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[57] ABSTRACT 

Work-hardened cobalt-base alloys having high 
strength and ductility combined with excellent corro 
sion resistance, characterized by an iron content from 
6 to 25 percent by weight but free of emb‘rittling pha 
ses often associated with high iron content, the per 
cent by weight of the other principal alloy constituents 
being: nickel, 18 ~ 40; molybdenum, 6 — 12; and chro 
mium, 15 ~ 25. Further alloy embodiments comprising 
titanium and aluminum or columbium in a total 
amount up to 8 percent by weight and iron in an 
amount from 6 to 10 percent retain ductility at ele 
vated temperatures to 900° F. 

16 Claims, No Drawings 
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COBALT-BASE ALLOYS 

This application is a continuation-in-part application 
of copending application Ser. No. 76293 ?led Sept. 28, 
1970 (now abandoned). 
The present invention relates to cobalt-base alloys 

having high strength and ductility combined with excel 
lent corrosion resistance, said alloys comprising a hex 
agonal close-packed platelet phase dispersed in a face 
centered cubic matrix phase and being substantially 
free of embrittling phases, and to methods of making 
such alloys. 
U. S. Pat. No. 3,356,542 granted Dec. 5, 1967 to G. 

Smith discloses cobalt-nickel base alloys containing 
chromium and molybdenum. The alloys are corrosion 
resistant and can be work-strengthened under certain 
temperature conditions to have very high ultimate ten 
sile and yield strengths. These alloys can exist in one of 
two crystalline phases, depending on temperature. 
They are also characterized by a composition 
dependent transition zone of temperatures in which 
transformations between the phases occur. At tempera 
tures above the upper temperature limit of the transi 
tion zone, the alloys is stable in the face-centered cubic 
(FCC) structure. At temperatures below the lower 
temperature of the transformation zone, the alloys is 
stable in the hexagonal close-packed (HCP) form. By 
cold working metastable face-centered cubic material 
at a temperature below the lower limit of the transfor 
mation zone, some of it is transformed into the hexago 
nal close-packed phase which is dispersed as platelets 
throughout a matrix of the face-centered cubic mate 
rial. It is this cold working and phase-transformation 
which is responsible for the excellent ultimate tensile 
and yield strength of the prior art alloys. 
While the properties of these prior art alloys are de 

sirable in many respects, particularly at room tempera 
ture, the alloys are quite expensive because of their 
high content of components such as nickel, molybde 
num, and cobalt. The prior art materials are, in con 
trast, relatively poor in alloy components of low cost, 
such as iron. Iron may be present in the prior art alloys 
in amounts no greater than 6 percent by weight, for ex 
ample. Attempts to increase the amount of low cost 
components such as iron in the alloys of the prior art 
have heretofore been discouraged because of the for 
mation of topologically close-packed phases such as 
the sigma, mu, or chi phases (depending on composi 
tion) which severely embrittle the alloy. 
Also, it hasbeen found that these prior art alloys of 

highest ultimate tensile strength lose their ductility at 
relatively lowtemperatures, e.g. 300? — 400° F. This 
limits the field of use‘of these alloys to exclude high 
temperature applications, such as in jet aircraft en 
gines, or requires that a compromise be struck between 
the desired ductility, maximum service temperature, 
and ultimate tensile strength. 
According to the present invention, highly corrosion 

resistant cobalt-based alloys having the excellent ulti 
mate tensile and yield strengths imparted by formation 
of a platelet HCP phase in a matrix FCC phase have 
been prepared containing amounts of iron from 6 per 
cent up to 23 percent while avoiding formation of em 
brittling phases. The resulting alloys have properties as 
good as, or nearly as good as, those of the prior art al 
loys but can be prepared at a lower cost to be more 
competitive with cheaper high-strength corrosion 
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2 
resistant alloys. Further, certain of the alloys of the 
present invention which have high ultimate tensile 
strength also retain their ductility at elevated tempera 
tures, e.g. at temperatures as high as 900° F. 

In particular, the alloys of the present invention com 
prise the following chemical elements in the weight 
percent ranges indicated: - 

General Preferred 
Carbon 0 — 0.05 0 - 0.03 

Nickel 18 - 40 18 - 3O 
Molybdenum 6 — l2 6 - l2 

Chromium 15 - 25 18 — 22 

Iron 6 - 25 or 7 - 23 or 

6 - l0 7 - l0 

Boron 0 — 0.1 0 -- 0.03 
Titanium 0 or I‘ — 5 2 ~ 4 

Aluminum 0 or O - l 0.1 - 0.7 
Columbium 0 or 0-2 0.1 — l 
Cobalt Balance Balance 

As shown above, the alloys may or may not contain 
titanium. However, if the alloys are free of titanium, 
then they are also free of aluminum and columbium. 
On the other hand, if titanium is present, it is present 
in an amount from 1 — 5 weight percent, and either alu 
minum or‘columbium or'both are present in amounts’ 
up to the maximum amounts indicated, e.g. if Ti = 0, 
Al +Cb = 0, and ifTi = l - 5, Al +Cb # 0. Further, 
if titanium is present (with aluminum and/or colum 
bium), the iron content of the alloys does not exceed 
10 weight percent. As will be discussed more in detail 
hereinafter, those alloys containing titanium form a 
special class of materials combining high ultimate ten 
sile strength with good ductility at elevated tempera 
tures. 

However, not all those alloys whose compositions fall 
within the ranges given above are encompassed by the 
present invention, since many of such compositions 

. would include alloys containing embrittling phases. Ac 
cording to the present invention, it has been further 
found that the electron vacancy number, N,,, de?ned as 
N,,= 0.61 Ni + 1.71 Co + 2.66 Fe + 4.66 Cr + 5.66 

M0 . , 

where the chemical symbols represent the effective 
atomic fractions (as de?ned later herein) of the respec 
tive elements present in the alloy, shall not exceed cer 

' tain ?xed values for alloys as described just above, in 
order to avoid the formation of embrittling phases. In 
particular, for those alloys containing from 16 to 23 or 
25 percent of iron, the electron vacancy number'N, 
should not exceed a value of 2.55. For alloys containing 
between 6 and 16 percent of iron, higher N,,’s are per 
missible up to a maximum N” of 2.72 in alloys contain 
ing 6percent by weight of iron. In those alloys contain 
ing between 6 and 16 percent of iron, the maximum 
permissible N, is de?ned as ‘ 

N” = 2.82 — 0.017 W” where W” is the percentvby 
weight of iron in the alloy. (Small effects on the N,, due 
to carbon and boron are not signi?cant in these alloys 

and may be ignored in these calculations.) 

The N” number is a measure of the average number 
of electron vacancies in the 3d sub-band of chromium, 
cobalt, iron, and nickel, and the 4d sub-band of molyb 
denum. The formation of brittle phases in certain alloys 
can be correlated with these electron vacancies be 
cause of the involvement of these electrons in the 
chemical bonding of transition elements. An under 
standing of the de?nition and signi?cance of the “ef 
fective atomic percentages” used in calculating the N, 



3 
requires some further consideration of the microstruc 
ture of the alloys and of the correlation of structure 
with alloy properties. 
As already mentioned, the conversion of a metasta 

ble FCC phase into platelets of stable l-ICP phase by 
cold working is believed to be responsible for the high 
tensile strength of the alloys of the prior art and of the 
present invention because, in theory, the formation of 
these platelets of the I-ICP phase in the FCC matrix in 
hibits the relative movement along slip planes which is 
responsible for failure in metals. However, ductility in 
these alloys can also be correlated with the phenome 
non of phase conversion and, indeed, the surprising 
ductility of these alloys has been attributed to the oc 
currence of phase conversion during deformation such 
as in a tensile test. In any case, it is clear that the 
greater is the degree of cold working and the higher is 
the ultimate tensile strength in these alloys, the lower 
their ductility becomes. 
Thus, the alloys, when cold worked to increase their 

strength, lose ductility. Further, the remaining ductility 
decreases as the temperature rises. The high 
temperature loss of ductility in the alloys, for example 
in a fastener used in a jet aircraft engine, reduces the 
ability of the fastener to accommodate to a local con 
centration of stress, for example, and may result in fail 
ure, whereas a more ductile material would deform to 
accommodate and equalize such stress. 
One way to retain ductility in the prior art alloys is to 

decrease the degree to which they are cold worked. 
However, the less-worked alloys will also have a lower 
ultimate tensile strength. Those alloys of the present 
invention which contain titanium with aluminum and 
/or columbium resolve this dilemma: a high ultimate 
tensile strength is produced with a lower degree of cold 
working (and greater preservation of ductility at ele 
vated tmperatures) than in those alloys free of these el 
ements. 

It is believed that these elements form compounds of 
the formula NiggX, where X is titanium, aluminum, and 
/or columbium. (Some substitution of other elements in 
such compounds is believed to occur, as discussed 
more in detail below.) his believed further that the for 
mation of these compounds results in a precipitation 
hardening of the alloys in question, supplementing the 
hardening effect due to the conversion of FCC to I-ICP 
phase, and thus permitting the attainment of a higher 
tensile strength at a lower degree of cold working than 
heretofore possible. 
The “effective atomic fraction” of elements in these 

alloys,_as used to calculate the electron vacancy num 
ber, N,,, takes into account ‘the postulated conversion 
of a portion of the metal atoms present, particularly 
nickel, into compounds of the type NiaX. 
Thus, for those alloys which contain no titanium (and 

hence no aluminum or columbium), the “effective 
atomic fraction” of each element present is the same as 
its actual atomic fraction. No Ni3X compounds are 
formed in these alloys. 
For alloys containing the “X” or “hardener” ele 

ments (titanium, aluminum,and/or columbium), the 
total atomic percent of each of the elements present in 
a given alloy is ?rst calculated from the weight percent 
ignoring the carbon and/or boron in the composition. 
Each atomic percentage represents the number of 
atoms of an element present in 100 atoms of alloy. The 
number of atoms/100 (or atomic percentage) of hard 
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4 
ener elements is totalled and multiplied by 4 to give an 
approximate number of atoms/100 involved in Max 
formation. This ?gure, however, must be adjusted. 
R. W. Guard et al., in“The Alloying Behavior of 

Ni3A1 (Gamma-Prime Phase),” Met. Soc. AIME 215, 
807 (1959), have shown that cobalt, iron, chromium, 
and molybdenum enter such an Niax compound in 
amounts up to 23, 15, 16,and 1 percent, respectively. 
To approximate the number of atoms/100 of each of 
these metals which are also “tied up” in the Ni3X phase 
and are unavailable for formation of non-Ni3X matrix 
alloy, the product of the maximum percent solubility of 
each metal in NiaX, its atomic fraction in the alloy 
under consideration, and the total number of atoms of 
Ni3X possible in 100 atoms of alloy is found. 
The number of atoms of Ni, Co, Fe, Cr, and M0 in 

100 atoms of alloy, respectively, are then corrected by 
subtraction of the ?gures representing the amount of 
each of these metals in the Ni3X phase. The difference 
approximates the number of atoms per 100 of the nom 
inal alloy composition which are effectively available 
for matrix alloy formation. Since this total number is 
less than 100, the “effective atomic percent” of each 
of the elements —— based on this total — is now calcu 

lated. The effective atomic fraction, which is the-quo 
tient of the effective atomic percent divided by 100, is 
employed in the determination of N” for these alloys. 
This calculation is exempli?ed in detail later herein. 
For preparing the alloys of the present invention, the 

components are ?rst melted, suitably by vacuum induc 
tion melting, at a temperature of about 2,700° F. Be 
cause of the relatively high content of iron in the alloys, 
ferroalloys of chromium and molybdenum can be used 
in preparing the melt, leading to a considerable cost ad 
vantage. Typically, most of the iron would be added in 
the form of ferroalloys. 
The molten alloys may be cast as ingots, or can be im 

pinged by a gas jet or on a surface to disperse the melt 
as small droplets. The latter solidify to form a metallic 
powder useful in powder metallurgy processes herein 
after described. 

If desired, ingots cast from the melt prepared as 
above can be further processed, after cooling, in a vac 
uum consumable electrode furnace to improve the 
ingot structure and to reduce the gas content. 

It is well-known to those skilled in the art that micro 
segregation, i.e. “coring" occurs during the solidi? 
cation of alloys, particularly in ingot form, under prac 
tical working conditions. This micro-segregation results 
in the formation of dendrites in the micro-structures 
and, in the alloys of the present invention, has the ef 
fect of increasing the N” in the material between the 
dendrites. This is because the material ?rst to solidify 
as the alloy melt cools has a relatively high content of 
cobalt and nickel, which have little tendency to form 
embrittling phases such as the sigma phase. In contrast, . 
the last solidifying material, which is relatively rich in 
chromium and molybdenum, has a higher electron va 
cancy number and tends to form embrittling phases. 
Accordingly, certain alloy compositions according to 
the present invention, if of a composition tending to 
ward the maximum permissible N,,, may contain sigma 
phase in the as-cast condition. Thus, the alloys of the 
present invention are preferably homogenized by heat 
ing at temperatures below their melting point, suitably 
at temperatures from about 2,050° F. to about 2,150° 
E, for 18 - 36 hours to diffuse the elements and so 
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eliminate any sigma or other embrittling phases which 
may possibly be present in the alloy as cast. 

' After homogenization, alloy ingots are usually 
pressed preparatory to rolling and then are rolled to 
shapes and sizes convenient for further working. (Al 
ternatively, the ingots may be reduced to powdered 
form after homogenization and prior to any working.) 
Pressing, if necessary for large ingots, is carried out at 
temperatures of from 2,000° F. to 2,100° F., and may 
bring about a reduction in area of about 4 to 1. Rolling 
is carried out at the same temperature and may cause 
a further reduction in cross-section of about 40 to l. 
The rolled material may optionally be subsequently 

annealed at a temperature between about 1,925° - 
l,950° F . for about 1 hour to achieve a uniform struc 
ture for subsequent cold working. 
The cold working takes place at a temperature below 

the lower temperature of the temperature zone of tran 
sition from the high-temperature face-centered cubic 
phase to the low-temperature stable hexagonal close 
packed phase. Generally, cold working is most conve 
niently effected at ambient temperatures, which may 
vary in a conventional mill from about 0° F. to 1 10° F., 
for example. These ambient temperatures are well 
below the lower temperature of the transition zone for 
all alloys encompassed by the present invention. 

In case cold working at a temperature above ambient 
temperature is desired, the temperature limits of the 
transformation zone can be quite simply determined 
for any particular alloy composition. For example, a 
sample of the alloy is first cold worked at ambient tem 
peratures to give a reduction in cross-section of about 
50 percent. Cold working under these conditions brings 
about phase transformation resulting in the formation 
of a platelet HCP phase in a matrix FCC phase. These 
phase differences are clearly evident on inspection of 
electron micrographs (magni?cation of 2,000 - 3,000 
diameters) of the alloy. Different portions of the cold 
worked sample, such as slices from a rod or bar, are 
then heated for about 8 hours each under temperature 
conditions differing incrementally by 50° or 100° F. 
over a range of temperatures between 800° F. and 
l,500° F., depending on the alloy composition. Elec 
tron micrographs of each differently heat-treated por 
tion are then examined. The temperature at which the 
HCP platelet phase begins to disappear from the origi 
nal two-phased structure is the lower temperature limit 
of the transformation zone. The temperature at which 
all of the HCP platelet phase has disappeared, leaving 
only the FCC matrix phase, is the upper temperature 
limit of the transformation zone for an alloy of the par 
ticular composition studied. For the alloy of Example 
1 below, for instance, the transformation zone lies ap 
proximately between l,l00° F. and l,350° F. 
Cold working of cast alloys at a temperature below 

the lower limit of the transformation zone may be by 
conventional practical means such as rolling, swaging, 
or drawing. Cold drawing or rolling are preferred, how 
ever, because they produce a more uniform product. 
When drawing to round shapes, the annealed materials 
are ?rst submitted to centerless grinding to remove hot 
rolling scale and 'to obtain a uniform bar size so that 
further area reduction by cold-working can be more 
readily controlled. After centerless grinding, the stock 
is suitably lubricated, for example with a coating of 
lime and/or molybdenum disul?de, and then cold 
drawn. 
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Powdered alloys, prepared as described earlier 

herein may be handled in different ways. For instance, 
the powders may be hot- or cold-pressed into a desired 
shape and then sintered according to techniques known 
in powder metallurgy. The shaped articles can be cold 
worked by coining, for example. In another technique, 
the powdered alloy is sprayed hot (e.g. by so-called 
“plasma spraying”) onto a substrate, such as of another 
metal, to which it adheres, and then cold worked in situ 
by suitable means such as swaging, rolling. or hammer 
mg. 
Cold working is carried out to bring about a reduc~ 

tion in cross-section of at least about 5 percent. The 
most useful tensile strengths develop in alloys which 
have been cold worked to effect a reduction in cross 
section of at least about 30 percent. As discussed ear 
lier, the more the alloys are cold-worked, the more 
strength they develop. However, as the alloys increase 
in strength, they become less ductile. Accordingly, al 
though the alloys can be worked to achieve a reduction 
in cross-section of as much as 95 percent, in practice 
they are not worked to an area reduction greater than 
70 percent when the alloy is used, for example, for the 
manufacture of wire. Where still greater ductility is de 
sired, as for example in alloys which are to be manufac 
tured into fasteners, a reduction in cross-section be 
tween 50 — 60 percent is generally suf?cient. In those 
alloys accordng to the invention which contain tita 
nium with aluminum and/or columbium, desired high 
ultimate tensile strengths (260 — 280 ksi) can be ob 
tained with a reduction in cross-section between about 
35 and 45 percent. These alloys have particularly good 
ductility and retain it even at elevated temperatures. 
To increase the strength of the cold worked alloys, 

the alloys may next be aged at a temperature between 
800° F. and 1,350“ F. for about 4 hours. A preferred 
aging temperature for those alloys free of titanium is 
about 900° F. If titanium is present, higher aging tem 
peratures of about l,200° F. are preferred. After aging, 
the materials are air-cooled. ‘7 

' It is pointed out that the alloys disclosed herein may 
also be worked at temperatures above the upper limit 
of the transformation zone (so-called “hot working”) 
to produce articles of a desired shape. Such alloys, 
however, will not have the same high tensile strength 
characteristic of those alloys which are cold worked as 
hereinbefore described. 

Also, it is possible to hot work those alloys of the 
present invention which have been priorly cold 
worked. Often, whatever loss of tensile strength is 
brought about by hot working is acceptable. Thus, for 
example, articles can be made by the partial hot form 
ing (e.g. at about 1,900" F.) of previously cold worked 
stock. Although there is some loss in tensile strength in 
the hot worked portion, this may be acceptable if the 
hot worked portion is subjected to lower stresses than 
are those portions which have not been hot worked. 
The resultant article thus can combine desired strength 
properties with convenient and relatively low cost man 
ufacture. 
A better understanding of the present invention and 

of its many advantages will be had by referring to the 
following specific Examples, given by way of ‘illustra 
tion. 
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EXAMPLE 1 

An alloy, designated J80, having the following com 
position: 

Percent by Weight 
C 0.01 
M0 9.9 
Cr 19.4 
C0 30.4 
Fe 17.3 
Ni 23.0 
B 0.01 

and having an electron vacany number, N,,, of 2.52 was 
prepared from an approximately 50 pound charge com 
prising 9.90 lb of electrolytic chromium, 11.52 lb of 
nickel, 15.30 lb of cobalt, 5.10 lb of molybdenum, 0.04 
lb of nickebboron, and 8.70 lb of electrolytic iron. 
These components were melted in a MgO crucible in 
a vacuum furnace under 10 microns of mercury pres 
sure at about 2,700° F. The alloy was re?ned until the 
leak-up rate, measured at 5-minute intervals, was sub 
stantially constant. 
The melt was poured into a cylindrical steel mold 

with a copper stool, and then solidi?ed. AFter cooling, 
the vacuum was broken, the furnace opened, and the 
mold stripped from the ingot, which was about 3.5 
inches in diameter and 15 inches long. 
Because the shape of the ingot permitted, the ingot 

was directly rolled at 2,050° F. to reduce its diameter 
to 0.75 inch, or an area reduction of about 22 to l. 
The rolled ingot was next annealed for 1 hour at 

1,925° F., then centerless ground to a diameter of 
about 0.71 inch. 
The ground piece was next drawn to 0.5 inch diame 

ter using a lubricant of lime and molybdenum disul?de. 
The resulting 50 percent reduction in cross-section was 
achieved on about three passes, each effecting a 20 
percent reduction in cross-section. The cold working 
was effected at ambient temperature, i.e. about 70° F. 
The cold worked alloy was next aged for 4 hours at 

950° F. and air-cooled. Specimens were then cut and 
ground for testing. The alloy showed the following 
properties. (ksi = kilopounds per square inch = 1,000 
psi) 

Ultimate 
Tensile 0.2 Yield Reduction 
Strength Strength Elongation in Area 
(ksi) (ksi) (‘717) (‘771) 
278.6 271.5 6.5 31.3 
274.4 268.4 6.5 30.4 

If the same alloy is cold worked to only a 38 percent 
reduction in cross section at 70° F., the following prop 
erties are found: 

Ultimate 
Tensile 0.2 Yield Reduction 
Strength Strength Elongation in Area 
(ksl) (ksi) (% (‘717) 
217.2 200.4 7.5 18.4 
217.1 200.8 . 7.5 32.4 

Although the alloys of the present invention contain 
signi?cantly more iron than those taught in the afore 
mentioned patent U. S. Pat. No. 3,356,542 to Smith, 
they surprisingly have a greater corrosion resistance 
than the prior art alloys. 

In one test of corrosion resistance, a controlled volt 
age is applied by a potentiostat across a cell having a 
saturated calomel cathode and the alloy to be tested as 
the anode. A 3.5 percent NaCl solution is used as the 
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8 
electrolyte. The current through the cell is measured: 
by Coulomb’s Law, the smaller the current observed, 
the smaller is the corrosion. 
The J80 alloy of this Example, annealed and cold 

worked to an area reduction of 50 percent, showed the 
following corrosion characteristics in such a test: 

Voltage Current (milliamperes) 
0.2 nil 
0.4 0.015 
0.6 0.05 
0.8 0.095 

(Open circuit potential v. saturated calomel = 0.3 v.). 
in contrast, a typical prior art alloy free of iron 

(whose composition is given below) showed the follow 
ing results: 

Voltage Current (milliamperes) 
0.2 0.004 
0.4 0.02 
0.6 0.13 
0.8 1.2 

(Open circuit potnetial v. saturated calomel = 0.174 v.) 
This prior art alloy, which had been annealed and cold 
worked to an area reduction of 47.5 percent, had the 
following composition: 

Percent by Weight 
C 0.02 
Mo 10 
Cr 20 
Co 35 
Ni 35 

In another test for measuring the resistance of the al 
loys to crevice corrosion (i.e. corrosion under anaero 
bic conditions in which an oxygen concentration gradi 
ent is established, resulting in the formation of a con 
centration cell), bars of the .180 and prior art alloy were 
wrapped longitudinally with a stretched rubber band 
and immersed in 10 percent aqueous FeCla solution for 
72 hours at room temperature. No crevice corrosion 
was observed in any of the samples under these condi 
tions. The degree of general surface corrosion was 
measured by determining weight loss per unit surface 
area. 

Weight Los A mg/inz) 
J80 (cold worked 38 percent) 
J80 (cold worked 50 percent) 
Prior Art (cold worked 30 percent) 

5 

1. 
1. 
1. 

Prior Art (cold worked 30 percent) 3. 

(All four alloys were heat-aged for four hours at 1,000° 
F. after cold-working). Despite the high iron content of 
the alloy of the present invention, these tests show that 
both the crevice corrosion resistance and the general 
corrosion resistance of the alloy are, unexpectedly, 
comparable with the same properties of an iron-free 
prior art nickel-cobalt alloy. 

EXAMPLES 2 — 7 

A number of further alloy bodies were prepared as in 
Example 1 above having the composition shown below 
in Table I. While the percent by weight composition of 
each of the alloys falls within the ranges disclosed ear 
lier herein, the N, value for certain of the alloys falls 
outside the permissible limits disclosed. Such alloys are 
not within the scope of the present invention and are 
shown for purposes of comparison. (All alloys con 
tained 0.01 percent boron and 0.015 percent carbon in 
addition to the elements listed.) 
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TABLE I 

Mo Cr Co Fe Ni NI, 
J83 10.0 20.0 31.5 9.5 29.0 2.40 
.184 7.0 20.0 40.0 12.0 21.0 2.43 
.188 8.5 20.2 30.3 19.3 21.7 2.54 5 
J81 10.4 19.8 31.6 17.0 21.2 2.56 
J82 10.8 20.3 32.8 16.7 19.4 2.61 
J85 9.0 20.5 31.5 19.0 20.0 2.58 

The alloys J81, J82, and J85 allcontained a heavy 
sigma phase and were too brittle to be processed. Aver 
age properties for the remaining alloys after processing 10 
as in Example 1 above are reported in Table 11. 

TABLE II 

Ultimate 
Tensile 0.2 Yield Reduction in 15 
Strength Strength Elongation Area 

Alloy (ksi) (ksi) (%) (%) 
J83 289.3 274.7 2.7 8.6 
.184 287.7 256.9 5.2 21.9 
J88 261.4 241.8 8.2 40.4 

20 
EXAMPLE 8 

When preparing alloy bodies on a large scale, it is 
‘convenient to use ferroalloys in the melt. Thus, a 1,500 
pound charge was prepared by vacuum melting the fol 
lowing components: 269 lb of low-carbon ferrochrome; 
148 lb of pure molybdenum; 348 lb of nickel; 456 lb of 
cobalt; 88 lb of chromium; 190 lb of iron; 1 lb of nickel 
boron; and 0.1 lb of additional carbon. A wet analysis 
of the alloy was as follows: 

25 

30 

C 0.011 Cr 18.96 
Si 0.01 MO 0.86 
Mn 0.03 Co 30.33 
5 0.003 Fe 17.60 
P 0.008 B 0.01 

Ni Balance 35 

EXAMPLE 9 

The bene?cial effects of heat aging after cold work 
ing are shown by comparing the properties earlier re- 40 
ported for the cold-drawn and heat-aged alloy of Exam 
ple 1 with the properties (given below) for the same 
alloy after cold-working, but prior to heat-aging. 
50 Percent Drawn (Average of Two Samples) _ 
Ultimate . 

Tensile 0.2 Yield Reduction 45 
Strength Strength Elongation in Area 
(ksi) (ksi) (%) (%) 
218 205 8.8 41.0 

38 Percent Drawn (Average of Two Samples) 
150 13.5 45.5 50 

EXAMPLE 1O 

Proceeding as in Example 1, the following alloy, des~ 
ignated as J 153, was prepared by melting, casting, and 
rolling: 55 

Percent by Weight 
C 0.015 
M0 7.0 
Cr 19.0 
C0 35.7 
Fe 9.0 
Ni 25.5 60 
B 0.015 
T1 3.0 
A1 0.2 
Cb 0.6 

The effective atomic percent and N, for this alloy are 65 
calculated as follows. 
The atom percent of each element present is ?rst cal 

culated, ignoring boron and carbon: 

10 
Atom Percent (No. of atoms per 

100) 

Total 

4.25 
21.29 
35.30 
9.39 
25.31 
3.65 
0.43 
0.38 
100.00 

The number of hardener element (“X”) atoms/ 100 
alloy atoms is (3.65 + 0.43 + 0.38) = 4.46. The total 
unadjusted number of nickel and X atoms involved in 
Ni3X formation is (4 X 4.46) = 17.84, of which 13.38 
are nickel, leaving (25.31 — 13.38) = 11.93 atoms of 
nickel available for matrix formation. 
The number of molybdenum atoms which enter the 

Ni3X phase is the product of the Mo solubility in NiaX, 
the atomic fraction of M0 in the alloy, and the number 
of Ni3X atoms, or (0.01 X 0.0425 X 17.84) = 0.01, 
leaving (4.25 — 0.01) = 4.24 atoms of Mo per 100 of 
alloy composition for matrix formation. 
For chromium, (0.16 X 0.2129 X 17.84) = 0.61. 

Available Cr = (21.29 — 0.61) = 20.68 atoms/100. 

For cobalt, (0.23 X 0.3530 X 17.84) = 1.44. Avail 
able Co = (35.30 — 1.44) = 33.86 atoms/100. 

For iron, (0.15 X 0.0939 X 17.84) = 0.25. Available 
Fe = (9.39 — 0.25) = 9.14 atoms/100. 

The total number of atoms, the number of atoms 
available for matrix formation, the effective atom per 
cent, based on this latter total, and the effective atom 
fraction, are as follows: 

(Atom %) No./l00 
4.25 
21.29 
35.30 
9.39 
25.31 
3.65 
0.43 
0.38 
100.00 

Available Effective 

4.24 5.31 
20.68 25.90 
33.86 42.39 
9.14 l 1.45 
l 1.93 14.95 

79.85 100.00 

Atom Percent 
Effective 

atom Fraction 
.0531 
.2590 
.4239 
.1 145 
.1495 

1.00 

The N,, for this alloy is 2.63, calculated by substituting 
these effective atom fractions into the equation 
Nv= 0.61 Ni + 1.71 Co + 2.66 Fe + 4.66 Cr + 5.66 

Mo. 
This value is less than the maximum permissible NU of 
2.67 for an alloy containing 9 weight percent of iron 
from 

ses. 

N, = -0.017 w... + 2.82. 

- The alloy, thus, is substantially free of embr'ittling pha 

The alloy was next cold worked to r'educeits cross 
section by 40 percent, and then aged for 4 hours at 
1,225° F. Samples of the alloy were tested at room tem~ 
perature, 700° F., and at 900° F. to determine their 
strength and ductility, as reported in Table 111 below. 
Notched tensile strength (notch factor, K1 = 6) and ul 
timate tensile strength were measured at each tempera 
ture and are compared in the Table. 

Test 
Temp. 

R.T. 
R.T. 
Total 
R.T. 
R.T. 
Total 

Ultimate 
Tensile 
Strength 
(ksi) 
274.3 
268.7 
271.5 
379.4 
380.4 
379.9 

TABLE III 

0.2% Yield 
Strength 
(ksi) Elongation 

(%) 
264.6 9.5 
256.6 11.0 
260.6 10.3 

NTS2UTS = 1.4:1 

Reduction in 
Area 
(%) 
44.4 
43.8 
44. l 
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700 225.1 218.4 10.0 37.7 
700 227.7 220.4 9.0 34.5 
Total 226.4 219.4 9.5 36.1 
700 320.8 NTS:UTS = 1.44:1 
700 324.5 
Total 322.7 
900 205.6 201.2 10.0 33,0 
900 202.8 197.6 11.0 37.3 
Total 204.2 199.4 10.5 35.2 
900 311.1 NTS:UTS = 1.50:1 
900 299.8 
Total 305.5 

The effects of cold working on tensile strength and 
ductility can be seen by a comparison of Table Ill with 
following Table IV showing the same alloy properties 
in samples of the alloy of Table III cold worked to re 
duce their cross section by 46 percent. 

TABLE IV 

Ultimate 
Test Tensile 0.2% Yield Reduction 
Temp Strength Strength Elongation in Area 
(°F) (ksi) (ksi) (%) (%) 
R.T. 288.9 272.7 9.0 39.6 
R.T. 282.5 273.6 8.5 36.2 
Total 285.7 273.2 8.8 37.8 
R.T. 388.5 NTS:UTS = 1.35:1 

386.1 
Total 387.3 
700 226.5 220.4 8.0 26.7 
700 232.3 222.2 9.0 33.3 
Total 229.4 221.3 8.5 30.0 
700 329.8 NTS:UTS = l 46 l 
700 332.8 
Total 331.3 
900 226.6 220.7 9.5 31.8 
900 224.4 218.8 9.5 33.3 
Total 225.5 219.8 9.5 32.6 
900 317.7 NTS:UTS = 1 4O 1 
900 315.1 
Total 316.4 

TWEVXAMPLE 11 

Another alloy, designated .1150, oflower iron content 
than the alloy of Example 10, was prepared as in Exam 
ple 1. The composition of the alloy is given below. The 
N,, of the alloy is 2.64, or below the permissible maxi 
mum of 2.70. The physical properties of samples cold 
worked to reduce their cross section by 40 percent and 
then aged at l,225° F. for 4 hours are reported at vari 
ous temperatures in Table V. 

15 

35 

40 

1.2 
ALLOY COMPOSITION 

Percent by Weight 
C 0.015 
M0 7.0 
Cr 20.0 
C0 36.2 
Fe 7.0 
Ni 26.0 
B 0.015 
Ti 3.0 
A1 0.2 
Cb 0.6 

TABLE V 

Test Ultimate 0.2% Yield Reduction 
Temp Tensile Strength Elongation in Area 
(°F) Strength (ksi) (%) (%) 

(ksi) 
R.T. 291.4 284.4 10.5 39.1 
R.T. 286.3 282.3 10.5 42.9 
Total 288.9 283.4 10.5 41.0 
R.T. 382.9 NTS:UTS = 1.34:1 
R.T. 392.6 
Total 387.8 
700 241.4 236.6 10.0 34.4 
700 241.5 240.3 9.0 33.4 
Total 241.4 238.5 9.5 33.9 
700 350.2 NTS:UTS = 1.43:1 
700 339.9 
Total 345.0 
900 240.0 230.5 4.0 8.6 
900 237.7 228.5 5.0 10.0 
Total 238.9 229.5 4.5 ‘ 9.3 
900 333.1 NTS:UTS = 1.38:1 
900 329.3 
Total 331.2 . 

EXAMPLE 12 

Following Table VI summarizes the nominal chemi 
cal composition of three alloys. Alloy A is a prior art 
iron-free alloy falling within the scope of U. S. Pat. No. 
3,356,542 to Smith. Alloy B is an alloy according to the 
present invention, like the alloy of Example 1. Alloy C 
is an alloy like that in Example 10. 
Table VII below compares the physical properties of 

these alloys at various temperatures after cold working 
to the same approximate degree of reduction in cross 
section and aging for 4 hours. 

TABLE VI 

Alloy Co Ni Cr Mo Fe Ti Al Cb C B 

A ............. .. 35.0 35.0 20.0 10.0 .......................................................... .. 0.015 ............. .. 

30.4 23 19.4 9.9 17.3 ........................................... .. 0.015 0.015 
35.7 25.5 19.0 77.07 __ 9.0 37.0 0.2 0.6 0.015 0.015 I 

TABLE Vll 

Ultimate 0.2 per- Reduc 
Cold Aging Test tensile cent yield Elonga- tion in 

working temp. temp. strength strength tion area 
(percent) (°F) (°F) (ksi) (ksi) (percent) (percent) 

43 1050 RT 268 260 *11.0 46.5 
43 1050 700 220 200 4.0 16.5 

_ 43 1050 900 220 211 3.5 6.9 
50 1000 RT 269 262 *10.0 48.4 
50 1000 700 270 213.9 2.9 3.0 
40 1225 RT 272 261 *10.3 44.1 
40 1225 700 226 219 *9.5 36.1 
40 1225 900 204 200 *lO.5 35.2 
46 1225 RT 286 273 *8.8 37.8 
46 1225 700 229 221 *8.5 30.0 
46 1225 900 226 220 *9.5 32.6 

*Indicates a “cup and cone" fracture mode (ductile failure). The remaining samples 
sheared at 45°, indicative of brittleness unacceptable in engineering practice. 
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1 claim: 
1. A cobalt-base alloy having a hexagonal close 

packed platelet phase dispersed in a face-centered 
cubic matrix phase, said alloy being substantially free 
of embrittling phases and consisting essentially of the 
following elements in percent by weight: 

Carbon 0 — 0.05 
Nickel 18 — 40 

Molybdenum 6 — l2 
Chromium l5 — 25 

iron 6 - 25 
Boron 0 - 0.] 

Titanium 0 or 1-5 
Aluminum 0 or 0-1 
Columbium 0 or 0-2 
Cobalt Balance, 

said alloy either being free of titanium, aluminum, and 
columbium or comprising 1 - 5 percent by weight of 
titanium together with at least aluminum or columbium 
and not more than 10 percent by weight of iron, the 
electron vacancy number of Vthe‘alloy, N,,, de?ned by 

N,, = 0.61 Ni + 1.71 C0 + 2.66 Fe + 4.66 Ct + 5.66 
Mo, 
wherein the chemical symbols represent the effective 
atomic fractions (as de?ned) of the respective ele 
ments present in the alloy, being no greater than 2.55 
in those alloys containing from 16 to 25 percent by 
weight of iron and not exceeding the value 

N, = 2.82 — 0.017 Wye , 

where W" is the percent by weight of iron in the alloy, 
in those alloys containing from 6 to 16 percent by 
weight of iron; said alloy having been cold-worked at 
a temperature below the lower temperature limit of the 
hcp-fcc phase-transformation zone to achieve a reduc 
tion in cross-section of at least 5 percent. 

2. A cobalt-base alloy having a hexagonal close 
packed platelet phase dispersed in a face-centered 
cubic matrix phase, said alloy being substantially free 
of embrittling phases and consisting essentially of the 
following elements in percent by weight: 

Carbon 0 - 0.05 
Nickel 18 - 40 
Molybdenum 6 - l2 
Chromium l5 — 25 

iron 6 - 25 

Boron 0 - 0.1 

Titanium 0 or l-5 
Aluminum 0 or 0-1 
Columbium 0 or 0-2 
Cobalt Balance, 

said alloy either being free of titanium, aluminum, and 
columbium, or comprising 1 — 5 percent by weight of 
titanium together with at‘least aluminum or columbium 
and not more than 10 percent by weight of iron, the 
electron vacancy number of the alloy, Nv, de?ned by 
N, = 0.61 Ni + 1.71 Co + 2.66 Fe + 4.66 Cr + 5.66 

Mo, 
wherein the chemical symbols represent the effective 
atomic fractions (as de?ned) of the respective element 
present in the alloy, being no greater than 2.55 in those 
alloys containing from 16 to 25 percent by weight of . 
iron and not exceeding the value 

N” = 2.82 — 0.017 W" , where WFe is the percent by ‘ 
weight of iron in the alloy, in those alloys containing 
from 6 to 16 percent by weight of iron; said alloy 

having been homogenized by heating at 2,050° — 2, 1 50° 
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F ., then having been cold-worked at a temperature 
below the hcp-fcc transformation zone to achieve a 
reduction im cross-section between about 5 percent 
and about 70 percent, and then having been heat-aged 

at 800° - l,350° F. 

3. The method of making a cobalt-base alloy having 
a hexagonal close-packed platelet phase dispersed in a 
face-centered cubic matrix phase, said alloy being sub 
stantially free of embrittling phases, which comprises 
forming a melt consisting essentially of the following 
elements in percent by weight: 

Carbon 0 - 0.05 
Nickel 18 - 40 
Molybdenum 6 - l2 
Chromium l5 - 25 
iron 6 - 25 

Boron 0 - 0.1 

Titanium 0 or l-5 
Aluminum 0 or 0-1 
Columbium 0 or 0-2 
Cobalt Balance, 

said QB); either being free of titanium, aluminum, and 
columbium, or comprising 1 — 5 percent by weight of 
titanium together with at least aluminum or columbium 
and not more than 10 percent by weight of iron, the 
electron vacancy number of the alloy, N,” defined by 
N,,=0.61 Ni + 1.71 Co + 2.66 Fe + 4.66 Cr + 5.66 

Mo, 
wherein the chemical symbols represent the effective 
atomic fractions (as defined) of the respective‘ ele 
ments present in the alloy, being no greater than 2.55 
in those alloys containing from 16 to 25 percent by 
weight of iron and not exceeding the value 

N,, = 2.82 —- 0.017 Wpe , 

where WFE is the percent by weight of iron in the alloy, 
in those alloys containing from 6 to 16 percent by 
weight of iron; cooling said melt, and cold-working said 
alloy at a temperature below the lower temperature of 
the hcp-fcc phase-transformation zone to achieve a re~ 
duction in cross—section between about 5 percent and 
about 70 percent. 

4. The method of making a cobalt-base alloy having. 
a hexagonal close-packed platelet phase dispersed in a . 
face-centered cubic matrix phase, said alloy being sub 
stantially free of embrittling phases, which comprises 
forming a melt consisting essentially of the following 
elements in percent by weight: - 

Carbon 0 — 0.05 

Nickel 18 — 40 
Molybdenum 6 - l2 
Chromium l5 — 25 
Iron 6 — 25 
Boron 0 — 0.1 
Titanium 0 or l-5 
Aluminum 0 or O-l 
Columbium 0 or 0-2 
Cobalt Balance, 

said alloy either being free of titanium, aluminum, and 
columbium, or comprising 1 - 5 percent by weight of 
titanium together with at least aluminum or columbium 
and not more than 10 percent by weight of iron, the 
electron vacancy number of the alloy, N,,, de?ned by 
N,,= 0.61Ni+1.71Co + 2.66 Fe + 4.66 Cr + 5.66 

Mo, 
wherein the chemical symbols represent the effective 
atomic fractions (as de?ned) of the respective ele 
ments present in the alloy, being no greater than 2.55‘ 
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in those alloys containing from 16 to 25 percent by 
weight of iron and not exceeding the value 

N1, = 2.82 — 0.017 Wye , 

where Wpe is the percent by weight of iron in the alloy, 
in those alloys containing from 6 to 16 percent by 
weight of iron; cooling said melt; homogenizing said 
alloy by heating; cold working said alloy at a tempera 
ture below the lower temperature of the hcp-fcc phase 
transformation zone to achieve a reduction in cross 
section between about 5 percent and about 70 percent; 
and then heat-aging said cold-worked alloy. 

5. A cobalt-base alloy consisting essentially of the fol 
lowing elements in percent by weight: 

Carbon 0 — 0.05 
Nickel 18 — 40 
Molybdenum 6 - l2 
Chromium l5 — 25 
Iron 6 — 25 
Boron 0 — 0.1 
Titanium 0 or l-5 
Aluminum 0 or 0-1 

Cobalt Balance, 

said alloy either being free of titanium, aluminum, and 

5 

1O 

15 

20 

columbium, or comprising 1 - 5 percent by weight of 25 
titanium together with at least aluminum or columbium 
and not more than 10 percent by weight of iron, the 
electron vacancy number of the alloy, Nu, de?ned by 
N,,= 0.61 Ni + 1.71 Co + 2.66 Fe + 4.66 Cr + 5.66 

Mo, 
wherein the chemical symbols represent the effective 
atomic fractions (as de?ned) of the respective ele 
ments present in the alloy, being no greater than 2.55 
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‘in those alloys containing from 16 to 25 percent by 
weight of iron and not exceeding the value 

N1, = 2.82 — 0.017 W” , 

where WFe is the percent by weight of iron in the alloy, 
in those alloys containing from 6 to 16 percent by 
weight of iron. 

6. An alloy as in claim 1 which is homogenized by 
heating prior to cold-working. 

7. An alloy as in claim 1 which is additionally heat 
aged after cold working. 

8. An alloy as in claim 1 which is free of titanium, alu 
minum, and columbium. 

9. An alloy as in claim 1 in which titanium is present 
together with at least aluminum or columbium. 

10. An alloy as in claim 2 which has been cold 
worked at ambient temperatures. 

11. The method as in claim 3 wherein said alloy is ho 
mogenized by heating prior to cold-working. 

12. The method as in claim 3 wherein said alloy is 
heat-aged after cold-working. 

13. The method as in claim 3 wherein said alloy is 
powdered prior to cold working. 

14. The method as in claim 13 wherein said pow 
dered alloy is formed into a desired shape by compres 
sion and sintering prior to cold working. 

15. The method as in claim 13 wherein said pow 
dered alloy, prior to cold working, is sprayed hot onto 
a substrate to which it adheres. 

16. The method as in claim 4 wherein said alloy is 
cold worked at ambient temperature. 

=l= * >l< * * 


