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RESISTANT STEELS
Edwazd J. Dulis apd Maurice J. Day, Pittshurgh, Pa,, as
signers to Crucible Stes} Corapany of America, Pitis.

burgh, Pa., a corperation of New Jersey
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6 Claims, (C], 75—125)

This invention relates to nickel-free austenitic stajnless
steels and more particularly to a highly corrosion resistant
steel of this type which contains as essential elements, in
addition to iron, only chrominm, manganese, molybde-
num, nitrogen and carbon, and preferably also copper and
silicon, each within critically restricted ranges and in bajl-
anced proportions so as to impart a wholly austenitic
structure together with good mechanical properties and
excellent resistance to corrosion,

Nickel has often been in scarce supply, particularly
during times of national emergency and, therefore, efforts
have been made in the past to develop stainless steels
wherein the nickel content is substantially reduced or
eliminated. Thus, A.LST. type 201 and 202 steels have

een developed having reduced, but appreciable, nickel
contents and possessing, respectively, the following typical
analyses: 6.5 Mn—-4.5 Ni-17 Cr-0.25 N max.~0.15 C max.
and 9 Mn-5 Ni-18 Cr-025 N max.—0.15 C max.—1 §i
max.

There have also been developed substantially com-
pletely nickel-free steels such as those disclosed in U.s.
Patent No. 2,862,812 to E. J. Dulis and P. Payson. These
steels constitute a marked improvement over prior art at-
tempts to produce nickel-free steels and, with respect to
their mechanical properties, are comparable to existing
corrosion resistant steels such as ALSL types 302, 304,
and 316, containing relatively large amounts of nickel,
Although the steels in accordance with the aforesaid patent
have good corrosion resisiance as compared to that of plain
carbon stezl, their corrosion resistance is not as great as
that of the austenitic chromium-nickel alloy steels,

We have now found that the corrosion resistance of
austenitic nickel-free stainless steels of the type disclosed
in U.S. Patent No. 2,862,812 can be improved in a marked
fashion by the addition thereto of critical amounts of
molybdenum and by balancing the composition of such
steels to maintain a fully austenitic structure., Thus, we
have found that when molybdenum is substituted, in a
critical range, for a portion of the chrominm of such
steels, the corrosion resistance of the steels is unexpectedly
increased to such an cxtent that the steels of the inven-
tion are much superior, in respect to corrosion resistance
to austenitic chromium-nickel steels such as ALSL type
202 and possess a corrosion resistance rivaling or exceed-
ing that of other steels of that type having higher nickel
contents such as A.LS.I. types 302, 304, and 316,

The steels of this invention retain all of the desirable
mechanical properties of the nickel-free steels containing
no molybdenum, that is, they can be annealed at about
1950-2050° F. and, as annealed, have yield strengths of
about 50,000 p.s.i., tensile strengths of about 145,000
p-s.d. and tensile elognations of about 45%. When sub-
jected to 30% cold reduction, the steels may have yield
strengths of about 140,000 p.s.d., tensile strengths of
about 145,000 p.s.i. and tensile elongations of about 15%.
Accordingly, the steels of the invention possess excellent
forming properties by reason of their low vield strengths
combined with high ductilities as annealed, and by rea-
son of their retention of high ductilities after as much as
30% cold reduction.

Moreover, the steels of this invention by reason of
their enhanced corrosion resistance, lend themselves to
a variety of applications wherein resistance to atmos-
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pheric and chemical corrosion is a prerequisite. For ex-
ample, the steels of this invention are admirably suited
for the fabrication of processing apparatus for use in
the chemical industry, the puip and paper industry, etc.,
as well as for use in exterior structural and decorative ap-
plications. The steels of the invention may be welded by
ordinary welding techniques without undue loss of me-
chanical properties or corrosion resistance in the vicinity
of the weld.

The broad and
steels are:

preferred ranges of analyses of our

Composition, percent
Element
Broad Preferred

Chromium.___________ 15. 5-16. 5
Molybdenum. __ 10 . 35-2, 5,
Manganese_.____ - 11, 5-13, 5
Carbon . _ .- 0.03-0.15,
Nitragen, . . 777" 0.25-0, 40,
Carbon plus nitrogen. . 0.075 {(Cr+Mo) =

15,5]4-0.3.
Copper-..____.__.______ Up t -1, 5.
Silicon__ 0.15-1. 5.
Iron Balance.

By balancing iron in the steels of the invention is meant
iron except for impurities within commercial tolerances,
e.2., phosphorus and sulfur about 0.04 max. each and
nickel about 0.5 percent max.

The addition of copper in the stated percentages to our
steels is preferred because of the desirable effect of that
element in improving the resistance of our steels to work
hardening and to corrosion.

Manganese, within our broad range of about 11-149%,
acts to stabilize the austenitic structure of our steels but,
if present in amounts substantially greater than about
14%, it tends to form ferrite,

Similarly, chromium above about 17 or 18% tends to
produce a ferritic structure. Molybdenum is also a fer-
rite former and may be substituted, in part, for chro-
mium. We have found that the critical molybdenum
substitution for chromium, in order to achieve the de-
sired results, is in the ratio of 1:1. This finding is con-
trary to prior art determinations of the molybdenum
equivalent of chromium in forming ferrite, Thus, prior
art investigations had established the chromium equiva-
Ient of molybdenum at values of from 2.0 to 4.2. We
have found, however, that, with such high equivalent
values, it is not possible to obtain fully austesitic steels
of the type contemplated by this invention. Accord-
ingly, we substitute molybdenum for chromium on a
1:1 basis and limit the amount of molybdenum so intro-
duced in our compositions to a maximum of 3%, since,
as will appear Lereinafter, we have found that the cor-
rosion resistance of our sieels is materially enhanced
by the addition of molybdenum up to such maximum
amounts. A particularly desired group of steels are
those wherein the (Cr+-Mo) content is between about
15.5% and about 18.5%.

Despite the restriction of the amounts of manganese,
chromium and molybdenum to the above-stated values,
our steels will not have a completely austenitic stmucture
in the absence of the strong austenite stabilizers, carbon
and nitrogen,. in critical amounts. For assurance of a
completely austenitic structure, we have found that the
minimum carbon plus nitrogen content should be related
to the (Cr--Mo) content as follows:

(1) Percent (C4+N) min.=0.675
[ (percent Cr4-Mo)—15.5]4-0.3

According to the above formula, the minimam carbon
plus nitrogen content necsssary to assure a completely
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austenitic structure increases with the (Cr-+Mo) con-
tent. Thus, for a typical steel containing 16%
(Cr-+Mo)
for example, 14% chromium and 2% molybdenum, the
minimum carbon plus nitrogen is about 0.34% and for
a tvpical steel containing 18% (Cr4-Mo), for example,
17.65% chromivm and 0.35% molybdenum, the mini-

4

loss, of the addition of molybdenum to steels upon eX-
posure o a sulfuric acid environment.

Experimental 10-pound heats consisting of several
compositions, including the steels of ihis invention, were
induction melted and cast into slab ingots 3 inches X
114 inches X 2 inches. Chemical analyses of these ex-
perimental compositions are shown in Table I below.

TABLE 1
Chemical Analyses of Experimental Material
X Serial
Material orN Barj C Mn Si Ni cr | Mo] N |Cu
Q.
Cr-Mn-Cu-N-C(C) - -c - C11]0.072 | 11.46 | 0.81 15.86 }oooaae 0.28 | 1.17
C+0.3% MO —euaumm C2{ 0.001 | 11.80; 0.80 15.75 1 0.35 | 0.29 | 1.13
C+1% Mo._. C3 | 0.077 | i1.77 | 0.80 1. 15.60 | .03 1 0.98 | 1.1
C+1% Mo_. C4 | 0.068 | 11.87 | 0.85 15.40 { .01 | 0.31 | L1}
C+1.5% Mo. Cs5 | 0.070 | 11.66 | 0.80 1551 | 1.51 1 0.33 | 1.10
C 2% Mo...- C6 | 0.069 | 11.63 | 0.80 15.58 | 1,92 | 0.32 | 1.09
C 2% Mo... C7 | 0.066 | 1:.32 | 0.80 15.83 | 1.93 | 0.45 | 1.09
C 2.4% Mo._ C8 | 0.072 | 11.30 | 0.80 15.86 | 2.42 | 0.51 | 1.10
AIST 302.- 57-361 | 0.09 | 1.91| Q.57 17.92 § 0. .
ATSY 304.. 3304 | 0.047 | 1.31 | 0.45 19.06
AISI 816_. 58-021 | 0.025 | 1.70 | 0.50 17.21
AISI 316.. 57-952 1 0,06 | 3.77 | 0.66 17.95
ATST 202 eeeeeee 57-106 | 0.088 | 9.07 | 0.55 17.02

mum carbon plus nitrogen is 0.49%.
it is necessary to place a maximum value upon carbon
content in order to prevent reaction of carbon with chro-
mium to form chromium carbide. Precipitation of the
latter material, when steels containing excess carbom are
welded, is made possible by the extraction of chromium
from =areas adjacent the welds and results in a lowered
corrosion resistance of such areas. Accordingly, we
Timit our carbon to about ¢.15% on the high side.

The maximum amount of nitrogen is limited by the
solubility of nitrogen in the steel. If present in exces-
sively large amounts, pitrogen will evolve in gaseous
form from the steel as it solidifies and thereby produce
unsound material. According to the above-mentioned
Fquation 1, a steel of our invention having 2 combined
(Cr--Mo) content of 18.5% and a carbon coatent of
0.15% would require about 0.38% nitrogen to maintain
a completely austenitic structure. We, therefore, prefer
an upper limit of nitrogen of about 0.4% although larger
quantities about to 0.55% may be utilized, especially in
those steels having a manganese content near the high
end of the specified broad range. Although the amount
of nitrogen which can be kept in solution can be in-
creased by increasing the amount of manganese, this is
an undesirable procedure since, as pointed cut herein-
above, increasing amounts of manganese tend to produce
a ferritic structure in the steel.

1t thus will be seen that, in order to maintain the de-
sired structure, it is necessary -io properly balance all of
the elements of the composition within critically re-
stricted ranges. Moreover, by substituting molybdenum,
in the specified ratio, for a portion of the chromium, it
is not only possible to maintain a completely austenitic
structure but, surprisingly, it is also possible to produce
steels having greatly enhanced corrosion Tesistance 2s
compared to the same steels without molybdenum, and
as compared to prior art steels containing substantial
quantities of mickel. These critical relationships, and
the improved results, will become. more readily apparent
from the following description and examples when con-
sidered in comnection with the accompanying drawings
wherein:

FIGURE 1 is a phase diagram showing the relation
between minimum carbon plus nitrogen content Versus
combined chromium and molybdenum content of the
steels mecessary for maintaining a compistely austenitic
structure; : :

FIGURE 2 is a diagram showing the effect, on weight
loss, of the addition of molybdenum to steels upon ex-
posure to 2 ferric chloride environment, and

FIGURE 3 is a diagram showing the effect, on weight
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Each of the ingots was sectioned and prepared, in the
nsual fashion, for metaliographic examination by visual
microscopic inspection which showed that experimental
compositions C3, C5 and C6 contained some ferrite in
an austenite matrix. Magnetic testing of the composi-
tions showed these thres compositions to be glightly mag-
netic thereby coafirming the presence of some smell
quantity of ferrite. The ingots were then cut into pieces
3 inches x 1%% inches x 2 inches and hot rolled to sheet.
Metallographic examination after rolling showed all of
the compositions C1 through C8 to be free of ferrite
with the exception of composition C6 which contained
a very small amount of ferrite.

In FIG. 1, the graph A represents
that chromium plus molybdenum content, plotted as
ordinate, and carbon plus nitrogen, plotted as abscissa,
which is necessary to avoid the formation of delta ferrite
in the as-cast steel. Graph Aisa graphic illustration of
Equation 1 which is derived therefrom and which defines
the relationship between these elements in the steels con-
templated by this invention. The minimum carbon plus
nitrogen contents required by Equation 1 for the various
chromium plus molybdenum contents of the respective
compositions were calculated in accordance with Equa-
tion 1 and compared with the actual measured carbon
plus nitrogen values of the experimental steels, These
comparative values are set out in Table I1.

TABLE II
Relationship Between Composition and Structure

the relation between

R . . Structure ¢
Cr4 Required
Steel | Or | Mo | Mo | O | N [CN C+N
Eq.1 |As-casti Hot-
rolled
.91{.07 .281 .35 83| A A
. 11,09 .29 | .38 34| A A
. .6 1.08 .28 1 .36 L3 ALF A
. .4 1,07 .31 .38 361 A A
. .01.07 .33 | .40 41| A+F LA
. .5 1.07 .32} .39 .45 | AR | ALT
3 . A 07 ].45] .52 AT A A
Cs.. 1159 }2.421{18.3 |07 [.81 . B8 LBLL A A

1 A=gustenite, ¥ ={errite.

Tt will be noted that the actual (C+N) contents of
the experimenial steels in general conform quite closely
1o those required by Equation 1.
 Specimens were cut from the rolled steels for corro-
sion testing purposes. The specimens were solution
annealed for two hours at 1950° F. and water quenched
after which they were surface ground or sandblasted and
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then given the standard 120-grit finish, The specimens
were then exposed to various corrosive media in order
to study the effect of the addition of molybdenum on the
corrosion resistance of the steels,

Ferric chloride tests constitute a method for determin-
ing the resistance of stainless steels to pitting. Such
tests are of particular value herein since a major benefit
accruing from the addition of molybdenum is the enhance-
ment of the resistance of the steels to pitting. Although
it is not uncommon practice to utilize pit count, i.e., the
number, size and/or depth of pifs per unit area of sur-
face of the test specimen, for evaluating the results of
corrosion tests, the great number of pits formed and the
range in size of pits from microscopic to quite large
often make pit count impractical for evaluation. We
have found weight loss, although not ordinarily used in
evaluating pitting tests, to correlate well in these tests
with appearance and with pit counts made with speci-
mens having pits of fairly uniform size, In performing
the corrosion tests in the presence of ferric chloride, a
test specimen of each of the compositions to be tested,
ie, Cl, a nickel-free, molybdenum-free stainless steel,
C2-C8, nickel-free stainless steels containing varying
quantities of molybdenum and A.IS.T. types 202, 302 and
316, were suspended in an aqueous test solution contain-
ing 10.8% by weight ferric chloride and held at a tem-
perature of about 30° C. for four hours, The test speci-
mens were weighed before being immersed in the test
soluticn and, after €xposure, were rinsed with distilled
water, dried and re-weighed. The results of such tests
are given in FIG. 2 from which it may be seen that the
addition of as little as about 0.3% molybdenum appre-
ciably increases corrosion resistance. Further additions
of molybdenum up to about 1% do not substantially
further increass corrosion resistance, but resistance is
greatly enhanced upon still further additions of molyb-
denum cf 1.5, 2 and 2.5%. Thus, the addition of 0.3%
molybdenum produces steels which, although having sub-
stantially no nickel content, exhibit a resistance to cor-
rosion, as measured by the ferric chloride test, better
than that shown by A.LSI type 202 which contains
about 5% nickel. An increase in molybdenum content
to 2 or 2.5% further increases the corrosion resistance
of the nickel-free steels of the invention to the point
where the corrosion resistance is superior to A.LS.I. type
302 (having about 9% nickel) and about equal to that
of type 316 (having about 15% nickel).

Similar tests were also performed in a more corrosive,
15% by weight ferric chloride aqueous solution, the
results of such tests being given in Table HI.

TABLE Ii1
Ferric Chloride (15%) Pitting Test (4 Hours ar 30° C.)

Degree of

Serial | Weight itting
Material or Bar loss “Appear-

No. (2./in.2) ance

ranking”
Cr-Mn-Cu-N-C+2.42% Mo.______._______ C8 0.0003 1
AISI. 816 . .. 58-221 0. 0034 2
C7 0.0023 3
57-361 0. 0428 45
C3 0.0819 4-5

From Table If it will be seen that the steel of the
invention containing about 2.5% molybdenum is greatly
superior to the high nickel content ALSI type 315 steel.
The addition of about 2% molybdenum results in a steel
which is considerably less resistant to corrosion than that
with about 2.5% molybdenum, but which is still superior
to the ALSI type 316 steel and much superior to the
AJLSIL type 302 steel. The addition of about 1%
molybdenum results in a composition which is consid-
erably less corrosion resistant than ALSI type 302 steel
although a composition with this relatively low molybde-
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G
num content would still be considerably more ¢ofrosion
resistant than A.LS.I. type 202, as shown in FIG. 2.

Sulfuric acid is representative of a number of non-
oxidizing and non-reducing acids. The Cr-Mn-Cu-N-C
steels such as disclosed in Patent No., 2,862,812 are con-
siderably less resistant to attack by such acids than are
the austenitic chromium-nickel steels such as A.IS.IL
types 202, 302 and 316. However, it has been found
the addition of molybdenum to such nickel-free steels
significantly increases their resistance to sulfuric acid
attack. To show this effect of molydbenum, samples
Wwere prepared as previously described and tested in a
fully aerated, aquecus solhufion containing 10% sulfuric
acid. The test specimens were exposed for a period of
three hours and the test solution was held at about 30°
C. The results of these tests are shown in FIG, 3.
From FIG. 3 it may be seen that the addition of as little
es 0.3% molybdenum increases the sulfuric acid cor~
rosion resistance of our nickel-free steels to the point
where they are equal to or superior to type 202. The
addition of up to 2% molybdenum further increases the
resistance to sulfuric acid attack but not to the point
where the steels are equal in that respect to type 302.
Thus, the addition of molybdenum to our nickel-freg
steels results in about a hundred fold increase in their re-
sistance to attack by dilute sulfuric acid.

A further series of tests was performed to determine
the effect of molybdenum on the resistance of nickel-free
austenitic steels to corrosive aitack by glacial acetic acid
which constitutes an important corrosive organic environ-
ment. Test specimens were specimens were prepared as
previously described and the specimens were immersed
in boiling glacial acetic acid for 48 hours. For some of
the compositions, the tests were continued for a total of

120 hours. The results of these tests are shown in
Table IV,
TAELE IV
Boiling Glacial Acesic Acid Test
Weight Weight
Serial or |loss (g./in.?) {loss (g./in.%)
Material Bar No. 48-hour 120-hour
test test
Or-Mu-Cu-N-C(C) C1
C+0.3% Mo..__. C2
+1% Mo. ... C3
C--29 Mo _. C6
~-2.49, Mo.___ C3
ATSI304. 3394
N S L 57-252

It may be seen from Table IV that the addition of
molybdenum in amounts from 0.3% to about 2.4% in-
creases the corrosion resistance of the nickel-free
austenitic steels to the point where they are superior in
such respect to A.LS.I. type 304 although they generally
are still inferior in corrosion resistance to type 316, A
major improvement in corrosion resistance was obtained
by the addition of as little as 0.3% molybdenum while
the maximum resistance to corrosion was found at the
1% molybdenum level and the steel having that molyb-
denum content was substantially equal to type 316.

It can be seen from the foregoing test results that the
addition of about 0.3 to 0.35% molybdenum to the con-
templated nickel-free Cr-Mn-Cu-N-C austenitic steels
produces highly advantageous results in the increased re-
sistance of such steel to pitting and other corrosive at-
tack by acids. Accordingly, the compositions of this in-
vention are much superior to similar compositions where-
in the molybdenum is omitted, especially in those applica-
tions where contact with acids is probable. Accordingly,
the steels of the invention rival or exceed, in corrosion
resistance, many high nickel stainless steels of commerce,
in many corrosive environments. The steels of the in-
vention possess considerable utility for exterior construc-
tion in marine or other chloride-bearing environments
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where pitting might be a problem. Inwacid environments,
additions of molybdenum above about 0.35% do not re-
sult in drastic increases in corrosion resistance but higher
additions of molybdenum up to about 3% are advantage-
ous where optimum resistance to pitting is desired.

It is to be understood that the foregoing description
and examples are merely illustrative of the principles of
the invention and that various modifications and improve-
ments may be made within the scope of the appended
claims.

Ve claim as our invention:

1. An austenitic stainless steel consisting essentially
of about 14 to 18% chromium, 0.3 to 3% molybdenun,
11 to 14% manganese, 0.5 to 1.5% copper, up to 0.15%
carben, 0.15 to 0.55% nitrogen, the minimum carbon
plus nitrogen content peing related to the chromium plus
molybdenum content in accordance with the equation,
percent (C4N) min.=0.075 ((percent Cr-+-Mo)—15.5)
-40.3, balance substantially iron, said alloy being chai-
acterized by a wholly austenitic structure as quenched
from 1950° F. and by improved corrosion resistance to
acid and chloride environments.

2. An alloy steel consisting essentially of about 15.5
to 16.5% chromium, 0.35 to 2.5% molybdenum, 11.5 fo
13.5% manganese, 0.5 to 1.5% copper, 0.13 to 1.5%
silicon, 0.05 to 0.15% carbon, 0.25 to 0.40% nitrogen,
the minimum carbon plus nitrogen content being related
io the chromium plus molybdenum content in accord-
ance with the equation, percent (C+N) min.=0.075
((percent Cr-+Mo)~-15.5)4-0.3, balance substantially
all iron, said alloy being characterized by a wholly
austenitic structure as quenched from about 1950° F.
and improved corrosion resistance.

3. An alloy steel consisting essentially of 15.5 to
16.5% chromium, 0.3 to 3.0% molybdenum, 11 to under
14% manganese, 0.5 to 29 copper, up to 3% silicon, up
to 0.15% carbon, 0.15 10 0.55% nitrogen, the minimum
carbon plus nitrogen content being related to the chro-
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mium plus molybdenum content in accordance with the
equation,  percent (C+MN) min.=0.075  ((percent

Cr+Mo)—15.5)+0.3, balanice substantially irom, said
alloy being characterized by a wholly austenitic struc-
ture as quenchied from 1950° F. and improved corrosion
resistance. -

4. An austenitic, corrosion resistant, substantially
nickel-free stainless steel consisting essentially of about
14 to 16.5% chromium, 0.3 to 3% molybdenum, 11 to
149% manganese, 0.5 to 2% copper, up to 3% silicon,
0.05 to 0.15% carbon, 0.15 10 0.4% mitrogen, the mini-
mum carbon plus nitrogen content being related to the
chromium plus moiybdenum content in accordance with
the equation, percent (C+N) min.=0.075 ((percent
Cr4-Mo)—15.5) 0.3, balance substantially ail iron.

5. An ailoy steel consisting essentially of about 0.35
to 2.45% molybdenum, 15.5 10 18.5% total amount of
chromium plus molybdenum, 11 to 129% manganese, 0
to 1% silicon, 0.5 to 1.5% cOpper, 0.05 to 0.1% carbon,
0.15 to 0.5% nitrogen, minimum carbon plus nitrogen
content being related to the chromium plus molybdenum
content in accordance with the following equation, per-
cent (C-EN) min.=0.075 ((percent Cr4-Mo)—15.5)
4-0.3, and balance substantially iron.

6. An alloy steel consisiing essentially of from about
14 to 18% chromium, 0.3 to 39 molybdenum, 11 to
14% manganese, 0.05 to 0.15% carbon, 0.15 to 0.55%
nitrogen, 0.5 to 2% copper, UP to 3% silicon, balance sub-
stantially iron, said steel being characterized by enhanced
resistance to corrosion and to work hardening.
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