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This invention relates to corrosion-resistant alloys. 
Media causing corrosion of metals may be classified 

generally as either oxidizing or reducing in chemical 
nature. Although many alloys exist today which are de 
signed to resist corrosion, in general, they may not be 
used interchangeably for reducing and oxidizing media. 
Thus, the austenitic chromium-nickel steels exhibit very Satisfactory resistance to attack by oxidizing agents, for 
example, nitric acid, but their resistance to reducing type 
corrosives, such as hydrochloric acid is relatively poor. 
On the other hand, nickel-base alloys containing sub 
stantial quantities of molybdenum have excellent resist 
ance to reducing-type corrosives, but their resistance to 
oxidizing-type corrosives is not good. Furthermore, al 
though a limited number of alloys exist which have fair 
ly satisfactory resistance to both oxidizing and reducing 
corrosives, such alloys are subject to pitting in chloride solutions. 

it is an object of this invention to provide alloys which 
have useful resistance to both oxidizing and reducing 
corrosive media. Another object of the invention is the 
provision of alloys which as well as having useful resist 
ance to both oxidizing and reducing media, also have re 
sistance to pitting in chloride solutions. It is also an 
object of the invention to provide such alloys which are hot-workable. 
The invention by means of which this object is achieved comprises chromium-nickel-molybdenum-iron alloys in 

which the proportions of the alloying elements are 
balanced with respect to one another to attain the best 
combination of properties. The alloys of the invention 
contain 18% to 25% chromium; 35% to 50% nickel; 
2% to 12% molybdenum; 0.1% to 5% of tantalum or 
columbium or both; up to 5% tungsten; up to 2.5% cop 
per; the remainder iron and incidental impurities; the 
iron content being not less than 15%. As is customary 
with alloys of this general nature, the alloys may contain 
up to 1.5% manganese and up to 0.5% silicon. Carbon 
is of course present unavoidably, but should not exceed 
0.25% and is preferably kept as low as possible, for example less than 0.1%. 
Much experimental work has shown that chromium is 

the most effective element in the alloys of the invention 
for imparting resistance to oxidizing corrosives and that 
nickel and molybdenum are the most effective elements 
for imparting resistance to reducing corrosives. Since 
these elements tend to work against each other, that is 
chromium tending to lessen the effectiveness of nickel 
and molybdenum against reducing corrosives, and nickel 
and molybdenum tending to lessen the effectiveness of 
chromium against oxidizing corrosives, they are balanced 
in the alloys of the invention so that the effectiveness of 
each is retained insofar as possible. Since tungsten also 
works against chromium with regard to resistance to 
oxidizing corrosives, it is also taken into account when 
balancing the effective chromium content against the 
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nickel content. From this experimental work, the follow ing relationship was derived: 
Percent Cr-2/3 (percent Mo-0.3 (percent W))= 

6.6(percent Ni)0.25 
The left hand side of this equation represents "effective 
chromium.” To attain the optimum resistance to both 
oxidizing and reducing media the effective chromium con 
tent of the alloys must be such that the left hand side of 
the equation is at least equal to the right hand side. 

It will be observed that the above equation does not take 
into account the columbium or tantalum that may be 
present in the alloys of the invention. Within the range 
0.1% to 5% these elements have no substantial detri 
mental effect on alloys containing chromium, nickel, 
molybdenum and tungsten within the ranges above defined 
insofar as resistance to oxidizing or reducing media is concerned. 
On the other hand, the elements columbium and 

tantalum, as well as molybdenum and tungsten are, in con 
junction with chromium importantly beneficial in promot 
ing resistance to pitting in chloride solutions. Experi 
mental work has shown that for optimum resistance to 
this type of corrosion the composition of the alloy should satisfy the following equation: 
Percent Cr--2(percent Mo)-1-4 (percent W)-- 

4(percent Ta)--2.5(percent Cb)=6.8(percent Ni)0.45 
As in the case of the first equation, for the most consistent 
ly effective resistance, the alloys of the invention should 
be so balanced in composition that the left hand side of 
of the equation is at least equal to the right hand side. 

It is important that the total content of the elements 
molybdenum, tungsten, columbium, and tantalum, as 
well as chromium, be as low as possible consistent with 
the attainment of the desired corrosion resistance, not 
only because the elements are expensive but also because 
too high a total content of the metals of this group detri 
mentally affects hot-workability and increases the struc 
tural instability of the alloys. The alloys of the inven 
tion structurally are complex solid solutions which are 
subject to partial decomposition if exposed to tempera 
tures between 500° C. and 900° C. The precipitate which 
is formed by this decomposition detrimentally affects the 
corrosion resistance of the alloys in some environments 
unless special precautions are taken. Accordingly it is 
desirable that their composition be properly balanced in 
accordance with the above equation so as to minimize structural instability. 
In a properly balanced alloy the elements columbium 

and tantalum, in addition to improving pit resistance, 
minimize the loss of corrosion resistance in oxidizing me 
dia due to decomposition of the matrix solid solution dur 
ing welding and stress-relieving operations. The action of 
these elements appears to be that of retarding the decom 
position rate. However, they do not render the alloy com 
pletely immune to decomposition, and if optimum cor 
rosion resistance is required after welding, the alloys 
should be annealed by heating to 1100° C. to 1150 C. 
followed by cooling relatively rapidly. 
To provide good resistance to oxidizing media after 

welding and stress-relieving, about 1% of columbium or 
tantalum is required when the molybdenum content is 
about 3%. If the molybdenum content is higher, say 
6%, it is preferred to add 2% of these elements to the 
alloy. Tantalum and columbium may be present together, 
and although they may be present in any ratio, a 1:1 ratio 
is preferred for economic reasons. 

For optimum resistance to pitting after welding and 
stress-relieving, the nickel content of the alloys should be 
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restricted to the range 40% to 50%. 
the solid-solution matrix and reduces the rate at which 
the solid solution decomposes below 900 C. It in 
creases susceptibility to pitting, however, which must be 

Percent Composition; Remainder Fe and 1.5% Max. 
Min and 0.5% Max. Si 

Alloy No. 

A. 

Nickel stabilizes Typical of the results obtained in such tests are those 
set forth in the following table. The corrosion rates in 
the acids are expressed in terms of inches penetration 
per month in the table. 

Results of Corrosion Tests 

Average Corrosion Rate, Inch Penetration per Month 

Results obtained in one 48-hour period. 

overcome by increasing the chromium and molybdenum 
contents, Since the latter elements promote the decom 
position of the solid solution, it is important not to in 
crease the amount of these elements beyond that re 
quired to overcome the influence of nickel. 

30 

Copper may be present in the alloys of the invention 
in minor proportions as an impurity. It may be added 
as an alloying constituent, and relatively small propor 
tions of copper are beneficial in increasing the resistance 
to corrosion of the alloys in reducing acids such as dilute 
hydrochloric acid and sulfuric acid in concentrations of 
about 10% to 50%. Resistance to attack by hot phos 
phoric acid is also enhanced by the presence of copper. 
Although copper is beneficial in quantities up to 2.5%, 
larger quantities tend to lower the resistance of the alloys 
to pitting and contact corrosion. Therefore the alloys 
generally should contain not more than 2.5% copper, 
and a preferred range is 0.25% to 1%. In these small 
proportions copper may be omitted from consideration 
in the equations above set forth despite indications that 
in the alloys of this invention copper behaves like nickel 
and somewhat more powerfully. Many hundreds of tests of the alloys of the inven 
tion have been made, and such tests have demonstrated 
that the alloys possess useful resistance to oxidizing cor 
rosives, reducing corrosives and solutions of the type 
which cause pitting. For such tests samples 1 inch wide, 
1% inches long and 4 inch thick were machined from 
4 inch plate which had been rolled directly (at initial 
rolling temperature of 1150° C. to 1200° C.) from ingots 
2 inches square. The samples were heated 30 minutes 
at 1100 C.; cooled in air, descaled in a 20% nitric acid 
2% hydrofluoric acid bath at 70° C., drilled for mount 
ing, and polished. Before immersion in the testing so 
lutions, each sample was degreased and carefully 
measured and weighed. Different samples prepared as described were immersed 
in four different media; boiling 65% nitric acid; boil 
ing 10% sulfuric acid; aerated 10% hydrochloric acid 
at 70° C. and 5% ferric chloride-10% sodium chlo 
ride at 25 C. The samples were suspended in the acids 
for three 48 hour periods being removed and weighed 
between periods, and results of three such 48 hour pe 
riods were averaged. In the chloride solution the sam 
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ples were placed on the bottom of the glass jar holding 
the solution to simulate a concentration cell and to ob 
tain an indication of the resistance of the sample to 
contact corrosion. The samples were kept in the chlo 
ride solution for 72 consecutive hours. 75 

Boiling 65% Boiling 10% Aerated 10%. 5%. FeCl3-10% NaCl 
C Nitric Acid Sulphuric Bydrochloric at 25° C., 72 Fours 

- Acid Acid at 70° C. 

0.0015.------- 0.00299------ 0.0390------- No pitting. 
0.00104------ Not tested-- Not tested.-- Do. 
0.0060- 0.00400------ 0.0330------- Do. 
0.0010- 0.00230.-- 0.0220------- Do. 0.00095 Not teste Not tested.-- Very slight pitting. 
0.00108----------- do-----------do------ No pitting. 

----do--- ----do------ 0. 
0.00091----------- do----------- do------ Do. 0.00160----------- do------ Do. 

. Not tested.-------do------ Do. 0.00159- 0.0204------ Do. 
0.00148. 0.0210------ Do. 
0.00119- 0.0176*----- Do. 

It will be seen from the above table that the alloys of 
the invention possess useful resistance to oxidizing 
media, reducing media, and to chloride solutions. 
That the alloys of the invention are hot-workable is 

demonstrated by hot-twist tests. In such tests a hot 
rolled Sample consisting of a round bar about 22 inches 
long by 34 inch in diameter and having a reduced sec 
tion about 8 inches long and 5% inch diameter in the 
center is twisted to failure. The reduced section is 
heated uniformly for a distance of about 3/2 inches on 
each side of the center, and the bar is twisted at a con 
stant speed of 180 revolutions per minute. The total 
number of twists and the initial torque are observed. 
In the following table typical test results are compared 
with typical results obtained on conventional stainless 
steels. Alloy “A” in the table is an alloy according to 
this invention containing 22% chromium; 45% nickel; 
6% molybdenum; 1% columbium; 1% tantalum; 1.5% 
manganese; 0.5% silicon; remainder iron. Alloy "B" 
is a steel containing 19% chromium; 9% nickel; 1.3% 
manganese; 0.4% silicon; 0.08% carbon; remainder 
iron and Alloy "C" is a steel containing 18% chromium; 
15% nickel; 3% molybdenum; 1.5% manganese: 0.5% 
silicon; 0.05% carbon; remainder iron. 

Test Alloy Temp., Torque, Twists 
o O. in.-lb. Before 

Fracture 

, 50 920 32 
1,200 770 3. 
1,150 360 35 
1,200 320. 42 
,150 560 29 
1, 200 490 32 

The data in the above table show the high order of hot 
workability which can be obtained from a well balanced 
alloy in accordance with this invention. In general, the maximum hot-working temperature 
range for the alloys is 1150 to 1175 C. For optimum 
hot-workability, the extreme limits of the broad com 
position range should be avoided as the alloys decrease in 
hot-workability as the chromium and molybdenum con 
tents increase. The addition of tantalum benefits the 
hot-workability of the alloys, and it is more helpful than 
columbium. The alloys of the invention may be welded by conven 
tional methods. A specific alloy according to the invention which has 
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particularly good resistance to oxidizing media, reduc 
ing media, and chloride solutions contains about 22% 
chromium; 45% nickel; 6% molybdenum; 1% columbium; 
1% tantalum; 1.5% maganese: 0.5% silicon; 0.05% carbon; the remainder iron. 
This is a continuation-in-part of my application Serial 

No. 100,769, filed June 22, 1949, now abandoned. What is claimed is: 
1. An alloy article resistant to oxidizing-type and re 

ducing-type corrosive media, which article is composed 
of an alloy consisting of 18% to 25% chronium; 35% 
to 50% nickel; 2% to 12% molybdenum; 0.1% to 5% 
in the aggregate of at least one metal selected from the 
group consisting of tantalum and columbium; up to 5% 
tungsten; up to 2.5% copper; less than 0.25% carbon; 
the remainder iron and incidental impurities, the iron 
content being at least 15% and the individual constituents 
of said alloy being so proportioned that the left hand 
side of the following equation is at least equal to the right hand side: 
Percent Cr-2/3 (percent Mo--0.3 

(percent w))=6.6(percent Ni)0.25 
2. An alloy article resistant to pitting-type corrosive 

media, which article is composed of an alloy consisting 
of 18% to 25% chromium; 40% to 50% nickel; 2% to 
12% molybdenum; 0.1% to 5% in the aggregate of at 
least one metal selected from the group consisting of 
tantalum and columbium; up to 5% tungsten; up to 1% 
copper; less than 0.25% carbon; the remainder iron and 
incidental impurities, the iron content being at least 15% 
and the individual constituents of said alloy being so 
proportioned that the left hand side of the following 
equation is at least equal to the right hand side: 
Percent Cr--2(percent Mo)--/2 (percent W)-- 

4(percent Ta)--2.5(percent Cb)=6.8(percent Ni)0.45 
3. An alloy article resistant to corrosive media of the oxidizing type, the reducing type and the pitting type, 

which article is composed of an alloy consisting of 18% 
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to 25% chromium; 35% to 50% nickel; 2% to 12% 
molybdenum; 0.1% to 5% in the aggregate of at lea 
one metal selected from the group consisting of tantalur 
and columbium; up to 5% tungsten; up to 2.5% coppel 
less than 0.25% carbon; the remainder iron and incidenta 
impurities, the iron content being at least 15% and th 
individual constituents of said alloy being so propor 
tioned that the left hand sides of both of the following 
equations are at least equal to the respective right hand sides thereof: - 

Percent Cr-2/3 (percent Mo-0.3 
(percent W))=6.6(percent Ni)0.25 

Percent Cr--2(percent Mo) --/2 (percent W) -- 
4(percent Ta)--2.5(percent Cb)=6.8(percent Ni)0.45 

4. An alloy article resistant to corrosive media of the oxidizing type, the reducing type and the pitting type, 
which article is composed of an alloy having substan 
tially the following composition: 22% chromium; 45% 
nickel; 6% molybdenum; 1% columbium; 1% tantalum; 
1.5% maximum manganese; 0.5% maximum silicon; less 
than 0.1% carbon; the remainder iron and incidental impurities. 
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