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cont aCKORS- REGRRENGE keI R i RBI AR ARIOBESCR PTI ON OF THE
BACKGROUND OF THE TECHNOLOGY [0003] Aust enitic stainless steels

exhi bit a E98b] natThen pefsemni @hPlyCﬂéiéél elainse mwo@@emndes Ihdf-Siaké thm to

usefu v, e
possets P B SR AGbRI b AP Spn DR iR s 28, T PECaribrog 7007
of austenite- pronDtlng and stabilizing elenents, such as ni ckel,
manganese, and nitrogen, BACKAIROWNAHOR T 0B INVENTEON t e- pronot i ng

el enments, such as chrom um and nol ybdenum whi ch enhance corrosion
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[ 0009] The invention is an austenitic stainless steel that uses |ess
expensi ve el enents, such as manganese, copper, and nitrogen, as
substitutes for the nore costly elenents of nickel and nol ybdenum
The resul twé soosves28yyer cost all oy that has corrosi on rescsivatgoang
formability as good as or better than those of EN 1.4432, and
potentially as good as UNS 531700. [ 0010] An enbodi nent of the
austenitic stainless steel according to the present disclosure
i ncludes, in weight %up to.0.2
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to 4.0 MstaRe ! tBeyPeddlaiBapptPxittely §0%Psrritd, GhichNEvdsRdH hich@SstreAftH ahdSovier
ferrite nunmber |ess than about 11, and an MD30 val ue of |ess than
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C up to 0.20%[0022] C acts to stabilize the austenite phase and

i nhibits deformation-induced nmaitensitic transformation. However, C
al so increases the probability of form ng chrom um car bi des,

especi al | woleooomgzssel di ng, whi ch reduces corrosi on resPeT/ARIOS/e3a0lS

t oughness. Accordingly, the austenitic stainless steel of the present
invention has up to 0.20%C. In an enbodi nent of the invention, the
content of C may be 0. 08% or Iess Si: up to 2.0% [ 0023] Havi ng
greate orrgtlon of errbrl tI|n ch
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mai nt arari’offﬁéf‘a&ﬁ%f’gmeﬁl?{n Mé‘ %Acﬁ%frl& fogreptace Nbaf&ié/{oelﬁiatm%‘“@féﬁlﬁ%%é“
steel Qfiof RAHPEESEANELIE N NiPeABr Iaalsosu(sh t&idarR¥ Birmabilit@NaRHGE} FRspertRb
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effective substitutes for nt, N . However,
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cost of nic Is desirable to keep the NI content
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power f ainphatiasi wkerein i £ (Mert, WA)Gr 5.6 ond/eni.0 é)(bleedimg 82@%Fhfeqﬁﬂl hesa fepudte
addi ti on f | I as.o.nckel or cobalt,
to keep fnﬁel IF ertﬁarl Eg)%ltétolr\/}f glﬁ’{ WM@g%faé%n@q%%waﬁéa&tngo rr%nre than 23% Cr
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i ncluded in the alloy as a partial rep 'acenent for the austenite
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to stabiliZe the austenitic phase € addition of nore than 0.35%

may exceed {#H3§ol u’efdlﬂmyeroIﬁOdNnﬁurOf thy armeﬂemtingtaalms Wldpmdlﬂgm thh present
results i or osi.t t as &
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impurities, and has a ferrite number less than 11 and an MDj;g value less than -10°C.



of cobalt also acts to increase the strength of the material. The
upper limt of cobalt is preferably 1.0% B: up to 0.01%
[ 0030] Addi tions as |low as 0.0005% B nay be added to inprove the hot
wor kabi | i two andossesf ace qual ity of stainless steels. HooErS2008/054945
addi tions of nore than 0.01% degrade the corrosion resistance and
wor kability of the alloy. Accordingly, the austenitic stainless steel
WO 20091082501PCT/ US2008/ 054945 conposition of the present invention
has up to O % B. .IL.n _an enpbo n be up to
0-008% o KIHe" e B RRD SRR bt RS oS QR R R0 iy e o
i te st @by defe @ageriiyn deused to replace a portion of the nickel in
this alloy. dt al sQ inproyes corrosion resistance in reducin
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envi ronment PHRY i prasyeEbeEMRRiA Piefhodyof SERTFIAE dhaukEdk s

ener gy qcddoNRY 86 h géetnk ansloQfre MRS Rk nGh HlaMAc lﬁﬁ:eﬁnﬁlaé)%ﬁﬁl@m in an
reduce the hot workability of austenitic stainless steels.

Accor did§Pycasting irigsingets o costirionblesaastsslaks, rehsaiyess ihei waowfortfhabs and hot

5 entop B bRy s S0 B0 s Ol e

t hat ofpiakiihy bike marariah O owethofdsr gsostirgnoetht anedukion cenypintluide goraerchmple,

crevice_corrosjon al so reduce the tendenc or sigma. phase )
£ or ot P AR BT IER BGE POt ISR E A0 crO ABU Pt T DED SFPR S
t han 4%hdmydicidn o€ a pbedéraharMPEdRBidatddyin®f sl dbb @r eapey and\geoikei ngly, the
austenitic stainless steel conposition of the present invention has
up to 4. 0% w016 5 Alloyp ﬂPCWQT)% to ghe P[‘"E?Gl%}j%ﬁ%‘ﬁ'ﬂeﬁﬁﬁfnb&nélsqduﬁbﬂ“é}?fo“s
are bOTaB 185 fS6! | X6eokdlns t@Bhd h%dnﬁ:@e MGy PSS fe ReRNd dscléduld b AL AQEAR in
on the surface of stainless steels and protects against pitting

cor r osiagieldsy of meanaferiugn agdptechifor bgfedn leWneapeyatye apip cORESEE enyirpaingnts.
as effegc r C
combi nati et TR afpdiont BuciBE LERRLARLSRY £EFRED e BT TRIN e
corros |mnil|udeetse pteaasm elio}dmnem&rqmdnavsﬁﬂgqttaﬂmlannﬁmombn rescrapaselitdcheal panels,
likeli for |nte nmet al | ses d t 00, much reduces
the: ot eRBIEB RS Hovhd S dutty S LRGr e Ihetie EGnEHHG P f g er
( Mo+W Dhrts hedubichshepdis palth st SifemARcasad Ipﬂgﬂesfsmgt buifst epdrt bGed in sanitary
stai nl ess_steel conposition of the present invention has 0.5 < (M +

W 2) < agplipatienspand G\ far 3@9)101380@‘3[1%3‘4111%%?%%3 CEIRIMGGbal t both act to
stabilize the austenitic phase with respect to ferrite formation. At

least 5% (Ni + Co) iSDEEAUIRISHESCRIPEAION OFTHIBVARSTEIN ti ¢ phase in
t he presence of the elevated |evels of ferrite stabilizing el enents

such as G aqgi7)o, IMh@fblégelﬁt diBrigfeleshd B BfRSHLSsS YRR itRin ﬁpwe%e@anmo
resi stance. However, both NI and Co are costly el enents, so
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conposi tTon o rese I nve
[ 0035] Helifixal mradensnefncem mumlmniabmm” shatondiegs, wieeindofatetihe thercesent, any

et Ol 0SS5 LoD ) oKl B9BL5 ) TR Sy THE BT, g e
t o the sbpwRBhatiBhAHat Sa) vh@\&bemd@ﬁg weens iandd Biopeies Skd tdeRflta dbtdiRen the
art. product and methods according to the present disclosure. At the very least, and not as an attempt
to limit the application of the doctrine of equivalents to the scope of the claims, each numerical
parameter should at least be construed in light of the number of reported significant digits and by
applying ordinary rounding techniques. The austenitic stainless steels of the present invention
will now be described in detail. In the following description, "%" represents "weight %7, unless

otherwise specified.



[ 0036] The austenitic stainless steel of the present invention can
al so be defined by equations that quantify the properties they

exhi bit, including, for exanple, pitting resistance equival ence
nunber, fevoe dowosasorber, and MD30 tenperature. [0037] TheCDUS10D8HEF4945
resi stance equi val ence nunber (PREN) provides a relative ranking of
an alloy's expected resistance to pitting corrosion in a

chl ori de-contai ni ng environnent. The higher the PRE?, the better the

expected co jon.tesistance of e allo The ,PREN ca e .

cat cul at cd BYThe AFRRRAYE Foflssted o Baeien RS dEN oL, IR pasipiggy e
[ 0038] Mveedionat diredtad toanfaageitic ohinlsHH€Xpmpasitidnathadde dorf@idnhesialaeand
formula to take into account_ th resence of tupgsten.in an all .
Tungst EHTR fyo%se%ooflﬁ_@ %ivetFrrgen g@?es?faﬁ@el% _25f"ﬁz{]ﬂ?té%tg‘”gtaééﬁoggé‘ﬁggﬂ’éoo'
about gt hudsif ifslkliv@eedmciky bedeaigm ayupveiitt ¢, Mhen fungsteno 88 16.0-
included in the calculation, the pitti nggr esi stance equi val ence

nurmber 238 (desLyfalNedprde 3 BREN, upiRiSchCrd)- B8RS iY. apdel 4yWt metof GP Bwihig 1.0
forml g, Eﬁﬁwﬁlﬁn?ﬁiﬁés,%né ) 'fl'tlgzé'm%(ﬂ%&s thart G611 LQ@§§M§3@ %ﬁg RBf less
serves a simlar ‘purpdse as rme[ly enum I'n the invented a oy.

such, thangbtwnl(ifdy be added as a substitute for nol ybdenumto provide

i ncreased pjdthkNg resi stance. ording.to the equation,.twce the

i ot per cOT? PnBERaRE, o Tk puBs 3R, aRuig ) B Plsen

mol ybdaRuakure meusds, iowsihi v ahitot 0 G,8008-60i Nih,| updo RES$is1GMER.0 Cr, 5.0-7.0 Ni,

Enbodi nents of the al] Oé of th &r;esent I nventi o(ir; rml% have 6gRE w

val ue 8P Byrdattr vpHar 2™ Bk 5 gPaBIhd s Wsion?gh é{%@.“? 4GPTHEd

al | oy @hpdfiRs| 8HA 08N Al1§ 0 WBY <D0 el ms < m%%fs%r.cr. IR JMETRAT s fefite
e

positive ferrite nunber generally correlates to t IQp;r esence of
ferritaumpgriley thamsbewdd, and aa MByd wluserf lags thae abquwsnl0BCoperti es and

hel ps to inkjgBjht h ] : e 0 NG, ' D

wel di ng opet@??%ns?e}\%éﬁt%%ﬁl &gtﬁg{?ﬁ%ﬁo?fawé:r%ﬁf?gﬁ*s nﬂg%s %@%’rsl |KJrC g(%dil%ﬁdtf) htge
i ni ti apreddt 20008 28DidRETih WeHgH0 08/ (64 9NER €08 0eh.§ Mbed upite 2dsTir UieOaBd Cr,

for go L Lity and f r i of - cracki urin .
wet o g - MBS e e BT ETRS RE Pl SO0k RE AR b 4F 8 G
dur i ng as®invheidies, iahd hatdi fagitd biimbedtlesk kHihaBshitt10, andi 26 NIBYvdGie W 8dss than about
instability, limted ductility, and Inpaired high tenperature

mechani EAIC prépdsin Fmbodimeats o eisieel oo Wi oo LAPU 20 SN Ry=tife
fol | owi ng et on fibine: Shusfltng 518 St aiglhs 161 B6obding  OpMken
+30N +30C +0. 5Mn +0.5Cu) - 28.6 The alloy of the present invention
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I nventive Alloys exhibit greater resistance to martensite formation

than S31600. WD 2009/ 082501PCT/ US2008/ 054945 Table 1 Inventive
Al l oys Mrdd0d%ve Alloys 1 -, 3 CA 1 EN 1.4432 331700 331600 321600

320100 C 0. ﬂiﬁﬁflp 002 QtaB2Be Ot 1 stenitic phase and generally increases the sclubility of

nitrogen, a beneficial alloying element. To sufficiently produce these effects, a Mn content of
greater than 2.0% is required. Both Mn and N are effective substitutes for the more expensive
element, Ni. However, having greater than 6.0% Mn would degrade the material's workability
and its corrosion resistance in certain environments. Also, because the inventive alloy contains
at least 5% Ni, more than 6.0% Mn should not be required to sufficiently stabilize the austenitic
phase. Accordingly, the austenitic stainless steel of the present invention has 2.0-6.0% Mn. In

an embodiment, the Mn content may be 3.0-6.0%.

Ni: 5.0-7.0%

[0025] NI acts to stabilize the austenitic phase, as well as to enhance toughness and
formability. However, due to the high cost of nickel, it is desirable to keep the Ni content low.
The inventors have found that a 5.0-7.0% range of nickel will allow the austenitic phase to be
maintained, while still allowing a sufficient amount of ferrite stabilizing elements such as Cr and
Mo to be added to provide a material that has similar or superior corrosion performance to EN
1.4432 while maintaining similar toughness and formability at a lower cost. Accordingly, the

austenitic stainless steel of the present invention includes 5.0-7.0 % Ni.

Cr: 16.0-23.0%

[0026] Cr is added to impart corrosion resistance to stainless steels and also acts to
stabilize the austenitic phase with respect to martensitic transformation. At least 16% Cr is
required to provide adequate corrosion resistance. On the other hand, because Cr is a powerful
ferrite stabilizer, a Cr content exceeding 23% requires the addition of more costly alloying
elements, such as nickel or cobalt, to keep the ferrite content acceptably low. Having more than

23% Cr also makes the formation of undesirable phases, such as sigma, more likely.
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Accordingly, the austenitic stainless steel of the present invention has 16.0-23.0% Cr. In an

embodiment, the Cr content may be 17.0-23.0%.

N: 0.1-0.35%

[0027] N is included in the alloy as a partial replacement for the austenite stabilizing
element Ni and the corrosion enhancing element Mo. At least 0.1% N is necessary for strength
and corrosion resistance and to stabilize the austenitic phase. The addition of more than 0.35%
N may exceed the sclubility of N during melting and welding, which results in porosity due to
nitrogen gas bubbles. Even if the solubility limit is not exceeded, a N content of greater than
0.35% increases the propensity for the precipitation of nitride particles, which degrades corrosion
resistance and toughness. Accordingly, the austenitic stainless steel of the present invention

includes 0.1-0.35% N. In an embodiment, the N content may be 0.14-0.35%.

Mo: up to 3.0%

[0028] The present inventors sought to limit mo content of the alloy while
maintaining acceptable properties. Mo is effective in stabilizing the passive oxide film that
forms on the surface of stainless steels and protects against pitting corrosion by the action of
chlorides. In order to obtain these effects, Mo may be added in this invention up to a level of
3.0%. A Mo content exceeding 3.0% causes deterioration of hot workability by increasing the
fraction of solidification (delta) ferrite to potentially detrimental levels. High Mo content also
increases the likelihood of forming deleterious intermetallic phases, such as sigma phase.
Accordingly, the austenitic stainless steel composition of the present invention includes up to

3.0% Mo. In an embodiment, the Mo content may be 0.5-3.0%.

Co: up to 1.0%
[0029] Co acts as a substitute for nickel to stabilize the austenite phase. The addition
of cobalt also acts to increase the strength of the material. The upper limit of cobalt is preferably

[.0%.

B: up to 0.01%
[0030] Additions as low as 0.0005% B may be added to improve the hot workability
and surface quality of stainless steels. However, additions of more than 0.01% degrade the

corrosion resistance and workability of the alloy. Accordingly, the austenitic stainless steel
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composition of the present invention has up to 0.01% B. In an embodiment, the B content may
be up to 0.008%, or may be up to 0.005%.

Cu: up to 3.0%

[0031] Cu is an austenite stabilizer and may be used to replace a portion of the nickel
in this alloy. It also improves corrosion resistance in reducing environments and improves
formability by reducing the stacking fault energy. However, additions of more than 3% Cu have
been shown to reduce the hot workability of austenitic stainless steels. Accordingly, the
austenitic stainless steel composition of the present invention has up to 3.0% Cu., In an

embodiment, Cu content may be up to 1.0%.

W:upt04.0%

[0032] W provides a similar effect to that of molybdenum in improving resistance to
chloride pitting and crevice corrosion. W may also reduce the tendency for sigma phase
formation when substituted for molybdenum. However, additions of more than 4% may reduce
the hot workability of the alloy. Accordingly, the austenitic stainless steel composition of the

present invention has up to 4.0% W.

0.5 < (Mo + W/2) <5.0

[0033] Molybdenum and tungsten are both effective in stabilizing the passive oxide
film that forms on the surface of stainless steels and protects against pitting corrosion by the
action of chlorides. Since W is approximately half as effective (by weight) as Mo in increasing
cotrosion resistance, a combination of (Mo+W/2) > 0.5% is required to provide the necessary
corrosion resistance. However, having too much Mo increases the likelihood of forming
intermetallic phases, and too much W reduces the hot workability of the material. Therefore, the
combination of (Mo+W/2) should be less than 5%. Accordingly, the austenitic stainless steel

composition of the present invention has 0.5 < (Mo + W/2) < 5.0.

50<(Ni+Co)<8.0

[0034] Nickel and cobalt both act to stabilize the austenitic phase with respect to
ferrite formation. At least 5% (Ni + Co) is required to stabilize the austenitic phase in the
presence of the elevated levels of ferrite stabilizing elements such as Cr and Mo, which must be

added to ensure superior corrosion resistance. However, both Ni and Co are costly elements, so
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it is desirable to keep the (Ni + Co) content less than 8%. Accordingly, the austenitic stainless
steel composition of the present invention has 5.0 < (Ni + Co) < 8.0.

[0035] The balance of the austenitic stainless steel of the present invention includes
ron and unavoidable impurities, such as phosphorus and sulfur. The unavoidable impurities are
preferably kept to the lowest practical level, as understood by one skilled in the art.

[0036]  The austenitic stainless steel of the present invention can also be defined by
equations that quantify the properties they exhibit, including, for example, pitting resistance
equivalence number, ferrite number, and MDsq temperature.

i0037]  The pitting resistance equivalence number (PREy) provides a relative
ranking of an alloy's expected resistance to pitting corrosion in a chloride-containing
environment. The higher the PREy, the better the expected corrosion resistance of the alloy.

The PREy can be calculated by the following formula;
PREy = %Cr + 3.3(%Mo) + 16(%N)

[0038] Alternatively, a factor of 1.65(%W) can be added to the above formula to
take into account the presence of tungsten in an alloy. Tungsten improves the pitting
resistance of stainless steels and is about half as effective as molybdenum by weight. When
tungsten is included in the calculation, the pitting resistance equivalence number is designated

as PREw, which is calculated by the following formula:
PREw = %Cr + 3.3(%Mo) + 1.65(%W) + 16(%N)

[0039]  Tungsten serves a similar purpose as molybdenum in the invented alloy. As
such, tungsten may be added as a substitute for molybdenum to provide increased pitting
resistance. According to the equation, twice the weight percent of tungsten should be added
for every percent of molybdenum removed to maintain the same pitting resistance.
Embodiments of the alloy of the present invention may have a PREw value of greater than 26,
and preferably is as high as 30.

[0040]  The alloy of the invention also may be defined by its ferrite number. A
positive ferrite number generally correlates to the presence of ferrite, which improves an
alloy’s solidification properties and helps to inhibit hot cracking of the alloy during hot

working and welding operations. A small amount of ferrite is thus desired in the initial
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solidified microstructure for good castability and for prevention of hot-cracking during
welding. On the other hand, too much ferrite can result in problems during service, including
but not limited to, microstructural instability, limited ductility, and impaired high temperature

mechanical properties. The ferrite number can be calculated using the following equation:
FN = 3.34(Cr +1.5Si +Mo + 2Ti +0.5Cb) —~ 2.46(Ni +30N +30C +0.5Mn +0.5Cu) - 28.6

The alloy of the present invention has a calculated ferrite number of up to 11, preferably a
positive number, and more preferably about 3 to 7. It will be apparent from the following
discussion that certain known stainless steel alloys including relatively low nickel and
molybdenum contents have feirite numbers significantly lower than alloys according to the
present disclosure,

[0041] The MDj, temperature of an alloy is defined as the temperature at which
cold deformation of 30% will result in a transformation of 50% of the austenite to martensite.
The lower the MD3p temperature is, the more resistant a material is to martensite
transformation. Resistance to martensite formation results in a lower work hardening rate,
which results in good formability, especially in drawing applications, MDsjq is calculated

according to the following equation:
MD3o (°C) = 413 - 462(C+N) - 9.2(Si) - 8.1(Mn} - 13.7(Cr) - 9.5(Ni) - 17.1(Cu) - 18.5(Mo)

The alloy of the present invention has a MD3p temperature of less than -10°C, preferably less
than about -30°C. Many of the known low-nickel stainless steel alloys have MDjq values
significantly greater than those of the alloys according to the present disclosure.

EXAMPLES

[0042] Table 1 includes the compositions and calculated parameter values for
Inventive Alloys 1-3 and for Comparative Alloys, CAl, EN 1.4432, §31600, $21600, S31700
and $20100.

[0043] Inventive Aloys 1-3 and Comparative Alloy CAl were melted in a
laboratory-size vacuum furnace and poured into 50-Ib ingots. These ingots were re-heated and
hot rolled to produce material about 0.250" thick. This material was annealed, blasted, and
pickled. Some of that material was cold rolled to 0.100"-thick, and the remainder was cold
rolled to 0.050 or 0.040"-thick. The cold rolled material was annealed and pickled.
Comparative Alloys EN1.4432, S31600, S21600, S31700 and S20100 are commercially

10
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available and the data shown for these alloys were taken from published literature or measured
from testing of material recently produced for commercial sale.

[0044] The calculated PREw values for each alloy are shown in Table 1. Using the
equation discussed herein above, the alloys having a PREw greater than 26.0 would be
expected to have better resistance to chloride pitting than EN 1.4432 material. A PREw of
greater than 29.0 would be expected to have at least equivalent resistance to chloride pitting as
$31700.

[0045] The ferrite number for each alloy in Table 1 has also been calculated. The
ferrite numbers of Inventive Alloys 1-3 are between 5.0 and 7.5. These are within the desired
range to promote good weldability and castability.

[0046]  The MDsq values were also calculated for the alloys in Table 1. According
to the calculations, all of the Inventive Alloys exhibit greater resistance to martensite formation
than S31600.

11
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Table 1
Inventive Alloys Comparative Alloys
1 2 3 CAl | EN1.4432] S31700 | S31600 | S21600 | S20100
C 0.019 0.013 0.024 0.019 0.02 0.016 0.017 0.018 0.02
Mn 5.8 5.5 59 47 1.2 1.6 1.24 83 5.7
Si 0.27 0.28 0.28 0.28 0.4 04 0.45 0.40 0.40
Cr 19.3 19.8 2.7 18.1 16.9 18.3 16.3 19.7 16.4
Ni 6.1 6.1 6.9 4.5 10.7 13.1 10.1 6.0 4.1
Mo 1.51 L34 0.59 1.13 2.6 3.2 2.1 2.5 0.26
Cu 040 1.98 0.71 040 04 0.4 0.38 0.40 0.43
N 0.195 0.181 0220 0210 0.04 0.06 0.04 0.37 0.15
P 0.018 0.019 0.016 0.002 0.03 0.025 0.03 0.03 0.03
S 0.0015 0.0018 0.0022 0.000t 0.0010 0.001 0.0010 0.0010 0.0010
W 0.12 0.06 0.01 0.09 0.1 G.1 0.11 0.10 0.1
B 0.0025 0.0019 - 0.0001 0.0025 0.0025 0.0025 0.0025 0.0005
Fe 65.6 64.6 62.2 704 67.9 62.5 68.8 62.2 714
Ca 0.10 0.07 0.09 0.10 0.3 0.33 0.35 0.16 0.16
FN 5.6 5.0 7.5 2.8 59 4.8 4.1 6.2 2.3
PREy 28.3 27.4 28.2 25.5 26.1 29.9 24.0 33.9 19.7
MDyg -85.4 -112.1 -149.7 =524 -16.2 794 7.8 -217.4 0.7
RMCI 0.71 0.68 .64 0.56 1.09 [.31 1.00 0.83 0.43
Yield 544 522 59.3 49.1 43 48 43.5 55 43
Tensile 108.0 1054 111.1 108.7 87 92 90.6 100 100
%E 42 38 32 68 55 46 56 45 56
OCH 0.37 0.36 0.33 0.45 - - 045 - -
SSCVN 56.0 50.3 42.3 61.7 - - 70 - -
CPT 292 2338 29.3 14.6 23.0 341 12.% - <20

[0047] Table 1 shows a raw material cost index (RMCI), which compares the
material costs for each alloy to that of S31600. The RMCI was calculated by multiplying the
average October 2007 cost for the raw materials Fe, Cr, Mn, Ni, Mo, W, and Co by the percent
of each element contained in the alloy and dividing by the cost of the raw materials in S31600.
As the calculated values show, the Inventive Alloys have RMCI values between 0.64 and 0.71,
which means the cost of the raw materials contained therein are between 64 and 71% of those

in $31600. In contrast, the RMCI for EN 1.4432 is 1.09. Nevertheless, the ferrite number for

12
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each Inventive Alloy is comparable to that listed for EN 1.4432, and the MDjg values for the
Inventive Alloys are substantially lower than that for EN 1.4432. That a material could be
made that has formability and corrosion resistance at least comparable to EN 1.4432, but at a
significantly lower raw material cost, is surprising and was not anticipated from the prior art.

[0048] The mechanical properties of the Inventive Alloys 1-3 have been measured
and compared to those of Comparative Alloy CAl and commercially available EN 1.4432,
$31600, S21600, $31700, and S20100. The measured yield strength, tensile strength, percent
elongation over a 2-inch gage length, 1/2-size Charpy V-notch impact energy, and Olsen cup
height are shown in Table 1 for these alloys. The tensile tests were conducted on 0.100" gage
material, the Charpy tests were conducted on 0.197" thick samples, and the Olsen cup tests were
run on material between 0.040-and 0.050-inch thick. All tests were performed at room
temperature. Units for the data in Table 1 are as follows: yield strength and tensile strength, ksi;
elongation, percent; Olsen cup height, inches; Charpy impact energy, ft-1bs. As can be seen from
the data, the Inventive Alloys exhibited slightly greater strength and lower percent elongation
than those reported for EN 1.4432, thereby providing at least comparable formability properties
to those of EN 1.4432.

[0049] An electrochemical critical pitting temperature test was performed in
accordance with ASTM Standard G150 on samples of Inventive Alloys 1-3 and Comparative
Alloys CAl, EN 1.4432, 831600, S31700, and S20100. As can be seen from the results in
Table 1, Inventive Alloy 2 has a critical pitting temperature similar to that of EN 1.4432, while
Inventive Alloys 1 and 3 have critical pitting temperatures significantly higher than that of EN
1.4432 and more than twice as high as that of $S31600. That an alloy having raw material costs
between 29% and 36% lower than those in S31600 would have a critical pitting temperature
approximately 16°C higher while still having comparable toughness and formability is surprising
to the inventors.

[0050] The potential uses of this new alloy are numerous. As described and
evidenced above, the austenitic stainless steel compositions described herein are capable of
being used in many applications where the formability and toughness of S31600 are required,
but greater corrosion resistance is needed. Additionally, due to the high cost of nickel and
molybdenum, a significant cost savings will be recognized by switching from S31600 or

EN 1,4432 to the Inventive Alloy. Another benefit is, because the Inventive Alloys are fully
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austenitic, they will not be susceptible to either a sharp ductile-to-brittle transition (DBT) at
sub-zero temperature or 885°F embrittlement. Therefore, unlike duplex alloys, they can be
used at temperatures above 650°F and are prime candidate materials for low temperature and
cryogenic applications. It is expected that the formability and processability of the alloys
described herein will be very close to those of standard austenitic stainless steels. Specific
articles of manufacture for which the alloys according to the present disclosure would be
particularly advantageous include, for example, flexible connectors for automotive exhaust and
other applications, bellows, flexible pipe, and chimney/flue liners. Those having ordinary skill
may readily manufacture these and other articles of manufacture from the alloys according to the
present disclosure using conventional manufacturing techniques.

[0051]  Although the foregoing description has necessarily presented only a limited
number of embodiments, those of ordinary skill in the relevant art will appreciate that various
changes in the apparatus and methods and other details of the examples that have been described
and illustrated herein may be made by those skilled in the art, and all such modifications will
remain within the principle and scope of the present disclosure as expressed herein and in the
appended claims. It is understood, therefore, that the present invention is not limited to the
particular embodiments disclosed or incorporated herein, but is intended to cover modifications
that are within the principle and scope of the invention, as defined by the claims. It will also be
appreciated by those skilled in the art that changes could be made to the embodiments above

without departing from the broad inventive concept thereof.
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6. The austenitic stainless steel according to claim 1, having a ferrite number of 3 up
to 5.

7. The austenitic stainless steel according to claim 1, having a MD3p value less than
-30° C.

8. The austenitic stainless steel according to claim I, comprising up to 0.08 C.

9. The austenitic stainless steel according to claim 1, comprising up to 1.0 Si.

10.  The austenitic stainless steel according to claim 1, comprising 3.0-6.0 Mn.

11.  The austenitic stainless steel according to claim 1, comprising 17.0-23.0 Cr.

12. The austenitic stainless steel according to claim 1, comprising 0.14-0.35 N.
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critical pitting tenperature simlar to that of EN 1.4432, while
Inventive Alloys 1 and 3 have critical pitting tenperatures
significantly higher than that of EN 1.4432 and nore than tw ce as
hi gh as that of 531600. That an alloy having raw material costs

bet ween 29% and % tical
pi 11 ng tombor at LaRE it hOAEedng AR, PRI 65 Pl
conpar abl e t oughness and fornablllty is surprising to the inventors.

[ 0050] The pbt.ent Tk augisrisic ofainddss steelavecadihg o drien hgnmposisg vy Wi bed
and evi denced above, the austenitic stainless steel conpositions
descri bed hetei wher e
t he fornablF%tyngﬁﬁﬁmggﬁﬁnesgg%?ggf%gﬁ%ﬁggehgggﬁ?%%@HB%%t grea?er
corrosion resistance is needed. Additionally, due to the high cost of
ni ckel and hbl yblenastenticsitgniess deahtacewding savlamgs!. wiompritiag Decdgivle edd
by swit h|n r EN 1.4432 to the Inventive Alloy. Another
beneflt%‘ 19%@ guse%%ﬁg%ﬁﬁventlve Al'loys are fully WO
2009/082501PCT1U820081054945 austenitic, they will not be susceptible
to eit her alsharphadanstchitie-staoddss stee¢llof cl‘a'rraﬂté,i}mwmg a(NDB)vabe lesathaneB@C.
tenperature or 885F enbrittlement. Therefore, unlike duplex alloys,
they can be ysedral { RGN ALNIES BDOKEOROFADGRNE BERTENE BN HHE and
materi al s for | ow't enp cryogenisc app i cat . It1S
expecte&emhamSshhktoMﬁﬁhiﬁDm;dahﬁ<ﬁﬁnc€ssaﬁm1|ty of the alloys
described herein will be very close to those of standard austenitic

stainless s eIs Specific article tureforv\,h

2 oys accol it ngTeoRerasru B efeonlPE & i 5 e B R o, and
advant agenys Mg valde Jes§ than 30adpl e, fl exi bl e connectors for autonotive
exhaust and ot her applications bel | ows, flexible pipe, and
chinney/flu l'i ner Those i ng .ordinary

O L RS B Rk O B Bk i

accor dipng @,3.0-5.6 M, @pen R.0di spl(psyo €rUR0-N9 Nip0BSI Monap onBMThAT 14038,
t echni ques. [0051}Althou gh the fore90|n description has necessarlly

present’Bd 8A1Y: 4P 19 BPPRE: ARifEP CoF TBRBRdI RIS, ttlfh%fs% hgying p fergisg yrmber
skil'l mgsﬁgglqgh@mapﬁhgpgméqagthﬁppbeglate t hat various changes in the
apparatus and net hods and ot her details of the exanples that have
been described and illustrated herein nay be nmade by those skilled in
the art, andlal| TRARKCRBGiSRINeE SEASCHILNE fQABHZGWMIRIH:t he princi pl e
and scope of the present g;@ckgspbg)agoexpressed herein and in the
appended cl ai ns. i s understood, therefore, that the present
invention is_not Ilnlted_to_the particul ar enbodi ments di scl osed or
incorporateazherEmnmmﬁﬂﬁmﬁgmﬂﬁwéﬁéeﬁC@@“do@é$”@ﬁﬁﬁﬁméaﬂﬁﬁﬁsZﬁﬁa@NﬁtéP
w thin r a 2] f

clai m PP i 19O 2RO R0 AT Moo T PRaE S CR PEA P At TR Wy
change$9. Od(BJ,Iqu tbd (h€idebalapct ren embinchumigies, sheamnlréaamng h dertitecrepeet iemgthhndm

t he broa @ﬁ? ) $ceqb(%hereof. CLAIMS W claim 1. An
aust enif¢ & dPH?g%g gel*“conprising, in weight % up to 0.20 C,
2.0-6.0 Mh, up to 2.0 Si, 16.0-23.0 C, 5.0-7.0 Ni, upto 3.0 M, up
to 3.0 Cu, 03.1-0TBbauMenitip stainleks OM¢1 agportimg Go B13inB22, hpvihg a MIDsyGalue ilaso than
and inpﬁtétles, the steel having a ferrite nunber less than 11 and an
MD30 va& | ess than -10C. 2. The austenitic stainless steel

according to claiml1l, wherein: 0.5 < (M + W2) S5.0 3. The

austeni tic gtai niMessisehigelstaates s@elngcdrding kadlmnd 23, \whpeding 0.5-30 BMo( NI +
Co) s 8.0. 4. The austenitic stainless steel according to claim
1, having a PREw val ue greater than 26. 5. The austenitic
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16. The austenitic stainless steel according to claim1, conprising
0.5-3.0 Mo and wherein 5.0 < (N + Co) <8.0. 17. The austenitic
stainless steel of claim 16, having a MD30 value | ess than -30C

18. The austenitic stainless steel according to claim1, conprising
0.5-3.0 Mo and wherein 0.5 < (Mo + W2) <5.0 and 5.0 < (N + Co) <

8. 0. 19. The austenitic stainless steel according to claiml1,
conprising 0.5-3.0 Mo, and having a MD30 value | ess than -30 C.

20. The austenitic stainless steel according to claim1, conpri sing,
in weight %sup Tﬁb st stafi Oy @teg aMEbth% td Qaitr B4, Sherednf - 0-23.0 Cr,
5.0-7.0 Ni, 0.5-3 Mo, up to 1.0 35 N, up to 4.0 W up to
0.008 B, up to 1.0 Co, |r6H3éhH1+ﬁ%hiﬁpres the steel having a
ferrite nunber less than 11 and an MD30 val ue | ess than -10C. 21. The

austenitic ggai nhﬁsa?ttéé 8€ I AGLOLMA ﬂgluﬁﬂocinaédﬁegﬁc s‘f\f'ﬁés%' dteel gorgpt(lé}lﬁo in
Co) 8.0. . The austenitic stalnfess steel claim1l

consi stweight &, uapto @(2003 200-60 Mnupeto®- WAL, 108-33 €r.0. (87 0 Nigupte30 Maup to
5.0-7. t o
to 0.0 dg&u 9 %gﬁ 6‘8&%@ Obal Iépn%eog(?l?%’%bang 01_Cguro?'talmd IMB?IE%S tP o8 1hldgm
havi ng aéeltiear;tunttm runthedt 11 essant Mg, Galueeimithmt -MDZ0 val ue | ess than
-10C 23. The austenitic stainless steel according to claim 22,

9 2l walrhodiR o bR Ferfd 2 NS HRILLL Gl LIS has o

aust eniMbg vafuailask €8 -31°€el according to claim 24, wherein: 5.0 5 (N
+ Co) 5 8.0. 26. An article of manufacture including an

austenitic ainless steel conprising,. in i ght . %. u 0..0.20 C
30: 610 M, B 1 6 sl of oy eobicptains 260 yereiq the Brsefies Gogte i
to 3. chﬂ u&sbsOsB@Id\l up to 4.0W up to 0.01 B, upto 1.0 Co, iron
and |rrpur|t|es the steel haying a ferrite nunber | ess than 11 and an

MD30 val ue | i cl e of manufacture of
claim 26, Wi r ei {?H‘t ﬁ’élcéu‘gft%ﬂ}“tf"fcffn%t‘%f:ﬁf”ész - WPEEin ifBe JusAnat vaplges steel
| ess t Bap< $QCco)<8.0, 28. The article of manufacture of claim 26,
wherei n the austenltlc stai nl ess steel conprises 0.5-3.0 M.

29. The article of manufacture of clalm%G wherein .in.the agg(’;enitic
st ai nl ess sthel gh‘hml‘}déﬂif mﬁm’éfé?mﬁ”ffc@lmz whergiy thergyticlg iy gdapted fgr use in at
manuf agif &heQf 16 ?Hrﬁ’ﬁe?a@me‘ﬁﬁ@&%ﬂerﬁ@&ﬁfohm%@ is adapted for use in at
| east one of | ow tenperature and cryogeni c environments. 31.

The article of manufacture of claim?26, wherein the article is
sel ected frém t hehgapisls eomanufastig Grelaime . rvasren the aitileqisselested drog the

a CorrQgh rl:oﬁ%?tin%tcﬁrﬁtcoﬁ%ﬁ% BGtME thlclgai‘@duosﬁmf Es‘?@%ﬁr@ 'a?chﬁ&!’t‘ﬁl%a%b a@lemb}e

bel | ows, tube, “a pi pe, a chimey [|iner, ' ner, frame
heat exohzatyera ipdews, adubongaeserhipasy llnea, ap%lﬂﬁt hrfeora Hbatafime égrstt ﬁ&té}lanc’el part,

processi n aéy “'pf spmtafo§ aﬂat&%éﬁuﬁﬁ "hoceBifh BuRhdnt Llanfhb3AY! and a part for

productlo Si ng
ethanol production or processing equipment.

17



