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TITLE

METHODS OF MODIFYING SURFACES OF DIAMOND PARTICLES, AND
RELATED DIAMOND PARTICLES AND EARTH-BORING TOOLS

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Provisional
Patent Application Serial No. 15/167,781, filed May 27, 2016, for “METHODS OF
MODIFYING SURFACES OF DIAMOND PARTICLES, AND RELATED DIAMOND
PARTICLES AND EARTH-BORING TOOLS.”

TECHNICAL FIELD
The disclosure, in various embodiments, relates generally to methods of modifying

surfaces of diamond particles, and to related diamond particles and earth-boring tools.

BACKGROUND

Diamond particles have proven useful in wide variety of applications (e.g., drilling
applications, cutting applications, grinding applications, polishing applications, machining
applications, etc.). For example, many earth-boring tools have components (e.g.,
polycrystalline diamond compact (PDC) cutting elements) including inter-bonded diamond
particles, and/or components (e.g., bit bodies, inserts, etc.) including discrete (e.g., non-inter-
bonded) diamond particles dispersed in a matrix material. Including diamond particles (e.g.,
inter-bonded diamond particles and/or discrete diamond particles) in such earth-boring tools
can increase the operational life of the earth-boring tools by increasing the strength and
abrasion resistance of the earth-boring tools. Diamond particles are also frequently utilized as
additives for coatings (e.g., hardfacing), lubricants (e.g., oils), slurries (e.g., polishing slurries),
and structures (e.g., polymer structures) to provide the coatings, lubricants, slurries, and
structures with desirable properties (e.g., strength, abrasion resistance, abrasivity, thermal
conductivity, electrical conductivity, etc.). Many applications would benefit from diamond
particles exhibiting particularly textured surfaces and/or relatively larger specific surface

areas.

DISCLOSURE
Embodiments described herein include methods of modifying surfaces of diamond

particles, as well as related diamond particles and earth-boring tools. For example, in
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accordance with one embodiment described herein, a method of modifying surfaces of
diamond particles comprises forming spinodal alloy coatings over discrete diamond particles,
thermally treating the spinodal alloy coatings to form modified coatings each independently
exhibiting a reactive metal phase and a substantially non-reactive metal phase, and etching
surfaces of the discrete diamond particles with at least one reactive metal of the reactive metal
phase of the modified coatings.

In additional embodiments, a diamond particle comprises a textured surface exhibiting
elevated regions and recessed regions between the elevated regions, lateral dimensions and
spacing of the recessed regions respectively corresponding to lateral dimensions and
spacing of regions of at least one phase of a spinodally decomposed alloy substantially
reactive with diamond at a temperature greater than or equal to about 650°C.

In further embodiments, an earth-boring tool comprises at least one structure
comprising diamond particles, at least one of the diamond particles having a textured surface
exhibiting elevated regions and recessed regions between the elevated regions, lateral
dimensions and spacing of the recessed regions respectively corresponding to lateral
dimensions and spacing of regions of at least one phase of a spinodally decomposed alloy

substantially reactive with diamond at a temperature greater than or equal to about 650°C.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified flow diagram depicting a method of modifying surfaces of
diamond particles, in accordance with embodiments of the disclosure.

FIG. 2 is a simplified cross-sectional view of a diamond particle including a modified
surface, in accordance with embodiments of the disclosure.

FIG. 3 is a perspective view of an embodiment of an impregnated drill bit, in
accordance with embodiments of the disclosure.

FIG. 4 is a perspective view of an embodiment of a fixed-cutter drill bit, in accordance

with embodiments of the disclosure.

MODE(S) OF CARRYING OUT THE INVENTION
Methods of modifying surfaces of diamond particles are described, as are related
diamond particles and earth-boring tools. In some embodiments, a method of modifying
surfaces of diamond particles includes forming spinodal alloy coatings over discrete diamond
particles to form discrete composite particles. The discrete composite particles are subjected

to a thermal treatment process to form modified coatings each exhibiting at least two
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coexisting, isomorphous phases having different material compositions than one another.
Thereafter, portions of the discrete diamond particles are removed using a reactive metal of
one of the coexisting, isomorphous phases of the modified coatings. The reactive metal may
react with a portion of a diamond particle thereunder to destroy the crystallinity of the
portion of the diamond particle. Optionally, another of the coexisting, isomorphous phases
of the modified coatings may be selectively removed (e.g., selectively etched) prior to
removing portions of the discrete diamond particles using the reactive metal of the other of
the coexisting, isomorphous phases. The methods of the disclosure facilitate the controlled,
consistent formation of diamond particles exhibiting desirable surface configurations (e.g.,
feature sizes, feature spacing, etc.).

The following description provides specific details, such as material types and
processing conditions in order to provide a thorough description of embodiments of the
disclosure. However, a person of ordinary skill in the art will understand that the
embodiments of the disclosure may be practiced without employing these specific details.
Indeed, the embodiments of the disclosure may be practiced in conjunction with conventional
fabrication techniques employed in the industry. In addition, the description provided below
does not form a complete process flow for manufacturing a structure or tool. Only those
process acts and structures necessary to understand the embodiments of the disclosure are
described in detail below. Additional acts to form the complete structure or the complete tool
from various structures may be performed by conventional fabrication techniques. The
drawings accompanying the present application are for illustrative purposes only, and are not
drawn to scale. Additionally, elements common between figures may retain the same
numerical designation.

2% ¢

As used herein, the terms “comprising,” “including,

2 ¢

containing,” and grammatical
equivalents thereof are inclusive or open-ended terms that do not exclude additional, unrecited
elements or method steps, but also include the more restrictive terms “consisting of” and
“consisting essentially of”” and grammatical equivalents thereof. As used herein, the term
“may” with respect to a material, structure, feature, or method act indicates that such is
contemplated for use in implementation of an embodiment of the disclosure and such term is
used in preference to the more restrictive term “is” so as to avoid any implication that other,
compatible materials, structures, features and methods usable in combination therewith should
or must be, excluded.

As used herein, spatially relative terms, such as “beneath,” “below,” “lower,”

2 ccabove’” ccupper’” cctop’” ccfront’” 33

“bottom, rear,” “left,” “right,” and the like, may be used
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for ease of description to describe one element’s or feature’s relationship to another element(s)
or feature(s) as illustrated in the figures. Unless otherwise specified, the spatially relative
terms are intended to encompass different orientations of the materials in addition to the
orientation depicted in the figures. For example, if materials in the figures are inverted,
elements described as “below™ or “beneath™ or “under” or “on bottom of” other elements or
features would then be oriented “above” or “on top of” the other elements or features. Thus,
the term “below™ can encompass both an orientation of above and below, depending on the
context in which the term is used, which will be evident to one of ordinary skill in the art. The
materials may be otherwise oriented (e.g., rotated 90 degrees, inverted, flipped) and the
spatially relative descriptors used herein interpreted accordingly.

As used herein, the singular forms “a,” “an,” and “the” are intended to include the
plural forms as well, unless the context clearly indicates otherwise.

As used herein, the term “and/or” includes any and all combinations of one or more of
the associated listed items.

As used herein, the term “substantially” in reference to a given parameter, property, or
condition means and includes to a degree that one of ordinary skill in the art would understand
that the given parameter, property, or condition is met with a degree of variance, such as
within acceptable manufacturing tolerances. By way of example, depending on the particular
parameter, property, or condition that is substantially met, the parameter, property, or
condition may be at least 90.0% met, at least 95.0% met, at least 99.0% met, or even at least
99.9% met.

As used herein, the term “about™ in reference to a given parameter is inclusive of the
stated value and has the meaning dictated by the context (e.g., it includes the degree of error
associated with measurement of the given parameter).

FIG. 1 is a simplified flow diagram illustrating a method of modifying (e.g., texturing)
surfaces of diamond particles, in accordance embodiments of the disclosure. As described in
further detail below, the method includes a diamond particle selection process 100, a spinodal
alloy coating process 102, a thermal treatment process 104, an optional selective phase
removal process 106, and a diamond etching process 108. With the description as provided
below, it will be readily apparent to one of ordinary skill in the art that the method described
herein may be used in various applications. In other words, the method may be used
whenever it is desired to form modify (e.g., texture) a surface of a diamond particle.

The diamond particle selection process 100 includes selecting discrete diamond

particles to be subsequently formed into modified diamond particles exhibiting textured
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surfaces. The discrete diamond particles may be selected at least partially based on a desired
end use of the modified diamond particles, as described in further detail below. The discrete
diamond particles may be formed of and include monocrystalline diamond, polycrystalline
diamond, or combinations thereof. Each of the discrete diamond particles may independently
exhibit a desired particle size, such as a particle size less than or equal to about 1000
micrometers (um). The discrete diamond particles may comprise, for example, one or more
of discrete micro-sized diamond particles and discrete nano-sized diamond particles. As used
herein, the term “micro-sized” means and includes a particle size with a range of from about
one (1) um to about 1000 pm, such as from about 1 um to about 500 pum, from about 1 pm to
about 100 um, or from about 1 um to about 50 um. As used herein, the term “nano-sized”
means and includes a particle size of less than 1 um, such as less than or equal to about 500
nanometers (nm), or less than or equal to about 250 nm. In addition, each of the discrete
diamond particles may independently exhibit a desired shape, such as one or more of a
spherical shape, a hexahedral shape, an ellipsoidal shape, a cylindrical shape, a conical shape,
and an irregular shape. The discrete diamond particles may be monodisperse, wherein each of
the discrete diamond particles exhibits substantially the same material composition, size, and
shape, or may be polydisperse, wherein at least one of the discrete diamond particles exhibits
one or more of a different material composition, a different particle size, and a different shape
than at least one other of the discrete diamond particles.

The spinodal alloy coating process 102 includes coating the discrete diamond particles
with at least one spinodal alloy to form discrete composite particles. As used herein, the term
“spinodal alloy” means and includes an alloy having a chemical composition capable of
undergoing spinodal decomposition. In turn, as used herein, the term “spinodal
decomposition” refers to a mechanism of continuous phase transformation by which a
homogeneous disordered solution (e.g., a solid solution, a liquid solution) separates into
distinct phases. The distinct phases may include ordered phases and/or disordered phases.
The phase separation is a result of driving forces derived from energetic instabilities
pertaining to the nucleation and growth of the equilibrium ordered structures in the two phase
field. In solids, spinodal decomposition is controlled by local atomistic diffusion of
constituent materials forming a modulated composition profile such that the bulk (average)
composition is unchanged. Furthermore, as used herein, the term “composite particle” means
and includes a particle including at least two constituent materials that remain distinct on a
micrometric level while forming a single particle. For example, each of the discrete

composite particles may independently include a diamond particle at least partially (e.g.,
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substantially) encapsulated (e.g., covered, surrounded, etc.) by a coating (shell, layer, etc.)
of the spinodal alloy.

The spinodal alloy includes at least one metal element (hereinafter referred to as a
“reactive metal”) that is reactive with diamond. As used herein, a material (e.g., a metal) that
is “reactive” with diamond refers to a material that breaks down the crystallinity of diamond at
one or more temperatures. Conversely, a material (e.g., a metal) that is substantially “non-
reactive” with diamond refers to a material that does not substantially break down the
crystallinity of diamond at the one or more temperatures. The reactive metal may, for
example, dissolve diamond at one or more elevated temperatures, such as a temperature
greater than or equal to about 650°C, whereas a substantially non-reactive metal may not
substantially dissolve diamond at the one or more elevated temperatures. The reactive metal
may facilitate modification of the surface texture of the diamond particles of the discrete
composite particles through selective removal of portions of the diamond particles, as
described in further detail below. For example, the spinodal alloy may comprise one or more
of anickel-containing spinodal alloy, an iron-containing alloy, and a cobalt-containing alloy,
such as one or more of a copper-nickel (Cu-Ni) spinodal alloy, a copper-nickel-tin (Cu-Ni-Sn)
spinodal alloy, a copper-nickel-tin-cobalt (Cu-Ni-Sn-Co) spinodal alloy, a gold-nickel
spinodal alloy (Au-Ni), a nickel-platinum spinodal alloy (Ni-Pt), a nickel-rhodium spinodal
alloy (Ni-Rh), a cobalt-nickel-iron spinodal alloy (Co-Ni-Fe), a cobalt-iron spinodal alloy
(Co-Fe), a cobalt-platinum spinodal alloy (Co-Pt), and an iron-rhodium spinodal alloy (Fe-
Rh). In some embodiments, the spinodal alloy comprises a Cu-Ni spinodal alloy. The
spinodal Cu-Ni alloy may, for example, include from about 50 weight percent (wt%) nickel
(N1) to about 90 wt% Ni, and from about 10 wt% copper (Cu) to about 50 wt% Cu. In
additional embodiments, the spinodal alloy comprises a Cu-Ni-Sn spinodal alloy. The Cu-
Ni-Sn alloy may, for example, include from about 5 wt% Ni to about 35 wt% Ni, from
about 6 wt% Sn to about 13 wt% Sn, and from about 52 wt% Cu to about 89 wt% Cu.
Non-limiting examples of suitable Cu-Ni-Sn spinodal alloys include Cu-9Ni-6Sn (9 wt%
Ni, 6 wt% Sn, 85 wt% Cu) and Cu-15Ni-8Sn (15 wt% Ni, 8 wt% Sn, 77 wt% Cu). The
spinodal alloy may be selected at least partially based on desired dimensions and desired
spacing of distinct phases (e.g., a reactive metal phase and a non-reactive metal phase) to be
formed through subsequent thermal treatment of the spinodal alloy, as well as on an upper
critical solution temperature boundary for a miscibility gap (e.g., an area within a
coexistence curve of a phase diagram, such as an isobaric phase diagram, where at least

two distinct phases coexist) of the spinodal alloy, as also described in further detail below.
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Each of the discrete composite particles may be formed to exhibit any desired
thickness of the spinodal alloy coating over the diamond particle thereof. Thicknesses of
the spinodal alloy coatings of the discrete composite particles may at least partially depend on
the geometric configurations (e.g., sizes and shapes) of the diamond particles, and on the
process used to form the spinodal alloy coatings on the diamond particles. By way of non-
limiting example, each of the discrete composite particles may independently exhibit a
spinodal alloy coating thickness of greater than or equal to about one (1) nm.

The spinodal alloy coatings may be formed on or over the discrete diamond particles
using conventional equipment and conventional processes, which are not described in
detail herein. By way of non-limiting example, the spinodal alloy coatings may be formed
on or over the discrete composite particles using one or more of physical vapor deposition
(PVD) (e.g, sputtering, evaporation, ionized PVD, etc.), plasma enhanced physical vapor
deposition (PEPVD), chemical vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), atomic layer deposition (ALD), plasma enhanced atomic layer
deposition (PEALD), electrolytic plating, spin-coating, dip coating, spray coating, and
blanket coating. In some embodiments, the spinodal alloy of the spinodal alloy coatings is
formed separate from the discrete diamond particles and then deposited on or over the
discrete diamond particles to form the discrete composite particles. In additional
embodiments, the spinodal alloy of the spinodal alloy coatings is formed on or over the
discrete diamond particles by depositing (e.g., sequentially depositing, simultaneously
depositing, etc.) precursors (e.g., metal elements, organometallic compounds, etc.) to the
spinodal alloy on or over the discrete diamond particles and then treating (e.g., heating,
reacting, etc.) the precursors to form the spinodal alloy. As a non-limiting example,
different metal atoms (e.g., Ni atoms, Cu atoms, Sn atoms, etc.) may be sputtered from
surfaces of different metal sources (e.g., a Ni source, a Cu source, an Sn source, etc.) and may
be deposited on or over surfaces of the discrete diamond particles while the discrete diamond
particles are mobilized on, over, or within a particle dispersing apparatus (e.g., a vibrating
structure, a fluidized bed, etc.). The different deposited metal atoms may interact (e.g., mix)
with one another in presence of applied thermal energy to form the spinodal alloy. The
different metal atoms may be simultaneously sputtered (e.g., co-sputtered) from the different
metal sources to form the spinodal alloy, and/or may be sequentially sputtered from the
different metal sources to form different metallic layers (e.g., a Cu layer, a Ni layer, a Sn

layer, etc.) that may then interact with one another to form the spinodal alloy. For each metal
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element (e.g., Ni, Cu, Sn, etc.) of the spinodal alloy, an amount of metal atoms (e.g., Ni atoms,
Cu atoms, Sn atoms, etc.) sputtered from a corresponding metal source (e.g., a Ni source, a Cu
source, a Sn source, etc.) may be controlled to control a concentration of the metal element in
the resulting spinodal alloy.

With continued reference to FIG. 1, the thermal treatment process 104 includes
subjecting the discrete composite particles to controlled thermal treatment to convert the
spinodal alloy coatings of the discrete composite particles into modified coatings (e.g.,
spinodally decomposed alloy coatings and/or spatially disordered alloy coatings) exhibiting
at least two coexisting, isomorphous phases having different material compositions than
one another. For example, each of the modified coatings may exhibit a two-phase structure
including a reactive metal phase (e.g., a Ni phase, a Ni-Sn phase, etc.) and a substantially
non-reactive metal phase (e.g., a Cu phase). The reactive metal phase may be dispersed
throughout the non-reactive metal phase, or the non-reactive metal phase may be dispersed
throughout the reactive metal phase. As described in further detail below, the thermal
treatment process 104 may include homogenizing the spinodal alloy coatings at one or more
temperatures above an upper critical solution temperature (UCST) of the spinodal alloy,
quenching the homogenized spinodal alloy coatings to one or more temperatures below a
temperature range of a spinodal region of a miscibility gap of the spinodal alloy, and heating
(e.g., annealing) of the quenched spinodal alloy coatings at one or more temperatures
within the temperature range of the spinodal region of the miscibility gap of the spinodal alloy
for a predetermined period of time to ensure decomposition occurs without the onset of
ordering reactions that may render a reactive metal phase substantially non-reactive per
standard time-temperature-transformation (TTT) response for the spinodal alloy.

The homogenization of the spinodal alloy coatings of the discrete composite
particles may employ any homogenization (e.g., solution treatment) temperature above the
UCST of the spinodal alloy and duration sufficient to form a solid solution of the metal
elements (e.g., Cu, Ni, Sn, etc.) of the spinodal alloy coatings. The homogenization
temperature and duration may be selected at least partially based on the material composition
of the spinodal alloy coatings. In some embodiments, homogenization of the spinodal alloy
coatings of the discrete composite particles includes heating the discrete composite particles
to a temperature greater than or equal to about 650°C (e.g., within a range of from about
650°C to about 900°C, such as from about 700°C to about 850°C) for a duration greater than or
equal to about 15 seconds (e.g., within a range of from about 15 seconds to about 15 minutes,

such as from about 30 seconds to about 10 minutes, or from about 60 seconds to about 5
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minutes). As anon-limiting example, in some embodiments wherein the spinodal alloy
coatings are formed of and include a Cu-Ni-Sn spinodal alloy (e.g., Cu-9Ni-6Sn,
Cu-15Ni-88n, etc.), the discrete composite particles may be heated to a temperature greater
than or equal to about 500°C (e.g., within a range of from about S00°C to about 850°C, such as
from about 650°C to about 850°C, from about 800°C to about 850°C, or from about 825°C to
about 850°C) for greater than or equal to about 3 minutes (e.g., within a range of from about 3
minutes to about 100 hours) to homogenize the spinodal alloy coatings thereof. As another
non-limiting example, in some embodiments wherein the spinodal alloy coatings are formed
of and include a Cu-Ni spinodal alloy, the discrete composite particles may be heated to a
temperature greater than or equal to about 650°C (e.g., within a range of from about 650°C to
about 800°C) for greater than or equal to about 3 minutes (e.g., within a range of from about 3
minutes to about 100 hours) to homogenize the spinodal alloy coatings thereof.

The quench of the homogenized spinodal alloy coatings of the discrete composite
particles may rapidly cool the homogenized spinodal alloy coatings to a temperature below
the temperature range of the spinodal region of the spinodal alloy, such as a temperature
between about 15°C and a lower temperature boundary of the spinodal region of the
spinodal alloy. The homogenized spinodal alloy coatings may, for example, be cooled at a
rate greater than or equal to about 100°C per minute, such as greater than or equal to about
110°C per minute, greater than or equal to about 125°C per minute, or greater than or equal
to about 150°C per minute. The quench may employ any suitable quenching media, such
as one or more of water, a saline solution (e.g., brine), sodium hydroxide, caustic soda, an
oil (e.g., prepared oil, fuel oil, etc.), liquid nitrogen, air, and an inert gas.

Following the quench, the quenched spinodal alloy coatings of the discrete composite
particles may be heated to and maintained at any temperature within the temperature range of
the spinodal region of the spinodal alloy for any period of time sufficient to facilitate the
formation of at least two coexisting, isomorphous phases (e.g., a Ni phase and a Cu phase; a
Ni-Sn phase and a Cu phase; etc.) having different material compositions than one another
in accordance with the TTT diagram. As a non-limiting example, in some embodiments
wherein the spinodal alloy coatings of the discrete composite particles are formed of and
include a Cu-Ni-Sn spinodal alloy (e.g., Cu-9Ni-6Sn, Cu-15Ni-8Sn, etc.), after being
quenched, the discrete composite particles may be heated to a temperature within a range of
from about 225°C to about 550°C (e.g., from about 225°C to about 525°C, from about 225°C
to about 500°C, or from about 225°C to about 400°C) for greater than or equal to about 15

seconds (e.g., within a range of from about 15 seconds to about one (1) week, from about 15
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seconds to about 24 hours, from about 15 seconds to about one (1) hour, from about 15
seconds to about 30 minutes, etc.) to convert the quenched spinodal alloy coatings into the
modified coatings. As another non-limiting example, in some embodiments wherein the
spinodal alloy coatings are formed of and include a Cu-Ni spinodal alloy, following
quenching, the discrete composite particles may be heated to a temperature within a range of
from about 200°C to about 322°C (e.g., within a range of from about 250°C to about 300°C)
for greater than or equal to about 15 seconds (e.g., within a range of from about 15 seconds to
about one week, from about 15 seconds to about 24 hours, from about 15 seconds to about one
(1) hour, from about 15 seconds about 30 minutes, etc.) to convert the quenched spinodal
alloy coatings into the modified coatings.

Next, with continued reference to FIG. 1, the optional selective phase removal
process 106, if performed, may include selectively removing at least one of the coexisting,
isomorphous phases (e.g., at least one substantially non-reactive phase) of the modified
coatings of the discrete composite particles relative to at least one other of the coexisting,
isomorphous phases (e.g., at least one reactive phase). The selective phase removal process
106 may, for example, remove a substantially non-reactive metal phase (e.g., a metal phase
that is not substantially reactive with diamond) of the modified coatings without
substantially removing a reactive metal phase (e.g., a metal phase that is substantially
reactive with diamond) of the modified coatings. As anon-limiting example, if the modified
coatings comprise spinodally decomposed Cu-Ni alloy coatings, the selective phase removal
process 106 may remove (e.g., completely remove) a Cu phase of the spinodally decomposed
Cu-Ni alloy coatings without substantially removing a Ni phase of the spinodally decomposed
Cu-Ni alloy coatings. As another non-limiting example, if the modified coatings comprise
spinodally decomposed Cu-Ni-Sn alloy coatings, the selective phase removal process 106
may remove (e.g., completely remove) a Cu phase of the spinodally decomposed Cu-Ni-Sn
alloy coatings without substantially removing a Ni-Sn phase of the spinodally decomposed
Cu-Ni-Sn alloy coatings. The reactive metal phase of the modified coatings remaining
following the selective phase removal process 106 may be used to remove portions of the
diamond particles thereunder through subsequent processing, as described in further detail
below.

The selective phase removal process 106, if performed, may include contacting the
discrete composite particles to at least one wet etchant formulated to selectively etch a
substantially non-reactive metal phase (e.g., a Cu phase) of the modified coatings relative to

areactive metal phase (e.g., a Ni phase, a Ni-Sn phase, etc.) of the modified coatings. As
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used herein, the term “selectively etch” means a material (e.g., Cu) is etched at a rate at
least about five times (5x) greater than that of another material (e.g., Ni), such as about ten
times (10x) greater, about twenty times (20x) greater, or about forty times (40x) greater.
By way of non-limiting example, if the modified coatings comprise one or more of
spinodally decomposed Cu-Ni alloy coatings and spinodally decomposed Cu-Ni-Sn alloy
coatings (e.g., spinodally decomposed Cu-9Ni-68n alloy coatings, spinodally decomposed
Cu-15Ni-8Sn alloy coating, etc.), the selective phase removal process 106 may include
contacting the discrete composite particles with one or more of a cupric chloride (CuCl,)
solution, a ferric chloride (FeCls) solution, a potassium dichromate (K,Cr,O-) solution, a
glacial acetic acid (CH;COOH) solution, a chromic/sulfuric acid solution, an peroxydisulfuric
acid (H,S,0s) solution, an alkaline sodium chlorite solution, an alkaline peroxydisulfate
solution, and an alkaline persulfate (e.g., sodium persulfate, ammonium persulfate, potassium
persulfate, etc.) solution. In some embodiments, the selective phase removal process 106
includes contacting the discrete composite particles with a CuCl, solution to selectively
remove a Cu phase of the modified coatings thereof relative to another phase (e.g., a Ni phase,
a Ni-Sn phase, etc.) of the modified coatings. One or more of a chemical composition and a
temperature of the wet etchant may be controlled (e.g., selected, maintained, etc.) to facilitate
a desired etch rate of the non-reactive metal phase of the modified coatings. By way of non-
limiting example, if the wet etchant comprises a CuCl, solution, one or more of a
concentration of CuCl, in the solution, a type and an amount of one or more additives (e.g.,
hydrochloric acid (HCI), ammonium chloride (NH4C1), etc.) in the solution, and a temperature
of the CuCl, solution may be selected to facilitate a desired etch rate of a Cu phase of the
modified coatings of the discrete composite particles. In some embodiments, the selective
phase removal process 106 comprises exposing the discrete composite particles to an aqueous
CuCl, solution having a temperature within a range of from about 30°C to about 70°C (e.g.,
from about 35°C to about 65°C, or from about 40°C to about 60°C, from about 45°C to about
55°C, or about 50°C), and including up to about 2.5 Mol CuCl; (e.g., from about 0.1 Mol
CuCl, about 2.5 Mol CuCl,, such as from about 1.0 Mol CuCl, about 2.5 Mol CuCl,, or from
about 2.0 Mol CuCl, about 2.5 Mol CuCl,), from about O Mol HCI to about 3 Mol HCI (e.g.,
from about 1 Mol HCI to about 3 Mol HCI), from about 0 Mol NH,Cl to about 3 Mol NH,Cl
(e.g., from about 1 Mol NH,CI to about 3 Mol NH,Cl). The wet etchant may be provided in
contact with the modified coatings of the discrete composite particles using one or more
conventional processes (e.g., a conventional immersion process, a conventional soaking

process, a conventional spraying process, a conventional spin-coating process, a conventional
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vapor-coating process, etc.) and conventional processing equipment, which are not described
in detail herein.

In additional embodiments, the selective phase removal process 106 may be omitted.
For example, if an UCST of the spinodal alloy (e.g., Cu-Ni alloy, Cu-Ni-Sn alloy) of the
modified coatings of the discrete composite particles is greater than or equal to a temperature
employed to subsequently remove portions of the diamond particles of the discrete
composite particles using a reactive metal phase (e.g., Ni phase, Ni-Sn phase, etc.) of the
modified coatings, the selective phase removal process 106 may, optionally, be omitted.
Conversely, if the UCST of a spinodal alloy of the modified coatings is less than a
temperature employed to subsequently remove portions of the diamond particles of the
discrete composite particles using a reactive metal phase of the modified coatings, the
selective phase removal process 106 may be employed (e.g., effectuated) to prevent remixing
of the coexisting phases (e.g., reactive metal phase and non-reactive metal phase) of the
modified coatings.

Still referring to FIG. 1, the diamond etching process 108 includes heating the discrete
composite particles to react the diamond particles thereof with reactive metal (e.g., Ni) of the
reactive metal phase (e.g., Ni phase, Ni-Sn phase) of the modified coatings to form modified
diamond particles exhibiting desirable surface textures (e.g., a surfaces exhibiting desirable
feature sizes, shapes, and spacing, such as desirable sizes, shapes, and spacing of recessed
regions and elevated regions). The diamond etching process 108 may, for example, include
heating the discrete composite particles at a temperature greater than or equal to about 650°C
(e.g., within a range of from about 650°C to about 1000°C, such as from about 700°C to about
900°C, or from about 750°C to about 850°C) for greater than or equal to about 30 seconds
(e.g., greater than or equal to about one (1) minute, greater than or equal to about ten (10)
minutes, greater than or equal to about 30 minutes, greater than or equal to about one (1) hour,
or greater than or equal to about two (2) hours) in one or more of areducing atmosphere, a
vacuum atmosphere, and an inert gas atmosphere to form the modified diamond particles.
During the diamond etching process 108 heated particles of the reactive metal may destroy the
crystallinity of portions of the diamond particles at interfaces of the reactive metal phase and
the portions of the diamond particles to produce amorphous carbon that may be diffused into
and through the reactive metal to form the recesses in the surfaces of the diamond particles.

A shape, lateral size (e.g., width, length), and spacing of the removed portions of the diamond
particles may correspond to (e.g., be substantially the same as) a shape, lateral size, and

spacing of the reactive metal phase of the spinodally decomposed alloy coatings (and/or the
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spatially disordered alloy coatings). A morphology of the modified diamond particles may be
assessed using one or more conventional processes (e.g., a laser-based particle assessment
process, optical and scanning electron microscopy, BET gas adsorption, etc.) and
conventional processing equipment, which are not described in detail herein.

Following the diamond etching process 108, at least one cleaning process may be
performed to remove material (e.g., a remaining reactive metal phase, remaining substantially
non-reaction metal phase, etc.) overlying the modified diamond particles. For example, at
least one acid treatment process (e.g., a hydrochloric acid treatment process, a hydrofluoric
acid treatment process, a nitric acid treatment process, etc.) may be performed to remove (e.g.,
completely remove) metal material from surfaces of the modified diamond particles. Acid
(e.g., hydrochloric acid, hydrofluoric acid, nitric acid, etc.) may be provided in contact with
the metal material using one or more conventional processes (e.g., a conventional immersion
process, a conventional soaking process, a conventional spraying process, a conventional
spin-coating process, a conventional vapor-coating process, etc.) and conventional processing
equipment, which are not described in detail herein.

FIG. 2 is a simplified cross-sectional view of a modified diamond particle 200
formed in accordance with embodiments of the disclosure (e.g., through the method
previously described with respect to FIG. 1). As shown in FIG. 2, the modified diamond
particle 200 includes a textured surface 202 exhibiting elevated regions 204 and recessed
regions 206 (e.g., grooves, pits, pores, openings, trenches, etc.) between the elevated
regions 204. Lateral dimensions and lateral spacing of the recessed regions 206 may each
be substantially uniform, and may respectively be substantially the same as lateral
dimensions and lateral spacing of regions of a reactive phase (e.g., a reactive metal phase,
such as a Ni phase, a Ni-Sn phase, etc.) of a spinodally decomposed alloy (e.g., a spinodally
decomposed Cu-Ni alloy, a spinodally decomposed Cu-Ni-Sn alloy, etc.) and/or a spatially
disordered alloy. Each of the recessed regions 206 may, for example, exhibit substantially
the same width within a range of from about 1 nm to about 500 nm, and each of the recessed
regions 206 may be separated from one or more other recessed regions 206 adjacent thereto
by substantially the same distance within a range of about 1 nm to about 500 nm.

Embodiments of modified diamond particles (e.g., the modified diamond particle
illustrated in FIG. 2) described herein and formed in accordance with embodiments of the
disclosure (e.g., through the method previously described with respect to FIG. 1) may be
utilized as desired. The modified diamond particles may, for example, be employed as

components of one or more of a diamond-impregnated structure (e.g., an impregnated earth-
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boring tool, such as an impregnated earth-boring drill bit), a compact structure (e.g., a PDC), a
coating material, a thermal composite material, a lubricant, a polishing media, and a filler
material. In some embodiments, the modified diamond particles are employed in one or more
downbhole applications (e.g., drilling applications, conditioning applications, logging
applications, measurement applications, monitoring applications, exploring applications, etc.).
By way of non-limiting example, the modified diamond particles may be utilized in an earth-
boring tool used to remove subterranean formation material. As used herein, the term
“earth-boring tool” means and includes any type of tool used for drilling during the formation
or enlargement of a wellbore in a subterranean formation and includes, for example,
fixed-cutter drill bits, roller cone drill bits, impregnated drill bits, percussion drill bits, core
drill bits, eccentric drill bits, bicenter drill bits, reamers, mills, drag drill bits, hybrid drill bits
(e.g., rolling components in combination with fixed cutting elements), and other drilling bits
and tools known in the art. By way of non-limiting example, FIG. 3 illustrates an
impregnated drill bit 300 (e.g., impregnated earth-boring rotary drill bit) in accordance with
embodiments of the disclosure. The impregnated drill bit 300 may include a bit body 302 and
inserts 304 attached (e.g., brazed, welded, or otherwise secured) to the bit body 302. One or
more (e.g., each) of the bit body 302 and the inserts 304 may be formed of and include at least
one diamond-impregnated material including one or more of the modified diamond particles
previously described herein. The diamond-impregnated material may, for example, include
one or more of the modified diamond particles dispersed in a matrix of another material (e.g.,
tungsten carbide, a tungsten-cobalt alloy, elemental tungsten, combinations thereof, etc.). The
bit body 302 and the inserts 304 may be formed through conventional processes (e.g., molding
processes, high-temperature high-pressure processes, etc.), which are not described in detail
herein. By way of additional non-limiting example, FIG. 4 illustrates a fixed-cutter drill bit
400 (e.g., fixed-cutter earth-boring rotary drill bit) in accordance with additional embodiments
of the disclosure. The fixed-cutter drill bit 400 may include a bit body 402 and cutting
elements 404 attached (e.g., brazed, welded, or otherwise secured) to the bit body 402. One or
more of the cutting elements 404 may include a PDC 406 formed of and including one or
more of the modified diamond particles previously described herein. The PDC may, for
example, be formed of and include a volume of polycrystalline diamond (PCD) material
including the modified diamond particles inter-bonded to another. In other words, PCD
material may include direct, inter-granular bonds between the modified diamond particles.

The bit body 402 and the cutting elements 404 (including the PDCs 406 thereof) may be
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formed through conventional processes (e.g., molding processes, high-temperature high-
pressure processes, etc.), which are not described in detail herein.

While the disclosure has been described herein with respect to certain example
embodiments, those of ordinary skill in the art will recognize and appreciate that it is not so
limited. Rather, many additions, deletions and modifications to the embodiments described
herein may be made without departing from the scope of the disclosure as hereinafter claimed.
In addition, features from one embodiment may be combined with features of another
embodiment while still being encompassed within the scope of the disclosure. Further, the

disclosure has utility in drill bits having different bit profiles as well as different cutter types.



WO 2017/205672 PCT/US2017/034550

10

15

20

25

30

-16 -
CLAIMS
What is claimed is:
1. A method of modifying surfaces of diamond particles, comprising:

forming spinodal alloy coatings over discrete diamond particles;

thermally treating the spinodal alloy coatings to form modified coatings each independently
exhibiting a reactive metal phase and a substantially non-reactive metal phase; and

etching surfaces of the discrete diamond particles with at least one reactive metal of the

reactive metal phase of the modified coatings.

2. The method of claim 1, wherein forming spinodal alloy coatings over discrete
diamond particles comprises forming a spinodal alloy on each of the discrete diamond
particles, the spinodal alloy comprising at least one metal element reactive with diamond at a

temperature greater than or equal to about 650°C.

3. The method of claim 1, wherein forming spinodal alloy coatings over discrete
diamond particles comprises forming one or more of a Cu-Ni spinodal alloy, a Cu-Ni-Sn
spinodal alloy, and a Cu-Ni-Sn-Co spinodal alloy, a Au-Ni spinodal alloy, a Ni-Pt spinodal
alloy, a Ni-Rh spinodal alloy, a Co-Ni-Fe spinodal alloy, a Co-Fe spinodal alloy, a Co-Pt
spinodal alloy, and an Fe-Rh spinodal alloy.

4, The method of claim 1, wherein forming spinodal alloy coatings over discrete
diamond particles comprises forming a Cu-Ni spinodal alloy over the discrete diamond
particles, the Cu-Ni spinodal alloy comprising from about 50 wt% Ni to about 90 wt% Ni,
and from about 10 wt% Cu to about 50 wt% Cu.

5. The method of claim 1, wherein forming spinodal alloy coatings over discrete
diamond particles comprises forming a Cu-Ni-Sn spinodal alloy over the discrete diamond
particles, the Cu-Ni spinodal alloy comprising from about 5 wt% Ni to about 35 wt% Ni,
from about 6 wt% Sn to about 13 wt% Sn, and from about 52 wt% Cu to about 89 wt% Cu.
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6. The method of any one of claims 1 through 5, wherein forming spinodal alloy

coatings over discrete diamond particles comprises:

forming a spinodal alloy; and

depositing the spinodal alloy over each of the discrete diamond particles.

7. The method of any one of claims 1 through 5, wherein forming spinodal alloy
coatings over discrete diamond particles comprises:
depositing spinodal alloy precursor coatings over each of the discrete diamond particles; and

converting the spinodal alloy precursor coatings into the spinodal alloy coatings.

8. The method of any one of claims 1 through 5, wherein thermally treating the

spinodal alloy coatings comprises:

heating the spinodal alloy coatings to a temperature above an upper critical solution
temperature of a spinodal alloy thereof to form homogenized spinodal alloy
coatings;

cooling the homogenized spinodal alloy coatings to a temperature below a temperature
range of a spinodal region of the spinodal alloy to form quenched spinodal alloy
coatings; and

heating the quenched spinodal alloy coatings to a temperature within the temperature range
of the spinodal region of the spinodal alloy to form spinodally decomposed alloy

coatings in accordance with the time-temperature-transition diagram.

9. The method of any one of claims 1 through 5, further comprising selectively
removing the substantially non-reactive metal phase of the modified coatings prior to etching
the surfaces of the discrete diamond particles with the reactive metal phase of the modified

coatings.

10. The method of claim 9, wherein selectively removing the substantially non-
reactive metal phase of the modified coatings comprises removing a Cu phase of the modified

coatings without substantially removing a Ni-containing phase of the modified coatings.
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11. The method of claim 10, wherein removing a Cu phase of the modified
coatings without substantially removing a Ni-containing phase of the modified coatings
comprises contacting the modified coatings with one or more of a CuCl, solution, a FeCl;
solution, a K,Cr,O5 solution, a CH;COOH solution, a chromic/sulfuric acid solution, an
H;,S,05 solution, an alkaline sodium chlorite solution, an alkaline peroxydisulfate solution,

and an alkaline persulfate solution.

12. The method of any one of claims 1 through 5, wherein etching surfaces of the
discrete diamond particles with at least one reactive metal of the reactive metal phase of the
modified coatings comprises heating the modified coatings to a temperature effectuating
destruction of the crystallinity of portions of the discrete diamond particles by the at least one

reactive metal.

13. The method of any one of claims 1 through 5, wherein etching surfaces of the
discrete diamond particles with at least one reactive metal of the reactive metal phase of the

modified coatings comprises etching the surfaces of the discrete diamond particles with Ni.

14. A diamond particle comprising a textured surface exhibiting elevated regions
and recessed regions between the elevated regions, lateral dimensions and spacing of the
recessed regions respectively corresponding to lateral dimensions and spacing of regions of
at least one phase of a spinodally decomposed alloy substantially reactive with diamond at a

temperature greater than or equal to about 650°C.

15. The diamond particle of claim 14, wherein the recessed regions exhibit
substantially the same lateral dimensions and substantially the same spacing as regions of a

Ni phase of a spinodally decomposed Cu-Ni alloy.

16. The diamond particle of claim 14, wherein the recessed regions exhibit
substantially the same lateral dimensions and substantially the same spacing as regions of a

Ni-Sn phase of a spinodally decomposed Cu-Ni-Sn alloy.

17. The diamond particle of any of one claims 14 through 16, wherein the recessed

regions are substantially uniformly spaced apart from one another.
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18. An earth-boring tool comprising at least one structure comprising diamond
particles, at least one of the diamond particles comprising the diamond particle of any one of

claims 14 through 16.
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