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My invention is generally concerned with austenitic 
chromium-nickel stainless steels and more particularly re 
lates to a heat-hardenable austenitic stainless steel, the 
method of hardening the same and the hardened steel, 
itself, as well as various articles fashioned thereof. 
Among the objects of my invention is the provision of 

a stainless steel which is substantially fully austenitic; 
which is readily hot-workable as by rolling, drawing, 
piercing, extruding and the like, in the fabrication of cast 
ings, plate, sheet or strip, bars, rods, wire, tubes and 
special shapes; which steel is hardenable by heat-treat 
ing methods employing heat-treating temperatures which 
are so low as to minimize scaling, thereby avoiding ob 
jectionable ro'ughening of the surface by oxidation; and 
which heat-hardened steel is possessed of many bene?cial 
physical properties such as good strength and corrosion 
resistance in the heat-hardened condition, all in combina 
tion with good hot-workability prior to heat-hardening. 

‘Other objects of my invention in part will be obvious 
and in part pointed out hereinafter in the description which 
vfollows. 

‘My invention, therefore, lies in the combination of ele 
ments, composition of ingredients, in the various opera 
tional steps and the relation of each of the same to one 
or more of the others, and in combination of composi 
tion and operational steps, the scope of the useful appli 
cation of all of which is set forth in the claims at the 
end of this speci?cation. 

In order to gain a better understanding of certain fea 
tures of my invention, it is to be noted at this point that 
the austenitic chromium-nickel stainless steels ordinarily 
are not considered to be hardenable by heat-treatment. I 
refer to the chromium-nickel stainless steels containing 
about 16% to 35% chromium, about 5% to 30% nickel, 
and the remainder principally iron. Of course, these 
steels contain carbon, manganese, silicon, phosphorus 
and sulphur in small amounts. And they also may in 
clude one or more of molybdenum, tungsten, columbium 
and titanium for special purposes. 
The various austenitic chromium-nickel stainless steels 

noted usually are hardened, where hardening is desired, 
by any one of a number of cold-working operations, such 
as cold-rolling, cold-drawing, cold-upsetting, and the like. 
As is well known, however, the austenitic chromium 
nickel stainless steels which are hardened by cold-working 
have non-uniform mechanical properties, that is, the prop 
erties taken across the direction of working differ sub 
stantially from those taken along the direction of work 
ing. In many applications this non-uniformity in mechani 
cal properties is found objectionable. ’ 

In recent years there have been developed a number 
of chromium~nickel stainless steels which by virtue of the 
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addition of one or more special alloying ingredients have 
been made hardenable by heat-treating methods. For ex 
ample, a chromium-nickel stainless steel containing sub 
stantial amounts of one or more of the strong carbide 
forming elements columbium and titanium are hardenable 
by an age-hardening treatment. The columbium addition, 
however, is quitecostly as well as being considered‘ ‘a’ 
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strategic element. And titanium, although readily avail 
able, is inclined to give dirty metal, with resultant unpre 
dictable loss in mechanical properties. 
Even more recently there have been developed age 

hardening chromium-nickel stainless steels in which the 
desired ‘age-hardening is had through the additio'n of 
aluminum, copper or beryllium. The aluminum addition, 
however, when made in substantial amounts, is inclined 
to cause scum formation during teeming. And the beryl 
lium addition is found to be very expensive. 
One of the objects of my invention is the provision of 

an austenitic chromium-nickel stainless steel employing 
available alloying elements, which steel possesses good 
hot-working properties, which readily'lends itself to hard 
ening and strengthening by heat-treatment at temperatures 
which are not such as to cause objectionable scale-forma~ 
tion and heat-tinting, and which in the hardened condition 
is strong, tough and corrosion-resistant. ' 

Referring now more particularly to the practice of my 
invention, I provide an austenitic chromium-nickel stain 
less steel of particular chromium and nickel contents in 
which there is included the two ingredients molybdenum 
and silicon, both in critical amount. The amounts of 
chro'mium and nickel also are critical; so, too, is the car 
bon content, all as more fully noted below. 
In its broadest aspect the austenitic chromium-nickel 

stainless steel of my invention essentially consists of 
about 12% to 18% chromium, 13% to 30% nickel, 1% 
to 4.50% molybdenum, 3.0% to 6.5% silicon, with the 
sum of the molybdenum and silicon contents of at least 
about 5.5%, a carbon content not exceeding about 0.15%, 
and the remainder substantially all iron. Manganese, of 
course, is present, this in amounts up to 4%. And phos 
phorus and sulphur are present, each in amounts not ex 
ceeding 0.05 %. Where desired, there may be employed 
the additional ingredients copper. and/or tungsten. in 
amounts up to 3%. So, also, columbium may be in 
cluded in the steel in amounts up to 1%. And' nitrogen 
advantageously may be present in amounts up to 0.20%. 

Preferably the steel analyzes about 13% to 16% ‘chr'o 
mium, 15% to 20% nickel, 2% to 4% molybdenum, 
4.5% to 5.5% silicon, with a carbon content not exceed 
ing .15%, and the remainder substantially all iron. A 
preferred steel analyzes about 14% chromium, 16% 
nickel, 3% molybdenum, 5% silicon, 0.05% carbon, 
0.50% manganese, and remainder iron. 
My steel in the form of castings and plate, sheet, strip, 

bars, rods, wire, tubes and various special shapes, is 
hardened by an initial solution-treatment. at a tempera 
ture of about 2000" to 23000 F., followed by cooling to 
room temperature and re-heating at a temperature of 
about 1200° to 1500” F., the time at solution-treating 
temperature being on the order of one-half hour while 
that at the heat~hardening temperature being about 24 
hours. Preferably I harden the steel by initial solution 
treating temperature at about 2000° to 22000 F. and 
cooling, followed by re-heating at a temperature of 1100° 
to 1600° F. I ?nd that with the lower maximum solu 
tion-treating temperature there is less likelihood of burn 
ing the steel. The preferred heat-hardening temperature 
is about 1300" to 1400° F. because Within this range I 

‘ ?nd that maximum ?nal hardening is achieved, there being 
an appreciable decrease in the maximum hardness where 
the heat-hardening temperature exceeds the 1400“ F. ?g 
ure. 

The steel of my invention is in every sense critical, as 
noted above. For 1 ?nd that where a lesser amount of 
chromium is employed the corrosion-resistance suffers, 
while with a higher amount of chromium, there is a loss 
in hot-workability. The hot-workability also suffers 

V‘Hwhere the carbon content exceeds the 0.15% ?gure, the 



2,984,563 
3 

loss there being attributed to excessive hardness in the 
solution-treated condition. 
The critical character of the carbon content of my 

steel is‘ revealed in the test results reported in Table 1 
below, in which for a chromium-nickel-molybdenum-sili 
con stainless steel there is indicated the e?ect on hot 
workability and initial hardness, that is, hardness in the 
annealed condition, for three steels of differing carbon 
contents. 

TABLE I 

E?ect of carbon content on hot-workability 

Hot- Rockwell 
Heat No. 0 51 Cr N1 M0 Work- Hardness, 

ability 2200’ F., 
14 hr. WQ 

E. 4552-1“.-. .148 4.47 15.83 20.15 3.92 Good B 93. 
E. 4552-2__-_ .264 4.58 15.90 20.05 3.87 Fair B97. 
14145524-... .402 4.60 15.75 20.18 3.82 Fair 022. 

It will be seen that as the carbon increases above about 
0.15%, the hardness in the annealed condition, that is, 
heating at 2200° F. for one-half hour and then water 
quenching, immediately suffers and there results a corre 
sponding loss in hot-workability. The sample with the 
carbon content of 0.148% has a hardness in the annealed 
condition of Rockwell B 93 and good hot-workability. 
For the samples with carbon contents of 0.264% and 
0.402%, the annealed hardness respectively amounts to 
Rockwell B 97 and C 22, with only fair hot-workability 
for both. 
The hot-workability of the austenitic chromium-nickel 

molybdenum-silicon steel also suffers where the chromium 
content exceeds about 18%, as illustrated by the tests 
reported in Table II below: 

TABLE II 

E?ect of chromium content on hot-workability 

‘Hot; 
Heat No. 0 81 Cr N1 M0 Work 

ability 

. 061 5. 02 16. 12 20.12 3.90 Fair. 

. 062 5. 13 17. 92 20. 16 3. 85 Poor 

. 053 5. 07 19. 91 20.03 3. 87 Poor 

In the high molybdenum-high silicon austenitic chromi 
um-nickel-molybdenum-silicon steels reported in Table II, 
it is noted that the example with a chromium content of 
about 16% possesses a fair hot-workability, whereas with 
as much as 20% chromium or even as much as 18%, the 
hot-workability was found to suffer. For that reason, as 
noted above, the chromium content of my steel must 
not exceed 18%. 

In the steel of my invention the nickel content is par 
ticularly critical, for I ?nd that in a chromium-nickel 
molybdenum-silicon stainless steel with less than 13% 
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nickel free ferrite appears. At least 15% nickel is re 
quired in order to maintain a fully austenitic structure and 
desired hot-working characteristics. The latter is illus 
trated for a series of chromium-nickel-molybdenum-silicon 
stainless steels, these of differing molybdenum contents 
and nickel contents of 15%, 20% and 25%, being given 
in Table III below: 

TABLE III 

E?ect of nickel content on hot-workability 

Hot- Rockwell 
Heat No. O 81 Or N1 M0 Work- Hardness, 

ability 2,200° F., 
% hr. WQ, 

4. 78 14. 47 27. 75 3. 73 Good B 91 
5. 25 13. 95 25. 01 3. 02 Good 13 91 
5. 35 13.97 20. 17 1.06 Good B 84 
5. 42 14. 15 20. 21 2. 10 Good B 86 
5. 37 13. 95 20. O8 3. 98 Fair B 88 
5. 44 14. 25 15. 14 1. 07 Good B 89 
5. 37 14. 08 15. 21 2. 07 Good B 90 
5. 41 14.16 15. 22 3.93 Fair B 99 

It will be seen from the ?gures given in Table III 
above that good hot-workability is had with the steels of 
15%, 20% and 25% nickel in every case except where 
both the molybdenum and silicon contents are high, in ‘ 
which event there is a loss in hot-workability. 
The silicon and molybdenum contents of my steel both 

are highly critical. Where the silicon content is less than 
about 3.0% there is some loss in the desired resistance 
to scaling, and where it exceeds 6.5% there is a sharp 
loss in hot-workability. The loss of hot-workability even 
without the complicating effect of molybdenum, is illus 
trated in the results presented in Table IV below for an 
austenitic chromium-nickel stainless steel of di?ering sili 
con contents: 

TABLE IV 

E?ect of silicon content on hot-workability 

Hot- Rockwell 
Heat No. 0 81 Or Ni Mo Work- Hardness, 

ability 2200° F. 
%hr.WQ 

15.4418....... .048 4.58 14.76 28.94 Good B79 
194366.. 5.25 13.52 28.01 .... __ Good B 80 
114497.. 7.02 14.85 29.11 ____ __ Poor 
E4436“ 8.32 13.90 27.80 Poor 

It will be seen that with the samples with silicon con 
tents of 4.58% and 5.25%, the hot-workability is good, 
while the samples with silicon content of 7.02% and 
8.32% the hot-workability is poor. 
The effect of silicon in combination with molybdenum 

on the hot-workability of the chromium-nickel-molyb 
denum-silicon stainless steel is seen from the results given 
in Table V below, in which for silicon contents of about 
3%, 4% and 5%., there are molybdenum variations from 
1% to 5%. 

TABLE V 

E?ect of silicon and molybdenum contents on hot-work 
ability 

Rockwell Hardness 

. Hot 

Hest No. 0 81 01‘ N1 M0 Work- 2,200° F., 2,200° F., 34 hr. 
ability 1411:. WQ WQ 1,300° , 

24 hr. WQ 

3.20 14.01 28.13 1.00 Good B 72 B 93 
3.15 14.20 28 20 2.02 Good B 73 B 96 
3.25 14.17 27.98 3.84 Good B 75 c 22 
3.97 13.91 27.88 1.05 Good B 80 B 97 
3.90 13.98 27.95 2.02 Good B 79 o 22 
3.95 14.01 27.78 3. 84 Good B 83 0 27 
5.05 13.82 28.21 1.91 Good B 91 o 28 
4.73 13.99 28.10 3.35 Good B 91 o 33 
5.29 13.64 28.20 4. 88 Fair B 93 o 36 
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The data reported in Table V above reveals the loss in 
hot-workability which is sutfered where, in the chromi— 
um-nickel-molybdenum-silicon austenitic stainless steel, 
there is employed a molybdenum content exceeding 4.5% . 
The data also clearly shows, however, that where the 

articles and products of ultimate use. Illustratively, it is 
suited to use in the form of plates, sheet, tubing and the 
like, in pressurized water reactors, heat-exchangers, and 
interconnecting piping. 

5 Thus it will be seen that I have provided in my inven 
sum of the molybdenum and silicon contents is less than tion a heat-hardenable austenitic chromium-nickel-mo 
about 5.5%, ?nal hardness, that is, hardness after solu- lybdenum-silicon stainless steel which is possessed of 
tion-treating and heat-hardening, is wholly inadequate. many highly desirable characteristics. The steel of my 
The ranges of molybenum and silicon in my steel, there- invention possesses good hot-workability in combination 
fore, are both highly critical. 10 with satisfactory hardness and strength in the heat-hard 
As speci?cally illustrative of the chromium-nickel- ened condition. It is strong, durable and corrosion-re 

molybdenum-silicon austenitic stainless steels of my in- sistant. It possesses excellent stress-corrosion charac 
vention I give two examples in Tables VI(a) and VI(b) teristics. 
below, the chemical analyses of these two steels being As many possible embodiments may be made of my 
given in Table VI(“) a_n_d the mechanical Properties in 15 invention and as many changes may be made in the em 
the fully hardened condition 1n Table VI(b): bodiments hereinbefore set forth, it will be understood 

TABLE VI(a) that all_ matter described herein is _to be interpreted as 
_ _ ‘ illustrative and not by way of limitation. 

Chemical analyses of two chromium-makel-molybdenum- I claim as my invention: 
slhcon ‘austemtlc stamless steels 20 l. A fully austenitic heat-hardenable stainless steel of 

_ good hot-working characteristics and consisting essen 
Heat N°- C 51 of N I M° tially of about 12% to 18% chromium, 15% to 30% 

nickel, 3.00% to 6.50% silicon, 1% to 4.50% molyb 
%:i23i:::::::::::1331;331:313 23%? 2313’ 1233i 531%? 3:33 denum, with the sum of the molybdenum ahd Silicon 

25 contents at least about 5.5%, carbon not exceeding 0.15 %, 
MH__2O max P and S_0_30 max‘ copper up to 3%, tungsten up to 3%, columbium up to 

TABLE VI(b) 
Mechanical properties of the steels of table VI(a) 

Rock. Ult.Tens..02%Yld. 2% Yld. Red. of Elong., 
Heat No. Condition Hard. Stu, Str., Str., Area, 2" 

p.s.i. p.s.i. p.s.i. percent percent 

2,150“ F.—1 hr ................ __ 0 33 154,000 65,000 83,600 32.0 9.5 
E4549 ------ -- i 155, 000 , 500 as, 000 35. 0 11. 0 

130,000 48,000 05, 200 38.8 18.5 
E4695 ------ -- 129,000 48, 700 05, 700 40.0 22.0 

One of the speci?c examples of my stainless steel (the 
Heat E.4549--2 samples being tested) in the solution 
treated and heat-hardened condition, has a Rockwell 
Hardness of C 33, an average ultimate tensile strength of 
154,500 p.s.i. and a .2% yield strength averaging 
84,300 p.s.i. The other speci?c examples (Heat 
E.4695—2 samples being tested) in the ?nal heat-hard 
ened condition has a Rockwell Hardness of C 28, an ulti 
mate tensile strength averaging 129,500 p.s.i. and an aver 
age .2% yield strength of 65,400 p.s.i. 
The steel of my invention is resistant to heat-scaling, re 

sistant to intergranular oxidation and to carburization. 
Moreover, it is resistant to corrosion under stress. Thus 
four examples of Ms" strip analyzing about 14.24% 
chromium, 18.02% nickel, 2.91% molybdenum, 5.06% 
silicon, .027% carbon, 0.65% manganese, 0.008% phos 
phorus, 0.012% sulphur, and remainder iron, in different 
conditions of heat-treatment Were pickled and bent into 
U-shape with an applied stress of 80,000 p.s.i. and ex 
posed for 492 hours in boiling molten hydrated magnesi 
um chloride salt without developing any stress-corrosion 
cracking. The heat-treatment ranged from a simple solu 
tion-treatment at 2100° F. for 20 minutes and Water 
quenched for one example to the solution-treatment plus 
heat-hardening treatment at 2100° F. and/or 1400° F. at 
24 hours, respectively, for the other three. As com 
pared to my steel, controlled samples of annealed type 
304 chromium-nickel stainless steel strip, this analyzing 
about 18.78% chromium, 9.89% nickel, 0.065% carbon, 
0.54% manganese, 0.018% phosphorus, 0.011% sulphur 
and remainder iron, when bent and stressed to 40,000 
p.s.i., developed cracks in less than 24 hours in the boil 
ing magnesium chloride salt. 
The steel of my invention is suited to the production 

of a wide variety of corrosion-resisting and heat-resisting 

1%, nitrogen up to- 0.20%, and remainder substantially 
all iron. 

2. A fully austenitic heat-hardenable stainless steel of 
‘ good hot-working characteristics and consisting essen 

45 

50 

55 

60 

65 

70 

75 

tially of about 12% to 18% chromium, 15% to 30% 
nickel, 3.00% to 6.50% silicon, 2% to 4.50% molyb 
denum, with the sum of the molybdenum and silicon 
contents at least about 5.5%, manganese up to 4%, car— 
bon not exceeding 0.15% and remainder substantially all 
iron. 

3. An austenitic heat-hardenable stainless steel consist~ 
ing essentially of about 13% to 16% chromium, 15 % to 
20% nickel, 2% to 4% molybdenum, 4.5 % to 5.5% 
silicon, carbon not exceeding 0.15%, and remainder sub 
stantially all iron. 

4. An austenitic heat-hardenable stainless steel con 
sisting essentially of about 14% chromium, 16% nickel, 
3% molybdenum, 5% silicon, carbon not exceeding 
0.15 %, and remainder substantially all iron. 

5. In the production of a heat-hardened austenitic chro 
mium-nickel stainless steel, the art which includes pro~ 
viding a steel consisting essentially of about 12% to 18% 
chromium, 13% to 30% nickel, 3.00% to 6.50% silicon, 
1% to 4.50% molybdenum, with the sum of the molyb 
denum and silicon contents at least 5.5 %, manganese up 
to 4%, carbon not exceeding 0.15%, and remainder sub 
stantially all iron; heating the steel at a temperature of 
2000“ to 2300° F. and cooling; and thereafter reheating 
the same at a temperature of 1200° to 1500° F. 

6. In the production of a heat-hardened austenitic 
chromium-nickel stainless steel, the art which includes pro— 
viding a steel consisting essentially of about 12% to 18% 
chromium, 15% to 30% nickel, 3.00% to 6.50% silicon, 
1% to 4.50% molybdenum, with the sum of the molyb 
denum and silicon contents at least about 5.5 %, man 
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ganese up to 4%, carbon not exceeding 0.15%, and re 
mainder substantially all iron; heating the steel at a tem 
perature of 2000° to 2200° F. and cooling the same to 
achieve phase transformation; and thereafter reheating 
the transformed steel at a temperature of 1100° to 1600° 
F . to achieve heat-hardening. 

7. In the production of a heat-hardened austenitic stain 
less steel the art which comprises providing a steel con 
sisting essentially of about 13% to 16% chromium, 15% 
to 20% nickel, 2% to 4% molybdenum, 4.5% to 5.5% 
silicon, carbon not exceeding 0.15 %, and remainder sub 
stantially all iron; heating the steel at a temperature of 
2000° to 2200° F. and cooling; and reheating at a tem 
perature of about 1300° to 1400° 1F. 

8. A heat-hardened austenitic chromium-nickel stain 
less steel consisting essentially of about 12% to 18% 
chromium, 13% to 30% nickel, 3.00% to 6.50% silicon, 
1% to 4.50% molybdenum, with the sum of the molyb 
denum and silicon contents at least about 5.5%, man 
ganese up to 4%, carbon not exceeding 0.15%, copper 
up to 3%, tungsten up to 3%, columbium up to 1%, 
nitrogen up to 0.20%, and remainder substantially all 
iron. 

9. A heat-hardened austenitic chromium-nickel stain 
less steel consisting essentially of about 13% to 16% 
chromium, 15% to 20% nickel, 2%v to 4% molybdenum, 
4.5% to 5.5% silicon, carbon not exceeding 0.15%, and 
remainder substantially all iron. 

10. A heat-hardened austenitic chromium-nickel stain 
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less steel consisting essentially of about 14% chromium, 
about 16% nickel, about 3% molybdenum, about 5% 
silicon, carbon not exceeding 0.15 %, and remainder sub 
stantially all iron. ‘ 

11. A heat-hardened austenitic chromium-nickel stain 
less steel consisting essentially of about 15 % chromium, 
15% nickel, 3% molybdenum, 5% silicon, carbon not 
exceeding 0.15%, and remainder substantially all iron. 

12. A heat-hardened austenitic chromium-nickel stain 
less steel consisting essentially of about 15 % chromium, 
21% nickel, 4% molybdenum, 4% silicon, carbon not ex 
ceeding 0.15%, and remainder substantially all iron. 

13. A heat-hardened austenitic chromium-nickel stain 
less steel consisting essentially of about 14% chromium, 
18% nickel, 3% molybdenum, 5% silicon, carbon not 
exceeding 0.15%, and remainder substantially all. iron. 
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