DUPLEX STAI NLESS STEEL AND MANUFACTURI NG METHOD THEREOF FI ELD OF THE

| NVENTI ON The present invention relates to duplex stainless steel which is
excellent in corrosion resistance in seawater. This steel is used for steel
pi pes, steel plates or the like, such as piping for heat exchange, piping or
structures for a chemcal plant, line pipes, oil well or gas well casing or
tubing, and unbilical tubes (control piping for a submarine oil field).
BACKGROUND OF THE | NVENTI ON Conventional ly, although crude oil and natural
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bring about a situation in y I d natural gas nust be
utilized. Therefore, the dmmﬂﬂngg el which is excellent in
pitting resistance, particularly duplex stainless steel, is increasing as a
material for steel pipes or other structures used in seawater. A so-called
super dupl ex stainless steel which is enhanced in pitting resistance
because it contains Win addition to the adjustnent of the contents of Cr,
Mo and N (nitrogen), whi C?IE'LT@WNVENTI’%NN i nprovi ng the
pitting resistance of duplex starnless steel, Is disclosed in Patent
Docunent 1. It suggests that an index, showing the pitting resistance of
dupl ex stainless steel, PREWof the follow ng equation (B) 1 containing W

in addition to PRE frRkédd 'iﬁvéx?t%x?t@mseﬂ#id(%%&ﬂts}aﬁﬂeé$%teélplvd}ﬁm”i%
equation (A). The pitting resistance index PRE or PREWis adjusted to not
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in the super duplex stainless steel. Conventional techniques for inproving
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resi stance index PRE or PREW can be increased.
structures for a chemical plant, line pipes, oil well or gas well casing or

tubing, and umbilical tubes (control piping for a submarine oil field).

BACKGROUND OF THE INVENTION

Conventionally, although crude oil and natural gas drilled from
submarine oil fields and the like have been shunned because of severe
working environments, the recent tight energy conditions bring about a
situation in Which the crude oil and natural gas must be utilized. Therefore,
the demand for stainless steel which is excellent in pitting resistance,
particularly duplex stainless steel, is increasing as a material for steel pipes
or other structures used in seawater.

A so-called super duplex stainless steel which is enhanced in pitting
resistance because it contains W in addition to the adjustment of the
contents of Cr, Mo and N (nitrogen), which are generally effective for
improving the pitting resistance of duplex stainless steel, is disclosed in
Patent Document 1. It suggests that an index, showing the pitting

resistance of duplex stainless steel, PREW of the following equation (B)



PRE=Cr +3. 3Mb+16N (nitrogen) (A) PREWCr+3.3(M+0.5W +16N (nitrogen) (B) In
the equations (A and (B), each chem cal synbol shows the content of each
el enent N by mass). The influence on the pitting resistance of non-netal hc

i nclusions has not been exami ned in the duplex stainless steel. However,
wWith respect to the pitting resistance of austenitic stainless steel, it is
known that NNn sulfides are nost harnful to the pitting resistance, and

oxi des thereof are harm ess as described in Non-Patent Docunent 1.
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exam ned. [Patent Docunent 11 Japanese Patent Lai d-Qpen No. HO05-132741
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of Pit Initiation at the site of Inclusions in Stainless SteeY', 2 Corrosion
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years, application of duplex stainless steel to severe corrosive

envi r onmeii e:SPRIE #SPREW ghn thenperaisede seawat er environnent has increased.
For exanple in a corrosion test sinmulating such a severe condition, an

80' C-ferric chl PREHH3BMo$ USNi @iiteogem) tti ng resi@)ance cannot be
necessarily obtained even in case of super duplex stainless. Only the

adj ust ment of t RREBRCeR3 S(Mb+0r5 WMl eNidnMirdgen)r og@)) and further Wor the
like, is often insufficient for the inprovenent in pitting resistance.
Furt her, In the equations (A) and (B), each chemical symbol shows the content

of each element (% by mass).

The influence on the pitting resistance of non-metallic inclusions has
not been examined in the duplex stainless steel. However, with respect to
the pitting resistance of austenitic stainless steel, it is known that Mn
sulfides are most harmful to the pitting resistance, and oxides thereof are
harmless as described in Non-Patent Document 1.

Oxide-based inclusions contained in stainless steelé are generally
composite oxides composed of oxides such as Al oxide (Al:03), Si oxide (SiOy),
Cr oxide (Cr203). These oxides were assumed to have no influence on
pitting because they hardly dissolve in aqueous solutions or so-called
insolubility. On the other hand, although Ca and Mg, and further S which
are impurity elements in steel product, might be contained in the oxides, the
influence of these elements on the pitting resistance have been never
examined.

[Patent Document 1} Japanese Patent Laid-Open No. H05-132741
[Non-Patent Document 1] J. E. Castle et al., “Studies by Auger

Spectroscopy of Pit Initiation at the site of Inclusions in Stainless Steel”,



al though the pitting resistance can be sonewhat inproved by reducing the M
sulfides in the steel, even in duplex stainless steel simlar to the
austenitic stainless steel, the pitting cannot be absolutely prevented. The
present invention solves these problens, and it's objective is to provide a
dupl ex stainless steel capable of stably obtaining satisfactory pitting
resi stance, and a nethod for producing the sane. As a result of detailed
exam nations for netal |l urgical factors affecting the pitting resistance of
dupl ex stajnless & (%&%%’V%ﬂﬁng@ﬁs t g@bors found that, in addition to

t he above-nentioned conventi onal contributing to plttlng, even the
oxi de- based i ncl usi ons generated |n the st eel - maki ng process can
significantly affect the pitting resistance, if they contain Ca and My, and

also if they contain Sg TmeFM g T.EE ISVEFYI‘ Re studies by the
present inventors is as OWs. I de-base usions fornmed in steel with
a Ca-content of less than 0.0005 % by mass or a Mg-content of |ess than

0.000 1 % by nmass are mainly conposed of insoluble A1203, and never cause

pitting. Oxi de-tha§@étent3yé@fsl Ut St r&'ddttbtebk 3t4A1&s Med OB eytvegxceedi ng
0.005 % by mass are mainly conposed of (Ca,My)O and pitting hardly

COMTENC eSeorfosive Bn ol fentiQWEN eds a%lgﬁerehﬁfeedmfecémm éfifdment St eel
with a Ca-content of 0.0005 to 0.005 % by mass and a My-content of 0.0001

to 0.005 Radyndreased. PrEviUstarpkd &l & WHEOSi0A1R8B samehl41Eag MilcdR argveeexi st ent,
and when these oxide-based inclusions are fornmed adjacently, pitting is apt
to comengadition sac BORXfelatc ciisridertest)Isuffddientpitting Sdsisthase cannstls t o
clarify the cause of pitting in duplex stainless steel containing 0.0005 to
0. 005 % biyecesaxilyf obtniasd &:eR0@n lcadeo of.Por Ydylexastainieshly, Qg phesent
inventors found that the occurrence of pitting depends on the size and
nunber of adjustirentof the contehtyr afe@r,i Mot dred Ns (iétoges) anddmréhenBhor ithevi t abl y
present in steel, and it is inpossible to

like, is often insufficient for the improvement in pitting resistance. Further,

although the pitting resistance can be somewhat improved by reducing the
Mn sulfides in the steel, even in duplex stainless steel similar to the
austenitic stainless steel, the pitting cannot be absolutely prevented.

The present invention solves these problems, and it’s objective is to
provide a duplex stainless steel capable of stably obtaining satisfactory
pitting resistance, and a method for producing the same.

As a result of detailed examinations for metallurgical factors
affecting the pitting resistance of duplex stainless steel, the present
inventors found that, in addition to the above-mentioned conventional factor
contributing to pitting, even the oxide-based inclusions generated in the
steel-making process can significantly affect the pitting resistance, if they
contain Ca and Mg, and also if they contain S. The knowledge obtained by
the studies by the present inventors is as follows.

Oxide-based inclusions formed in steel with a Ca-content of less than
0.0005 % by mass or a Mg-content of less than 0.0001 % by mass are mainly

composed of insoluble AlsOs, and never cause pitting. Oxide-based



entirely renove the content in present steel-nmaking techniques. A though S
deteriorates the pitting resistance when contained in the oxide-based
inclusions forned in steel in large quantities, it was nade clear by the
studies by the present inventors that the pitting can be suppressed, even in
such oxi de-based inclusions, by adjusting the size and nunber thereof.
Dupl ex stainless steel, of a desired oxide-based inclusion state, cannot be
produced by steel-naking or thermal treatnent using conventional nethods.
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present invention n conplete ased on the chemcal 4 conposition of

a steel pgogYs o WO % ByGRRAPHAAY MedebihieRd of TROGEL tQ DTN 85 byGhads dupl ex

stainl ess steel; an oxide-based i nclusion state capable of significantly

| nprovi ngpxtolaac@iat $12B8 WIRSE SABOS Gin B (T ML HHS tbORseneCaAE WREn thkbai ni ng
i ncreased cl eanness. The present invention involves duplex stainless steels

shown in §:ige-bbséd andlaSiods w6k ifBEmeAsadjaderAlie pifting andpftoRbhRfeh& iPr oduci ng
dupl ex stainless steel shown in the TJoI | owi ng description (c). (a) A duplex

st ai nl esssighegdidénnt ai ni ng, by mass % C. not nore than 0.03% Si: 0.01 to
2% Aln: 0.1 to 2% P: not nore than 0.05% S: not nore than 0.001% Al:
0. 003 to 0. 05%Ad\h result of d2%ousstudi8s irwortioto barify. thd cau¥oof Wittimg in ogen) :

0.05to 0.4% O (oxygen): not nore than 0.01% Ca: 0.0005 to 0.005%
0. 0001 t odipleRstsiniass shedl@oBthining 0.00005CoMO95 &by Wasd dfCatend (OAO01 he
bal ance of Fe and inpurities, where a nunber of oxide-based inclusions,
whi ch havie G005 aby contserftMgf theapraseéntipnentacs foundothot she maserreand ofil so have
a long dianeter of not less than 7 ~tm is not nore than a 10
pitting depends on the size and number of oxide inclusions formed in the
steel.

S is an element inevitably present in steel, and it is impossible to
entirely remove the content in present steel-making techniques. Although
S deteriorates the pitting resistance when contained in the oxide-based
inclusions formed in steel in large quantities, it was made clear by the
studies by the present inventors that the pitting can be suppressed, even in
such oxide-based inclusions, by adjusting the size and number thereof.

Duplex stainless steel, of a desired oxide-based inclusion state,
cannot be produced by steel'making or thermal treatment using
conventional methods. As a result of various examinations, the present
inventors found that (o) the slag basicity in reduction, () the killing
temperature and time in ladle, and (y) the total working ratio after casting
are controlled to an optimum combination, whereby a desired oxide-based
inclusion state can be obtained, enabling production of unconventional high

clean steel.

The present invention has been completed based on the chemical



per 1 MW of the cross section perpendicular to the working direction. (b) A
dupl ex stainless steel containing, by mass % C. not nore than 0.03% Si:
0.01 to 2% M1 0.1 to 2% P: not nore than 0.05% S: not nmore than 0.001%
Al: 0.003 to 0.05% Ni: 4 to 12% Cr: 18 to 32% M: 0.2 to 5% N
(nitrogen): 0.05 to 0.4% O (oxygen): not nore than 0.01% Ca: 0.0005 to
0.005% My: 0.0001 to 0.005% Cu: O0to 2% B: 0to 0.01% and W 0 to 4%
and the bal ance of Fe and inpurities, where a nunber of oxide-based

ana & so WAL BEUSALBLACRRIG: B Arendiatl nopb el e 16
per 1 Mool WIBI&! W ainted |REIPAPCAANENEEd | d RGoHOLEBICAh4BEL bpn, and a

C
nunmber of oxi I nclusions, which have a content of S not | ess than

15% by ”Bsﬁénﬁi&gnﬂkrsi%oﬁh?%th@%ttﬁi@?@éi@tran%, ARl 4 pesdddtm Fyr&c‘é@s fp$ not

nore 5 than 10 pér of 'the Cross section perpendicular to the

working  gtithieehs MMerehfed MlRahe&). s described in the above (a) and (b), the
contents of Cu, B and Ware desirably 0.2 to 2% 0.001 to 0.01%and 0.1 to

4% by mass, I egReptdoeft YaveitorPihvdlPes Aaplesdt saeklebH deel PREY N RPERsent ed by
the follow ng equation (1), is desirably not less than 40. In the equation

(1), eaCib]l@Wﬂ[%C&éscﬁi{)Bﬂ@ﬁb &owadt (19, il entmefthodadsr eredasingN dupleRss) -
PREWECr +3. 3( Mb+0. 5W +16N (1) (c) A nethod for producing a dupl ex stainless

steel , acstaiesigstes]l shevn &b ehe folbgingdsctiptioar(c.b) , characterized by
reducing the condition that a slag basicity, represented by the foll ow ng

equation (2) i <aDAXsleR sbainkédsl stogl ¢omtairdppebly mpddsehs, € enit mbrd tiean
tenperature not | ower than 1500 'C for not less than 5 mnutes followed by
casting, &A8% Ginddd tdh2%; &dul 0iIntp Blogdin mot mibee thand).05%n S:hedt mbee t ot al
working ratio R represented by the following equation (3), is not |less than
10. I n t Hhandhf0i%BnAl:20.0034ch.05nPELid0 129 @xell to 3206, Bmidehto &%, in sl ag
No by mass) of each conpound. In the -equation %3) , AN and A. represent a
cross secitrngén)ar0eds Bof®r&,tBeloxygen): not more than 0.01%, Ca: 0.0005 to

0.005%, Mg: 0.0001 to 0.005%, Cu: 0 to 2%, B: 0 to 0.01%, and W: 0 to 4%,

and the balance of Fe and impurities, where a number of oxide-based

inclusions, which have a total content of Ca and Mg of 20 to 40 % by mass

and also have a long diameter of not less than 7 um, is not more than a 10

per 1 mm? of the cross section perpendicular to the working direction.

(b) A duplex stainless steel containing, by mass %, C: not more than

0.03%, Si: 0.01 to 2%, Mn: 0.1 to 2%, P: not more than 0.05%, S: not more

than 0.001%, Al: 0.003 to 0.05%, Ni: 4 to 12%, Cr: 18 to 32%, Mo: 0.2 to 5%, N

(nitrogen): 0.05 to 0.4%, O (oxygen): not more than 0.01%, Ca: 0.0005 to

0.005%, Mg: 0.0001 to 0.005%, Cu: 0 to 2%, B: 0 to 0.01%, and W: 0 to 4%,

and the balance of Fe and impurities, where a number of oxide-based

inclusions, which have a total content of Ca and Mg of 20 to 40 % by mass

and also have a long diameter of not less than 7 um, is not more than a 10

per 1 mm? of the cross section perpendicular to the working direction, and a

number of oxide-based inclusions, which have a content of S of not less than

15% by mass and also have a long diameter of not less than 1 um, is not more



deformation in the plastic deformation process and a cross sectional area
after the deformation in the plastic deformati on process, respectively, and
each subscript n (1, 2, ... i) represents each stand order in the plastic
def ormati on process. [Slag Basicityl=(CaO+tMO)/ (Al 203+Si Q2) (2) [Total
working ratio RI=['l (AOU) (3) ~j A~ According to the present invention
dupl ex stainless steel having good pitting resistance can be stably
obt ai ned. Therefore, duplex stainless steel nost suitable for steel pipes,

steel Pl o a6 hBE..1 S thpoaBlel ABubA pedeip EX BREy RlBRBO o

structur eém ca | he pi as we casing or
t ubi ng, %ﬁﬁ‘f@ I cal tubes (control piping for submarine oil field) can be
provi ded. 'DESCRI PTION OF DRAWNGS Fig. | is a view showi ng an

Observatlon surthagf 488lsWeseAnbasE the oYY AR (B), He condifis OFTHR 1 OF

defining the long dianeter and neasuring position of conposition
oxi de- basggl iWgChis deSitably 6% 15 B4 09I OMEnlNG 11 &) ol Oy Behueen | ong

di aneter and total content of My 1 n oxi de-based 1 nclusions; and

Figs, 4 aj@putipVslyShmUdGittheg " fdsidtafRe DRIAREPHEWY fHpeeBdfieda§ dheCoONt ent
of S in oxide-based inclusions. (Explanation of Nunerals) 1. sfeel plate

(or st eel folbRghg glatieBIDERCRESTANN £t Ted (hMYEAD! Oh the £eitiaRI(1)

Conmposition It T's required to organize the chenical conposition of t’h_e st eel
product wdchi ¢chenhieal Sythbul sibwatlgecdntent 8fsadhoelentemt€%sbf imgdPnt pitting

resistance in a duplex stainless steel. In the follow ng descriptions, "%
for PREW=Cr+3.3(Mo+0.5W)+16N (1)
(¢) A method for producing a duplex stainless steel, according to the
above-mentioned (a) or (b), characterized by reducing the condition that a
slag basicity, represented by the following equation (2) is 0.5 to 3.0, killing to
tapped molten steel at the temperature not lower than 1500 °C for not less
than 5 minutes followed by casting, and forming the resulting bloom on the
condition that the total working ratio R represented by the following
equation (3), is not less than 10. In the equation (2), each compound
represents the concentration in slag (% by mass) of each compound. In the
equation (3), AOn and A, represent a cross sectional area before the
deformation in the plastic deformation process and a cross sectional area
after the deformation in the plastic deformation process, respectively, and
each subscript n (1, 2, ... i) represents each stand order in the plastic

deformation process.

[Slag Basicity]l=(CaO+MgO)/(Al:05+Si02)  (2)

i A0
[Total working ratioRl= J[(—>)

LIS ®3)

According to the present invention, duplex stainless steel having
good pitting resistance can be stably obtained. Therefore, duplex stainless

steel most suitable for steel pipes, steel plates or the like, such as piping for



content neans "% by mass". C. Not nore than 0.03% C is inevitably present in
steel. Wien the content exceeds 0.03% carbides are apt to precipitate,
resulting in deterioration of pitting resistance. 7 Accordingly, the
content of Cis set to not nore than 0.03% Si: 0.01 to 2% Si is an el enent
effective for deoxidation of steel, and a content of not I|ess than 0.01%is
therefor required. However, a content exceeding 2% pronotes generation of
internetallic conpounds, resulting in deterioration of pitting resistance.

Accordin t .l Q ' is
effecti vgh%(%tréé@ 3%%?1 @ﬁ?%ér gk"‘%ﬁ‘?fe%r# ?F@e&%%agg)é%(lﬂsl% g&et% ,OB%V;?&%% a
content o I %.i i i d, a
cont ont cEoagl B35 (ARbEng 0r SpblIREE kTbed REHIGFPinitg bE Sy BRI AN
Accor di ngkyd) LhR HeQtofifedof M is set to 0. 1 to 2 % P: Not nore than 0.05%
Pis inevitably present in steel as inpurities, and actively dissolves to
deteriorate the pitting resistance. Since a content exceedi ng 0.05% makes
this effect remarkable, the content nust be set to not nore than 0.05% The
content of P is desi BRIEFEPESCRFPTISONOE DRAWIN®Se than 0.001% S is
inevitably present in steel simlar to P, and deteriorates the pitting
resi stance by formng sulfides which are easily dissolved. A content
exceedi ng 0.001% makes this effect remarkable. Since even a content of not
more than 0. 001Rfecan iassiveiéwpshdwiig \wheobbsanatibneguifacoxodeoidedhsed
i nclusions, as described |later, the content of Sis desirably as |ow as
possi bl e insludioms;t his range. Al: 0.003 to 0.05% Al is an el enent necessary
for deoxidation of steel, and a content of

Figs. 2 are views for defining the long diameter and measuring

position of composition of oxide-based inclusions;
Figs. 3 are views showing the relation between long diameter and
total content of Ca and Mg in oxide-based inclusions; and
Figs. 4 are views showing the relation between long diameter and a
content of S in oxide-based inclusions.
(Explanation of Numerals)

1: steel plate (or steel pipe)

DETAILED DESCRIPTION OF THE INVENTION

1. Chemical Composition

It is required to organize the chemical composition of the steel
product within the following range in order to ensure sufficient pitting
resistance in a duplex stainless steel. In the following descriptions, “%” for
content means “% by mass”.

C: Not more than 0.03%

C is inevitably present in steel. When the content exceeds 0.03%,

carbides are apt to precipitate, resulting in deterioration of pitting resistance.



not less than 0.003%is therefor required. On the other hand, an excessive
content causes deterioration the pitting resistance because of precipitation
of 8 Al nitrides, which absorb N (nitrogen) which is an el enent effective
for inproving the pitting resistance. Accordingly the content of Al is set
to 0.003 to 0.05% Al neans "sol. A (acid-soluble AD'. N: 4 to 12% N 1is
an elenent that stabilizes austenitic phases, and its effect is :
insufficient within a content of less than 4% On the other hand, a content
exceedi Ng ;,12%;¢ es. e ' eni ti.c r lting in a | oss of
mechani ca %%orlpg%géi ’itgls? (%)?11 %@J%%{fggq%?%ﬁ%%étsmgi]eggfﬁi R&:@?‘rﬁl‘di ngly, the content is
set to 4 to 120/1:@01?082‘%0 32% Cr is effective for inproving the pitting
resi stance, and a content of Iless than 18% results in naking the pitting

resistance ins uﬁ fécﬂlﬁ&teme% etffé%ti]vgflfﬁkgaeéﬁg iof2t of Qt;éteﬁrﬁl}]@é .%Eﬁpéxﬁgofsi%)@ causes

excessive ferri phases,  Tresu In 0SS of mechani cal properties in
dupl ex stai.ql LERk is Ol N h BL&Nta Rontdnt exS&ldih to 32%
Mo: 0.2 tgésgm i%)'s(?lgloslg an gfogng%,r%i ﬁggan én anger% expl tti g‘}%
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S
of less than O. the other hand, a content exceeding 5% causes

preci pi t abf Sitidk rebiRtLhERL AdcbFAiRSTD PHE BSntehBVERE & ¥et' 1801 it 2% N _
deterioration of the pitting resistance. Accordingly, the content of M is
set to 0.2 to 5¥n:l§.1{ ™ 2ypogen): 0.05 to 0.4% N (N trogen) is an el enent

whi ch effects the stabilizing austenitic phases simlar to Ni. N (nitrogen)

al so has the effBris HectRBINCSTABIliALIorPbt 4ridtEnItRSHIFARGEMSIa¥Itba(i ¥ndo C and
Mb. However, these effects are insufficient with a content of |ess than

0.05% Onatdeat@ithef nbtaleds thafi ANl is therefer dieqgir@d4 %G the vthet Bandy at i on of
hot workability. Accordingly, the
content exceeding 2% leads to deterioration of pitting resistance.
Accordingly, the content of Mn is set to 0.1 to 2%.

P: Not more than 0.05%

Pisinevitably present in steel as impurities, and actively dissolves to
deteriorate the pitting resistance. Since a content exceeding 0.05% makes
this effect remarkable, the content must be set to not more than 0.05%. The
content of P is desirably as low as possible.

S: Not more than 0.001%

S is inevitably present in steel similar to P, and deteriorates the
pitting resistance by forming sulfides which are easily dissolved. A content
exceeding 0.001% makes this effect remarkable. Since even a content of not
more than 0.001% can assist pitting when contained in oxide-based
inclusions, as described later, the content of S is desirably as low as possible
within this range.

Al: 0.003 to 0.05%

Al is an element necessary for deoxidation of steel, and a content of

not less than 0.003% is therefor required. On the other hand, an excessive

content causes deterioration the pitting resistance because of precipitation of



9 content of N (nitrogen) is set to 0.05 to 0.4% 0O (Oxygen): Not nore than
0.0 1% 0 (Oxygen) is inevitably present in steel simlar to S; it is present
in an oxide-based inclusion state. These oxides deteriorate the pitting
resi stance dependi ng on their conpositions, because these oxides are the
origin of pitting. Particularly when the content exceeds 0.01% coarse

oxi des increase which nakes this tendency remarkable. Accordingly, O
(oxygen) nust be Iinited to not nore than 0.01% The content of 0 (oxygen)
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when Alzc(zoﬁgqgg%w)gl e%@%f%ﬁmiﬁ%@aﬂlﬁlg d adj acently, the pitting

resistan versel contents of Ca and My
are limted toNag‘gt% 0. 0005 to 0.005% and 0. 0001 to 0.005%
respectively, eret e pltting resi stance is apt to deteriorate. The

pitting resist gm,bfs h JBmeANRhSY SARIObeSLRAR: Made aaoRE Merdpyent | on

can be inprove Imting the oxi on state as descri bed

later. Thefdam &i‘thv%iﬁflﬁ|ae&ﬁ1t§ﬁ€6f 136 thQﬁ 4% es@ﬁbt}i@é{&f&'lféihd“%scéﬂ%gt

above- nenti one em cal conposli ti on, al ance bel ng Fe an
i mpuriti eéme'erah% WPhexagidy BkasSivet sagtegﬁu& Hfh 468 S Qéléulh'ih\gemlé)floéﬁ%f' ncl ude

one or nore of , B and Was optional additive el ements. to 2% Cu
st abi | i zegethgnidBhRiPerties PRAUDIS ldidless %té}fl'l WecaldsRglgt ﬁhr! l:érit%ﬁt igul fide
coatings in a hydrogen sul fide environnent which inproves the 10 pitting

resi st ancgt tdlaegoefamre, Cu nmay be added as occasi on demands.

Cr: 18 to 32%

Cr is effective for improving the pitting resistance, and a content of
less than 18% results in making the pitting resistance insufficient. On the
other hand, a content exceeding 32% causes excessive ferritic phases, -
resulting in a loss of mechanical properties in duplex stainless steel.
Accordingly, the content of Cr is set to 18 to 32%.

Mo: 0.2 to 5%

Mo is also an element, which can enhance the pitting resistance
similarly to Cr, and the effect is not sufficient with a content of less than
0.2%. On the other hand, a content exceeding 5% causes precipitation of
intermetallic compounds, inversely resulting in deterioration of the pitting
resistance.  Accordingly, the content of Mo is set to 0.2 to 5%.

N (Nitrogen): 0.05 to 0.4%

N (Nitrogen) is an element which effects the stabilizing austenitic
phases similar to Ni. N (nitrogen) also has the effect of enhancing the
pitting resistance similarly to Cr and Mo. However, these effects are
insufficient with a content of less than 0.05%. On the other hand, a content

exceeding 0.4% causes deterioration of hot workability. Accordingly, the



Al t hough a content of not less than 0.2%is desirable to obtain the above
effect, a content exceeding 2% deteriorates the hot workability.
Accordingly, when Cu is added, the content is desirably set to 0.2 to 2%
B: 0to 0.01%B may be added as occasi on demands since it is an el enent
effective for inproving the hot workability. Although the content is
desirably set to notless than 0.001%in order to obtain this effect, the
effect is saturated even if the content exceeds 0.01% Accordingly, when B

| s added, d{g@@nﬁ&’f‘l@(ﬂﬁtxh en(ﬁ@%leff’&b)osst%to. . 0.00 110 0.0 1% W 0 to 4% W

may be ad as occasl 0 emands since 1I't is an elenent effective for

i nprovi ng the phiHl e ot A% e bgéJ y to G and M. This effect
becones remnmar kggr(ée)kxgee@ t 02 con?té%!tnr?'ts) not |ess than 0.1% However, a

cont ent exceedi@qo&gg&%%ﬁewtsﬂgpﬁﬁe@éﬁpﬂl Sfeel BhRNAELAS! iciComednds. Whi ch

somewhat deteriorat the pitting resistance. Accordingly, Wis added,
the contegf Pﬁd@%s@ﬁbiﬂ{clﬁﬁbnt Qtdte. 1 TRed0 0xdded QdteP@rARS| thicaRitinpdex The

dupl ex stainless steel of the present invention is desirably a super duplex

stai nl essyeaiRghee [MRYEeAGing6nARVE cHRPOERNNE, PREFhSAhe BRI 2k tBAd t he
pitting resistance I ndex, which is defined as follows, is not |less than 40

of . I'n therigiguafisibtihd) . PRRtuli®fwiién shebebnteaR’ &eB8S 0.08%; oAk (% by
mass) of each el ement. PREWECr +3. 3( Mo+0.5W +16N (1) 3. Condition of

Oxi de- basggdbf dhtda@Bswhich hhgkdd ebnterdevient Arsadkedle nedcthelihgly, ug@nce of
oxi de-based inclusions on the pitting resistance by the foll ow ng neans.

Mol ten st @ebgemaviusgbe hewitedto aormosé thand GIownThe coatdrsofD daxtgbn) wer e
wor ked in various conditions to produce duplex stainless steel pipes 1.4 to
16 (nm) thiddsirably as léheseostdbdd. pi pes were flattened, test pieces of pipe

Ca: 0.0005 to 0.005%, Mg: 0.0001 to 0.005%

Ca and Mg are elements having the effect of improving hot

workability of steel by controlling S as sulfides. However, as described
above, in duplex stainless steel containing Ca: 0.0005 to 0.005% and Mg:
0.0001 to 0.005%, when Al:Os; and (Ca,Mg)O are coexistent and formed
adjacently, the pitting resistance is adversely affected. Accordingly, the
contents of Ca and Mg are limited to ranges of 0.0005 to 0.005% and 0.0001
to 0.005%, respectively, where the pitting resistance is apt to deteriorate.
The pitting resistance of the duplex stainless steel of the present invention
can be improved by limiting the oxide-based inclusion state as described
later.

The duplex stainless steel of the present invention has the
above-mentioned chemical composition, with the balance being Fe and
impurities. The duplex stainless steel of the present invention may include
one or more of Cu, B and W as optional additive elements.

Cu: 0 to 2%

Cu stabilizes the austenitic phase similar to Ni. It also stabilizes

sulfide coatings in a hydrogen sulfide environment which improves the

10



t hi cknessx10 mmx10 nm were cut out therefrom The test pieces were nounted
inaresin to the cross-sectional ("observation surface" shown in Fig. 1)
direction perpendicular to the working direction of each test piece, and
this cross section was finished by polishing. The polish-finished surface
was observed by a scanning mcroscope (SEND to neasure a |ong dianmeter and
the chem cal conposition of oxide-based inclusions. The | ong di aneter of
oxi de- based i nclusions neans the length (a | or a2) of the | ongest straight
| i nes .connect t he. i nt.erf ace between

L'hESSZf géwiwngna‘*é%t@ﬂ%ncﬁ@%r%%” Re,q Clr S e Bidded 88 ociSiohl GBI ANE, D on-of
t |t

Ry ST b B 5 B e v
of - g1 avi Ly 9 o olerk UG S105E z@ea&a&{mte@mw SRS US| @B a1, TEaSUr o

by EDX (energy dispers roscopy) ents of
alloy ele sgyvation of the

oxi de- baswgg%§f%%?%%%$%?ﬁgoé%¥qg:agglééﬁ%}gg% 2)Prge/d in a 6% aqueous

sol ution of fer$4(§:ﬁ&bloqb/$ de of 8OOC for 6 hours, and the corrosive state of

t he periphery o e oxi de-based inclusions was then observed. As a result,

pitting startedyghat he Al CiDAR RGN SR BinchRP LOBA N Sn} RERRALCOT the

test pieces. The o ase usi ons which cause he pitting are

conposi t efeXhifRevRiy MeRotwdlkaKifiey MIAholigh WhE Contdift 1smgs§fm%%t ¢6a, My) O

preferentially el utes to formgaps with the base netal e gaps

devel opedphtTeSs thdh 0001% .5 &% t8Tobtdla thenefaiteth el 193aAtAt& bieh ONS was
observed by SEM to exanmine the relationship of the oxide-based i ncl usions

wi th the ifpheseneadPHaepds 001%) tIAt:ag:dnirgly, WwhkatB 98 dddedetie theten®ig
di aneter and the total content of Ca and My of oxide- based inclusions is

shown in &edrally sebes 8j001"ts"0.61%Wws an oxi de- based incl usion at which
pitting started up, and "o0"shows an oxi de-based inclusion at which no
pitting commenc®do to 4%
W may be added as occasion demands since it is an element effective
for improving the pitting resistance similarly to Cr and Mo. This effect
becomes remarkable when the content is not less than 0.1%. However, a
content exceeding 4% causes precipitation of intermetallic compounds, which

somewhat deteriorates the pitting resistance. Accordingly, when W is

added, the content is desirably set to 0.1 to 4%.

2. Pitting Resistance Index

The duplex stainless steel of the present invention is desirably a super
duplex stainless steel, having the above-mentioned chemical composition
and the pitting resistance index, which is defined as follows, is not less than
40 of. In the equation (1), each chemical symbol represents the content (%
by mass) of each element.

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

3. Condition of Oxide-based Inclusions

11



As shown in Fig. 3, the pitting began when the oxides, with a total content
of Ca and My of 20 to 40% and a | ong dianeter of not less than 7[tm
However, the pitting did not begin when the oxides, with a total content of
Ca and My of |ess than 20% because the oxides are nainly conposed of Al
oxi des, which were difracult to elute. Al though oxides with a total content
of Ca and My exceeding 40% are absolutely eluted, the gaps did not devel op
into pitting because the effect of the form ng of the gaps, with the base
nmetal, are | ow. ide- [ ncl usd: Mt al _conten Ca and
Td (pRUSLiF ARG B BRE it By o Aoty

My of 20 to 40% anetér I['ess than aps not

devel op ii tcg{sqe%%% ?I??P%ﬁfﬁ?i%res Hﬁ&é)ﬂ%%e?&fo“@?’ign sahgcause the size of the

gaps were n erefore, paying a Ion to oxide-based

i ncl usi ons haViMPléigrsltS?(%]eg%] h*?%%?% 815‘%:%99‘31 Q%n?:'agiiti\%spého%&h P TARY 8%y 4 ONg

di aneter of not e pittrng resistant tenperature was

checked. Jbg GolkdEal vﬂi&%é diti®eAR e %&H&@cerw%xts@ﬁnmé%%&\ pipEeerature

where no pitting is cause y Imrersing In a 6% aqueous solution of ferric

chlori de ©f138nhd B9IE Whtbr #hedeRBEFpipes WaTRE Ath &0, esP Blede8of ApooUrs. It

was found that, when the nunber of oxide-based inclusions, having a total

content  Offh; éncdad 1Bmafx B0 mhOowdPdocai ot t1IRR8HdNRMETRE 1@kt RRbcdseqRrd han 7~tm

exceeds 10 per 1 MW of the cross section perpendicular to the working

di recti onmohi€edid hir6sh tBithkicRéks-dRHBAAR( ‘Db ServatioaNFuirkall ¥hbeaUuserigihi ch
results in the corrosion resistance, 13 in the above-nenti oned severe

cor r osi veledireé o gitipen disuldr o €08 workito dttiebtlbl , oft lhNti¥degied, Hxd de- based
i nclusions, having a total content of Ca and My of 20-40% and a | ong

di anet er tifis n@dbsd esctidharas/ fipishdds by sgélishingot Ther polishafinishqdesuifabd? of the
cross section perpendicular to the working direction. For various
oxi de- baswds iobsém@iddns a dchenicg wiicesscepe (SENDNmymehspiréd ti longvdianostgani zed
simlar to the case of the Ca and My. The rel ationship between | ong di aneter
and a condmhtheth&nofal cvapositiotheofomsderbased usilasionss shown in Fig. 4,
wherein "x" and "o0" nean the sane as they do in Fig. 3.
The long diameter of oxide-based inclusions means the length (a1l or

a2) of the longest straight line of the lines connecting two different points on

the interface between a base metal and each inclusion as shown in Fig. 2.

For the composition of the oxide-based inclusion, the vicinity of the center

part of the inclusion (b1 or b2 in the example shown in Fig. 2) or the vicinity

of the center-of-gravity part of the cross sectional shape of the inclusion was

measured by EDX (energy dispersion X-ray spectroscopy) to determine the

contents of alloy elements other than O (oxygen).

After the observation of the oxide-based inclusions, the test pieces

were immersed in a 6% aqueous solution of ferric chloride of 80°C for 6 hours,

and the corrosive state of the periphery of the oxide-based inclusions was

then observed. As a result, pitting started at the oxide-based inclusions

was observed in part of the test pieces. The oxide-based inclusions which

caused the pitting are composite oxides of Al2Os and (Ca,Mg)O, in which the

portion of (Ca,Mg)O preferentially elutes to form gaps with the base metal,

and the gaps developed into pitting.

12



As shown in Fig. 4, the pitting began with oxide-based inclusions having a
content of S of not less than 15% and a | ong dianeter of not less than 1
pm Al t hough the oxi de-based inclusions containing S perfectly eluted after
the pitting test, because of mnute size, the hydrogen sulfide generated
after the elution pronoted corrosion and devel oped into pitting. On the

ot her hand, oxi de-based inclusions with a long dianeter of less than 1 [Lm
and oxi de-based inclusions with a content of S of |less than 15% did not

cause pitting. Theref.ore, paying attention.tq oxi de-based inclusi havi n
2 Sontent of SEAfh b EsBeTHE SA9E Bageh PORGORR R QPoeedly (GOY ( han 1
~tm the,sane critigal pitting.tenperature as abqve s. t heref or exam ned.
As a restf t SXFPIRGS eoJr%?jatll?f&%uRhé’ {}ﬁee ﬂﬁ‘#ﬁg‘%asSa fﬂé@é@ﬁcl%’ ons€ s not
nore than_ 10 REJ. 0.1 h&@ﬁf t he cross section perpendicular to the working
di recti onP*¢3F& ﬁiapts?l?\cge d1'%%%mce i s I nproved. Accordingly, the nunber of

the oxide-b ased'}‘hﬁgr{ef'a[sc%oglg%?ﬂvg%énggy? }Rnfé H}aggétegf I}% ﬂtle ® lc%ﬁ eﬁ#ngw% and a

| ong di aneter o iTapl'y 'set”to not nore fhan 10

er 0L MR it 1o SHERALAE S0 ADonRSE ROl Figt 8 MABMRTSE AL gt T on. 14

4. Met hod 'ng ex stainless stee prese I nvention The

product i Og)sﬂt{%%%s(%df %glgg{&lr OAtl iﬁﬂi&hg’é&?‘?ﬁpggﬁ%ﬁ% %’ Qiﬂ(pecf»?ﬁg‘% iaﬂcl usi ons

i n dupl ex €Ss’S was exam n a resu was found

t hat an “Bﬁrﬁcﬁﬁ%ﬂtﬁﬂly@i%aﬁmhgﬁgﬁirxgé%rﬁﬁleﬁc@&m ess steel can be

obt ai ned, particular optim zi pective production processes of (a)

A L

respective production proce S€s are ibed as follows. (a) | Ve
Treat ment . Jly@nkt @€ ¢ AVEM¢ gﬁ?@%@ﬁo"/falﬁdlhﬂbﬁé B4netéy & I‘E&rl‘éb% FR%n?MW.‘ ding a

slag basicity, represented by the foll ow ng equation (2), .5t0 3.0. In
the However, the pitting did not begin when the oxides, with a total content of Ca
and Mg of less than 20% because the oxides are mainly composed of Al oxides,
which were difficult to elute. Although oxides with a total content of Ca and
Mg exceeding 40% are absolutely eluted, the gaps did not develop into pitting
because the effect of the forming of the gaps, with the base metal, are low.
In oxide-based inclusions, with a total content of Ca and Mg of 20 to 40%, but
a long diameter less than 7 um, the gaps did not develop into pitting even by
elution of the oxides because the size of the gaps were not sufficient.
Therefore, paying attention to oxide-based inclusions having a total
content of Ca and Mg of 20 to 40% and a long diameter of not less than 7 um,
the pitting resistant temperature was checked. The critical pitting
temperature means the highest temperature where no pitting is caused, by
immersing in a 6% aqueous solution of ferric chloride of 35 to 80°C with a
change in temperature by 5°C for 24 hours. It was found that, when the
number of oxide-based inclusions, having a total content of Ca and Mg of 20
to 40% and a long diameter of not less than 7um exceeds 10 per 1 mm? of the
cross section perpendicular to the working direction, the critical pitting

temperature is remarkably reduced which results in the corrosion resistance,
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equation (2), each conpound represents the concentration in slag (% by

mass) of each conpound. [ Slag Basicityl =(CaO+MgO)/ (Al 203+Si O2) (2) Stainless
crude nolten steel, obtained by nelting a raw material in an electric
furnace or the like, is decarburized while blow ng oxygen to the nolten
steel in a secondary refining furnace such as AOD or VOD, and is perforned
a treatnent called reduction which is put a deoxidizing agent, such as
metallic alum numand a desul furizing agent, such as |linestone in order to

recover ol gipl B RKhOhAMA etle ARSALRIELAR Rlng ifislcten eduCt  ve stage,

U ,Il
t he oxygen an fur esé agents are reno fomthe nolten

steel by transf cBLcﬁgg : tﬁjezgﬁﬁlbg‘?sofohﬁh%eqdéeﬁeiﬂcmﬁoégfhébﬂ%r a lapcta?ttai n

| ow oxygen and [ow suPrar which are characteristics o esen

| nvent | OneonlyBi 54 @F JRANTEI YL AP LIRS RhePUickAePREAbE R (Rl B8 St 1O

not | ess than 0.5. arly, to mnimze e content o

oxi de-based 13 UahANarl 16 ShAPlasbf the chivsdealibANatn8Rtickeal %) thess than

t
1.0. 15 t he ot an excessively gh slag basicity ma t he

oXi de- basggrkinBC uSLADE. WIS Falfhd! ok BiedOindiRsRRd, NheOlocdPrieAcd0% easy

to be left in the steel, resulting in deterioration of pitting resistance

of the stpalieREPHEFittingdals bikaafisdd siMildOtd i case® the ©Y RIdMIEPeErty becones
deficient, according to a rise of the nelting point. Fromthi s point of

view, it is redrid e6latidnShip befwedtPPGg |difinketarabie 4 QoBtéht JOSSHf theiently
reduce the Ca-content and Mj-content 1n the oxide-based inclusions, the

sl ag basi glifly-based sl sibhy i$8HowR in g, 4104leereh@lix2aRd “Thi catdihet dathe
treatnment at the above-nentioned slag basicity is perforned once in

general . dotHaeyrddar Figgduce the oxygen and sul fur contents, the reductive
stage is desirably repeated twice or nore. At this tine, the slag generated
by the first retichbowa in &g nmenthe pithisg hepgadwitht okide-Hdsedserwbusiany
refining furnace prior to execution of the second reduction by inclining
t he furnacaviagda semtene hif rf) of nobléssofthanhé5%uandceldng dse eter of piatpless
‘than 1 um. Although the oxide-based inclusions containing S perfectly
eluted after the pitting test, because of minute size, the hydrogen sulfide
generated after the elution promoted corrosion and developed into pitting.
On the other hand, oxide-based inclusions with a long diameter of less than 1
um and oxide-based inclusions with a content of S of less than 15%, did not
cause pitting.
Therefore, paying attention to oxide-based inclusions having a
content of S of not less than 15% and a long diameter of not less than 1 um,
the same critical pitting temperature as above was therefor examined. Asa
result, it was found that when the number of these inclusions is not more
than 10 per 0.1 mm?2 of the cross section perpendicular to the working
direction, the pitting resistance is improved.
Accordingly, the number of the oxide-based inclusions having a
content of S of not less than 15% and a long diameter of not less than 1 um is

desirably set to not more than 10 per 0.1 mm?2 of the cross section

perpendicular to the working direction.
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tool. This operation is inportant for enhancing the desul furizing
performance in the second reductive stage by renoving the slag containing a
| arge quantity of sulfur generated in the first reductive stage. (0) Killing
The killing after reductive treatnent is performed at a tenperature of not

| ower than 1500 OC for 5 mnutes or nore. After the reductive treatnent
shown in (a), the nolten steel, which finished the secondary refining by a
m nut e adj ustnent to a predeterm ned conposition is tapped to a ladle and

casted. The tappe teeI i stat r|I od or tg, a casting
pl ace so as not gl\ﬁ)%lb(l?;af ‘Hélgs ??oéﬁ“’aeﬁﬁ lsﬁge feﬁhgt eel
prior to castin . h%treatment i's caIIed killing. During the killing,
part of oRYEEEN WPin the molten steel is raised by the specific

g1 ve o' desired o ?ai‘&ﬁ%@ BRROA ST e cb o el
o EERbE T REE B BB LT B gl éﬁ"%%%ﬁ'}%& nd

of the oxfiddindthyt Ak BN A A ling
[ T
vorking e gr B8ttt rbg*oﬁ%ﬁ Fod UG oRn: Badiog 09%?% oral
than 10, ' FiliEeoJFRIEREN 5P "Rling, R P, CPoBIHE' uBh, Shotll (oM Sr ca
before de{,&@g?%{,@ rbdhétm?i']?%tcb%e‘geirgcdégte?ﬁé‘d%?&?ﬁs and a cross sectional

area after tron in ast ormation process, respectively, and
each subscri pt Re ctlv gents each stand order in the plastic
def ormati on pro(cbe)(ss d[% |ng ratlo Rl1= (AOh (3) U1 AD

The reductlve treatment is carried out in a condition providing a slag
basicity, represented by the following equation (2), of 0.5 to 3.0. In the
equation (2), each compound represents the concentration in slag (% by
mass) of each compound.

[Slag Basicity]=(CaO+Mg0)/(Al:0s+Si02)  (2)

Stainless crude molten steel, obtained by melting a raw material in
an electric furnace or the like, is decarburized while blowing oxygen to the
molten steel in a secondary refining furnace such as AOD or VOD, and is
performed a treatment called reduction which is put a deoxidizing agent,
such as metallic aluminum and a desulfurizing agent, such as limestone in
order to recover chromium oxidized in the decarburization. In this
reductive stage, the oxygen and sulfur bonded to these agents are removed
from the molten steel by transferring as Al2Os, CaS or the like into the slag.

To attain low oxygen and low sulfur which are characteristics of the
present invention, the slag basicity represented by the equation (2) must be
set to not less than 0.5. Particularly, to minimize the content of S in

oxide-based inclusions, the slag basicity is desirably set to not less than 1.0.
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The cast bl oons are subjected to a hot working such as forging or hot
rolling or a cold working such as cold rolling, and then forned into a
predet er mi ned product dinmension. At this tinme, the oxide-based inclusions
are crushed and fined, according to the working directional defornmation of
the material by the working. In order to give a desired oxide-based

i ncl usion state to the duplex stainless steel, the total working ratio R
from bloomto final product nmust be set to not |less than 10. The plastic

et ormati gy ﬂfﬁ%t%%? HRGS aﬁoéﬁdggglkgﬂﬁl}%eﬂég %s@pﬁ%ﬁ%%he%&d@ hAskd Wor ki ng

processes 1 nvol ving no o) CCO even | a cutting

process iﬁm@&%lgﬁé ith latobdXCcdtoBiit b CACLRA AL (0P 20RO Cseﬁsggtg bEREFhati on of

t he equation is perforned wthout con ering the a 17 in the

Cr oss- SeCEHé)é'L%lel,%@ﬂtlllﬂgnfnh&éte%&éﬁﬂﬂ PPt fSSresi SEAMEbEhe bEeed BRbAudil Each

dupl ex stailnless steel "having a conposition showm 1n Table | “(super duplex

stal nl essad & ladMifitn 8o Phhd, thE RSN HoperiyIRYniEARIentO accdiditAg than 40)

in which 500kg was nelted I'n an i nduction nelting furnace, transferred to

an AOD f ughedeeof thednbRATL paihitNeHradathis bRt ik ittiBireqhire® to sebehé!l ag
basicity of the reductive stage was set to 2.0. The slag and the nolten

st eel W@rﬁPﬁéﬁTﬂiﬁﬁ afalles fohs.Gonpietdudhiciehtlyheed@dluchiev €5¢@ent and
respectively. The tenperature of the nolten steel tapped to a | adle was

i mredi at eMg-caaent ed thy oni deltriseBdadiistonsa the b1 Iedsigisg s dbsteably e tocast i ng
start was neasured. At this tinme, the ladle is stationary and killed in a

gi ven poshbti more thahew. producing vibration until it is lifted up by a ladle
crane to start casting. The killing condition is shown in Table 2. 18 C |
0 The reductive treatment at the above-mentioned slag basicity is

performed once in general. To further reduce the oxygen and sulfur
contents, the reductive stage is desirably repeated twice or more. At this
time, the slag generated by the first reductive treatment is discharged out to
the secondary refining furnace prior to execution of the second reduction by
inclining the furnace and scratching it out of the furnace by use of a proper
tool.  This operation is important for enhancing the desulfurizing
performance in the second reductive stage by removing the slag containing a
large quantity of sulfur generated in the first reductive stage.

(p) Killing

The killing after reductive treatment is performed at a temperature
of not lower than 1500 °C for 5 minutes or more.

After the reductive treatment shown in (o), the molten steel, which
finished the secondary refining by a minute adjustment to a predetermined
composition, is tapped to a ladle and casted. The tapped molten steel is
stationarily stood or moved to a casting place so as not to mix again with the
slag floating on the molten steel prior to casting. This treatment is called
killing. During the killing, part of oxides suspended in the molten steel is

raised by the specific gravity difference and separately absorbed into the slag.
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In order to give a desired oxide-based inclusion state to the duplex stainless
steel, it is required to raise and separate coarse oxides. There fore it is
important to ensure a killing temperature of not lower than 1500°C and a
killing time of not less than 5 minutes. To further promote the floatation of
the oxides, a killing temperature of not lower than 1550°C and a killing time
of not less than 10 minutes are desired.

(y) Working after casting

The working after casting is performed in a condition which provides
a total working ratio R, represented by the following equation (3), of not less
than 10. In the equation (3), A0, and A, represent a cross sectional area
before deformation in a plastic deformation process and a cross sectional
area after deformation in the plastic deformation process, respectively, and
each subscript n (1, 2, ... 1) represents each stand order in the plastic

deformation process.

i A0
[Total working ratioRl= ] ] ¢ A =)

nesl ]

®

The cast blooms are subjected to a hot working such as forging or hot
rolling or a cold working such as cold rolling, and then formed into a
predetermined product dimension. At this time, the oxide-based inclusions
are crushed and fined, according to the working directional deformation of
the material by the working. In order to give a desired oxide-based
inclusion state to the duplex stainless steel, the total working ratio R from
bloom to final product must be set to not less than 10.

The plastic deformation process does not include the cutting process
and other working processes involving no rolling and drawing. Accordingly,
even if a cutting process is contained in the plastic deformation process, the

calculation of the equation (3) is performed without considering the change
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bz Aina) CDinW DOO0O0 1- CODCDko 'd bb 10 0to LOLOC C-CDCDOO
10 PVroOVNPTIr~r-! 0 0 OOR 00 WOG C-COt- zLOLn MMO kK O
p adw'ocCc'" ':'" A-1dC-CC-Ni 0O0a 00 4 Cq COC4 MajdumH
3lduunBra BAI I UOAU UuAl pavdwoo The nolten steel was casted into a steel

i ngot, 160 mmon a side by

in the cross-sectional area by this cutting process.

EXAMPLES

[Example 1]

Each duplex stainless steel having a composition shown in Table 1
(super duplex stainless steel with a pitting resistance index PREW of not
less than 40) in which 500kg was melted in an induction melting furnace,
transferred to an AOD furnace, and then refined again therein. At this time,
the slag basicity of the reductive stage was set to 2.0. The slag and the
molten steel were sampled after the completion of the reductive stage,
respectively. The temperature of the molten steel tapped to a ladle was
immediately measured by a thermocouple, and the elapsed time up to
casting start was measured.

At this time, the ladle is stationary and killed in a given position
without producing vibration until it is lifted up by a ladle crane to start

casting. The killing condition is shown in Table 2.
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aver age di nension, by bottomcasting or to a round bloom 180 mmin an 20
outer dianeter by continuous casting. The resulting bl oomwas variously

wor ked by forging, hot extrusion, or cold rolling and forned into a seamnl ess
steel pipe 16-280 mmin outer dianmeter and 1A to 16 mmin thickness. The
steel pipe was retained at 1100'C for 3 mnutes, and then subjected to
solution heat treatnent by water-cooling. After the above tube material was
cut and flattened, two test pieces, having a dinmension of pipe thickness
x10 nMmx10 min each, were cut out. [ThEzUesSt pieces were nounted in a resin
to the pipe sectional direction, and 'E#F$ cross section was then finished
by polishing. Thereafter, the oxide-p&q i nclusions of not less than 7 pm
| ong di ameter were observed by SEN f ¥ i el d-of -views each at x50
magni fi cati on, and the oxi de-based iwgl ons of not less than 1 ~tm |l ong
diameter for 5 field-of-views each |at}{" X200 magnification. The | ong

di aneters of the oxide-based inclugi ofs e neasured according to the
definition of Fig. 2, and the vicinity,yadf. fhe center part of each

oxi de-based inclusion (bl or b2 in|Fig. was comnposition- analyzed by EDX
(energy dispersive X-ray spectronet the anal ysis, mass ratios of Al,
Ca, My, S and Mh except O (oxygen) Asur ed because the neasurenent
value of 0 (oxygen) is lowin relig pf precision. The tube materi al
was sectionally cut in a |length of he cut end surface was polished
with an enery paper No. 600, and pr or a pitting test. The cut piece
was imersed in a 6% aqueous sol uti erric chloride of 35 to 80 'C,
changed in tenperature by 5*C for 2 and the highest tenperature
where no pitting is generated was n The neasurenent was perforned
by using five test pieces for one t , and the | owest value of them
was taken as the critical pitting t ure and used as an indication of
the pitting resistance. 21

Table 1
Chemical composition (% by mass, Balance:Fe arg {_%;&ﬁtgsi =2

Mo : §
2.98 | 0.010 | 0.310 | 0.0038] G@2E| oG0S T JNT % BGE ¢ &

Cr
25.02

S Ni
0.023 |0.0004| 6.35 .

* :PREW=Cr-+3.8(Mo-+0.5W) +-16N _

Mn
35

Si
0.03

C
0.011
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As shown in Table 2, in even steels having the same conposition, the
pitting resistance is varied depending on the killing condition. Nanely, in
I nventive Exanples | to 3 with a killing starting tenperature of 15000C and
aretained tine of not less than 5 m nutes, the nunber of oxide-based
inclusions with a total content of Ca and My of 20 to 40% and a | ong
dianeter of not less than 7 pmwas not nore than 10 per 1 MM of the cross
section perpendicular to the working direction, and satisfactory pitting

resistance could be-ebtatned—Rartetary—Ha—tnventive Exanples | and 2,
extrenely satisfactiory pitting resistande at a critjfial pitting tenperature
of 80'C was observad, sifhce tlhe conditign that the |ginbey of oxide-based
inclusions with a donter of Sf @ot P ds& th¥n P5%fnd = | ong di aneter of
not less than | Jim| was <10 pgr 1 MW of |the cross siggti gh perpendicular to
t he wor ki ng directidgn is alsd satisfied.| On the oth 1 hébd, in Conparative
Exanples | to 3 wherfe one or (both of thg Ui ng temﬁyzﬂgﬁes and the
retained tine are out_ of pge rlanges limjted by the [pFesent invention, the
nunber of coarse oxi c%x as@dg |i gl usi ons was iAcr egsiegl t¢ deteriorate the
pitting resistance. | e e 4 1%Each dtﬁple%’st‘ﬁinl‘%séastqplz havi ng a
conposi tion shown irJ‘Taﬁ‘Ie% 3{ and 4 was jrelted in a%qg)a(gﬁi nducti on
mel ting furnace, transferred tjo an AOD flur nace, and:§q@qp¢§rily refined
therein. At this ting the stgg— basicrty rnm the Teduetsd ve stage was
variously changed. The slag ard the noltfen steel meﬁe*% ed after the end
of reductive stage qgg E?gg afitgr the l&qngpshgionon“mufe*é@justnent after
reduction, respectiViegys amd thg c8nmp&si ta)n-aanéBy@c% tﬂ ghem cal
anal ysis. The tenper|df uge of tlhe nmolten |[steel tappedgtm‘%FQadle was
i mredi ately neasured by a therjnocouple, and the tinegp@.&a@ting start was
then measured. 22 | —Orf——€T—WR—#—Nm S g8 %
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The molten steel was casted into a steel ingot, 160 mm on a side by

average dimension, by bottom casting or to a round bloom 180 mm in an
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steel pipe 16-280 mm in outer diameter and 1.4 to 16 mm in thickness. The
steel pipe was retained at 1100°C for 3 minutes, and then subjected to
solution heat treatment by water-cooling.

After the above tube material was cut and flattened, two test pieces,
having a dimension of pipe thickness x10 mmx10 mm each, were cut out.
The test pieces were mounted in a resin to the pipe sectional direction, and
this cross section was then finished by polishing. Thereafter, the
oxide-based inclusions of not less than 7 pm long diameter were observed by
SEM for 5 field-of-views each at x50 magnification, and the oxide-based
inclusions of not less than 1 um long diameter for 5 field-of-views each at
x200 magnification.

The long diameters of the oxide-based inclusions were measured
according to the definition of Fig. 2, and the vicinity of the center part of each
oxide-based inclusion (b1 or b2 in Fig. 2) was composition-analyzed by EDX
(energy dispersive X-ray spectrometry). In the analysis, mass ratios of Al,
Ca, Mg, S and Mn except O (oxygen) were measured because the
measurement value of O (oxygen) is low in reliability of precision.

The tube material was sectionally cut in a length of 10 mm, the cut
end surface was polished with an emery paper No. 600, and provided for a
pitting test. The cut piece was immersed in a 6% aqueous solution of ferric
chloride of 35 to 80 °C, changed in temperature by 5°C for 24 hours, and the
highest temperature where no pitting is generated was measured. The
measurement was performed by using five test pieces for one test tube, and
the lowest value of them was taken as the critical pitting temperature and

used as an indication of the pitting resistance.
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a retained time of not less than 5 minutes, the number of oxide-based
inclusions with a total content of Ca and Mg of 20 to 40% and a long diameter
of not less than 7 pm was not more than 10 per 1 mm? of the cross section
perpendicular to the working direction, and satisfactory pitting resistance
could be obtained. Particularly, in Inventive Examples 1 and 2, extremely
satisfactory pitting resistance at a critical pitting temperature of 80°C was
observed, since the condition that the number of oxide-based inclusions with
a content of S of not less than 15% and a long diameter of not less than 1 um
was 10 per 1 mm? of the cross section perpendicular to the working direction
is also satisfied.

On the other hand, in Comparative Examples 1 to 3 where one or
both of the killing temperatures and the retained time are out of the ranges
limited by the present invention, the number of coarse oxide-based
inclusions was increased to deteriorate the pitting resistance.

[Example 2]

Each duplex stainless steel, having a composition shown in Tables 3
and 4 was melted in a 500 kg-induction melting furnace, transferred to an
AOD furnace, and secondarily refined therein. At this time, the slag
basicity in the reductive stage was variously changed. The slag and the
molten steel were sampled after the end of reductive stage and just after the
composition minute adjustment after reduction, respectively, and the
composition-analyzed by chemical analysis. The temperature of the molten
steel tapped to a ladle was immediately measured by a thermocouple, and

the time to casting start was then measured.
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is lifte _ ecraneto start casting. The nolten st was casted
to a st eeétaktﬂgi%ttm]gGO THE R01t8n 6@ why caned 399 AbaERgP 160 ymbPet hagasas El'lhng

or to a round bloom 180 mmin outer dianeter, by continuous casting.

resul ti ngyplhoerastagiMandioNShy bottom casting or to a round bloom 180 mm in
outer diameter, by continuous casting. The resulting bloom was variously
worked by forging, hot extrusion, or cold rolling and formed into a seamless
steel pipe 16-280 mm in outer diameter and 1.4 to 16 mm in thickness. The
resulting pipe was retained at 1100°C for 3 minutes, and subjected to
solution heat treatment by water-cooling. The slag basicity of the reductive
stage, the killing condition and the total working ratio are shown in Tables 5
and 6.

After the above tube material was cut and flattened, two test pieces,
having a dimension of pipe thickness x10 mmx10 mm each, were cut out.
The test pieces were mounted in a resin to the pipe cross-sectional direction,
and this cross section was finished by polishing. Thereafter, the
oxide-based inclusions of not less than 7 um long diameter were observed by
SEM for 5 field-of-views each at x50 magnification, and the oxide-based
inclusions of not less than 1 pm long diameter for 5 field-of-views each, at
»x200 magnification. The long diameter of the oxide-based inclusions was
measured according to the definition of Fig. 2, and the vicinity of the center
part of each oxide-based inclusion (bl or b2 in Fig. 2) was
composition-analyzed by EDX (energy dispersive X-ray spectrometry). In
the analysis, mass ratios of Al, Ca, Mg, S and Mn except O (oxygen) were
measured because the measurement value of O (oxygen) is low in the
reliability of precision. The result is also shown in Tables 5 and 6.

The tube material was sectionally cut in a length of 10 mm, the cut

end surface was polished with an emery paper No. 600 and subjected to a
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wor ked by forging, hot extrusion, or cold rolling and fornmed into a seanl ess
steel pipe 16-280 mmin outer dianeter and 1.4 to 16 mmin thickness. The
resulting pipe was retained at 1100' C for 3 minutes, and subjected to

sol ution heat treatnent by water-cooling. The slag basicity of the reductive
stage, the killing condition and the total working ratio are shown in Tabl es
5 and 6. After the above tube material was cut and flattened, two test

pi eces, having a dinension of pipe thickness x10 mmx10 mm each, were cut
out. The_t.est npigc ] Si ' S i onal

i ect i onP R ERT ot BAEP IR ECrh e Rd L R 6P ahEafk SRS GE AL, POT
the oxid i ) ONS t: = I di fpet e
observed %R?@%ﬁﬂf}%bﬂd;&?lgl ((:1}?%%&\% 1é}vvs a%%@%gggg%mfgﬁ?# i cati bﬁfld\gﬁé t he

oxi de- bas gthhdsh (hiiperlitng yhde A pRtfARab chilB:hOfl WAARRIRLILA! Phe

field-of-views ea at  x200 mag Ication. The long dianeter of the

oxi de- bas fhalEbho Was it forRAPHY GHlinde 69bbOIpteled it SRS baliituB, 8haFi 0 2,

and the vicinity of the center part each oxi de-based inclusion 61 or b2

in Fig. 2}hdvswest QA8 of tRBmARak ¥aREn % t%@%ﬁﬁ@ﬂ;hgﬁtiﬁgsﬁéﬁiﬁér‘éﬁu?& AAY
spectronetry). In the analysis, mass ratios of , Ca, My, S and M except
0 (oxygenhs¥@hS anTRASARG dTRffESE rédistaRasur ement value of 0 (oxygen) is |ow
inthe reliability of precision. The result is also shown in Tables 5 and
6. The tube natAgi ghe WasrgetClvabii@! by pittingn @sistagdd) of tigab pifgngut end
surface was polished with an enery paper No. 600 and subjected to a 25
pitting teshpertharedf 3p?@a¢ taloen fompatedl duphxtifantesobteed GteblsONoofl ferric
chloride of 35 to 80 OC, changed in tenperature by 50C for 24 hours, and the
hi ghest t emderdt @letord@r d2nd3 prtd UBgshuwen gerBatdeed, andsh)nwirdunepittinpe

measur enent was perforned by using five test pieces for one test tube, and

t he | owestesistiamee o dekeRR¥Afort BRILWASoft hessctlian e, qmd ta regiticabpeittingr e and
used as an indication of pitting resistance. As the target value of pitting
r esi st ancéempexatiiré cB7096} farismper duplex stainless steel (steels No. 9, 11 to 20, 28

to 41, 44, 45, 47 and 48 shown in Tables 3 and 4) with a pitting resistance
index PRE (or PREW) of not less than 40. The result is also shown in
Tables 5 and 6.
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(steel s No.
pitting

11 to
is al so

(steels No. 9,
47 and 48 shown in Tables 3 and 4) wth a pitting

and a critical

dupl ex stainl ess steel

43 and 46 shown in Tables 3 and 4) with a pitting
| ess than 40. The result

| ess than 40,
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In Inventive Examples 4 to 23, the chemical composition and the

number of oxide-based inclusions with a total content of Ca and Mg of 20 to
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28 40% and a long dianeter of not less than 7pmwere within the ranges
limted by the present invention. Therefore, excellent pitting resistance
equal to or nore than the above-nentioned target value can be obtained in
both the general stainless steels and the super stainless steels.
Particularly, in Inventive Exanples 4 to 7, 12, 13, 15 to 18, 22 and 23
where the nunber of oxide-based inclusions with a content of S of not |ess
than 15% and a |l ong dianeter of not |ess than 1tm was not nore than 10 per

2@2: ot 2076 ARG | REE it OF pRETBR AR AU ol ﬁ}“‘éhéé‘%% R
I‘Etxiﬁpf 322%6‘?8 o3RG PR TR ex@h&éﬁ R AL
dupl ex. st AT QLEnCRE e, AL SR B RN iy

19 vhere sheglp 5 A {éﬁ%{@e@@ RS drOBfiidshi Sebhae rfa?fﬂfculléﬂ}rt?ﬂ by the

pr esent ventl on, pr Od Ion CO trons are not proper ti ng

resi st anCy iRl KA %ﬁé&%ﬁb’sﬁ 12, 18218%094a8bi 4y 28 vﬁi‘éx‘éﬁh‘%%@ﬁﬂe?@f”s' ons

harnful to pitting refalne According to the present 1nvention, duplex
stainl eSSoﬁH@%aseB%bl%@mn%aM&f é%ﬂféhtl%ftS'oﬂ'%dt%!;s%l@é&?%%%dbs léﬁgm y

obtai ned. Therefore, duplex stainless steel, nost suitable for ste pi pes,

steel pl agRm&er bPBot 1§ tBaE N oS wad ﬂbmoif@fh&mo ;@f@hﬁﬁﬂﬁz oPtHd &Bs8T
structures for chemcal plant, I'ine pipes, oil well or gas well casing or

t ubi ng, Ogectidhi hégRndidRES té Qﬁet\ﬁ@&klﬁgmlﬁ&tﬁfn eXeBNBit pRtidlg rddisafikecan be
provi ded. 29 CLAIMS 1. A duplex stainless steel contai ni ng, by mass % C

not nore Aanlaidd irSbotl tAd dgehe2d sbdinldds lstbols2¥d Rhenqipdisihleas 0. 05%
S: not nore than 0.001% Al: 0.003 to 0.05% N : 4 to 12% Cr: 18 to 32%
Mb: 0.2 tstebB§ N (nitrogen): 0.05 to 0.4% O (oxygen): not nore than 0.01%
Ca: 0.0005 to

On the other hand, in Comparative Examples 20 to 31 where the

chemical composition was out of the range limited by the present invention,
sufficient anti-corrosion performance as duplex stainless steel could not be
ensured. In Comparative Examples 4 to 19 where steels have chemical
compositions within the range limited by the present invention, but
production conditions are not proper, pitting resistance is not good because a
large quantity of oxide-based inclusions harmful to pitting remained.
According to the present invention, duplex stainless steel, having
satisfactory pitting resistance, can be stably obtained. Therefore, duplex
stainless steel, most suitable for steel pipes, steel plates or the like such as
piping for heat exchange, piping or structures for chemical plant, line pipes,
oil well or gas well casing or tubing, or umbilical tubes (control piping of

submarine oil field) can be provided.
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0.005% My: 0.0001 to 0.005% Cu: O to 2% B: 0 to 0.01% and W O to 4%
and the bal ance of Fe and inpurities, where a nunber of oxide-based

i ncl usi ons, which have a total content of Ca and My of 20 to 40 % by nass
and al so have a long dianeter of not less than 7 ~tm is not nore than a 10
per 1 MW of the cross section perpendicular to the working direction. 2. A
dupl ex stainless steel containing, by mass % G not nore than 0.03% Si:
0.01 to 2% M1 0.1 to 2% P: not nore than 0.05% S: not nmore than 0.001%
Al: 0.003to 0.05% Ni: 4 to 12% @L"%@Y[SO 32% Md: 0.2 to 5% N
(nitrogen): 0.05 to 0.4% O (oxygeny: nore than 0.01% Ca: 0.0005 to
0.005% My: 0.0001 to 0.005% Cu: O0to 2% B: 0to 0.01% and W 0 to 4%
and the bal ance of Fe and inpurities, where a nunber of oxide-based

i ncl usi ons, whi ‘thhtgd‘;gefil st sscé%géle&fntgini éﬁ{}'?nﬁ/gs o 20 dtOm3Pe %htgﬁamass

and al so have a’l1on rameter of not less 't rim’is not nore n a 10

per 1 MV2Qfag} N6i:4f 99 50 SR AR (PHBE! PULGE rl el AEnDI0EN IS thbetibn. and a

nunber of oXlI de-based 1 ncl’usions, which have a content of not less than

15% by magga2 0 Rl9s ARSI 3% 0 R08%INaNBLE 29, (191 8kE6S294,Mab: d.2Ra5% SNnot  mor e
than 10 per 0.1 MW of the cross Section perpendicular to the working

di recti on(nigrogbiy: §WBl £ 04%! U €8 gehPehofiaeiedtith 0 PhaI0R: 10.0008 tof urt her
containing 0.2 to 2% of Cu by mass.” 4. The dupl ex stainless steel according

to any ong (@f59% ®igt®.J0(i10t630.008%, fthit 86 209MBADH®ODIDGhd W:D 64 %ef B by
mass. 5. The dupl ex stainless steel according to any one of clains 1 to 4,

further candathé Nhlfacel of &% iMYPULritiBS Swhére THandBbe0ofs bridetHagedst eel
according to any one of clainms 1 to 5, characterized in that a pitting

resi st ancendliisions PREWH Bavesettalcditehbef Fohh@WBdHeaIed U0 () massnot | ess
than 40; PREWECr +3. 3W+0. 5W +16N QQ wherein each chem cal synbol represents
t he cont eahddaflseheheeal higndiameter of not less than 7 um, is not more than a 10
per 1 mm? of the cross section perpendicular to the working direction.
2. A duplex stainless steel containing, by mass %, C: not more than
0.03%, Si: 0.01 to 2%, Mn: 0.1 to 2%, P: not more than 0.05%, S: not more
than 0.001%, Al: 0.003 to 0.05%, Ni: 4 to 12%, Cr: 18 to 32%, Mo: 0.2 to 5%, N
(nitrogen): 0.05 to 0.4%, O (oxygen): not more than 0.01%, Ca: 0.0005 to
0.005%, Mg: 0.0001 to 0.005%, Cu: 0 to 2%, B: 0 to 0.01%, and W: 0 to 4%,
and the balance of Fe and impurities, where a number of oxide-based
inclusions, which have a total content of Ca and Mg of 20 to 40 % by mass
and also have a long diameter of not less than 7 um, is not more than a 10
per 1 mm? of the cross section perpendicular to the working direction, and a
number of oxide-based inclusions, which have a content of S of not less than
15% by mass and also have a long diameter of not less than 1 um, is not more
than 10 per 0.1 mm? of the cross section perpendicular to the working
direction.
3. The duplex stainless steel according to claim 1 or 2, further

containing 0.2 to 2% of Cu by mass.

4. The duplex stainless steel according to any one of claims 1 to 3,
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N by mass). 7. A method for producing a duplex stainless steel, any one of
clains 1 to 6, characterized by reducing the condition that a sl ag
basicity, represented by the follow ng equation (2) is 0.5 to 3.0, killing
to tapped nolten steel at the tenperature not |ower than 1500 OC for not

l ess than 5 mnutes followed by casting, and form ng the resulting bl oom on
the condition that the total working ratio R represented by the follow ng
equation (3), is not less than 10; [Slag Basicityl=(CaO+tMO) / (Al 203+Si O2)

(2 PRl By SRR G B et ), rer ety oot compound in
TE) 0,20 hd ey SO uf R BT BRERAL 25
o 2,21 ey SELCATASRy U1 ek Byl o on procese. T espectvely,
deformation prqcefg, d%&)lex stainless steel according to any one of claims 1 to 5,
characterized in that a pitting resistance index PREW represented by the
following equation (1) is not less than 40;
PREW=Cr+3.3(Mo+0.5W)+16N (1)
wherein each chemical symbol represents the content of each element
(% by mass).
7. A method for producing a duplex stainless steel, any one of claims1
to 6, characterized by reducing the condition that a slag basicity, represented
by the following equation (2) is 0.5 to 3.0, killing to tapped molten steel at the
temperature not lower than 1500 °C for not less than 5 minutes followed by
casting, and forming the resulting bloom on the condition that the total
working ratio R, represented by the following equation (3), is not less than

10;
[Slag Basicityl=(CaO+Mg0)/(Alo0s+Si02)  (2)

i A0
[Total working ratioRl= [[(—=)

1G] (3)

n

wherein each compound in the equation (2) represents the
concentration in slag of each compound (% by mass), A0y and A, in the
equation (3) represent a cross-sectional area before deformation in a plastic
deformation process and a cross-sectional area after deformation in the
plastic deformation process, respectively, and each subscript n (1, 2, ... 1)

represents each stand order in the plastic deformation process.
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