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LEAN AUSTEN1TIC STAINLESS STEEL 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001J The present application claims priority under 35 U.S.C. § 119(e) to 

co-pending U.S. Provisional Patent Application Serial No. 60/991,016, filed November 29, 2007. 

BACKGROUND OF THE INVENTION 

FIELD OF TECHNOLOGY 

[0002J The present disclosure relates to an austenitic stainless steel. In particular, 

the disclosure relates to a cost-effective austenitic stainless steel composition having low 

nickel and low molybdenum with at least comparable corrosion resistance and formability 
properties relative to higher nickel alloys. 

DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY 

[0003] Austenitic stainless steels exhibit a combination of highly desirable 

properties that make them useful for a wide variety of industrial applications. These steels 

possess a base composition of iron that is balanced by the addition of austenite-promoting and 

stabilizing elements, such as nickel, manganese, and nitrogen, to allow additions of ferrite-

promoting elements, such as chromium and molybdenum, which enhance corrosion resistance, 

to be made while maintaining an austenitic structure at room temperature. The austenitic 

structure provides the steel with highly desirable mechanical properties, particularly toughness, 

ductility, and formability. 

[0004J An example of an austenitic stainless steel is AISI Type 316 stainless steel 

(UNS S31600), which is a 16-18% chromium. 10-14% nickel, and 2-3% molybdenum-

containing alloy. The ranges of alloying ingredients in this alloy are maintained within the 

specified ranges in order to maintain a stable austenitic structure. As is understood by one 

skilled in the art, nickel, manganese, copper, and nitrogen content, for example, contribute to 

the stability of the austenitic structure. However, the rising costs of nickel and molybdenum 

have created the need for cost-effective alternatives to S31600 which still exhibit high 

conosion resistance and good formability. Recently, lean duplex alloys such as UNS S32003 

1 



WO 2009/070345 PCT/US2008/054986 

(AL 2003™ alloy) have been used as lower-cost alternatives to S31600. but while these alloys 

have good corrosion resistance, they contain approximately 50% ferrite. which gives them 
higher strength and lower ductility than S31600. and as a consequence, they are not as 

formable. Duplex stainless steels are also more limited in use for both high and low 
temperatures, as compared to S31600. 

[00051 Another alloy alternative is Grade 216 (UNS S21600), which is described in 

U.S. Patent No. 3.171,738. S21600 contains 17.5-22°b chromium, 5-7% nickel. 7.5-9% 
manganese, and 2-3% molybdenum. Although S21600 is a lower nickel, higher manganese 

variant of S31600, the strength and corrosion resistance properties of S21600 are much higher 

than those of S31600. However, as with the duplex alloys, the formability of S21600 is not as 

good as that of S31600. Also, because S21600 contains the same amount of molybdenum as 

does S31600. there is no cost savings for molybdenum. 

J0006J Other examples include numerous stainless steels in which nickel is replaced 

with manganese to maintain an austenitic structure, such as is practiced with Type 201 steel 

(UNS S20100) and similar grades. Although Type 201 steel, for example, is a low-nickel alloy 

having good corrosion resistance, it has poor formability properties. There is a need to be able 

to produce an alloy having a combination of both corrosion resistance and formability 

properties similar to S31600, while containing a lower amount of nickel and molybdenum so 

as to be cost-effective. Furthermore, there is a need for such an alloy to have, unlike duplex 

alloys, a temperature application range comparable to that of standard austenitic stainless 

steels, for example from cryogenic temperatures up to 1000'F. 

[0007J Accordingly, the present invention provides a solution that is not currently 

available in the marketplace, which is a formable austenitic stainless steel alloy composition 

that has comparable corrosion resistance properties to S3 J 600 but provides raw material cost 

savings. Accordingly, the invention is an austenitic alloy that uses a combination of the 

elements Mn, Cu, and N. to replace Ni and Mo in a manner to create an alloy with similar 

properties to those of higher nickel and molybdenum alloys at a significantly lower raw 

material cost. Optionally, the elements W and Co may be used independently or in 

combination to replace the elements Mo and Ni, respectively. 
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SUMMARY OF THE INVENTION 
[0008] The invention is an austenitic stainless steel that uses less expensive elements, 

such as manganese, copper, and nitrogen as substitutes tor the more costly elements of nickel 

and molybdenum. The result is a lower cost alloy that has at least comparable corrosion 

resistance and formability properties to more costly alloys, such as S31600. 

[0009] Aii embodiment according to the present disclosure is an austenitic stainless 

steel including, in weight ?o, up to 0.20 C, 2,0-9,0 Mn, up to 2.0 Si. 16.0-23.0 Cr, 1.0-5.0 Ni, up 

to 3.0 Mo, up to 3.0 Cu, 0.1-0.35 N, up to 4.0 W, up to 0.01 B. up to 1.0 Co, iron and impurities, 

the steel having a ferrite number of less than 10 and a MD?(, value of less than 20° C. In certain 
embodiments of the steel, the MDJO value is less than -10° C. In certain embodiments of the 

steel, the steel has a PREw value greater than about 22. In certain embodiments of the steel, 
0.5 < (Mo + W/2) < 5.0. 

[0010] Another embodiment of the austenitic stainless steel according to the present 

disclosure includes, in weight %, up to 0.10 C. 2.0-S.0 Mn. up to 1.0 Si, 16.0-22.0 Cr, 1.0-5.0 

Ni. 0.40-2.0 Mo. up to 1.0 Cu, 0.12-0.30 N, 0.050-0.60 W, up to 1.0 Co. up to 0.04 P. up to 

0.03 S, up to 0.008 B, iron and impurities, the steel having a ferrite number of less than 10 and a 

MDJO value of less than 20° C. In certain embodiments of the steel, the MDJO value is less than 

-10° C. In certain embodiments of the steel, the steel has a PREw value greater than about 22. In 

certain embodiments of the steel, 0.5 < (Mo + W/2) < 5.0. 

[0011] Yet another embodiment of the austenitic stainless steel according to the 

present disclosure includes, in weight %, up to 0.0S C, 3.0-6.0 Mn. up to 1.0 Si, 17.0-21.0 Cr. 

3.0-5.0 Ni, 0.50-2.0 Mo, up to 1.0 Cu, 0.14-0.30 N, up to 1.0 Co, 0.05-0.60 W, up to 0.05 P, up 

to 0.03 S, iron and impurities, the steel having a ferrite number of less than 10 and a MDJO value 

of less than 20°. In certain embodiments of the steel, the MD^ value is less than -10° C. In 

certain embodiments of the steel, the steel has a PREw value greater than about 22. In certain 

embodiments of the steel, 0.5 < (Mo + W/2) < 5.0. 

[0012] A further embodiment of the austenitic stainless steel according to the present 

disclosure consists of, in weight %. up to 0.20 C, 2.0-9.0 Mn, up to 2.0 Si, 16.0-23.0 Cr, 1.0-5.0 

Ni, up to 3.0 Mo. up to 3.0 Cu, 0.1-0.35 N, up to 4.0 W. up to 0.01 B, up to 1.0 Co. balance iron 

and impurities, the steel having a ferrite number of less than 10 and a MD30 value of less than 
20° C. 
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[0013] In an embodiment, a method of producing an austenitic stainless steel 
includes melting in an electric arc furnace, refining in an AOD. casting into ingots or 

continuously cast slabs, reheating the ingots or slabs and hot rolling to produce plates or coils, 

cold rolling to a specified thickness, and annealing and pickling the material. Other methods 

according to the invention may include for example, melting and/or re-melting in a vacuum or 
under a special atmosphere, casting into shapes, or the production of a powder that is 

consolidated into slabs or shapes, and the like. 

(0014] Alloys according to the present disclosure may be used in numerous 

applications. According to one example, alloys of the present disclosure may be included in 
articles of manufacture adapted for use in low temperature or cryogenic environments. 

Additional non-limiting examples of articles of manufacture that may be fabricated from or 

include the present alloys are corrosion resistant articles, corrosion resistant architectural panels, 

flexible connectors, bellows, tube, pipe, chimney liners, flue liners, plate frame heat exchanger 

parts, condenser parts, parts for pharmaceutical processing equipment, pait used in sanitary 

applications, and parts for ethanol production or processing equipment. 

BRIEF DESCRIPTION OF THE FIGURES 

|0015] Figure 1 is a graph showing stress-rupture results for one embodiment of an 

alloy according to the present disclosure and for Comparative Alloy S31600. 

DETAILED DESCRIPTION OF THE INVENTION 

(0016] In the present description and in the claims, other than in the operating 

examples or where otherwise indicated, all numbers expressing quantities or characteristics of 

ingredients and products, processing conditions, and the like are to be understood as being 

modified in all instances bv the term "about". Accordingly, unless indicated to the contrary, any 

numerical parameters set forth in the following description and the attached claims are 

approximations that may vary depending upon the desired properties one seeks to obtain in the 

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 %'\ unless 
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otherwise specified. 
[0017] The invention is directed to an austenitic stainless steel. In particular, the 

invention is directed to an austenitic stainless steel composition that has at least comparable 

corrosion resistance and formability properties to those of S31600. An embodiment of an 

austenitic stainless steel according to the present disclosure includes, in weight up to 0.20 C, 
2.0-9.0 Mn. up to 2.0 Si, 16.0-23.0 Cr, 1.0-5.0 Ni. up to 3.0 Mo. up to 3.0 Cu. 0.1-0.35 N. up to 

4.0 W, up to 0.01 B, up to 1.0 Co. iron and impurities, the steel having a ferrite number of less 

than 10 and a MD30 value of less than 20° C. In certain embodiments of the steel, the MD30 

value is Jess than -10° C. In certain embodiments of the steel, the steel has a PREw value greater 
than about 22. In certain embodiments of the steel, 0.5 < (Mo + \V/2) < 5.0. 

[0018] Another embodiment of the austenitic stainless steel according to the present 

disclosure includes, in weight %, up to 0.10 C, 2.0-8.0 Mn, up to 1.0 Si. 16.0-22.0 Cr. 1.0-5.0 

Ni, 0.40-2.0 Mo, up to 1.0 Cu. 0.12-0.30 N, 0.05-0.60 W, up to J.O Co, up to 0.04 P. up to 0.03 

S, up to 0.008 B, iron and impurities, the steel having a ferrite number of less than 10 and a 

MD.HI value of less than 20° C. In certain embodiments of the steel, the MDiy value is less than 

-10° C. In certain embodiments of the steel, the steel has a PREw value greater than about 22. In 

certain embodiments of the steel, 0.5 < {Mo + W/2) < 5.0. 

[0019] Yet another embodiment of the austenitic stainless steel according to the 

present disclosure includes, in weight %, up to 0.08 C, 3.0-6.0 Mn, up to 1.0 Si, 17.0-21.0 Cr, 

3.0-5.0 Ni. 0.50-2.0 Mo, up to 1.0 Cu, 0.14-0.30 N, up to 1.0 Co. 0.05-0.60 W, up to 0.05 P, up 

to 0.03 S, iron and impurities, the steel having a ferrite number of less than 10 and a MDJO value 

of less than 20°C. In certain embodiments of the steel, the MDjo value is less than -10° C. In 

certain embodiments of the steel, the steel has a PREw value greater than about 22. In certain 

embodiments of the steel. 0.5 < (Mo + W/2) < 5.0. 

[0020] A further embodiment of the austenitic stainless steel according to the present 

disclosure includes, in weight up to 0.20 C, 2.0-9.0 Mn, up to 2.0 Si. 16.0-23.0 Cr, 3.0-5.0 Ni. 

up to 3.0 Mo, up to 3.0 Cu, 0.1-0.35 N. up to 4.0 W, up to 0.01 B. up to 1.0 Co, iron and 

impurities, the steel having a ferrite number of less than 10 and a MDJQ value of less than 20°. In 

certain embodiments of the steel, the MD30 value is less than -10° C. In certain embodiments of 

the steel, the steel has a PREw value greater than about 22. In certain embodiments of the steel, 

0.5 < (Mo + W/2) < 5.0. 
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[0021] A further embodiment of the austenitic stainless steel according to the present 
disclosure consists of. in weight %, up to 0.20 C. 2.0-9.0 Mn, up to 2.0 Si. 16.0-23.0 Cr. 1.0-5.0 

Ni, up to 3.0 Mo, up to 3.0 Cu, 0.1-0.35 N, up to 4.0 W, up to 0.01 B, up to 1.0 Co, balance iron 

and impurities, the steel having a ferrite number of less than 10 and a MD.in value of less than 
20° C. 

C: up to 0.20% 
[0022] C acts to stabilize the austenite phase and inhibits deformation-induced 

martensitic transformation. However C also increases the probability of forming chromium 

carbides, especially during welding, which reduces corrosion resistance and toughness. 

Accordingly, the austenitic stainless steel of the present invention has up to 0.20% C. In an 

embodiment of the invention, the content of C may be 0.10% or less or, alternatively may be 

0.08% or less. 

Si: up to 2.0% 

[0023] Having greater than 2% Si promotes the formation of embrittling phases, such 

as sigma, and reduces the solubility of nitrogen in the alloy. Si also stabilizes the ferritic phase, 

so greater than 2% Si requires the addition of additional austenite stabilizers to maintain the 

austenitic phase. Accordingly, the austenitic stainless steel of the present invention has up to 

2.0% Si. In an embodiment according to the present disclosure, the Si content may be 1.0% or 

less. In another embodiment of the invention, the Si content may be 0.50 % or less. 

Mn: 2.0-9.0% 

[0024] Mn stabilizes the austenitic phase and generally increases the solubility of 

nitrogen, a beneficial alloying element. To sufficiently produce these effects, a Mn content of 

not less than 2.0% is required. Both manganese and nitrogen are effective substitutes for the 

more expensive element, nickel. However, having greater than 9.0% Mn degrades the material's 

workability and its corrosion resistance in certain environments. Also, because of the difficulty 

in decarburizing stainless steels with high levels of Mn. such as greater than 9.0%, having too 

much Mn significantly increases the processing costs of manufacturing the material. 

Accordingly, the austenitic stainless steel of the present invention has 2.0-9.0% Mn. In an 

embodiment, the Mn content may be 2.0-8.0%, or alternatively may be 3.0-6.0%. 
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Ni: 1.0-5.0% 
[0025] At least 1% Ni is required to stabilize the austenitic phase with respect to both 

ferrite and martensite formation. Ni also acts to enhance toughness and formability. However, 

due to the relatively high cost of nickel, it is desirable to keep the nickel content as low as 
possible. The inventors have found that 1.0-5.0°o range of Ni can be used in addition to the 

other defined ranges of elements to achieve an alloy having corrosion resistance and formability 

as good as or better than those of higher nickel alloys. Accordingly, the austenitic stainless steel 
of the present invention has 1.0-5.0 % Ni. In an embodiment, the Ni content may be 3.0-5.0%. 

In another embodiment, the Ni content may be 1.0-3.0%. 

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. 

Accordingly, the austenitic stainless steel of the present invention has 16.0-23.0% Cr. In an 

embodiment, the Cr content may be 16.0-22.0?'o, or alternatively may be 17.0-21.0%. 

N: 0.1-0.35% 

[0027J N is included in the alloy as a partial replacement for the austenite stabilizing 

element Ni and the corrosion enhancing element Mo. At least 0.10% 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 solubility 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 has 

0.1-0.35% N. In an embodiment, the N content may be 0.14-0.30%, or alternatively, may be 

0.12-0.30%. 
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Mo: up to 3.0% 

[0028J The present inventors sought to limit the 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. I n order to obtain these effects. Mo may be added in this invention up to a level of 

3.0%. Due to its cost, the Mo content may be 0.5-2.0%, which is adequate to provide the 

required corrosion resistance in combination with the proper amounts of chromium and nitrogen. 
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 has up to 3.0% Mo. In an 

embodiment, the Mo content may be about 0.40-2.0%, or alternatively may be 0.50-2.0%. 

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 

1.0%. 

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 

composition of the present invention has up to 0.01% B. In an embodiment, the B content may 

be up to 0.008%. 

Cu: up to 3.0% 
[0031J 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%. 
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W: up to 4.0% 
10032] W provides a similar effect to that of molybdenum in improving resistance to 

chloride pitting and crevice corrosion. W may also reduce 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. In an embodiment. W content may be 0.05-0.60%. 

0.5 <(Mo + W/2) < 5.0 

10033] Mo and W 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 corrosion 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 5.0%. Accordingly, the austenitic stainless steel composition of the present 
invention has 0.5 <{Mo + W/2) < 5.0. 

1.0 < (Ni + Co) < 6.0 

|0034] Nickel and cobalt both act to stabilize the austenitic phase with respect to 

ferrite formation. At least 1.0% of (Ni + Co) is required to stabilize the austenitic phase in the 

presence of ferrite stabilizing elements such as chromium and molybdenum, which must be 

added to ensure proper corrosion resistance. However, both Ni and Co are costly elements, so it 

is desirable to keep the (Ni + Co) content less than 6.0%. Accordingly, the austenitic stainless 

steel composition of the present invention has 1.0 < (Ni + Co) < 6.0. 

[0035] The balance of the austenitic stainless steel of the present invention includes 

iron 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 MDJO temperature. 
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(0037| The pitting resistance equivalence number (PREN) provides a relative 
ranking of an alloy's expected resistance to pitting corrosion in a chloride-containing 

environment. The higher the PREN, the better the expected corrosion resistance of the alloy. 
The PREN can be calculated by the following formula: 

PREN - %Cr + 3.3(%Mo) + 16(°bN) 

[0038] Alternatively, a factor of 1.65(°bW) 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. Certain 

embodiments of the alloy of the present invention have PREw values greater than 22, and in 

certain preferred embodiments 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 

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 sendee, 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 ferrite number of up to 10. preferably a positive 

number, more preferably about 3 to 5. 

[0041] The MD30 temperature of an alloy is defined as the temperature at which 
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cold deformation of 30o/o will result in a transformation of 50O/o of the austenite to martensite. 

The lower the MDjn 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. MD30 is calculated 
according to the following equation: 

MD.m CC) = 413 - 462(C+N) - 9.2(Si) - S.l(Mn)- I3.7(Cr) - 9.5(Ni) - 17.1{Cu)- 18.5(Mo) 

The alloy of the present invention has a MD^, temperature of less than 2CTC. and in certain 
preferred embodiments is less than about -lO'C. 

EXAMPLES 
10042J Tabic I includes the actual compositions and calculated parameter values 

for Inventive Alloys 1-11 and for Comparative Alloys CA1. S31600. S21600, and S20100. 

[0043] Inventive Alloys 1-11 and Comparative Alloy CAI were melted in a 

laboratory-size vacuum furnace and poured into 50-lb 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. l00"-thick, and the remainder was cold 

rolled to 0.050 or 0.040"-thick, The cold rolled material was annealed and pickled. 

Comparative Alloys S31600, S21600, and S20100 are commercially 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 24.1 would be 

expected to have better resistance to chloride pitting than S31600 material, while those having 

a lower PREw would pit more easily. 

(0045J The ferrite number for each alloy in Table ! has also been calculated. The 

ferrite numbers of the Inventive Alloys are less than 10, specifically between -3.3 and 8.3. 

While the ferrite number for some of the Inventive Alloys may be slightly lower than desired 

for optimum weldability and castability, they are still higher than that of Comparative Alloy 

S21600. which is a weldable material. 

[0046] The MD30 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 Comparative Alloy S31600. 
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Table 1 
Inventive Alloys Comparative Alloys 

I 2 3 4 5 6 7 8 9 10 II CA1 S31600 S216GQ S20100 

c 0.019 0.17 0.023 0.016 0.016 0.013 0.013 0.014 0.015 o.on 0.016 0.015 0.017 0.018 0.02 

Mn 4.7 4.9 5.7 4.0 4.8 4.9 5.1 5.1 4.5 5.1 4.9 4.8 1.24 8.3 6.7 

Si 0.28 0.26 0.28 0.27 0.25 0.27 0.25 0.24 0.25 0.28 0.29 0.26 0.45 0.40 0.40 

Cr 18.1 18.0 18.0 18.3 IS.O 18.0 18.2 18.2 17.3 58.1 18.1 16.1 16.3 19.7 16.4 

Ni 4.5 4.6 4.1 4.9 4.5 4.2 4.5 1.0 4.6 4.5 3.7 3.5 10.1 6.0 4.1 

Mo 1.13 1.0 1.02 1.17 0.82 1.0 1.0 1.15 0.36 1.13 0.75 0.82 2.1 2.5 0.26 

Cu 0.40 0.39 0.37 0.42 0.42 0.99 1.89 0.40 0.40 0.40 0.40 0.42 0.38 0.40 0.43 

N 0.210 0.142 0.275 0.161 0.174 0.185 0.216 0.253 0.184 0.153 0.158 0.138 0.04 0.37 0.15 

P 0.002 0.017 0.018 0.012 0.013 0.018 0.014 0.014 0.015 0.014 0.014 0.013 0.03 0.03 0.03 

s 0.0001 0.0011 0.0023 0.0015 0.0017 0.0014 0.0018 0.0015 0.0015 0.0020 0.0019 0.0015 0.0010 0.0010 0.0010 

W 0.09 0.12 0,01 0.01 0.36 0.12 0.04 0.09 1.38 0.09 0.04 0.01 0.11 0.10 0.1 

B 0.0001 0.0025 0.0018 0.0022 0.0020 0.0021 0.0026 0.0014 0.0013 0.0022 0.0024 0.0022 0.0025 0.0025 0.0005 

Fc 70.4 70.5 70.1 70.7 70.6 70.2 68.7 73.5 70,9 69.4 71.7 73.8 68.8 62.2 71.4 

Co 0.10 0.10 0.04 0.09 0.10 0.10 0.10 0.10 0.11 0.89 0.10 0.10 0.35 0.10 0.10 

FN 2.8 6.7 -3.3 7.1 3.9 3.7 0.2 8.3 -0.3 7.0 7.4 3.1 4.1 -6.2 -2.3 

PREW 25.5 23.9 25.8 24.7 24.6 24.6 25.0 26.3 26.0 24.5 23.2 21.1 24.0 33.9 19.7 

MD» -S2.4 •17.2 -84.1 -28.9 -27.4 -42J -78.3 -40.1 -U.8 -24.1 -12.2 •24.6 7.8 -217.4 0.7 

RMCI 0.56 0.55 0.52 0.58 0.54 0.53 0.54 0.38 0.55 0.56 0.47 0.45 1.00 0.83 0.43 

Yield 49.1 - 51.3 46.4 49.2 49.4 46.6 61.5 50.6 48.0 50.8 38.5 43.5 55 43 

Tensile 108.7 - 108.5 103.3 104.6 104.1 97.6 127.6 104.6 103.7 109.9 136.3 90.6 100 100 

% E 68 - 65 56 52 48 50.0 49.5 50.8 53.5 52.5 36 56 45 56 

OCH 0.45 - 0.41 0.42 0.40 0.39 0.42 0.32 0.43 0.45 0.44 0.31 0.45 - -

SSCVN 61.7 - 59.0 69.7 65.7 66.0 54.7 51.7 56.3 53.3 57.7 68.0 70 " -

{0047J Table 1 also includes a raw material cost index (RMCI), which compares 

the material costs for each alloy to that of Comparative Alloy 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 Comparative Alloy S31600. As the calculated values show, all of the 

Inventive Alloys have a RMCI of less than 0.6, which means the cost of the raw materials 

contained therein are less than 60% of those in Comparative Alloy S31600. That a material 

12 
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could be made that has similar properties to Comparative Alloy S31600 at a significantly lower 
raw material cost is surprising and was not anticipated from the prior art. 

[0048] The mechanical properties of Inventive Alloys 1 and 3-11 were measured and 

compared to those of a Comparative Alloy. CAh and commercially available Comparative 

Alloys S31600, S21600. and S20100. The measured yield strength, tensile strength, percent 

elongation over a 2-inch gage length. Olsen cup height andl/2-size Charpy V-notch impact 

energy are shown in Table 1 for Inventive Alloys and 3-11. 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 nan 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-lbs. As can 

be seen from the data, the Inventive Alloys exhibited comparable properties to those of 

Comparative Alloy S31600, 

[0049} Even though the composition of Comparative Alloy CA1 lies within the 

ranges of the Inventive Alloys, the balance of elements is such that the MD?„ and PREw are 

outside of the claimed ranges. The mechanical test results show that CA1, is not as formable as 

S31600. and its low PREw means that its resistance to pitting corrosion will not be as good as 

that of S31600. 

[0050] Elevated temperature tensile tests were performed on Inventive Alloy 1 at 70, 

600, 1000, and I400°F. The results are shown in Table 2. The data illustrates that the 

performance of Inventive Alloy I is comparable to that of Comparative Alloy S31600 at elevated 

temperatures. 

Table 2 

Inventive 
AUov 1 

Temperature 
(°F> 

Yield Strength 
(ksi) 

Tensile 
Strength (ksi) 

Percent 
Elongation 

Inventive 
AUov 1 

70 49.1 10S.7 68.0% Inventive 
AUov 1 600 25.1 74.0 40.3% 
Inventive 
AUov 1 

1000 21.6 63.9 36.3% 

Inventive 
AUov 1 

1400 20.0 35.3 75.0% 

S31600 

70 43.9 SS.2 56.8% 

S31600 600 28.1 67.5 33.S% S31600 
1000 29.5 63.4 36.8% 

S31600 

1400 22.1 42.0 25.0% 

13 
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[0051] Table 3 illustrates the results of two stress-rupture tests performed on 
Inventive Alloy 1 at 1300°F under a stress of 22 ksi. Figure 1 demonstrates that the stress-

rupture results for Inventive Alloy I are comparable to those properties obtained for 

Comparative Alloy S31600 (LMP is the Larsen-Miller Parameter, which combines time and 
temperature into a single variable). 

Table 3 
T(°F) Stress (ksi) Time (h) LMP Elongation 

1300 22.0 233.6 39369 72% 
1300 22.0 254.7 39435 79% 

[0052] The potential uses of these new alloys are numerous. As described and 

evidenced above, the austenitic stainless steel compositions described herein are capable of 

replacing S31600 in many applications. Additionally, due to the high cost of Ni and Mo, a 

significant cost savings will be recognized by switching from S31600 to the inventive alloy 

compositions. Another benefit is, because these alloys are fully austenitic, that they will not be 

susceptible to either a sharp ductile-to-brittlc transition (DBT) at sub-zero temperature or 

885CF 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 corrosion resistance, formability, and processability of the alloys described 

herein will be very close to those of standard austenitic stainless steels. Non-limiting examples 

of articles of manufacture that may be fabricated from or include the present alloys are 

corrosion resistant articles, corrosion resistant architectural panels, flexible connectors, bellows, 

tube, pipe, chimney liners, tlue liners, plate frame heat exchanger parts, condenser parts, parts for 

pharmaceutical processing equipment, part used in sanitary applications, and parts for ethanol 

production or processing equipment. 

(0053J 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 

14 
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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. 

15 
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CLAIMS 
 

1.  An austenitic stainless steel consisting of, in % weight, 

up to 0.20 C, 

2.0-9.0 Mn, 

up to 0.50 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

up to 3.0 Mo, 

up to 3.0 Cu, 

0.1-0.35 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, 

the steel having a ferrite number of at least 3 up to less than 10, and a MD30 value less than 

20°C. 

2. The austenitic stainless steel according to claim 1, wherein:  

0.5 < (Mo + W/2) < 5.0. 

3. The austenitic stainless steel according to claim 1, having a PREw value of 

greater than 22. 

4. The austenitic stainless steel of claim 1, having a PREw value greater than 22 

and up to 30. 

5. The austenitic stainless steel of claim 1, having a ferrite number of 3 up to 5. 

6. The austenitic stainless steel of claim 1, having a MD30 value less than -10°C. 
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7. The austenitic stainless steel of claim 1, wherein C is limited to up to 0.08. 

8. The austenitic stainless steel of claim 1, wherein Si is limited to 0.2 to 0.50. 

9. The austenitic stainless steel of claim 1, wherein Mn is limited to 2.0-8.0. 

10. The austenitic stainless steel of claim 1, wherein Mn is limited to 3.0-6.0. 

11. The austenitic stainless steel of claim 1, wherein Cr is limited to 16.0-22.0. 

12. The austenitic stainless steel of claim 1, wherein Cr is limited to 17.0-21.0. 

13. The austenitic stainless steel of claim 1, wherein Cr is limited to 17.0-20.0. 

14. The austenitic stainless steel of claim 1, wherein Cr is limited to 16.0-18.0. 

15. The austenitic stainless steel of claim 1, wherein N is limited to 0.1-0.30. 

16. The austenitic stainless steel of claim 1, wherein N is limited to 0.14-0.30. 

17. The austenitic stainless steel of claim 1, wherein Mo is limited to 0.40-3.0. 

18. The austenitic stainless steel of claim 1, wherein Mo is limited to 0.5-2.0. 

19. The austenitic stainless steel of claim 1, wherein B is limited to up to 0.008. 

20. The austenitic stainless steel of claim 1, wherein W is limited to 0.05-0.60. 

21. The austenitic stainless steel of claim 1, wherein Mo is limited to 0.40-2.0 and 

having a MD30 value less than -10°C. 

22. The austenitic stainless steel of claim 1, wherein Mo is limited to 0.40-2.0 and 

wherein 0.5 < (Mo + W/2) < 4.0. 

23. The austenitic stainless steel of claim 19, having a MD30 value less than -10°C. 
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24.  The austenitic stainless steel according to claim 1, consisting of, in % weight, 

up to 0.10 C, 

2.0-8.0 Mn, 

up to 0.50 Si, 

16.0-22.0 Cr, 

1.0-3.0 Ni, 

0.40-2.0 Mo, 

up to 3.0 Cu, 

0.12-0.30 N, 

0.050-0.60 W, 

up to 1.0 Co, 

up to 0.008 B, 

iron and 

impurities comprising up to 0.04 P and up to 0.03 S, 

the steel having a ferrite number of at least 3 up to less than 10 and a MD30 value less than 

20°C. 

25. The austenitic stainless steel of claim 24, having a MD30 value less than -10°C. 

26. The austenitic stainless steel of claim 24, having a PREw value greater than 22 

up to 30. 

27.  The austenitic stainless steel according to claim 1, consisting of, in % weight, 

up to 0.08 C, 

3.0-6.0 Mn, 

up to 0.5 Si, 

17.0-21.0 Cr, 

1.0-3.0 Ni, 
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0.50-2.0 Mo, 

up to 3.0 Cu, 

0.14-0.30 N, 

up to 1.0 Co, 

0.05-0.60 W, 

iron and 

impurities comprising up to 0.05 P and up to 0.03 S, 

the steel having a ferrite number of at least 3 up to less than 10 and a MD30 value of less than 

20°C. 

28. The austenitic stainless steel of claim 27 having a MD30 value less than -10°C. 

29. The austenitic stainless steel of claim 27, having a PREw value greater than 22 

and up to 30. 

30.  An austenitic stainless steel consisting of, in % weight, 

up to 0.20 C, 

2.0-9.0 Mn, 

up to 0.50 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

0.40-3.0 Mo, 

up to 3.0 Cu, 

0.1-0.30 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 
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iron and  

impurities, 

the steel having a ferrite number at least 3 up to 10, a PREw value greater than 22 up to 30, and 

a MD30 value of less than 20°C. 

31. The austenitic stainless steel of claim 30, wherein Mo is limited to 0.40-2.0 and 

wherein 0.5 < (Mo + W/2) < 4.0. 

32. The austenitic stainless steel of claim 30, wherein the Si is limited to 0.2-0.5 and 

Mn is limited to 6.0-9.0. 

33.  An article of manufacture including an austenitic stainless steel consisting of, in 

% weight, 

up to 0.20 C, 

2.0-9.0 Mn, 

up to 0.50 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

up to 3.0 Mo, 

up to 3.0 Cu, 

0.1-0.35 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, 

the steel having a ferrite number of at least 3 up to less than 10, and a MD30 value less than 

20°C. 
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34. The article of manufacture of claim 33, wherein the austenitic stainless steel has 

a MD30 value less than -10°C. 

35. The article of manufacture of claim 33, wherein in the austenitic stainless steel 

Mo is limited to 0.40-2.0 Mo. 

36. The article of manufacture of claim 33, wherein the article is adapted for use in at 

least one of a low temperature environment and a cryogenic environment. 

37. The article of manufacture of claim 33, wherein the article is selected from the 

group consisting of a corrosion resistant article, a corrosion resistant architectural panel, a 

flexible connector, a bellows, a tube, a pipe, a chimney liner, a flue liner, a plate frame heat 

exchanger part, a condenser part, a part for pharmaceutical processing equipment, a sanitary 

part, and a part for ethanol production or processing equipment. 

38.  The article of manufacture of claim 34 including an austenitic stainless steel 

consisting of, in % weight, 

up to 0.20 C, 

2.0-9.0 Mn, 

up to 0.50 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

0.40-3.0 Mo, 

up to 3.0 Cu, 

0.1-0.30 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, 
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the steel having a ferrite number at least 3 up to 10, a PREw value greater than 22 up to 30, and 

a MD30 value of less than 20°C. 

39.  An austenitic stainless steel consisting of, in weight percent:  

up to 0.20 C, 

2.0-9.0 Mn, 

up to 1.0 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

up to 2.0 Mo, 

up to 3.0 Cu, 

0.1-0.35 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, 

the austenitic stainless steel having a ferrite number of at least 3 up to less than 10, and 

a MD30 value less than 20°C. 

40. The austenitic stainless steel according to claim 39, wherein:  

0.5 < (Mo+W/2) < 5.0. 

41. The austenitic stainless steel according to claim 39, having a PREw value of 

greater than 22. 

42. The austenitic stainless steel of claim 39, having a PREw value greater than 22 

and up to 30. 

43. The austenitic stainless steel of claim 39, having a ferrite number of 3 up to 5. 
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44. The austenitic stainless steel of claim 39, having a MD30 value less than -10°C. 

45. The austenitic stainless steel of claim 39, wherein C is limited to up to 0.08. 

46. The austenitic stainless steel of claim 39, wherein Mn is limited to 2.0-8.0. 

47. The austenitic stainless steel of claim 39, wherein Mn is limited to 3.0-6.0. 

48. The austenitic stainless steel of claim 39, wherein Cr is limited to 16.0-22.0. 

49. The austenitic stainless steel of claim 39, wherein Cr is limited to 17.0-21.0. 

50. The austenitic stainless steel of claim 39, wherein Cr is limited to 17.0-20.0. 

51. The austenitic stainless steel of claim 39, wherein Cr is limited to 16.0-18.0. 

52. The austenitic stainless steel of claim 39, wherein N is limited to 0.1-0.30. 

53. The austenitic stainless steel of claim 39, wherein N is limited to 0.14-0.30. 

54. The austenitic stainless steel of claim 39, wherein Mo is limited to 0.40-2.0. 

55. The austenitic stainless steel of claim 39, wherein Mo is limited to 0.5-2.0. 

56. The austenitic stainless steel of claim 39, wherein B is limited to up to 0.008. 

57. The austenitic stainless steel of claim 39, wherein W is limited to 0.05-0.60. 

58. The austenitic stainless steel of claim 39, wherein Mo is limited to 0.40-2.0 and 

having a MD30 value less than -10°C. 

59. The austenitic stainless steel of claim 39, wherein Mo is limited to 0.40-2.0 and 

wherein 0.5 < (Mo+W/2) < 4.0. 

60. The austenitic stainless steel of claim 59, having a MD30 value less than -10°C. 
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61.  An austenitic stainless steel consisting of, weight percent:  

up to 0.20 C, 

2.0-9.0 Mn, 

up to 1.0 Si, 

16.0-23.0 Cr, 

1.0-3.0 Ni, 

0.40-2.0 Mo, 

up to 3.0 Cu, 

0.1-0.30 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, 

the austenitic stainless steel having a ferrite number at least 3 up to 10, a PREw value 

greater than 22 up to 30, and a MD30 value of less than 20°C. 

62. The austenitic stainless steel of claim 61, wherein Mo is limited to 0.40-2.0 and 

wherein 0.5(Mo+W/2)<4.0. 

63. The austenitic stainless steel of claim 61, wherein Mn is limited to 6.0-9.0. 

64.  An article of manufacture including an austenitic stainless steel consisting of, in 

weight percent:  

up to 0.20 C, 

2.0-9.0 Mn, 

up to 1.0 Si, 

16.0-23.0 Cr, 
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1.0-3.0 Ni, 

up to 2.0 Mo, 

up to 3.0 Cu, 

0.1-0.35 N, 

0.05 to 4.0 W, 

up to 0.01 B, 

up to 1.0 Co, 

iron and 

impurities, the austenitic stainless steel having a ferrite number of at least 3 up to less 

than 10, and a MD30 value less than 20°C. 

65. The article of manufacture of claim 64, wherein the austenitic stainless steel has 

a MD30 value less than -10°C. 

66. The article of manufacture of claim 64, wherein in the austenitic stainless steel 

Mo is limited to 0.40-2.0 Mo. 

67. The article of manufacture of claim 64, wherein the article is adapted for use in at 

least one of a low temperature environment and a cryogenic environment. 

68. The article of manufacture of claim 64, wherein the article is selected from the 

group consisting of a corrosion resistant article, a corrosion resistant architectural panel, a 

flexible connector, a bellows, a tube, a pipe, a chimney liner, a flue liner, a plate frame heat 

exchanger part, a condenser part, a part for pharmaceutical processing equipment, a sanitary 

part, and a part for ethanol production or processing equipment. 

69. The austenitic stainless steel of claim 39, wherein the ferrite number is calculated 

according to the following equation, in which elemental contents are weight percentages: 

ferrite number = 3.34 x (Cr + 1.5Si + Mo + 2Ti + 0.5Cb) 

- 2.46 x (Ni + 30N + 30C + 0.5Mn + 0.5Cu) - 28.6 . 
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70. The austenitic stainless steel of claim 61, wherein the ferrite number is calculated 

according to the following equation, in which elemental contents are weight percentages: 

ferrite number = 3.34 x (Cr + 1.5Si + Mo + 2Ti + 0.5Cb) 

- 2.46 x (Ni + 30N + 30C + 0.5Mn + 0.5Cu) - 28.6 . 

71. The article of manufacture of claim 64, wherein the ferrite number of the 

austenitic stainless steel is calculated according to the following equation, in which elemental 

contents are weight percentages: 

ferrite number = 3.34 x (Cr + 1.5Si + Mo + 2Ti + 0.5Cb) 

- 2.46 x (Ni + 30N + 30C + 0.5Mn + 0.5Cu) - 28.6. 


