Office de la Proprieté Canadian CA 2600807 C 2015/04/28

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 600 807
un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(22) Date de dépét/Filing Date: 2007/09/07 (51) CLInt./Int.Cl. C22C 30/00(2006.01)
(41) Mise a la disp. pub./Open to Public Insp.: 2008/03/15 C22C 19/07(2006.01), €220 29/76(2000.01)
(45) Date de délivrance/lssue Date: 2015/04/28 (72) Inventeur/inventor:

SRIVASTAVA, S. KRISHNA, US

(73) Proprietaire/Owner:
HAYNES INTERNATIONAL, INC., US

(74) Agent: NORTON ROSE FULBRIGHT CANADA
LLP/S.E.N.C.R.L., S.R.L.

(30) Priornte/Priority: 2006/09/15 (US11/521,911)

(54) Titre : ALLIAGES COBALT/CHROME/FER/NICKEL POUVANT ETRE TRAITES PAR NITRURATION
54) Title: COBALT-CHROMIUM-IRON-NICKEL ALLOYS AMENABLE TO NITRIDE STRENGTHENING

40 —

39

Hardness, Rc
&

Legend
| Alloy Q (0.6Ni)

Alloy S (3.0N1)
Alloy T {8.5NI)
Alloy Y (17.71\)
Alloy X (27.3Ni)
Alioy U (49.7Ni)

is

D,

pOOO S HE

I

A0 A A0
Degree of Cold Work, %

10

(57) Abrégée/Abstract:

A wroughtable, cobalt alloy capable of through thickness nitridation and strengthening using practical treatments and practical
sheet thicknesses contains in weight percent about 23 to about 30% chromium, about 15 to about 25% iron, up to about 27.3%
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(57) Abrege(suite)/Abstract(continued):

nickel, about 0.75 to about 1.7% titanium, about 0.85 to about 1.9% niobium or zirconium, up to 0.2% carbon, up to 0.015%
boron, up to 0.015% rare earth elements, up to 0.5% aluminum, up to 1% manganese, up to 1% silicon, up to 1% tungsten, up to

1% molybdenum, and the balance cobalt plus impurities and the total weight percent of titanium plus niobium or equivalents Is from
about 1.6 to about 3.6.
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ABSTRACT
A wroughtable, cobalt alloy capable of through thickness nitridation and strengthening

using practical treatments and practical sheet thicknesses contains in weight percent about 23 to
about 30% chromium, about 15 to about 25% 1ron, up to about 27.3% nickel, about 0.75 to about
1.7% titanium, about 0.85 to about 1.9% niobium or zirconium, up to 0.2% carbon, up to 0.015%
boron, up to 0.015% rare earth elements, up to 0.5% aluminum, up to 1% manganese, up to 1%
silicon, up to 1% tungsten, up to 1% molybdenum, and the balance cobalt plus impurities and the

total weight percent of titanium plus niobium or equivalents is from about 1.6 to about 3.6.
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TITLE

COBALT-CHROMIUM-IRON-NICKEL ALLOYS
AMENABLE TO NITRIDE STRENGTHENING

FIELD OF THE INVENTION

e

This invention relates to non-ferrous alloy compositions, and more specifically to
wroughtable cobalt alloys that contain significant quantities of chromium, iron, and nickel, and
smaller quantities of active solute elements from Groups 4 and 5 of the IUPAC 1988 periodic
table (preferably titanium and niobium). Such a combination of elements provides materials that
can be cold-rolled into sheets of practical thickness (about 2 mm), shaped and welded into

industrial components, then through-nitrided to impart high strengths at high temperatures.

BACKGROUND OF THE INVENTION

For the hot sections of gas turbine engines, three types of so-called “superalloys™ are
used: solid solution-strengthened nickel alloys, precipitation-hardenable nickel alloys, and sohd
solution-strengthened cobalt alloys. All of these alloys contain chromium (usually 1n the range
15 to 30 wt.%), which imparts oxidation resistance. The precipitation-hardenable nickel alloys
include one or more of aluminum, titanium, and niobium, to induce the formation of very fine
gamma-prime (Ni3Al, T1) or gamma-double prime (Ni;Nb) precipitates in the microstructure,
during aging.

The precipitation-hardenable nickel alloys have two drawbacks. First, they are prone to
problems during welding, since the heat of welding can induce the formation of hardening
precipitates in heat-affected zones. Second, the gamma-prime and gamma-double prime

precipitates are only useful to certain temperatures, beyond which they coarsen, resulting in



CA 02600807 2007-09-07

considerably reduced material strengths. The solid solution-strengthened nickel and cobalt
alloys, on the other hand, lack the strength of the precipitation-hardenable nickel alloys, but

maintain reasonable strengths at higher temperatures, especially those based on the element

cobalt.

Unlike nickel, which has a face-centered cubic (fcc) structure at all temperatures in the
solid form, cobalt exists in two forms. At temperatures up to about 420°C, the stable structure is
hexagonal close-packed (hep). Beyond this temperature, up to the melting point, the structure is
fcc. This two-phase charactefistic 1s also shared by many cobalt alloys. However, the alloying
elements shift the transformation temperature up or down. Elements such as iron, nickel, and
carbon are known stabilizers of the fcc form of cobalt and therefore reduce the transformation
temperature. Chromium, molybdenum, and tungsten, on the other hand, are stabilizers of the hep
form of cobalt and therefore increase the transformation temperature. These facts are important
because they strongly influence the mechanical properties of the cobalt alloys at ambient

temperatures.

The reason is that the fcc to hep transformation in cobalt alloys is sluggish, and, even if
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 the transformation temperature is above ambient, the hep form is difficult to generate upon
cooling. Thus many cobalt alloys possess metastable fcc structures at room temperature.
Conversely, the hep form 1s easily generated during cold work, the driving force and extent of
transformation being related to the transformation temperature. Those metastable cobalt alloys
with high transformation temperatures are, for example, difficult to cold work and exhibit high
work hardening rates, due to the formation of numerous hep platelets in their microstructures.

Those metastable cobalt alloys with low transformation temperatures are less difficult to cold

work and exhibit much lower work hardening rates.
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One of the requirements of wrought, solid solution strengthened cobalt alloys used in gas
turbines is that they be capable of at least 30% cold reduction, so that sheets of fine grain size
might be produced. Thus, nickel is normally included in such materials, to reduce their
transformation temperatures, and in turn to reduce their tendency to transform during cold
roiling.

Attempts to use the precipitation of intermetallics (such as gamma-prime) to strengthen
cobalt alloys have foundered (equivalent cobalt-rich intermetallics have lower solvus
temperatures than gamma-prime). However, an alternate method of strengthening cobalt alloys
was disclosed by Harthine and Kindlimann in U.S. Patent No. 4,043,839, But, this method i1s
useful only for thicknesses regarded as impractical for the construction of gas turbine
components (less than 0.025”, and preferably less than 0.01”). Their method involved a
procedure for absorbing and diffusing nitrogen into cobalt alloys, to induce the formation of a
fine dispersion of nitride particles. According to Hartline and Kindlimann, alloys that respond to
such treatment contain at least 33% cobalt as the major constituent, chromium, up to 25% nickel,
up to 0.15% carbon, and 1 to 3% of nitride forming elements from the group consisting of

titanium, vanadium, niobium, and tantalum. Residuals and elements which enhance the
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properties of cobalt-base alloys, notably molybdenum and boron, were also mentioned. No
mention was made of iron, although iron was present at the 1% level in samples successfully

nitrided by these inventors. A sample containing 29% nickel, which was less amenable to

nitridation, contained 2.7% iron.

SUMMARY OF THE INVENTION
The principal object of this invention is to provide new, wroughtable cobalt “superalloys”

capable of through thickness nitridation and strengthening, using treatments of practical duration
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(approximately 50 hours), for sheet stocks of practical thickness (up to approximately 2 mm, or
0.08 1n). Such sheets are capable of stress rupture lives greater than 150 hours at 980°C
(1,800°F) and 55 MPa (8 ks1), or greater than 250 hours at 980°C and 52 MPa (7.5 ksi), these
being target stress rupture lives during the development of the alloys.

It has been discovered that the above object may be achieved by adding chromium, iron,
nickel, and requisite nitride-forming elements (preferably titanium and niobium or zirconium) to
cobalt, within certain preferred ranges. Specifically, those ranges in weight percent are about 23
to 30 chromium, about 15 to 25 iron, up to about 27.3 nickel, 0.75 to 1.7 titanium, 0.85 to 1.92
niobium, up to 0.2 carbon, up to 0.012 boron, up to 0.5 aluminum, up to 1 manganese, up to 1
silicon, up to 1 tungsten, up to 1 molybdenum, and up to 0.15 and 0.015 rare earth elements
(before and after melting, respectively). The preferred ranges in weight percent are 23.6 to 29.5
chromium, 16.7 to 24.8 iron, 3.9 to 27.3 nickel, 0.75 to 1.7 titanium, 0.85 to 1.92 niobium, up to
0.2 carbon, up to 0.012 boron, up to 0.5 aluminum, up to 1 manganese, up to 1 silicon, up to 1
tungsten, up to 1 molybdenum, and up to 0.15 and 0.015 rare earth elements (before and after

melting, respectively). One can substitute equal amounts of zirconium for niobium.

. o — | d w4 —

Furthermore, one can substitute zirconium or hafnium for a potion of the titanium and some or
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all of the niobium may be replaced by vanadium or tantalum.

Chromium provides oxidation resistance and some degree of solid solution strengthening.
Iron and nickel are fcc stabilizers and therefore counterbalance the chromium (an hep stabilizer),
to ensure a low enough transformation temperature to enable fine-grained sheets to be made by
cold rolling. Nickel is known, from the work of Hartline and Kindlimann, to inhibit nitrogen

absorption; however, it has been discovered that iron can be used in conjunction with nickel to

achieve both the necessary transformation temperature suppression and the necessary nitrogen
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absorption and diffusion rates to allow practical thicknesses to be strengthened throughout by

internal nitridation in practical times.

BRIEF DESCRIPTION OF THE DRAWING

Figure 1 is a graph showing the hardness of certain of the tested alloys having different

nickel contents when cold worked .

DETAILED DESCRIPTION OF THE INVENTION

To establish the atorementioned preferred compositional ranges, numerous experimental
alloys were manufactured in the laboratory, using vacuum induction melting, followed by
electro-slag remelting; to yield one 23 kg (50 Ib) ingot of each alloy. These ingots were hot
forged and hot rolled, at temperatures in the approximate range 1120 to 1175°C (2,050 to
2,150°F), to make sheets of thickness 3.2 mm (0.125 in). These were subsequently cold rolled to
a thickness of 2 mm (0.08 1n).

The nitriding treatment used to strengthen these experimental materials involved 48 hours

in a nitrogen atmosphere at 1,095°C (2,000°F), followed by 1 hour in an argon atmo‘Sphere at

" 1,120°C (2,050°F), followed by 2 hours in an argon atmosphere at 1205°C (2;200°F). Thishad—~

previously been established as the optimum strengthening treatment for alloys of this type.

The compositions of the experimental alloys used to define the preferred ranges are set
forth 1n Table 1. The mechanical properties of these alloys, in the through-nitrided condition,
tested at tested at 52 MPa, or 55 MPa and 980°C (1800°F) are presented in Table 2. Alloy X and
Alloy Y were tested under both conditions. The reason why most alloys were stress rupture

tested at 52 MPa, and others at 55 MPa, is that the stress rupture lives of the preferred

compositions at 52 MPa were much higher than expected, thus tying up test equipment for much
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longer times than anticipated. The higher stress (55 MPa) was used to shorten test durations, thus
speeding up the development work. The acceptable stress rupture lives, 1.e. those that meet the

alloy design criteria of 150 hours at 55 MPa or 250 hours at 52 MPa, are marked with an asterisk
in Table 2.

It is important to note that the high-chromium Alloy B broke up during forging,
establishing that 31.9 wt.% chromium is too high a content to provide wroughtability. Also,
through nitridation was not possible in Alloys FF and GG, establishing that either niobium or
zirconium should be present, and indicating that higher 1ron and nickel contents are needed to
satisfy the design critenia. Alloy LL 1s sigmificant in being similar in composition to Example 1
in U.S. Patent No. 4,043,839 (Hartline and Kindlimann) but a much thicker sample. Alloy LL
could not be through-nitrided.

Several of the experimental alloys were used specifically to study the effects of nickel
content upon work hardening, an important factor in the production of cold-rolled sheet. The
results of this work are given in Figure 1. A strong relationship was established between
hardness (at a given level of cold work) and nickel content, in the range 0.6 to 17.7 wt.%. A low
hardness is very beneficial in cold working.

Alloys X and Y were initially tested at 52 MPa and 980°C (1800°F) then a second sample
of these alloys was tested again at 55 MPa and 980°C (1800°F). Both proved acceptable in the

first test. Alloy X contained 27.3 wt.% nickel which was believed to be near the upper limit for

an acceptable alloy. Alloy Y contained 17.7 wt. % nickel, which was well within what was
believed to be an acceptable range for nickel. In the second test Alloy Y ruptured at 330.2 hours,

well above the acceptable limit of over 150 hours, but alloy X ruptured after 129.1 hours, just
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under the acceptable level of 150 hours. From this data we can infer that the upper limit of

nickel should be about 27.3 wt. %.
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Table 1: Chemical Compositions of Experimental Alloys

Alloy | Co Cr Fe Ni  C | Ti | Nb | Al | Mn | Si B Rare Earth
A | 409 [ 236 | 21 | 8 [o0122 | 119 | 12 [0.19] 024 | 047 | 0.010 | 0.005Ce
B | 356|319 208 | 8 |o0124]123] 122 [02}024]053|0010 | 0007Ce
C | 439 | 275 168 | 79 [ 0127 [ 116 | 1.18 ]0.16| 024 | 057 | 0.012 | <0.005Ce
D |356 | 277|248 | 82 | 0128 | 121 | 121 |0.11] 024 | 0.58 | 0.010 | 0.006Ce
E_ | 408 [ 272 [ 21.1 | 81 | 0124 [ 074 | 084 [0.15] 023 | 0.53 | 0.011 | 0.006Ce
F | 385 (276 21 | 73 O.LOS%: 1.7 | 192 [o0.8] 025 | 0.61 | 0.010 | 0.005Ce
G | 411 [276 207 ] 79 | 001 | 087 | 111 |0.08] 001 | 0.02 | 0.002 | <0.005Ce
| H [390 2750209 ] 8 [0207] 13 | 122 |041]092 | 097 | 0011 | <0.005Ce
1 | 409 [ 276 | 207 | 8 | 0122 ] 1.81 | 004 [017] 027 | 039 | 0.011 | <0.005Ce
J 1391 [ 275 [ 208 | 79 | 0129 | 002 [ 351 [0.07] 026 | 032 | 0.005 | <0.005Ce
K | 398 277 1282 | 107 [ o117 [ 112 ] 122 Joa1] 025 | 033 | 0006 | <0.005Ce
L | 41 [274 [ 248 ] 4 Joa11 o095 104 [01]025] 0250005 | <0.005Ce
M | 408 [ 277 1 167 | 11.9 [ 0.114 [ 092 | 1.04 | 0.1 | 025 | 026 | 0.005 | <0.005Ce
| N [412 277 ]207| 79 [0082 [ 089 ] 094 J0.09]025 [ 011 |0.005 | <0.00Ce
0 478 | 28 | 211 [ 072 [ 0126 f1.47 0.95 |0.04| 0.02 [ 0.04 | 0005 | .005La
P | 495 | 28 | 21 [ 055 ] 0.128 | 1.07 L N/A_|0.08 | 0.01 | 0.01 | 0.006 | <0.01Ce
Q | 482 [ 282 [209 [056 0127 1.1 | 096 |0.08] 002 | 0.03 | 0006 | <0.01Ce
R | 464 279 [ 208|109 ]0129 | 118 | 1.12 0.4 054 | 032 | 0.005 | <0.01Ce |
S 429 | 28.1 | 208 | 39 | 0127 | 1.3 | 1.13 022 056 | 033 | 0.005 | <0.01Ce
T [381 282|209 ] 89 | 0122 | 124 | 1.13 024 055 | 034 | 0005 | <0.01 Ce
U 0 | 28 [ 201 4970122 116 1.07 [o0.14] 0.02 | 0.01 | 0.005 | 0.012Ce
v | 297 ] 28 [202] 197 0134 ]092] 003 [021]052] 04 | 0007 001Ce |
I w391 [ 281206 99 |o0128 [ 1.02 | 002 [0.17] 05 | 038 | 0.006 | 0.01Ce
X 213 [ 273 [ 0107 [ 129 | 107 [022] 055 | 0.46 | 0.004 [ <0.01Ce
Y 215 [ 177 | 0113 | 126 | 1.08 [0.19] 0.53 | 045 | 0.004 | <0.01Ce
Z 214 | 776 0118 | 13 | 109 | 02 | 053 | 046 | 0.004 | <0.01Ce
AA 18.6 | 8.87 | 0.099 | 141 | 127 [021]0.55 | 0.49 | 0.005 | <0.005Ce
. BB 18.6 | 9 | 0091 | 141 [ 12 [022] 054 | 046 | 0.005 | 0.005Ce
CC [ 389 | 269 | 214 | 91 [ 0.007 [ 128 | 12 [ 0.09 | 0.5 [ 042 [ 0:007 | 0.007Ce
DD | 366 | 295 [ 214 | 89 | 0103 | 125 | 115 [018] 054 | 0.44 | 0006 | 0.010Ce
FF_ | 594 | 273 | 10 | 076 | 0031 | 1.58 | 1 |0.05]| 0.01 | 005 | 0002 | _ N/A
GG | 467 ] 22 [199 1997 ] 002 | 111 | NA 0.05 | 0.01 | 002 | N/A N/A
| HH | 48 [ 281 | 208 | 1.19 [ 0129 | 138 | 1.02r [0.11] 001 | 0.1 | 0.004 | <0.01Ce
0 [ 433 [ 259 | 186 | 89 | 0105 | 1.15 | 096 [0.18] 0.53 | 0.43 | 0.006 | 0.008Ce
J_ 1399 [267[213 [ 9 [ 012 [ 116 ] 098 [021] 052 ] 04 | 0006 | 0.015Ce
KK | 373 };9.3 [ 213 ] 9 | 0.116 | 1.15 | 0.97 [021] 054 | 0.43 0.006 |  0.010Ce
LL [ 512248107149 [0035] 2 | 5Mo [0.16] 0.01 | 002 | N/A N/A

N/A = No deliberate addition and not analyzed
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980°C/ 52 MPa | 980°C/55 MPa
Alloy | Rupture Life, h | Rupture Life, h
A | 355.4%
B BROKE UP DURING FORGING
C ~ 261.9*
D 241.5*
E 262.5% |
F 447 .2*
G 176.3*
H | 205.17
I | INCOMPLETE PENETRATION
J | 22.1
K | 100.3
L ~ 190.5*
M 273.7*
N 230.4*
0
P
. Q
R
S J
T 1
U e y
v__ | —~ !
W = —
X 129,1
Y 330.2
I 7 ' B
AA ~ 457.4%
' BB 419.9%
| CC ) L
DD 174.2%
| FF INCOMPLETE PENETRATION |
GG INCOMPLETE PENETRATION
 HH | 261.5* j
I 253.6* |
R o 271.9%
KK . 1414
LL INCOMPLETE PENETRATION
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Several observations may be made concerning the general effects of the alloying
elements, as follows:

Cobalt (Co) was chosen as the base for this new superalloy because it provides the best
alloy base for high temperature strength.

Chromium (Cr) 1s a major alloying element with a dual function. First, sufficient
chromium must be present in to provide oxidation resistance. Second, chromium enhances the
solubility of nitrogen in such alloys. My experiments indicate that 22 wt. % Cr (Alloy GG) is
insufficient for through thickness nitriding. On the other hand, Alloy A having a chromium
range of 23.6 wt. % was acceptable. Alloy B containing 31.9 wt. % Cr cannot be hot forged
without cracking. Yet, alloy DD, having 29.5 wt. % chromium, was acceptable. This data
indicates that the chromium range should be between about 23% and 30%.

Iron (Fe) also has a dual function. First, as a stabilizer of the fcc structure in cobalt, it
reduces the transformation temperature of cobalt alloys, thus making them easier to cold roll into
sheets. At the same time, 1t does not reduce the solubility of nitrogen to the same extent that
nickel (the other main fcc stabilizer) does; thus it may be regarded as beneficial to nitrogen

absorption. The data for Alloy FF indicate that at 10 wt. % iron 1s insufficient to attain through-

nitriding, while Alloy K, with 28.2 wt. % iron, did not meet the strength criterion. Alloy C,
containing 16.8% Fe, and Alloy L, containing 24.8 wt. % Fe, were acceptable. Accordingly, the
data indicates that iron should be présent in an amount between about 15 wt. % and 25 wt. %.

The primary function of nickel (N1) is to stabilize the fcc form of the alloys, so that they
can easily be cold rolled into sheets. As indicated by Figure 1, there is a strong relationship

between hardness (at a given level of cold work) and nickel content. On the other hand,

experiments have shown that nickel substantially decreases nitrogen absorption in materials of

10
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this type. Thus, a combination of nickel and iron, to suppress the transformation temperature
without significant detriment to nitrogen absorption, is a key feature of the alloys of this
invention. The hardness versus cold work experiments (Figure 1) indicate that Alloy Q (0.6 wt.
% N1) is significantly harder than Alloy S (3.9 wt. % Ni). The stress rupture lives indicate that
Alloy X (27.3 wt. % Ni1) meets the strength requirement, but Alloy U (49.7 wt. % Ni) does not.

Alloy O containing only 0.72 wt. % Ni was also acceptable. Thus, the data indicates nickel may

be present in amounts up to 27.3 wt. %.

Titanium (T1) as well as niobium (Nb) or an equivalent amount of vanadium, tantalum or
zirconium, are critical to the alloys of this invention, since these elements form the strengthening
nitrides. My experiments indicate that both of these elements should be present, within well-
defined ranges, to achieve the desired strength levels, or to ensure through-nitriding.
Nevertheless, 1t 1s possible to use a combination of titanium plus zirconium, without any
niobium. The performance of Alloy HH in which zirconium was substituted for niobium
indicates that one can substitute equal amounts of zirconium for all or a portion of the needed
niobium. Both zircommum and niobium have practically the same molecular weight. It is also

possible to substitute zirconium or hafnium for some of the titanium. The amount of each of

titanium and niobium or zirconium that must be present depends upon whether and how much of

any substitute elements are in the alloy. Zirconium and hafnium are substitute elements for
titanium, while vanadium and tantalum are substitute elements for niobium. For example, Alloys
P and W (with about 1 wt. % T1 only) are of insufficient strength, while Alloy I (about 1.8 wt. %
Ti only) could not be through-nitrided. Also, Alloy J (with about 3.5 wt. % Nb only) was of
insufficient strength. My experiments indicate that a combination of 0.75 wt.% Ti and 0.85 wt.%

Nb (Alloy E) can be through-nitrided and provides sufficient strength; the same is true for alloys

11
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with up to 1.7 wt.% Ti and 1.92 wt.% Nb (Alloy F). Thus, absent any substitute elements
titanium should be present at range of 0.75 to 1.7 wt.% and a niobium should be present at a
range of 0.85 to 1.92 wt.% . In addition, the combination of titanium and niobium (T1 + Nb)
should be from about 1.6 to about 3.6. In the alloys listed in Table 1 T1 + Nb ranges from 1.07
(Alloy P) to 3.126 (Alloy F). At the lower end, Alloy E, 0.74 T1 + 0.84 Nb = 1.58, meets the
criteria for an acceptable composition. But, Alloy V, 0.92 T1 + 0.03 Nb = 0.95 failed the cnitena,
indicating the criticality of the combination of titanium and niobium. At the upper end, Alloy F,
1.7 T1 + 1.92 Nb = 3.62 meets the criteria. With regard to the substitution of titantum and
niobium with other active solute elements, 1t is likely that other elements from Groups 4 and 5 of
the IUPAC 1988 periodic table of the elements would provide the same benefits, if present in

atomically equivalent amounts. This means the total weight percents will comply with the

following equations:

0.75<T1 +Zr/1.91 + H1/3.73 < 1.7
0.87<Nb+7Zr+V/1.98 + Ta/1.98 + < 1.92
1.6< Ti +1.52Zr+Hf/3.73 +Nb+V/1.98 + Ta/1.98<3.6

In Alloy LL molybdenum was substituted for niobium producing an unacceptable alloy.

This result also indicates that niobium or zirconium should be presented in the alloy.

Carbon (C) is not essential to the alloys of this invention, but might be useful in small
amounts for the control of grain size. My experiments indicate that, at the highest level studied
(0.207 wt.%, Alloy H) coarse carbide particles are present in the microstructure. While these did
not prevent Alloy H from meeting the acceptance criteria, it 1s likely that greater quantities of

such particles would be detrimental. Thus, a maximum of 0.2 wt.% carbon is acceptable.

12
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Boron (B) 1s commonly used 1n cobalt and nickel “superalloys” for grain boundary
strengthening. Thus, boron was added to most of the tested alloys at typical levels, i.e. within the
range 0 to 0.015 wt.%. The highest level studied was 0.012 which is the level in acceptable Alloy
C. This data confirms that boron can be present within a range typical for this type of alloy, that
1sup to 0.015 wt.%.

Rare Earth Elements such as cerium (Ce), lanthanum (La), and yttrium (Y) are also
commonly used in cobalt and nickel “superalloys™ to enhance their resistance to oxidation. Thus,
Misch Metal (which contains a mixture of Rare Earth Elements, notably about 50 wt.% cerium)
was added to most of the experimental alloys. The reactivity of such elements is such that most is
lost during melting. However, an addition of 0.1 wt.% Misch Metal led to cerium values as high
as 0.015 wt.% (Alloy JJ) 1n the alloys. Instead of Misch Metal, lanthanum was added to Alloy O.
Since Alloy JJ was acceptable we conclude that final Rare Earth Element contents up to 0.015
wt.% are acceptable. Since rare earth elements are commonly lost during melting rare earth
metal contents an order of magnitude higher (0.15 wt.%) in the charge materials (prior to
melting) should be acceptable.

Aluminum (Al) 1s not an essential ingredient of the alloys of this invention. However, it

1s used in small quantities in most wrought, cobalt superalloys to help with deoxidation, during
melting. Thus, all the experimental alloys studied during the development of this new alloy
system contained small quantities of aluminum (up to 0.41 wt.%, Alloy H). The usual aluminum
range for cobalt superalloys 1s 0 to 0.5 wt.%. The acceptability of Alloy H indicates that the

usual range for aluminum in superalloys is acceptable here. Accordingly aluminum may be

present up to 0.5 wt %.

13
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Manganese (Mn), like aluminum, is commonly added to the cobalt superalloys 1n small

quantities, in this case for sulfur control. Typical additions range up to 1 wt.%. Manganese levels

up to 0.92 wt.% (Alloy H) were studied during the development of this new system. Once again
the acceptability of Alloy H confirms that the typical range for manganese 1n this type of alloy
will work here. Manganese can be present up to 1 wt%.

Silicon (S1) is normally present (up to 1 wt.%) in cobalt superalloys as an impurity from
the melting process. Levels up to 0.97 wt.% (Alloy H) were studied during the development
work . The data indicate that as in other cobalt alloys silicon may be present up to 1 wt %..

Although present in many cobalt superalloys, tungsten (W) and molybdenum (Mo) are
not essential ingredients of the alloys of this invention. Indeed, no deliberate additions of these
elements are intended. However, it 1s common for these elements to contaminate furnace linings
during cobalt superalloy campaigns, and reach impurity levels during the melting of tungsten-
and molybdenum-free materials. Thus, impurity levels of up to 1 wt.% of each of the elements

can be present in the alloys of this invention.

The alloy here described will typically be made and sold in sheet form. However, the

alloy could be produced and sold in billet, plate bar, rod or tube forms. The thickness of the

sheet or other form typically will be between 1 mm and 2 mm (0.04 inches to 0.08 inches).

Although I have described certain present preferred embodiments of my alloy it should
be distinctly understood that the invention 1s not limited thereto but may be variously embodied

within the scope of the following claims.
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CLAIMS:

1. A wroughtable alloy capable of through thickness nitridation and strengthening

consisting essentially of in weight percent:

23 to 30% chromium

15 to 25% 1ron

up to 27.3% nickel

0.75 to 1.7% titanium

0.85 to 1.9% niobium, zirconium or a combination thereof
up to 0.2% carbon

up to 0.015% boron

up to 0.015% rare earth elements
up to 0.5% aluminum

up to 1% manganese

up to 1% silicon

up to 1% tungsten

up to 1% molybdenum, and

balance cobalt plus impurities
wherein titanium + niobium is from about 1.6 to about 3.6%.
2. A wroughtable alloy of claim 1, consisting essentially of in weight percent:

23.6 to 29.5%. chromium

16.7 to 24.8% 1ron

0.56 to 27.3% nickel

0.75 to 1.7% titanium

0.85 to 1.9% niobium

up to 0.2% carbon

up to 0.012% boron

up to 0.015% rare earth elements
up to 0.5% aluminum

up to 0.92% manganese

up to 0.97% silicon

15
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up to 1% tungsten
up to 1% molybdenum; and

balance cobalt plus impurities
wherelin titanium + niobium is from 1.6 to 3.6 %.

3. The alloy of claim 1, wherein the alloy 1s 1n a wrought form having a thickness of

up to 2 mm.

4, The alloy of claim 1, wherein the alloy has been subjected to a nitriding

freatment.

5. The alloy of claim 4, wherein the nitriding treatment is comprised of: heating the
alloy for at least 48 hours 1n a nitrogen atmosphere at a temperature of 1,095°C; then
heating the alloy for at least 1 hour in an argon atmosphere at 1,120°C; and then heating

the alloy for at least 2 hours in an argon atmosphere at 1,205°C.

6. A wroughtable alloy capable of through thickness nitridation and strengthening

consisting essentially of 1n weight percent:

23 to 30% chromium
15 to 25% iron
up to 27.3% nickel

at least one element selected from the group consisting of titanium, zirconium and

hatnium such that:

0.75 <=Ti1+Zr/1.91 + H/3.73 <= 1.7

at least one element selected from the group consisting of vanadium, niobium, zirconium

and tantalum such that:

0.87<=Nb+7Zr+V/1.98+Ta/1.98 +<=1.92
up to 0.2% carbon
up to 0.015% boron

up to 0.015% rare earth elements

up to 0.5% aluminum

16
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up to 1% manganese

up to 1% silicon

up to 1% tungsten

up to 1% molybdenum, and

balance cobalt plus impurities

wherein the alloy further satisfying the following compositional relationship defined

with elemental quantities being in terms of weight percent:

1.6 <=Ti+1.52 Zr + Ht/3.73 + Nb + V/1.98 + Ta/1.98 <= 3.6.

7. The alloy of claim 6, wherein the alloy contains in weight percent:

23.6 to 29% chromium
16.7 to 24.8% 1ron
0.56 to 27.3 % nickel
0.75 to 1.7% titantum
0.85 to 1.92% niobium

up to 0.92 to manganese, and

up to 0.97 silicon.

8. The alloy of claim 6, wherein zirconium is substituted for at least a portion of the

niobium on a one to one basis.

9. The alloy of claim 6, wherein the alloy i1s 1n a wrought form having a thickness of

up to 2 mm.

10.  The alloy of claim 6, wherein the alloy has been subjected to a nitriding

treatment.

11.  The alloy of claim 10, wherein the nitriding treatment is comprised of: heating
the alloy for at least 48 hours in a nitrogen atmosphere at a temperature of 1,095°C; then
heating the alloy for at least 1 hour in an argon atmosphere at 1,120°C; and then heating

the alloy for at least 2 hours in an argon atmosphere at 1,205°C.
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