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SINTERED NANOCRYSTALLINE ALLOYS

RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Application Serial No.
61/784,743, filed March 14, 2013, which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under Grant No. HDTRA1-11-1-
0062, awarded by the Defense Threat Reduction Agency (DTRA) of the Department of
Defense and Grant No. W91 1NF-09-1-0422 awarded by the U.S. Army Research Office.

The United States government has certain rights in this invention.
BACKGROUND

[0003] Nanocrystalline materials may be susceptible to grain growth. The susceptibility
may make it difficult to produce bulk nanocrystalline materials with high relative densities
and small grain sizes utilizing pre-existing 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.
SUMMARY

[0004] In view of the foregoing, the present Inventors have recognized and appreciated the
advantages of a nanocrystalline alloy with controlled grain size. A nanocrystalline alloy with

controlled grain size may be produced by sintering a plurality of nanocrystalline particulates.

[0005] Accordingly, provided in one embodiment is a method, comprising: sintering a
plurality of nanocrystalline particulates to form a nanocrystalline alloy. At least some of the
nanocrystalline particulates may include a non-equilibrium phase comprising a first metal
material and a second metal material. The first metal material may be soluble in the second

metal material.

[0006] In another embodiment, a method is provided that includes sintering a plurality of
nanocrystalline particulates to form a nanocrystalline alloy. At least some of the
nanocrystalline particulates may include a non-equilibrium phase comprising a first metal

material and a second metal material. The sintering may involve a first sintering temperature,
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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.

[0007] In another embodiment, a sintered nanocrystalline alloy that includes at least one of
tungsten and chromium is provided, wherein the nanocrystalline alloy has a relative density
of at least about 90%. In one embodiment, this sintered nanocrystalline alloy includes
tungsten. In another embodiment, this sintered nanocrystalline alloy includes both tungsten

and chromium.

[0008] Accordingly, provided in one embodiment is a method, comprising: sintering a
plurality of nanocrystalline particulates to form a nanocrystalline alloy. At least some of the
nanocrystalline particulates may include a non-equilibrium phase comprising a first metal
material and a second metal material. The first metal material may be soluble in the second

metal material. The nanocrystalline alloy has a relative density of at least about 90%.

[0009] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not
mutually inconsistent) are contemplated as being part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing at the
end of this disclosure are contemplated as being part of the inventive subject matter disclosed
herein. It should also be appreciated that terminology explicitly employed herein that also
may appear in any disclosure incorporated by reference should be accorded a meaning most

consistent with the particular concepts disclosed herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some instances, various aspects of the
inventive subject matter disclosed herein may be shown exaggerated or enlarged in the
drawings to facilitate an understanding of different features. In the drawings, like reference
characters generally refer to like features (e.g., functionally similar and/or structurally similar

clements).
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[0011] Figures 1(a)-1(b) depict, respectively, the hardness of nanocrystalline Ni-W alloys
as a function of grain size in one embodiment and of the activation volume for deformation of

the nanocrystalline Ni-W alloys in one embodiment.
[0012] Figures 2(a)-2(d) depict SEM images of Ni-W alloy specimens in one embodiment.

[0013] Figures 3(a)-3(b) depict, respectively, the classical free energy curve and the degree
of freedom arising from solute segregation in one embodiment and the general form of grain

boundary energy in alloys as a function of grain size in one embodiment.

[0014] Figure 4 depicts a plot of the excess enthalpy for varying solute concentrations and

dopant sizes in one embodiment.

[0015] Figure 5 depicts the grain size of tungsten powders at various annealing

temperatures in one embodiment.

[0016] Figures 6(a)-6(b) depict, respectively, the lincar shrinkage of tungsten compacts
with three transition metal activators for a varying number of layers in one embodiment and
the linear shrinkage of various tungsten alloys with four monolayers of additives as a function

of varying temperatures in one embodiment.

[0017] Figures 7(a)-7(b) depict, respectively, the phase diagram of Ti-W and the phase
diagram of V-W.

[0018] Figures 8(a)-8(b) depict, respectively, the phase diagram of Sc-W and the phase
diagram of Cr-W.

[0019] Figures 9(a)-9(b) depict, respectively, the phase diagram of Ni-T1i and the phase
diagram of Pd-Ti.

[0020] Figures 10(a)-10(b) depict, respectively, the phase diagram of Ni-V and the phase
diagram of Pd-V.

[0021] Figures 11(a)-11(b) depict, respectively, the phase diagram of Cr-Pd and the phase
diagram of Cr-Ni.

[0022] Figures 12(a)-12(b) depict, respectively, the phase diagram of Pd-Sc and the phase
diagram of Ni-Sc.
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[0023] Figure 13 depicts the ternary phase diagram of W-Ti-Ni at 1477°C.

[0024] Figures 14(a)-14(b) depict, respectively, the phase diagram of Fe-Ni and the ternary
phase diagram of W-Fe-Ni at 1465°C.

[0025] Figure 15 depicts a fracture surface of W-Ni 1 at%-Fe 1 at% sintered at 1460°C in

one embodiment.

[0026] Figures 16(a)-16(b) depict, respectively, X-ray diffraction patterns of tungsten at
different milling times in one embodiment and the grain size of tungsten at different milling

times in one embodiment.

[0027] Figure 17 depicts the X-ray diffraction patterns of W-Cr 20 at% at different milling

times in one embodiment.

[0028] Figure 18 depicts the grain size, lattice parameter, and amount of Crin W as a

function of milling time in one embodiment.

[0029] Figure 19 depicts the effect of milling time on sintering behavior in one

embodiment.

[0030] Figure 20 depicts the sintering behavior of a W-Cr 20 at% material held at 1300°C

for seven hours in one embodiment.

[0031] Figure 21 depicts the X-ray diffraction patterns of a W-Cr 15 at% material at

different milling times in one embodiment.

[0032] Figure 22 depicts the effect of milling time on sintering behavior in one

embodiment.

[0033] Figure 23 depicts the sintering activation energy of a W-Cr 15 at% material at

different heating rates in one embodiment.

[0034] Figure 24 depicts the sintering behavior of milled W, W-Cr 20 at%, and W-Ti 20

at% materials in one embodiment.

[0035] Figure 25 depicts the grain size of a W-Cr 20 at% material at 1000°C in the sintering

process in one embodiment.
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[0036] Figure 26 depicts the grain size of a W-Cr 20 at% material at 1100°C in the sintering

process in one embodiment.

[0037] Figure 27 depicts the grain size of a W-Cr 20 at% material at 1200°C in the sintering

process in one embodiment.

[0038] Figure 28 depicts the shrinkage of tungsten with various amounts of Cr at 1300°C in

one embodiment.

[0039] Figure 29 depicts the sintering behavior of a W-Ti 20 at% material and a W-Ti 20

at%-Cr 5 at% material in one embodiment.

[0040] Figures 30(a)-30(f) depict, respectively, a bright field TEM image of a W-Ti 20
at%-Cr 5 at% sintered material in one embodiment, a dark field STEM image of a W-Ti 20
at%-Cr 5 at% sintered material in one embodiment, a dark field STEM image of a W-Ti 20
at%-Cr 5 at% sintered material with the Cr phases highlighted in one embodiment, a dark
field STEM image of a W-Ti 20 at%-Cr 5 at% sintered material with the W phases
highlighted in one embodiment, a dark field STEM image of a W-Ti 20 at%-Cr 5 at%
sintered material with the Ti phases highlighted in one embodiment, and a dark field STEM
image of a W-Ti 20 at%-Cr 5 at% sintered material with the Cr, W, and Ti phases highlighted

in one embodiment.

[0041] Figure 31 depicts a W-Cr 20 at% material at the end of a sintering process in one

embodiment.

[0042] Figure 32 depicts a sintering activation energy of a W-Cr 20 at% material in one

embodiment.

[0043] Figure 33 depicts a back scattering SEM image of a W-Cr 20 at% material after

heating to 1400°C in one embodiment.

[0044] Figure 34 depicts a back scattering SEM image of a polished W-Cr 20 at% material

after heating to 1100°C and holding for two hours in one embodiment.

[0045] Figure 35 depicts a back scattering SEM image of a polished W-Cr 20 at% material

after heating to 1100°C and holding for two hours in one embodiment.
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[0046] Figure 36 depicts the sintering activation energy curves of a W-Cr 20 at% material
calculated from the shrinkage data for various heating profiles and the degree to which the

curves converge at different activation energy values in one embodiment.

[0047] Figure 37 depicts the activation energy curves of a W-Cr 15 at% material calculated
from the shrinkage data for various heating profiles converging at an activation energy value

of about 357 kJ in one embodiment.

[0048] Figure 38 depicts a plot of the mean residual squares value of the activation energy

curves depicted in Figure 37 as a function of activation energy in one embodiment.

[0049] Figures 39(a)-39(d) depict, respectively, a bright-field TEM image of an as-milled
for 20 hours W-Cr 15 at% material with the inset being a selected-area diffraction pattern of
the material in one embodiment, a back-scattered SEM image of a chromium-rich phase
precipitated from supersaturated tungsten after heating to 1100°C in one embodiment, a back-
scattered SEM image of necks formed between particles after heating to 1200°C in one

embodiment, and a bright-field TEM image of a Cr-rich neck adjacent to W-rich particles.

[0050] Figure 40 depicts relative density, Cr amount in W, and BCC lattice parameter of a
W-rich phase as a function of temperature in one embodiment, as well as relative density as a

function of temperature for a series of control experiments.

[0051] Figure 41 depicts the master sintering curve and heating profiles of W-Cr 15 at% at

various heating rates, in one embodiment.

[0052] Figures 42(a)-42(d) depict, respectively, grain size as a function of relative density
for nano-phase sintering, activated sintering and liquid phase sintering in one embodiment,
liquid phase sintering microstructure, activated sintering microstructure, and nano-phase

sintering microstructure in one embodiment.

[0053] Figures 43(a) and 43(b) depict, respectively, relative density changes of Cr-Ni
systems as a function of temperature in one embodiment, and a back-scattered SEM image of
Cr-Ni 15 at% after sintering at 1200°C with an inset of a Ni elemental map produced by

energy dispersive spectroscopy (EDS) in one embodiment.
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[0054] Figures 44(a) and 44(b) depict, respectively, X-ray diffraction patterns of W-Cr 15
at% in the 20 range between 30° and 130° in one embodiment, and in the 20 range between

44° and 45° in one embodiment.

[0055] Figure 45 depicts the relative density of W-Cr 15 at% as a function of temperature at

a variety of heating rates in one embodiment.

[0056] Figures 46(a) and 46(b) depict, respectively, relative density of Cr-Ni 15 at% as a
function of temperature at a variety of heating rates in one embodiment, and the master

sintering curve Cr-Ni 15 at% in one embodiment.

[0057] Figure 47 depicts grain size as a function of relative density for a variety of sintered

tungsten alloys.
DETAILED DESCRIPTION

[0058] Following below are more detailed descriptions of various concepts related to, and
embodiments of, inventive sintering methods and sintered nanocrystalline alloys. It should
be appreciated that various concepts introduced above and discussed in greater detail below
may be implemented in any of numerous ways, as the disclosed concepts are not limited to

any particular manner of implementation. Examples of specific implementations and

applications are provided primarily for illustrative purposes.
Introduction

[0059] Desirable propertics, such as high strength and increased resistance, have spurred
considerable research in nanocrystalline metals with an average grain size generally smaller
than 100 nm. These properties may arise from a high number of grain boundaries and may
vary greatly even with small variations in grain size. Figures 1(a) and 1(b) present
mechanical test data on nanocrystalline Ni-W alloys. A grain size change from 10 to 100 nm
may produce a hardness decrease of about 50% and an increase of more than four times in
activation volume (rate sensitivity may be denoted as the inverse of the activation volume).
Therefore, controlling grain size may be important to tailor the material properties of

nanocrystalline metals.

[0060] Additionally, specific grain size (or size range) may correspond to the desired
mechanical properties. As shown in Figure 1(a), hardness may peak at a grain size of about

-7-
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10 nm, and then decrease with further grain refinement. The activation volume may also
decrease and then increase as grain size becomes smaller, as shown in Figure 1(b). A shear
band may become noticeable in a Ni-W alloy with a grain size below 12 nm, as shown in
Figures 2(a)-2(d). As a result, a finite grain size may exist which results in a desired value
for a property. Thus, scalable control over grain size may be an important feature of

manufacturing nanocrystalline metal materials with desired properties.

Nanocrystalline Materials

[0061] Nanocrystalline materials may generally refer to materials that comprise grains with
a size in the nanometer range — i.e., smaller than about 1000 nm: e.g., smaller 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. In some embodiments herein, to
further distinguish the different grain size regimes, the term “ultra-fine grain™ is used 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.
In one embodiment, the nanocrystalline material may be a polycrystalline material. In

another embodiment the nanocrystalline material may be a single crystalline material.

[0062] In one embodiment, the grain size may refer to the largest dimension of a grain. The
dimension may refer to the diameter, length, width, or height of a grain, depending on the
geometry thereof. In one embodiment, the grains may be spherical, cubic, conical,

cylindrical, needle-like, or any other suitable geometry.

[0063] In one embodiment, the nanocrystalline material may be in the form of particulates.
The shape of the particulates may be spherical, cubical, conical, cylindrical, needle-like,

irregular, or any other suitable geometry.

[0064] In one embodiment, the nanocrystalline material may be a nanocrystalline alloy that
may comprise 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” herein refers to the chemical symbol that may be found in 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 one embodiment, the metal element may

be a refractory metal element. In another embodiment, the metal element is a transition metal
-8-
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(any of those in Groups 3-12 of the periodic table). While tungsten is employed to provide
the description of several embodiments below, any suitable first metal material may be

utilized in the place of tungsten. According to another embodiment, the first metal material
may comprise chromium. In another embodiment, the first metal material may comprise at

least one of tungsten and chromium.

[0065] In one embodiment, the second metal material element may comprise, or be, an
activator material, relative to the first metal material. In another embodiment, the second
metal material may comprise, or be, a stabilizer material, relative to the first metal material.
In one embodiment, the second metal material may comprise a metal element that is the same
as, or different from, the first metal material. For example, the metal element of the second
metal material may be a transition metal. In one embodiment, the second metal material may
comprise Cr, Ti, or both. According to another embodiment, the second metal material may

comprise Ni.

[0066] The nanocrystalline material may have any value of relative density, depending on
the material. Relative density may refer to the ratio between the experimentally measured
density of the nanocrystalline material and the theoretical density of the nanocrystalline

material.

[0067] In one embodiment, the nanocrystalline material may be a bulk nanocrystalline
alloy. A bulk nanocrystalline alloy may be a material that is not in the form of a thin film.
For example, a bulk nanocrystalline alloy in one embodiment may refer to a material with a
smallest dimension of at least about 1 micron — e.g., at least about 10 microns, about 25
microns, about 50 microns, about 75 microns, about 100 microns, about 250 microns, about
500 microns, about 1 mm, about 5 mm, about 10 mm, or larger. In another embodiment, the

nanocrystalline alloy is not in the form of a coating.

Stabilization of Nanocrystalline Structure

[0068] A nanocrystalline microstructure with a high surface-to-volume ratio may have a
large number of interfacial regions or grain boundaries, which may make it unstable. In one
embodiment, instability may indicate a high amount of excess energy in the system, and
significant grain growth may be observed in pure nanostructured materials even at room
temperature. Not to be bound by any particular theory, but this phenomenon may be

understood from a thermodynamic viewpoint. The Gibbs free energy, G, is proportional to
9-
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the grain boundary energy, v, multiplied by grain boundary area, 4. Therefore, the decrease
in grain boundary area that occurs as a result of grain growth may bring the system into a

lower energy state. This phenomenon, in one embodiment, is illustrated in Figure 3(a).
dG o« ydA (1)

[0069] The high driving force for grain growth may limit further technological applications
of pure nanostructured materials because even a small change in grain size over the service
lifetime of the material may lead to a dramatic change in the material properties.
Additionally, the propensity for grain growth may limit the amount of post-processing a

nanostructured material may be subjected to, including consolidation and shape forming.

[0070] In one embodiment, two basic approaches may be used to stabilize nanocrystalline
materials: a kinetic approach and a thermodynamic approach. The kinetic approach attempts
to diminish grain boundary mobility to reduce grain growth. For example, grain boundary
mobility may be limited by methods including second phase drag, solute drag, and chemical
ordering. These strategies may postpone the time at which grain growth occurs. However,
these methods may not reduce the driving force for grain growth. Thus, kinetically stabilized
products may experience grain growth and may not provide constant performance throughout

a service lifetime.

[0071] In contrast, the thermodynamic approach attempts to reduce the grain boundary
energy by segregating solute atoms, thus reducing the driving force for grain growth. Not to
be bound by any particular theory, but in alloy systems the grain boundary energy, vy, may be

described in terms of the solute concentration, c;, by the Gibbs adsorption equation:
& =—RTT;2Inc, (2)

where T is temperature, R is the gas constant, and 7 is the interfacial excess of the solute
atoms. In the case of segregation, 75 > 0, and thus y will decrease with increasing solute
concentration, ¢;. A nanocrystalline alloy may be in a metastable state if y is close to zero at

a specific solute concentration. From Equation (2), the total grain boundary energy is given
by:

? =70 — Is(4Hseg + kT InX), (3)

-10-
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where y; is the specific grain boundary energy of the pure element, 4H,,, is the segregation
enthalpy of solute atoms, £ is the Boltzmann constant, and X is the solute concentration in the
grain boundary. Stabilization of nanocrystalline material grain size by solute segregation
may be conducted for Ni-P alloys, Y-Fe alloys, Nb-Cu alloys, Pd-Zr alloys, and Fe-Zr alloys,

among many others.

[0072] The new degree of freedom to Gibbs free energy produced by solute segregation is
plotted in Figure 3(a), showing a countertrend to classical grain boundary energy. The
classical grain boundary energy modified by the solute segregation effect is depicted in
Figure 3(b). In one embodiment, this curve is different from the classical grain boundary
energy curve, because it does not simply decrease but rather exhibits a minimum at a specific
grain size. Thus, stabilized nanostructured materials with fine grain size may be produced by

reducing the driving force for grain growth with solute segregation.

Nanocrystalline Tungsten

[0073] In one embodiment, nanocrystalline body-centered cubic metals may be desirable
because these metals exhibit desirable properties, including localized shearing under high rate
loading. The formation of shear bands under high rate loading may be beneficial for a
material utilized in a kinetic energy penetrator device because it may allow more energy to be
conveyed to the object to be penetrated by reducing the energy that is dissipated as a result of
plastic deformation of the penetrator. In one embodiment, tungsten may be desirable as a
prospective replacement for depleted uranium in kinetic energy penetrator applications
because of its high density and strength. In addition, unlike tungsten with larger grain sizes,

nanocrystalline tungsten may exhibit shear bands under high rate loading.

[0074] Two methodologies may be employed to manufacture nanocrystalline materials:
bottom-up and top-down. The top-down strategy may refine a bulk coarse grain material into
the nanoscale regime. The bottom-up method may employ nanosize particles followed by

consolidation at high temperature.

[0075] One exemplary top-down method for refining the grain size of tungsten is severe
plastic deformation (SPD). There are at least two typical SPD techniques: equal-channel-
angular-pressing (ECAP) and high-pressure torsion (HPT). An ECAP process may result in a
tungsten grain size of a few microns by initiating dynamic recrystallization and grain growth

as a result of the high processing temperature of around 1000°C. Therefore, a warm rolling
-11-
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process may follow an ECAP process to obtain a grain size in the ultra-fine grain regime.
Another SPD processing method, HPT, applies high pressure and torsion to a disk of
tungsten. The resulting plastic strain may yield a material with a grain size of about 100 nm.
These SPD techniques may produce an ultra-fine grain size tungsten that may be perfectly
plastic with no strain hardening, may exhibit a reduced strain rate sensitivity, and/or may

exhibit localized shearing under high rate loading.

[0076] In some instances, problems may exist with the use of the SPD technique to produce
ultra-fine grain size tungsten (or even finer grains). First, a large scale product is not
produced through the SPD technique. In one embodiment, the SPD technique utilizes large
amounts of energy per unit volume of material processed. Also, the fine grain size of the
produced material may be lost if the material is subjected to subsequent processing (e.g.,
shape forming). Additionally, the SPD technique may not provide a scalable way to precisely
control grain size, and thus may not produce a material with the specific grain size needed for
a specific application. In one embodiment, the SPD technique does not reduce the driving

force for grain growth.

[0077] In one embodiment of the bottom-up method, particles containing nanosize grains of
the material may be synthesized, and then the particles may be consolidated. Thus, in one
embodiment, this method herein may be referred to as a “two-step” process. The
consolidation may be achieved by a sintering process. However, materials produced through
the bottom-up method may exhibit poor ductility as a result of volume defects that are not
removed during the consolidation step. These volume defects may include residual porosity,

poor inter-particle bonding, and impurity contamination.

[0078] Bottom-up processes may be utilized to produce nanocrystalline tungsten. These
processes may include the production of nanocrystalline tungsten powders synthesized
through mechanical working, including ball milling and/or high energy milling. In some
instances, although tungsten with nanosized grains of about 5 nm to about 15 nm may be
produced, the resulting nanostructure may become unstable and may be susceptible to
thermally activated grain growth. In one embodiment, to produce a tungsten material with a
stable nanostructure, additive elements may be employed to reduce susceptibility to thermally
activated grain growth. As described elsewhere herein, additive elements in one embodiment

may be a stabilizer, an activator, or both, with respect to tungsten in the nanocrystalline alloy.

-12-
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Elements for Stabilizing Nanocrystalline Tungsten

[0079] In selecting elements for stabilizing a tungsten material with nanosized grains, AHe,
may be important. As shown in Eq. (3), elements with a large value of 4H,., may reduce
grain boundary energy. The 4H,,, of a solution may be directly related to the elastic strain
energy of the solution, and the elastic strain energy of a solution may scale with atomic radius
mismatch. Therefore, in one embodiment, as atomic radius mismatch increases, the grain

boundary energy may be reduced.

[0080] As shown in Figure 4, the slope of excess enthalpy may become more negative as
the ratio of the atomic radius of the solute to that of the host atom increases, indicating an
increased potential for grain boundary energy reduction with increasing atomic radius
mismatch. Other factors that may be considered in selecting an element for the stabilization
of tungsten include chemical interaction and grain boundary energy difference. In the case of
elements with a positive heat of mixing, solubility may be directly related to chemical
interaction, and solutes with high immiscibility with host atoms may be more likely to

segregate to grain boundaries.

[0081] In considering the segregation strength of tungsten alloys with positive heats of
mixing, the elements Ti, V, Sc, and Cr may have good segregation strength with respect to
their enthalpies of mixing. In one embodiment, vanadium exhibits a low heat of mixing, and

thus may not be desirable for certain applications.

[0082] The thermal stability of an alloy may be determined and/or confirmed by any
suitable techniques. For example, in one embodiment, the thermal stability of a W-Ti alloy
may be confirmed with x-ray diffraction (XRD) data collected in-situ at different
temperatures. The alloy sample may already have been annealed at various temperatures, for
various predetermined periods of time. Figure 5 shows the XRD data of a W-Ti alloy after
being annealed for 1.5 hours at various temperatures. As shown in Figure 5, while the grain
size of pure tungsten may increase at 1000°C, the grain size increase in a W-17.5 at% Ti alloy
may be suppressed. Therefore, not to be bound by any theory, but at least in this embodiment

Ti may play a role in inhibiting grain growth by reducing the grain boundary energy.
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Activated Sintering of Tungsten

[0083] Because tungsten has a high melting point of 3422°C, tungsten may be employed as
a refractory metal material. In one embodiment, even with sintering techniques, high
temperatures of about 2400°C to about 2800°C may be needed to obtain a full density
sintered tungsten material. Small amounts of additional elements may be added to tungsten
to enhance the sintering kinetics, and in turn lower the sintering temperature. The additive
elements may be metal elements, including any of those aforedescribed. In one embodiment,
the additive elements may be at least one of Pd, Pt, Ni, Co and Fe. These additive metal
elements may surround the tungsten particles and provide a relatively high transport diffusion
path for the tungsten, thereby reducing the activation energy of tungsten diffusion. In one

embodiment, this technique is referred to as activated sintering.

[0084] Activated sintering may be explained by different mechanisms. It may be ascribed
to dislocation climb, the transfer of electrons from the additive element to the d-orbital of
tungsten, and an enhancement of the grain boundary diffusion rate. The effect of additive
elements that are transition metal elements on the sintering kinetics of tungsten are shown in
Figures 6(a) and 6(b). In these figures, the degree of sintering may be reflected by the degree
of shrinkage of the tungsten compacts under a constant force at an elevated temperature, with
shrinkage correlating to the amount of sintering that has occurred. Figure 6(a) depicts the
amount of shrinkage for various monolayers of the additive elements on the tungsten
particles, and Figure 6(b) depicts the shrinkage of tungsten particles with four monolayers of
different additive elements at different temperatures. In one embodiment, the use of Pd and
Ni as additional elements may result in the activated sintering of tungsten. In another
embodiment, the additive element Cu may have a minimal impact on the sintering kinetics
and may result in the same linear shrinkage as pure tungsten, as shown in Figure 6(b). Not to
be bound by any theory, but this may be a result of the low solubility of tungsten in Cu,
which low solubility may prevent Cu from providing a fast transport path to tungsten atoms

during sintering.

Sintering Kinetics

[0085] While additive clements may be desirable in some instances, too much of an
additive element may hinder the densification of tungsten. Not to be bound by any particular

theory, but this may suggest that activated sintering of tungsten may be a diffusion controlled
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process. The activation energies of the additive elements Fe, Co, Ni, and Pd, are 480 kJ/mol,

370 kJ/mol, 280 kJ/mol, and 200 kJ/mol, respectively.

[0086] The activation energy of pure tungsten sintering is about 380-460 kJ/mol. Not to be
bound by any theory, but the value suggests that the mechanism of sintering of pure tungsten
in the initial stage may be grain boundary diffusion because the activation energy of pure
tungsten sintering is comparable to that of grain boundary diffusion of tungsten as shown in

Table 1.

Diffusion Type Activation Energy (kJ/mol)
Surface Diffusion 250 ~ 290
Grain Boundary Diffusion 380 ~ 460
Volume Diffusion 500 ~ 590

Table 1. Activation energy of three mass-transport mechanisms in tungsten.

Activation Energy for Densification

[0087] Sintering may be a complex process that includes the change of microstructure as a
result of several different diffusion mechanisms. In one embodiment, this complex sintering
process may be distinguished into three stages based on the evolution of the microstructure:
initial, intermediate and final stage. The initial stage may begin at a low temperature when
necks are created between particles. The necks may be created through surface diffusion and
may result in a small increase in density. The initial stage may correlate to less than 3%
linear shrinkage. The intermediate stage may produce considerable densification. The
densification in the intermediate stage may be up to a relative density of 93%. During the
final stage, isolated pores may be formed and then removed. In the final stage, volume

diffusion may be predominant.

[0088] The sintering behavior may be explained by geometric models. While these models
may be in line with experimental results in some cases, slight deviations from the geometric

models, such as the use of non-spherical particles or a variety of particle sizes, may make the
results of the geometric models unreliable. Moreover, geometric models based on the initial

sintering process may not be accurate beyond the first 5% of linear shrinkage. In addition,
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the actual evolution of the microstructure of powder compacts may be different from the
predictions of geometric models. As a result, it may be difficult to quantitatively predict

sintering kinetics.

[0089] The entire sintering process may be described in an approach that focuses on more
than the three sintering stages. To evaluate the precise activation energy of the sintering
process, a generalized sintering equation may be utilized. Not to be bound by any particular
theory, but the instantaneous densification rate during sintering may be represented with

temperature-dependent, grain-size-dependent, and density-dependent terms, as shown in Eq.

(4).

_Q/RT
dd_f:AeT% where 4 =

C V2/3
o (4)

where p is the bulk density, d is the grain or particle size, y is the surface energy, V is the
molar volume, R is the gas constant, 7 is the absolute temperature, ( is the activation energy,
and f{p) is a function only of density. C is a constant and A4 is a material parameter that is not
related to d, 7, or p. Finally, the diffusion mechanism such as grain boundary diffusion or
volume diffusion, determines the value of #. In isotropic shrinkage situations, p may be

obtained based on the simple mathematic relationship and the shrinkage data:
1
p(t)=(—4y )Po - (5)
147

[0090] Upon taking the logarithm of Eq. 4, the following equation is obtained:

ln[Ti—sz—%Jrln[f(p)]HnA—nlnd‘ (6)

[0091] Therefore, the activation energy, O, may be evaluated through the slope by plotting
In(Tdp/dt) versus 1/T at a constant p and d. Moreover, Equation (6) produces a different Q at

different density values.

Thermodynamic Stabilization of Tungsten Alloys through Segregation

[0092] In one embodiment, additive alloying elements may be employed: a stabilizer

element and/or an activator element. The stabilizer element may thermodynamically stabilize
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nanocrystalline tungsten by segregation in the grain boundaries. This segregation may reduce
the grain boundary energy, and in turn may reduce the driving force for grain growth. In one
embodiment, the nanocrystalline tungsten alloy may be thermodynamically stable or
substantially thermodynamically stable at temperatures greater than or equal to about 1000°C
—e.g., greater than or equal to about 1050°C, about 1000°C, about 1150°C, about 1200°C,
about 1250°C, about 1300°C, about 1350°C, about 1400°C, about 1450°C, about 1500°C, or
higher.

[0093] The activator element may enhance the sintering kinetics of tungsten by providing a
high diffusion path for tungsten atoms. As a result, the sintering temperature in one
embodiment 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 one embodiment, 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
tungsten is thermodynamically stable. In one embodiment, the sintering temperature may be

affected by the heating rate employed.

Stabilizer Elements

[0094] The stabilizer element may be any element capable of reducing the grain boundary
energy of the sintered material, thereby reducing the driving force for grain growth.
Generally, the stabilizer element may exhibit a positive heat of mixing with the sintered
material. In one embodiment, the stabilizer element may be a metal element, which may be

any of the aforedescribed metal elements.

[0095] 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 one embodiment, 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 one embodiment, 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
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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%.

Activator Elements

[0096] The activator element may be any element capable of enhancing the sintering
kinetics of the sintered material. In one embodiment of activated sintering, the activator
element may act as a fast carrier path for the diffusion of tungsten. As a result, in one
embodiment the selection of an activator element may be based on two conditions. First, the
solubility of the activator element in tungsten and segregation at the interparticle interfaces
may be low. Additionally, the activator element should exhibit relatively high solubility for
tungsten, allowing the activator element to act as a fast diffusion path for tungsten atoms.
Second, the diffusion rate of tungsten in a phase rich in an activator element may be
relatively high. Additionally, the diffusion rate of tungsten in an activator element rich phase
should be higher than the diffusion rate of the tungsten in itself. The term “rich” with respect
to the content of an element in a phase refers, in one embodiment, 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%, or higher. The term “phase” in one embodiment refers to a state of
matter. For example, in one embodiment a phase may refer to a phase shown on a phase

diagram.

[0097] In one embodiment, tungsten is soluble in the activator element. In another
embodiment, the solubility of the tungsten in the activator element increases with increasing
temperature. In one embodiment, the melting temperature of the activator element may be

less than the melting temperature of the tungsten.

[0098] Generally, the amount of an activator may be minimized so that the quantity
available for interaction with the stabilizer element is reduced. In one embodiment, 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 one embodiment, the activator 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%,

18-



WO 2014/152838 PCT/US2014/027932

about 8 at% to about 20 at%, about 10 at% to about 18 at%, or about 13 at% to about 15 at%,
etc. In one embodiment, 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%.

[0099] In one embodiment, the activator element may be a metal element, which may be
any of the aforedescribed metal elements. In one embodiment the activator element may be

at least one of Pd, Pt, Ni, Co, and Fe.

[0100] In one embodiment, the activator element may also be the stabilizer element. As
shown in Eq. (3), the activator element that provides the largest AH,., may produce the
largest stabilization effect, and 4H ., may be related to three factors: atomic radius mismatch
(elastic strain energy), chemical interaction and grain boundary energy difference. The
atomic radius mismatch between Ni and tungsten is bigger than the mismatch between Pd and
tungsten. Therefore, Ni may be a better element for stabilizing tungsten if only elastic strain
energy is considered. In one embodiment, Ni or Pd may act as both the stabilizer element

and the activator element, producing W-Ni and W-Pd nanocrystalline alloys.

[0101] 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
of removing the need to consider the interaction between the activator and the stabilizer. In
one embodiment 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 one
embodiment at least one of Ti, V, Cr, and Sc, or combinations thercof, may be utilized as
both the activator and stabilizer element. In another embodiment Cr, Ti, or both may be

utilized as both the activator and stabilizer element.

[0102] In the case of both Ti and V, a solid solution is formed with tungsten at the sintering
temperature (below 1500°C), as shown in the phase diagrams in Figures 7(a) and 7(b). In the
case of Sc, the Sc and W phases exist separately at the expected sintering temperature (below
1500°C), as shown in the phase diagram in Figure 8(a). Thus, in one embodiment the Sc may
be able to provide a diffusion path for the tungsten. In the case of Cr, the Cr rich and W rich

phases exist separately at the expected sintering temperature (below 1500°C), as shown in the

phase diagram in Figure 8(b). In addition, Cr has a relatively high segregation enthalpy
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compared to other stabilizers, and the diffusivity of tungsten in Cr is higher than the self-
diffusivity of tungsten. In one embodiment Cr may act as both the activator element and the

stabilizer element, producing a W-Cr nanocrystalline alloy.

Interaction of Activator and Stabilizer

[0103] 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 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. 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.

[0104] The amount of each additive may be important in determining the potential for the
formation of an intermetallic phase based on the phase diagram. For example, as shown in
Figure 5, 17.5 at% Ti may be a desirable stabilizer with respect to W. In one embodiment,
for simplicity an amount of 20 at% stabilizer may be considered based on Figure 5. On the
other hand, the amount of an activator added may change with particle size. In one
embodiment, although the exact amount of an activator to be added may not be known until
measuring the distribution of the tungsten particle size, it may be roughly approximated as

0.5 wt% compared to tungsten.

[0105] Figure 9(a) illustrates one embodiment, wherein Ti and Ni in an amount of 20 at%
Ti and 1.3 at% Ni (corresponding to 0.5 wt% Ni compared to tungsten) are added. As shown
in Figure 9(a), a Ti,Ni intermetallic phase and a Ti(HCP) phase coexist at temperatures below
767°C. More importantly for the purposes of activated sintering, a two phase region —
Ti(HCP), liquid — exists at temperatures of about 1200°C and above, at this concentration.

[0106] Figure 9(b) illustrates one embodiment, wherein T1 and Pd in an amount of 20 at%
Tiand 0.7 at% Pd (corresponding to 0.5 wt% Pd compared to tungsten) are added. As shown
in Figure 9(b), a Ti(HCP) phase exists at about 1500°C.

[0107] Figure 10(a) illustrates one embodiment, wherein V and Ni in an amount of 20 at%

V and 1.3 at% Ni (corresponding to 0.5 wt% Ni compared to tungsten) are added. As shown
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in Figure 10(a), a V31Nigg intermetallic compound and a V phase coexist at about 800°C, and

a V phase exists at high temperature.

[0108] Figure 10(b) illustrates one embodiment, wherein V and Pd in an amount of 20 at%
V and 0.7 at% Pd (corresponding to 0.5 wt% Pd compared to tungsten) are added. As shown
in Figure 10(b), only a V phase exists up to about 1900°C.

[0109] Figure 11(a) illustrates one embodiment, wherein Cr and Pd in an amount of 20 at%
Crand 0.7 at% Pd (corresponding to 0.5 wt% Pd compared to tungsten) are added. As shown
in Figure 11(a), 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 one embodiment, 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.

[0110] Figure 11(b) illustrates one embodiment, wherein Cr and Ni in an amount of 20 at%
Crand 1.3 at% Ni (corresponding to 0.5 wt% Ni compared to tungsten) are added. As shown
in Figure 11(b), a Cr phase and a Ni phase coexist above 587°C, and only the Cr phase exists

above 1000°C.

[0111] Figure 12(a) illustrates one embodiment, wherein Sc and Pd in an amount of 20 at%
Sc and 0.7 at% Pd (corresponding to 0.5 wt% Pd compared to tungsten) are added. As shown
in Figure 12(a), a Sc phase and a liquid phase coexist above 1000°C, and only a liquid phase
exists above 1400°C.

[0112] Figure 12(b) illustrates one embodiment, wherein Sc and Ni in an amount of 20 at%
Sc and 1.3 at% Ni (corresponding to 0.5 wt% Ni compared to tungsten) are added. As shown
in Figure 12(b), a Sc phase and a liquid phase coexist above 960°C, and only the liquid phase
exists above 1400°C.

[0113] The ternary phase diagrams of the activator-stabilizer combination with tungsten

indicate that a liquid phase may be formed with some stabilizer-activator combinations. In
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one embodiment, the stabilizer-activator combinations that may form a liquid phase may be

Ni-Ti, Se-Ni, Sc-Pd, and Cr-Pd.

[0114] The ternary phase diagram for W-Ti-Ni, as shown in Figure 13 for 1477°C, indicates
that a liquid phase exists at the composition, W-20 at% Ti-1.3 at% Ni. In one embodiment, a
liquid phase sintering technique may be employed for W-Ti-Ni, which may further enhance

sintering kinetics like activated sintering.

Liguid Phase Sintering

[0115] In at least one embodiment 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.

[0116] In one embodiment a W-Ni-Fe alloy system may be sintered by liquid phase
sintering techniques to produce a material employed in applications such as kinetic energy
penetrators. 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 Figures 14(a)-(b). 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.

[0117] In some instances, liquid phase sintering techniques may exhibit concomitant
microstructural coarsening. The inclusion of a stabilizer, such as Ti, in a nanocrystalline
material may prevent microstructural coarsening. The occurrence of liquid phase sintering
may be confirmed through scanning electron microscope (SEM) images at different
temperatures throughout the sintering process. In one embodiment, the liquid phase sintering
process may be the result of a pore filling mechanism. A pore filling mechanism and
successful liquid phase sintering may be detected by the presence of liquid filled branches

surrounding the sintered particles, as shown in Figure 15.

22



WO 2014/152838 PCT/US2014/027932

Production of Sintered Nanocrystalline Alloys

[0118] In one embodiment, a process for the production of a nanocrystalline alloy includes
sintering a plurality of nanocrystalline particulates. The nanocrystalline particulates may
include a first metal material, such as tungsten, and a second metal material, such as an
activator element. The nanocrystalline particulates may include a non-equilibrium phase
where the second metal material is dissolved in the first metal material. According to one
embodiment, the non-equilibrium phase may be a supersaturated phase. The term
“supersaturated phase” is described further below. 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.
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 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 one embodiment, 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.

[0119] In one embodiment, 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 one embodiment, the solubility of the first
metal material in the second metal material may increase with increasing temperature. In
another embodiment, the diffusivity of the first metal material in a phase rich in the second
metal material is greater than the diffusivity of the first metal material in itself. Specifically,
the first metal material and second metal material may include the elements described above

in the Nanocrystalline Alloy section.

[0120] In one embodiment, the sintered nanocrystalline alloy may exhibit a relative density
of greater than or equal to about 75% - e.g., at least about 80%, about 85%, about 90%, about
91%, about 92%, about 93%, about 94%, about 95%, about 96%, about 97%, about 98%,
about 99%, or about 99.9%. The term “relative density” is already described above. In

another embodiment, the relative density of the sintered material may be about 100%.
3.
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According to one embodiment the sintered material may be fully dense. As utilized herein,
the term “fully dense” or “full density” refers to a material with a relative density of at least
98% — e.g., at least about 98%, about 99%, about 99.5%, or higher. The density of the
sintered material may impact other material properties of the sintered material. Thus, by
controlling the density of the sintered material the other material properties may be

controlled.

[0121] In one embodiment, the grain size of the sintered nanocrystalline alloy may be in the
nanometer range — ¢.g., smaller than or equal to about 1000 nm: e.g., less than or equal to
about 900 nm, about 800 nm, about 700 nm, about 600 nm, about 500 nm, about 450 nm,
about 400 nm, about 350 nm, about 300 nm, about 250 nm, about 200 nm, about 150 nm,
about 125 nm, about 100 nm, about 75 nm, about 50 nm, about 40 nm, about 30 nm, about 25
nm, about 20 nm, about 15 nm, about 10 nm, or smaller. In some embodiments herein, to
further distinguish the different grain size regimes, the term “ultra-fine grain™ is used 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.

In one embodiment, the grain size of the sintered nanocrystalline alloy may be about 1 nm to
about 1000 nm — e.g., about 10 nm to about 900 nm, about 15 nm to about 800 nm, about 20
nm to about 700 nm, about 25 nm to about 600 nm, about 30 nm to about 500 nm, about 40
nm to about 450 nm, about 50 nm to about 400 nm, about 75 nm to about 350 nm, about 100
nm to about 300 nm, about 125 nm to about 250 nm, or about 150 nm to about 200 nm, etc.
In one embodiment, the grain size of the sintered nanocrystalline alloy may be smaller than
the grain size of a sintered material that includes the first metal material in the absence of the
second metal material. In one embodiment, the grain size of the sintered nanocrystalline
alloy may be about the same as the grain size of a sintered material that includes the first
metal material in the absence of the second metal material. In one embodiment, the grain size
of the sintered nanocrystalline alloy may be larger than or the same as the grain size of a
sintered material that includes the first metal material in the absence of the second metal
material. In one embodiment, 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.
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[0122] The sintering conditions for the production of the sintered material may be any
appropriate conditions. According to one embodiment, 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 degree. In one embodiment,
extended sintering times may result in an undesired increase in grain size. The sintering may
be a pressureless sintering process. The sintering mechanism described herein allows the
production of fully dense sintered ultra-fine and nanocrystalline materials even in the absence

of external pressure applied during the sintering process.

Process for Making Nanocrystalline Particulates

[0123] One embodiment provides a method for making nanocrystalline tungsten
particulates, which method involves mechanically working a powder including a plurality of
tungsten particulates and a second metal material. In one embodiment, the second metal
material may be an activator element or a stabilizer element. The mechanical working may
be a ball-milling process or a high-energy ball milling process. In an 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 steric acid process control agent content of about 0.01 wt% to
about 3 wt%. In another embodiment, the mechanical working may be carried out in the
presence of a steric acid process control agent content of about 1 wt%, about 2 wt%, or about
3 wt%. According to another embodiment, the mechanical working is carried out in the
absence of a process control agent. In one embodiment, the ball milling may be performed
under any conditions sufficient to produce a nanocrystalline particulate comprising a

supersaturated phase.

[0124] According to another embodiment, any appropriate method of mechanical powder
milling may be employed to mechanically work a powder and form nanocrystalline
particulates. In one embodiment, a high-energy ball mill of attritor mill may be employed. In
other embodiments, other types of mills may be employed, including shaker mills and
planetary mills. In general, any mechanical milling method that produces a mechanical

alloying effect may be employed.

[0125] The average grain size of the nanocrystalline particulates may be calculated by peak

broadening measurements obtained through x-ray diffraction (XRD). As shown in Figure
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16(a), the change in XRD patterns may be a function of milling time. As shown in this
embodiment, peaks in the XRD patterns may start to be broadened after a milling time of
about 6 hours. The grain size of the milled material may also significantly drop after a

milling time of about 6 hours, as shown in Figure 16(b).

[0126] In one embodiment, the 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 §
hours, about 10 hours, about 12 hours, about 15 hours, about 20 hours, about 25 hours, about
30 hours, or about 35 hours. In one embodiment the 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. If the milling time is too long, the tungsten powder may be
contaminated by the milling vial material. The amount of the second metal material that is
dissolved in the tungsten material may also increase with increasing milling time. In one
embodiment, after the ball-milling step, a phase rich in the second metal material may be

observed.

[0127] In one embodiment the grain size of the produced nanocrystalline particulates may
be smaller than about 1000 nm — e.g., smaller 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. In one embodiment the grain size of the produced
nanocrystalline particulates may be about 1 nm to about 1000 nm — e.g., about 10 nm to
about 900 nm, about 15 nm to about 800 nm, about 20 nm to about 700 nm, about 25 nm to
about 600 nm, about 30 nm to about 500 nm, about 40 nm to about 450 nm, about 50 nm to
about 400 nm, about 75 nm to about 350 nm, about 100 nm to about 300 nm, about 125 nm to
about 250 nm, or about 150 nm to about 200 nm, etc. In another embodiment, the

nanocrystalline particulates may have a grain size of about 7 nm to about 8 nm.

[0128] In one embodiment, the nanocrystalline particulates are polycrystalline — e.g., the
nanocrystalline particulates contain a plurality of grains. In another embodiment, the
nanocrystalline particulates are single crystalline materials — e.g., at least one of the

nanocrystalline particulates contains a single grain.
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[0129] In at least one embodiment, ball-milling of the tungsten powder and the activator
element may produce a non-equilibrium phase. The non-equilibrium phase may contain a
solid solution. The non-equilibrium phase may be a supersaturated phase. A “supersaturated
phase” may be a non-equilibrium phase that includes the activator element forcibly dissolved
in the tungsten in an amount that exceeds the amount of activator element that could be
otherwise dissolved in an equilibrium tungsten phase. In one embodiment, the supersaturated
phase may be the only phase present after the ball-milling process. In another embodiment, a

second phase rich in the activator element may be present after ball milling,

[0130] In at least one embodiment, the sintering behavior of the particulate material may be
observed by heating a compact of the particulate material under a constant force. A change
in the length of the compact indicates sintering and densification. The force may be of any
value, depending on the application. In one embodiment, the constant force applied to the
compact throughout the heating process is about 0.05 N or about 0.1 N. The sintering
temperature of the particulate material may be defined as the temperature at which the change

in the length of the compact is 1%.

[0131] According to one embodiment, the sintering may include a liquid phase sintering

mechanism.

Master Sintering Curve

[0132] The integral of instantaneous linear shrinkage rate during sintering can be

represented as follows:

(7

o

where * is the surface energy, " the atomic volume, R the gas constant, T the temperature, G

the average grain size, t time, ~ the parameter which relate the driving force, mean diffusion
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which relies only on Q and heating time-temperature profile. The activation energy can be
estimated by computing 9; the correct activation energy, Q, will make all of the data
computed through 9 collapse onto a single curve. For assessing the sintering activation
energy of nanocrystalline W-Cr 15 at%, their heating profiles with 5, 10, 15, 20 °C/min
shown in Figure 45 which are required to calculate 9 were employed. As shown in Figure 41,
an activation energy of 373 kJ/mol causes the sintering curves of W-Cr 15 at% to collapse in

to a single master sintering curve.
NON-LIMITING WORKING EXAMPLES

Materials and Methods

[0133] In one example, a tungsten powder with a particulate size of about 1-5 um and a

purity of 99.9% is utilized as the first metal material.

[0134] In another example a high-energy ball mill is utilized to form nanocrystalline
tungsten through mechanical milling. The ball milling may be conducted in an argon
atmosphere in a glove box. The ball-milled material was formed in to green cylindrical disk
compacts with a 6 mm diameter and about 3-4 mm height with an initial density of about

11.1-11.2 g/cm3 by compacting at a pressure of 360 MPa.

[0135] A thermodilatometer may be used to measure the change of dimensions of the
sample according to temperature. The thermodilatometer may be operated with an
atmosphere of N»/H»(4%) forming gas, Ar/H»(3%), or flowing argon gas. The force on the
pellet subjected to sintering for the purposes of measuring the change in sample dimensions

was 100 mN.
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[0136] In one example the sintering may be conducted in an atmosphere containing
hydrogen, a vacuum, air, or an inert gas atmosphere. The sintering atmosphere may affect
the sinterability of tungsten powder. Hydrogen-containing atmospheres may generally be
used for sintering tungsten powder. A hydrogen containing atmosphere may produce a
relatively high density material. Vacuum atmospheres may produce a sintered material with
a modest density. In some instances, limited or no densification may be detected when an
argon sintering environment is employed. Not to be bound by any particular theory, but a
volatile vapor phase oxide hydrate of the tungsten particulates (WO,(OH),) may develop
during sintering in a vacuum or argon atmosphere, and the adsorption of the vapor phase on

the surface of the tungsten particulates may result in low sinterability.

[0137] In one example, non-isothermal heating techniques may be used in the sintering
process. For example, a constant rate of heating (CRH) technique may be employed. In one
embodiment constant heating rates of 1 K/min, 3 K/min, 5 K/min, 7 K/min, 10 K/min, 12
K/min, 15 K/min or 20 K/min may be used. In another example an isothermal heating

method may be employed.

[0138] The following non-limiting experimental examples were produced and analyzed.

Example 1

[0139] A tungsten powder containing 20 at% Cr was ball milled to produce nanocrystalline
particulates. The nanocrystalline particulates were analyzed after 6 hours, 10 hours and 15
hours of ball milling. As shown in Figure 17, the XRD peaks became broader with
increasing ball-milling time. In addition, the grain size was found to decrease while the
amount of Cr dissolved in the tungsten was found to increase with increasing ball milling
time, as shown in Figure 18. As shown in Figure 19, the sintering temperature of the
nanocrystalline particulates decreased as the ball-milling time increased and the amount of Cr
dissolved in the tungsten increased. This indicates that an increased amount of the Cr
activator material results in additional reductions in the sintering activation energy and
sintering temperature. The sintering temperature of the W-20 at% Cr nanocrystalline
particulates was about 1000°C when a 3 K/min heating rate was employed. The amount of

Cr dissolved in the tungsten was about 10 at%.

[0140] When the W-20 at% Cr nanocrystalline particulates were sintered using an

isothermal process at 1300°C, densification of greater than 90%, specifically about 91%, was
220
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achieved, as shown in Figure 20. The W-20 at% Cr material exhibited a grain size of about
62 nm at 1000°C, about 100 nm at 1100°C, and greater than 100 nm at 1200°C throughout the
sintering process, as shown in Figures 25-27. The structure of the material after the

completion of the sintering process is depicted in Figure 31.

[0141] The transition between an initial low density sintering mechanism and a second
higher density intermediate sintering mechanism may be observed in Figure 32 based on the
change during sintering of the slope of the sintering length change curve. The transition in
sintering mechanism may be from an initial mechanism in which the tungsten diffuses into
and through the Cr to an intermediate tungsten volume diffusion mechanism. The sintering
activation energy of the W-20 at% Cr particulates was determined for a variety of heating
profiles from the raw shrinkage data, and is depicted in Figure 36 as converted utilizing
various activation energies as conversion factors. The sintering activation energy plots in
Figure 36 may converge to a single plot if the appropriate activation energy conversion factor

1s determined.

[0142] The formation of a Cr rich phase at the surface of the particulates of the W-20 at%
Cr material after heating to 1400°C is depicted in Figure 33. The bright phase is the tungsten
rich phase and the Cr rich phase is the dark phase between the tungsten rich phase
particulates, as shown in Figure 33. The microstructure of the W-20 at% Cr material after
heating to 1100°C and holding for two hours is shown in Figures 34 and 35. The images
depicted in Figures 34 and 35 were obtained after polishing the samples, and clearly show the

Cr rich phase between the tungsten rich phase particulates.

Example 2

[0143] A tungsten powder containing 15 at% Cr was ball milled to produce nanocrystalline
particulates. The nanocrystalline particulates were analyzed after 20 and 30 hours of ball
milling. The W-15 at% Cr nanocrystalline particulates demonstrated the XRD peak
broadening and peak shift characteristics of a supersaturated nanocrystalline phase, as shown

in Figure 21. The amount of Cr dissolved in the tungsten was approximately 6.5 at%.

[0144] The nanocrystalline particulates exhibited improved densification behavior upon
sintering compared to W-20 at% Cr nanocrystalline particulates that were ball milled for 10

hours, and the nanocrystalline particulates that were ball milled for 30 hours demonstrated
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slightly improved densification performance in comparison to the nanocrystalline particulates

that were ball milled for 20 hours, as shown in Figure 22.

[0145] The sintering activation energy of the 15 at% Cr nanocrystalline particulates was
determined for a variety of heating rates, including 3 K/min, 5 K/min, 10 K/min, 15 K/min,
and 20 K/min, and the result is shown in Figure 23. The sintering temperature of the W-15
at% Cr nanocrystalline particulates was about 1000°C when a 3 K/min heating rate was
employed. The activation energy curves for the heating rates shown in Figure 23 were
calculated from the shrinkage data, and, as shown in Figure 37, the curves converged at an
activation energy value of about 357 kJ. The convergence of the curves shown in Figure 37
at an activation energy of about 357 kJ was confirmed by determining that root mean squares
value of the activation energy curves in Figure 37 exhibited a minimum at an activation

energy of about 357 kJ, as shown in Figure 38.

Example 3

[0146] A tungsten powder containing 20 at% Ti was ball milled to form nanocrystalline
particulates and then sintered. The nanocrystalline particulates exhibited inferior sintering
behavior compared to pure tungsten nanocrystalline particulates and W-20 at% Cr

nanocrystalline particulates, as demonstrated in Figure 24.

Example 4

[0147] In this example, tungsten powder mixtures containing Cr in an amount of about 5
at%, about 10 at%, about 20 at%, about 30 at%, and about 40 at% were ball milled for 10
hours and then sintered at 1300 °C. The shrinkage of the samples, as shown in Figure 28,
indicates that there is an optimal amount of Cr for improving the sintering kinetics of

tungsten, and that the optimum Cr content may be in the range of about 20 at%.

Example 5

[0148] In this example, a W-T1 20 at%-Cr 5 at% powder mixture was ball milled and then
sintered by heating to 1300°C. The sintering behavior indicates that the Cr acts as an
activator even in the presence of Ti, as shown in Figure 29. The nanostructure of the sintered
material is depicted in Figures 30(a)-(f). The data indicates that the W-Ti-Cr sintered material

may be fully densified while maintaining a nanocrystalline grain size.
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Example 6

[0149] In this example, a W-Cr 15 at% mixture was ball milled to produce a supersaturated
powder in which Cr is fully dissolved in W, with an average particle diameter of about 1
micron and an average grain size of about 13 nm, as shown in Figure 39(a). The Debye-
Scherrer ring of the powder indexed as being a BCC solid solution, as shown in the inset of

Figure 39(a).

[0150] The powder was heated to 1100°C, and a Cr-rich phase precipitated from the
supersaturated W-rich phase and formed small Cr domains on the surface of the particles, as
shown in Figure 39(b). The powder was then heated to a temperature of 1200°C and necks of
a Cr-rich phase were formed between the particles, as shown in Figure 39(c). Figure 39(d)
shows a Cr-rich neck adjacent to W-rich particles with a W and Cr elemental map produced
using scanning transmission electron microscopy with energy dispersive spectroscopy

(STEM-EDS) overlaid on the image.

Example 7

[0151] In this example, Cr-Ni 5 at% and Cr-Ni 15 at% samples were ball milled and then
sintered. Figure 43(a) depicts the relative density changes of the samples in addition to
comparative examples of nanocrystalline Cr mixed with 5 at% Ni (nc-Cr+5 at% Ni),
nanocrystalline Cr (nc-Cr), and a mixture of Cr and 5 at% Ni (Cr+5 at% Ni). Figure 43(b)
shows the microstructure of the Cr-Ni 15 at% sample includes Ni precipitated around Cr
necks that act as fast transport layers after sintering at 1200°C, with the inset being an

energy-dispersive spectroscopy (EDS) map showing local Ni content.

[0152] Figure 46(a) depicts the relative density of Cr-Ni 15 at% as a function of
temperature with a variety of heating rates. As shown in Figure 46(b), the heating profiles
collapse to a master sintering curve at a sintering activation energy of 258 kJ/mol. The
sintering activation energy of 258 kJ/mol matches the activation energy for diffusion of Cr in
Ni, 272 kJ/mol, and is distinct from the activation energy for self-diffusion of Cr, 442 kJ/mol.
As aresult, the data indicates that the Cr-Ni 15 at% material undergoes nano-phase

separation sintering.
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Example 8

[0153] In this example, W-Cr 15 at% was ball milled for 2 hours, 4 hours, 6 hours and 20
hours. As shown in Figures 44(a) and (b), the main diffraction peak of Cr at 44.4° disappears
after about 4 hours of ball milling, indicating that the Cr is fully dissolved into the W. After
about 4 hours of ball milling, WC from abrasion of the milling media starts to appear, and the
amount of WC after 20 hours of ball milling is about 1 to 2 wt%, as measured by Rietveld

refinement.

Comparative Example 1

[0154] A series of comparative examples were investigated to determine the independent
effect of (1) nanocrystallinity and (ii) alloy supersaturation of the powder on sintering
behavior. The relative density change of the comparative examples as a function of
temperature is shown in Figure 40. The samples depicted in Figure 40 were quenched
partway through the densification cycle. The data indicates that the sintering mechanism
described herein desirable need that the powder to have nanocrystalline grains and the
powder include a supersaturated solid solution. The specific compositions of the comparative
examples and whether the comparative examples include (i) nanocrystallinity and (ii) a
supersaturated solid solution are described below. The materials were heated at a rate of
10°C/min. A W-Cr 15 at% nanocrystalline supersaturated powder example under the same
treatment conditions without the application of external pressure begins to noticeably densify

at about 950°C, and is nearly fully dense by the time a temperature of 1500°C is reached.

[0155] Pure nanocrystalline W (nc-W): pure tungsten was mechanically milled in the SPEX
8000 high-energy mill for 20 hours using tungsten carbide media and a ball-to-powder ratio
of 5 to 1, with 1 wt% steric acid as a process control agent. The resulting sample had a grain
size of 10 nm as revealed by Reitveld refinement but no Cr — this sample met condition (i)
but not (ii). This powder was then compacted into 6 mm diameter and 3~4 mm high

cylindrical disks of 0.62 relative density.

[0156] Nanocrystalline W with 15 at% Cr (not dissolved) (nc-W+15 at% Cr): powder of
pure Cr was added to pure nanocrystalline W, produced by milling for 20 hours with a dry
mixing method; 15 at% Cr was mixed with nanocrystalline W without milling or mechanical

alloying, for approximately 15 minutes. The resulting sample comprised W with a grain size
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of 10 nm as revealed by Reitveld refinement, and contained chromium, but not in an alloyed
or supersaturated condition; it met condition (i) but not (ii). This powder was then compacted

into 6 mm diameter and 3~4 mm high cylindrical disks of 0.63 relative density.

[0157] W-15 at% Cr unalloyed and without nanostructure (W=+15 at% Cr): 15 at% Cr was
dry-mixed with W for approximately 15 minutes without mechanical alloying or milling.
The resulting sample was a mixture of W-15at% Cr, but had no nanoscale structure nor
supersaturation; it met neither condition (i) nor (ii). This powder was then compacted into 6

mm diameter and 3~4 mm high cylindrical disks of 0.67 relative density.

[0158] Supersaturated W-15 at% Cr (W(Cr)): W-15 at% Cr powders were mechanically
milled in a SPEX 8000 high-energy mill for 30 minutes using tungsten carbide media without
any process control agent. The resultant powder was then sealed in a quartz tube, first
evacuated to 10 Torr using a turbo pump, and then backfilled with high-purity argon gas to
120 Torr. The sealed powder was annealed in a furnace that could be controlled to within £3
°C at 1400 °C for 20 hours and then quenched. The resulting powder was a supersaturated
W(Cr) solution, but with a coarse grain size in excess of one micron; it met condition (ii) but
not (i). This tungsten solid solution powder was then compacted into 6 mm diameter and 2~3

mm high cylindrical disks of 0.65 relative density.

[0159] Pure Cr: Pure chromium powder was compacted into 6 mm diameter and 3~4 mm

high cylindrical disks of 0.67 relative density.

Comparative Example 2

[0160] Table 1 describes a number of comparative examples of W-alloys that were
subjected to liquid phase and activated sintering processes. Figures 42(a) and 47 show the
grain size of the resulting materials as a function of relative density. The data indicates that
nano-phase separation sintering produces materials with smaller grain sizes at comparable
densities as other methods. Figure 42(b) depicts the microstructure of a W-alloy produced by
a liquid-phase sintering mechanism in which W-particles are embedded in a liquid matrix that
acts as a rapid transport path for sintering. Figure 42(c) depicts the microstructure of a W-
alloy produced by an activated sintering mechanism in which a film is formed on a grain
boundary that acts as an active transport path for sintering. Figure 42(d) depicts the

microstructure of a W-alloy produced by a nano-phase separation sintering mechanism in
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which the separation of the supersaturated solution decorates the interparticle necks with a

second solid phase that acts as a rapid diffusion pathway for sintering.

Number Materials Grain size (g) Density
1 W-1Ni 11 0.889
2 W-6Fe 2.68 0.874
3 W-8.4Ni-3.6Fe 2.3 0.876
4 W-2Fe 4.17 0916
5 W-8.4Ni-3.6Fe 33 0.935
6 W-2Ni-2Fe 8.48 0.934
7 W-8Cu-3Ni 9.21 0.930
8 W-4Cu-7Ni 14.87 0.933
9 W-4Cu-7Ni 19.25 0.942
10 W-8Cu-3Ni 11.59 0.943
11 W-1Ni-1Fe 9.35 0.953
12 W-0.29Co 6 0.95
13 W-1Fe 5.24 0.955
14 W-9Cu-1Ni 33 0.95
15 W-6Ni 10.03 0.958
16 W-8Cu-3Ni 14.17 0.959
17 W-4Cu-7Ni 24.7 0.967
18 W-8Cu-3Ni 18.35 0.97
19 W-2Ni 10.03 0.973

20 W-4Cu-7Ni 23.1 0.976
21 W-8Cu-3Ni 24.47 0.982
22 W-1Ni-1Fe 15 0.985
23 W-1INi 12.16 0.982
24 W-8.4Ni-3.6Fe 4.8 0.988
25 W-1Ni-1Fe 44 0.99
26 W-11.9Ni-5.1Fe 19.6 0.99
27 W-8.4Ni-3.6Fe 21.8 0.99
28 W-4.9Ni-2.1Fe 23.5 0.99
29 W-3.99Ni-1.71Fe 26 0.995
30 W-7Ni-3Fe 27 0.996
31 W-4Mo-7Ni-3Fe 17.9 1.00
32 W-8Mo-7Ni-3Fe 14.5 1.00

Table 2
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Additional Notes

[0161] All literature and similar material cited in this application, including, but not limited
to, patents, patent applications, articles, books, treatises, and web pages, regardless of the
format of such literature and similar materials, are expressly incorporated by reference in
their entirety. In the event that one or more of the incorporated literature and similar
materials differs from or contradicts this application, including but not limited to defined

terms, term usage, described techniques, or the like, this application controls.

[0162] While the present teachings have been described in conjunction with various
embodiments and examples, it is not intended that the present teachings be limited to such
embodiments or examples. On the contrary, the present teachings encompass various

alternatives, modifications, and equivalents, as will be appreciated by those of skill in the art.

[0163] While various inventive embodiments 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 function 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 inventive embodiments described herein. 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 inventive teachings is/are used. Those skilled in the art will
recognize many equivalents to the specific inventive embodiments 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, inventive
embodiments may be practiced otherwise than as specifically described and claimed.
Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination
of two or more such features, systems, articles, materials, kits, and/or methods, if such
features, systems, articles, materials, kits, and/or methods are not mutually inconsistent, is

included within the inventive scope of the present disclosure.
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[0164] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0165] 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.”

Any ranges cited herein are inclusive.

[0166] The terms “substantially” and “about used throughout this Specification are used to
describe and account for small fluctuations. For example, they may refer to less than or equal
to £5%, such as less than or equal to +2%, such as less than or equal to +1%, such as less
than or equal to +0.5%, such as less than or equal to +0.2%, such as less than or equal to

+0.1%, such as less than or equal to +0.05%.

[0167] 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. Multiple
elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
the elements so conjoined. 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. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” may refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A

and B (optionally including other elements); etc.

[0168] 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
ong, 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

k19

both”) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
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“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary

meaning as used in the field of patent law.

[0169] 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”’) may refer, in one embodiment, 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.

[0170] As used herein “at%” refers to atomic percent and “wt%"” refers to weight percent.
However, in certain embodiments when “at%” is utilized the values described may also
describe “wt%.” For example, if “20 at%” is described in one embodiment, in other
embodiments the same description may refer to “20 wt%.” As a result, all “at%” values
should be understood to also refer to “wt%” in some instances, and all “wt%” values should

be understood to refer to “at%” in some instances.

[0171] In the claims, as well as in the specification above, all transitional phrases such as

99 Céy

“comprising,” “including,

29 ¢C k13 99 Céy

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” 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 closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

[0172] The claims should not be read as limited to the described order or elements unless

stated to that effect. It should be understood that various changes in form and detail may be
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made by one of ordinary skill in the art without departing from the spirit and scope of the
appended claims. All embodiments that come within the spirit and scope of the following

claims and equivalents thereto are claimed.
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WHAT IS CLAIMED:

1. A method comprising:
sintering a plurality of nanocrystalline particulates to form a nanocrystalline alloy;
wherein

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 soluble in the second metal material.

2. The method of claim 1, wherein the first metal material comprises at least one

of tungsten and chromium.

3. The method of claim 1, wherein the second metal material comprises at least

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

4. The method of claim 1, wherein the non-equilibrium phase comprises a solid
solution.
5. The method of claim 1, 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.

6. The method of claim 1, 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.

7. The method of claim 1, wherein the at least some of the nanocrystalline

particulates have a grain size of smaller than or equal to about 50 nm.
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8. The method of claim 1, wherein the non-equilibrium phase undergoes

decomposition during the sintering.

0. The method of claim 1, 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.

10. The method of claim 1, wherein the at least some of the nanocrystalline

particulates comprise less than or equal to about 40 at% of the second metal material.

11. The method of claim 1, wherein the non-equilibrium phase comprises a
supersaturated phase comprising the second metal material dissolved in the first metal

material.

12. The method of claim 1, further comprising alloying the nanocrystalline alloy

with a third metal material.

13. The method of claim 1, wherein the nanocrystalline alloy has a first grain size,
and a sintered material comprising the first metal material in the absence of the second metal

material has a second grain size, the first grain size being smaller than the second grain size.

14. The method of claim 1, wherein the nanocrystalline alloy has a relative density

of at least about 90%.

15. The method of claim 1, wherein the first metal material comprises Cr and the

second metal material comprises Ni.

16. A nanocrystalline alloy produced by the method of claim 1.
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17. A method comprising:
sintering a plurality of nanocrystalline particulates to form a nanocrystalline alloy;
wherein

at least some of the nanocrystalline particulates comprise a non-equilibrium

phase comprising a first metal material and a second metal material; and

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.

18. The method of claim 17, wherein the first sintering temperature is lower than

or equal to about 1200°C.

19. The method of claim 17, 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.

20. The method of claim 17, 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.

21. The method of claim 17, 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.
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22. The method of claim 17, wherein the nanocrystalline alloy has a first grain
size and a sintered material comprising the first metal material in the absence of the second
metal material has a second grain size, the first grain size being smaller than the second grain

size.

23. A sintered nanocrystalline alloy comprising at least one of W and Cr, wherein

the nanocrystalline alloy has a relative density of at least about 90%.

24, The alloy of claim 23, wherein the nanocrystalline alloy comprises both W

and Cr in a solid solution.

25. The alloy of claim 24, wherein the nanocrystalline alloy further comprises Ti.

26. The alloy of claim 23, wherein the nanocrystalline alloy comprises both Cr

and Ni in a solid solution.

27. The alloy of claim 23, wherein the nanocrystalline alloy is substantially

thermodynamically stable at a temperature that is greater than or equal to about 1200°C.

28. The alloy of claim 23, wherein the nanocrystalline alloy is fully dense.

29. A method comprising:
sintering a plurality of nanocrystalline particulates to form a nanocrystalline alloy;
wherein

at least some of the nanocrystalline particulates comprise a non-equilibrium

phase comprising a first metal material and a second metal material;
the first metal material is soluble in the second metal material; and

the nanocrystalline alloy has a relative density of at least about 90%.
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