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METHODS AND SYSTEMS FOR COMPACTION OF POWDERS
IN FORMING EARTH-BORING TOOLS

PRIORITY CLAIM

This applicatioﬁ claims the benefit of U.S. Utility Patent Application Serial No.

11/646,225, filed 27 December 2006.
TECHNICAL FIELD

Embodiments of the present invention relate to methods for forming bit bodies of earth-
boring tools that include particle-matrix composite materials, and to earth-boring tools formed
using such methods.

BACKGROUND

Rotary drill bits are commonly used for drilling bore holes or wells in earth formations.
One type of rotary drill bit is the fixed-cutter bit (often referred to as a “drag” bit), which
typically includes a plurality of cutting elements secured to a face region of a bit body. 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. A conventional earth-boring rotary drill bit 10 is
shown in FIG. 1 that includes a bit body 12 comprising a particle-matrix composite material.
The bit body 12 is secured to a steel shank 20 having an American Petroleum Institute (APT)
thréaded connéction portion 28 for attaching the drill bit 10 to a drill string (not shown). The
bit body 12 includes a crown 14 and a steel blank 16. The steel blank 16 is partially embedded
in the crown 14. The crown 14 includes a particle-matrix composite material such as, for
example, particles of tungsten carbide embedded in a copper alloy matrix material. The bit '
body 12 is secured to the steel shank 20 by way of a threaded connection 22 and a weld 24
extending around the drill bit 10 on an exterior surface thereof along an interface between the
bit body 12 and the steel shank 20.

The bit body 12 may further include wings or blades 30 that are separated by junk slots
32. Internal fluid passageways (not shown) extend between the face 18 of the bit body 12 and
a longitudinal bore 40, which extends through the steel shank 20 and partially through the bit
body 12. Nozzle inserts (not shown) also may be provided at the face 18 of the bit body 12
within the intemal fluid passageways. |

A plurality of cutting elements 34 are attached to the face 18 of the bit body 12.
Generally, the cutting elements 34 of a fixed-cutter type drill bit have either a disk shape or a

substantially cylindrical shape. A cutting surface 35 comprising a hard, super-abrasive
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material, such as mutually bound particles of polycrystalline diamond, may be provided on a
substantially circular end surface of each cutting element 34. Such cutting elements 34 are
often referred to as “polycrystalline diamond compact” (PDC) cutting elements 34. The PDC
cutting elements 34 may be provided along the blades 30 within 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 14 of the bit body 12. Typically, the cutting elements 34 are
fabricated separately from the bit body 12 and secured within the pockets 36 formed in the
outer surface of the bit body 12. A bonding material such as an adhesive or, more typically, a
braze alloy may be used to secure the cutting elements 34 to the bit body 12.

During drilling operations, the drill bit 10 is secured to the end of a drill string, which
includes tubular pipe and equipment segments coupled end to end between the drill bit 10 and
other drilling equipment at the surface. The drill bit 10 is positioned at the bottom of a well
bore hole such that the cutting elements 34 are adjacent the earth formation to be drilled.
Equipment such as a rotary table or top drive may be used for rotating the drill string and the
drill bit 10 within the bore hole. Alternatively, the shank 20 of the drill bit 10 may be coupled
directly to the drive shaft of a down-hole motor, which then may be used to rotate the drill bit
10. As the drill bit 10 is rotated and weight on bit or other axial force is applied, drilling fluid
is pumped to the face 18 of the bit body 12 through the longitudinal bore 40 and the internal
fluid passageways (not shown). Rotation of the drill bit 10 causes the cutting elements 34 to
scrape across and shear away the surface of the underlying formation. The formation cuttings
mix with and are suspended within the drilling fluid and pass through the junk slots 32 and the
annular space between the well bore hole and the drill string to the surface of the earth
formation.

Conventionally, bit bodies that include a particle-matrix composite material, such as
the previously described bit body 12, have been fabricated in graphite molds using a so-called
“infiltration” process. The cavities of the graphite molds are conventionally machined with a
multi-axis machine tool. Fine features are then added to the cavity of the graphite mold by
hand-held tools. Additional clay, which may comprise inorganic particles in an organic binder
material, may be applied to surfaces of the mold within the mold cavity and shaped to obtain a
desired final configuration of the mold. Where necessary, preform elements or displacements
(which may comprise ceramic material, graphite, or resin-coated and compacted sand) may be
positioned within the mold and used to define the internal passages, cutting element pockets

36, junk slots 32, and other features of the bit body 12.
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After the mold cavity has been defined and displacements positioned within the mold
as necessary, a bit body may be formed within the mold cavity. The cavity of the graphite
mold is filled with hard particulate carbide material (such as tungsten carbide, titanium carbide,
tantalum carbide, etc.). The preformed steel blank 16 then may be positioned in the mold at an
appropriate location and orientation. The steel blank 16 may be at least partially submerged in
the particulate carbide material within the mold.

The mold then may be vibrated or the particles otherwise packed to decrease the
amount of space between adjacent particles of the particulate carbide material. A matrix
material (often referred to as a “binder” material), such as a copper-based alloy, may be melted,
and caused or allowed to infiltrate the particulate carbide material within the mold cavity. The
mold and bit body. 12 are allowed to cool to solidify the matrix material. The steel blank 16 is
bonded to the particle-matrix composite material that forms the crown 14 upon cooling of the
bit body 12 and solidification of the matrix material. Once the bit body 12 has cooled, the bit
body 12 is removed from the mold and any displacements are removed from the bit body 12.
Destruction of the graphite mold typically is required to remove the bit body 12.

After the bit body 12 has been removed from the mold, the PDC cutting elements 34
may be bonded to the face 18 of the bit body 12 by, for example, brazing, mechanical
affixation, or adhesive affixation. The bit body 12 also may be secured to the steel shank 20.
As the particle-matrix composite material used to form the crown 14 is relatively hard and not
easily machined, the steel blank 16 may be used to secure the bit body 12 to the shank 20.
Threads may be machined on an exposed surface of the steel blank 16 to provide the threaded
connection 22 between the bit body 12 and the steel shank 20. The steel shank 20 may be
threaded onto the bit body 12, and the weld 24 then may be provided along the interface
between the bit body 12 and the steel shank 20.

DISCLOSURE OF INVENTION

In some embodiments, the present invention includes methods that may be used to
form bodies of earth-boring tools such as, for example, rotary drill bits, core bits, bi-center
bits, eccentric bits, so-called “reamer wings,” as well as drilling and other downhole tools.
For example, methods that embody teachings of the present invention include milling a
plurality of hard particles and a plurality of particles comprising a matrix material to form a
mill product. The mill product may include powder particles, which may be separated into a
plurality of particle size fractions. At least a portion of at least two of the particle size

fractions may be combined to form a powder mixture, and the powder mixture may be
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pressed to form a green bit body, which then may be at least partially sintered. As another
example, additional methods that embody teachings of the present invention may include
mixing a plurality of hard particles and a plurality of particles comprising a matrix material
to form a powder mixture, and pressing the powder mixture with pressure having an
oscillating magnitude to form a green bit body. As yet another example, additional methods
that embody teachings of the present invention may include pressing a powder mixture
within a deformable container to form a green body and enabling drainage of liquid froml the
container as the powder mixture is pressed.

In additional embodiments, the present invention includes systems that may be used
to form bodies of such drill bits and other tools. The systems include a deformable container
that is disposed within a pressure chamber. The deformable container may be configured to
receive a powder mixture therein. The system further includes at least one conduit providing
fluid communication between the interior of the deformable container and the exterior of the
pressure chamber.

The present invention, in yet further embodiments, includes drill bits and other tools
(such as those set forth above) that are formed using such methods and systems.

BRIEF DESCRIPTION OF DRAWINGS

While the specification concludes with claims particularly pointiﬁg 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 a conventional earth-boring rotary drill
bit having a bit body that includes a particle-matrix composite material;

FIG. 2 is a partial cross-sectional side view of a bit body of a rotary drill bit that may be
fabricated using methods that embody teachings of the present invention;

FIG.3A is a cross-éectional view illustrating substantially isostatic pressure being
applied to a powder mixture in a pressure vessel or container to form a green body from the
powder mixture;

FIG. 3B is a cross-sectional view of the green body shown in FIG. 3A after removing
the green body from the pressure vessel;

FIG. 3C is a cross-sectional view of another green body formed by machining the green
body shown in FIG. 3B;
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FIG. 3D is a cross-sectional view of a brown body that may be formed by partially
sintering the green body shown in FIG. 3C,;

FIG. 3E is a cross-sectional view of another brown body that may be formed by
partially machining the brown body shown in FIG. 3D;

FIG. 3F is a cross-sectional view of the brown body shown in FIG. 3E illustrating
displacement members that embody teachings of the present invention positioned in cutting
element pockets thereof; |

FIG. 3G is a cross-sectional side view of a bit body that may be formed by sintering the
brown body shown in FIG. 3F to a desired final density and illustrates displacement members
in the cutting element pockets thereof;

FIG. 3H is a cross-sectional side view of the bit body shown in FIG. 3G after removing
the displacement members from the cutting element pockets;

FIG. 4 is a graph illustrating an example of a potential relationship between the peak
applied acceleration of vibrations applied to a powder mixture and the resulting final density of
the powder mixture;

FIGS. 5A-5C are graphs illustrating examples of methods by which pressure may be
applied to a powder mixture when forming a bit body of an earth-boring rotary drill bit from
the powder mixture; and

FIG. 6 is a partial cross-sectional side view of an earth-boring rotary drill bit that may
be formed by securing cutting elements within the cutting element pockets of the bit body
shown in FIG. 3H and securing the bit body to a shank for attachment to a drill string.

MODE(S) FOR CARRYING OUT THE INVENTION

The illustrations presented herein are not meant to be actual views of any particular
material, apparatus, system, or method, but are merely idealized representations which are
employed to describe the present invention. Additionally, elements common between figures
may retain the same numerical designation.

The term “green” as used herein means unsintered.

The term “green bit body” as used herein means an unsintered structure comprising a
plurality of discrete particles held together by a binder material, the structure having a size and
shape allowing the formation of a bit body suitable for use in an earth-boring drill bit from the
structure by subsequent manufacturing processes including, but not limited to, machining and
densification.

The term “brown” as used herein means partially sintered.
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The term “brown bit body” as used herein means a partially sintered structure
comprising a plurality of particles, at least some of which have partially grown together to
provide at least partial bonding between adjacent particles, the structure having a size and
shape allowing the formation of a bit body suitable for use in an earth-boring drill bit from the
structure by subsequent manufacturing processes including, but not limited to, machining and
further densification. Brown bit bodies may be formed by, for example, partially sintering a
green bit body.

The term “sintering” as used herein means densification of a particulate component
involving removal of at least a portion of the pores between the starting particles (accompanied
by shrinkage) combined with coalescence and bonding between adjacent particles.

As used herein, the term “[metal]-based alloy” (where [metal] is any metal) means
commercially pure [metal] in addition to metal alloys wherein the weight percentage of [metal]
in the alloy is greater than the weight percentage of any other component of the alloy.

As used herein, the term “material composition” means the chemical composition and
microstructure of a material. In other words, materials having the same chemical composition
but a different microstructure are considered to having different material compositions.

As used herein, the term “tungsten carbide” means any material composition that
contains chemical compounds of tungsten and carbon, such as, for example, WC, W,C, and
combinations of WC and W,C. Tungsten carbide includes, for example, cast tungsten carbide,
sintered tungsten carbide, and macrocrystalline tungsten carbide.

The depth of well bores being drilled continues to increase as the number of shallow
depth hydrocarbon-bearing earth formations continues to decrease. These increasing well bore
depths are pressing conventional drill bits to their limits in terms of performance and
durability. Several drill bits are often required to drill a single well bore, and changing a drill
bit on a drill string can be expensive, in terms of both equipment and in drilling time lost while
tripping a bit out of the well bore.

New particle-matrix composite materials are currently being investigated in an effort to
improve the performance and durability of earth-boring rotary drill bits. Furthermore, bit
bodies comprising at least some of these new particle-matrix composite materials may be
formed from methods other than the previously described infiltration processes. By way of
example and not limitation, bit bodies that include new particle-matrix composite materials
may be formed using powder compaction and sintering techniques. Examples of such

techniques are disclosed in pending United States Patent Application Serial No. 11/271,153,
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filed November 10, 2005 and pending United States Patent Application Serial No. 1 1/27f2,439,
also filed November 10, 2005.

One example embodiment of a bit body 50 that may be formed using powder
compaction and sintering techniques is illustrated in FIG. 2. As shown therein, the bit body 50
is similar to the bit body 12 previously described with reference to FIG. 1, and may include
wings or blades 30 that are separated by junk slots 32, a longitudinal bore 40, and a plurality of
cutting elements 34 (such as, for example, PDC cutting elements), which may be secured
within cutting element pockets 36 on the face 52 of the bit body 12. The PDC cutting elements
34 may be supported from behind by buttresses 38, which may be integrally formed with the
bit body 50. The bit body 50 may not include a steel blank, such as the steel blank 16 of the bit
body 12 shown in FIG. 1. In some embodiments, the bit body 50 may be primarily or
predominantly comprised of a particle-matrix composite material 54. Although not shown in
FIG. 2, the bit body 50 also may include internal fluid passagéways that extend between the
face 52 of the bit body 50 and the longitudinal bore 40. Nozzle inserts (not shown) also may
be provided at face 52 of the bit body 50 within such internal fluid passageways.

As previously mentioned, the bit body 50 may be formed using powder compaction and
sintering techniques. One non-limiting example of such a technique is briefly described below.

Referring to FIG. 3A, a system is illustrated that may be used to press a powder mixture
60. The system includes a pressure chamber 70 and a deformable container 62 that may be
disposed within the pressure chamber 70. The system may further include one or more
conduits 75 providing fluid communication between the interior of the deformable container
62 and the exterior of the pressure chamber 70, as described in further detail below.

A powder mixture 60 may be pressed with substantially isostatic pressure within the
deformable container 62. The powder mixture 60 may include a plurality of hard particles and
a plurality of particles comprising a matrix material. By way of example and not limitation, the
plurality of hard particles may comprise a hard material such as diamond, boron carbide, boron
nitride, aluminum nitride, and carbides or borides of the group consisting of W, Ti, Mo, Nb, V,
Hf, Zr, Si, Ta, and Cr. Similarly, the matrix material may include a cobalt-based alloy, an iron-
based alloy, a nickel-based alloy, a cobalt and nickel-based alloy, an iron and nickel-based
alloy, an iron and cobalt-based alloy, an aluminum-based alloy, a copper-based alloy, a
magnesium-based alloy, or a titanium-based alloy.

Optiorially, the powder mixture 60 may further include additives commonly used when

pressing powder mixtures such as, for example, binders for providing structural strength to the
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pressed powder component, plasticizers for making the binder more pliable, and lubricants or
compaction aids for reducing inter-particle friction and otherwise providing lubrication during
pressing.

In some methods that embody teachings of the present invention, the powder
mixture 60 may include a selected multimodal particle size distribution. By using a selected
multimodal particle size distribution, the amount of shrinkage that occurs during a subsequent
sintering process may be controlled. For example, the amount of shrinkage that occurs during
a subsequent sintering process may be selectively reduced or increased by using a selected
multimodal particle size distribution. Furthermore, the consistency or uniformity of shrinkage
that occurs during a subsequent sintering process may be enhanced by using a selected
multimodal particle size distribution. In other words, non-uniform distortion of a bit body that
occurs during a subsequent sintering process may be reduced by providing a selected
multimodal particle size distribution in the powder mixture 60.

As shrinkage during sintering is at least partially a function of the initial porosity (or
interstitial spaces between the particles) in the green component formed from the powder
mixture 60, a multimodal particle size distribution may be selected that provides a reduced or
minimal amount of interstitial space between particles in the powder mixture 60. For example,
a first particle size fraction may be selected that exhibits a first average particle size (e.g.,
diameter). A second particle size fraction then may be selected that exhibits a second average
particle size that is a fraction of the first average particle size. The above process may be
repeated as necessary or desired, to provide any number of particle size fractions in the powder
mixture 60 selected to reduce or minimize the initial porosity (or volume of the interstitial
spaces) within the powder mixture 60. In some embodiments, the ratio of the first average
particle size to the second average particle size (or between any other nearest particle size
fractions) may be between about 5 and about 20.

By way of example and not limitation, the powder mixture 60 may be prepared by
providing a plurality of hard particles and a plurality of particles comprising a matrix material.
The plurality of hard particles and the plurality of particles comprising a matrix material may
be subjected to a milling process, such as, for example, a ball or rod milling process. Such
processes may be conducted using, for example, a ball, rod, or attritor mill. As used herein, the
term “milling,” when used in relation to milling a plurality of particles as opposed to a
conventional milling machine operation, means any process in which particles and any optional

additives are mixed together to a achieve a substantially uniform mixture. As a non-limiting
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example, the plurality of hard particles and the plurality of particles comprising a matrix
material may be mixed together and suspended in a liquid to form a slurry, which may be
provided in a generally cylindrical milling container. In some methods, grinding media also
may be provided in the milling container together with the slurry. The grinding media may
comprise discrete balls, pellets, rods, etc. comprising a relatively hard material and that are
significantly larger in size than the particles to be milled (i.e., the hard particles and the
particles comprising the matrix material). In some methods, the grinding media and/or the
milling container may be formed from a material that is substantially similar or identical to the
material of the hard particles and/or the matrix material, which may reduce contamination of
the powder mixture 60 being prepared.

The milling container then may be rotated to cause the slurry and the optional grinding
media to be rolled or ground together within the milling container. The milling process may
cause changes in particle size in both the plurality of hard particles and the plurality of particles
comprising a matrix material. The milling process may also cause the hard particlés to be at
least partially coated with a layer of the relatively softer matrix material.

After milling, the slurry may be removed from the milling container and separated from
the grinding media. The solid particles in the slurry then may be separated from the liquid. For
example, the liquid component of the slurry may be evaporated, or the solid particles may be
filtered from the slurry.

After removing the solid particles from the slurry, the solid particles may be subjected
to a particle separation process designed to separate the solid particles into fractions each
corresponding to a range of particle sizes. By way of example and not limitation, the solid
particles may be separated into particle size fractions by subjecting the particles to a screening
process, in which the solid particles may be caused to pass sequentially through a series of
screens. Each individual screen may comprise openings having a substantially uniform size,
and the average size of the screen openings in each screen may decrease in the direction of
flow through the series of screens. In other words, the first screen in the series of screens may
have the largest average opening size in the series of screens, and the last screen in the series of
screens may have the smallest average opening size in the series of screens. As the solid
particles are caused to pass through the series of screens, each particle may be retained on a
screen having an average opening size that is too small to allow the respective particle to pass
through that respective screen. As a result, after the screening process, a quantity of particles

may be retained on each screen, the particles corresponding to a particular particle size fraction.
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In additional methods that embody teachings of the present invention, the particles may be
separated into a plurality of particle size fractions using methods other than screening methods,
such as, for example, air classification methods and elutriation methods.

As one particular non-limiting example, the solid particles may be separated to provide
four separate particle size fractions. The first particle size fraction may have a first average
particle size, the second particle size fraction may have a second average particle size that is
approximately one-seventh the first average particle size, the third particle size fraction may
have a third average particle size that is approximately one-seventh the second average particle
size, and the fourth particle size fraction may have a fourth average particle size that is
approximately one-seventh the third average particle size. For example, the first average
particle size (e.g., average diameter) may be about five-hundred microns (500 pm), the second
average particle size may be about seventy microns (70 pm), the third average particle size may
be about ten microns (10 pm), and the first average particle size may be about one micron (1
pum). At least a portion of each of the four particle size fractions then may be combined to
provide the particle mixture 60. For example, the first particle size fraction may comprise
about sixty percent (60%) by weight of the powder mixture 60, the second particle size fraction
may comprise about twenty-five percent (25%) by weight of the powder mixture 60, the third
particle size fraction may comprise about ten percent (10%) by weight of the powder mixture
60, and the fourth particle size fraction may comprise about six percent (5%) by weight of the
powder mixture 60. In additional embodiments, the powder mixture 60 may comprise other
weight percent distributions.

With continued reference to FIG. 3A, the container 62 fnay include a fluid-tight
deformable member 64. For example, the fluid-tight deformable member 64 may be a
substantially cylindrical bag comprising a deformable polymer material. The container 62
may further include a sealing plate 66, which may be substantially rigid. The deformable
member 64 may be formed from, for example, an elastomer such as rubber, neoprene, silicone,
or polyurethane. The deformable member 64 may be filled with the powder mixture 60.

After the deformable member 64 is filled with the powder mixture 60, the powder
mixture 60 may be vibrated to provide a uniform distribution of the powder mixture 60 within
the deformable member 64. Vibrations may be characterized by, for example, the amplitude of
the vibrations and the peak applied acceleration. By way of example and not limitation, the
powder mixture 60 may be subjected to vibrations characterized by an amplitude of between

about 0.25 millimeters and 2.50 millimeters and a peak applied acceleration of between about
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one-half the acceleration of gravity and about five times the acceleration of gravity. For any
particular powder mixture 60, the resulting or final powder density may be measured after
subjecting the powder to vibrations exhibiting a particular vibration amplitude at various peak
applied accelerations. The resulting data obtained may be used to provide a graph similar to
that illustrated in FIG. 4. As illustrated in FIG. 4, there may be an optimum peak applied
acceleration 100 for a particular powder mixture 60 and vibration amplitude that results in a
maximum or increased final powder density 102. As aresult, by packing the particular powder
mixture 60 using vibrations and an optimum peak applied acceleration, an increased or
optimized final powder density may be obtained in the powder mixture 60.

Similar tests can be performed for a variety of vibration amplitudes to also identify a
vibration amplitude that results in an increased or optimized final powder density. As aresult,
the powder mixture 60 may be vibrated at an optimum combination of vibration amplitude and
peak applied acceleration to provide a maximum or optimum final powder density in the
powder mixture 60. By providing a maximum or optimum final powder density in the powder
mixture 60, any shrinkage that occurs during a subsequent sintering process may be reduced or
minimized. Furthermore, by providing a maximum or optimum final powder density in the
powder mixture 60, the uniformity of such shrinkage may be enhanced, which may provide
increased dimensional accuracy upon shrinking.

Referring again to FIG. 3A, at least one insert or displacement member 68 may be
provided within the deformable member 64 for defining features of the bit body 50 (FIG. 2)
such as, for example, the longitudinal bore 40. Alternatively, the displacement member 68
may not be used and the longitudinal bore 40 may be formed using a conventional machining
process during subsequent processes. The sealing plate 66 then may be attached or bonded to
the deformable member 64 providing a fluid-tight seal therebetween.

The container 62 (with the powder mixture 60 and any desired displacement
members 68 contained therein) may be provided within the pressure chamber 70. A removable
cover 71 may be used to provide access to the interior of the pressure chamber 70. A gas (such
as, for example, air or nitrogen) or a fluid (such as, for example, water or oil), which may be
substantially incompressible, is pumped into the pressure chamber 70 through an opening 72 at
high pressures using a pump (not shown). The high pressure of the gas or fluid causes the
walls of the deformable member 64 to deform. The fluid pressure may be transmitted

substantially uniformly to the powder mixture 60.
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Such isostatic pressing of the powder mixture 60 may form a green powder component
or green body 80 shown in FIG. 3B, which may be removed from the pressure chamber 70 and
container 62 after pressing.

As the fluid is pumped into the pressure chamber 70 through the opening 72 to increase
the pressure within the pressure chamber 70, the pressure may be increased substantially
linearly with time to a selected maximum pressure. In additional methods, the pressure may be
increased nonlinearly with time to a selected maximum pressure. FIG. 5A is a graph
illustrating yet another example of a method by which the pressure may be increased within the
pressure chamber 70. As shown in FIG. 5A, the pressure may be caused to oscillate up and
down with a general overall upward trend. The pressure waves may have a generally
sinusoidal or smoothly curved pattern, as also shown in FIG. 5A. Referring to FIG. 5B, in
additional methods, the pressure waves may not have a smoothly curved pattern, and may have
a plurality of relatively sharp peaks and valleys, as the pressure is oscillated up and down with
a general overall upward trend. In yet additional methods, the pressure may be caused to
oscillate up and down without any general overall upward trend for a selected period of time,
after which the pressure may be increased to a desired maximum pressure, as shown in
FIG. 5C.

In some embodiments, the oscillations shown in FIGS. 5A-5C may have frequencies of
between about one cycle per second (1 hertz) and about 100 cycles per second (100 hertz) (one
cycle being defined as the portion of the graph defined between adjacent peaks). Furthermore,
in some embodiments, the oscillations may have average amplitudes of between about six-
thousandths of a megapascal (0.006 MPa) and about sixty-nine megapascals (69 MPa).

By subjecting the powder mixture 60 within the container 62 to pressure oscillations as
described above, the final density achieved in the powder mixture 60 upon compaction may be
increased. Furthermore, the uniformity of particle compaction in the powder mixture 60 may
be enhanced by subjecting the powder mixture 60 within the container 62 to pressure
oscillations. In other words, any density gradients within the green powder component or
green body 80 may be reduced or minimized by oscillating the pressure applied to the powder
mixture 60. By reducing any density gradients within the green powder component or green
body 80, the green powder component or green body 80 may exhibit more dimensional
accufacy duﬁng subseqﬁent sintering processes. ' '

As previously mentidned, the powder mixture 60 may include one or more additives

such as, for example, binders for providing structural strength to the pressed powder
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component, plasticizers for making the binder more pliable, and lubricants or compaction aids
for reducing inter-particle friction and otherwise providing lubrication during pressing. Asthe
powder mixture 60 is pressurized in the container 62 within the pressure chamber 70, these
additives may limit the extent to which the powder mixture 60 is compacted or densified in the
container 62.

As shown in FIG. 3A, one or more ports or openings 74 may be provided in the
container 62. For example, one or more openings 74 may be provided in the sealing plate 66.
The openings 74 may be connected through the conduits 75 (e.g., hoses or pipes) to an dutlet
and/or a container (not shown). The conduits 75 provide fluid communication between the
interior region of the deformable container 62 and the exterior of the pressure chamber 70, and
enable drainage of liquid from the deformable container 62 as pressure is applied to the
exterior surface of the deformable container 62. Optionally, one or more valves 76 may be
used to control flow through the openings 74 and conduits 75 to the outlet and/or container,
and/or to control the pressure within the pipes 75. By way of example and not limitation, the
one or more valves 76 may include a flow control valve and a pressure control valve.

As the powder mixture 60 is pressurized within the container 62 in the pressure
chamber 70, the additives within the powder mixture 60 may liquefy due to heat applied to the
powder mixture 60. At least a portion of the liquefied additives may be removed from the
powder mixture 60 through the openings 74 and the conduits 75, as indicated by the directional
arrows shown within the conduits 75 in FIG. 3A, due to the pressure differential between the
interior of the container 62 and the exterior of the pressure chamber 70. In some embodiments,
a vacuum may be applied to the conduits 75 to facilitate removal of the excess liquefied
additives from the powder mixture 60. The one or more valves 76 may be used to selectively
control when the liquefied additives are allowed to escape from the container 62, as well as the
quantity of the liquefied additives that is allowed to escape from the container 62.

In some embodiments, the additives in the powder mixture 60 may be selected to
exhibit a melting point that is proximate (e.g., within about twenty degrees Celsius) ambient
temperature (i.e., about twenty-two degrees Celsius) to facilitate drainage of excess additives
from the powder mixture 60 as the powder mixture 60 is pressed within the deformable
container 62. For example, one or more of the additives in the powder mixture may have a
melting temperature between about twenty-five degrees Celsius (25° C) and about fifty degrees

Celsius (50° C). As one particular nonlimiting example, the additives in the powder mixture
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60 may be selected to include 1-tetra-decanol (Cy4H300O), which has a melting point of between
about thirty-five degrees Celsius (35° C) and about thirty-nine degrees Celsius (39° C).

After allowing or causing excess liquefied additives to be removed from the powder
mixture 60, the liquefied additives remaining within the powder mixture 60 may be caused to
solidify. For example, the powder mixture 60 may be cooled to cause the liquefied additives
remaining within the powder mixture 60 to solidify.

As one example of a method by which the powder mixture 60 may be heated and/or
cooled within the pressure chamber 70, a heat exchanger (not shown) may be provided in
direct physical contact with the exterior surfaces of the pressure chamber 70. For example,
heated fluid may be caused to flow through the heat exchanger to heat the pressure chamber 70
and the powder mixture 60, and cooled fluid may be caused to flow through the heat exchanger
to cool the pressure chamber 70 and the powder mixture 60. As another example, the powder
mixture 60 may be heated and/or cooled within the pressure chamber 70 by selectively
controlling (e.g., selective heating and/or selectively cooling) the temperature of the fluid
within the pressure chamber 70 that is used to apply pressure to the exterior surface of the
container 62 for pressurizing the powder mixture 60.

By allowing any excess liquefied additives within the powder mixture 60 to escape
from the powder mixture 60 and the container 62 as the powder mixture 60 is compacted, the
extent of compaction that is achieved in the powder mixture 60 may be increased. In other
words, the density of the green body 80 shown in FIG. 3B may be increased by allowing any
excess liquefied additives within the powder mixture 60 to escape from the powder mixture 60
as the powder mixture 60 is compacted.

In an alternative method of pressing the powder mixture 60 to form the green body 80
shown in FIG. 3B, the powder mixture 60 may be axially pressed (e.g., uni-axially pressed or
multi-axially pressed) in a mold or die (not shown) using one or more mechanically or
hydraulically actuated plungers.

The green body 80 shown in FIG. 3B may include a plurality of particles (hard particles
and particles of matrix material) held together by a binder material provided in the powder
mixture 60 (FIG. 3A), as previously described. Certain structural features may be machined in
the green body 80 using conventional machining techniques including, for example, turning
techniques, milling techniques, and drilling techniques. Hand held tools also may be used to

manually form or shape features in or on the green body 80. By way of example and not
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limitation, blades 30, junk slots 32 (FIG. 2), and other features may be machined or otherwise
formed in the green body 80 to form a partially shaped green body 84 shown in FIG. 3C.

The partially shaped green body 84 shown in FIG. 3C may be at least partially sintered
to provide a brown body 90 shown in FIG. 3D, which has less than a desired final density. By
way of example and not limitation, the partially shaped green body 84 shown in FIG. 3C may
be at least partially sintered to provide a brown body 90 using any of the sintering methods
described in pending United States Patent Application Serial No. 11/272,439, filed November
10, 2005. The brown body 90 may be substantially machinable due to the remaining porosity
therein. Certain structural features may be machined in the brown body 90 using conventional
machining techniques including, for example, turning techniques, milling techniques, and
drilling techniques. Hand held tools also may be used to manually form or shape features in or
on the brown body 90.

By way of example and not limitation, internal fluid passageways (not shown), cutting
element pockets 36, and buttresses 38 (FIG. 2) may be machined or otherwise formed in the
brown body 90 to form a more fully shaped brown body 96 shown in FIG. 3E.

The brown body 96 shown in FIG. 3E then may be fully sintered to a desired final
density to provide the previously described bit body 50 shown in FIG. 2. As sintering involves
densification and removal of porosity within a structure, the structure being sintered will shrink
during the sintering process. As a result, dimensional shrinkage must be considered and
accounted for when machining features in green or brown bodies that are less than fully
sintered. '

In additional methods, the green body 80 shown in FIG. 3B may be partially sintered to
form a brown body without prior machining, and all necessary machining may be performed
on the brown body prior to fully sintering the brown body to a desired final density. In
additional methods, all necessary machining may be performed on the green body 80 shown in
FIG. 3B, which then may be fully sintered to a desired final density.

As the brown body 96 shown in FIG. 3E shrinks during sintering, geometric tolerances
(e.g., size and shape) of the various features of the brown body 96 potentially may vary in an
undesirable manner. Therefore, during sintering and partial sintering processes, refractory
structures or displacement members 68 may be used to support at least portions of the green or
brown bodies to attain or maintain desired geometrical aspects (such as, for example, size and
shape) during the sintering processes. For example, any of the various embodiments of

displacement members described in the United States Patent Application filed on December 7,
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2006 in the name of John H. Stevens and Redd H. Smith and entitled “Displacement Members
And Methods Of Using Such Displacement Members To Form Bit Bodies Of Earth-Boring
Rotary Drill Bits” (which is assigned to the assignee of the present application and assigned .
Attorney Docket No. 1684-8037US), may be used to support at least portions of the green or
brown bodies to attain or maintain desired geometrical aspects (such as, for example, size and
shape) during the sintering processes when conducting methods that embody teachings of the
present invention.

Referring to FIG. 3F, displacement members 68 may be provided in one or more
recesses or other features formed in the shaped brown body 96, previously described with
reference to FIG. 3E. For example, a displacement member 68 may be provided in each of the
cutting element pockets 36. In some methods, the displacement members 68 may be secured at
selected locations in the cutting element pockets 36 using, for example, an adhesive material.
Although not shown, additional displacement members 68 may be provided in additional
recesses or features of the shaped brown body 96, such as, for example, within fluid
passageways, nozzle recesses, etc.

After providing the displacement members 68 in the recesses or other features of the
shaped brown body 96, the shaped brown body 96 may be sintered to a final density to provide
the fully sintered bit body 50 (FIG. 2), as shown in FIG. 3G. After sintering the shaped brown
body 96 to a final density, however, the displacement members 68 may remain secured within
the various recesses or other features of the fully sintered bit body 50 (e.g., within the cutting
element pockets 36).

Referring to FIG. 3H, the displacement members 68 may be removed from the cutting
element pockets 36 of the bit body 50 to allow the cutting elements 34 (FIG. 2) to be
subsequently secured therein. The displacement members 68 may be broken or fractured into
relatively smaller pieces to facilitate removal of the displacement members 68 from the fully
sintered bit body 50.

Referring to FIG. 6, after forming the bit body 50, cutting elements 34 may be secured
within the cutting element pockets 36 to form an earth-boring rotary drill bit 110. The bit body
50 also may be secured to a shank 112 that has a threaded portion 114 for connecting the rotary
drill bit 110 to a drill string (not shown). The bit body 50 also may be secured to the shank 112
by, for example, providing a braze alloy 116 or other adhesive material between the bit body
50 and the shank 112. In addition, a weld 118 may be provided around the rotary drill bit 110
along an interface between the bit body 50 and the shank 112. Furthermore, one or more pins
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120 or other mechanical fastening members may be used to secure the bit body 50 to the shank
112. Such methods for securing the bit body 50 to the shank 112 are described in further detail
in pending United States Patent Application Serial No. 11/271,153, filed November 10, 2005.

While the methods, apparatuses, and systems that embody teachings of the present
invention have been primarily described herein with reference to earth-boring rotary drill bits
and bit bodies of such earth-boring rotary drill bits, it is understood that the present invention is
not so limited. Asused herein, the term “bit body” encompasses bodies of earth-boring rotary
drill bits, as well as bodies of other earth-boring tools including, but not limited to, core bits,
bi-center bits, eccentric bits, so-called “reamer wings,” as well as drilling and other downhole
tools.

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.
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CLAIMS

What is claimed is:

1. A method of forming a bit body of an earth-boring tool, the method
comprising:
milling a plurality of hard particles and a plurality of particles comprising a matrix
material to form a mill product comprising powder particles;
separating the powder particles into a plurality of particle size fractions;
combining at least a portion of at least two particle size fractions of the plurality of
particle size fractions to provide a powder mixture;
pressing the powder mixture to form a green bit body; and

at least partially sintering the green bit body.

2. The method of claim 1, wherein pressing the powder mixture comprises
pressing the powder mixture with substantially isostatic pressure having an oscillating

magnitude.

3. A method of forming a bit body of an earth-boring tool, the method

comprising:

mixing a plurality of hard particles and a plurality of particles comprising a matrix
material to form a powder mixture;

pressing the powder mixture with substantially isostatic pressure having an oscillating
magnitude to form a green bit body; and

at least partially sintering the green bit body.

4, The method of any one of claims 2 and 3, wherein pressing the powder
mixture with substantially isostatic pressure having an oscillating magnitude comprises
oscillating the magnitude of the substantially isostatic pressure while generally increasing

the substantially isostatic pressure to a selected maximum pressure.

5. The method of any one of claims 2 and 3, wherein pressing the powder

mixture with substantially isostatic pressure having an oscillating magnitude comprises

oscillating the magnitude of the substantially isostatic pressure at an average frequency of
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between about one cycle per second (1 Hertz) and about one-hundred cycles per second

(100 Hertz).

6. The method of claim 5, wherein pressing the powder mixture with
substantially isostatic pressure having an oscillating magnitude comprises oscillating the
magnitude of the substantially isostatic pressure at an average oscillation amplitude of
between about six-thousandths of a megapascal (0.006 MPa) and about sixty-nine

megapascals (69 MPa).

7. The method of any one of claims 2 and 3, wherein pressing the powder
mixture with substantially isostatic pressure comprises pressing the powder mixture with

a selected maximum pressure of greater than about thirty-five megapascals (35 MPa).

8. The method of any one of claims 1 and 3, further comprising draining

liquid while pressing the powder mixture.

9. A method of forming a bit body of an earth-boring tool, the method

comprising:

mixing a plurality of hard particles and a plurality of particles comprising a matrix
material to form a powder mixture;

providing the powder mixture in a deformable container;

applying pressure to at least one exterior surface of the deformable container to press the
powder mixture and form a green bit body;

enabling drainage of liquid from the deformable container while applying pressure to the
at least one exterior surface of the deformable container; and

at least partially sintering the green bit body.

10.  The method of claim 9, further comprising applying a vacuum to the

powder mixture to facilitate draining liquid from the deformable container.

11.  The method of claim 9, wherein mixing a plurality of hard particles and a

plurality of particles comprising a matrix material to form a powder mixture comprises:
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milling a plurality of hard particles and a plurality of particles comprising a
matrix material to form a mill product comprising powder particles;
separating the powder particles into a plurality of particle size fractions; and
combining at least a portion of at least two particle size fractions of the plurality

of particle size fractions to provide the powder mixture.

12. The method of any one of claims 1 and 11, wherein combining at least a
portion of at least two particle size fractions of the plurality of particle size fractions
comprises combining at least a portion of less than all particle size fractions of the

plurality of particle size fractions to provide the powder mixture.

13. The method of any one of claims 1 and 11, wherein milling a plurality of
hard particles and a plurality of particles comprising a matrix material comprises:
providing the plurality of hard particles and the plurality of particles comprising a matrix

material in a container with grinding media; and
moving the grinding media relative to the plurality of hard particles and the plurality of

particles comprising a matrix material to grind against the plurality of hard

particles and the plurality of particles comprising a matrix material.

14.  The method of any one of claims 1 and 11, wherein separating the powder
particles comprises causing the powder particles to pass sequentially through each of a

plurality of screens.

15.  The method of any one of claims 1 and 11, further comprisihg subjecting
the powder mixture to mechanical vibrations having an average amplitude and a peak

applied acceleration that increases a final density in the powder mixture.

16.  The method of claim 15, further comprising subjecting the powder
mixture to mechanical vibrations having an average amplitude of between about 0.25
millimeters and about 2.50 millimeters and a peak applied acceleration of between about

one-half the acceleration of gravity and about five times the acceleration of gravity.
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17. The method of any one of claims 1, 3, and 9, further comprising:

selecting the plurality of hard particles to comprise a material selected from the group
consisting of diamond, boron carbide, boron nitride, aluminum nitride, and
carbides or borides of the group consisting of W, Ti, Mo, Nb, V, Hf, Zr, Si, Ta,
and Cr; and

selecting the matrix material from the group consisting of cobalt-based alloys, iron-based
alloys, nickel-based alloys, cobalt and nickel-based alloys, iron and nickel-based
alloys, iron and cobalt-based alloys, aluminum-based alloys, copper-based alloys,

magnesium-based alloys, and titanium-based alloys.

18. The method of claim 9, wherein applying pressure to at least one exterior
surface of the deformable container to press the powder mixture and form a green bit
body comprises pressing the powder mixture with substantially isostatic pressure having

an oscillating magnitude to form the green bit body.

19. A bit body of an earth-boring tool formed by the method of any one of
claims 1 through 18.

20. A system for forming a bit body of an earth-boring tool, the system
comprising:
a pressure chamber;
a deformable container disposed within the pressure chamber and configured to receive a
powder mixture therein; and
at least one conduit providing fluid communication between an interior region of the

deformable container and an exterior of the pressure chamber.
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