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(54) Methods for processing nanostructured ferritic alloys and articles produced thereby

(57) A formed article comprising a nanostructured
ferritic alloy is provided. Advantageously, the article is
not formed via extrusion, and thus, cost savings are pro-
vided. Methods are also provided for forming the article,
and the articles so produced, exhibit sufficient continuous
cycle fatigue crack growth resistance and hold time fa-
tigue crack growth resistance to be utilized as turboma-
chinery components, and in particular, large, hot section
components of a gas or steam turbine engines. In other
embodiments, a turbomachinery component comprising
an NFA is provided, and in some such embodiments, the
turbomachinery component may be extruded.
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Description

BACKGROUND

[0001] The present disclosure relates to nanostruc-
tured ferritic alloys (NFAs), and more particularly, meth-
ods for processing the same so that articles comprising
the NFAs and so processed are suitable for use in chal-
lenging environments.
[0002] Gas turbines operate in extreme environments,
exposing the turbine components, especially those in the
turbine hot section, to high operating temperatures and
stresses. In order for the turbine components to endure
these conditions, they are necessarily manufactured
from a material capable of withstanding these severe
conditions. Superalloys have been used in these de-
manding applications because they maintain their
strength at up to 90% of their melting temperature and
have excellent environmental resistance. Nickel-based
superalloys, in particular, have been used extensively
throughout gas turbine engines, e.g., in turbine blade,
nozzle, wheel, spacer, disk, spool, blisk, and shroud ap-
plications. However, designs for improved gas turbine
performance require alloys with even higher temperature
capability.
[0003] Nickel base superalloys used in heavy-duty tur-
bine components require specific processing steps in or-
der to achieve the desired mechanical properties. This
process, referred to as a cast and wrought (C&W) ap-
proach begins with three melting operations: vacuum in-
duction melting (VIM), electroslag remelting (ESR), and
vacuum arc remelting (VAR). The initial VIM operation
mixes the elements together forming the alloy of interest;
however, significant impurities and macro scale chemical
segregation are present. The subsequent ESR and VAR
steps are required to produce a chemically pure, homo-
geneous ingot. The grains of the resulting VAR ingot are
too coarse to yield the necessary mechanical properties.
As a result, the ingot is broken down via a double upset
and draw operation resulting in the recrystallization and
refinement of the nickel base superalloy structure. Finally
the billet is forged and machined into its final desired
shape.
[0004] Nanostructured ferritic alloys (NFAs) are an
emerging class of alloys that exhibit exceptional high
temperature properties, thought to be derived from na-
nometer-sized oxide clusters that precipitate during hot
consolidation following a mechanical alloying step.
These oxide clusters are present to high temperatures,
providing a strong, stable, microstructure during service.
Unlike many nickel base superalloys that require the
C&W process to be followed to obtain necessary prop-
erties, NFAs are manufactured via a different processing
route. Like the C&W process, the alloy chemistry is cre-
ated via a VIM operation. However, following the initial
melting, the NFA is atomized and collected as solid pow-
der particles. These powder particles are then combined
with an oxide additive and milled in the presence of steel

shot until the oxide addition dissolves in the metal matrix.
The ESR and VAR steps are not required.
[0005] In order for any material to be optimally useful
in, e.g., large hot section components of heavy duty turbo
machinery, it may also desirably exhibit both an accept-
able continuous cycle fatigue crack growth rate as well
as an acceptable hold time fatigue crack growth rate.
Such a material may also desirably be utilized for smaller
turbomachinery components, e.g., discs for use in jet en-
gines, which likely have a different set of desired or re-
quired properties. Any such alloy will also desirably be
capable of being manufactured into the desired article
utilizing a less energy intensive and/or time consuming
process, than the conventional cast and wrought proc-
ess.

BRIEF DESCRIPTION

[0006] In one aspect, there is provided a formed article
comprising a nanostructured ferritic alloy, wherein the
article is not formed via extrusion.
[0007] A turbomachinery component comprising a na-
nostructured ferritic alloy is also provided.
[0008] In another aspect, a method of forming a tur-
bomachinery component comprising a nanostructured
ferritic alloy is provided. The method does not comprise
extrusion.
[0009] In yet another aspect a method of forming a
turbomachinery component comprising a nanostruc-
tured ferritic alloy is provided. The method comprises
melting the nanostructured ferritic alloy via vacuum in-
duction melting, atomizing the nanostructured ferritic al-
loy melt, sieving the atomized powder, milling the atom-
ized powder in the presence of an oxide until the oxide
is dissolved into the metal matrix, and canning and hot
isostatic pressing the powder under an inert environment.

DRAWINGS

[0010] These and other features, aspects, and advan-
tages of the present invention will become better under-
stood when the following detailed description is read with
reference to the accompanying drawings in which like
characters represent like parts throughout the drawings,
wherein
[0011] FIG. 1 is a schematic illustration of one embod-
iment of the method provided herein.

DETAILED DESCRIPTION

[0012] Unless defined otherwise, technical and scien-
tific terms used herein have the same meaning as is com-
monly understood by one of skill in the art to which this
invention belongs. The terms "first", "second", and the
like, as used herein do not denote any order, quantity, or
importance, but rather are used to distinguish one ele-
ment from another. Also, the terms "a" and "an" do not
denote a limitation of quantity, but rather denote the pres-
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ence of at least one of the referenced item, and the terms
"front", "back", "bottom", and/or "top", unless otherwise
noted, are merely used for convenience of description,
and are not limited to any one position or spatial orien-
tation. If ranges are disclosed, the endpoints of all ranges
directed to the same component or property are inclusive
and independently combinable (e.g., ranges of "up to
about 25 wt.%, or, more specifically, about 5 wt.% to
about 20 wt.%," is inclusive of the endpoints and all in-
termediate values of the ranges of "about 5 wt.% to about
25 wt.%," etc.). The modifier "about" used in connection
with a quantity is inclusive of the stated value and has
the meaning dictated by the context (e.g., includes the
degree of error associated with measurement of the par-
ticular quantity).
[0013] There are provided herein formed articles com-
prising a nanostructured ferritic alloy, wherein the article
is not formed via extrusion. It has now been surprisingly
discovered that formed articles can be made from such
alloys without an extrusion step, which is advantageous
because extrusion limits the final part geometry size. That
is, the extrusion step requires a cross sectional area re-
duction, which limits the part diameter to a size that pre-
cludes articles for use in many applications.
[0014] In other embodiments, the present invention in-
cludes smaller components that may be formed by ex-
trusion, if desired. For example, components for use in
aerospace applications may advantageously be formed
from NFAs, in which case, the NFAs may provide the
components with properties desirable in such applica-
tions, and not achievable with conventional nickel-based
alloys.
[0015] Whether formed by extrusion, hot isostatic
pressing, hot isostatic pressing and forging, or roll com-
paction, the formed articles comprise at least one nanos-
tructured ferritic alloy (NFA). NFAs are an emerging class
of alloys comprised of a stainless steel matrix that is dis-
persion strengthened by a very high density, i.e., at least
about 10 18 m-3, or at least about 1020 m-3, or even at
least about 1022 m-3 of nm-scale, i.e., from about 1 nm
to about 100 nm, or from about 1 nm to about 50 nm, or
from about 1 nm to about 10 nm, nanofeatures (NFs)
comprising Ti-O and at least one other element from the
oxide used to prepare the NFA or the alloy matrix. For
example, yttrium oxide, aluminum oxide, zirconium ox-
ide, hafnium oxide may be used to prepare the NFA, in
which case, the nanofeatures may comprise yttrium (Y),
aluminum (Al), zirconium (Z), hafnium (Hf) or combina-
tions of these. Transition metals, such as Fe, Cr, Mo, W,
Mn, Si, Nb, Al, Ni, or Ta from the alloy matrix can also
participate in the creation of the nanofeatures.
[0016] In contrast, conventional oxide dispersion
strengthened (ODS) alloys generally contain refined, but
larger, equilibrium oxide phases, and, the oxide additive
is stable throughout the powder metallurgy process, i.e.,
if yttrium oxide were added to the matrix alloy, ytrrium
oxide would be present after the alloying step and there
would be no significant formation of the nanofeatures

(NFs) described above. In an NFA, the majority, if not
substantially all, of the added oxide is dissolved into the
alloy matrix during powder attrition and participates in
the formation of the aforementioned nanofeatures when
the powder is raised in temperature during the compac-
tion process. As described above, the new oxide in the
NFA may comprise the transition metals present in the
base alloy as well as the metallic element(s) of the initial
oxide addition.
[0017] While the NFA stainless steel matrix is most
often a ferritic stainless steel; martensitic, duplex, and
austenitic stainless steels are also potential matrix alloys.
Altering the steel matrix phase may allow for improved
control over environmental resistance and material duc-
tility.
[0018] Any NFA can be formed into the disclosed ar-
ticle. Desirably, the NFA may comprise chromium. Chro-
mium can be important for ensuring corrosion resistance,
and may thus be included in the NFA in amounts of at
least about 5 wt%, or at least about 9 wt%. Amounts of
up to about 30 wt% or up to about 20 wt% or up to about
14 wt% can be included. Advantageously, both chromium
and iron, the basis of the NFA, are readily available and
relatively low in cost, in particular as compared to nickel-
based superalloys which the NFAs may replace in some
applications.
[0019] The NFA may also desirably include amounts
of titanium. Titanium may participate in the formation of
the precipitated oxide, and so, amounts of titanium of
from about 0.1 wt% to about 2 wt%, or from about 0.1
wt% to about 1 wt% or from about 0.1 wt% to about 0.5
wt%, are desirably included in the NFA.
[0020] The NFA further desirably comprises the na-
nofeatures described above, in number densities of at
least about 1018 m-3, or at least about 1020 m-3, or even
at least about 1022 m-3. The composition of the nanofea-
ture(s) will depend upon the oxide utilized to prepare the
NFA and/or the alloy matrix. Typically, the nanofeatures
comprise Ti-O and at least one of Y, Al, Zr, Hf, Fe, Cr,
Mo, W, Mn, Si, Nb, Al, Ni, or Ta.
[0021] One exemplary NFA suitable for use in the for-
mation of the article may comprise from about 5 wt% to
about 30 wt% chromium, from about 0.1 wt% to about 2
wt% titanium, from about 0 wt% to about 5 wt% molyb-
denum, from about 0 wt% to about 5 wt% tungsten, from
about 0 wt% to about 5 wt% manganese, from about 0
wt% to about 5 wt% silicon, from about 0 wt% to about
2 wt% niobium, from about 0 wt% to about 2 wt% alumi-
num, from about 0 wt% to about 8 wt% nickel, from about
0 wt% to about 2 wt% tantalum, from about 0 wt% to
about 0.5 wt% carbon, and from about 0 wt% to about
0.5 wt% nitrogen, with the balance being iron and inci-
dental impurities; and a number density of at least about
1018 m-3 nanofeatures comprising Ti-O and at least one
element from the oxide added during preparation of the
NFA or from the alloy matrix
[0022] In other embodiments, the NFA may comprise
from about 9 wt% to about 20 wt% chromium, from about
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0.1 wt% to about 1 wt% titanium, from about 0 wt% to
about 4 wt% molybdenum, from about 0 wt% to about 4
wt% tungsten, from about 0 wt% to about 2.5 wt% man-
ganese, from about 0 wt% to about 2.5 wt% silicon, from
about 0 wt% to about 1 wt% niobium, from about 0 wt%
to about 1 wt% aluminum, from about 0 wt% to about 4
wt% nickel, from about 0 wt% to about 1 wt% tantalum,
from about 0 wt% to about 0.2 wt% carbon, and from
about 0 wt% to about 0.2 wt% nitrogen, with the balance
being iron and incidental impurities; and a number den-
sity of at least about 10 20 m-3 nanofeatures comprising
Ti-O and at least one element from the oxide added dur-
ing preparation of the NFA or from the alloy matrix.
[0023] In yet other embodiments, the NFA may com-
prise from about 9 wt% to about 14 wt% chromium, from
about 0.1 wt% to about 0.5 wt% titanium, from about 0
wt% to about 3 wt% molybdenum, from about 0 wt% to
about 3 wt% tungsten, from about 0 wt% to about 1 wt%
manganese, from about 0 wt% to about 1 wt% silicon,
from about 0 wt% to about 0.5 wt% niobium, from about
0 wt% to about 0.5 wt% aluminum, from about 0 wt% to
about 2 wt% nickel, from about 0 wt% to about 0.5 wt%
tantalum, from about 0 wt% to about 0.1 wt% carbon,
and from about 0 wt% to about 0.1 wt% nitrogen, with
the balance being iron and incidental impurities; wherein
the NFA comprises a number density of at least about
1022 m-3 nanofeatures comprising Ti-O and at least one
element from the oxide added during preparation of the
NFA or from the alloy matrix.
[0024] The formed article may be any article desirably
comprising the properties conferred thereto by the NFA.
One exemplary class of articles that may find particular
benefit from application of the principles described herein
comprises turbomachinery components, and in particu-
lar, those that experience high temperatures during use.
[0025] Nickel-based superalloys strengthened with a
gamma prime or gamma double prime phase have con-
ventionally been used in these applications. For example,
heavy duty turbine wheels strengthened with gamma
double prime currently see maximum operating temper-
atures in the range of 1000°F to 1100°F. However, as
the temperature is increased above 1100°F, the hold time
crack growth resistance of many gamma double prime
strengthened nickel-based superalloys does not meet
design requirements for heavy duty turbine wheels. As
a result, efficiency gains and CO2 reductions that can
only be realized by higher operating temperatures are
not achievable due to nickel-based superalloy material
property limitations.
[0026] And so, in some embodiments, the formed ar-
ticle may advantageously comprise a large, hot section
component of a heavy duty gas turbine or steam turbine.
Such articles, and wheels and spacers in particular, are
typically in excess of 60 inches or more in diameter and
cannot be formed via extrusion.
[0027] In such embodiments, i.e., wherein the formed
article comprises a heavy duty turbine wheel to be man-
ufactured from a single alloy via hot isostatic pressing,

hot isostatic pressing and forging or roll compaction, the
alloy used needs to be able to withstand varying condi-
tions based on the position within the wheel. When the
rim is operating in excess of 1100°F, the bore can be
operating at temperatures up to 900°F. At this tempera-
ture, the alloy must be capable of withstanding tensile
stresses of approximately 120 ksi, importantly while also
exhibiting sufficient fatigue crack growth resistance in all
locations.
[0028] It has now been surprisingly discovered that
NFAs can be utilized in such applications, and can pro-
vide the desired and/or required rim and bore properties.
More specifically, the article comprising the NFA can ex-
hibit a continuous cycle fatigue crack growth rate at
1000°F at a stress intensity factor (k) of 45 ksi*in0.5 of
less than about 1.20E-4 in/cycle, or even less than about
9.03E-5 in/cycle, as measured by ASTM E647. And, the
article comprising the NFA can exhibit hold time fatigue
crack growth rate at 1000°F at a k of 45 ksi*in0.5 of less
than about 1.80E-3 in/hr, or even less than about 1.35E-3

in/hr, as measured by ASTM E1457.
[0029] Advantageously, the articles described are not
formed via conventional cast and wrought processes,
and so, time savings are provided. In some embodi-
ments, the articles are not formed via a process compris-
ing extrusion, and so, the final part size is not particularly
limited. In other embodiments, such as aerospace turbine
applications, wherein the components requiring the prop-
erties that can be provided by an NFA may typically be
smaller than those used in heavy duty turbine applica-
tions, the components may advantageously be extruded.
[0030] In those embodiments wherein the articles are
formed without extrusion, the articles provided herein can
be formed by first melting the NFA via vacuum induction
melting (VIM). Vacuum induction melting results in all
elemental species being melted and mixed together,
forming the alloy of interest. To do so, the elements of
interest are charged into a vacuum induction melting fur-
nace and heated until the mixture becomes molten. The
conditions required to do so will depend upon the ele-
ments desirably utilized, and those of skill in the art will
be readily able to determine the same.
[0031] A bottom pore vacuum induction melting sys-
tem may be used, so that the molten metal falls through
an inert gas atomizer. The atomizer may utilize any inert
gas, but most often Ar, N, or He is used. In some em-
bodiments, argon is utilized. This gas atomizer generates
powder particles that cool in flight and are collected once
they are completely solid and/or frozen.
[0032] While still under cover of inert gas, the atomized
powder is then sieved to a final powder cut. Typically,
such powder cuts are made in order to reduce the particle
size distribution, to improve packing densities and re-
move any large impurities. The powder is transferred to
an attrition vessel while continuing to maintain inert gas
coverage. In addition to the atomized powder, the desired
oxide and steel shot is added to the attrition vessel. Any
oxide may be utilized in any amount, although typically,

5 6 



EP 2 335 849 A1

5

5

10

15

20

25

30

35

40

45

50

55

yttrium oxide, alumina oxide, zirconium oxide, hafnium
oxide are utilized in amounts of 1 wt% or less, based
upon the total weight of the NFA. The steel shot, typically
5 mm, is added such that the shot to powder ratio is about
10:1 by mass. The powders are then milled until the de-
sired oxide has been dissolved into the metal matrix. The
milling time may vary based upon the oxide selected, and
may typically be greater than 10 hours.
[0033] The powder is unloaded from the attritor under
inert gas coverage and the steel shot is removed. Once
the steel shot is removed, the powder is loaded into a
container (or can) for hot isostatic pressing (HIP). The
can is then evacuated at room temperature, until an ac-
ceptable leak back rate is reached. The can is then heat-
ed, e.g., to about 550°F and again evacuated, e.g., until
an acceptable leak back rate is reached at temperature.
[0034] Once evacuated and sealed, the powder is then
consolidated via hot isostatic pressing. More particularly,
the can is hot isostatic pressed at the appropriate condi-
tions based upon the NFA desirably consolidated, such
conditions typically including a pressure of at least about
20 ksi, or even 30 ksi, at a temperature of at least about
900°C, or 1000°C, or 1100°C, or greater, for at least about
1 hour, or 2 hours, or 3 hours, or 4 hours, or greater. After
hot isostatic pressing, the nanostructured ferritic alloy is
expected to have a density that is greater than 95% of
theoretical density.
[0035] In some embodiments, the HIP can may be re-
heated to a temperature of about 1000°C, or 1100°C, or
1200°C then transferred to an open die forging press and
the height of the can reduced by at least about 30%, or
at least about 40%, or at least about 50%. The can is
removed from the forging press and re-heated until the
entire can is once again at a temperature of about
1000°C, or 1100°C, or 1200°C. The can is then trans-
ferred to the open die forging press and is upset, i.e., the
height of the can reduced, by at least about 30%, or at
least about 40% or at least about 50%, a second time.
The forged material is then allowed to air cool. After forg-
ing, the nanostructured ferritic alloy has a density that is
greater than 98% of theoretical density. Once cool, in
some embodiments, the present articles may be ma-
chined from the forging to provide the desired article.
[0036] Alternatively, the article may be formed via roll
compaction. In such embodiments, once the steel balls
have been removed following milling, and the powder
sieved, if desired, the powder may be fed into a rolling
mill where the powder is compacted into sheets. The
sheets of metal may then be sintered to create a dense
body. In some embodiments, the sintered sheet may then
be subjected to multiple rolling and sintering operations.
[0037] FIG. 1 schematically illustrates one embodi-
ment of the method provided. More particularly, method
100 comprises a first step 102 of vacuum induction melt-
ing of the elements of the NFA. The elements of interest
are charged into a vacuum induction melting furnace and
heated until the mixture becomes molten. A bottom pore
vacuum induction melting system may be used, so that

the molten metal falls through an inert gas atomizer.
[0038] In a second step 104, the molten metal is sub-
jected to powder atomization and attrition. The atomiza-
tion step generates powder particles that cool in flight
and are collected once they are solid. The atomized pow-
der is then sieved, or attrited, at step 106 [more detail
here, and in particular, about the powder cuts] and the
sieved powder milled in the presence of an oxide until
the oxide is dissolved into the metal matrix.
[0039] The powder is then loaded into a container,
evacuated, and then consolidated via hot isostatic press-
ing at step 108. After hot isostatic pressing, the nanos-
tructured ferritic alloy is expected to have a density that
is greater than 95% of theoretical density. Alternatively,
the powder may be consolidated using roll compaction,
as described above.
[0040] The resulting consolidated billet is then option-
ally forged at step 110 and machined at step 112. After
forging, the nanostructured ferritic alloy may have a den-
sity that is greater than 98% of theoretical density.
[0041] The following examples, which are meant to be
exemplary and non-limiting, illustrate compositions and
methods of manufacturing some of the various embodi-
ments of articles comprising some embodiments of the
NFAs provided herein.

Example 1

[0042] A vacuum induction melting furnace is charged
with the following composition: Fe-14Cr-0.4Ti-3W-
0.5Mn-0.5Si (wt %). Once the alloy is molten and well
mixed, it is atomized via argon gas. While still under inert
gas coverage, the powder is sieved to a final cut size of
+325/-100 and sealed in a container. The powder is trans-
ferred to an attrition vessel while continuing to maintain
inert gas coverage. In addition to the atomized powder,
0.25 weight percent of yttrium oxide and 5 mm steel shot
is added to the attrition vessel. The steel shot is added
such that the shot to powder ratio is 10:1 by mass. The
powders are then milled for approximately 12 hours or
until the yttrium oxide has been dissolved into the metal
matrix. The powder is unloaded from the attritor under
inert gas coverage and the steel shot is removed. Once
the steel shot is removed, the powder is loaded into a
container (or can) for hot isostatic pressing (HIP). The
can is then evacuated at room temperature until a leak
back rate of 15 microns/hour or better is reached. The
can is then heated to 300°C and evacuated until a leak
back rate of 15 microns/hour or better is reached at tem-
perature. Once evacuated and sealed, the HIP can is
then HIP’d at 30 ksi for 4 hours at a temperature of
1150°C.
[0043] Following HIP’ing, the still canned material is
heated in a furnace with flowing argon to a temperature
of 1150°C. The can is transferred to an open die forging
press and the height is reduced by 50% at a displacement
rate of 1 in/min. The can is removed from the forging
press and re-heated in a furnace for one hour or until the
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entire can is once again at a temperature of 1150°C. The
can is then transferred to the open die forging press and
is upset by 50% a second time at a displacement rate of
1 in/min. The forged material is then allowed to air cool.
[0044] Once cool, mechanical test specimens are ma-
chined from the forging. In particular, compact tension C
(T) specimens are machined out in a R-C orientation.
The C(T) specimens conform to the geometry specified
in ASTM E647, appendix A1. Cyclic crack growth rate
tests are performed in accordance with ASTM E647 and
creep crack growth rate tests are performed in accord-
ance with ASTM E1457.
[0045] For completeness, various aspects of the in-
vention are now set out in the following numbered claus-
es:

1. A formed article comprising a nanostructured fer-
ritic alloy, wherein the article is not formed via extru-
sion.

2. The article of clause 1, formed by hot isostatic
pressing.

3. The article of clause 2, formed by hot isostatic
pressing and forging.

4. The article of clause 1, formed by roll compaction.

5. The article of clause 1, wherein the nanostructured
ferritic alloy comprises from about 5 wt% to about 30
wt% chromium, from about 0.1 wt% to about 2 wt%
titanium, from about 0 wt% to about 5 wt% molyb-
denum, from about 0 wt% to about 5 wt% tungsten,
from about 0 wt% to about 5 wt% manganese, from
about 0 wt% to about 5 wt% silicon, from about 0
wt% to about 2 wt% niobium, from about 0 wt% to
about 2 wt% aluminum, from about 0 wt% to about
8 wt% nickel, from about 0 wt% to about 2 wt% tan-
talum, from about 0 wt% to about 0.5 wt% carbon,
and from about 0 wt% to about 0.5 wt% nitrogen,
with the balance being iron and incidental impurities;
and a number density of at least about 1018 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

6. The article of clause 5, wherein the nanostructured
ferritic alloy comprises from about 9 wt% to about 20
wt% chromium, from about 0.1 wt% to about 1 wt%
titanium, from about 0 wt% to about 4 wt% molyb-
denum, from about 0 wt% to about 4 wt% tungsten,
from about 0 wt% to about 2.5 wt% manganese, from
about 0 wt% to about 2.5 wt% silicon, from about 0
wt% to about 1 wt% niobium, from about 0 wt% to
about 1 wt% aluminum, from about 0 wt% to about
4 wt% nickel, from about 0 wt% to about 1 wt% tan-
talum, from about 0 wt% to about 0.2 wt% carbon,
and from about 0 wt% to about 0.2 wt% nitrogen,

with the balance being iron and incidental impurities;
and a number density of at least about 1020 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

7. The article of clause 6, wherein the nanostructured
ferritic alloy comprises from about 9 wt% to about 14
wt% chromium, from about 0.1 wt% to about 0.5 wt%
titanium, from about 0 wt% to about 3 wt% molyb-
denum, from about 0 wt% to about 3 wt% tungsten,
from about 0 wt% to about 1 wt% manganese, from
about 0 wt% to about 1 wt% silicon, from about 0
wt% to about 0.5 wt% niobium, from about 0 wt% to
about 0.5 wt% aluminum, from about 0 wt% to about
2 wt% nickel, from about 0 wt% to about 0.5 wt%
tantalum, from about 0 wt% to about 0.1 wt% carbon,
and from about 0 wt% to about 0.1 wt% nitrogen,
with the balance being iron and incidental impurities;
and a number density of at least about 1022 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

8. The article of clause 5, 6 or 7, wherein the at least
one element comprises Y, Al, Zr, Hf, Fe, Cr, Mo, W,
Mn, Si, Nb, Al, Ni, or Ta.

9. The article of clause 8, wherein the at least one
element comprises Y, Al, Hf, or Zr.

10. The article of clause 1, comprising a turboma-
chinery component.

11. The article of clause 10, comprising a large hot
section component of a heavy duty gas turbine or
steam turbine.

12. The article of clause 11, comprising a wheel.

13. The article of clause 11, comprising a spacer.

14. The article of clause 1, having a continuous cycle
fatigue crack growth rate at 1000°F at a k of 45
ksi*in0.5 of less than about 1.20E-4 in/cycle.

15. The article of clause 14, having a continuous
cycle fatigue crack growth rate at 1000°F at a k of
45 ksi*in0.5of less than about 9.03E-5 in/cycle.

16. The article of clause 1, having a hold time fatigue
crack growth rate at 1000°F at a k of 45 ksi*in0.5 of
less than about 1.80E-3 in/hr.

17. The article of clause 16, having a hold time fa-
tigue crack growth rate at 1000°F at a k of 45 ksi*in0.5

of less than about 1.35E-3 in/hr.
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18. A turbomachinery component comprising a na-
nostructured ferritic alloy.

19. The turbomachinery component of clause 18,
useful in energy applications.

20. The turbomachinery component of clause 19,
comprising a wheel.

21. The turbomachinery component of clause 19,
comprising a spacer.

22. The turbomachinery component of claim 18, use-
ful in aerospace applications.

23. The turbomachinery component of clause 22,
comprising a disc.

24. A method of forming a turbomachinery compo-
nent comprising a nanostructured ferritic alloy,
wherein the method does not comprise extrusion.

25. A method of forming a turbomachinery compo-
nent comprising a nanostructured ferritic alloy, com-
prising the steps:

melting the nanostructured ferritic alloy via vac-
uum induction melting;

atomizing the nanostructured ferritic alloy melt;

milling the atomized powder in the presence of
an oxide until the oxide is dissolved into the met-
al matrix; and

canning and hot isostatic pressing the powder
under an inert environment.

26. The method of clause 25, wherein the atomiza-
tion comprises gas atomization, water atomization,
rotating electrode atomization, or combinations of
these.

27. The method of clause 25, wherein the oxide com-
prises yttrium oxide, alumina oxide, zirconia oxide,
hafnium oxide or combinations of these.

28. The method of clause 25, wherein, after hot iso-
static pressing, the nanostructured ferritic alloy has
a density that is greater than 95% of theoretical den-
sity.

29. The method of clause 25, further comprising forg-
ing the nanostructured ferritic alloy and wherein after
forging, the nanostructured ferritic alloy has a density
that is greater than 98% of theoretical density.

30. The method of clause 29, further comprising ma-

chining the forged NFA.

31. The method of clause 25, wherein the turboma-
chinery component exhibits a continuous cycle fa-
tigue crack growth rate at 1000°F at a k of 45 ksi*in0.5

of less than about 1.20E-4 in/cycle.

32. The method of clause 31, wherein the turboma-
chinery component exhibits a continuous cycle fa-
tigue crack growth rate at 1000°F at a k of 45 ksi*in0.5

of less than about 9.03E-5 in/cycle.

33. The method of clause 25, wherein the turboma-
chinery component exhibits a hold time fatigue crack
growth rate at 1000°F at a k of 45 ksi*in0.5of less
than about 1.80E-3 in/hr.

34. The method of clause 33, wherein the turboma-
chinery component exhibits a hold time fatigue crack
growth rate at 1000°F at a k of 45 ksi*in0.5 of less
than about 1.35E-3 in/hr.

Claims

1. A formed article comprising a nanostructured ferritic
alloy, wherein the article is not formed via extrusion.

2. The article of claim 1, wherein the nanostructured
ferritic alloy comprises from about 5 wt% to about 30
wt% chromium, from about 0.1 wt% to about 2 wt%
titanium, from about 0 wt% to about 5 wt% molyb-
denum, from about 0 wt% to about 5 wt% tungsten,
from about 0 wt% to about 5 wt% manganese, from
about 0 wt% to about 5 wt% silicon, from about 0
wt% to about 2 wt% niobium, from about 0 wt% to
about 2 wt% aluminum, from about 0 wt% to about
8 wt% nickel, from about 0 wt% to about 2 wt% tan-
talum, from about 0 wt% to about 0.5 wt% carbon,
and from about 0 wt% to about 0.5 wt% nitrogen,
with the balance being iron and incidental impurities;
and a number density of at least about 1018 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

3. The article of claim 2, wherein the nanostructured
ferritic alloy comprises from about 9 wt% to about 20
wt% chromium, from about 0.1 wt% to about 1 wt%
titanium, from about 0 wt% to about 4 wt% molyb-
denum, from about 0 wt% to about 4 wt% tungsten,
from about 0 wt% to about 2.5 wt% manganese, from
about 0 wt% to about 2.5 wt% silicon, from about 0
wt% to about 1 wt% niobium, from about 0 wt% to
about 1 wt% aluminum, from about 0 wt% to about
4 wt% nickel, from about 0 wt% to about 1 wt% tan-
talum, from about 0 wt% to about 0.2 wt% carbon,
and from about 0 wt% to about 0.2 wt% nitrogen,
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with the balance being iron and incidental impurities;
and a number density of at least about 1020 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

4. The article of claim 3, wherein the nanostructured
ferritic alloy comprises from about 9 wt% to about 14
wt% chromium, from about 0.1 wt% to about 0.5 wt%
titanium, from about 0 wt% to about 3 wt% molyb-
denum, from about 0 wt% to about 3 wt% tungsten,
from about 0 wt% to about 1 wt% manganese, from
about 0 wt% to about 1 wt% silicon, from about 0
wt% to about 0.5 wt% niobium, from about 0 wt% to
about 0.5 wt% aluminum, from about 0 wt% to about
2 wt% nickel, from about 0 wt% to about 0.5 wt%
tantalum, from about 0 wt% to about 0.1 wt% carbon,
and from about 0 wt% to about 0.1 wt% nitrogen,
with the balance being iron and incidental impurities;
and a number density of at least about 1022 m-3 na-
nofeatures comprising Ti-O and at least one element
from an oxide added during formation of the NFA, or
from the alloy matrix.

5. The article of any one of claims 2 to 4, wherein the
at least one element comprises Y, Al, Zr, Hf, Fe, Cr,
Mo, W, Mn, Si, Nb, Al, Ni, or Ta.

6. The article of claim 5, wherein the at least one ele-
ment comprises Y, Al, Hf, or Zr.

7. The article of any preceding claim, comprising a tur-
bomachinery component.

8. The article of claim 7, comprising a large hot section
component of a heavy duty gas turbine or steam tur-
bine.

9. The article of claim 8, comprising a wheel or a spacer.

10. A method of forming a turbomachinery component
comprising a nanostructured ferritic alloy, wherein
the method does not comprise extrusion.

11. A method of forming a turbomachinery component
comprising a nanostructured ferritic alloy, compris-
ing the steps:

melting the nanostructured ferritic alloy via vac-
uum induction melting;
atomizing the nanostructured ferritic alloy melt;
milling the atomized powder in the presence of
an oxide until the oxide is dissolved into the met-
al matrix; and
canning and hot isostatic pressing the powder
under an inert environment.

12. The method of claim 11, wherein the atomization

comprises gas atomization, water atomization, ro-
tating electrode atomization, or combinations of
these.

13. The method of claim 11 or claim 12, wherein the
oxide comprises yttrium oxide, alumina oxide, zirco-
nia oxide, hafnium oxide or combinations of these.

14. The method of any one of claims 11 to 13, further
comprising forging the nanostructured ferritic alloy
and wherein after forging, the nanostructured ferritic
alloy has a density that is greater than 98% of theo-
retical density.

15. The method of claim 14, further comprising machin-
ing the forged NFA.
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