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NANOCRYSTALLINE ALLOY PENETRATORS

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Patent Application Serial No. 62/220,109, filed September 17, 2015 and entitled
“Nanocrystalline Alloy Penetrators,” which is incorporated herein by reference in its

entirety for all purposes.

TECHNICAL FIELD
Nanocrystalline alloy penetrators and related methods and munitions are

generally provided.

BACKGROUND
Munitions generally contain a core penetrator which is configured to impact and
penetrate a target after a propellant of the munition is activated. Penetrators are
generally made from relatively soft materials such as high strength steels which undergo
plastic deformation during impact and/or penetration. However, munitions which
contain materials that do not undergo such deformation remain elusive. Accordingly,

additional materials and methods would be desirable.

SUMMARY

The present disclosure describes nanocrystalline alloy penetrators. Related
methods and munitions are also described. According to certain embodiments, the alloy
penetrators comprise at least one of tungsten and chromium.

In one aspect, munitions are provided. In some embodiments, the munition
comprises a propellant contained within a cavity of the munition and a penetrator. In
certain embodiments, the penetrator comprises a nanocrystalline alloy comprising at least
one of W and Cr, wherein the nanocrystalline alloy has a cross-sectional average grain
size of less than or equal to about 100 nm. In some embodiments, the penetrator
comprises a nanocrystalline alloy comprising at least one of W and Cr, wherein the
nanocrystalline alloy does not contain iron or contains iron in an amount of less than 3.8

at%. In some embodiments, the penetrator comprises a nanocrystalline alloy comprising
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at least one of W and Cr, wherein the nanocrystalline alloy has grains with an aspect
ratio of less than about 2.

In another aspect, methods are provided. In some embodiments, the method
comprises associating, with a propellant, a penetrator comprising a plurality of sintered
nanocrystalline particulates that form a nanocrystalline alloy. In some embodiments,
before the nanocrystalline particulates are sintered, at least some of the nanocrystalline
particulates comprise a non-equilibrium phase comprising a first metal material and a
second metal material, and the first metal material is dissolved in the second metal
material. In certain embodiments, the total amount of the first metal material in the
nanocrystalline particulates is greater than the total amount of the second metal material
in the nanocrystalline particulates. In some embodiments, the sintering involves a first
sintering temperature, and the first sintering temperature is lower than a second sintering
temperature needed for sintering the first metal material in the absence of the second
metal material.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of
the invention when considered in conjunction with the accompanying figures. In cases
where the present specification and a document incorporated by reference include

conflicting and/or inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or nearly identical
component illustrated is typically represented by a single numeral. For purposes of
clarity, not every component is labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures:

FIG. 1A is a cross-sectional schematic diagram of a munition, according to some
embodiments;

FIG. 1B is, according to certain embodiments, a cross-sectional schematic

diagram of a munition;
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FIG. 1C is a cross-sectional schematic illustration of a firearm cartridge,
according to certain embodiments;

FIG. 1D is, according to some embodiments, a cross-sectional schematic
illustration of a kinetic energy penetrator munition;

FIG. 1E is a cross-sectional schematic illustration of a fragmenting round,
according to certain embodiments;

FIG. 2A is the phase diagram of Ti-W;

FIG. 2B is the phase diagram of V-W;

FIG. 3A is the phase diagram of Sc-W;

FIG. 3B is the phase diagram of Cr-W;

FIG. 4A is the phase diagram of Cr-Pd;

FIG. 4B is the phase diagram of Cr-Ni;

FIG. 5A is the ternary phase diagram of W-Cr-Fe at 1000 °C;

FIG. 5B is the ternary phase diagram of W-Ti-Ni at 1477 °C; and

FIG. 5C is the ternary phase diagram of W-Ni-Fe at 1465 °C.

DETAILED DESCRIPTION

Nanocrystalline alloy penetrators and related methods are generally provided. In
some embodiments, a munition comprises a nanocrystalline alloy penetrator. In certain
embodiments, the nanocrystalline alloy has particular properties (e.g., grain size, grain
isotropy, and/or one or more mechanical properties) such that the penetrator acts as a
rigid body kinetic penetrator. Certain of the penetrators described herein can be
produced relatively easily, for example, in a sintering process that requires little or no
applied pressure. Certain embodiments described herein take advantage of methods of
performing sintering such that undesired grain growth does not occur during the sintering
process.

The term “penetrator” as used herein generally refers to a projectile which is
configured to impact and penetrate a desired target. The munitions described herein
generally comprise a penetrator and a propellant (e.g., an explosive or other propellant).
The propellant can be configured to, upon activation of the propellant (e.g., explosion of
an explosive propellant), project the penetrator along a trajectory. The munition can be
configured, according to certain embodiments, such that when the propellant is activated,

the penetrator is projected such that it impacts and penetrates a target. Certain of the
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munitions described herein may be useful in a variety of applications including military
uses, mechanical impact testing of materials, and ballistic testing. Non-limiting
examples of munitions include firearm cartridges, shells, missiles, warheads, and
fragmenting rounds.

According to some, although not necessarily all embodiments, certain of the
penetrators described herein (e.g., comprising a nanocrystalline alloy) may offer one or
more advantages including, in some cases, rigid body penetration of a relatively hard
material such as cement (e.g., concrete), aluminum (e.g., an aluminum alloy) and/or
geomaterials (e.g., hard clay) at relatively high velocities (e.g., 1.0 km/s), as compared to
traditional penetrators which generally undergo plastic deformation during impact with
such materials. Penetrators and related materials and methods are described in more
detail, below.

Certain of the munitions described herein comprise a penetrator (e.g., comprising
a nanocrystalline alloy) and a propellant. Propellants are described in more detail,
below. In certain embodiments, the munition comprises a housing, described in more
detail below, although it should be understood that the housing is optional. For example,
in some embodiments, the munition does not include a housing, and the penetrator can
include a cavity in which the propellant is positioned.

The penetrator and the propellant can be associated with each other in a variety of
configurations. One such configuration of a munition is illustrated in FIG. 1A. In FIG.
1A, munition 100 comprises penetrator 110 associated with propellant 120. Munition
100 in FIG. 1A also includes housing 130.

FIG. 1B is a cross-sectional schematic illustration of another exemplary
munition. In FIG. 1B, munition 102 includes penetrator 110 associated with propellant
120 via housing 130. In FIG. 1B, a portion of penetrator 110 is exposed to the external
environment, and is not covered by housing 130.

FIG. 1C is a cross-sectional schematic illustration of another exemplary munition
104. In FIG. 1C, munition 104 includes penetrator 110 associated with propellant 120
via housing 130. Munition 104 illustrated in FIG. 1C can correspond to, for example, a
rifle cartridge. In some such embodiments, propellant 120 can comprise gun powder,
and penetrator 110 can correspond to a bullet. Housing 130 in FIG. 1C can correspond

to the casing of the cartridge, according to certain embodiments.
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FIG. 1D is a cross-sectional schematic illustration of another exemplary munition
106. In FIG. 1D, munition 106 includes penetrator 110 associated with propellant 120
via casing 131 and sabot 132. Together, casing 131 and sabot 132 can define housing
130. Munition 106 illustrated in FIG. 1D can correspond to, for example, a kinetic
energy penetrator munition.

FIG. 1E is a cross-sectional schematic illustration of another exemplary munition
108. Munition 108 of FIG. 1E comprises penetrator 110 and propellant 120 positioned
within a cavity of penetrator 110. Munition 108 of FIG. 1E can correspond to a
fragmenting round, according to certain embodiments. In some embodiments, munition
108 can include an optional housing, which can contact the penetrator and/or the
propellant. In other embodiments, munition 108 does not include a housing.

According to certain embodiments, the propellant is arranged such that it is in
direct contact with at least a surface of the penetrator. For example, as illustrated in FIG.
1D, propellant 120 and penetrator 110 are in direct contact (although they need not
necessarily be so). As another example, as illustrated in FIG. 1E, propellant 120 and
penetrator 110 are in direct contact (although they need not necessarily be so).

In certain embodiments, the propellant and the penetrator are separated by at least
one layer in direct physical contact with the penetrator and the propellant. For example,
as illustrated in FIGS. 1A-1C, penetrator 110 and propellant 120 are separated by layer
135, which is in direct contact with both penetrator 110 and propellant 120. Of course,
in other embodiments, the munitions in FIGS. 1A-1C can include penetrators and
propellants that are in direct contact with each other. In addition, while a single material
is illustrated as separating penetrator 110 and propellant 120 in FIGS. 1A-1C, in other
cases, multiple materials (e.g., a multi-layer arrangement of materials or another
arrangement of a material composite) may separate penetrator 110 and propellant 120.

According to certain embodiments, the munition comprises a cavity. In some
such embodiments, the propellant is contained within the cavity of the munition. For
example, in FIGS. 1A-1E, munition 100 comprises cavity 140, and propellant 120 is
contained within cavity 140. In some embodiments, the cavity containing the propellant
is defined, at least in part, by the housing of the munition. For example, in
FIGS. 1A-1D, housing 130 defines cavity 140, within which propellant 120 is contained.

In certain embodiments, the cavity containing the propellant is defined, at least in part,
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by the penetrator of the munition. For example, in FIGS. 1A-1D, penetrator 110 defines
cavity 140, within which propellant 120 is contained.

In some embodiments in which a housing is present, the penetrator may be at
least partially contained within the housing. In some such embodiments, a first portion
of the penetrator may be exposed, and a second portion of the penetrator may be
contained within the housing. For example, as shown in FIG. 1B, munition 102
comprises penetrator 110 is partially contained by housing 130. As another example, as
illustrated in FIG. 1D, munition 106 comprises penetrator 110, which is partially
contained by housing 130. In other embodiments, the penetrator is fully contained
within the housing. For example, as illustrated in FIG. 1A, munition 100 comprises
penetrator 110, which is fully contained within a cavity of housing 130. As another
example, as illustrated in FIG. 1C, munition 104 comprises penetrator 110, which is fully
contained within a cavity of housing 130.

In some cases, the munition comprises a plurality of penetrator portions arranged
in an array around a propellant. For example, referring to FIG. 1E, munition 108 can be
a fragmenting round. In some such embodiments, penetrator 110 comprises an array of
portions 112 arranged in an array around propellant 120. The penetrator portions can be
configured, according to certain embodiments, such that at least some of the portions are
mechanically separated from other portions upon activation (e.g., ignition) of the
propellant. Such configurations may be used, for example, when the munition is used as
a fragmenting round.

The housing, when present, generally contacts the propellant and the penetrator
of the munition. The housing may be used to maintain the relative position of the
propellant and the penetrator within the munition. As noted above, the housing can,
according to certain embodiments, include a cavity that contains the propellant. Also as
noted above, the housing may also contain at least a portion of the penetrator.

In some embodiments, the housing may be configured such that the munition
(including the propellant, the penetrator, and the housing) may be loaded into a device
for projecting the penetrator (e.g., a firearm).

When present, the layer separating the penetrator and the propellant can be part of
the housing. The layer separating the propellant and the penetrator may be made of the
same material as the rest of the housing, or it may be made from a different material from

the rest of the housing.
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According to certain embodiments, the housing is made of a single material. The
single material can be in the form of a unitary body, as illustrated, for example, in
FIGS. 1A-1C, or it may be arranged as a composite, with multiple pieces fitting together
to form the housing, as illustrated in FIG. 1D. In other embodiments, the housing is
made of multiple materials, which may be in the form of a unitary body or separable
components. In certain embodiments, the housing corresponds to a case of a firearm
cartridge or the packaging of a shell (e.g., an artillery shell). Those of ordinary skill in
the art would be capable of selecting suitable materials for the housing including, but not
limited to, brass, copper, steel, aluminum, polymers, paper, and combinations thereof. In
certain embodiments, the housing, the penetrator, and the propellant can together form at
least a portion of a firearm cartridge. In certain embodiments, the housing, the
penetrator, and the propellant can together form at least a portion of a shell munition.

In certain embodiments, the combined volume of the penetrator, the propellant,
and the housing, when assembled in the munition, is at least about 1 mm’ , at least about
5 rnrn3, at least about 10 rnrn3, at least about 0.1 crn3, at least about 0.5 crn3, at least about
0.8 crn3, or at least about 1 cm®. In some embodiments, the combined volume of the
penetrator, the propellant, and the housing, when assembled in the munition is less than
about 1 rn3, less than about 100 crn3, less than about 50 crn3, Iess than about 25 crn3, less
than about 10 cm’, or less than about 5 cm®. Combinations of these ranges are also
possible. The combined volume of the penetrator, the propellant, and the housing, when
assembled in the munition, may also have a volume outside these ranges. The combined
volume of the penetrator, the propellant, and the housing, when assembled in the
munition, is determined by measuring the volume of liquid water that is displaced when
the assembled penetrator, propellant, and housing are fully submerged in the liquid
water.

In certain embodiments, the penetrator, the propellant, and the optional housing
can be integrated with each other so as to form a single body. In some embodiments, the
penetrator and the propellant can be integrated with each other such that separating the
penetrator and the propellant cannot be achieved without fracturing or plastically
deforming the penetrator and/or an optional housing associated with the penetrator and
the propellant.

As described above, in some embodiments, the munition comprises a propellant.

Propellants are generally known in the art and may include any material suitable for
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projecting the penetrator and, in some cases, the housing. According to certain
embodiments, the propellant comprises an explosive. Those skilled in the art would be
capable of selecting suitable materials for the propellant based upon the desired
application and the teachings of this specification. Non-limiting examples of suitable
propellants include liquid propellant (such as gasoline), gunpowder, nitrocellulose,
cordite, ballistite, and composite propellants including powdered metal and an oxidizer
(e.g., ammonium perchlorate, ammonium nitrate).

The penetrators described herein generally comprise a nanocrystalline material
such as a nanocrystalline alloy. Nanocrystalline alloys (e.g., having nanocrystalline
grains) offer, according to certain but not necessarily all embodiments, one or more
advantages over alloys or materials used in traditional penetrators (e.g., having ultra-fine
or larger grains). For example, in some cases, the penetrators described herein can
provide rigid body penetration in relatively hard materials over a wide range of impact
velocities. Without wishing to be bound by any particular theory, nanocrystalline alloys
with relatively small grain sizes (e.g., in some cases, less than about 100 nm) can have a
relatively high number of grain boundaries which, in combination with appropriate
material selection, can make the penetrator particularly resistant to mechanical
deformation in penetration applications. In certain embodiments, the penetrator can be
projected at a 6061-T6511 Aluminum target, striking the target at a velocity of 1 km/s,
such that after the penetrator comes to rest after striking the target, the largest cross-
sectional dimension of the penetrator that was orthogonal to the target at impact is at
least about 95% (or at least about 98%, or at least about 99%) of its original value. In
some embodiments, the penetrator can be projected at a 6061-T6511 Aluminum target,
striking the target at a velocity of 1 km/s, such that after the penetrator comes to rest after
striking the target, the penetrator has a maximum width that is less than about 105% (or
less than about 102%, or less than about 101%) of the maximum width just prior to
striking the target. In some embodiments, the penetrator can be projected at a 6061-
T6511 Aluminum target, striking the target at a velocity of 1 km/s, such that after the
penetrator comes to rest after striking the target, the maximum cross-sectional dimension
of the penetrator is within about 5% (or within about 2%, or within about 1%) of its
original length, as measured relative to its original length. For the purpose of these
screening tests, the maximum width of the penetrator is the maximum dimension of the

penetrator that was parallel to the target at impact. Additionally, for the purposes of
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these screening tests, the 6061-T6511 Aluminum target is sufficiently large that it acts as
a semi-infinite body, which is to say, the target has a sufficient depth and facial area such
that further increases in depth and facial area do not affect the test result. In some
embodiments, the penetrator satisfies at least one (or at least two, or all three) of these
screening tests when the largest-cross sectional dimension of the penetrator is within 5
degrees (or within 2 degrees, or within 1 degree) of orthogonal to the target surface at
impact.

According to certain embodiments, the penetrator comprises a bulk material.
Bulk materials are those materials which are not thin films. In some embodiments, the
smallest cross sectional dimension of the penetrator that intersects the geometric center
of the penetrator is at least about 100 microns, at least about 1 millimeter, or at least
about 5 millimeters.

In certain embodiments, the nanocrystalline alloy of the penetrator is a bulk
material. In some embodiments, the smallest cross sectional dimension of the
nanocrystalline alloy that intersects the geometric center of the nanocrystalline alloy is at
lIeast about 100 microns, at least about 1 millimeter, or at least about 5 millimeters.

In certain embodiments, the penetrator (and, in some cases, the nanocrystalline
alloy portion of the penetrator) occupies a volume of at least about 1 mm?, at least about
5 rnrn3, at least about 10 rnrn3, at least about 0.1 crn3, at least about 0.5 crn3, at least about
0.8 crn3, or at least about 1 cm®. In some embodiments, the penetrator (and, in some
cases, the nanocrystalline alloy portion of the penetrator) occupies a volume of less than
about 1 rn3, less than about 100 crn3, less than about 50 crn3, Iess than about 25 crn3, less
than about 10 cm’, or less than about 5 cm®. Combinations of these ranges are also
possible. The penetrator may also have a volume outside these ranges. The volume of
the penetrator (or the nanocrystalline alloy portion of the penetrator) is determined by
measuring the volume of liquid water that is displaced when the penetrator (or the
nanocrystalline alloy portion of the penetrator) is fully submerged in the liquid water.

In some embodiments, at least about 50% by weight (i.e., wt%), at least about
60 wt%, at least about 70 wt%, at least about 80 wt%, at least about 90 wt%, at least
about 95 wt%, or more, of the penetrator is made up of the nanocrystalline alloy.

The term “nanocrystalline material” as used herein generally refers to materials
that comprise at least some grains with a size of less than or equal to about 1000 nm.

The grain size of an individual grain within a nanocrystalline alloy corresponds to the
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largest cross-sectional dimension of the grain. In some embodiments, a nanocrystalline
material (e.g., a nanocrystalline alloy) can contain at least some grains with a size of less
than or equal to about 900 nm, about 800 nm, about 700 nm, about 600 nm, about 500
nm, about 400 nm, about 300 nm, about 200 nm, about 150 nm, about 100 nm, about 50
nm, about 30 nm, about 20 nm, about 10 nm, about 5 nm, about 2 nm, or smaller. The
term “ultra-fine grain” is generally used herein to denote a grain size of greater than
about 100 nm and less than about 1000 nm, and the term “nanocrystalline grain” is used
to denote a grain size of less than or equal to about 100 nm. “Nanocrystalline alloys” are
nanocrystalline materials that are alloys. In some embodiments, the number average of
the grain sizes of the individual grains within the nanocrystalline alloy is less than or
equal to about 1000 nm (or less than or equal to about 900 nm, about 800 nm, about 700
nm, about 600 nm, about 500 nm, about 400 nm, about 300 nm, about 200 nm, about 150
nm, about 100 nm, about 50 nm, about 30 nm, about 20 nm, about 10 nm, about 5 nm,
about 2 nm, or smaller).

According to certain embodiments, the penetrator can comprise a nanocrystalline
alloy, and the nanocrystalline alloy of the penetrator can have a relatively small cross-
sectional average grain size. In some embodiments, the nanocrystalline alloy has a
cross-sectional average grain size of less than or equal to about 100 nm, less than or
equal to about 90 nm, less than or equal to about 80 nm, less than or equal to about 75
nm, less than or equal to about 60 nm, less than or equal to about 50 nm, less than or
equal to about 40 nm, less than or equal to about 30 nm, less than or equal to about 20
nm, less than or equal to about 10 nm, less than or equal to about 5 nm, less than or equal
to about 2 nm, or less than or equal to about 1 nm. In certain embodiments, the
nanocrystalline alloy has a cross-sectional average grain size of greater than about 0.5
nm, greater than about 1 nm, greater than about 2 nm, greater than about 5 nm, greater
than about 10 nm, greater than about 20 nm, greater than about 30 nm, greater than about
40 nm, greater than about 50 nm, greater than about 60 nm, greater than about 70 nm, or
greater than about 75 nm. Combinations of the above-referenced ranges are also possible
(e.g., between about 0.5 nm and about 100 nm, between about 1 nm and about 50 nm,
between about 20 nm and about 75 nm, between about 30 nm and about 100 nm). Other
ranges are also possible.

An object is said to have a “cross-sectional average grain size” falling within a

particular range if at least one cross-section of the object that intersects the geometric
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center of the object has a volume-average grain size falling within that range. For
example, an object having a cross-sectional average grain size of less than about 100 nm
would include at least one cross-section that intersects the geometric center of the object
having a volume-average grain size of less than about 100 nm. An object having a cross-
sectional grain size of between about 0.5 nm and about 100 nm would include at least
one cross-section that intersects the geometric center of the object having a volume-
average grain size of between about 0.5 nm and about 100 nm.

The volume-average grain size of a cross-section of an object is measured by
obtaining the cross-section of the object, tracing the perimeter of each grain in an image
of the cross-section of the object (which may be a magnified image, such as an image
obtained from a transmission electron microscope), and calculating the circular-
equivalent diameter, D;, of each traced grain cross-section. The “circular-equivalent
diameter” of a grain cross-section corresponds to the diameter of a circle having an area
(A, as determined by A = ) equal to the cross-sectional area of the grain in the cross-

section of the object. The volume-average grain size (D) is calculated as:

b (2%2’; ?)
n

where n 1s the number of grains in the cross-section and D; is the circular-equivalent

1/3

diameter of grain 7.

According to certain embodiments, an object having a cross-sectional average
grain size falling within a particular range (e.g., any of the ranges described elsewhere
herein) has a first cross-section intersecting the geometric center of the object and having
a volume-average grain size falling within that range, and at least a second cross-section
— orthogonal to the first cross-section — intersecting the geometric center of the object
and having a volume-average grain size falling within that range. For example,
according to certain embodiments, an object having a cross-sectional average grain size
of less than about 100 nm includes a cross-section that intersects the geometric center of
the object having a volume-average grain size of less than about 100 nm and at least a
second cross-section — orthogonal to the first cross-section — intersecting the geometric
center of the object and having a volume-average grain size of less than about 100 nm.
As another example, according to some embodiments, an object having a cross-sectional

average grain size of between about 0.5 nm and about 100 nm includes a cross-section
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that intersects the geometric center of the object having a volume-average grain size of
between about 0.5 nm and about 100 nm and at least a second cross-section — orthogonal
to the first cross-section — intersecting the geometric center of the object and having a
volume-average grain size of between about 0.5 nm and about 100 nm.

In some embodiments, an object having a cross-sectional average grain size
falling within a particular range (e.g., any of the ranges described elsewhere herein) has a
first cross-section intersecting the geometric center of the object and having a volume-
average grain size falling within that range, a second cross-section — orthogonal to the
first cross-section — intersecting the geometric center of the object and having a volume-
average grain size falling within that range, and at least a third cross-section — orthogonal
to the first cross-section and orthogonal to the second cross-section — intersecting the
geometric center of the object and having a volume-average grain size falling within that
range. For example, according to certain embodiments, an object having a cross-
sectional average grain size of less than about 100 nm includes a first cross-section that
intersects the geometric center of the object having a volume-average grain size of less
than about 100 nm, a second cross-section — orthogonal to the first cross-section —
intersecting the geometric center of the object and having a volume-average grain size of
less than about 100 nm, and at least a third cross-section — orthogonal to the first cross-
section and orthogonal to the second cross-section — intersecting the geometric center of
the object and having a volume-average grain size of less than about 100 nm. As another
example, according to some embodiments, an object having a cross-sectional average
grain size of between about 0.5 nm and about 100 nm includes a first cross-section that
intersects the geometric center of the object having a volume-average grain size of
between about 0.5 nm and about 100 nm, a second cross-section — orthogonal to the first
cross-section — intersecting the geometric center of the object and having a volume-
average grain size of between about 0.5 nm and about 100 nm, and at least a third cross-
section — orthogonal to the first cross-section and orthogonal to the second cross-section
— intersecting the geometric center of the object and having a volume-average grain size
of between about 0.5 nm and about 100 nm.

In some embodiments, the nanocrystalline alloy of the penetrator comprises
grains having relatively equiaxed grains. In certain embodiments, at least a portion of the
grains within the nanocrystalline alloy have aspect ratios of less than about 2, less than

about 1.8, less than about 1.6, less than about 1.4, Iess than about 1.3, less than about 1.2,
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or less than about 1.1 (and, in some embodiments, down to about 1). The aspect ratio of
a grain is calculated as the maximum cross-sectional dimension of the grain which
intersects the geometric center of the grain, divided by the dimension of the grain that is
orthogonal to the maximum cross-sectional dimension of the grain. The aspect ratio of a
grain is expressed as a single number, with 1 corresponding to an equiaxed grain. In
some embodiments, the number average of the aspect ratio of the grains in the
nanocrystalline alloy is less than about 2, less than about 1.8, less than about 1.6, less
than about 1.4, less than about 1.3, less than about 1.2, or less than about 1.1 (and, in
some embodiments, down to about 1).

Without wishing to be bound by any particular theory, it is believed that
relatively equiaxed grains may be present when the nanocrystalline alloy is produced in
the absence (or substantial absence) of applied pressure (e.g., via a pressureless or
substantially pressureless sintering process).

In certain embodiments, the nanocrystalline alloy comprises a relatively low
cross-sectional average grain aspect ratio. In some embodiments, the cross-sectional
average grain aspect ratio in the nanocrystalline alloy is less than about 2, less than about
1.8, less than about 1.6, Iess than about 1.4, less than about 1.3, less than about 1.2, or
less than about 1.1 (and, in some embodiments, down to about 1).

The cross-sectional average grain aspect ratio of a particular object is said to fall
within a particular range if at least one cross-section of the object that intersects the
geometric center of the object is made up of grain cross-sections with an average aspect
ratio falling within that range. For example, the cross-sectional average grain aspect
ratio of a particular object would be less than about 2 if the object includes at least one
cross-section that intersects the geometric center of the object an in which the cross-
section is made up of grain cross-sections with an average aspect ratio of less than about
2.

To determine the average aspect ratio of the grain cross-sections from which the
cross-section of the object is made up (also referred to herein as the “average aspect ratio
of grain cross-sections”), one obtains the cross-section of the object, traces the perimeter
of each grain in an image of the cross-section of the object (which may be a magnified
image, such as an image obtained from a transmission electron microscope), and
calculates the aspect ratio of each traced grain cross-section. The aspect ratio of a grain

cross-section is calculated as the maximum cross-sectional dimension of the grain cross-
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section (which intersects the geometric center of the grain cross-section), divided by the
dimension of the grain cross-section that is orthogonal to the maximum cross-sectional
dimension of the grain cross-section. The aspect ratio of a grain cross-section is
expressed as a single number, with 1 corresponding to an equiaxed grain cross-section.
The average aspect ratio of the grain cross-sections from which the cross-section of the
object is made up (AR,,,) is calculated as a number average:

_ TIZTAR;

ARavg - n

where 7 is the number of grains in the cross-section and AR, is the aspect ratio of the
cross-section of grain i.

According to certain embodiments, an object having a cross-sectional average
grain aspect ratio falling within a particular range (e.g., any of the ranges described
elsewhere herein) has a first cross-section intersecting the geometric center of the object
and having an average aspect ratio of grain cross-sections falling within that range, and
at least a second cross-section — orthogonal to the first cross-section — intersecting the
geometric center of the object and having an average aspect ratio of grain cross-sections
falling within that range. For example, according to certain embodiments, an object
having a cross-sectional average grain aspect ratio of less than about 2 includes a cross-
section that intersects the geometric center of the object having an average aspect ratio of
grain cross-sections of less than about 2 and at least a second cross-section — orthogonal
to the first cross-section — intersecting the geometric center of the object and having an
average aspect ratio of grain cross-sections of less than about 2.

According to certain embodiments, an object having a cross-sectional average
grain aspect ratio falling within a particular range (e.g., any of the ranges described
elsewhere herein) has a first cross-section intersecting the geometric center of the object
and having an average aspect ratio of grain cross-sections falling within that range, a
second cross-section — orthogonal to the first cross-section — intersecting the geometric
center of the object and having an average aspect ratio of grain cross-sections falling
within that range, and at least a third cross-section — orthogonal to the first cross-section
and the second cross-section — intersecting the geometric center of the object and having
an average aspect ratio of grain cross-sections falling within that range. For example,
according to certain embodiments, an object having a cross-sectional average grain

aspect ratio of less than about 2 includes a first cross-section that intersects the geometric



10

15

20

25

30

WO 2017/105570 PCT/US2016/052152

_ 15—

center of the object having an average aspect ratio of grain cross-sections of less than
about 2, a second cross-section — orthogonal to the first cross-section — intersecting the
geometric center of the object and having an average aspect ratio of grain cross-sections
of less than about 2, and at least a third cross-section — orthogonal to the first cross-
section and the second cross-section — intersecting the geometric center of the object and
having an average aspect ratio of grain cross-sections of less than about 2.

According to certain embodiments, the grains within the nanocrystalline alloy can
be both relatively small and relatively equiaxed. For example, according to certain
embodiments, at least one cross-section (and, in some embodiments, at least a second
cross-section that is orthogonal to the first cross-section and/or at least a third cross-
section that is orthogonal to the first and second cross-sections) can have a volume
average grain size and an average aspect ratio of grain cross-sections falling within any
of the ranges outlined above or elsewhere herein.

In some embodiments, the nanocrystalline alloy of the penetrator is stabilized
against grain growth at relatively high temperatures. An object is said to be stabilized
against grain growth at a particular temperature when the object includes at least one
cross-section intersecting the geometric center of the object in which the volume-average
grain size of the cross-section does not increase by more than 20% (relative to the
original volume-average grain size) when the object is heated to that temperature for 24
hours in an argon atmosphere. One of ordinary skill in the art would be capable of
determining whether an object is stabilized against grain growth at a particular
temperature by taking a cross-section of the article, determining the volume-average
grain size of the cross-section at 25 °C, heating the cross-section to the particular
temperature for 24 hours in an argon atmosphere, allowing the cross-section to cool back
to 25 °C, and determining — post-heating — the volume-average grain size of the cross-
section. The object would be said to be stabilized against grain growth if the volume-
average grain size of the cross-section after the heating step is less than 120% of the
volume-average grain size of the cross-section prior to the heating step. According to
certain embodiments, an object that is stabilized against grain growth at a particular
temperature includes at least one cross-section intersecting the geometric center of the
object in which the volume-average grain size of the cross-section does not increase by
more than about 15%, more than about 10%, more than about 5%, or more than about

2% (relative to the original volume-average grain size) when the object is heated to that
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temperature for 24 hours in an argon atmosphere. In some embodiments, the
nanocrystalline alloy is stable against grain growth at at least one temperature greater
than or equal to about 1000 °C, greater than or equal to about 1050 °C, greater than or
equal to about 1100 °C, greater than or equal to about 1150 °C, greater than or equal to
about 1200 °C, greater than or equal to about 1250 °C, greater than or equal to about
1300 °C, greater than or equal to about 1350 °C, greater than or equal to about 1400 °C,
or greater than or equal to about 1450 °C. In some embodiments, the nanocrystalline
alloy is stable against grain growth at all temperatures between about 1000 °C and about
1050 °C, between about 1000 °C and about 1100 °C, between about 1000 °C and about
1150 °C, between about 1000 °C and about 1200 °C, between about 1000 °C and about
1250 °C, between about 1000 °C and about 1300 °C, between about 1000 °C and about
1350 °C, between about 1000 °C and about 1400 °C, or between about 1000 °C and
about 1450 °C. Other ranges are also possible.

In some embodiments, the object includes at least one cross-section intersecting
the geometric center of the object in which the volume-average grain size of the cross-
section does not grow to more than 500 nm (or, in some cases, to more than 200 nm, to
more than 100 nm, or to more than 50 nm) when the object is heated for 24 hours, in an
argon atmosphere, to at least one temperature greater than or equal to about 1000 °C,
greater than or equal to about 1050 °C, greater than or equal to about 1100 °C, greater
than or equal to about 1150 °C, greater than or equal to about 1200 °C, greater than or
equal to about 1250 °C, greater than or equal to about 1300 °C, greater than or equal to
about 1350 °C, greater than or equal to about 1400 °C, or greater than or equal to about
1450 °C.

In some embodiments, the nanocrystalline alloy has a relatively high relative
density. The term “relative density” as used herein is given its ordinary meaning in the
art and generally refers to the ratio of the experimentally measured density of the
nanocrystalline alloy and the maximum theoretical density of the nanocrystalline alloy.
The “relative density” (pr.) is expressed as a percentage, and is calculated as:

_ Pmeasured

Dyl = —2EUTEL o 100%

maximum

wherein pyeqsured 1S the experimentally measured density of the nanocrystalline alloy and
Pmaximum 18 the maximum theoretical density of an alloy having the same composition as

the nanocrystalline alloy.
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In some embodiments, the relative density of the nanocrystalline alloy of the
penetrator is greater than or equal to about 75%, greater than or equal to about 80%,
greater than or equal to about 85%, greater than or equal to about 90%, greater than or
equal to about 92%, greater than or equal to about 94%, greater than or equal to about
96%, greater than or equal to about 98%, greater than or equal to about 99%, or greater
than or equal to about 99.5% (and/or, in certain embodiments, up to about 99.8%, up to
about 99.9%, or more). In some embodiments, the nanocrystalline alloy has a relative
density of about 100%.

The nanocrystalline alloy of the penetrator generally comprises at least two
metals. In some embodiments, the nanocrystalline alloy comprises at least three metals,
at least four metals, or more.

In some embodiments, the nanocrystalline alloy of the penetrator comprises a
first metal material and a second metal material. The first and/or second metal material
may comprise a first and/or second metal element, respectively. The term “element” is
used herein to refer to an atomic element of the Periodic Table of the Elements (also
referred to herein as the Periodic Table). The first metal material may be a metal
element. A metal element may include any of the elements in Groups 3-14 of the
Periodic Table. In some embodiments, the metal element (e.g., of the first metal material
and/or the second metal material) may be a refractory metal element (e.g., Nb, Ta, Mo,
W, and/or Re). In certain embodiments, the metal element is a transition metal (i.e., any
of those in Groups 3-12 of the periodic table).

In certain embodiments, the first metal material may comprise at least one of
tungsten and chromium. In certain embodiments, the first metal material comprises
tungsten. In some embodiments, the first metal material comprises chromium. In some
cases, the first metal material comprises tungsten (W) and the second metal material
comprises chromium (Cr). According to certain embodiments, the second metal material
comprises at least one of Pd, Pt, Ni, Co, Fe, Ti, V, Cr, and Sc. Non-limiting examples of
nanocrystalline alloys, including those comprising tungsten and/or chromium, are
described in more detail in commonly-owned U.S. Patent Publication Number
2014/0271325, entitled “Sintered Nanocrystalline Alloys,” which is incorporated herein
by reference in its entirety. In some cases, the nanocrystalline alloy comprises a first
metal element, a second metal element, and a third metal element. In certain

embodiments, the nanocrystalline alloy comprises four or more metal elements. In an
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exemplary embodiment, the nanocrystalline alloy comprises W, Cr, and/or Fe. The
ternary phase diagram for W-Cr-Fe at 1000 °C, is shown in FIG. 5A.

In some embodiments, the second metal material element may comprise, or be,
an activator material, relative to the first metal material. Activator materials are those
materials that increase the rate of sintering of a material, relative to sintering rates that
are observed in the absence of the activator material but under otherwise identical
conditions. Similarly, activator elements (which are a type of activator material) are
those elements that increase the rate of sintering of a material, relative to sintering rates
that are observed in the absence of the activator element but under otherwise identical
conditions. Activator materials (and activator elements) are described in more detail
below.

In certain embodiments, the second metal material may comprise, or be, a
stabilizer material, relative to the first metal material. Stabilizer materials are those
materials that reduce the rate of grain growth of a material, relative to grain growth rates
that are observed in the absence of the stabilizer material but under otherwise identical
conditions. Similarly, stabilizer elements (which are a type of stabilizer material) are
those elements that reduce the rate of grain growth of a material, relative to grain growth
rates that are observed in the absence of the stabilizer element but under otherwise
identical conditions. Stabilizer materials (and stabilizer elements) are described in more
detail below.

In some embodiments, the metal element of the second metal material may be a
transition metal. In some embodiments, the second metal material may comprise Cr, Ti,
or both. According to certain embodiments, the second metal material may comprise Ni.
For example, in some embodiments, the first metal material comprises Cr, and the
second metal material comprises Ni. In certain embodiments, the first metal material
comprises W, and the second metal material comprises Ni. In some cases, the first metal
material comprises W, and the second metal material comprises Cr.

In certain embodiments, the nanocrystalline alloy comprises at least one of
tungsten and chromium. In an exemplary embodiment, the nanocrystalline alloy
comprising at least one of tungsten and chromium has an average grain size less than or
equal to about 100 nm. In another exemplary embodiment, the nanocrystalline alloy
comprising at least one of tungsten and chromium does not contain iron (Fe) or contains

iron (Fe) in an amount of less than or equal to about 3.8 at%. In yet another exemplary
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embodiment, the nanocrystalline alloy comprising at least one of W and Cr has grains
with an aspect ratio of less than about 2.

According to certain embodiments, the nanocrystalline alloy of the penetrator
comprises a solid solution of tungsten and chromium. In some such embodiments, the
nanocrystalline alloy also comprises at least a third metal element (e.g., iron (Fe),
palladium (Pd), platinum (Pt), nickel (Ni), and/or cobalt (Co)).

In some embodiments, the amount of the first metal material in the
nanocrystalline alloy is greater than the total amount of the second metal material in the
nanocrystalline alloy, as determined by atomic percentage. According to certain
embodiments, the first metal material is the most abundant material within the
nanocrystalline alloy, as measured by atomic percentage. For example, in some
embodiments, tungsten is the most abundant element — by atomic percentage — within the
nanocrystalline alloy. In certain embodiments, chromium is the most abundant element
— by atomic percentage — within the nanocrystalline alloy.

In some embodiments, the nanocrystalline alloy contains the first metal material
in an amount of greater than or equal to about 40 at%, greater than or equal to about
45 at%, greater than or equal to about 50 at%, greater than or equal to about 55 at%,
greater than or equal to about 60 at%, greater than or equal to about 65 at%, greater than
or equal to about 70 at%, greater than or equal to about 75 at%, greater than or equal to
about 80 at%, greater than or equal to about 85 at%, greater than or equal to about
90 at%, greater than or equal to about 95 at%, or more.

In some embodiments, the nanocrystalline alloy contains the second metal
material in an amount of less than or equal to about 40 at% (and, in some embodiments,
less than or equal to about 35 at%, less than or equal to about 30 at%, less than or equal
to about 25 at%, less than or equal to about 20 at%, less than or equal to about 15 at%,
less than or equal to about 10 at%, less than or equal to about 7.5 at%, less than or equal
to about 5 at%, less than or equal to about 2.5 at%, less than or equal to about 1 at%, or
less). In some embodiments, the nanocrystalline alloy contains the second metal
material in an amount of greater than or equal to about 0.1 at%, greater than or equal to
about 0.5 at%, greater than or equal to about 1 at%, greater than or equal to about
2.5 at%, greater than or equal to about 5 at%, greater than or equal to about 7.5 at%,
greater than or equal to about 10 at%, greater than or equal to about 12.5 at%, greater

than or equal to about 15 at%, greater than or equal to about 17.5 at%, greater than or
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equal to about 20 at%, greater than or equal to about 25 at%, greater than or equal to
about 30 at%, or more.

In some embodiments, the first metal material and the second metal material are
selected such that the theoretical density of the nanocrystalline alloy comprising the first
metal material and the second metal material is at least about 14 g/crn3, at least about 15
g/crn3, at least about 17 g/crn3, or at least about 18 g/crn3. In certain embodiments, the
theoretical density of the alloy is less than or equal to about 18.8 g/crn3, less than or
equal to about 18 g/crn3, less than or equal to about 17 g/crn3, or less than or equal to
about 15 g/crn3. Combinations of the above referenced ranges are also possible (e.g.,
between about 14 g/crn3 and about 18.8 g/crn3).

In some embodiments, the nanocrystalline alloy of the penetrator (e.g.,
comprising at least one of W and Cr) does not contain iron, or contains iron in only a
relatively small amount. For example, in certain embodiments, the nanocrystalline alloy
contains iron in an amount of less than or equal to about 3.8 atomic percent (at%), less
than or equal to about 3.5 at%, less than or equal to about 3.2 at%, less than or equal to
about 3 at%, less than or equal to about 2.5 at%, less than or equal to about 2 at%, less
than or equal to about 1.5 at%, less than or equal to about 1 at%, less than or equal to
about 0.5 at%, or less than or equal to about 0.2 at%. In some embodiments, the
nanocrystalline alloy does not contain iron. In some embodiments, the nanocrystalline
alloy contains iron in an amount of at least about 0.1 at%, at least about 0.2 at%, at least
about 0.5 at%, at least about 1 at%, at least about 1.5 at%, at least about 2 at%, at least
about 2.5 at%, at least about 3 at%, at least about 3.2 at%, or at least about 3.5 at%.
Combinations of the above-referenced ranges are also possible (e.g., between about 0.1
at% and about 3.8 at%, between about 0.1 at% and about 3 at%, between about 0.1 at%
and about 1 at%). Other ranges are also possible. Without wishing to be bound by any
particular theory, it is believed that, at higher concentrations of Fe, an intermetallic phase
may precipitate, which can have a negative effect on the mechanical properties of the
nanocrystalline alloy (e.g., causing the alloy to be more brittle as compared to the alloy
without Fe).

In certain embodiments, the nanocrystalline alloy contains between 60 at% and
95 at% W and between 5 at% and 40 at% Cr. In some embodiments, the nanocrystalline
alloy contains between 60 at% and 95 at% W, between 5 at% and 40 at% Cr, and

between 0 at% and 3.8 at% Fe. In some cases, the nanocrystalline alloy may contain
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between 80 at% and 95 at% W, between 5 at% and 20 at% Cr, and between O at% and
3.8 at% Fe. In some embodiments, the nanocrystalline alloy may contain between 60
at% and 85 at% W, between 15 at% and 40 at% Cr, and between 0 at% and 3.8 at% Fe.
For example, in some embodiments, the nanocrystalline alloy has a composition as
shown in the shaded region in FIG. 5A.

Certain inventive embodiments are directed to methods of assembling munitions.
According to some embodiments, the method comprises associating, with a propellant, a
penetrator comprising a plurality of sintered nanocrystalline particulates that form a
nanocrystalline alloy. Associating the penetrator with the propellant can result in the
formation of any of the munitions described elsewhere herein, including those illustrated
in FIGS. 1A-1E.

In some embodiments, the penetrator and the propellant can be associated with
each other by arranging each of them on or within a housing. For example, in some
embodiments, associating the penetrator with the propellant comprises contacting the
penetrator with a housing, wherein a cavity of the housing contains the propellant. In
certain embodiments, the propellant may be added to the cavity of the housing as part of
the associating step. In other cases, the associating step does not include adding the
propellant to the cavity of the housing. For example, the housing may be received (e.g.,
from another entity) with the propellant already added, and after the housing is received,
the penetrator may be contacted with the housing.

As noted above, according to certain embodiments, the method of assembling the
munition can involve a penetrator comprising a plurality of sintered nanocrystalline
particulates that form a nanocrystalline alloy. The nanocrystalline alloy of the penetrator
may be made, for example, by sintering the nanocrystalline particulates. In some
embodiments, the inventive method can include both the step of sintering the
nanocrystalline particulates to form the nanocrystalline alloy used in the penetrator
(which sintering process may include any of the sintering method features described
elsewhere herein) and the step of associating the penetrator with the propellant. In other
embodiments, the inventive methods do not include the step of sintering the
nanocrystalline particulates, but rather, include receiving the nanocrystalline alloy
comprising the sintered nanocrystalline particulates from another entity that performs the
sintering, and associating a penetrator comprising the nanocrystalline alloy (as-received

from the other entity, or after one or more additional processing steps performed after
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receipt from the other entity) with the propellant. Thus, it should be understood that, for
each of the method features described below and elsewhere herein, such features may be
performed by the same entity that associates the penetrator with the propellant, or by an
entity other than the entity that associates the penetrator with the propellant.

In some embodiments, the nanocrystalline alloy of the penetrator is formed by
sintering a plurality of nanocrystalline particulates. The penetrator comprising the
plurality of sintered nanocrystalline particulates may have any of the penetrator
properties described elsewhere herein.

Nanocrystalline materials may be susceptible to grain growth. The susceptibility
can, in certain cases, make it difficult to produce bulk nanocrystalline materials with high
relative densities and small grain sizes utilizing traditional sintering techniques.
Additionally, the susceptibility may limit the ability of sintered nanocrystalline materials
to be subjected to post-sintering processing techniques without experiencing undesired
grain growth. Certain embodiments described herein take advantage of methods of
performing sintering such that undesired grain growth does not occur during the sintering
process.

According to certain embodiments, the nanocrystalline particulates include a first
metal material (such as tungsten or chromium) and a second metal material. The second
metal material may be, for example, an activator material (e.g., an activator element) or a
stabilizer material (e.g., a stabilizer element). Combinations of these are also possible.
Activator materials and stabilizer materials are described in more detail below.

In some embodiments, the total amount of the first metal material in the
nanocrystalline particulates is greater than the total amount of the second metal material
in the nanocrystalline particulates, as determined using atomic percentages. According
to certain embodiments, the first metal material is the most abundant material within the
nanocrystalline particulates, as determined by atomic percentage. For example, in some
embodiments, tungsten is the most abundant element — by atomic percentage — within the
nanocrystalline particulates. In certain embodiments, chromium is the most abundant
element — by atomic percentage — within the nanocrystalline particulates.

In some embodiments, at least some of the nanocrystalline particulates contain
the first metal material in an amount of greater than or equal to about 40 at%, greater
than or equal to about 45 at%, greater than or equal to about 50 at%, greater than or equal

to about 55 at%, greater than or equal to about 60 at%, greater than or equal to about
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65 at%, greater than or equal to about 70 at%, greater than or equal to about 75 at%,
greater than or equal to about 80 at%, greater than or equal to about 85 at%, greater than
or equal to about 90 at%, greater than or equal to about 95 at%, or more. In some
embodiments, the total amount of the first metal material in the nanocrystalline
particulates is greater than or equal to about 40 at%, greater than or equal to about

45 at%, greater than or equal to about 50 at%, greater than or equal to about 55 at%,
greater than or equal to about 60 at%, greater than or equal to about 65 at%, greater than
or equal to about 70 at%, greater than or equal to about 75 at%, greater than or equal to
about 80 at%, greater than or equal to about 85 at%, greater than or equal to about

90 at%, greater than or equal to about 95 at%, or more.

In some embodiments, at least some of the nanocrystalline particulates contain
the second metal material in an amount of less than or equal to about 40 at% (and, in
some embodiments, less than or equal to about 35 at%, less than or equal to about
30 at%, less than or equal to about 25 at%, less than or equal to about 20 at%, less than
or equal to about 15 at%, less than or equal to about 10 at%, less than or equal to about
7.5 at%, less than or equal to about 5 at%, less than or equal to about 2.5 at%, less than
or equal to about 1 at%, or less). In some embodiments, at least some of the
nanocrystalline particulates contain the second metal material in an amount of greater
than or equal to about 0.1 at%, greater than or equal to about 0.5 at%, greater than or
equal to about 1 at%, greater than or equal to about 2.5 at%, greater than or equal to
about 5 at%, greater than or equal to about 7.5 at%, greater than or equal to about
10 at%, greater than or equal to about 12.5 at%, greater than or equal to about 15 at%,
greater than or equal to about 17.5 at%, greater than or equal to about 20 at%, greater
than or equal to about 25 at%, greater than or equal to about 30 at%, or more.

In some embodiments, the total amount of the second metal material in the
nanocrystalline particulates is less than or equal to about 40 at% (and, in some
embodiments, less than or equal to about 35 at%, less than or equal to about 30 at%, less
than or equal to about 25 at%, less than or equal to about 20 at%, less than or equal to
about 15 at%, less than or equal to about 10 at%, less than or equal to about 7.5 at%, less
than or equal to about 5 at%, less than or equal to about 2.5 at%, less than or equal to
about 1 at%, or less). In some embodiments, the total amount of the second metal
material in the nanocrystalline particulates is greater than or equal to about 0.1 at%,

greater than or equal to about 0.5 at%, greater than or equal to about 1 at%, greater than
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or equal to about 2.5 at%, greater than or equal to about 5 at%, greater than or equal to
about 7.5 at%, greater than or equal to about 10 at%, greater than or equal to about

12.5 at%, greater than or equal to about 15 at%, greater than or equal to about 17.5 at%,
greater than or equal to about 20 at%, greater than or equal to about 25 at%, greater than
or equal to about 30 at%, or more.

In some embodiments, the first metal material and the second metal material are
selected such that the theoretical density of the nanocrystalline particulates comprising
the first metal material and the second metal material is at least about 14 g/crn3, at least
about 15 g/crn3, at least about 17 g/crn3, or at least about 18 g/crn3. In certain
embodiments, the theoretical density of the alloy is less than or equal to about 18.8
g/crn3, less than or equal to about 18 g/crn3, less than or equal to about 17 g/crn3, or less
than or equal to about 15 g/crn3. Combinations of the above referenced ranges are also
possible (e.g., between about 14 g/crn3 and about 18.8 g/crn3).

In some embodiments, the nanocrystalline particulates include at least some
grains with a size of less than or equal to about 100 nm. In some embodiments, the
nanocrystalline particulates contain at least some grains with a size of less than or equal
to about 90 nm, less than or equal to about 80 nm, less than or equal to about 70 nm, less
than or equal to about 60 nm, less than or equal to about 50 nm, less than or equal to
about 40 nm, less than or equal to about 30 nm, less than or equal to about 20 nm, less
than or equal to about 10 nm, less than or equal to about 5 nm, less than or equal to about
2 nm, or smaller. In some embodiments, the nanocrystalline particulates comprise
polycrystalline particulates (i.e., containing a plurality of grains).

According to certain embodiments, at least some of the nanocrystalline
particulates are formed by mechanically working a powder comprising the first metal
material and the second metal material. For example, certain embodiments comprise
making nanocrystalline tungsten particulates, at least in part, by mechanically working a
powder including a plurality of tungsten particulates and a second metal material.
Certain embodiments comprise making nanocrystalline chromium particulates, at least in
part, by mechanically working a powder including a plurality of chromium particulates
and a second metal material. In some embodiments, the second metal material may be
an activator element or a stabilizer element.

Any appropriate method of mechanical working may be employed to

mechanically work a powder and form nanocrystalline particulates. According to certain
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embodiments, at least some of the nanocrystalline particulates are formed by ball milling
a powder comprising the first metal material and the second metal material. The ball-
milling process may be, for example, a high energy ball milling process. In a non-
limiting exemplary ball milling process, a tungsten carbide or steel milling vial may be
employed, with a ball-to-powder ratio of about 2:1 to about 5:1, and a stearic acid
process control agent content of about 0.01 wt% to about 3 wt%. In some embodiments,
the mechanical working may be carried out in the presence of a stearic acid process
control agent content of about 1 wt%, about 2 wt%, or about 3 wt%. According to
certain other embodiments, the mechanical working is carried out in the absence of a
process control agent. Other types of mechanical working may also be employed,
including but not limited to, shaker milling and planetary milling. In some
embodiments, the mechanical working (e.g., via ball milling or another process) may be
performed under conditions sufficient to produce a nanocrystalline particulate
comprising a supersaturated phase. Supersaturated phases are described in more detail
below.

In certain embodiments, the mechanical working (e.g., ball milling) may be
conducted for a time of greater than or equal to about 2 hours (e.g., greater than or equal
to about 4 hours, about 6 hours, about 8 hours, about 10 hours, about 12 hours, about 15
hours, about 20 hours, about 25 hours, about 30 hours, or about 35 hours). In some
embodiments, the mechanical working (e.g., ball milling) may be conducted for a time of
about 1 hour to about 35 hours (e.g., about 2 hours to about 30 hours, about 4 hours to
about 25 hours, about 6 hours to about 20 hours, about 8 hours to about 15 hours, or
about 10 hours to about 12 hours). In some cases, if the mechanical working time is too
long, the first material (e.g., tungsten powder) may be contaminated by the material used
to perform the mechanical working (e.g., milling vial material). The amount of the
second metal material that is dissolved in the first metal material (e.g., a tungsten
material) may, in some cases, increase with increasing mechanical working (e.g.,
milling) time. In some embodiments, after the mechanical working step (e.g., ball
milling step), a phase rich in the second metal material may be present.

The nanocrystalline particulates may, according to certain embodiments, include
a non-equilibrium phase in which the second metal material is dissolved in the first metal
material. According to some embodiments, the non-equilibrium phase may be a

supersaturated phase. A “supersaturated phase,” as used herein, refers to a phase in
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which a material is dissolved in another material in an amount that exceeds the solubility
limit. The supersaturated phase can include, in some embodiments, an activator element
and/or a stabilizer element forcibly dissolved in the first metal material in an amount that
exceeds the amount of the activator element and/or the stabilizer element that could be
otherwise dissolved in an equilibrium phase of the first metal material. For example, in
one set of embodiments, the supersaturated phase is a phase that includes an activator
element forcibly dissolved in tungsten in an amount that exceeds the amount of activator
element that could be otherwise dissolved in an equilibrium tungsten phase.

In some embodiments, the supersaturated phase may be the only phase present
after the mechanical working (e.g., ball milling) process. In certain embodiments, a
second phase rich in the second metal material may be present after the mechanical
working (e.g., ball milling) process. For example, in some cases, a second phase rich in
the activator element may be present after mechanical working (e.g., ball milling).

According to certain embodiments, the non-equilibrium phase may undergo
decomposition during the sintering of the nanocrystalline particulates. The sintering of
the nanocrystalline particulates may cause the formation of a phase rich in the second
metal material at at least one of the surface and grain boundaries of the nanocrystalline
particulates. In some such embodiments, the first metal material is soluble in the phase
rich in the second metal material. The formation of the phase rich in the second metal
material may be the result of the decomposition of the non-equilibrium phase during the
sintering. The phase rich in the second metal material may, according to certain
embodiments, act as a fast diffusion path for the first metal material, enhancing the
sintering kinetics and accelerating the rate of sintering of the nanocrystalline particulates.
According to some embodiments, the decomposition of the non-equilibrium phase during
the sintering of the nanocrystalline particulates accelerates the rate of sintering of the
nanocrystalline particulates. The nanocrystalline alloy produced as a result of the
sintering process may be a bulk nanocrystalline alloy.

In some embodiments, the second metal material may have a lower melting
temperature than the first metal material. In another embodiment, the first metal material
may be soluble in the second metal material. In some embodiments, the solubility of the
first metal material in the second metal material may increase with increasing

temperature. In certain embodiments, the diffusivity of the first metal material in a phase
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rich in the second metal material is greater than the diffusivity of the first metal material
in itself.

In some embodiments, the nanocrystalline alloy may have at least some grains
having a grain size of less than or equal to about 100 nm, as described above. In some
embodiments, the nanocrystalline alloy may have a relatively small cross-sectional
average grain size, including a cross-sectional average grain size falling within any of the
ranges described elsewhere herein. In some embodiments, for at least one cross-section
of the nanocrystalline alloy, the cross-sectional average grain size of the sintered
nanocrystalline alloy may be smaller than the corresponding cross-sectional average
grain size of a sintered material that includes the first metal material in the absence of the
second metal material. In some embodiments, for at least one cross-section of the
nanocrystalline alloy, the cross-sectional average grain size of the sintered
nanocrystalline alloy may be about the same as the corresponding cross-sectional
average grain size of a sintered material that includes the first metal material in the
absence of the second metal material. In some embodiments, for at least one cross-
section of the nanocrystalline alloy, the cross-sectional average grain size of the sintered
nanocrystalline alloy may be less than or the same as the corresponding cross-sectional
average grain size of a sintered material that includes the first metal material in the
absence of the second metal material. To compare the cross-sectional average grain size
of a cross-section of a sintered nanocrystalline alloy to the corresponding cross-sectional
average grain size of a sintered material that includes the first metal material in the
absence of the second metal material, one would prepare the sintered material using
identical methods and materials as were used for the sintered nanocrystalline alloy but
without the second metal material. A cross-section of the sintered nanocrystalline alloy
and a spatially corresponding cross-section of the sintered material would then be taken,
and the cross-sectional average grain size of each cross-section would be determined.

As noted above, in some embodiments, additive alloying elements may be
employed. In some such embodiments, the additive alloying element corresponds to the
second metal material. In some embodiments, the nanocrystalline alloy is alloyed with a
third metal material. In some such embodiments, the additive alloying element

corresponds to the third metal material.
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In some embodiments, the additive alloying element is a stabilizer element. In
certain embodiments, the additive alloying element is an activator element. Stabilizer
and activator elements may be employed separately or in combination.

In some embodiments, the additive element(s) may be at least one of Pd, Pt, Ni,
Co and Fe.

The activator element may enhance the sintering kinetics of the first metal
material (e.g., tungsten and/or chromium). According to certain embodiments, the
activator element may provide a high diffusion path for the atoms of the first metal
material (e.g., tungsten and/or chromium atoms). For example, in some embodiments,
the additive metal element may surround the first metal material (e.g., tungsten or
chromium particles) and provide a relatively high transport diffusion path for the first
metal material (e.g., tungsten or chromium), thereby reducing the activation energy of
diffusion of the first metal material (e.g., tungsten or chromium). In some embodiments,
this technique is referred to as activated sintering.

As aresult, the sintering temperature in some embodiments may be less than or
equal to about 1500 °C (e.g., less than or equal to about 1450 °C, about 1400 °C, about
1350 °C, about 1300 °C, about 1250 °C, about 1200 °C, about 1150 °C, about 1100 °C,
about 1050 °C, or lower). In some embodiments, the sintering temperature may be about
1000 °C. The reduction of the sintering temperature may allow sintering to take place in
the temperature range where the nanostructure of the nanocrystalline first metal material
(e.g., tungsten and/or chromium) is stable against grain growth. In some embodiments,
the sintering temperature may be affected by the heating rate employed.

The activator element may, in some embodiments, lower the temperature
required to sinter the nanocrystalline particulates, relative to the temperature that would
be required to sinter the nanocrystalline particulates in the absence of the activator
element but under otherwise identical conditions. Thus, the sintering may involve,
according to certain embodiments, a first sintering temperature, and the first sintering
temperature may be lower than a second sintering temperature needed for sintering the
first metal material in the absence of the second metal material. To determine the
sintering temperature needed for sintering the first metal material in the absence of the
second metal material, one would prepare a sample of the first metal material that does

not contain the second metal material but is otherwise identical to the nanocrystalline
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particulate material. One would then determine the minimum temperature needed to
sinter the sample that does not include the second metal material.

The activator element may be any element capable of enhancing the sintering
kinetics of the sintered material. In some embodiments of activated sintering, the
activator element may act as a fast carrier path for the diffusion of the first metal material
(e.g., tungsten and/or chromium). As aresult, in some embodiments the selection of an
activator element may be based on two conditions. First, the activator element should,
according to certain embodiments, exhibit relatively high solubility for the first metal
material (e.g., tungsten and/or chromium), allowing the activator element to act as a fast
diffusion path for tungsten and/or chromium atoms. Second, according to certain
embodiments, the diffusion rate of the first metal material (e.g., tungsten and/or
chromium) in a phase rich in an activator element may be relatively high. Additionally,
the diffusion rate of the first metal material (e.g., tungsten and/or chromium) in an
activator element rich phase should, according to certain embodiments, be higher than
the diffusion rate of the first metal material (e.g., tungsten and/or chromium) in itself.
The term “rich” with respect to the content of an element in a phase generally refers to a
content of the element in the phase of at least about 50 at%—e.g., at least about 60 at%,
about 70 at%, about 80 at%, about 90 at%, about 99 at%, or higher. The term “phase” is
generally used to refer to a state of matter. For example, in some embodiments a phase
may refer to a phase shown on a phase diagram.

In some embodiments, the first metal material (e.g., tungsten and/or chromium) is
soluble in the activator element. In some embodiments, the solubility of the first metal
material (e.g., tungsten and/or chromium) in the activator element increases with
increasing temperature. In some embodiments, the melting temperature of the activator
element may be less than the melting temperature of the first metal material (e.g.,
tungsten and/or chromium).

According to certain embodiments, the amount of an activator may be minimized
so that the quantity available for interaction with the stabilizer element is reduced. In
some embodiments, the activator element may be present in an amount greater than or
equal to about 0.15 at%—e.g., greater than or equal to or about 0.3 at%, about 0.5 at%,
about 1 at%, about 3 at%, about 5 at%, about 8 at%, about 10 at%, about 13 at%, about
15 at%, about 18 at%, about 20 at%, about 23 at%, about 25 at%, about 30 at%, about

35 at%, about 40 at%, about 45 at%, or greater. In some embodiments, the activator
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element may be present in an amount of about 0.15 at% to about 45 at%—e.g., about 0.3
at% to about 40 at%, about 0.5 at% to about 35 at%, about 1 at% to about 30 at%, about
3 at% to about 25 at%, about 5 at% to about 23 at%, about 8 at% to about 20 at%, about
10 at% to about 18 at%, or about 13 at% to about 15 at%, etc. In some embodiments, the
activator element may be present in an amount of about 0.15 at%, about 0.3 at%, about
0.5 at%, about 1 at%, about 3 at%, about 5 at%, about 8 at%, about 10 at%, about

13 at%, about 15 at%, about 18 at%, about 20 at%, about 23 at%, about 25 at%, about

30 at%, about 35 at%, about 40 at%, or about 45 at%.

In some embodiments, the activator element may be a metal element, which may
be any of the aforedescribed metal elements. In some embodiments the activator element
may be at least one of Pd, Pt, Ni, Co, and Fe.

The stabilizer element may be any element capable of reducing the amount of
grain growth that occurs, relative to the amount that would occur in the absence of the
stabilizer element but under otherwise identical conditions. In some embodiments, the
stabilizer element reduces grain growth by reducing the grain boundary energy of the
sintered material, and/or by reducing the driving force for grain growth. The stabilizer
element may, according to certain embodiments, exhibit a positive heat of mixing with
the sintered material. In some embodiments, the stabilizer element may be a metal
element, which may be any of the aforedescribed metal elements.

The stabilizer element may stabilize nanocrystalline tungsten and/or chromium
by segregation in the grain boundaries. This segregation may reduce the grain boundary
energy, and/or may reduce the driving force against grain growth in the alloy, as
described above.

The stabilizer element may be present in an amount of greater than or equal to
about 2.5 at%—e.g., greater than or equal to about 5 at%, about 7.5 at%, about 10 at%,
about 12.5 at%, about 15 at%, about 17.5 at%, about 20 at%, about 25 at%, about 30
at%, about 35 at%, about 40 at%, about 45 at%, or greater. In some embodiments, the
stabilizer element may be present in an amount of from about 2.5 at% to about 45 at%—
e.g., about 5 at% to about 40 at%, about 7.5 at% to about 35 at%, about 10 at% to about
30 at%, about 12.5 at% to about 25 at%, or about 15 at% to about 20 at%, etc. In some
embodiments, the stabilizer element may be present in an amount of about 2.5 at%, about
5 at%, about 7.5 at%, about 10 at%, about 12.5 at%, about 15 at%, about 17.5 at%, about
20 at%, about 25 at%, about 30 at%, about 35 at%, about 40 at%, or about 45 at%.
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In another embodiment, the stabilizer element may also be the activator element.
The use of a single element both as the stabilizer and activator elements has the added
benefit, according to certain embodiments, of removing the need to consider the
interaction between the activator and the stabilizer. In some embodiments, the element
that may be utilized as both the activator and stabilizer element may be a metal element,
which may be any of the aforedescribed metal elements. In some embodiments at least
one of Ti, V, Cr, and Sc, or combinations thereof, may be utilized as both the activator
and stabilizer element. In certain embodiments Cr, Ti, or both may be utilized as both
the activator and stabilizer element.

For example, in the case of both Ti and V, a solid solution may be formed in
some cases with tungsten at the sintering temperature (below 1500° C), as shown in the
phase diagrams in FIGS. 2A-2B. In the case of Sc, in certain embodiments, the Sc and W
phases exist separately at the expected sintering temperature (below 1500° C), as shown
in the phase diagram in FIG. 3A. Thus, in some embodiments the Sc may be able to
provide a diffusion path for the tungsten. In the case of Cr, in some embodiments, the Cr
rich and W rich phases exist separately at the expected sintering temperature (e.g., below
1500° C), as shown in the phase diagram in FIG. 3B. In addition, Cr has a relatively
high segregation enthalpy compared to other stabilizers, and the diffusivity of tungsten in
Cr is higher than the self-diffusivity of tungsten. In some embodiments Cr may act as
both the activator element and the stabilizer element, producing a W—Cr nanocrystalline
alloy.

According to certain embodiments, when one element cannot act as both the
stabilizer and the activator, two elements may be employed. The interaction between the
two elements may be accounted for, according to some embodiments, to ensure that the
activator and stabilizer roles are properly fulfilled. For example, when the activator and
the stabilizer form an intermetallic compound each of the elements may be prevented
from fulfilling their designated role, in some cases. As a result, activator and stabilizer
combinations with the ability to form intermetallic compounds at the expected sintering
temperatures should be avoided, at least in some instances. The potential for the
formation of intermetallic compounds between two elements may be analyzed with
phase diagrams.

FIG. 4A illustrates some embodiments, wherein Cr and Pd in an amount of

20 at% Cr and 0.7 at% Pd (corresponding to 0.5 wt% Pd compared to tungsten) are
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added. As shown in FIG. 4A, a Cr phase and a Pd phase coexist above 570 °C, and a Cr
phase and a liquid phase coexist above 1304 °C. Although a ternary diagram may be
important in determining whether an intermetallic compound may be formed, the binary
phase diagrams indicate that separate Cr and Pd phases may coexist. In some
embodiments, the sintering temperature may be below 1300 °C, and Cr and the Pd exist
in this temperature range as separate phases based on the binary phase diagrams,
allowing Cr and Pd to fulfill the roles of a stabilizer and activator, respectively, without
interference from each other. In another embodiment, the processing temperature may
be above 1300 °C, and a liquid sintering technique may be employed.

FIG. 4B illustrates some embodiments, wherein Cr and Ni in an amount of
20 at% Cr and 1.3 at% Ni (corresponding to 0.5 wt% Ni compared to tungsten) are
added. A Cr phase and a Ni phase coexist above 587 °C, and only the Cr phase exists
above 1000 °C.

The ternary phase diagram for W—Ti—Ni, as shown in FIG. 5B for 1477° C,
indicates that a liquid phase exists at the composition, W-20 at% Ti-1.3 at% Ni. In some
embodiments, a liquid phase sintering technique may be employed for W—Ti—Ni,
which may further enhance sintering kinetics like activated sintering.

According to certain embodiments, liquid phase sintering is employed. In at least
some embodiments of liquid phase sintering, the alloy contains more than one
component above the solidus line of the components at the expected processing
temperature, and a liquid phase is present at the expected processing temperature. The
densification rate may be faster for liquid phase sintering, compared to solid state
sintering, due to the high diffusivity of atoms in the liquid phase. Industrial sintering
may generally be performed in the presence of a liquid phase due to cost and
productivity advantages. Over 70% of sintered materials may be processed using liquid
phase sintering techniques.

In some embodiments a W—Ni—Fe alloy system may be sintered by liquid
phase sintering techniques. A temperature above 1460° C. may be applied for liquid
phase sintering of 98 wt% W-1 wt% Ni-1 wt% Fe. A liquid phase may emerge at this
concentration combination of Ni and Fe, as shown in FIG.5C. The low solubility of Ni
and Fe in tungsten may aid tungsten powder sintering. This system may be similar to the

W—Ni—Ti alloy system.
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In some embodiments, the sintering mechanism described herein may be useful
for the production of ultra-fine and nanocrystalline sintered materials due to the ability of
second phases and alloying elements to maintain ultra-fine and nanocrystalline structures
during heat treatment.

The sintering conditions for the production of the sintered material may be any
appropriate conditions. According to some embodiments, a high sintering temperature
may be employed for a short sintering time to produce the sintered material.
Alternatively, a comparably lower sintering temperature may be employed for a longer
sintering time to produce a sintered material that is densified to the same or substantially
the same degree. In some embodiments, extended sintering times may result in an
undesired increase in grain size.

According to certain embodiments, the sintering may be a pressureless or a
substantially pressureless sintering process. The sintering mechanism described herein
allows, according to certain embodiments, for the production of relatively highly dense
sintered ultra-fine and nanocrystalline materials even in the absence or substantial
absence of external pressure applied during the sintering process. In some embodiments,
for at least about 20%, at least about 50%, at least about 75%, at least about 90%, or at
least about 98% of the time during which sintering is performed, the maximum external
pressure applied to the nanocrystalline particulates is less than or equal to about 2 MPa,
less than or equal to about 1 MPa, less than or equal to about 0.5 MPa, or less than or
equal to about 0.1 MPa. The maximum external pressure applied to the nanocrystalline
particulates refers to the maximum pressure applied as a result of the application of a
force external to the nanocrystalline particulates, and excludes the pressure caused by
gravity and arising between the nanocrystalline particulates and the surface on which the
nanoparticulates are positioned during the sintering process.

U.S. Patent Publication Number 2014/0271325, entitled “Sintered
Nanocrystalline Alloys,” published on September 18, 2014, and filed on March 14, 2014
as U.S. Patent Application Serial No. 14/214,282 is incorporated herein by reference in
its entirety for all purposes. International Patent Publication No. WO 2014/152838,
entitled “Sintered Nanocrystalline Alloys,” published on September 25, 2014, and filed
on March 14, 2014 as International Patent Application Serial No. PCT/US14/27932 is
also incorporated herein by reference in its entirety for all purposes. U.S. Provisional

Patent Application Serial No. 62/220,109, filed September 17, 2015 and entitled
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“Nanocrystalline Alloy Penetrators,” is also incorporated herein by reference in its
entirety for all purposes.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, and/or method described herein. In addition, any combination
of two or more such features, systems, articles, materials, and/or methods, if such
features, systems, articles, materials, and/or methods are not mutually inconsistent, is
included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A and/or B,” when used in conjunction with open-ended language such as “comprising”
can refer, in some embodiments, to A without B (optionally including elements other

than B); in another embodiment, to B without A (optionally including elements other
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than A); in yet another embodiment, to both A and B (optionally including other
elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both™) when preceded by terms of exclusivity, such as

EEINT3

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in some embodiments, to
at least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

9 el

“comprising,” “including,

b INTS EEINT3 99 <l

carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited

to. Only the transitional phrases “consisting of”” and “consisting essentially of”” shall be
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closed or semi-closed transitional phrases, respectively, as set forth in the United States
Patent Office Manual of Patent Examining Procedures, Section 2111.03.

Any terms as used herein related to shape, orientation, alignment, and/or
geometric relationship of or between, for example, one or more articles, structures,
forces, fields, flows, directions/trajectories, and/or subcomponents thereof and/or
combinations thereof and/or any other tangible or intangible elements not listed above
amenable to characterization by such terms, unless otherwise defined or indicated, shall
be understood to not require absolute conformance to a mathematical definition of such
term, but, rather, shall be understood to indicate conformance to the mathematical
definition of such term to the extent possible for the subject matter so characterized as
would be understood by one skilled in the art most closely related to such subject matter.
Examples of such terms related to shape, orientation, and/or geometric relationship
include, but are not limited to terms descriptive of: shape - such as, round, square,
circular/circle, rectangular/rectangle, triangular/triangle, cylindrical/cylinder,
elliptical/ellipse, (n)polygonal/(n)polygon, etc.; angular orientation - such as
perpendicular, orthogonal, parallel, vertical, horizontal, collinear, etc.; contour and/or
trajectory — such as, plane/planar, coplanar, hemispherical, semi-hemispherical,
line/linear, hyperbolic, parabolic, flat, curved, straight, arcuate, sinusoidal,
tangent/tangential, etc.; direction — such as, north, south, east, west, etc.; surface and/or
bulk material properties and/or spatial/temporal resolution and/or distribution — such as,
smooth, reflective, transparent, clear, opaque, rigid, impermeable, uniform(ly), inert,
non-wettable, insoluble, steady, invariant, constant, homogeneous, etc.; as well as many
others that would be apparent to those skilled in the relevant arts. As one example, a
fabricated article that would described herein as being “ square” would not require such
article to have faces or sides that are perfectly planar or linear and that intersect at angles
of exactly 90 degrees (indeed, such an article can only exist as a mathematical
abstraction), but rather, the shape of such article should be interpreted as approximating a
“square,” as defined mathematically, to an extent typically achievable and achieved for
the recited fabrication technique as would be understood by those skilled in the art or as
specifically described. As another example, two or more fabricated articles that would
described herein as being “ aligned" would not require such articles to have faces or sides
that are perfectly aligned (indeed, such an article can only exist as a mathematical

abstraction), but rather, the arrangement of such articles should be interpreted as
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approximating “aligned,” as defined mathematically, to an extent typically achievable
and achieved for the recited fabrication technique as would be understood by those

skilled in the art or as specifically described.
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CLAIMS

What is claimed is:

1. A munition, comprising:

a propellant contained within a cavity of the munition; and

a penetrator, wherein

the penetrator comprises a nanocrystalline alloy comprising at least one of W and
Cr, wherein the nanocrystalline alloy has a cross-sectional average grain size of less than

or equal to about 100 nm.

2. A munition, comprising:

a propellant contained within a cavity of the munition; and

a penetrator, wherein

the penetrator comprises a nanocrystalline alloy comprising at least one of W and
Cr, wherein the nanocrystalline alloy does not contain iron or contains iron in an amount

of less than 3.8 at%.

3. A munition, comprising:
a propellant contained within a cavity of the munition; and
a penetrator, wherein
the penetrator comprises a nanocrystalline alloy comprising at least one of W and

Cr, wherein the nanocrystalline alloy has grains with an aspect ratio of less than about 2.

4. A munition as in any preceding claim, wherein the penetrator is at least partially

contained within a housing.

5. A munition as in claim 4, wherein the penetrator is fully contained within the
housing.
6. A munition as in any preceding claim, wherein the nanocrystalline alloy

comprises both W and Cr in a solid solution.
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7. A munition as in any preceding claim, wherein the nanocrystalline alloy further
comprises Ti.
8. A munition as in any preceding claim, wherein the nanocrystalline alloy is

stabilized against grain growth at a temperature that is greater than or equal to about

1000° C.

9. A munition as in any preceding claim, wherein the nanocrystalline alloy has a

relative density of at least about 75%.

10. A munition as in any one of claims 2-9, wherein the nanocrystalline alloy has a

cross-sectional average grain size of less than or equal to about 100 nm.

11. A method, comprising:

associating, with a propellant, a penetrator comprising a plurality of sintered
nanocrystalline particulates that form a nanocrystalline alloy;

wherein, before the nanocrystalline particulates are sintered, at least some of the
nanocrystalline particulates comprise a non-equilibrium phase comprising a first metal
material and a second metal material, and the first metal material is dissolved in the

second metal material.

12. A method comprising:

associating, with a propellant, a penetrator comprising a plurality of sintered
nanocrystalline particulates that form a nanocrystalline alloy;

wherein, before the nanocrystalline particulates are sintered, at least some of the
nanocrystalline particulates comprise a non-equilibrium phase comprising a first metal
material and a second metal material,

wherein the total amount of the first metal material in the nanocrystalline
particulates is greater than the total amount of the second metal material in the
nanocrystalline particulates, and

wherein the sintering involves a first sintering temperature, and the first sintering
temperature is lower than a second sintering temperature needed for sintering the first

metal material in the absence of the second metal material.
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13. A method comprising:
associating, with a propellant, a penetrator comprising a plurality of sintered

nanocrystalline particulates that form a nanocrystalline alloy

14. A method as in any one of claims 11-13, wherein the nanocrystalline alloy does

not contain iron or contains iron in an amount of less than 3.8 at%.

15. A method as in any one of claims 11-14, wherein the nanocrystalline alloy has

grains with an aspect ratio of less than about 2.

16. A method as in any one of claims 11-15, comprising sintering the plurality of

nanocrystalline particulates to form the nanocrystalline alloy.

17. A method as in any one of claims 11-16, wherein the nanocrystalline alloy has a

cross-sectional average grain size of less than or equal to about 100 nm.

18. A method as in any one of claims 11-17, wherein the first metal material

comprises at least one of tungsten and chromium.

19. A method as in any one of claims 11-18, wherein the second metal material

comprises at least one of Pd, Pt, Ni, Co, Fe, Ti, V, Cr, and Sc.

20. A method as in any one of claims 11-19, wherein the non-equilibrium phase

comprises a solid solution.

21. A method as in any one of claims 11-20, further comprising forming the at least
some of the nanocrystalline particulates by mechanically working a powder comprising

the first metal material and the second metal material.

22. A method as in any one of claims 11-21, further comprising forming the at least
some of the nanocrystalline particulates by ball milling a powder comprising the first

metal material and the second metal material.
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23. A method as in any one of claims 11-22, wherein the at least some of the

nanocrystalline particulates have a grain size of smaller than or equal to about 100 nm.

24. A method as in any one of claims 11-23, wherein the non-equilibrium phase

undergoes decomposition during the sintering.

25. A method as in any one of claims 11-24, wherein the non-equilibrium phase
undergoes decomposition during the sintering, and the decomposition of the non-

equilibrium phase accelerates a rate of sintering of the nanocrystalline particulates.

26. A method as in any one of claims 11-25, wherein at least some of the
nanocrystalline particulates contain the second metal material in an amount of less than

or equal to about 40 at %.

27. A method as in any one of claims 11-26, wherein the non-equilibrium phase
comprises a supersaturated phase comprising the second metal material dissolved in the

first metal material.

28. A method as in any one of claims 11-27, further comprising alloying the

nanocrystalline alloy with a third metal material.

29. A method as in any one of claims 11-28, wherein:

the total amount of the first metal material in the nanocrystalline particulates is
greater than the total amount of the second metal material in the nanocrystalline
particulates, and

for at least one cross-section of the nanocrystalline alloy, the nanocrystalline
alloy has a first cross-sectional average grain size, and a sintered material comprising the
first metal material in the absence of the second metal material has a second cross-
sectional average grain size, the first cross-sectional average grain size being smaller

than the second cross-sectional average grain size.
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30. A method as in any one of claims 11-29, wherein the nanocrystalline alloy has a
relative density of at least about 90%.
31. A method as in any one of claims 11-30, wherein the first metal material

comprises Cr and the second metal material comprises Ni.

32. A method as in any one of claims 11-31, wherein the sintering involves a first
sintering temperature, and the first sintering temperature is lower than a second sintering
temperature needed for sintering the first metal material in the absence of the second

metal material.

33. A method as in claim 32, wherein the first sintering temperature is lower than or

equal to about 1200° C.

34. A method as in claim 32, wherein the sintering further comprises forming a
second phase at at least one of a surface and a grain boundary of the nanocrystalline
particulates during the sintering; and the first metal material is soluble in the second

phase.

35. A method as in claim 32, wherein the sintering further comprises forming a
second phase at at least one of a surface and a grain boundary of the nanocrystalline
particulates during the sintering; and the second phase is rich in the second metal

material.

36. A method as in claim 32, wherein during the sintering, the first metal material has
a first diffusivity in itself and a second diffusivity in a second phase rich in the second

metal material, the first diffusivity being smaller than the second diffusivity.

37. A method as in any one of claims 11-36, wherein the nanocrystalline alloy has a

cross-sectional average grain size of less than or equal to about 50 nm.

38. A munition, comprising:

a propellant contained within a cavity of the munition; and
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a penetrator comprising a nanocrystalline alloy, the penetrator having a first
largest cross-sectional dimension prior to striking a target, and a second largest cross-
sectional dimension after striking the target, the second largest cross-sectional dimension

being at least about 95% of the first largest cross-sectional dimension.

39. The munition of claim 38, wherein the second largest cross-sectional dimension

is at least about 98% of the first largest cross-sectional dimension.

40. The munition of claim 38, wherein the second largest cross-sectional dimension

is at least about 99% of the first largest cross-sectional dimension.

41. A munition, comprising:

a propellant contained within a cavity of the munition; and

a penetrator comprising a nanocrystalline alloy, the penetrator having a first
width prior to striking a target, and a second width after striking the target, the second

width being less than about 105% of the first width.

42. The munition of claim 41, wherein the second width is less than about 102% of

the first width.

43. The munition of claim 41, wherein the second width is less than about 101% of

the first width.

44. A munition, comprising:

a propellant contained within a cavity of the munition; and

a penetrator comprising a nanocrystalline alloy, the penetrator having a first
length prior to striking a target, and a second length after striking the target, the second

length being within about 5% of the first length.

45. The munition of claim 44, wherein the second length is within about 2% of the

first length.
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46. The munition of claim 44, wherein the second length is within about 1% of the
first length.
47. A munition, comprising:

a propellant contained within a cavity of the munition; and

a penetrator comprising a nanocrystalline alloy,

wherein the penetrator has a first largest cross-sectional dimension prior to
striking a target, and a second largest cross-sectional dimension after striking the target,
the second largest cross-sectional dimension being at least about 95% of the first largest
cross-sectional dimension, and/or

wherein the penetrator has a first width prior to striking a target, and a second
width after striking the target, the second width being less than about 105% of the first
width, and/or

wherein the penetrator has a first length prior to striking a target, and a second
length after striking the target, the second length being within about 5% of the first
length.

48. The munition of claim 47, wherein the second largest cross-sectional dimension
is at least about 95% of the first largest cross-sectional dimension, and the second width

is less than about 105% of the first width.

49. The munition of claim 47, wherein the second largest cross-sectional dimension
is at least about 95% of the first largest cross-sectional dimension, and the second length

is within about 5% of the first length.

50. The munition of claim 47, wherein the second width is less than about 105% of

the first width, and the second length is within about 5% of the first length.

51. The munition of claim 47, wherein the second largest cross-sectional dimension
is at least about 95% of the first largest cross-sectional dimension, the second width is
less than about 105% of the first width, and the second length is within about 5% of the

first length.
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52. The munition as in any one of claims 38-51, wherein the target is a 6061-T6511

Aluminum target.

53. The munition as in any one of claims 38-52, wherein the target strikes the target

at a velocity of 1 km/s.

54. The munition as in any one of claims 38-53, wherein the nanocrystalline alloy
comprises at least one of W and Cr, wherein the nanocrystalline alloy has a cross-

sectional average grain size of less than or equal to about 100 nm.

55. The munition as in any one of claims 38-54, wherein the nanocrystalline alloy

comprises at least one of W and Cr, and 0 at% to about 3.8 at% Fe.

56. The munition of claim 55, wherein the nanocrystalline alloy comprises less than
or equal to about 3.5 at% Fe, or less than or equal to about 3.2 at% Fe, or less than or
equal to about 3 at%, or less than or equal to about 2.5 at%, or less than or equal to about
2 at%, or less than or equal to about 1.5 at%, or less than or equal to about 1 at%, or less

than or equal to about 0.5 at%, or less than or equal to about 0.2 at%.

57. The munition of claim 55, wherein the nanocrystalline alloy comprises between
about 0.1 at% and about 3.8 at% Fe, or between about 0.1 at% and about 3 at% Fe, or
between about 0.1 at% and about 1 at% Fe.

58. The munition as in any one of claims 38-57, wherein the nanocrystalline alloy

comprises both W and Cr in a solid solution.

59. The munition as in any one of claims 38-58, wherein the nanocrystalline alloy

further comprises Ti.

60. The munition as in any one of claims 38-59, wherein the nanocrystalline alloy is
stabilized against grain growth at a temperature that is greater than or equal to about

1000° C.
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61. The munition as in any one of claims 38-60, wherein the nanocrystalline alloy
has a relative density of at least about 75%.
62. A munition as in any one of claims 38-61, wherein the nanocrystalline alloy has a

cross-sectional average grain size of less than or equal to about 100 nm.
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