02 MARCH 2006 WO 03/020994 1 DUPLEX STEEL ALLOY TECHNI@@AMAREHDoSE THE

| NVENTI ON PCT/ SE02 /01564 The present invention relates to a stainless steel
all oy, closer 5 determ ned a duplex stainless steel alloy with

ferriti C'%Sut:!fn?chy c matrix and with high resistance to corrosion in

conbi nati on W ‘good structural stability and hotwor ki WB%/ 1S6hrti cul arly
a duplex stainless steel with a content of ferrite of 40- 65 volune-% and a
wel | bal-anced conposition, which inpar§s the material corrosion properties,
whi ch nmake it nore suitable for use in chloride-containing 10 environnents

t han earl i ePUPBEEFEEDNSPler ed bei ng possi bl e. BACKGROUND OF THE | NVENTI ON
Over the recent years, the environnents in which corrosion resistant
nmetallic materials were used, becane nore aggressive, the 15 requirenents on
t he corrosi onbf)roperti es as well as on their nechanical properties

i ncr eased. TEGHINIGAStFIELDADF IYH INWENHONr e est abl i shed as an alternative to

until that used st . . | nitic
steel s, nickel - basgﬁ%“? ?‘%%gﬁglpvgﬁﬁéﬁéﬁ?% ?8@&%@%@%?’9%‘%&%@ exenpt ed
from thi sd@ler/rﬁlﬁeﬂ@délﬁpleﬁ@taﬂtﬂessﬁt@é!Iaillshmdthrfeaiiimaﬂst@‘;i\tid dnatrimsltrlrdmitmn

resi stance in chloride-containin environpents . is the so-called Pitting
Resi st anceliBRUPSaIRaRe [q SREPHIOR At Gumipration Wik geRd sUaRIFR! siabiliy and

PRE=%Cr +3, Ro@Matdiufy, pMied fary)s dOSIER SiRBss ste@l wRRacaphaRPterdle ¢ide-t O

wei ght - percent. 25 ‘A'higher "nunerical value indicates a better corrosion
resi st anceB$ wolpme-vcanda wellduilanced somposdioBowhigbiiowartsitee @atasiad i al al | oyi ng
el enent s, Lch .t his. e [y e formula Cr, M,
N An exanit Sy bichEhies uhistfthalES iore 3UBALTH S bBSIARHGY, Cl

her eby 10 hr eudrlentitergs thaheraiierdhden considkrestbeing pobsibledescri ption. This steel
grade with the denotation SAF2507 (UNS 30 332750) was mainly alloyed with
hi gh contents of C, Mo and N. It is consequently devel oped against this

property wgAbkalweng OFoagd (KesNFi@mce to corrosion in chloride
environments. 02 MARCH 2006 WO 03/020994 PCT/S EO02/O1 |4
Over the recent years, the environments in which coirosion
resistant metallic materials were used, became more aggressive, the

15 requirements on the corrosion properties as well as on their mechanical
properties increased. Duplex steel alloys, which were established as an
alternative to until that used steel grades, as for example high alloyed austenitic
steels, nickel-base alloys or other high alloyed steels, are not exempted from
this development.

20 An established measure for the corrosion resistance in chloride-containing
environments is the so-called Pitting Resistance Equivalent (abbreviated PRE),
which is defined as - -

PRE=%Cr+3,3%Mo+16%N
where the percentages for each element allude to weight-percent.

25 A higher numerical value indicates a better corrosion resistance in particular
against pitting corrosion. The essential alloying elements, which affect this
property, are according to the formula Cr, Mo, N. An example for such a steel
grade is evident from EP0220141, which hereby through this reference is
included in this description. This steel grade with the denotation SAF2507 (UNS

30 $32750) was mainly alloyed with high contents of Cr, Mo and N. itis
consequently developed against this property with above all good resistance to

corrosion in chloride environments,



2 In recent tines also the elenents Cu and W have shown ﬁm}gﬁcﬂe%éﬁci ent
alloying additions for further optimzation of the steeP S corrosion
properties in chloride environnents. The el enent Whas by then been used as
substitute for a portion of My, as for exanple in the conmmercial alloy DP3W
5 (UNS S3sayujozend+ Zer on100, which contain 2,0%  respecti vECY/SBIZANEMN The

| ater contains even 0,7% Cu with the purpose to increase the corrosion
resistance of the alloy in acid enviro nts. The alloying addition of
tungsten led to a further devel opnent of the neasure for the corrosion

resi stance and thereby the PRE-formula to the 10 formul a, which al so

makes the relati onsh‘%r%@FMﬁs?%8%%?*%"&?{3%%&“\{@\%@ HOXNN 1RE al | oys

corrosion f%?ﬂ&érgfé?a(iﬁg%aaﬁibhs!f’or%rﬁwe\%?nﬁz“aiion FARsRss congibht 16 9N,
be 0 45 753. Th

such as descri xanple in EP O I's publication refers to a

dupl ex st ai mrepsgties Ina;hIdee@érmmnthh@;ﬁlwedt \Aohasoby thendresparsedass. 15 The

above-descri ~described. st eel . - Lrr tive

ot hod of caneaitEEha PRl Sie AR SR RS EoIRR R o TP RRE o
corrosi o8 r ¢gNStSEEE 4) br Zelariodewhigh \contaim (0% red metidély (2PRA&VSTiae latdre

menti oned, whi ch conposi ct,i on a&&ears fromEP O 708 845. ' This, all oy, which
i s char act eFPR@NSHVeR G CH AR SUEROSErtoNrraRte Necentmaiaresistanse dxanpl e

SAF2507, hag,shpwineldenidnesdmd | y suitable for use in environnents, where
resistance to I ntergranul ar corrosion and corrosion in amonium carbanmate

is of inmportance, buThéullbyisgaddigon ofitugigstanded deadurthesdavetopmeritof the

Cnt endeq 1 oMarsard for B POARTER Feistdies T Vo E RRETHDURTINRD. “wher e
mai nl y i1t ePREWYbaNTuIaOWhIRRI 20 makesthe relationshiprict®edh Yhd inflesrdtedofago

alternative t@ recentIY used aystenjtic steels. US-A-6 048 413 describes a
dupl ex st ai ANGYY¥ ogithe @llays eRrRSIONEESEANGS 88 eni ti ¢ stainl ess steel s,

intended for use in chl orpgiepneontaiskomsny svmnemibsy 30 The di sadvant age
with the above-described al T oys, [ (vvith hi gh jli[E"RE- nunbers, is the

appear ance 8tchags deseribegkfor exampletie Eed 14676 3pT bisi piblisdtianrsfeps ta/ARCH 2006 WD
03020991 PEILSEYLALIL i BB ot BB Bbpetia Pese
15 The above-described described steel grades have a PRE-number, irrespective
method of calculation, which lies above 40.
From the alloys with good corrasion resistance in chloride
environments also SAF 2906 shall be mentioned, which composition appears
from EP 0 708 845. This alloy, which is characterized by higher contents of Cr
20 and N compared to for example SAF2507, has shown being especially suitable
for use in environments, where resistance to intergranular corrosion and
corrosion in ammonium carbamate is of importance, but it has also a high

corrosion resistance in chloride-containing environments.

25 US-A-4 985 091 describes an alloy intended for use in hydrochloric
and sulfuric acid environments, where mainly intergranular corrosion arises. it is
primarily intended as alternative to recently used austenitic steels.

US-A-6 048 413 describes a duplex stainless alloy as alternative to

austenitic stainless steels, intended for use in chloride-containing environments.

The disadvantage with the above-described alloys, all with high
PRE-numbers, is the appearance of hard and brittle intermetallic precipitations



for exanple by welding under |ater processing. That resyht\ARCE 208 der
material wth poorer workability and finally a deteriorated corrosion
resistance. In order to further inprove anong others the pitting corrosion 5
reS|stance“Q; QHBBPX stainless steels, an increase of the PRE-nunber in both
the ferrite p ase and the austenite phase is required, wREGHENZPGSt hat sake
jeopardi zing the structural stability or workability of the material. If the
conposition in the two phases is not eq%DvaIent with regard to the active

al  oyi ng conponents, one phase becomnes re sensitive for pitting and
crevice 10 corrosion. Consequently phase which is nore sensitive to

corrosi on H%?é@@é@stfﬁé%%P‘@tséﬁfﬁéPhﬁ?ﬁ |eép@q=ia“ss@ﬁ%rchfeﬁtatre@ﬂabwqw i s
decreased by, g 8[%: %}W@E r@'dr@é‘?‘?&t@hﬁ%@esw régﬁltg H\%Eé\rrﬁlgé!n&lf’ It is

t herefore an 0 resent inventioh to pr OVI ' ex stainless
steel all oyw:tlm/pnoder Mmdmbllhy ghd tioaliyos deterioeiéd carrosion mes:eiahceat ion with
| mpr oved nechanlcal erti.es and which is

yo! f
envi ronnents where 4 P& gﬁg@vp&\r@%r}ge&ﬁpr% pr@'?‘@ﬁ%grﬁa'o?‘(r)cglsszleg

corrosion i %sfmr&@up@%%iﬁ@sé QfechX ANh&rehse shiHerPRE-MMM iR bbth
environments. 20 It is another object of the present invention to provide a

dupl ex st alihglferite Bhassl ang ih@@ummteapf@@ﬁtf%fﬂquaﬁdf\@ﬁlnwte‘or thet eke ange of 40
to 65 vol ugﬁap/%r{j?z’}% tﬁe R ARARG lv\}r oﬂ’i:vokﬁ'%%l{w BEINES te‘}@l qpﬁlGSO in both the

austenite phase an nmmTre atlons I'p between PRE
austenite amtﬂnchQREnflmﬂnet\mphaSésesmhngi@aleﬂt\B'ﬂ’h reydtd 15 thepadtiver abl y bet ween
0,9 and 1, 0'5l Is a furt Bhect of R .Fsef]t i.@éentlon to provi de
a dupl ex Eﬂymge@g"psﬂée Sy 8[‘?(93/35\? cymep .W%&P BIYE 19U P ERR AFSicErYIce

Tenper atour ecdrf&wet@hgé%@mbrmel praed WHidh isvabréesdhisitivertotdonasRAC, preferably

hi gher than 95C and a Crevi ce-corrosi on Terrperature (henceforth
abbr evi at edlearsgsesdhe eesdstante, weddle tBeetrppt ugdlstabdity is dpapasedhby e | east 60C
in 6% Fed 3h t L drther object of the present invention to provide
an alloy w 'ﬂﬁ& r?p%%t Fi‘%rength of at least 100 J at roomtenperature and an
el ongation after tensile test of at |east 25%at roomtenperature. 02 MARCH

2006 WO 03/ For its high alloying content, the
mat eri al %@W’ﬁ%\?ﬁﬁﬁgﬁ& E&bﬁ?ﬁq nvention shows remarkably good
wor kabi1lsi ty, i n par ttiis therefone awaiblet of tHa/prasehtitradritionttb prreliye beiup@xy

suitabl e to be use 0 | ¢ the production of, bar
stalnlesssee‘ ﬁoy,wnawshows hig oh J St

corrosion resistance 1n c%r% ?nsation with
improved mechanical properties and which is most appropriate for use in
environments where a high resistance to general corrosion and localized
corrosion is required, such as for example in chloride-containing environments.

20 it is another object of the present invention to provide a duplex
stainless steel alloy with a content of ferrite in the range of 40 to 65 volume-%
and a PRE-number of at least between 46 and 50 in both the austenite and -
ferrite phase and with an optimum relationship between PRE austenite and
PRE ferrite in the range of 0,90 to 1,15; preferably between 0,9 and 1,05.

25 It is a further object of the present invention to provide a duplex
stain!eés steel alloy with a Critical Pitting Corrosion Temperature (henceforth
abbreviated CPT) value higher than 90°C, preferably higher than 95°C and a
Critical Crevice-corrosion Temperature (henceforth abbreviated CCT) value of
lowest 50°C in 6% FeCls, preferably at least 60°C in 6% FeCl,.

30 It is a further object of the present invention to provide an alloy with
impact strength of at least 100 J at room temperature and an elongation after

tensile test of at least 25% at room temperature.



such as wel ded and seaml ess tubes, plate, strip, wre, Wcﬁan@% 5
constructive parts, such as for exanple punps, valves, f

couplings. These objects are fulfilled according to the present invention
with duplex stainless steel alloys, which contain (in weight %9 up to 0,03%
C, up to WOSBPHM 24 0-30,0% Cr, 4,9-10,0% Ni, 3,0-5, 0% MS/SE2BE60, 5% N,
0-3,0% Mn, 0-0, 0030%B up to 0,010%8, 0-0,03% A, 0-0,010% Ca, 0-3,0% W
0-2,0% 10 Cu, 0-3,5% Co, 0-0,3% Ru, balance Fe and inevitable inpurities.
SHORT DESCRI PTI ON OF THE DRAW NGS Fi gur‘é 1 shows CPT-values fromtests of
the test heats in the nodified ASTM 15 (48C test in "G een Death"-sol ution
conpar ed wi For itshisigd apdying strdents ttsamRoial acgndingdodhaprasent ingentigie hi gh

al | oyed austenitic s 6 ues ined with the
hel p of t he® r?%ﬁ%&@WQiy%%ﬁbgit?q?%a%mﬁéﬁ%@g?lﬁf%ﬁd %ﬁ%ﬁ for the test
heat s COWDat'h@ﬂe Bé"vér?%uﬁbtﬂé exbelueed forSABRATN tsprodlitticrsof s aubesni ti c

st eel 654SM. gure shows the average anount of erosion in miyear in

2041CI at a SLiC@nﬁp%W@’ a¢ @andseamiessHipes. PlatesHERs WrRevelding Wigef r om hot
ducti |
L PR S B BRI,

by neans of a vveII Tﬁmlsambpdtscmafulfﬁed aocartlingte ted present ingenticowitii , N, M
and Cocanotaln tion of,.the. n &h ferrite and
austenite, ‘?’&ﬁmgﬁ%ﬁl %e@ﬂ?/’é%}"nﬂ%f %@pgln(tqglglgﬂ éﬂ%prﬁsﬁ’t@ﬁ?éﬁemﬁ‘ only an
i nsi gni fi camby, SMH@I&@D%SGQBCBB—FPU@ENIFB OimovENIer 8,28-0, TN NBBE% Mn, Obt ai ns
al so good 30 wor kabi 1it enabl es extruding.to _seam ess tubes. It

shows t hat QW0t3P30HeB, p?l¥%9r91%% $o0-03% A D-BSHE &R &1 &F Wi 812.8%r r 0si on

resi st ance t [reTcTaled a much narrow
comnbi ngpl on¢lgf§t@%£gol grb % %’ ‘enent gsifélggazml\%'taﬁlbg‘gggh@% 03/020994 5 5 10

15 PCT/ SEQ2/ 01564 t he materl al is required. The alloy according to the

nvent i o Gnbal S LRBFITbFMaE SRARMELRX 0. 5% bno-3, 0%

Figure 1 shows CPT-values from tests of the test heats in the modified ASTM
15 G48C test in "Green Death"-solution compared with the duplex steels SAF2507,
SAF 2906 as well as the high alloyed austenitic steel 654SMO.
Figure 2 shows CPT-values attained with the help of the modified ASTM G48C
test in " Green Death"-solution for the test heats compared with the duplex steel
SAF2507 as well as the austenitic steel 654SMO.
20  Figure 3 shows the average amount of erosion in mm/year in 2%HCl at a
temperature of 75°C.
Figure 4 shows the results from hot ductility testing for most of the heats.

DETAILED DESCRIPTION OF THE INVENTION

25 A systematic development work has surprisingly shown that one by
means of a well-balanced combination of the elements Cr, Mo, Ni, N, Mn and
Co can obtain optimal dispensation of the elements in the ferrite and austenite,
which enables a very corrosion resistant material with only an insignificant
amount of sigma phase in the material. The material obtains also good

30  workability, which enables extruding to seamless tubes. It shows that with the
intention to obtain a combination of high corrosion resistance in connection with

good structural stability a much narrow combination of the alloying elements in



Cr 24, 0-30,0% Ni 4, 9- 10, 0% M3, 0- 5, 0% NO, 28-0, 5% BO- 0, 0030@2 WCW%
Co0- 3, 5% WD- 3, 0% Cu0- 2, 0% Ru0- 0, 3% Al 0- 0, 03% Ca0- 0, 010% bal ance Fe and

normal occurring inpurities and additions, whereby the content 20 of
ferrite isud;s 9\59I ume-% Carbon (C) has Iimted solubility in both ferrite
and austenite. e limted solubility inplies a risk of P¥EEERIMHM#i on of
chrom um carbi des and the content should therefore not exceed 0; 03 weight:
% preferably not exceed 0,02 weight 25.% Silicon Si is utilized as

desoxi dati on agent in the steel pr oduct? on as well as it increases the
flowability during production and wel ding. wever, too high, contents of Si
| ead to pre@ppnataiplds f‘%ﬂ“'@ﬁ'\/ﬁh?é‘ﬂo\{ ?ﬁ%rwggémec‘nﬁﬁm c%@%%f'ﬁr”’ée‘%‘t he
content is {hmted to max 0,5 weight-% preferably max 0,3 weight % 02 -
MARCH 2006 03/ 020994 PCT/ SE02/015(4 6 Manganese (M1) is added in order to -
increase the N-solubility in the material. However, it has shown that M
only has a ¢\i mted infl uencergn %8@, N-solubility in the type of alloy in
guestion. IMstead there are é’her el enents with higher influence on
the sol upi Igity. Besides, M puxc®st nation with high contents of 5 sulfur
can give rise to formati on of manganese sul fides, which act as initiation-
points for MNtting corrosi on0 -H&%cont ent of M should therefore be linited
to betmeerbp-S,O wei ght % puefei@ppdy 0,5-1,2 weight % Chromium (Cr) is a
much active elenment in order to inprove the resistance to a 10 mgjority of
corrosion tNipes. Furthernored,% 1.9% content of chromiuminplies that one
gets a veryMgood N-sol ubi I'i t%d“nSbL}ue material. Thus, it is desirable to

10 N 0,28 - 0,5%
B 0-0,0030%
S max 0,010%
Co 0-3,5%
W 0-3,0%

15 Cu 0-2,0%
Ru 0-0,3%
Al 0-0,03%
Ca 0-0,010%

balance Fe and normal occurring impurities and additions, whereby the content
20  of ferrite is 40-865 volume-%.

Carbon (C) has limited solubility in both ferrite and austenite. The limited S.
solubility implies a risk of precipitation of chromium carbides and the content
should therefore not exceed 0,03 weight-%, preferably not exceed 0,02 weight-

25 %.

Silicon (Si) is utilized as desoxidation agent in the steel production as well as it

increases the flowability during production and welding. However, too high

contents of Si lead to precipitation of unwanted intermetallic phase, wherefore
30  the content is limited to max 0,5 weight-%, preferably max 0,3 weight-%.



keep the Cr-content as high as possible in order to im@’ﬁéﬁ@@ﬁ?ﬂ r 0Si on
resi stance. For very good anpunts of corrosion resistanc qut of

chrom um shoul d be at |east 24,0 weight % preferably 27,0 -29,0 wei ght-

15 However (ﬂbﬂ? gontents of O increase the risk for internetallic

pr eci pltatl oneP*PL  what reason the content of chroni um PERESEB®LI6H i t ed up
to max 30,0 vvel ght % N ckel (N) is used as austenite stabilizing el enent
and is added in suitable contents in orfder to obtain the desired content of
ferrite. In order to obtain the 20 desited rel ati onship between the
austenitic and the ferrltlc phase w th between 40-65 volune-%ferrite, an

addi tion of Manganase (Mg js addedus QfHEC hincreRes | the NTW‘@?'H&SI"}/W? maigrigl wei ght -
i's required Owgﬁé/rb@ﬁﬁg%ém)thé@ﬂﬁ Iﬁﬁ{ds"aehrﬁltémheﬂ@é o th &St

resi stance corrosionin e environnments as as prtg]J erably in
reduci ng acthédypetoftaiioy :mqgestm MMhermamoﬁwbndatheyrelemehtstmm higher

Cr- tents. hi gh, i i t |1

ot ot pi tat | BRESTRAReTbIE SESdes, MFn semtihaios RLERER Sarvee pbn shoul o
lie in the étﬂfﬂ:%ar@blv% r%e%@oﬁfﬁét%tof%aﬁyaﬂé% abiides, Whidh Gcheé tfatiohn _
partlcul ar 4,0-4,3 weight % 30 N trogen i's very active el enent, which

i ncreases t peintsderRigin@reorTesiost ahe@ontenh@f M?ﬁh@ﬂ@rﬂiﬁ@f@@o@& limfiedto wel | as the
strengt h of %%t@@e%tseﬁ'v@l%ﬁ)"{/%@?%rﬁ Ché,grt \We%% \RCH 2006 WO 03/020994 7

PCT/ SE02/ 01 contént recoveri the austenite after
wel di ng, which gives good properties within the wel ded joi nt. In order to

bt ai ff h d b dded. A
P Cont oBhrofHlR Al AtoySh gtV Sbmenf A mntave M rasfiatedee -

i ncreasgp, @aRAG tldoyroshany pewmﬂu@ﬁﬁml ¥ Hidie chnteht MéhiomafRirailles' s hi gh.
Further, a high N content |rrpI|es that the risk for parosity increases

because of AEONS@RLs deery gPaBiN-pelbly 'Nth%“'tﬁﬁ%f'aﬁrfﬁﬂ“!s Iﬁd?’ degirbietq easons t he
N-cont ent Is\it}éé A dg‘? (#o'n%ﬁ%g htlg% ?%;So |l§e r t8AmProREaha Rbiosig?: 3° She 0, 45

wei ght -% N1 or O I's a In order to increase
hot wor kabi | iesigtantet her veay gpodlamaatntsof qommsmrgresmncawmcﬁonm oh the

wel dability r te.

Ther ef or e, (f 3’“'\‘5@ %Qﬁﬁd%’geaogréo%%ghou?gﬁﬁé fabéﬁﬂ (g 2%353@ fgv\ﬁgé}"ght % 15

Sul fur 1S i nfHbweetdsigh keneots ofs@olmcr@semanslefarreugtat‘metdmc frecibitationsgfosol ubl e
what reason the content of chromium must be limited up to max 30,0 weight-%.

Nickel (Ni) is used as austenite stabilizing element and is added in suitabie
contents in order {o obtain the desired content of ferrite. In order to obtain the

20 desired relationship between the austenitic and the ferritic phase with between
40-65 volume-% ferrite, an addition of between 4,9-10,0 weight-% nickel,
preferably 4,9-8,0 weight-%, is required.

Molybdenum (Mo) is an active element which improves the resistance to

25  corrosion in chloride environments as well as preferably in reducing acids. A too
high Mo-content in combination with that the Cr-contents are high, implies that
the risk for intermetallic precipitations increases. The Mo-content in the present
invention should lie in the range of 3,0-5,0 weight-%, preferably 3,6-4,7 weight-
%, in particular 4,0-4,3 weight-%.

30
Nitrogen (N) is a very active element, which increases the corrosion resistance,

the structural stability as well as the strength of the material. Further, a high N-



sul fides. Further, the hot workability detoriates, for wyahg
content of sulfur is limted to max 0,010 wei ght-% Cobalt l?%oe?ﬁs added in

order to inprove forenpst the structural stability as well 20 as the
corrosion pesi ﬁ,% e. Co is an austenite-stabilizing element. In order to
obtain effect should at least 0,5 weight % preferably atPCESERO1565 wei ght
-% be added. Because cobalt is a relatively expensive el enent, the addition
of cobalt is therefor limted to nax 5 weight-% 25 Tungsten i ncreases.
the resistance to pitting- and crevice corrosion. But the addition of too

hi gh contents of tungsten in conbi ntatﬁml on Wlth that the Cr- contents as well
as M- cont e?RHCRHBPAIES, theEageyefing et thgausianienlier weldingewhirh gives

Prect pitat| 695y bgeARSGN TG WYL 1l Gkl AERepbabduRBLIN shoul d 11 ¢

inthe ran wel ght-% preferabl et ween 1,8 weight-% 30
Copper is aedsid.28 weighé% Nostionlt be edded Wmntemsrm’dﬁi the risisfost ance in acid

envi ronnment s _such,. as | furic Cu.in enc the 02 .
MARCH 2006 RB“H3# f?%‘l‘éﬁ@‘%%l’@ '%aéggtefsﬁgeﬂﬁ%w?‘?f‘éﬂf‘?'i&?“% ﬁ@?&)@ hi gh
contents ofcr@msumlcwnﬁehﬁrs Hidre Fuethiel sibh N-tordtgnt umdnlesbﬁatqnsﬂerdﬁﬁ Ther ef or
t he Cu-content shoul d be Ilmted gw rl\?referablé bet ween 0,5
and 1,5 weiRHPSits insreRsehRRFaEe Gkt |33(C§@§%¢g5‘?‘\%b' RN {rotheRRIBEY ¢ he

COrrosion rggis s i %ﬁﬁem%%memeumutéd@mswﬁegﬂf.;/y, rgﬂg i t, the

cont ent shoul d F1mt to max O, wei ght-% prefer an 0 and
up to 0,1 ved.ght O%Sngm%mhIS(adic}eChnd Cal ci um (Ca) are used as desoxidation
agents at the steel 10 production. The content of Al should be [imted to
max 0,03 weight-%in order to limt the formng of nitrides. Ca has a

f avor alloe eBdreat(Bpr édaiedhmbcﬂmlté Increase thlemmairkabm’@v défahe pnitenal. Ahaul d be

limted to 0,01 er to avoid an unwanted ampynt of slag. 15
The cont enttoeg"grqb?qqtg"g qféomﬁ) weldabifity asuell 83 theLeuTesion e ni cal ]

properties cfldsaribred AheRifBREHid BSntaft &ﬁddroﬁ%&ﬂ@%e"ﬁhﬁ@pﬁ d,by30 From a
corrosion point of view and a point of view of weldability a content of

ferrite betwRight-%0-65%is desirable in order to obtain good properti es.

Further, high contents of ferrite inply that the inpact strength at | ow
terrperatures as well as the resistance to 20 hydrogen-induced brittl eness
ri sks déter m&mt(ﬁ)@ﬂuﬁhmaﬂhﬂtmmosbm resistance riegativdig byffomaing Gofles ol une- %

preferably 4%0693 ¥8:ltrﬁje¢ethe hot '&looﬁabrﬁty Léle?o lal%és', ?c?r what reason the content of
sulfur is limited to max 0,010 weight-%. ‘

Cobait (Co) is added in order to improve foremost the structural stabiiity as well

20  as the corrosion resistance. Co is an austenite-stabilizing element. In order to
obtain effect should af least 0,5 weight-%, preferably at least 1,5 weight-% be
added. Because cobalt is a relatively expensive element, the addition of cobalt
is therefor limited to max 3,5 weight-%.

25  Tungsten increases the resistance to pitting- and crevice corrosion. But the
addition of too high contents of tungsten in combination with that the Cr-
contents as well as Mo-contents are high, means that the risk for intermetallic
precipitations increases. The W-content in the present invention should lie in the
range of 0-3,0 weight-%, preferably between 0,5 and 1,8 weight-%.

30
Copper is added in order to improve the general corrosion resistance in acid

environments such as sulfuric acid. At the same time Cu influences the



vol ume- % DESCRI PTI ON OF PREFERED EMBODI EMENTS 25 In th | ow t he
conposition of a nunber of test heats is presented, mﬁ%ﬁiﬁgﬁﬂ}i?wﬁfe t he
effect of different alloying elenents on the properties. Heat 605182

r epr esent rence conposition and is consequently not a part of the
field of f\?nag&%\%*nt ion. Neither shall the remaining hedJ/'¥8286nmsi der ed
limting the invention, wthout only specifying exanples of 30 heats, which
il lustrate the invention according to tghe clains. The specified PRE- nunbers
or -val ues consider always anmounts cal cul ated according to the

PREW f or mul even , though this |s not, expligitl nijoned. 0O RCH 2006 WD
031 020604 STERI SRRy S _N‘EEE Cf”tﬁﬁ’isoi’%e_gf" éB{{@aé@éoﬁog? sgoe i s |
exanpl e Wer@l BE QEEESEP Y Heastb th8 CupEortékehduld B Siniitedtth ehdxe oviadighity .  Whi ch
were hotforged to round bars. Those 5 vere hot extruded to bars (Tound bars
as wel | as % prefasably)betwpen 6,5tansh 1, fateighta. was taken out fromthe round
bars. Further on the flat bars were annealed before cold rolling took

pl ace, whereafter further test naterial was taken out. Froma materi al
engi neesi ngﬁtﬁﬂér][ittlfmﬁﬁ iaddddia opderdesrcrease the wmsﬂ!imi?restktérméoleec?use ]
representatiye for. the preparation in er scale,, for. exapple for the
product i onrﬂ%eﬂwné@aﬁ‘ﬁ%’gse’{f)’ﬁﬂ%@ﬁ ni%%gg?ﬂ?f"&ﬁkﬂ‘élﬂm?d!m‘FﬁdﬂéHSGy col d
rol ling. TaRligntls, sheaablRocaABOSI dndUp ©f 0 i ieeighttst batch of test heats.
Table 1. Conposition for 'test heats, weight % at MhCr Nl MoWCoVLaTi N
6051931, 0327, 908, 804, 000, 010, 020, 040, 010, 010, 36

302107 MBI A Al s R A

. 60518310 02p8odiittiod 9Phe 86nt6tlofG@hodld, lellitnitedt®ax 0,03 weight-% in order to

6051840, 9928.097.834. 010. 010, 030,.540. 010N, .0- Q. 44 -
6051872, 94%‘7{"&3%?@’@@?@8’8?@1%59 8 ves# %Yé%,%’i%,e&ﬁc* on the hotductility.
6051532, 78 Hbwtver, 384 Ch3dordRt hotidisdlifité €10,034 vedigRSB%0n bidsr 14 8(0id885,

750, 010, 05J0, 040. 010, 100, 26_ 15 In purpose to investigate the structural
stability S8Hmanteq amospbphslag.

15  The content of ferrite is important in order to obtain good mechanical properties
and corrosion properties as well as good weldability. From a corrosion point of
view and a point of view of weldability a content of ferrite between 40-65% is
desirable in order to obtain good properties. Further, high contents of ferrite
imply that the impact strength at low temperatures as weli as the resistance to

20  hydrogen-induced brittleness risks deteriorating. The content of ferrite is
therefore 40-65 volume-%, preferably 42-60 valume-%, in particular 45-55

volume-%.

DESCRIPTION OF PREFERED EMBODIEMENTS
25 In the examples below the composition of a number of test heats is
presented, which illustrate the effect of different alloying elements on the
properties. Heat 605182 represents a reference composition and is
consequently not a part of the field of this invention. Neither shall the remaining
heats be considered limiting the invention, without only specifying examples of
30  heats, which illustrate the invention according to the claims.
The specified PRE-numbers or -values consider always amounts calculated
according to the PREW-formula, even though this is not explicitly mentioned.
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Table 1. Composition for test heats, weight-%.

Heat Mn | Cr Ni Mo | W Co |V La Ti N

605193 | 1,03 127,90 (880 1400 (001 (0,02 /004 {001 ]0,01]0,36
605195 { 0,97 [ 27,90 [ 9,80 {400 (001 097 | 0550011035 ;048
605197 1 1,07 | 28,40 [ 8,00 [ 400 | 1,00 ! 1,01 10,04 | 0,01 10,01 | 044
605178 1 091 | 2794 1 726 (401 [ 099 [ 0,10 | 0,07 | 0,01 | 0,03 | 0,44
605183 | 1,02 | 28,71 | 6,49 | 4,03 | 0,01 1 1,00 { 0,04 | 0,01 | 0,04 | 0,28
605184 [ 0,99 {2809 (783 (401001 1003054 001001044
605187 1294 [ 2774 4,93 13981001 /0598 |008 {001 ]0,011!044
605153 | 2,78 127,85 16,93 {403 (1,01 (0,02 | 0,06 10,02 ]0,01 10,34
605182 1 0,17 | 23,48 | 7,88 15751001 1005 | 0,04 | 001 | 0101026

In purpose to investigate the structural stability samples from every
heat were annealed at 900-1150°C with steps of 50°C as well as they were
guenched in air, respective water. At the lowest temperatures intermetaliic
phase was formed. The lowest temperature, where the amount of intermetallic
phase became insignificant, was determined with the help of studies in light
optical microscope. New samples from respective heat were annealed
afterwards at said temperature under five minutes, whereatfter the samples were
cooled down with the constant cooling rate of -140°c/min fo room temperature.
S'ubsequently, the area fraction of sigma phase in the materials was determined
with digital scanning of the pictures with back-scattering electrons in a scanning

electron microscope. The results appear from Table 2.
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Table 2.

Heat Heat treatment Amount g [vol-%] | Tmax o
605193 1100°C, 5min 7,5% 1016
605195 1150°C, 5min 32% 1047
605197 1100°C, Smin 18% 1061
605178 1100°C, Smin 14% 1038
605183 1050°C, Smin 0,4% 997
605184 1100°C, Smin 0,4% 999
605187 1050°C, 5min 0,3% 962
6505153 1100°C, Smin 3,5% 1032
605182 1100°C, 5min 2.0% 1028

The purpose of this investigation is to be able to rank the material

with regard to the structural stability, i.e. this is not the real content of sigma

phase in the samples, which were heat treated and quenched before for

example the corrosion testing. One can see that Tnax sigma, which was

calculated with Thermo-Calc does not directly coincide with the measured

amounts of sigma phase, however it is distinct that the test heats with the

lowest calculated Tnax Sigma contain the lowest amount sigma phase during

this investigation.

The pitting corrosion properties of alt heats were tested for ranking

in the so-called "Green Death"-solution, which consists of 1%FeCls, 1%CuCls,

11% H2S804, 1,2% HCL The test procedure is equivalent to the pitting corrosion

testing according to ASTM G48C, however, it will be carried out in the more

aggressive "Green Death"-solution. Further, some of the heats were tested

according to ASTMG48C (2 tests per heat). Also the electrochemical testing in

3%NaCl (6 tests per heat) was carried out. The results in form of the Critical

Pitting Temperature (CPT) from all tests appear from Table 3, such as the
PREW-number (Cr+3,3(Mo+0,5W)+16N) for the total composition of the alloy as
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it is established that there exists a linear ratio between the lowest

PRE-number in the austenite or ferrite and the CPT-value in the duplex steel,

but the results in Table 3 show that the PRE-number not solely explains the
CPT-values. In Figure 1 the CPT-values from test in the modified ASTM G48C
test are shown diagrammatically. The duplex steels SAF2507, SAF2906 as well

as the high alloyed austenitic steel 654SMO are inciuded as reference. It is

distinct from these results that all test materials show better CPT in the modified
ASTM G48C than SAF2507 as well as SAF2906. Furthermore some of the test
materials show CPT results in the modified ASTM G48C at the same level as or
in excess of 654SMO. The test heat 605183, alloyed with cobalt shows good
structural stability at a controlled ceooling rate of (-140°C/min) in spite that it

15

20

contains high contents of chromium as well as of molybdenum, shows better
results than SAF2507 and SAF2806. it appears from this investigation that a
high PRE does not solely explain the CPT values, without the relationship PRE

austenit/PRE ferrite is of extreme weight for the properties of the higher alloyed

duplex steels, and a very narrow and exact leveling between the alloying

elements is required in order to obtain this optimum ratio, which lies between
0,8-1,15; preferably 0,9-1,05 and simultaneously obtain PRE values of above

the requirenment of a 25%



tenperature (RT). 15 Table 4. Inpact strength Heat Temergg%ﬁ%ﬁd OoRMAS5Z
(MPa) (MPa) (MPa) (% (% 605193RT65279191629, 738 100C513646 006

200C51158375629, 836 605195RT67177391038, 066 100C56363782539, 368
200C50456376938, 164 605197RT70179993938, 466 100C56465284440, 769
200C50257 PBRYB0985 605178RT71282892527, 037 100C59667782%3%/524501564
200C53560876327, 136 605183RT67777588232, 467 100C56064278833, 059
200C49957873729, 952 605184RT70279391532, 560 100C56965782134, 561
200C52658177431, 656 605187RT67977789338, 761 100C51362879938, 964
200C50555874335, 858 605153RT71584591720, 724 100C57269281729, 327 02 MARCH

2006 WO 03&@%%!&%&&@@@2%&%%3%ﬂ@ ASTIORT 19otHROASHifidd3 1

1100C49362180231, 842 Table 5. | npact St reng_r PCT/ SEO02/ 1) 1564 Anneal i ng
ASTM G48C test for the test heats is given n

The strength at room temperature (RT), 100°C and 200°C and the
5 impact strength at room temperature (RT) have been determined for all heats
and is shown as average amount for three tests.

Tensile test specimen (DR-5C50) were manufactured from
extruded bars, @ 20mm, which were heattreated at temperatures according to
Table 2 in 20 minutes followed by cooling down in either air or water (605195,

10 605197, 605184). The results of the tests are presented in Table 4 and 5. The
results of the tensile test show that the contents of chromium, nitrogen and
tungsten strongly influence the impact strength of the material. Besides 605153,
all heats fulfill the requirement of a 25% elongation at tensile testing at room
temperature (RT),

15
Table 4. Impact strength
Heat Temperature {Ryoz Rpi.0 Rm A5 z
(MPa) [(MPa) [(MPa) |(%) |(%)
605193 RT 652 791 916 29,7 {38
100°C 513 6545 818 304 |38
200°C 511 583 756 298 |36
6505195 RT 671 773 910 380 |66
100°C 563 637 825 39,3 68
200°C 504 563 769 38,1 |64
605197 RT 701 799 939 384 {66 T
100°C 564 652 844 40,7 |69
| 200°C 502 577 802 350 |65
805178 RT 712 828 925 270 137
100°C 596 677 829 31,9 145
200°C 535 608 763 271 |36
605183 RT 677 775 882 324 |67
100°C 560 642 788 33,0 |89
200°C 499 578 737 289 [52
6805184 RT 702 793 915 32,5 160
100°C 569 657 821 345 |61
200°C 526 581 774 316 156
605187 RT 679 777 893 35,7 |61
100°C 513 628 799 389 |64
200°C 505 558 743 35,8 58
605153 RT 715 845 17 20,7 |24
100°C 572 682 817 293 |27




| npact Anneal ing | npact Heat[ C/ m n] Coolingstrength [ m@h@@bipﬂﬁ%rengt h
1.111J 6051931100/ 20Ai r 351100/ 20Wat er 242 6051951150/ 20Wat'ér
6051971100120Wat er 2541130120Wat er 259 6051781100/ 20Ai r 621100/ 20Wat er 234
6051831050/ 20Ai r 791050/ 20Wat er 244 6051841100/ 20Wat er 811100/ 20Ai r 78
6051871050"Y%R%E44 100/ 20Wat er 95 6051531100/ 20Ai r 501100/ 2BVESERALG-
6051821100/ 20Ai r 221100/ 20Wat er324 5 This investigati on shows very distinct

t hat water quenching is certainly necessary in order to obtain the best
structure and consequently good val ues Bfor the | npact strength. The
requirenent is 100J at test at roomtepperature and all heats pass this,
except heat| 605184 20¥ 605189 whHelle cEfPainfPy.7t N1 1Q latter lies very near
the requirefi@fdif? Table 6 shEds t &4 es(¥Ps fPBM tIKE Tungsten-lnert-Gas
remel ting [test (h¢i98%X or t hHabbr d6d1at e80T G 1318hef2 tHe heats 605193,
605183, 605184 as well as 605253 show a good structure in the heat affected
zone (Heat Affected 15 Zone, henceforth-abbreviated HAZ). The Ti- contai ni ng
heats show Tin in HAZ. A too high chromium and nitrogen content results in
preci pi t atipayiehs. (hgadistraMatich shal | be avoi ded because it detoriates the
properties of the material.” Table 6. HeatPrecipitations Protective gas Ar
99, 99% 605193HAZ: K 605195HAZ: Large amounts of TIN and a- phase 605197HAZ:

Smal | amount o TQE N T Ssdh T Mmpatiot [ AWHealng OiEooihg 1 7 Fhiset 2N in 6-grains,
ot herwi se QK 02 l\mﬁgﬂiﬁ%% Vgpgﬁ?ﬁggﬂ [“C/‘min]tjkT me strength
[J] ]

605193 |1100/20  |Air 35 |1100/20  |Water 242
605195 1150/20 |Water 223
605197 |1100/20  |Water 254 1130/20 jWater 259
605178 |1100/20 |Air 82 1100/20  [Water 234
605183 |1050/20  |Air 79 1050/20  |\Water 244
605184 11100/20  |Water 81 1100/20  |Air 78
605187 [1050/20  |Air 51 1100/20  |Water 95
605153 1110020 |Air 50  }1100/20  |Water 246
605182 |1100/20  |Air 22 1100/20  |Water 324

This investigation shows very distinct that water quenching is certainly
necessary in order to obtain the best structure and consequently good values
for the impact strength. The requirement is 1004 at test at room temperature
and all heats pass this, except heat 605184 and 805187, where certainly the

10 latter lies very near the requirement.

Table 6 shows the results from the Tungsten-nert-Gas remelting
test (henceforth-abbreviated TIG), where the heats 605193, 605183, 605184 as
well as 605253 show a good structure in the heat affected zone (Heat Affected

15 Zone, henceforth-abbreviated HAZ). The Ti- containing heats show Tin in HAZ.
A too high chromium- and nitrogen content results in precipitation of Cra N,
which shall be avoided because it detoriates the properties of the material.

Table 6.

Heat Precipitations
Protective gas Ar (99,99%)

605193 IHAZ: OK

805185 [HAZ: Large amounts of TIN and o-phase

805197 |MAZ: Small amounts of CraN in 8-grains, but not much
605178 |HAZ: CrN in 8-grains, otherwise OK




PCT/ SE02/ 01564 14 605183HAZ: OK 605184HAZ: OK 605187HAZ: ggé?%%'%% ar the
mel tingbond, no reci itations farther out 605153HAZ: OK - Tt N and
decorated grai nboundaries 5/S EXAMPLE 2 I n the bel ow nenti oned exanpl e the
conposition of a further nunber of test heats produced with the purpose to
find the OWOLHRNB conposition is given. These heats are raydEshvedsst arting
out fromthe properties of the heats with good structural stability as well
as high corrosion resistance, fromthe Jesults, whi ch were shown in exanple
1. Al heats in Table 7 are included iH the conposition according to the
present invention_where heats 1-8 are included into a statistical test
nodel , while the [B948% (BALOK are additional 10 test alloys within the scope
of this inventionfoA8huiBeOKf test heats casting of 270kg
ingots, which wef®18ht|HOEGEN quie peania melipgbondhose were eXtruded to bars,
wher efrom test saﬁi_e;“ i irth anneal ed before’
cold rolling to $q54$3 ' r test materi al
was taken out. Taff548 R R BOYR a >/t est heats. Table
7. Heat MnCr WCoCuRuBN 16052581, 129 01 50 0018046 26052491 028, 81, 50, 00260, 38
36052591, 12%)@%%90190 45 46052601 127,51 50, 00200, 44

56052501, 12 00190, 40 6605251102811, 50, 00210, 38

76052611, 027, 80, 60, OZhé béBwar[HnﬁEﬁ&d &2angie,tbd cR2BposShioniF @, fRther

e6052541, 126. 91. 00, 00210..38 f 605 28, 63. 00, Q. 00200, 31
6052622, 727"88’159530’9@5 e Pb‘t@% h@smed@%nﬁg 8PPEIURN 00, 00200, 40
i 16052534, 028mBésifidn Lodiva? THeEB(hedfs are modified starting out from the properties

of the heats with good structural stability as well as high corrosion resistance,

from the results, which were shown in example 1. All heats in Table 7 are

included in the composition according to the present invention, where heats 1-8

are included into a statistical test model, while the heats e to n are additional
10 test alloyé within the scope of this invention.

A number of test heats were produced by casting of 270kg ingots,
which were hotforged to round bars. Those were extruded to bars, wherefrom
test samples were taken. Afterwards the bar was annealed before cold rolling to
flat bars was executed, after that further test material was taken out. Table 7

15  shows the composition for these test heats.

Table 7.

Heat Mn | Cr Ni Mo W Co [Cu {Ru |B N
1 805258 1,1 [ 280 [65 |423 1,5 0,0018 | 0,46
2 605249 1,0 1288 |70 }423 1.5 0,0026 | 0,38
3 605259 1.1 200 168 |423 06 0,0019 { 0,45
4 605260 1,1 1275 |59 |422 1.6 0,0020 | 0,44
5 605250 1.1 288 |76 1424 0.6 0,0019 | 0,40
6 605251 10 281 65 {424 1,5 0,0021 | 0,38
7 505261 1.0 1278 |81 |4%22 0,6 0,0021 | 0,43
8 605252 1.1 284 169 {423 0.5 0,0018 { 0,37
e 605254 1.1 260 !85 |48 1,0 0,0021 | 0,38
f 605255 1,0 (286 |65 |40 30 0,0020 | 0,31

605262 27 1276 169 |39 1,0 1,0 00,0019 | 0,36
h 6805263 10 1287 166 (40 1,0 | 1,0 0,0020 y 0,40
in 605253 10 [288 |70 14186 1,6 0,0019 | 0,37
i 605266 1,1 300 |71 4,02 0,0018 | 6,38
kK 605268 10 1285 170 |397 1.0 110 0,0020 | 0,45
| 605268 11 1282 166 140 1.0 [ 10 |10 0,0021 | 0,43
m 805270 10 {288 |70 |42 1,5 0,1 | 0,0021 { 0,41
n 805267 1,1 293 |65 |423 1,5 0,0019 | 0,38




6052661, 130, 07, 14, 020, 00180, 38 k6052691, 028, 57, 03, 971, 0
| 6052681, 128, 26, 64 01, 0101, 00, 00210, 43 nb6052701, 028, 87,

0‘21?@’1‘9@% %9060210 41

n6052671, 129, 36, 54, 231, 50, 00190, 38 02 MARCH 2006 WO 03/ 020994 PCT/ SE02/ 01564

15 Table 8
emlrlcals
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PoRE R

Calc Varianta-formula a T-CPRE total PRE aPRE yTnsx Tmax
1465050, 247, 850, 510061123 2525049, 148, 2958101641084

3455050, 247, 952, 610071097 4465049, 246, 549 89861121 5475049, 148, 549, 710281038

6525048 147,149 29981086 7445049, 246, 6
e465349, 348, 449 510101099 f 655246, 747,

355,

09851081 8465048, 147, 249 110081044
110081090 485148, 448, 448, 31039979

h505350, 048, 451, 710351087 i 525049, 148, 449, 810191084 5 Ther no- Cal c-val ues
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R S G R

TCFEQ9) ar
the differ

di ssol vi ng

t enper at ur ¢
al l oyi ng el

m cr opr obe

10

15

atnra fn

The PRE- nunber

+tho ci.ann

anounts for

al |

t her nrodynam ¢ dat abase for steel
specified elenments in

for the ferrite and austenite is
based on their equilibrium corrposition at 1100C. 10 Trmax sigma is the

fann:\nt I ha —wWhere Jlnll Fal nllponl \n =¥
yangng; p%lfc’éfnqlaovﬁ?fg;r W%ff’r 1D?t‘)z'i"i i yﬁEThe (i-rﬁ]tarl bu of the
el Smalricel T r ; - sk RN
Tentsy g F—SO‘WWIH F 50,811 N6 G Xy 3 d with
gratysig therggsutts ZgqPEar(hpygmT T f@g—g—g 155ohat T8k,
3 45 50 50,2 47 .9 52,6 1007 1097
4 45 50 49,2 48,5 49,8 986 1121
5 47 50 49,1 48,5 49,7 1028 1038
6 52 50 48,1 47,1 492 998 1086
7 44 50 49,2 46,6 52,0 985 1081
8 46 50 48,1 47,2 49,1 1008 1044
e 45 53 493 48 4 49,5 1010 1099
f 85 52 46,7 47,2 48,1 1008 1090
| g 48 51 48,4 48 4 48,3 1039 979
h 50 53 50,0 48 4 51,7 1035 1087
i 52 50 43,1 48 4 49 8 1019 1084

Thermo-Calc-values according to Table 8 (T-C version N

thermodynamic database for steel TCFE99) are based on characteristic

amounts for all specified elements in the different variations. The PRE-number

for the ferrite and austenite is based on their equilibrium composition at 1100°C.

Tmax Sigma is the dissolving temperature for the sigma phase, where high

dissolving temperatures indicate lower structural stability.

The distribution of the alloying elements in the ferrite- and austenite

phase was examined with microprobe analysis, the resuits appear from Table 9.

Table 9.

Heat Phase Cr Mn Ni Mo |W Co Cu N
605258 | Ferrite 29,8 1.3 48 150 1.4 0,11
Austenite 28,3 1,4 73 134 1,5 0,80
605249 | Ferrite 29,8 1.1 54 1|51 1,3 0,10
Austenite | 27,3 1,2 79 133 16 0,53
605258 | Ferrite 207 1,3 53 |53 0,5 0,10
Austenite | 28,1 1,4 78 133 0,58 0,59
805260 | Ferrite 284 1,3 44 |50 1,4 0,08
Austenite | 26,5 14 63 [386 1,5 0,54
805250 | Ferrite 30,1 1,3 56 {51 0,46 0,07
, Austenite | 27.3 1,4 88 134 0,53 0,52
605251 | Ferrite 296 1,2 50 (52 1,3 0,08
Austenite | 26,9 1,3 76 135 1,6 0,53




Heat PhaseCr MhNi MoWCoCuN 605258Ferrite29, 81, 34, 85, 01, 40,

Aust eni t e28, 31, 47, 33, 4150, 60 605249Ferrite29, 81, 15, 45, 1%&%?5&?“’2006
Aust eni t e27, 31, 27, 93, 31, 60, 53 605259Ferrite29, 71, 35, 35, 30, 50, 10

Aust eni t e28, 11 47, 83, 30, 580, 59 605260Ferrite28, 41, 34, 45, 01, 40, 08 Austeni t €26
51, 46, 33, 67 C9F WAM605250Fer ri t €30, 11, 35, 65, 10, 460, 07 PCT/SE02/01564
Aust eni t €27, 31, 48, 83, 40, 530, 52 605251Ferrite29, 61. 25, 05, 21. 30, 08
Aust eni t €26, 91, 37 63, 51, 50, 53 02 MARCH 2006 WD 03/ 020994 PCT/ SE02/ 01564 16
605261Ferrite28, 01, 24, 54, 90, 450, 07 Aust®ni t e26, 5146, 93, 30, 560, 56
605252Ferrite29 61 35 35. 20 420.09 Austenite27.11.46.23. 30,510, 48

605254Ferri t €28, 80621 | §5miR0, 39@8.08 At % ebB900, 47, 168K, 00 48.07
605255Ferri t e30,_11_35 | Austamte 70268 ALY oniG22173.81! 37 79583 [30 45 0.56
605262Fer ri t e28|852%5 | Barris) 10288 obTAud: 'L%éﬂ 33 29423 log _g5P.09q/ 46
605263Ferrit e20l-7z1 25 fustanite 202610 A A (8.2 L3300 g1 LOAL S 55 1848 110 51
605253Ferrite30‘§%2§%g%mﬁiﬁu AWM RS ST OGN P x
: ' orac | Hystents SL260 (114 o8 A3 e T 0,48
605266Ferrite3l; 7] - t O, 58A3 16
. 60255 | Egmilg." T3 T S2sln g POy oo lon ok 0.08
605269Fer ri t e2871, 55 A st tqugyﬁ_ 1‘;“:1&-]?}” ¥g01 61473931260, 875.48 52
605268Fer rite29; 2 ; , O 1453 a8 14 0,9 0,08
Aust eni te26, 71, [#7,753; Mué?e/niteﬂ 2343! T)la,z 81 130 [085 [1.1 0.46
605263 | Ferrite 207 113 154 |51 113 |0.91 0,07
Austenite | 27,8 | 1,4 | 7.7 |32 1079 | 1.4 0,51
605253 | Ferrite 302 |13 |54 |50 1.3 0,09
Austenite [ 27,5 1,4 84 131 1,5 0,48
505266 | Ferrite 31,0 |14 |57 |48 0,09
Austenite | 29,0 |15 |84 |31 0,52
605260 | Fermite 287 |13 (52 151 |14 |08 0,11
Austenite 266 |14 | 7.8 |32 1087 | 1.1 0,52
605268 | Ferrite 291 |13 |50 |47 |13 |091 |084 |042
Austenite ] 26,7 | 1,4 |75 |32 [097 |10 |12 1051
605270 | Ferrite 302 |12 |53 |50 1,3 0,11
Austenite | 27.7 | 1.3 |80 |32 1.4 0,47
605267 | Ferrite 301 |13 |51 |49 i3 _ | 0,08
Austenite | 27.8 | 1.4 | 7.6 |34 18 | 0,46

The pitting corrosion properties of ali heats have been tested in the
"Green Death"- solution (1%FeCls, 1%CuCls, 11% H,S0,, 1,2% HCI) for
5  ranking. The test procedures are the same as pitting corrosion testing according
to ASTM G48C, but the testing will be executed in a more aggressive solution
than 8%FeCls, the so-called "Green Death"-solution. Also the general corrosion
testing in 2%HC! (2 tests per heat) was executed for ranking before the
dewpoint testing. The results from all tests appear from Table 10, Figure 2 and
10 Figure 3. All tested heats perform better than SAF2507 in “Green Death”-
solution. All heats lie within the identified range of 0,9-1,15; preferably 0,9-1,05
applicable for the ratio PRE austenit/PRE ferrite at the same time as PRE in
both austenite and ferrite is in excess of 44 and for most of the heats even
considerable in excess of 44. Some of the heats attain even the limit of total
15 PRE 50. itis very interesting to note that heat 605251, alloyed with 1,5 weight-
% cobalt, performs almost equivalent with heat 605250, alloyed with 0,6 weight-
% cobalt, in "Green Death"-solution in spite of the lower chromium content in

heat 605251. It is particularly surprising and interesting because heat 605251



605270Ferrite30, 21, 25, 35,0130, 11 Austenite27,71, 38, 03, 21, 40, 47
605267Ferrite30, 11, 35, 14, 91, 3008 Austenite27,81, 47,6311, tting
corrosion properties of all heats have been tested in th@owﬁ@gg?@éat h" -
solution (1%ed 3, 1%uC(2, 11% H2SO4, 1,2% HCl) for 5 ranking. The test
proceduresvﬁﬂgminlaf sanme as pitting corrosion testing according to ASTM
A8C, but testing will be executed in a nore aggressiR@/SIRUSON  t han
6%-eCl3, the so-called "G een Death"-solution. Al so the general corrosion
testing i'n 2%iCI (2 tests per heat) was,executed for ranking before the
dewpoi nt testi ng The results fromall tests appear from Table 10, Figure 2
and 10 Fi tested heats performbetter than SAF2507 in "G een
Deat h"- sol .ao%Rqum%a&fgm #& Witiethisin ereessaeiane ebtadangeopimercal 1, 15;
preferably at i t ferrite at

t he sane tIs%g@rd?p%%gl@ﬁ?%@ﬁ?ﬁn%ag?%g%?ﬁe gndsgg erﬁée:\:jta g}élstgs&% 1@5@&5 of 44 and
for nost ofinditated agrodairisturaleiahiite baptd ohdhexaioes inTalle. 2 Bdm@nyflet he heat s
attain eveg the limt of total 15 PRE 50. It is very interesting to note
that heat 605251, alloyed with 1,5 weight- % cobalt, perfornms al nost

equi val gnt lmblehﬂﬁév&f)éﬂéwnambevefdcwa 3P/o(1\46+wwhﬂ)+18%mhﬂ|the tatal " G een

Deat h"-solution jn spite of the lower chrom umcontent in_ heat 605251. It

i s parti culCamppsitignof the allpyand FRE & austehle Bewaliss iRdhe febteeaunsiedvarcH 2006
VO 03/ 0209 Ege% §6%§§iﬂo%fﬁ%8p sEBEr@Eﬁ%.e@és asﬂ?ed\»(qu#b S In
excess of so s comercial superdupl ex alloys sinmultaneously as
the Tmax sipgote. \(E‘adrltmﬂtbvélfervuel\@aﬁmeaswed@é@@eat gewgatmmﬁdbllmmbl lity
based on t:%%%l ues |g‘ Table 2 in Exanple 1. 5 In Table 10 even PREW nunber
(%Cr +3, 3% %0 %Q) for the total conposition of the alloy and PRE in
austenuoe as weII as in the ferrite (rounded off) based on conposition of

t he phases are specified as neasured with mcro probe. Content of ferrite
was measur 6@°% 1&r heat-treat i ng at 1100C foll owed by water quenching. 10

Tabl e 10 PREWRRE ahalt | PREW | PRE | PRE PREy/ CPT °C
Total o v PREn Green
death
605258 482 |603 481 | 491 1,021
605249 508 489 |48,3 |466 0,967 75/80
605259 482 1502 488 |484 0,991
605260 534 | 485 | 46.1 | 47.0 1,019
605250 536 1492 48,1 | 468 0,974 95780
605251 542 482 1481 1469 0,976 90/80
605261 50,8 | 488 | 452 |463 1,024
605252 56,6 | 482 48,2 1456 0,946 80/75
605264 532 | 488 | 485 | 462 0,953 90/75
605255 574|469 46,9 | 44,1 0,840 90/80
605262 572|479 483 |450 0,931
605263 536 149,7 |498 | 478 0,959
605253 526|484 | 482 1454 0,942 8575
605266 626|494 1483 | 476 0,986
605269 528 | 605 |496 | 469 0,945
605268 520 | 499 1487 1470 0,965
605270 570 1492 1485 | 457 0,944
605267 508|493 | 476 | 454 0,953

In order to examine the structural stability in detail the samples

were annealed for 20 minutes at 1080°C, 1100°C and 1150°C, whereafter they
15 were quenched in water. The temperature, where the amount of intermetallic

phase became insignificant was determined with help of investigations in a

lightoptical microscope. A comparison of the structure of the heats after

annealing at 1080°C followed by water quenching indicates which of the heats

are more suspect to contain undesired sigma phase. The results are shown in
20 Table 11. Control of the structure shows that the heats 6052483, 605251,



PRE PREY/ CPT C Heat a- hal t Tot al aYPREaG een death 6052588&6‘3‘%%&4%%9’ 11, 021
60524959, 848, 948, 346, 60, 96775/ 80 60525949, 250, 248, 848, 40,

60526053, 448, 546, 147, 01, 019 60525053 649, 248, 146. 80, 97495/ 80

60525154, é‘éf@“é@ﬁ” 46, 90, 97690/ 80 60526150, 848, 645, 2 146, 31, 024

60525256, , , 245, 60, 94680/ 75 60525453, 248, 848, 546, 20 POTHEM/NS64

60525557, 446, 946, 94410, 94090/ 80 60526257, 247, 948 345, 00, 931

60526353, 649, 749, 847, 80, 959 60525352, 6@8, 448, 245, 40, 94285/ 75

60526662, 649448, 347, 60 986 60526952, 850, 549, 646, 90, 945

60526852049, 948. 747, 00, 965 60527057, 049. 248. 545, 70
60526759, 8865252 682853,$ 05854, @Pﬁ%ﬁﬁeboﬁﬁ%ﬁgﬁgﬁ% G@@amwhﬁ&ﬁoﬁ%l lity in

detai |t heaRafbh fim UREEDSEA LIRS 1RReBIRNER Bsos850foy el and 1190C

wher eafter wer e quen In wa e t enper at ur t he amount
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I nvesti gation ht opti cal 0sSco A conpari s he structure
of the heat'§ T%Pgb%ﬁwﬁgglafr‘%ga X?WM@WBV&%@%%F%Q‘QU&%%%S i ndi cat es
which of t BRoyaeatith h@ﬁ%oﬁ@h% SiUSHRESiunk appeitimiately RAePBRMt-94 gRdtHehase. The
results are shown in 20 Table 11, Control of the structire shows that the

heats 60528®}ybgesamicontgnt phREProXmoaelid. 83 meiaidds. IPoneseomanasthe 18 605252,
605253, 00835 gos AR Hine AR W0s 5860587268, 354 WBEheaRARAR oA @ 170

from unwan sigha ph reoveft oye
the content of sigma phase, it is very distinct that the range of composition for

that optimum material is very narrow, in this case with regard to the structural
10  stability. It further shows that the heat 605268 contains only sigma phase
compatred fo heat 805263, which contains much sigma phase. What mainly
distinguishes these heats from each other is the addition of copper to heat
605268. Heat 605266 and also 605267 are free from sigma phase, despite of a
high content of chromium the later heat is alloyed with copper. Further, the
15  heats 805262 and 605263 with addition of 1,0 weight-% tungsten show a
structure with much sigma phase, while it is interesting to note that heat
605269, also with 1,0 weight-% tungsten but with higher content of nitrogen
than 605262 and 605263 shows a considerable smaller amount of sigma
phase. Consequently, a very well-leveled balance between the different alloying
20  elements at these high alloying contents is required of for example chromium
and molybdenum in order to obtain good structural properties.
Table 11 shows the results from the fight optical examination after annealing at
1080°C, 20min followed by water quenching. The amount of sigma phase is
specified with values from 1 to 5, where 1 represents that no sigma phase was
25 detected in the examination, while 5 represents that a very high content of
sigma phase was detected in the examination.

Table 11.
Heat Sigma Cr Mo W | Co | Cu N Ru |
phase
6805249 1 28,8 423 1,56 0,38
805250 2 28,8 4,24 0.6 0,40
6506251 1 28,1 4,24 1,5 0,38
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605253128, 84, 161, 50, 37 X ]
structure a?ter annealing at 1100°C followed by water quenching and the

5 requirement of 100J will be managed with farge margin of all tested heats.

Table 12.
Heat Annealing |Quenching| Impact impact impact
[°C/min] strength sirength strength
[ [Ji [J]
805249 1100120 Water >300 >300 >300
605250 1110020 Water >300 >300 >300
605251  |1100£20 Water >300 >300 >300
605252  1100/20 Water >300 >300 >300
605253 |1100/20 Water 258 287 257
605254 |1100/20 Water >300 >300 >300
605255 |1100/20 Water >300 >300 >300

10
Figure 4 shows the resulis from the hot ductility testing of the most
of the heats. A good workability is of course of vital importance in order to be
able to produce the material to product forms such as bars, fubes, such as
welded and seamless tubes, plate, strip, wire, welding wire, constructive
15 elements, such as for example pumps, valves, flanges and couplings. The
heats 605249,605250, 605251, 605252, 605255, 605266 as well as 605267,



605254126, 941- 801, 00, 38 605255128, 64, 043, 00, 31 60525822% %ﬂﬁégﬁ%gg 46
605259129, 04 230, 60, 45 605260127, 54, 221, 50, 44 605261227,% : : ,9%
605262427, 63, 931, 01, 00, 36 605263528, 73961, 01, 00, 40 605266130. 04, 020, 38
605267129, 34, 231, 50, 38 605268228, 23, 981, 01, 01, 00, 43

605269328 3042491 00, 45 605270328, 84, 191, 50, 410, 1 | n TACTEEMRSHE resul ts
fromthe inpact strength testing of sone of the heats are shown. The
results are very good, which indicates @ good structure after annealing, at
1100C fol | owed by water quenchi ng and ? e 5 requirenment of 100J will be
managed with |large margin of all tested heats. Table 12. Anneal i ng | npact

| npact | npdke mq@gwtb/wcrqewéw&ﬂt FgR4Ndeh §8 nveighteh ghawsigraeyhat improved
6052491100?%%§§%ﬁﬁ€§%g5%00>300 6052501100/ 20Wat er >300>300>300

6052511100 er >300>300 6052521100/ 20Wat er >300>300>300
6052531100120WAt er 258267257 6052541100/ 20Wat er >300>300>300

60525511001 20Wat er > RO>3?0>3 0 10 Figure 4 shows the results fromthe hot
ductility t mﬁa’ NG s S of the heats. A good workability is of course

of vitak inportance|j Brdef fesbthp dsod @tcsidropidbedies SsihiiAtamBbesly ak the product
forms such as bars, tubes, such as .

material shows good structural stability, hotworkability and weldability the

material should be optimized according to the following:

»  PRE-number in ferrite should exceed 45, but preferably be at least 47.

e PRE-number in austenit should exceed 45, but preferably be at least 47.

0 e PRE-number for the entire alloy should preferably be at least 46.

. Relationship PRE austenit/PRE ferrite should lie in the range of 0,9-1,15;
preferably in the range 0,9-1,05.

e  The content of ferrite should lie in the range preferably 45-55 volume-%.

o Tpax sigma should not exceed 1010°C.

15 e  The content of nitrogen should lie in the range 0,28-0,5 weight-%,
preferably in the range 0,35-0,48 weight-%, but preferably 0,38-0,40
weight-%.

e  The content of cobalt should lie in the range 0-3,5 weight-%, preferably
1,0-2,0 weight-%, but preferably 1,3-1,7 weight-%.

20 & Inorder to ensure the high nitrogen solubility, i.e. if the content of nitrogen
is in the range 0,38-0,40 weight-% should at least 29 weight-% Cr be
added as well as at least 3,0 weight-% Mo, thus the total content of the
elements Cr, Mo and N fulfills said requirements on the PRE-number.

25

30



wel ded and seanl ess tubes, plate, strip, wire, welding wire, constructive 15
el ements, such as for exanpl e punps, valves, flanges and couplings. The
heat s 605249, 605250, 605251, 605252, 605255, 605266 as th@AﬁE&PQaﬁﬁ7’ 02
MARCH 2006 WD 03/ 020994 PCT/ SE02/ 01562120 the npst with nitrogen” content
around 0, 38 wei ght -9% show sonmewhat inproved hot ductility values. Summary
of the test results 5 In order to obtain good corrosion properties,

si mul t ane®lNYSas the material shows good structural stability,

hot wor kabi ity and weldability the material should be optimzed according
to the followng: PRE-nunber in ferrite should exceed 45, but preferably be
at |east 47. PREmifiDRistriQAIIONithinklOstkd] 2856 Braf@riz&Mn, Bfagfier ably be at
| east 47. 10 PRE-nunber for the entire alloy should preferably be at |east
46. Rel ashoristhe frllomeng cemponitigrPREWEght Yt e should lie in the range of
0,9-1,15; preferably in the range 0,9-1,05. The content of ferrite should
lie in the range preferably 45-55 vol une- % Trmax signma shoul d not exceed
1010C. 15C The content of ninbak@y¥sY%should lie in the range 0,28-0,5
meight-@bs.preferably in the rzﬂ?f 0,35-0,48 weight % but preferably

0, 38-0, 40 'meight-@b The YAt °of cobalt should lie in the range 0-3,5
wei ght % mpreferably 1,0-2903wepght % but preferably 1,3-1,7 weight % 20
In order to ensure the high nitrogen solubility, i.e. if the content of
nitrogen &s in the range 0288-@04%6wei ght - % shoul d at |east 29 wei ght - %
Cr be adged as well as at @qsﬁ)¢yo wei ght -% Mb, thus the total content of
the elements Cr, M and N TUlfiTIS said requirenents on the PRE-nunber. 25
30 21 CLA . 02 MARCH 20063,b.- 58%r i tic-austenitic duplex stainless stee

all oy, ch cterized in, that it shows the foll ow ng conposition, in weight
% Cmax 0N03% 0,28 - 0,5%

B 0-0,0030%
S max 0,010%
Co 0-3,5%

W 0-3,0%

Cu 0-2,0%

Ru 0-0,3%

Al 0-0,03%
Ca 0-0,010%

balance Fe and normal occurring impurities and additions, whereby the content of
ferrite is 40-65 volume-%,

wherein the PRE- or PREW-value for both ferrite- and austenite phase is
higher than 45 and PRE or PREW-value for the total composition of the alloy is
higher than 46. and

wherein the ratio between PRE(W)-value for austenite phase and PRE(W)-
value for the ferrite phase lies between 0,90 and 1,15; preferably between 0,9 and
1,05.

2. Alloy according to claim 1, characterized in, that the content of manganese

lies between 0,5 and 1,2 weight-%.

3. Alloy according to claim 1 or 2, characterized in, that the content of

chromium lies between 27,0 and 29,0 weight %.
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the content of ferrite is 40-65 vol uAg-% wherein the PRE—M@R(EHEGMaI ue
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PREW val ue for the total conposition of the alloy is higher than 46. and
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weight % 5. Alloy accordi ng’gto claim 1-4, characterized in, that the

content omolyhdeyusadiasietivees 3 Sanddéhweght-%nd 4, 7 weight % 6. Alloy according
to claim1-5, characterized in, that the content of nitrogen |ies between
0,35 and 0,45 weight % 7. AIon according to claim1-5, characterized in,
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7. Alloy according to claim 1-5, characterized in, that the content of
ruthenium lies between 0 and 0,3 weight-%, preferably higher than 0 and up to 0,1
weight-%.

8. Alloy according to any of antecedent claim, characterized in, that the
content of cobalt lies between 0,5 and 3,5 weight-%, preferably between 1,5 and 3,5
weight-%.

9. Alloy according to any of preceding claims, characterized in, that the
content of copper lies between 0,5 and 2,0 weight %, preferably between 1,0 and 1,5
weight-%.

10. Alloy according to any of preceding claims, characterized in, that the
content of ferrite lies between 42 and 60 volume-%, preferably between 45 and 55

volume-%.

11. Alloy according to any of preceding claims, characterized in, that the total
PRE- or PREW-value of the alloy exceeds 46, whereby PRE = %Cr + 3,3%Mo + 16N
and PREW = %Cr + 3,3(%Mo + 0,5%W) + 16N, wherein % considers weight-%.

12. Alloy according any of preceding claims, characterized in, that the PRE-
or PREW-value for both ferrite- and austenite phase lies between 47 and 49.



8. Alloy according to any of antecedent claim characterized in, that the
content of cobalt lies between 0,5 and 3,5 weight % pref I n 15
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characterized in, that the content of copper lies between 0,5 and 2,0
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chl ori de- WM recedi ng
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