plate, Eqmllynnportanﬂythough,thamstenmﬁllm'metnlumd
shmﬂdbemmmghlydloyedthanﬂlepmmPMmauaﬁmptatmdmganywmmn N
related problems which were chswssed prevmusly
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N Them-wﬂdednmgmmnmgﬂloysdmﬁﬂedmthﬁmwmmmde-'.'
- manoyghmgverydosewﬂmtofﬂieas-weldedmolybdmmntmmngaﬂoy& |

| ’-!_mmmwtmbmmmmmmmmtmwammamm@m
_usmgdrﬂ‘erenthentmpmsamshwnmﬁgm43 ’I'hesereaultssh\‘awamulartrendtothat '
. _-_'abservedﬁarthswmughtalloys,namelytbzttheyieldsu'essandUTSvaluesmmnstantfor o
’ ___"thermgeofhntmpuiaoonmdered Onoemmasaesaneutoftheeﬁ’ectsofheatmwmm'
. boththﬂmddedUTSwasmtposmbIeasfaﬂumoowmdmthewddml 1t can,
- however, L be said that heat input has litle effot on modifying the mechanical properties of the
| weldmetal. Finally theelmmonoftheseas-wadedanoysvmedbetvmmanasopmm

W

Plot of Heat fnput as a Funtion of the
Mechanical Properties of MP36

400

0 e 200~

Heat Innut ’

Plot of Heat Input as a Funtion of the o
- Mechanical Properties of Tube 1A~~~ I

" Heat input
Ejute  FE Yiald Strons o

Figure 43 The effect of heat inputs on the mechanical propertles of tha spun cast mbes
(1A and MPSG)
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5.

'CONCLUSIONS ==

methemngeofmpemnenﬁlaﬂoysmnmﬂaeitheaq:memm“oughtdmyswmmng
MghmolybdemﬁnmdhghmtmgenmmmWerefmmdmbemadﬂyweldableumngthe-
selemdlowheatmput Theeﬁentoftheweldabilrtyoftheexpmunentala]loysaswellasfor
merefermceaﬂoysamdlsmssedmdetaﬂmthepm@ngsecﬁons,mdammmawof ‘the
ooncluslonsthateanbedrawnfromtlmeremﬂtsarepresenwdbelow )

' mled and as-wel@ cond:hgp:

1. For the eamenmental as—welded wrought, spun cast and reference alloy MP36 the phase

balance of these alloys changed onlyshghﬂy with some femtegmngmwthneartheﬁxswn '

- zone and smaller feriite and anstemtegrmnsﬁlrthermto theI-IAZ These microstr.siuires

_ did however contain precipitates in the HAZ, and the type and extent of the precipitates

| varied slightly, The as-welded wrought molybdenun and high mtmseﬂ containing allGgs

showed some chromium itride precipitation in the HAZ with the extent of these

precipitates increasing in the high molybdenum alloys. Tn coirast to the latter alloys the

reference alloy, MP36, showed exicmsive precipitation of chromium carbides throughout

themicrostructtire, both in the solution asneated condition, aSWéH-as, intﬁe as-welded

condition . The extent of these precipitates were, however more pronoumed near the
fusion boundary of this alloy in the as—welded condition..

2. Itappearsasthoughthemtets&tta!elements caﬂ)onandmfr» *enpresentmthereference
IvIPSGandlughnm'ogencontammgalloysres;mmveh & athebeneﬁclaleﬁ‘@ctof
shifting the gamma loop to msherme;anmaswdlas nhxgherchrommm contents.
This effect can possibly explmnthenarmeAZ observed\?vhlch.sm_contrastfcothat ofa

" typical heat affected zone usually pr_eseht in welded duplex alloys, which shows large ferrite
grain growth along the fusion boundary together with extensive precipitafion in this zone.
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3, mchmmmwmdmobmmmemmmmesof@wwﬂdedmssanoys,f_-

| _ formedacontumuusnetworkaiongthagrmnbmmdanes ﬁartherange ofheatmputs
consideted.. Fw'thermtotheparmtplatethesepremp:tates were]ess oontmuousbut still
fo:medahnostexch:swelya!ongthegmmboundarﬂs '

4. AnattanptatmﬂanngtheHAZthmughtheuseofvanousheatmunmfaﬂed
 dismally, a8 no correlation between eaﬂiertheobservednncrostmctures, of coxromonrates,
- ofﬂxes:mulatedHAZandtheach:alas—weldedsamylesomﬂdhefomd. '

5. The :mm‘ohardnesses of the autogenmw!ywelded spun cast Tube IA ranmned vxrtuaily
unchanged from the fusion boundary to adistancemtotheparentplate. This résult
mgg&stedtbatnoprempttaﬁonomedmthlsas-weldedaﬂoy '

6, Intheas—weldedreferenoeaﬂoy,h@% extenswecln'ommmcarbtdepmclp:tauonnearﬂle g
fusion boundesy was observecL These pmap:tatesware observed as a continuous network |
along the grain boundaries, and as blocky type precipitates furthier into the parent plate. As

_ amﬂtoftﬁaisprempltate clustemdzoneneartheﬁmlonboundary thenncrohardnesses

_ showedasllmpdmunctmcreaseacrossﬂusmne |

1. Theeﬂ’ébtofinéreasing&ecombinaﬁondt‘bothmolybdeﬁumandnitrogw is to reduce the
corrosion rate of some of the lower molybdenum plus nitrogen cortaining alloys, pius shift
theﬁ*eecorromonpoﬁe:ﬂalswmorenoblepotmuds, thus rendering the wrought material
more resistant to corrosive attack. Another beneficial effect of molybdenum is that it
reduces the critical current density required for passivity. These beneficial effects of

 molybdetmum are maintained after MMA welding these alloys using tow heat i.,«rs.

2. Increasing the ritrogen contents of the solution snnealed and as-welded wrough:t alloys
(5471 and 5491) has the detrimental effect ofredm;mg the general corrosion resistarices of
the ~ alloys in lelphuncacldsoluﬁon

3. Thegenmlcarmmonresultsofﬂwspmcastmbecomr&ngzeropmmnmolybdemm
' testedmlMsrﬂphmcamdshowedthatthegeaﬂoyamaybereadﬂyweldablewrﬂlanyheax.
| mput. The results showed that by using eithvr low, intermediate or high heat inputs, the
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corrosion performance of these pootly sorrosion mstant allbys--doe‘{s'm'qt'change, | The -

potentiodynazdic scans pesformed on these as-welded alloys showed little or, 1o changein -
theﬁ'eecorromonputenuals,cnﬁcalamntdenmﬂ&smﬂpasmraugesforthemngeef”_'_ -

-heatmputsconmdered. o _
- 4 AlloyMP36 ontheoﬂmhmd,sh@mdmgmﬁcamdiﬁermmmthegeneralmmmon _

-MesformemugeofheatmpummvmngawdTtharkeddnﬁ’erencesmﬂwgmm -

.connmonmtes,canbeasm'bedtovanauonsmthemantpfchromumwbtde

premptta:tlon. Although chromium catbide prempmauon was observed thmughout the

parent plate, thie difference in corrosion rates for the various heat ifputs can possibly: be
relatedtothevanahonsmﬂ:emwofﬂlepredpﬂateclusteredzonsadjacentmtheﬁlmon: '

: boundary, '
5, -Depmﬂmguponmesemeemnmnmmsscmeuherbeweldedmmughoﬂowhemf
inputs, If the semoemwronmwtsaremchihatlowpotemﬂsareenonunta‘edthenxt
. wou!dbeadmabletowe:dmmmghhmcmpum,asthemssauoyswexdedmhmgnheat
have demonstrated the ability to passivate readily at lower potentials. However, vith
potentials in the “passive range” region, it would be best to uee low heat inputs when
weldmg,asthe.selowheatmputweldedMPBﬁallnysammnpassm, astheydonot
mdergoesﬂser&mﬁeorgrmnbmmdarydxs&ohzﬁonwhichtyplcaﬂyoccurswhenlvﬁhw :
mputsareutlhsed

6. Molybdemm addltions improve the plthng corrosion res:stance ofthese alloys in both tbc
solution annealed and as-welded oondmon The nnprovement in the pitting corrosmn
reistance is not a linear finction of the ~molybdenum additions, as is. predlcted by the

vatious PRE equations that have been developed, but instead it appears as though & critical o

molybdenum content is required to achieve very low pittitig corrosion rates, bevorzd which
only small improvements m the corrosion rates will be noticed,

7. ngenaddmons,belowﬂ:esolubmwhmofthmanoys,mlydighﬂymmmsthel
pitting corrosion resistance of these altoys in both the solution gonealed and as-welded
condifions. 'This improvement is marifested by the increase in the pitting potentia! which
corresponds to & small increase in the nitrogen content. |
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8. Theremaveryﬂxglﬁdechtemthemmngmmnmmstameofsomeoﬂheas-welded
| wmughtaﬂoyswhehmuléhmebmasawmkofﬁmobwvedpmpﬁmmofdmmm'
'_ mmdeﬂmﬂmHAZ

9, I:measmgheatinputswmfoundtobedeﬂmentaltothepltungcommonmstmbf- '_
the reference alloy, MP36, as the corrosion rates more than doubled from 7 mm/a for the
aﬂoyweldﬁmﬂllowheatmputstoﬁmnwwhmhlghlwatmutswemused This
nmasedmmmmrﬂemddbeasaremkofthﬂmm‘easedmnnberofpmmpnﬂesmthe_ o
premp:tateclusteredzoneobservedfortheseasnwelwdan@ys

10 Themntogmmmlyweldedl\fmsﬁ sample showed high cotrosion rates in IM sulplmrm actd
as aresultofthee:ﬂenmchmnuumcmbxdepremmtaﬁonalongtheﬁner gra.nstmctm'es :
intheautomus!yweldedreglon

1. The intergranular corrosion resistance ot‘ the monbdam contammg alloys BhOWS littlo
changewzthmmasmgmolybdmun content,

12, The mtea-grmlar gorrosion properties .of both the h:gh mtmgm and molybdeamn
mntammgaﬂm_mﬂwasweldedomdiﬂmshawedanmﬁmmemmonmas_

compared with the alloys in the solution annealed condition. The slight deteriorafion of the -

corrosion resistance of the as-welded high molybdemum and nitrogen containing alloys
could be as & result of the locahsed precipitation of chromium nitrides,

13. The intergranulac corrosion resistance of the high nitrogen containing alloys in the solistion N
antiealed condition were found towmmnvirtuallyunchmged after testing in a boiling
sulphuric acid, ferric sulphate solution for 5 days. This result showed that  farther 0.1%N
addition to the lower ritrogen conteining alloys , wiien below the sokubility limit of these
alloys, would not increase the susceptibility to intergranular attack as the volume fraction
of chromium nitrides and the resulting chromium depleted regions remains vntuaily

unchanged.

CONCLUSIONS " Y



1. There is an inérease in the U'TS of the high molybdemum containing alloys with decreasing
Mo content, Thmsasnm&ﬂtofthegreatermﬁentoftheﬁamibnnaﬂonin@cedplasﬁmty
fTRIP)behammxmdﬁbztedhythelowermolybdemmcontwungaﬂoys : o

a2 Aummﬁofboththaeﬁkmafmol,%dmnmmauandMnmutonﬂwmechamcal"".
i pmpm-ﬁesafmmglﬁamdspmcammhesmspecuvdy,pmwdmmssﬁﬂasﬁmlfaimm
oocln‘redmﬂmweaka‘weldmetalsused o .
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