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METHODS OF FORMING BORIDED DOWN-HOLE TOOLS,
AND RELATED DOWN-HOLE TOOLS

5 PRIORITY CLAIM
This application claims the benefit of the filing date of United States Patent
Application Serial No. 14/019,132, filed September 5, 2013, for “Methods of Forming
Borided Down-Hole Tools, and Related Down-Hole Tools.”

10 TECHNICAL FIELD
Embodiments of the disclosure relate generally to methods of forming borided
down-hole tools, and to related down-hole tools. More particularly, embodiments of
the disclosure relate to methods of forming borided down-hole tools using
electrochemical boronizing and to related down-hole tools.

15
BACKGROUND
Wellbores are formed in subterranean formations for various purposes

including, for example, extraction of oil and gas from the subterranean formations and
extraction of geothermal heat from the subterranean formations. Wellbores can exhibit

20  extremely aggressive environments. For example, wellbores can exhibit abrasive
surfaces, can be filled with corrosive chemicals (e.g., caustic drilling muds; well fluids,
such as salt water, crude oil, carbon dioxide, and hydrogen sulfide; etc.), and can
exhibit increasing high temperatures and pressures at progressively deeper
“down-hole” locations.

25 The extremely aggressive environments of wellbores can rapidly degrade the
materials of structures, tools, and assemblies used in various down-hole applications
(e.g., drilling applications, conditioning applications, logging applications,
measurement applications, monitoring applications, exploring applications, etc.). Such
degradation limits operational efficiency of these structures, tools and assemblies, and

30  results in undesirable repair and replacement costs. Accordingly, there is a continuing
need for down-hole structures, tools, and assemblies having material characteristics
capable of withstanding such extremely aggressive environments, as well as for

methods of forming such down-hole structures, tools, and assemblies.
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One approach toward forming down-hole structures, tools, and assemblies
capable of withstanding such extremely aggressive environments of wellbores includes
boronizing the down-hole structures, tools, and assemblies. Boronizing, also known as
“boriding,” is a thermal diffusion process wherein boron atoms diffuse into and react
with metals to form metal borides exhibiting relatively enhanced properties (¢.g.,
thermal resistance, hardness, toughness, chemical resistance, abrasion resistance,
corrosion resistance, reduction in friction coefficient, mechanical strength, etc.) as
compared to the metals. Unfortunately, however, conventional methods of forming
borided down-hole structures, tools, and assemblies can be cost-prohibitive and
environmentally unfriendly. For example, conventional methods of forming borided
down-hole structures, tools, and assemblies can be time consuming (e.g., powder pack
boriding, gas boriding, and fluidized bed boriding processes requiring from about 8
hours to about 10 hours of processing time; plasma boriding processes requiring from
about 15 hours to about 25 hours of processing time; molten salt boriding processes
requiring from about 6 hours to about 8 hours of processing time; etc.), and can utilize
and produce toxic chemicals that necessitate the use of separate and costly equipment
and processes to mitigate health, safety, and environmental concerns.

It would, therefore, be desirable to have new methods, systems, and
apparatuses for forming borided down-hole structures, tools, and assemblies that are
simple, fast, cost-effective, and environmentally friendly as compared to
conventional methods, systems, and apparatuses for forming borided down-hole
structures, tools, and assemblies. Such methods, systems, and apparatuses may
facilitate increased adoption and use of borided structures, tools, and assemblies in

down-hole applications.

DISCLOSURE
Embodiments described herein include methods of forming borided down-hole
tools, and related down-hole tools. For example, in accordance with one embodiment
described herein, a method of forming a borided down-hole tool comprises contacting
at least a portion of at least one down-hole structure comprising at least one
ceramic-metal composite material with a molten electrolyte comprising sodium

tetraborate (Na;B405). Electrical current is applied to the at least a portion of the at
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least one down-hole structure to form at least one borided down-hole structure
comprising at least one metal boride material.

In additional embodiments, a method of forming a borided down-hole tool
comprises at least partially inserting at least one down-hole structure comprising at
least one ceramic-metal composite material into a molten electrolyte comprising
NayB4O; at a temperature of from about 550°C to about 1400°C. Electrical current is
applied to the at least one down-hole structure for a period of time within a range of
from about one (1) minute to about 5 hours to convert at least a portion of the at least
one ceramic-metal composite material into at least one metal boride material and form
at least one borided down-hole structure. The at least one borided down-hole structure
is secured to at least one other down-hole structure.

In yet additional embodiments, a down-hole tool comprises at least one
borided structure formed by the method comprising contacting at least a portion of
the at least one structure comprising at least one ceramic-metal composite material with
a molten electrolyte comprising Na;B4Oy, and applying electrical current to the at least
a portion of the at least one structure in contact with the molten electrolyte to diffuse

boron into the at least one structure and form at least one metal boride material.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly pointing out and
distinctly claiming that which is regarded as the invention, advantages of the invention
can be more readily ascertained from the following detailed description when read in
conjunction with the accompanying drawings in which:

FIG. 1 is a longitudinal schematic view of a borided down-hole assembly,
formed in accordance with an embodiment of the disclosure;

FIG. 2 is a simplified cross-sectional view of an electrochemical cell for
producing a borided down-hole structure, in accordance with embodiments of the
disclosure; and

FIG. 3 is a simplified cross-sectional view of a borided down-hole structure,

formed in accordance with an embodiment of the disclosure.
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MODE(S) FOR CARRYING OUT THE INVENTION

Methods of forming borided down-hole structures, tools, and assemblies are
described, as are related down-hole structures, tools, and assemblies. For example, in
some embodiments, a method of forming a borided down-hole tool includes inserting
at least one down-hole structure formed of and including a metal material, and at least
two anodes into a molten electrolyte contained within a crucible to form an
electrochemical cell. The down-hole structure may serve as a cathode of the
electrochemical cell. Electrical current is applied to the electrochemical cell to diffuse
boron atoms from the molten electrolyte into the down-hole structure and form at least
one borided down-hole structure formed of and including a metal boride material. The
borided down-hole structure may, optionally, be kept in the molten electrolyte material
in the absence of electrical current for a sufficient period of time to facilitate phase
homogenization of the metal boride material. The borided down-hole structure may be
secured to at least one other down-hole structure to form a borided down-hole tool.
The borided down-hole tool may be secured to at least one other down-hole tool to
form a borided down-hole assembly. The borided down-hole structures, tools, and
assemblies of the disclosure may exhibit enhanced properties (e.g., enhanced
mechanical strength, wear resistance, thermal resistance, chemical resistance,
corrosion resistance, etc.) favorable to the use thereof in down-hole applications. The
methods of the disclosure may enable the borided down-hole structures, tools, and
assemblies to be formed in a simpler, faster, more cost-effective, and in a more
environmentally friendly manner as compared to conventional methods.

The following description provides specific details, such as material types,
material thicknesses, 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, tool, or assembly. The structures described below
do not form a complete tool or a complete assembly. 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 tool or the complete assembly from
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various structures may be performed by conventional fabrication techniques. The
drawings accompanying the application are for illustrative purposes only, and are not
drawn to scale. Additionally, elements common between figures may retain the same
numerical designation.

Although some embodiments of the disclosure are depicted as being used
and employed in particular down-hole assemblies and components thereof, persons
of ordinary skill in the art will understand that the embodiments of the disclosure
may be employed in any down-hole assembly (e.g., drilling assembly, conditioning
assembly, completion assembly, logging assembly, measurement assembly, a
monitoring assembly, etc.), drill bit, drill string, and/or component of any thereof
where it is desirable to enhance at least one of the wear resistance, thermal
resistance, and chemical resistance of the down-hole assembly, drill bit, drill string,
and/or component of any thereof during and/or after the formation of a wellbore in a
subterranean formation. By way of non-limiting example, embodiments of the
disclosure may be employed in earth-boring rotary drill bits, fixed-cutter drill bits,
roller cone drill bits, hybrid drill bits employing both fixed and rotatable cutting
structures, core drill bits, eccentric drill bits, bicenter drill bits, expandable reamers,
expandable stabilizers, fixed stabilizers, mills, and other components of a down-hole
assembly or drill string as known in the art.

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 to a degree that one of ordinary skill in the art would
understand that the given parameter, property, or condition is met with a small degree
of variance, such as within acceptable manufacturing tolerances.

FIG. 1 is a longitudinal schematic representation of a borided down-hole
assembly 100 for use during and/or after the formation of a wellbore 102 within a
subterranean formation 104. As shown in FIG. 1, the borided down-hole assembly 100
may be provided into the wellbore 102. The borided down-hole assembly 100 may
include at least one borided down-hole tool 108 formed in accordance with methods

described hereinbelow. The borided down-hole tool 108 may include at least one
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borided structure or component, such as at least one borided external structure 106,
and/or at least one borided internal structure 110. If present, the borided external
structure 106 may at least partially surround (e.g., contain, hold, shield, etc.) at least
one other structure or component of the borided down-hole tool 108, such as the
borided internal structure 110. In turn, if present, the borided internal structure 110
may be at least partially surrounded (e.g., contained, held, shielded, etc.) by at least one
other structure or component of the borided down-hole tool 108, such as the borided
external structure 106. In some embodiments, the borided down-hole tool 108
comprises an earth-boring rotary drill bit including one or more of at least one
borided internal surface (e.g., a borided bearing surface), and at least one borided
external surface (e.g., a borided bit body surface, such as a borided bit blade
surface).

An embodiment of the disclosure will now be described with reference to
FIG. 2, which illustrates a simplified cross-sectional view of a configuration that may
be used in a method of forming a borided down-hole structure (e.g., at least one
borided structure of the borided down-hole tool 108 previously described with
reference to FIG. 1, such as at least one of the borided external structure 106, and the
borided internal structure 110) for a down-hole tool and/or assembly, in accordance
embodiments of the disclosure. The method includes providing a molten
electrolyte 206, at least one down-hole structure 202, and at least two anodes 212 into a
crucible 204 to form an electrochemical cell 200. Electrical current is then applied to
the electrochemical cell 200 to boronize the down-hole structure 202. 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 a borided structure for a
down-hole application (e.g., a drilling application, a conditioning application, a
logging application, a measurement application, a monitoring application).

The crucible 204 may be any vessel or container configured and of a material
suitable for holding the molten electrolyte 206 before, during, and after the
electrochemical boriding process of the disclosure, as described in further detail below.
By way of non-limiting example, the crucible 204 may comprise a silicon carbide
(SiC) crucible configured to receive and hold the molten electrolyte 206, the down-hole
structure 202, and the at least two anodes 212. In additional embodiments, the
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crucible 204 may be formed of and include nitride bonded SiC bricks. In further
embodiments, the crucible 204 may be formed of and include an electrically
conductive material that may serve as an anode during the electrochemical boronizing
process. For example, the crucible 204 may be formed of and include a graphite
material. The crucible 204 may be operatively associated with (e.g., connected to) at
least one heating device (e.g., combustion heater, electrical resistance heater, inductive
heater, electromagnetic heater, etc.) configured and operated to achieve and/or
maintain a desired temperature of the molten electrolyte 206.

The molten electrolyte 206 may comprise at least one boron-containing
material formulated for depositing boron (B) atoms onto and within the down-hole
structure 202 during the electrochemical boronizing process, as described in further
detail below. For example, the molten electrolyte 206 may comprise at least one of
sodium tetraborate (NayB40-) (often referred to as “borax”), potassium borofluoride
(KBF,), a boric acid, a boron oxide, and a borate of an element of Group 1 (e.g.,
lithium, sodium, potassium) or Group 2 (e.g., beryllium, magnesium, calcium,
strontium, barium) of the Periodic Table of Elements. In some embodiments, the
molten electrolyte 206 comprises about 100 percent by weight (wt%) molten
anhydrous Na;B405. In additional embodiments, the molten electrolyte 206 comprises
a molten mixture of a boron-containing material (e.g., Na;B407) and at least one other
material, such as at least one of sodium fluoride (NaF), sodium chloride (NaCl),
sodium hydroxide (NaOH), sodium carbonate (Na;CO3), sodium sulfite (Na;SOs),
sodium phosphate (Na;SO3), calcium chloride (CaCly), lithium chloride (LiCt), barium
chloride (BaCly), and lead oxide (PbO). The at least one other material may, for
example, comprise from about 0 wt% to about 50 wi% of the molten electrolyte 206,
with the at least one boron-containing material comprising a remainder of the molten
electrolyte 206. By way of non-limiting example, the molten electrolyte 206 may
comprise from about 50 wt% to about 90 wt% of the at least one boron-containing
material, and from about 10 wt% to about 50 wt% of the at least one other material. In
some embodiments, the molten electrolyte 206 comprises from about 50 wt% to about
90 wt% Na,B405, and from about 10 wt% to about 50 wt% of at least one of Na;S0s,
NaOH, NazPOQy, and PbO.

A temperature of the molten electrolyte 206 may be within a range of from

about 550°C to about 1400°C. The temperature of the molten electrolyte 206 may at
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least partially depend on the material composition of the molten electrolyte 206. The
temperature of the molten electrolyte 206 may be at or above a melting point
temperature of a solid precursor to the molten electrolyte 206. As a non-limiting
example, in embodiments where the molten electrolyte 206 comprises a
boron-containing material (e.g., from about 50 wt% to about 90 wt% NaB4Oy) and at
least one other component (e.g., from about 10 wt% to about 50 wt% of at least one of
Na,SOs, NaOH, Na;POy, PbO, etc.), the temperature of the molten electrolyte 206 may
be within a range of from about 550°C to about 700°C. As another non-limiting
example, in embodiments where the molten electrolyte 206 comprises about 100 wt%
of the boron-containing material (e.g., about 100 wt% Na;B4Oy), the temperature of the
molten electrolyte 206 may be within a range of from about 770°C to about 1400°C,
such as from about 850°C to about 1200°C, from about 900°C to about 1100°C, or from
about 950°C to about 1000°C. In some embodiments, the molten electrolyte 206
comprises 100 wt% Na;B407, and the temperature of the molten electrolyte 206 is
within a range of from about 950°C to about 1000°C. The molten electrolyte 206 may
be formed within the crucible 204 (e.g., by heating the crucible 204 at least to the
melting point of a solid precursor to the molten electrolyte 206), or may be formed
outside the crucible 204 and then delivered into the crucible 204.

The anodes 212 may independently be formed of and include an electrically
conductive material capable of withstanding the conditions (e.g., temperatures,
materials, etc.) within the crucible 204. By way of non-limiting example, each of the
anodes 212 may be formed of and include graphite. In embodiments where the
crucible 204 is configured to serve as an anode (e.g., where the crucible 204 is formed
of and includes graphite), one or more of the anodes 212 may, optionally, be omitted.
While various embodiments herein describe or illustrate the electrochemical cell 200 as
including two anodes 212 the electrochemical cell 200 may, alternatively, include a
different number of anodes 212. The number of anodes 212 provided into the
molten electrolyte 206 may at least partially depend on the number of down-hole
structures 202 provided within the molten electrolyte 206. As a non-limiting example,
if more than one down-hole structure 202 is provided into the molten electrolyte 206,
more than two anodes 212 may also be provided into the molten electrolyte 206.

As depicted in FIG. 2, the anodes 212 may be electrically connected (e.g.,

directly connected, or indirectly connected) to fixtures 210 configured (e.g., sized and
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shaped) to position, and hold or contain the anodes 212 within the crucible 204.
The anodes 212 may be integral with their respective fixtures 210 (i.e., at least one of
the anodes 212 and at least one of the fixtures 210 may comprise a single structure),
or may be discrete from their respective fixtures 210 (i.e., at least one of the
anodes 212 and at least one of the fixtures 210 may comprise different, connected
structures). If the anodes 212 and their respective fixtures 210 are discrete structures,
the fixtures 210 and the anodes 212 may be formed of and include the same material,
or may be formed of and include different materials (e.g., different electrically
conductive materials). In addition, if discrete structures, the anodes 212 and their
respective fixtures 210 may be coupled to one another through conventional means
which are not described in detail herein.

The down-hole structure 202 may comprise any structure associated with a
down-hole tool and/or assembly. Accordingly, the down-hole structure 202 may
exhibit a desired shape (i.e., geometric configuration) and size, such as a shape and
size associated with a conventional structure or component of a down-hole tool. For
example, the down-hole structure 202 may exhibit a conical shape, tubular shape, a
pyramidal shape, a cubical shape, cuboidal shape, a spherical shape, a hemispherical
shape, a cylindrical shape, a semicylindrical shape, truncated versions thereof, or an
irregular shape. Irregular shapes include complex shapes, such as shapes associated
with down-hole tools and/or assemblies. In some embodiments, the down-hole
structure 202 exhibits the shape of a structure (e.g., an internal structure, such as a
bearing; or an external structure, such as a blade, wear insert, cutting element, roller
cone, roller cone insert, etc.) of a earth-boring rotary drill bit (e.g., a fixed-cutter drill
bit, a roller cone drill bit, a hybrid drill bit employing both fixed and rotatable
cutting structures, a core drill bit, an eccentric drill bit, a bicenter drill bit, etc.), a
completion tool (e.g., a packer, a screen, a bridge plug, a latch, a shoe, a nipple, a
barrier, a sleeve, a valve, a pump, etc.), an expandable reamer, an expandable
stabilizer, a fixed stabilizer, a slip-on stabilizer, a clamped-on stabilizer, an integral
stabilizer, an OnTrak™ tool, an optimized rotational density tool, an AziOnTrak™
tool, a slimhole neutron density tool, a calibrated neutron density tool, a drill motor, a
bearing, an upper bearing housing, a lower bearing housings, a mud motor, a rotor, a

stator, a pump, or a valve.
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As depicted in FIG. 2, the down-hole structure 202 may be electrically
connected (e.g., directly connected, or indirectly connected) to at least one fixture 214
configured (e.g., sized and shaped) to position, and hold or contain the down-hole
structure 202 within the crucible 204. The fixture 214 be formed of and include an
electrically conductive material capable of withstanding the conditions (e.g.,
temperature, materials, etc.) within the crucible 204. The down-hole structure 202
may be integral with the fixture 214 (i.e., down-hole structure 202 and the fixture 214
may comprise a single structure), or may be discrete from the fixture 214 (i.e., the
down-hole structure 202 and the fixture 214 may comprise different, connected
structures). If the down-hole structure 202 and the fixture 214 are discrete structures,
the fixture 214 and the down-hole structure 202 may be formed of and include the
same material, or may be formed of and include different materials (e.g., different
electrically conductive materials). In addition, if discrete structures, the down-hole
structure 202 and the fixture 214 and may be coupled to one another through
conventional means which are not described in detail herein.

While various embodiments herein describe or illustrate a single down-hole
structure 202 within the crucible 204, multiple down-hole structures may be provided
within the crucible 204. The multiple down-hole structures may be held by a single
fixture (e.g., the fixture 214) within the crucible 204, or may be held by multiple
fixtures within the crucible 204. Each of the down-hole structures may be
substantially the same, or at least one of the down-hole structures may be different than
at least one other of the down-hole structures. Providing multiple down-hole structures
within the crucible 204 may facilitate the simultaneous formation of multiple
down-hole tools and/or assemblies. By way of non-limiting example, the crucible 204
may be at least partially filled with a plurality of down-hole structures such that at least
a portion of each of the down-hole structures (e.g., the down-hole structure 202) is
borided during subsequent electrochemical boronizing processing.

The down-hole structure 202 may be at least partially formed of (e.g., a
laminate or other composite structure) and include a metal material capable of forming
a hard, wear resistant (e.g., abrasion resistant, erosion resistant), and chemically
resistant (e.g., corrosion resistant) metal boride material when subjected to the
electrochemical boronizing process of the disclosure. The down-hole structure 202

may, for example, be at least partially formed of and include iron (Fe), cobalt (Co),
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nickel (Ni), copper (Cu), tungsten (W), titanium (Ti), molybdenum (Mo), niobium
(Nb), vanadium (V), hafnium (Hf), tantalum (Ta), chromium (Cr), zirconium (Zr),
aluminum (Al), silicon (Si), carbides thereof, nitrides thereof, oxides thereof, alloys
thereof, or combinations thereof. The down-hole structure 202 may serve as a cathode
of the electrochemical cell 200.

As a non-limiting example, the down-hole structure 202 may be formed of and
include a metal alloy, such as at least one of an Fe-containing alloy, a Ni-containing
alloy, a Co-containing alloy, an Fe- and Ni-containing alloy, a Co- and Ni-containing
alloy, an Fe- and Co-containing alloy, an Al-containing alloy, a Cu-containing alloy, a
Mg-containing alloy, and a Ti-containing alloy. In some embodiments, the down-hole
structure 202 is formed of and includes a Fe-containing alloy (e.g., a steel-alloy).
Suitable Fe-containing alloys are commercially available from numerous sources, such
as from Special Metals Corp., of New Hartford, New York, under the trade name
INCONEL® (e.g., INCONEL® 945, INCONEL® 925, INCONEL® 745,
INCONEL® 718, INCONEL® 600, etc.), and from Schoeller Bleckmann Sales Co. of
Houston, Texas (e.g., P550 alloy steel, P650 alloy steel, P750 alloy steel, etc.). The
down-hole structure 202 may, for example, be formed of and include at least one of
AISI 4815 alloy steel, AISI 4130M?7 alloy steel, AISI 4140 alloy steel, AISI 4145H
alloy steel, AISI 4715 alloy steel, AISI 8620 alloy steel, AISI 8630 alloy steel,

SAE PS55 alloy steel, P550 alloy steel, P650 alloy steel, P750 alloy steel,
INCONEL® 945, INCONEL® 925, and INCONEL® 745. In some embodiments, the
down-hole structure 202 is formed of and includes at least one of AISI 4815 alloy steel,
and AISI 4140 alloy steel.

As an additional non-limiting example, the down-hole structure 202 may be
formed of and include a ceramic-metal composite material (i.¢., a “cermet” material).
The ceramic-metal composite material may include hard ceramic phase particles (or
regions) dispersed throughout a matrix of metal material. The hard ceramic phase
particles may comprise carbides, nitrides, and/or oxides, such as carbides of at least one
of W, Ti, Mo, Nb, V, Hf, Ta, Cr, Zr, Al, and Si. For example, the hard ceramic phase
particles may comprise one or more of tungsten carbide (WC), fused tungsten carbide
(WC/W,C eutectic), titanium carbide (TiC), tantalum carbide (TaC), chromium carbide
(CrC), titanium nitride (TiN), aluminum oxide (ALO3), aluminum nitride (AIN), and
silicon carbide (SiC). The hard ceramic phase particles may be substantially free of
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anomalies (e.g., attached materials, structures, etc.) that may otherwise impede or even
prevent desired boronization of the hard ceramic phase particles. The hard ceramic
phase particles may be monodisperse, wherein all of the hard ceramic phase particles
are of substantially the same size, or may be polydisperse, wherein the hard ceramic
phase particles have a range of sizes and are averaged. The matrix of metal material
may, for example, comprise at least one of an Fe-containing alloy, a Ni-containing
alloy, a Co-containing alloy, an Fe- and Ni-containing alloy, a Co- and Ni-containing
alloy, an Fe- and Co-containing alloy, an Al-containing alloy, a Cu-containing alloy, a
Mg-containing alloy, and a Ti-containing alloy. The matrix of metal material may also
be selected from commercially pure elements such as Ni, Fe, Co, Al, Cu, Mg, and Ti.
In some embodiments, the down-hole structure 202 is formed of and includes a
ceramic-metal composite material comprising WC particles dispersed throughout a
matrix of Ni.

The down-hole structure 202 may be conditioned to improve one or more
properties thereof (e.g., thermal resistance, hardness, toughness, chemical resistance,
wear resistance, friction coefficient, mechanical strength, etc.) prior to performing the
electrochemical boronizing process of the disclosure. By way of non-limiting example,
at least a portion of the down-hole structure 202 may be subjected to a conventional
carburization process prior to being provided into the molten electrolyte 206 within the
crucible 204. The down-hole structure 202 may, for example, comprise an at least
partially carburized metal material, such as an at least partially carburized metal (e.g.,
Fe, Ni, Co, W, Ti, Mo, Nb, V, Hf, Ta, Cr, Zr, Al, etc.), and/or an at least partially
carburized metal alloy (e.g., an Fe-containing alloy, a Ni-containing alloy, a
Co-containing alloy, an Fe- and Ni-containing alloy, a Co- and Ni-containing alloy, an
Fe- and Co-containing alloy, an Al-containing alloy, a Cu-containing alloy, a
Mg-containing alloy, a Ti-containing alloy, etc.). In some embodiments, the
down-hole structure 202 comprises a carburized Fe-containing alloy (e.g., a carburized
steel alloy). In additional embodiments, the down-hole structure 202 comprises a
carburized ceramic-metal composite material.

The down-hole structure 202 may be cleaned prior to performing the
electrochemical boronizing process of the disclosure. For example, at least a portion of
the down-hole structure 202 may be subjected to a conventional cleaning process (e.g.,

a conventional volatilization process) prior to being provided into the molten
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electrolyte 206 within the crucible 204. The cleaning process may remove anomalies
(e.g., attached materials, structures, etc.) from one or more surface(s) of the
down-hole structure 202 that may otherwise impede or even prevent desired
boronization of the down-hole structure 202.

The down-hole structure 202 may have a substantially homogeneous
distribution of the metal material, or may include a substantially heterogeneous
distribution of the metal material. As used herein, the term “homogeneous
distribution” means that amounts of a material (e.g., the metal material) do not vary
throughout different portions (e.g., different lateral and longitudinal portions) of a
structure. For example, if the down-hole structure 202 includes a substantially
homogeneous distribution of the metal material, amounts of the metal material may
not vary throughout different portions of the down-hole structure 202. The
down-hole structure 202 may, for example, comprise a bulk structure of the metal
material. In contrast, as used herein, the term “heterogeneous distribution” means
amounts of a material (e.g., a metal material) vary throughout different portions of a
structure. Amounts of the material may vary stepwise (e.g., change abruptly), or may
vary continuously (e.g., change progressively, such as linearly, parabolically, etc.)
throughout different portions of the structure. For example, if the down-hole
structure 202 includes a substantially heterogeneous distribution of the metal material,
amounts of the metal material may vary throughout at least one of different lateral
portions and different longitudinal portions of the down-hole structure 202. The
down-hole structure 202 may, for example, include an at least partial coating of the
metal material on another material. If the down-hole structure 202 is formed of
includes a ceramic-metal composite material, the down-hole structure 202 may have a
substantially homogeneous distribution of the ceramic-metal composite material, or
may have a substantially heterogeneous distribution of the ceramic-metal composite
material. In addition, the ceramic-metal composite material may include a
substantially homogeneous distribution of the hard ceramic phase particles, or may
include a substantially heterogeneous distribution of the hard ceramic phase particles.

Regardless of whether the metal material (and/or the ceramic-metal composite
material) is homogeneously distributed or heterogeneously distributed, the
down-hole structure 202 may include at least one metal-containing surface 208. As

used herein, the term “metal-containing surface” means and includes a surface at
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least partially formed of and including the metal material (e.g., Fe, Ni, W, Co, Cu, Tj,
Mo, Nb, V, Hf, Ta, Cr, Zr, Si, alloys thereof, combinations thereof, etc.). The
metal-containing surface 208 may, for example, comprise at least one of an
Fe-containing surface, an Ni-containing surface, a Co-containing surface, and a
W-containing surface. The metal-containing surface 208 may be substantially free
of anomalies (e.g., attached materials, structures, etc.) that may otherwise impede or
even prevent desired boronization of the metal-containing surface 208. The
metal-containing surface may be converted to a metal boride-containing surface
upon exposure to the electrochemical boronizing process, as described in further detail
below. As used herein, the term “metal boride-containing surface” means and
includes a surface at least partially formed of and including the metal boride material
(e.g., an Fe boride, such as FeB, and/or Fe;B; a Ni boride, such as NiB, Ni;B, Ni;B
and/or NisBs; a W boride, such as WB, WB,, W;Bs, and/or WB4; a Co boride, such as
CoB, Co,B, and/or Co3B; a Cu boride; a Ti boride, such as TiB, and/or TiB,; a Mo
boride, such as MoB, Mo,B, MoB,, Mo,Bs, and/or MoBy4; a Nb boride, such as NbB,
and/or NbB;; a V boride, such as VB, VB, and/or V;Bs; a Hf boride, such as HiB,; a
Ta boride, such as TaBy; a Cr boride, such as CrB, and/or Cr;B; a Zr boride, such as
ZrB,; a Si boride; combinations thereof; etc.). In some embodiments, each surface of
the down-hole structure 202 comprises a metal-containing surface. In additional
embodiments, the down-hole structure 202 includes at least one metal-containing
surface and at least one non-metal-containing surface. By way of non-limiting
example, an outer surface of the down-hole structure 202 may comprise a
metal-containing surface, and an inner surface of the down-hole structure 202 may
comprise a non-metal-containing surface.

An entirety of the metal-containing surface 208 of the down-hole structure 202
may be exposed to the molten electrolyte 206, or less than an entirety of the
metal-containing surface 208 of the down-hole structure 202 may be exposed to the
molten electrolyte 206. For example, at least one portion of the metal-containing
surface 208 of the down-hole structure 202 may be covered or masked to substantially
limit or prevent the boronization thereof during the electrochemical boronizing process.
As another example, only a portion of the metal-containing surface 208 of the
down-hole structure 202 may be provided (e.g., immersed, submerged, soaked, etc.) in

the molten electrolyte 206. In some embodiments, an entirety of the metal-containing
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surface 208 of the down-hole structure 202 is exposed to the molten electrolyte 206 in
the crucible 204.

With continued reference to FIG. 2, electrical current may be applied to the

electrochemical cell 200 to boronize the down-hole structure 202. By way of

5  non-limiting example, in embodiments where the molten electrolyte 206 comprises 100
wit% molten NayB4Oy, the applied electrical current may facilitate the extraction and
deposition of B atoms on at least the metal-containing surface 208 of the down-hole

structure 202 through the following reactions:

2 NayB4O7 — 2 NapB,04 + 2 B,0s (1),
Na,B,0;— 2 Na"+B,0% 2),
Binw"—) B,Os5 + %Oz+2e" 3),
2Na"'+2e — 2Na ),
6Na +2B,03; — 3Na,0,+4B (5).
10 In additional embodiments where the molten electrolyte 206 includes at least

one other material (e.g., at least one of NaF, NaCl, NaOH, Na;CO;, Na;SO3, Na;SO3,
CaCl,, LiCl, BaCly, and PbO), the other material may enhance or accelerate the
extraction and deposition of B atoms from the boron-containing material (e.g.,
NayB40;, KBF,, a boric acid, a boron oxide, a borate of an element of Group 1 or

15  Group 2 of the Periodic Table of Elements, etc.). The boron atoms may infiltrate or
permeate the down-hole structure 202, and may react with at least a portion of the
metal material thereof to form a boronized down-hole structure 202’ including at least
one metal boride material 216, as depicted in FIG. 3. As a non-limiting example, if the
down-hole structure 202 is formed of and includes an Fe-containing alloy (e.g., a steel

20  alloy, such as AISI 4815 alloy steel, AISI 4130M?7 alloy steel, AISI 4140 alloy steel,
AISI 4145H alloy steel, AISI 4715 alloy steel, AISI 8620 alloy steel, AISI 8630 alloy
steel, SAE PS35 alloy steel, P550 alloy steel, P650 alloy steel, P750 alloy steel,
INCONEL® 945, INCONEL® 925, INCONEL® 745, etc.), the liberated B atoms may
diffuse into the down-hole structure 202 (FIG. 2) and react with the Fe atoms thereof to

25  form a metal boride material 216 comprising at least one Fe boride phase through the

following reactions:
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2 Fe+B — Fe,B (6),
Fe,B +B — 2 FeB (7.

As another non-limiting example, if the down-hole structure 202 is formed of
and includes a ceramic-metal composite material (e.g., WC particles in a matrix of a
metal material, such as a matrix of Ni), the liberated B atoms may diffuse into the
down-hole structure 202 (FIG. 2) and react with the metal atoms of at least one of the
hard ceramic phase particles and the matrix of metal material to form a metal boride
material 216 comprising hard ceramic phase particles in a matrix of at least one metal
boride (e.g., WC particles in a matrix of at least one of a Ni boride and a W boride).

The metal boride material 216 may comprise a single layer of material, or may
comprise multiple layers of material. If the metal boride material 216 comprises a
single layer of material, the single layer of material may comprise multiple metal
boride phases (e.g., Fe;B and FeB), or may comprise a single metal boride phase (e.g.,
Fe,B or FeB). In addition, if the metal boride material 216 comprises a multiple layers
of material, at least one of the layers may include a different amount of at least one
metal boride phase (¢.g., Fe;B or FeB) than at least one other of the layers. The metal
boride material 216 may also comprise multiple metal borides. For example, if the
down-hole structure 202 is formed of and includes an Fe-containing alloy including Cr,
the metal boride material 216 may comprise at least one Fe boride (e.g., Fe;B and/or
FeB) and at least one Cr boride (e.g., Cr:B and/or CiB). As another example, if the
down-hole structure 202 is formed of and includes a ceramic-metal composite material
including WC particles dispersed in a matrix of Ni, the metal boride material 216 may
comprise WC particles within a matrix of at least one Ni boride and at least one W
boride.

With reference to FIG. 3, electrical current may be applied to the
electrochemical cell 200 (FIG. 2) for a sufficient period of time to form the metal
boride material 216 to a desired thickness Ty, such as a thickness T; within a range of
from about § micrometers (um)to about 400 micrometers (um). The duration of the
applied electrical current, and the resulting thickness T, and material composition of
the metal boride material 216 may at least partially depend on the material composition
of the down-hole structure 202 (FIG. 2), the material composition and temperature of
the molten electrolyte 206 (FIG. 2), and the applied current density. By way of
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non-limiting example, the applied current density may be within a range of from about
50 milliamperes per square centimeter (mA/cmz) to about 700 mA/cm? (e.g., from
about 100 mA/cm? to about 500 mA/cm?, from about 100 mA/cm? to about 300
mA/cm?, or from about 100 mA/cm? to about 200 mA/cmz), and the duration of the
applied electrical current may be within a range of from about 1 minute to about 5
hours (e.g., from about 1 minutes to about 2 hours, or from about 1 minutes to about 1
hour). In some embodiments, the current density is within a range of from about 100
mA/em? to about 200 mA/cm?, and the duration of the applied electrical current is
within a range of from about 1 minute to about 2 hours.

Following the formation of the metal boride material 216, the applied electrical
current may be discontinued, and the borided down-hole structure 202" may,
optionally, be kept in the molten electrolyte 206 (FIG. 2) for an additional period of
time. Keeping the borided down-hole structure 202’ in the molten electrolyte 206 in
the absence of the applied electrical current (i.e., without any polarization) may
facilitate phase homogenization in the metal boride material 216. By way of
non-limiting example, in embodiments where the metal boride material 216 comprises
an Fe;B phase and an FeB phase (¢.g., in a single layer, in separate layers, or a
combination thereof), keeping the borided down-hole structure 202" in the molten
electrolyte 206 for an additional period of time may enable at least a portion of the FeB
phase of the metal boride material 216 to be converted to the Fe,B phase. As
compared the FeB phase, the Fe;B phase may exhibit properties (e.g., improved
toughness, improved hardness, etc.) favorable to the use of the borided down-hole
structure 202" in down-hole applications. In some embodiments, substantially all of
the FeB phase may be converted to the Fe;B phase. Asa non-limiting example, after
discontinuing the applied electrical current, the borided down-hole structure 202" may
be kept in the molten electrolyte 206 for a period of time with a range of from about 10
minutes to about two (2) hours (e.g., from about 15 minutes to about 45 minutes, or
from about 15 minutes to about 30 minutes). In additional embodiments, the borided
down-hole structure 202’ may be removed from the molten electrolyte 206 without
keeping the borided down-hole structure 202" in the molten electrolyte 206 for the
additional period of time (i.e., without keeping the borided down-hole structure 202 in
the molten electrolyte 206 for a period of time greater than or equal to about 10

minutes). In further embodiments, the borided down-hole structure 202’ may be
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removed from the molten electrolyte 206 without keeping the borided down-hole
structure 202’ in the molten electrolyte 206 for the additional period of time, and may
be provided into a different device or apparatus (e.g., a high temperature furnace)
configured and operated to facilitate phase homogenization in the metal boride
material 216.

The borided down-hole structure 202’ may be removed from the crucible 204
(and the fixture 214), and may, optionally, be subjected to additional processing or
conditioning. Additional processing may, for example, be utilized to enhance one or
more properties of the borided down-hole structure 202 (¢.g., thermal resistance,
hardness, toughness, chemical resistance, corrosion resistance, wear resistance, lower
friction coefficient, mechanical strength, etc.). By way of non-limiting example, at
least a portion of the borided down-hole structure 202’ may be subjected to a
conventional carburization process. For example, borided portions of the borided
down-hole structure 202’ may be covered or masked, and at least one non-borided
portion of the borided down-hole structure 202" may be conventionally carburized.
The additional processing may also be utilized to prepare (e.g., shape, size, condition,
etc.) the borided down-hole structure 202’ to be secured to at least one other structure to
form a desired down-hole tool (e.g., an earth-boring rotary drill bit, an expandable
reamer, an expandable stabilizer, a fixed stabilizer, a rotor, a stator, a pump, a valve,
etc.).

Following formation (and, optionally, additional processing), the borided
down-hole structure 202’ may be secured to (e.g., directly or indirectly attached to,
provided within, etc.) at least one other structure to form a desired borided down-hole
tool (e.g., the borided down-hole tool 108 previously described in relation to FIG. 1).
The other structure may be substantially the same as the borided down-hole
structure 202’ (e.g., may exhibit substantially the same shape, size, and material
configuration as the borided down-hole structure 2027, or may be different than the
borided down-hole structure 202’ (e.g., may exhibit at least one of a different shape, a
different size, and a different material configuration than the borided down-hole
structure 202"). For example, the other structure may comprise another borided
down-hole structure, or may comprise a non-borided down-hole structure (i.., a
structure substantially free of at least one metal boride material). If the other structure

comprises another borided down-hole structure, the other structure may have
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substantially the same shape, size, and material configuration as the borided down-hole
structure 202, or may have at least one of a different shape, different size, and different
material configuration than the borided down-hole structure 202'. In some
embodiments, the other structure exhibits a different thickness of a metal boride
material than the borided down-hole structure 202".

The borided down-hole tool (e.g., the borided down-hole tool 108 previously
described in relation to FIG. 1) including the borided down-hole structure 202" may be
secured (i.e., directly secured, or indirectly secured) to at least one other down-hole
tool to form a borided down-hole assembly (e.g., the borided down-hole assembly 100
previously described in relation to FIG. 1). The other down-hole tool may comprise
another borided down-hole tool, or may comprise a non-borided down-hole tool. If the
other down-hole tool comprises another borided down-hole tool, the other down-hole
tool may have substantially the same shape, size, and material configuration as the
borided down-hole tool, or may have at least one of a different shape, a different size,
and a different material configuration than the borided down-hole tool. In some
embodiments, the other down-hole tool exhibits a different thickness of a metal boride
material than the borided down-hole tool.

The methods of the disclosure facilitate the fast, simple, cost-effective, and
environmentally friendly formation of borided down-hole structures, tools, and
assemblies able to withstand the aggressive environmental conditions (e.g., abrasive
materials, corrosive chemicals, high temperatures, high pressures, etc.) frequently
experienced in down-hole applications (e.g., drilling applications, conditioning
applications, logging applications, measurement applications, monitoring
applications, etc.). The borided down-hole structures, tools, and assemblies formed by
the methods of the disclosure may also exhibit improved properties (e.g., metal boride
material thickness and homogeneity, hardness, toughness, chemical resistance, etc.) as
compared to borided down-hole structures formed by many conventional boronizing
processes. As a result, the methods of the disclosure may be used to form borided
down-hole structures, tools, and assemblies more rapidly and uniformly, improving
production efficiency and increasing the quality and longevity of the down-hole
structures, tools, and assemblies produced.

While the disclosure has been described herein with respect to certain

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

5  the scope of the invention as contemplated by the inventor.
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CLAIMS
What is claimed is:
1. A method of forming a down-hole tool, comprising:

contacting at least a portion of at least one down-hole structure comprising at least one
ceramic-metal composite material with a molten electrolyte comprising
NaB4O7; and

applying electrical current to the at least a portion of the at least one down-hole
structure to form at least one borided down-hole structure comprising at least

one metal boride material.

2. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure further comprises selecting the at least one down-hole
structure to comprise a component of at least one of an earth-boring rotary drill bit, a
completion tool, an expandable reamer, an expandable stabilizer, a fixed stabilizer, a
slip-on stabilizer, a clamped-on stabilizer, an integral stabilizer, an optimized rotational
density tool, a slimhole neutron density tool, a calibrated neutron density tool, a drill
motor, a bearing, an upper bearing housing, a lower bearing housing, a rotor, a stator, 2

pump, and a valve.

3. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure comprising at least one ceramic-metal composite material
further comprises selecting the ceramic-metal composite material to comprise hard

ceramic phase particles in a matrix of at least one metal material.

4, The method of claim 3, wherein applying electrical current to the at
least a portion of the at least one down-hole structure to form at least one borided
down-hole structure comprises applying electrical current to the at least a portion of the
at least one down-hole structure to convert at least a portion of the at least one metal

material to the at least one metal boride material.
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5. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure comprising at least one metal material further comprises
selecting the ceramic-metal composite material to comprise tungsten carbide particles

in a matrix of nickel.

6. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure comprising at least one ceramic-metal composite material into
a molten electrolyte further comprises selecting the molten electrolyte to consist

essentially of molten anhydrous Na;B4Oy.

7. The method of claim 6, further comprising maintaining a temperature

of molten electrolyte within a range of from about 770°C to about 1400°C.

8. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure comprising at least one ceramic-metal composite material into
a molten electrolyte further comprises selecting the molten electrolyte to comprise
Na,B407 and at least one of NaF, NaCl, NaOH, Na,CO;, Na;80;, NaySOs, CaCly,
LiCl, BaCl,, and PbO.

9, The method of claim 8, wherein selecting the molten electrolyte to
comprise Na;B4O; and at least one of NaF, NaCl, NaOH, Na;CO;, NaySO3, NapSOs,
CaCl,, LiCl, BaCl,, and PbO comprises selecting the molten electrolyte to comprise
from about 50 wt% to about 90 wt% of Na;B40; and from about 10 wt% to about 50
wi% of the at least one of NaF, NaCl, NaOH, Na,CO3, NapSO;, NazSOs, CaCl,, LiCl,
BaCl,, and PbO.

10.  The method of claim 8, further comprising maintaining a temperature

of molten electrolyte within a range of from about 550°C to about 700°C.

11.  The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure further comprises contacting at least a portion of each of a

plurality of down-hole structures.
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12. The method of claim 1, wherein contacting at least a portion of at least
one down-hole structure comprising at least one ceramic-metal composite material
with a molten electrolyte comprises exposing only a portion of the at least one

ceramic-metal composite material to the molten electrolyte.

13.  The method of claim 1, wherein applying electrical current to the at
least a portion of the at least one down-hole structure comprises applying a current
density within a range of from about 100 mA/em? to about 700 mA/em” for a period of

time within a range of from about one (1) minute to about five (5) hours.

14.  The method of claim 1, further comprising soaking the at least one
borided down-hole structure in the molten electrolyte in the absence of the electrical
current after the application thereof to increase the phase homogeneity of at least a

portion of the at least one ceramic-metal composite material.

15.  The method of claim 14, wherein soaking the at least one borided
down-hole structure in the molten electrolyte in the absence of the electrical current
after the application thereof comprises at least partially immersing the at least one
borided down-hole structure in the molten electrolyte for a period of time within a

range of from about one (1) minute to about one (1) hour.

16. A method of forming a down-hole tool, comprising:

at least partially inserting at least one down-hole structure comprising at least one
ceramic-metal composite material into a molten electrolyte comprising
Na,B40; at a temperature of from about 550°C to about 1400°C;

applying electrical current to the at least one down-hole structure for a period of time
within a range of from about one (1) minute to about five (5) hours to convert
at least a portion of the at least one ceramic-metal composite material into at
Jeast one metal boride material and form at least one borided down-hole
structure; and

securing the at least one borided down-hole structure to at least one other down-hole

structure.
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17.  The method of claim 16, wherein securing the at least one borided
down-hole structure to at least one other down-hole structure comprises securing the at

least one borided down-hole structure to at least one other borided down-hole structure.

18.  The method of claim 17, wherein securing the at least one borided
down-hole structure to at least one other down-hole structure comprises securing the at
least one borided down-hole structure to at least one structure exhibiting a different
thickness of the at least one metal boride material than the at least one borided

down-hole structure.

19.  The method of claim 16, wherein securing the at least one borided
down-hole structure to at least one other down-hole structure comprises coupling the at
least one borided down-hole structure with the at least one other down-hole structure to
form at least one of an earth-boring rotary drill bit, an expandable reamer, an

expandable stabilizer, a fixed stabilizer, a rotor, a stator, a pump, and a valve.

20. A down-hole tool, comprising:
at least one borided structure formed by the method comprising:
contacting at least a portion of the at least one structure comprising at least one
ceramic-metal composite material with a molten electrolyte comprising
Na;B4O7; and
applying electrical current to the at least a portion of the at least one structure in
contact with the molten electrolyte to diffuse boron into the at least one

structure and form at least one metal boride material.
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