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(57) Abstract: Disclosed herein is a drill bit (10). The drill bit comprises a

Figure 2

body (12) that comprises a metal matrix composite 20. The MMC compris-
es a mixture comprising a plurality of particles (22) and another plurality of
particles (24), wherein each of the other plurality of particles (24) are softer
than each of the plurality of particles (26). The MMC comprises a metallic
binding material 29 metallurgically bonded to each of the plurality of par-
ticles (24) and the other plurality of particles (26). Also disclosed herein
are a method for making a body of a drill bit, a metal matrix composite,
and a method for making a metal matrix composite.
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A DRILL BIT, A METHOD FOR MAKING A BODY OF A DRILL BIT, A METAL
MATRIX COMPOSITE, AND A METHOD FOR MAKING A METAL MATRIX
COMPOSITE

Technical field

The present disclosure generally, but not exclusively, relates to a drill bit, a method for making a

body of a drill bit, a metal matrix composite, and a method for making a metal matrix composite.
Background

Earth engaging drill bits are used extensively by industries including the mining, oil and gas
industries for exploration and retrieval of minerals and hydrocarbon resources. Examples of earth-

engaging drill bits include fixed cutter drill bits (“drag bits™).

A drill bit wears when it rubs against either of an earth formation or a metal casing tube. Drill bits
fail. A cooling and lubricating drilling fluid is generally circulated through the drill bit using high
hydraulic energies. The drilling fluid may contain abrasive particles, for example sand, which
when impelled by the high hydraulic energies exacerbate wear at the face of the drill bit and

elsewhere.

Drill bits may have a body comprising at least one of hardened and tempered steel, and a metal
matrix composite (MMC). A steel drill bit body may have increased ductility and may be
favorable for manufacture. A steel drill bit body may be manufactured from a casting and wrought
manufacturing techniques, examples of which include but not limited to forging or rolled bar
techniques. The steel properties after heat treatment are consistent and repeatable. Fracture of
steel-bodied drill bits are infrequent; however, a worn steel drill bit body may be difficult for an

operator to repair.

A MMC generally but not necessarily comprises a high-melting temperature ceramic, for example
tungsten carbide powder, infiltrated with a single metal or more commonly an alloy, for example
copper or a copper-based alloy, having a lower melting temperature than the ceramic powder.
MMC’s may be made using a premixed powder comprising a metallic powder and a ceramic
powder. The premixed powder may be a cermet powder. Figure 1 shows a light microscopic

micrograph of a prior art MMC 1 prepared using metallographic techniques.

The MMC 1 consists of two principle phases. The soft phase 2 is formed through liquid metal
infiltration of hard particles 3. The soft phase 2 is in the as-cast condition. Soft phases 2 may be
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considered as those that are significantly softer than the hard particles 3 and may be classified as
having resistance to localized indention less than 1,000 HV, and even less than 250 HV. The

elastic modulus of the soft phase 2 is also much lower than that of the hard particles 3.

The hard particles 3 are generally metal carbides, borides or oxides, for example tungsten carbide,
tungsten semi-carbide or cemented carbide. The hard particles 3 typically have a resistance to
localized indentation greater than 1,000 HV. The hardness of WC (tungsten mono carbide) is 2,200
— 2,500 HV. Between the soft phase 2 and hard particles 3 there is an interface 4 at which is a
bond between the hard particles 3 and the soft phase 2. The bond is in the form of an inter-atomic
diffusion of species between the hard particles 3 and soft phase 2. Interfacial strengths may be
high due to chemical compatibility. The hard particles 3 act to stiffen, and strengthen the resulting
MMC 1 relative to the soft phase 2 alone.

A MMC drill bit body may wear more slowly than a steel drill bit body. MMC drill bit bodies,
however, more frequently fracture during casting and/or processing and/or use from thermal and
mechanical shock. Fracturing may cause an early removal of a drill bit from service because it
may be structurally unsound or have cosmetic defects. Alternatively, the MMC drill bit body may
fail catastrophically with the loss of part of the cutting structure, which may result in sub-optimal

drilling performance and early retrieval of the drill bit.

In many cases, it is a wing or blade of a drill bit that fractures. Wing or blade failures are
economically damaging for drill bit manufacturers. Occurrences on a weekly or monthly basis
may impact profitability and reputation. Were a drill bit manufacturer making 300 bits per month,
with 1 in every 1,000 bits failing, a fracture event would occur on average approximately once
every three months — this may be considered too frequent. One fracture for every 10,000 bits, while

still not ideal, may improve the drill bit manufacturer’s profit and reputation.

MMCs are generally considered to be a brittle material. Samples from a population of a brittle
material objects exhibit strength variations because of unique flaws and defects. The strength of a
sample of a MMC may be determined using a Transverse Rupture Strength (TRS) Test, where a
load is centrally applied to a cubic or cylindrically shaped MMC sample that is supported between
two points. A plurality of samples may be tested to derive a mean strength and a standard deviation

of applied stress at the moment of rupture, which are then taken as being representative.

The retrieval of a wom or failed drill bit from a drilled hole, for example a well or borehole, is

undesirable. The non-productive time required to retrieve and introduce into the drilled hole a
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replacement drill bit may cost millions of dollars. Drill bits and other earth-engaging tools with

increased wear resistance and lower rates of failure may save considerable time and money.
Summary

Disclosed herein is a drill bit. The drill bit comprises a body that comprises a metal matrix
composite (MMC). The MMC comprises a mixture comprising a plurality of particles and
another plurality of particles. Each of the other plurality of particles are softer than each of the
plurality of particles. The MMC comprises a metallic binding material metallurgically bonded to
each of the plurality of particles and the other plurality of particles.

In an embodiment, each of the plurality of particles comprises a first material, each of the other
plurality of particles comprises a second material, and the thermal conductivity of the second

material is greater than the thermal conductivity of the first material.

In an embodiment, each of the other plurality of particles have a density that is in the range of

0.7 — 1.3 times that of each of the plurality of particles.
In an embodiment, the thermal conductivity of the first material is no more than 120 W-m - K1,
In an embodiment, the plurality of particles comprises at least one of a carbide and a nitride.

In an embodiment, the plurality of particles comprises at least one of tungsten carbide, cemented
tungsten carbide (WC-Co), cadmium carbide, tantalum carbide, vanadium carbide and titanium

carbide.

In an embodiment, the plurality of particles comprises at least one of WC and fused tungsten

carbide.

In an embodiment, the mixture comprises 69 wt.% — 91 wt.% of WC, 7 wt.% —16 wt.% of fused
tungsten carbide, 0 wt.% —5% wt.% of iron and 2 wt.% —10 wt.% of tungsten.

In an embodiment, the mixture comprises 80 wt.% of WC, 13 wt.% of fused tungsten carbide, 2
wt.% of iron and 5 wt.% of tungsten.

In an embodiment, the thermal conductivity of the second material is no less than 155

W-mtKL

In an embodiment, the other plurality of particles comprises a metal.
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In an embodiment, the other plurality of particles comprises a plurality of tungsten metal

particles.
In an embodiment, the metallic binding material comprises copper, manganese, nickel and zinc.

In an embodiment, the metallic binding material comprises 47 wt.% —58 wt.% copper, 23 wt.% —
25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% — 9 wt.% zinc.

In an embodiment, the metallic binding material comprises a monolithic matrix of the metallic

binding material.
In an embodiment, each of the plurality of particles has a 635 mesh size of 60 mesh.
In an embodiment, each of the other plurality of particles has a 635 mesh size of 325 mesh.

In an embodiment, the interstices between the plurality of particles contain the other plurality of

particles.

In an embodiment, the volume fraction of the plurality of particles in the MMC is at least 60%

by volume.

In an embodiment, the volume fraction of the other plurality of particles in the MMC is at least

5% by volume.

In an embodiment, the plurality of particles each have a hardness greater than 1,000 HV.

In an embodiment, the other plurality of particles each have a hardness of less than 350 HV.
In an embodiment, the MMC has a stiffness of greater than 280 GPa.

In an embodiment, the MMC has a stiffness of less than 400 GPa.

In an embodiment, the MMC has a transverse rupture strength greater than 700 MPa.

In an embodiment, the MMC has a transverse rupture strength less than 1,400 MPa.

In an embodiment, the MMC has a Weibull modulus greater than 20.

In an embodiment, the metallic binding material has infiltrated the mixture.

An embodiment comprises an earth-engaging drag drill bit.
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Disclosed herein is a method for making a body of a drill bit. The method comprises a MMC.

The method comprises the step of disposing in a mold configured for forming the body of the

drill bit a mixture comprising a plurality of particles and another plurality of particles. Each of

the other plurality of particles are softer than each of the plurality of particles. The method

comprises the step of metallurgically bonding a metallic binding material to each of the plurality

of particles and each of the other plurality of particles.
An embodiment comprises the step of infiltrating the mixture with the metallic binding material.

In an embodiment, the step of infiltrating the mixture with the metallic binding material
comprises disposing the metallic binding material on the mixture so disposed in the mold,
heating the metallic binding material to form a molten metallic binding material, and allowing

the molten metallic binding material to downwardly infiltrate the mixture.

An embodiment comprises the step of cooling the molten metallic binding material that has so

downwardly infiltrated the mixture to form a monolithic matrix of the metallic binding material.

In an embodiment, the step of disposing in the mold the mixture comprises the step of disposing

the mixture in the mold and subsequently vibrating the mold to compact the mixture.

In an embodiment, each of the plurality of particles comprises a first material, each of the other
plurality of particles comprises a second material, and the thermal conductivity of the second

material is greater than the thermal conductivity of the first material.

In an embodiment, each of the other plurality of particles have a density that is in the range of

0.7 — 1.3 times that of each of the plurality of particles.
In an embodiment, the thermal conductivity of the first material is no more than 120 W-m K.
In an embodiment, the plurality of particles comprises at least one of a carbide and a nitride.

In an embodiment, the plurality of particles comprises at least one of tungsten carbide, cemented
tungsten carbide (WC-Co), cadmium carbide, tantalum carbide, vanadium carbide, and titanium

carbide.

In an embodiment, the plurality of particles comprises at least one of WC and fused tungsten

carbide.

In an embodiment, the mixture comprises 69 wt.% —91 wt.% of WC, 7 wt.%—16 wt.% of fused
tungsten carbide, 0 wt.%—5 wt.% of iron and 2 wt.% —10 wt.% of tungsten.
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In an embodiment, the mixture comprises 80 wt.% of WC, 13 wt.% of fused tungsten carbide, 2

wt.% of iron and 5 wt.% of tungsten.

In an embodiment, the thermal conductivity of the second material is no less than 155

W-m K
In an embodiment, the other plurality of particles comprises a metal.

In an embodiment, the other plurality of particles comprises a plurality of tungsten metal

particles.
In an embodiment, the metallic binding material comprises copper, manganese, nickel and zinc.

In an embodiment, the metallic binding material comprises 47 wt.% — 58 wt.% copper, 23 wt.%
— 25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% — 9 wt.% zinc.

In an embodiment, the metalurgically bonded metallic binding material comprises a monolithic

matrix of the metallic binding material.
In an embodiment, each of the plurality of particles has a 635 mesh size of 60 mesh.
In an embodiment, each of the other plurality of particles has a 635 mesh size of 325 mesh.

In an embodiment, the volume fraction of the plurality of particles in the MMC is at least 60%

by volume.

In an embodiment, the volume fraction of the other plurality of particles in the MMC is at least

5% by volume.

In an embodiment, the plurality of particles each have a hardness greater than 1,000 HV.

In an embodiment, the other plurality of particles each have a hardness of less than 350 HV.
In an embodiment, the MMC has a stiffness of greater than 280 GPa.

In an embodiment, the MMC has a stiffness of less than 400 GPa.

In an embodiment, the MMC has transverse rupture strength greater than 700 MPa.

In an embodiment, the MMC has transverse rupture strength of less than 1,400 MPa.

In an embodiment, the MMC has a Weibull modulus greater than 20.
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Disclosed herein is a MMC. The MMC comprises a mixture comprising a plurality of particles

and another plurality of particles. Each of the other plurality of particles are softer than each of

the plurality of particles. The MMC comprises a metallic binding material metallurgically

bonded to each of the plurality of particles and the other plurality of particles.

In an embodiment, each of the plurality of particles comprises a first material, each of the other
plurality of particles comprises a second material, and the thermal conductivity of the second

material is greater than the thermal conductivity of the first material.

In an embodiment, each of the other plurality of particles have a density that is in the range of

0.7 — 1.3 times that of each of the plurality of particles.
In an embodiment, the thermal conductivity of the first material is no more than 120 W-m - K1,
In an embodiment, the plurality of particles comprises at least one of a carbide and a nitride.

In an embodiment, the plurality of particles comprises at least one of tungsten carbide, cemented

tungsten carbide (WC-Co), cadmium carbide, tantalum carbide, and titanium carbide.

In an embodiment, the plurality of particles comprises at least one of WC and fused tungsten

carbide.

In an embodiment, the mixture comprises 69 wt.%—91 wt.% of WC, 7 wt.% —16 wt.% of fused
tungsten carbide, 0 wt.% —5 wt.% of iron and 2 wt.% —10 wt.% of tungsten.

In an embodiment, the mixture comprises 80 wt.% of WC, 13 wt.% of fused tungsten carbide, 2
wt.% of iron and 5 wt.% of tungsten.

In an embodiment, the thermal conductivity of the second material is no less than 155

W-m K
In an embodiment, the other plurality of particles comprises a metal.

In an embodiment, the other plurality of particles comprises a plurality of tungsten metal

particles.
In an embodiment, the metallic binding material comprises copper, manganese, nickel and zinc.

In an embodiment, the metallic binding material comprises 47 wt.% — 58 wt.% copper, 23 wt.%
— 25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% — 9 wt.% zinc.
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In an embodiment, the metallic binding material comprises a monolithic matrix of the metallic

binding material.

In an embodiment, the density of each of the other plurality of particles is within 30 % of the
density of each of the plurality of particles.

In an embodiment, each of the plurality of particles has a 635 mesh size of 60 mesh.
In an embodiment, each of the other plurality of particles has a 635 mesh size of 325 mesh.

In an embodiment, the interstices between the plurality of particles contain the other plurality of

particles.

In an embodiment, the volume fraction of the plurality of particles in the MMC is at least 60%

by volume.

In an embodiment, the volume fraction of the other plurality of particles in the MMC is at least

5% by volume.

In an embodiment, the plurality of particles each have a hardness greater than 1,000 HV

In an embodiment, the other plurality of particles each have a hardness of less than 350 HV.
In an embodiment, the MMC has a stiffness of greater than 280 GPa.

In an embodiment, the MMC has a stiffness of less than 400 GPa.

In an embodiment, the MMC has transverse rupture strength greater than 700 MPa.

In an embodiment, the MMC has transverse rupture strength less than 1,400 MPa.

In an embodiment, the MMC has a Weibull modulus greater than 20.

In an embodiment, the metallic binding material has infiltrated the mixture.

Disclosed herein is a method for making a MMC. The method comprises the step of disposing in
a mold a mixture comprising a plurality of particles and another plurality of particles. Each of
the other plurality of particles are softer than each of the plurality of particles. The method
comprises the step of metallurgically bonding the metallic binding material to each of the

plurality of particles and each of the other plurality of particles.
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In an embodiment, the step of infiltrating the mixture with the metallic binding material

comprises disposing the metallic binding material on the mixture so disposed in the mold,

heating the metallic binding material to form a molten metallic binding material, and allowing

the molten metallic binding material to downwardly infiltrate the mixture.

An embodiment comprises the step of cooling the molten metallic binding material that has so

downwardly infiltrated the mixture to form a monolithic matrix of the metallic binding material.

In an embodiment, the step of disposing in the mold the mixture comprises the step of disposing

the mixture in the mold and subsequently vibrating the mold to compact the mixture.

In an embodiment, each of the plurality of particles comprises a first material, each of the other
plurality of particles comprises a second material, and the thermal conductivity of the second

material is greater than the thermal conductivity of the first material.

In an embodiment, each of the other plurality of particles have a density that is in the range of

0.7 — 1.3 times that of each of the plurality of particles.

In an embodiment, the thermal conductivity of the first material is no more than at least one of

120W-m K™,
In an embodiment, the plurality of particles comprises at least one of a carbide and a nitride.

In an embodiment, the plurality of particles comprises at least one of tungsten carbide, cemented

tungsten carbide (WC-Co), cadmium carbide, tantalum carbide, and titanium carbide.

In an embodiment, the plurality of particles comprises at least one of WC and fused tungsten

carbide.

In an embodiment, the mixture comprises 69 wt.% — 91 wt.% of WC, 7 wt.% —16 wt.% of fused
tungsten carbide, 0 wt.% —5 wt.% of iron and 2 wt.% —10 wt.% of tungsten.

In an embodiment, the mixture comprises 80 wt.% of WC, 13 wt.% of fused tungsten carbide, 2
wt.% of iron and 5 wt.% of tungsten.

In an embodiment, the thermal conductivity of the second material is no less than 155

W-mtKL

In an embodiment, the other plurality of particles comprises a metal.
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In an embodiment, the other plurality of particles comprises a plurality of tungsten metal

particles.
In an embodiment, the metallic binding material comprises copper, manganese, nickel and zinc.

In an embodiment, the metallic binding material comprises 47 wt.% — 58 wt.% copper, 23 wt.%
— 25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% — 9 wt.% zinc.

In an embodiment, the metalurgically bonded metallic binding material comprises a monolithic

matrix of the metallic binding material.

In an embodiment, the density of each of the other plurality of particles is within 30 % of the
density of each of the plurality of particles.

In an embodiment, each of the plurality of particles has a 635 mesh size of 60 mesh.
In an embodiment, each of the other plurality of particles has a 635 mesh size of 325 mesh.

In an embodiment, the volume fraction of the plurality of particles in the MMC is at least 60%

by volume.

In an embodiment, the volume fraction of the other plurality of particles in the MMC is at least

5% by volume.

In an embodiment, the plurality of particles each have a hardness greater than 1,000 HV.

In an embodiment, the other plurality of particles each have a hardness of less than 350 HV.
In an embodiment, the MMC has a stiffness of greater than 280 GPa.

In an embodiment, the MMC has a stiffness of less than 400 GPa.

In an embodiment, the MMC has transverse rupture strength greater than 700 MPa.

In an embodiment, the MMC has transverse rupture strength of less than 1,400 MPa.

In an embodiment, the MMC has a Weibull modulus greater than 20.

Any of the various features of each of the above disclosures, and of the various features of the

embodiments described below, can be combined as suitable and desired.
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Brief description of the figures

Embodiments will now be described by way of example only with reference to the

accompanying figures in which:

Figure 1 shows a light microscopic micrograph of a prior art MMC (“MMC 17) prepared

using metallographic techniques.

Figure 2 shows a perspective view of an embodiment of a drill bit comprising an

embodiment of a MMC (“MMC 2%).

Figure 3 shows a light micrograph a sample of “MMC 2” prepared using metallographic

techniques.
Figure 4 is a Venn diagram for three sets of desirable attributes of particles for the MM2.

Figure 5 shows a Weibull plot of empirical strength data for a plurality of samples of the
same type of MMC as that of figure 1 and a plurality of samples of the same type of
MMC as that of figure 3.

Figure 6 shows a flow chart for an embodiment of a method for making a body of the

drill bit of figure 2.

Figure 7 shows a cut away view of example of a mold being used for making the body of

the drill bit of figure 2.

Figure 8 shows a flow diagram of an embodiment of a method for making a metal matrix

composite.
Description of embodiments

Figure 2 shows a perspective view of an embodiment of a drill bit in the form of a fixed cutter drill
bit (“drag bit”) which comprises a bit body 12 comprising a metal matrix composite (MMC) 20.
Figure 3 shows a light micrograph of a sample of the MMC 20 prepared using metallographic
techniques. The MMC 20 comprises a mixture, which comprises a plurality of particles 22 and
another plurality of particles 24. Each of the other plurality of particles 24 are softer than each of
the plurality of particles 22. The mixture comprises a metallic binding material 29 metallurgically

bonded to each of the plurality of particles 22 and the other plurality of particles 24.
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The metallurgical bonds disclosed herein may comprise diffused atoms and/or atomic interactions,

and may include chemical bonds. A metallurgical bond is more than a mere mechanical bond.

Under such conditions, the component parts may be “wetted” to and by the metallic binding

material.

In the present embodiment, the plurality of other particles 24 comprise a plurality of metallic
tungsten particles. Before being incorporated into the MMC, the mixture is in the form of a
powder. Powders containing a plurality of soft particles are generally not a material input of MMC
manufacturing, however, it has been understood that cheaper powders containing iron particles,
which a relatively soft and that displace carbide particles, may be used as a material input, but at
the expense of wear resistance. The hardness of iron is generally accepted to be around 30-80 HV.
Improving wear resistance and strength of an MMC by displacing carbide for metallic tungsten is

contrary to that understanding in view of carbides superior wear resistance to metallic tungsten.

The metallic binding material 29 may, for example, be generally any suitable brazing metal,
including copper, chromium, tin, silver, cobalt nickel, cadmium, manganese, zinc and cobalt or
an alloy of two or more of the metals. A quaternary material system may be used. A chromium
component may harden the alloy formed. The metallic binding material may also contain silicon
and/or boron powder to aid in fluxing and deposition characteristics. In the present embodiment,
the binding material is a quaternary system comprising copper (47 wt.% - 58 wt.%), manganese
(23 wt.% - 25 wt.%), nickel (14 wt.% - 16 wt.%) and zinc (7 wt.% - 9 wt.%). The applicant has
established that this composition provides a desirable combination of properties for liquid metal
infiltration and the resulting mechanical properties of the MMC. The metallic binding material

has, in this embodiment, infiltrated the mixture.

Structural features of the drill bit 10, will now be described, however other embodiments of a drill
bit may have some or none of the described structural features, or may have other structural
features. The bit body 12 has protrusions in the form of radially projecting and longitudinally
extending wings or blades 13, which are separated by channels at the face 16 of the drill bit 10 and
junk slots 14 at the sides of the drill bit 10. A plurality of cemented tungsten carbide, natural
industrial-grade diamonds or polycrystalline diamond compacts (PDC) cutters 15 may be brazed,
attached with adhesive or mechanically attached within pockets on the leading faces of the blades
13 extending over the face 16 of the bit body 12. The PDC cutters 15 may be supported from
behind by buttresses 17, for example, which may be integrally formed with the bit body 12.

Generally any suitable form of hard cutting elements may be used.
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The drill bit 10 may further include a shank 18 in the form of an API threaded connection portion
for attaching the drill bit 10 to a drill string (not shown). Furthermore, a longitudinal bore (not
shown) extends longitudinally through at least a portion of the bit body 12, and internal fluid
passageways (not shown) provide fluid communication between the longitudinal bore and nozzles
19 provided at the face 16 of the bit body 12 and opening onto the channels leading to junk slots
14 for removing the drilling fluid and earth formation cuttings from the drill face. The drill sting
may comprise a series of elongated tubular segments connected end-to-end that extends into the
well from the surface of the earth, either directly or via intermediate down-hole components that
combined with the drill bit 10 to constitute a bottom hole assembly. The bottom hole assembly
may comprise a downhole motor for rotating the drill bit 10, or the drill string may be rotated from

the surface to rotate the drill bit 10.

During earth formation cutting, the drill bit 10 is positioned at the bottom of a hole and rotated
while weight-on-bit is applied. A drilling fluid — for example a drilling mud delivered by the drill
string to which the drill bit is attached — is pumped through the bore, the internal fluid
passageways, and the nozzles 19 to the face 16 of the bit body 12. As the drill bit 10 is rotated, the
PDC cutters 15 scrape across, and shear away, the underlying earth formation. The earth formation
cuttings mix with, and are suspended within, the drilling fluid and pass through the junk slots 14
and up through an annular space between the wall of the hole (in the form of a well or borehole,

for example, and the outer surface of the drill string to the surface of the earth formation.

Each of the plurality of particles comprises a first material, and each of the other plurality of
particles comprises a second material. The thermal conductivity of the second material is greater
than the thermal conductivity of the first material. The thermal conductivity of the first material
is no more than 120 W-m™-K™!. The thermal conductivity of the second material is no less than
155 W-m "K' While in the present embodiment the other material is metallic tungsten, it may
comprise another material in another embodiment. The plurality of particles may comprise at
least one of a carbide and a nitride, for example at least one of tungsten carbide (which may be
WC or fused tungsten carbide — otherwise known as cast tungsten carbide — for example),
cemented tungsten carbide (WC-Co), cadmium carbide, tantalum carbide, vanadium carbide, and

titanium carbide.

In the present but not all embodiments, the mixture comprises 69% — 91% by weight of WC,
7%—16% by weight of fused tungsten carbide, 0-5% by weight of iron and 2-10 % by weight of
tungsten. Specifically, the mixture comprises 80 wt.% of WC, 13 wt.% of fused tungsten carbide
23, 2 wt.% of iron and 5 wt.% of tungsten, although other proportions and compositions may be
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used in other embodiments. Fused tungsten carbide 23 is a mixture of WC and tungsten
semicarbide (W»C). A plurality of fused tungsten carbide particles 23 are in this embodiment a
component of the plurality of particles 22, however they may not be in another embodiment.
Cast tungsten carbide comprises W2C and WC which may be used in some alternative
embodiments. Tungsten carbide may be single grained tungsten carbide or polycrystalline
tungsten carbide. Cemented tungsten carbide may be used in some alternative embodiments.

The inclusion of iron may aid the infiltration of the metallic binder into the mixture skeleton.

Each of the other plurality of particles may have a density that is in the range of 0.7 — 1.3 times
that of each of the plurality of particles.

While various particle sizes may be used, in this embodiment each of the plurality of particles
has a 635 mesh size of 60 mesh. Each of the other plurality of particles has a 635 mesh size of
325 mesh. The particle size distributions are Gaussian or near Gaussian in the present
embodiment. A high packing density may be achieved which may provide strength and
reliability. The particle size distribution may be non-Gaussian in another embodiment. The
applicants tested samples comprising particles of various sizes and established that the samples
having particles of the above mesh sizes had the best Weibull modulus and TRS. The interstices
between the plurality of particles contain the other plurality of particles. The volume fraction of
the plurality of particles in the MMC may be at least 60% by volume. The volume fraction of the
other plurality of particles in the MMC may be at least 5% by volume.

The plurality of particles may each have a hardness greater than 1,000 HV. The other plurality of
particles may each have a hardness of less than 350 HV. The MMC may have a stiffness of
greater than 280 GPa. The MMC may have a stiffness of less than 400 GPa.

Figure 4 is a Venn diagram of three sets of desirable attributes. One set of particles 60 is a set of
particles having a density similar to tungsten carbide. For example, the density of the soft particles
may be less than 30% different to the density of the hard particles. Another set of particles 62 are
those particles that metallurgically bond to, and are wetted by, a copper based metallic alloy binder.
Another set of particles 64 is the set of particles that if included in the MMC would increase
thermal shock resistance thereof. The shaded area 66 is the intersection of the sets, and represents
the set of soft particles that may be used in an embodiment of the metal matrix composite 20 and

when so used may increase the TSR and may reduce fracture frequency.
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The MMC 20 may have a TRS greater than 700 MPa. The MMC 20 may have a TRS less than

1,400 MPa. While the strength of a sample of a MMC may be determined using a TRS Test, the

applicants have determined that the statistical results of the TRS test generally do not:

s indicate the likelihood of failure
s access the probability of failure at a given stress value
s allow measurement of changes or improvements to powder compositions and the MMCs

made with the powders, in particular the relationship between stress and reliability.

The applicant has found that the strength distribution in a population of samples of the MMC 20
used in the drill bit 10 may be determined using Weibull statistics, which is a probabilistic
approach that enables a probability of failure to be established at a given applied stress. The
applicant has established that embodiments of MMCs that may be used in embodiments of an

earth-engaging tool 10, for example, are generally faithful to a Weibull distribution.

A Weibull strength distribution is described by:

e i

The variables in the equation are: F is the probability of failure for a sample; o is the applied

stress; 4, 1s the lower limit stress needed to cause failure, which is often assumed to be zero; g,
is the characteristic strength; m is the Weibull modulus, a measure of the variability of the

strength of the material; and Vis the volume of the sample.

The above equation is typically rearranged and presented on a double logarithm plot of (1/(1- F))
versus logarithm of ¢ and the slope used to calculate m, assuming &,, is zero. Traditional
ceramics may have a Weibull modulus <3, engineered ceramics may have a Weibull modulus in
the range of 5-10, cemented WC/Co may have a Weibull modulus in the range of 6-63, cast iron
may has a Weibull modulus of 30-40, and Aluminum and steel may have Weibull moduli in the
range of 90-100.

Figure 5 shows a Weibull plot of empirical strength data for a plurality of samples of the same
type of MMC as that of figure 1 (“MMC 17) and a plurality of samples of the MMC of figure 3
(“MMC 27), that is the MMC from which the body of drag bit 10 comprises. The left hand axis
values are indicative of a function of the probability of failure, the right hand values are
indicative of a percentage probability of failure, and the bottom axis values are indicative of a

function of the applied stress at the time of failure during a TRS test. The empirical strength data
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for the samples of MMC 1 and the sample of MMC 2 each follow a Weibull distribution. The

slope of each line defines the respective Weibull moduli. The first MMC has a Weibull modulus

of approximately 14.69 and the second MMC has a Weibull modulus of approximately 39.67.

Generally, but not necessarily, embodiments of the present invention comprise a MMC having a

Weibull modulus greater than 20.

The stress required to fail the best performing sample of the MMC 1 was similar to the stress

required to fail the worst performing sample of the MMC 2.

Linear extrapolation to a 1 in 10,000 probability of failure equates to applied stress of about 67.3
ksi and 113.2 ksi for MMC 1 and MMC 2 respectively. Under an applied stress of 113.2 ksi,
MMC 2 has about a 1 in 10,000 probability of failure. For the same applied stress of 113.2 ksi the
MMC 1 has approximately a 50% or 1 in 2 probability of failure. Under these pressure conditions,
the second MMC is around 5,000 times more reliable. Using such an approach used within
laboratory test pieces can be considered to be relevant and appropriate to the reliability of a MMC

containing drill bit body.

A Weibull plot can be used to design drill bit body blade heights and widths to a predetermined
failure rate, and particularly how thin and tall the drill bit body blades can be for the predetermined
failure rate. A taller and thinner blade may remove an earth formation faster than a shorter wider
blade, however it may have an unacceptable probability of failure. Alternatively, the reliability of
a drill bit comprising MMC 1 can be compared to the reliability of another identically configured
drill bit comprising MMC 2. These calculations cannot be performed using mean and standard

deviation strength values derived from a TRS test.

There may be a plurality of thermal cycles during the making of a MMC drill bit body 12. In any
one of the plurality of cycles the MMC drill bit body 12 being formed is heated and cooled. The
MMC drill bit body 12 may fracture as a result of thermal shock during manufacture, for
example. Examples include the need to re-heat and cool the drill bit body to de-braze and re-
braze cutting elements. Pre-heating the bit is undertaken to ensure successful brazing and
temperatures can be of the order of 400-600 degrees Celsius. Cutter positions are locally heated
either directly or within surrounding regions well beyond the liquidus of the silver solder braze
alloy. It is anticipated that temperatures could be in the range of 750-1000 degrees Celsius.
After brazing the drill bit body is allowed to cool. Cooling may be forced through the use of a
fan or cooled slowly using a thermal blanket to cover the drill bit. Repeated brazing operations

may be undertaken during the lifetime of the bit. Rapid heating and cooling is considered to
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contribute to the overall residual stress within the drill bit body. Rapid heating can be

considered as up-shock and cooling as down-shock.

The probability of thermal fracture of a MMC drill bit body during manufacture and use is
dependent on the TSR of the MMC and its precursor materials. One mathematical function for
determining an estimate of TSR is:

ak(T)

T 2 Dan

The variables in the mathematical function are: ¢ — mean TRS; k — thermal conductivity of the
MMC; E —dynamic Young’s modulus of the MMC; & — coefficient of thermal expansion of the

MMC.

The comparison of the TSR of different MMCs may be made to determine their Relative Thermal
Shock Resistance (RTSR). Although cracking behavior cannot be predicted, a prediction may be
made whether one particular MMC has a higher RTSR and in turn a decreased propensity or

likelihood of cracking either in up-shock or down-shock.

High strength, high thermal conductivity and reduced elastic moduli and reduced thermal
expansion are considered advantageous. In the past, it has not been known how to achieve these

conditions in a MMC.

Reliability considerations for the successful design and use of MMCs in the construction of drill
bit bodies have been disclosed. The use of Weibull statistics may enable a probabilistic approach
to failure to be established. Designing for an improved RTSR postpones, eliminates or reduces
cracking events from repeated thermal cycles. It may be therefore understood that any developed
MMC has a desirable combination of both, without detracting from the ability to manufacture or

unduly compromise wear resistance.

Increasing the number of elements per unit volume may generally improve the wear resistance of
the MMC 20. Consequently, close packing may provide relatively high structural integrity by
relatively better joining of the plurality of round particles and largely avoid defects that may be
encountered in brazed material systems caused by inter-particle distances that are too large. Figure
6 shows a flow chart for an embodiment of a method 40 for making a body of a drill bit 10
comprising the MMC 20. The embodiment of the method will be described with reference to
figure 7, which shows an example of a mold for making the body 12 of the drill bit 10. A step 42
of the embodiment of the method 40 comprises disposing the mixture 30 in the mold 32, 34
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configured for forming the body of the drill bit 20, the mixture 30 comprising the plurality of

particles 22 and the other plurality of particles 24. A step 44 comprises metallurgically bonding

the metallic binding material 29 to each of the plurality of particles and each of the other plurality

of particles. The mold 32, 34 may be, for example, configured as a negative of the drill bit 10. The

mold 32, 34 may comprise machinable graphite or cast ceramic.

In this but not necessarily all embodiments, tungsten metal powder 35 is disposed adjacent (and

above) the mixture 30.

The mixture 30 is infiltrated with the metallic binding material 29 when molten. The metallic
binding material when first disposed in the mold 32,34 may be in the form of nuggets, wire, rods
or grains. The metallic binding material 29 is in this embodiment disposed over the mixture 30,
and then the metallic binding material 29 is heated to form a molten metallic binding material 29.
The molten metallic binding material 29 is allowed to downwardly infiltrate interstices within the
mixture 30. The mixture 30 comprises a network of solid particles that provides a system of
interconnected pores and channels for capillary force action to draw the molten metallic binding
material 29 therethrough. The metallic binding material 29 penetrates the skeletal structure formed
by the mixture 30, and generally fills the internal voids and/or passageways, to form a web. This

provides additional mechanical attachment of the mixture.

The metallic binding material 29 when added to the mold 32, 34 may also additionally contain
silicon and/or boron powder to aid in fluxing and deposition characteristics. Fluxing agents may
also be added to the metallic binding material. These may be self-fluxing and/or chemical fluxing
agents. Examples of self-fluxing agents including silicon and boron, while chemical fluxing

materials may comprise borates.

The molten metallic binding material first infiltrates the tungsten metal powder 35 and then
infiltrates the tungsten carbide based powder 30. The air within the interstices of the tungsten
powder 35 and the mixture 30 is displaced by the molten metallic binding material and then
freezes so that the interstices are filled with solid metallic binding material. Consequently, the
infiltrated powder 35 and the infiltrated mixture 30 form two distinct MMCs. During the loading
of tungsten powder 35 on to the tungsten carbide powder 30, some mixing of the two powders

may occur.

To heat the metallic binding material 29, the mold 32, 34 are placed in a furnace and heat is
applied to the mold 32, 34 and metallic binding material 29 so that the metallic binding material

29 melts. Suitable furnace types may include, for example, batch and pusher-type furnaces,
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electrical, gaseous, microwave or induction furnace, or generally any suitable furnace. The
furnace may have an unprotected atmosphere, a neutral atmosphere, a protective atmosphere
comprising hydrogen, an air atmosphere, or a nitrogen atmosphere, for example. The heating
time and the temperature of the furnace are selected for the metallic binding material 29. For
example, for the present embodiment in which a copper alloy braze metallic binding material is
used, the mold 32, 34 may be kept in a furnace having an internal temperature of between 1,100
— 1,200 degrees centigrade for to 60 to 300 minutes, for example. On cooling, the metallic
binding material 29 forms a matrix in the form of a monolithic matrix of metallic binding
material 29 that binds the plurality of particles and the plurality of other particles to form a body
of composite material in the form of a MMC. A metallurgical bond is formed between the
mixture 30 and the metallic binding material 29. The metallic binding material 29 may also, as in
this embodiment, form a metallurgical bond with any other interstitial particles that may be

included.

The infiltration process may improve tool performance by eliminating porosity without applying
external pressure via a liquid metal. Infiltration generally may occur when an external source of
liquid comes into contact with a porous component and is pulled there though via capillary

pressure.

The mold 32, 34 may be separated from the tool 10 by unscrewing a tube portion 32 from a base
portion 34 and then tapping the mold, or alternatively be separated from the tool 10 by a
mechanical or cutting technique, for example grinding, milling, using a lathe, sawing, chiseling,

etc.

Within the mold is a sand component 18 whose function is to define regions within the resulting
casting that is free from MMC. These may extend to water-ways or junk-slots and fluid feeder
bores. A steel blank 24 is used to form an integral connection between the MMC drill bit body

and a subsequently welded connection to a threaded pin.

Generally, any suitable contact infiltration or alternative suitable infiltration process may be used,
for example dip infiltration, contact filtration, gravity fed infiltration, and external-pressure
infiltration. Altematively, the tool may be manufactured using liquid-phase sintering, where a
metal component of the powder melts and fills pore space. An impregnation technique may also

be alternatively used during which hydrocarbons are used to improve lubricity.

The mixture is generally, but not necessarily, poured into the mold 32,34. On pouring the density

of the powder will be close to that measured by ATSM standard B212: Apparent Density of Free-
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Flowing Metal Powders Using the Hall Flowmeter Funnel. Such a packing arrangement is much
lower than the full theoretical density measured by ATSM standard B923: Metal Powder Skeletal
Density by Helium or Nitrogen Pycnometry and considered to be sub-optimal in terms of TRS,
elastic modulus and wear protection of the resultant MMC. Low impact settling of the mold 16
with a hammer or other manual device achieves powder packing that is generally higher than free
flowing the powders but lower than tapping the powders. An alternative method of compaction
utilizes a vibro-compaction method. The mold may be coupled to a table of a vibro-compactor.
High frequency axial movements are made via a rotating cam or servo-controlled hydraulic
actuator. Frequencies are typically 100-10,000 Hz and acceleration between 0.1 and 50 G. Under
vibro-compaction the packing arrangement advantageously can exceed that encountered by
tapping. The vibration may not segregate the plurality of particles and the other plurality of
particles because their densities are similar, which may not be the case when iron particles may be

used, for example.

Dense packing may improve the capillary action that moves the molten braze material through the
plurality of particles during binding in which the braze material infiltrates the interstices between

the plurality of particles.

Table 1 lists various tests used to measure the density of the mixture, including apparent density,
tap density, and powder skeletal density test. The relevant test standard is disclosed, as is

description of the test.

TABLE 1. TESTS USED TO CALCULATE CARBIDE CONTENT AND INFILTRATION DENSITY

No. | Test Name ASTM Standard Description

Determination of the apparent
B212: Apparent Density of | density of free-flowing metal

1 Apparent Density — | Free-Flowing Metal powders. Is suitable for only those
AD Powders Using the Hall powders that will flow unaided
Flowmeter Funnel through the specified Hall

flowmeter funnel.

Determination of tap density
(packed density) of metallic

B527: Determination of powders and compounds, that is,

2 | Tap Density - TD | Tap Density of Metallic the density of a powder that has
Powders and Compounds been tapped, to settle contents, in a
container under specified
conditions.
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Powder Skeletal | po)2. V1ol Powder

3| Density ~PD | Skeletal Density by Helium | Dpiermination of skeleal density
Density) or Nitrogen Pycnometry P '

The MMC'’s carbide content volume fraction percent is given by the function:

X 100%

The MMC'’s infiltration density (low end) is given by the function:
(1-5-) x BDR’s Density + AD

The MMC'’s infiltration density (high end) is given by the function:
(1-5-) x BDR’s Density + TD

In the above equations, BDR is short for Binder Alloy.

Examples of calculated carbide content and infiltration density for MMC1 and MMC2 are now
disclosed.

MMC I:
AD =724 g/cc, TD =8.93 g/cc; PD = 15.34 g/cc; BDR density = 7.97 g/cc

Carbide Content in Volume Fraction (%) = f,— x 100% = % x 100% = 58.2%

22 VX797 +724=
1 .3

Infiltration Density (low end) = (1- ?)—) x BDR’s Density + AD = (1-
11.45 g/cc

Infiltration Density (high end) = (1-+—) x BDR’s Density + TD = (1- %) X 7.97 +8.93 =
12.26 g/cc

That 1s:
11.45 < Infiltration Density < 12.26 g/cc

MMC 2:
AD =17.85 g/cc; TD =10.00 g/cc; PD =15.53 g/cc; BDR density = 7.97 g/cc

Carbide Content in Volume Fraction (%) = i— x 100% = =2 x 100% = 64.4%

1.5
Infiltration Density (low end) = (1- ?)—) x BDR’s Density + AD = (1- 1"8 )x 7.97+785=
11.79 g/cc

Infiltration Density (high end) = (1- z—) x BDR’s Density + TD = (1-

12.84 g/cc

5

1
1

) x 7.97 +10.00 =
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That is:
11.79 < Infiltration Density < 12.84 g/cc
The distribution of tungsten carbide particles sizes for MMC2 was determined using a sieve

analysis and is tabled in table 2.

TABLE 2. THE DISTRIBUTION OF TUNGSTEN CARBIDE PARTICLE SIZES FOR MMC2.

US mesh Diameter/pum Weight %

+80 >177 0.1%
04120 <amlzss T T
-120/+170 <125,>88 19.0%
o0 <88,>63 s3%
-230/+325 <63, >45 13.8%
Uy g 36.6%

Table 3 lists properties of materials and their thermal shock resistance. Metallic tungsten (W) has
a TSR that is on average 9.43 times that of WC, which may be why a relatively small amount of

W improves the MMC’s TSR. WC-6Co is 6 Wt.% Co.

Figure 8 shows a flow diagram of an embodiment of a method 50 for making a metal matrix
composite (MMC). The method comprises the step 52 of disposing in a mold a mixture
comprising a plurality of particles and another plurality of particles. Each of the other plurality of
particles are softer than each of the plurality of particles. The method comprises the step 54 of
metallurgically bonding the metallic binding material to each of the plurality of particles and
each of the other plurality of particles. The embodiment 50 may generally comprise any one of
more of the steps described above with respect of a method for making embodiments of a drill
bit 10, as suitable and desired. The metal matrix composite may be a high reliability metal

matrix composite.

Now that embodiments have been described, it will be appreciated that some embodiments may

have some of the following advantages:

e The disclosed embodiments of the MMCs and the tools made therefrom may be less likely
to fracture during manufacture, repair or use, have increased strength, improved elastic

modulus, increased Weibull modulus, and consequently have an increased lifespan.
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s There is a reduced probability of requiring early retrieval of the disclosed embodiments of
drill bits from a hole, which may save considerable time and money.

s There may be fewer repairs of a drill bit body, which may improve economics.

s Blade or wing geometries may be modified advantageously. Increasing the height and
decreasing the width of the blade increases the volume of space within the junk-slot region.
This may promote more efficient cleaning of debris and drilling detritus from the cutting
elements, thus improving drilling rates.

& Drill bit manufacturers may specify recommended bit weights that can be applied safely.
Increasing weight on the bit past historic limits may provide an increase in drilling rates.

e Using Weibull statistics, a probabilistic approach may be taken to the likelihood of failure.

Business decisions based on risk of failure for a given applied stress can be made.

TABLE 3. PROPERTIES OF MATERIALS AND THEIR THERMAL SHOCK RESISTANCE

{ Mate- | Tensile Thermal { Modulus of : Coefficient of .= Thermal Shock = (kW/ : Relative
‘ rial : Strength Conductivity : Elasticity/ : Thermal Resistance m)- | TSRto
5 i (MPa) -6 ¢ Young's i Expansion (1 : Parameter TSR | WC

- Modulus (G /Kx10-6)-a  (kW/m) Avg.

CWC- 144 60 100 600 | 648 i 43 | 46 200 558 424 | 350%

Cab- 420 445 519 205 17 148 T2 %6 84 69%

Variations and/or modifications may be made to the embodiments described without departing
from the spirit or ambit of the invention. For example, while the described MMC comprises
tungsten carbide partially substituted with tungsten metal bound together with a copper alloy
braze, it will be appreciated other MMC compositions are possible. For example, the carbide may
comprise titanium carbide, tantalum carbide, boron carbide, vanadium carbide or niobium carbide.
The mixture may comprise boron nitride. The braze may be a nickel alloy, or generally any suitable
metal. The present embodiments are, therefore, to be considered in all respects as illustrative and
not restrictive. Reference to a feature disclosed herein does not mean that all embodiments must

include the feature.
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Prior art, if any, described herein is not to be taken as an admission that the prior art forms part of

the common general knowledge in any jurisdiction.

In the claims which follow and in the preceding description of the invention, except where the
context requires otherwise due to express language or necessary implication, the word “comprise”
or variations such as “comprises" or “comprising” is used in an inclusive sense, that is to specify
the presence of the stated features but not to preclude the presence or addition of further features

1n various embodiments of the invention.
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Claims

L.

25

A drill bit comprising a body that comprises a metal matrix composite (MMC), the MMC
comprising:

a mixture comprising a plurality of particles and another plurality of particles,
wherein each of the other plurality of particles are softer than each of the plurality of
particles; and

a metallic binding material metallurgically bonded to each of the plurality of

particles and the other plurality of particles.

A drill bit defined by claim 1 wherein each of the plurality of particles comprises a first
material, each of the other plurality of particles comprises a second material, and the
thermal conductivity of the second material is greater than the thermal conductivity of the

first material.

A drill bit defined by either one of claim 1 and claim 2 wherein each of the other plurality
of particles have a density that is in the range of 0.7 — 1.3 times that of each of the
plurality of particles.

A drill bit defined by any one of the preceding claims wherein the thermal conductivity

of the first material is no more than 120 W-m - K1,

A drill bit defined by any one of the preceding claims wherein the plurality of particles

comprises at least one of a carbide and a nitride.

A drill bit defined by 5 wherein the plurality of particles comprises at least one of
tungsten carbide, cemented tungsten carbide (WC-Co), cadmium carbide, tantalum

carbide, vanadium carbide and titanium carbide.

A drill bit defined by 6 wherein the plurality of particles comprises at least one of WC

and fused tungsten carbide.

A drill bit defined by any one of the preceding claims wherein the mixture comprises 69
wt.% — 91 wt.% of WC, 7 wt.% —16 wt.% of fused tungsten carbide, 0 wt.% —5% wt.% of
iron and 2 wt.% —10 wt.% of tungsten.

A drill bit defined by any one of the preceding claims wherein the mixture comprises 80

wt.% of WC, 13 wt.% of fused tungsten carbide, 2 wt.% of iron and 5 wt.% of tungsten.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2].

22.

26
A drill bit defined by any one of the clams 2 to 9 wherein the thermal conductivity of the

second material is no less than 155 W-m - K1,

A drill bit defined by any one of the preceding claims wherein the other plurality of

particles comprises a metal.

A drill bit defined by claim 11 wherein the other plurality of particles comprises a

plurality of tungsten metal particles.

A drill bit defined by any one of the preceding claims wherein the metallic binding

material comprises copper, manganese, nickel and zinc.

A drill bit defined by claim 13 wherein the metallic binding material comprises 47 wt.%
—58 wt.% copper, 23 wt.% — 25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% —
9 wt.% zinc.

A drill bit defined by any one of the preceding claims wherein the metallic binding

material comprises a monolithic matrix of the metallic binding material.

A drill bit defined by any one of the preceding claims wherein each of the plurality of

particles has a 635 mesh size of 60 mesh.

A drill bit defined by any one of the preceding claims wherein each of the other plurality
of particles has a 635 mesh size of 325 mesh.

A drill bit defined by any one of the preceding claims wherein the interstices between the

plurality of particles contain the other plurality of particles.

A drill bit defined by any one of the preceding claims wherein the volume fraction of the

plurality of particles in the MMC is at least 60% by volume.

A drill bit defined by any one of the preceding claims wherein the volume fraction of the

other plurality of particles in the MMC is at least 5% by volume.

A drill bit defined by any one of the preceding claims wherein the plurality of particles
each have a hardness greater than 1,000 HV.

A drill bit defined by any one of the preceding claims wherein the other plurality of
particles each have a hardness of less than 350 HV.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

27
A drill bit defined by any one of the preceding claims wherein the MMC has a stiffness
of greater than 280 GPa.

A drill bit defined by any one of the preceding claims wherein the MMC has a stiffness
of less than 400 GPa.

A drill bit defined by any one of the preceding claims wherein the MMC has a transverse
rupture strength greater than 700 MPa.

A drill bit tool defined by any one of the preceding claims wherein the MMC has a

transverse rupture strength less than 1,400 MPa.

A drill bit defined by any one of the preceding claims wherein the MMC has a Weibull

modulus greater than 20.

A drill bit defined by any one of the preceding claims wherein the metallic binding

material has infiltrated the mixture.

A drill bit defined by any one of the preceding claims comprising an earth-engaging drag
drill bit.

A method for making a body of a drill bit comprising an metal matrix composite (MMC),
the method comprising the steps of:
disposing in a mold configured for forming the body of the drill bit a mixture
comprising a plurality of particles and another plurality particles, wherein each of the
other plurality of particles are softer than each of the plurality of particles; and
metallurgically bonding a metallic binding material to each of the plurality of

particles and each of the other plurality of particles.

A method defined by claim 30 comprising the step of infiltrating the mixture with the

metallic binding material.

A method defined by claim 31 wherein the step of infiltrating the mixture with the
metallic binding material comprises disposing the metallic binding material on the
mixture so disposed in the mold, heating the metallic binding material to form a molten
metallic binding material, and allowing the molten metallic binding material to

downwardly infiltrate the mixture.
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34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

28
A method defined by claim 32 comprising the step of cooling the molten metallic binding
material that has so downwardly infiltrated the mixture to form a monolithic matrix of the

metallic binding material.

A method defined by any one of the claims 30 to 33wherein the step of disposing in the
mold the mixture comprises the step of disposing the mixture in the mold and

subsequently vibrating the mold to compact the mixture.

A method defined by any one of the claims 30 to 34 wherein each of the plurality of
particles comprises a first material, each of the other plurality of particles comprises a
second material, and the thermal conductivity of the second material is greater than the

thermal conductivity of the first material.

A method defined by any one of the claims 30 to 35 wherein each of the other plurality of
particles have a density that is in the range of 0.7 — 1.3 times that of each of the plurality
of particles.

A method defined by any one of the claims 30 to 36 wherein the thermal conductivity of

the first material is no more than 120 W-m™- K1,

A method defined by any one of the claims 30 to 37 wherein the plurality of particles

comprises at least one of a carbide and a nitride.

A method defined by any one of the claims 30 to 38 wherein the plurality of particles
comprises at least one of tungsten carbide, cemented tungsten carbide (WC-Co),

cadmium carbide, tantalum carbide, vanadium carbide and titanium carbide.

A method defined by any one of the claims 30 to 39 wherein the plurality of particles

comprises at least one of WC and fused tungsten carbide.

A method defined by any one of the claims 30 to 39 wherein the mixture comprises 69
wt.% —91 wt.% of WC, 7 wt.%—16 wt.% of fused tungsten carbide, 0 wt.%—5 wt.% of
iron and 2 wt.% —10 wt.% of tungsten.

A method defined by any one of the claims 30 to 41 wherein the mixture comprises 80

wt.% of WC, 13 wt.% of fused tungsten carbide, 2 wt.% of iron and 5 wt.% of tungsten.

A method defined by any one of the claims 30 to 42 wherein the thermal conductivity of

the second material is no less than 155 W -m - K1,
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A method defined by any one of the claims 30 to 43 wherein the other plurality of

particles comprises a metal.

A method defined by any one of the claims 30 to 44 wherein the other plurality of

particles comprises a plurality of tungsten metal particles.

A method defined by any one of the claims 30 to 45 wherein the metallic binding

material comprises copper, manganese, nickel and zinc.

A method defined by any one of the claims 30 to 46 wherein the metallic binding
material comprises 47 wt.% —58 wt. % copper, 23 wt.% — 25 wt.% manganese, 14 wt.% —
16 wt.% nickel and 7 wt.% — 9 wt.% zinc.

A method defined by any one of the claims 30 to 47 wherein the metalurgically bonded

metallic binding material comprises a monolithic matrix of the metallic binding material.

A method defined by any one of the claims 30 to 50 wherein each of the plurality of

particles has a 635 mesh size of 60 mesh.

A method defined by any one of the claims 30 to 49 wherein each of the other plurality of
particles has a 635 mesh size of 325 mesh.

A method defined by any one of the claims 30 to 50 wherein the volume fraction of the

plurality of particles in the MMC is at least 60% by volume.

A method defined by any one of the claims 30 to 52 wherein the volume fraction of the

other plurality of particles in the MMC is at least 5% by volume.

A method defined by any one of the claims 30 to 52 wherein the plurality of particles
each have a hardness greater than 1,000 HV.

A method defined by any one of the claims 30 to 53 wherein the other plurality of
particles each have a hardness of less than 350 HV.

A method defined by any one of the claims 30 to 54 wherein the MMC has a stiffness of
greater than 280 GPa.

A method defined by any one of the claims 30 to 55 wherein the MMC has a stiffness of
less than 400 GPa.
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A method defined by any one of the claims 30 to 56 wherein the MMC has transverse
rupture strength greater than 700 MPa.

A method defined by any one of the claims 30 to 57 wherein the MMC has transverse
rupture strength of less than 1,400 MPa.

A method defined by any one of the claims 30 to 58 wherein the MMC has a Weibull

modulus greater than 20.

A metal matrix composite (MMC) comprising:

a mixture comprising a plurality of particles and another plurality of particles,
wherein each of the other plurality of particles are softer than each of the plurality of
particles; and

a metallic binding material metallurgically bonded to each of the plurality of

particles and the other plurality of particles.

A MMC defined by claim 60 wherein each of the plurality of particles comprises a first
material, each of the other plurality of particles comprises a second material, and the
thermal conductivity of the second material is greater than the thermal conductivity of the

first material.

A MMC defined by either one of claim 60 and claim 61 wherein each of the other
plurality of particles have a density that is in the range of 0.7 — 1.3 times that of each of
the plurality of particles.

A MMC defined by any one of the claims 60 to 62 wherein the thermal conductivity of

the first material is no more than 120 W-m - KL,

A MMC defined by any one of the claims 60 to 63 wherein the plurality of particles

comprises at least one of a carbide and a nitride.

A MMC defined by any one of the claims 60 to 64 wherein the plurality of particles
comprises at least one of tungsten, cemented tungsten carbide (WC-Co), cadmium

carbide, tantalum carbide, vanadium carbide, and titanium carbide.

A MMC defined by claim 65 wherein the plurality of particles comprises at least one of
WC and fused tungsten carbide.
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A MMC defined by any one of the claims 60 to 66 wherein the mixture comprises 69
wt. %91 wt.% of WC, 7 wt.% —16 wt.% of fused tungsten carbide, 0 wt.% —5 wt. % of
iron and 2 wt.% —10 wt.% of tungsten.

A MMC defined by any one of the claims 60 to 67 wherein the mixture comprises 80
wt.% of WC, 13 wt.% of fused tungsten carbide, 2 wt.% of iron and 5 wt.% of tungsten.

A MMC defined by any one of the claims 60 to 68 wherein the thermal conductivity of

the second material is no less than 155 W-m1- KL,

A MMC defined by any one of the claims 60 to 69 wherein the other plurality of particles

comprises a metal.

A MMC defined by any one of the claims 60 to 70 wherein the other plurality of particles

comprises a plurality of tungsten metal particles.

A MMC defined by any one of the claims 60 to 71 wherein the metallic binding material

comprises copper, manganese, nickel and zinc.

A MMC defined by claim 72 wherein the metallic binding material comprises 47 wt.% —
58 wt.% copper, 23 wt.% — 25 wt.% manganese, 14 wt.% — 16 wt.% nickel and 7 wt.% —
9 wt.% zinc.

A MMC defined by any one of the claims 60 to 73 wherein the metallic binding material

comprises a monolithic matrix of the metallic binding material.

A MMC defined by any one of the claims 60 to 74 wherein the density of each of the
other plurality of particles is within 30 % of the density of each of the plurality of

particles.

A MMC defined by any one of the claims 60 to 75 wherein each of the plurality of

particles has a 635 mesh size of 60 mesh.

A MMC defined by any one of the claims 60 to 76 wherein each of the other plurality of
particles has a 635 mesh size of 325 mesh.

A MCC defined by any one of the claims 60 to 77 wherein the interstices between the
plurality of particles contain the other plurality of particles.
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A MMC defined by any one of the claims 60 to 78 wherein the volume fraction of the
plurality of particles in the MMC is at least 60% by volume.

A drill bit defined by any one of the claims 60 to 79 wherein the volume fraction of the
other plurality of particles in the MMC is at least 5% by volume.

A MMC defined by any one of the claims 60 to 80 wherein the plurality of particles each
have a hardness greater than 1,000 HV

A MMC defined by any one of the claims 60 to 81 wherein the other plurality of particles
each have a hardness of less than 350 HV.

A MMC defined by any one of the claims 60 to 82 wherein the MMC has a stiffness of
greater than 280 GPa.

A MMC defined by any one of the claims 60 to 83 wherein the MMC has a stiffness of
less than 400 GPa.

A MMC defined by any one of the claims 60 to 84 wherein the MMC has transverse
rupture strength greater than 700 MPa.

A MMC defined by any one of the claims 60 to 85 wherein the MMC has transverse
rupture strength less than 1,400 MPa.

A MMC defined by any one of the claims 60 to 86 wherein the MMC has a Weibull

modulus greater than 20.

A MMC defined by any one of the claims 60 to 87 wherein the metallic binding material

has infiltrated the mixture.

A method for making a metal matrix composite (MMC), the method comprising the steps
of:

disposing in a mold a mixture comprising a plurality of particles and another
plurality of particles, wherein each of the other plurality of particles are softer than each
of the plurality of particles; and

metallurgically bonding the metallic binding material to each of the plurality of

particles and each of the other plurality of particles.

A method defined by claim 89 comprising the step of infiltrating the mixture with the

metallic binding material.
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A method defined by claim 90 wherein the step of infiltrating the mixture with the
metallic binding material comprises disposing the metallic binding material on the
mixture so disposed in the mold, heating the metallic binding material to form a molten
metallic binding material, and allowing the molten metallic binding material to

downwardly infiltrate the mixture.

A method defined by claim 91 comprising the step of cooling the molten metallic binding
material that has so downwardly infiltrated the mixture to form a monolithic matrix of the

metallic binding material.

A method defined by any one of the claims 89 to 92 wherein the step of disposing in the
mold the mixture comprises the step of disposing the mixture in the mold and

subsequently vibrating the mold to compact the mixture.

A method defined by any one of the claims 89 to 93 wherein each of the plurality of
particles comprises a first material, each of the other plurality of particles comprises a
second material, and the thermal conductivity of the second material is greater than the

thermal conductivity of the first material.

A method defined by any one of the claims 89 to 94 wherein each of the other plurality of
particles have a density that is in the range of 0.7 — 1.3 times that of each of the plurality
of particles.

A method defined by any one of the claims 89 to 95 wherein the thermal conductivity of

the first material is no more than 120 W-m - KL,

A method defined by any one of the claims 89 to 96 wherein the plurality of particles

comprises at least one of a carbide and a nitride.

A method defined by any one of the claims 89 to 97 wherein the plurality of particles
comprises at least one of tungsten carbide, cemented tungsten carbide (WC-Co),

cadmium carbide, tantalum carbide, vanadium carbide, and titanium carbide.

A method defined by any one of the claims 89 to 98 wherein the plurality of particles

comprises at least one of WC and fused tungsten carbide.

A method defined by any one of the claims 89 to 99 wherein the mixture comprises 69
wt.% — 91 wt.% of WC, 7 wt.% —16 wt.% of fused tungsten carbide, 0 wt.% —5 wt.% of
iron and 2 wt.% —10 wt.% of tungsten.
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A method defined by any one of the claims 89 to 100 wherein the mixture comprises 80

wt.% of WC, 13 wt.% of fused tungsten carbide, 2 wt.% of iron and 5 wt.% of tungsten.

A method defined by any one of the claims 89 to 101 wherein the thermal conductivity of

the second material is no less than 155 W-m1- KL,

A method defined by any one of the claims 89 to 102 wherein the other plurality of

particles comprises a metal.

A method defined by any one of the claims 89 to 103 wherein the other plurality of

particles comprises a plurality of tungsten metal particles.

A method defined by any one of the claims 89 to 104 wherein the metallic binding

material comprises copper, manganese, nickel and zinc.

A method defined by any one of the claims 89 to 105 wherein the metallic binding
material comprises 47 wt.% —58 wt.% copper, 23 wt.% — 25 wt.% manganese, 14 wt.% —
16 wt.% nickel and 7 wt.% — 9 wt.% zinc.

A method defined by any one of the claims 89 to 106 wherein the metalurgically bonded

metallic binding material comprises a monolithic matrix of the metallic binding material.

A method defined by any one of the claims 89 to 107 wherein the density of each of the
other plurality of particles is within 30 % of the density of each of the plurality of

particles.

A method defined by any one of the claims 89 to 108 wherein each of the plurality of

particles has a 635 mesh size of 60 mesh.

A method defined by any one of the claims 89 to 109 wherein each of the other plurality
of particles has a 635 mesh size of 325 mesh.

A method defined by any one of the claims 89 to 110 wherein the volume fraction of the

plurality of particles in the MMC is at least 60% by volume.

A method defined by any one of the claims 89 to 111 wherein the volume fraction of the

other plurality of particles in the MMC is at least 5% by volume.

A method defined by any one of the claims 89 to 112 wherein the plurality of particles
each have a hardness greater than 1,000 HV.
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A method defined by any one of the claims 89 to 113 wherein the other plurality of
particles each have a hardness of less than 350 HV.

A method defined by any one of the claims 89 to 114 wherein the MMC has a stiffness of
greater than 280 GPa.

A method defined by any one of the claims 89 to 115 wherein the MMC has a stiffness of
less than 400 GPa.

A method defined by any one of the claims 89 to 116 wherein the MMC has transverse
rupture strength greater than 700 MPa.

A method defined by any one of the claims 89 to 117 wherein the MMC has transverse
rupture strength of less than 1,400 MPa.

A method defined by any one of the claims 89 to 118 wherein the MMC has a Weibull

modulus greater than 20.
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