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SURFACE HARDENABLE STAINLESS STEELS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Patent Application No. 14/691,956,
filed April 21, 2015, which claims priority to U.S. Provisional Application No. 61/983,922,
filed April 24, 2014, and is herein incorporated by reference in its entirety. This application is
also a continuation-in-part which claims priority to and the benefit of U.S. Patent Application
No. 14/574,611, filed December 18, 2014; U.S. Provisional Patent Application No.
61/044,355, filed April 11, 2008; PCT Application No. PCT/US2009/40351 filed April 13,
2009; U.S. Patent Application No. 12/937,348 filed November 29, 2010, now U.S. Patent No,
8,808,471 issued August 19, 2014; and U.S. Patent Application No. 14/462,119 filed August

18, 2014, all of which are incorporated by reference herein in their entireties.

STATEMENT OF GOVERNMENT INTEREST
[0002] This invention was made with government support under Contract No.
M67854-0S-C-0025 awarded by the U.S. Marine Corps Systems Command, and Contract
Nos. N68335-12-C-0248 and N68335-13-C-0280, awarded by the U.S. Navy. The government

has certain rights in the invention.

BACKGROUND
[0003] Stainless steel alloys are commonly used in structural applications demanding
high strength, ductility and corrosion resistance. Specifically, high-performance, stainless
bearing steel is needed to achieve long life and efficient operation of acrospace drive system
turbine machinery operating in a corrosive environment. For example, vertical take-off and
landing lift-systems in modern jet turbine engines have gears and bearings that are often
subject to moist air. Compared to most gearbox assemblies, these lift-system gearbox
assemblies are not in service long enough to ensure all of the moisture is driven off during
operation due to heat. As a result, condensation results in corrosion, especially on carburized
surfaces. Available acrospace gear alloys such as 440C, AMS 6308, 9310 (AMS 6256),
FERRIUM® C61 (AMS 6517), and FERRIUM® C64 (AMS 6509) have limited corrosion
resistance. Other options may also provide some level of corrosion resistance, such as in
PYROWEAR® 675 (AMS 5930), but corrosion resistance is compromised due to a suboptimal

case carburized microstructure and low matrix chromium content. It would be advantageous to
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develop a fully stainless, surface hardenable steel alloy alternative with improved corrosion

resistance and enhanced bearing performance.

SUMMARY
[0004] In one aspect, disclosed is an alloy comprising, by weight, about 11.5% to about
14.5% chromium, about 0.1% to about 3.0% nickel, about 0.1% to about 1.0% copper, about
0.1% to about 0.3% carbon, about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to
about 3.0% molybdenum, and 0% to about 0.5% titanium, the balance essentially iron and
incidental elements and impurities.
[0005] In another aspect, disclosed is an alloy comprising, by weight, about 12.0% to
about 14.1% chromium, about 0.3% to about 1.7% nickel, about 0.2% to about 0.5% copper,
about 0.1% to about 0.2% carbon, about 0.04% to about 0.06% niobium, 0% to about 3.0%
cobalt, 0% to about 1.5% molybdenum, and 0% to about 0.1% titanium, the balance essentially
iron and incidental elements and impurities.
[0006] In another aspect, disclosed is an alloy produced by a process comprising:
preparing a melt that includes, by weight, 12.0% to about 14.1% chromium, about 0.3% to
about 1.7% nickel, about 0.2% to about 0.5% copper, about 0.1% to about 0.2% carbon, about
0.04% to about 0.06% niobium, 0% to about 3.0% cobalt, 0% to about 1.5% molybdenum, and
0% to about 0.1% titanium, the balance essentially iron and incidental elements and impurities;
wherein the melt is produced by Vacuum Induction Melting (VIM) followed by Vacuum Arc
Remelting (VAR) into ingots; homogenizing the ingots at 1100°C for 24 hours; homogenizing
the ingots at 1150°C for 24 hours; hot rolling the ingots at 1150°C into plates of specified
thickness; normalizing the hot rolled plates at 1000°C for 1 hour; treating with cooling air;
annealing at 625°C for 8 hours; and cooling to room temperature in air.
[0007] In another aspect, disclosed is a manufactured article comprising an alloy that
includes, by weight, about 12.0% to about 14.1% chromium, about 0.3% to about 1.7% nickel,
about 0.2% to about 0.5% copper, about 0.1% to about 0.2% carbon, about 0.04% to about
0.06% niobium, 0% to about 3.0% cobalt, 0% to about 1.5% molybdenum, and 0% to about

0.1% titanium, the balance essentially iron and incidental elements and impurities.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0008] FIG. 1 is a systems-design chart illustrating processing-structure-property
relationships of exemplary stainless steel-based alloys.
[0009] FIG. 2 is a graph depicting the case hardness of alloys A and B at a series of
depths into the surface of the alloy.
[0010] FIG. 3 is a series of pictures showing the results of salt fog testing of alloys A
and B in comparison to the commercial alloy 440C.
[0011] FIG. 4 is a picture showing the results of mild corrosion testing of Alloys A and
B in comparison to a variety of commercial alloys.
[0012] FIG. 5 is a graphical description of the processing used to alloys A-E compared
to the process employed in U.S. Patent Application No. 12/937,348.

DETAILED DESCRIPTION
[0013] Disclosed are stainless steel alloys, methods for making the alloys, and
manufactured articles comprising the alloys. The alloys exhibit improved physical properties
relative to existing stainless steel alloys. For example, the stainless steel alloys can have high
strength, high surface hardness, corrosion resistance, and enhanced manufacturability.
[0014] Fully stainless, surface hardenable, corrosion-resistant steel alloys were
achieved by relying on nano-scale metal carbide and metal nitride secondary hardening.
Design of the alloys was based upon providing a high chromium martensitic steel specifically
configured for solution nitriding, with only a minimal fraction of chromium-free primary
carbides for grain-pinning.
[0015] While conventional secondary hardened steels typically utilize a high cobalt
content to promote secondary hardening, the disclosed alloys employ body centered cubic
copper (bce-Cu) precipitation to promote secondary hardening. This greatly reduces raw
material costs of the process. Furthermore, the copper content can be computationally
optimized to ensure high nitrogen solubility.
[0016] In addition, the disclosed alloys utilize dispersion of niobium and titanium
carbide for grain pinning, resulting in optimal grain size control. To optimize corrosion
resistance, dispersion of these carbides can be computationally optimized and specially

processed to avoid primary nitride formation during solution nitriding.
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[0017] The strengthening phase (in both case and core) of these alloys is the formation
of M,X (M = Cr, Mo, Co, Fe; X = C, N). The driving force for precipitation of these carbides
and nitrides is improved by utilizing copper precipitation as a nucleant to the carbide/nitride
precipitation. This allows for minimal cobalt content and more efficient use of alloying
content. In turn, these features contribute to the corrosion resistant properties of the disclosed
alloys, which are achieved via high chromium content, while avoiding primary carbides and
nitrides that are chromium rich and deplete the surrounding alloy matrix of chromium content.
[0018] High nitrogen solubility is provided to ensure high surface hardness. A high
delta-ferrite solvus temperature is provided to maintain sufficient austenite phase region for
optimal solution nitridability, good homogenization and good forging windows. Studies
revealed that chromium, manganese, and molybdenum are beneficial to nitrogen solubility,
while nickel, cobalt, copper, and carbon are detrimental. Studies also determined that
chromium, molybdenum, and copper increase the stability of delta-ferrite, which limits the
processability of the alloy by reducing the stability of austenite. However, alloying elements
needed to improve the stability of austenite (and destabilize delta-ferrite), such as nickel, cobalt
and carbon are detrimental to nitrogen solubility. Alloying content is thus preferably controlled
to balance these effects and to yield alloys with both high nitrogen solubility and high austenite
stability. From the preceding analysis, copper is a non-intuitive alloying addition because it is
detrimental to both nitrogen solubility and austenite stability.

[0019] The compositions of the disclosed alloys are configured to balance the delicate
interplay between the stability of high-temperature austenite and delta ferrite. The alloys are
also configured to balance martensite transformation kinetics and nitrogen solubility, so that
high surface hardenability is ensured. These properties are also balanced with corrosion
resistance, strength and ductility to provide adequate thermal processing windows. As such, the
disclosed alloys are designed for a combination of high nitrogen solubility, high delta-ferrite
solvus temperature and high case martensite temperature. Such alloys can be useful for
manufacture of articles including, but not limited to, aircraft engine bearings and lift fan
gearbox bearings. The alloys can be useful for numerous other applications, particularly where
a stainless steel alloy with a martensitic core that has a corrosion-resistant hardened case is
desired. As illustrated in FIG. 1, a set of suitable alloy properties can be selected depending on

the desired performance of the manufactured article.
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I. Definitions of Terms
[0020] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. In case of conflict,
the present document, including definitions, will control. Preferred methods and materials are
described below, although methods and materials similar or equivalent to those described
herein can be used in practice or testing of the present invention. All publications, patent
applications, patents and other references mentioned herein are incorporated by reference in
their entirety. The materials, methods, and examples disclosed herein are illustrative only and
not intended to be limiting.
[0021] As used in the specification and the appended claims, the singular forms “a,”
“and” and “the” include plural references unless the context clearly dictates otherwise. The
terms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and variants thereof,
as used herein, are intended to be open-ended transitional phrases, terms, or words that do not
preclude the possibility of additional acts or structures. The present disclosure also

2% ¢

contemplates other embodiments “comprising,” “consisting of”” and “consisting essentially
of,” the embodiments or elements presented herein, whether explicitly set forth or not.

[0022] The conjunctive term "or" includes any and all combinations of one or more
listed elements associated by the conjunctive term. For example, the phrase "an apparatus
comprising A or B" may refer to an apparatus including A where B is not present, an apparatus
including B where A is not present, or an apparatus where both A and B are present. The
phrases "at least one of A, B, ... and N" or "at least one of A, B, .. . N, or combinations thereof"
are defined in the broadest sense to mean one or more elements selected from the group
comprising A, B, . .. and N, that is to say, any combination of one or more of the elements A, B,
... or N including any one element alone or in combination with one or more of the other
elements which may also include, in combination, additional elements not listed.

[0023] The modifier "about" used in connection with a quantity is inclusive of the
stated value and has the meaning dictated by the context (for example, it includes at least the
degree of error associated with the measurement of the particular quantity). The modifier
"about" should also be considered as disclosing the range defined by the absolute values of the
two endpoints. For example, the expression "from about 2 to about 4" also discloses the range
"from 2 to 4." The term "about" may refer to plus or minus 10% of the indicated number. For

example, "about 10%" may indicate a range of 9% to 11%, and "about 1" may mean from
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0.9-1.1. Other meanings of "about" may be apparent from the context, such as rounding off, so,
for example "about 1" may also mean from 0.5 to 1.4.
[0024] Any recited range described herein is to be understood to encompass and
include all values within that range, without the necessity for an explicit recitation.

1. Alloys
[0025] The disclosed alloys may comprise chromium, nickel, copper, nitrogen, carbon,
nibium, cobalt, molybdenum, titanium, and iron along with incidental elements and impurities.
[0026] The alloys may comprise, by weight, 11.5% to about 14.5% chromium, about
0.1% to about 3.0% nickel, about 0.1% to about 1.0% copper, about 0.1% to about 0.3%
carbon, about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to about 3.0%
molybdenum, and 0% to about 0.5% titanium, the balance essentially iron and incidental
elements and impurities. It is understood that the alloys described herein may consist only of
the above-mentioned constituents or may consist essentially of such constituents, or in other
embodiments, may include additional constituents.
[0027] The alloys may have a microstructure substantially free of cementite carbides
and comprising a martensite matrix with nanoscale copper particles and alloy nitride
precipitates selected from the group consisting of alloy nitride precipitates enriched with a
transition metal nucleated on the copper precipitates, said alloy nitride precipitates having a
hexagonal structure, said alloy nitride precipitates including one or more alloying elements
selected from the group Fe, Ni, Cr, Co and Mn coherent with the matrix, and said alloy nitride
precipitates having two dimensional coherency with the matrix, said alloy substantially free of
cementite carbide precipitates the form of a case hardened article of manufacture.
[0028] The alloys may comprise, by weight, about 12.0% to about 14.1% chromium,
about 0.3% to about 1.7% nickel, about 0.2% to about 0.5% copper, about 0.1% to about 0.2%
carbon, about 0.04% to about 0.06% niobium, 0% to about 3.0% cobalt, 0% to about 1.5%
molybdenum, and 0% to about 0.1% titanium, the balance essentially iron and incidental
elements and impurities.
[0029] The alloys may comprise, by weight, about 10.0% to about 14.5% chromium,
about 11.5% to about 14.5% chromium, about 12.0% to about 14.5% chromium, about 12.0%
to about 14.1% chromium, about 12.5% to about 14.1% chromium, about 12.4% to about
14.1% chromium, about 12.5% to about 13.0% chromium, about 13.0% to about 13.5%

chromium, about 12.5% to about 12.6% chromium, or about 13.4% to about 13.5% chromium.
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The alloys may comprise, by weight, 11.5% to 14.5% chromium, 12.0% to 14.5% chromium,
12.0% to 14.1% chromium, 12.4% to 14.1% chromium, 12.5% to 13.5% chromium, 12.5% to
13.0% chromium, 13.0% to 13.5% chromium, 12.5% to 12.6% chromium, or 13.4% to 13.5%
chromium. The alloys may comprise, by weight, 11.5%, 11.6%, 11.7%, 11.8%, 11.9%, 12.0%,
12.1%, 12.2%, 12.3%, 12.4%, 12.5%, 12.6%, 12.7%, 12.8%, 12.9%, 13.0%, 13.1%, 13.2%,
13.3%, 13.4%, 13.5%, 13.6%, 13.7%, 13.8%, 13.9%, 14.0%, 14.1%, 14.2%, 14.3%, 14.4%, or
14.5% chromium. The alloys may comprise, by weight, about 11.5% chromium, about 12.0%
chromium, about 12.4% chromium, about 12.5% chromium, about 12.9% chromium, about
13.0% chromium, about 13.5% chromium, about 13.9% chromium, about 14.0% chromium,
about 14.1% chromium, or about 14.5% chromium.

[0030] The alloys may comprise, by weight, about 0.1% to about 7.5% nickel, about
0.3% to about 7.5% nickel, about 0.1% to about 3% nickel, about 0.3% to about 3% nickel,
about 0.4% to about 3% nickel, about 1.2% to about 3% nickel, about 1.3% to about 3% nickel,
about 1.4% to about 3% nickel, about 1.7% to about 3% nickel, about 0.3% to about 1.7%
nickel, about 0.4% to about 1.7% nickel, about 1.2% to about 1.7% nickel, about 1.3% to about
1.7% nickel, or about 1.5% to about 1.7% nickel. The alloys may comprise, by weight, 0.1% to
3% nickel, 0.3% to 3% nickel, 0.4% to 3% nickel, 1.2% to 3% nickel, 1.3% to 3% nickel, 1.4%
to 3% nickel, 1.7% to 3% nickel, 0.3% to 1.7% nickel, 0.4% to 1.7% nickel, 1.2% to 1.7%
nickel, 1.3% to 1.7% nickel, 1.4% to 1.7% nickel, or 1.5% to 1.7% nickel. The alloys may
comprise, by weight, 0.1%, 0.2%, 0.31%, 0.32%, 0.33%, 0.34%, 0.35%, 0.36%, 0.37%,
0.38%, 0.39%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, 1.0%, 1.1%, 1.2%, 1.3%, 1.4%, 1.5%,
1.6%, 1.7%, 1.8%, 1.9%, 2.0%, 2.1%, 2.2%, 2.3%, 2.4%, 2.5%, 2.6%, 2.7%, 2.8%, 2.9%, or
3.0% nickel. The alloys may comprise, by weight, about 0.1% nickel, about 0.3% nickel, about
0.4% nickel, about 1.2% nickel, about 1.3% nickel, about 1.4% nickel, about 1.5% nickel,
about 1.7% nickel, or about 3.0% nickel.

[0031] The alloys may comprise, by weight, about 0.1% to about 2.3% copper, about
0.25% to about 2.3% copper, about 0.1% to about 1.0% copper, about 0.3% to about 1.0%
copper, about 0.3% to about 0.5% copper, about 0.3% to about 0.4% copper, about 0.4% to
about 0.5% copper, about 0.3% to about 0.35% copper, or about 0.45% to about 0.5% copper.
The alloys may comprise, by weight, 0.1% to 1.0% copper, 0.3% to 1.0% copper, 0.3% to 0.5%
copper, 0.3% to 0.4% copper, 0.4% to 0.5% copper, 0.3% to 0.35% copper, or 0.45% to 0.5%
copper. The alloys may comprise, by weight, 0.1%, 0.11%, 0.12%, 0.13%, 0.14%, 0.15%,
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0.16%, 0.17%, 0.18%, 0.19%, 0.2%, 0.21%, 0.22%, 0.23%, 0.24%, 0.25%, 0.26%, 0.27%,
0.28%, 0.29%, 0.3%, 0.31%, 0.32%, 0.33%, 0.34%, 0.35%, 0.36%, 0.37%, 0.38%, 0.39%,
0.4%, 0.41%, 0.42%, 0.43%, 0.44%, 0.45%, 0.46%, 0.47%, 0.48%, 0.49%, 0.5%, 0.51%,
0.52%, 0.53%, 0.54%, 0.55%, 0.56%, 0.57%, 0.58%, 0.59%, 0.6%, 0.61%, 0.62%, 0.63%,
0.64%, 0.65%, 0.66%, 0.67%, 0.68%, 0.69%, 0.7%, 0.71%, 0.72%, 0.73%, 0.74%, 0.75%,
0.76%, 0.77%, 0.78%, 0.79%, 0.8%, 0.81%, 0.82%, 0.83%, 0.84%, 0.85%, 0.86%, 0.87%,
0.88%, 0.89%, 0.9%, 0.91%, 0.92%, 0.93%, 0.94%, 0.95%, 0.96%, 0.97%, 0.98%, 0.99%, or
1.0% copper. The alloys may comprise, by weight, about 0.1% copper, about 0.2% copper,
about 0.3% copper, about 0.4% copper, about 0.5% copper, about 0.6% copper, or about 1.0%
copper.

[0032] The alloys may comprise, by weight, 0% to about 0.3% carbon, 0% to about
0.2% carbon, about 0.1% to about 0.3% carbon, about 0.12% to about 0.3% carbon, about
0.14% to about 0.3% carbon, about 0.15% to about 0.3% carbon, about 0.1% to about 0.2%
carbon, about 0.12% to about 0.2% carbon, about 0.14% to about 0.2% carbon, or about 0.15%
to about 0.2% carbon. The alloys may comprise, by weight, 0.1% to 0.2% carbon, 0.12% to
0.2% carbon, 0.14% to 0.2% carbon, 0.15% to 0.2% carbon, 0.1% to 0.3% carbon, 0.12% to
0.3% carbon, 0.14% to 0.3% carbon, or 0.15% to 0.3% carbon. The alloys may comprise, by
weight, 0.1%, 0.11%, 0.12%, 0.13%, 0.14%, 0.15%, 0.16%, 0.17%, 0.18%, 0.19%, 0.2%,
0.21%, 0.22%, 0.23%, 0.24%, 0.25%, 0.26%, 0.27%, 0.28%, 0.29%, or 0.3% carbon. The
alloys may comprise, by weight, about 0.1% carbon, about 0.12% carbon, about 0.14% carbon,
about 0.15% carbon, or about 0.2% carbon.

[0033] The alloys may comprise, by weight, about 0.01% to about 0.1% niobium,
about 0.04% to about 0.1% niobium, about 0.06% to about 0.1% niobium, about 0.04% to
about 0.06% niobium, about 0.04% to about 0.05% niobium, or about 0.05% to about 0.06%
niobium. The alloys may comprise, by weight, 0.01% to 0.1% niobium, 0.04% to 0.1%
niobium, 0.06% to 0.1% niobium, 0.04% to 0.06% niobium, 0.04% to 0.05% niobium, or
0.05% to 0.06% niobium. The alloys may comprise, by weight, 0.01%, 0.02%, 0.03%, 0.03%,
0.031%, 0.032%, 0.033%, 0.034%, 0.035%, 0.036%, 0.037%, 0.038%, 0.039%, 0.04%,
0.041%, 0.042%, 0.043%, 0.044%, 0.045%, 0.046%, 0.047%, 0.048%, 0.049%, 0.05%,
0.051%, 0.052%, 0.053%, 0.054%, 0.055%, 0.056%, 0.057%, 0.058%, 0.059%, 0.06%,
0.061%, 0.062%, 0.063%, 0.064%, 0.065%, 0.066%, 0.067%, 0.068%, 0.069%, 0.07%,
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0.08%, 0.09%, or 0.1% niobium. The alloys may comprise, by weight, about 0.04% niobium,
about 0.05% niobium, about 0.06% niobium, or about 0.1% niobium.

[0034] The alloys may comprise, by weight, 0% to about 17% cobalt, 0% to about 5%
cobalt, 0% to about 3.0% cobalt, about 1.7% to about 5% cobalt, about 2.8% to about 5%
cobalt, about 3.0% to about 5% cobalt, about 1.6% to about 3.0% cobalt, or about 2.8% to
about 3.0% cobalt. The alloys may comprise, by weight, 0% to 5% cobalt, 0% to 3.0% cobalt,
1.7% to 5% cobalt, 2.8% to 5% cobalt, 3.0% to 5% cobalt, 1.6% to 3.0% cobalt, or 2.8% to
3.0% cobalt. The alloys may comprise, by weight, 0.01%, 0.05%, 0.1%, 0.2%, 0.3%, 0.4%,
0.5%, 0.6%, 0.7%, 0.8%, 0.9%, 1.0%, 1.1%, 1.2%, 1.3%, 1.4%, 1.5%, 1.6%, 1.7%, 1.8%,
1.9%, 2.0%, 2.1%, 2.2%, 2.3%, 2.4%, 2.5%, 2.6%, 2.7%, 2.8%, 2.9%, 3.0%, 3.1%, 3.2%,
3.3%, 3.4%, 3.5%, 3.6%, 3.7%, 3.8%, 3.9%, 4.0%, 4.1%, 4.2%, 4.3%, 4.4%, 4.5%, 4.6%,
4.7%, 4.8%, 4.9%, or 5.0% cobalt. The alloys may comprise, by weight, about 1.6% cobalt,
about 2.8% cobalt, about 3.0% cobalt, about 4.0% cobalt, or about 5% cobalt.

[0035] The alloys may comprise, by weight, 0% to about 3% molybdenum, about
0.02% to about 3% molybdenum, about 0.9% to about 3% molybdenum, about 1.3% to about
3% molybdenum, about 1.5% to about 3% molybdenum, 0% to about 1.5% molybdenum,
about 0.02% to about 1.5% molybdenum, about 0.9% to about 1.5% molybdenum, about 0.6%
to about 1.5% molybdenum, or about 1.3% to about 1.5% molybdenum. The alloys may
comprise, by weight, 0% to 3% molybdenum, 0.02% to 3% molybdenum, 0.9% to 3%
molybdenum, 1.3% to 3% molybdenum, 1.5% to 3% molybdenum, 0% to 1.5% molybdenum,
0.02% to 1.5% molybdenum, 0.9% to 1.5% molybdenum, or 1.3% to 1.5% molybdenum. The
alloys may comprise, by weight, 0.01%, 0.02%, 0.03%, 0.04%, 0.05%, 0.06%, 0.07%, 0.08%,
0.09%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, 1.0%, 1.1%, 1.2%, 1.3%,
1.4%, 1.5%, 1.6%, 1.7%, 1.8%, 1.9%, 2.0%, 2.1%, 2.2%, 2.3%, 2.4%, 2.5%, 2.6%, 2.7%,
2.8%, 2.9%, or 3.0% molybdenum. The alloys may comprise, by weight, about 0.02%
molybdenum, about 0.9% molybdenum, about 1.3% molybdenum, about 1.5% molybdenum,
or about 3.0% molybdenum.

[0036] The alloys may comprise, by weight, 0% to about 0.5% titanium, 0% to about
0.15% titanium, 0% to about 0.1% titanium, about 0.006% to about 0.002% titanium, about
0.008% to about 0.002% titanium, about 0.006% to about 0.015% titanium, about 0.008% to
about 0.015% titanium, about 0.012% to about 0.015% titanium, about 0.013% to about
0.015% titanium, about 0.05% to about 0.15% titanium, or about 0.05% to about 0.1%
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titanium. The alloys may comprise, by weight, 0% to 0.5% titanium, 0% to 0.15% titanium, 0%
to 0.1% titanium, 0.006% to 0.002% titanium, 0.008% to 0.002% titanium, 0.006% to 0.015%
titanium, 0.008% to 0.015% titanium, 0.012% to 0.015% titanium, 0.013% to 0.015% titanium,
0.05% to 0.15% titanium, or 0.05% to 0.1% titanium. The alloys may comprise, by weight,
0.005%, 0.006%, 0.007%, 0.008%, 0.009%, 0.01%, 0.011%, 0.012%, 0.013%, 0.014%,
0.015%, 0.016%, 0.017%, 0.018%, 0.019%, 0.02%, 0.03%, 0.04%, 0.05%, 0.06%, 0.07%,
0.08%, 0.09%, 0.1%, 0.11%, 0.12%, 0.13%, 0.14%, or 0.15% titanium. The alloys may
comprise, by weight, 0% titanium, about 0.006% titanium, about 0.008% titanium, about
0.012% titanium, about 0.013% titanium, about 0.015% titanium, about 0.05% titanium, about
0.1% titanium, or about 0.15% titanium.

[0037] The alloys may comprise, by weight, a balance of iron and incidental elements
and impurities. The term “incidental elements and impurities,” may include one or more of
phosphorous, silicon, manganese, aluminum, nitrogen, oxygen, and sulfur.

[0038] The incidental elements and impurities may include one or more of manganese
(e.g., maximum 0.02%), silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%),
sulfur (e.g., maximum 0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum
0.002%), and oxygen (e.g., maximum 0.01%).

[0039] The alloys may comprise, by weight, 12.4% chromium, 1.4% nickel, 0.3%
copper, 0.14% carbon, 0.05% niobium, 2.8% cobalt, 1.5% molybdenum, 0.006% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0040] The alloys may comprise, by weight, 12.0% chromium, 1.7% nickel, 0.3%
copper, 0.2% carbon, 0.04% niobium, 1.5% molybdenum, 0.01% titanium, and the balance of
weight comprising iron and incidental elements and impurities. The incidental elements and
impurities may include one or more of manganese (e.g., maximum 0.02%), silicon (e.g.,
maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum 0.002%),
aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen (e.g.,

maximum 0.01%).
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[0041] The alloys may comprise, by weight, 12.9% chromium, 1.3% nickel, 0.4%
copper, 0.1% carbon, 0.05% niobium, 3.0% cobalt, 1.3% molybdenum, 0.008% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0042] The alloys may comprise, by weight, 13.9% chromium, 1.2% nickel, 0.3%
copper, 0.12% carbon, 0.05% niobium, 3.0% cobalt, 0.9% molybdenum, 0.02% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0043] The alloys may comprise, by weight, 14.1% chromium, 0.4% nickel, 0.3%
copper, 0.14% carbon, 0.04% niobium, 1.6% cobalt, 0.02% molybdenum, 0.01% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0044] The alloys may consist of, by weight, 12.4% chromium, 1.4% nickel, 0.3%
copper, 0.14% carbon, 0.05% niobium, 2.8% cobalt, 1.5% molybdenum, 0.006% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0045] The alloys may consist of, by weight, 12.0% chromium, 1.7% nickel, 0.3%
copper, 0.2% carbon, 0.04% niobium, 1.5% molybdenum, 0.01% titanium, and the balance of
weight comprising iron and incidental elements and impurities. The incidental elements and

impurities may include one or more of manganese (e.g., maximum 0.02%), silicon (e.g.,
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maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum 0.002%),
aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen (e.g.,
maximum 0.01%).

[0046] The alloys may consist of, by weight, 12.9% chromium, 1.3% nickel, 0.4%
copper, 0.1% carbon, 0.05% niobium, 3.0% cobalt, 1.3% molybdenum, 0.008% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0047] The alloys may consist of, by weight, 13.9% chromium, 1.2% nickel, 0.3%
copper, 0.12% carbon, 0.05% niobium, 3.0% cobalt, 0.9% molybdenum, 0.02% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0048] The alloys may consist of, by weight, 14.1% chromium, 0.4% nickel, 0.3%
copper, 0.14% carbon, 0.04% niobium, 1.6% cobalt, 0.02% molybdenum, 0.01% titanium, and
the balance of weight comprising iron and incidental elements and impurities. The incidental
elements and impurities may include one or more of manganese (e.g., maximum 0.02%),
silicon (e.g., maximum 0.04%), phosphorus (e.g., maximum 0.002%), sulfur (e.g., maximum
0.002%), aluminum (e.g., maximum 0.002%), nitrogen (e.g., maximum 0.002%), and oxygen
(e.g., maximum 0.01%).

[0049] The alloys may have nitrogen solubility of about 0.25% to about 0.40%
nitrogen, about 0.29% to about 0.40% nitrogen, about 0.3% to about 0.4% nitrogen, about
0.33% to about 0.4% nitrogen, about 0.36% to about 0.4% nitrogen, about 0.38% to about
0.4% nitrogen, about 0.29% to about 0.38% nitrogen, about 0.3% to about 0.38% nitrogen,
about 0.33% to about 0.38% nitrogen, or about 0.36% to about 0.38% nitrogen. The alloys may
comprise, by weight, 0.25% to 0.40% nitrogen, 0.29% to 0.40% nitrogen, 0.3% to 0.4%
nitrogen, 0.33% to 0.4% nitrogen, 0.36% to 0.4% nitrogen, 0.38% to about 0.4% nitrogen,
0.29% to 0.38% nitrogen, 0.3% to 0.38% nitrogen, 0.33% to 0.38% nitrogen, or 0.36% to
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0.38% nitrogen. The alloys may have nitrogen solubility of 0.25%, 0.26%, 0.27%, 0.28%,
0.29%, 0.3%, 0.31%, 0.32%, 0.33%, 0.34%, 0.35%, 0.36%, 0.37%, 0.38%, 0.39%, or 0.40%
nitrogen. The alloys may have nitrogen solubility of about 0.25% nitrogen, about 0.29%
nitrogen, about 0.3% nitrogen, about 0.33% nitrogen, about 0.36% nitrogen, about 0.38%
nitrogen, or about 0.4% nitrogen.

[0050] The alloys may have a ratio of nitrogen to carbon, by weight, of 1.5 to 3.5, 1.65
t03.5,2.1t03.5,2.5t03.5,3t03.5,1.5t03,1.65t03,2.1to 3, 0or 2.5 to 3. The alloys may have
a ratio of nitrogen to carbon, by weight, of about 1.5 to about 3.5, about 1.65 to about 3.5, about
2.1 to about 3.5, about 2.5 to about 3.5, about 3 to about 3.5, about 1.5 to about 3, about 1.65 to
about 3, about 2.1 to about 3, or about 2.5 to about 3. The alloys may have a ratio of nitrogen to
carbon, by weight, of 1.5, 1.55. 1.6, 1.65, 1.7, 1.75, 1.8, 1.85, 1.9, 1.95, 2, 2.1, 2.15, 2.2, 2.25,
2.3,2.35,24,2.45,2.5,2.55,2.6,2.65,2.7,2.75,2.8,2.85,2.9,3,3.1,3.15,3.2,3.25,3.3,3.35,
3.4,3.45, or 3.5. The alloys may have a ratio of nitrogen to carbon, by weight, of about 1.5,
about 1.65, about 2.1, about 2.5, about 3.0, or about 3.5.

[0051] The alloys may have a sum of nitrogen and carbon content, by weight, of about
0.35% to about 0.65%, about 0.4% to about 0.65%, about 0.43% to about 0.65%, about 0.48%
to about 0.65%, about 0.53% to about 0.65%, about 0.4% to about 0.53%, about 0.43% to
about 0.53%, or about 0.48% to about 0.53%. The alloys may have a sum of nitrogen and
carbon content, by weight, of 0.35% to 0.65%, 0.4% to 0.65%, 0.43% to 0.65%, 0.48% to
0.65%, 0.53% to 0.65%, 0.4% to 0.53%, 0.43% to 0.53%, or 0.48% to 0.53%. The alloys may
have a sum of nitrogen and carbon content, by weight, of 0.35%, 0.36%, 0.37%, 0.38%, 0.39%,
0.4%, 0.41%, 0.42%, 0.43%, 0.44%, 0.45%, 0.46%, 0.47%, 0.48%, 0.49%, 0.5%, 0.51%,
0.52%, 0.53%, 0.54%, 0.55%, 0.56%, 0.57%, 0.58%, 0.59%, 0.6%, 0.61%, 0.62%, 0.63%,
0.64%, or 0.65%. The alloys may have a sum of nitrogen and carbon content, by weight, of
about 0.35%, about 0.4%, about 0.43%, about 0.48%, about 0.53%, about 0.6%, or about
0.65%.

[0052] The alloys may have a core d-ferrite solvus temperature of 1000°C to 1300°C,
1050°C to 1300°C, 1100°C to 1300°C, 1150°C to 1300°C, 1180°C to 1300°C, 1190°C to
1300°C, 1220°C to 1300°C, 1225°C to 1300°C, 1180°C to 1225°C, 1190°C to 1225°C, or
1200°C to 1225°C. The alloys may have a core d-ferrite solvus temperature of at least 1000°C,
at least 1050°C, at least 1100°C, at least 1150°C, at least 1180°C, at least 1190°C, at least
1200°C, at least 1220°C, at least 1225°C, at least 1250°C, at least 1270°C, or at least 1300°C.
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The alloys may have a core d-ferrite solvus temperature of about 1150°C, about 1180°C, about
1190°C, about 1200°C, or about 1225°C.

[0053] The alloys may have a case martensite start temperature of 140°C to 300°C,
145°C to 300°C, 150°C to 300°C, 177°C to 300°C, 180°C to 300°C, 198°C to 300°C, 200°C to
300°C, 203°C to 300°C, 145°C to 203°C, 177°C to 203°C, 180°C to 203°C, or 198°C to
203°C. The alloys may have a case martensite start temperature of at least 140°C, at least
145°C, at least 150°C, at least 177°C, at least 180°C, at least 198°C, at least 200°C, at lcast
203°C, at least 225°C, at least 250°C, at least 275°C, or at least 300°C. The alloys may have a
case martensite start temperature of about 145°C, about 177°C, about 180°C about 198°C, or
about 203°C.

[0054] The alloys may have a case hardness of 55 HRC to 65 HRC. The alloys may
have a case hardness of at least 55 HRC, at least 56 HRC, at least 57 HRC, at least 58 HRC, at
least 59 HRC, at least 60 HRC, at least 61 HRC, at least 62 HRC, at lcast 63 HRC, at lcast 64
HRC, or at least 65 HRC. The alloys may have a case hardness of 55 HRC, 56 HRC, 57 HRC,
58 HRC, 59 HRC, 60 HRC, 61 HRC, 62 HRC, 63 HRC, 64 HRC, or 65 HRC. The alloys may
have a case hardness of about 55 HRC, about 56 HRC, about 57 HRC, about 58 HRC, about 59
HRC, about 60 HRC, about 61 HRC, about 62 HRC, about 63 HRC, about 64 HRC, or about 65
HRC. The case hardness may be measured according to the micro-Vickers method in
accordance with ASTM E384 standards, and converted to Rockwell C scale in accordance with
ASTM E140 conversion standards.

[0055] The alloys may have a case hardness of 45 HRC to 60 HRC, 50 HRC to 60
HRC, 53 HRC to 60 HRC, 53 HRC to 55 HRC, or 55 HRC to 60 HRC at a depth of 0.02 inches.
The alloys may have a case hardness of at least 45 HRC, at least 46 HRC, at least 47 HRC, at
least 48 HRC, at least 49 HRC, at least 50 HRC, at lecast 51 HRC, at lcast 52 HRC, at least 53
HRC, at lecast 54 HRC, at least 55 HRC, at least 56 HRC, at least 57 HRC, at lecast 58 HRC, at
least 59 HRC, or at least 60 HRC at a depth of 0.02 inches. The alloys may have a case hardness
of 45 HRC, 46 HRC, 47 HRC, 48 HRC, 49 HRC, 50 HRC, 51 HRC, 52 HRC, 53 HRC, 54
HRC, 55 HRC, 56 HRC, 57 HRC, 58 HRC, 59 HRC, or 60 HRC at a depth of 0.02 inches. The
alloys may have a case hardness of about 50 HRC, about 53 HRC, or about 55 HRC at a depth
0f 0.02 inches. The case hardness may be measured according to the micro-Vickers method in
accordance with ASTM E384 standards, and converted to Rockwell C scale in accordance with

ASTM E140 conversion standards.
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[0056] The alloys may have a tensile strength of 180 ksi to 250 ksi, 190 ksi to 250 ksi,
200 ksi to 250 ksi, 206 ksi to 250 ksi, 210 ksi to 250 ksi, 220 ksi to 250 ksi, 223 ksi to 250 ksi,
230 ksi to 250 ksi, 240 ksi to 250 ksi, 200 ksi to 230 ksi, or 206 ksi to 223 ksi. The alloys may
have a tensile strength of at least 180 ksi, at least 190 ksi, at least 200 ksi, at least 206 ksi, at
least 210 ksi, at least 220 ksi, at least 223 ksi, at least 230 ksi, at least 240 ksi, or at least 250 ksi.
The alloys may have a tensile strength of 180 ksi, 185 ksi, 190 ksi, 191 ksi, 192 ksi, 193 ksi,
194 ksi, 195 ksi, 196 ksi, 197 ksi, 198 ksi, 199 ksi, 200 ksi, 201 ksi, 202 ksi, 203 ksi, 204 ksi,
205 ksi, 206 ksi, 207 ksi, 208 ksi, 209 ksi, 210 ksi, 211 ksi, 212 ksi, 213 ksi, 214 ksi, 215 ksi,
216 ksi, 217 ksi, 218 ksi, 219 ksi, 220 ksi, 221 ksi, 222 ksi, 223 ksi, 224 ksi, 225 ksi, 226 ksi,
227 ksi, 228 ksi, 229 ksi, 230 ksi, 235 ksi, 240 ksi, 245 ksi, or 250 ksi. The alloys may have a
tensile strength of about 180 ksi, about 200 ksi, about 206 ksi, about 220 ksi, or about 223 ksi.
The tensile strength may be measured according to ASTM ES.

[0057] The alloys may have a 0.2% offset yield strength, of 150 ksi to 200 ksi, 160 ksi
to 200 ksi, 163 ksi to 200 ksi, 170 ksi to 200 ksi, 172 ksi to 200 ksi, 150 ksi to 180 ksi, 160 ksi
to 180 ksi, 163 ksi to 180 ksi, or 163 ksi to 172 ksi. The alloys may have 0.2% offset yield
strength of at least 190 ksi, or at least 200 ksi. The alloys may have a 0.2% offset yield strength
of 150 ksi, 155 ksi, 156 ksi, 157 ksi, 158 ksi, 159 ksi, 160 ksi, 161 ksi, 162 ksi, 163 ksi, 164 ksi,
165 ksi, 166 ksi, 167 ksi, 168 ksi, 169 ksi, 170 ksi, 171 ksi, 172 ksi, 173 ksi, 174 ksi, 175 ksi,
176 ksi, 177 ksi, 178 ksi, 179 ksi, 180 ksi, 181 ksi, 182 ksi, 183 ksi, 184 ksi, 185 ksi, 190 ksi,
195 ksi, or 200 ksi. The alloys may have a tensile strength of about 150 ksi, about 160 ksi,
about 163 ksi, about 170 ksi, about 172 ksi, about 180 ksi, or about 200 ksi. The 0.2% offset
yield strength may be measured according to ASTM ES.

[0058] The alloys may have a percent elongation of 1% to 50%, 10% to 40%, or 20% to
30%. The alloys may have an elongation of at least 5%, at least 10%, at least 15%, at least
18%, at least 20%, at least 22%, at lcast 23%, at lecast 25%, at least 30%, at least 35%, at least
40%, at least 45%, or at least 50%. The alloys may have an elongation of 5%, 10%, 15%, 16%,
17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%,
33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 45%, or 50%. The alloys may have an elongation
of about 5%, about 10%, about 15%, about 19%, about 20%, about 22%, about 23%, about
25%, about 30%, about 35%, about 40%, about 45%, or about 50%. The elongation may be
measured according to ASTM ES.
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[0059] The alloys may have a tensile reduction in area, of 50% to 90%, 60% to 90%,
70% to 80%, 70% to 75%, 71% to 75%, or 71% to 73%. The alloys may have a tensile
reduction in area, of at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least
71%, at least 73%, at least 75%, at least 80%, at least 85%, or at least 90%. The alloys may
have a tensile reduction in area, of 50%, 51%, 52%, 53%., 54%, 55%, 56%, 57%., 58%, 59%,
60%, 61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%,
76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, or 90%. The
alloys may have a tensile reduction in area, of about 50%, about 55%, about 60%, about 65%,
about 70%, about 71%, about 73%, about 75%, about 80%, about 85%, or about 90%. The
tensile reduction in area may be measured according to ASTM ES.

[0060] The alloys may have a fracture toughness of 30 ksi*in'? to 120 ksi*in'?, 40
ksi*in'? to 120 ksi*in'?, 50 ksi*in"? to 120 ksi*in'"?, 52 ksi*in"” to 115 ksi*in"?, 60 ksi*in'?

to 80 1(51*1n1/2 70 ksi*in'? to 80 1(51*1n1/2 40 ksi*in"? to 70 ksi*in'”? ,or 50 ksi*in'? to 60

172 /

ksi*in'“. The alloys may have a fracture toughness of at least 30 ksi*in"?, at least 40 ksi*in

at least 50 ksi*in'? , at least 60 ksi*in'? , at least 70 ksi*in!? , at least 80 ksi*in'? , at least 90
ksi*in'?, at least 100 ksi*in', or at least 110 ksi*in"% The alloys may have a fracture
toughness of 30 ksi*in'?, 35 ksi*in', 40 ksi*in"?, 41 ksi*in"?, 42 ksi*in'?, 43 ksi*in'"?, 44
ksi*in'?, 45 ksi*in'?, 46 ksi*in"?, 47 ksi*in'"%, 48 ksi*in'?, 49 ksi*in"?%, 50 ksi*in"?, 51
ksi*in"?, 52 ksi*in'?, 53 ksi*in"?, 54 ksi*in'?, 55 ksi*in"?, 56 ksi*in"%, 57 ksi*in'?, 58
ksi*in'?, 59 ksi*in'?, 60 ksi*in'?, 61 ksi*in'?%, 62 ksi*in'?, 63 ksi*in'?, 64 ksi*in'?, 65
ksi*in"?, 66 ksi*in'?, 67 ksi*in"?, 68 ksi*in'?, 69 ksi*in'?, 70 ksi*in'?%, 71 ksi*in'?, 72
ksi*in"?, 73 ksi*in'?, 74 ksi*in"?, 75 ksi*in'?, 76 ksi*in'?, 77 ksi*in"?%, 78 ksi*in"?, 79
ksi*in"?, 80 ksi*in'?, 81 ksi*in"?, 82 ksi*in'?, 83 ksi*in'?, 84 ksi*in'?, 85 ksi*in'?, 86
ksi*in"?, 87 ksi*in'?, 88 ksi*in"?, 89 ksi*in'"%, 90 ksi*in'?, 91 ksi*in"?, 92 ksi*in'?, 93
ksi*in"?, 94 ksi*in'?, 95 ksi*in"?, 96 ksi*in'?, 97 ksi*in"?, 98 ksi*in"%, 99 ksi*in', 100
ksi*in"?, 101 ksi*in'?, 102 ksi*in'?, 103 ksi*in"?, 104 ksi*in'?, 105 ksi*in"?, 106 ksi*in"?,
107 ksi*in"?, 108 ksi*in"?, 1099 ksi*in"?, 110 ksi*in"?, 111 ksi*in"?, 112 ksi*in'?, 113
ksi*in"?, 114 ksi*in"%, 115 ksi*in"?, 116 ksi*in"?, 117 ksi*in"?, 118 ksi*in'"%, 119 ksi*in"?, or
120 ksi*in"% The alloys may have a fracture toughness of about 30 ksi*in"?, about 40 ksi*in'?
about 50 ksi*in'? to 80 ksi*in'? , about 52 ksi*in'? about 60 ksi*in'? , about 70 ksi*in'? , about

79 ksi*in""%, about 92 ksi*in', or about 111 ksi*in"?. The fracture toughness may be measured

according to ASTM E399. The units “ksi*in"*’ may also be expressed as fw\g{g
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[0061] The alloys may have a grain pinning dispersion of MC particles, or a
combination thercof. The MC particles may include niobium or titanium. For example, M, at
each occurrence, may be independently selected from the group consisting of niobium and
titanium. Exemplary grain pinning particles include, but are not limited to, NbC, Nb,C, TiC,
and Ti,C. The alloys may have a grain pinning dispersion comprising any of the
aforementioned particles, or any combination thereof.

[0062] The alloys may have an average grain width of 10 microns to 100 microns, 20
microns to 100 microns, 30 microns to 100 microns, 40 microns to 100 microns, 50 microns to
100 microns, 60 microns to 100 microns, 70 microns to 100 microns, 80 microns to 100
microns, 20 microns to 80 microns, 20 microns to 30 microns, 25 microns to 50 microns, 20
microns to 60 microns, 25 microns to 60 microns, 25 microns to 80 microns, 50 microns to 80
microns, 60 microns to 80 microns, 70 microns to 80 microns, 50 microns to 60 microns, or 80
microns to 90 microns. The alloys may have an average grain width of about 10 microns to
about 100 microns, about 20 microns to about 100 microns, about 30 microns to about 100
microns, about 40 microns to about 100 microns, about 50 microns to about 100 microns, about
60 microns to about 100 microns, about 70 microns to about 100 microns, about 80 microns to
about 100 microns, about 20 microns to about 80 microns, about 20 microns to about 30
microns, about 25 microns to about 50 microns, about 20 microns to about 60 microns, about
25 microns to about 60 microns, about 25 microns to about 80 microns, about 50 microns to
about 80 microns, about 60 microns to about 80 microns, about 70 microns to about 80
microns, about 50 microns to about 60 microns, or about 80 microns to about 90 microns. The
alloys may have an average grain width of 10 microns, 11 microns, 12 microns, 13 microns, 14
microns, 15 microns, 16 microns, 17 microns, 18 microns, 19 microns, 20 microns, 21 microns,
22 microns, 23 microns, 24 microns, 25 microns, 26 microns, 27 microns, 28 microns, 29
microns, 30 microns, 31 microns, 32 microns, 33 microns, 34 microns, 35 microns, 36 microns,
37 microns, 38 microns, 39 microns, 40 microns, 41 microns, 42 microns, 43 microns, 44
microns, 45 microns, 46 microns, 47 microns, 48 microns, 49 microns, 50 microns, 51 microns,
52 microns, 53 microns, 54 microns, 55 microns, 56 microns, 57 microns, 38 microns, 59
microns, 60 microns, 61 microns, 62 microns, 63 microns, 64 microns, 65 microns, 66 microns,
67 microns, 68 microns, 69 microns, 70 microns, 71 microns, 72 microns, 73 microns, 74
microns, 75 microns, 76 microns, 77 microns, 78 microns, 79 microns, 80 microns, 81 microns,

82 microns, 83 microns, 84 microns, 85 microns, 86 microns, 87 microns, 88 microns, 89
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microns, 90 microns, 91 microns, 92 microns, 93 microns, 94 microns, 95 microns, 96 microns,
97 microns, 98 microns, 99 microns, or 100 microns. The alloys may have an average grain
width of about 10 microns, about 20 microns, about 25 microns, about 30 microns, about 40
microns, about 50 microns, about 60 microns, about 70 microns, about 80 microns, about 90
microns, or about 100 microns. The average grain width of the alloy may be measured

according to ASTM E112 standards.

II1. Methods of Making Alloys
[0063] The alloys may be produced by Vacuum Induction melting (VIM) followed by
Vacuum Arc Remelting (VAR). The alloys may be produced as 30 pound, 4 inch diameter by
10 inch long cylindrical ingots. Ingots may be homogenized at 1100°C for 24 hours followed
by further homogenization at 1150°C for 24 hours. The ingots may then be hot rolled at 1150°C
into 0.75 inch thick plates. The hot rolled plates may be normalized at 1000°C for 1 hour,
followed by treatment with cooling air. The plates may be annealed at 625°C for 8 hours
followed by cooling to room temperature in air.
[0064] The alloys may be subjected to solution nitriding. Solution nitriding may be
completed using conventional commercial-scale vacuum furnaces. The alloys may be vacuum
heat treated at 1100°C for 4 hours in the presence of 100% N, gas, at a partial pressure of 1
PSIG. The alloys may then be quenched in N, gas (pressure of 6 Bar) and cooled to room
temperature.
[0065] The alloys may be subjected to an isothermal aging treatment at temperatures in
the range of 420°C to 496°C for up to 32 hours, resulting in simultaneous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in

the core material.

IV. Articles of Manufacture
[0066] Also disclosed are manufactured articles including the disclosed alloys.
Exemplary manufactured articles include, but are not limited to, aircraft engine bearings and

lift fan gearbox bearings.
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V. Examples
[0067] Stainless steel alloys were prepared and tested for physical properties. Table 1
shows the composition of the exemplified alloys (Alloys A-E). Table 2 shows the incidental
elements and impurities present in the exemplified alloys

Table 1. Composition weight percentages of Alloys A-E

Alloy C Cr N Mo Co Cu Nb Ti Fe
A |0.14% | 12.4% | 1.4% | 1.5% | 2.8% | 0.3% | 0.05% | 0.006% | balance
B 02% | 12.0% | 1.7% | 1.5% - 0.3% | 0.04% | 0.013% | balance
C 0.1% | 129% | 13% | 13% | 3.0% | 0.4% | 0.05% | 0.008% | balance
D 0.12% | 13.9% | 1.2% | 09% | 3.0% | 0.3% | 0.05% | 0.015% | balance
E 0.14% | 14.1% | 0.36% | 0.02% | 1.6% | 0.3% | 0.04% | 0.012% | balance

Table 2. Weight percentages of the incidental elements and impurities of Alloys A-E

Alloy | Mn (%) | Si(%) | Al(%) | P (ppm) | S (ppm) | N (ppm) | O (ppm)
A - 0.009 - 5 8 23 29
B -- 0.011 - 5 9 14 29
C 0.01 0.04 0.002 10 13 10 90
D 0.01 0.007 0.002 10 15 10 100
E 0.02 0.01 0.001 10 16 10 90

EXAMPLE 1: Alloy A

[0068] A melt was prepared with the nominal composition of 0.14 C, 12.4 Cr, 1.4 Ni,
1.5 Mo, 2.8 Co, 0.3 Cu, 0.05 Nb, 0.006 Ti, and balance Fe, in wt%. The melt was produced by
double vacuum melting: Vacuum Induction melting (VIM) followed by Vacuum Arc
Remelting (VAR). The melts were shaped as 30 pound, 4 inch diameter by 10 inch long
cylindrical ingots. Ingots were step homogenized at 1100°C for 24 hours followed by 1150°C
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for 24 hours, then hot rolled at 1150°C into 0.75 inch thick plates. The hot rolled plates were
normalized at 1000°C for 1 hour, followed by treatment with cooling air. The plates were
annealed at 625°C for § hours followed by cooling to room temperature in air.

[0069] Solution nitriding was completed at Solar Atmospheres (Souderton, PA) using
conventional commercial-scale vacuum furnaces. Test pieces were vacuum heat treated at
1100°C for 4 hours in the presence of 100% N, gas at a partial pressure of 1 PSIG, followed by
gas quenching in 6 Bar N, gas to room temperature.

[0070] Samples were subjected to an isothermal aging treatment at temperatures in the
range of 420°C to 496°C for up to 32 hours, resulting in simultancous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in
the core material.

[0071] Alloy A was determined to possess nitrogen solubility of 0.29% and a ratio of

nitrogen to carbon of 2.1.

EXAMPLE 2: Alloy B

[0072] A melt was prepared with the nominal composition 0of 0.2 C, 12.0 Cr, 1.7 Ni, 1.5
Mo, 0.3 Cu, 0.04 Nb, 0.01 Ti and balance Fe, in wt%. The melt was produced by double
vacuum melting: Vacuum Induction melting (VIM) followed by Vacuum Arc Remelting
(VAR). The melts were shaped as 30 pound, 4 inch diameter by 10 inch long cylindrical ingots.
Ingots were step homogenized at 1100°C for 24 hours followed by 1150°C for 24 hours, then
hot rolled at 1150°C into 0.75 inch thick plates. The hot rolled plates were normalized at
1000°C for 1 hour, followed by treatment with cooling air. The plates were annealed at 625°C
for 8 hours followed by cooling to room temperature in air.

[0073] Solution nitriding was completed at Solar Atmospheres (Souderton, PA) using
conventional commercial-scale vacuum furnaces. Test pieces were vacuum heat treated at
1100°C for 4 hours in the presence of 100% N, gas at a partial pressure of 1 PSIG, followed by
gas quenching in 6 Bar N, gas to room temperature.

[0074] Samples were subjected to an isothermal aging treatment at temperatures in the
range of 420°C to 496°C for up to 32 hours, resulting in simultancous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in

the core material.
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[0075] Alloy B was determined to possess nitrogen solubility of 0.33% and a ratio of

nitrogen to carbon of 1.65.

EXAMPLE 3: Alloy C

[0076] A melt was prepared with the nominal composition of 0.1 C, 12.9 Cr, 1.3 Ni, 1.3
Mo, 3.0 Co, 0.4 Cu, 0.05 Nb, 0.008 Ti, and balance Fe, in wt%. The melt was produced by
double vacuum melting: Vacuum Induction melting (VIM) followed by Vacuum Arc
Remelting (VAR). The melts were shaped as 30 pound, 4 inch diameter by 10 inch long
cylindrical ingots. Ingots were step homogenized at 1100°C for 24 hours followed by 1150°C
for 24 hours, then hot rolled at 1150°C into 0.75 inch thick plates. The hot rolled plates were
normalized at 1000°C for 1 hour, followed by treatment with cooling air. The plates were
annealed at 625°C for § hours followed by cooling to room temperature in air.

[0077] Solution nitriding was completed at Solar Atmospheres (Souderton, PA) using
conventional commercial-scale vacuum furnaces. Test pieces were vacuum heat treated at
1100°C for 4 hours in the presence of 100% N, gas at a partial pressure of 1 PSIG, followed by
gas quenching in 6 Bar N; gas to room temperature.

[0078] Samples were subjected to an isothermal aging treatment at temperatures in the
range of 420°C to 496°C for up to 32 hours, resulting in simultancous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in
the core material.

[0079] Alloy C was determined to possess nitrogen solubility of 0.3% and a ratio of

nitrogen to carbon of 3.0.

EXAMPLE 4: Alloy D

[0080] A melt was prepared with the nominal composition of 0.12 C, 13.9 Cr, 1.2 Ni,
0.9 Mo, 3.0 Co, 0.3 Cu, 0.05 Nb, 0.02 Ti, and balance Fe, in wt%. The melt was produced by
double vacuum melting: Vacuum Induction melting (VIM) followed by Vacuum Arc
Remelting (VAR). The melts were shaped as 30 pound, 4 inch diameter by 10 inch long
cylindrical ingots. Ingots were step homogenized at 1100°C for 24 hours followed by 1150°C
for 24 hours, then hot rolled at 1150°C into 0.75 inch thick plates. The hot rolled plates were
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normalized at 1000°C for 1 hour, followed by treatment with cooling air. The plates were
annealed at 625°C for § hours followed by cooling to room temperature in air.

[0081] Solution nitriding was completed at Solar Atmospheres (Souderton, PA) using
conventional commercial-scale vacuum furnaces. Test pieces were vacuum heat treated at
1100°C for 4 hours in the presence of 100% N, gas at a partial pressure of 1 PSIG, followed by
gas quenching in 6 Bar N; gas to room temperature.

[0082] Samples were subjected to an isothermal aging treatment at temperatures in the
range of 420°C to 496°C for up to 32 hours, resulting in simultancous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in
the core material.

[0083] Alloy D was determined to possess nitrogen solubility of 0.36% and a ratio of

nitrogen to carbon of 3.0.

EXAMPLE 5: Alloy E
[0084] A melt was prepared with the nominal composition of 0.14 C, 14.1 Cr, 0.4 Ni,
1.6 Co, 0.3 Cu, 0.04 Nb, 0.01 Ti, and balance Fe, in wt%. The melt was produced by double
vacuum melting: Vacuum Induction melting (VIM) followed by Vacuum Arc Remelting
(VAR). The melts were shaped as 30 pound, 4 inch diameter by 10 inch long cylindrical ingots.
Ingots were step homogenized at 1100°C for 24 hours followed by 1150°C for 24 hours, then
hot rolled at 1150°C into 0.75 inch thick plates. The hot rolled plates were normalized at
1000°C for 1 hour, followed by treatment with cooling air. The plates were annealed at 625°C
for 8 hours followed by cooling to room temperature in air.
[0085] Solution nitriding was completed at Solar Atmospheres (Souderton, PA) using
conventional commercial-scale vacuum furnaces. Test pieces were vacuum heat treated at
1100°C for 4 hours in the presence of 100% N, gas at a partial pressure of 1 PSIG, followed by
gas quenching in 6 Bar N; gas to room temperature.
[0086] Samples were subjected to an isothermal aging treatment at temperatures in the
range of 420°C to 496°C for up to 32 hours, resulting in simultancous precipitation of
copper-nucleated nitride particles in the case layer and copper-nucleated carbide particles in
the core material.
[0087] Alloy E was determined to possess nitrogen solubility of 0.36% and a ratio of

nitrogen to carbon of 2.5.
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A. Physical Testing of alloys
[0088] Test alloys were prepared as specified above. Test specimens were
characterized for solution nitridability, core mechanical properties, and corrosion resistance.
[0089] Measurements of grain size were made as the mean linear intercept length in the
short-transverse direction of the rolled plate material. Grains were heavily elongated in the
rolling direction, and flattened in the short-transverse direction, so this measurement represents
the minor dimension of the grains. Measurements were made in accordance with ASTM E112
standards. Alloy A was determined to have an average grain width of 25 microns (ASTM grain
size 7), while Alloy B was determined to have an average grain width of 80 microns (ASTM
grain size 4).
[0090] The hardness profiles of alloys A and B were determined as illustrated in FIG.
2. Nitrogen solubility is a fixed design parameter that is a function of the base composition
only. The variance in hardness with depth is due to the solution nitriding process; nitrogen
diffuses into the steel at high temperature which results in a gradient in nitrogen content into
the surface. The nitrogen solubility defines the maximum achievable nitrogen content at the
surface, which in turn defines the maximum achievable surface hardness. These alloys
demonstrate excellent hardness values of up to 60 HRC at the surface of the alloys, while
hardness values remain high (>50 HRC) at depths of up to 0.04 inches. Measurements of case
hardness were made using the micro-Vickers method in accordance with ASTM E384
standards, and converted to Rockwell C scale in accordance with ASTM E140 conversion
standards.
[0091] Core mechanical properties were determined for alloys A-E. Table 3 reveals
these alloys had high strength, as measured by the ultimate tensile strength, 0.2% offset yield
strength and fracture toughness. In addition, the ductility properties of alloys A-E were
excellent. Tensile strength and ductility was determined according to ASTM ES standards,
while fracture toughness was determined according to ASTM E399 standards.
[0092] Case martensite start temperatures were determined for alloys A-E, as shown in
Table 3. Case martensite start temperatures were calculated using QuesTek’s internally
developed computational modeling capabilities, using commercially available ThermoCalc
software and associated thermodynamic databases. The case martensite start temperature was
improved in the alloys possessing titanium (C-E). These results also suggest that cobalt

contributes to a higher case martensite start temperature as well.
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[0093] Also shown in Table 3, the d-ferrite solvus temperatures were high for all
alloys, indicating good stability of the austenite phase. These high §-ferrite solvus temperatures
help to ensure sufficient processing windows for the alloys. Delta ferrite solvus temperatures
were calculated using QuesTek’s internally developed computational modeling capabilities,

using commercially available ThermoCalc software and associated thermodynamic databases.

Table 3.

Ultimate | Tensile Fracture Case o-ferrite

Alloy Tensile Yield % % toughfss martensite | solvus

Strength | Strength | Elongation | RA | (fsivds) | starttemp | temp

(ksi) | (ki) °C) C)

A 223 172 23 71 60 177 1225

B 206 163 22 73 52 145 1200

C 190 151 20 64 92 198 1190

D 198 156 20 71 79 180 1180

E 202 155 19 59 111 203 1180

% RA = percent tensile reduction in area

[0094] The compositions of the disclosed embodiments result in a combination of
carbon and nitrogen in wt% in the range of about 4 - 5.5 to 6 in the case of a casting. The variant
alloys thus efficiently enable manufacture of a case hardened component with lower cobalt and
nickel content thereby enhancing the opportunity for transformation into a martensitic phase at
a reasonable transformation temperature while simultaneously increasing the carbon content to
maintain core mechanical properties. The chromium content is increased or maintained for
corrosion resistance. The inclusion of a lower cobalt content in combination with copper
nucleated nitride particles results in both surface hardening and superior core mechanical
properties. Secondary hardening during tempering is achieved by the simultancous
precipitation of copper-nucleated nitride particles in the nitride case and copper-nucleated
carbide particles in the core to provide the combination of surface and core properties.
Processability opportunities are also enhanced inasmuch as the alloy may be worked and
subsequently case hardened.

[0095] Thus, the alloys are designed to be case hardenable. The alloys described and
processed in U.S. Patent Application No. 12/937,348 were deliberately alloyed with nitrogen
during the melting process to yield a specific carbon + nitrogen (C+N) content to achieve a

microstructure (copper-nucleated M,N precipitation within a martensitic stainless steel) that
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yields specific novel properties. The alloys described herein utilized a similar microstructural
approach or concept (copper-nucleated M;N precipitation within a martensitic stainless steel
including the feature of matrix) to achieve high surface hardness in a case-hardenable alloy, but
with no deliberate nitrogen during melting. Modifications to the alloy design to achieve this
include the following: 1) equivalent C+N alloying content is maintained during melting, but C
is favored for conventional melt processing and core mechanical properties; 2) high nitrogen
contents necessary for case hardness are incorporated using a secondary processing step of
"Solution Nitriding" (solution nitriding results in ~0.3 wt% N in the case, maintaining a N/C
ratio consistent with the alloys of U.S. Patent Application No. 12/937,348); 3) high surface
hardness is achieved through copper-nucleated M;N precipitation in the case during tempering;
and 4) high nitrogen content in the case lowers the martensite transformation temperature, and
nickel content is lowered to raise the Ms temperature of the case an acceptable level to avoid
retained austenite phase (austenite being detrimental to surface hardness and M,;N
precipitation.

[0096] A graphical description of the processing used to create the case hardened
alloys A-E compared to the process employed in U.S. Patent Application No. 12/937,348 is set
forth in FIG. 5.

[0097] Microstructure analysis of the alloys results in a case hardened martensitic
phase comprising at least about 90% by volume and typically in the range of 95% to 100% with
a case thickness dependent upon the conditions of the nitriding process (in the range of 0.5 mm
to 2 mm in the embodiments disclosed here).

[0098] Corrosion testing was conducted on alloys A and B. Corrosion testing was
completed per ASTM B117 standards. Samples were heat treated to Stage I and Stage IV
temper conditions, surface ground to a clean finish, passivated per AMS 2700 Method 1 Type 6
(passivated for 80 minutes at room temperature in a 50% nitric acid solution), then baked at
375°F for 4 hours followed by air cooling. Samples were exposed to a sodium chloride salt fog
solution per ASTM B117 for 8 days, with visual inspections at 1 day, 4 days, 5 days and 8 days
of exposure. The salt fog testing (FIG. 3) demonstrated that alloys A and B possess superior
corrosion resistance in comparison to the commercial alloy 440C, as shown in FIG. 3.

[0099] In addition, a mild corrosion test also shows that alloys A and B possess

superior corrosion resistance in comparison to a variety of commercial alloys, as shown in FIG.

4.
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[00100] The various embodiments of martensitic stainless steels disclosed herein
provide benefits and advantages over existing steels, including existing secondary-hardened
carbon stainless steels or conventional nitride-strengthened steels. For example, the disclosed
steels provide a substantially increased strength and avoid embrittlement under impact loading,
at attractively low material and process costs. Additionally, cementite formation in the alloy is
minimized or substantially eliminated, which avoids undesirable properties that can be created
by cementite formation. Accordingly, the disclosed stainless steels may be suitable for gear
wheels where high, strength and toughness are desirable to improve power transmission. Other
benefits and advantages are readily recognizable to those skilled in the art.

[00101] It is understood that the disclosure may embody other specific forms without
departing from the spirit or central characteristics thereof. The disclosure of aspects and
embodiments, therefore, are to be considered in all respects as illustrative and not restrictive,
and the claims are not to be limited to the details given herein. Accordingly, while specific
embodiments have been illustrated and described, numerous modifications come to mind
without significantly departing from the spirit of the invention and the scope of protection is
only limited by the scope of the accompanying claims. Unless noted otherwise, all percentages
listed herein are weight percentages.

[00102] For reasons of completeness, various aspects of the present disclosure are set
out in the following numbered clauses:

[00103] Clause 1. An alloy comprising, by weight, about 11.5% to about 14.5%
chromium, about 0.1% to about 3.0% nickel, about 0.1% to about 1.0% copper, about 0.1% to
about 0.3% carbon, about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to about
3.0% molybdenum, and 0% to about 0.5% titanium, the balance essentially iron and incidental
elements and impurities.

[00104] Clause 2. The alloy of clause 1, wherein the alloy comprises, by weight, about
12.0% to about 14.1% chromium, about 0.3% to about 1.7% nickel, about 0.2% to about 0.5%
copper, about 0.1% to about 0.2% carbon, about 0.04% to about 0.06% niobium, 0% to about
3.0% cobalt, 0% to about 1.5% molybdenum, and 0% to about 0.1% titanium, the balance
essentially iron and incidental elements and impurities.

[00105] Clause 3. The alloy of clause 1, wherein the alloy has nitrogen solubility of
about 0.25% to about 0.40%.

[00106] Clause 4. The alloy of clause 3, wherein the alloy has a ratio of nitrogen to
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carbon, by weight, of 1.5 to 3.5.

[00107] Clause 5. The alloy of clause 4, wherein the sum of the nitrogen and carbon
content of the alloy is, by weight, about 0.35% to about 0.65%.

[00108] Clause 6. The alloy of any of clauses 1-5, wherein the alloy has a core d-ferrite
solvus temperature of at least 1180°C.

[00109] Clause 7. The alloy of any of clauses 1-5, wherein the alloy has a case
martensite start temperature of at least 145°C.

[00110] Clause 8. The alloy of any of clauses 1-5, wherein the alloy has a case hardness
of at least 60 HRC, measured according to ASTM E384 and ASTM E140.

[00111] Clause 9. The alloy of any of clauses 1-5, wherein the alloy has a case hardness
of at least 52 HRC at a depth of 0.02 inches, measured according to ASTM E384 and ASTM
E140.

[00112] Clause 10. The alloy of any of clauses 1-5, wherein the alloy has an ultimate
tensile strength of at least 180 ksi, measured according to ASTM ES.

[00113] Clause 11. The alloy of any of clauses 1-5, wherein the alloy has a 0.2% offset
yield strength of at least 140 ksi, measured according to ASTM ES.

[00114] Clause 12. The alloy of any of clauses 1-5, wherein the alloy has a percent
clongation of at least 15%, measured according to ASTM ES.

[00115] Clause 13. The alloy of any of clauses 1-5, wherein the alloy has a tensile
reduction in area of at least 55%, measured according to ASTM ES.

[00116] Clause 14. The alloy of any of clauses 1-5, wherein the alloy has a fracture
toughness of at least 50 ksi*in"?, measured according to ASTM E399.

[00117] Clause 15. The alloy of any of clauses 1-5, wherein the alloy is corrosion
resistant in a salt fog corrosion test, measured according to ASTM B117.

[00118] Clause 16. The alloy of any of clauses 1-5, wherein the alloy comprises a grain
pinning dispersion of MC carbide particles, or a combination thereof; wherein M, at each
occurrence, is independently selected from the group consisting of niobium and titanium.
[00119] Clause 17. The alloy of any of clauses 1-5, wherein the alloy comprises
precipitates of a bee-copper phase and nitride precipitates enriched with transition metals.
[00120] Clause 18. The alloy of clause 17, wherein the nitride precipitates nucleate on
the bee-copper phase, and comprise at least one metal selected from the group consisting of

chromium, molybdenum, vanadium, and iron.
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[00121] Clause 19. The alloy of any of clauses 1-5, wherein the average grain width of
the alloy is 10 microns to 100 microns, measured according to ASTM E112.

[00122] Clause 20. The alloy of any of clauses 1-19, wherein the alloy comprises about
12.4% chromium, about 1.4% nickel, about 0.3% copper, about 0.14% carbon, about 0.05%
niobium, about 2.8% cobalt, about 1.5% molybdenum, and about 0.006% titanium.

[00123] Clause 21. The alloy of any of clauses 1-19, wherein the alloy comprises 12.0%
chromium, about 1.7% nickel, about 0.3% copper, about 0.2% carbon, about 0.04% niobium,
about 1.5% molybdenum, and about 0.01% titanium.

[00124] Clause 22. The alloy of any of clauses 1-19, wherein the alloy comprises 12.9%
chromium, about 1.3% nickel, about 0.4% copper, about 0.1% carbon, about 0.05% niobium,
about 3.0% cobalt, about 1.3% molybdenum, and about 0.008% titanium.

[00125] Clause 23. The alloy of any of clauses 1-19, wherein the alloy comprises 13.9%
chromium, about 1.2% nickel, about 0.3% copper, about 0.12% carbon, about 0.05% niobium,
about 3.0% cobalt, about 0.9% molybdenum, and about 0.02% titanium.

[00126] Clause 24. The alloy of any of clauses 1-19, wherein the alloy comprises 14.1%
chromium, about 0.4% nickel, about 0.3% copper, about 0.14% carbon, about 0.04% niobium,
about 1.6% cobalt, about 0.02% molybdenum, and about 0.01% titanium.

[00127] Clause 25. A method for producing an alloy comprising:

preparing a melt that includes, by weight, about 11.5% to about 14.5% chromium, about 0.1%
to about 3.0% nickel, about 0.1% to about 1.0% copper, about 0.1% to about 0.3% carbon,
about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to about 3.0% molybdenum,
and 0% to about 0.5% titanium, the balance essentially iron and incidental elements and
impurities

[00128] Clause 26. The method of clause 25, wherein the alloy comprises, by weight,
about 12.0% to about 14.1% chromium, about 0.3% to about 1.7% nickel, about 0.2% to about
0.5% copper, about 0.1% to about 0.2% carbon, about 0.04% to about 0.06% niobium, 0% to
about 3.0% cobalt, 0% to about 1.5% molybdenum, and 0% to about 0.1% titanium, the
balance essentially iron and incidental elements and impurities.

[00129] Clause 27. The method of clause 25, wherein the melt is produced by Vacuum
Induction Melting (VIM) followed by Vacuum Arc Remelting (VAR) into ingots.

[00130] Clause 28. The method of clause 27, further comprising: homogenizing the
ingots at 1100°C for 24 hours; homogenizing the ingots at 1150°C for 24 hours; hot rolling the
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ingots at 1150°C into plates of specified thickness; normalizing the hot rolled plates at 1000°C
for 1 hour; treating the hot rolled plates with cooling air; annealing at 625°C for 8 hours; and

cooling to room temperature in air.

[00131] Clause 29. The method of clause 28, further comprising: subjecting the plates to
an isothermal aging treatment at temperatures in the range of 420°C to 496°C for up to 32
hours.

[00132] Clause 30. The method of clause 25, further comprising solution nitriding at
1100°C.

[00133] Clause 31. The method of clause 25, wherein the alloy has nitrogen solubility of
about 0.25% to about 0.4%.

[00134] Clause 32. The method of clause 25, wherein the alloy has a ratio, by weight, of

nitrogen to carbon of 1.5 to 3.5.

[00135] Clause 33. The method of clause 25, wherein the sum of the nitrogen and carbon
content of the alloy is, by weight, about 0.35% to about 0.65%.

[00136] Clause 34. The method of clause 25, wherein the alloy has a core d-ferrite
solvus temperature of at least 1180°C.

[00137] Clause 35. The method of clause 25, wherein the alloy has a case martensite
start temperature of at least 145°C.

[00138] Clause 36. The method of clause 25, wherein the alloy has a case hardness of at
least 60 HRC, measured according to ASTM E384 and ASTM E140.

[00139] Clause 37. The method of clause 25, wherein the alloy has a case hardness of at
least 52 HRC at a depth of 0.02 inches, measured according to ASTM E384 and ASTM E140.
[00140] Clause 38. The method of clause 25, wherein the alloy has an ultimate tensile
strength of at least 200 ksi, measured according to ASTM ES.

[00141] Clause 39. The method of clause 25, wherein the alloy has a 0.2% offset yield
strength of at least 160 ksi, measured according to ASTM ES.

[00142] Clause 40. The method of clause 25, wherein the alloy has a percent elongation
of at least 20%, measured according to ASTM ES.

[00143] Clause 41. The method of clause 25, wherein the alloy has a tensile reduction in
arca of at least 70%, measured according to ASTM ES.

[00144] Clause 42. The method of clause 25, wherein the alloy has a fracture toughness
of at least 50 ksi*in'?, measured according to ASTM E399.
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[00145] Clause 43. The method of clause 25, wherein the alloy is corrosion resistant in a
salt fog corrosion test, measured according to ASTM B117.

[00146] Clause 44. The method of clause 25, wherein the alloy comprises precipitates of
a bee-copper phase and nitride precipitates enriched with transition metals.

[00147] Clause 45. The method of clause 44, wherein the nitride precipitates nucleate on
the bee-copper phase, and comprise at least one metal selected from the group consisting of
chromium, molybdenum, vanadium, and iron.

[00148] Clause 46. The method of clause 25, wherein the alloy comprises a grain
pinning dispersion of MC particles, or a combination thereof; wherein M, at each occurrence is
independently selected from the group consisting of niobium and titanium.

[00149] Clause 47. The method of clause 25, wherein the average grain width of the
alloy is 10 microns to 100 microns, measured according to ASTM E112.

[00150] Clause 48. A manufactured article comprising an alloy that includes, by weight,
about 11.5% to about 14.5% chromium, about 0.1% to about 3.0% nickel, about 0.1% to about
1.0% copper, about 0.1% to about 0.3% carbon, about 0.01% to about 0.1% niobium, 0% to
about 5% cobalt, 0% to about 3.0% molybdenum, and 0% to about 0.5% titanium, the balance
essentially iron and incidental elements and impurities.

[00151] Clause 49. The article of clause 48, wherein the alloy comprises, by weight,
about 12.0% to about 14.1% chromium, about 0.3% to about 1.7% nickel, about 0.2% to about
0.5% copper, about 0.1% to about 0.2% carbon, about 0.04% to about 0.06% niobium, 0% to
about 3.0% cobalt, 0% to about 1.5% molybdenum, and 0% to about 0.1% titanium, the
balance essentially iron and incidental elements and impurities.

[00152] Clause 50. The article of clause 48, wherein the alloy has nitrogen solubility of
about 0.25% to about 0.40%.

[00153] Clause 51. The article of clause 48, wherein the alloy has a ratio of nitrogen to
carbon, by weight, of 1.5 to 3.5.

[00154] Clause 52. The article of clause 48, wherein the sum of the nitrogen and carbon
content of the alloy is, by weight, about 0.35% to about 0.65%.

[00155] Clause 53. The article of clause 48, wherein the alloy has a core d-ferrite solvus
temperature of at least 1180°C.

[00156] Clause 54. The article of clause 48, wherein the alloy has a case martensite start

temperature of at least 145°C.
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[00157] Clause 55. The article of clause 48, wherein the alloy has a case hardness of at
least 60 HRC, measured according to ASTM E384 and ASTM E140.
[00158] Clause 56. The article of clause 48, wherein the alloy has a case hardness of at

least 52 HRC at a depth of 0.02 inches, measured according to ASTM E384 and ASTM E140.
[00159] Clause 57. The article of clause 48, wherein the alloy has an ultimate tensile
strength of at least 200 ksi, measured according to ASTM ES.

[00160] Clause 58. The article of clause 48, wherein the alloy has a 0.2% offset yield
strength of at least 160 ksi, measured according to ASTM ES.

[00161] Clause 59. The article of clause 48, wherein the alloy has a percent elongation
of at least 20%, measured according to ASTM ES.

[00162] Clause 60. The article of clause 48, wherein the alloy has a tensile reduction in
arca of at least 70%, measured according to ASTM ES.

[00163] Clause 61. The article of clause 48, wherein the alloy has a fracture toughness of
at least 50 ksi*in'?, measured according to ASTM E399.

[00164] Clause 62. The article of clause 48, wherein the alloy is corrosion resistant in a
salt fog corrosion test, measured according to ASTM B117.

[00165] Clause 63. The article of clause 48, wherein the alloy comprises precipitates of a
bee-copper phase and nitride precipitates enriched with transition metals.

[00166] Clause 64. The article of clause 63, wherein the nitride precipitates nucleate on
the bee-copper phase, and comprise at least one metal selected from the group consisting of
chromium, molybdenum, vanadium, and iron.

[00167] Clause 65. The article of clause 48, wherein the alloy comprises of a grain
pinning dispersion of MC particles; wherein M, at each occurrence, is independently selected
from the group consisting of niobium and titanium.

[00168] Clause 66. The article of clause 48, wherein the average grain size of the alloy is
10 microns to 100 microns, measured according to ASTM E112.

[00169] Clause 67. The article of clause 48, wherein the article is at least one of an
aircraft engine bearing, or a lift fan gearbox bearing.

[00170] Clause 68. A case hardened martensitic stainless steel alloy strengthened by
copper-nucleated nitride precipitates, said alloy comprising, in combination by weight percent,
about 10.0 to about 14.5 Cr, about 0.3 to about 7.5 Ni, Co up to about 17.0 Co, about 0.6 to
about 1.5 Mo, about 0.25 to about 2.3 Cu, up to about 0.6 Mn, up to about 0.4 Si, about 0.05 to
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about 0.15 V, up to about 0.10 N, C up to about 0.2 C, up to about 0.01 W, and the balance Fe
and incidental elements and impurities, said alloy having a microstructure substantially free of
cementite carbides and comprising a martensite matrix with nanoscale copper particles and
alloy nitride precipitates selected from the group consisting of alloy nitride precipitates
enriched with a transition metal nucleated on the copper precipitates, said alloy nitride
precipitates having a hexagonal structure, said alloy nitride precipitates including one or more
alloying elements selected from the group Fe, Ni, Cr, Co and Mn coherent with the matrix, and
said alloy nitride precipitates having two dimensional coherency with the matrix, said alloy
substantially free of cementite carbide precipitates the form of a case hardened article of
manufacture.

[00171] Clause 69. The alloy of clause 68, wherein the alloy has a core tensile yield
strength of about 150 to 175 ksi, a core ultimate strength of about 190 to 225 ksi and a fracture
toughness of about 50 to 115 ksi*in'?.

[00172] Clause 70. The alloy of clause 68, wherein the alloy has a martensite start
temperature of at least about 50°C

[00173] Clause 71. The alloy of clause 68, wherein the alloy comprises precipitates of a
copper-based phase and nitride precipitates enriched with transition metals.

[00174] Clause 72. The alloy of clause 68, wherein the nitride precipitates nucleate on
the copper-based phase, and comprise at least one metal selected from the group consisting of

chromium, molybdenum, and vanadium.

[00175] Clause 73. The alloy of clause 68, wherein the alloy has a case hardness greater
than about 59 HRC.
[00176] Clause 74. The alloy of clause 73, wherein said case includes at least about 90%

of by volume martensitic matrix.
[00177] Clause 75. The alloy of clause 68, wherein the N to C ratio is in the range of
about 2 to 10.
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CLAIMS

What is claimed is:

1. An alloy comprising, by weight, about 11.5% to about 14.5% chromium, about 0.1% to
about 3.0% nickel, about 0.1% to about 1.0% copper, about 0.1% to about 0.3% carbon, about
0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to about 3.0% molybdenum, and 0%

to about 0.5% titanium, the balance essentially iron and incidental elements and impurities.

2. The alloy of claim 1, wherein the alloy comprises, by weight, about 12.0% to about 14.1%
chromium, about 0.3% to about 1.7% nickel, about 0.2% to about 0.5% copper, about 0.1% to
about 0.2% carbon, about 0.04% to about 0.06% niobium, 0% to about 3.0% cobalt, 0% to
about 1.5% molybdenum, and 0% to about 0.1% titanium, the balance essentially iron and

incidental elements and impurities.

3. The alloy of claim 1, wherein the alloy has nitrogen solubility of about 0.25% to about
0.40%.

4. The alloy of claim 3, wherein the alloy has a ratio of nitrogen to carbon, by weight, of 1.5 to

3.5.

5. The alloy of claim 4, wherein the sum of the nitrogen and carbon content of the alloy is, by

weight, about 0.35% to about 0.65%.

6. The alloy of claim 1, wherein the alloy has a core d-ferrite solvus temperature of at least

1180°C.

7. The alloy of claim 1, wherein the alloy has a case martensite start temperature of at least

145°C.

8. The alloy claim 1, wherein the alloy has a case hardness of at least 60 HRC, measured

according to ASTM E384 and ASTM E140.
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9. The alloy of claim 1, wherein the alloy has an ultimate tensile strength of at least 180 ksi,

measured according to ASTM ES.

10. The alloy of claim 1, wherein the alloy has a 0.2% offset yield strength of at least 140 ksi,
measured according to ASTM ES.
11. The alloy of claim 1, wherein the alloy has a fracture toughness of at least 50 ksi*in'?,

measured according to ASTM E399.

12. The alloy of claim 1, wherein the alloy comprises precipitates of a bee-copper phase and
nitride precipitates enriched with transition metals, wherein the nitride precipitates nucleate on
the bee-copper phase, and comprise at least one metal selected from the group consisting of

chromium, molybdenum, vanadium, and iron.

13. The alloy of claim 1, wherein the average grain width of the alloy is 10 microns to 100

microns, measured according to ASTM E112.

14. The alloy of claim 1, wherein the alloy is selected from the group consisting of:

an alloy comprising about 12.4% chromium, about 1.4% nickel, about 0.3% copper,
about 0.14% carbon, about 0.05% niobium, about 2.8% cobalt, about 1.5% molybdenum, and
about 0.006% titanium,;

an alloy comprising about 12.0% chromium, about 1.7% nickel, about 0.3% copper,
about 0.2% carbon, about 0.04% niobium, about 1.5% molybdenum, and about 0.01%
titanium;

an alloy comprising about 12.9% chromium, about 1.3% nickel, about 0.4% copper,
about 0.1% carbon, about 0.05% niobium, about 3.0% cobalt, about 1.3% molybdenum, and
about 0.008% titanium,;

an alloy comprising about 13.9% chromium, about 1.2% nickel, about 0.3% copper,
about 0.12% carbon, about 0.05% niobium, about 3.0% cobalt, about 0.9% molybdenum, and

about 0.02% titanium,;
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an alloy comprising about 14.1% chromium, about 0.4% nickel, about 0.3% copper,
about 0.14% carbon, about 0.04% niobium, about 1.6% cobalt, about 0.02% molybdenum, and

about 0.01% titanium.

15. A method for producing an alloy comprising:

preparing a melt that includes, by weight, about 11.5% to about 14.5% chromium,
about 0.1% to about 3.0% nickel, about 0.1% to about 1.0% copper, about 0.1% to about 0.3%
carbon, about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to about 3.0%
molybdenum, and 0% to about 0.5% titanium, the balance essentially iron and incidental

elements and impurities.

16. The method of claim 15, wherein the melt is produced by Vacuum Induction Melting

(VIM) followed by Vacuum Arc Remelting (VAR) into ingots.

17. The method of claim 16, further comprising: homogenizing the ingots at 1100°C for 24
hours; homogenizing the ingots at 1150°C for 24 hours; hot rolling the ingots at 1150°C into
plates of specified thickness; normalizing the hot rolled plates at 1000°C for 1 hour; treating
the hot rolled plates with cooling air; annealing at 625°C for 8§ hours; and cooling to room

temperature in air.

18. The method of claim 15, further comprising solution nitriding at 1100°C.

19. A manufactured article comprising an alloy that includes, by weight, about 11.5% to about
14.5% chromium, about 0.1% to about 3.0% nickel, about 0.1% to about 1.0% copper, about
0.1% to about 0.3% carbon, about 0.01% to about 0.1% niobium, 0% to about 5% cobalt, 0% to
about 3.0% molybdenum, and 0% to about 0.5% titanium, the balance essentially iron and

incidental elements and impurities.

20. The article of claim 19, wherein the article is at least one of an aircraft engine bearing, or a

lift fan gearbox bearing.
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