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(57) A resilient model 12 of an article of manufacture,
such as an earth-boring drill bit body or component
thereof, is fabricated by layered manufacturing
techniques, such as selective layer sintering,
stereolithography, three-dimensional printing, laminated
object manufacturing. The resilient model 12 may then be
employed to cast one or mould 410 from a refractory
material (e.g. castable ceramics). The material may be
applied to mode! 12 by dipping the model in a slurry of
the material, by spraying onto the model 12, by placing
the model into a container and pouring the material
around the model 12, in paste form to the exposed
surfaces of the model 12, by blowing in paste form onto
the model etc. The material is then hardened. The moulds
may then be used to fabricate the modeled article of
manufacture (e.g. earth-boring drill bit of molten
steel).The model 12 may be made of elastomeric material.
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RESILIENT BIT BODY MODELS AND METHODS OF FABRICATING
RESILIENT BIT BODY MODELS, CASTING MOLDS THEREFROM, AND
FABRICATING BIT BODIES OF EARTH-BORING DRILL BITS

- TECHNICAL FIELD
The present invention relates to layered manufacturing methods of fabricating
earth-boring drill bits and other articles of manufacture. Particularly, the present
invention relates to the use of deformable, resilient, layer-manufactured models in the
production of molds for earth-boring drill bits and other articles of manufacture. More
specifically, the present invention relates to deformable, layer-manufactured models

that may be employed in the production of a plurality of molds.

BACKGROUND
Convertionally, the bit bodies of metal particulate-based earth-boring drill bits,
such as tungsten carbide bits, have been fabricated in graphite molds. The cavities of
graphite molds are typically machined with a five- or seven-axis machine tool. Fine
features are then added to the cavity of a graphite mold by hand-held machine tools.
Additional clay work may also be required to obtain the desired configuration of some
features of the bit body. Thus, the fabrication of such graphite molds is typically very
time consuming and expensive. Moreover, the use of graphite molds is somewhat
undesirable from an environmental and health standpoint, as the machining of such
molds typically generates large amounts of graphite or carbon dust.

In fabricating tungsten carbide-based or other metal particulate-based articles of
manufacture such as a bit body of an earth-boring drill bit, the cavity of the graphite
mold is filled with a matrix material, such as tungsten carbide. Typically, the matrix
material is then vibrated or otherwise packed to decrease the amount of space between
adjacent particles of the matrix material. Next, the matrix material is infiltrated in a
furnace with a molten binder material, such as a copper-nickel alloy. After the bit has
cooled, the graphite mold is then typically destroyed to facilitate removal of the
infiltrated bit body therefrom. Thus, the use of graphite molds may be further
undesirable in that only a single bit body may be fabricated from each mold and, thus, a
new graphite mold must be machined for each new earth-boring drill bit.

Direct layered manufacturing processes eliminate the need for graphite molds.

Direct layered manufacturing processes have been employed to fabricate earth-boring
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drill bits, molds for earth-boring drill bits, and other articles of manufacture. United
States Patents 5,544,550, which issued to Redd H. Smith on August 13, 1996,

and 5,433,280, which issued to Redd H. Smith on July 18, 1995, disclose the use of
layered manufacturing methods to produce earth-boring drill bits and other articles of
manufacture.

The direct layered-manufacture of earth-boring drill bits or other articles of
manufacture includes generating a three-dimensional computer model of the drill bit or
article of manufacture, creating “slices” of the computer model, and using the computer
model in conjunction with layered manufacturing equipment to fabricate the article of
manufacture.

In operation, the layered manufacturing equipment sinters or otherwise secures
a first layer of particles of a matrix material together, disposes a second layer of ..
particles over the first layer, sinters particles in selected regions of the second layer
together and to the first layer, and repeats this process to fabricate subsequent layers
until the desired part has been formed from the matrix material particles.

State of the art layered manufacturing equipment and techniques have good
resolution and may, therefore, be employed to manufacture parts that represent their
three-dimensional computer model. Thus, once a drill bit or other article of
manufacture has been fabricated from the matrix material, the particulate-based part
may be infiltrated with a binder material that binds adjacent particles of matrix material
together, and forms a substantially integral part that represents the computer model.

This type of layered manufacturing process is, however, somewhat undesirable
since it takes a substantial amount of time (i.e., at least the length of the layered
manufacturing process) to produce each layer-manufactured particulate-based part.
Moreover, layered manufacturing machines that are capable of directly producing a
metal part are typically expensive. Thus, the number of parts that may be produced
over a given amount of time is limited by the number of available layered
manufacturing machines.

Prior to infiltration, the particles of the matrices of particulate-based articles of
manufacture produced by such direct layered manufacturing processes may be held
together with a binder material, such as a thermoplastic polymer (e.g., polystyrene), a

resin, or a low melting point metal (e.g., Wood’s metal or a lead-based alloy). In
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layered manufacturing, the particles of metal matrix material are not, however,
typically compacted to full density. The presence of binder material between particles
of metal matrix material, or as a coating thereon, also reduces the density of the matrix.
Moreover, due to the coefficients of thermal expansion of binder materials, and
because of the space that exists between metal matrix particles and particles of binder
material prior to melting or softening of the binder material, the dimensions of each
layer may change during and after the layered manufacturing process, and shrink as the
binder material cools. Further, prior to or during the subsequent infiltration of the
matrix, thermoplastic polymer and resin binder materials are “burned out” of the
matrix, exposing voids therein. Thus, direct layer-manufactured articles are typically
not fully dense, and may shrink or become somewhat dimensionally distorted relative
to the computer model employed to generate such articles.

In an effort to employ layered manufacturing processes to produce fully dense
parts, so-called investment casting or “lost wax” processes have been employed to
create a model that is subsequently used to produce a cast mold. Known layered
manufacturing processes include the fabrication of plastic, wax, or paper models. Once
the model has been employed to produce a mold, the model is destroyed by known
investment casting processes (e.g., melting the plastic or wax or burning the paper),
thereby exposing the cavity of the mold. The mold may then be employed in known
processes, such as casting or forming a particulate-based matrix and infiltrating same,
to fabricate a fully dense article of manufacture. After some articles of manufacture,
such as earth-boring drill bits, have been fabricated in such a mold, the mold must be
destroyed to remove the part therefrom. One such technique of layered manufacturing
investment casting models, which may be used to fabricate earth-boring drill bits, is
disclosed in British patent application serial no. 2 296 673 of Camco Drilling Group
Limited (hereinafter “the British ‘673 Application”), which was published October 7,
1996. Such investment casting processes, which employ layer-manufactured models,
are, however, somewhat undesirable since the model may be employed to fabricate
only a single mold. Thus, it may take longer to fabricate an article of manufacture
when layered manufacturing techniques are employed to fabricate an investment
casting model than when direct layered manufacturing techniques are used to fabricate

the same article of manufacture. Moreover, each layer-manufactured investment
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casting model may be used to fabricate only one mold and, therefore, only one drill bit
or other article of manufacture.

The British ‘673 Application also discloses the use of a layer-manufactured
model that includes several pieces that are assembled prior to casting a mold and
individually removed from the mold after casting. The model must then be
reassembled prior to the production of another mold. As the use of a model with
several individual pieces may require as many separate fabrication steps, as well as the
assembly and disassembly of the pieces each time a mold is produced, that process is
also time-consuming and, therefore, somewhat undesirablé.

The British ‘673 Application discloses another method of producing molds for
earth-boring drill bits, which includes employing layered manufacturing processes to
produce a first mold, using the first mold to cast a deformable model, and employing
the model to cast manufacturing molds. Although the deformable model may be
employed to cast more than one manufacturing mold, this process is somewhat
undesirable in that it requires several steps, including a layered manufacturing step, a
model casting step, and a manufacturing mold casting step, to produce a manufacturing
mold.

Pliable, resilient male mold models have also been cast in the cavities of
machined graphite molds, then employed to form the cavities of female ceramic molds
by casting the ceramic molds around the male mold model. Since the male mold model
is made of a pliable, resilient material, the model may be removed from the cavity of
the ceramic mold and reused to cast another female mold. This process is, however,
somewhat undesirable since it requires the machining of a graphite mold. Moreover, in
order to change any of the features of the mold, as is typically required by customers
ordering earth-boring drill bits, a new graphite mold would have to be machined and
male mold models cast therein.

Thus, a process is needed that employs a single layer-manufactured model to

efficiently produce a plurality of earth-boring drill bit molds.
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DISCLOSURE OF INVENTION

The present invention addresses each of the foregoing needs.

The method of the present invention includes fabricating a resilient bit body
model by layered manufacturing techniques. The resilient bit body model may be
hollow. Alternatively, the resilient bit body model may comprise a substantially solid
mass. The resilient bit body model may include internal features, such as the internal
fluid courses of a drill bit.

Preferably, the resilient bit body model is fabricated by layered manufacturing
techniques, such as selective laser sintering (“SLS”), stereolithography (“STL”),
three-dimensional printing, laminated object manufacturing (“LOM?™), and other
layered manufacturing processes.

After the bit body model has been fabricated, a bit mold may be cast around the
bit body model. An exemplary material from which a bit mold may be cast includes
room-temperature hardenable ceramics.

Upon hardening of the bit mold, the bit body model may be removed therefrom
to expose a cavity of the mold. One or more subsequent molds may then be cast with
the bit body model. The molds may each then be employed to fabricate a bit body, as
known in the art.

Other advantages of the present invention will become apparent through
consideration of the ensuing description, the accompanying drawing fi gures, and the

appended claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an inverted perspective view of a three-dimensional solid model of a
rotary-type earth-boring drill bit, as might be designed by a computer-aided drafting
(“CAD”) system; A

FIG. 1A is an inverted perspective view of a variation of the solid model shown
in FIG. 1, including modeled cutters and inclined buttresses associated with some of
the modeled cutters;

FIG. 2 is an enlarged perspective view of the drill bit of FIG. 1, sliced

transversely to the longitudinal bit axis to expose an interior section thereof;
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FIG. 3 1s an enlarged top elevation of the exposed slice or layer of the drill bit
segment depicted in FIG. 2;

FIG. 4 is a cross section of a substantially hollow bit body model representative
of the drill bit of FIGs. 1-3;

FIG. 5 is a schematic representation of a first preferred computer-controlled
layering apparatus suitable for use in fabrication of a drill bit according to a preferred
layered manufacturing process of the method of the present invention, and FIGs. 5A
through 5D are schematic representations depicting use of the apparatus of FIG. S in
the fabrication of a resilient bit body model;

FIG. SE is a schematic representation depicting another apparatus that may be
used in the manufacture of a bit;

FIG. 6 is a schematic representation of a second preferred layering apparatus
suitable for use in fabrication of a drill bit according to a variation of the layered
manufacturing process of the method of the present invention;

FIGs. 7A through 7D are schematic representations of a method of employing
the resilient model to fabricate a mold;

FIGs. 7E and 7F are schematic representatioﬁs illustrating, in cross section, the
use of a support material or rigid mandrel in combination with a substantially hollow
bit body mold;

FIGs. 8A and 8B are schematic representations of a first method of fabricating
an article of manufacture with the mold of FIGs. 7A through 7D; and

FIGs. 8C through 8E are schematic representations of another method of
fabricating an article of manufacture with the mold of FIGs. 7A through 7D.

BEST MODES FOR CARRYING OUT THE INVENTION

Referring now to FIGs. | through 4 of the drawings, exemplary drill bit
models 12 and 112 are depicted as three-dimensionally modeled by a state of the art
CAD system. Such systems are well-known and widely used, and a particularly suitable
commercially available CAD system for implementation of the present invention is the
Pro/ENGINEER, offered by Parametric Technology Corporation.

With reference to FIGs. 1 through 3, a computer-generated model of a rotary-
type earth-boring drill bit, including a first embodiment of a resilient bit body model 12
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according to the present invention, is illustrated. Bit body model 12 may be fabricated
by known layered manufacturing processes, including, without limitation, selective
laser sintering (“SLS”), stereolithography (“STL”), three-dimensional printing,
laminated object manufacturing (“LOM™), and other so-called rapid prototyping
techniques. The bit body model 12 fabricated by these layered manufacturing
techniques may include a variety of external and internal components.

Although FIGs. 1 through 4 illustrate bit body models 12 and 112 for
fabricating drag-type drill bits, the methods of the present invention may also be
employed to fabricate other types of earth-boring drill bits, such as roller cone bits, as
well as other types of articles of manufacture.

Bit body model 12 includes six blades or wings 18 including cutter pockets 22
that are capable of carrying cutting elements 20 (see FIG. 1A). Cutter pockets 22 may
also include inclined buttresses 24 to support cutting elements 20 from the rear.
Alternatively, with reference to FIG. 1A, a variation of the bit body model 12’ may
include cutting elements 20. Thus, a mold cast from bit body model 12’ would include
recesses in the cavity thereof to receive thermally stable cutters prior to fabricating a bit
body therein. As a bit body is fabricated in a mold cavity having thermally stable
cutters disposed therein, the cutters may be integrally secured to the bit body.

Blades 18 are separated by generally radially extending fluid courses 30 leading
to junk slots 32, the fluid courses 30 and junk slots 32 of an operable drill bit being
provided with drilling fluid, or “mud”, from the drill string through a bit shank 14. In
the operation of a drill bit, drilling fluid enters the drill bit through shank 14 and flows
through internal fluid passages 34, which lead to nozzles 36 that are disposed in
cavities 38. Cavities 38 open into fluid courses 30.

Alternatively, bit body model 12 may lack internal fluid passages 34, which
may be incorporated into a bit body during fabrication thereof by means of mold
inserts, as known in the art. ,

As illustrated, bit body model 12 includes a gage pad 28 longitudinally adjacent
each blade 18. Modeled gage trimmers 26 may be positioned immediately adjacent
and above (as depicted in the drawing figures) gage pads 28. Alternatively, bit body
model 12 may include pockets (not shown), similar to cutter pockets 22, which are

capable of carrying gage trimmers 26.
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Blades 18, fluid courses 30 and the topographical details of bit body model 12
collectively define what may be termed the “bit face”, being the surface of the bit that
contacts the undrilled formation at the bottom of the borehole. The exterior shape of a
diametrical cross-section of the bit body model 12 taken along the longitudinal bit
axis 40 defines what may be termed the bit or “crown” profile.

FIG. 1 also illustrates, in phantom, other features of a drill bit 10 that may be
assembled with bit body model 12 to fabricate a finished drill bit 10, including a
tubular bit shank 14 that may be secured to or integral with a bit blank (not shown), and
an American Petroleum Institute (API) threaded pin connection 16 secured to an
external end of bit shank 14.

Tumning now to FIG. 4, another embodiment of a resilient bit body model 112
may comprise a substantially hollow, resilient structure. Bit body model 112 may
include each of the features described above in reference to FIGs. 1 through 3. Bit
body model 112 may also include supports or seats to facilitate the correct positioning
and orientation of fluid passages relative to the face of the model. Bit body model 112
may similarly include structures to facilitate the proper positioning and orientation of

other elements.

ayered-Man ilient Bi

As shown in FIG. 2 of the drawings, a solid, three-dimensional model of bit
body model 12 may be numerically “sliced” along any desired plane and, in this
instance, along a plane perpendicular to the longitudinal bit axis 40 of bit body
model 12. Looking at surface 42 in FIG. 2, it is readily apparent that the bit body
model may be readily numerically characterized as a series of superimposed,
substantially two-dimensional thin layers of gradually varying cross section, which
substantially two-dimensional layers, when completely stacked, define the three-
dimensional bit body model 12 depicted in FIG. 1.

As shown in FIGs. 2 and 3, surface 42 may include apertures or voids where
segments 34’ of internal fluid passages 34 exist, the contiguous segments 34’ in
superimposed layers or slices comprising complete internal fluid passages 34 in bit

body model 12. FIG. 2 also shows voids 44 in the surface of the bit body where gage
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trimmers 26 have been deleted, the method of the present invention providing a bit
body model 12 without modeled cutting elements, gage trimmers, or nozzles.

Referring now to FIGs. 5 through 5D, an exemplary apparatus 200 for the
fabrication of a rotary drag bit in accordance with the present invention is
schematically illustrated. Apparatus 200 includes a horizontal platen 202 on which a
bit body model 12 (see FIGs. 1-3) is to be formed. Platen 202 is preferably vertically
movable in precise increments, as by a stepper motor assembly or other means 204. A
particulate spreader, comprising a linearly extending feed head 206 at the bottom of
hopper 208, is horizontally movable across and above platen 202 to deposit a layer of
particulate material 220, or particles, on platen 202. Hopper 208 may be vibrated to
facilitate the flow of particulate material 220 and to render the flow more uniform, if
desired. Vertically fixed, horizontally extending roller or scraper bar or blade 210 is
also horizontally movable across platen 202 and may, if desired, be suspended from
hopper 208. Fixative head 212 is suspended above platen 202. Fixative head 212 may
comprise one of a variety of assemblies, depending upon the nature of the particulate
material 220 employed to fabricate the bit body and the desired binder alternative
employed to perform the method of the invention. Fixative head 212 may comprise,
for example and not by way of limitation, a laser, an ink-jet nozzle or a metal spray
gun. When fixative head 212 includes a laser, apparatus 200 may also include a
galvanometer 213 with one or more pivotal mirrors. The sequence of operation and
movements of platen 202, hopper 208, roller 210 and fixative head 212 are controlled
by a computer 214 employing a suitable machine control program as is currently
known in the art. Computer 214 may comprise a commercially available personal
computer employing an Intel Pentium®-series or Pentium®II-series MiCroprocessor.
Vendors offering suitably programmed computers employing systems responsive to
CAD .STL file formats and associated hardware adaptable to the method of the present
invention include DTM Corporation, Austin, Texas; Soligen, Inc., Northridge,
California; Stratasys, Inc., Eden Prairie, Minnesota; Helisys, Inc., Torrance, California;
and 3D-Systems, Inc., Valencia, California.

With reference to FIG. 5E, an alternative apparatus 200’ for fabricating a rotary

drag bit in accordance with the present invention is illustrated. Apparatus 200 includes

a horizontal platen 202', similar to platen 202 of apparatus 200 illustrated in
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FIGs. 5 through 5D, on which a bit body model 12 (see FIG. 1) is to be formed. A
particulate spreader, comprising cartridges 208a’ and 208b’ disposed beneath

platen 202" and a roller or scraper bar or blade 210’ horizontally movable across

platen 202’, deposits a layer of particulate material 220", or particles, over platen 202
in substantially uniform thickness. Cartridges 208a’ and 208b’ are preferably vertically
movable in precise increments, as by a stepper motor assembly or other means 207’ in
order to move particulate material 220" upward for disposal on platen 202'.

Apparatus 200" also includes a fixative head 212’, a galvanometer 213’ including at
least one mirror, and a computer 214’, similar to those of apparatus 200, described
above in reference to FIGs. 5 through 5D.

Referring again to FIGs. 5 through 5D, in a selective laser sintering
embodiment of the layered manufacturing process, the particulate material 220
preferably comprises a resilient elastomeric material, such as particles of the
thermoplastic elastomer marketed under the trade name SOMOS® 201 by DTM
Corporation. SOMOS® 201 has a hardness, as measured on the Shore A scale, of
about 81 at 23° C,, a melting point of about 159° C., and an average particle size of
about 93um. Particles of other thermoplastic elastomers may also be employed in the
selective laser sintering embodiment of the layered manufacturing process.

Particles 220 of resilient model material are deposited by the horizontal movement of
hopper 208 over platen 202 with the latter in its uppermost position. Roller or

scraper 210 spreads and smooths particles 220 into a first thin layer 222, or particle
layer, of substantially uniform thickness (for example, .003 to .020 inches). Thereafter,
fixative head 212, which comprises a laser, directs a laser beam toward galvanometer-
mounted mirrors 213, which reflect the laser beam toward selected regions of layer 222
in order to affix the particles 220 of the selected regions of layer 222 by melting or
sintering. Particles 220 of these selected regions are preferably affixed in a regular
horizontal pattern representative of a first or lowermost transverse layer or slice of bit
body model 12 (see FIG. 2), as numerically defined and stored in computer 214. The
laser beam is directed to impinge on particle layer 222 in those areas where bit body
model 12 is comprised of solid material and avoids those areas wherein a segment 34’
of an internal fluid passage 34 or other void (for example, a plenum) exists within bit
body model 12,
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As shown in FIG. 5A, the laser melts or sinters, and fuses particles 220
together, resulting in what may be termed a first particle layer 222’, or first preform
layer, having at least the peripheral outline of bit body model 12 at that vertical or
longitudinal level, apertures or voids in that layer remaining as loose, unfused particles
220. The laser is then withdrawn and, as shown in FIG. 5B, platen 202 indexed
downwardly a vertical distance which may or may not be equal to the thickness of
particle layer 222 (i.e., a layer-manufactured structure may have layers of different
thicknesses); a second layer 224 of particles 220 is deposited by feed head 206 of
hopper 208, then spread and smoothed by roller or scraper 210 as previously described.
As shown in FIG. 5C, the laser is again directed, this time at second layer 224, to
follow a horizontal pattern representative of a second, higher layer or slice of bit body
model 12, as numerically defined and stored in computer 214, fusing second layer 224
into second particle layer 224', or second preform layer. Preferably, second particle
layer 224’ is also simultaneously fused to first particle layer 222", It will be appreciated
that, in the drawing figures, the thicknesses of first and second particle layers 222’ and
224', respectively, have been exaggerated to clearly illustrate the layered
manufacturing process. Since the crown profile of bit body model 12 is not cylindrical,
but somewhat tapered, and the internal fluid passages extend laterally as well as
longitudinally within bit body model 12, the net result is that second particle layer 224",
while contiguous with first particle layer 222, may not be identical thereto.

The particle deposition, smoothing and selective fusing of each successive
preform layer is continued under computer control for hundreds or even thousands of
layers until a recognizable three-dimensional structure, as depicted in FIG. 2, gradually
emerges, and the layering process is further continued until a completed bit body
model 12, as depicted in FIG. 1, is achieved, as shown in FIG. 5D.

A variation of the layered manufacturing process employs a premix of
particulate matrix material and powdered or particulate, elastomeric binder, which is
deposited in layers on platen 202 as described above. When such a mixture of
particulate matrix material and elastomeric binder is employed, the elastomeric binder
is preferably softer and has greater elasticity (i.e., compressibility and elongation) than

the particulate matrix material.
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Referring again to FIG. 4, bit body model 112 may be fabricated by a process
similar to the fabrication of bit body model 12 explained above in reference to
FIGs. 5 through SD. A layer of particulate, resilient elastomeric material is deposited
over the entire cross section of a bit body layer and then selectively bonded in desired
locations to define the periphery of the layer, such as by the use of a laser, as described
above in reference to FIGs. 5 through 5D. A second layer of particulate, resilient,
elastomeric material is then deposited over the entire cross section and selectively
bonded together and, preferably, to the bonded regions of the previous layer or
particulate, resilient elastomeric material. This process is repeated until the desired
structure is completed. Particulate, resilient elastomeric material in the unbonded areas
of the layer is then removed and may be recovered, thus providing a hollow bit body
model 12 structure. The recovered material may be subsequently used to form another
resilient bit body model.

Alternatively, with continued reference to FIGs. 5 through 5D, particles of a
resilient elastomeric material may be deposited on the platen 202 in one or more rings
or shells approximating the outer periphery and any internal features (e.g., internal fluid
passages) of the exposed layer of bit body model 112 (see FIG. 4). The particles of
resilient, elastomeric material may then be bonded together by a laser, and a subsequent
controlled deposition of particles then effected to define the second layer, which is then
formed and substantially simultaneously fused to the first layer.

Yet another variation of the layered manufacturing process that is useful in
fabricating bit body models 12 (see FIGs. 1-3) and 112 (see FIG. 4), which is typically
referred to as laminated object manufacturing, employs sheets of resilient, elastomeric
material to form the bit body model. As depicted in FIG. 6 of the drawings, an
apparatus 300 for effecting the method includes a platen 302, actuating means 304 for
moving platen 302 in vertical increments, a sheet feeder 306, a laser head 308, and a
control computer 310. Sheet feeder 306 may comprise a photocopier-type feeder and
provide individual sheets, or may comprise a roll-type feeder with a feed roller and a
take-up roller, as desired. In either case, a sheet 312 of suitable material, such as a
resilient, thermoplastic elastomer, is placed on platen 302. Laser head 308, under
control of computer 310, cuts an outline of the periphery of that layer of the bit body

model 12 being formed. The surrounding sheet material may then be removed, if
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desired, and a second, uncut sheet 312" placed over sheet 312 is bonded to sheet 312 by
suitable means, after which laser head 308 cuts the perimeter outline of the second
layer of the bit body model 12. If desired, the laser may be used to rapidly heat the
second sheet 312" and bond it to the first sheet 312 before sheet 312’ is cut at its
periphery. Alternatively, a heated roller 314 may be biased against and rolled over the
uppermost sheet 312" to secure the uppermost sheet 312" and the immediately adjacent,
underlying sheet 312 to each other before sheet 312” is cut to define the periphery of
the corresponding layer of bit body model 12.

Such bonding can be effected by melting or sintering, or by an adhesive
material disposed on the top, bottom, or both surfaces of each sheet. One or both
surfaces of the sheets may be brecoated with adhesive, or adhesive may be applied

thereto, such as by rolling or spraying, during the layered manufacturing process.

astin he Resilient Bi 0

Referring now to FIGs. 7A through 7D, a method of casting a mold 410 with
resilient bit body model 12 is schematically illustrated. Mold 410 is fabricated from a
castable mold material 412, such as a castable ceramic (e.g., those marketed under the
trade names COTRONICS 770, PYROMEDIA HS2, THERMOSIL 120, or
THERMOSIL 220), or other castable, refractory mold material, such as those described
in United States Patent 5,632,326, which issued to Michael J. Gough on May 27, 1997,
and United States Patent 5,641,015, which issued to Nigel Challand on June 24, 1997,
the disclosures of both of which are hereby incorporated in their entireties by this
reference. Preferably, mold material 412 does not substantially degrade the resilient
material of bit body model 12. Mold material 412 should harden at a temperature
lower than the melting temperature of the material from which bit body model 12 is
fabricated (e.g., room temperature, 100°C., etc.), sufficiently to remove bit body model
12 therefrom without degradation of the mold 410 or of the bit body model 12. Mold
material 412 should also withstand the melting temperature or glass transition
temperature of the material to be cast by mold 410.

The exposed surfaces of bit body model 12 may be coated with a material that
resists adherence to mold material 412, such as a known mold release material. Mold

release materials that are useful for coating bit body model 12 include, without
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limitation, tetra-fluoroethylene (i.e., TEFLON), waxy materials, oils, and other
materials that will facilitate the removal of bit body model 12 from a cast, hardened
mold 410, and will not be substantially dissolved or degraded by mold material 412.

As shown in FIGs. 7E and 7F, if bit body model 12" is a substantially hollow
structure, a support material, such as sand or another particulate material, or a rigid
mandrel 408, which are collectively referred to herein as support structures, may be
disposed within an internal cavity 13" of bit body model 12” to provide support to bit
body model 12" and to thereby prevent the collapsing or distortion of bit body
model 12" during the subsequent casting of a mold thereabout. The use of a support
material or rigid mandrel 408 may also cause the exterior features of a substantially
hollow bit body model 12" to protrude, thereby increasing the accuracy with which the
mold cavity represents these exterior features. After a mold has been cast around bit
body model 12" (see, e.g., FIGs. 7A-7D), the support material or rigid mandrel 408
may be removed from the substantially hollow bit body model 12", and the bit body
model 12 may be collapsed and easily removed from ithe mold.

As shown in FIG. 7A, a quantity of mold material 412 is applied to the exposed
surfaces of bit body model 12. Mold material 412 may be applied to bit body model 12
by dipping the bit body model in a slurry of mold material 412, by spraying a quantity
of mold material 412 onto bit body model 12, by placing bit body model 12 into a
container and pouring a quantityvof mold material 412 around the bit body model, by
applying a quantity of mold material 412 in paste form to the exposed surfaces of bit
body model 12, by blowing a quantity of mold material 412 in paste form onto bit body
model 12, or otherwise, as known in the art.

Mold material 412 may be applied to bit body model 12 in a plurality of thin
layers, especially when a wet or liquid mold material 412 is used to produce mold 410.
Prior to the application of a subsequent layer, each layer may be permitted to
substantially harden.

Preferably, a base 15 of bit body model 12 remains exposed through mold
material 412 and, therefore, through an opening 414 of mold 410 during the application
of mold material 412 to bit body model 12. Alternatively, after mold 410 has cured or |
hardened sufficiently, a base 15 or another portion of bit body model 12 may be
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exposed through mold 410 by removing a portion of mold 410, thereby defining an
opening 414 therethrough.

With reference to FIG. 7B, mold material 412 is then permitted to harden.

Mold material 412 may harden at ambient temperature, or may be heated to an
increased temperature, depending upon the type of material employed and the thickness
thereof. If mold material 412 is subjected to an increased temperature to harden same,
the increased hardening temperature will preferably not melt or otherwise substantially
degrade the resilient material of bit body model 12.

Referring now to FIG. 7C, once mold material 412 has hardened sufficiently,
resilient bit body model 12 may be removed therefrom through opening 414. FIG. 7D
shows a cavity 416 of mold 410, which is exposed through opening 414 as bit body
model 12 is removed from mold 410. Bit body model 12 may then be used to produce .
another mold. If the bit body model is substantially hollow, as illustrated in FIG. 7F,
bit body model 12" may be collapsed in order to facilitate its removal from cavity 416
of mold 410.

Mold 410 may be further hardened or cured as needed, by known processes,
such as furnacing or otherwise heating mold 410, which depend upon the type of mold
material 412 employed, the thickness of the walls of mold 410, and the process
employed to produce mold 410. Mold 410 may be disposed in a support struéture, such
as a mold casing with sand or another pliable mold material therein, to protect and
support mold 410 as it is hardened or cured.

A Bit with th

Referring now to FIGs. 8A through 8E, an article of manufacture that resembles
the resilient model employed to cast mold 410, such as a bit body of a rotary-type
earth-boring drill bit that precisely resembles bit body model 12, may be fabricated in
mold 410.

FIGs. 8A and 8B schematically illustrate the use of mold 410 to fabricate an
article of manufacture by casting a molten material. As an example of casting an
article of manufacture, a steel bit body 12’ may be cast, as known in the art.

Mold 410 may be disposed in a support structure, such as a mold casing or other

vessel having a quantity of pliable support material, such as sand, therein to provide
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support to mold 410 and prevent damage to same as one or more materials are disposed
within cavity 416 to fabricate an article of manufacture.

Referring to FIG. 8A, mold inserts 418, such as inserts that will define the
internal fluid courses of bit body 12’ or other internal features of bit body 12, may be
inserted into cavity 416 through opening 414 and positioned within cavity 416. A
molten material 422, such as molten steel, from which the article of manufacture is to
be fabricated, is then poured through opening 414 into cavity 416 of mold 410 and
permitted to harden.

Referring to FIG. 8B, once the molten material 422 hardens, mold 410 may be
removed from steel bit body 12'. Any cutting elements, blank, shank, nozzles, or other
components may then be appropriately assembled with bit body 12’ to provide a
finished drill bit.

Turning now to FIGs. 8C through 8E, a method of fabricating an article of
manufacture including a particulate-based matrix is illustrated. Specifically, FIGs. 8C
through 8E depict the fabrication of a particulate-based bit body 12" of a rotary-type
earth-boring drill bit.

With reference to FIG. 8C, mold inserts 418, such as inserts that will define the
internal fluid courses of bit body 12" or other internal features of bit body 12”, may be
inserted into cavity 416 through opening 414 and positioned within cavity 416. If the
bit body model 12 (see FIG. 1) that was employed to cast mold 410 included modeled
cutting elements 20 or modeled gage trimmers 26, thermally stable cutting elements
and gage trimmers may be appropriately positioned within cavity 416.

A particulate matrix material 424, such as tungsten carbide, iron, steel, Invar,
ceramics, other suitable materials, or mixtures of any of the foregoing, is disposed in
cavity 416 through opening 414 to define matrix 426. Preferably, matrix material 424
is densely compacted within cavity 416 as known in the art, such as by vibrating
mold 410. A bit blank may also be disposed within cavity 416.

Referring now to FIG. 8D, matrix 426 is infiltrated with a molten infiltrant
material 428, such as a copper-nickel alloy or other known infiltrant, as known in the
art, such as by disposing infiltrant material 428 within a funnel (not shown) continuous
with opening 414 and heating funnel 430, infiltrant material 428, mold 410, and matrix
426 until infiltrant material 428 has substantially infiltrated the voids of matrix 426.
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Any cutting elements, gage trimmers, or bit blank disp6sed in cavity 416 are preferably
integrally secured to bit body 450 by the infiltration process. Infiltrant material 428 is
then permitted to cool and harden.

Referring to FIG. 8E, once infiltrant material 428 hardens, mold 410 may be
removed from bit body 450. Any cutting elements, shank, nozzles, or other
components may then be appropriately assembled with bit body 12" to provide a
finished drill bit.

Although the foregoing description contains many specifics, these should not be
construed as limiting the scope of the present invention, but merely as providing
illustrations of some of the presently preferred embodiments. Similarly, other
embodiments of the invention may be devised which do not depart from the spirit or
scope of the present invention. Features from different embodiments may be employed
in
combination. The scope of the invention is, therefore, indicated and limited only by the
appended claims and their legal equivalents, rather than by the foregoing description.
All additions, deletions and modifications to the invention as disclosed herein which

fall within the meaning and scope of the claims are to be embraced thereby.
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CLAIMS
What i i is:
1. A method of fabricating a mold for a bit body of an earth-boring drill
bit, comprising:
fabricating a resilient model of the bit body by employing a layered manufacturing
process;
applying a refractory mold material to at least some external surfaces of said resilient
model; and

hardening said refractory mold material to form the mold.

2. The method of claim 1, wherein said layered manufacturing process
comprises selective laser sintering, stereolithography, three-dimensional printing, or

laminated object manufacturing.

3. The method of claim 1, wherein said layered manufacturing process

comprises:

depositing a first layer of resilient material;

defining a periphery in said first layer at a first level corresponding to a periphery of a
three-dimensional model of the bit body at said first level;

depositing a second layer of resilient material on said first layer; and

securing said second layer to said first layer and defining a periphery in said second
layer at a second level corresponding to a periphery of said three-dimensional

model at said second level.

4. The method of claim 3, wherein at least some of said layers of resilient
material comprise substantially unconsolidated particles when deposited, and said
defining a periphery in said at least some of said layers comprises consolidating said

particles in selected regions of said at least some of said layers.
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5. The method of claim 1, wherein said fabricating said resilient model
comprises fabricating a substantially hollow resilient model substantially

corresponding in configuration and size to a periphery of the bit body.

6. The method of claim 1, further comprising applying a mold release
material to a periphery of said resilient model prior to said applying said refractory

mold material.

7. The method of claim 1, wherein said applying comprises dipping said
resilient model into a quantity of said refractory mold material, spraying a quantity of
said refractory mold material onto said resilient model, pouring a quantity of refractory
mold material around said resilient model, blowing a quantity of said refractory mold
material onto said resilient model, or packing a quantity of said refractory mold

material about said resilient model.

8. The method of claim 1, wherein said applying comprises leaving a

portion of said resilient model exposed through said refractory mold material.

9. The method of claim 1, wherein said hardening comprises exposing said

refractory mold material to an increased temperature.

10.  The method of claim 1, further comprising exposing said resilient model

through said refractory mold material.

1. The method of claim 1, further comprising curing said refractory mold

material.

12.  The method of claim 1, further comprising removing said resilient

model from the mold.

13. The method of claim 1, further comprising disposing a support structure

within a hollow portion of said resilient model.
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14. The method of claim 13, further comprising removing said support

structure from said hollow portion following said hardening.

15. The method of claim 13, further comprising collapsing said resilient

model and removing said resilient model from the mold.

16. A method of fabricating an earth-boring drill bit, comprising:

fabricating a resilient model of a bit body of the earth-boring drill bit by employing a
layered manufacturing process;

forming a mold with said resilient model by applying a refractory mold material to
external surfaces of said resilient model and hardening said refractory mold
material;

removing said resilient model from said mold; and

disposing at least one material into a cavity of said mold to form a bit body

substantially corresponding in configuration and size to said resilient model.

17. The method of claim 16, wherein said layered manufacturing process
comprises:
depositing a first layer of resilient material;
defining a periphery in said first layer at a first level corresponding to a periphery of a
three-dimensional model of the earth-boring drill bit at said first level;
depositing a second layer of resilient material on said first layer; and
securing said second layer to said first layer and defining a periphery in said second
layer at a second level corresponding to a periphery of said three-dimensional

model at said second level.

18.  The method of claim 17, wherein at least some of said layers of resilient
material comprise substantially unconsolidated particles when deposited, and said
defining a periphery in said at least some of said layers comprises consolidating said

particles in selected regions of said at least some of said layers.
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19.  The method of claim 16, wherein said faBriéating said resilient model
comprises fabricating a substantially hollow resilient model substantially representing a

periphery of the article of manufacture.

20.  The method of claim 16, further comprising applying a mold release

material to a periphery of said resilient model.

21.  The method of claim 16, further comprising exposing at least a portion

of said resilient model through said refractory mold material.

22.  The method of claim 16, further comprising removing said mold from
said bit body.

23.  The method of claim 16, further comprising assembling another drill bit

component with said bit body.

24.  The method of claim 16, further comprising curing said refractory mold

material.

25.  The method of claim 16, wherein said at least one material comprises a

molten metal.

26.  The method of claim 25, wherein said molten metal comprises molten

steel.

27.  The method of claim 25, further comprising hardening said molten

metal.

28.  The method of claim 16, wherein said at least one material comprises a

particulate matrix material.
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29.  The method of claim 28, wherein said particulate matrix material

comprises tungsten carbide.

30.  The method of claim 28, further comprising introducing an infiltrant

material into said mold.

31.  The method of claim 28, further comprising infiltrating said particulate

matrix material with a molten infiltrant material.

32. The method of claim 28, further comprising hardening said infiltrant

material.

33. Aresilient model of a bit body of a bit for drilling subterranean
formations, comprising a plurality of superimposed, primarily two-dimensional layers
of resilient material, adjacent superimposed layers being secured together to define a

bit body model having a face thereon.

34.  The resilient model of claim 33, wherein at least some of said plurality
of resilient material layers include discontinuities therein which are in communication
with discontinuities in adjacent layers so as to define passages within the resilient

model.

35.  The resilient model of claim 33, wherein at least some of said plurality

of layers of resilient material comprise consolidated particulate material.

36.  The resilient model of claim 33, wherein at least some of said plurality

of layers of resilient material comprise preformed sheet material.

37.  The resilient model of claim 33, wherein said adjacent superimposed
layers are secured together by a binder material within and between said adjacent

superimposed layers of resilient material.
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38.  Aresilient model of a component for a rotary bit for drilling
subterranean formations, comprising a plurality of superimposed, primarily two-
dimensional layers of resilient material, adjacent superimposed layers being secured

together in a predetermined three-dimensional shape.

39.  The resilient model of claim 38, wherein at least some of said plurality

of layers of resilient material comprise consolidated particulate material.

40.  The resilient model of claim 38, wherein at least some of said plurality

of layers of resilient material comprise preformed sheet material.

41.  The resilient model of claim 38, wherein at least some of said plurality
of resilient material layers include discontinuities therein which are in communication
with discontinuities in adjacent layers so as to define passages within the resilient

model.

42.  The resilient model of claim 41, wherein at least one of said passages

communicates with an external surface of the resilient model.

43.  The resilient model of claim 38, wherein adjacent superimposed layers
are secured together by a binder material within and between said adjacent

superimposed layers of resilient material.

44.  The resilient model of claim 38, wherein selected contiguous ones of
said plurality of layers of resilient material define a substantially hollow interior region

of the resilient model.
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