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material, and the ABC-SIC material may be toughened to increase a fracture toughness exhibited by the ABC-SIC material. In
some methods, at least one of an Infiltration process and a powder compaction and consolidation process may be employed.
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SILICON CARBIDE COMPOSITE MATERIALS, EARTH-BORING TOOLS
COMPRISING SUCH MATERIALS, AND
METHODS FOR FORMING THE SAME

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Patent
Application Serial No. 11/965,018, filed December 27, 2007, which application is a
continuation-in-part of each of pending United States Patent Application Serial
No. 11/271,153, filed November 10, 2005, and pending United States Patent
Application Serial No. 11/272,439, filed November 10, 2005.

TECHNICAL FIELD
The present invention generally relates to earth-boring tools, and to methods of
manufacturing such earth-boring tools. More particularly, the present invention
generally relates to earth-boring tools that include a body having at least a portion
thereof substantially formed of a particle-matrix composite material, and to methods of

manufacturing such earth-boring tools.

BACKGROUND

Rotary drill bits are commonly used for drilling bore holes, or well bores, in
earth formations. Rotary drill bits include two primary configurations. One
configuration is the roller cone bit, which conventionally includes three roller cones
mounted on support legs that extend from a bit body. Each roller cone is configured to
spin or rotate on a support leg. Teeth are provided on the outer surfaces of each roller
cone for cutting rock and other earth formations. The teeth often are coated with an
abrasive, hard (“hardfacing”) material. Such materials often include tungsten carbide
particles dispersed throughout a metal alloy matrix material. Alternatively, receptacles
are provided on the outer surfaces of each roller cone into which hard metal inserts are
secured to form the cutting elements. In some instances, these inserts comprise a
superabrasive material formed on and bonded to a metallic substrate. The roller cone
drill bit may be placed in a bore hole such that the roller cones abut against the earth

formation to be drilled. As the drill bit is rotated under applied weight on bit, the roller
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cones roll across the surface of the formation, and the teeth crush the underlying
formation.

A second primary configuration of a rotary drill bit is the fixed-cutter bit (often
referred to as a “drag” bit), which conventionally includes a plurality of cutting elements
secured to a face region of a bit body. Generally, the cutting elements of a fixed-cutter
type drill bit have either a disk shape or a substantially cylindrical shape. A hard,
superabrasive material, such as mutually bonded particles of polycrystalline diamond,
may be provided on a substantially circular end surface of each cutting element to
provide a cutting surface. Such cutting elements are often referred to as “polycrystalline
diamond compact” (PDC) cutters. The cutting elements may be fabricated separately
from the bit body and are secured within pockets formed in the outer surface of the bit
body. A bonding material such as an adhesive or a braze alloy may be used to secure
the cutting elements to the bit body. The fixed-cutter drill bit may be placed in a bore
hole such that the cutting elements abut against the earth formation to be drilled. Asthe
drill bit is rotated, the cutting elements scrape across and shear away the surface of the
underlying formation.

The bit body of a rotary drill bit of either primary configuration may be secured,
as is conventional, to a hardened steel shank having an American Petroleum Institute
(API) threaded pin for attaching the drill bit to a drill string. The drill string includes
tubular pipe and equipment segments coupled end-to-end between the drill bit and other
drilling equipment at the surface. Equipment such as a rotary table or top drive may be
used for rotating the drill string and the drill bit within the bore hole. Alternatively, the
shank of the drill bit may be coupled directly to the drive shaft of a down-hole motor,
which then may be used to rotate the drill bit.

The bit body of a rotary drill bit may be formed from steel. Alternatively, the bit
body may be formed from a particle-matrix composite material. Such particle-matrix
composite materials conventionally include hard tungsten carbide particles randomly
dispersed throughout a copper or copper-based alloy matrix material (often referred to
as a “binder” material). Such bit bodies conventionally are formed by embedding a
steel blank in tungsten carbide particulate material within a mold, and infiltrating the

particulate tungsten carbide material with molten copper or copper-based alloy material.
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Drill bits that have bit bodies formed from such particle-matrix composite materials
may exhibit increased erosion and wear resistance, but lower strength and toughness,
relative to drill bits having steel bit bodies.

As subterranean drilling conditions and requirements become ever more
rigorous, there arises a need in the art for novel particle-matrix composite materials for
use in bit bodies of rotary drill bits that exhibit enhanced physical properties and that

may be used to improve the performance of earth-boring rotary drill bits.

DISCLOSURE OF THE INVENTION

In some embodiments, the present invention includes earth-boring tools for
drilling subterranean formations. The tools include a bit body comprising a composite
material. The composite material includes a first discontinuous phase within a
continuous matrix phase. The first discontinuous phase includes silicon carbide. In
some embodiments, the discontinuous phase may comprise silicon carbide particles, and
the continuous matrix phase may comprise aluminum or an aluminum-based alloy.
Furthermore, the first discontinuous phase may optionally comprise what may be
referred to as an ABC-SiC material, as discussed in further detail below. Optionally,
such ABC-SiC materials may comprise toughened ABC-SiC materials that exhibit
increased fracture toughness relative to conventional silicon carbide materials.

In further embodiments, the present invention includes methods of forming
earth-boring tools. The methods include providing a plurality of silicon carbide
particles in a matrix material to form a body, and shaping the body to form at least a
portion of an earth-boring tool for drilling subterranean formations. In some
embodiments, the silicon carbide particles may comprise an ABC-SiC material.
Optionally, such ABC-SiC materials may be toughened to cause the ABC-S1C materials
to exhibit increased fracture toughness relative to conventional silicon carbide materials.
In some embodiments, silicon carbide particles may be infiltrated with a molten matrix
material, such as, for example, an aluminum or aluminum-based alloy. In additional
embodiments, a green powder component may be provided that includes a plurality of
particles comprising silicon carbide and a plurality of particles comprising matrix

material, and the green powder component may be at least partially sintered.
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In still further embodiments, the present invention includes methods of forming
at least a portion of an earth-boring tool. An ABC-SiC material may be consolidated to
form one or more compacts, and the compacts may be broken apart to form a plurality
of ABC-SiC particles. At least a portion of a body of an earth-boring tool may be
formed to comprise a composite material that includes the plurality of ABC-SiC
particles. Optionally, such ABC-SiC materials may be toughened to cause the ABC-SiC
materials to exhibit increased fracture toughness relative to conventional silicon carbide

materials.

BRIEF DESCRIPTION OF THE DRAWINGS
While the specification concludes with claims particularly pointing out and
distinctly claiming that which is regarded as the present invention, the advantages of
this invention may be more readily ascertained from the following description of the
invention when read in conjunction with the accompanying drawings in which:

FIG. 1 is a partial cross-sectional side view of an earth-boring rotary drill bit that
embodies teachings of the present invention and includes a bit body comprising a

particle-matrix composite material;

FIG. 2 is an illustration representing one example of how a microstructure of the
particle-matrix composite material of the bit body of the drill bit shown in FIG. 1 may
appear in a micrograph at a first level of magnification;

FIG. 3 is an illustration representing one example of how the microstructure of
the particles of the particle-matrix composite material shown in FIG. 2 may appear at a
relatively higher level of magnification; and

FIG. 4 is an illustration representing one example of how the microstructure of
the matrix material of the particle-matrix composite material shown in FIG. 2 may

appear at a relatively higher level of magnification.

MODE(S) FOR CARRYING OUT THE INVENTION
The illustrations presented herein are not meant to be actual views of any
particular material, apparatus, or method, but are merely idealized representations

which are employed to describe embodiments of the present invention.
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Additionally, elements common between figures may retain the same numerical
designation.

An embodiment of an earth-boring rotary drill bit 10 of the present invention
is shown in FIG. 1. The drill bit 10 includes a bit body 12 comprising a
particle-matrix composite material 15 that includes a plurality of silicon carbide
particles dispersed throughout an aluminum or an aluminum-based alloy matrix
material. By way of example and not limitation, the bit body 12 may include a
crown region 14 and a metal blank 16. The crown region 14 may be predominantly
comprised of the particle-matrix composite material 15, as shown in FIG. 1. The
metal blank 16 may comprise a metal or metal alloy, and may be configured for
securing the crown region 14 of the bit body 12 to a metal shank 20 that is
configured for securing the drill bit 10 to a drill string (not shown). The metal
blank 16 may be secured to the crown region 14 during fabrication of the crown
region 14, as discussed in further detail below. In additional embodiments, however,
the drill bit 10 may not include a metal blank 16.

FIG. 2 is an illustration providing one example of how the microstructure of
the particle-matrix composite material 15 may appear in a magnified micrograph
acquired using, for example, an optical microscope, a scanning electron microscope
(SEM), or other instrument capable of acquiring or generating a magnified image of
the particle-matrix composite material 15. As shown in FIG. 2, the particle-matrix
composite material 15 may include a plurality of silicon carbide (SiC) particles
dispersed throughout an aluminum or an aluminum-based alloy matrix material 52.
In other words, the particle-matrix composite material 15 may include a plurality of
discontinuous silicon carbide (SiC) phase regions dispersed throughout a continuous
aluminum or an aluminum-based alloy phase. By way of example and not
limitation, in some embodiments, the silicon carbide particles 50 may comprise
between about forty percent (40%) and about seventy percent (70%) by weight of the
particle-matrix composite material 15, and the matrix material 52 may comprise
between about thirty percent (30%) and about sixty percent (60%) by weight of the
particle-matrix composite material 15. In additional embodiments, the silicon

carbide particles 50 may comprise between about seventy percent (70%) and about
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ninety-five percent (95%) by weight of the particle-matrix composite material 15,
and the matrix material 52 may comprise between about thirty percent (30%) and
about five percent (5%) by weight of the particle-matrix composite material 13.

As shown in FIG. 2, in some embodiments, the silicon carbide particles 50

5  may have different sizes. For example, the plurality of silicon carbide particles 50
may include a multi-modal particle size distribution (e.g., bi-modal, tri-modal,
tetra-modal, penta-modal, etc.). In other embodiments, however, the silicon carbide
particles 50 may have a substantially uniform particle size, which may exhibit a
Gaussian or log-normal distribution. By way of example and not limitation, the

10  plurality of silicon carbide particles 50 may include a plurality of —=70 ASTM
(American Society for Testing and Materials) mesh silicon carbide particles. As used
herein, the phrase “~70 ASTM mesh particles” means particles that pass through an
ASTM No. 70 U.S.A. standard testing sieve as defined in ASTM Specification
E11-04, which is entitled Standard Specification for Wire Cloth and Sieves for

15  Testing Purposes.

The silicon carbide particles 50 may comprise, for example, generally rough,
non-rounded (e.g., polyhedron-shaped) particles or generally smooth, rounded
particles. In some embodiments, each silicon carbide particle 50 may comprise a
plurality of individual silicon carbide grains, which may be bonded to one another.

20  Such interbonded silicon carbide grains in the silicon carbide particles 50 may be
generally plate-like, or they may be generally elongated. For example, the
interbonded silicon carbide grains may have an aspect ratio (the ratio of the average
particle length to the average particle width) of greater than about five (5) (e.g.,
between about five (5) and about nine (9)).

25 FIG. 3 illustrates one example of how the microstructure of the silicon
carbide particles 50 shown in FIG. 2 may appear at a relatively higher level of
magnification. As shown in FIG. 3, each silicon carbide particle 50 may, in some
embodiments, comprise a plurality of interlocked elongated and/or plate-shaped
grains 51 comprising silicon carbide (and, optionally, and ABC-SiC material, which

30 may comprise an in situ toughened ABC-SiC material).
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In some embodiments, the silicon carbide particles 50 may comprise small
amounts of aluminum (Al), boron (B), and carbon (C). For example, the silicon
carbide material in the silicon carbide particles 50 may comprise between about one
percent by weight (1.0 wt%) and about five percent by weight (5.0 wt%) aluminum,
less than about one percent by weight (0.6 wt%) boron, and between about one
percent by weight (1.0 wt%) and about four percent by weight (4.0 wt%) carbon.
Such silicon carbide materials are referred to in the art as “ABC-SiC” materials, and
may exhibit physical properties that are relatively more desirable than conventional
SiC materials for purposes of forming the particle-matrix composite material 15 of
the bit body 12 of the earth-boring rotary drill bit 10. As one non-limiting example,
the silicon carbide material in the silicon carbide particles 50 may comprise about
three percent by weight (3.0 wt%) Aluminum, about six tenths of one percent by
weight (0.6 wt%) boron, and about two percent by weight (2.0 wt%) carbon. In

some embodiments, the silicon carbide particles 50 may comprise an ABC-S1C

/2

material that exhibits a fracture toughness of about 5.0 MPa-m'* or more. More

particularly, the silicon carbide particles 50 may comprise an ABC-SiC material that
exhibits a fracture toughness of about 6.0 MPa-m'? or more. In yet further
embodiments, the silicon carbide particles 50 may comprise an ABC-SiC material
that exhibits a fracture toughness of about 9.0 MPa-m'”* or more. Optionally, the
silicon carbide particles 50 may comprise an in situ toughened ABC-SiC material, as
discussed in further detail below. Such in situ toughened ABC-SiC materials may
exhibit a fracture toughness greater than about five megapascal root meters (3
MPa-m'’%), or even greater than about six megapascal root meters (6 MPa-m'%). In
some embodiments, the in situ toughened ABC-SiC materials may exhibit a fracture
toughness greater than about nine megapascal root meters (9 MPa-m'").

In some embodiments, the silicon carbide particles 50 may comprise a
coating comprising a material configured to enhance the wetability of the silicon
carbide particles 50 to the matrix material 52 and/or to prevent any detrimental

chemical reaction from occurring between the silicon carbide particles 50 and the

surrounding matrix material 52. By way of example and not limitation, the silicon
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carbide particles 50 may comprise a coating of at least one of tin oxide (Sn0Oy),
tungsten, nickel, and titanium.

In some embodiments of the present invention, the bulk matrix material 52
may include at least seventy-five percent by weight (75 wt%) aluminum, and at least
trace amounts of at least one of boron, carbon, copper, iron, lithium, magnesium,
manganese, nickel, scandium, silicon, tin, zirconium, and zinc. Furthermore, In
some embodiments, the matrix material 52 may include at least ninety percent by
weight (90 wt%) aluminum, and at least three percent by weight (3 wt%) of at least
one of boron, carbon, copper, magnesium, manganese, scandium, silicon, zirconium,
and zinc. Furthermore, trace amounts of at least one of silver, gold, and indium
optionally may be included in the matrix material 52 to enhance the wetability of the
matrix material relative to the silicon carbide particles 50. Table 1 below sets forth
various examples of compositions of matrix material 52 that may be used as the

particle-matrix composite material 15 of the crown region 14 of the bit body 12

shown 1n FIG. 1.
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FIG. 4 is an enlarged view of a region of the matrix material 52 shown in
FIG. 2. FIG. 4 illustrates one example of how the microstructure of the matrix
material 52 of the particle-matrix composite material 15 may appear 1n a micrograph
at an even greater magnification level than that represented in FIG. 2. Such a
micrograph may be acquired using, for example, a scanning electron microscope
(SEM) or a transmission electron microscope (TEM).

By way of example and not limitation, the matrix material 52 may include a
continuous phase 54 comprising a solid solution. The matrix material 52 may
further include a discontinuous phase 56 comprising a plurality of discrete regions,
each of which includes precipitates (i.e., a precipitate phase). In other words, the
matrix material 52 may comprise a precipitation hardened aluminum-based alloy
comprising between about ninety-five percent by weight (95 wt%) and about
ninety-six and one-half percent by weight (96.5 wt%) aluminum and between about
three and one-half percent by weight (3.5 wt%) and about five percent by weight (5
wt%) copper. In such a matrix material 52, the solid solution of the continuous
phase 54 may include aluminum solvent and copper solute. In other words, the
crystal structure of the solid solution may comprise mostly aluminum atoms with a
relatively small number of copper atoms substituted for aluminum atoms at random
locations throughout the crystal structure. Furthermore, in such a matrix material 52,
the discontinuous phase 56 of the matrix material 52 may include one or more
intermetallic compound precipitates (e.g., CuAly). In additional embodiments, the
discontinuous phase 56 of the matrix material 52 may include additional
discontinuous phases (not shown) present in the matrix material 52 that include
metastable transition phases (i.e., non-equilibrium phases that are temporarily
formed during formation of an equilibrium precipitate phase (e.g., CuAl)).
Furthermore, in yet additional embodiments, substantially all of the discontinuous
phase 56 regions may be substantially comprised of such metastable transition
phases. The presence of the discontinuous phase 56 regions within the continuous
phase 54 may impart one or more desirable properties to the matrix material 52, such

as, for example, increased hardness. Furthermore, in some embodiments, metastable

transition phases may impart one or more physical properties to the matrix
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material 52 that are more desirable than those imparted to the matrix material 52 by
equilibrium precipitate phases (e.g., CuAl).

With continued reference to FIG. 4, the matrix material 52 may include a
plurality of grains 60 that abut one another along grain boundaries 62. As shown in
FIG. 4, a relatively high concentration of a discontinuous precipitate phase 56 may
be present along the grain boundaries 62. In some embodiments of the present
invention, the grains 60 of matrix material 52 may have at least one of a size and
shape that is tailored to enhance one or more mechanical properties of the matrix
material 52. For example, in some embodiments, the grains 60 of matrix material 52
may have a relatively smaller size (e.g., an average grain size of about six microns (6
um) or less) to impart increased hardness to the matrix material 52, while in other
embodiments, the grains 60 of matrix material 52 may have a relatively larger size
(e.g., an average grain size of greater than six microns (6 um)) to impart increased
toughness to the matrix material 52. The size and shape of the grains 60 may be
selectively tailored using heat treatments such as, for example, quenching and
annealing, as known in the art. Furthermore, at least trace amounts of at least one of
titanium and boron optionally may be included in the matrix material 52 to facilitate
grain size refinement.

Referring again to FIG. 1, the bit body 12 may be secured to the metal
shank 20 by way of, for example, a threaded connection 22 and a weld 24 that
extends around the drill bit 10 on an exterior surface thereof along an interface
between the bit body 12 and the metal shank 20. The metal shank 20 may be formed
from steel, and may include a threaded pin 28 conforming to American Petroleum
Institute (AP]) standards for attaching the drill bit 10 to a drill string (not shown).

As shown in FIG. 1, the bit body 12 may include wings or blades 30 that are
separated from one another by junk slots 32. Internal fluid passageways 42 may
extend between the face 18 of the bit body 12 and a longitudinal bore 40, which
extends through the steel shank 20 and at least partially through the bit body 12. In
some embodiments, nozzle inserts (not shown) may be provided at the face 18 of the

bit body 12 within the internal fluid passageways 42.
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The drill bit 10 may include a plurality of cutting structures on the face 18
thereof. By way of example and not limitation, a plurality of polycrystalline
diamond compact (PDC) cutters 34 may provided on each of the blades 30, as shown
in FIG. 1. The PDC cutters 34 may be provided along the blades 30 within

5  pockets 36 formed in the face 18 of the bit body 12, and may be supported from
behind by buttresses 38, which may be integrally formed with the crown region 14 of
the bit body 12.

The steel blank 16 shown in FIG. 1 may be generally cylindrically tubular. In

additional embodiments, the steel blank 16 may have a fairly complex configuration
10  and may include external protrusions corresponding to blades 30 or other features
extending on the face 18 of the bit body 12.

The rotary drill bit 10 shown in FIG. 1 may be fabricated by separately
forming the bit body 12 and the shank 20, and then attaching the shank 20 and the
bit body 12 together. The bit body 12 may be formed by a variety of techniques,

15 some of which are described in further detail below.

In some embodiments, the bit body 12 may be formed using so-called
“suspension” or “dispersion” casting techniques. For example, a mold (not shown)
may be provided that includes a mold cavity having a size and shape corresponding
to the size and shape of the bit body 12. The mold may be formed from, for

20 example, graphite or any other high-temperature refractory material, such as a
ceramic. The mold cavity of the mold may be machined using a five-axis machine
tool. Fine features may be added to the cavity of the mold using hand-held tools.
Additional clay work also may be required to obtain the desired configuration of
some features of the bit body 12. Where necessary, preform elements or

25  displacements (which may comprise ceramic components, graphite components, or
resin-coated sand compact components) may be positioned within the mold cavity
and used to define the internal passageways 42, cutting element pockets 36, junk
slots 32, and other external topographic features of the bit body 12.

After forming the mold, a suspension may be prepared that includes a

30 plurality of silicon carbide particles 50 (FIG. 2) suspended within molten matrix

material 52. Molten matrix material 52 having a composition as previously
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described herein then may be prepared by mixing stock material, particulate
material, and/or powder material of each of the various elemental constituents in
their respective weight percentages in a container and heating the mixture to a
temperature sufficient to cause the mixture to melt, forming a molten matrix
material 52 of desired composition. After forming the molten matrix material 52 of
desired composition, silicon carbide particles 50 may be suspended and dispersed
throughout the molten matrix material 52 to form the suspension. As previously
mentioned, in some embodiments, the silicon carbide particles 50 may be coated
with a material configured to enhance the wetability of the silicon carbide

particles 50 to the molten matrix material 52 and/or to prevent any detrimental
chemical reaction from occurring between the silicon carbide particles 50 and the
molten matrix material 52. By way of example and not limitation, the silicon carbide
particles 50 may comprise a coating of tin oxide (SnQO,).

Optionally, a metal blank 16 (FIG. 1) may be at least partially positioned
within the mold such that the suspension may be cast around the metal blank within
the mold.

The suspension comprising the silicon carbide particles 50 and molten matrix
material 52 may be poured into the mold cavity of the mold. As the molten matrix
material (e.g., molten aluminum or aluminum-based alloy materials) may be
susceptible to oxidation, the infiltration process may be carried out under vacuum.
In additional embodiments, the molten matrix material may be substantially tlooded
with an inert gas or a reductant gas to prevent oxidation of the molten matrix
material. In some embodiments, pressure may be applied to the suspension during
casting to facilitate the casting process and to substantially prevent the formation of
voids within the bit body 12 being formed.

After casting the suspension within the mold, the molten matrix material 52
may be allowed to cool and solidify, forming the solid matrix material 52 of the
particle-matrix composite material 15 around the silicon carbide particles 50.

In some embodiments, the bit body 12 may be formed using so-called
“infiltration” casting techniques. For example, a mold (not shown) may be provided

that includes a mold cavity having a size and shape corresponding to the size and
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shape of the bit body 12. The mold may be formed from, for example, graphite or
any other high-temperature refractory material, such as a ceramic. The mold cavity
of the mold may be machined using a five-axis machine tool. Fine features may be
added to the cavity of the mold using hand-held tools. Additional clay work also
may be required to obtain the desired configuration of some features of the bit
body 12. Where necessary, preform elements or displacements (which may
comprise ceramic components, graphite components, or resin-coated sand compact
components) may be positioned within the mold cavity and used to define the
internal passageways 42, cutting element pockets 36, junk slots 32, and other
external topographic features of the bit body 12.

After forming the mold, a plurality of silicon carbide particles 50 (FIG. 2)
may be provided within the mold cavity to form a body having a shape that
corresponds to at least the crown region 14 of the bit body 12. Optionally, a metal
blank 16 (FIG. 1) may be at least partially embedded within the silicon carbide
particles 50 such that at least one surface of the blank 16 is exposed to allow
subsequent machining of the surface of the metal blank 16 (if necessary) and
subsequent attachment to the shank 20.

Molten matrix material 52 having a composition as previously described
herein then may be prepared by mixing stock material, particulate material, and/or
powder material of each of the various elemental constituents in their respective
weight percentages, heating the mixture to a temperature sufficient to cause the
mixture to melt, thereby forming a molten matrix material 52 of desired
composition. The molten matrix material 52 then may be allowed or caused to
infiltrate the spaces between the silicon carbide particles 50 within the mold cavity.
Optionally, pressure may be applied to the molten matrix material 52 to facilitate the
infiltration process as necessary or desired. As the molten materials (e.g., moiten
aluminum or aluminum-based alloy materials) may be susceptible to oxidation, the
infiltration process may be carried out under vacuum. In additional embodiments,
the molten materials may be substantially flooded with an inert gas or a reductant
gas to prevent oxidation of the molten materials. In some embodiments, pressure

may be applied to the molten matrix material 52 and silicon carbide particles 50 to
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facilitate the infiltration process and to substantially prevent the formation of voids
within the bit body 12 being formed.

After the silicon carbide particles 50 have been infiltrated with the molten
matrix material 52, the molten matrix material 52 may be allowed to cool and
solidify, forming the solid matrix material 52 of the particle-matrix composite
material 15.

In additional embodiments, reactive infiltration casting techniques may be
used to form the bit body 12. By way of example and not limitation, the mass to be
infiltrated may comprise carbon, and molten silicon may be added to the molten
matrix material 50. The molten silicon may react with the carbon to form silicon
carbide as the molten mixture infiltrates the carbon material. In this manner, a
reaction may be used to form silicon carbide particles 52 in situ during the
infiltration casting process.

In some embodiments, the bit body 12 may be formed using so-called
particle compaction and sintering techniques such as, for example, those disclosed in
pending Application Serial No. 11/271,153, filed November 10, 2005, and pending
Application Serial No. 11/272,439, filed November 10, 2005. Briefly, a powder
mixture may be pressed to form a green bit body or billet, which then may be
sintered one or more times to form a bit body 12 having a desired final density.

The powder mixture may include a plurality of silicon carbide particles 52
and a plurality of particles comprising a matrix material 50, as previously described
herein. Optionally, the powder mixture may further include additives commonly
used when pressing powder mixtures such as, for example, binders for providing
lubrication during pressing and for providing structural strength to the pressed
powder component, plasticizers for making the binder more pliable, and lubricants
or compaction aids for reducing inter-particle friction. Furthermore, the powder
mixture may be milled, which may result in the silicon carbide particles 52 being at
least partially coated with matrix material 50.

The powder mixture may be pressed (e.g., axially within a mold or die, or
substantially isostatically within a mold or container) to form a green bit body. The

green bit body may be machined or otherwise shaped to form features such as
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blades, fluid courses, internal longitudinal bores, cutting element pockets, etc., prior
to sintering. In some embodiments, the green bit body (with or without machining)
may be partially sintered to form a brown bit body, and the brown bit body may be
machined or otherwise shaped to form one or more such features prior to sintering
the brown bit body to a desired final density.

The sintering processes may include conventional sintering in a vacuum
furnace, sintering in a vacuum furnace followed by a conventional hot isostatic
pressing process, and sintering immediately followed by isostatic pressing at
temperatures near the sintering temperature (often referred to as sinter-HIP).
Furthermore, the sintering processes may include subliquidus phase sintering. In
other words, the sintering processes may be conducted at temperatures proximate to
but below the liquidus line of the phase diagram for the matrix material. For
example, the sintering processes described herein may be conducted using a number
of different methods known to one of ordinary skill in the art, such as the Rapid
Omnidirectional Compaction (ROC) process, the Ceracon™ process, hot isostatic
pressing (HIP), or adaptations of such processes.

When the bit body 12 is formed by particle compaction and sintering
techniques, the bit body 12 may not include a metal blank 16 and may be secured to
the shank 20 by, for example, one or more of brazing, welding, and mechanically
interlocking.

As previously mentioned, in some embodiments, the silicon carbide
particles 50 may comprise an in situ toughened ABC-SiC material. In such
embodiments, the bit body 12 may be formed by various methods, including those
described below.

In some embodiments of methods of forming a bit body 12 of the present
invention, particles of ABC-SiC may be consolidated to form relatively larger
structures or compacts by, for example, hot pressing particles of ABC-SiC at
elevated temperatures (e.g., between about 1,650° C and about 1,950° C) and
pressures (e.g., about fifty megapascals (50 MPa)) for a period of time (e.g., about

one hour) in an inert gas (e.g., argon).
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After consolidation of the ABC-SiC particles to form relatively larger
compacts, the compacts may be annealed to tailor the size and shape of the SiC
grains in a manner that enhances the fracture toughness of the ABC-SiC material
(e.g., to toughen the ABC-SiC material in situ). By way of example, the relatively
larger compacts may be annealed at elevated temperatures (e.g., about 1,000° C or
more) for a time period of about one hour or more) in an inert gas.

The consolidated and annealed compacts then may be crushed or otherwise
broken up (e.g., in a ball mill or an attritor mill) to form relatively smaller silicon
carbide particles 52 comprising the in situ toughened ABC-SiC material. Optionally
the relatively smaller silicon carbide particles 52 comprising the in situ toughened
ABC-SiC material may be screened to separate the particles into certain particle size
ranges, and only selected particle size ranges may be used in forming the bit body
12. The silicon carbide particles 52 comprising the in situ toughened ABC-SiC
material then may be used to form the bit body 12 by, for example, using any of the
suspension casting, infiltration casting, or particle compaction and sintering methods
previously described herein.

In additional embodiments of methods of forming a bit body 12 of the
present invention, particles of ABC-SiC may be consolidated to form relatively
larger compacts as previously described. Prior to annealing (and in situ toughening
of the ABC-SiC), however, the relatively larger compacts may be crushed or broken
up to form relatively smaller silicon carbide particles 52 comprising the ABC-SiC
material. The silicon carbide particles 52 comprising the ABC-SiC material then
may be used to form the bit body 12 by, for example, using any of the suspension
casting, infiltration casting, or particle compaction and sintering methods previously
described herein. A matrix material 50 may be used that has a sufficiently high
melting point (e.g., greater than about 1,250° C) to allow annealing and in situ
toughening of the ABC-SiC material after forming the bit body 12 without causing
incipient melting of the matrix material 50 or undue dissolution between the matrix
material 50 and the silicon carbide particles 52. Such matrix materials 50 may

include, for example, cobalt, cobalt-based alloys, nickel, nickel-based alloys, or a
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combination of such materials. In this manner, the ABC-SiC material may be in situ
toughened after forming the bit body 12.

In further embodiments of methods of forming a bit body 12 of the present
invention, particles of ABC-SiC may be consolidated to form a first set of relatively
larger compacts as previously described. Prior to annealing (and in situ toughening
of the ABC-SiC), however, the relatively larger compacts may be crushed or broken
up to form relatively smaller silicon carbide particles comprising the ABC-SiC
material. A second set of relatively larger compacts may be formed by infiltrating
(or otherwise consolidating) the silicon carbide particles 52 comprising the
ABC-SiC material with a first material that has a sufficiently high melting point
(e.g., greater than about 1,250° C) to allow annealing and in sifu toughening of the
ABC-SiC material after infiltrating with the first material. The second set of
compacts then may be annealed and in situ toughened, as previously described, after
which the second set of compacts may be crushed or otherwise broken up to form
the relatively smaller silicon carbide particles 52 comprising in situ toughened
ABC-SiC material. The silicon carbide particles 52 comprising the in situ
toughened ABC-SiC material then may be used to form the bit body 12 by, for
example, using any of the suspension casting, infiltration casting, or particle
compaction and sintering methods previously described herein. A matrix material
50 may be used having a melting point such that the bit body 12 may be formed
without causing incipient melting of the first material (which is used to infiltrate the
ABC-SiC particles prior to in situ toughening), or undue dissolution between the
matrix material 50 and the first material or the silicon carbide particles 32.

After or during formation the bit body 12, the bit body 12 optionally may be
subjected to one or more thermal treatments (different than in situ toughening, as
previously described) to selectively tailor one or more physical properties of at least
one of the matrix material 52 and the silicon carbide particles 50.

For example, the matrix material 52 may be subjected to a precipitation
hardening process to form a discontinuous phase 56 comprising precipitates, as
previously described in relation to FIG. 4. For example, the matrix material 52 may

comprise between about 95% and about 96.5% by weight aluminum and between
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about 3.5% and about 5% by weight copper, as previously described. In fabricating
the bit body 12 in an infiltration casting type process, as described above, the matrix
material 52 may be heated to a temperature of greater than about 548° C (a eutectic
temperature for the particular alloy) for a sufficient time to allow the composition of
the molten matrix material 52 to become substantially homogenous. The
substantially homogenous molten matrix material 52 may be poured into a mold
cavity and allowed to infiltrate the spaces between silicon carbide particles 50 within
the mold cavity. After substantially complete infiltration of the silicon carbide
particles 50, the temperature of the molten matrix material 52 may be cooled
relatively rapidly (i.e., quenched) to a temperature of less than about 100° C to cause
the matrix material 52 to solidify without formation of a significant amount of
discontinuous precipitate phases. The temperature of the matrix material 52 then
may be heated to a temperature of between about 100° C and about 548° C for a
sufficient amount of time to allow the formation of a selected amount of
discontinuous precipitate phase (e.g., metastable transition precipitation phases,
and/or equilibrium precipitation phases). In additional embodiments, the
composition of the matrix material 52 may be selected to allow a pre-selected
amount of precipitation hardening within the matrix material 52 over time and under
ambient temperatures and/or temperatures attained while drilling with the drill bit
10, thereby eliminating the need for a heat treatment at elevated temperatures.
Tungsten carbide materials have been used for many years to form bodies of
earth-boring tools. Silicon carbide generally exhibits higher hardness than tungsten
carbide materials. Silicon carbide materials also may exhibit superior wear
resistance and erosion resistance relative to tungsten carbide materials. Therefore,
embodiments of the present invention may provide earth-boring tools that exhibit
relatively higher hardness, improved wear resistance, and/or improved erosion
resistance relative to conventional tools comprising tungsten carbide composite
materials. Furthermore, by employing toughened silicon carbide materials, as
disclosed herein, earth-boring tools may be provided that comprise silicon carbide

composite materials that exhibit increased fracture toughness.
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While the present invention is described herein in relation to embodiments of
concentric earth-boring rotary drill bits that include fixed cutters and to
embodiments of methods for forming such drill bits, the present invention also
encompasses other types of earth-boring tools such as, for example, core bits,
eccentric bits, bicenter bits, reamers, mills, and roller cone bits, as well as methods
for forming such tools. Thus, as employed herein, the term “bit body” includes and
encompasses bodies of all of the foregoing structures, as well as components and

subcomponents of such structures.

While the present invention has been described herein with respect to certain
preferred 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 preferred embodiments 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 the scope of the invention as contemplated by the inventors.

Further, the invention has utility in drill bits and core bits having different and

various bit profiles as well as cutter types.
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CLAIMS

What is claimed is:

S 1. An earth-boring tool for drilling subterranean formations, the tool
comprising:
a bit body including a crown region comprising a particle-matrix composite material,
the composite material comprising a plurality of ABC-SiC particles dispersed
throughout an aluminum or an aluminum-based alloy matrix material: and

10 at least one cutting structure disposed on a face of the bit body.

2. The earth-boring tool of claim 1, wherein the plurality of ABC-SiC
particles comprises between about 40% and about 70% by weight of the
particle-matrix composite material, and wherein the aluminum or aluminum-based

15  alloy matrix material comprises between about 30% and about 60% by weight of the

particle-matrix composite material.

3. The earth-boring tool of claim 1 or claim 2, wherein the aluminum or
aluminum-based alloy matrix material of the composite material comprises at least
20 75% by weight aluminum and at least trace amounts of at least one of boron, carbon,

copper, iron, lithium, magnesium, manganese, nickel, scandium, stlicon, tin,

zirconium, and zinc.

4. The earth-boring tool of any one of claims 1 through 3, wherein the
25  aluminum or aluminum-based alloy matrix material of the composite material
comprises at least one discontinuous precipitate phase dispersed through a

continuous phase comprising a solid solution.

5. The earth-boring tool of any one of claims 1 through 4, wherein the
30 plurality of ABC-SiC particles comprises a toughened ABC-SiC material exhibiting

a fracture toughness greater than about 5 MPa-m'?.

25
AMENDED SHEET (ARTICLE 19)
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6. A method of forming an earth-boring tool, the method comprising:
providing a plurality of ABC-SiC particles in a matrix material to form a body; and
shaping the body to form at least a portion of an earth-boring tool for drilling

subterranean formations.

7 The method of claim 6, wherein providing a plurality of ABC-SiC
particles in a matrix material to form a body comprises:
melting the matrix material;
infiltrating the plurality of ABC-SiC particles with the molten matrix material within
a cavity of a mold; and |

cooling and solidifying the matrix material in the cavity of the mold.

8. The method of claim 7, further comprnising heat treating the matrix

material to increase the hardness of the matrix material.

9. The method of claim 8, wherein heat treating the matrix material
COmprises:
cooling the matrix material to form a solid solution; and
forming at least one discontinuous precipitate phase within the solid solution, the at
least one discontinuous precipitate phase causing the solid matrix material to

exhibit a bulk hardness that is harder than a bulk hardness of the solid

sofution.

26
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10. The method of claim 6, wherein providing a plurality of ABC-S1C
particles in a matrix material to form a body comprises:
providing a green powder component comprising:
the plurality of ABC-SiC particles; and
a plurality of particles each comprising the matrix material, the matrix
material comprising an aluminum or an aluminum-based alioy
material: and

at least partially sintering the green powder component,

11.  The method of claim 10, wherein providing a green powder
component comprises:
providing a powder mixture comprising:
the plurality of ABC-SiC particles;
the plurality of particles each comprising the matrix material; and
a binder material; and

pressing the powder mixture.

12.  The method of claim 10 or claim 11, wherein at least partially
sintering the green powder component comp.rises:
partially sintering the green powder component to form a brown bit body;
machining at least one feature in a surface of the brown bit body; and

sintering the brown bit body to a desired final density.

13.  The method of any one of claims 6 through 12, further comprising
toughening the ABC-S1C particles, wherein toughening the ABC-SiC particles

comprises:

annealing at least one compact comprising ABC-SiC material to alter at least one of

a size and a shape of SiC grains within the at least one compact; and

breaking apart the at least one compact to form the plurality of ABC-SiC particles.

14,  The method of any one of claims 6 through 12, wherein providing a

27
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plurality of ABC-SiC particles in a matrix material to form a body comprises:
consolidating ABC-SiC material to form at least one compact; and

breaking apart the at least one compact to form the plurality of ABC-SiC particles.

15.  The method of claim 14, further comprising annealing the ABC-SiC
material of the compact to increase a fracture toughness exhibited by the ABC-SiC

material.

- 16.  The method of any one of claims 6 through 15, further comprising
selecting the matrix material to comprise at least 75% by weight aluminum and at
least trace amounts of at least one of boron, carbon, copper, iron, lithium,

magnesium, manganese, nickel, scandium, silicon, tin, zirconium, and zinc.

17.  The method of any one of claims 6 through 16, wherein shaping the
body to form at least a portion of an earth-boring tool for drilling subterranean

formations comprises shaping the body to form at least a portion of a bit body of an

earth-boring rotary drill bit.

18.  The method of claim 17, further comprising:
providing a shank that is configured for attachment to a drill string; and

attaching the shank to the earth-boring rotary drill bit.

28
AMENDED SHEET (ARTICLE 19)
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FIG.3
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FIG.4



FIG. 1
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